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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Ik gadu Latvija un pasaulé pieaug objektu un teritoriju (autocelu, aizsprostu, tiltu, parvadu,
dambju, dzelzcelu, €ku, u.c. objektu) skaits, kuros nepiecieSams veikt dazada veida reala laika
tehniska stavokla uzraudzibu. Ka arT pedgjas desmitgades laika aizvien lielaka loma tiek pieskirta
dazadu procesu un objektu uzraudzibai, publiskas infrastruktiiras droSibas nodrosinasanai ar dazada
tipa sensoru palidzibu[1-3]. Ta ka uzraudziba biezi javeic lielos attalumos vairakas vietas vienlaikus,
korozgjosa vide ar elektromagnétisko interferenci vai vidé bez elektrobarosanas, tad optiskie FBG
sensori ir piem&roti $adai uzraudzibai[4-10].

Optiska tikla infrastruktiira miisdienas netiek pilnveértigi izmantota un noslogota. Autors saskata
augstu potencialu §Ts infrastruktiiras izmantoSanas klasta papildinasanai ar $kiedru optisko sensoru
risinajumiem. Nemot vera, ka optiska tikla infrastruktiira izvietota pie / tuvu autoceliem, tiltiem,
tuneliem, dzelzceliem, dambjiem, u.c., tad to var izmantot ka parraides vidi, lai veiktu So
infrastruktiras objektu uzraudzibu. Sadiem uzraudzibas risinajumiem var izmantot “tumgas” optiskas
§kiedras Iinijas vai ekspluatétam linijam, izmantojot brivos frekvendu diapazonus. Sadu risindjumu
turpmakajai attistibai biis svarigi izstradat augstvertigus optiskos FBG sensoru tiklus liela attaluma
(40+ km) uzraudzibas risingjumiem, nodrosinat sakaru un sensoru risinajumu kopdarbiba, un

kvalitativu sensoru integracija infrastrukttiras objektos (piem., celu seguma) uzraudzibas veikSanai.

Lai labak novértétu t€mas aktualitati, tika veikta analize Scopus datu bazg pieejamajiem
zinatniskajiem rakstiem. Rakstu meklé$ana tika veikta pec raksta nosaukumiem, atslégvardiem un
kopsavilkuma ar atslégtas vardiem “Skiedru optiskie sensori” un “Skiedras Brega rezga sensori”.
Pedgjas desmitgades laika ar atsl€gtas vardiem “Skiedru optiskie sensori” tiek vidgji publicéti 3130
zinatniski raksti, bet ar “Skiedras Brega rezga sensori” — 1052. Detaliz&ta dinamika pa gadiem tiek

attélota attéla.
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Augstais pieejamo zinatnisko rakstu skaits, raksturliknes augo$a dinamika un autora zinatnisko

rakstu [9,11] augsta citgjamiba liecina, ka p&tniecibas t€ma paslaik un nakotng biis aktuala un veicinas

tehnologiju attistibu.

Merkis, uzdevumi un aizstavamas tézes

Promocijas darba meérkis: veikt Skiedru optisko Brega rezga sensoru tiklu integraciju $kiedru

optiskajas sakaru sistémas, un novértét FBG sensoru pielietojumu autocela reala laika uzraudzibai.

Darba mérka sasnieg§anai tika definéti sekojosi uzdevumi:

1.

Novertét optisko sensoru tipus, galvenos parametrus, darbibas principu Un integracijas iesp&jas
eksistejoso optisko tiklu infrastruktiira un to pielietojums.

Ar matematiskas modelé$anas programmas palidzibu noteikt piemérotakos parametrus
optisko FBG sensoru tiklu un liela attaluma uzraudzibas risinajumiem.

Eksperimentali un matematiskas simulacijas vidé integrét FBG sensorus Skiedru optiskajas
sakaru sisttmas un novertet to kopdarbibu.

Veikt optisko FBG deformacijas un temperatiiras sensoru iestradi (cela segas virskarta, saites
un stabiliz&tas kartas slani ar recikl&tu asfaltbetonu) reala autocela posma.

Eksperimentali novertet transportlidzek]a radito deformaciju novertejumu reala laika autocela

seguma dazados slanos.

Aizstavamas tezes:

1

Lai izveidotu FBG sensoru tiklu uzraudzibas risinajumu darbibai vismaz 40 km attaluma, ir
janodros$ina signala atstarojamiba vismaz 90%, SLS>20 dB un FWHM<0,2 nm.

Ir iespgjams izveidot hibridu uz viena platjoslas gaismas balstitu 32 kanalu 10 Gbit/s SS-WDM
PON ar integrétu piecu FBG skiedru optisko sensoru tiklu risinajumu, nodroSinot
nepiecieSamo uztverta signala kvalitati pie parraides ltnijas garuma 20 km.

FBG optiskos temperatiiras un deformacijas sensorus var integrét autocela stabilizetas kartas
slanT ar reciklétu asfaltbetonu, lai veiktu redla laika transportlidzeklu radito deformacijas

novért&jumu un tehniska stavokla uzraudzibu.
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Zinatniska novitate un galvenie rezultati

1. Izstradats 40 FBG sensora tikla matematiskais modelis, kas nodro$ina uzraudzibu vismaz 40
km attaluma.

2. lIzstradata uz viena platjoslas gaismas avota balstita 32 kanalu 10 Gbit/s spektrali sagriezta
Skiedru optiska sakaru sistéma ar integrétu 5 FBG sensoru tiklu risindjumu.

3. lIzstradats tehnologiskais risinajums optisko FBG sensoru integré$anai autocela virskartas,
saites un stabilizétas kartas slani ar reciklétu asfaltbetonu, lai veiktu temperatiiras un
transportlidzek]u radito deformacijas novertgjumu reala laika.

4. lzstradata metode FBG deformacijas sensoru kalibracijai, lai veiktu autotransporta radito

deformaciju novertésanu.

Promocijas darba iegiitie rezultati tika izmantoti:

1. ERAF, “RTU inovaciju granti studentiem” RTU un LMT Industrialais doktorants,
1.1.1.3/18/A/001, 01.07.2019 — 31.07.2022.

2. RTU zinatniski pétnieciskais projekts, “Skiedru optiskie FBG sensori autocelu tehniska
stavoklu uzraudzibai”, B4223, 02.01.2020 — 31.12.2020 (projekta zinatniskais vaditajs)

3. ERAF PIP “Pasivi Skiedru optiskie sensori energoefektivai transporta infrastrukttiras tehniska
stavokla uzraudzibai” 1.1.1.1/16/A/072, 01.03.2017 — 01.03.2020.

4. RTU zinatniski petnieciskais projekts “Kombingtas energoefektivas Skiedru optiskas datu
parraides un sensoru sistémas izstrade”, B4000, 07.01.2019 — 06.01.2020.

5. RTU zinatniski pétnieciskais projekts, “Eksperimentala daudzfunkcionala skiedru optisko
sensoru sist€mas risinajuma izveide”, B3472, 15.01.2018. — 31.12.2018.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa, kas veltita
pétijumiem par Skiedru optisko FBG sensoru matematiska modelésana, integracija Skiedru optiskajas
sakaru sisttmas un pielietojumu autocela reala laika uzraudzibai. Promocijas darbs apkopo 5
originalpublikacijas Zurnalos, 4 zinatniskas konferences (indeksétas Scopus, IEEE vai Web of

Science), viena monografija un viena Latvijas Republikas patenta.
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Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti 5 zinatniskajos originalrakstos, viena monografija,
viena Latvijas Republikas patentd. Darba rezultati prezent&ti 4 zinatniskas konferences (indeks&tas
Scopus, IEEE vai Web of Science).

Zinatniskas publikacijas Zurnalos:
1. J. Braunfelds, U. Senkans, P. Skels, R. Janeliukstis, J. Porins, S. Spolitis, V. Bobrovs, Road
Pavement Structural Health Monitoring by Embedded Fiber Bragg Grating Based Optical
Sensors, Sensors, 2022, pp.1-13. DOI: 10.3390/s22124581.

2. J. Braunfelds, E. Haritonovs, U. Senkans, I. Murans, J. Porins, S. Spolitis, Designing of Fiber
Bragg Gratings for Long-distance Optical Fiber Sensing Networks. Modelling and Simulation
in Engineering, 2022, pp.1-13. DOI: 10.1155/2022/8331485.

3. J. Braunfelds, U. Senkans, P. Skels, R. Janeliukstis, T. Salgals, D. Redka, I. Lyashuk, J.
Porins, S. Spolitis, V. Haritonovs, V. Bobrovs, FBG-Based Sensing for Structural Health
Monitoring of Road Infrastructure (2021) Journal of Sensors, 2021, art. no. 8850368. DOI:
10.1155/2021/8850368.

4. J. Braunfelds, K. Zvirbule, U. Senkans, R. Murnieks, I. Lyashuk, S. Spolitis and V. Bobrovs,
Application of FWM-based OFC for DWDM Optical Communication System with Embedded
FBG Sensor Network, Latvian Journal of Physics and Technical Sciences, 2021, pp.14.
(apstiprinata public€sanai).

5. U. Senkans, J. Braunfelds, I. Lyashuk, J. Porins, S. Spolitis, V. Bobrovs, Research on FBG-
Based Sensor Networks and Their Coexistence with Fiber Optical Transmission Systems
(2019) Journal of Sensors, 2019, art. no. 6459387. DOI: 10.1155/2019/6459387.

Zinatniska monografija:

1. J. Braunfelds, S. Spolitis, J. Porins, V. Bobrovs, Fiber Bragg Grating Sensors Integration in
Fiber Optical Systems, IntechOpen, 2020, DOI: 10.5772/intechopen.94289.

Darba rezultati prezenteti zinatniskajas konferences (indekséti Scopus, IEEE, Web of Science):

1. J.Braunfelds, U. Senkans, P. Skels, I. Murans, J. Porins, S. Spolitis, V. Bobrovs, Fiber Bragg
Grating Optical Sensors for Road Infrastructure Monitoring Applications, (2022) Optics
InfoBase Conference Papers, Applied Industrial Optics, pp.1-2,
DOI:10.1364/A10.2022.W1A.2.
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2.

J. Braunfelds, U. Senkans, I. Lyashuk, J. Porins, S. Spolitis and V. Bobrovs, Unified Multi-
channel Spectrum-sliced WDM-PON Transmission System with Embedded FBG Sensors
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IEVADS

Misdienas liela dala iedzivotaju saprot, ko nozimé termins “optiskais internets”. Lai lietotajam
nodro$inatu $adu pakalpojumu, tiek izmantota optiska Skiedra, pa kuru tiek veikta informacijas
parraide. Attistoties tehnologijam optisko Skiedru pielietojumu klasts pieaug, un viens no $adiem
risinajumiem ir $kiedru optiskie sensori.

Optisko Skiedru izmanto$ana sensoru risinajumos tika novérota jau 1970. gada. Tas kluva
1966. gada [12]. 20.gs 90. gadu sakuma saka pielietot optiskos sensorus, ar ko vargja mérit
temperattru, deformaciju, spiedienu u.c. parametrus. Savukart, 21. gs. sakuma plaSu pielietojumu
ieguva optiskie sensori, kuri méra temperatiiru visa Skiedras garuma, un tas lava naftas un gazes
kompanijam noverot savus tiklus un noverst bojajumus daudz laicigak. Buivnieciba skiedru optiskie
sensori tika izmantoti, lai noveérotu kritiskos punktus €kas, un laicigi veiktu remontdarbus. Laikam
ejot, arvien vairak tiek domats par procesu efektivitati, automatizaciju, un Skiedru optiskie sensori sak

ienemt arvien lielaku lomu.

Kops §T laika progress ir bijis ievérojams, un misdienas ar optisko Skiedru sensoru palidzibu ir
iespgjams veikt visdazadako parametru izmainu meériSanu, tadus ka deformacija, spiediens,
temperatiira, parvietojums, vibracija, paatrinajums, rotacija, Skidruma Itmenis, mitrums, stravas
stiprums, kimiskais sastavs un daudzus citus parametrus [12]. So sensoru attistiba liela nozime bija
optisko Skiedru priekSrocibam, salidzinajuma ar citu veidu sensoriem, piem&ram, augsta jitiba,
imunitate pret elektromagnétisko interferenci, pasivi sensori, vieglums un kompaktums, noturiba pret
ktmiskam vielam, multiplekséSanas iesp€jas, piemeérotiba noverot izmainas attalinati lielos attalumos,
sensoru trukums ir salidzinoSi augstas izmaksas, biezi gala lietotaji nav informé&ti par Sadiem
risinajumiem.

Optiskas skiedras sensorus iedala 2 lielas grupas: iek$gjie un argjie skiedru optiskie sensori.

Aréjie $kiedru optiskie sensori

Argjiem Skiedru optiskiem sensoriem optiskais signals izpliist arpus optiskas $kiedras, un tiem ir
nepiecieSams sensora elements $kiedras gala. Materials, kas maina savus optiskos parametrus,
pieméram, - lauSanas koeficientu, absorbé&sanu, fluorescenci, atstaro$anos, U.C., lauj izveidot plasu
skaitu sensoru, balstoties Uz uzraugamo parametru. Argjie Skiedru optiskie sensori miisdienas
joprojam ienem svarigu vietu kopgja optiskas skiedras sensoru klasta. Pamata ar€jos skiedru optiskos
sensoros izmanto divu $kiedru savienojuma sensorus un Fabri-Pero interferometrus [17].

Divu optisko skiedru savienojuma sensors balstas uz principu, kur parraiditais optiska signala stars
iedarbojas uz kadu noteiktu vielu. No vielas stars tiek atstarots, un uztverosais bloks analizg vielas
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iedarbibu uz staru, nemot véra uzraugamos parametrus. Atkariba no uzraugadma parametra, atstaroto
signalu var parraidit pa to paSu vai citu optisko 3kiedru. Sada veida sensorus var izmantot

temperatiiras, parvietojuma, spiediena un vibraciju uzraudziba [18-20].

Pateicoties zemajam razoSanas izmaksam un kompaktiem izmériem, Fabri-Pero interferometrs ir
viens no pirmajiem un visbieZak izmantotais ar&jais optiskas Skiedras sensors. Fabri-Pero
interferometra darbibas pamata ir divas paral€las atstarojoSas virsmas ar noteiktu attalumu starp tam,
kuru parsvara aizpilda gaisa dobums [21-23]. Sensora trikumi ir saistiti ar savienoSanas efektivitati
un to kalibrésanu [24]. Sada veida sensorus izmanto spiediena (piem., gazes, betona un

kompozitmaterialu konstrukciju), punktveida temperatiiras, ultraskanas uzraudziba [25-29].

Ieksgjie Skiedru optiskie sensori

leksgjie skiedru optiskie sensori izmanto optisko Skiedru ka sensora elementu. Ieks$gjie Skiedru
optiskie sensori tiek iedaliti makrolocTjumu un mikrolocijumu sensoros, Skiedras Brega rezga sensoros
(FBQG), ka arT uz Releja, Ramana un Briljona izkliedi balstitos sensoros.

MakrolocTjumu un mikrolocTjumu sensori ir intensitates modul@tie sensori, kas balstiti uz optisko
Skiedru salocisanu. MikrolocTjumu sensoru pamata optiska Skiedra tiek ievietota starp divam zobveida
deformacijas platém. Atkariba no zobveida deformacijas platnes, zobu izvietojumu var pielagot
sensoru dazadiem mérijjumiem, pieméram, deformacijas, spiediena, atruma, paatrinajuma, Smaguma,

tos izmantot sensora tikla risindjumos — vietas, kur mérfjumi javeic vairakos punktos [19, 30-32].

Makroloctjumu sensoru gadijuma loctjumu radiuss ir daudzkart lielaks neka mikrolocTjumu
sensoru gadijuma, sasniedzot 10-30 mm (atkariba no izmantota vilpa garuma diapazona).

Makrolocijumu sensoru darbiba pamata balstita uz vienu vai vairdku locijumu cilpu principu.

neka mikrolocijumu sensoru gadijuma, kas lauj tos multipleksét un izmantot sensoru tiklos [33-39].

Skiedru optisko izkliedes (Releja, Ramana un Briljuéna) sensoru gadijuma optiska $kiedra tiek
izmantota gan ka parraides vide, gan jutiga komponente. So sensoru gadijuma optiska dkiedra visa
garuma darbojas ka sensors. Atskiriba no citiem sensoriem, izkliedes tipa sensoriem nav javeic
nekadas modifikacijas, lai optiska Skiedra kalpotu par sensoru, tomér jaizmanto augstas jutibas signala
uztverosas iekartas.

Releja izkliedes procesa atstarota signala jauda ir proporcionala parraidama signala jaudai, kas ir
apméram vienada ar A* [40]. Releja izkliedé energija netiek nodota skiedrai, turklat gaismas izkliedes

ietekm@ nemainas signala frekvence, tapec ta tiek uzskatita par elastigo izkliedi attieciba pret
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parraidamo signalu. So sensoru trilkums ir Releja izkliedes atstarotais signals ar zemu signalu jaudu
(vairaku desmitu dB vajaks neka ievades signals) [40]. Neatkarigi no trikuma, $adus sensorus izmanto
temperatiiras, deformacijas, vibracijas [41], mitruma [42], radiacijas [43], u.c. uzraudzibai. Butiski
atzimét, ka uz Releja izkliedi ir balstita optiska laika apgabala (OTDR) tehnologija, kura tiek
izmantota optisko Iiniju uzraudziba (optisko linijas ienesta vajinajuma un bojajumu vietu noteiks$anai).
Ja mikrolocijumu un makrolocijumu sensori tiek izmantoti tiklu risindgjumos, tad uzraudzibas
nodro§inasanai ari tiek izmantots OTDR. Misdienas un nakotné biis aktuala vairaku optisko skiedru
sensoru tehnologiju un risinagjumu apvienosana viena (pieméram, OTDR un FBG [44]), tadgjadi

nodros$inot vél plasaku uzraudzibas klastu.

Optisko $kiedru sensori, kas balstiti uz stimuléto Briljuéna izkliedi (SBS), tiek izmantoti
temperatiras un deformacijas uzraudzibai visa skiedras garuma. Skiedru optiskie Briljuéna sensori ir
balstiti uz neelastiga izkliedi, kur izklied&tam vilnim rodas frekvences / vilpa garuma nobide [45-46].
SBS balstiti sensori, atkariba no realizacijas principa un nepartraukta (CW) lazera novietojuma, tiek
iedaliti: Briljuéna optiska laika apgabala reflektometrs (BOTDR) un Briljuéna optiska laika apgabala
analizators (BOTDA) [40, 46, 47, 49]. BOTDA gadijuma impulsveida un CW lazera signals izplatas
pret&jos virzienos [40,49]. ST frekvences / vilpa garuma nobide ir atkariga no temperatiiras un
deformacijas izmainam, kas lauj tos izmantot sensoru risinajumos. BOTDR gadijuma sensoru
uzraudzibas diapazons ir 20-50 km, bet BOTDA gadijuma var sasniegt pat 200 km [40]. Telpiska
iz8kirtsp&ja BOTDR gadijuma ir ap 1m (atkariga no Sensoru uzraudzibas diapazona), bet BOTDA
gadijuma — 2 cm (pie sensoru uzraudzibas diapazona ir 2 km) [50], un 2 m (pie 150 km) [49, 51].

Optisko Skiedru sensori, kas balstiti uz Ramana izkliedi, tiek izmantoti temperattiras uzraudzibai
visa Skiedras garuma. Konkrétajos tehnologiskajos risinajumos tiek plasi izmantota betona
konstrukciju, gazesvadu, fidens apgades sistému uzraudziba [40, 52]. Sensoru uzraudzibas attalums
var sasniegt pat 37 km. Telpiska iz8kirtsp&ja ciesi atkariga no sensora uzraudzibas attaluma, pie 1 km
telpiska iz8kirtsp&ja ir 1 cm, bet pie 37 km — 17 m [49, 53, 54]. Pétijumu rada, ka Skiedru optiskos
Ramana izkliedes sensorus var izmantot temperatiiras uzraudzibai péc 26 km attaluma pa SMF ar
precizitati 3°C un telpisko iz8kirtsp&ju 1m [55], bet izmantojot gradienta tipa mazmodu optiskas
Skiedras (GI-FMF) var veikt uzraudzibu 25 km attaluma ar precizitati 1°C un telpisko izskirtsp&ju
1,13 m [56,57].

Skiedras Brega rezga atklasana ievérojami veicinaja optisko $kiedru sensoru un telekomunikaciju
nozares attistibu. Skiedras Brega rezgis tiek izveidots, ka lausanas koeficienta izmaipas optiskas
Skiedras serdeni (gareniskas ass virziena). FBG ir plasas pielietojuma iespgjas, piem&ram, dispersijas
kompensg&Sanas, optisko filtru, Skiedru optisko pastiprinataju, lazeru, multipleksoru, demultipleksoru,
sensoru risinajumos, u.c. [58]. Atstarotais Brega vilna garums ir jutigs pret dazadiem fizikaliem
parametriem, tapeéc FBG var izmantot ka optisko sensoru, lai uzraudzitu, noteiktu fizikalo parametru

izmainu laika. FBG ir kvazi izkliedéti sensori, kas lauj tos vienkarsi multipleks&t — izmantot sensoru
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tiklu risindgjumos (tipiski ap 100 sensoriem, bet izmantojot CDM-WDM var sasniegt pat 1000
sensorus) [59]. FBG sensoru telpiska iz8kirtsp&ja ir vienada ar rezga garumu (tipiski 2-10 mm, retakos
gadijos sasniedz Iidz 20 mm). Nolasu frekvence standarta signala apstrades iekartam ir lidz 1 kHz,
retakos gadijumos sasniedz 5 kHz. FBG sensorus var izmantot dazadas nozar€s, lai veiktu
temperatiiras, deformacijas, parvietojuma, spiediena, vibraciju, u.c. fizikalu parametru uzraudzibu
[48, 60-65]. FBG sensori ir visplasak izmantotie (2/3 gadijumos) optiskie sensori objektu (piem. tiltu,
dambju, celu, €ku, caurulvadu, u.c.) tehniska stavokla uzraudzibas risinajumos [49, 66, 67].

Lai izprastu optisko sensoru lomu un radito ietekmi uz uzraudzibas un telekomunikaciju nozari, ir

nozimigi tos klasificét péc darbibas principa, telpiska novietojuma un pielietojuma veida [12, 68-69].
Sensori péc darbibas principa jeb modulacijas veida tiek iedaliti[14-15,70]:
o Intensitates modulétie sensori — parametru izmainu nosaka pec signala intensitates;

e Fazes modulgtie, jeb interferometriskie sensori — parametru izmainu nosaka p&c signala
fazes;
e Polarizacijas modulgtie, jeb polarimetriskie sensori — parametru izmainu nosaka péc

signala polarizacijas stavokla izmainas;

® Vilpa garuma, jeb spektrometriskie sensori — parametru izmainu nosaka p&c signala vilpa

garuma izmainas [12].

Optiskos sensorus péc novietojuma principa iedala [14-15,70, 71]:
e Punkta tipa sensori — mé&rTjums tiek veikts viena punkta;

e Kvazi izklied@ti sensori — m&rfjumus veic vairakos punktos (sensoru tikls);

o Izkliedg@ti sensori — visa optiska Skiedra darbojas ka sensors.

P&c konkréta pielietojuma optiskos sensorus iedala [14-15, 70]:
o Fiziskos (temperatiira, spiediens, deformacija, atrums, u.c.);
o Kimiskos (pH, gazes analize, spektroskopija, u.c.);

¢ Bio-mediciniskos (asins pliisma, glikozes saturs, u.c.).

Skiedras Brega reZga sensori

FBG sensoru pielietojuma karte, balstoties p&c sensoru uzraugama parametra, tiek attélota 1. att.
Visplasak optiskie FBG sensori tiek pielietoti deformacijas un temperatiiras mérjjumiem dazdu
autocelu [11, 72-79], dzelzcela [80-91], &ku [92-100], kompozitmaterialu [90, 101-110] un
mediciniskos [111-118] uzraudzibas risindgjumos. Dzelzcela, autocelu, €ku un kompozitmaterialu
gadijuma deformacijas sensori galvenokart tiek izmantoti konstrukciju uzraudziba [81-83, 86-88, 90-
-101, 104, 107-110, 119], savukart medicina fiziologiska [112-114, 117], elpcelu un sirdsdarbibas
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[111, 113] uzraudziba. Temperatiras sensori tiek izmantoti temperatiiras izmainu kompensacijai FBG
(deformacijas, parvietojuma, vibracijas, spiediena, u.c.) sensoriem, ka ari temperatiiras [120, 121,
123] un tehniska stavokla uzraudziba [73, 93, 121, 122, 124].

FBG vibracijas sensori galvenokart tiek pielietoti ellas un gazes industrija [125, 126], SHM [127-
130], ka ari 2 un 3 dimensiju vibracijas uzraudzibas risingjumos [125, 127, 131-137].

Savukart FBG spiediena sensori tiek pielietoti caurulvadu [138-140], tvertnu [141], dzilurbumu
[124] uzraudziba. Pé&tijumos relativi biezi tiek prezentéti dazadi izstradatie spiediena (t.sk.
divdimensiju un trisdimensiju) sensori [142-149] uzraudzibas risindgjumiem.

FBG parvietojuma sensori péc darbibas diapazona tiek iedaliti mikroparvietojuma (I =0 —
10 mm) un parvietojuma (I > 10 mm) sensoros. Mikroparvietojuma sensori ir retak izplatiti, tie tiek
izmantoti konstrukciju [150-153] un augsnes [154] parvietojuma uzraudziba. Savukart parvietojuma
sensori tiek pielietoti ripniecibas [155-159], dzelzcela [160-162] un medicinas [111] risinajumos, ka
arT bavkonstrukciju [153, 163-166] un zemes parvietojuma [153, 167-169] uzraudziba.
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148,202,203]; e Augstu temperatiru uzraudziba
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3-dimensiju uzraudziba [143];
Spiediena uzraudziba [142, 144-147, 149].

Elpo3anas, sirdsdarbibas o Deformaciju uzraudziba (80, 82,

uzraudziba [111, 113] 84, 85, 90]
Biomedicina [112, 115, 116, 118] ® Plismu uzraudziba[ 80, 84, 89, 91,
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114,117)
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+300°C [120, 121, 123]
e SHM[121, 73,93, 122, 124]

Parvietojums
Transports [125, 198]

Drogibas risinajumi [197]

Ellas un gazes industrija [125, 126]

SHM [128-130]

2-dimensiju uzraudziba [125,127,131,132,137]
3-dimensiju uzraudziba [125, 133-136]

= Parvietojuma
Deformacija
Dzelzcela risindjumos [160-162]
Bavkonstrukciju parvietojumu
uzraudziba [153, 163-166]
RUpnieciba [155-159]

Zemes parvietojuma uzraudziba
[153, 167-169]

Medicina [111]

.

® Augsnes parvietojuma
uzraudziba [154]

e Konstrukciju parvietojumu

uzraudziba [150-153]

Kompozitmateriali

e Materidla konstrukciju uzraudziba
[90, 101, 104, 107-110]

e Plats uzraudziba [103,105, 106]

e Deformaciju uzraudziba [102]

LY .

Transportlidzeku radito
deformaciju novértéjums [11, 72-
75,79]

Risu veidosanas [76]

Svérsana gaita [77, 78]

Satiksmes plasmu uzraudziba [79]

e Konstrukciju uzraudziba
[92-100]

1.att. Skiedras Brega rezgisensoru pielietojuma karte
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PROMOCIJAS DARBA GALVENIE REZULTATI

Doktoranttiras laika veikti pétijumi ar mérki noteikt piemérotakos Skiedras Brega rezga
parametrus sensoru tiklu un liela attaluma uzraudzibas risindjumiem, novertet dazada tipa optisko
sakaru sistému savietojamibu un kopdarbibu ar FBG sensoru risindgjumiem un noveértét $o sensoru

pielietojumu autocelu infrastruktiiras uzraudziba reala laika.

1. SKIEDRAS BREGA REZGA PIEMEROTAKO PARAMETRU
NOTEIKSANA SENSORU TIKLU UN LIELA ATTALUMA
UZRAUDZIBAS RISINAJUMIEM

Lielaka dala tirgh pieejamie optiskie FBG sensori ir ar zemu pamatsignala un sanjoslu jaudas
attiecibu (SLS) (tipiski SLS <15dB [170-171]) un /vai zemu atstarojamibu (tipiski 7-40% [170,172]),
un aiznem plasu spektralo joslu (FWHM>0,3 nm [171]), kas nelauj $os sensorus augstvertigi izmantot

attalinatai uzraudzibai lielos attalumos (vismaz 40 km) un pielietot sensoru tiklu risindgjumiem.

Zinatniskos rakstos [173,174] tiek veikti p&tijumi, kur matematiskas simulacijas programmas tiek
modeléti FBG rezgi sensoru tiklu risinajumiem. P&tijuma [173] tiek sasniegti augstvertigi rezga
parametri p&c joslas platuma (0,13 nm) un SLS parametra (34 dB), bet atstarojamiba vien 53%.
Savukart petijuma [174] tiek sasniegti augstvertigi reZga parametri péc atstarojamibas (99,9%) un
SLS parametra (95,6 dB), bet augsts FWHM (0,434 nm).

Lai sensorus pielietotu attalinatai uzraudzibai lielos attalumos un sensoru tiklu risinajumiem, tiem
janodrosina sekojusi parametri:

e Maksimali augsta atstarojamiba (>90%);
e Maksimali Saura atstarota signala spektrala josla (FWHM<O0,2 nm);
e Maksimali augsta SLS vértiba ( SLS>20 dB).

FBG sensorus ar parametriem (atstarojamiba >90% un FWHM<0,2 nm) var izstradat, izmantojot
tradicionalos vienmeriga tipa rezgus [174-175]. Lai FBG sensoram nodro$inatu SLS vismaz 20 dB,
nepiecieSams izmantot rezgu apodizaciju. Visu tris parametru prasibas FBG sensoriem tiek
nodro§inatas, piclagojot rezga garumu, rezga lauSanas koeficienta izmainu garenvirziena (An) un
apodizacijas formu. Pétfjuma laika, ar matematiskas simulacijas programmas ,,OptiGrating”[176-177]
palidzibu, vienmodas optiskaja Skiedra tika model&ti rezgi, nomeriti to atstarojosie spektri, un Matlab
vidé tika veikta datu apstrade un uzzim@tas raksturliknes rezga atstarojamibai, FWHM un SLS
atkariba no rezga garuma (intervala no 1-20 mm) pie vienmé&rigas, sinusa, pacelta sinusa un Gausa
formas rezga apodizacijas (pie An = 0,5 x 107% 1 x 107%; 1,5 x 10™%;2 x 10~%). Skiedras serdeni tika

iestradats rezgis ar sekojosam lausanas koeficienta izmainam garenvirziena:
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2:(x~3) W)

Gausa apodizacijai: An(x) = An - exp<{ —In(2) - s
Sinusa apodizacijai: An(x) = An - sin (nL_x) (1.2)
Pacelta sinusa apodizacijai: An(x) = An - sin? (%) (13)

kur: L —reZga garums, An —reZga lausanas koeficienta izmaina, s — stiepuma garums=0,5, x=(0<x<L).

Matematiska simulacijas programma rezgu simulacijai un analizei izmanto apvienoto modu
teoriju. FBG rezgu lausanas koeficienta izmainas profilu att€lojums atkariba no rezga garuma tiek
attelots 1.1. attéla. Rezga profili tiek attgloti pie rezga garuma 10 mm, An=1,5x10"un rezga segmentu
skaita 25.

0 2 4 6 8 10 0 2 4 6 8 10
ReZga garums (mm) ReZga garums (mm)

Lausanas koeficienta izmaina (x 107¢)
Lausanas koeficienta izmaina (x 107°)

" " P— " Pa— - L - L
0 2 4 6 8 10
Rezga garums (mm) Rezga garums (mm)

Lausanas koeficienta izmaina (x 10-°)
Lausanas koeficienta izmaina (x 107°)

0 2 4 6 8

-
o

1.1. att. FBG rezgu profilu att€lojums.

Iegitie dati (atstarojamiba, FWHM, SLS) no atstarotajiem FBG spektriem tika apkopoti tabulas
un nodroS$inati tie$saiste atverta platforma Zenodo [178]. FBG ar pacelta sinusa apodizaciju atstarota
signala spektru salidzinajums pie rezga garumiem 4, 7,10, 13 mm un An=1,5% 10* attelots 1.2. attgla.
Palielinot rezga garumu no 4 lidz 13 mm, atstarojamiba pieaug no 25% lidz 90%, savukart joslas
platums FWHM sasaurinas no 0,328 nm uz 0,173 nm.
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1.3. attéla tiek att€lota atstarota signala spektru salidzinajums vienmériga FBG un FBG ar Gausa,
sinusa, pacelta sinusa apodizacijai pie rezga garuma 13 mm un An = 1,5x10™*. Spektrali efektivakais
ir vienmérigs FBG, péc tam seko FBG ar sinusa apodizaciju, bet sanu joslas vislabak nospiez jeb

minimizé FBG ar pacelta sinusa apodizaciju un p&c tam seko FBG ar Gausa apodizaciju.
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1.2.att. Atstarotais signala spektrs FBG ar
pacelta sinusa apodizaciju.

Vilna garums (nm)
1.3.att. Atstaroto signala spektru
salidzinajums vienmérigam FBG un FBG ar

Gausa, sinusa, pacelta sinusa apodizaciju.

Lai noteiktu piemérotakos FBG parametrus, ir biitiski noteikt atstarojamibas, FWHM un SLS

atkaribu no rezga garuma, An un reZga apodizacijas, sk. 1.4. att€los.

