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PABPABOTKA AIIITAPATHO-ITPOT'PAMMHOI'O KOMIIVIEKCA
MYJIbTUHCEHCOPHOI'O KOHTPOJISI KOHHEHTPAIIUU T'JIKOKO3bI
B BUOJIOTUYECKOU CPEJE

B pabote mpeanaraercsi KOHIICTIUS TOCTPOCHHUS alapaTHO-MPOrPAMMHOIO KOMILICKCA KOHTPOJII KOHIICHTPAIUU
[JIFOKO3BI B OMOJIOTHYECKON Ccpejie, OCHOBAHHOTO Ha MYJIBTHCCHCOPHOM moaxoje. [IpeanaraemMbpiii Moxo1 MOHUTO-
pHUHra KOHIICHTPAIMH TJIIOKO3bI B OMOJIOTHYECKOI cpejie coderaeT B ceOe KOMOHMHAIIMIO METO0B MH(PAKpaCHOH
CHEKTPOCKOTINH, UMIICTIAHCOMETPUH W TEPMOMETPHH, MO3BOJLFONIYI0 B3aUMHO KOMIIEHCHPOBATh BIMSTHHE BHEITHUX
(hakTOpOB Ha MapaMeTphl CUCTEMBI. [IpeIoKeHbI anmapaTHbIe CPeICcTBa CTaOITH3AIIH JTa3epPHOT0 HCTOYHHUKA W3-
Jy9eHHs1, 3aKITI0YAfONIHecs B MPIMEHEHHH BBICOKOYACTOTHOTO UMITYJIECHOTO peknMa paboThl HCTOYHHKA, BHEIpe-
HUH TPEII3HOHHOTO JpaiiBepa TOKa U CPEICTB aKTHBHOM TeMriepaTypHoi ctabmimmszanuu. [IporpaMMHbIe cpeacTea
00eCTIeYNBAOT CHHXPOHU3AIIMIO U TIPEABAPUTEIBHYIO (DUIBTPALMIO0 ONTHYSCKUX, UMICIAHCHBIX M TEMIICPATYPHBIX
CUTHAJIOB, JICIIMMAITUIO JTaHHBIX, HOPMUPOBAHKE BEKTOPA MPU3HAKOB, BKIIOYAOIICTO YCPEIHCHHBIC HHTCHCUBHOCTH
W3ITyYeHUH, UX OTHOLIEHHE, CPEeTHEKBAIPATUYECKUE OTKJIOHEHUS U 3HAUCHHUSI TEMIIEpaTyp KOMIIOHEHTOB CUCTEMBI,
a TaKXe MOCTPOCHUE eIUHOU 0a3bl TaHHBIX MAPAMETPOB CUCTEMBI. J[Jis pacuera KOHIIGHTPAIUH TJIFOKO3BI 110 HEO/I-
HOPOJHBIM JIAHHBIM TIOCTPOCHA PErpPecCHOHHAs] MOJICNIb, HAHOOJIee TOYHOE PEIICHHE KOTOPOH OCYMIECTBISCTCS
C TIOMOIIBI0 aHCAaMOJIEBOTO MeTo1a MammHHOTO 00y4deHnss X GBoost. VicnpITanns nmpeziaraeMoro 1moaxoa rmoxas3a-
T, 9TO OO0IIas OTHOCHTEIbHAs MOTPEIIHOCTh m3MepeHus B auamazoHe 40—400 mr/mn cocraBmseT okxoio 17.2%,

a KIIMHUYECKasi TOYHOCTH 10 IKaje omubok [Tapke mocturaer 98.4%.

Knouesuie crosa: nadppakpacHas CIEKTPOCKOIHNS, UMIIEJAHCHAS CIIEKTPOCKOIHUS, TEMIIEPaTypa, MallIMHHOE
o0y4eHue, MyJIbTUCEHCOPHBIH IPUOODP, HEMHBa3UBHBIA METO/, TIIIOK0O3a

BBEJEHHUE

ObecnieueHre KOHTPOJIST KOHIEHTPAIMH TIIIOKO3BI
B OMOJIOTMYECKUX CpeJax SIBJIACTCS BaXKHOU 3ajiauei
Ul KJIIMHUYECKOM IMAarHOCTUKU U IIE€PCOHAIM3HPO-
BaHHON MemunuHbl. CyIIECTBYIOIINE CPEACTBA KOH-
TPOJISl, HECMOTPSI Ha BBICOKYIO TOYHOCTb, OOJaNaroT
MPUHOUIIAAJIBHBIMU OTPpAaHUYCHUAMMU! 6OJ'IC3HCHHOCTI)
MPOIEAYPHI, PUCK HH(PHUIIMPOBaHUS, pyOIleBaHIE TKa-
HEH, He0OXOMMOCTb PEryJIIPHOI 3aMEHBI PACXOIHBIX
MaTepHajoB, a TAKXKe CIOKHOCTh MHTETPALUN B CHUC-
TEMBI HENpephIBHOTO MoOHHMTOpWHTA [1,2]. JlaHHBIE
HEAOCTATKU CTUMYJIHPYIOT PA3BUTUC CYHICCTBYIOUINX
U pa3pabOTKy HOBBIX METO/OB, aNlapaTHBIX CPEICTB
Y TEXHOJIOTHH Hepa3pylIarollero KOHTPOJsl OMOJIOTH-
YECKOH Cpeapl, OO0ECHEeYMBAIOIIMX ONpEAEICHHUE
YPOBHS TJIOKO3bl 0€3 NPOHUKHOBEHUS B Cpeay
C COXpaHEHHEM BBICOKOM KIMHUYECKOH TOYHOCTH
Y HaJIe)KHOCTH.

3a mocieAHNe ACCATUIETHS MPEUI0KEHO MHOXKe-
CTBO HEWHBA3MBHBIX METOJOB M3MEPEHMS IJIIOKO3bI,
OCHOBAHHBIX Ha PAa3JIMYHBIX (I)I/I?)I/I‘-ICCKI/IX npUuHOMUIIax.
Tem He MeHee HM OAMH U3 JaHHBIX METOIOB He olec-
neyuBaeT TpeOyeMOH TOYHOCTH B KIMHUYECKOH Mpak-
tuke [3]. OcHOBHas MPUYMHA 3aKITFOYAETCS B HU3KOM

OTHOLICHNWH IOJIE3HOTO CHUIHaja K YPOBHIO IIOMEX,
qTo O6yCHaBHHBaCTCH BJIMAHUEM MHOI'OYUCICHHBIX
(hakTOpOB: TeMIepaTyphl OKPYIKAIOIIEH Cpeabl U 00b-
€KTa, BJIKHOCTH, WHIAMBUIYaJIbHBIX 0COOCHHOCTEH
OMOIOTHYECKUX TKaHeW, HEeCTaOWIBHOCTH armapar-
HBIX cpeACTB. IIpeoosieHne yka3aHHbIX OrPAHUYECHUN
TpedyeT nepexoja K MPUHIMIIMAIEHO HOBBIM IOAXO-
JlaM K IOCTPOEHUIO U3MEPUTEIIBHBIX CUCTEM.

IIepcrieKTUBHBIM HalpaBIIEHUEM SIBJISETCS paspa-
00TKa MYyIBTHCEHCOPHBIX MPHOOPOB, OCHOBAaHHBIX
Ha KOMOWHHMPOBaHUM CHTHAJIOB Pa3IM4YHON (u3nde-
CKOM mpupoasl. MHTerpauus HECKOJbKHX JaTYMKOB
MO3BOJISIET MONYYHTh OoJiee MONIHYI0 HH(OpMAaIuio
00 00BEKTE M YCIIOBUSIX MPOBEACHUS U3MEPEHUH, UTO
Aa€T BO3MOXKHOCTH MMPOBOAWUTH B3aMUMHYIO KOMIICHCA-
LUIO BIWSHUS BHEMIHUX (DaKTOpOB, CBOWCTBEHHBIX
KaXXIOMY U3 METOJOB.

