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|. OBLUA XAPAKTEPUCTUKA HA QUCEPTALMOHHUA TPY[

AKTyanHocT Ha npobnema

MOHUTOPHMHIBLT Ha Ka4yecTBOTO Ha aTtMocthepHns Bb3ayX € OT NbPBOCTENEeHHO
3Ha4YeHWe, NOPaaM HAKONKO B3aUMOCBBLP3AHW NPUYWHW, OKasBawn BNUAHWE BBLPXY
YOBELLKOTO 3ApaBe, OKONHATa Cpeaa v MKOHOMMYECKaTa CTabunHOCT. 3aMmbpcaBaHeTo
Ha BbL3AYXa MOXE Aa A0BeAe A0 PECNUPATOPHU 3aDoNABAHNA NPU HACENEHWeTO, HAKOM
OT KOMTO ca acTMma, OpoHxuT, pak Ha Benua gpob. YecTo cpewann 3aMmbpocuTenn Ha
atMmochepHus Bb3ayx ca tuHuTe npaxosu vyactuum (PM2,5, PM10), o3ox (Os), asoteH
aunokena (NO:z), cepen aguoxkcug (SOz). Te AONPUHACAT NPAKO 33 PassuTUETO WU Ha
CbpPASUHO-CHAOBM 3aDONABAHMA KaTO NOBMLLABAT PUCKA OT MHDAPKTH, UHCYNTHU U Ap.
HsKkoW rpynu OT HaceneHneTo ca 0coDeHO yA3BUMK U NOAATNUBK Ha HebnaronpuATHKTE
edeKTH OT 3aMbpPCABAHETO Ha Bb3AyXa — TOBa ca [euarta, Bb3pacTHUTE Xopa WU Tesu
ChC CLUWECTBYBALUN 3QPABOCNOBHM Npobnemu.

BnusiHmeTo Ha 3ambpcuTennTe Ha Bb3ayxa oOxBauwja CbuWO Taka W OkonHara
cpepa. Te morar aa yBpefaT ekocucTemuTe Kato nogkucenssar NodBuTe U BOQHUTE
DaceiHu, U O3 HABPEAAT Ha PACTUTENHUA W XUBOTUHCKMA CBAT. BnusHueto obxsawa
OCBEH NPOMAHATa Ha pH wHAekca A0 BpegHW CTOMHOCTWU, Taka W 3anpalBaHeTo U
aaTpyaHaBaHeTo Ha obmsHaTa Ha rasoee W hoTOCUHTE3aTa npW pactedusTa. Tosa
MOXe Aa 3acTpaiim BuopasHooBpasMeTo KaTo HapyLun ecTecTBeHUTE MECTooDUTaHuA 1
Bb3eNCTBa BbPXY OUSNABAHeTo Ha BujgoBeTe. Hapea C TOBa HAKOM 3aMbpcuUTENnn Ha
Bbadyxa kato sbrnepoged avokcug (COz) u metan (CHs) ce ABABaT KaTO NapHUKOBK
razoee, KOMTO QONPUMHACAT 33 U3MEHEHWETO Ha Knumara.

N3bpoeruTte 40 TyK haKTopu UMaT ¥ UKOHOMUYECKO BNUAHWE, Tbil KaTo BOAAT A0
NOBULLUEHK Pa3sxogw 3a 3apaseonassBaxe, nopagu 3abonABaHus W xoCnUTanuaauuu.
[pyro MKOHOMUYECKO Bb3AEHCTBME € HamaneHaTa NnponssoauTenHocT. TA ce nposBsnABsa
B cnydaw Ha noHwxena paborocnocobHocT u 3aryba Ha yyebHu gHn B cneacTeue Ha
NOWOTO Ka4YecTBO Ha Bbaayxa. Chbuwo Taka 3ambpcvuTennTe Ha Bb3ayxa morar aa
YBPEAAT NOCEBUTE U Oa HaManaT CenckocTonawckuTe Aobusu, KOETO BOAW A0 NPSKO
MKOHOMWYECKO Bb3gencTeue. 3aMbpCeHUAT BL3AYX MOXEe ga aoseae u A0 WeTtu Ha
uHdpacTpykTypara. Te ce u3passsar B yBenu4asaHe Ha CTeneHTa Ha pasnajaxe Ha
crpaawn v Apyru CboPbXKEHUA.

TpaguUMOHHUTE CTaHUMKM 38 MOHWTOPWMHI, MaKap W TOYHW, Npegnarar orpaHu4eHa
NPOCTPaHCcTBEHa pa3sgenwuTenda cnocoBHocT. 3a TAX € Npeav3sukaTencrso Aa
NPeACTaBAT TOMHU AaHHW 33 3aMbPCABAHETO, NOPaan AUHAMMYHWA XapakTep Ha
pa3ceilBaHeTo Ha 3ambpcutenute. Catenutute n NuAapUTe MMaT HWCKA PesonioLuns Ha
WIMEPBAHWATA, KOETO 03Ha4aBa, Ye Te He MOraT Aa OTKPWMAT (DUHW Bapuauun B
3aMbpCABAHETO Ha Bbagyxa, ocobeHo B rpaacka cpega. Tosa 3aTpyaHsea
ONPEAENAHETO Ha ropel TOMKW C BWUCOKA KOHUEHTPaUWA Ha BpPeaHW eewectsa 8
atmocepHus Bbadyx. Yecrorara, C KOSTO caTenuTuTe . nocewasar  onpeaeneHo
MACTO @ OrpaHuyeHa, nopaau cneunduyHua UM xapakTep Ha gencrsue.

3a npeogonaBaHe Ha Tean npeausBMKaTencrea e HeobxoauMMo W3BBLPLUBAHE Ha
uamepsaHua In situ, wanonssaitkv MoOWNHWM cexaopwu nnatpopmu, BasnpaHn Ha
NPEBO3HN CPEACcTBa 1 ApoHOoBE, 0DOpYABaHK ChC CEHIOPW 38 M3MEPBaHE Ha Pa3nuYHK
napameTpu Ha aTtMmocgepHus Bb3gyx. Cbuwo Taka e BL3MOXHO Aa ce uanonssar
NPEHOCHMK YCTPOWCTBA, KOWTO MOrar Aa Ce MECTAT, 3a Aa HabnwAaasaT pasnuuHK 30HN
8 rpaga. OrtaaneyeHoOTO W3MepBane Ha napameTpu, OTpa3seally KayecTBoTO Ha
aTMOCepHMA Bb3Qyx npeanara MHOXECTBO BBb3MOXHOCTM 32 noaobpaBave Ha
pa3bupaHeTo U yNpaBNeHMETO Ha 3aMbpcsABaHeTo. Ypes KOMDMHUPAHE Ha PasNUyHu
TEXHONOTMN U METOAW. MOXEe O3 Ce NOCTUIHE NO-TOMHO W edeKTUBHO HabnioaeHwe,
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KOETO Oa NOANOMOTHE B3UMAHETO Ha WHMOPMUPAHW PELUSHWA 33 ONalBaHe Ha
OKONHaTa cpefia U 3APABETO Ha HACENEHWETO.

Taaw paucepraums ce 3aHWUMaBa C NPeau3BUMKATeNCTBOTO 3a NOCTUraHe Ha
MOHUTOPUHI HA KA4eCTBOTO Ha armocdepHus Bb3AyX C BUCOKa pasfenurenHa
cnocoBHOCT B WMPOKa 30Ha Ype3 paspaboTeBaHde W BanNWAMPaHe Ha HOBKM METOAW W
CPeACTBa 3a QUCTAHUWOHHO HabniopeHwe, DasnpaHu Ha NO-EBTUHWU CeHIOPHWU MpPEeXw,
paborewwm B peanHo epeme,

Len Ha aucepTrauMoOHHMs TPyAd, OCHOBHM 3ajauyvM W MeTtoau 3a
uacnepsaHe

Llenta Ha AWMCepTAUMOHHUA TPyA € Aa Ce U3CNeABaT U Pa3sBUAT MeToauTe U
CPeAcTBATa 33 peanuaupaHe Ha CUCTeMMW 33 NOKanHW W OTAANeYeHu U3MepPBaHUA Ha
napameTpu, OTPasnBallM KauyecTBOTO Ha aTMOCMEepHWA Bb3AyX KaTe ce wanonasar
UHTepHeT Ha wewara (loT) u obnaynu nauncnenns (Cloud Computing).

3a nocTurade Ha Tasu uen 8 HacToAWMA TPYA Ce NOCTaBAT CnegHvuTe 3agayu:

1. Wacnepsaxe Ha meToauTe W cpeacTeara 3a cwbwupawe, npepasane, obpabotka
W CbXpaMeHue Ha AaHHW B CUCTEMW 33 M3MEepBaHe Ha napameTpy, OTpa3fBalM
Ka4ecTBOTO Ha aTMOCHEPHURA BB3AYX, KaKTO ¥ CPEACTBATA 33 TAXHOTO peanuanpaxe.

2. [a ce npoeKktvpa v aa ce moaenupa KOHUeNnTyanHo agantupada apxurekTypa
Ha loT DasupaHa cucTema 3a W3MEPBAHE Ha NapameTpy, OTPa3fBallW KaYecTBoTo Ha

armocepHns Bb3ayx.

3. [a ce nacneasa npunoxeHneto Ha LoRaWAN npu peanuaupaHe Ha cucremm 3a
OTAANEYeHO W3MepBaHe Ha napameTpu, OTpasfBallM Ka4YecTBOTO Ha aTMOCHepHWs

Bb3AYX.

4. la ce wHTErpUpa CUCTEMa 3a W3MEPBaHe Ha napameTpu. OoTpa3fBaum
Ka4YecTBOTO Ha atMochepHUs Bb3ayX KbM 0DnavHa cpeaa u Aa ce nacneasa HelHoTo
mawabupane.

W3cneasaHusTa 8 AMCEPTaLNOHKUA TPYA Ca HAaCoMeHn KbM MeToauTe 3a cubupaxe,
npenasame, obpaboTka v CbxpaHeHWe Ha AaHHW B CUCTEMWUTE 338 W3MEepBaHWA Ha
napaMeTpy Ha Ka4ecTBoTO Ha atmocdepHua Bb3ayx. Hapea ¢ ToBa ca aHanuanpawu
METOAUTE W CPEACTBATA 33 MHTerpupaHe Ha Teaw cuctemu nocpegcrteom obnakoea

cpeaa

HayyHna HoBOCT

HayyHara HOBOCT Ha AWCEPTALUMOHHUA TPYA Ce CLCTOW B NPEANOXKEeHWA 5-CNoeH
loT moaen, KOMTO € aganTupaH 33 UENWUTE U HYKAWUTE HA EKONOrUYHUA MOHWTOPMHI
BbeexpaHero Ha . nepudeped’ cnoW no3sonaea ONTUMW3MPAHETe Ha Tpadwka u
nepeuyHata obpaborka Ha pavHute. lNMpeanoxeHa e xubpuaxa mMpexosa TONONOMMSA,
KOMOMHMPAWA NOKanHM CEeH3opHW KnbcTepw, pabotewwm wWa 433MHz LoRa, ¢
MarucrpanHa Bpb3ka kbm rnobanHarta mpexa ypes 868MHz LoRaWAN. Toau noaxoa
OCUrypsiBa BUCOKa rbBKABOCT NpW pa3snonaraHe Ha CEeH30pWTe B rpajicka cpepa ¢
TpyaeH paagwopened. Toea sosoBnBEaeHWe nogobpasa mauwabupanero Ha BeaxmyHun
CEeH30pHM Mpexun 3a HabniogeHwe Ha napameTpute Ha armocepHus Bb3ayX.
OTpa3sBalyM HEeroBoTo KauecTtso. [lpeanoxeH e nepapxuyeH mogen Ha obnavxa
uHTErpauns, DaavpaH Ha pasfensHe Ha yHKUMMTe 3a ynpasnedue Ha mpexara (The
Things Network), ot dyHKUNMTE 33 NPUNOXEH aHanu3 u Budyanuaauua (ThingSpeak)
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MpoBeaeHo e aHanuTU4HO Wacneaeane, Ha YMATo Basa ca HanpaBeHW KNIYOBU N3BOAU
332 NPUNOXUMOCTTa Ha NPEANOXKEHaTa CUCTEMA NPW PA3rPbLLLAHE HA NNTBETHU CeHIoPHK
MpEeXu B rpaacka cpeaa.

Mpakruyecka NPpUNOXUMOCT

Pesynrtatute OT AUCEPTALUMOHHMA TPYA WUMaT 3HaYMTeNnHa npakTuyecka
NPUNOKUMOCT B PA3BUTUETO HA UHTENUIEHTHU CEH3O0PHW MPEXW 33 MOHUTOPUHI Ha
atmocepHuTe napaMeTpu B rpajcka Cpeaa W M3rpaXaaHeTo Wa cuctemu 3a
HabnwogeHve Ha KNIOYOBKW NoKasarenu Ha Bb3gyxa B peanHo speme. Hanpaeewute
AHANUTUSHW ¥ CUMYNAUWOHHW M3CNEeABaHWA W NPOTOTUNK 3@ MOBMNEH MOHUTOPUHT
NOKa3BaT npakTUYecKara NPUNOXUMOCT Ha NPeanoXeHWTe HOBOBLBEdeHWA. YacT oT
npakTuyeckara pabora no AMCEpPTAUMOHHUA TPYA € B PAMKUTE Ha W3NbNHEHWETO Ha
Hay4YHO-M3CNEeAOBaTeNcCkn npoektn B pamkute Ha LUewtepa 3a KomnereHwTHocT
MHTENUIeHTHU MEeXaTPOHHK, KO U EHEProcNecTABALLN CUCTEMMN N TEXHONOTUN.

Anpobauyus

PabotaTta e noknajgeaHa B 3aBbplieH BUA Npej paswuvpeH CLCTas Ha kartegpa
JKomnioTepHu cuctemin u TexHonorun” Ha @EA, TY-Codpus, dunwan MNnoeaus.

Peaynratute ca npeacraseHun npea:
1. Hayuyxara oblwecTeeHoOCT:

* npu ydactueto B XXXI mexayHapoaHa HayyHaTa KoHdepeHuvs
Enexrponuka 8 Cosonon Electronics — ET 2022

* npu yvyactveto 8 XXXII mexayHapogHa HayyHa KoWdgepeHuws
Enekrponuka 8 Cosonon Electronics — ET 2022

* NpM y4acTUeTo B MexayHapoaHarta koxgepenuns TexCuc (2025)

MySnukauum

OCHOBHM MOCTMXKEHWA W pes3ynTatv OT AUMCepTauuOHHWUA Tpya ca
nybnukyeaum 8 5 6p. Hayyuu nybnukauum B usganus, 1 6p. oT KOUTO B
Hay4HaTa koHdepeHums TexCuc (2025) u e nybnukysana 8 MDPI EngProc
2025 B Q3 Scopus. [Ise ca Ha mexayHapoaHaTa KoHgpepeHumsa Electronics
- ET 2022 v 2023, wHaekcupann B Scopus. EgHa nybnukauws e cue
CamOCTOSTENHO y4acTue u e nybnukyeaHa B Hayyuu Tpygose Ha Cobiosa
Ha yqeHuTe B bwnrapus-linosaus, 2018.