100 @) 100 F (o) T T T T I
§ 80 [ ;\; 80+
© ©
2 60 TE 60 -
5 5
‘o o
g ol g 4ol
2 —©~ An=05x10"* 2 An=0,5x10"*
< 201 —©—An=1x10"* < 20 —&—an=1x10"*
O A n=1.5x10™ o | —©— A n=1,5x10"*
ol o i 1 | —6— An=2x10* o o —O—an=2x10*
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Rezga garums (mm) ReZga garums (mm)
T T T T T T T T T T T T T T T T
100‘L(c) o S 8 z 100 r(d) o -]
| o T
3 80 ‘L 3 8or
8wl 8
i= 60 = 60
|
5| g
5 4or S s0f
g | —o-a n=0,5x1g'4 g —6— An=05x10"
20 L ©~ A n=1x10" 20 —— A n=1x10"*
} & —©— An=15x10" o —6— A n=1,5x10"
ol | | —O—An=2x10"* o 2 o —6— A n=2x10
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Rezga garums (mm) Rezga garums (mm)

1.4. att. FBG atstarojamibas atkariba rezga garuma (a) vienmérigam FBG un FBG ar (b) Gausa,
(c) sinusa un (d) pacelta sinusa apodizaciju.
Attels 1.4. skaidri parada atstarojamibas atkaribu no reZga garuma un An. Palielinot rezga garumu,
palielinas arT atstarojamiba. Augstaka atstarojamiba novérojama vienmérigam FBG (FBG bez
apodizacijas), pec tam seko FBG ar Gausa apodizaciju, tacu relativi viszemaka atstarojamiba

novérojama FBG ar pacelta sinusa apodizaciju. No rezultatiem izriet, ka FBG ar An = 0,5x10"* rezga
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garuma intervala (1-20 mm) nesasniedz 90% atstarojamibu. Augstaku atstarojamibu, iesp&jams,
sasniedz pie augstaikaim An vértibam (1,5%10* un 2x10#). Pie augstakam An vértibam iesp&jams
sasniegt vélamo atstarojamibu pie Tsakiem rezga garumiem.

Analizgjot 1.5. attéla attéloto FBG signala joslas platuma atkaribu no rezga garuma, redzams, ka
FWHM samazinas, palielinot rezga garumu. Visstraujakas FWHM izmainas ir novérojamas pie 1-5
mm reZga garuma. No rezultatiem var secinat, ka FBG ar reZga garumiem no 1 Iidz 5 mm nav labakais
risinagjums sensoru tiklu risinajumiem, jo tie aiznem plasu spektralo joslu. Nemot véra, ka jebkura
sensora signala apstrades un analizes iekartai ir ierobezots raiditaja — platjoslas gaismas avota un
uztvergja — spektrometra joslas platums, tad, izmantojot FBG ar Sauraku spektralo joslu, uz vienas
Skiedras var izvietot lielaku sensoru skaitu. FBG ar Saurako spektralo joslu ir novérojami pie An =
0,5x10™. Svarigi atzimét, ka visiem FBG ir noteiktas rezga garumu vértibas pie kurdm rezga garumu
palielinasana vairs nenodroSina bitisku FWHM samazinajumu. Vienmériga FBG gadijuma
ievérojams FWHM samazinajums ir novérojams lidz 6-8 mm reZga garumam, savukart Gausa un
sinusa apodizacijai — 8-10 mm, bet pacelta sinusa apodizacijai — 10-12 mm. P&c §im rezga garuma
verttbam FWHM vértibas 1pasi neietekmé.
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1.5. att. FBG rezga FWHM atkariba no rezga garuma (a) vienmérigam FBG un FBG ar (b) Gausa,
(c) sinusa un (d) pacelta sinusa apodizaciju.

Ka novérojams 1.6. attela, vienmérigam FBG un FBG ar Gausa apodizaciju SLS vertibas

samazinas, palielinot reZga garumu intervala no 1 [idz 20 mm un An intervala no 0,5%10* Iidz 2x10"
4, Pielietojot FBG ar sinusa un pacelta sinusa apodizaciju, pie An 1,5%10“ un 2x10** novérojams, ka
SLS vértibas atkariba no rezga garuma sakotngji kritas un vélak sak pieaugt. Lidzigas tendences ir

vérojamas zinatniska raksta [173], kur pie An=4x10* vérojams, ka SLS funkcija ir periodiska.
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Zemakas SLS vértibas uzrada vienmérigs FBG, kas nesasniedz iepriek$ definéto rezga SLS
sliekSna vertibu 20 dB, no ka izriet, ka Sie FBG nav piemerotakie sensoru tiklu risindjumiem un liela
attaluma uzraudzibas risinajumiem. Izmantojot FBG ar Gausa, sinusa un pacelta sinusa apodizaciju,

iesp&jams ievérojami nospiest sanjoslas.
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1.6. att. FBG rezga SLS atkariba no rezga garuma (a) vienmérigam FBG un FBG ar (b) Gausa, (c)
sinusa un (d) pacelta sinusa apodizaciju.

Rezga garums (mm)

Lai labak analiz&tu un salidzinatu FBG atstatojamibas (1.7. attéls), SLS (1.8. attels), un FWHM
(1.9. attéls), dazadiem apodizacijas profiliem atkariba no reZga garuma, tie tika salidzinati pie An=
1,510, Ka redzams 1.7. att&la, augstako atstarojamibu reZga garuma intervala 1-20 mm nodrogina

vienmerigs FBG, bet otro augstako atstarojamibu nodroSina FBG ar sinusa apodizaciju.
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1.7. att. FBG atstarojamibas salidzinajums pie 1.8. att. FBG SLS salidzinajums pie An =
An =1,5x10"* vienmérigam FBG un FBG ar ~ 1,5x10"* vienmérigam FBG un FBG ar Gausa,
Gausa, sinusa, pacelta sinusa apodizaciju. sinusa, pacelta sinusa apodizaciju.
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Ka vérojams 1.8. attéla, augstakas SLS vertibas (33 - 38 dB) nodrosina FBG ar Gausa apodizaciju
pie rezga garuma no 1-7 mm, bet, kad rezga garums ir intervala no 9-20 mm, tad augstako SLS
nodrosina pacelta sinusa apodizacija (30-32 dB).

Ka vérojams 1.9. attéla, vissSaurako joslu reZga garuma intervala 1-7 mm izmanto vienmérigs FBG
un péc tam seko sinusa un Gausa apodizacija. Rezga garuma intervala 8-20 mm Saurako joslu var

sasniegt, izmantojot FBG ar Gausa apodizaciju un péc tam seko sinusa apodizacija.
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1.9. att. FBG FWHM salidzinajums pie An = 1,5x10™ vienmérigam FBG un FBG ar Gausa,
sinusa, pacelta sinusa apodizaciju.

1. tabula tiek apkopoti vispiemérotakie, FBG rezga un apodizacijas parametri priek§ FBG
sensoru tiklu un liela attaluma uzraudzibas risinagjumiem. Minimalas prasibas sensoru tiklu un liela
attaluma uzraudzibas risinajumiem ir: atstarojamiba >90%; FWHM<0,2 nm un SLS>20 dB. Tabula

netiek apskatits vienmerigs FBG, jo tas nenodro$ina minimalo SLS prasibu.

1.tabula
Noteiktie rezga parametri FBG ar pacelta sinusa, Gausa un sinusa apodizaciju
Apod.izﬁcijas An (x10%) QIZ:LZE:S Atstarojamiba | FWHM SLS (dB)
tips (%) (nm)
(mm)

_ 1,0 20 90,3 0,112 35,6
1:':31: 15 13 90,0 0.173 35,7
2,0 10 90,4 0,228 35,4

1,0 19 90,0 0,110 26,0

Gausa 15 14 93,1 0,160 247
2,0 10 91,7 0,216 26,9

1,0 16 90,9 0,118 20,1

Sinusa 15 11 91,9 0,176 20,7
2,0 13 99,0 0,210 22,5
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Ka redzams no 1. tabulas datiem, pacelta sinusa apodizacija nodroSina relativi lidzigu
atstarojamibu un FWHM ka Gausa apodizacija, tacu SLS vertibas ir ievérojami labakas pacelta sinusa
apodizacijai neka Gausa apodizacijai.

Pamatojoties uz petjjuma datiem, pacelta sinusa apodizacija ir vislabaka sensoru tiklu un liela
attaluma uzraudzibas risinajumiem, jo ar $ada veida apodizaciju var sasniegt salidzinoSi augstas
parametru vértibas FBG rezgim pie izmantotiem An. FBG rezga garumu var saisinat, izmantojot
augstakas rezga lausanas koeficienta izmainas (An). Tafu pie augstakam An vértibam palielinas
spektralas joslas platums un tadéjadi FBG FWHM vértiba.

Relativi vislabakos rezultatus (atstarojamiba = 90,3%, FWHM = 0,112 nm, SLS = 35,6 dB) uzrada
FBG ar pacelta sinusa apodiziciju pie An=1x10"* un re?ga garuma 20 mm. Balstoties uz Siem
parametriem, tika izstradats sensoru tikls ar 40 FBG sensoriem vilpa garuma diapazona 1530 lidz
1569 nm (kanala atstatums 1 nm). Sensora tikla atstarotais spektrs ir att€lots 1.10. att€la. Sensora
tiklam ar 40 sensoriem ir augsta atstarojamiba (>90 %) un SLS vertiba (~30 dB). Sensorus apvienojot

tikla SLS vértiba ir pasliktinajusies ~5 dB, jo parklajas sanu joslas.
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1.10. att. Atstarotais spektrs FBG sensora tiklam ar pacelta sinusa apodizaciju pie An=1x10"un
rezga garuma 20 mm.

VPIphotonics matematiskas modelésana programma tika izveidots modelis (1.11. att.), lai

novertétu FBG sensoru uzraudzibas diapazonu.

Sensoru signalu savaksanas un apstrades iekarta
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1.11. att. Matematiska modela shéma FBG sensora darbibas diapazona novertésanai
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Izstradatais simulacijas modelis tika validéts laboratorijas vidé pret komercialu sensoru tiklu.
Modela raidosaja dala tiek izmantots platjoslas gaismas avots, kas savienots ar optisko cirkulatoru,
kas nodroSina signala pliismu atdaliSanu. Cirkulatora ports (2) tiek savienots ar vienmodas optisko
Skiedras Imniju. Modell tika ieintegréts FBG sensora nomerTta parvades raksturlikne FBG sensoriem.
Modela uztverosaja dala tika izmantots OSA un signala apstrades iekarta, lai varétu nomérit signala
spektrus BTB, 20, 40, 60 km parraides.

1.12. attela verojams, ka pie parraides linijas garuma 60 km ir iesp&jams noteikt FBG centralos
vilpa garumus un SLS vértiba svarstas 9-11 dB. Tas nozimg, ka FBG sensoru tiklu ar pacelta sinusa
apodizaciju pie An=1x10" un reZga garuma 20 mm var izmantot liela attaluma (60+ km) uzraudzibas
risinajumos.
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1.12.att. FBG sensora tikla atstarotais spektrs péc BTB, 20, 40 un 60 km parraides
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Kopsavilkums:

Lielaka dala komercialie optiskie FBG (visbiezak vienmérigs reZzgis — bez apodizacijas) sensori ir
ar zemu SLS (tipiski SLS <15dB [170-171]) un/vai zemu atstarojamibu (tipiski 7-40% [170, 172]),
aiznem plaSu spektralo joslu (FWHM>0,3 nm [171]). Sensorus ar $adiem parametriem var izmantot,
ka punkta veida sensorus, bet nevar augstvertigi izmantot attalinatai uzraudzibai lielos attalumos

(vismaz 40 km) un pielietot sensoru tiklu risinajumiem.

No iegiitajiem rezultatiem var secinat, ka izvirzitas prasibas (atstarojamibai>90%; FWHM<O0,2
nm; SLS>20 dB) FBG sensoru tiklu uzraudzibas risinajumu darbibai vismaz 40 km attaluma var
izpildit, izmantojot paceltd sinusa, Gausa, sinusa apodizacCiju. Visaugstveértigakos rezultatus
(atstarojamiba = 90,3%, FWHM = 0,112 nm, SLS = 35,6 dB) uzrada FBG ar pacelta sinusa
apodizaciju pie An=1x10"*un L= 20 mm, kas Jauj nodroginat FBG sensoru tiklu izmanto3anu liela
attaluma (60+ km) uzraudzibas risinajumos.

Originalpublikacija par $aja apaks$nodala aprakstitajiem p&tijjumiem atrodama pielikuma I.
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2. SKIEDRU OPTISKO SAKARU SISTEMAS UN FBG SENSORU
KOPDARBIBAS UN RADITAS IETEKMES UZ DATU KANALU
PARRAIDES KVALITATI NOVERTEJUMS

Attistoties informacijas un komunikacijas tehnologiju nozarei un pieaugot lietotaju vajadzibam
ikdienas dzive, arvien vairak tiek izstradatas jauni un uzlaboti esosie risindjumi un sistémas. Nemot
vera pateicigo optisko tiklu novietojumu un zemo noslodzi, ka arT optisko sensoru prieksrocibas un
plaso sensoru pielietojumu klastu, tad ir nepiecie$ams novertét sensoru integracijas iesp&jas optiska
tikla infrastruktiira. Lai novertétu nakotnes iesp&jas Skiedru optiskajas sakaru sistemas integrét
optiskos FBG sensorus, ir nepiecie$ams noveértét to kopdarbibu un veikt raditas ietekmes analizi.

Viena no pievilcigakajam idejam optisko sensoru tiklu un datu parraides sistému gadijuma ir to
raidosas dalas balstiSana uz vienu platjoslas gaismas avotu, piem&ram, pastiprinatu spontano emisiju
(ASE), superluminiscences gaismu izstarojoso diodi (SLED). Saja gadijuma datu parraidei tiek
izmantota spektrali sagrieztas vilngarumdales blivésanas (SS-WDM) tehnologija, kuras galvenas
prieksrocibas aprakstitas zinatniska raksta [179], ka pieméram, izmaksu efektivitaté un raido$as dalas

vienkarSosana.

2.1. Apvienotas spektrali sagrieztas Skiedru optisko datu parraides un sensoru
sistémas noveértejums

Uz viena platjoslas avota balstita gaismas avota balstita Skiedru optiskas datu parraides sistéma ar
integrétiem FBG sensoru tika realizéta gan matematiskas simulacijas, gan eksperimentali laboratorijas
vide. Sisteémas sléguma shéma ir att€lota 2.1. att€la, kas sastav no raidosas dalas, optiska sadales tikla

un uztvero$as dalas.

Raidosa dala sastav no optiska platjoslas gaismas avota (OBLS) ar izejas jaudu + 7 dBm. Optiskais
signals tiek sadalits 2 dalas ar optisko jaudas sadalitaju (PS), ar attiecibu 20% (1,25 Gbit/s un 1,5
Gbit/s datu parraides kanaliem) un 80% (sensora risindgjumiem). 20% no signala tiek pievaditi uz erbija
legétas Skiedras pastiprinataju EDFA 1 pastiprinataju (ieejas jauda 0 dBm, izejas jauda 18,1 dBm),
bet 80% uz optisko joslas filtru, kas izfiltré 3 nm joslu sensoru sisteémai.

EDFA 1 izeja ir savienota ar 32 kanalu sakartotu vilpvadu rezgi AWG 1 ar 54 GHz joslas
platumu pie jaudas krituma 3 dB. AWG_1 16 kanals (centrala frekvence 193,1 THz) tika savienots ar
Maha-Cendera optisko modulatoru (MZM), kam piesl&gts Iidzsprieguma baro$anas avots un impulsu
secibas generators (PPG), kam pieslégts elektriskais pastiprinatajs ar 17 dB pastiprinajumu. Optiskais
datu un sensoru sist€mu signals tiek apvienots ar optisko apvienotaju (OPC), kura izeja savienota ar
EDFA 2 (izejas jauda 16 dB), kas savienots ar optiska cirkulatora (OC) portu (1). OC komponente

sleguma shéma tiek izmantota FBG sensoru signala pliismu (caurejosais un atstarotais) atdaliSanai.
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OC ports (2) tiek savienots ar vienmodas optisko $kiedru un FBG sensoru, bet ports (3) savienots ar

optiska spektra analizatoru (OSA), kas tiek izmantots FBG sensora atstarota signala merisanai.

Raidosa dala

Optiskais
sadales tikls

16 kanals

SMF

* 1 kanals G
\\: 80% “ w sensors
os vor 16 kanis | & I
. J .= (I
PM o

Uztvéréja dala 32 kanals

2.1. att. Uz vienu gaismas avotu balstita $kiedru optiskas datu parraides un FBG sensoru sistema

Uztvergja dala tiek izmantots 32 kanalu AWG 2 ar 77,5 GHz joslas platumu pie jaudas krituma 3
dB, kas demultiplekse datu kanalus. AWG_2 ir savienots ar parskanojamo optisko vajinataju (VOA),
kas nepiecieSams, lai uznemtu bitu-kliidas varbiitibas (BER) korelacijas diagrammas. Sleéguma shema
tiek izmantots jaudas sadalitajs (ar attiecibu 80:20%), lai uzraudzitu pievadito signala jaudas ITmeni,
kas pievadits uz fotodiodi (PD) (joslas platums 10 GHz), kas parveido optisko datu signalu

elektriskaja signala. Signala kvalitates novertésanai tika izmantots ciparu signalu osciloskops (DSO).

Datu parraides kvalitates noveértéjums matematiskas simulacijas programma tika veikts 1.5 Gbhit/s
SS-WDM SOPS ar integrétu FBG sensoru un bez ta, sk. 2.2. att.
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2.2. att. BER attieciba pret uztverta signala jaudas novertgjums SS-WDM datu parraides un sensoru
sistémai ar un bez integrétu FBG sensoru pie Iinijas garuma (a) 0 km un (b) 20 km.
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No rezultatiem izriet, ka jaudas sods apvienotai optiskai datu parraides un sensoru sist€émai (ar un
bez FBG sensora) pie FEC slieksna 2,3x1073 bez parraides linijas (BTB) ir 0,5 dB, bet pie SMF
garuma — 20 km 0,2 dB. Savukart jaudas sods apvienotai optiskai datu parraides un sensoru sistémai
(ar sensora) pie FEC slieksna 2,3x1073 (salidzinajuma BTB un SMF garuma 20 km) ir 0,7 dB.Datu
parraides kvalitates noveért€juma rezultati eksperimentali realizétai SS-WDM datu parraides un

sensoru sistémai tiek attéloti 2.3.att. acs diagrammas un 2.4. att. BER korelacijas diagrammas forma.
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2.3. att. Acs diagrammas uztvertajam spektrali sagrieztai Skiedru optiskajai datu parraides un
FBG sensoru sistémas signalam pie sekojoSiem parametriem (a) 1,25 Gbit/s BTB; (b) 1,25 Gbit/s
pec 20 km parraides; (c) 1,5 Gbit/s BTB; (d) 1,5 Gbit/s p&c 20 km parraides.

Ka redzams 2.3. att€la (a) un (b) pie datu parraides atruma 1,25 Gbit/s acs diagrammas BTB
gadijuma ir plasi atvérta un BER ir vienads ar 4,6 x107'®, bet péc 20 km parraides BER vértiba
samazinds un ir vienada ar 1,3x107°. Savukart pie parraides atruma 1,5 Gbit/s BTB parraidei (2.3.
attéla (c)) BER=9,7x107'2, bet p&c 20 km parraides (2.3. attéla (d)) 6,1x107".
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2.4. att. BER attiecibas pret uztverta signala jaudas novert€jumu apvienotai SS-WDM datu parraides
un FBG sensoru sist€émai pie linijas garuma (a) 0 km un (b) 20 km.
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No 2.4. attéla att€lotiem rezultatiem izriet, ka jaudas sods spektrali sagrieztai $kiedru optiskajai
1,5 Gbit/s datu parraides un sensoru sist€mai ar FBG, salidzinot BTB un p&c 20 km parraides pie FEC
slickipa (BER = 2,3 x107), ir 1,5 dB. Sis jaudas sods ir novérojams galvenokart platjoslas ASE
gaismas avota troks$nainibas un dispersijas dé]. Palielinot datu parraides atrumu no 1,25 uz 1,5 Gbit/s,
pasliktinas datu parraides kvalitate un BER vertibas.

Iegitie rezultati pierada, ka spektrali sagrieztai Skiedru optiskajai datu parraides un FBG sensoru
sisttmam var izmantot kopigu platjoslas gaismas avotu un tas ir savstarp&ji savienojamas, un
iesp&jams veikt kliidu brivu datu parraidi pa 20 km garu SMF parraides liniju pie datu parraides
atrumiem 1,25 un 1,5 Gbit/s.

2.2. Spektrali sagrieztas daudzkanalu Skiedru optisko datu parraides sistémas un
FBG sensoru tikla kopdarbibas noveértejums

32 kanalu 10 Gbit/s spektrali sagrieztam vilpgarumdales blivétam pasivam optiskajam tiklam (SS-
WDM PON) un FBG sensoru tikla kopdarbibas novértéjums tika veikts matematikda simulacijas
programma RSOFT OptSim, kura sléguma shéma tiek att€lota 2.5. attgla.

g DCF i . Rt |
> S > [ | . I
3 = s |- * Rx_2
3 ] @ || . |
z o ' = : . -
OBPF g g S || « Rx_31 |
S :
L . R 32 |
Cle— T — 0|
S ()
|
| = m- oo "
OFS_5
FBG_S

| sensoru signala |
| apstrades iekarta |

2.5. att. Sléguma shéma spektrali sagrieztu 32 kanalu SOPS ar integrétu FBG sensoru tiklu.
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Shémas izveide tiek balstita uz 2.1. attéla shému, veicot sekojosus uzlabojumus:
* izmantots pusvaditdja optiska pastiprinatdjs (SOA), lai nomaktu ASE intensitates svarstibas;

*  MZM modulators aizstats ar elektro-absorbcijas modulatoru (EAM) — imiini pret signala
polarizacijas stavokli;

* PD aizstata ar lavinfotodiodes (APD) — sp€j darboties pie zemakam signala jaudam.

Konkrétie uzlabojumi nodrosina sistémas darbibu pie 32 kanalu 10 Gbit/s SS-WDM PON ar
integrétu 5 FBG sensoru tiklu. Sistémas raidosa dala tiek izmantots pastiprinatas spontana emisijas
platjoslas gaismas avots (ASE). ASE joslas platums ir no 1533,5 lidz 1565,5 nm (frekvencu josla:
191,5 THz lidz 195,5 THz). SS-WDM PON sistémas datu kanaliem tiek izmantota josla no 1545,7
lidz 1558,2 (192,4-194,0 THz) nm, bet FBG sensoru tiklam — no 1537,4 1idz 1545,3 nm (194 THz -
195 THz). Ar optisko jaudas sadalitaju signals tiek sadalits 2 dalas, kur viena dala tiek parraidita uz
AWG multipleksoru (SS-WDM PON sistémas datu kanaliem), bet otra dala uz optisko joslas filtru

(sensora tikla kanaliem).

Sisttma AWG MUX tiek pielietots, lai izdalitu frekvencu joslu kanalus (datu kanaliem) ar fiksétu
50 GHz strapkanalu intervalu. Strapkanala intervals tiek izvéléts balstoties uz ITU-T G.694.1
rekomendaciju[180]. AWG MUX kanalu platums pie -3dB jaudas krituma ir 45 GHz. Kanalu datu
parraides atrums tiek uzstadits uz 10,7 Gbit/s, no kuriem 7% tiek paredz&ti FEC kltidu labojo$o kodu
pielietoSanai.

Katra kanala raiditaja bloks sastav no pusvaditaja optiska pastiprinataja, lai nomaktu ASE
intensitates svarstibas. Pastiprinatas un trokSnu nospiestas spektrali sagrieztas skéles tiek pievaditas
uz EAM, Kkas ir imani pret signala polarizacijas stavokli (tie$i pret&ji MZM modulatoriem). NRZ datu
bloks gener€ datu signalu péc NRZ linijas koda. AWG DEMUX bloks apvieno 32 kanalus viend, kas
velak tiek parraidits pa SMF parraides vidi.

Optiskas parraides linijas dispersijas kompenséSanai (ar priek$-kompensacijas metodi) tiek
izmantota dispersijas kompens€josa Skiedra. Tipiskas vienmodas optiskas Skiedras dispersija ir
diapazona D=16-18 ps/nm/km. Simulacijas vidé uzstadits 16 ps/nm/km. Zinot parraides linijas
garumu, var aprékinat kopgjo dispersiju, kas uzkrasies parraides laika (16x20=320 ps/nm). DCF
Skiedras dispersijas kompensacijas koeficients tiek uzstadits -118,5 ps/nm/km (dati iegtti no RTU TI
SSTIC laboratorija esosas DCF skiedras specifikacijas). DCF skiedras garums tiek noteikts izdalot
kopgjo linijas dispersiju ar DCF Skiedras dispersijas koeficientu, rezultata tiek iegtits 2,7 km. DCF
Skiedras vajinajuma koeficients tiek uzstadits a=0,55 dB/km pie 1550 nm references vilna garuma.
Attiecigi DCF skiedras vajinajums ir 0,55%2,70= 1,5 dB.

DCF &kiedras izeja tick savienota ar optisko jaudas apvienotaju (attieciba 50:50%) ar OFC ieejas
portu. Pie OFC otra porta tiek pieslégts ieprieks izdalitas OBPF izejas ports. Apvienotais signals tiek
pievadits uz optiskos cirkulatoru (OC), kas veic signala caurejoso un atstaroto plismu atdalisanu. OC
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otrais ports tiek savienots ar 5 optisko SMF parraides Iiniju (katrs posms 4 km, ienestais vajinajums
0,18 dB/km ) posmiem, kura integréts optisko FBG sensoru tikls. Savietojamibu nodroSina FBG
sensoru izstrades tehnologija fleksibilitate, kas lauj sensoru iestradat optiska $kiedra ar nepieciesamo
centralo vilpa garumu josla 1510 — 1590 nm. Iestrades metodologija lauj defin&t arT sensora
atstarojamibas Iimeni, rezga garumu, joslas platumu, SLS u.c. parametrus. Tas lauj sensorus
maksimali tuvu pievienot datu parraides kanaliem, lai efektivi izmantotu frekvencu joslu.

Optisko sensoru centralo vilpa garuma vertibas tiek matematiski aprékinatas un ir att€lotas 2.1.

tabula. Defingjot centralo vilna garumu, tiek pienemts, ka objekta temperattra svarstas diapazona no
-40°C Iidz +80°C. Sensoru kanalu atstatums ir vienads ar 200 GHz.

2.1. tabula.
FBG temperatiiras sensoru centralie vilpa garumi un frekvences
FBG sensora M. Centralais vilpa Centrala frekvence
garums (nm) (THz)
1 1544,53 194,1
2 1542,94 194,3
3 1541,35 194,5
4 1539,77 194,7
5 1538,19 194,9
Kanala atstatums 1,58 0,2

FBG sensoru atstarotais signals caur OC portu 3 tiek parraidits uz optiska spektra analizatoru, kas
nomeéra signala spektralo raksturlikni. Lai noteiktu sensoru centralos vilna garumus, tiek izmantots

ciparu signalu procesors (DSP).

Datu signala kvalitates analizei nepiecieSams izdalit 32 datu parraides kanalus ar AWG MUX
komponenti. Uztvérgja bloks (Rx) tieck izmantots datu parraides kvalitates analizei. Rx bloks sastav
no optiska parskanojama vajinataja (VOA), signala jaudas méritaja, lavinfotodiodes (APD), elektriska
filtra un analizatora. Optiskais parskanojamais vajinatajs tiek izmantots BER korelacijas diagrammas
novajinat signala jaudas Iimeni. Attiecigi APD tiek pielietots, lai optisko signalu parverstu elektriska
signala. APD prieksrociba, salidzindgjuma ar PD, ir sp&ja darboties pie zemakam signala jaudam.
Bitiski piezimét, ka signala kvalitates analize pamata tiek tiesi elektriskajam signalam. InGaAs APD
jutiba tiek uzstadita uz -20 dBm pie references BER vértibas 102 Elektriska zemfrekvendu filtra
josla uzstadita uz 6 GHz -3 dB Itmeni. Uztverta signala kvalitate tiek verteta ar analizatora palidzibu.
Analizators uzzime acs diagrammu, kurai tiek noteikta BER vértiba.
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2.6. att. Atstarotais optiskais signala spektrs sist€mai ar datu un sensoru kanaliem

Sistémas spektrs, kas nomérits ar sensora signala apstrades iekartu, ir vérojams 2.6. att¢la, spektra
kreisa puse veérojami 32 datu kanalu piki (ar strapkanala intervalu 50 GHz), tacu laba pusé — 5 FBG
sensoru atstarotais signals. Pilnvertigas savietojamibas analizei ir nepiecieSams novertet, kadu ietekmi
rada sensori uz parraidamo signala kvalitati. letekmi var novertet salidzinot signala kvalitati sist€mai
ar datu kanaliem, un pé&c tam salidzinot ar sistému, kura ir integréti dati un sensora kanali. Konkrétas
salidzinasanas veik$anai tiek uzziméta BER korelacijas diagramma (BER atkariba no uztverta signala
jaudas), sk. 2.7. attéla.

T wwae-- SS-WDM un sensoru tikls
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Uztverta signala jaudas limenis (dBm)

2.7. att. BER attiecibas pret uztverta signala jaudas noveértéjums spektrali sagrieztai 32 kanalu
Skiedru optiskajai datu parraides sist€émai ar integrétu FBG sensoru tiklu pie SMF garuma 20 km.

Simulacijas modeli tiek paredzéta 7% datu parraides atruma rezerve (simulacijas veiktas pie 10,7

Gbit/s) FEC kliidu labojoo kodu izmanto$anai. Sada gadijuma pielaujamais BER slieksnis ir 2x10°
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3, kas nozimé, ka pie §adas vértibas datu parraides sistéma spés pilnvertigi darboties. Nomérita BER
vértiba SS-WDM PON datu kanaliem un FBG sensoru tiklam ir 4x107, bet sistémai ar datu kanaliem
—2x107. Balstoties uz mériju rezultatiem, tiek aprékinata jaudas soda vértiba, kas ir vienada ar 3,25
dB, salidzinot SS-WDM-PON sistémas datu kanala rezultatus ar un bez FBG sensoru tikla pie BER

sliek$na vértibas 2x1073,

2.3. Uz FWM optiskas frekvencu kemmes balstitas DWDM optiskas sakaru
sistémas ar integrétu FBG sensoru tiklu

Simulacijas mérkis ir izstradat un novertet veiktsp&ju uz cetru vilpu mijiedarbes balstitas optiskas
frekvenéu kemmes (FWM-OFC) 8 kanalu DWDM parraides sisteémas ar integrétu FBG sensoru tiklu.
Simulacijas modelis (izstradats RSOFT OptSim) sastav no optiskas linijas terminala (OLT), optiskas
sadales tikla (ODN) un optiskas tikla iekartas (ONUs), sk. 2.8. att&lu.
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2.8. att. Matematiskais simulacijas modelis 8 kanalu DWDM-PON sisteémai, kas balstita uz FWM
OFC ar integrétu 7 temperattras sensoru tiklu.
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FWM-OFC generésanai tika izmantoti divi nepartraukta starojuma (CW) lazeri, optiskais jaudas
apvienotajs, paaugstinatas nelinearitates (augsti nelineara) Skiedra (HNLF) un kemmes novertésanai
tika izmantots OSA, sk. 2.9.att€lu. CW lazera izejas jauda un HNLF garums tiek uzstadits tads, lai
izeja tiktu ieglta frekvencu kemme ar maksimalu kemmju skaitu un augstu, lidzenu amplitadu. CW
lazeriem tika uzstadita izejas jauda 20 dBm un to centralas frekvences uzstaditas 193,1 un 193,15 THz,
lai nodrosinatu, ka starpkanalu intervals starp tiem ir 50 GHz (atbilstosi ITU-T G.694.1 rekomendacijai
[180]). HNLF $kiedras parametri (vajinajuma un dispersijas koeficients, efektivais laukums,
nelinearais indekss, u.c.) tiek uzstaditi péc specifikacijas parametriem komercialai $kiedrai. Noteikts,
ka konkrétam risinajumam vispiemérotakais HNLF $kiedras garums ir 2 km.
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2.9. att. FWM-OFC generésanas sléguma shéma

OFC generétas FWM frekvencu kemmes tonu vidéjas jaudas limenis ir 0 dBm, fluktuacija ir

zemaka par 3 dB, un 33 dB sanjoslu nospiesana frekvencu diapazona 192,9 — 193,25 THz.

FWM-OFC bloks tiek savienots ar 8 kanalu S0GHz AWG DEMUX, kura izejas tiek savienotas ar
raiditaja Tx bloku. Katrs Tx bloks sastav no datu avota, NRZ kodera un NZM modulatora ar 20 dB
ekstincijas koeficientu. Tx kanalu apvieno$anai tiek izmantots AWG MUX. ODN dala PC tiek
izmantots, lai apvienotu 8 datu kanalus ar FBG sensoru tiklu. Lai nodrosinatu FBG sensoru tiklu
darbibu, tiek izmantota sensora signala apstrades ickarta. OBPF izfiltre 800 GHz spektralo joslu
(frekvencu josla 193,50 — 194,30 THz) sensoru tiklam pie -3dB limena. ODN dala FBG sensori tiek
izvietoti starp SMF (ITU-T G.652D) linijas posmiem (lidzigi ka 2.5. att. shema).

Matematiskas simulacijas modell tika integréti eksperimentali laboratorija nomériti komerciala
[181] FBG sensora parametri: caurejo$ais un atstarotas spektrs (sk. 2.10. att.) un tehniskie parametri
(centralais vilna garums, FWHM, atstarojamiba u.c.). Eksperimentu laika laboratorija tika izmantots
superluminiscences gaismu izstarojo$a diode (SLED), 3-portu optiskais cirkulators, optiskais spektra
analizators un FBG sensors. Visiem 7 FBG sensoriem tika uzstaditi vienadi parametri, iznemot to, ka
katram FBG tika definéts savs centralais vilpa garums. Konkréta simulacijas modeli FBG
temperatiiras sensori var tikt vienkarsi aizstajami ar FBG deformacijas, spiediena, parvietojuma, u.c.

sensoriem.
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2.10. att. FBG sensora (a) caurejosais (b) atstarotais signals pie vides temperatiiras 25°C

ONUs bloka VOA, 10/90% jaudas sazarotajs, jaudas meritajs, tiek izmantots, lai uznemtu BER
korelacijas diagrammas un uzraudzitu pievadito jaudu uz APD fotodiodi (jutiba -20 dBm pie BER<10
), Elektriskais Besela zemfrekvendu filtrs (LPF) ar 7.5 GHz joslu pie -3dB limeni tiek izmantots, lai

nofiltrétu trokSnus.