CyllecTByeT HECKOJBKO CIOCOOOB OOBEIMHEHUS
JNaHHBIX, CpeOd KOTOpbIX Haubojiee MPOCTHIM
ABJIACTCA PACUCT KOHICHTpPAIUKW TJIFOKO3bl IIYyTEM
MOJCTAHOBKM KOMOWMHAIIMK H3MEPAEMBIX BEJIUYUH
B (pu3nueckn 0OOCHOBAHHYIO MOJEJb, OCHOBAHHYIO
Ha ypaBHEHUSX IMEpeHOca UTyUSHHs, TeIIonepeaayn
U JIUDJIEKTPUYECKOTO0 OTKIMKA HMCCIEAYeMOH TKaHU.
OnHako Ha MpPaKTUKE pean3alysi TAKOro IMOAX0Aa
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o0JalaeT CyIIECTBEHHBIMH HEIOCTaTKaMH, CBS3aH-
HBIMH C OTCYTCTBHEM y4eTa JTUHAMUYHOCTH BHYTPEH-
HeHl cpeipl HccieayeMoro oobekra. B cBs3u ¢ 3tuMm
MPsIMOE aHAJIUTHYECKOE KOMOMHUPOBAHUE PETHCTPH-
PYEMBIX CHTHAJIOB 0€3 aJanTUBHBIX alTOPUTMOB
B OOJIBIIMHCTBE CIIy4acB PEJKO 00eCreurBaeT IMpH-
EMIIEMYIO TOYHOCTb.

Hecmotpss Ha MHOrOOOCIIAIONIUE PE3yJIbTAThI
[4—7], B Mupe 0 cUX TIOp OTCYTCTBYIOT TaKue Mpuoo-
pBl, OTBeHarolIUMe TPeOOBaHHAM IO KIMHHYECKON
TOYHOCTH, YTO CBSI3aHO CO CJIOXHOCTSIMH, BO3HHUKAIO-
IIMMH TP MPOSKTUPOBAHUU TAKHX CUCTEM, — B o0ec-
MEYCHUN CHHXPOHHOW M CTa0WILHOW pabOThI JAaT4H-
KOB, BBICOKON YyBCTBUTEIHHOCTH WHTETPUPOBAHHBIX
U3MEPUTEIIBHBIX MOJAYJIEH K BHYTPEHHUM LIyMaMm,
a TaKKe B HEJOCTATOYHOM DPa3BUTUH ANTOPHTMHUE-
CKOTO M MPOrpPaMMHO-TEXHHUYECKOTO OOeCreueHUs
00pabOTKH TeTEPOreHHBIX CUTHAIOB. TakuM o0pa3oM,
CYIIECTBYET HAYYHO-TEXHHUECKAs 3aja4da pa3paboTKu
MYJIbTUCEHCOPHOTO TMPUOOpa KOHTPOJII KOHIICHTPA-
MU TIFIOKO3bI B OMOIIOTMYECKHX Cpefax, oOecredn-
BAaIOIIEr0 TPeOYEeMYI0 TOUHOCTh U HaJIE)KHOCTh M3ME-
pEHU.

KOHLEIIIWA MYJIBTUCEHCOPHOI'O ITPUBOPA

Paspaborka MYJIbTUCEHCOPHOTO npudopa,
B IIEPBYIO OdYepenb, NpeanojaraeT BbIOOP METOIOB
HEUMHBAa3HUBHOI'O KOHTPOJIA HCHCBOﬁ BCJIMYHUHBI.
CymecTByeT OONBIIOE KOJIWYECTBO HEWHBA3WBHBIX
METOAOB, Cpelu KOTOpBIX HamboJyiee MIMPOKOE pac-
MPOCTPAHCHUEC TMOJIYYUIN OINTHUYCCKHUE, B YAaCTHOCTHU
metonel  abcopormonHort UK-cnextpockonmm. Tak,
B pabote [8] oTMeuaercs, uYTO Ha JUIMHE BOJIHBI
1600 HM HaOIrOAAETCS HHUK IOTJIOIIEHUS TJIFOKO30H,
KOTOPBII HAXOMUTCA BBILIE 0KA3aTENEU NOTIOIEHUS
OCTQJIbHBIX KOMIIOHEHTOB TKaHH, B OCOOEHHOCTH
BOJIBL.

B cBoto ovepenp, BBULY HaMU4Msl OOJIBIIOTO KOJIH-
9YecTBa BOJBI B TKaHSX, CYLIECTBYET HEOOXOAUMOCTb
HCIIOJIb30BaHUSL ONIOPHOM JUIMHBI BOJHBI, HA KOTOPOMH
MOKa3aTenb MOTJIOLIEHUS TJIIOKO3bI SIBISETCS MHHU-
MaJIbHBIM, TOrJa KaK IIOIJIOIICHUE BOAblI ABJIACTCA
3HAYMUTENIbHBIM. VICONb30BaHME ONOPHOTO HCTOYHU-
Ka M3JIy4YCHHUsS IO3BOJIUT KOMIICHCHUPOBATh (IIyKTya-
IIUH, BBI3BIBACMBIC U3MCHCHUEM TUApaTaliun TKaHEH.
Takum o6pa3oM, BEIOOP ABYX UITMH BOJH TTO3BOJISIET
MOBBICUTH CCJICKTUBHOCTb OIPCACICHUA TJIFOKO3bI
3a CUeT MpUMEHEHUs ANU(QepeHITHaTbHOr0 M0aX0/1a
H3MEPEHUS.

B kauecTBe wuCTOYHMKA U3Iy4eHHs HauOoiee
MNPpEANTOYTUTCIIBHBIM  ABJIACTCA HOHynpOBOI{HHKOBLIfI
Ja3epHBIN A10/, 001aJaroNuii Y3KOH MIMPUHON CIIeK-

TpaJbHOW JIMHUU U BBICOKOW IINIOTHOCTBIO MOIIHOCTH
M3ITy4YeHWs], YTO 00ecnedrnBaeT JOCTATOYHYO TITyOHuHY
[IPOHMKHOBEHHUS M BBICOKOE OTHOIIEHUE CUTHAI/LITYM.

[ns onpeneneHus ruaparaluyd TKaHEW W OMOJ-
HUTEIbHON HMH(POPMALUN O KOHLUEHTPALUHU TIFOKO3bI
B CHCTEME HM3MEpPEHHUs TaKKe MpeasiaraeTcsi MeTOJ
UMIIEJTAHCHON  cnektpockonuu. Ilpu  u3MmepeHuun
MMIIEIaHCa TKaHU NpeJiaraeTcsi UCIOiIb30BaHNE 4e-
THIpEX 3JEKTPOIOB. JlaHHas KOHQUIrypaLusi mpenno-
JlaraeT, 4To 3aJaHHbIl TOK NPOTEKaeT OT OJHOTO
AKTUBHOTO 3JIEKTPO/Ia K IPyroMy depe3 UCCIeyeMYI0
TKaHb, B Pe3YyJIbTaTe YEro BO3SHUKAIOLIEE HAIIPSHKEHUE
B TKaHU PETUCTPUpPYETCs JABYMsI OCTAaBUIMMMCS H3Me-
PUTEIBHBIMU 3JIEKTPOAaMH. Tako MOAX0[ MO3BOJISIET
n30exarh MPOTEKaHWs TOKa uepe3 H3MEpHUTENbHbIC
JIEKTPOABI, 4YTO JENaeT H3MEpsieMOe HalpshKeHUe
MEHEe 3aBUCHMBIM OT KOHTAKTHBIX UMIIEAAHCOB [9].