CtpykTypa un obem Ha aucepTaumMoHHUs Tpya

OucepraunorHmsaT Tpya € B obem ot 140 cTpaHuuM, Kato BKNKOYBa
yBoA, S rnasu 3a pewasaHe Ha QOpMyNUpaHUTE OCHOBHW 3afa4yu, CNUCHK
Ha OCHOBHWTE MPMHOCK, CNUCBK Ha nybnukauwuTe NO AucepTauusTa U
wanonasaHa nutepatypa. Uutupanwm ca obuwo 114 nuTtepaTypHu
natouHuum, kato 101 ca Ha natuHuuya 1 1 Ha KMpunuua, a octaHanuTe ca
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wHTepHeT aapecu. Paborara Bkniousa obwo 72 cdurypu n 13 Tabnuum.
Homeparta Ha curypute n Tabnuuute B agTopedepata CLOTBETCTBAT Ha
Te3u B AUCEPTALUMOHHUA TPYA.

Il. CbABPXAHUE HA AUCEPTALUWUOHHUA TPYQ
rMABA 1. OB30P MO NPOBNEMA

UHTENUIEHTHUTE CEH30PHW CUCTEMW WrpasT KNioyoBa poONA B MOMUTOpWHra Ha
KaYecTBOTO Ha aTMOocEpHMA BBL3AYX. T€ W3NON3BaT ChbBPEeMEeHMHW TEXHONorMW 3a
cubupaHe, obpaboTka U aHanus Ha faWHn B peanHo Bpeme, KOeTo Nno3sonsABa Oup20
pearypaHe Ha NPOMEHWTE B KA4YECTBOTO Ha Bb3AYXa W B3EMAHE Ha uHthopMupasn
pewennn. WMHterpauuaTa Ha WKTepHeT Ha Hewara (loT) v obnaynu TEXHONOrMK B
cchepaTa Ha CUCTEMM 3a U3MEPBAHE Ha NapameTpu Ha Ka4ecTsoTo Ha atmocdepHua
Bb3ayX NpPeanara HOBW BBL3MOXKHOCTM 33 MOCTUraHe Ha BWCOKa edeKTUBHOCT M
ONTUMM3ALMS, KOETO € BaxHAa 3ajaqya 3a NPOeKTUPAHETO Ha UHTeAUrEHTHUTE CUCTEMW
33 MOHWTOPWHT Ha KaYeCcTBOTO Ha Bb3dyxa. Toea 3aBUCK KaKTO OT anapaTHOTO, Taka
OT anropUTMUMHOTO OCUTypRBaHe Ha Ynpaenasawure cucTemu. Apantupana loT
apxXUTeKTYpa MOXE A3 MHTErpupa pasnuyHy KOMNOHEHTU 1 TEXHONOrUN, 3a Aa OCUrypH
edexktueHo cubupaHe, npeaasaHe, obpaboTka W CbXpaHeHWe Ha [adHW npu
UHTENUIEHTHUTE CUCTEMW 33 MOHWTOPUHI Ha Ka4YecTsoTO Ha Bb3gyxa. *

TpaauUMOHHUTE AUCTAHUMOHHM METOAM 33 W3MEpBaHe Ha KaueCTBOTO Ha
atMocepHus Bb3yX, Makap ¥ MOLWIHW, UMAT NPUCHLUW OrpaHyeHns. beaxuunure
CEH3OPHU MPEXUu B KOMOMHALMA CbC CEH3OPW C HWUCKA UeHa nNpeanarat BbaMOKHOCTH
32 PEeanuaupaHe Ha WHTENUIEeHTHWTE CUCTEMW 33 MOHWTODWHN Ha Ka4ecTBoTO Ha
Bb3AyXa C BWCOKA pasfenurenHa cnocobHOCT 3a HWBaTa Ha 3aMbpCABAHE Ha Bb3Qyxa
8 peanHo speme. ToBa e 0co0EHO UEHHO 3a npocneasisaHe Ha Bupante NpoOMeHn B
HMBATa Ha 3ambpcasaHe. HUCKO-CTOMHOCTHWUTE CEH30PW Ca CbC 3HAYMTENHO NO-HUCKA
UeHa OT TPaAUUWOHHOTO 0DOpyaABaHe 338 MOHUTOPUHT, KOETO Npasu MOHUTOPUKHra Ha
KaUEeCTBOTO Ha Bb3ayxa No-4OCTbNeH 3a oDWHOoCTUTE U M3CnepoBaTenure. Toea
MO380ONABA PA3rPLLAHETO Ha MHOFO NO-TONEMU MPEXU 33 ChluaTa UueHa

IMABA 2. Metoau v cpeacTsa 3a chbupaue, npeaasaHe, obpaborka
CbXpaHeHMe Ha AaHHW B CUCTEMU 332 U3MepBaHWA Ha NnapameTpy,
oTpa3sBally Ka4yecTBOTO Ha aTMOChepHUA Bb3ayX

B Tasu rnaea ce pasrnexaar AeTalnHo PasnuyHUTe NOAXOAWU NPU MOHWTOPWHIE Ha
aTMOCHEpPHNA Bb3AyX U C& aHanU3upaT TEXHUTE NPEeAUMCTBEA W OTPAHWUHEHWA. 3aeaxo
C TOBa Ce pa3rneXaaT MeToAWTe W CpeAcTeaTta 3a NpegasaHe Ha AaHHu, TAXHOTO
cbxpaHenwe W nocnegeawa obpabotka. Bcekn €auH enemeHT OT CnomeHaTuTe
cpeacTea urpae Knio4osa pons 3a YCnewHoTo W NpeunsHo cxbupane, npeacTasaHe v
OUEHKa Ha NnonydYeHuTe gawHn. durypa 2.1 npeacTasa paboTHMA NPOLEC ¥ NOTOKa OT
A@HHW, KOUTO Ce reHepupar v

obpaborear B8 TO3W POJ CMCTEMW 3a OTAanNe4eHo wmepeane Ha napamerpuTe,
NOKa3BALLW Ka4YeCcTBOTO Ha aTMOCHEPHNA BB3AYX.
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®urypa 2.1. PaboTreH npouec ¥ NOTOK Ha AaHHUTE NPU €KONOTUYeH MOHHUTOPUHI

®urypata NPeacTaBR  NOCNEAOBATENHOCTTa Ha  OCHOBHMTE  €Tann  npu
DYHKUMOHMPAHETO Ha cuCTeMa 3a OTAaneyeHo W3MepBaHe Ha napamMeTpw,
XapakTepuanpalyW KavyecTBOoTO Ha aTMOCHepHWA Bb3dyX, BKMOYBawa@ cwuOupaxe,
npeaasase, 06paboTka, ChXxpaHeHne 1 BU3yanu3auua Ha U3MEpPEHNTE CTOMHOCTH,

2.1.4 lucTtaHUMOHHO N3MmepBaHe

[MCTaHUMOHHWTE MeToaW 3a wuacnensade Ha atmocctepatra (Remote Sensing)
NPeACTaBNABAT HEOTMEHHA 4acT OT CbBPEMEHHUTE rnobanHu U pernoHanyu cTparTeriu
32 MOHWTOPMHT Ha Ka4ECTBOTO Ha Bb3fyXa, AONLNBANKK JAHHWTE OT Ha3emHuTe in-situ
CTAHUMN Ype3 OCUrypsiBaHe Ha LWMPOKOMALabHO NPOCTPAHCTBEHO NOKpUTUE. Tesun
MeToau ce Dasupar Ha W3IMEPBAHeTO Ha eNeKTPOMAarHUTHOTO W3NbYBaHe, OTPaseHo
UNW  WU3NBYEHO OT 3eMHara nosbPXHOCT W atmocdepara, Kkaro nos3sonaear
KONUYECTBEHA OUEHKA Ha aTMOCHEPHUTE 3aMbPCUTENN YPEe3 aHanus Ha cnexkTpandure
XxapaKkTepucTUKW Npu NOrNbLUaHe W pascenBaxe Ha ceeTnunara [52].

Bunpeku ceBouTe nNpeaMmcTea  3a  wwupokooDxeateH aWanus, mertoguTe  3a
AUCTAHLUMOHHO W3CNenBsaHe WMaTt OrpaHWyeHwsl, CBbp3aHW C Hanu4veTo Ha obnavuxa
NOKPUBKA, KOATO Bb3INPENATCTBA ONTUYHWTE W3IMEPBaHWA, KaKTO W C MNo-HWCKaTa
Bpemesa pasgenuTensa cnocobHOCT (0DMKHOBEHO eQHO NPeMuHaBaHe Ha feH 3a
nonapHo-opburanHure carenutu). CneposaTenHo, WHTErpMpaHeTo Ha CaTenwuTHA
OaHHK C HasemHwn ceHsopHu mpexu (Data Fusion) ce pasrnexga Kato Hau-
NepCcneKTUBHUAT NOAXOA 3@ NOCTUIaHE Ha NbNHa NPOCTPAHCTBEHO-BPEMEBA KapTUHA
Ha Ka4YeCTBOTO Ha aTMOCEPHUSA BL3AYX.

2.1.5 HUCKO-CTOWHOCTHM CEH30PH

HabniogeHnero Ha napameTpute Ha atMmochepHus Bb3Ayx Urpae Kn4oBa pons 3a
pa3adbupaHeTo Ha MpoUYEecUTE WU NPOM3TUYALUWTE NPOMEHW B OKOonHara cpega nog
BAUAHUETO Ha KIMMATUYHWUTE (DAKTOPW W Bb3ASWCTBMETO Ha YoBewkaTta AEenWHOCT.
TpaguUMOHHUTE CTaHUMW 33 W3MEPBaHe Ha Ka4yecTBOTO Ha aTMOCPepHWA Bb3AyX
NPUTEXABAT BUCOKA TOYHOCT, HO CbLUO Taka MMaT ¥ HAKOW HEQOCTaTbUN — BUCOKA UeHa
3a ekcnnoataumMs W NOAAPLXKA, W3UCKBaWe 3a cneuywanHo obydyeH nepcoHan,
orpaHuMyeHa nnow Ha nokpuTue. 3a pasnuka OT TAX, HUCKO-CTOMHOCTHUTE CeH3opw Ce
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ABABAT KaTO TpaHvcMOopMMpalWa TEXHONOIKA, NO3BONABALLA LWWPOKO PasnpoCTpaHeHo
BHeapABaHe ¥ cubbupaHe Ha OaHHW B peanHo Bpeme Ha manka 4acT OT ueHara Ha
TPaAULMOHHWUTE W3MEepBaTenHn craHuuu. Teaw censopu ca ocobeHo noneskn 3a
OAUCTAHLUMOHHK W3MEpBaHWUA, KbAETO KMOYOB (hakTop Ce SRBABAT AOCTLNHOCTTA W
maw@abupyemoctra um. Cpeau, KOWTO MMAaT TakMBa WU3UCKBAHWA 33 NpoOBEXJaHe Ha
u3MepsaHna ca OOWKHOBEHO MbCTO HAceneHwuTe rpaackv Cpean unu oraaneuyexu
panoHn, BIOMKETHUTE CEHIOPK 38 Ka4YeCTBOTO Ha aTMOCHepHNA BB3AYX Ca NOAXOARLUM
33 MHAMKATUBHW 3IMEPBAHUA, T.€. 33 3acuyaHe Ha ropeLyw TONKU" Ha 3aMbpcABaHe.
Mopagu Tean npuuuHKU DOKYCHLT Ha MacneasanuaTa wWe Bbvae CbCpefoToueH BbpXY
HUCKO-CTOMHOCTHUTE CEH30PWU W  TAXHOTO NPUIOKEeHWe npu W3IMepBaHWA Ha
napaMeTpuTe Ha BbL3AyXa B CTAUMOHAPHW W NOABIMKHK DEIMUYHU CEH3I0PHW MPEXH.
Moabpanute cexsopu ca u3bpaHn He Camo 3apagy HanW4yHOCTTa WM, HO W nopagu
TAXHATa TEXHONOrMYHa pa3HoobpasHOCT, B CLOTBETCTBME C WICNEAOBATeNCcKuTe Lenu
1 BH3MOXHOCTTA 33 NPOBEXAAHE HA EKCNEPUMEHTANHW TECTOBE, KOUTO Wie NO3BONAT
fla ce Hanpasu No-AeTainNHa oueHKa Ha TaxHaTa ePeKTUBHOCT 1 NPUNOXMMOCT.

2.1.5.1 CCS811

CeH30pbT MOXE A2 M3MEpBa ABa NapaMeTbpa Ha aTMOCEepHUA Bb3ayX:
*  nNeTNUBK OpraHuyHK Beulectsa karto cyma tVoOC
* CbAbpPXaHWe Ha eKBMBaneHTeH BwrnepogeH auokcun eCO2

Netnueute opramuuHn sewecrea (VOC) ce npeactaBaT kato Hpoi YacTn Ha munuapa
(parts per billion — ppb) CCS811 moxe aa uamepea croiHocTy Ha VOC 8 guanasoHa
ot Oppb Ao 1187ppb. Cnopen QOKyMEHTauuAaTa, NeTNUBUTE OpraHWyHi BelyecTtsa ce
M3MEPBAT KaTO CyMa HA KOHLUEHTPaLUMATA Ha CMEC OT Bb3AyX U TUNM4Ha cmec Ha VOC
3a 3atsopenu npoctpaHctea. OcBeH TOBa, B AOKyMEHTauwsTa CE€ noco4Ba, 4e
W3MEPBAHUTE CTOMHOCTM LWE CEe pa3nuyasar OT WUCTHHCKWTE B Cnyval, 4e aKo B
cpeaata, KbAeTO CE& W3BLPLUBAT W3IMEPBaHWA Ha napameTpuTe Ha aTtmochepHus
B8bL3AyX, MPUCHLCTBAT XWMUYHW CbEIUHEHMA B MHOMO PpasnNUYHO OTHOLUEHWE OT
npeasuaeHuTe OT npoussoautens. CroWHocTuTe Ha wamepeane wa eCO2 ca ot
400ppm o 8192ppm.

Ha durypa 2.1 e npeacrasexa dnokoeata guarpama Ha censopa CCS811:

. 1 »

L
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oA
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»

®urypa 2.2 Bnokosa anwarpama Ha CCS811

U3MepBawmMAT enemeHT e oT Tuna metaneH okena (MOX). 3aegHo ¢ Hero B kopnyca e
WHTErpupaH MUKDOKOHTpONEpP. KonTo Ypes ceos AL n3sbpLuBa uamepsaHe Ha naga Ha
HanPeXeHWeTO Ha CeH30pHuA enemeHT. MNpenopwyea ce oT npoussoautens CCS811
fa ce u3nonaga 3aeaHo B KOMBMHALWA C BLHLUEH CEH30p 32 TemnepaTypa v BnaxHocT
C UeN KOMNEHCALWUA Ha BL3HWKBALWMTE rPeLUKK Ha U3MEPEHNTE CTOMHOCTU B Cneacrsune
Ha YCNOBKWATA Ha Cpeaara, 8 KOETO Ce M3NoNasa CeH30psLT
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2.2.2. Be3aXUYHU METOAM 332 KOMYHUKaAUUA

BeaXUYHNTE METOAWN 33 NpeAaBaHe Ha aHHW Ca NPeanoYuTaHu Npu cebpasaxe Ha loT
CeH30pM, Tb KaTo no3BonAeaT Obp3o, rbBKABO W WKOHOMUYECKM EPEeKTUBHO
paarpbujane Ha BedkMUHN CEeH30PHU Mpexu. Te enuMUHUPaT HyXKaaTa oT (U3NYECcKU
kabenu, xoeto e ocobeHo nonesHo npu ypbaHu3upawu, oTaaneyeHu unk TPyaHo
[OCTBNHW paloHn. B 3aBMCMMOCT OT CKOpOCTTa, 06XBaTa U KOHCYMAUMATA Ha EHEPIUA
T€ MOraT Aa ce Knacuhuumpar B HAKONKO rpynu:

* Knetbumu mpexu (4G/5G/NB-10T/6G) Mpu TexHonormm kato LTE (4G) n 5G ce
M3NoN3Ba NUUEH3UPAH YECTOTEH CNEKTLR. 1€ npeanarar BUCoKa nponyckatenHa
CNOCOBHOCT, HO Ca EHEPrMMHO He eMEeKTUBHM 38 CEeH30pW, Npeaasauy Manku
nakeTy OT NaHHW, KaTO Te3w, M3NON3saHW NPW MOHUTOPWHra Ha aTMocdepHna
sw3gyx. Narrowband loT (NB-loT) e ontumuanpana sepcus 3a loT npunoxenus.
Bunpeku, 4e NB-loT npegnara oTnuyHa NABTHOCT Ha CBbLP3BaHe, TOW
KOHCymupa noseve edeprua ot LPWAN  antepHsatweute  nopagu
HeOoDXOAMMOCTTa OT YecTa CUHXpOoHM2auus ¢ DasosBarta CTaHUMA W resepwpa
onepaTtusHu pasxogu (OPEX) 3a aboHaMeHTHM Takcw,

* BeakumuHu nokanHu wmpexmu (WLAN). @amunuata npotokonu 802.11
NPeACTaBNABaT CTaHAAPTU 338 BUCOKOCKOPOCTEH TpaHcdep Ha faHHW Ha Bnusku
pascrosHus — Ao oxkono 100 m. lportokonure oT Tasn damunus He ca
A0OCTaTLYHO edMEeKTUBHIU 38 aBTOHOMHW CEH30pW, NOpaan BMCOKATa KOHCYMaUWs
B PpEeXWM Ha TrOTOBHOCT W OrpaHWyeHus oOxsaT, CWUNHO 3aBUCHM OT
NPENATCTBAATA MEXAY NpefaBawmMTe yCTPOUCTBa W WNo3a.