Datu parraides kvalitates noveértéSanai tiek izmantots ceturtais kanals, kas uzrada zemako
veiktspgju. 2.11. attéla tiek att€lots osciloskopa uztvertais signals laika apvienotajam 10 Gbit/s
sisttmas NRZ signalam pé&c 50 km parraides pa SMF Skiedru. Ka vérojams 2.11. un 2.13. (b) attéla,

NRZ signalam ir noveérojama dispersijas ietekme, ka rezultata impulsi paplasinas.
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2.11. att. Uztvertais signals 10 Gbit/s NRZ 2.12. att. BER attiecibas pret uztverta signala
signalam p&c 50 km parraides jaudas novertgjumu 8 kanalu SOPS ar integrétu

FBG sensoru tiklu péc 50 km parraides.

BTB konfiguracijas gadijuma tiek saglabats FBG sensoru tikls, un linijas garums tiek uzstadits uz
0 km. Tipiskas BER vértibas dazadas sistémas var atSkirties péc konfiguracijas, komponentu,
parametru u.c. atSkiribu d€]. Apskatitam sistémas modelim, kura ir apvienota optisko sensoru sisteéma
un bliva WDM-PON sistéma, BER ir jabiit vismaz <1072, kas parasti tiek uzskatits par BER slieksni
bezkladu parraidei [182-184]. Acs diagrammas apvienotai sistémai péc BTB un 50 km parraides ir
att€lotas 2.13. attéla. Acs diagrammas ir plasi atvertas, kas lauj veikt bezkladu parraidi. BTB
konfiguracija uztvertais BER ir vienads ar 8x10%7 bet péc 50 km parraides ir 9,4x10%,
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2.13. att. Acs diagramma apvienotas siste€mas sliktakam veiktsp&jas datu kanalam péc (a) BTB (b)
50 km parraides.

Kopsavilkums:

No veiktiem p&tijumiem un iegiitajiem rezultatiem var secinat, ka FBG sensori var tikt integréti
DWDM, SS-WDM skiedru optiskajas sakaru sisttmas, neradot biitiski ietekmi uz sakaru sistémas
datu parraides kvalitati. Hibridai uz viena platjoslas gaismas balstitai sist€émai ar 32 kanalu 10 Gbit/s
SS-WDM PON datu kanaliem un FBG sensoru tiklu uztvertais BER ir 4x107, bet sistémai bez FBG
tiklu — 2x1077,

Originalpublikacijas un Latvijas Republikas patents par Saja apakS$nodala aprakstitajiem
pétijumiem atrodami pielikumos 11-VIII.
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3. FBG OPTISKO SENSORU PIELIETOJUMS AUTOCELU
TEHNISKA STAVOKLU UZRAUDZIBA

Lai nodrosinatu augstu publiskas infrastrukttras, celu, tiltu, parvadu drosibas Itmeni, ir
nepiecieSams nepartraukti novertet konstrukciju nestspgju, ko ietekmé novecosanas, nolietojums un
bojajumi. Asfaltbetona segums pasliktinds pieaugo$as satiksmes un sarezgitajos klimatiskajos
apstaklos, t.i., mainoties temperatiirai un mitrumam atkariba no sezonalitates[185]. Skiedras Brega
rezga sensori ir lieliski pieméroti un lauj momentani reala laika identificét konstrukciju deformaciju,
nogurumu, nestsp&ju, plaisas, celtniecibas defektus autocelu konstrukcijas[11, 72-79]. Ta ka biezi
mérfjumi ir javeic attalos regionos vai arT vid@s ar elektromagnétisko iedarbibu, vai vidés kurd nav
pieejama elektrobarosana, tad arvien biezak tiek un tiks izmantoti optiskas Skiedras sensori.

Autocelu tehniska stavoklu uzraudzibas veikSanai tika izmantota 8 kanalu sensoru signala
apstrades iekarta un optiskais sadales tikls. Sensoru signala apstrades iekarta konkréta risinajuma
darbojas ka raiduztvergjs, kuras raido$a dala tika izmantots SLED platjoslas avots (FWHM=55 nm),

savukart uztvero$a dala — optiskais spektrometrs un DSP bloks. Optiskais spektrometrs salidzinajuma

ar OSA nodrogina 10° reizes augstaku (OSA 5 [186], spektrometrs 5000

sek S

nolases

) atrdarbibu,
ek

nolases

kas ir loti butiski, lai precizi novertetu transportlidzeklu raditas deformacijas noteikSanu kustiba.
Bitiski piezimét, ka iekartu atrdarbibas vertibas attiecas uz gadijumu, kad izmantots viens kanals.
Attiecigi, ja tiek izmantoti n spektrometra kanali, tad nolasu skaits arT samazinas n reizes. Digitala
signala procesors (DSP) uztver spektrometra datus, detekté sensora/u centralas frekvences un
matematiski aprékina temperatiiras un deformacijas veértibas. Matematiski aprékinatas parametru

vertibas tiek attelotas grafiski atkariba no laika.

Optiskais sadales tikls
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3.1. attéls Temperatiiras un deformacijas uzraudzibas sistemas shéma

Optiskais sledzis (OS) tiek izmantots, lai nodrosinatu parslégsanos no porta uz portu péc ieprieks

uzdota laika intervala. Konkrétais optiskais slédzis ir komponente, kas lauj veikt 8 dazadu kanalu
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(sensoru, sensoru tiklu) paralélu uzraudzibu reala laika. Sensoru signala apstrades iekarta tiek
savienota ar ITU-T G.652 rekomendacijas SMF kabeli un FBG temperatiiras un deformacijas

sensoriem, kas iestradati autocela.

FBG sensoru integracijas vietas reala autocela seguma tika izvéletas ta, lai tas atbilstu Eiropas
specifikacijai transportlidzeklu svér$anai gaita (WIM). Pétjjumu veikSanai tika izvéléti A2 (Riga—

Sigulda—TIgaunijas robeza) un A8 (Riga—Jelgava—Lietuvas robeza) autoceli.

3.1. Autocela SHM ar cela segas virskartas slani integrétiem FBG sensoriem

Komerciali FBG deformacijas [187] un temperatiiras [188] sensoru iestrade seguma tika veikta
2019.-2020.g. sezona 2 lokacijas vietas A2 autocela parbtives projekta ietvaros (37 km, virziena uz
Rigu) autocela segas virskartas slani. A2 autocela tika integréts komercials pie virsmas stiprinams
FBG deformacijas sensors ar rezga garumu 10 mm, kas integréts stikl$kiedras kompozitmateriala (250
x 15 mm) plaksnité [187], un keramikas caurulé (diametrs 3mm, garums 23 mm) integréts FBG
temperatiras sensors [188]. Temperaturas sensors keramikas caurulé nodroSina izolaciju no
deformacijas ietekmém.

Lokacija (a) 57°07'18.4"N 24°40'02.6"E FBG deformacijas un temperatiiras sensori tiek integréti
cela segas virskartas 30 mm akmens mastikas (SMA11) slani. Sensoru integracijas dzilumus ir 25
mm. Lokacija (a) cela segai ir daudzslanu konstrukcija (30 mm SMAT11, 60 mm AC11, 150 mm
Skembas, smilts), bet lokacija (b) slanu konstrukcija (70 mm AC11 un grants).

FBG deformacijas un temperatiras sensori

9

(a)

30
25

AC11 SMA11
60

Skembas
150

FBG sensoru
integracijas vieta

Smilts
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Lokacija (b) 57°07'07.4"N 24 © 39'04.1"E FBG deformacijas un temperatiiras sensori tiek integréti

pagaidu autocela 70 mm asfaltbetona (AC11) slant 25 mm dziluma.

Nemot vera, ka autotransporta radita deformacija uz segumu ir atkariga ne tikai no slodzes, bet ar1
No seguma temperatiiras, ir biitiski izstradat FBG sensoru kalibracijas metodi. FBG sensoru kalibracija
tiek lietots kritoSa svara deflektometrs (FWD), sk. 3.3. attgla, kas nodros$ina fiksétas, kalibrétas slodzes
pievadisanu uz FBG sensoru. FWD tipiski tiek plasi izmantota ka nesagraujosu seguma testéSanas un
stavokla novértésanas metode [189-191]. FWD slodzes atkariba laika pie 50 kN slodzes pievadi$anas
cela segumam attélota 3.4. attéla. FWD plats pie 50 kKN slodzes generé 707 kPa spiedienu (Kas ir

lidzvertigs spiediena lielumam, ko rada smagais kravas auto — lidzvertigs 10 tonnu ass slodzei).
60 T T

FWD iekirtas plats
centrs (0 cm)

3.3, attels FWD ickarta

0 10 20 30 40 50 60
Laiks (ms)

3.4. attels FWD pievaditas slodzes atkariba
laika
Lai novértétu FBG sensora darbibu attalumu horizontala virziena, tika izmantota FWD iekarta.
Pétijums tika veikts (a) lokacijas vieta. FWD iekartas plats centrs tika novietots 4 attalumos (tieSu uz
sensoru un 300, 600, 900 mm attaluma), kas pievada fiksétu 48,9+0,5 kN spéku 6 reizes, sk. 3.1.
tabula. Visu mérjjumu laika tiek veikta temperatiiras kompensacija ar FBG sensoru. Ka vérojams 3.1.
tabula, iegitie rezultati parada, ka ar FBG sensoru var precizi (relativa izkliede 4,8—12,8%) noteikt

deformacijas vertibas, kas lauj novertet seguma konstrukcijas realo darbibu zem slodzes.

3.1. tabula.
Deformacijas (um/m) vertibu atkariba no horizontala attaluma starp FWD plats centru un sensoru
T e Horizontalais attalums no FWD plats centra Iidz FBG sensoram (mm)
slodzes nr. 0 300 600 900
1 162,5 91,5 24,6 12,5
2 145,9 77,6 27,0 13,1
3 142,7 80,5 24,2 12,2
4 149,5 73,4 28,3 12,1
5 161,6 85,8 25,7 13,2
6 148,5 71,2 25,1 13,2
Vidgja deformacijas
vertiba (um/m) 151,849,9 80,0+10,2 25,842,1 12,7+0,6
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Ka redzams, lielaka deformacijas veértiba (vidgji 151,8 + 9,9 um/m) tiek noteikta gadijuma, kad
FWD plats centrs atrodas tiesi virs iestradata FBG deformacijas sensora.

Augstas precizitates rezultatus var iegtt tikai no tas puses, pie kuras FBG deformacijas sensors ir
fiksets (sana virsmas). Konkréta plaksniSu tipa sensoriem ir trikums, kas janem véra integr&jot
sensorus objekta. Fiks&tai vienvirziena satiksmei tas nerada uzraudzibas ierobeZojumus, bet
mainsatiksmes gadijuma nepiecieSams integrét FBG sensorus abas puses.

FWD péc katra spéka pievadiSanas (“sitiena izdariSanas”) noméra pievadito speku. No mérijjumu
datiem izriet, ka izkliede visos gadijumos ir mazaka par 1% . Mérfjumi tika veikti vasara pie seguma

temperattras 20,5°C.

Ar FBG sensoru nomérita deformacijas atkariba laika, gadijuma, ka FWD plats centrs novietots
900 mm attaluma, tiek att€lota 3.5. attéla. Attéla redzami 6 stabili piki, kuru vértibu izkliede ir 4,7%,
savukart FWD pievadita slodze ir 48,9 + 0,5 kN. Piki ar zemaku amplitiidu reprezente FWD plats
amortizaciju, lai stabiliz€tu un pozicion&tu iekartu miera stavokli. Pie horizontala attaluma 900 mm

vidgja deformacija ir vienada ar 12,7+0,6 pm/m.

18 T T T T T T
16 - -
14 —

12 - B

Deformacija (um/m)

0 | 1 1 1 | | | |
0 3 6 9 12 15 18 21 24

Laiks (s)
3.5. att€ls Deformacijas atkariba laika gadijuma, kad horizontalais attalums starp FWD plats
centru un FBG ir 900 mm un FWD iekartas pievadita slodze vienada ar 48,9 + 0,5 kN.

Lai novértétu cela seguma temperatiiras ietekmi uz izmérito deformaciju, rudeni (seguma
temperattiras 6,9°C) tika atkartota vél viena mérijjumu sesija. Rezultatu salidzinajumu pie 6,9° un
20,5°C temperatiiras skatit 3.6 att€la. Eksperimenta laika deflektometra slodze ir 51,98 + 0,94 kN. Ka
verojams rezultatos, tad visa meérjjumu diapazona FBG deformacijas vértibas rudeni ir zemakas neka
vasard. Tada pati tendence tika novérota pétijuma [76]. Siltaka laika deformacijas vértibas bija
augstakas, jo pie augstakam temperatliram samazinas stingums un ta rezultata deformacijas vertibas
palielinas. Balstoties uz iegitiem rezultatiem, ir batiski, analiz§ot transportlidzeklu radito
deformacijas mérjjumus, nemt veéra cela seguma temperatiiru.
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3.6. attéls Videjas deformacijas vertibas attieciba pret attalumu horizontala virziena starp FWD plats
centru un FBG sensoru pie seguma temperatiiras 6,9° un 20,5°C.

Transportlidzeklu satiksmes reallaika uzraudziba tika realizeéta 2019. gada septembrT pagaidu cela
posma, (b) lokacijas vieta. Vidgja temperatiira cela segumam (mérot ar FBG temperatiiras sensoru)
meérijumu laika bija +25,2 °C. Sensoru iestradei tika izvéléta vieta, kur ir augsta gada vid&ja diennakts
satiksme (AADT) un vidgji augsta gada ikdienas kravas automas$inu satiksme (AADTT). 2019. gada
laika pa konkréto celu posmu parvietojas 3,15 miljons transportlidzek]u, no kuriem 23,3 % jeb 735
000 ir kravas automasinas [192]. Paraléli reala laika deformacijas uzraudzibai tika veikta video
ierakstiSana, lai parliecinatos, ka celu satiksmes izmainas korel€ ar deformacijas mérjjumiem, ka ari

redzetu dazadu transportlidzek]u, galvenokart kravas automobilu, “deformacijas raksturu”.

Relativa deformacija (um/m)

N
a
o

1 | | 1 1 | 1 1 | 1 1 | 1 1 1 | | 1 | 1 1
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100

Laiks (s)
3.7. attels Reala laika ar FBG sensoru noméritas deformacijas raksturlikne laika
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No FBG deformacijas sensora mérfjjumu datiem (3.7. att.) izriet, ka Tpasi kravas automasinas rada
vislielakas deformacijas seguma konstrukcija. Ja grafiks tiek pietuvinats, tad var noteikt
transportlidzekla asu skaitu un katra transportlidzekla ass deformacijas vertibu. No mérjjumu datiem
izriet, ka kravas automasinas “G” p&dgja (5.) ass rada vislielako deformaciju (relativas deformacijas
vertiba 375,6 pm/m). Otro lielako deformacijas vertibu (356,4 pm/m) radija “B” grants kravas auto ar
trim astm. Svarigi atzZimét, ka 3.7. attéla augs¢ja dala vizuali nav redzamas visas kravas automasinas,
pieméram, laika brizos 73, 728, 891, 986 un 1084 s. Izméritas deformacijas veértibas ir salidzinamas
un lidzigas ar pétijuma [193] datiem.

FBG deformacijas sensora mérijumu datu kopsavilkums, kas iegiits no kravas auto satiksmes
uzraudzibas, tiek att€lots 3.8. att€la. Rezultatu analiz€ galvena uzmaniba tiek pieversta kravas auto,
nevis vieglo automasinu satiksmei, jo kravas automasinas rada vislielakas deformacijas vertibas un
potencialos cela seguma bojajumus. Svarigi piebilst, ka deformacijas vértibas histogramma satur visus
meérfjumu datus, ne tikai tos, kas paraditi 3.7. attéla.

Ka redzams 3.8. attéla, kravas auto visbiezak (33% gadijumos) rada 300-350 um/m lielu

deformaciju. Apkopojot un salidzinot visus kravas auto datus, tie vid&ji rada 282 pm/m deformaciju.

35
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=R NN
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3.8. attels Ar FBG sensoru nomeritas kravas auto radito deformacijas vertibu histogramma

3.2. Autocela SHM ar cela segas stabilizétas kartas slani ar reciklétu asfaltbetonu
integrétiem FBG sensoriem

2020.-2021. gada sezona FBG sensoru iestrade tika veikta Meitene-Jelgava-Riga (A8) Sosejas
autocela stabilizStas kartas slani ar reciklétu asfaltbetonu (turpmak recikléta slani) (geografiska
lokacija). Cela sega tika integréts komercials enkura deformacijas sensors [194] ar darbibas diapazonu
+5000ue, precizitati <lum, centrdlo vilpa garumu 1544,8 nm, un temperatiras sensors [195] ar
darbibas diapazonu -40°C lidz 120°C, precizitati +0,3°C un centralo vilpa garumu 1554,558 nm.
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Sensoru integracija veikta cela segas recikléta slant 25 mm dziluma (kopg&jais integracijas dzilums 240
mm), skatit 3.9. att€la.

Transportlidzeklis Sensoru signala apstrades
(parvieto$anas atrums ~60km/h) iekarta

II=EEE]

. Mérijumu dati

3.9. attels Shema FBG sensoru integracijai cela sega temperattras un deformacijas merjjumiem

Ka redzams 3.10. attgla, pievadot slodzi ar FWD deflektometru tiesi virs FBG sensoru vidgja
deformacija Ag_avg ir 34,63 um/m, bet scenarija, kad slodzes plaksne atrodas 50 cm attaluma no
sensora, vidéja deformacija ir 14,03 pm/m. Mérijumi veikti pie recikléta seguma temperatiiras 1 — 1,5
°C. Apskatita diapazona deformacijas atkaribu no attaluma var raksturot ar linearu funkciju. No
rezultatiem izriet, ka pétfjuma batiski nodrosinat, ka transportlidzeklis uzbrauc uz sensoru, vai
maksimali tuvu sensoram. Gadijumos, kad iepriek§ min&to prasibu nav iesp&jams izpildit, autors
iesaka izmantot sensoru tiklu risinajumus, lai paraléla sléguma ar nobidi péc attaluma (piem. 20 cm)
izvietot sensorus.
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3.10. attels Nomeritas videjas deformacijas vertibu attieciba pret attalumu horizontala virziena
starp FWD plats centru un FBG sensoru
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3.11. attela tiek attelota FBG deformacijas sensora noméritas vidéjas deformacijas atkariba no
FWD pievadita spiediena gadijuma, kad sensori integréti A8 autocela segas recikléta slani. Mérjjumu
laika recikl&ta seguma temperatiira ir 1 — 1,5 “C. Palielinot FWD pievadito spiedienu (diapazona no
470-1170 kPa ar soli 200 kPa), picaug deformacijas vértibas ar linearu raksturu. Balstoties uz iegiitas
raksturliknes datiem, iesp&jams veikt sensoru kalibraciju reala vidé. Sada sensoru kalibracijas metode
jaizmanto transportlidzeklu svérSanai gaita, nosakot deformacijas veértibas atkariba no

transportlidzekla masas.
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3.11. attels FBG sensora noméritas videjas deformacijas atkariba no FWD pievadita spiediena

3.2. tabula att€lotas FWD iekartas raditas vidgjas deformacijas vertibas atkariba no cela segas
temperatiiras. P&ttjums tika veikts ziema un vasara pie attiecigam cela segas temperatiram 1-1,5°C
un 24,8 25,1 °C. Petljuma laika FWD iekarta atradas tiesi virs sensora un pievadita slodze ir vienada
ar 50 kN (707 kPa spiediens).

3.2. tabula
FWD ickartas raditas deformacijas atkariba no cela segas temperatiiras
Temperatiira cela segas .
1-15°C 248-251°C
recikleta slant
Ag,yg (nm/m) 34,63 13,70
Izkliede (%0) 4,26 6,57

No mérijuma datiem izriet, ka pie temperatiiras 1 — 1,5 °C videja deformacija ir 2,5 reizes augstaka
neka pie 24,8 — 25,1 °C temperatiiras. Sadi rezultati skaidrojami ar vides temperatiiras ietekmi uz
dazadiem cela konstrukcijas slaniem. Samazinoties vides temperatiirai, samazinas ari cela slanu

materialu temperatiira. Pie zemakam temperatiiram, piemeram, ziema, augs¢jie asfalta slani klust
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stingaki, 1idz ar to FWD ierices (vai jebkur$ transporta lidzeklis) izraisita slodze tiek parnesta uz
dzilakiem cela slaniem — recikl&to slani. Rezultati parada, ka temperattiras ietekme ir biitiska un ta
janem vera mérjjumu laika un sensoru kalibracijas procesa. Rezultata sensoru kalibracija javeic ne

tikai atkariba no slodzes vai spiediena, bet arT no temperattras.

Ta ka eksperimenti ar FWD ierici apstiprinaja stabilu un pareizu FBG deformacijas optisko
sensoru darbibu, nakamaja pétijjuma posma tika veikti reallaika transporta satiksmes deformacijas
uzraudzibas eksperimenti pie seguma temperatiras 1 — 1,5 °C. Satiksmé tika analizéti visi
transportlidzekli, sakot no 2 asu vieglajiem automobiliem 1idz 6 asu kravas automobiliem. Ta ka pa
celu parvietojas dazadi transporta veidi, un, lai labak izprastu deformacijas izraisitas izmainas un to
diapazonu, tad visi transportlidzekli tika klasific&ti 4 grupas: 2 asu vieglas automasinas (3.12. att. (a)),
2 asu mikroautobusi (3.12. att. (b)), 2-3 asu kravas automasinas (3.12. att. (c)) un 4-6 asu kravas
automasinas (3.12. att. (d-f)). 3.12. att€la tick att€lotas 6 nejausi izv€létiem transportlidzekliem
noméritas deformacijas izraisitas izmainas laika. Ka redzams 3.12. attela, rezultatos FBG optiskais
deformacijas sensors lauj precizi noteikt deformacijas izraisitas izmainas laika transportlidzekla katrai
asij. legiitos rezultatus var izmantot, lai noteiktu transportlidzekla parvietoSanas atrumu, pieméram,
3.12. att. (a) merijums veikts BMW X5 automa$inai (attalums starp asim 2,975 m), savukart
nomeritais laiks starp deformacijas maksimumiem ir 0,164 ms. Matematiski var aprékinat, ka

transportlidzekla parvietoSanas atrums ir 65,3 km/h.
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3.12. att€ls Reallaika transporta satiksmes deformacijas mérijumi dati
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Svarigi ir noradit, ka atkariba no transportlidzekla veida, masas, asu skaita, deformacijas lieluma
atslabuma laiks ir dazads. Vieglajiem transportlidzekliem tipiskais atslabuma laiks ir 11dz 3 s, bet
kravu transportlidzekliem 1idz 5 s.

3.3.tabula tiek att€loti apkopotas deformaciju vertibu intervali (transportlidzekla asij) katrai
transportlidzeklu grupai. Deformaciju vértibu intervali tiek defingti 2 dalas: 1) pilnais vértibu

diapazons; 2) tipiskais vertibu diapazona intervals, kura ieklaujas 90% kopgjo gadijumu.

3.3. tabula

Ar FBG nomeéritais deformaciju diapazons un noteiktais tipisko deformaciju diapazons reala
laika transportlidzek]u trafikam

Tl 1L N b s

G || oeT &
o o—e | —o——en ~oom=do- -

4-6 asu

2 asu vieglas _2asu 2-3 asu kravas
automasinas mikroautobusi kravzis automasinas

automasinas
Deformaciju diapazons
0,7-6 4,6-13 10-38 12-42
(pm/m)
Tipiskais (90% gadijumos)
0,8-4,1 5,5-8,5 11-26 14-36
deformaciju diapazons (pum/m)

No meérTjumu datiem izriet, ka vieglas automasinas ass rada tipiski 2-10 reizes mazaku deformaciju

neka 2 asu mikroautobusi un 3-45 reizes mazaku deformaciju neka 4-6 asu kravas automasinas ass.

Kopsavilkums:

No veiktiem pétljumiem un iegiitajiem rezultatiem var secinat, ka enkura tipa FBG sensori ir
vispiemé&rotakie autotransporta radito deformaciju novértéSanai uz cela seguma. Veicot autocelu
uzraudzibu, FBG deformacijas sensori jakalibré ne tikai atkariba no pievaditas slodzes, bet arT no
seguma slana temperatiiras. FBG sensoru augsta jutiba lauj noteikt katra transportlidzekla ass radito
deformaciju. Eksperimentu mérijumu rezultati ir loti aktudli viet€jiem un starptautiskajiem celu
seguma projektétajiem un celu apsaimniekoSanas dienestiem, lai prognozétu iesp&jamo cela
kalpoSanas laiku, paliekosas deformacijas, transportlidzeklu svaru un to asu skaitu, ka arT satiksmes
un celu seguma temperatiiras uzraudzibu. Eksperimentu mérfjumu datus var izmantot ar1 viedo celu
risinajumos [196], piem&ram, satiksmes pliismas analizei, transportlidzeklu uzskaitei un brivo
autostavvietu analizei.

Originalpublikacijas par $aja apak$nodala aprakstitajiem p&tijumiem atrodamas pielikumos IX -
XI.
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SECINAJUMI

1. Visaugstvertigakos rezultatus (atstarojamiba = 90,3%, FWHM = 0,112 nm, SLS = 35,6 dB)
FBG sensoru tiklu liela attaluma uzraudzibas risindjumiem uzrada FBG ar pacelta sinusa

apodiziciju pie An=1x10"*un L= 20 mm.

2. Sensoru tiklu, kas sastav no 40 FBG sensoriem ar pacelta sinusa apodizaciju pie
An=1x10* un rezga garuma 20 mm var izmantot vismaz 60 km un lielaka attaluma

uzraudzibas risinajumos.

3. Hibridai uz viena platjoslas gaismas avota balstitai sistémai ar 32 kanalu 10 Gbit/s SS-WDM
PON datu kanaliem un 5 FBG sensoru tiklu uztvertais BER ir 4x107, bet sistémai bez FBG

tikla — 2x1077. FBG sensoru tikls nebutiski ietekmé sakaru sistému.

4. Jaudas sods apvienotai SS-WDM datu parraides un sensoru sisteémai ar un bez FBG sensora
pie FEC slieksna 2,3x107° bez parraides linijas ir 0,5 dB, bet pie SMF garuma — 20 km 0,2 dB.

5. Balstoties uz autocelos veiktajiem eksperimentalajiem mérjjumu rezultatiem, var secinat, ka

enkura tipa FBG deformacijas sensori ir vispiemérotakie integré$anai autocela seguma, lai

reala laika novertetu autotransporta radito deformaciju un veiktu tehniska stavok]a uzraudzibu.

6. Autocela recikletd seguma slani vieglas automaSinas ass tipiski rada 2-10 reizes mazaku
deformaciju neka 2 asu mikroautobusi (attiecigi 0,7-6 pm/m un 4,6-13 pm/m) un 3-45 reizes

mazaku deformaciju neka 4-6 asu kravas automasinas ass (12-42 um/m).

Darba gaita izstradatas rekomendacijas paredzgtas:
e FBG sensoru tiklu izstradatdjiem un raZzotajiem;
e ckspluatacija esoSu optisko metro-pickluves tiklu uzlabosanai, gan ar jaunu ievieSanai;

e vietgjiem un starptautiskajiem celu seguma projektétajiem un celu apsaimniekoSanas

dienestiem, viedo celu risingjumos attistitajiem un izstradatajiem.

Promocijas darba laika ieglitie un pétijumos att€lotie rezultati ir prezent&ti 5 zinatniskajos
originalrakstos un 4 zinatniskas konferencés (indeksétas Scopus, IEEE vai Web of Science) viena
monografija, viena Latvijas Republikas patentda. Ka arl pétjjumu rezultati tika prezenteti 13
zinatniskajas konferences (nav indekséti Scopus, IEEE, Web of Science).

Publikas informéSanas pasakumi: Eiropas Zinatnieku naktis, Latvijas Radio 1 “Zinamais
nezinamaja”, RTU majaslapa, Zurnals “IR”, Delfi, LMT, LETA, 1ZM, labsoflatvia, dienas bizness,
LA.lv, u.c.
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Most optical sensors on the market are optical fiber Bragg grating (FBG) sensors with low reflectivity (typically 7-40%) and low
side-lobe suppression (SLS) ratio (typically SLS <15dB), which prevents these sensors from being effectively used for long-
distance remote monitoring and sensor network solutions. This research is based on designing the optimal grating structure of
FBG sensors and estimating their optimal apodization parameters necessary for sensor networks and long-distance monitoring
solutions. Gaussian, sine, and raised sine apodizations are studied to achieve the main requirements, which are maximally high
reflectivity (at least 90%) and side-lobe suppression (at least 20 dB), as well as maximally narrow bandwidth (FWHM<0.2 nm)
and FBGs with uniform (without apodization). Results gathered in this research propose high-efficiency FBG grating
apodizations, which can be further physically realized for optical sensor networks and long-distance (at least 40km)

monitoring solutions.

1. Introduction

The manufacturing process of fiber Bragg grating (FBG)
technology is relatively simple, and such sensors have a lot
of technological advantages, for instance, the realization of
passive components, resistance to electromagnetic interfer-
ence (EMI) and corrosion, small size, high accuracy, and
multiplexing abilities. FBG is one of the most utilized and
progressing optical sensor solution technologies. Mainly,
optical FBG sensors are used to detect objects or environ-
mental temperature, induced strain, applied pressure, and
vibration [1-4].

As an alternative to optical sensors, electrical sensors can
be mentioned, but their performance can be negatively
affected by high voltage and the presence of the electromag-
netic field-electromagnetic interference. Due to the previ-
ously mentioned, depending on the measurement location,
it can be difficult or even impossible to realize the use of
electrical sensors. Another major disadvantage of electrical

sensor realization is that such sensors require a consistent
supply of electrical energy, but it might be challenging to
provide electricity to remote sensor locations if there is no
available source nearby. In contrast, fiber optical sensors
are passive devices that do not require electricity since opti-
cal fiber is made from a dielectric material. In these situa-
tions, the use of fiber optical sensors is a suitable
solution [5].

A vital field where FBG technology has rapidly improved
over the years is structural health monitoring (SHM for var-
ious constructions such as roads, bridges, railroads, dams,
buildings, and aircraft) as well as in medicine, oil and gas
industries, and security solutions [6, 7]. FBGs can be applied
in time and wavelength multiplexing technologies and oper-
ate as optical filters, dispersion compensation modules, and
sensor solutions.

Multiple FBGs can be combined on a single optical fiber,
allowing FBG sensor systems to use and read many sensors
simultaneously, reducing the number of fibers used and
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FIGURE 1: Structure and working principle of FBG sensors.

simplifying their installation. FBG sensors can be success-
fully combined with fiber optical data transmission systems
[2]. An important prerequisite for the design of optical sen-
sor networks is to choose a sufficiently efficient channel
spacing to maintain the highest possible spectrum efficiency
of the sensor network and to avoid overlapping of the optical
signals that might be observed between adjacent optical sen-
sors if their reference wavelengths/frequencies are config-
ured too close to each other.

As the demand for FBG sensors in various applications
grows, it is increasingly important to optimize and custom-
ize their configuration and parameters, so there are available
different types of FBG sensors that vary in their structure,
construction, and design techniques. Therefore, it is essential
to research different FBG types and evaluate their specific
advantages and disadvantages to define optimal sensor types
and their parameters (especially for sensor networks) to
ensure the realization of specific applications where they
are utilized.

FBGs are formed by incorporating specific changes in
the refractive index modulation of the optical fiber core
components that are based on the diffraction grating princi-
ple. When a light signal is transmitted through such a grat-
ing structure in an optical fiber, some part of the light is
reflected from each grating plane (see Figure 1). Each part
of the reflected light combines to form one unified reflected
beam of light, and this is possible only if the Bragg condition
described by the equation is fulfilled:

Ap=20Aenyy, (1)

where A is the grating period that determines the distance
between two adjacent grating planes, n. is the effective
refractive index of the fiber core, and Ay is the Bragg
wavelength.

When the Bragg condition is fulfilled, the reflected light
forms a backward reflected peak with a central wavelength
known as Ag. Such a grating structure, developed by the
Bragg relation, acts as a mirror that reflects the wavelength
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Fi1GURE 2: Typical reflected optical spectrum and main parameters
of the FBG signal [5].

A and transmits the rest of the optical signal further inside
the optical fiber [5, 8, 9].

Two quantities determine the characteristics of the FBG,
which are the grating strength (also known as the modula-
tion depth) and the grating length. However, in general,
three main parameters must be controlled while designing
the fiber Bragg gratings, and these are reflectivity (%), band-
width (nm), and SLS (dB).

The full width at half maximum (FWHM) is the band-
width of the reflected signal at a -3dB power level. This
bandwidth depends on several parameters, especially the
grating length. Most sensor applications have an average
FWHM bandwidth of 0.05nm to 0.4 nm, but for some sen-
sors, it may even exceed 1 nm [5]. Figure 2 shows a typical
peak of the reflected FBG signal spectrum, where SLS and
FWHM parameters are shown. Reflected optical signal
bandwidth directly depends on the grating strength; there-
fore, the grating strength can be used to adjust the signal’s
bandwidth.
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The grating length can be configured to improve the
reflectivity of the signal because reflectivity depends on the
grating strength and the grating length. The reflectivity of
the signal can be calculated by using the equation:

Reflectivity [%] = 107m= 45110100, (2)

where P, is the maximal signal power (dB) of the reflected
signal spectrum.

Apodized gratings for the FBGs’ design offer a significant
improvement in side-lobe reduction while maintaining
reflectivity as well as the narrow bandwidth of the signal.
Several apodization functions are typically used, such as
Gaussian, sine, raised sine, hyperbolic tangent, Nuttall, and
other types of apodizations [10-12]. However, side lobes
are a type of unwanted additional distortions of the reflected
signal that cannot fully be efficiently controlled with just
such a simple grating optimization; thus, additional
improvements for the apodization design has to be done as
proposed in this research. Such side lobes can be observed
in an optical spectrum when the modulation of the refractive
index is constant throughout the length of the FBG and then
rapidly changes to zero outside the grating range.

It is important to highlight that based on the apodization
technique, the modulation of the refractive index is uni-
formly increased and uniformly reduced along the length
of the fiber Bragg grating. However, in this configuration,
an increase in total grating length may be required to reach
a certain peak (reflectivity) of the reflected signal.