Kpome omntuueckoro m MMIEAAHCHOTO MOAYJEH
npubop AOKEH MMETh BCIOMOTaTeNbHBbIE NATYUKH,
MO3BOJIAIONINE OLEHUTh M KOMIEHCHPOBATh BIMSHHE
(hakTOpOB, BOZHUKAIONINX B KOMIIOHEHTaX MpHOOpa,
MeXTy OJoKaMH CHCTEMBI, B cpelle H3MepeHHs
U B OKpyxkaromed cpene. OgHumu U3 (PaxTOpOB,
UMEIOIMX Hauboliee CHIBHOE BIMSHUE, SIBISIOTCS
TeMIepaTypHble IMapaMeTpbl CHUCTEMBl KOHTPOJIS.
Temmneparypa HarpeBa yyacTKa TKaHH MOKET J1aBaTb
OONBIION BKJIAJ B TMOTPEUIHOCTh W3MEPEHHS BBHIY
W3MEHEHUS! ONTHYECKHX CBOMCTB KOXKHOI'O ITOKPOBa
B pe3yibTaTe paclIMpeHHs KallWUIIpoB M UX MOCIe-
nytomiero Hacwimerns kpoBbio [10]. Temmeparypa
MOJTyTIPOBOJTHUKOBOTO HCTOYHHMKA TaK)Xe BIUSET Ha
JJEKTPUYECKUE M ONTHYECKHE cBoWcTBa. Tak, mpu
MOBBIILIEHUH TEMIIEPAaTyphl JUOAA €r0 MOPOrOBBIA TOK
HaKayKW MOBbIIAeTcss npumepHo Ha 1.5%/°C [11],
YTO NMPHUBOAMUT K POCTY SHEPronoTpeOiIeHus: U K CHU-
YKEHHIO BBIXOJTHONH MOITHOCTH U3JTy4EHHUs.

CrpyKTypHas cxema HpeijaraeMoro MyJbTHCEH-
COPHOTO MpHOOpa MpecTaBlieHa Ha puc. 1.

AIIITAPATHBIE CPEJICTBA

AnmapatHasi peaju3aunus ONTHYECKOTO MOIYJIS
BBHIMOJIHEHA Ha 0a3e ABYX BBICOKOYACTOTHBIX MOJY-
IIPOBOJHUKOBBIX WCTOYHUKOB H3JIY4EHHs C JUIMHAMH
BostH 1600 1 1770 HM, pa3MeIIeHHBIX B KOPITyCce THUIa
HHL u InGaAs ¢otoanona ¢ pacluIMpEeHHBIM CIICK-
TpaibHbIM aAuanazoHoM 10 1900 am. HcTouHuku
M3Iy4YeHUs] UMEIT MOIIHOCTh wu3nydeHus 30 MBt
u mupuHy crnekrpa 5 HM. CrnexrpaibHas 4YyBCTBH-
TeNbHOCTH (OTOMUOAA Ha AnuHE BOoIHBI 1600 HM co-
craBiaster 1 A/Bt, Ha mmHe BosHBI 1770 HM —
1.05 A/Bt, muametp (pOTOUYBCTBUTEIILHOM TUIOIIA KK
¢dotoarona — 1 MM, a ero TeMHOBOI Tok — 40 HA.
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Puc. 1. CrpykTypHast cxema NpeaaraeMoro MyJlbTHCEHCOPHOTO NMpHOOpa KOHTPOJSI KOHIEHTPAUH TIIFOKO3BI

B OMOIIOTHYECKO cpefe

C 1enpl0 MUHUMU3AIUN TEMIIEPATYPHOTO JAperida
XapaKTePUCTUK JIa3ePHBIX UCTOYHUKOB B KOPITYC WH-
TErpupoBaHbl AieMeHT [lenbThe, JaTUMK TeMIepary-
pot u [TU-perynsarop. Pabota nctouHnka n3mydeHus
OCYIIECTBISIETCS B BBICOKOYACTOTHOM HUMITYJIbCHOM
peXuMe ¢ UTUTENBHOCTHIO UMITyJibca 10 MKC U 4acTo-
Toit mx momTopeHus 1 k['m. [lyns craOunm3anmu Toka
HAKaYKW W O0OECHEYCHHUs BOCIHPOU3BOJUMOCTUA HM-
MyJLCOB UCTOYHHMK W3JIy4YCHUsI CHAOXKeH JpaiBepoM
TOKa Ha OCHOBE cxeMbl JInOOpexta — Xoiia [12].

WmnenancHbI MOAYTb TOCTPOECH Ha Oase crenua-
JIU3UPOBAHHONW MUKPOCXEMBI MU3MEPEHUsS MMIIC/IAHCa,
BBICTYTIAIONIE B KauecTBE OCHOBHOIO TEHepaTopa
U permcrparopa curHayioB. M3mepeHue wummenaHca
UCCIICyeMOro O0BEKTa OCYIIECTBISETCS B I0JIOCE
gactor 10—200 k[, wacroTa perucrpanuu uMIIe-
nmaHcHoro curaana cocrasisier 200 I

B kauecTBe JaTYMKOB TeMIEpaTypbl BBIOPAHBI
uGpPOBbIC JIATYMKH C TIOTPEIIHOCThI0 He Ooliee
0.03 °C B ¢usmnonornyeckoM Auana3zoHe, 4acToTa pe-
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THCTPAalliM TEMIEPaTypHOIO CHTHAala COCTaBIISIET
50 I'm. [aTumku pa3MemniaroTcss B JBYX MeCTax —
Ha MOBEPXHOCTH HCCIEAyeMOro 00BbeKTa U Hermocpe/i-
CTBEHHO Ha TUIaTe MOJIYJIS JUIs OLEHKH TEeMIIepaTyphl
OKpY>Karollen cpeibl.

Jns  ymnpaBieHHS MaKeTOM MYJBTHCEHCOPHOTO
npubopa paspaboraHa mata ynpasineHus. CHTHAT
¢doroarona ommdposbiBacTcss  16-OutHBIM - AL
¢ vacroroit 5 MI'l. Ynparnenue, o0paboTka u mnepe-
nada ganaeix Ha [1K gepes USB-mopt ocymectBiser-
Csl ¢ IOMOLIBI0 MUKPOKOHTpoJuiepa. TemneparypHsblil
MOJIYJIb TIPEJCTaBIsIeT co00i pa3pabOTaHHYIO ILIATY
C COOCTBEHHBIM MHUKPOKOHTPOJUIEPOM MJIsl yIpaBiie-
HUS 1 00pabOTKH TeMIIepaTypHOi HHpOPMAaLIH.

[NPOI'PAMMHLIE CPEACTBA

[Iporpamma oOMeHa HaHHBIMHM C MAaKETOM HaIHca-
Ha Ha s3bike C++ B cpeae Qt. HacTpoiiku (MOIIHOCTS,
NEPUOINYHOCT BKIIIOUEHUS, TEMIIEPaTypa JIa3epHOTO
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070Ka, 4acTOTa MMITYJIbCOB, YaCTOTa PETHCTPALUU
TeMrieparyp) nepenarorcs depe3 USB-nopt xommbro-
tepa. Ilo sToMy ke KaHaly NPUHUMAIOTCS OIU(pPO-
BaHHBIC CUT'HAJIbI (I)OTOZ[I/IOILB, AAaTYHUKOB TEMIICPATYPhI
U CHCTEMBI TEJIEMETPUH MCTOYHHUKA M3Ty4eHHUsI, KOTO-
pBle coxpaHstoTes B XIsx-daiine.