* Mpexu C HUCKa KOHCyMmauus u ronsam obxsar (LPWAN). LoRaWAN (Long
Range Wide Area Network) @ LPWAN npoTokon, onepupaiy 8 HENWUEH3NpaHna
cy6-ruraxepyoe cnektbp. C nomowra Ha CSS (Chirp Spread Spectrum)
moaynauwaTta, LoRaWAN ocurypsea Bpb3ka Twn “3ses3na” (Star topology) c
paguyc 2-5 km B rpagcka cpega, u 10-15 kM B CENCKU PanoHW, Npemaxsankv
HYXKOATa OT CIOXHK KNeTbuHKU Tononoruu kato npu ZigBee.

CpasHUTENHWAT aHanua nokassa, ve pokaro ZigBee u BLE wmat csouTe NpUnoxeHus B
UHTENUIEHTHUTE Crpagu W nepcoHanHus MoHuTopuHr, LoRaWAN e eauHcTBeHata
TEXHONOrMA, KOATO YAOBNETEOPABA SAHOBPEMEHHO W3MCKBAHWATA 3a ronam obxear,
HWUCKA KOHCymauus U maabupyemocT, HeoOXoauMW 33 aBTOHOMHA rpajcka cuctema
33 MOHWTOPWHr Ha Bbagyxa. B Tabnuua 2.1. ca npeacTaseHn KNOHOBUTE NapameTpi,
Ha OCHOBATa Ha KoMUTO e wabpau 3a uacnensaxe nporokonsT LoRaWAN.

Tabnuuya 2.1. CpaBHeHMe Mexay pPa3nMyHuTe CcTaHaapTh 3a GesxmuHa

BpL3Ka
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2.5. ONUTHM pe3ynTaTu OT TECTOBU U3MEepPBaHNA
3a yenuTe Ha uacnegsaHeTo Bele uarpageHa onMTHa MUKPOKOHTPONEPHa cucTema 3a
HabniogeHne ka4yecTBoTo Ha armocdepHWs Bb3ayx. B Hes ca M3non3saHn HUCKO-
CTOAMHOCTHW CEH30pW OT pasrneganvuTe B NpPEeguLIHMTE pasfeny Ha Hacroawara
avceprauva — CCS811, BME280, MQ-135. MNupsuTte aBa ceH3opa ca u3nonaeaHun kato
moayn — MOD-ENV wWa cupmara Olimex. Bropuar cewsop, BME280 wamepsa
TemnepaTtypa, OTHOCMTENHA BNaXHOCT M atmocthepHo Hanarave. [lgara wamepsaim
eNeMeHTa ca BKNIoYeHHn Yypes uHtepdeiic I°C Kbm ynpaenasaims MukpokoxTponep. U
ABaTa CeH3opa NPefoCcTaBAT U3MepeHuTe AaHHW 8 uucgpoea opma, KOeTo ce ABsBa
yaoGCTBO NPU W3BLPLLUBAHE HA U3MEPBaHWA, Thbil KAaTO HE Ce Hanara ga ce uanon3sa
aHanoroso-ungpoeus npeobpasysarten Ha W3NON3BaHMA MWKPOKOHTponep. TpeTuar
cexsop e MQ-135, koiWTO npeacTaBnNABa OTHOBO YCTPOWCTBO OT KNaca Ha MeTanHus
OKCWMA, KaTO HEeroBWAT uHTepdeic e aHanoroe. TeCTOBOTO yCTPOMCTBO & BasupaHo Ha
8-6utoeus mukpokoHTponep ATMEGA32U4-AU. Toil ynpaensea pexuma wa pabota Ha
unposute censopn — BME280 u CCS811, kakto v obpaboTkaTta N CbXxpaHeHWeTo Ha
naxxuTe 8 SD-kapra.

Button & LED |

’ .
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®urypa 2.9 Bnokosa cxema Ha .csbpasaue Ha TECTOBOTO YCTPOWUCTBO 3a
cuOupane Ha AaHHKM 3a NnapameTpuTe Ha aTMocdepHus Bb3ayx
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®urypa 2.10 BuHweH uarnea Ha cb3gagedua nporoTun

Ha ®urypa 2.11. ca npeAcTaseHn AaHHUTe, KOWTO ce nonydasar oT ceHsopa CCS811
npu UamepeaHe Ha BCAKAa CeKyHaa, kato obuoro speme 3a wamepsane e 100 cekyHaw.
Ha rpadmkara morar Aa ce BWAAT CTOMHOCTUTE 3a HMBaTa Ha BLINEpPoAeH AnoKCUa w
Te3n Ha obwara cyma OT NETNMBN OPraHUYHW BelecTsa.

@urypa 2.11 Excuepuventaann noaesn wivepsannn ¢ COCSSIT npn 3ona ¢ H3T0MHHIN HA
JCTINMBH OPranHYiy BEecTsa

Ha ®urypa 2.13. e npeacraseHa Kapra Ha Toukwte 8 rp. [Inosgus, B KOWTO ca
HanpaBeHn TEeCTOBM W3IMEPBaHMA Ha napameTpu, NOKasBaww KavecreoTo Ha
armocdepHna Bbaayx. Kakto ce swkaa ot dwrypara, m3bpaHu ca BbL3nNoBM ynuuu v
Bynesapau, npu kouTo ce Habnwaasa sacunex Tpaduk Ha n;:esosnw cpeacrea.
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®urypa 2.13 Kapra Ha TOMKWTE Ha NPOBeAeHUTe U3MepBaHUA
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Ha ®urypa 2.14 ca npeacTaBeHn CPeAHO-apUTMETUYHUTE CTOMHOCTM OT HanpaseHuTe
ONWUTHK N3MEPBAHWNA C MOBUNHOTO NPEHOCUMO YCTPOWNCTBO.

®urypa 2.14 CpeaHo-apuTMETUYHN CTOMHOCTH Ha U3IMEPBaHUATA
Ha ®wurypa 2.15. ca npeacTaBeHy MakCUManHWTe, W3MEpeHW CTOWHOCTM npW
NPOBEXAAHETO HA TECTOBUTE U3MEDBAHUA,

1

@urypa 2.15 MakcMManH1 CTOMHOCTHU Ha U3MEpPBaHWATA

Ot aWanuaa Ha peaynTaTtuTe, MNoNyYeHu OT MNONEBWTE W3MEPBAHUA MOXe pga ce
3aKMONKM, Ye NMPU CUMHO HATOBAaPEHW rPaAcky KPLCTOBMLIA ce Habnioaasa NnoBMLEHO
3amMbpcABaHe Ha Bbagyxa — Toukn 5 v 6. OT gpyra cTpaHa, npu KpbLCTOBULLE, A0 KOUTO
Ca pa3NoNOXEeHW 3eneHu nnowm, ce Habnwaasa  U3BECTHO MOHWKEHWe Ha
3ambpcasaHeTo. MNpeanoxeHoTo MoBUNHO YCTPONCTBO 33 UHAMKATUBHW W3IMEPBaHWA
NO3B0NABA MApPKUPaHe Ha ropelun”’ TOYKK B rpafcka cpeaa, npu KOUTO MMa 3aBMLLEHO
3aMbpCcABaHe Ha aTMochepHns Bb3AYX.

FMABA 3. MNpunoxenune Ha loT apxuTekTypu npu peanuiupaHe Ha
CUCTEMM 33 NOKaNHW W OTAaNneyYeHu U3IMepBaHUs Ha napameTpwm,
oTpa3sBallM Ka4yecTBOTO Ha aTMoCcepHUs Bb3ayX

WHTepHeT Ha Hewarta (loT) npeanara 3HaYnTENHN NPEAUMCTBA NPU BHEAPABAHETO Ha

CUCTEMM 3@ NOKANHNW ¥ AWCTAHUMOHHKM W3IMEPBAHMA Ha napaMeTpu, OoTpasasalm

KayecTBOTO Ha artmocdepHus Bb3ayx. Anantupasa loT apxutekTypa moxe pa

UHTErpUpa Paanu4yHn KOMNOHEHTY U TEXHONOIMK, 38 4a ocurypu edekTueHo cubupane,

npenasane, obpabotka W cCbxpaHeHwe Ha pAanku. MsnonssaWeto wWa loT 3a

AMCTAHUMOHHWM W3MEPBaHWA Ha KayecTsoTo Ha artmoctepuus Bu3ayx e Bwpio
12



PaseuBalla ce 00NacT CbC 3HAYMTENHM MOCNEANUN 33 ODLUECTBEHOTO 3ApaBe, KOATO
NO3BONABa eEKTUBEH MOHUTOPUHT Ha OKONHaTa Cpeaa.

3.3. Anantupana loT apxutexTypa 3a eKonoruyen MOHMTOPMHI

Ha ®urypa 32. e npepgcrased obw sua wa loT apxuTeKkTypa 3a eKonoruded
MOHUTOPUHI. KakTo ce Bwwaa oT dwurypata, cuctemara W3nonasa npoTokon 3a
PAAMOBPBL3Ka C UEN npejasaHe Ha W3MEPEHWTEe AaHHW OT CeH3OPHUTE yCTPONCTEa
Dasosata craHuus. Toauw nportokon e or rpynata wa LPWAN crawgaptute, kouto
Nossonasar paboTta Ha ronemu pascTosHUA NPU HUCKE KOHCyMmauus Ha eHeprus. Cnep
kaTto AaxHuTe ce nony4at B Dasosata ctaHuMs, TA v npeaasa ypes IP npotokon unu
4Pes KneTbuHu mpexu, Hanpumep Wi-Fi kem obnaunarta cpepa, ksgeto ce Hamupa
Dazata gawnu 3a cbxpaneHue u 0BpaboTka Ha cTofHoCTUTE, B obnayHarta cpepna e u
NPUNOXHUAT CbPBBP, KOUTO CNYXKM 38 NASHTUMDMKALMS, ayTOPU3aLMS 1 NPeAOCTaBsHE
Ha yaobeH notpeburenckn nkTepdeiic 3a kpaitHus notpeburen. Ton nmMa BbL3IMOXKHOCT
A3 Ce CBbPKE KbM CUCTEMATA YpE3 NEPCOHANEH KOMMIOTLD MK MOBUNex Tenedon.

Wi ki
lit'lu-l"nﬂ D Q

4G/5G

R L)
-

Ethernet

lu, —
Nz’

Data Base Aplication server
3.2. O6w 1A Ha loT cucTema 3a eKonoruyeH MOHWUTOPUHS

Eava cucrema 3a wabniogeHme Ha napameTpu, nokKasBawM KavyecrsoTo Ha
aTMOCEPHUA Bb3AYX Hal-4ecTo ce Hanara na paboTu B rpagcka cpega, npu KosTo
M3 MHOXECTBO UITOYHNUM Ha eNeKTPOMarH1THN CMylwenus. Mopaawu Tasn npuumnHa ce
Hanara fa ce wvanonisa NOAXOAALUM METOAW 3a paavo BpPbLb3Ka, KOWTO MO3BONSBAT
HajexnHa v curypHa komyHukauwa. CeHsopute 3a u3mepBaHe Ha napaMeTpu Ha
aTMOCIEPHUS BB3AYX Ca YacT OT CeH3OPHMW yCTpOMCTBa, KOMTO Morat pga Gwnpar
MOHTMPAHW B pasnu4HM 4acTu Wa rpaga, wnvm Moxe aa Obaar NpuKpeneHn Kom
Cneyuaniavpad [poH, C Uen wv3cneaBaHe Ha BepTUKANHOTO pasnpegenesvwe Ha
HENEsuTE BEWEeCTBa, KaKTO U pasnpegeneHueTo Ha TeMNepaTypaTa U BRaXHOCTTa 8
pasnuuHnuTe 0BNacT Ha NpU3eMHUTE cnoese Ha atMocepHnn BL3aayx.

3a uyenuTe Ha HacTOAWATa AMCEPTAUMA € NpeacTaBeHa apjanTvpaHa apxuTekTypa 3a
U3MNON3BaHE B CUCTEMU 38 EKONOTUMEH MOHUTOPUHT. TS Ce OCHOBABA Ha KNACUYECKUTE
loT mopenun, xato nobaes w NPOMEHRA Cnoese, 3ana3sBalku KoWUenTyanHata pamka.
ApantupaHerto e HeoBxoauMmo, 3a aa ce otyeTar cneunguyHUTe 0COBEHOCTH Ha TaKbs
TAN CUCTEMU 33 M3MEPBAHE Ha nNapameTpu, NOKassBalM KAYecTBOTO Ha aTmocheprus
Bb3ayX.