As explained further in this research, the specified opti-
mal FBG parameters for sensor networks are maximally high
SLS (at least 20dB) and maximally narrow bandwidth
(FWHM <0.2nm), but for long-distance monitoring solu-
tions, maximally high reflectivity (at least 90%) and appro-
priate SLS (at least 20 dB). Based on these requirements,
specific FBG sensor gratings are designed and described in
the following Sections 2 and 3 of this article.

2. Mathematical Modelling and Design of Fiber
Bragg Gratings

The characteristics of the fiber Bragg grating were studied in
the simulation environment using Optiwave Systems “Opti-
Grating” software [13]. This software uses the coupled mode
theory to model the light and enable analysis and synthesis
of gratings. A complex grating is determined by a sequence
of uniform segments and analyzed by connecting the seg-
ments with the well-known transfer matrix method. This
gives the designer the information needed to test and opti-
mize grating designs for specific purposes. In simulation
software, it is possible to set and change such grating param-
eters such as grating shape, average index modulation,
period chirp, and apodization type.

Coupled mode theory method suggests that the modes of
the unperturbed or uncoupled structures should be the first
for defining and solving. Afterward, by realizing analytical
methods, the derived coupled mode equations can be solved.
The theory proposes that linear superposition of the modes

of the unperturbed structures represents the coupled struc-
tures. Such assumption provides an insightful and accurate
enough mathematical description of electromagnetic wave
propagation in various practical situations. This theory pro-
vides the means for analysis of near resonance guided mode
interaction. In addition, transfer matrix method (TMM) can
be used for coupled mode equation solving if the application
(device) has multiple grating plus phase shifts. TMM can
also be utilized for analysis of almost periodic gratings.
TMM suggests that the whole grating structure is divided
into a number of uniform grating sections (having an ana-
lytic transfer matrix). By multiplying the individual transfer
matrices, the entire structure of the transfer matrix can be
gathered [14].

For all OptiGrating simulations performed, the typical
parameters of single mode optical fiber with a core diameter
of 9ym and a cladding diameter of 125 um were set. Each
grating central wavelength of the FBG is set to 1550 nm,
and the number of segments (planes) is set to 25.

Various FBG reflected signal spectrums at different grat-
ing parameters were obtained. Each apodization type of the
FBG was analyzed at different grating lengths from 1 mm
to 20 mm at different grating modulation indexes (fiber core
reflection index changes) An=0.5x10", 1x 107, 1.5x
107%, and 2 x 107* (also observable in Figure 3). Uniform
(without apodization), Gaussian, sine, and raised sine apodi-
zations are studied in this phase. These apodizations are
described with the following mathematical function:

2e(x - (L12))\*
Gaussian apodization : An(x) = Aneexp {—ln (2)e (M) })

s* L
©)
Sine apodization : An(x) = Anesin (7'[:()) (4)
Raised sine apodization : An(x) = Anesin® (?) , (5)

where L is the grating length, s is the taper length =0.5, and x
is the coordinate of light that is propagation along the length
of the grating (0<x<L).

Figure 3 depicts the example of our mathematically gen-
erated geometrical shapes of the FBG uniform, Gaussian,
sine, and raised sine apodization profiles. Geometrical
shapes are illustrated when the grating length of the FBG is
10 mm, the grating modulation index An=1.5x107*, and
the number of segments (planes) is 25.

Several parameters (reflectivity, FWHM, and SLS) of the
reflected signal spectrum were determined during the analy-
sis of the data obtained in the simulation results and are dis-
cussed in the results section. The reflectivity, side-lobe
power, and the FWHM values of the reflected signal were
analyzed from all of the measured spectral data.

3. Results and Discussion

The data (reflectivity, FWHM, and SLS) from the obtained
reflected signal spectra are summarized in the tables and
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provided online on the open repository platform Zenodo [15].
All of this data is included and visually presented in Figures 4—
11. Figure 4, for instance, shows the reflected signal spectrum
of the FBG optical sensor that uses raised sine apodization
when grating lengths (in figure marked as “L”) are 4, 7, 10,
and 13 mm and the modulation index is An=1.5x 107*. By
increasing the grating length, reflectivity also increases (at L
=4mm, P, =-6dB — reflectivity is 25% but for 13 mm,
90%), and spectral bandwidth becomes narrower (at L =4
mm, FWHM=0.328nm, but if L=13mm, FWHM is

0.173 nm). Figure 5 shows the reflected signal spectrum com-
parison between the FBGs with uniform, Gaussian, sine, and
raised sine apodizations when the grating length is 13 mm
and modulation index An = 1.5 x 107 is used. As we can see
in Figure 5, the most efficient spectral deployment of FBG sen-
sors is achieved if uniform FBGs are used. As for the side-lobe
parameter, it is best minimized by using raised sine apodiza-
tion, but after that by utilizing the Gaussian apodization.

As it can be observed, Figure 6 clearly shows the coher-
ence between reflectivity, grating length, and grating
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(An=1.5x 107" and fixed grating length 13 mm).

modulation index of FBG gratings. By increasing the length
of the grating, also FBG reflectivity in % increases. The high-
est reflectivity is reached with uniform (without apodiza-
tion) realization, then follows sine apodization, after that
Gaussian apodization, but the relatively lowest reflectivity
is by using the raised sine apodization. From the results, it
can be concluded that the use of modulation index An=
0.5x 107 provides relatively the lowest performance
because the reflectivity of 90% is not reached (in the grating
length range of 1-20mm). The highest reflectivity we can
observe at higher modulation index values, hencel.5 x 1074
and2 x 10~*. With higher modulation index values, it is pos-
sible to achieve preferred reflectivity while using a shorter
length of the specific grating.

While analyzing the signal bandwidth, it can be seen in
graphs (see Figure 7) that by increasing the grating length,
the value of FWHM decreases. The most rapid changes are
observed for the FBGs with 1-5-millimeter-long grating
length. When the grating length of 2 mm is used, the FWHM
bandwidth is reduced by half compared to the 1 mm long
grating. For example, FWHM is 0.74nm wide when 1 mm
uniform grating is chosen, but the grating length of 2mm
(for the same uniform grating) leads to FWHM of 0.38 nm
(at modulation index 1 x 10™*). From the results, it can be
concluded that the grating length from 1 to 5 mm is not suit-
able for sensor networks because it operates with relatively
wide bandwidths. Hence, to save the available optical fre-
quency spectrum and use the planned operational optical
frequency range more efficiently, larger grating lengths for
FGBs should be chosen, thus operating with narrower
FWHMs. In Figure 7, it can be seen that the narrowest
FWHMs are obtained when applying the lowest modulation
index values of 0.5 x 107. It is also important to highlight
that for all the apodizations, there are specific values of grat-
ing lengths at which an additional increase of grating length
does not provide a significant FWHM decrease anymore.
For instance, as for the uniform type, significant FWHM
decrement is observable until grating lengths of 6-8 mm,

while for Gaussian and sine 8-10 mm, and raised sine 10-
12 mm. After those values, an increase in grating length does
not highly affect FWHM values.

As shown in Figure 8, by analyzing the results obtained
from simulations of FBGs with uniform and Gaussian apo-
dization, the SLS is evenly decreased by increasing the grat-
ing length from 1mm to 20mm when using all four
modulation index values (0.5 x 107 to 2 x 107%).

When using sine and raised sine apodization with mod-
ulation index (1.5x107* and 2x 107*), graphs show the
decrease of SLS when increasing the used grating length;
however, at certain values (as can be seen in Figure 8(c)),
the SLS also starts to increase with further increase of grating
length. Yet this process can be observed for specific grating
lengths, and then again, by increasing the grating length
even further, SLS starts to decrease again (function is period-
ical). We can see similar tendencies in a scientific article
[16], where a higher modulation index of 4 x 107 is used
and well seen when the SLS function is periodical. The low-
est SLS values are recorded for uniform FBG (without apodi-
zation) where they do not reach the defined threshold
(20dB); thus, we can state that it is not most suitable for
FBG sensor networks and long-distance monitoring applica-
tions. When applying Gaussian, sine, and raised sine apodi-
zations, side-lobe suppression is significantly improved
compared to the uniform profile.

To better analyze and compare the FBG parameters like
reflectivity (Figure 9), SLS (Figure 10), and FWHM
(Figure 11) and their relation with the apodizations profiles,
the comparison was performed with a modulation index of
1.5x 107*. As we can see in Figure 9, while applying gratings
in the range between 1 mm and 20 mm, the highest reflectiv-
ity results can be ensured by using the uniform profile. As
for the second-highest - by sine apodization profile. Grat-
ings with raised sine and Gaussian apodization provide sim-
ilar results compared to each other and show relatively lower
reflectivity when 1 mm to 20 mm grating lengths at modula-
tion index 1.5 x 10~* are chosen.
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As we can see in Figure 10, Gaussian apodization (30 to 32dB) are shown by raised sine apodized FBGs.
ensures the highest SLS (33 to 38dB) results when 1mm  Uniform fiber Bragg grating provides the least side-lobe
to 7mm grating lengths are chosen, but when grating  suppression values when grating lengths are used in the
lengths are between 9mm to 20 mm, the best SLS results  range of 1 mm to 20 mm.
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TaBLE 1: Optimal FBG grating parameters for raised sine, Gaussian apodization, and sine apodization with modulation index 1x 107,

1.5x107% and 2 x 1074,

Apodization type Modulation index (x107) Grating length (mm) Reflectivity (%) FWHM (nm) SLS (dB)
1.0 20 90.3 0.112 35.6
Raised sine 1.5 13 90.0 0.173 35.7
2.0 10 90.4 0.228 354
1.0 19 90.0 0.110 26.0
Gaussian 1.5 14 93.1 0.160 247
2.0 10 91.7 0.216 26.9
1.0 16 90.9 0.118 20.1
Sine 1.5 11 91.9 0.176 20.7
2.0 13 99.0 0.210 225

While analyzing the signal spectral bandwidth, it can be
seen in graphs (see Figure 11) that by increasing the grating
length, the value of FWHM decreases. The most rapid
changes are observed for the FBGs with 1-6 mm long grating
length. To save the optical frequency spectrum band, larger
grating lengths (at least 6 mm) for FGBs should be chosen,
thus operating with narrower FWHMs. The narrowest band-
width when grating lengths are chosen between 1 mm and
7mm is provided by uniform FBGs and then by sine and
Gaussian apodizations. As for the gratings between 8 mm
and 20mm in length, the narrowest bandwidth can be
reached by applying the Gaussian and then sine apodizations.

To provide FBG with narrower bandwidth
(FWHM<0.2nm) and high reflectivity (at least 90%), larger
grating lengths for FGBs should be chosen. However, long
FBG gratings do not always guarantee higher SLS parameter
values. Due to that, it is vital to estimate optimal FBG
parameters for every grating type as it is shown in the next
paragraph.

Table 1 summarizes the most optimal FBG grating and
apodization parameters evaluated from the previously men-

tioned data and graphs. This table does not include previ-
ously mentioned uniform type FBG data because results
gained by uniform FBGs do not comply with the SLS thresh-
old (at least 20dB) requirements. As we can see from the
Table 1 data, the raised sine apodization provides relatively
similar reflectivity and FWHM as does Gaussian apodiza-
tion, but SLS values are significantly better for raised sine
apodization than they can be observed from Gaussian apodi-
zation. Based on the research data, raised sine apodization is
most optimal for the usage of sensors networks and long-
distance monitoring, because overall, the relatively highest
quality parameters for the grating can be reached with this
type of apodization when mentioned modulation indexes
are used. The length of the grating can be reduced when
applying higher modulation indexes. However, a higher
modulation index increases the spectral band and thus the
FWHM value of an FBG.

The relatively best FBG results (reflectivity=90.3%,
FWHM =0.112nm, and SLS=35.6dB) are observed for
raised sine apodization with a modulation index 1x 107
and grating length of 20 mm.
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Figure 13: Simulation setup for testing FBG sensors’ operation distance.

The sensor network with 40 FBG sensors in the wave-
length band of 1,530 to 1,659 nm (spacing between the sen-
sors is 1 nm) is developed (“OptiGrating” software) based on
these FBG parameters to validate the found optimal param-
eters (raised sine apodization with modulation index 1 x
107* and grating length of 20 mm). The reflected optical sig-
nal spectrum is shown in Figure 12.

Figure 12. indicates that the developed 40 FBG sensor
network has high reflectivity (>90%) and SLS value
(~30dB). SLS values have slightly deteriorated for the sensor
network as the adjacent side lobes overlap.

For testing of FBG operation distance, we have firstly
developed an additional simulation setup (see in Figure 13)
by using VPIphotonics mathematical modelling software. In
this model, FBG sensors operation distance (SMF fiber dis-
tance between optical circulator and FBG sensor network)
is measured and tested.

In this simulation setup, the parameters of components
are set based on the real parameters of commercial compo-
nents. The transmitter part of the setup includes an optical
broadband light source (BLS) which has full width at half
maximum (FWHM)=80nm in wavelength band of 1510-
1590 nm. BLS component’s output spectrum is experimen-
tally measured with S-line Scan 800 interrogator and
uploaded into this simulation setup. Here, BLS output is
connected to the 3-port optical circulator (OC), which is

used for the separation of the optical light flows—trans-
mitted and reflected FBG signals. Insertion loss for OC of
direction 1 —2 and 2 — 3 is 1dB, but isolation 50dB. OC
port (2) is connected to SMF-28 single mode optical fiber
(SMF) line. For SMF, such parameters are set as follows:
attenuation: 0.18 dB/km; dispersion: 16 ps/(nm-km); disper-
sion slope: 0.092 ps/(nm?km); PMD: 0.04 ps/+/km; effective
area: 85 ‘umz; and nonlinear index: 1.27 (W xkm)'. SMF is
connected with FBG sensor network, in which amplitude-
frequency response (FBG transmitted and reflected spec-
trums) and technical parameters such as reflectivity,
FWHM, and central frequency are uploaded. FBG sensors’
reflected signals are transmitted from OC port 2 — 3 to the
optical spectrum analyzer and signal processing unit, in
order to analyze the received optical spectrums of the FBG
sensors.

Afterward, for testing and validation purposes, such FBG
sensor network’s setup is then developed in laboratory envi-
ronment where the architecture of the scheme is the same
(see in Figure 14).

However, the specific 40 FBG sensor network with the
estimated optimal parameters (that were investigated, devel-
oped, and described in the article, see Figure 12) was not
physically available in our laboratory. Therefore for the test-
ing and validation purposes, we have here used the FBG
setup available for us in the laboratory, FBG sensor network
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with 5 FBGs (with central wavelengths of 1541, 1543, 1545,
1547, and 1549 nm).

As we can see in Figures 15 and 16, reflected signal spec-
trums of FBG sensor networks after BTB, 20, 40, and 60 km
transmissions experimentally measured and measured by
mathematical simulation are closely similar to each other.
In mathematical simulation software, optical spectrum ana-
lyzer (OSA) uses extra signal processing function; therefore,
at the noise level (~70dB), the lines are smoother (less
amount of noise) than in the experimental setup results.
The obtained similar simulation and experimental results
prove that the mathematical simulation model has been cre-
ated correctly.

FBG sensor network with optimal parameters (devel-
oped and described in the article, see Figure 12) is then inte-
grated into the developed and experimentally validated
simulation model and tested after BTB, 20, 40, and 60 km
long transmissions. As we can see in Figure 17, after 60 km
transmission, it is possible to detect the received signals of
FBGs central wavelengths, and side-lobe suppression ratio
(SLSR) values are 9-11dB. This means that the developed
FBG sensors network can be used for long-distance (60+
km) monitoring solutions.

4. Conclusions

In this research, we have analyzed and defined optimal grat-
ing and apodization parameters that provide maximally high
reflectivity (at least 90%) and acceptable SLS (at least 20 dB),
and maximally narrow bandwidth (FWHM <0.2nm) for
FBG sensor networks and long-distance monitoring applica-
tions. In the article, we have estimated optimal FBG param-
eters for Gaussian apodization, sine apodization, and raised
sine apodization when modulation indexes 1 x 107%, 1.5 x
1074, and 2 x 107* are used. From the apodizations used in
this research, raised sine apodization was found to be the

most optimal for the application in FBG sensor networks
and long-distance (60+ km) monitoring if the binding
parameters (as described in this work) are used.
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Market forecasts and trends for the usage of fiber optical sensors confirm that demand for them will continue to increase in the near
future. This article focuses on the research of fiber Bragg grating (FBG) sensor network, their applications in IoT and structural
health monitoring (SHM), and especially their coexistence with existing fiber optical communication system infrastructure.
Firstly, the spectrum of available commercial optical FBG temperature sensor was experimentally measured and amplitude-
frequency response data was acquired to further develop the simulation model in the environment of RSoft OptSim software.
The simulation model included optical sensor network, which is combined with 8-channel intensity-modulated wavelength
division multiplexed (WDM) fiber optical data transmission system, where one shared 20km long ITU-TG.652 single-mode
optical fiber was used for transmission of both sensor and data signals. Secondly, research on a minimal allowable channel
spacing between sensors’ channels was investigated by using MathWorks MATLAB software, and a new effective and more
precise determination algorithm of the exact center of the sensor signal’s peak was proposed. Finally, we experimentally show
successfully operating coexistence concept of the spectrum-sliced fiber optical transmission system with embedded scalable FBG

sensor network over one shared optical fiber, where the whole system is feed by only one broadband light source.

1. Introduction

As it is observed in [1], fiber optical sensors are commonly
used to measure a wide range of physical parameters, for
example, temperature, strain, vibration, mechanical defor-
mation, and pressure. Sensors that are based on a fiber
Bragg grating (FBG) technology are one of the most prom-
ising and are widely used mainly due to their significant
advantages like small size, high sensitivity, remote sensing
capabilities and provided immunity to electromagnetic
(EM) interference, etc.

From a physical point of view, the FBG is small (typ-
ically few centimeters in length) optical fiber span that is
created by introducing a modulation of its core effective
refractive index. To develop such grating, few methods can
be used, as shown, for instance, in [2]—direct point-by-
point method, continuous core-scanning method, or inter-

ferometric method. As a result, the FBG will reflect signals
with specific central frequency or wavelength, called Bragg
wavelength. Another aspect of fiber optical sensors is their
adaptability as it is confirmed in [3] that glass optical fibers
are more suitable for data transmission than polymer optical
fibers. That is due to their smaller attenuation and higher
bandwidth capabilities.

However, besides the important advantages, according to
the article [1], FBG optical sensors have some disadvantages
that can be triggered by crossed sensitivity providing inaccu-
rate measurements of strain or temperature. Parallel to that,
as it is discussed in the article [4], a risk factor can also be
areas with high temperatures and places where vibration or
trembling is observed near the optical fiber sensors.

For a couple of years until now, the need for fiber
optical sensors globally is continuously rising. From the
analysis of current trends of fiber optical sensor market
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shown in an article [1], especially highlighting the FBG, it is
clear that there are three main segments leading to the
demand for fiber optical sensors. One of them is sensing devi-
ces—optical sensors as a technology for different sensing
applications. Another one is instrumentation, for example,
software, acquisition systems, interrogation devices, and
graphical interfaces. The third segment is system integration
and installment services, for example, engineering projects.

Nowadays, lots of different fields, for example, structural
health monitoring (SHM), have a wide variety of possible
optical sensor installation and deployment methods. For
instance, there are applications evaluated [5] where FBG
optical sensors are embedded in concrete to measure strain
and monitor tracks. According to [6], topical research theme
in a matter of SHM is also an underground coal mine moni-
toring due to the occurring construction accidents. Further-
more, studies have shown [7] implementation of optical
sensors in different surfaces and materials, like 3D-printed
structures, where 3D printing technology can serve as a link
to connect FBG optical sensors and robotic devices. Last
but not least, in the latest studies [8], particular interest is
in sensing applications for supertall buildings that might be
in a risk of different types of deformations, hence a threat
for civil security.

Considering a wide variety of reports that are based on a
fiber optical market research [9], the newest statistics predict
average annual growth of the sensor market in the range
between 4.41% and 10.5%. These numbers are acquired by
combing a different kind of optical sensor types such as
[10] point, distributed, quasidistributed, intensity, phase,
polarization, frequency, physical, chemical biomedical ones,
and different categories that are based on sensing location,
operating principle, and applications.

Due to the growth in the number of devices using avail-
able transmission spectrum for communications and data
transmission as well as enhancement of optical networks
infrastructure, literature in [11, 12] has shown an indication
that there is increased attention on effective spectrum utiliza-
tion. One of the key elements in the deployment of sensor
networks is an effective choice of their minimal channel spac-
ing to keep spectral efficiency of sensor network high as pos-
sible and to avoid overlapping of adjacent optical sensor
signals that leads to the need for developing algorithms for
precise determination of the exact center of the sensor sig-
nal’s peaks (also called as central frequency or wavelength).
Changes in measured central frequency or wavelength of
the sensor’s reflected signal are representing the variation of
physical parameters such as temperature and strain. Another
key element, which is as important as the first one, is ensur-
ing resource-effective architectures of data transmission and
sensing systems, maximizing their compatibility. Therefore,
our experimental fiber optical transmission system with
embedded FBG sensor network, as shown in Section 4 of this
paper, operating over one shared optical distribution net-
work (single-mode optical fiber), while using unified broad-
band light source for both systems, serves as a good
example of the coexistence of these systems. To the best of
our knowledge, such experiments for the implementation of
unified light source have not been conducted yet.

Journal of Sensors

2. Fiber Optical Sensors in IoT and
SHM Applications

Internet of Things (IoT) is an area of potential growth and
different kinds of innovations which agrees the majority of
the world’s governments in Europe, America, and Asia. As
indicated in [13], public safety, environmental protection,
and Smart Industries, e.g., smart homes, are only a few of
the potential IoT application areas. As mentioned in studies
like [14, 15], SHM applications can be an important field of
fiber optical sensor usage as well as for the domain of IoT
in cases of optical sensor implementation for operational
safety of structure (e.g., buildings, roofs, bridges) observa-
tions. The authors can suggest one of the many ways of the
possible scenarios, which links the IoT with SMH. From a
wide variety of modern technology research, one of them,
for instance, which is carried out in IoT direction, is smart
cars and traffic control. In this case, one of the scenarios
includes IoT smart car combination together with fiber opti-
cal sensing for SHM needs. In the scenario when there are
roads with embedded FBG optical sensors, providing strain
measurements for road SHM, this information can be pro-
vided through the nearly deployed single-mode optical fiber
cable to the service provider central office for further pro-
cessing. All the strain measurements can be processed to
detect the streets which at that particular moment have traf-
fic jams and by knowing that, a traffic control optimization
could be initiated. Such information, for example, traffic
jam situation and traffic safety information, could be as well
wirelessly transmitted to IoT smart cars, which then could
take alternative routes.

By taking a closer look on a sensing layer, [16] presents
that it can be seen that a layer is made of different types of
control modules, for instance, sensor networks that include
particular kind of sensors needed for monitoring of vibra-
tion, strain, temperature, humidity, etc. As for the main
information, it is collected in the perception level and sensing
layer comprises a data acquisition as well as a short-distance
transmission where data and information is aggregated via
sensing devices and later handed over to the particular gate-
way by bus or short-distance wireless transmission technol-
ogy applications.

To ensure high safety of civil infrastructures, such as
buildings, bridges, roads, and even road embankments,
assessment of structural integrity in relation to the load-
carrying capacity, which decreases due to aging, damage,
or deterioration, must be carried out continuously. Studies
[17] have previously shown that traditionally this structural
health monitoring is carried out by periodic visual investi-
gations, or by using discrete electrical or mechanical sen-
sors. However, such sensor deployment is time-consuming
and they are difficult to install during construction and
repairs. They require a large number of electrical connec-
tions and complex cabling and have a high susceptibility
to electromagnetic interference (EMI), humidity, and rela-
tively short lifetime.

As an example, currently, in Latvia, SHM of bridges,
roads, railways, and surrounding embankments is mostly
done through visual inspections. Latvia is a good example
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F1Gure 1: Developed simulation model of combined 5 FBG temperature sensor networks integrated into 8-channel 10 Gbit/s NRZ-OOK

WDM-PON transmission system.

in successful fiber optical network rollout and holds the lead-
ership position in the European fiber to the home (FTTH)
ranking, with fiber coverage of 45.2%. Therefore, due to the
availability of fiber optical infrastructure, fiber optical sensors
are paying large attention from Latvian companies like the
national road administration—State Joint Stock Company
“Latvian State Roads” [18], which are interested in using
the existing fiber optical infrastructure and FBG sensors for
remote monitoring of their objects. For example, with passive
FBG sensor solution, where multiple sensors are embedded
in different layers of the road pavement, it is possible to mon-
itor road condition during its lifetime. In addition, research
of [19] also support the FBG technology topicality in relation
to fiber optical sensors in SHM applications and especially
highlighting different algorithm tests for detection of tiny
wavelength shifts, hence pointing out the importance of an
efficient available frequency spectrum and FBG application
improvements. Considering that IoT and SHM field develops
a closer connection with fiber optical sensors’ field [20],
therefore it is important to research FBG sensor coexistence
with typical fiber optical transmission network infrastruc-
ture, starting from combined network architecture and end-
ing with spectrum allocation and minimal spacing between
sensors and data transmission channels. In our research,
the aim for correct measurement acquisition of physical
parameters like temperature and strain and precise detection
of FBG sensor central wavelengths or peaks is crucial and can

be complicated due to the amplitude fluctuations of FBG’s
reflected signal peak, as shown in Section 3 of this paper.

3. Modeling of Combined FBG Sensors and
WDM-PON Transmission System Network

Our simulation setup was developed by using RSOFT
OptSim software, where we used measured amplitude-
frequency response data of commercial optical temperature
sensor, which is a sensitive, ruggedized temperature sensor
based on uniform FBG technology (Figure 1). The goal of this
modelling is to develop an operating simulation model that
provides successful FBG optical temperature sensor network
collaboration with 8-channel wavelength division multi-
plexed passive optical network (WDM-PON). The developed
model was further used for observation of temperature effect
on sensors” signals (optical signal reflected from deployed
FBG sensors) as well as observation and calculation of mini-
mal channel spacing, which led to our proposed peak detec-
tion algorithm (Section 3.2). As for the data transmission
system, our created model uses a non-return-to-zero on-off
keying (NRZ-OOK) modulation scheme. Optical line termi-
nal (OLT) with 10Gbit/s transmitters is located in the
service provider’s side. From structural point of view, we
integrated few element configurations based upon our pre-
vious research shown in the article [21], where every trans-
mitter includes 10 Gbit/s pseudorandom binary sequence



(PRBS) data source, NRZ driver, optical Mach-Zehnder
modulator (MZM) with 20dB extinction ration and 3dB
insertion loss, and continuous wave (CW) laser with output
power of +3dBm. For those eight data channels, central
frequencies are set as follows: 192.90, 192.95, 193, 193.05,
193.1, 193.15, 193.2, 193.25THz. According to the ITU-
TG694.1 recommendation [22], data channel spacing is set
to 50 GHz. Afterwards, all eight of the data transmission
channels are then coupled by the optical coupler (MUX) for
further transmission in an optical distribution network.

As for the light source, for the sensor network, the broad-
band light source (BLS) represented by super-luminescent
light-emitting diode (SLED) was chosen. The BLS source’s
optical band from 193.7THz to 195.3 THz was used for
deployment of FBG optical sensors. We experimentally
measured the spectrum of SLED source in RTU Fiber
Optical Transmission Systems Laboratory and then loaded
its amplitude-frequency response data into our simulation
model. If we look at the spectral intensity fluctuations in this
specific frequency region, we can observe that they are rel-
atively small—less than 0.37dB and output power is set to
-9dBm. Our SLED signal, which will be further used as a
seed light for optical FBG sensors, is then filtered by an opti-
cal bandpass filter and sent to the optical signal coupler
(MUX), where it is coupled with 8 data channels from OLT
(see Figure 1). In this setup, we use optical circulator for sep-
aration of signal transmission directions to separate sensors’
(FBGs) reflected signals from transmitted data signals and
light source. Influence of the transmission spectrum of a cir-
culator is negligible as circulators’ bandwidth is wide enough
(1525-1610nm in wavelength or 186.206-196.585THz in
frequency) and the directivity was >50dB, and isolation
was >40 dB. In the middle part of the transmission scheme,
there is an optical distribution network containing 5 optical
FBG temperature sensors and 5 single-mode optical fiber
(SMF) spans forming 5 sections with 4km distance between
each and every sensor. Therefore, the total optical line length
is 20km. The length of the spans was selected to present
4km, based on the data that such distance is commonly used
in Latvia between fiber optical cable cabinets or manholes,
where fiber optical closures are placed. In addition, the fact
that each sensor is located in the different distances from
optical signal interrogation unit allows evaluating the com-
bined system under different scenarios.

As shown in Figure 1, after the last FBG sensor, there is
located demultiplexer for separation of data transmission
channels, represented by an arrayed waveguide (AWG) and
optical network units (ONUs). The received optical sensing
signal quality is monitored by a spectrometer, which is
connected to a circulator. As an optical receiver, we use
PIN photodiodes with a sensitivity of -17 dBm at reference
bit error ratio (BER) 1071°. PIN output is connected to electri-
cal Bessel low-pass filter with 7.5 GHz 3 dB cutoff frequency
and afterwards to the electrical scope or BER estimator. This
combined scheme provides coexistence of two previously
mentioned systems. As we observed in the investigated opti-
cal sensor network model, the influence of WDM data trans-
mission channels on sensor signals was negligible, causing
only a slight decrease in optical signal to noise ratio of
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FIGURE 2: Measured experimental data and their linear
approximation representing the correlation between temperature
and frequency for commercial FBG optical temperature sensor.

received data signals. In other words, by making the overall
system more complex (combining both systems by including
more devices and elements in total) results in a power loss for
optical sensor network. It is also important to remember that
with the collaboration of both systems, crosstalk is inevitable,
respectively, mutual interference can be observed. Adding
to that, signal noise in this situation can be expected, mainly
due to each and every simulation schemes’ element. How-
ever, to make this combined system more resource and spec-
trum efficient, it is necessary to assess and calculate minimal
channel spacing or frequency band between FBG sensor cen-
tral frequencies (channels) as well as to create an algorithm
for precise signal peak detection. Such aspects are further
investigated in this article.

3.1. Research of Minimal Allowable Channel Spacing between
Sensors’ Signals. For this research, the precise determination
of minimal channel spacing, as well as peak detection using
different methods, was important. According to the datasheet
of the commercial optical FBG temperature sensor, its cali-
brated frequency at +26°C is 191.53713 THz or 1565.191 nm
in wavelength and frequency response to temperature change
is 1.279 GHz per 1 degree Celsius. The reflectivity of the used
FBG temperature sensor is higher than 15%.

In our research, we also compared the theoretical tem-
perature sensor’s response from datasheet with our measured
one. To perform this, we firstly heated FBG optical sensor to
measure a wide variety of FBG’s reflected signal central fre-
quencies in the temperature range between +14°C and
+40°C. The temperature response of the peak frequency of
the FBG was measured to be —1.231 GHz per 1 degree Cel-
sius. The acquired linear equation describing temperature
and frequency correlation (response) for the FBG optical
temperature sensor is represented in Figure 2.

As one can see, the difference between our experimentally
measured FBG response data and manufacturer’s provided
data is only 3.9%. Therefore, we used the experimentally
measured temperature response of the peak frequency of
the FBG further in our research. This response value was a
decisive factor for the evaluation and analysis of minimal
channel spacing between sensor channels.

In Figure 3, you can see the spectrum of the simulated
combined system at 0°C environment temperature, which
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FIGURE 3: Spectrum of simulated combined system with 5 FBG
optical sensor reflected peaks and 8 data channels (spectrum
obtained by spectrometer located in optical sensor interrogation
unit) at 0°C environment temperature.

TasLe 1: Calculated frequency channel plan of optical FBG
temperature sensors.
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includes 5 optical FBG sensor channels (FBGs’ reflected sig-
nals) and 8 data channels, measured by a spectrometer with
resolution bandwidth set to 0.07 nm and located in optical
sensor signal interrogation unit. Please pay attention that this
is a spectrum of the reflected signal, not the spectrum of
transmitted signal; therefore, the 8 data channels are visible
and significantly attenuated.

Further, the next FBG parameter was to be estimated, in
this case of 5 FBG optical sensors, the average spectral width
of sensor signals in the optical power drop zone of 7 dB (see
Figure 3). Here, 7dB optical power drop zone applies not
only to the first sensor but also to each and every reflected
sensor signals’ own maximal amplitude.

Power drop zone value was calculated by creating an
equation, which is based upon our previous research [23]
for the detection of channel spacing between sensor signals
in the specific spectrum region:

Pdropzonezlo'log (n):lO-log (5):7dB’ (1)

in which Py, 0ne (dB) is the optical power drop zone and n
is the number of sensors. An equation was created by analys-
ing the optical sensor reflected signals” overlapping in case of
different temperature changes for fiber optical sensors that
are located close to each other, as well as by evaluating [23]
proposed minimal power drop zone diapason value in which
the nearby reflected sensor signals should be maintained.
With this information, we were able to propose the formula
that describes such calculations. This formula was chosen
to calculate the worst case scenario—when creating overlap-
ping to one of FBG sensors from all other sensors. According
to our measurement results, the average spectral width of
sensor peaks in the optical power drop zone of 7dB is
109.8278 GHz. This value is further used for the determina-

tion of minimal frequency channel spacing between adjacent
FBG sensors.

We expect that the operating temperature for FBG sensor
network will be in the range of 80°C (from -20°C to +60°C,
typical to structural health monitoring applications). By
knowing frequency to temperature response as well as spec-
tral width of FBG sensor peaks, we were able to develop our
equation to determine theoretical minimal channel spacing
(CS) between every FBG optical sensor that was integrated
into our system:

CS= bWan + (Ttot 'fvar)’ (2)

in which CS (GHz) is the channel spacing, bw,,, (GHz) is the
average spectral width of FBG’s reflected signal peak at the
optical power drop zone level of 7dB, T\, (°C) is the total
expected temperature variation range, and f,,. (GHz) is the
temperature response of the peak frequency of the FBG for
one degree Celsius. After inserting all known variables, the
result of minimal channel spacing calculation is as follows:

CS= bwavg + (Ttot 'fvar)
=109.8278 + (80.1.231) 3)
= 208.285 GHz.