O06paboTKa COXpaHEHHBIX NAaHHBIX OCYIIECTBIISIET-
csl B makete Matlab u BkiIt09aeT HECKOJIBKO 3TaIoB.

Ilepgpuit 3man 3aKin04acTCsi B CUHXPOHHU3ALMU
U TIPEABAPUTENILHOW (DUIBTPALMK HCXOJHBIX CHUIHA-
soB. OOpabOTKa ONTHYECKOTO CHUTHAJIA CBOJIUTCS
K €ro JeluMalyy MyTeM CyMMHUPOBAHUS HECKOIBKHX
OTCYETOB B (PMKCHPOBaHHBIX BPEMEHHBIX MHTEpBaslaX
Ul TIOJIy4€HHs OJHOTO CYMMapHOTO HMILYJIbCA.
Hudposast obpadoTka ¢uabTpoM barrepsopra 2-ro
HOPsIZIKa € 4acTOTOM cpe3a 5 1'll TeMnepaTypHbIX JaH-
HBIX [IPU 4acTOTe AUCKpeTm3auuu curHana 50 I'u mo-
3BOJIIET KOMIICHCUPOBATH IIYM, BBI3BAHHBIM DJIEK-
TPOMarHUTHBIMU ITOMEXaMu B 1enu. /i ycTpaHeHus
IIYMOB B CX€M€ UMIETAHCHOTO MOJTYJISl HCIIOJIBb3YeTCS
ugpoBoit unsTp barrepBopra 4-ro mopsiaka ¢ yac-
ToToit cpe3a 20 ',

Ha emopom smane ocyuectisaercs GopMUpoBa-
HHE BEKTOpa IOIOJIHUTENBHBIX IMapaMeTpoOB, BKIIIO-
YaIOIIEro YCPEAHEHHbIE 3HAYEHUSI WHTEHCUBHOCTEU
Ha O6GI/IX AJIMHaX BOJIH, UX OTHOUICHHUE, CPCAHCKBA/I-
patvdeckue OTKJIOHEHHUS,  3HAuYeHHsl TeMIepaTyp
W CO3/IaHNe eMHOM 0a3bl TaHHBIX.

Pacuer meneBoro 3HaueHUs TMPENCTABISIET COOOMN
3aJady pEerpeccHy, pelieHHe KOTOPOW BO3MOXKHO
C TMOMOILBIO0 METOI0B MAIIMHHOTO 00yUYEHHUS.

3aBHCHUMOCTH KOHUCHTpAaluu TJIFOKO3bl OT IIapa-
METPOB CHUCTEMBl HMEET HEIMHEHHBIA XapakTep.
Kpome Toro, B paccmaTpuBaeMoil cucTeMe MOTyT Ha-
OMOAaThCS CKPBHITHIE B3aMMOJCHCTBUS MEXKAY MNapa-
METpaMH, 4TO MOKET YKa3blBaTh Ha 3HAYUTEIIbHbBIE
TPYAHOCTH B O0eclie4eHUH TOYHOCTH pacyera Kjac-
CHUYECKUMH PErpecCHOHHBIMM MoOJENsIMH. B cBs3n
C 3TUM OJHHUM U3 BLIXOJOB ABJIACTCA NMPUMCHCHHC
aHcaMOJIEBBIX METOAOB MAIIMHHOTO 00y4YeHHMs, KOTO-
pble TO3BOJSIIOT C(OPMHUPOBATH MOZENIbL pacuera
Ha OCHOBE KOMOWHAIIMU JICPEBLEB PCIICHUM, MMEI0-
LIYI0 BBICOKYIO YCTOWYHMBOCTb K NEPEO0YyUEHHI0, CIIO-
cOOHOCTh paboTaTh C Pa3HOPOJAHBIMH JIAHHBIMH
U OIUCHIBATh CIIO)KHBIE HEJIMHEHHBIE 3aBHUCHMOCTH
MeXy NMpU3HaKaMHu U LeneBoi BenuunHoil [13]. dns
penieHns JaHHOH 3a1a49u ObLTH 0TOOpaHbI 5 Hanbomee
n3BecTHRIX Moxeiner — Random Forest, XGBoost,
CatBoost, Bagging Trees u LightGBM.

PA3PABOTKA SKCIIEPUMEHTAJIBHOM
YCTAHOBKU U BBIBOP METOJIA
MAIIMHHOI'O OBYYEHUA

HpOBC[{CHBI OKCIICPUMCHTAJIBHBIC HCCIICIOBAHUA
pa3pabOTaHHOTO  ammapaTHO-TIPOIPAMMHOTO  KOM-

IieKca B UENSAX OICHKH TOYHOCTU. JlJsi mpoBepKH
MPeIOKEHHOTO TTOIX0/a pa3paboTaHa JrabopaTopHas
yCTaHOBKa (pHC. 2), COCTOSMIAs U3 ONTHYECKOI Taphl,
IJIaThl YIPABJICHUS JIA3€PHOM YCTAHOBKOMW, ILIAThI
TEMIIEpaTypHOI0 MOIYJSl M JIByX BHEIIHHMX TeMIlepa-
TYPHBIX JAaTYHUKOB, IJIAThI YCTBIPCXIJICKTPOAHOIO UM~
MEIaHCOMETPHUYECKOTO MOJIYJS, J1a00opaTopHOro Hc-
TOYHHKA IIHWUTaHWA, MarduTHON MeEIIAJIKU C noaorpe-
BoM, crektpodoTomeTrpa StatFax 4500 (Awareness
Technology, CILIA) mist u3aMepeHUs] KOHUEHTPALUH
[JIIOKO3Bl B pacTBOpe, Habopa jgo3aropoB 10—
1000 mxir 1 Habopa OJHOPA3OBBIX HAKOHEYHUKOB IS
3a00pa Ha W3MEepeHHE KOHIIEHTPAIMU TIFOKO3HI CIIeK-
TpopoTomerpom. CoOCTBEHHAsI MOTPEITHOCTH CHEK-
Tpodorometpa StatFax 4500 cocraiusier 1% [14].

Ha marautHOi Memianke pa3melancs pe3epByap
C MarHuTOM [Tl pa3MeIIMBaHuUs TJII0KO30C0 IeprKallle-
T0 pacTBOpa, UIMUTHPYIOLIETO TUIa3My KPOBH 4YeJIOBe-
ka. B kadectBe oObekTa McciIeIOBaHUS BBICTyHAa
KBaplieBasi TpyOka ITuamMeTpoM 6 MM, 4epe3 KOTOpYIO
poTeKaeT pacTBop. s npubamkeHus SKCrepruMeH-
Ta K pCaJIbHBIM YCJIOBUAM JIOMTHUK CBHHOM KOKH TOJI-
muHON 2 MM [15], 9TO COOTBETCTBYET CpemHed TOoJ-
HIMHE KoKW YeJIOBeKa, 000payrBajcsi BOKPYT KBaplle-
BOM TpyOKHM M NEPHOAMYECKH YBIAXKHSICS BOJHBIM
pacTBOpOM Il UMHTAlMK HOTOOTAeNneHus. Jist mpe-
JIOTBPAIIICHUS] MEXaHUYCCKUX KOJICOAHUH ONTHICCKUI
MOJIYJb XECTKO pa3MeLIajcsi Ha peJbce, HCCIedye-
MBIl 00pasel] YCTaHABIMBAJICSA B KapeTKe, TaKKe Ke-
CTKO 3aKpEIUICHHOH Ha penbce. s UCKIroYeHus 3a-
CBETKH NPHEMHHKOB ONTHYECKOTO MOAYIs pa3pabo-
TAaHHBI MakeT Hpubopa pa3Melalcs B 3aIIUTHOM
kopoOe. [l u3MepeHHMs HMIIEJaHCAa TKAHW Ha ee
BHEIIHEH CTOpOHE pa3MEelIaNCh AJIEKTPOAbl HMIIe-
JAHCHOTO MOAYJISA ¥ JaTYUK TEMIepaTyphl.