Ha ®urypa 3.3. e npeacrasen npegnoxexus agantupad loT mogen 3a cucremu,
W3MEPBALUK NapaMeTpyu Ha aTMOChEPHUA Bb3aYX.
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®Durypa 3.3. Monen Ha loT 3a eKoNnorm4yeH MOHUTOPUHI
MNpepgnara ce, Ype3 BbBEXAAHETO Ha nepudepeH Cnoi, 00eMbT AaHHW, KOUTO ce
npeaasar Aa ce onTuMu3Mpa. ToBa € 0CO0eHD BAXHO, Tb KATO OCBEH EHepruaTa,
Heobxoanma 3a 3axpaHBaHe Ha CeH3OPHWUTE YCTPOMCTBA, edUPHOTO Bpeme e gopu no-
UEHEH pecypc npu NAbLTHU rpaacku Geswuyuu mpexu. NepudepHuar cnon moxe Aa
u3Bbpwsea 060bLWEeHWe N KOMNPECURA Ha AaHHWUTE, NOMYYEHW OT CeH3opUTe.
Ha Gasata Ha npeanoxeHns 5-cnoex loT mogen e narpageHa xwbpuaHa apxuTexTypa
33 CUCTeMa 3a eKONnormyeH MoHUTOpPUHr. TR @ npeacrasena Ha @urypa 3.5
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B koWtpact ¢ nopobuu paspabBorku, kouro wu3anonasat LoRa wnu Aapyra
Moaynauns/koMyHukaumoHeH crasaapt [97, 98, 98] B HacToswWMA AucepTaumoHeH
TPyaA € npeanoxeH xubpugeH MOAEn Ha KOMyHMKaUWOHHaTa cUCTeMa, npu KOWTO
KpaHO M3MEepBaTenHo ycTpoicTeo e cHabpeno ¢ Asa mogema — eawH, paborew Ha
craHpapTHaTa YecTtoTHa newTta 3a Esponeiickua cbioa okono 868 MHz, n sTopu moaem,
koo pabotu ¢ LoRa moaynauus B YyectoTHata nexwrta 433 MHz. Wsnonaeanero Ha no-
HUCKA YEecToTa NO3BONABA NOKPUBAHE Ha TONAMA NNOW Ha W3MepsaHe, 0TBbA
OfpaHUNEHMATa Ha no-Bucokata uyectora or 868 MHz. Toea kpaWHO yCTPOWCTBO,
HapeyeHo xubpuaHO KpailHO YCTPOMCTBO, mOXe Aa paboTw 8 ABa pexwma — Kato
peneitHo YCTPOMCTBO, KOETO Npenpenasa NnonyveHuTe NakeT¥ AaHHW, UNK KaTo Takosa,
KOETO noaabpXa cobCTBEHa MPEXa OT KpaiHKu ycTpoicTea. Bus BTOpUA cnydan TO uma
AOCTBN A0 AGHHUTE, KOWTO Nony4Yasa i moxe aa rn obobuwasa, C uen onNTUMKU3auus Ha
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unanonagaseTe Ha LoRaWAN wmpexara, Kakto ¥ ONnTUMKM3MpaHe Ha uanonssaHarta
EHEPrus.

MMABA 4. NnaBa 4: MNpunoxeune Ha LoRaWAN npu peanu3upaHe Ha
CUCTEMM 332 U3MEpPBaHMA Ha NapameTpM, OTpa3fABalM Ka4yecTBOTO Ha

armoccepHua B3ayx

Mpw loT cuctemu 3a oTaaneyeHo HabnwaeHwe Ha napaMeTpy, NOKasBalln KavecTeoTo
Ha aTMoCEepHUA BB3AYX MHOMO YECTO CeH30pHWMTE Mpexn ca reorpadeku
pPa3NPbLCHATK Ha ronemu nnowm. ToBa Hanara W3non3saHeTo Ha DeawwmyeH NpPoTokon
3a Bpb3Ka, KOMTO NO3BONSBA KOMYHMKAUWR Ha roneMmu pascrtosHua. Hapep ¢ Toea,
CEeH30pHUTE ycTpoucTea Tprbea aa morar ga paboTAT 3a NPOALIXUTENHW NepPUoan OT
speme, Be3 Aa ce wanara noaapbLXKKa, OcobeHo nNpu TPYAHO AOCTBLMNHM PaWOHW
HeobxoauMo e ceHsopHuTe ycTponcTea aa Obaar onTumuavpann 3a pabora AbNro
speme, Ges aa ce Hanara cMaHa Ha 3axpawsawure Gatepuu. MNopagw usbpoenute
NpUYMHKM € HeoDXoAuM METo[ 33 KOMyHUKauusa, KOWTO Aa OTroBaps Ha Teau
cneunduyHY N3NCKBAHWUA,

PaborHara xunoTtesa, KOATO ce npeanara e, ye crasaapTeT LoRaWAN otrosaps
Ha Te3W M3UCKBAHMA M, Y€ NMPW ONTUMANHO KOHpUrypupaHe Ha OeszxuuHarta
CeH30pHa Mpexa € Bb3MOXHO Aa Obaar yaoOBNeTBOPEHM M3MCKBaHMATA 3a
EKONOrMYeH MOHUTOPHHT, NOCOYEHK NO-rope.

Cranpaptet LoRaWAN npeanara 3HaqyuTensy npeaumcTsa npu DE3XMYHW CeH30pHU
MPeXW 33 M3MEPBAHE Ha napameTpy, OTPa3fBally Ka4ecTBOTO Ha aTMOCepHWA
8b3ayX:

*  KomyHukauus wHa ronemwu pascrosHus — LoRaWAN ce otnuuasa ¢ BL3MOXHOCT
33 KOMYHUKALUMA Ha ronNemu pascrosHus, NO3BONABANKN CEH3OPHUTE YCTPOUCTBA
Aa Npeaasart faHHW YCMewHO Ha pasCTOAHWE OT HAKOMKO KUWNOMEeTpa, [opw B
npeau3BMKaTenHu cpean. Tosa e OT pewasawo 3Hayexue 3a HabniogeHue Ha
Ka4eCTBOTO Ha Bb3AyXa B OTAANEYEHWU UMW roNnemMu panoHu.

* Hucka koHcymauua Ha exeprma - LoRaWAN e npoektupad 3a Hucka
KOHCYMauws Ha EHeprusi, KOeTo NO3BONsBa Ha ceH3opute Aa paboTAT Ha
Barepun 3a NPOALIKUTENHW NEepuoan oT Bpeme. NMoCTUraseTo Ha KOMyHUKaLKUs
NPU HUCKO NoTpebneHne Ha eHeprua NpW TO3W CTaHaapT B ronsma crened ce
onpeaens OT BUCOKaTa MakchMansa 4YyBCTBUTENHOCT nNpW npuemaHe -—
pocturawia Ao -148 dBm, cwyeTana ¢ BMCOKATa YCTOWMMBOCT Ha CMYUIEHUA W
WwymM B edupa. Bb3MOXKHO € YyCnewHo NpMeMaHe Ha uanpaTteHuTe AaHHW, AopW
ako uenesuaT curHan e [o -20dBm nog HuBoTO Ha coHoBuna wym [100). Kakro
nocouysa P. Fraga-Lamas at al. [101), npu crayuoHapHu YyCTpOWUCTBA W
M3N0N3BaHe Ha HACOYEHW aHTeHW 3a npwemawe ot Tuna ,Yagi-Uda® v gp., ce
NOCTUra KOMYHUKALWUA C MHOrO HUCKA MOLLHOCT Ha U3ns4BaHe.

* EdEeKTMBHOCT Ha pa3xoauTe — HUCKUTE M3UCKBAHWUA 338 MOLLIHOCT U onpocTexaTa
wHdpacTpyktypa Ha LoRaWAN ponpuHacaT 3a peHTabunHo BHegpasaHe W
NOAAPLIKKE HA MPEXM 338 MOHUTOPUHI Ha Ka4YeCTBOTO Ha Bb3ayxa.

* Mawabupyemoct — LoORaWAN mpexwTe moraT ga noemat ronsim 6poil ceH3opu,
KOETO M NPaBu NOAXOAALWM 33 LUMPOKO PAa3NpOCTPaHeHn WHULMATUBKW 3a
MOHUTOPUHI Ha KA4eCTBOTO Ha Bb3gyxa.

4.1 OcHOBHM xapakTepucTuku Ha nporokona LoRaWAN

N



BeaxuuHara wmpexa, OGaampawa Ha LoRaWAN ce ocHoBasa Ha faBa KNOYOBK
komnoHenTa — LoRa u LoRaWAN. lMupBUAT KOMNOHEHT NpeacTaBnasa (PU3UYECcKUaT
CNoW, T.e. cneuuduyHaTa Moaynaums Ha paguo CUrHana, KoATo ce nanonaea. Bropuat
KoMnoHeH e kaHanHuat cnow (MAC cnoi), xonto usnonasa LoRa moaynauws 3a
HaAEeXAHO NPeaaBaHe W NpPUEMaHe Ha OaHHK, BKNIOYWUTENHO YNPasnesweTo u
KOH(UIYpHUPaAHETO Ha KpawHWTe YycTpolncTea wu uwarpaxaa usnocteums LoRaWAN
NPOTOKON.

LoRa aecduHupa haktopa Ha pasnpocTpaHeHne no cneaHua Hayud [104]

2F = Z=B.T. (.1

Ry
Kuaero SF, B, R n 1 ca dakrop na pasnpocTpascHie. MHPHHA HA SCCTOTHATA JACHTA, CKOPOTT
HA APCAABAHKTE CHMEBOAKR H NPOTBTKHTEAHOCT Ha eaun chirp. BenmmocT Toii € opurnHamnsT
0a30B CACMCHT NPH TO3H BHIL MOV JALMA B MOKE Jla OhIe ONHCcaH TaKa:

C(t)=[exp(j¢(t)) aKo - g sts ; (4.2)

0 B NPOTHBEH CAvyail

KBhaeTo ¢(t) npeacranissa rojemMunara na pazara na chirp-a. Momentnara wecrora ce

ONpEacan Karo:

1 dfe) (4.3)
f(f) = E dt

3a nuneiitnn chirp-ose. Karto Te3n wanonssann npu LoRa, MovenThata yectora ce nedmunpa no
CIICAHMA HAYMH:

fielt) = f. + u.;.t.

Knaero £ ¢ uenrpasHara Hocela yectora. AKo j = | ce nonyyasa AuneiHo HapacTBail Yupi.
AoKarTo npu p = —1 ce noayyasa chirp ¢ anHelno navassang yectora, o B chorsercrsa wa
CHEKTPATHATA 33€TOCT OT CHTHANA, KAKTO M HA PAIHKATI MEALY MUHHMAIHATA W
MAKCHMATHATA MOMEHTHA YeCTOTA 110 BpeMe Ha unpna. 3a noxyuenns curaan. caen LoRa
MOy AQIIHATA. € B chia e sasucumoctTa [106]:

_BW (4.6)

RY ~ nS&F
-

(44)

Kuaero: R, e ckopoctTa Ha npeaasase Ha cumpoante, BW ¢ impynara Ha secroriara Jenra. o
SF ¢ akropst na pasnpocrpanenne. O1 TYK N0AyHaBaME B CROPOCTTA HA NPEIABANC HA
nrpopMatmaTa 8 OHTOBE 1a CeKYHAA:

R, = BW x R, X FEC (4.7)

Knaero Ry e ckopoctta B Gurose 2a cexynza. a FEC e xommuectsoro godasenn Gurtose 3a
xopurupase sa rpemkn — Forward Error Correction, Ckopocrra na chirp-osere Re mome na ce
HIMHCIH TaKa:

BW? (4.8)

R('—‘ BWXR,-’-‘-—Z?F—

KakTo ce BiKIa. B 3aBHCHMOCT OT 3a1aacHuTe paKtop Ha paznpoctpanerne SF, mupnua va
wecrornara genta BW n Opost nobanern GHTORE 33 KOPHIHPANC HA TPCUIKK C¢ NOJYHaBa
CKOpOCTTa Ha npetasanute aanni, Data Rate (DR) s Onra 3a cexynna:

. BW
DR = SF X 5z X CR

[TonyHeHHAT CHIHAN € HIKTIOMHTEIN0 YCTOHYME Ha CMYIICHHSA 1 MOKE 1a B¢ JeKOIMpan,
sopi axo e 10 20dB noa npara va GoHoBHA WYM B pATIIO edHpa NPH HINONIRAHATA YECTOTHA

(4.9)
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otsact. B npueMHMKA C¢ W3BLPUIRA CLUMAT PE1 OT ONEPALN BLPXY CHIHAIA ¢ e
JEKOAMPAKETO MY # BLICTAHOBABaHE Ha Kopanata nudopmauns. Ha Gurypa 4.4. ¢
MPCACTABSH HEMOAYIHpan # Moyaupan crriat ¢ LoRa moayaauus [107]:

#Hw '

Lnmashsbited sgnd Modutared signal

®urypa 4.4. Hemogynupawx w mogynupawn LoRa curvan [107]

Ha assata 4act na Qurypara e npeacrasen semoay mpar LoRa curnan. Toii c¢ npoMess
AMHEiHO OT 0/1HaTA FPAHKIA yin HA HANOA3BANATA YECTOTHA JCHTA, JI0 FOPHATA TPaHHLA fmu, 8
{; ¢ nocewmaT curian. B nschara wact ua purypara e npezicrasen moayaupan LoRa carnan,
KATO B NPEACTARCINS ApAMEp ¢ n3nosrssan GukTop Ha painpocrpancine SF =« 7 u ca

MOy IMPAITH HAKOJIKO CHMBOJA, BCEKH 0T KOHTO Chiabpika SE Oura. [pn SF = 7 moxe aa nmame
crofinoctn mexny O n 127, Korato ce uanpainar choGUmeHHRA 0T ULT033 KbM KpaiHHTe
VCTPORCTRA € H3N0N3Ba OOPATHO NOAKPHIHPEH CHIHAI € e J1a HE CC NPSIINTAT ABaTa NOTOKa
01 CHOOLICHNA — TC3M OT KpafinuTe yerpolictea keym uunosa (uplink) i Tean B obparnara HocoKa
(downlink). Ha Gasara na pasracaanara moayaanns e uirpazes LoRaWAN 11poTokenst, KoiTo
e IBABA KATO Kanaien ¢aoil no ornomenne na OSI moaeia - @urypa 4.5,

Hpnaomen croit

LoRaWAN MAC Kanwien

Kae B

®urypa 4.5. MNporoxoneH crex Ha LoRaWAN

Kax1o ce sraaa o1 Gurypara, 3a pasanuii pernoni 01 CBETa, ¢ HIN0N3IBaAT pasiuiHmn
HECTOTHIN ACHTI, 3a€/IHO ¢ PasIHYHI IPABHIA 32 0CTRI 10 paano chupa.

4.2 AHanuTuyHo uacneasane Ha LoRa/LoRaWAN npu rpaacku ycnoeus

AKO Ce PAIrIcIaT BCHHKH BhIMOKIN KoMGuBaumi o1 napamerp Ba LoRa rpr3kara Moke 1a ce
JAK/BOUH. Se TeXHUAT Opoil ¢ o, karo cnopen Bor & Roedig [111] ve ca 6720. Tazn
CTOMHOCT & DOJAYYABA, KATO €& BICMAT NPCABHL H PAIIHYHITE MOUIHOCTH HA [IPCAABAHE,
KOMOHHHPAHM ¢ pasanguiTe (PAKTOPH HA PA3POCTPAHEHHE, LWIMPHHA HA H3NOJI3BAHATA YECTOTHA
senra, Gpoil GiTose 33 Kopekuns # TH. ToBa Ch3zasa NPEAU3BHKATENCTEA 38 TEXHHA 110A00D M
kondurypupane. ChLulecTBysa AeduiUUT NPH MATEMATHYSCKHTE MO/ 1 anropuTmuTe. B
JAMTCpaTYpaTa ca NpejUiarar PasiHuHIE PCIICHHA HA Ta3) 3a1a4a 30 YOPABICHUE Ha pecypeuTe.
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opaan ropenocoyennTe HaKTOPH 3 HEAHTE HA HICACIABAHETO HA BLIMOKHOCTHTE 34
MamatHpane Ha CHCTEMA 3 CKO/IOTHHCH MOHHTOPHHT. K010 nanoaisa LoRaWAN nporokon 3a
KOMY HHKQUHA, CC IPCIUIAra Ja CC HAIIPABKT CASAHMUTE 101y CKAHMA:

1. WamepearenHuTe yCTPOWCTBA Ca Pa3nofioXeHN NPOMIBONHO, HE3ABUCHMO
M PaBHOMEPHO B OKPLKHOCT C ONpPeAeneH paguyc OKOmMo eAuH Wno3.

2. KpaiHute M3aMepBaTeNnHu yCTPOMCTBA Ca Pa3noONOXEHW PaBHOMEPHO B
ABYM3MEpHA PAaBHMHA OKOMO WIMHO3a M € Ha NUUEe paauanHa CUMeTPUA, T.e.
BbB BCAKA eAHa nocoKa CpeAHaTa NNLTHOCT HA W3MepBaTenHuTe
YCTPOMCTBA @ e4Ha M Chla.