The channel plan, based on the abovementioned calcula-
tions of FBG sensors, is shown in Table 1.

Accordingly, central frequencies of optical FBG tempera-
ture sensors were set in the simulation model as in the table
above, starting from the first to the fifth sensor, as it is also
seen in Figure 3. We chose such frequencies while consider-
ing occupied spectrum by the 10 Gbit/s downstream data
transmission channels to provide stable operation of com-
bined FBG sensors and WDM-PON transmission system
network. By stable operation, we mean the case where no
overlapping between optical sensors and data transmission
channels is observed and it is possible to measure and inter-
rogate both sensor channels and data transmission channels
with BER not higher than, for example, 10”°. These frequen-
cies (Table 1) represent the FBG signal peak frequencies,
where peaks have maximal amplitude. However, due to
the irregularity of reflected spectra of the FBG sensor, not
always the peak point with the highest amplitude is the
exact center or central frequency of the peak. Therefore, it
is important to develop an algorithm allowing to precisely
detecting FBG central frequency, thus reducing the sensor
measurement error.

3.2. Development of an Algorithm for Precise FBG Signal
Interrogation. If all FBG signals are equally attenuated (e.g.,
located in one physical place), deployed relatively apart from
each other in the spectrum and FBG has smooth amplitude-
frequency response curve, then interrogation of FBG signals
is not a hard task. Nevertheless, there are some difficulties
in real applications, where FBG optical sensors are located
in different physical locations; therefore, each FBG peak
experiences different amounts of attenuation. For example,
in situations when there are multiple FBG sensors connected
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in series on one optical fiber and they are located in different
distances between each other, a different amount of attenua-
tion (decrease in optical power) on each reflected sensor peak
can be observed. It generally leads to the situations where
some reflected sensor signal peaks can be very attenuated if
compared to the signal peaks of the sensors, which are phys-
ically connected closer to the interrogator. Not to forget that
light is passing through optical fiber twice—first through
optical sensors and then reflected back through the circula-
tor. In that case, it is important to detect the precise center
of the reflected sensor signal peaks for systems’ optimization,
as well as efficient preservation of the available frequency
spectrum. Accordingly, if the sensor is located farther away
from the interrogation unit, then its signal is more attenu-
ated, as it can be seen in Figure 3.

Thereby, authors offer a precise peak detection solution
created within MATLAB software. Our work structure and
sensors’ signal processing order is visualized in the flowchart
(see Figure 3). This figure represents our research process
starting from the creation of a simulation model and ending
with the creation of an algorithm (MATLAB code) for the
finding of precise sensors’ peak central frequencies.

As shown in Figure 4, based on the measured tempera-
ture response of the peak frequency of the FBG and creation
of minimal channel spacing equation, it is possible to eval-
uate minimal FBG channel spacing what was also one of
the main objectives during this research. Subsequently, we
investigated peak central frequency calculations for sensor
signals, and by updating our OptSim simulation model with
new adjustments, we were able to create a new algorithm
(written as MATLAB code) for determination of the exact
center of the sensor signal’s peak that was yet another objec-
tive of this research. Once that it was completed, it was pos-
sible to compare traditional approach, where the peak
central frequency is the peak’s point with the highest inten-
sity (standard automatic peak detection) against our pro-

posed algorithm, where the peak central frequency is the
exact center of the peak.

In order to determine precise channel spacing between
FBG signals, it is important to locate an exact center of each
signal peak and vice versa. It needs to be made clear that not
always the highest value in a peak region is its center. In this
case, all the commonly used standard algorithms (repre-
sented as “x” in Figure 5) of automatic peak finding, regard-
less of the MATLAB algorithm typically used, do not achieve
the needed result, as shown in Figure 5.

As it is shown in Figure 5, it is not an easy task to detect
the exact center of the FBG’s reflected signal’s peak due to its
irregularity. To solve this problem, we created an algorithm
within MATLAB software where we imported data about
sensor signals from OptSim simulation scheme discussed
in this article. Our method and approach are similar to the
one widely used for measurement of pulse width—well-
known full width at half maximum (FWHM) method. To
detect the exact center of each FBG sensors’ peak, we based
our calculations upon relative peak power level that was
equal to 90% from its maximum. When the algorithm had
detected 90% power level, it started locating spectrum values
on both sides—left and right. Once it had acquired such
values, it mathematically summarized both values and
divided by two. Then, from this point at the 90% power
level, algorithm started finding a spectrum point that is
located upwards till it reached the exact point, which was
our desired exact signals’ peak middle point. With such a
method being used, we improved our FBG signal interroga-
tor accuracy and excluded the wrong detection of signal
peaks due to power fluctuations and irregularity of the fre-
quency spectrum.

Once we composed this algorithm, it provided us the
ability to process spectrum data of each sensor and detect
the exact center frequency of each sensor’s reflected signal
(see Figure 6 and Table 2).
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proposed algorithm.

TasLE 2: Calculated and detected FBG optical sensor central signal
frequencies using both methods.

Central peak frequency (THz)
obtained by

EBG ) Measured with Difference
sensor’s Calculated
our proposed peak (GHz)
no. central .
frequencies detection
algorithm
1 193.800 193.785 15.166
2 194.008 193.994 14.084
3 194.217 194.201 15.385
4 194.425 194.409 15.642
5 194.633 194.616 17.322
Channel
spacing 208.285 207.746 0.539
(GHz)

Knowing that FBG channel spacing is estimated as a
difference between two adjacent FBG signal peak centers
and that our newly acquired peak center frequency values
differ from values obtained by calculated FBG’s central fre-
quencies (as shown in Table 1), it was understandable that
the channel spacing will differ as well. Therefore, we sum-
marized the newly detected central frequencies of FBGs’s

peaks in Table 2, as well as compared them to previously
obtained values by calculated central FBG’s frequencies.
From these results, channel spacing values can also be deter-
mined and compared to each other.

As it is possible to observe from Table 2, there is a differ-
ence between frequency values (GHz). This number is repre-
senting the difference in error between both used algorithms.

From our results, it is clear that such a peak detection
algorithm can be integrated into FBG optical sensor interro-
gation units to precisely detect the exact center of each FBG
signal’s peak.

4. Research of Concept for the Coexistence of
Single Light Source Fed Fiber Optical Data
Transmission System with Embedded FBG
Sensor Network over Shared Optical Fiber

One of the appealing ideas in the matter of optical sensor net-
works and data transmission systems is by unifying their input
light sources. In this case, the spectrum-sliced wavelength divi-
sion multiplexing (SS-WDM) technology that is realized with
amplified spontaneous emission (ASE) source might be con-
sidered to achieve such a goal. SS-WDM was chosen for our
further study due to its advantages also discussed in the article
[24], for instance, cost-efficient solution that can be acquired
by its ability to compose optical elements and electronics in
one central office allowing network architecture simplification
specifically for optical transmitter side.

We developed a simulation model and an experimental
model of a spectrum-sliced WDM transmission system,
where one broadband ASE source was shared by the optical
transmission system and sensor network at the same time
(see Figures 7 and 8). Differently, from other related studies
in this field, we focused our goal on achieving error-free
transmission system model that provides reliable output
for both data transmission and optical sensor channels.
Adding to that, our initial research in this matter uses the
data transmission rate of maximum 1.5 Gbit/s per channel,
which was limited by the characteristics of the light source,
as described further.

4.1. Description of Realized Spectrum-Sliced Transmission
System Simulation Model with Embedded FBG Sensor.
Another one simulation carried out within OptSim software
was aimed for a better understanding of the influence of the
FBG optical sensor system on the data transmission system
which was unified together with the optical sensor system.
Figure 7 shows the created simulation model that has 3 main
parts—central office (CO), optical distribution network
(ODN), and optical network terminal (ONT). In central
CO part, here for the BLS source, we chose amplified sponta-
neous emission (ASE) source. The ASE source’s optical band
from 191.75 THz to 195.8 THz was used to provide operation
of FBG optical sensor. We experimentally measured the spec-
trum of the ASE source and then loaded its spectral charac-
teristics into our simulation model. Please see the measured
spectrum of ASE source in Figure 9.
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F1GURE 8: Experimental system of spectrum-sliced WDM fiber optical transmission system with embedded FBG sensing system fed by a single

shared broadband light source.

Further, optical power splitter was used for dividing the
optical signal into two parts (with 50:50 power division
ratio). One of the signal parts was used for data transmission
channel needs and the other one for FBG optical sensors’
spectrum allocation. 32-channel AWG was chosen for the
separation of data transmission channels. The central fre-
quency for data transmission channel is set to 193.1 THz or
1552.52nm, according to ITU-TG.694.1 frequency grid.
From Figure 7, it is possible to observe the structure of every
transmitter (Tx), where they consist of data source, non-
return-to-zero (NRZ) driver, and Mach-Zehnder modulator
(MZM) with an extinction ratio of 26 dB. The other part of

the signal (50%) is filtered through an optical bandpass filter
(OBF). Here, the OBF with 1 THz 3 dB bandwidth is used to
avoid overlapping of modulated data channels and the BLS
source spectrum intended for the operation of FBG sensors.
Then, both signals are coupled by using optical Y type
(50%:50%) coupler. Afterwards, coupled optical signal is
amplified by EDFA with 20.5dB fixed gain (output power
up to 22 dBm).

Next, in the optical distribution network (ODN), to
provide the ability to observe FBG optical sensor (with opti-
cal spectrum analyzer (OSA)), the optical circulator is chosen
for the optical sensor to separate combined transmitted
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FIGURE 9: Measured optical spectrum of broadband ASE light
source.

signal from FBGs’ sensor reflected signals. Furthermore, the
data transmission channel signal is carried by 20km long
SMEF fiber line through FBG sensor and variable 3 dB optical
attenuator (VOA) to AWG 2, where 16th data transmission
channel is observed in optical network terminal (ONT).

ONT here consists of receiver part—high-speed pin pho-
todiode with -18 dBm sensitivity (10'° BER), electrical Bessel
low-pass filter with 1.25GHz 3dB bandwidth, electrical
scope, and optical power meter.

Here, multiple scenarios for one channel were tested.
Data transmission speed is set to 1.5Gbit/s. Then, signal
quality—BER difference (BER correlation diagrams) with
and without FBG optical sensor—is measured while the
data transmission line is 20km long. In Figure 10(b), it is
possible to observe BER versus average received optical
power of 1.5Gbit/s signals after transmission over 20 km
long SMF fiber. Afterwards, the same configuration is
applied, yet 20km long data transmission line is changed
to back-to-back (B2B) condition (without data transmission
line). Figure 10(a) shows the BER correlation diagrams for
B2B transmission.

From measured results (see Figure 10), we calculated that
for system with B2B and 20km long SMF fiber, the power
penalty, in case of both system collaborations, is approxi-
mately 0.5 and 0.2 dB at the forward error correction (FEC)
level of 2.3 x 1073, if compared to the optical transmission
system without embedded FBG sensor. The power penalty
(system with FBG sensor) for 20 km optical signal transmis-
sion compared to B2B measurement at FEC level of BER =
2.3x 107 is approximately 0.7 dB, which can be character-
ized as negligible.

4.2. Description of Developed Experimental Combined
Network Setup. To prove the concept of the coexistence of
fiber optical transmission system with embedded FBG sensor
network over one shared optical fiber, we realized the exper-
imental fiber optical system setup as shown in Figure 8.

The key point in this system is that only one shared
broadband light source (BLS) is used for data transmission
and sensing channels. It is important to highlight that for
simulation (Section 3) and experimental (Section 4) pur-
poses, the same FBG optical sensor’s spectral response curve
has been used.

Realized WDM data transmission system is based on the
spectrum  slicing approach of BLS light source, namely,

broadband ASE light source. As an alternative to ASE, the
light-emitting diodes (LED) or super-luminescent emitting
diodes (SLED), which typically have higher output power,
also can be used for the realization of spectrum-sliced multi-
channel transmission system. However, in our setup, we used
ASE due to its higher average optical output power (+7 dBm),
if compared to available SLED (+4 dBm). Please see the mea-
sured spectrum of ASE source in Figure 9.

The bitrate of the investigated data transmission system
is chosen to be 1.5Gbit/s per channel and also 1.25 Gbit/s
to test lower transmission speeds. Transmission bitrate in
such a type spectrum-sliced optical communication systems
is limited by the excess intensity noise (EIN) evaluated in
the articles [25, 26], where it is discussed that particular noise
is created by the spontaneous-spontaneous beating between
different wavelength components of the spectrum-sliced
light. Moreover, articles [27, 28] propose that the intensity
noise can be suppressed by gain saturated semiconductor
optical amplifier (SOA), which amplifies incoming carrier
spectral slice, as well as suppresses EIN, which rises from
the spontaneous-spontaneous beating between different
wavelength components of the spectrally sliced incoherent
broadband ASE light source. However, it adds extra com-
plexity to the optical transmission system.

The capacity of experimental system setup is up to 32
spectrum-sliced channels for data transmission, which are
limited by the bandwidth of BLS source, optical signal power,
and the number of output channels of arrayed waveguide
grating (AWG) used for slicing operation. However, for the
proof of principle, we set-up and investigated only one sepa-
rate data channel (only one AWG slice for further data trans-
mission was used) and one FBG sensing channel in the same
model, where all system is feed by one shared BLS source.

In transmitter side, an optical signal from BLS source is
split into two arms by a 20/80 power splitter, where the
20% output port was connected to the input of erbium-
doped fiber amplifier (EDFA) and 80% output port to an
optical band pass (OBP) filter. This splitting ratio of power
splitter (PS) is chosen intentionally to provide sufficient opti-
cal signal power for FBG sensing purposes. OBP was used to
provide dedicated ASE spectrum region for experimentally
used fiber Bragg grating (FBG) temperature sensor and to
ensure that this signal will not overlap with data channels.
The 20% PS output port with 0 dBm average optical signal
power is fed to first EDFA (EDFA_1) and amplified up to
18.1 dBm. This was done to compensate relatively high inser-
tion loss (loss was 8.6 dB) of 10 GHz Mach-Zehnder modula-
tor (MZM) and AWG. The high loss in MZM is explained in
[29] where it is stated that MZM is polarization-sensitive and
ASE by its nature is randomly polarized chaotic light, there-
fore introducing excess loss.

For slicing of BLS light source and demultiplexing of
data transmission channels, we used two AWGs with
100 GHz channel spacing each. The first AWG (in the setup
shown as AWG_1) is flat-top type with 54 GHz 3dB and
132 GHz 20 dB bandwidth. Second AWG (AWG_2), which
is used for demultiplexing of data channels, is Gaussian-
type with 77.5GHz 3dB and 145GHz 20dB bandwidth.
First AWG (AWG_1) introduced optical signal loss equal
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Figure 10: BER versus average received optical power of 1.5 Gbit/s spectrum-sliced data signals for (a) B2B transmission and (b) after

transmission over 20 km long SMF fiber.
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Figure 11: Optical spectrum of modulated 1.5 Gbit/s NRZ-OOK
spectral slice.

to 23.2dB that is formed from insertion loss of AWG unit
(4dB at 1552.52 nm wavelength) and loss due to the slicing
operation, where the relatively narrow carrier spectral slice
is spectrally cut out from wide BLS source spectrum. For
further modulation of the carrier, we used 16™ output chan-
nel of AWG unit with a central frequency of 193.1 THz or
1552.52nm, according to ITU-TG.694.1 frequency plan.
The 16" output channel of AWG produces optical spectral
slice with an average power of -5.1dBm, which is further
launched into 10 GHz LiNbO; intensity modulator biased
at the quadrature point of DCy;,; = 6.6 V. Optical spectrum
of the second AWG filtered and 1.5Gbit/s NRZ-OOK-
modulated spectral slice is shown in Figure 11.

Up to 12.5GHz pulse pattern generator (PPG) is used
to generate 2°-1 long pseudorandom bit sequence (PRBS)
with bitrates of 1.25Gbit/s and 1.5Gbit/s, respectively.
Electrical signal adopted non-return-to-zero (NRZ) coding
scheme with peak-to-peak voltage (V,,,) of 0.7 volts. The
output signal of the PPG is amplified by 25 GHz broadband
RF amplifier with 17 dB gain, forming electrical NRZ signal
with 5V, swing to drive the MZM modulator and obtain
the maximum extension ratio of a modulated optical signal
evaluated in [30].

Afterwards, MZM-modulated signal and BPF’s filtered
ASE signal are coupled by Y-type (50/50) power coupler
(PC). Afterwards, combined optical signal is amplified up
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FIGURE 12: Measured spectrum of FBG temperature sensor’s
reflected signal.
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Ficure 13: Captured waveform of the received 1.5 Gbit/s signal after
20 km SMF transmission.

to 16 dBm by second EDFA (EDFA_2). The output of the
second EDFA is connected to optical circulator (OC), which
is used for separation of the data transmission signal (ports 1
to 2) and FBG reflected signal (ports 2 to 3). Here, the high
precision optical spectrum analyzer (OSA) is used for inter-
rogation of FBG reflected the optical signal. The OC’s output
optical signal is launched into the optical distribution net-
work (ODN) represented by an ITU G.652 single-mode opti-
cal fiber (SMF) and FBG temperature sensor with a central
wavelength of A = 1565.124 nm (191.5455 THz) correspond-
ing to the temperature of +19.44 degrees Celsius. The central
wavelength of the FBG sensor was measured from a reflected
signal spectrum shown in Figure 12. The FBG sensor,
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FIGURE 14: Eye diagrams of received (a) 1.25 Gbit/s B2B signal, (b) 1.5 Gbit/s B2B signal, (c) 1.25 Gbit/s signal after 20 km transmission, and

(d) 1.5 Gbit/s signal after 20 km transmission over SMF fiber.

according to its data sheet, was calibrated to A = 1565.191 nm
(191.537 THz) corresponding to +26 degrees Celsius.

In receiver side, the second AWG (AWG_2) is perform-
ing demultiplexing operation of data channels. Here, the 16
output channel of AWG is connected to a linear variable
optical attenuator (VOA) with 1.5dB insertion loss at the
used wavelength. The VOA is used to emulate different loss
budgets in the ODN, therefore enabling measurement of
BER versus received average optical power. The output of
the VOA is connected to 20/80 power splitter, where the
20% output port is connected to the monitoring power meter
(PM) and 80% output port to a photodiode (PD) with
10 GHz bandwidth. The PD converts the optical signal into
an electrical signal, which is captured by a digital storage
oscilloscope (DSO) with 33 GHz bandwidth and 80 GSa/s
sampling rate. The bandwidth of DSO is limited down to
0.9 GHz (for 1.25 Gbit/s bitrate) and 1.05 GHz (for 1.5 Gbit/s)
by applying 4th order Bessel-Thomson low-pass filter
response for noise reduction purpose. The waveform of
received 1.5 Gbit/s NRZ-OOK-modulated signal after 20 km
transmission is shown in Figure 13. The amplitude fluctua-
tions in the logical “1” level are well observed due to the
noise-like nature of ASE source.

4.3. Performance Analysis of Experimental Setup. As one can
see in Figures 14(a) and 14(c), after 1.25 Gbit/s B2B transmis-
sion, the eye diagram of the received optical signal is wide
open and measured BER = 4.6 x 1071° but after transmission
over 20km long ITU-TG.652 SMF fiber span, the BER
increases up to BER=1.3 x 107,

As one can see in Figures 14(b) and 14(d), an increase of
bitrate from 1.25 to 1.5Gbit/s leads to the decrease of
received signal quality. Numerically, the BER value in the
case without transmission optical fiber (B2B) with a bitrate
of 1.5Gbit/s received optical signals’ BER was 9.7 x 10712,
However, after 20km transmission over 20km long SMF
fiber span, it increased up to BER=6.1 x 10~. It must be
taken into account that during the data transmission, the
transmitted signal has been affected by parallel transmitted
FBG sensor seed signal (coming from BPF). We observed
that the impact of this sensor’s seed light on the received sig-
nal quality was negligible, as the spectrum regions of FBG
sensor and data channels do not overlap and there is pro-
vided sufficient spectral spacing between them.

From obtained results (see Figure 15), we calculated
that for the bitrate of 1.5Gbit/s, the power penalty for
20 km signal transmission compared to back-to-back (B2B)
measurement at forward error correction (FEC) level of
BER =2.3 x 107 is approximately 1.5 dB.

This power penalty is introduced mainly due to the
noise-like nature of broadband ASE light source and disper-
sion. As one can see in Figures 15(a) and 15(b), BER perfor-
mance below the 7% overhead FEC limit of 2x 107 is
achieved in all transmission cases with 1.25 and 1.5 Gbit/s
bitrates. Consequently, an error-free transmission is possible
and the coexistence of data and sensor network in one system
is experimentally demonstrated.

As it is shown, due to sensor system prevalence in mod-
ern days and with successful system integration, the overall
benefit can be obtained, mainly highlighting the reduction
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of network structure complexity and their coexistence with
deployed fiber optical infrastructure. From this, it is clear that
even further studies can be planned in order to test higher
transmission speeds as well as integrating more system ele-
ments, e.g., optical sensors and data channels.

5. Conclusions

Market trends show that industry is in constant demand for
fiber optical sensors in a wide variety of applications. Looking
from a financial point of view, the annual growth in the mar-
ket for such technology is increasing steadily every year. As
one of the fields, where fiber optical sensors are needed and
so will be in the future, is the Internet of Things (IoT) and
especially structural health monitoring (SHM) applications,
e.g., monitoring of the technical condition of buildings, brid-
ges, and roads.

In this paper, we show a successful combination of 5
FBG optical sensor networks with 8-channel NRZ-OOK-
modulated 10 Gbit/s fiber optical data transmission system.
During this research, we offered the equation for calcula-
tion of minimal channel spacing, which allows calculating
the minimal frequency band between adjacent optical FBG
sensors to provide that their reflected signals will not over-
lap in spectrum region. Obtained results showed that, in
our case, the frequency channel spacing between two adja-
cent deployed FBG temperature sensors should be at least
around 208 GHz. Traditionally used peak detection algo-
rithms define that the peak central frequency is the peak’s
point with the highest intensity. However, not always, the
highest point is the peak center due to power fluctuations
and irregularity of FBG’s reflected signal frequency spectrum.
Therefore, in this paper, we proposed and validated the algo-
rithm for precise detection of signal peak’s central frequency.
This algorithm has direct application in FBG signal interro-
gation solutions as well as in other applications in a wide
variety of fields.

We have experimentally demonstrated the coexistence of
fiber optical transmission system with an FBG sensor net-
work over one shared optical fiber and unified broadband
light source for both systems. Error-free transmission has

been demonstrated over different bitrates (1.25 Gbit/s and
1.5 Gbit/s) over 20km long ITU G.652 single-mode optical
fiber (SMF), in the same time providing successful operation
of FBG temperature sensor. Therefore, the successful opera-
tion of multifunctional fiber optical data transmission and
optical sensing solution has been demonstrated. Authors
believe that the more FBG sensor technologies will develop,
the bigger will be the need for research on the coexistence
of data transmission and sensing systems in a unified system
operating over one shared optical fiber.
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Abstract— Fiber Bragg grating (FBG) sensors are passive components with high immunity to
electromagnetic interference (EMI) and radio frequency interference (RFI). Optical FBG sensors
are typically used for remote monitoring purposes of physical parameters (e.g., strain, temper-
ature, acceleration, pressure, load, vibration, etc.) over large optical fiber distances — 20km.
As the number of end-user equipment (smartphones, computers and other devices) is generating
a large amount of data needed to be transmitted, it is necessary to look for new efficient solu-
tions on how to fulfill the worldwide rising requirement for transmission capacity. In the same
time, it is important to maintain openness for transmission systems and networks, to combine
them with sensing networks, therefore making them more resource and cost-efficient. In this pa-
per, we successfully demonstrate the realization and coexistence of multi-channel (32 channels)
spectrum-sliced wavelength-division-multiplexed passive optical network (SS-WDM PON) with
FBG sensors network containing at least 5 optical sensors. The investigated system was designed
in RSOFT OptSim mathematical simulation software based on the ITU-T G.694.1 DWDM fre-
quency grid to maintain maximum compatibility of the system. The system with spectrum-sliced
WDM-PON data and optical FBG sensors channels is cost and energy efficient solution in op-
tical transmission part because it is realized by using one broadband light source (BLS), for
example, light-emitting diode (LED), superluminescent light-emitting diodes (SLED) or ampli-
fied spontaneous emission (ASE) sources. SS-WDM PON system with embedded FBG sensors
network showed successful data transmission over 20 km of transmission distance with bitrates
10 Gbit/s per channel and non-return-to-zero on-off-keying (NRZ-OOK) coding scheme. The key
strength of the proposed system is that the unified SS-WDM PON system and embedded FBG
sensor network is operating based on just one broadband light source, shared by data and sensor
channels.

1. INTRODUCTION

The requirement for the faster and higher amount of data transmission and communication between
people and technical systems through times has led scientists to experiment with different methods
and materials to provide customer needs. From staring with laser invention back in the 1960s and
first low-loss optical fibers to the massive replacement of coaxial cable systems for fiber optical ones,
modern society now is capable to exchange gigabits per data within vast fiber optical networks.
With developments that lead to decreasing material inserted signal loss as well as reduction of
price, fiber optical sensors keep on replacing traditional electronic and mechanical sensors [1].

Fiber optical sensors have a wide range of advantages compared to its predecessors, for instance,
immunity to electromagnetic interference, small size and weight, robustness, multiplexing and re-
mote sensing capabilities among other ones. These advantages make them suitable for the different
fields of applications, for example, to measure temperature, vibration, strain, pressure and other
parameters typical for monitoring purposes [1, 2].

Fiber Bragg grating (FBG) technology for optical sensor applications in recent years has stabi-
lized its place as one of the prominent technologies for satisfying both customer and manufacturer’s
needs. There are loads of possible engineering spheres were FBG optical sensor technology can and
is implemented, for instance, civil engineering, public security, structural health monitoring appli-
cations (SHM, for instance, bridges, roofs and pylons), chemical and medical fields, transportation
(railway, road, tunnel monitoring), cabinet security, oil and gas production industry, as well as in
nuclear systems and other [3-5].

FBG, from a technical point of view, works somewhat similar to a narrow-band optical filter
that provides reflective narrow spectrum according to Bragg wavelength or frequency and principle
is described as an equation:

A=2-ng-A (1)

where A is equal to spectral reflectance, neg is fiber cores’ refractive index and A is grating pe-
riod [6]. In other words, FBG is made as a structure that is resonating at one specific frequency
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or wavelength. When light is traveling through the optical fiber, FBG pass part of it through and
part of it is reflected back. For sensing purposes, a key element is the way how Bragg wavelength
changes in a linear nature according to the changes in the environment, for example, with changes
of temperature or strain. To establish optical sensor systems or provide data transmission sys-
tems, commonly, in such cases, wavelength-division-multiplexing configuration model is integrated
over passive optical network (WDM-PON), which will also be used in a form of spectrum-sliced
wavelength-division-multiplexing passive optical network (SS-WDM PON) [3, 7].

2. INTEGRATION OF FBG OPTICAL SENSORS NETWORK INTO DATA
TRANSMISSION NETWORK FOR SHM APPLICATIONS

In modern days, FBG interrogation mechanisms provide real-time measurements of used spectrum,
where sampling ratio is chosen differently for dynamic systems, where frequency range is within
1-5kHz, or as for static systems — 1-10Hz. One of the most eligible methods to ensure signal
input for FBG in commercial industries is white-light setup [4]. In this, broadband source (BLS) —
asynchronous spontaneous emission (ASE) is considered as a light source. In our research, where
we combine the fiber optical sensor system with data transmission system over one optical fiber.
We use ASE as a unified input light source for both of them.

ASEs broadband spectrum can be effectively used in SS-WDM PON systems to provide multiple
data transmission channels within fiber optical access networks. There are several advantages while
considering SS-WDM PON, for instance, its capability to position optical elements and devices in
one, unified central office (CO). By doing so not only it is possible to simplify but as well reduce
the costs for network architecture. Knowing that nowadays even more and more applications and
devices for customers relates to available frequency/wavelength spectrum region, the WDM-PON
system can be mean to solve situations where bottleneck’ principle problem may apply. Spectrum
slicing provides the ability to divide equal spaced wavelengths for numerous amounts of channels.
In this way, for example, ASE’s spectrum can be spectrally sliced by an optical filter, and after the
slicing process, these slices can be modulated and used for data transmission [8].

In recent years fiber optical sensors, especially FBG ones, have stabilized its positions amongst
sensor applications for various monitoring needs [9]. Structural health monitoring (SHM) has been
one of them. The time may come for every different kind of material, device or infrastructure,
where its original status, structure or function abilities decreases or changes. By knowing this, it
is necessary to do regular inspections and maintenance to ensure public safety and avoid systems
or devices malfunctions. As previously mentioned, all of the fiber optical sensor advantages over
common mechanical or electrical sensors makes this technology a suitable choice for SHM purposes.
Optical fiber sensors in SHM applications are typically embedded in three main ways. Firstly — by
single point sensors, which are commonly used for most of the temperature sensors. Secondly, with
distribution optical sensing, where measurements can be carried out at any point of the located
sensors within an optical fiber. Thirdly, quasi-distributed systems where various single point sensors
are located, providing sensing ability over large structures and crucial measurement points [10]. Our
research was based on distributed optical sensor network, and this approach might be valuable in
cases where optical network systems provide both — sensing and monitoring needs as well as data
transmission over the same network.

Although there has been a previous research on data transmission channel unification with one
single broadband source where this source was used as a seed light source for all of the data trans-
mission channels [8], yet we investigate this research further to combine such a data transmission
system with a fiber optical FBG sensor network on one, shared fiber and one shared ASE light
source. It is necessary due to the growth of overall coverage for fiber optical networks worldwide.
There, for instance, Latvia holds a leading position amongst European fiber to the home (FTTH)
rankings, with total fiber coverage of 45.2%. Although, until now, SHM of railways, bridges, dams,
and roads, in Latvia, are performed through visual inspections, yet due to high availability of fiber
optical infrastructure, different companies, for example, nationa road administration — State Joint
Stock Company “Latvian State Road”, are interested in potentially using existing fiber optical
systems infrastructure and FBG optical sensors for remote sensing purposes of objects that are
under their ownership [11]. For instance, in situations, where FBG optical sensors are positioned
as a distributed network throughout whole dam or road construction, sensors can provide infras-
tructure’ manager with information about different measurements (strain, pressure, temperature,
and others) and conditions of the specific infrastructure throughout its lifetime.
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3. SIMULATION SETUP OF COMBINED OPTICAL SENSOR NETWORK AND
32-CHANNEL SSWDM PON SYSTEM

The simulation setup of the combined system was developed within RSOFT OptSim software.
Here, the main aim for this research was to successfully create an operating simulation model that
consists of 32 non-return-to-zero on-off-keying (NRZ-OOK) modulated 10 Gbit/s spectrum-sliced
WDM-PON data transmission channels and 5 fiber optical FBG temperature sensors while using
only one broadband light source (BLS). As for the spectral band of BLS source we used a spectral
range from 192.15 THz to 195 THz, which is shared by the combined system — data transmission
and sensor channels. For these purposes we established our WDM frequency grid setup according to
ITU-T G.694.1 to maintain maximum compatibility of the system. Frequency band from 192.4 till
193.95 THz is used for data channels and spacing between these data channels is fixed — 50 GHz.
However, for the sensor channels the frequency band from 194 to 195 THz is used. As for the overall
information transmission medium according to ITUT G.652 we were using standard single mode
optical fiber (SMF) [12,13].

For the data transmission part, we set our goal to establish the quality of our data signals
that would provide pre-forward error correction (pre-FEC) bit error ratio (BER)of no more than
2 x 1073. Particular value was chosen considering the requirements enough for ensuring errorfree
output signal detection. Such a model applies in the case of FEC encoding scheme application
with 7% overhead. Figure 1 displays our created systems’ model where SS-WDM PON system
is combined together with an optical sensor network on one shared BLS light source for all of
the optical network terminals (ONT), which in this case depicts end-users of our proposed system
network.

As it is shown in Figure 1, the BLS output signal is split with 1:2 optical power splitter equally
assuring 50% of its optical power for both systems. Such a 50:50 ratio was chosen, considering
simulative results, where stable system operation can be maintained. Here, by a stable operation,
we mean three following things. Firstly, we mean the situation where both — optical sensor channels
can be interrogated and data transmission channels — received for gained results. Secondly, there
is no visual spectral interference between both systems. Last but not least, our main set goal for
this research is proven and the results do not affect the goal negatively.
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SOA - semiconductor optical amplifier; EAM - electro-absorption modulator; RX — optical receiver; TX - optical transmitter; OLT — optical line terminal;

BLS source - broadband light source; FBG - fiber Bragg grating; AWG - arrayed waveguide grating; OSA - optical spectrum analyzer; OC — optical circulator;
DCF - dispersion compensation fiber; APD — avalanche photodiode; SMF - single mode fiber;

Figure 1: The simulation model of combined 10 Gbit/s 32-channel SS-WDM PON transmission system and
5 FBG optical sensors system with one shared optical fiber and optical light source.

As for the data transmission system optical signals’ input part of 50% optical power that was
transmitted from optical splitter is spectrally sliced into 32 channels by arrayed waveguide grating
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(AWG) operating as an array of filters. Channel spacing, according to ITU-T G.694.1, is chosen as
50 GHz [12]. 3-dB bandwidth of each AWG’s channel is chosen as 45 GHz, which is the threshold
in between data channel crosstalk and received optical power in order to maintain BER seemingly
low as it is possible in particular conditions. This specific model, where AWG device is being used,
can lead to acquiring of 32 data transmission channels with 50 GHz intervals between each and
every one of them. In addition, insertion loss blocks are being implemented to resemble insertion
loss generated by the AWG unit. Once the spectrum-slicing procedure has been applied by the
first AWG unit, slices of an optical signal are then fed into the data transmitters (TX) that are
positioned within the optical line terminal (OLT), what, on the other hand, is inside the central
office (CO). From Figure 1, it is possible to observe the structure of every TX in our OLT, where
they consist of gain-saturated semiconductor optical amplifier (SOA), data source, NRZ driver
and polarization insensitive electro-absorption modulator (EAM). Then 10.7 Gbit/s generated data
stream represented by 2%-1 pseudo-random bit sequence (PRBS) pattern which consists of 7%
FEC overhead plus 10 Gbit/s payload is sent from our NRZ driver towards RF input of EAM
modulator [14]. We used EAM due to its immunity to signal polarization (which is the opposite
to MZM). Adding to that, SOA was chosen to suppress intensity fluctuation noise, which was
generated because of the ASE source.