[lepen HauamoMm bSKcHeprMEHTa pa3pabOTaHHBIH
MakeT MPOXOAWJ KaJMOPOBKY Ha AMCTHIUIMPOBAHHOM
Boze. V3MepeHne KOHLEHTPALWHU TIFOKO3bI MPOBOIH-
J0ch B (usnonorudeckom muanazone 40—-400 mr/mn
c maroMm 10 mr/mn. KomudecTBo HUKIOB M3MEPEHHUS
Ha KaXXJ10M KOHLEHTpauuu coctaBisuio 10, mpu 3ToM
MOPSZIOK PETHCTPaNK KOHIIEHTpAalHuid OBLT CIydaii-
HBIM, 4YTO IIO3BOJIAJIO CHHU3UTH BJIIMAHHEC BO3MOXHOI'O
npetia moka3aHUl 37IeMeHTOB Mpubopa. B pesyibra-
Te OBbUT TMOJIyYeH MAacCHB JaHHBIX, COAEpIKaIINA
370 He3aBuCUMBIX HabmOAeHU. J|aHHBII MacCUB TIPH
00y4YEeHHUHU pPErpecCHOHHON MOJENH pacyeTa KOHIIEH-
TpaLuUy TIIOKO3bI pa3fessuicss Ha 00y4aromyto U Tec-
TOBYIO BBIOOPKH B oTHOLIeHUH §0/20.

OOyuenne Mopeneld NPOMCXOAWIO CIEAYIOLIUM
o0pazom.

B nepeyio ouepeds, mpoBomwics aHanu3 0a3bl
OJAaHHBIX Ha HAJIWYUC BBICOKHUX KOPPCIIAIUOHHBIX
3aBUCUMOCTEH  MEXIY  KaXIbIM  [apaMeTpoM.
15 BBISIBIEHNS MYJIbTUKOJUIMHEAPHOCTH M1apaMETPOB
W ee YCTpaHeHHs TNPUMEHSUINCh JIBA METOJa:
VIF-anamu3 [16] u metoxa bancau [17].

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3
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Puc. 2. CxemaTryeckoe M300paXKeHNE IKCIIEPUMEHTAITFHON YCTAaHOBKH
OOyueHne MoJiesieli CONPOBOXKIAIOCH METOIOM 1 & 5
MEPEKPECTHON MIPOBEPKHU. NZ( y - y)
Bmopvoim smanom sBngnach ONTUMH3AIMS Mapa- R’ =1—%, (3)
METPOB MOJy4EHHBIX MOJIEJIEH, KOTOPas OCYIECTBIIs- 72( y - )7)
Jach TyTeM MPUMEHEHUS TPAANCHTHBIX METOJOB NTV
Y METOJ1a CIIy4alHOTO IOUCKA.
Hocneonuii sman 06yuenus HanpasieH Ha oneH- A€ V; — BbIMUCICHHOC 3HAUCHUE 1 -ro LEeJIEBOrO Ia-
Ky TOYHOCTH MOJI€JIeH Ha TECTOBBIX BBIOODKAX C MO-  paMeTpa, ), — TEOPETHYECKOe 3HA4YeHHE i-TO Lele-
MOLUBIO METPHK, IPUMEHSIOLIMXCS B 33/1a4aX PETPec-  goro mapamerpa, y — CpeiHEe 3HAYCHHE LENEBOrO

CHHM, TaKUX KaK CpeIHss aOCONIOTHAs IMOTPENIHOCTh
(Mean Absolute Error, MAE), cpennekBagparuye-
CKO€ OTKJIOHEHHE OT LiesieBoi BennunHbl (Root Mean
Square Error, RMSE) u k03¢ pummenT nerepmunauu
(R"), onpeensieMble CICAYOIUME (HopMyTaMu:

N

MAE = Zi=1|yi —Ji

, (1)

RMSE = \/%le(y,- -3 2)

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3

napamerpa, N — KOJIMYECTBO 3JIEMEHTOB B MaCCHUBE.

B Tabn. 1 mpencraBieHbl pe3yiabTaTbl OOYyYeHUS
MPEAJIOKCHHBIX MOﬂCHCﬁ, 3 KOTOPBIX MOXHO CJe-
JIaTh BBIBOJ, O TOM, 4TO aHcaMOJieBbIi MeTod XGBoost
oOecrieunBaeT HawiIydllee COYETaHHE TOYHOCTH
¥ BBIYHACIUTENHHON A(()EKTUBHOCTH, YTO JIENaeT ero
MPEMOYTUTEILHBIM JUIsl 337124, TPeOYIOIuX ObICTPOi
00pabOTKHM OONBIIOTO KOJMYECTBA NAHHBIX B PEKUME
pearbHOrO BpEMEHHU.
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Taba. 1. CpaBHEHHE METPUK Ka4eCTBA PETPECCUOHHBIX MOJIENEH

Mopens R’ MAE, mr/mn RMSE, mr/mn Bpewms pacuera, ¢
Random Forest 0.97 19.01 32.85 6.72
I'panuentnsiii 6yctunr CatBoost 0.96 20.49 35.98 1.76
Bagging Trees 0.93 18.86 38.71 2.98
I'paguentnsiii 6yctunr XGBoost 0.97 18.06 34.37 1.21
I'papuentnsiii 6yctuar LightGBM 0.94 23.78 42.52 1.02

PE3VJIBTATBI U OBCYXXJIEHUE

BriOpanHas Mojienb Oblia MPOTECTHPOBAHA HA HO-
BOM Habope naHHbIX. 110 pe3ynbTaramM TeCTHPOBaHUS
R cocrasun 0.88, MAE — 31 mr/m1, RMSE —
55 mr/mn, o0mas OTHOCHTENbHAas TOTPEIIHOCTh —
17.2%.

Ha puc. 3 mpencraenena mkana omubok Ilapkc.
[lIxama mpencraBisgeT coOoil CETKY MOTPENIHOCTEMH,
OTPAXAIOI[YI0 MOKa3aHUs pa3pabOTaHHOIO MakeTra
mprOopa OTHOCUTENHHO JIAOOPATOPHOTO CHEKTPOdO-
toMmerpa. Illkama pasneneHa Ha 5 30H, XapaKTepu-
3YIOIIUX CTENEHb PUCKA AJIs 30POBbS MALMEHTA MPH
pasHbIX MOKa3aHUSIX PeEePEeHCHOTO U HCCIEAYEeMOro
npubopoB. 30Ha A COOTBETCTBYET KIMHUYECKH TOY-
HBIM H3MEpPEeHUsM, 0e3 pHcKa Ul MalueHra, 30Ha B
COOTBETCTBYCT MOOIMYCTUMBIM IIOTrPCIIHOCTAM, TOrJda
kak 30HBI C—E yka3pIBaloT Ha BO3PACTAIOLIYIO CTe-
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PedepeHcHoe 3Ha4yeHne KOHUEeHTpauuy rIiKo3sl B pacTeope (Mrian)

Puc. 3. CpaBHeHHEe TONyYeHHBIX H pe(epeHCHBIX
3HA4YeHUH KOHIIEHTPALMHU TJIOKO3bl B (DaHTOME TKaHH
Ha 1mkase onmmbok Ilapkce

MeHb KJIMHUYECKOTO PUCKA, re 30Ha E cooTBeTCTBYET
Cllyyaro, KOIZd CTaBUTCS OIIMOOYHBIA HPOTHBOIIO-
JIO’KHBIA AWArHO3.