3. HaHHM OT KPaHHWTE yCTPONCTBA Ce M3NPALAT EANH MLT Ha BCEKM Yac.

Toii karo LoRaWAN mpeknTe n3nosmssar Kato AHCUHILTHNA 32 JI0CTHIT 10 MPEKATA CHOCOOLT
qncra “ALOHA™ (Pure ALOHA). To chOBTHETO Ha WINpalane Ha JAHIH OT A2MCHO Kpaiino
VCTPOMCTRO MOKE /12 C& MOJIC/IHPA KATO CAYHaiHO ChORTHE, BRIPEKH Ye TOBI C¢ CAYUBA TIped
KpaiHu Onpeneiesn HHTEPBAIH OT BpeME B o0uma cay4dail. AKo C¢ M0JAX0AM [0 HAYHH, KOHTO
MO3BOASBA MPOIECHT 14 CC PA3IICKAA B rOIAMA CTENEH CAYHACH, KATO HANPHMED 14 C¢ BLREIC
ICHCPHPAHC HA 3AKLCHEHHE CLC CAVYASH XAPAKTEP NPC/IH HINPAINAHE Ha HIMEPEHHTE
CTOIHOCTH, TO CLONTHETO HA NIPEIABAHE HA JaHIH OT KPalHKTE VCTPORCTEA MOWKe A2 ce
MoJiesimpa Ypes pasnpeacirenne na Hoacon. Tosa ce npasn ¢ uen viecHsnane Ha aHLIHTHIHOTO
H3CACABAHC HA NOBEICHHETO HA MPEAATA OT yerpoicersa, 1py cueremute 2a MoHnTOpHIT Ha
KaueCTBOTO Ha aTMOCPEPHURA BHIIYX CCHIOPHATE VCTpoiicTra ¢ pasnonarar Taka. 4e Ja
NOKPHBAT onpeseacna 001acT papHoMepHo. Tosa 01 CBOS CTpana NoIBOILaa, 18 HeAnTe Ha
H3CICABAHETO HA NPOLEHTHT YCNCIIHO NPEAAICHH TAKETH OT AAHHH, MECTOMNOIMKESHHETO If
OPOAT HA CEHIOPHUTE YCTPOIICTBA 13 Ce MOJICITHPA YPE3 MATCMATHUCCKHS anapat Ha
CTOXACTHHHATA reoMeTPHA. ChueTana ¢ Xomorenen Toaconor Toukor npouec [113],
CroxacTHunaTa reoMeTpHs Karo /15,1 Ha TCOPHATA HA BEPOATHOCTHIC C¢ JAHIMABA ¢
MOJCTHPAHETO M AHATH3A HA CayHainn npocTpascTsenn npomecn [106. 107, 108]. Ocnosen
HHCTPYMCEHT HA CTOXACTHYHATA FEOMETPHA ¢ TOHKOBHST NPOLEC. KATO HAH-HECTO C¢ NN0IIBa
unerno [oaconosnar Toukos npoitee (Poisson point process — PPP) [112]. [pu nero ce
(IPHEMA, 4C TOUKHTE Ca pasnpesie/IenH HETABHCHMO €HA OT APYTa H PABHOMEPHO B
HPOCTPAHCTROTO C ONPEICICHA CPEAHA HHTCHINBHOCT (IILTHOCT) — A, Tx ce 3azana 3a
onpeaeaena eamnnia naour Hpn Gensnunnye Mpedn ToBa N03BOARBA MOACIHPANE HA
CMY IICHHATA MCAIY OTIACTHHTE NPEaBaTEeH, KATO TEXHHTE NOTMIHNA ce Moaeamnpar kato PPP.
Jlpyra ue, ¢ KOSTO Ce HINOIIBa 33 MOJCTHPAHE CTOXACTHYHATA FEOMETPHS ¢ 13 CC HAlIPABH
OLCHKA JA1H JI/IEHa TOYKA (B CIYMaR YCTPOHCTRO) (¢ MME HOXKPHTHE Ha CHIHANA, AHAIHIET
HECTO BKMOYUBA HIMHCICHHE HA CPEIHH CTORHOCTH Ha nokasatenn cHruas-iuysm (Signal 1o Noise
Ratio ~ SNR) uam enrsar-emymenus-yn (Signal to Interference to Noise Ratio — SINR).

3a pedepenTen npeasaTen. HAMUPALL CE HA PAICTONHHE Ty OT HLHOAE, 101VIaBaMe:

I

-

)xex’p -An(g-?’-)" xP%x Cla) (4.21)

A
-6arg

P

Plrg) = exp (

TYK 1Ba “wWieHa HMaT MHCTO (PHINHECKI CMHCHL!
-
e eup ( —6021'0") ~ KOMIOHEHT, KOiTo ¢ orpann4en 0T POHOBHA 1IYM, HaMaIgRa ¢

PAICTOAHHETO
22
. e.t'p(-/lnearo-C(a)) ~ TOBA € KOMIOHCHT. KO#TO ¢e orpaumiasa o1

I8




CMVILCHHATA ME#ALY (peianammre yerpoicrsa. Pacre ¢ yseanuapane Ha

ITBTHOCTTA Ha YeTpolicTsata 4.

Ha Gaszara na n3seieHnTe aHANHTHYHK H3pasy OAXa CheTaseHn nporpavy Ha ¢iuka Python, upes
KOHTO H3M0M3BAHKH YHCICHH METO/II, Ce IPABH OUCHKA Ha BepoATHOCTTa Kpaiinnte LoRaWAN
CEHIOPIM YCTPOICTBA /1 M3NPaTAT YCNCUIHO W3MepenuTe aannn, Lieara na 1esu uicheBains e
12 CC YCTAHOBM W OleHH BrsMoxnocTTa Ha LoORaWAN, Oasupana Oe3KnYHa CeH30pHA MPeXa Ja
OB1¢ pa3rLpHaTa B IPAICKH PAROH NPH NOJAME ILTLTHOCT HA CCH3OPHMTE YCTPOlicTRA.

4.2.1. Micaeasane na LoRaWAN Mpeka B rpaickn yeosus

Cwuinancna Gewe nporpama Ha eznka Python ¢ nen nposes#ciane Ha HICISABAHNE, ¢ NOMOLITA Hil
gicaenn metoan. Ha @urypa 4.10. ¢a npeacTaReHn peayitatuTe, noJayucHit 34 NpoueHT
VCACUIHO HANPATEH NAKET Jai# ¢ rojeMuna 36 Gaiita npu pasinyex Opoii GHTOBE 33 KOPCKUMA.
Jlasui ce H3NpanaT Ha BCCKH Yac, KATO TOBA CE OCHLINECTBABA B CIYYaHHO BPEME B PAMKHTE Ha
60-cexynaen nposopeil. Ha ®urvpa 4,10, ca npeacrasen pesyirariTe. MogyueHi 3a npoueHt
YCACUIHO HINPATEH MAKST JaHHH ¢ roseMutta 36 Gaiita npu pasimnyck Opoit OHTOBE 32 KOPEKIHA.
Jlanum ce H3NPALAT Ha BCCKH MAC, KATO TOBA C€ OCLIUECTBABA B C/IYHaHHO BPEME B PAMKHTE Ha
6-CcexyHacH nposopell.

Srwtn |- ) — -— - 0t -
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@urypa 4.10. UacneasaHe Ha Ka4ecTBOTO Ha BPb3KaTa Npu pasznuyeH 6pon
OuTOBE 32 KOpeKUuMs
IBil KaTO M3NPAMAHETO HA NAKET JAaHHKH € B PeAnM 0¢3 NOTBLPAICHHE, [NAHCHT 3a YCNCIHO
(IPEJIEBAHC CC VBCIHYABA aKO MARCTLT JHHHH CC HANPATH NOBTOPHO OUIC CIHH WIH JBa HbTH.
EdextsT 0T nOBTOpPHUTE NpeiaBania Mowe 1a ce s na @urypa 4.11.
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®urypa 4.18. Bnuanne Ha TX npo3opeua 3a KOMyHHKaLWA Ha paicToanne oF 5000m w Opown Ha
LoRaWAN kpawuuTe ycrponcTea — 5000

TH Wantas brme il shagun ~ Ba L0000 WA OF 40
Mgnrash e (A0S JT IS 18 DOC TArARS sk TN 0 SHN THEML FTTIRS S W 0T A i ae R aal wa
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Ourypa 421, Bansnne wa TX pposopeua 3a xOMyHHKAUMd NPH PasAntHU PascToRHHA Ha
KpaimnTe VCTPONCTEA OT mMIAI03a 8 LeHTLPA HA OKPLANOCTTA HA pasnoaarane Opon wHa
LoRaWAN kpaitunre yverpoicrsa — 10 000



Bowmems <8 T8 Smuooomis =8 « SOaem par rasems < R 30000 100, On 42
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Q@urypa 4.22. Bnusanune Ha TX npo3opeua 3a KOMyHHKaLUMsA Ha PasCToRHUE OT
5000m » 6pon Ha LoRaWAN kpaunuTte ycTtpoucrtea — 30 000
Hpy moeampanero va eepruiinara koseymaims #a LoORaWAN xpaiinn yerpoiicrsa Mmorar 1a
CC PA3rPAHNYAT HAKOIIKO POHMa Ha padora:
* [Ipenasane: Hall-cHEPrOSMKHAT PEIKHM. KOIATO VCTPOHCTROTO Npe/iana JanHHt KbM
UL 3
. ﬂpnc.\muc: }"C’l“p()ii(.‘TBO IO HDPHEMA NOTELPAICHHRS HIH JIaHHE OT 110334 Ko €
KOH(HIYPUPAHO 32 JBY NOCOYHA KOMYHUKAUMA
* (uH; PCAHM C Hal=-HHCKa KOHCYMAlNA, Korato }'C'l‘pOﬁCTBOTO ¢ HEAKTHBHO
s O0padorka: eHeprug Hapaxo/ sana 3a oopadOTKa HA JaHHKN MM YIPABISHHE HA
CCHIOPH.
!-Zucpl'm"ma'ra KOHCYMANHA 34 CJINH HHKBJT MOJKE J1d CC HAPAd3H KaTto:

l::lll\'llr\ " Ii\kxp. I'.-'m\'. "3.22

KBJACTO!

*  [Eu: Eneprus sa npeasate

* [En: Eneprus 3a npuemane

*  Eeep: Eneprus 8 peknm Ha CuH

*  Epoc Eneprus 3a o6pabotka na ganunre
[oayvuennTe pesyvararti ca npejicrasenn na ®urypa 4.26.

Cnevgy Consumpbion tor 28 byte data packet »s Spresdng Factor
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ST Ba PAINPOCTRAwepe [SF)

Durypa 4.26. Koneymauns na cueprus upu padora ¢ pasanwaan gaxropn na
pasnpocrpanenne — SF

4.3 Cawyvaaunonno mcaesane va LoRa/LoRaWAN
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Hicaeasan cuenapwii 1:

M3censanero ce 6aInpa Ha NPaBuIaTa 3a J0CThI 10 pajHo edupa na Espona. 3aeano ¢
WIMCKBAHETO Ha cTanaapTa LoRaWAN 3a winnysane B CMH HPOLCHT OT O0LIOTO BPEME 30
xomyHuKas, CKopocTTa Ha Npelasade Ha ChoDUICHHATA € 3A1aBAHA IPHYHO, 34 PATTHKSE OT
HINOAZBAHETO HA WITOPHTHM 33 AIAMTHRHA TAKaBa. TOBA NO3BOJARA /14 CE 1A1a8aT NapaMeTpure
HA BPBL3KaTa — (PAKTOP HA PAINPOCTPAHCHUE M WIHPHHA HA YCCTOTHATA AcHTa, Mscacasann ca 6-
Te pazansiy GaKTopy Ha painpoCTPaHeHne KaTto ¢a 3a1aBall HILIHPCKTHO MPe3 napaMerspa
“Data rate” - o1 0 20 5. npy KOUTO CHOTRETHO C€ HINOIIBA KATO GaKTOP Ha paInpocTpanenite oT
12 a0 7.

Wicnenpannst cueHapiii ¢ mpexa o1 100 LoRaWAN kpaiinn yerpoiicTsa 3a wsmepsane Ha
napameTpH Ha arMocepHus BRIIVX B CPEAHO oM rpat. Te ca pasnofomeHn na cyqacH
IPHHLAN B KPBI' OKO10 HLHO2 (gateway ). Micaesana € paano Bph3xata npa pasiHuiasl paimych
Ha 30HATA Ha PA3NONAraHe Ha Kpaitnure yerpoiicraa. Cpeslarta, B KOATO ¢a pasnoiowen
VCTPOMCTBATA € TPAJICKA, KOCTO MPEANOIara MHOKECTRO NPSIATCTBAA KATO BHCOKK CIPLIn.
Npeso3ny cpeactea i ap. Hanomsanuar moaea va sacenusane ¢ Okumura-Hata, 1wii xaro upes
HETO MOKE JIa €€ NOJIVHAT J0CTOBEPHH CHMYMauun npu To3u B cpeaa. [poseachn ca asa thna
WICTCIBANNS 30 IPAICKA CPE/IA — CPEIHO MOASM Ipaa H roasy rpajl. Cuino Taka e uicie1san
eheKTHT OT BHCOYHHATA Ha anTenaTa Ha uwiosa, Ha ®urypa 4 28 ca npeacrasenn noayvennre
PEe3VIITATH TIPH BHCOMMHA HA 103a o1 20 MeTpa:
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Durypa 4.28. KayecTBO Ha BPBL3KaTa NpW CpeaHo ronsam rpaa
I'padmkara npejacrass kavecTroTo Ha BpL3kata npn LoRaWAN mpexa o1 kpaiinn verpoiicrna,
KOHTO [PC/IABAT MAKCT JAHHM HA BCEKH Hac 3a nepyuon o1 24 yaca. Hanonisanm ca BCHYKIIC
wecer daxropa ua pasnpocrparenne ot SF6 10 SF12 npn mommoct wa winvusane 1 2dB »
wHpHHA Ha dectoTrara aenta 125K Hz, Manomeano e npeaananie 63 noTsbpkIeHHe. Thil Kato
1IPA HATHHHC HA TAKOBA KAMCCTBOTO HA PATHO BPLIKATA MHOTO OBLPI0 HAMATARA ¢ VBEIHYaBAHE
Ha IUTHTHOCTTA HA CBBLP3AHKTE YCTPORCTEA, 3AUI0TO B NPOTHRSH CAVYaH C& NOJIY HaBa T.H,
WIABHHA OT NOTRLPAICHNA". 34 LEIHTE HA HICALIBANCTO HA NPCUIOWSHATA KOHIICTILNS 33
XHOPHAHO YCTPOHCTRO, padoTeno, ockel B cranaapraara 3a LoRaWAN s Enpona vecroria
nenta or 868MHz. ca npecTaBeHn HICICIABAHMATA HA BPH3KATA IPH padoTa B HECTOTHATA JICHTA
433MHz. Ha @urypa 4.30 € npe/icTaseno CHMYIAIHORIOTO HICASIRANE IPH CPEIHO FOIAM
rpai




®urypa 4.30. KayecTBO Ha BpPBL3KaTa Npu cpeaHo ronsim rpaa u pabora 8 433MHz
Kakro ce siiciaa or gurvpure. paGorara B yectornara acura 433MHz nossoassa
PASHOJATAHETO HA VCTPOHCTBATA HA NOJIAMO PAICTOSHHE.