Accordingly every EAM modulates SOA’s beforehand amplified and noise-suppressed spectral
slices and forms optical pulses representing data. These optical pulses in all 32 channels (start-
ing from TX1 to TX32) are being coupled by the second AWG multiplexer device. Afterward,
right before channels are being launched into SMF, they are pre-compensated by the dispersion
compensating fiber (DCF) to decrease the negative effect of chromatic dispersion. DCF dispersion
coefficient is D = —118.5ps/nm/km and attenuation coefficient is & = 0.55dB/km at 1550 nm
reference wavelength. During our research, we were using SMF fiber to relate to ITU-T G.652.D
recommendation to preserve compliance and full backward compatibility with standard single-mode
optical fibers. For SMF we chose often used parameters based for 1550 nm wavelength region —
dispersion coefficient D = 16 ps/nm/km and attenuation coefficient ov = 0.18 dB. Next, the disper-
sion pre-compensated data signals are transmitted over SMF to the optical coupler and combined
together with another half (other 50% optical power) of BLS input optical signal Here the optical
band-pass filter with 1 THz 3-dB bandwidth is used to avoid overlapping of modulated data chan-
nels and the BLS source spectrum intended for operation of FBG sensors. Then, as it is shown
in the lower part of Figure 1 the combined signal is passing through 5 optical sensors, which are
connected by SMF optical fiber spans and fed into optical receivers marked as optical network
terminals (ONTSs).

For an optical sensor network, initially, the signal of the BLS source, as mentioned before, is
divided into two equal parts. Here, another half of 50% optical power, which was transmitted
through optical power splitter is further carried on through optical bandpass filter into other input
of optical signal coupler as shown in Figure 1. In our simulation setup, we use an optical circulator
for the optical sensor network to separate optical signal transmission directions. In other words, to
separate combined transmitted signal from FBGs’ reflected signals. In Figure 1 is shown 5 FBG
optical temperature sensors that are located between 5 SMF fiber spans, with a distance of 4km
between each of them. Accordingly, the total length of all spans within the optical sensor network
part is 20km. We based the length of our spans according to our previous research [9] where we
mentioned that such distance values are typically used in Latvia between fiber optical manholes or
cabinets — places where optical closures are positioned. Adding to that, by knowing that every
optical sensor is positioned in different physical point apart from the optical signals interrogation
device, it allows for observing wider perspectives and operation conditions of our created combined
system model.

Once the optical signals have passed through OLT and optical sensor network, they are then sent
to the receiver section part — optical network terminal (ONT) starting from RX1 to RX32. For
this purpose, we refer the transmission section as an optical distribution network (ODN). Here the
ODN includes AWG multiplexers and demultiplexers, as well — optical attenuators for simulation
purposes to maintain insertion loss that would be acquired from optical devices within systems’
architecture and, as previously mentioned, 2.7 km long DCF and 20km long SMF fiber line. Last
but not least, optical signal is passing true fiber optical line and containing all of the 32 data
transmission channels that are divided to relevant ONTs by AWG demultiplexer. Each and every
ONT, starting from RX1 to RX32, includes optical receiver with InGaAs avalanche photodiode
(APD) with sensitivity of —20dBm at reference BER of 10712, electrical Bessel low pass filter with

3330
Authorized licensed use limited to: Riga Technical University. Downloaded on March 27,2022 at 21:14:37 UTC from |IEEE Xplore. Restrictions apply.



2019 Photonlcs & Electromagnetics Research Symposium — Spring (PIERS — SPRING), Rome, Italy, 17-20 June

6 GHz 3-dB bandwidth, electrical scope and optical power meter in order to evaluate the overall
quality of received signals. In this way, it is possible to observe bit pattern, eye diagrams and
measure BER as well as to make sure that no interference has been made between both systems
— optical sensors network and data transmission system.

4. RESULTS AND DISCUSSION

During our research process within the simulation environment, we achieved our set goal for provid-
ing SS-WDM PON system model that has unified 32 data transmission channel system and 5 FBG
optical sensor network over one shared optical transmission line and single broadband light source.
The FBGs’ reflected signal spectrum from circulator’s 3rd port is analyzed with optical spectrum
analyzer (OSA) in optical sensors signal interrogation unit. On the left side of the reflected signal
spectrum are shown suppressed and attenuated 32 spectrum-sliced WDM-PON transmission sys-
tem channels, as well as, on the right side, 5 reflected FBG temperature sensor channels (peaks)
that are further used for interrogation.

As it is shown in the captured spectrum (Figure 2), the temperature of each sensor is +26°C,
which is also the calibrated temperature. The experimentally measured temperature variation of
each FBG sensor per one Celsius degree is 1.24498 GHz. On the right side of the measured spectrum
it can be seen, that peak frequencies of sensor network signals are 194.1, 194.3, 194.5, 194.7, and
194.9 THz, providing stable sensor’s network operation in a temperature range from —20 to +60°C,
typical for SHM applications.

To evaluate the collaboration of two systems, it is necessary to analyze sensors’ network influence
on SSWDM PON data channels. To analyze the influence, a simulation model is developed, and
the results are shown in Figures 3 and 4. In Figure 3, BER of the combined system with 32-channel
SS-WDM PON and 5 FBG sensor network is shown. As one can see in Figure 3, average BER of
the combined system is equal to 9.6 x 1078, The lowest performance of the combined system was
provided by the 3rd channel, where BER was 4 x 1077,
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Figure 2: Reflected signal spectrum of 5 FBG temperature sensors network captured by OSA, located in
optical sensor signals interrogator.
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Figure 3: Measured BER value per channel of the SS-WDM PON data transmission channels combined with
sensors network (dotted line represents the average value of measured BER —9.6 x 1078).
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Figure 4: Measured BER value per channel of SS-WDM PON data transmission system without FBG sensors
network (dotted line represents the average value of measured BER —6.1 x 1078).
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Figure 5: BER versus received optical power for 32-channel 10 Gbit/s SS-WDM PON system and combined
system with embedded FBG sensing network.

In Figure 4, the BER of every SS-WDM PON data transmission channel can be seen. Please pay
attention that this is the data transmission system performance without embedded FBG sensors
network.

As one can see in Figure 4, the average BER of the received optical signal is 6.1 x 1078, As one
can see in Figures 3 and 4, embedding of the sensor network leads to a slight decrease in received
signal quality (estimated by the measured BER) of SS-WDM PON system.

To compare the performance of SS-WDM PON system versus SS-WDM PON system with
embedded 5 FBG sensors network, we measured the BER curves of both systems, as shown in
Figure 5. From obtained results (see Figure 5), we calculated that the power penalty, in case of
both system collaboration, is approximately 3.25dB at the pre-FEC BER level of 2.3 x 1073, if
compared to the transmission system without embedded FBG sensors network.

5. CONCLUSIONS

In this research we successfully realized simulation model of combined 10 Gbit/s 32-channel SS-
WDM PON transmission system and 5 FBG optical sensors system with one shared optical fiber
and broadband light source. Afterwards it was possible to evaluate optical sensors’ network impact
to the data transmission system by observing the changes of output signal quality. It was observed
as a eye diagrams and their BER values. In case of single simulation model (only data transmission
system), the average value for all of the 32 data transmission channels of measured BER was
6.1 x 1078, On the other hand, while observing collaborated system model (data transmission
system together with fiber optical sensor network) the average acquired BER was 9.6 x 1078, From
these results we concluded that it possible to unify both systems with only slight influence on the
received data transmission signal quality. We calculated that the power penalty, in case of both
system collaboration, is approximately 3.25 dB at the pre-FEC BER level of 2.3 x 1073, if compared
to the transmission system without embedded FBG sensors network.
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Four-wave mixing optical frequency comb fiber-based setups (FWM-OFCs) have the potential
to improve the combined dense wavelength division multiplexed passive optical network (DWDM-
PON) and fiber Bragg grating (FBG) temperature sensors network providing easier application,
broader technological opportunities for network development, and energy efficiency by
substituting a power-demanding laser array. Application where OFCs are generated for the
DWDM-PON and FBG optical sensors combined network and investigates its compatibility with
such a system. The mathematical simulation model has been developed and the performance of
FWM-OFC based 8-channel 50 GHz spaced non-return-to-zero on-off keying (NRZ-OOK)
modulated DWDM-PON transmission system, operating at 50 km single-mode fiber (SMF) with a
bit rate of at least 10 Gbps embedded with 7 FBG optical temperature sensors has been studied. As
it is shown, FWM application results in OFC source that has fluctuations of the individual comb
tones of less than 3 dB in power, and with an extinction ratio of about 33 dB for operation range of
1929 - 193.25 THz, acting as a unified light source for all the data transmission channels.
Embedded FBG optical sensors network causes negligible 0.3 dB power penalty.

Keywords: four-wave mixing (FWM), optical frequency combs (OFC), fiber Bragg grating
(FBG) optical sensors, highly nonlinear optical fiber (HNLF), dense wavelength division
multiplexed passive optical network (DWDM-PON), non-return-to-zero on-off keying (NRZ-
OOK).

1. INTRODUCTION OFC generators based on FWM have the

Nowadays, multichannel fiber optical data
transmission  systems have become the
standard of the Internet, e-commerce,
multimedia, and data operation. Systems of
this type encounter channel crosstalk and their
performance degrades by the effect of four-
wave mixing (FWM), where non-linear
interactions between channels are
observed [1-4]. FWM is an effect when two or
more different signals with different
frequencies propagate next to each other, and
due to this reason, new carriers are generated.
However, solutions for the useful application
of the FWM effect are being studied, for
instance, the generation of optical frequency
combs [1, 5, 6].

potential to improve the energy efficiency of
wavelength division multiplexed (WDM) fiber
optical transmission systems. One of the main
reasons for this is that one OFC light source
can provide multiple data transmission carriers
substituting a power-demanding laser array
that also requires synchronization among the
lasers. OFC generators can also be used in
spectroscopy [7-9], radio-frequency photonics
[7, 10], quantum optics [7, 11], optical clocks,
and microwave systems [12, 13]. Spatial
microresonators  (crystalline, microsphere,
microrod, micro-bubble), microresonators on a
chip (toroidal, disk, ring, etc.) [14-16], and
fiber-based setups [17-19] might be used to
generate OFC. Even though spatial
microresonators and integrated



microresonators have been widely studied as
WDM-PON light source, fiber-based setups
(e.g. our demonstrated FWM-based OFC) have
the advantage to provide spectrally flat comb
and narrow channel spacings or so-called free
spectral range (FSR) [20] (based on 10-100
GHz corresponding to ITU-T G.694.1 dense
WDM passive optical network (DWDM-PON)
frequency grid [21]), which is more difficult to
obtain, for example, with microspherical
resonators.

Fiber Bragg grating (FBG) sensors are one
of the most promising fiber optical sensors for
different environmental measurements. FBG
sensors have multiple advantages that can be
applied in different areas. Some of these
advantages are small size and weight [22],
corrosion resistance [23], immunity to
electromagnetic interference (EMI) [23, 24],
the pos-sibility to withstand direct embedment
into the composite material, together with rein-
forced fibers, as well as the potential to
multiplex several optical sensors within the
same optical fiber [23, 25, 26]. FBGs are
applied for vast solutions, for instance, in
offshore plat-forms - to monitor ship collisions
and ocean wave loads, while providing lasting
perfor-mance without significant reduction, as
do conventional strain gauges [27, 28]. Also,
for structural health monitoring (SHM)
applications in civil (e.g., roads [29], bridges
[30], dams, tunnels and roads [31]), aerospace,
energy applications [25, 27, 32, 33], oil and gas
industry [34], biomedicine [35, 36], and so on.
Fiber optic sensors can be used to measure, for
example, temperature [37-39], strain [37, 40,
41], pressure [41,42], vibration velocity [43],
and displacement [43]. Single-mode fiber
(SMF) and multimode fiber (MMF) can be
used for fiber optic sensor construction. Yet
single-mode fibers have a smaller core (ap-
proximately 10 um in diameter) and they are
more strain sensitive than multimode opti-cal
fibers [25].

FBG working principle can be described
with a mathematical equation:

Ae=2 XN A 1)

where Ag is Bragg wavelength, neff is
effective refractive index of the optical fiber in

the region of the Bragg grating and A is grating
period [28].

FBG optical sensors are typically used when
strain, pressure and temperature sensing is
necessary, for instance, in  hostile
environments with temperatures exceeding
250°C (thermal well applications). Bragg
grating-based sensing systems are typically
used in WDM transmission systems, when
wavelength multiplexing of various sensors on
single optical line might be required [34, 36,
37]. All of the information mentioned above
shows the topicality of the FBG optical sensors
and their integration with WDM data
transmission systems.

Considering that fiber optical data
transmission  system like DWDM-PON
interconnection with optical sensor system is
topical [26, 44, 45] and the search for new
improvements and solutions continues, authors
propose the application of FWM-OFC [1, 5, 6]
as a light source to provide power efficiency to
such a system. To the best of authors
knowledge, studies on FWM-OFC
implementation as a light source in
collaboration with FBG optical sensor network
and DWDM-PON system have not been
performed. This article shows that such
realization can provide more straightforward
application, broader technological
opportunities for network development, and
greater energy efficiency with a reduced light
source amount required.

The remainder of the manuscript is
structured as follows: Section Il describes the
construction and analysis of the simulation
model where FWC-OFC is developed and
integrated into the DWDM-PON system in
collaboration with the FBG optical sensor
network. Section Il discusses the simulation
results of the OFC application in fiber optical
communication systems, showing received
signal waveforms, reflected signal of the FBG
optical sensors, eye diagrams and BER versus
received optical power chart. More
specifically, this section shows negligible
power penalty at the BER threshold level of
1x1072 (only 0.3 dB) between B2B and 50 km
long transmission line on the received optical
power and BER comparison. Finally, section
IV gives a brief summary of the simulative



results and concludes the article, stating that
the BER of the worst-performing channel in
the 8-channel DWDM-PON system is
9.4x10°%.

2. CONSTRUCTION AND ANALYSIS OF
THE SIMULATION MODEL

The simulation model aims to evaluate the
developed comb source and the performance of the
FWM-OFC based DWDM transmission system
with an integrated FBG sensor network. The
proposed system includes the following main
blocks — optical line terminal (OLT), optical
distribution network (ODN), optical network units
(ONUs).

2.1. FWM-OFC generation for the requirements
of the DWDM-PON data transmission channels

We have created the simulation setup of the
combined system using Synopsys OptSim optical
system design tool. Application framework allows
to generate coherent optical communication
systems  (Polarization —multiplexed-quadrature
phase shift keying, Polarization multiplexed-binary
phase-shift keying, etc.), use advanced modulation
for-mats (Differential Quadrature Phase-Shift
Keying, Doubinary, etc.), ensure optical
amplification (Erbium Doped Fiber Amplifier,
Raman, Semiconductor Optical Amplifier, etc.),
different passive optical network configurations
and so on. Time and frequency domain split-step
configurations with an extensive library of
predefined as well as authors defined components
are necessary to develop and generate complex
optical systems as described in the following
paragraphs [46]. From the simulation perspective,
the time domain split-step (TDSS) algorithm was
used to simulate the signal propagation in optical
elements, especially fiber. The principle of this
algorithm has been already well explained in our
previous research [50].

Two continuous-wave (CW) pump laser sources
with +20 dBm output power and 50 GHz channel
spacing according to the ITU-T G.694.1
recommendation [21], optical power coupler (PC),
and 2 km long highly nonlinear optical fiber
(HNLF) are used to develop an OFC source (see
Fig. 1).
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Fig. 1. FWM-OFC generation setup.

We have set HNLF fiber parameters like the
attenuation coefficient, dispersion coefficient,
effective area, nonlinear index and others based on
the datasheet from real commercial OFS HNLF
Standard fiber (please see Table 1).

Table 1. The main parameters of the chosen
fiber types at 1550 nm reference wavelength.

Fiber types
Corning
Parameters S te% 'c:iir d SMF-28
HNLF (-1
G.652D)
Attenuation
(dB/km) 08 018
Dispersion
-0.027 16
(ps/(nm-km))
Dispersion slope
(ps/(nme-km)) 0.019 0.092
PMD (ps/km) 0.20 0.04
Effective area 116 85
(pm?) '
Nonlinear index
(Wockm)™ 115 1.27

The first and second pump laser source (depicted
in Figure 1 as CW_1 and CW_2) are anchored to
central frequencies of 193.1 and 193.15 THz,
respectively. Pump laser parameters that can affect
the generation of OFC carriers are signal phase,
which was set to random, and realistic noise
parameters as relaxation oscillation peak frequency
and peak overshoot. The number of comb carriers
and their peak power are varying depending on the
output power of CW pump lasers and the length of
HNLF fiber. For instance, as it was observed, if the
output power of pump CW lasers is too low
(e.g., 0dBm) and HNLF fiber length is too short
(e.9.,0.5km), the number of newly generated
optical carriers is limited. However, if the output
power of the CW is too high (e.g., 25 dBm) and



HNLF fiber is too long (e.g., 2.5 km), the carriers
are not formed evenly. HNLF fiber length has an
important role in OFC generation based on the
FWM effect. The nonlinear length of the fiber is
smaller than the dispersion length by orders of
magnitude, and this fact is important from the
FWM point of view — for smaller fiber lengths
nonlinear effects dominate over the dispersion
effects, which is an advantage for FWM. It is an
advantage in terms of dispersion —more dispersion
means less efficiency of the FWM effect.
Additionally, high CW pump power leads to
unwanted broadband noise via Raman scattering
and parametric vacuum noise amplification [17-
19]. Therefore, it is vital to determine and evaluate
the optimal parameters for the FWM-based OFC
comb light source to ensure the stable operation of
the system. Optimal parameters (pump laser output
power and HNLLF length) are those, which provide
the smallest power variation range among peaks of
OFC carriers. It is essential to have the lowest
possible OFC fluctuation value for a couple of

CW power 20 dBm and HNLF 1.6 km

CW power 21dBm

reasons. The fluctuations of the OFC source
directly affect the performance of separate data
channels, for instance, if the peak power of a
particular channel is lower, then the resulting
performance indicator as BER can have higher
values compared to neighboring channels and
ultimately be higher than the chosen BER
threshold. On the other hand, looking at the WDM-
PON network as a whole, then channels with higher
power may induce more crosstalk into neighboring
channels. However, for the data transmission, we
have chosen eight optical carriers in that frequency
range, where the average optical power of the peaks
is the highest, also having the smallest fluctuations
of optical peak power. It is important to have a peak
power of OFC carriers as high as possible to
achieve better performance of individual channels
and the network as whole. As shown in Figure 2,
optical power fluctuations between all OFC peaks
are observed, and extinction ratios are depending on
the CWs lasers” output power as well as the length
of the HNLF.

and HNLF 1.6 km CW power 22 dBm and HNLF 1.6 km
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Fig. 2. Measured optical spectrum on the AWG MUX output of FWM-based OFC for different CW pump
powers and HNLF fiber lengths.

For HNLF fiber with a length of 1.6 km, the
fluctuations of optical frequency comb peaks are in
the range of -4.5to 3dBm, -2to 2dBm, and -4 t0 3
dBm, where CW power is 20, 21, and 22 dBm,
respectively.

For fiber length of 2 km, the fluctuations of
optical frequency comb peaks are in the range of -
15t02 dBm, -5to 2 dBm, and -8.5 to 1 dBm for
CW power of 20, 21, and 22 dBm, respectively. All
OFCs have the same extinction ratio of 33 dB, the



same number of optical carriers, and a free spectral 2.2. Development of DWDM-PON system with

range (FSR) of 50 GHz. integrated FBG optical sensors network

By comparing the scale of fluctuations and
average comb peak power, the optimal pumping Output of the OFC source is connected to the
lasers (CW1 and CW?2) output power was chosen input of a 50 GHz spaced arrayed waveguide

as +20 dBm and HNLF fiber length - 2 km, to grating multiplexer (depicted in Figure 3 as AWG

generate the OFC with the lowest fluctuations MUX). AWG MUX and AWG demultiplexer

of -1.5 dBm and highest average peak power of 2 (DEMUX) with the same optical parameters are

dBm. used in this setup to separate and combine 8
channels in the frequency band from 192.9 THz to
193.25 THz. The 3-dB bandwidth of each AWG
channel is 50 GHz.
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FWM-OFC — Four-wave mixing optical frequency comb; AWG MUX/DEMUX — Arrayed
waveguide grating multiplexer/demultiplexer; Tx — Transmitter; NRZ — Non-return-to-zero; MZM
— Mach-Zehnder Modulator; OC — Optical circulator; OBPF — Optical band-pass filter; PC —
Optical power coupler; ASE — Amplified spontaneous emission source; DSP — Digital signal
processor; SMF — Single mode fiber; FBG — Fiber Bragg grating; VOA — Variable optical
attenuator; 10/90 - Optical power splitter with ratio 10/90%; APD — Avalanche photodiode; LPF—
Low-pass filter; PM — Power meter; Rx — Receiver.

Fig. 3. The simulation model of 8-channel DWDM-PON system based on FWM OFC source, integrated 7
FBG temperature sensors’ network and FWM multi-wavelength light source.



OLT also includes transmitter blocks (depicted in
Figure 2 as Tx_1 to Tx_8) where each has data
generator, non-return-to-zero (NRZ) coder, and
Mach-Zehnder modulator (MZM) with 20 dB
extinction ratio and insertion loss of 4 dB. An
optical power coupler (PC) is used to combine all 8
data transmission channels and the signal for the
FBG sensor network. The optical sensors’
interrogation unit block transmission part consists
of broadband amplified spontaneous emission
(ASE) light source which has an optical output
power of +23 dBm and 20-dB bandwidth is 48.1
nm (5.607 THz). From our test results, this
configuration for the ASE source enables
acceptable received optical power level from the
reflected signal of the FBG sensors network where
quasi-distributed optical sensor scheme is applied
in 50 km optical fiber line.

This is discussed more detailed in next
paragraphs of this article. 3-port optical circulator
(OC) is used to separate the optical transmission
directions — FBGs’ reflected signal from the
transmitted data and ASE signal. The optical signal
of the ASE broadband light source is transmitted
fromthe OC input port (Port_1) to the common port
(Port_2) and then a tunable optical band-pass filter
(OBPF) with 800 GHz 3-dB bandwidth (in
frequency band 193.50 - 194.30 THz). OBPF is
used to filter the necessary spectral band for the
operation of the FBG sensor network, where such
parameters for the OBPF were chosen according to
the spectral bandwidth of the ASE light source and
FBGs position within the available optical
spectrum.

The reflected optical signal from all FBG sensors
is sent back through the circulator’s common port
(Port_2) and forwarded to the output port (Port_3).
FBG sensors’ reflected signal is received at the
optical sensors interrogation unit, where optical
spectrometer block and digital signal processor
(DSP) are used to detect the central frequency of the
reflected signal and by knowing the temperature
coefficient (frequency or wavelength shift for 1°C)
calculate the temperature variations.

PC coupled signal is transmitted to the 15 km
SMF having an attenuation coefficient of 0.18
dB/km and dispersion coefficient of 16 ps/nm/km,
etc set based on the datasheet parameters from real
commercial Corning SMF-28 fiber corresponding
to ITU-T G.652D requirements. The next main part
of the transmission scheme is an optical distribution

network (ODN) with 7 optical FBG temperature
Sensors.

These FBG sensors contain the experimentally
measured optical and response parameters.
Amplitude-frequency response (see Figures 4 and
5.) and technical parameters (central frequency,
full-width half-maximum (FWHM)), etc)) of
commercial FBG sensors reflected and transmitted
signals were measured in the laboratory and have
been implemented within simulation setup. SLED
broadband light source, 3-port optical circulator,
spectrometer, and FBG sensor components were
used for laboratory measurements of these
parameters.  As  for reflected  spectrum
measurements - the components are connected the
same as shown in fig.3 (in optical sensor
interrogator unit part), but for the transmitted signal
spectrum measurements - the spectrometer is
connected with the FBG sensors' output. Central
frequencies and FWHM values of FBG sensor
were determined based on the measured spectrum
of the FBG reflected signals.
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Fig. 4. Reflected signal spectrum of the FBG
optical sensor (laboratory temperature 25 °C).

These spectral measurements of the used FBG
sensor are shown in Table 2. All 7 implemented
FBG sensors have the same (except reference
wavelength) optical parameters.
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Fig. 5. Transmitted signal spectrum of the FBG
optical sensor (laboratory temperature 25 °C).



The developed simulation model can be widely
used and particular FBG optical temperature
sensors can be substituted with different ones (for
example, strain, pressure, displacement, etc.
sensors) in a situation where it is necessary.
However, the maximum available number of
optical sensors available for implementation in such
a combined system is limited to the bandwidth of
the optical light source — its optical power level,
channel spacing between optical sensors as well as
the optical bandwidth for each and every sensor’s
channel and the distance from the optical sensors
interrogation unit. Also, the WDM-PON system
and its configuration — number of data channels,
their positioning in the optical spectrum, etc. limits
the integration of the optical sensors. All these
parameters have to be calculated and adjusted in
order to sustain the proper performance of both
systems while providing the necessary application
of each one of them.

Table 2. The main parameters of the used FBG

temperature sensor.
Parameters Vel
Wavelength | Frequency
Operation
temperature -40 to +150°C
range
Reflectivity 88.73%
FWHM 0.22 nm 27.448 GHz
Temperature
coefficient
(frequency or | 9.6 pm/1°C Glliijgli C
wavelength
shift for 1°C)
Reference 1548.52, 195.60;
1547.72; 193.70;
wavelength or 1546.92- 193.80-
J;Z?j“l‘;”fh); 1546.12; 193.90;
simulation iﬁgg 182(133
setup 154373nm | 19420 THz

Figure 6 shows the relevance between
temperature and frequency curve for the
implemented FBG sensor, in order to understand
the correlation between the temperature and
frequency shift. The curve is based on the
commercial (Technica T840) FBG sensor’s
calibrated datasheet data. Then a linear

approximation method is used for a more precise
evaluation of the acquired data. Authors developed
the mathematical linear function for this optical
FBG temperature sensor, where the correlation of
the temperature and frequency can be expressed as
follows:

T =-764.57<F +1.4791-10° @

where: T-measured temperature (°C) and F —
measured frequency of the FBG sensor (THz).

193275 1933 193325 19335  193.375 1934 103425 19345 193475 1935
Frequency (THz)

Fig. 6. The correlation of the temperature and
frequency shift of the commercial FBG
temperature sensor.

The length of 7 SMF spans between each FBG
optical sensor is 5 km, whereas FBG sensors are
located at 20th, 25th, 30th, 35th, 40th, 45th, and
50th km of the optical distribution network. Such
positioning provides quasi-distributed FBG optical
sensing applications, where optical sensors are
implemented with a certain distance or evenly inthe
whole transmission media [47-49]. It is also
important to note that the optical signal necessary
for the operation of FBG optical sensors is
transmitted twice through the ODN - firstly
together with dense WDM-PON data transmission
channels and then reflected back, being received at
the optical sensors’ interrogation unit. Knowing
this, all the related parameters for the acceptable
system setup development can be adjusted and are
mentioned in this article. FBG temperature sensors
were set in the frequency band between
19360 THz and 194.20 THz having channel
spacing of 100 GHz between each and every one of
them. Such channel spacing was chosen
considering the measured spectral bandwidth of
each FBG (0.22 nm at FWHM) and the potential
temperature range variation to avoid spectral
overlapping. The output of FBG sensor 7 is
connected with the AWG demultiplexer.

The optical network units (ONUSs) section is
realized as receiver blocks (Rx_1 to Rx_8). The



AWG demultiplexed signal is transmitted to a
variable optical attenuator (VOA) and optical
power splitter with a 10/90 splitting ratio for optical
power level monitoring, enabling data transmission
system BER curve measurements. The 10% port of
the power splitter is connected with an optical
power meter, and 90% port is connected with an
avalanche photodiode (APD), which has a
sensitivity of -20 dBm at reference BER<102, On
the output of APD, the received electrical signal is
filtered by Bessel low-pass filter (LPF) havinga 7.5
GHz 3-dB bandwidth to reduce the noise. The
filtered signal is then sent to the electrical scope to
evaluate the waveform quality, e.g. to show eye
diagrams, electrical spectrum, and estimate BER.
Here the BER of the received signal is estimated
analytically based on the eye quality.

3. RESULTS

The spectrum of the reflected signal of the 7 FBG
sensor network is measured with an optical sensor
interrogator unit’s spectrometer, see Figure 7. As
one can see in the measured spectrum, the central
reflected frequencies of the sensors’ network are
193.60, 193.70, 193.80, 193.90, 194.00, 194.10,
and 194.20 THz. The central frequencies are the
same as previously mentioned, considering that all
sensors of the simulation model are configured to
the reference temperature +25 °C. The main reason
for the slanted reflected signal spectrum of the FBG
sensor network (Fig.6) is the attenuation of optical
fiber. As we are measuring the reflected FBG
signal, it experiences double the attenuation of
optical fiber (100 km in total).

Optical power (dBm)

193.6 193.7 193.8 193.9 194 194.1 194.2
Frequency (THz)

Fig. 7. The reflected signal spectrum of the FBG
sensor network.

The optical signal spectrum (measured at the
input of AWG DEMUX) of the simulated model
where 8 data channels of the DWDM-PON
transmission system (left side) are collaborated
with 7 FBG temperature sensors’ network
transmitted signal (right side) is shown in Figure 8.
AWG DEMUX acts as a filter and blocks the signal
of the ASE, therefore it is not received by the
ONUs. There is no visual interference, overlapping,
and signal degradation between both systems
(8-channel DWDM-PON and 7 FBG sensors), see
Figure 8.

Optical power (dBm)

s . . . . . .
192.8 193 193.2 193.4 193.6 193.8 194 194.2
Frequency (THz)

Fig. 8. The optical spectrum at AWG DEMUX
input.

We chose the worst-performing data
transmission channel (4th) in terms of the BER of
an 8-channel DWDM-PON transmission system to
analyze the performance of the overall DWDM
system. Figure 9 shows a signal waveform of the
received 10 Gbps signal after 50 km SMF
transmission. As one can see in Figures 9 and 11,
the bit pattern is clearly visible with the impact of
chromatic dispersion, leading to a pulse
broadening. The time window of 10 ns is chosen to
represent the bit sequence in a way understandable
to the reader. This signal has passed not only the
50 km of SMF fiber but also 8 FBG sensors, from
which no significant signal degradation effects can
be observed.
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Fig. 9. The received signal 10 Gbps NRZ waveform of the 4™ channel after 50 km long SMF
transmission.

As shown in Figures 10 and 11, the eye diagrams
of the 4th data transmission channel in the back-to-
back (B2B) configuration (Figure 10) and after 50
km long SMF transmission (Figure 11) are widely
open, and error-free transmission is calculated. The
B2B configuration also includes the optical
sensors’ network, but the SMF line and
SMF_1-SMF_7 are set to O km.
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Fig. 10. The eye diagram of the worst-performing
data channel in B2B configuration.
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For B2B transmission the obtained BER for the
worst-performing channel is 8x10°7, and after 50
km long SMF line the obtained BER is 9.4x10%.

The eye diagrams are wide open and therefore
the transmission of 10 Gbps NRZ-OOK signal can
be considered as error-free.
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Fig.11. The eye diagram of the worst-performing
data channel after 50 km long transmission line.
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We measured the BER versus received optical
signal power (see Figure 12) to understand the
impact of a 50 km long SMF transmission line on
the created mathematical simulation model.

Typical BER values would vary between the
systems due to the differences in configuration,
components, parameters, and so on. For such a
collaborated system model, where the optical
sensor system and dense WDM-PON system are
merged, allowed BER should be at least <107,
which is typically to be considered as a BER
threshold for error-free transmission [51-53]. In our
research this goal is accomplished and even lower
BER values are estimated (for example, 10°%) yet it
is not an easy task to calculate precisely such small
BER values, thus the eye diagrams (which are wide
open and even in our results) also have to be
inspected.
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Fig. 12. BER versus the received optical signal
power of 10 Ghps 8-channel DWDM PON data
transmission system and 7 FBG sensors network,
in the case of B2B and 50 km SMF
configurations.

Here a strong correlation between B2B and a 50
km long transmission line is observed. The power
penalty at the BER threshold level of 1x10% is
negligible (only 0.3 dB). This power penalty
introduced is mainly due to the fiber chromatic
dispersion.