UccnenoBannsi mpoBonwimch Ha (aHTOME, KOH-
LEHTpanusl IJIIOKO3bl B KOTOPOM 3ajaBajach B pac-
TBOpE, TOT/Ia KaK CBMHas KO)Ka HE cojiepkaia uccie-
JIyeMblid KOMIIOHEHT. JlaHHBIA HOAXO0J HO3BOJIAI U30-
JUPOBATh BKJIAJ KOHLEHTPAIMH TIIIOKO3bl HETOCPE-
CTBEHHO BHYTPH TKaHH, OJHAKO OH HE YYUTHIBACT
B33HMOI[CI>'ICTBHC C KOMIIOHCHTaAaMH BEPXHETo CJI0sA
TKaHU. B yacTHOCTH, OTCYTCTBHE KpOBOTOKAa U €cTe-
CTBEHHOH TMIpaTallud MOTJO CHMXaTb KOPPEJALUIO
MCKAY USMCHCHUAMU KOHUCHTPAIIUX T'JIFOKO3bI B pac-
TBOPE U PErHUCTPUPYEMBIMH CUTHAJIAMH.

Taxoke CTOUT OTMETUTH CI0KHOCTh CO3/IaHus (haH-
TOMa YEJIOBEYECKOM TKAaHW, MPUTOJHOM IJI Hempe-
PBIBHOT'O KOHTPOJIA KOHICHTPAIUU T'IFOKO3bI, CBA3aH-
HOH ¢ IOCTENEHHOH Jerpajauueil CTpyKTyphl TKaHH,
CO3[IaHMEM JUHAMHUKH MOTOOTIEJICHUs] M KOHLIEHTpa-
OUH TJIFOKO3bl B TKAaHH. Tem He MeHee PE3YIbTAThI
WCCIICIOBAHUSL ~ MOATBEPXKIAIOT  NPHHLUIIHAIBHYIO
paboOTOCIIOCOOHOCTh  MPEIJIOKCHHONH  KOHIISIIUU
B YCIIOBUSAX in Vitro.

Ha cnenyromeit craauu pa3pabOTKH KOMILIEKCA
IUTAHUPYIOTCS Pa3pabOTKU SPrOHOMUYHOU BEPCUH
npubopa u ¢daHTOMa TKAHW, MAaKCHMAaJbHO IMPHUOIH-
JKCHHOI'O 110 OITUYCCKUM H DBJICKTPOXUMUUYCCKUM
CBOHCTBaM K PEIbHOMY aHAJIOTy.

[Momumo 3TOTO, pa3pabOTaHHBIM KOMILIEKC MOXKET
OBITh WHTETPUPOBAH B CHCTEMBI, 00ECIIEYHBAIOIINE
KOHTPOJIb COACpKaHUA PA3JIUYHBIX KOMIIOHCHTOB
B OMOJIOTHYECKUX TKAHSX.

3AKJIIOYEHUE

B pamkax Hacrosmieil paOOThI MpeIoKeHa KOH-
LENIUs MOCTPOSHUS aIapaTHO-IPOrPaMMHOIO KOM-
IUIEKCA HEWMHBA3UBHOTO KOHTPOJS KOHICHTPALUH
TJIIOKO3bl B OMOJOTMYEcKoil cpene, OCHOBaHHAs
Ha MyJbTHCEHCOPHOM moaxone. OTIMYUTEnbHOMN
0COOEHHOCTBIO KOHIEHIMU SIBIISIETCS KOM6I/IHI/IpOBa-
HUE ONTHYECKOTO, UMIIEAAHCHOTO U TEMIIEPATYPHBIX
AaTYUKOB, MO3BOJIAIOIIHNX B3aUMHO KOMIICHCHPOBATDH

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3
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BJIMSIHUE BHEIIHHX (DAaKTOPOB M OTPaHUYCHUI DIIeK-
TPOHHO-KOMIIOHEHTHOH 0a3bl.

CrabuIbHOCTE W JIOCTOBEPHOCTH  W3MEPEHUH
o0ecrieynBaeTCsl KOMIUIEKCOM allapaTHBIX W Mpo-
IrPaMMHBIX CPEICTB. AmNNaparHas pealn3anus KOM-
iekca oObeAWHsSeT B cebe cTaOWuIM3MpOBaHHBIN
ONTUYECKUI MOAYJIb, UMIICIAHCHBIH MOIYJIb C YETbI-
PEXAIIEKTPOAHON CXEMOW MOAKIIIOYSHUSI 1 HAOOp BBI-
COKOTOYHBIX IHU(POBBIX HartyukoB. IIporpaMmHas
peanuzanmsa oOecreunBaeT CUHXPOHHU3AIMIO, (QUIbT-
paumio u moctpoeHue 0a3bl JaHHBIX. PacdeT KOHIEH-
TPaLUH TIIFOKO3bI 10 MHOTOMEPHBIM JaHHBIM OCYIIE-
CTBJISIETCSL TIO MOCTPOEHHOM PETPECCUOHHON MOJIEIIH,
ONTUMM3UPOBAHHOM C IIOMOIIBIO  aHCaMOJIEBOTO
Metoga XGBoost, Mo3BONIAIONIEr0 yYUTHIBATh HENH-
HEHHbIe 3aBHCUMOCTH Mexay napamerpamu. Coso-
KYITHOCTh TEPEYHCICHHBIX pPEIeHnH o0ecreYnBaeT
BBICOKYIO TOYHOCTH H3MCpeHHI71, MOATBECPIKAAIOIIUXCA
pesyibTaTaMd  MCCIEAOBATEIbCKUX  HCHBITAHUHN
KOMITJIEKCa.

[IpemiokeHHass KOHLENIMA MOXET MOCIYXUTh
OCHOBOU pa3paboTKu MPUOOPOB IS POBEIACHUS Ha-
YUHBIX HCCJICIOBAaHUN COCTaBa OMOJIOTMYECKUX CPel
B COCTaBe HMBBIX 00bEKTOB. HEeMHBA3UBHBIH MYIJIBTH-
CCHCOPHBIN MOJXOJ MOXET 00eCHeuuTh HENpepbIB-
HBIi MOHMTOPHUHI Ha JKMBBIX OOBEKTax IpH HUX pas-
JIMYHBIX (1)I/I3I/IOHOFI/I‘IGCKI/IX COCTOSAHHUAX 663 BIIMAHUA
(hakTOpOB, BOSHUKAIOIIMX [IPU MPOBEIEHUH WHBA3MB-
HBIX TPOLEAYp, UYTO SBISIETCS BOCTPEOOBAaHHBIM
B 00nacTv (PU3MONOTHH, TOKCHKOJIOTHH U CITIOPTUBHON
MenuiuHel. Kpome TOro, mpeaioKEHHBIM MOIXOT
MOXET HaWTH NPHUKIAJHOE NPUMEHEHHE NpU paspa-
00TKe MPHOOPOB HEMHBA3WBHOTO MOHUTOPHHTA KOH-
LEHTPALINH TIIOKO3bI B COCTaBe aBTOMATH3MPOBAHHBIX
CUCTeM WHCyTuHOTepanuu [18].
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DEVELOPMENT OF HARDWARE-SOFTWARE COMPLEX
FOR MULTISENSOR GLUCOSE LEVEL CONTROL
IN BIOLOGICAL MEDIUM

M. O. Mikhailov

National Research University of Electronic Technology, Moscow, Russia

The paper proposes a concept for building a hardware-software system for glucose level control in a bio-
logical medium based on a multisensor approach. The proposed approach for glucose level control combines
infrared spectroscopy, impedance spectroscopy, and thermometry, allowing mutual compensation of the influ-
ence of external factors on system parameters. Hardware for stabilizing the laser radiation source is proposed,
including the use of a high-frequency pulsed operating mode of the source, a precision current driver, and ac-
tive temperature stabilization. The software provides synchronization and pre-filtering of optical, impedance,
and temperature signals, data decimation, feature vector formation including average radiation intensities, their
ratio, root-mean-square deviations, and temperature values of system components, as well as the construction
of a unified system parameter database. To calculate glucose concentration from heterogeneous data, a regres-
sion model is built, whose most accurate solution is obtained using the XGBoost ensemble machine learning
method. Tests of the proposed approach have shown that the total relative measurement error in the range of
40—400 mg/dL is about 17.2%, and the clinical accuracy according to the Parkes error grid reaches 98.4%.