Gurypa 4.37. Buuimen B Ha NPELIOKEHOTO MODIIHO YCTPOHCTBO
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Ourypa 4.36. Dopmar na kaanpaia 1annn 3a wnpamane 9pes LoORaWAN
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LoRaWAN Link Quality

Voatut smatthier

®urypa 4.39. Peaynrati OT eKCNEPUMEHTANHO NPeaaBaHe Ha AaHHW, NPU
Pa3NMYHM TOYKM 33 KOMYHUKALMA

MABA 5. UHTErPUPAHE HA CUCTEMA 3A U3MEPBAHUA HA
NMAPAMETPU HA KAYECTBOTO HA ATMOC®EPHUA BBb3AYX KbM
OBNAYHA CPELOA

WuTerpupaHeTo Ha obnayHu TEXHONOrMM B CHBPEMEHHWTE cucTemu 3a WuTepHeT Ha
Hewarta (loT) npeacTasnsBa KPUTUYEH eTan OT PasBuTUETo Ha wHpacTpyKTypuTe 3a
MOHWTOPUHI Ha OKonHaTa cpepa. B KoWTekcTa Ha aTMOChEPHOTO 3ambpcsiBaHe,
KbAETO NnapameTpn Kato huHu NpaxoBu HacTuuw (PM2.5, PM10), asoten aguokcua
(NO2), svrnepopgeH oxcua (CO) w cepHu okcuaw (SO2) nauckeaT HenpexKLcHaTo
wabniogeHwe B peanHo Bpeme, obnayHata cpepa npeanara Heobxoaumara
MaLLabUpyeMoCT, N3YUCNNTENHA MOLY ¥ ABATOCPOYHO CbXPAHEHWNE Ha NaHHKU W3BopbT
Ha LoRaWAN (Long Range Wide Area Network) kaTo kOMyHUKaLWOHeH NpaTOKON 3a
TE3W CHCTEMM © NPOAVKTYBAH OT Herosara CnocoBHOCT Aa OCUrypsiBa CBBbP3AHOCT Ha
fONemMu Ppa3CTOAHWS NPW M3KNIOYUTENHO HWCKA KOHCYMaUUA Ha EHeprua, Koeto
NO3IBONABA HA CEHIOPHWUTE BBL3NW Aa ONepupaT asTOHOMHO B rpajcka unu otTaanevexa
cpena B NPOABLMXKEHNUE Ha FOAUHU.

5.3. Konuentyansa pamka Ha The Things Stack V3

The Things Stack (TTS) V3, paspabGorteH or The Things Industries, npeacrasnssa
monepHa, mawabupyema u curypHa LoRaWAN wmpexosa uHcpacTpykTypa. Ta
obcnyxBa KakTo OOLIECTBEHM MPEXW, Taka U “acTHU WHAYCTpUanHn NHCTanaumy,
npeanaraiky  paswupeHn dyHKuMM 3a yNpaenexHwe Ha KUIHEHMA UWKBN Ha
YCTPOWCTBATA W Wno30BeTe (gateways). 3a uenuTe Ha U3MEepPBaHEeTO Ha Ka4yeCcTBOTO Ha
sbaayxa, TTS V3 genctsa Kato aeaynnukaTop Ha CHODLWIEeHNs, KOraTo HAKOMKO LWNK3a
NPMEMAT e4HO W CbLUO NPeAaBaHe OT CEH3OPEH BL3EN, U KaTo NasuTen Ha CUrypHOCTTa
upes AES-128 kpunTupaxe

- &=

ki s o
®urypa 5.1. Perncrpaumns va LoRaWAN wniosa 8 TheThingNetwork
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®urypa 5.6. EkcnepumeHTanHu n3MepBaHus, BU3yanuiupaHu 8 norpeburenckus

uHTepdenc Ha obnaynara ycnyra ThingSpeak

HAYYHO-NMPUNOXHWU U NMPUNOXHU NPUHOCH

Hacae sanusTa, NpeACTaseHin B HACTORIMA ANCEPTAIHOHEH TPY L MOTaT i ¢¢ 0D0OWAT B
CACAHNTE HAYYHH, HAY YHO-TIPHAOKHN 0 MPHIOKHH IPHHOCH:
Hayunn:

I. Hanpasenn ca anaantayny wiacieapanns na LORaWAN 1 BB3MOKHOCTHTE 32

vat@adupane Ha Oe3RHIHN CCHIOPHH B Ipaicka cpeaa. [Ipeanoxena ¢ onTuMusanis Ha
HPCAIBAHCTO HA JANHH. KOSTO HOIBOIABA PAIPLILAHE HA LIMPOKO-00XBATHH MPCKY 3a

CKOI0IHYSH MOHMTOPHHT,

Hay 4Ho-npuioxin:
L. TIpeiomeHo ¢ auain Yo W3CIeABaHe Ha Bb3MOKHOCTHTE 3a Maladupane Ha
LoRaWAN Gesmnuna censopHa Mpea.



2. [llpemtoxena ¢ xuOpiana loT apxHTeKTYpa. a1anTHPaKa 3a iMeppane na
NApaMeTPH. OTPASABALLI KAUECTBOTO HA aTMOCHEPHHS BRIIYX,

3. [IpeioAeH0 € CHMYIAUHORHO HACISABARE M AHAIN3, € 1e NOTBLPACICHIS i
PEIVITATHTE, AOAYYSHH OT AHATHTHHHOTO HICTeIBANC,

4. [lpeanoxenn ci HIMEPBARKA HA KAYCCTBOTO HA aTMOCHEPHIS BH3AYX B KIOHORI
TOYKH B rpacka cpeia. M3cieBani ca BhaMOKHOCTITE 3a YIOTPeOd Ha HHCKO-
CTOHHOCTHI CEH3OPH N THXHOTO NPUIGKCHHE NTPH MHIHKATHEIN HIMECPBAHNA Ha
KaueCTROTO Ha BLATYXA.

[Ipunomnu:

1. [poeKTHPAHO W PEATHIHPAHO € NPSHOCHMO YCTPOHCTRO 3 WIMepBale na
napaMeTpi, OTPAIABAILH KAUSCTBOTO Ha aTMOCHEPHIS BH3IVX,

2. TlpoexTHPaHO U Peani3HPaHO ¢ DERKHUNO TPCHOCHMO YCTPOHCTBO 1 HIMEPBAHNA
Ha KauecTBOTO Ha arMocdeprus BuayX, koero ninomsa LoRaWAN
KOMYHHKALH 32 npeaapane Ha gansn. Chino 1axy. 3a padora ¢ H3MepBaTe/IHOTo
VCTPOACTBO € PCAM3HPAHO MODILTHO NPHIOAKCHAE 3i VITPABISHNHE It BHIY TN a3
HaA OAYHEHNTE PEIVIATATH OT HIMEPRAHNATA.

CNUCHBK HA NYBTMKALUMUUTE NO AUCEPTALUWMOHHUA TPYQ
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SUMMARY

METHODS AND TOOLS FOR REMOTE MEASUREMENT OF PARAMETERS OF
THE AMBIENT AIR

Stefan Nikolaev Lishev

The increased urbanization with all of its advantages carries some challenges, one
of which is the low air quality. For urban planning continuous, spatially dense monitoring
is difficult to achieve with reference-grade instrumentation alone because of its cost
This dissertation addresses the problem by developing methods and tools for the
remote measurement of atmospheric air parameters using networks of low-cost
sensors, with particular attention to the wireless communication infrastructure
connecting the sensor nodes to atmospheric monitoring systems.

The proposed measurement system is built around low-cost sensor nodes that
acquire several atmospheric parameters — particulate matter (PM2.5 and PM10),
eCOz, TVOC, temperature and humidity, and transmit the collected data over the
LoRaWAN protocol. As the sensors used are not of reference-grade accuracy, the goal
of the measurements is indicative rather than metrological. This makes possible dense
spatial coverage at low cost. An adapted Internet-of-Things (loT) model is proposed for
integrating such sensor nodes into atmospheric monitoring systems, covering the data
path from the sensor node, through the LoRaWAN network infrastructure, to cloud-
based platforms.

A substantial part of the dissertation investigates the quality of the wireless link
under real urban propagation conditions and the scalability of the resulting monitoring
networks. Examinations are made on empirical hardware measurements, NS-3 network
simulations, and analytical modelling using stochastic geometry.

To overcome limitations such as duty cycle restriction of 1% for Europe, or spectrum
congestion, a hybrid communication model is proposed, combining the standard EU 868
MHz band with the EU 433 MHz band in order to increase the scalability of the system.
Under this model, one or more LoRaWAN sensor end devices can self-organize into a
subordinate LoRa network operating on the lower frequency band. The data collected
within that sub-network are then relayed onward through the standard EU 868 MHz
LoRaWAN means. This offloads traffic from the more constrained 868 MHz band and
allows the overall system to support a larger number of sensor nodes within the
applicable spectrum regulations.

In addition, the analytical part of the study proposes a mechanism for limiting
collisions during the transmission of measurement data. Instead of transmitting
immediately once a measurement is available, each device selects a random moment
within a defined time window of several minutes in which to send its data. Because
atmospheric processes change slowly relative to such short intervals — that is, they are
inertial — this randomization introduces no meaningful loss of representativeness or
timeliness in the measured data, while substantially reducing the probability that two or
more devices transmit at the same time and collide.

Together, the adapted loT model, the hybrid dual-band (EU 868/433 MHz)
communication scheme, and the collision-mitigation mechanism form a coherent
methodology for building scalable, low-cost LoRaWAN-based networks for remote
atmospheric air monitoring, validated through a combination of empirical measurement,
network simulation, and analytical modelling
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION

Actuality of the problem

Monitoring of ambient air guality is of paramount importance, due to several interrelated
reasons affecting human health, the environment and economic stability. Air pollution can lead 1o
respiratory diseases in the population, some of which are asthma, bronchitis, lung cancer. Common
air pollutants are fine particulate matter (PM2.5. PMI0), ozone (O3). nitrogen dioxide (NO2),
sulfur dioxide (SO2). They directly contribute to the development of cardiovascular diseases by
increasing the risk of heart attacks. strokes, ¢tc. Some groups of the population are particularly
vulnerable and susceptible to the adverse effects of air pollution — these are children. the elderly
and those with existing health problems.

The impact of air pollutants also extends to the environment. They can damage ecosystems by
acidifying soils and water bodies, and harm plant and animal life. The impact covers not only the
change in the pH index to harmful values. but also dusting and the impediment of gas exchange
and photosynthesis in plants. This can threaten biodiversity by disrupting natural habitats and
affecting the survival of species, In addition, some air pollutants such as carbon dioxide (CO2)
and methane (CH4) appear as greenhouse gases that contribute to climate change.

I'he factors listed so far also have an economic impact, as they lead to increased healthcare
costs due 10 illness and hospitalizations. Another economic impact is reduced productivity. It
manifests itself in cases of reduced working capacity and loss of school days as a result of poor air
quality. Also. air pollutants can damage crops and reduce agricultural yields, resulting in a direct
economic impact. Polluted air can also lead to damage 10 infrastructure. They are expressed in an
increase in the degree of collapse of buildings and other facilities.

Traditional monitoring stations, while accurate. offer limited spatial resolution. It is
challenging for them to present accurate pollution data due to the dynamic nature of pollutant
dispersion. Satellites and LIDAR have low-resolution measurements. which means they can't
deteet subtle variations in air pollution. especially in urban environments. This makes it difficult
to identify hot spots with a high concentration of harmful substances in the ambient air. The
frequency with which satellites "visit" a particular place is limited, due to their specific nature of
action,

To overcome these challenges. it is necessary 10 perform in situ measurements using mobile
sensor platforms based on vehicles and drones. equipped with sensors 1o measure various ambient
air parameters, It is also possible 10 use portable devices that can be moved to monitor different
areas in the city. Remote measurement of parameters reflecting ambient air quality offers many
apportunities to improve the understanding and management of pollution. By combining diflerent
technologies and methods, more accurate and effective monitoring can be achieved. which will
help make informed decisions to protect the environment and public health,

This dissertation addresses the challenge of achieving high-resolution ambient air quality
monitoring over a wide area by developing and validating new methods and means of remote
sensing based on cheaper real-time sensor networks.

Purpose of the dissertation, main tasks and research methods

The aim of the dissertation is 10 research and develop the methods and means for the
implementation of systems for local and remote measurements of parameters reflecting the quality
of the ambient air using the Intemnet of Things (loT) and Cloud Computing.

To achieve this goal, the following tasks are set in this work:



1. Study of the methods and means for collecting. transmitting. processing and storing data
in systems for measuring parameters reflecting the quality of the ambient air, as well as the means
for their implementation,

2. To design and model a conceptually adapted architecture of an loT-based system for
measuring parameters reflecting ambient air quality.

3. To investigate the application of LoRaWAN in the implementation of systems for remote
measurement of parameters reflecting the quality of ambient air,

4. To integrate a system for measuring parameters reflecting the quality of ambient air to a
cloud environment and to study its scaling.

The research in the dissertation is focused on the methods of collecting. transmitting.
processing and storing data in systems for measuring parameters of ambient air quality. In addition.
the methods and means of integrating these systems through a cloud environment are analyzed.

Scientific novelty

The scientific novelty of the dissertation consists in the proposed S-laver loT model. which is
adapted for the purposes and needs of environmental monitoring. The introduction of a
"peripheral” laver allows traffic optimization and primary data processing. A hybrid network
topology is proposed. combining local sensor clusters operating on 433MHz LoRa. with a
backbone connection to the global network via 86 8MHz LoRaWAN., This approach provides high
flexibility in the placement of sensors in urban environments with challenging radio terrain. This
innovation improves the scaling of wireless sensor networks to monitor the parameters of ambient
air reflecting its quality. A hierarchical model of cloud integration is proposed. based on separating
the functions of network management (The Things Network) from the functions of applied
analysis and visualization (ThingSpeak). An analytical study has been carried out. on the basis of
which kev conclusions have been made about the applicability of the proposed system in the
deployment of dense sensor networks in urban environments,

Practical applicability

The results of the dissertation have significant practical applicability in the development of
intelligent sensor networks for monitoring atmospheric parameters in urban environments and the
construction of systems for monitoring key air indicators in real time. The analytical and
simulation studies and prototypes for mobile monitoring show the practical applicability of the
proposed innovations. Part of the practical work on the dissertation is within the framework of the
implementation of research projects within the Competence Center "Intelligent Mechatronie. Eco
and Energy-Saving Systems and Technologies.

Approbation

The work was reported in a completed form to the extended staff’ of the Department of
Computer Systems and Technologies of the Faculty of Economics, Technical University of Sofia.
Plovdiv Branch,

The results are presented to:
1. The scientific community:

» participating in the XXXI International Scientific Conference Electronics in
Sozopol Electronics - ET 2022

* participating in the XXXII International Scientific Conference Electronics in
Sozopol Electronics — ET 2022

* participating in the international conference TechSys (2025)
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Publications

Main achievements and results of the dissertation are published in 5 pes. scientific publications
in journals. 1 pe. of which in the scientific conference TechSys (2025) and was published in MDPI
EngProc 2025 in Q3 Scopus. Two are at the international conference Electronics — ET 2022 and
2023. indexed in Scopus. One publication is with independent participation and was published in
Scientitic Papers of the Union of Scientists in Bulgaria-Plovdiv, 2018.

Structure and volume of the dissertation

The dissertation is in the volume of 140 pages. including an introduction. 3 chapters on solving
the formulated main problems. a list of the main contributions, a list of publications on the
dissertation and references. A total of 114 literature sources is cited, 101 of which are in English
and 1 in Bulgarian, and the rest are Intemnet addresses. figures and 13 tables. The numbers of the

figures and tables in the abstract correspond to those in the dissertation.