4. CONCLUSIONS

FWM-OFC can reduce the overall expenses of
the proposed combined fiber optical DWDM
transmission system and FBG temperature sensors’
network. The FWM-based OFC source provides an
energy-efficient solution due to the fewer light
sources required to ensure multiple data
transmission channels. Only two CW pump light
sources and one NHLF fiber is necessary to power
the 8-channel DWDM-PON data transmission
system. The OFC generated through FWM exhibits
fluctuations of individual comb tones of less than 3
dB in power, the average peak power of 0 dBm, and
an extinction ratio of about 33 dB for an operating
range of 192.9 — 193.25 THz. The created shared
light source powers all data transmission channels.
Supplementing to that, a spectrally efficient
configuration has been applied and calculated, as
the minimum channel spacing between the
DWDM channels, optical sensor channels, as well
as between both systems (DWDM-PON and FBG
sensors) has been presented. Thereby, allowing
other critical applications (for  example,
applications in Structural Health Monitoring
(SHM)) to be positioned in the available frequency
spectrum. This research approved a successful
realization of the FWM-based OFC source in the

simulation model and its implementation in a 10
Gbps  8-channel DWDM-PON  optical
transmission system with an integrated 7 FBG
temperature  sensors  network.  Successful
integration of FWM-based OFC source is
confirmed by the fact that interference between
DWDM-PON and FBG sensor networks is still
negligible. The measured BER value of the worst-
performing channel in this 8-channel DWDM-
PON system is 9.4x10¥, thus demonstrating the
stable operation of the system. From the acquired
results and all the significant parameters and
components provided for such collaborated net-
work, authors can state that such configuration and
fundamental information can be applied and used
to provide easier application, broader technological
opportunities for the optical network development,
and greater energy efficiency with reduced light
source amount required and to ensure collaboration
between optical sensing applications and data
transmission solutions, as well as used for further
research in the field of the OFC based
WDM/DWDM-PON  and  optical ~ sensor
collaborated networks.
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Abstract— With the development of modern communication technology industry and expan-
sion of user needs in daily life, more and more applications, as well as systems, are being created
and upgraded. Part of them, for example, sensor and data transmission systems, in a lot of
scenarios are based upon the use of available frequency spectrum. Given that the overall amount
of information that needs to be collected or exchanged is growing exponentially, there is a con-
stant need to develop new system models that provide faster data transmission rates, increased
capacities, simplified architecture, and resource optimization. In line with previously mentioned,
it is important not to forget providing the availability to ensure interaction between systems and
their models in scenarios where that could be required. For instance, merging data transmission
systems with optical sensor ones, therefore establishing resource and finance optimization. Fiber
Bragg grating (FBG) technology is one of the appealing ways for fiber optical sensor systems that
provide immunity to radio frequency interference (RFI) and electromagnetic interference (EMI)
as well as operate passively, provide multiplexing applications and remote real-time monitoring
within large distances. In this research, we demonstrate a successful realization of a unified 7
FBG sensors network with the 32-channel spectrum sliced wavelength-division-multiplexed pas-
sive optical network (SS-WDM PON) data transmission system. As the length of standard single
mode (SMF) optical fiber span between each sensor on the 7-sensor network is 4km, we show
the sustainable remote operation of this embedded sensor network over a distance of 28 km.
We provide a resource and cost-efficient solution in an optical part of the developed system by
unifying input light sources as we implemented the single broadband light source (BLS) shared
between both merged systems, instead of using different light sources for each of them. For the
development of this merged system model, its characterization and performance evaluation the
mathematical modeling and simulation software was used. Performance evaluation was made for
4 different scenarios — with and without collaboration between both systems and at bit rates
of 2.5 Gbit/s and 10 Gbit/s per each and every data transmission channel, confirming that the
successful operation of data transmission and sensing network in one merged system is achievable.

1. INTRODUCTION

Due to the rapid growth of a wide range of different applications and high-speed fiber optical
communication and data transmission systems, a lot of concerns are already discussed by the
modern community. For instance, security issues, huge continuous increase in transmitted data
amount and so on. There is research carried out where by using fiber optical sensor systems, it
can be a great assist in the matter of solving such difficulties. Although, there are traditional
transmission line monitoring and warning methods that in lots of scenarios are costly and human-
resource oriented not to mention result difference compared to actual results [1].

However, fiber optical sensor technology dismisses such problems, providing real-time monitoring
applications for a wide range of parameters and needs, for example, starting from detecting small
chemical substance concentration parameters [2] to monitoring large buildings — Structural health
monitoring (SHM) application [1]. One of the examples of fiber optical sensor implementation in
SHM applications is within concrete structures in order to monitor deformation and strain of the
reinforced concrete as well as corrosion of the reinforcing steel [3]. There, they can be used as either
as a single point optical sensor or distributed within a network in order to ensure multiple region
monitoring [4]. Fiber optical sensors nowadays are used in a wide variety of applications, even in
harsh environments, where, for instance, fiber optical temperature sensors (which we will be inte-
grating into our system model) are situated. For example, in cases of extremely high temperatures
(approximately 1000°C) for monitoring of modern nuclear reactors [5).

Due to their characteristic advantages — lightweight, tiny size, immunity to electromagnetic
interference, fact that they do not require active power supply, high precision ratio, multiplexing
abilities, as well as great long-term monitoring possibilities and so on, they provide probability
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to measure and monetarize parameters along the whole length of the optical fiber [6,7]. Sensor
measurement principle wise, Fiber Bragg grating (FBG) is an appealing way for fiber optical
sensors. Multiple FBG optical sensors can be positioned along a single unified fiber while providing
simplicity in use, cost-friendly application and high accuracy in measurements [8,9]. They can be
integrated into different compounds of materials to provide measurements of not only parameters
like temperature and strain, but as well as humidity, liquid elevation, force and so on [10].

With the advancement of fiber optical systems and their collaboration with data transmission
systems, so are developed new solutions for providing fast transmission over passive optical access
networks (PONs) which maintains also as an environment for placement of fiber optical sensor
systems. The United States has been working on “Connecting America: The National Broadband
plan” in order to provide 1 Gbit/s connections to local communities by the year 2020. PONs are
considered as the best solution while providing a cost-efficient way for providing deployment of
Fiber-To-The-Home (FTTH) networks [11].

Technology-wise PONs have been upgraded and defined by different standards. Starting from
Broadband PON (BPON) standardization by International Telecommunication Union (ITU-T)
(G.983.1-G.983.5 in the year of 2000 and providing up to 1.25Gbit/s downstream bit rate and
0.625 Gbit/s — upstream, to nowadays, when Next Generation Ethernet PONs (NG-EPON), stan-
dardized by ITU-T and Institute of Electrical and Electronics Engineers (IEEE) 802.3ca working
group (where rates of 25 Gbit/s, 50 Gbit/s and even high ones by the year of 2020) are being
discussed. Research shows that worldwide FTTH revenue by technology will switch away from
2.5Gbit/s GPON even more towards XGS-PON and NGPON-2 in the years between 2020 to
2022 [11,12].

From the analysis of European commission documents and guidelines [13], until 2026, more than
50 billion objects, including cars, homes, and watches are predicted to be connected all around the
world. Transformative solutions are needed in a matter of internet connectivity that includes the
Internet of Things, huge data analytics, cloud computing, high-performance computing and different
kind of systems and applications. Fiber optical application is a recommended medium that would
provide a link between core networks and final sub-networks. This shows a clear indication that
fiber optical sensor systems and data transmission systems will more and more incorporate as well
as be even easier available for end-users in order to satisfy their needs.

Evaluating [13] document even further, it shows clear expectations for the QoS — the quality
of service of fixed internet connectivity to be improved by the time of 2025, highlighting downlink
speed — above 1Gbps (responsiveness — less than 10 miliseconds). For Europe’s development,
very high-capacity networks are evolving as a requirement, where the strategic aim is to build a
Gigabit society, relying on high-speed capacity networks.

2. TRENDS OF MODERN SOCIETY IN A MATTER OF CONSUMPTION OF
TRANSMISSION DATA

Every year, in modern days, continues the raise of fiber optical technology deployment over com-
munication systems not only in business and public sphere but as well in the private sector. From
the FTTH deployment statistics, United States, for instance, has reached its highest point. By
the year 2017, the United States had increased the number of households having access to fiber
broadband over 4.4 million. Overall, approximately 28% of all the United States households, which
is 35 million, now are able to access fiber provided communications [14].

AT&T, one of the leading telecommunication companies in the United States are planning to
reach around 14 million homes located in small rural towns with fiber communication technology
by the end of the second quarter in the year of 2019. In order to achieve their set goals — providing
virtualization of access functions in the last-mile network, 10 Gbit/s XGS-PON virtualized network
has been already tested in Dallas and Atlanta. Not only is it the needs of the users and households
progressing, but the industry as a whole is expanding drastically. A large number of companies are
competing for the place in Top 100 in the global industrial market, with that they are trying to
find new and improved solutions for communication capacity, speed and quality markings [14].

From the research and reports done from the telecommunication engineering industry of India,
it is shown, that consumption ratio in telecommunication consists of over 2,360 Petabytes of data,
which could be aligned to a data amount that is stored within 526 million DVDs. Alongside —
India, the USA, China, and Japan are contributing large amounts of data transmission as well.
The United Kingdom has stated, that modern internet is a utility as a right to have reliable and
fast connections. Canada, for example, declared that high-speed internet access is needed in order
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to provide for “quality of life” [15].

Not only does the transmitted data amount is increasing, but also the way and form of this
data changes and becomes more complex, mainly due to different styles of systems that need to
be integrated. Internet-of-things is already switching beyond smartphones and gadgets in order
to connect billions of devices, monitoring systems, household applications, vehicles, and sensor
systems. Intelligent, fast, robust and smart automation will provide in redefining modern life in
this hyper-connected world [15].

With all of the previously mentioned, it is clears that with time even more and more users will
demand the availability of access to communications in different places all around the world. With
that, the increase of transmitted data from both — users and different kinds of systems, like optical
sensor ones, will continue to grow exponentially. This will genuinely lead to a need for bandwidth
optimization, the larger capacity of data processing, storing and higher rates of data transmission.

3. SIMULATION SETUP OF DIFFERENT SCENARIOS FOR 32-CHANNEL SS-WDM
PON SYSTEM AND OPTICAL SENSOR NETWORK COMBINATIONS

During our research, we realized few different scenarios for evaluating successful realization of a col-
laborated FBG sensor network in 28 km long SMF line (according to ITU-T G.652 [16]) that had 7
optical sensors with 4 km fiber spans together with data transmission system with 32-channel spec-
trum sliced wavelength-division-multiplexed passive optical network (SS-WDM-PON). The partic-
ular length of fiber spans was chosen based upon our previous research [17], where it was explained
that 4km long fiber spans are commonly used in Latvia between two cabinets or fiber optical
manholes (are where optical closures are placed). Such simulations were created within RSOFT
OptSim mathematical simulation software. To prove the successful operation of both systems
fiber optical sensor and data transmission one, we created two simulation setups (Figure 1). In first
simulation setup data transmission system was observed without interference from the fiber optical
sensor system. On the other hand, simulation setup No. 2 is a more complex solution, where both
systems (optical sensor channels and data transmission channels) are combined together while using
one unified light source and one unified fiber as a transmission media. In both simulation setups,
pseudo-random bit sequence (PRBS) modulation was chosen and Amplified spontaneous emission
(ASE) as a broadband light source (BLS) was chosen. The whole spectrum was allocated in the
spectral range between 191.5 THz and 195.5 THz. For data transmission channels, 191.65 THz to
193.20 THz spectrum was selected, whereas 193.6 THz to 194.9 THz spectrum was saved for optical
Sensors.

To evaluate the impact on the overall system, for both simulation setups, as well to see the impact
of transmission speed, two different data transmission rates were chosen, hence 2.5 Gbit/s and
10 Gbit/s per each and every data channel. Particular values nowadays are typical and interesting
to ensure the developing needs of customers in order to maintain the progress of data transmission
collaboration with other system models that are demanded by our modern society. The objective
was to acquire results that prove enough quality of the proposed system model, meaning that the
data signals would provide pre-forward error correction or pre-FEC bit error ratio of not higher
than 2 x 1073, With this value, an error-free output signal observation could be monitored. A
configuration like this is applicable to the FEC encoding scheme application with 7% overhead.

For Figure 1, abbreviations were used, where: BLS — broadband light source, AWG — arrayed
waveguide grating, OLT — optical line terminal, TX — optical transmitter, SOA — semiconductor
optical amplifier, EAM electro-absorption modulator, DCF dispersion compensation fiber,
FBG — Fiber Bragg grating, OC — optical circulator, RX — optical receiver, SMF — single mode
fiber, PD — photodiode.

In simulation setup No. 2 we divided BLS output optical signal into 2 identical optical radiation
streams with 1 : 2 optical power splitter, ensuring that 50% of whole optical power would be
generated to the unified system — optical sensor and data transmission. During our tests, such a
particular division was chosen because it provided an acceptable operation of the overall system.
This means that such a model provided results where the output of optical sensors and data channels
could be received and evaluated. This ratio also provided that no visual interference takes place
during simulations.

For both simulation setups arrayed waveguide grating (AWG) was used to spectrally slice 32
channels. Here the channel spacing according to the ITU-T G.694.1 was chosen as 50 GHz [18].
Adding to that, we used 3 dB insertion loss blocks in order to resemble the insertion loss generated
by the AWG unit. In both simulation setups (100% optical power in the first one and 50% optical
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Figure 1: Simulation models for both setups where one shared optical fiber and the optical light source are
used for 32-channel SS-WDM PON transmission system (operating at 2.5 Gbit/s and 10 Gbit/sbitrate) with
and without an embedded 7 fiber optical FBG sensors system.

power in the second one(saving another half of 50% for fiber optical sensor system)) are spectrally
sliced and then fed into the data transmitters (TX) which are located in optical line terminal or OLT.
Each of 32 data transmitters in both simulations consists of data source, NRZ driver, gain saturated
semiconductor optical amplifier or SOA and polarization insensitive electro-absorption modulator
(EAM). EAM, in this scenario, was used mainly due to their immunity to signal polarization. SOA
on the other hand was chosen in order to provide intensity fluctuation noise suppressing that
was introduced because of the BLS-ASE source nature. Afterward, both simulation setups run
twice. Firstly with 2.675 Gbit/s generated data stream which is represented by pseudo-random
bit sequence (PRBS) pattern and consists of 7% FEC overhead plus 2.5 Gbit/s payload sent from
our NRZ driver towards RF input of EAM modulator. Secondly, a 10.7 Gbit/s data stream was
generated that consisted of 7% FEC overhead plus 10 Gbit/s payload.

Once all of the EAMs have modulated and formed optical pulses as representing data, these
pulses, from TX 1 to TX 32 are then coupled back together by the second AWG multiplexer
device. After that, channels, prior to being launched into SMF (in first simulation setup) or optical
combiner (second simulation setup), are pre-compensated by the dispersion compensating fiber
(DCF) to limit the negative effect of chromatic dispersion. DCF length is set to 3.73 km dispersion
coefficient is D = —120ps/nm/km and the attenuation coefficient is & = 0.55dB/km at 1550 nm
reference wavelength. After this part, there is a slight difference between simulation setups.

For the first simulation setup, at this point signal is carried through SMF for which we chose
commonly used parameters that were based for 1550 nm wavelength spectrum, with dispersion
coefficient D = 16 ps/nm/km, while attenuation coefficient o was set to 0.18 dB/km. At the end
of the first simulation setup scheme, the signal is divided with another arrayed waveguide grating
(AWG) and sent to the receiver section, where optical network terminals (ONTSs) are stored. The
receiver part, as it the same for the simulation setup No. 2, will be discussed in further paragraphs.

The previously mentioned difference between both simulation setups after DCF part is that, in
simulation setup No. 2, after the signal is carried through DCF, it is then coupled together with
another half of the BLS spectrum. This was done with an optical band-pass filter with 1.65 THz
3-dB bandwidth to ensure that 50% of the optical power from the source is reserved for data
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channels and the other 50% — for optical sensors network (excluding the possibility of both signals
overlapping). After optical combiner, in simulation No. 2, the combined signal is passing through
7 FBG optical sensors that are positioned within SMF and fed into optical receivers in ONTs or
optical network terminals.

Further on, in the simulation setup No. 2, an optical circulator is used for the optical sensor
network in order to divide optical signal transmission directions. Figure 1 depicts 7 FBG optical
temperature sensors that are separated from each other with 7 SMF 4km long fiber spans. That
makes a total of 28km long transmission line. The same length for SMF was chosen in simulation
setup No. 1 as well to ensure the maximum similarities between both setups thereby excluding
any other factors that might make difference on the output results except only the optical sensor
network.

Afterwards, when the optical signal has been carried through optical sensor network (as in
simulation setup No. 2) or straight through 28 km long SMF span (as in simulation setup No. 1), it
is then sent to the receiver part (RX1 to RX32) which are positioned in optical network terminal
(ONT). Every ONT, from RX1 to RX32 includes optical receiver with InGaAs avalanche photodiode
(APD) that has sensitivity of —20dBm at the reference BER of 10712, electrical Bessel low pass
filter with 6 GHz 3-dB bandwidth, electrical scope and last but not least — optical power meter
for the observation of overall quality of the average received signal power. Here we were able to
evaluate optical signals eye diagrams, bit patterns, and BER values as well as check that no visual
and numeric interference has been created between data transmission and optical sensor network
systems. On the other hand, as for the FBG optical sensors, their reflected signals are observed
in the optical sensors interrogation unit which includes spectrometer and digital signal processing
unit for overall sensor signal processing.

As previously mentioned, this was done two times for both simulation models at different data
transmission rates (2.5 Gbit/s and 10 Gbit/s) to see the correlation of how precisely transmission
rates affect combined simulation scheme where data transmission and optical sensor networks are
connected via one unified light source and optical fiber. Adding to that, this also allows examining
broader perspectives for such created system setups.

4. RESULTS AND DISCUSSIONS

We reached our set goals for the research of simulation setups. Firstly an SS-WDM PON system
model was successfully created that had a unified system where one was 32 data transmission
channel system and the other one — 7 FBG optical sensor system (with peak central frequencies
set to 193.6, 193.8, 194.0, 194.2, 194.4, 194.6 and 194.8 THz). Both systems shared one unified
transmission media — optical line and had a single BLS source. Secondly, we were also able
to numerically and visually determine the impact on the data transmission system when there
was an FBG optical sensor system integrated within the setup. This evaluation was done with two
different bit rates in order to see what the effects on the data transmission system are. The reflected
optical signal spectrum of simulated 32-channel SS-WDM PON transmission system (operating at
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Average optical power level (dBm)

-60 1 L 1 1
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Frequency (THz)

Figure 2: Reflected optical signal spectrum of simulated 32-channel SS-WDM PON transmission system
(operating at 2.5 Gbit/s bit rate) with embedded 7 FBG sensors network.

1636
Authorized licensed use limited to: Riga Technical University. Downloaded on March 27,2022 at 21:13:54 UTC from IEEE Xplore. Restrictions apply.



2019 Photonlcs & Electromagnetics Research Symposium — Fall (PIERS FALL), Xiamen, China, 17-20 December

2.5 Gbit/s bit rate) with embedded 7 FBG sensors network is shown in Figure 2.

For evaluation of the collaboration process for both systems, it was important to investigate
FBG optical sensors’ network impact on the SS-WDM PON data transmission system. Acquired
results are shown in Figure 3 and Figure 4. Figure 3 shows a BER versus received optical power for
32-channel 2.5 Gbit/s SS-WDM PON system with and without an integrated FBG optical sensor
network for one of the data transmission channels.

From Figure 3 it possible to observe a few important things. Firstly, there is a strong correlation
between both simulation setup output results. Meaning that the overall FBG optical sensor system
does not negatively affect the SS-WDM PON data transmission system at a bit rate of 2.5 Gbit/s.
Only a small difference in BER for a channel can be observed if both simulation setups are measured
at the same received average optical power. Secondly, calculations show that the power penalty for
simulation setup No. 2 is close to the value of zero dB at the pre-FEC BER level of 2.3 x 1073, if
the comparison is made to the simulation No. 1 result data.

-1 T T T T T T T

log(BER)
&
T

Tk
8+

—0—with FBG sensors
-10 |=O=without FBG sensors

1= —FEC 1 I | 1 I | 1
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Average received optical power (dBm)

Figure 3: BER versus received optical power for 32-channel 2.5 Gbit/s SS-WDM PON system with and
without integrated FBG optical sensor network.
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Figure 4: BER versus received optical power for 32-channel 10 Gbit/s SS-WDM PON system with and
without integrated FBG optical sensor network.

In Figure 4, a BER versus received optical power for 32-channel 10 Gbit/s SS-WDM PON system
with and without an integrated FBG optical sensor network for one of the data transmission
channels is shown. Although there is some slight deviation from the theoretical aspect at some
received optical power points. However, this might be due to some negligible errors in measurement
and here as well a strong correlation can be seen between both simulation setup results. Here the
results also prove that even an increase of the bit rate (in this scenario 10 Gbit/s) for the particular
system does not affect negatively the output result. The only downside of such a model is that it
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becomes more complex — more additional devices and components are needed, thus the insertion
loss of the overall system generally increases.

5. CONCLUSIONS

This research approved a successful realization of simulation models where a 32-channel SS-WDM
PON transmission system was combined with a 7 FBG optical sensor system with one shared
BLS source over one optical fiber. We were also able to confirm that it is possible to combine
an optical sensor system with 2.5 Gbit/s and 10 Gbit/s data transmission system considering the
output results of both simulation setups. Although there were some slight differences between the
results for both simulation setups discussed in previous sections, however from the output results
(Figure 3, Figure 4 and Table 1) it was clear, that even by increasing data transmission speed 4
times, we would still acquire readable data with average BER for 32 channels as 2.6 x 10~7. Last
but not least, power penalty in simulation setup No. 2, where both systems were collaborated was
close to the value of zero dB at the pre-FEC BER level of 2.3 x 1073 and therefore can be neglected.
With that being said, we can conclude that FBG optical sensors network does not negatively affect
the SS-WDM PON data transmission system and such collaboration between both technologies.
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Abstract—In this paper research of optical fiber Bragg
grating (FBG) temperature sensors network is made and new
effective sensors’ signal peak detection algorithm is proposed.
Primary research was carried out at the Fiber Optical
Transmission Systems laboratory of Riga Technical University.
First, the parameters of available commercial optical FBG
temperature sensor was experimentally measured and by using
RSoft OptSim simulation software, the acquired data was
further examined in developed simulation model of fiber optical
transmission system. Secondary, Mathworks Matlab software
was used, where research on minimal allowable spacing (guard
band) of sensors’ signals was investigated and new precise peak
detection algorithm was created. The optical sensors network
created in simulation environment was combined with 8-
channel intensity modulated wavelength division multiplexed
(WDM) data transmission system, where one shared 20 km long
ITU-T G.652 single mode optical fiber was used for both —
transmission of data and sensors signals. As market forecasts
implies steady growing need for different kind of fiber optical
sensors in the near future, brief analysis was made evaluating
these trends and forecast for FBG sensors usage in the given
field. Connection between fiber optical sensors and internet of
things (IoT) concept was also evaluated.

Keywords— fiber Bragg grating (FBG), fiber optical sensors,
peak detection, internet of things (loT), guard band, wavelength
division multiplexing (WDM), passive optical network (PON),
digital signal processing.

I. INTRODUCTION

Fiber optical sensors are widely used for different kinds of
measurements, for example, to measure temperature, pressure,
strain, vibration and mechanical deformation. Optical sensors
based on Fiber Bragg grating (FBG) technology is one of the
most promising sensors type, and is commonly used mainly
due to its significant advantages that provides immunity to
electromagnetic interference and RF interference, small size,
high sensitivity, remote sensing capabilities, etc. [1].

Although important advantages, FBG optical sensors have
some disadvantages that can be caused by crossed sensitivity
providing incorrect measurements of temperature or strain.
Risk factor can also be areas with high temperatures as well as
places with increased characteristics of trembling or vibration
near the optical sensors [1]. More detailed look about FBG
optical sensors structure and working principles are evaluated
in our previous publication [2].

From recent years till now the world’s demand for fiber
optical sensors is continuously rising and it is complicated to
evaluate and predict precise market forecast. One of the main
factors for such phenomena is the diversity of the market
which consists of wide variety of applications, technology and
new industrial inventions. Analyzing current trends of fiber

978-1-5386-5558-0/18/$31.00 ©2018 IEEE

optical sensors market, specifically highlighting FBG, it is
shown that three main segments lead the supply and demand
in fiber optical sensors. Firstly, sensing devices — FBG as
technology for sensing applications. Secondly —
instrumentation, for example, software, graphical interfaces,
acquisition systems and interrogation devices. Thirdly comes
systems integration and installment services, for instance,
engineering projects [1]. From variety of reports related to
fiber optical market, newest statistics shows average annual
growth or sensors market in range of 4.41% to 10.5%. Present
calculations provides that global consumption value of fiber
optical sensors by 2020 will consist of 1.3 billion US dollars
for discrete optical sensors (discrete sensors work as a specific
part of fiber) and 3.2 billion US dollars for distributed sensors,
where the entire fiber can be used as sensors [3].

With enhancement of optical networks infrastructure and
growth of devices using available bandwidth spectrum for
data transmission and communications, there is a significant
increase in need for bandwidth effective optimization [4].
Therefore, one of the key elements in sensor networks is
effective choice of minimal channel spacing to keep spectral
efficiency of sensor network high as possible, in the same time
ensuring precise detection of sensors’ signal peaks, which are
representing the changes in measured physical value, e.g.
temperature, strain, etc.

II. IMPLEMENTATION OF FIBER OPTICAL SENSORS IN [0T

Nowadays majority of world’s governments in Asia,
Europe and America agree that Internet of Things (IoT) is an
area of potential growth and different kinds of innovations.
Possible ToT application areas consists of Smart Industries,
environmental protection and public safety. Creating
connection between Internet Protocol and devices such as
sensors to communicate with each other as well as provide
control mechanism, makes the way for intersection of IT-
oriented networks applications more perspective. Forecast
shows that by 2020, more than 30 billion connected devices
or applications will be intermittent with 200 billion
connections worldwide [5]. At a given moment, architecture
of ToT is described in five and three layer levels, such as
application platforms, middleware platforms, backbone
network, access network and sensor network. Sensing level or
layer is made of different types of control modules, for
example, sensor networks that consist of particular
temperature, vibration, strain and other kind of sensors. The
main information is collected in the perception level and
sensing layer comprises a data acquisition as well as short-
distance transmission where data and information is collected
via sensing devices and later passed to the particular gateway
by bus or short-distance wireless transmission technology [6].
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ToT industry mostly includes a network of information
sensing equipment that is combined with Internet and its
content. Moreover [oT is associated with radio frequency
identification (RFID), GPS, sensors and information sensing
devices, as well as laser scanners. This is performed according
to the accepted protocol that provides connection to the
internet for communication and information exchange in order
to establish tracking, location, monitoring, identification and
management. Given the fact that IoT sphere grows a closer
connection with fiber optical sensors, it is necessary to
evaluate and research different kind of aspects in fiber optical
sensing applications. To do so, it would be required to
research minimal guard band effective optimization as well as
more precise signal peak finding detection appropriately to the
needs of IoT applications and devices [7].

II1. SIMULATION SETUP

Main simulation setup was created in OptSim software
while using the measured parameters from commercial FBG
optical sensors (Fig 1). One of the main goals was to create
operating simulation model that provides successful FBG
optical temperature sensors network collaboration with
8-channel data transmission system to observe temperature
effect on sensors’ signals (signals reflected from deployed
FBG sensors) as well as, to observe and calculate minimal
channel spacing (guard band) and propose peak detection
algorithm. Our data transmission system use non-return-to-
zero on-off keying (NRZ-OOK) modulation scheme. In the
service provider’s side optical line terminal (OLTs) is
located, where eight 10 Gbit/s transmitters are implemented.
Every transmitter’s structure includes continuous wave (CW)
laser with output power +3 dBm, 10 Gbit/s Pseudorandom
binary sequence (PRBS) data source, NRZ driver and optical
Mach-Zehnder modulator (MZM) with 20 dB extinction ratio
and 3 dB insertion loss [8]. Central frequencies for these eight
data channels are set as following: 192.90, 192.95, 193,
193.05, 193.1, 193.15, 193.2, 193.25 THz. Here the channel
spacing is set to 50 GHz, according to the ITU-T G.694.1
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Fig. 2. (a) Simulated spectrum of 5 FBG optical sensors central reflected
signals and 8 data channels (OSA spectrum located in optical sensors
interrogation unit) at 0°C environment temperature, and (b) zoomed
spectrum of 5 FBG optical sensors central reflected signals.

recommendation. All 8 of these data transmission channels
are then combined by optical coupler (MUX(1)) for further
transmission[2,9,10].

In sensors network, on the other, hand light emitting diode
(LED) was used as a light source. Its spectrum region is
within range of 193.7 THz to 195.3 THz where FBG optical
will be deployed. The spectrum of LED source was acquired
by firstly measuring it within RTU Fiber Optical Laboratory
and then importing the experimental data into our simulation
model. Spectral intensity fluctuations in this frequency region
are relatively small — less than 0.37 dB and output power is
set to -9 dBm. This LED signal is then filtered by optical
bandpass filter (it will be further used as a seed light for
optical FBG sensors) and sent to the optical signal coupler
(MUX(2), where it is coupled with 8 data signals from OLT,
see Fig. 1. Optical circulator is used for separation of signals
transmission directions - separate sensors’ (FBGs) reflected
signals from transmitted data signals and seed light. On the
bottom part of the transmission scheme there is optical
distribution network (ODN) with 5 deployed optical FBG
temperature sensors. All single mode optical fiber (SMF) line
is divided into five fiber sections with 4 km distance between
every sensor. Such distance is commonly used in Latvia
between fiber optical cable cabinets or manholes, where fiber
optical closures are located [2].
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Fig.1. Realized combined 5 FBG temperature sensors network integrated into 8-channel 10 Gbit/s NRZ-OOK dense WDM-PON transmission system.
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Initial central frequencies of FBG optical sensors were set
as following: 193.8, 194, 194.2, 194.4, 194.6 THz starting
from the first till last sensor. Such frequencies were chosen
taking into consideration the ITU-T recommendations (as in
case of data signals) and occupied spectrum of implemented
10 Gbit/s downstream data transmission channels to ensure
stable operation of combined sensor and data channel system.
Last part of the simulation model consists of the arrayed
waveguide grating (AWG) model including Gaussian
bandpass optical filters with Gaussian shape frequency
response to filter out data channels and 10 Gbit/s optical
network units (receivers) with electrical 7.5 GHz Bessel low-
pass filters and scopes [2]. Such combined scheme provides
coexistence of two previously mentioned systems. As we
observed in investigated optical sensor network model,
influence of WDM data channels on sensor signals was
negligible, causing only a slight increase in noise. However
to make it more resource effective it is vital to observe and
calculate minimal channel spacing or frequency guard band
between FBGs’ signals or channels. This aspect is
investigated further in this paper.

IV DEVELOPMENT OF ALGORITHM FOR PRECISE
FBG SIGNAL INTERROGATION

When one’s sensor optical power level is similar to
another one’s, and they are located relatively apart from each
other in the spectrum, then it is possible to use different kind
of methods to achieve the needed results for guard band
acquisition. However there are complications in real cases
where every next FBG optical sensors’ reflected signal
weakens with time and distance (due to fiber attenuation and
insertion loss of optical elements) within given system model
(Fig 2). Therefore, authors propose a solution created within
Matlab software. Full flowchart of our work structure and
sensors’ signal processing is shown in Fig. 3. In this figure it
is possible to see our research process from the starting point
with creation of our Optsim simulation scheme as well as
acquisition of variation of frequencies. Then a customized
Matlab code for such parameter calculations is created. While
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Fig. 4. Comparison between our acquired average peak and auto peak
detection for 3" and 4" FBG optical sensors.

using approximation method we created linear equation and
calculate yet more appropriate variation of frequency. With
this, a creation of minimal guard band equation is made from
where it is next possible to calculate minimal guard bands for
power drop zones what was also one of the main goals during
this research. Furthermore we investigated peak frequency
calculations for sensors and by updating Optsim simulation
scheme with new adjustments we were able to create Matlab
code for precise sensors average peak finding algorithm what
was another goal that needed to be achieved. With that it was
possible to compare peak frequencies with different
algorithms thereby compare minimal guard bands for power
drop zones. More detailed look is discussed in further
paragraphs.

To determine precise guard band between FBG signals, it
is necessary to detect an exact signals peak center and vice
versa, which is not always the highest value in a peak region.
In this case, every commonly used algorithms of peak finding
does not achieve the needed result, see Fig. 4. Due to
irregularity of reflected spectra of FBG sensors, it is not an
easy task to detect exact center of reflected peak. For this
matter we created algorithm within Matlab software where
we imported data about sensors signals from OptSim
simulation scheme discussed in this paper. This algorithm
allowed us to process spectrum data of each sensor and
detects exact average center frequency of each sensor’s
reflected signal, please see Fig. 4.

Use of
Approximation
method

Creation of MATLAB code for
variation of frequency
calculations

Calculation of
minimal guard
bands for
power drop
zones

Detection of Signal widtl
in power drop zones

) ) Data input A
simulation scheme var;’:t:‘:"ieof Creation of
(STARTING POINT) Linear
jiesuency) equation
from MATLAB .
\ 4
Total simulation Creation of Update of reation of MATLAB code
temperature changes minimal guard _OPTSM for sensors frequency
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Fig. 3. Flowchart of our process through creation of simulations and experiments, as well as development of equations, calculations and comparison analysis.
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Reflected FBG signal peaks were detected at relative peak
power level equal to 0.9. Our approach is similar to the one
widely used for measurement of pulse width — well known
full width at half maximum (FWHM) method. By using our
method, we improved our FBG signals interrogator accuracy
and excluded wrong detection of signals peaks due to power
fluctuations.

V. SIMULATION AND EXPERIMENT RESULTS

Precise minimal channel spacing (guard band) evaluation
and calculation as well as peak detection using different
methods was important part of this research. Manufacturer of
experimentally used FBG fiber optical temperature sensor
stated that the calibrated frequency of this sensor at +26°C is
191.537130 THz and basis on manufacturer data
(temperature to wavelength response) it was calculated that
variation of frequency for one degree Celsius is 1.279 GHz.

45 T T T

O Measured points
40} —— Linear data

Temperature (°C)
N w w
% 8 8

N
S
T

5

Y=-805.433538*X+154296.331452

L L

191.52 191.53

191.55

191.54
Frequency (THz)
Fig. 5. Acquired data about correlation between temperature and frequency
by using approximation method and calculated linear equation for
commercial fiber optical temperature sensor.

To compare theoretical temperature sensor’s response
with experimental, firstly in laboratory we heated it, then
measured wide variety of reflected signal central frequencies
in the temperature range between +14°C till +40°C. By
comparing each and every reflected FBG’s central frequency
with manufacturer’s calibration data, we achieved that the
experimental average variation of frequency for one degree,
relative to calibrated, and is 1.232 GHz. For the further
analysis we used Matlab software and through signal
approximation method we acquired linear equation that
defines temperature and frequency correlation (response) for
the optical fiber temperature sensor, please see Fig.5.

From the acquired linear equation we specified average
variation of frequency for one degree which was 1.231 GHz.
Given that, it is clear that this is the precise variation of
frequency for one degree due to gained similar results of each
method using data provided by manufacturer and our
measured experimental temperature/frequency response data.
For detection of guard band or minimal channel spacing
between sensor signals this value was a crucial factor.