Keywords: infrared spectroscopy, impedance spectroscopy, temperature, machine learning, multisensor, non-invasive,
glucose
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INTRODUCTION

Monitoring glucose concentrations in biological
media is an important task for clinical diagnostics and
personalized medicine. Existing monitoring methods,
despite their high accuracy, have fundamental limita-
tions: procedural pain, risk of infection, tissue scar-
ring, the need for regular replacement of consumables,
and difficult integrating into continuous monitoring
systems [1, 2]. These shortcomings stimulate the de-
velopment of existing and new methods, hardware,
and technologies for non-destructive testing of biolog-
ical media that enable glucose determination without
penetrating the medium while maintaining high clini-
cal accuracy and reliability.

In recent decades, numerous non-invasive glucose
measurement methods based on various physical prin-
ciples have been proposed. However, none of these
methods provides the required accuracy in clinical
practice [3]. The main reason is the low signal-to-
noise ratio, which is influenced by numerous factors:
ambient and object temperature, humidity, individual
characteristics of biological tissue, and hardware in-
stability. Overcoming these limitations requires a shift
to fundamentally new approaches to constructing
measurement systems.

A promising direction is the development of multi-
sensor devices based on the combination of signals of
different physical origins. The integration of multiple
sensors allows for more complete information about
the object and measurement conditions, enabling mu-
tual compensation for the influence of external factors
specific to each method.

There are several methods for combining data, the
simplest of which is to calculate glucose concentration
by substituting a combination of measured values into
a physical model based on the equations of radiative
transfer, heat transfer, and the dielectric response of
the tissue being studied. However, in practice, the im-
plementation of this approach has significant draw-
backs associated with the failure to take into account
the dynamic nature of the internal medium of the test
object. Therefore, direct analytical combination of
recorded signals without adaptive algorithms in most
cases rarely provides acceptable accuracy.

Despite promising results [4-7], there are still no
such devices available worldwide that meet clinical
accuracy requirements. This is due to the complexities
involved in designing such systems, including ensur-
ing synchronous and stable operation of sensors, the
high sensitivity of integrated measurement modules to
internal noise, as well as the insufficient development
of algorithmic and software support for processing
heterogeneous signals. Thus, the scientific and tech-
nical challenge lies in developing a multisensor device
for monitoring glucose concentrations in biological

media that ensures the required accuracy and reliabili-
ty of measurements.

MULTISENSORY DEVICE CONCEPT

Developing a multisensory device, first and fore-
most, involves selecting methods for noninvasively
monitoring the target value. A large number of nonin-
vasive methods exist, among which optical methods,
particularly IR absorption spectroscopy, are the most
widely used. Thus, in [8], it is noted that at a wave-
length of 1600 nm, glucose absorption peaks and is
higher than the absorption of other tissue components,
especially water.

In turn, due to the large amount of water in tissues,
it is necessary to use a reference wavelength at which
glucose absorption is minimal, while water absorption
is significant. Using a reference radiation source will
compensate for fluctuations caused by changes in tis-
sue hydration. Thus, choosing two wavelengths allows
for increased selectivity in glucose determination
through the use of a differential measurement ap-
proach.

A semiconductor laser diode is the preferred radia-
tion source. Its narrow spectral linewidth and high
power density ensure sufficient penetration depth and
a high signal-to-noise ratio.

To determine tissue hydration and obtain addition-
al information on glucose concentration, the mea-
surement system also offers impedance spectroscopy.
The use of four electrodes is proposed for measuring
tissue impedance. This configuration assumes that
a specified current flows from one active electrode to
another through the tissue being measured, the result-
ing voltage in the tissue is being recorded by the two
other measuring electrodes. This approach avoids cur-
rent flow through the measuring electrodes, making
the measured voltage less dependent on contact im-
pedances [9].

In addition to the optical and impedance modules,
the device must have auxiliary sensors to assess and
compensate for the influence of factors arising in the
device components, between system units, in the mea-
surement medium, and in the surrounding environ-
ment. One of the most influential factors is the tem-
perature parameters of the control system. The heating
temperature of a tissue area can significantly contri-
bute to measurement error due to changes in the opti-
cal properties of the skin as a result of capillary dila-
tion and their subsequent blood saturation [10]. The
temperature of the semiconductor source also affects
the electrical and optical properties. For example, in-
creasing diode temperature leads to an increase of its
threshold pump current by approximately 1.5%/°C
[11], resulting in the increased power consumption
and a decrease in output radiation power.



The block diagram of the proposed multi-sensor
device is shown in Fig. 1.

Fig. 1. Structural diagram of the proposed multisensor
device for monitoring glucose concentration in a bio-
logical medium

HARDWARE

The hardware implementation of the optical mod-
ule is based on two high-frequency semiconductor
radiation sources with wavelengths of 1600 and
1770 nm, placed in an HHL-type housing, and
an InGaAs photodiode with an extended spectral
range of up to 1900 nm. The radiation sources have
a power of 30 mW and a spectral width of 5 nm. The
spectral sensitivity of the photodiode at 1600 nm is
1 A/W, and at 1770 nm, it is 1.05 A/W. The diameter
of the photodiode's photosensitive area is 1 mm, and
its dark current is 40 nA.

To minimize temperature drift in the laser source
characteristics, a Peltier element, temperature sensor,
and PID controller are integrated into the housing.
The laser source operates in high-frequency pulse
mode with a pulse duration of 10 ps and a repetition
rate of 1 kHz. To stabilize the pump current and en-
sure pulse reproducibility, the laser source is equipped
with a current driver based on a Libbrecht — Hall cir-
cuit [12].

The impedance module is built around a specia-
lized impedance measurement chip, which serves as
the main generator and signal recorder. Impedance
measurements of the test object are performed in
a frequency range of 10-200 kHz, and the impedance
signal recording frequency is 200 Hz.

Digital temperature sensors with an error of no
more than 0.03 °C in the physiological range were
selected as temperature sensors, a temperature signal
recording frequency was 50 Hz. The sensors are
placed in two locations: on the surface of the test ob-
ject and on the module board for measuring the am-
bient temperature.

A control board was developed to manage the mul-
tisensor device prototype. The photodiode signal is
digitized by a 16-bit ADC at a frequency of 5 MHz.
Control, processing, and data transfer to a PC via
a USB port is performed by a microcontroller. The
temperature module is a custom-designed board with
its own microcontroller for managing and processing
temperature data.

SOFTWARE

The program for data exchange with the prototype
is written in C++ using the Qt framework. Settings

(power, switching frequency, laser unit temperature,
pulse frequency, temperature recording frequency) are
transmitted via the computer's USB port. The same
channel receives digitized signals from the photodi-
ode, temperature sensors, and the radiation source
telemetry system, which are saved in an xIsx file.

Processing of the saved data is performed in the
Matlab package and involves several stages.