1. CONTENT OF THE DISSERTATION
CHAPTER 1. OVERVIEW OF THE PROBLEM SOFTWARE

Intelligent sensor systems play a key role in monitoring ambient air quality. They use modern
technologies to collect. process and analyze data in real time, which allows for a quick response
10 changes in air quality and informed decision-making. The integration of the Internet of Things
(loT) and cloud technologies in the field of ambient air quality measurement systems offers new
opportunities to achieve high efficiency and optimization, which is an important task for the design
of intelligent air quality monitoring systems. This depends on both the hardware and the
algorithmic provision of the control systems, An adapted loT architecture can integrate various
components and technologies to ensure efficient data collection, transmission. processing. and
storage in intelligent air quality monitoring systems. Traditional remote sensing methods for
measuring ambient air quality, while powerful, have inherent limitations. Wireless sensor
networks in combination with low-cost sensors offer opportunitics to realize intelligent high-
resolution air quality monitoring systems for real-time air pollution levels. This is especially
valuable for tracking rapid changes in pollution levels, Low-value sensors are significantly lower
in cost than traditional monitoring equipment. making air quality monitoring more accessible to
communities and researchers. This allows for the deployment of much larger networks for the
same price.

CHAPTER 2. Methods and means for collecting, transmitting, processing and
storing data in systems for measuring parameters reflecting the quality of
ambient air

This chapter examines in detail the different approaches to ambient air monitoring and analyzcs
their advantages and limitations. At the same time. the methods and means of data transmission.
their storage and subsequent processing are considered. Each element of these tools plays a key
role in the successtul and precise collection. presentation and evaluation of the data obtained.
Figure 2.1 presents the workflow and the flow of data that is generated and

in this kind of systems for remote measurement of parameters indicating the quality of ambient
air.
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Figure 2.1. Workfow and data flow in environmental monitoring

The figure presents the sequence of the main stages in the operation of a system for remote
measurement of parameters characterizing the quality of ambient air, including collection,
transmission, processing, storage and visualization of the measured values.

2.1.4 Remote Measurement

Remote sensing methods are an integral part of modern global and regional air quality monitoring
strategies, complementing data from ground in-situ stations by providing large-scale spatial
coverage, These methods are based on the measurement of electromagnetic radiation reflected or
emitted from the Earth's surface and atmosphere, allowing for a quantitative assessment of
atmospheric pollutants by analyzing the spectral characteristics of light absorption and scattering
[52).

Despite their advantages for large-scale analysis, remote sensing methods have limitations related
to the presence of cloud cover that hinders optical measurements, as well as lower time resolution
(typically one pass per day for polar-orbiting satellites). Therefore. the integration of satellite data
with terrestrial sensor networks (Data Fusion) is seen as the most promising approach to achieving
a complete spatio-temporal picture of ambient air quality,

2.1.5 Low-value sensors

Monitoring of ambient air parameters plays a key role in understanding the processes and resulting
changes in the environment under the influence of ¢limatic factors and the impact of human
activity. Traditional ambient air quality measurement stations have high accuracy, but also have
some drawbacks — high cost of operation and maintenance. requirement for specially trained
personnel. limited coverage arca. In contrast, low-value sensors appear as a transformative
technology, allowing for widespread deployment and collection of real-time data at a fraction of
the cost of traditional measuring stations. These sensors are especially useful for remote
measurements. where their accessibility and scalability are a Key factor. Environments that have
such measurement requirements are usually densely populated urban environments or remote
areas. Budget air quality sensors are suitable for indicative measurements. i.e. for detecting "hot
spots” of pollution.

For these reasons, the rescarch focus will be on low-value sensors and their application in
measurements of air parameters in stationary and mobile wireless sensor networks. The selected
sensors were chosen not only because of their availability. but also because of their technological
diversity, in accordance with the research objectives and the possibility of conducting
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experimental tests. which will allow for a more detailed assessment of their effectiveness and
applicability.

2.1.5.1 CCSS811
'he sensor can measure two parameters of ambient air:
volatile organic matter as a sum of tVOC
* (02 equivalent carbon dioxide content

Volatile organic matter (VOC) is represented as the number of parts per billion (ppb). The CCS811
can measure VOC values ranging from Oppb to 1187ppb. According to the documentation, volatile
organic matter is measured as the sum of the concentration of @ mixture of air and a typical mixture
of VOC for confined spaces. In addition. the documentation states that the measured values will
differ from the true ones in case chemical compounds are present in the environment where
measurements of ambicent air parameters are carried out in a very different ratio than those intended
by the manufacturer. ¢C'O: measurement values range from 400ppm to 8192ppm.

Figure 2.1 shows the block diagram of the CCS811 sensor:
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Figure 2.2 CCSS11 Block Chart

I'he measuring element is of the metal oxide (MOX) class. Together with it, a microcontroller is
mtegrated into the housing, which, through its ADC. measures the voltage drop of the sensor
element. It is recommended by the manufacturer that CCS811 be used in combination with an
external temperature and humidity sensor in order to compensate for errors in the measured values
resulting from the environmental conditions in which the sensor is used.

2.2.2. Wireless methods of communication
Wireless data transmission methods are preferred when connecting loT sensors, as they allow for
fast. flexible. and cost-effective deployment of wireless sensor networks. They eliminate the need
for physical cables, which is especially useful in urbanized. remote or hard-to-reach areas.
Depending on the speed. range and power consumption, they can be classified into several groups:
*  Cellular networks (4G/SGINB-1oT/6G) Technologies such as LTE (4G) and 3G use
licensed spectrum. They offer high bandwidth. but are not energy-eflicient for sensors
transmitting small data packets, such as those used in ambient air monitoring. Narrowband
loT (NB-loT) is an optimized version for loT applications. Although NB-loT offers
excellent connectivity density, it consumes more power than LPWAN alternatives due to
the need for frequent synchronization with the base station and generates operating costs
(OPEX) for subscription fees.
*  Wireless Local Area Networks (WLANs). The 80211 family of protocols represent
standards for high-speed data transfer over close distances — up to about 100 m. Protocols
from this family are not efficient enough for autonomous sensors. due to the high

7



consumption in standby mode and the limited range. highly dependent on obstacles
between the transmitting devices and the gateway.

* Low Consumption, Long Range (LPWAN) networks, LoRaWAN (Long Range Wide
Area Network) is an LPWAN protocol operating in the unlicensed sub-gigahertz spectrum,
Using CSS (Chirp Spread Spectrum) modulation. LoRaWAN provides a star topology with
a radius of 2-5 km in urban environments, and 10-15 km in rural areas. eliminating the
need for complex cellular topologies such as in ZigBee,

Benchmarking shows that while ZigBee and BLE have their applications in smart buildings and
personal monitoring, LoRaWAN is the only technology that simultancously satisfies the
requirements of large range. low consumption. and scalability required for an autonomous urban
air monitoring system. C Table 2.1. the key parameters on the basis of which the LoRaWAN
protocol was selected for research are presented.

Table 2.1. Comparison between different wireless standards

Parameter Wi-Fi ZigBee BLE NB-loT LLoRaWAN
Topology Zvezda | Star/Cell Star/P2P | Zvezda ; Star of stars
Speed High Medium High Low Low
Scope Up to|From10to [00m |Upto50m | Over [0km From 2 to
! |
' 100m 15 km
i Energy High Medium Low Medium High | Low
| consumption
’ 3 |
Application | In Industrial/Smart Portable Critical Smart City |
buildings | Home devices infrastructure

2.5. Experimental test measurement results

For the purposes of the study, an experimental microcontroller system was built to monitor the
quality of ambient air. It uses low-value sensors from those discussed in the previous sections of
this dissertation — CCS811, BME280, MQ-135. The first two sensors were used as a module -
MOD-ENV of the company Olimex. The second sensor, the BME28(, measures temperature,
relative humidity and atmospheric pressure. The two measuring elements are connected via an 12C
interface to the control microcontroller. Both sensors provide the measured data in digital form.
which is a convenience when performing measurements, since it is not necessary to use the analog-
to-digital converter of the microcontroller used. The third sensor is the MQ-135, which is again a
device of the metal oxide class, with its interface being analog. The test device is based on the 8-
bit ATMEGA32U4-AU microcontroller. It controls the operating mode of digital sensors -
BME280 and CCS811. as well as the processing and storage of data in an SD card.
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Figure 2.9 Block diagram of the connection of the test device for collecting data on ambient air parameters

Figure 2,10 External view of the created prototype

Figure 2,11, The data obtained by the CCS811 sensor when measuring each second is presented,
with a total measurement time of 100 seconds. The graph shows the values for carbon dioxide

levels and those of the total amount of volatile organic matter.

Figure 2,11 Experimental field measurements with CCS811 in an arca with volatile organic matter sources

See Figure 2.13. A map of the points in the city of Plovdiv is presented, in which test
measurements of parameters indicating the quality of the ambient air have been made. As can be
seen from the figure, key streets and boulevards have been selected, where increased traffic of

vehicles s observed.
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Figure 2.13 Map of the measurement points

Figure 2.14 presents the arithmetic mean values of the experimental measurements made with the
mobile portable device.
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Figure 2.14 Arithmetic mean of measurements

Figure 2.15. the maximum, measured values during the test measurements are presented.
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Figure 2,15 Maximum measurement vilues

From the analysis of the results obtained from the ficld measurements. it can be concluded that
increased air pollution is observed in heavily congested urban intersections — points S and 6. On
the other hand. at intersections next to which green areas are located. there is a certain decrease in
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pollution. The proposed mobile device for indicative measurements allows marking "hot™ spots in
urban environments where there is increased air pollution.

CHAPTER 3. Application of loT Architectures in the Implementation of
Systems for Local and Remote Measurements of Parameters Reflecting
Ambient Air Quality

The Internet of Things (loT) offers significant advantages in the implementation of systems for
local and remote measurements of parameters reflecting ambient air quality. An adapted loT
architecture can integrate various components and technologies to ensure efficient data collection.
transmission. processing. and storage. The use of loT for remote measurements of ambient air
quality is a rapidly developing field with significant public health implications that allows for
effective environmental monitoring,

3.3, Adapted loT architecture for environmental monitoring

See Figure 3.2, a general view of loT architecture for environmental monitoring is presented. As
can be seen from the figure, the system uses a radio communication protocol in order to transmit
the measured data from the sensor devices to the base station. This protocol belongs to the group
of LPWAN standards that allow long-distance operation with low power consumption. Once the
data is received at the base station, it transmits it via IP protocol or through cellular networks, such
as Wi-Fi 10 the cloud environment, where the database is located to store and process the values.
In the cloud environment is also the application server. which serves to identify, authorize and
provide a convenient user interface for the end user. It has the ability to connect to the system via
a personal computer or mobile phone,

Wi Fi
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4G/5G

Data Base Aplication server

Figure 3.2. General view of the loT environmental monitoring system

A system for monitoring parameters indicating the quality of ambient air most ofien has 1o work
in an urban environment where there are many sources of ¢lectromagnetic interference. For this
reason, it is necessary 1o use appropriate radio communication methods that allow reliable and
secure communication. Sensors for measuring ambient air parameters are part of sensor devices
that can be installed in different parts of the city. or can be attached to a specialized drone. in order
to study the vertical distribution of target substances. as well as the distribution of temperature and
humidity in different areas of the surface layers of ambient air.




For the purposes of this dissertation. an adapted architecture for use in environmental monitoring
systems is presented. It builds on classic foT models, adding and changing layers while
maintaining the conceptual framework. The adaptation is necessary to take into account the
specific features of this type of system for measuring parameters indicating the quality of ambient
air.

In Figure 3.3. the proposed adapted IoT model for systems measuring ambient air parameters is
presented.

Application
Layer

NEOS—

—t

Cloud Laver

Edge Laver l

Data Flow

Data Link
Laver

Sensor Layver

Figure 3.3. 10T Model for Environmental Monitoring

It is proposed. through the introduction of a peripheral layer. the volume of data that is transmitted
is optimized. This is especially important because, in addition to the energy needed to power the
sensor devices, airtime is an even more valuable resource in dense urban wireless networks. The
peripheral laver can perform aggregation and compression of the data received by the sensors.

Based on the proposed 3-layer loT model. a hybrid architecture for an environmental monitoring
system has been built, It is presented in Figure 3.5,
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Figure 3.5 Hybrid architecture for an environmental monitoring system

In contrast to similar developments that use LoRa or another modulation/communication standard
[97. 98, 99]. the present dissertation proposes a hybrid model of the communication system. in
which an End measuring device is equipped with two modems — one operating on the standard
frequency band for the European Union around 868 MHz. and a second modem operating with
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[L.oRa modulation in the 433 MHz frequency band. This End device. called a hybrid End device.
can operate in two modes - as a relay device that relays the received data packets. or as one that
supports its own network of End devices. In the second case, it has access to the data it receives
and can aggregate it in order 1o optimize the use of the LoRaWAN network, as well as optimize
the energy used.

CHAPTER 4. Chapter 4: Application of LoRaWAN in the Implementation of

Measurement Systems for Parameters Reflecting Ambient Air Quality

With loT systems for remote monitoring of parameters indicating the quality of ambient air. sensor
networks are very often geographically dispersed over large areas. This necessitates the use of a
wireless communication protocol that allows communication over long distances. In addition,
sensor devices must be able to operate for extended periods of time without the need for
maintenance. especially in hard-to-reach areas. Sensor devices need to be optimized for operation
for a long time without the need to replace the power batteries. For the reasons listed, a method of
communication that meets these specific requirements is necessary.

The working hypothesis, which is proposed is that the LoORaWAN standard meets these
requirements and that with optimal configuration of the wireless sensor network, it is
possible to meet the environmental monitoring requirements specified above.

I'he LoRaW AN standard offers significant advantages in wireless sensor networks for measuring
parameters reflecting ambient air quality:

*  Long-distance communication — LoORaWAN features the ability to communicate over long
distances. allowing sensor devices 1o transmit data successfully over distances of several
kilometers, even in challenging environments. This is crucial for monitoring air quality in
remole or large areas.

*  Low Power Consumption - LoRaWAN is designed for low power consumption, allowing
sensors to run on batteries for extended periods of time. The achievement of low-power
communication with this standard is largely determined by the high maximum reception
sensitivity — reaching up to -148 dBm. combined with high immunity to interference and
noise in the radio environment, Successful reception of the sent data is possible even if the
target signal is up to -20dBm below the background noise level [100]. As pointed out by
P. Fraga-Lamas at al. [101], with stationary devices and the use of directional reception
antennas of the "Yagi-Uda" type, etc.. communication with very low radiation power is
achieved,

* Cost efficiency — low power requirements and simplifiecd LoRaWAN infrastructure
contribute 10 cost-effective deployment and maintenance of air quality monitoring
networks.

»  Scalability - LoRaWAN networks can accommodate a large number of sensors. making
them suitable for widespread air quality monitoring initiatives.

4.1 Key Features of the LoRaWAN Protocol

A wireless network based on LoRaWAN is based on two key components - LoRa and LoRaWAN,
The first component represents the physical layer, i.e. the specific modulation of the radio signal
that is used. The second component is the media access layer (MAC layer). which uses LoRa
modulation for reliable data transmission and reception. including endpoint management and
configuration, and builds the overall LoRaWAN protocol.

LoRa defines the spreading factor as follows [104]:

—
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Where SF. B, Rs, and T are spreading factor. bandwidth. speed of transmitted characters. and
duration of a chirp. In fact, it is the original basic element in this type of modulation and can be

described as follows:

: i =% T Ly
cm:{exp(}¢(t)) o s=t= = (4.2)
0 otherwise
where ¢(t) represents the size of the CHIRP phase. Instantancous frequency is defined as
1 de(®) (43)
f(o) = % dt

For linear chirps, such as those used in LoRa. the instantancous frequency is defined as follows:

fielt) = fe+uz.t. (44)

Where f. is the central carrier frequency. IF = 1 results in a linearly increasing chirp. while at
= =1 a chirp with a linearly decreasing frequency is obtained, and B corresponds to the
spectral density of the signal, as well as the difference between the minimum and maximum
instantaneous frequency of the chirp. For the received signal. afier LoRa modulation. the
dependence is valid [106]:

(4.0)

Rs - _Z-S?

Where: Rs is the transmission rate of the characters. BW is the bandwidth. and SF is the spreading
factor. From here we also get the speed of data transmission in bits per second:

R, = BW X R, X FEC (4.7)

Where Rb is the rate in bits per second, and FEC is the number of added bits for error correction
- Forward Error Correction. The rate of chirps Rc can be calculated as follows:

BW? (4.8)
R.=BW X R; = S5
As can be seen. depending on the set SF spreading factor, bandwidth BW and the number of error
correction bits added, the rate of transmitted data. Data Rate (DR) in bits per second, is obtained:

BW (4.9)
DR = §F x 27 x CR

The resulting signal is extremely resistant to interference and can be decoded even il it is up o
20dB below the threshold of background noise in the radio environment at the frequency band
used. In the receiver. the same sequence ol operations is performed on the signal in order to decode
it and restore the encoded information. Figure 4.4. a non-modulated and modulated signal with
LoRa modulation is presented [107]:
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Figure 4.4. Unmodulated and modulated LoRa signal [107]

On the left side of the figure is a non-modulated LoRa signal. It changes linearly from the lower
limit fiuie OF the frequency band used. to the upper limit fmax. and fc is the carrier signal. On the
right side of the figure is a modulated LoRa signal, using a spreading factor SF = 7 and modulating
several symbols, each of which contains SF bits. At SF = 7, we can have values between () and
127. When messages are sent from the gateway to the terminal devices, an inverted polarization
signal is used in order not to intertwine the two message streams ~ those from the terminal devices
to the gateway {uplink) and those in the opposite direction (downlink). On the basis of the
considered modulation. the LoRaWAN protocol is built. which appears as a media access layer in
refation to the OS1 model - Figure 4.5,

Application Layer

LoRaWAN MAC Laver

Figure 4.5. LoRaWAN Protocol Stack

As can be seen from the figure, different frequency bands are used for different regions of the
world. along with different rules for access to the radio spectrum.

4.2 LoRa/LoRaWAN Analytical Study in Urban Settings

If all possible combinations of parameters of the LoRa relationship are considered, it can be
concluded that their number is large, as according to Bohr & Roedig [111] they are 6720, This
value is obtained by taking into account the different transmission powers. combined with the
different spreading factors, bandwidth used, number of bits for correction, ete. This creates
challenges for their selection and configuration. There is a deficit in mathematical models and
algorithms. In the literature, different solutions to this resource management task have been
proposed. Due to the above factors, for the purpose of exploring the scalability of an environmental
monitoring system that uses a LoRaWAN communication protocol, it is proposed to make the
following assumptions:
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1. The measuring devices are located randomly, indcpén?lehtly and evenly in a circle
with a certain radius around one lock.

2. The end measuring devices are evenly located in a two-dimensional plane around the
gateway and radial symmetry is present, i.e. in each direction the average density of
the measuring devices is the same,

3, Data from end devices is sent once every hour.

Since LoRaWAN networks use the pure "ALOHA" (Pure ALOHA) method as a discipline for
accessing the network, the event of sending data from a terminal device can be modeled as a
random event. although this happens at finite specified intervals of time in the general case. If
approached in a way that allows the process to be considered largely random. such as introducing
random delay generation before sending the measured values. then the event of data transmission
from End Device can be modelled by Poisson Distribution. This is done in order to facilitate the
analytical study of the behavior of the network of devices, In ambient air quality monitoring
systems. sensor devices are positioned so that they cover a certain area evenly, This. in turn, allows,
for the purposes of the study of the percentage of successfully transmitted data packets. the location
and the number of sensor devices to be modeled using the mathematical apparatus of stochastic
geometry. combined with the Homogeneous Poisson Point Process [113]. Stochastic geometry as
a part of probability theory deals with the modeling and analysis of random spatial processes | 106.
107. 108]. The main tool of stochastic geometry is the point process. and the most commonly used
is the Poisson Point Process (PPP) [112]. It assumes that the points are distributed independently
of cach other and uniformly in space with a certain average intensity (density) ~ 4. In wireless
networks. this allows for the modeling of interference between individual transmitters. with their
positions modeled as PPPs. Another purpose for modeling stochastic geometry is to estimate
whether a point (in this case. a device) will have signal coverage. The analysis often involves
calculating average values of Signal to Noise Ratio (SNR) or Signal to Interference 1o Noise Ratio
(SINR) indicators.
For a reference transmitter located at a distance ro from the gateway, we get:

2
drs

&(ro)-_:exp(;g_o:_ri) X exp -An(—l-—);xpixf(a) (4.21)

Here two articles have a purely physical meaning:
o
e exp (-Gozro” ) — a component that is limited by background noise decreases with

distance
M v, b TR 1
o exp|—AnBFrg C(a) | - it is a component that is limited by interference between
transmitting devices. Grows as device density increases A.
Based on the derived analytical expressions. programs in the Python language were developed,
through which, using numerical methods, an assessment of the probability of the final LoRaWAN
sensor devices 10 successfully send the measured data is made. The aim of these studies is to

establish and cvaluate the feasibility of LoRaWAN. a wircless sensor-based network to be
deployed in an urban area with a high density of sensor devices.
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4.2.1. Urban LoRaWAN network research
A program using the Python language was created to conduct research using numerical methods.
Figure 4.10. The results obtained for the percentage of successfully sent data packet of 36 bytes at
different numbers of correction bits are presented. Data is sent every hour, and this is done at
random times within a 60-second window. Figure 4.10. The results obtained for the percentage of
successfully sent data packet of 36 bytes at different numbers of correction bits are presented, Data
is sent every hour, and this is done at random times within a 60-second window.
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Figure 4.10. Examine the quality of the connection at different number of bits for correction

Since the sending of a data packet is in unacknowledged mode. the chance of a successful
transmission increases if the data packet is resent one or two more times. The effect of
retransmissions can be seen in Figure 4.11.
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Figure 4.11. Impact of retransmissions
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Figure 4.18. Impact of the TX window for communication at a distance of S000m and number of LoRa\WAN
end devices — 5000
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Figure 4.21. Impact of the TX window for communication at different distances of the end devices from the
gateway in the center of the deployment circle and the number of LoRaWAN end devices - 10,000
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Figure 4.22. Impact of the TX window for communication at a distance of 5000 m and number of LoRaWAN
end devices — 30 000

When modeling the power consumption of LoRaWAN terminal devices, several modes of
operation can be distinguished:
* Transmission: the most encrgy-intensive mode when the device transmits data to the
gateway
* Receive: the device receives confirmation or gateway data if configured for two-way
communication
» Sleep: Lowest consumption mode when the device is idle
18



* Processing: energy spent on data processing or sensor control.
Energy consumption per eycle can be expressed as:

E=Ewx+Erx+EsleeptLproc. (4.22)

where:
* Etx: Energy to Transmit
* Erx: Energy to Take
* Esleep: Energy in Sleep Mode
*  Eproc: Energy for data processing
The results obtained are presented in Figure 4.26.
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Figure 4.26. Power consumption when working with different spreading factors — SF

4.3 LoRa/LoRaWAN Simulation Study

Scenario 1:

['he study is based on Europe's radio broadcast access rules, along with the requirement of the
LoRaWAN standard to broadcast in one percent of the total communication time. The data rate
of transmission of messages is set explicitly. as opposed to using an algorithm for adaptive one.
This allows vou to set the parameters of the connection - spreading factor and bandwidth. The 6
different spreading factors were studied and were set indirectly by the parameter "Data rate" -
from 0 10 5, in which it is used as a spreading factor from 12 to 7.

The scenario under study is a network of 100 LoRaWAN End Devices for measuring ambient air
parameters in a medium-sized city. They are randomly located in a circle around a gateway. The
radio connection at different radii of the end device deployment area has been studied. The
environment in which the devices are located is urban, which implies multiple obstacles such as
tall buildings. vehicles. etc. The shadowing model used is Okumura-Hata. as it can produce
reliable simulations in this Kind of environment. Two types of urban environment studies have
been carried out — a medium-sized city and a large city. The effect of gateway antenna height
was also studied. Figure 4 28 the results obtained at a gateway height of 20 meters are presented:

19



$51) el - SF10 49 bl o
Secoeanfuly reovin o pvchels v Bclance
CRO4S Gateway bodght  J0me Maad FT SeSME

i — _ —— - sy
! T

| L o
Ll A
! \
\ \
- : \
| & \
- 5| A
& \
» | Lt
- Al .
\
] \ <
w | ~
t
" .
; {0 -
- -
i’ | "~ *
W} !
- ! -~
i - .
; 7| -
! ’
S |
-
10} ~———y
sl . — — -— —
0 200 aw "X [N [Leel]
stamcr (m)

Figure 4.28. Connection guality in a medium-sized city

The graph represents the connection quality of a LoRaWAN network of End Devices that transmit
a data packet every hour for a period of 24 hours, All six spreading factors from SF6 to SF12 were
used at a transmit power of 12dB and a bandwidth of 125KHz. A transmission without
acknowledgment was used. because in the presence of such the quality of the radio connection
very quickly decreases with an increase in the density of the connected devices. and the so-called
"avalanche of confirmations” occurs. For the purpose of researching the proposed concept of
operating a Hybrid End Device. in addition to the standard LoRaWAN frequency band in Europe
of 868MHz. the results from the studies of operation in the 433MHz frequency band are presented.
Figure 4.30 shows the simulation study in a medium-sized city.
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Figure 4.30. Connection quality in # medivm-sized city and 433MHz operation

As could be seen from the figures. working in the 433MHz frequency band allows the devices to
be deployed at a great distance.



Figure 4.37, Appearance of the proposed mobile device
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Figure 4,36, Frame Format Data to Send via LoORaWAN
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Figure 4,39, Results of experimental data transmission at different points of communication

CHAPTER 5. INTEGRATION OF A SYSTEM FOR MEASURING
AMBIENT AIR QUALITY PARAMETERS TO A CLOUD ENVIRONMENT

I'he integration of cloud technologies into modern Internet of Things (loT) systems represents a
critical stage in the development of environmental monitoring infrastructures, In the context of
atmospheric pollution, where parameters such as fine particulate matter (PM2.5, PM10), nitrogen
dioxide (NO2). carbon monoxide (CO) and sulfur oxides {SO2) require continuous real-time
monitoring. the cloud environment offers the necessary scalability. computing power and long-
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term data storage. The choice of LoRaWAN (Long Range Wide Arca Network) as the
communication protocol for these systems is dictated by its ability to provide long-distance
connectivity at extremely low power consumption, allowing sensor nodes to operate autonomously
in urban or remote environments for vears.

5.3. The Things Stack V3 Conceptual Framework

The Things Stack (TTS) V3, developed by The Things Industries, is a modern, scalable, and secure
LoRaWAN network infrastructure. It serves both public networks and private industrial
installations. offering advanced device and gateway lifecvcle management features. For air quality
measurement purposes, the TTS V3 acts as a message deduplicator when multiple gateways
receive the same transmission from a sensor node. and as a security guardian through AES-128
encryption.
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Figure 5.1. LoORaWAN Gateway Registration on TheThingNetwork
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Figure 5.2, Messages received from the registered gateway

7?2



I ThingSpasak ™ Chmmeh * " Algs = Daios > Sippert =

- » . —

-

L

Figure 5.6. Experimental measurements visualized in the user interface of the ThingSpeak cloud service



SCIENTIFIC, APPLIED AND APPLIED CONTRIBUTIONS

The research presented in this dissertation can be summarized in the following scientific, applied
and applied contributions:

Scientific:

1. Analytical studies of LoRaWAN and the scaling capabilities of wireless sensors in urban
environments have been carried out. Optimization of data transmission is proposed. which
allows the deployment of wide-ranging networks for environmental monitoring.

Scientific and applied:

1. An analytical study of the scaling capabilities of a LoRaWAN wireless sensor
network is proposed.

2. A hybrid loT architecture adapted to measure parameters showing ambient air quality
has been proposed.

3. A simulation study and analysis are proposed in order to confirm the results
obtained from the analytical study.

4. Measurements of ambient air gquality at key points in urban environments are
proposed. The possibilities for the use of low-value sensors and their application in
indicative measurements of air quality are investigated,

Applied contributions:

1. A portable device for measuring parameters showing the quality of ambient air has
been designed and implemented.

2. A wireless portable device for measuring ambient air quality, which uses LoRaWAN
communication for data transmission, has been designed and implemented. Also. o
work with the measuring device. a mobile application has been implemented for
management and visualization of the measurement results obtained.
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SUMMARY

METHODS AND TOOLS FOR REMOTE MEASUREMENT OF PARAMETERS OF
THE AMBIENT AIR

Stefan Nikolaev Lishev

The increased urbanization with all of its advantages carries some challenges, one of
which is the low air quality. For urban planning continuous, spatially dense monitoring is
difficult to achieve with reference-grade instrumentation alone because of its cost. This
dissertation addresses the problem by developing methods and tools for the remote
measurement of atmospheric air parameters using networks of low-cost sensors, with
particular attention to the wireless communication infrastructure connecting the sensor
nodes to atmospheric monitoring systems.

The proposed measurement system is built around low-cost sensor nodes that acquire
several almospheric parameters — particulate matter (PM2.5 and PM10), eCOz, TVOC,
temperature and humidity, and transmit the collected data over the LoRaWAN protocol.
As the sensors used are not of reference-grade accuracy, the goal of the measurements
is indicative rather than metrological. This makes possible dense spatial coverage at iow
cost. An adapted Internet-of-Things (loT) model is proposed for integrating such sensor
nodes into atmospheric monitoring systems, covering the data path from the sensor node,
through the LoRaWAN network infrastructure, to cloud-based platforms.

A substantial part of the dissertation investigates the quality of the wireless link under
real urban propagation conditions and the scalability of the resulting monitoring networks.
Examinations are made on empirical hardware measurements, NS-3 network
simulations, and analytical modelling using stochastic geometry.

To overcome limitations such as duty cycle restriction of 1% for Europe, or spectrum
congestion, a hybrid communication model is proposed, combining the standard EU 868
MHz band with the EU 433 MHz band in order to increase the scalability of the system.
Under this model, one or more LoRaWAN sensor end devices can self-organize into a
subordinate LoRa network operating on the lower frequency band. The data collected
within that sub-network are then relayed onward through the standard EU 868 MHz
LoRaWAN means. This offloads traffic from the more constrained 868 MHz band and
aliows the overall system to support a larger number of sensor nodes within the applicable
spectrum regulations.

In addition, the analytical part of the study proposes a mechanism for limiting collisions
during the transmission of measurement data, Instead of transmitting immediately once
a measurement is available, each device selects a random moment within a defined time
window of several minutes in which to send its data. Because atmospheric processes
change slowly relative to such short intervals — that is, they are inertial — this
randomization introduces no meaningful loss of representativeness or timeliness in the
measured data, while substantially reducing the probability that two or more devices
transmit at the same time and collide.

Together, the adapted loT model, the hybrid dual-band (EU 868/433 MHz)
communication scheme, and the collision-mitigation mechanism form a coherent
methodology for building scalable, low-cost LoRaWAN-based networks for remote
atmospheric air monitoring, validated through a combination of empirical measurement,
network simulation, and analytical modeliing.