The first stage involves synchronization and pre-
liminary filtering of the output signals. Optical signal
processing is reduced to its decimation by summing
several samples in fixed time intervals to obtain a sin-
gle total pulse. Digital processing of the temperature
data using a second-order Butterworth filter with
a cutoff frequency of 5 Hz at a signal sampling fre-
quency of 50 Hz compensates for noise caused by
electromagnetic interference in the circuit. To elimi-
nate noise in the impedance module circuit, a fourth-
order Butterworth digital filter with a cutoff frequency
of 20 Hz is used.

In the second stage, a vector of additional parame-
ters is generated, it includes averaged intensity values
at both wavelengths, their ratios, standard deviations,
temperature values, and a unified database is created.

Calculating the target value is a regression prob-
lem, which can be solved using machine learning me-
thods.

The dependence of glucose concentration on sys-
tem parameters is nonlinear. Furthermore, hidden inte-
ractions between parameters may be observed in the
system under consideration, which may indicate sig-
nificant difficulties in ensuring calculation accuracy
using classical regression models. Therefore, the way
out is to use ensemble machine learning methods,
which allow the formation of a calculation model
based on a combination of decision trees that is highly
resistant to overfitting, capable of handling heteroge-
neous data and describing complex nonlinear relation-
ships between features and the target value [13]. To
solve this problem, five of the most well-known mod-
els were selected: Random Forest, XGBoost,
CatBoost, Bagging Trees, and LightGBM.

EXPERIMENTAL SETUP DEVELOPMENT AND
CHOICE OF A MACHINE LEARNING METHOD

Experimental studies of the developed hardware
and software system were conducted to evaluate its
accuracy. To test the proposed approach, a laboratory
setup (Fig. 2) was developed. It consisted of an optical
pair, a laser control board, a temperature module
board and two external temperature sensors, a four-
electrode impedance module board, a laboratory pow-
er supply, a heated magnetic stirrer, a StatFax 4500
spectrophotometer (Awareness Technology, USA) for
measuring glucose concentration in solution, a set of



10-1000 pL pipette tips, and a set of disposable sam-
pling tips for measuring glucose concentration using
the spectrophotometer. The StatFax 4500 spectropho-
tometer has an intrinsic error of 1% [14].

Fig. 2. Schematic layout of the experimental setup

A reservoir with a magnet for stirring a glucose-
containing solution simulating human blood plasma
was placed on the magnetic stirrer. The experimental
object was a 6 mm diameter quartz tube through
which the solution flowed. To approximate real-world
conditions, a 2 mm thick slice of pigskin [15], corres-
ponding to the average thickness of human skin, was
wrapped around the quartz tube and periodically
moistened with an aqueous solution to simulate sweat-
ing. To prevent mechanical vibrations, the optical
module was firmly mounted on a rail, and the test
sample was mounted in a carriage, also rigidly se-
cured to the rail. To prevent overexposure of the opti-
cal module's receivers, the developed device prototype
was housed in a protective box. To measure tissue
impedance, electrodes of the impedance module and
a temperature sensor were placed on the outer surface
of the tissue.

Before the experiment, the developed prototype
was calibrated using distilled water. Glucose concen-
tration measurements were conducted in the physio-
logical range of 40-400 mg/dL with a step of
10 mg/dL. The number of measurement cycles at each
concentration was 10, with the order of concentration
recording randomized to reduce the impact of possible
drift in instrument element readings. This resulted in
a dataset containing 370 independent observations.
This dataset was divided into training and test sets at
an 80/20 ratio during training of the regression model
for calculating glucose concentration.

The models were trained as follows.

First, the database was analyzed for high correla-
tions between each parameter. Two methods were
used to identify and eliminate multicollinearity in the
parameters: VIF analysis [16] and the Balsley method
[17].

Model
validation.

training was accompanied by cross-

The second stage was optimization of the parame-
ters of the resulting models, which was accomplished
using gradient methods and a random search method.

The final training stage is aimed at assessing the
accuracy of the models on test samples using regres-
sion metrics, such as the mean absolute error (MAE),
the root mean square error (RMSE), and the coefti-
cient of determination (R°), defined by the following
formulas:
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where y, is the calculated value of the ith target pa-
rameter, y, is the theoretical value of the ith target
parameter, y is the mean value of the target parame-

ter, and N is the number of elements in the array.
Table 1 presents the training results for the pro-
posed models, from which it can be concluded that the
XGBoost ensemble method provides the best combi-
nation of accuracy and computational efficiency, mak-
ing it preferable for problems requiring rapid
processing of large amounts of data in real time.

Tab. 1. Comparison of regression model quality me-
trics

RESULTS AND DISCUSSION

The selected model was tested on a new dataset.
The test results were R> — 0.88, MAE — 31 mg/dL,
RMSE — 55 mg/dL, and the overall relative error —
17.2%.

Figure 3 shows the Parkes error bar. The bar
represents a grid of errors reflecting the readings of
the developed device prototype relative to a laboratory
spectrophotometer. The bar is divided into five zones,
characterizing the degree of risk to patient health due
to different readings of the reference and test devices.
Zone A corresponds to clinically accurate measure-
ments, without risk to the patient, zone B corresponds
to acceptable errors, while zones C-E indicate increas-
ing degrees of clinical risk, and zone E corresponding
to the case of an erroneous opposite diagnosis.

Fig. 3. Comparison of the obtained and reference val-
ues of glucose concentration in the tissue phantom on
the Parkes error scale

The studies were conducted on a phantom, in
which the glucose concentration was set in a solution,
while the pig skin did not contain the test component.



This approach allowed us to isolate the contribution of
glucose concentration directly inside the tissue; how-
ever, it does not account for interactions with compo-
nents of the upper tissue layer. In particular, the lack
of blood flow and natural hydration could reduce the
correlation between changes in glucose concentration
in the solution and the recorded signals.

It is also worth noting the difficulty of creating
a human tissue-mimicking phantom suitable for conti-
nuous glucose concentration monitoring due to the
gradual degradation of the tissue structure, simulating
dynamics of sweating and glucose concentration in
the tissue. Nevertheless, the study results confirm the
fundamental viability of the proposed concept under
in vitro conditions.

The next stage of the system's creation includes the
development of an ergonomic version of the device
and a tissue phantom with optical and electrochemical
properties that closely match those of the real analog.

Furthermore, the developed system can be
integrated into systems that monitor the content of
various components in biological tissues.

CONCLUSION

This paper proposes a concept for constructing
a hardware and software system for noninvasive
monitoring of glucose concentrations in biological
medium, based on a multisensory approach.
A distinctive feature of the concept is the combination

of optical, impedance, and temperature sensors,
allowing for mutual compensation of external factors
and limitations of the electronic components.

Stability and reliability of measurements are
ensured by a combination of hardware and software.
The hardware combines a stabilized optical module,
an impedance module with a four-electrode
connection scheme, and a set of high-precision digital
sensors. The software provides signal synchronization
and filtering, and database construction. Glucose
concentration calculations based on multivariate data
are performed using a regression model optimized
employing the XGBoost ensemble method, which
takes into account nonlinear relationships between
parameters. The combination of these solutions
ensures high measurement accuracy, confirmed by the
results of research tests of the complex.

The proposed concept can serve as the basis for the
development of devices for scientific research into the
composition of biological media in living objects.
A noninvasive multisensor approach can enable
continuous monitoring of living subjects in various
physiological states without the influence of factors
arising during invasive procedures; this is in demand
in the fields of physiology, toxicology, and sports
medicine. Furthermore, the proposed approach may
find practical application in the development of
noninvasive glucose monitoring devices as part of
automated insulin therapy systems [18].