Afterwards, the next value needed, in this case of 5 optical
sensors was the average spectral width of sensors signal in
the optical power drop zone of 7 dB, please see Fig. 2. Such
values were acquired by solving equation that was introduced
in our previous research [11] for detection of guard bands
between sensor signals in spectrum. From our calculation the
average sensors reflected signal spectral width in the optical
power drop zone of 7 dB is 109.8278 GHz. Knowing that
total temperature change range in this case is planned over
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80°C (from -20°C to +60°C, typical to structural health
monitoring (SHM) applications) and acquiring frequency
change per one degree as well as signal spectral width, it was
possible to compose our equation to determine theoretical
minimal channel spacing or guard band between each and
every optical sensor in our system:

GB = bwayg + (Tror * foar)s M

where GB (GHz) is the guard band, bwg,y (GHz) is the
average sensors reflected signal spectral width in the optical
power drop zone level, Ty, (°C) is the total temperature
variation range and f,,,, (GHz) is variation of frequency for
one degree (temperature response). After calculating guard
band, it was possible to define, by this first method, acquired
FBG optical sensors central reflected signal frequencies with
the minimal guard band or channel spacing. The acquired
results are shown in table I that is also visible as Method I in
table II.

TABLE I CALCULATED FBG OPTICAL SENSORS CENTRAL PEAKS’
FREQUENCIES AND GUARD BAND FOR BOTH OPTICAL POWER DROP ZONES

Values in THz Power drop zone: 7 dB
Sensor 1 193.800000
Sensor 2 194.008285
Sensor 3 194.216570
Sensor 4 194.424854
Sensor 5 194.633139

Guard band: 0.208285

Knowing these peak frequencies, we estimated yet
another guard band. For this instance we based our
comparison on optical power drop zone of 7 dB. The acquired
results are shown in table II. Where Method | contains data
of estimated peak frequencies and guard band using
previously discussed equation. On the other hand, Method 2
includes estimated peak frequencies that are also visible in
Fig 6, as well as their guard band.

§_15 L —— Measured signal spectrum
%, O Detected sensors' signal peaks
2
2 20
o
]
g
8251
8
B30} 1
o I 1
193.55 193.75 193.95 194.15 194.35 194.55 194.75

Frequecny (THz)

Fig. 6. Guard band detection using MATLABSs algorithm for precise
sensors reflected signal peak middle finding.

TABLE Il CALCULATED FBG OPTICAL SENSORS CENTRAL REFLECTED SIGNAL
FREQUENCIES AND GUARD BANDS USING BOTH METHODS

Values in THz Method 1 Method 2 Difference
Sensor 1 193.800000 193.784834 0.015166
Sensor 2 194.008285 193.994201 0.014084
Sensor 3 194.216570 194.201185 0.015385
Sensor 4 194.424854 194.409212 0.015642
Sensor 5 194.633139 194.615817 0.017322

Guard band: 0.208285 0.207746 0.000539
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Compared to Method 1 the Method 2 data consists of our
calculated optical sensors average signal peaks that are
detected by adjusted algorithm that we created specifically to
achieve average signal peaks despite the spectrum
fluctuations. From this guard band values can also we
estimated and compared.

From our calculations it is clear that such Matlab
algorithms can be implemented in real optical FBG sensors
interrogation units to detect the location of signal peak central
frequency, as seen in table II, Method 2.

VI. CONCLUSIONS

Studies have shown that world is in constant demand for
fiber optical sensors in wide variety of applications. The
annual growth in market for such technology is increasing
steadily with every year. One of the sections where fiber
optical sensors are needed and will be further on, is IoT. From
the authors’ point of view, with time, even more applications
that require Internet will be associated with fiber optical
sensor technology due to the needs of consistent monitoring
of different kind of systems that uses fiber optical sensors, for
example, security and structural health monitoring (e.g.
roads, their embankments, bridges, etc.) applications

Our research showed that it is possible to successfully
integrate at least 5 FBG optical sensor network into 8-channel
NRZ-OOK modulated 10 Gbit/s fiber optical data
transmission system. In our research we used different kind
of methods to acquire temperature/frequency response of
available investigated commercial FBG sensor, which was
used further in our mathematical simulation model. In this
paper we developed guard band calculation equation, which
allow calculating recommended frequency band between
adjacent FBG sensors, to be sure that signals of deployed
sensors will not overlap in spectrum. The data that we
achieved shows consistency, as for example, guard band that
we calculated by first method was 208.285 GHz while from
our research within Matlab - a strong correlation can be seen,
where guard band is detected as 207.746 GHz. That makes a
total difference of only 0.539 GHz. We also showed different
ways of estimating variation of temperature / frequency
response. From our research it was 1.279 GHz, 1.232 GHz
and 1.231 GHz, depending on the method or algorithm used.

We proved that with collaboration of two mathematical
modeling and calculation software it is possible to find
minimal allowable sensors guard-band and precise signal
spectrum peak center. Although there are some signal peak
finding solutions, nevertheless we created algorithm in
Matlab by using Optsim input data to create solution that not
only targets highest peak values but finds the exact middle of
the peak.
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Such possibility can be needed for different kind of signal
processing applications in wide variety of fields. It is
important that our developed FBG signal peak frequency
detection algorithm can be implemented further in real FBG
sensors signal interrogation solutions.

However, there is still opportunity for further research to
test even smaller guard-bands and very attenuated sensors’
signals in FBG optical sensor systems. This kind of research
is vital for effective available spectrum usage in future. As
with development of FBG sensor technologies, there will be
need for further research on coexistence of sensing and data
transmission systems in one shared optical network.
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Chapter

Fiber Bragg Grating Sensors
Integration in Fiber Optical
Systems

Janis Braunfelds, Sandis Spolitis, Jurgis Porins
and Vjaceslavs Bobrovs

Abstract

Fiber Bragg grating (FBG) sensors are a progressive passive optical components,
and used for temperature, strain, water level, humidity, etc. monitoring. FBG
sensors network can be integrated into existing optical fiber network infrastruc-
ture and realized structural health monitoring of roads, bridges, buildings, etc. In
this chapter, the FBG sensor network integration in a single-channel and multi-
channel spectrum sliced wavelength division multiplexed passive optical network
(SS-WDM-PON) is presented and assessed. The operation of both the sensors and
data transmission system, over a shared optical distribution network (ODN), is
a challenging task and should be evaluated to provide stable, high-performance
mixed systems in the future. Therefore, we have investigated the influence of
FBG temperature sensors on 10 Gbit/s non-return-to-zero on-off keying (NRZ-
OOK) modulated data channels optical transmission system. Results show that
the crosstalk between both systems is negligible. The successful operation of both
systems (with BER < 2 x 10~ for communication system) can be achieved over
ODN distances up to 40 km.

Keywords: fiber Bragg grating (FBG) sensors, sensor network, WDM-PON,
SS-WDM-PON

1. Introduction

Optical fiber sensors are classified as intensity, phase, polarization, and wave-
length modulated sensors based on their operating principles [1]. Fiber Bragg
grating (FBG) sensors are wavelength modulated sensors or sensors which detect
physical parameter (strain, temperature, and others) based on wavelength changes.
Fiber Bragg grating (FBG) technology typically is used in optical filters, disper-
sion compensation modules, and sensors solutions. FBG sensors are passive optical
components with high sensitivity and immune to electromagnetic interference and
radio frequency interference, which can be integrated into existing optical fiber
network infrastructure for structural health monitoring (SHM) applications [2-4].
FBG sensors can be used for roads, tunnels, bridges, rails, aircrafts SHM, as well as
civil engineering, security, oil, and gas solutions monitoring [5]. With FBG sensors,
it is possible to monitor various physical parameters such as temperature, strain,
vibration, pressure, humidity, etc. [6-8].

1 IntechOpen
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It is necessary to analyze sensor influence on deployed and operating fiber opti-
cal communications systems data channels before FBG sensors integration in this
fiber optical network infrastructure. Optical sensors signal interrogation (OSSI)
units maximal monitoring distance between monitoring equipment and FBG sen-
sors can be longer than 40 km.

First, in this paper optical sensor and single—channel 10 Gbit/s transmission
system compatibility and co-operation were experimentally evaluated in the
fiber-optical transmission system (FOTS) laboratory of Riga Technical University,
Communication Technologies Research Center (RTU SSTIC), as described in
Section 2 of this article.

Further, we have also demonstrated the collaboration with 32-channel spec-
trum-sliced wavelength-division-multiplexing passive optical network (SS-WDM
PON) data channels and FBG sensor network in the simulation environment, as
described in Section 3 of this article. Results showed that the optical transmission
system with SS-WDM PON data and FBG sensor channels is an energy and cost-
efficient solution, because its transmitter part is realized using a single amplified
spontaneous emission (ASE) light source.

2. Evaluation of compatibility and co-operation on fiber-optic FBG
sensor and single channel 10 Gbit/s NRZ-OOK transmission system

In this section, FBG temperature sensor integration and co-operation with oper-
ating fiber-optical transmission system are experimentally evaluated in the labora-
tory environment. The transmitter part of the experimental setup (see Figure 1)
includes a broadband light source - ASE source, which is necessary to provide the
operation of the deployed FBG sensor.

The measured output spectrum of the ASE light source is shown in Figure 2.
The maximal peak power of around —10 dBm is located in wavelength bands of
1532-1534 and 1550-1560 nm. The high output power of the ASE light source and
FBG sensor reflectivity is essential when monitoring distance (between the OSSI
unit and FBG sensor) is long. Broad spectral band and fixed output power of the
light source spectrum are crucial for multiplexing many sensors.

The output of the ASE light source is connected with an optical bandpass filter
(OBPF). An OBPF (wavelength range: 1530 to 1610 nm (C&L Band), crosstalk
>50 dB, bandwidth: 0.2 to 10.0 nm) is used to filtered spectral band for FBG tempera-
ture sensor. The spectral band is calculated based on FBG sensor defined operating

Channel 1.

Optical
Optical Optlcal fiber

coupler circulator

1.A=1552,524 nm Channel 29.
2.A=1561,419 nm

Channel 40.

10 Gb/s

LD - Laser Diode PPG - Pulse Pattern Generator

ASE — Amplified Spontaneous Emission Source AWG — Arrayed Waveguide Grating
OBPF — Optical Band Pass Filter PM - Power Meter

MZM - Mach-Zehnder Modulator PS — Power Splitter (optical)

OSA - Optical Spectrum Analyzer PD - Photodiode

Figure 1.
Experimental setup of single—channel 10 Gbit/s transmission system with integrated optical FBG sensor.
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Figure 2.
Measured ASE output spectrum.

temperature band (—20 to +40°C). Temperature change by one degree causes a
wavelength shift of 10.174 pm, taking into account the FBG reference temperature of
26°C (4, =1565.191nm ). Wavelength shift depends on thermal-expansion coef-
ficient and the thermal-optic coefficient of common single-mode fiber.

Central wavelength and frequency values for FBG temperature sensors are
shown in Table 1. The wavelength band from 1565.05 to 1565.66 nm are set as a
bandwidth of OBPF. The measured spectral curve of the OBPF passband is shown
in Figure 3. The output of OBPF is connected to one of the optical coupler ports.

For the generation of FOTS data channel signal, the tunable laser diode (LD) with
+9 (fiber length 20 km) and 12 dBm (fiber length 40 km) output power, 100 kHz
linewidth, 50 dB sidemode suppression ratio (SMSR) is used. LD output is connected
with Mach-Zehnder modulator (MZM) with polarization-maintaining PANDA type

Temperature Wavelength [nm] Frequency [THz]

-20°C 1565.66 191.48

26°C 1565.19 191.54

40°C 1565.05 191.55
Table 1.

FBG temperature sensor central wavelength and frequency values.

o
o
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Wavelength (nm)

Figure 3.
Measured spectral curve of the OBPF filter passband.
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fiber. Electrical data signals are generated by the pattern generator (PPG) (Anritsu,
operating bitrate 10 Gbit/s, PRBS 2"°-1, signal purity —75 dBc/Hz). PPG data output
and electrical RF input of the MZM is connected with proper RF cable. MZM optical
output is connected with one of the optical power coupler (OPC) ports. OPC couples
signals for FBG sensor and FOTS data channels.

OPC output is connected with the optical circulator (OC) port (1), necessary for
separation of the sensor systems optical signal flows (transmitted and reflected).
Please see the measured optical circulator insertion loss values in Table 2.

The optical circulator port (2) is connected with the optical fiber line and FBG
sensor. 20 and 40 km long single-mode optical fiber (SMF-28) spools with inser-
tion loss 4.3 and 8.3 dB are used in these experiments. The optical fiber output is
connected with the FBG temperature sensor. FBG sensor structure and operation
principle are shown in Figure 4.

FBG sensor technology is based on periodical reflection index changes in the
fiber core [9-12]. FBG sensor reflects one part of the signal, but another part is
transmitted further through the optical fiber. If the object’s temperature changes, it
shifts transmitted and reflected Bragg wavelength ( 4, ), also known as signal
central wavelength (see in Figure 5). OSA; and OSA, are used for the analysis of the
FBG temperature sensor reflected and transmitted signals.

Bragg wavelength (4, ) can be described by the following formula (1):

Ay =24 A ¢
Where:

A — grating period, nm;

ng — effective group reflection index;

Ay — Bragg wavelength, nm [10].

FBG sensor temperature is calculated, based on the formula (2):

_ﬂ’nf + ﬂ’mm (2)
t=t,+| ———
re'f Aﬂ()ﬂf

Where:
t, - reference temperature (defined in the sensor specification), °C

A, —reference wavelength (defined in the sensor specification), nm

Avea - measured wavelength value, nm
A%, —wavelength coefficient, describing wavelength shift, when temperature

is changed per 1°C (defined in sensor specification), nm
Temperature sensor parameters used in experiments are listed in Table 3.

Direction Measured insertion loss (dB)
152 2
253 1
1-3 60
Table 2.

The insertion loss of experimentally used optical circulator.
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Figure 4.
FBG structure and operation principle.
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Figure 5.
Measured veflected FBG sensor signal spectrum at different temperatures.

FBG sensor parameter Value

Reference temperature ( L ) 26°C

Reference wavelength ( At ) 1565.191 nm

Wavelength coefficient ( A4, ) 10.174 pm

Sensor size 3x3x23mm

Operation temperature band —40 °Cto +80°C
Table 3.

Parameters of experimentally used FBG temperature sensor.

As we can see in formula 2, and the measured graph (Figure 6), the temperature
versus wavelength relationship has linear nature.

FBG output is connected with 40-channel (100 GHz channel spacing) arrayed
waveguide grating (AWG) flat-top filter with operating wavelength band 1530.334-
1561.419 nm (192-195.9 THz). The AWG is used to test the system with different
spacing between data and sensor channels. The AWG (with 54 GHz 3-dB and
132 GHz 20-dB bandwidth) 29th and 40th channels are used in experiments, and its
parameters are listed in Table 4.

AWG output is connected with optical power splitter (20:80%), where
20% are used for signal power monitoring, but 80% are transmitted to photo-
diode (PD) (with sensitivity (le-10 BER) = —20 dBm, operation wavelength
range = 1280 nm-1580 nm and maximum output voltage = 350 mVp-p) that
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Figure 6.
Temperature versus wavelength relationship for experimentally used FBG temperature sensor.

No. of AWG Channel Central wavelength [nm] Frequency [THz] Attenuation [dB]
min max
29 1552.524 1931 391 4.05
40 1561.419 192.0 4.28 441
Table 4.

AWG filter parameters 29th and 40th channel.

converts optical signal to electrical signal. PD output is fed through an RF cable to
the eye diagram analyzer (EDA) for data signal quality analysis. For synchroniza-
tion, the PPG clock signal is transmitted with RF cable to EDA.

Please see the measured FOTS data channel and FBG temperature sensor
reflected spectrum in Figures 7 and 8, respectively. FBG temperature sensor
reflected signal central wavelength is 1565.1279 nm, and the temperature (calcu-
lated with formula (2)) is 19.7°C.
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Figure7.
Measured spectrum of transmission data channel.
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Figure 8.
Measured reflected spectrum of FBG temperature sensor.

Experimentally measured eye diagrams for NRZ-OOK modulated 10 Gbit/s
FOTS (after 20 and 40 km long transmission) with and without integrated FBG
temperature sensor are shown in Figure 9. As we can see in Figure 9, the data
channel eye diagrams’ quality is not degraded by the FBG sensor. Dispersion influ-
ence can be observed in eye diagrams (c, d) after 40 km signal transmission, which

Min 33 ps Max 233 ps Min 33 ps Max 233 ps

(b) 20 km FOTS with integrated FBG
temperature sensor

Min 33 ps Max 233 ps Min 33 ps. Max 233 ps

(¢) 40 km FOTS (d) 40 km FOTS with integrated FBG
temperature sensor

Figure 9.

Comparison of NRZ-OOK modulated 10 Gbit/s FOTS experimental eye diagrams. (a) 20 km FOTS. (b)

20 km FOTS with integrated FBG temperature sensor. (c) 40 km FOTS. (d) 40 km FOTS with integrated FBG
temperature sensor.
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can be prevented with chromatic dispersion (CD) compensation, such as dispersion
compensation fiber (DCF).

3. Evaluation of combined FBG optical sensor network and 32-channel
spectrum-sliced wavelength-division-multiplexing passive optical
network system in simulation environment

The combined system’s simulation setup with the FBG sensor network and
SS-WDM PON data channels was developed within RSOFT OptSim software. The
simulation setup is shown in Figure 10. In this system, only one shared broadband
ASE light source is used. ASE spectrum was allocated in the spectral band between
from 1533.47 to 1565.50 nm (in frequency band 191.5 THz and 195.5 THz). For
SS-WDM PON systems, data transmission channels 1545.7 to 1558.2 nm.

(192.4 THz - 193.95 THz) spectrum was used, whereas 1537.4 to 1545.3 nm (194
THz - 195 THz) spectrum was used for optical FBG sensors network.

ASE light source is connected with an optical power splitter (50%:50%). One of
the signal parts is transmitted to AWG MUX for data channel generation, but the
second part to OBPF for sensor network. OBPF filtered spectral band from 1537.4
to 1545.3 nm (194 THz - 195 THz) for optical FBG sensor network. 32-channel
AWG MUX is used in the setup, that filtered optical signal in the frequency band
from 192.4 to 193.95 THz with 50-GHz channel spacing (according to ITU-T G.694.1
recommendation [13]) for 10 Gbit/s NRZ-OOK data channels transmitters. 3-dB
bandwidth of each AWG’s channel is set to 45 GHz. The data channels bitrate is set
to 10 Gbit/s, considering 7% overhead for FEC encoding scheme application result-
ing in the total bitrate of 10.7 Gbit/s.

Each transmitter block consists of a semiconductor optical amplifier (SOA)
to suppress intensity fluctuation noise coming from ASE and electro-absorption
modulator (EAM) having immunity to signal polarization state (contrary to MZM).
NRZ data signal is generated by data and NRZ component in simulation setup. 32
data channels are coupled with the AWG DEMUX block.

Additionally, DCF is used for dispersion pre-compensation. The transmission
line dispersion coefficient is D = 16 ps/nm/km, but the total accumulated dispersion

ASE — asynchronous NRZ - 1 EF —electrical filter
emissionlight source SOA — semiconductor optical amplifier FBG — fiber Bragg grating sensor
OPS —optical power splitter EAM — electro-absorption modulator ~ OFS —optical (SMF) fiber span
OPC - optical power coupler DCF - dispersion compensation fiber OC - optical circulator

OBPF — optical bandpass filter VOA - variable optical attenuator OSA - optical spectrum analyzer

AWG —arrayed ide grating  APD —aval: DSP — digital signal processor J

Figure 10.
Simulation setup of combined 32-channel 10 Gbit/s NRZ-OOK modulated SS-WDM-PON system with FBG
temperature sensor network.
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is 320 ps/nm. DCF fiber dispersion coefficient is —118.5 ps/nm/km, and the attenu-
ation coefficient is a = 0.55 dB/km at 1550 nm reference wavelength. For total
dispersion compensation, 2.7 km long DCF is used.

DCEF fiber output is connected with one of the OPC input ports, but the second
input port is connected with the OBPF output port. The coupled signal is transmit-
ted to OC for separation of the sensor systems signal flows. OC port (2) is con-
nected with 5 optical standard single-mode fiber (ITU-T G.652 recommendation
[14]) spans (the length of each span is 4 km, insertion loss is 0.18 dB/km) and 5
FBG temperature sensors network (sensors central wavelength and frequency see
in Table 5). The spectral band for operation in temperature band —40°C to +80°C
(sensor parameters are listed in Table 3) is calculated for each sensor. FBG tempera-
ture sensor channel spacing is 200 GHz.

The FBG reflected signal from OC port (3) is transmitted to OSA for signal spec-
trum measurements. Central wavelength or frequency detection, and temperature
value calculation are realized in a digital signal processor (DSP).

AWG MUK filtered signal of 32 channels is transmitted to the receiver block.
Each receiver block consists of a variable optical attenuator (VOA), avalanche
photodiode (APD), electrical filter (EF), and scope components. In this setup, VOA
is used for SS-WDM-PON data channels’ BER correlation diagram measurements.
InGaAs APD (sensitivity set to —20 dBm at the reference BER of 10'*) converts
optical signal to digital signal. Electrical Bessel low-pass filter 3-dB bandwidth is set
to 6 GHz. The received signal quality is analyzed with the scope component, which
measures signal eye diagrams and BER value.

FBG sensor’s No. Central wavelength (nm) Central frequency (THz)
1 1544.53 194.1

2 1542.94 194.3

3 1541.35 194.5

4 1539.77 194.7

5 1538.19 194.9

Channel spacing 1.58 0.2

Tables.

FBG temperature sensors central wavelength and frequency.

©  SS-WDM system with FBG sensor network

y * BTB

2t v S5-WDM system without FBG sensor network
—FEC

log 10(BER)
o)

9L ! L L " |
25 -23 -21 -19 -17 -15 -13 -1 9 -7 -5 -3 -1 1 3
Received optical power level (dBm)

Figure 11.
BER versus received signal power (BER correlation diagrams) for SS-WDM PON system with and without an
integrated FBG temperature sensing network.



Application of Optical Fiber in Engineering

The 3rd data channel provided the lowest performance of the combined system
(SS-WDM-PON data channels and FBG sensor network). Measured BER versus
received signal power, known as BER correlation diagram, for SS-WDM-PON
system with and without integrated FBG temperature sensing network is shown in
Figure 11. BER correlation diagram is measured for the worst-performing (in terms
of BER) channel of the SS-WDM PON data transmission system.

Aswe can see in the measured BER versus received signal power (Figure 11) graph,
the FBG influence on SS-WDM-PON transmission data channels is minimal. FOTS
system power reserve is 19.5 dB at the pre-FEC BER level of 2 x 10~ [15]. The mea-
sured BER value of back-to-back (BTB) systems with SS-WDM PON data channels
and FBG sensor network is 3.72 x 107, but for back-to-back (BTB) system 1.65 x 1077,

Based on the measured results, the calculated power penalty value (compared
SS-WDM-PON system with and without integrated FBG temperature sensors
network) is 0.5 dB at the pre-FEC BER level 2 x 10~°.

4, Conclusion

In this research, we successfully demonstrated FBG temperature sensor inte-
gration in FOTS experimentally, but the combined system with FBG temperature
sensor network and 32-channel spectrum-sliced wavelength-division-multiplexing
passive optical network were realized in the simulation environment. The simula-
tion model is based on one shared amplified spontaneous emission source. As
shown in Figures 9 and 11, FBG sensors do not degrade data channel signal quality.

The measured BER value for the worst channel of a back-to-back (BTB) systems
with SS-WDM-PON data channels and FBG sensor network is 3.72 x 107/, but for
BTB system 1.65 x 107”. The FOTS systems power reserve is 19.5 dB at the pre-FEC
BER level of 2 x 10,
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[ZGUDROJUMA APRAKSTS

Tehnikas nozare

[001] Izgudrojums attiecas uz telekomunikaciju nozari, konkréti uz Skiedru optisko sensoru
risinagjumiem. Izgudrojums var tikt lietots telekomunikaciju joma, objektu tehniska stavokla
uzraudziba (no anglu valodas Structural Health Monitoring, SHM), ka arl droSibas
risinajumos, t.sk. objekta perimetra uzraudziba. Skiedras Brega rezga (no anglu valodas Fiber
Bragg Grating, FBQG) sensori lauj veikt celu, uzb&rumu, aizsprostu, tiltu, dzelzcela, eku
tehniska stavokla uzraudzibu, ka piemeram, momentani identificdt plaisas un celtniecibas
defektus konstrukcijas, kamér tie vél ir nelieli, tada veida samazinot remonta izmaksas un
butiski veicinot autocelu un ar tiem saistito konstrukciju dro§ibu. FBG sensori, atskiriba no
elektriskajiem sensoriem, kuriem ir nepiecieSama elektrobaroSana, ir pilniba pasivi, un $adi
dazada veida sensori (pieméram, deformacijas, temperatiiras, mitruma, u.c.) var tikt izvietoti

uz vienas optiskas Skiedras.

Zinama tehnikas lTmena analize

[002] Par izgudrojuma prototipu izvéléta FBG sensoru sistéma, kurd izmantots lineara
rezonatora Skiedras lazers un optiskas Skiedras cilpas spogulis, lai nodrosinatu augstas jutibas
un relativi 1étu sensoru sisttmu temperatiiras un deformacijas uzraudzibai [1]. Sensoru
sistémas prototipa shéma elektro-optiska slédza, optiska apvienotdja, vadibas iekartas un
Skiedras Brega rezga sensora komponentes ir kopigas ar izgudrojuma iekartu. Prototipa
raido$a dala sastav no pumpgjosa avota, Y tipa apvienotdja un ierosino$as erbiju legétas
Skiedras (no anglu valodas Erbium Doped Fiber, EDF) — optiska platjoslas gaismas avota
realizéSanai. Optiskais platjoslas signals tiek parraidits caur X tipa optisko sazarotaju,
optiskas skiedras cilpas un polarizacijas kontroliera, no kura viena signala dala tiek parraidita
lidz pirmajam FBG, bet otra signala dala lidz otrajam un tre$ajam $kiedras Brega rezgim.
Prototipa ir izmantoti divi fotodetektori, kas attiecigi pielagoti optiskas jaudas atstarojuma
noteikSanai otrajam un treSajam FBG, kuru sp&j nolasit un noteikt vadibas iekarta.

[003] Prototipa galvenais trikkums ir tas, ka raditdja dala izmantota erbija legéta skiedra (EDF)
ne tikai darbosies ka ierosinama vide platjoslas gaismas avotam, bet ar1 pastiprinas sensora
atstaroto signala spektru, ka rezultata signala raksturlikne klus troksnaina, dél EDF
trokSnainas vides, kas var novest pie nekorektas informacijas ieguvi no sensora. Otrs butisks
trikums ir tas, ka prototipa péc pumpéjosa optiska lazera nav iestradats optiskais izolators,

kas novers atstarota signala no optiskas Skiedras cilpas spogula nokl@iSanu lidz lazera avotam.



Optiskajam signala noklustot Iidz optiskajam lazera avotam, tas var tikt neatgriezeniski
sabojats, ka rezultata sisttma nefunkciongs. TreSais butiskais trikums ir tas, ka prototipa
sistémas modelis ir pielietojams tikai sensoriem, kas balstiti uz optiska signala vilna garuma

izmainam, bet nav pielietojams sensoriem, kas balstiti uz intensitates izmainam.

Izgudrojuma izklasts

[004] Izgudrojuma merkis ir izstradat sensoru signalu apstrades iekartu ar integrétu optiska
laika apgabala reflektometru (no anglu valodas Optical Time Domain Reflectometer, OTDR),
lai veiktu objekta tehniska stavokla uzraudzibu ne tikai ar optiskiem FBG sensoriem, bet arT ar
optiskajiem intensitates sensoriem, un vienlaikus veiktu optiska tikla tehniska stavokla
uzraudzibu. Sada iekarta ir universala, &rti lietojama servisa pakalpojumu sniedzgjiem,
samazina bojajumu novérsanas laiku, ka arT lauj sensoru tikla vienlaikus izmantot dazada tipa
sensorus, kas ir balstiti gan uz optiska signala vilpa garuma, gan intensitates izmainam.
Optisko sensoru signala apstrades iekarta nodroSina ilgtsp&jigu sensoru darbibu vismaz 20 km
attaluma. Izgudrojums ir savietojams ar vilngarumdales blivétam pasivam optiskam piekluves
sisttmam (no anglu valodas Wavelength Division Multiplexed Passive Optical Network,
WDM PON), kas lauj izmantot esoso $kiedru optisko tiklu infrastruktiiru [2].

[005] Izgudrojuma iekartas blokshéma ir att€lota 1. zZim&juma. Ta sastav no sensoru signalu
apstrades iekartas un optiskas parraides Imijas ar ieintegrétu optisko FBG un intensitates
sensora tiklu. Izgudrojums atSkiras no prototipa ar to, ka sensoru signalu apstrades iekarta
ietver optiska laika apgabala reflektometru (no anglu valodas Optical Time Domain
Reflectometer, OTDR) (1), superluminiscgjoso diodi (no anglu valodas Superluminescent
Light Emitting Diode, SLED) (2), optisko cirkulatoru (3) un optisko apvienotaju (4) , ka art
FBG sensora atstarota signala centralo frekvencu noteikSanai tika izmantots signala centralo
frekvencu detektors (13).

[006] Sensoru signala apstrades iekartas (SSAI) raidosa dala sastav no OTDR (1) un SLED
(2). OTDR (1) generg Tslaicigus optiskos impulsus pie 1625 nm centrala vilpa garuma, un
vienlaikus darbojas ka optiskais uztvérgjs, analiz€jot atstaroto signalu. SLED (2) izstaro
optisko signalu 55 nm plasa josla ar centralo vilpa garumu 1550 nm. SSAI ir izmantots
optiskais cirkulators (3), kas sastav no 3 portiem A, B, C un veic signala plismu atdaliSanu.
Optiskais cirkulators (3) atlauj parraidi no A porta uz B portu un no B porta uz C portu. Tacu
signals tiks blok&ts — novajinats (vismaz par 50 dB) no B porta uz A portu un no C uz A
portu. SLED (2) un OTDR (1) gener&tais signals tika apvienots ar Y (50:50 %) tipa optisko
apvienotaju (4). Optiskais slédzis (5) sastav no 8 fiziskiem kanaliem un veic pieslégSanos

katram kanalam konkréta laika intervala.
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[007] Pie Cetriem optiska slédza (5) kanaliem ir pieslégtas optiskas parraides linijas ar
ieintegrétu optisko FBG un intensitates sensoru tiklu. Optiska slédza (5) pirmajam kanalam
(ch_1) ir pieslégts signala parskanojams optiskais vajinatajs (6), divas vienmodas optiskas
Skiedras (SMF) (7) parraides linijas, Skiedras Brega rezga deformacijas sensors (8) un
optiskais intensitates sensors (9). Optiska slédza (5) otrajam kanalam (ch_2) pieslégtas
identiskas komponentes ka pirmajam, iznemot $kiedras Brega rezga deformacijas sensora (8)
vieta ir pieslégts Skiedras Brega rezga temperatiras sensors (FBG _t) (10). Attiecigi septitais
kanals (ch_7) ir identisks otrajam kanalam tikai nesatur optiskas intensitates sensoru (OIS) (9)
un FBG t (10) aizstats ar $kiedras Brega reZga mitruma sensoru (11), bet astotais kanals
(ch_8) sastav no diviem SMF (7) parraides linijas posmiem un diviem optiskas intensitates
sensoriem (9). OIS (9) ir &rti pielietojami sakaru kabelu uzmavas (mitruma uzraudziba) un
€kas (drosibas risinajumos).

[008] SSAI uztverosa dala sastav no virkné saslégta spektrometra (12), signala centralo
frekvencu detektora (13), digitala signala apstrades bloka (14) un vadibas bloka (15).
Spektrometrs (12) optisko signalu attelo frekvencu apgabala. Signala centralo frekvencu
detektors (13) detekte optiska signala centralo frekvenci pie signala jaudas Itmena koeficienta
0,9. Digitala signala apstrades bloks (14) matematiski aprékina realas sensora parametra
(piem. temperatira, deformacija) vertibas reala laika, izmantojot datus no signala centralo
frekvencu detektora (13). Vadibas bloks (15) satur programmatiiru, kas lauj veikt ar&ju
pieslégSanos ar datoru un veikt iekartas elementu, sensoru konfiguréSanu un nodroSina
informacijas att€losanu grafiska forma.

[009] Izgudrojums ir paskaidrots ar $adiem zZim&jumiem:

1. zZim. Optisko sensoru signalu apstrades iekarta ar integrétu OTDR funkciju: optiskais laika
apgabala reflektometrs (1), superluminiscgjosa diode (2), optiskais cirkulators (OC) (3),
optiskais apvienotajs (4), optiskais slédzis (OS) (5), parskanojams signala optiskais vajinatajs
(no anglu valodas Variable Optical Attenuator, VOA) (6), vienmodas optiska skiedra (7),
Skiedras Brega rezga deformacijas sensors (FBG_s) (8), optiskais intensitates sensors (OIS)
(9), Skiedras Brega rezga temperatiras sensors (FBG t) (10), $kiedras Brega rezga mitruma
sensors (FBG_h) (11), spektrometrs (12), signala centralo frekvencu detektors (SCFD) (13),
digitala signala apstrades bloks (no anglu valodas Digital Signal Processing, DSP) (14),
vadibas bloks (15).

2. ztim. FBG optiska sensora darbibas princips.

3. zim. Nomerita un aproksiméta FBG optiska temperatiiras sensora raksturlikne diapazona no

14,0 Iidz 40,1 °C.



4. zim. Noméritas signala centralas frekvences diviem FBG sensoriem pie standarta pika (pie
maksimalas signala jaudas) un izgudrojuma iestradata (pie signala jaudas Iimena koeficienta

0,9) detekteSanas algoritma.

Izgudrojuma isteno$anas piemeri

[010] Izgudrojuma realizacijai pie optiska cirkulatora (3) porta A pieslégta superluminiscgjosa
diode (2), bet pie porta B ir pieslégts optiskais apvienotajs (4) (1.zim.), kas apvieno divas
signala plismas. Pie optiska apvienotaja (4) otras ieejas pieslégts OTDR (1). Optiska
apvienotaja (4) izeja ir savienota ar optiska slédza (5) ieeju. Pie optiska sleédza (5) izejas pirma
kanala (ch_1) ir virkn@ pieslégts parskanojams signala optiskais vajinatajs (6), SMF (7)
parraides linija, Skiedras Brega rezga deformacijas sensors (8), SMF (7) parraides linija un
optiskais intensitates sensors (9). Parskanojama optiska vajinataja (6) signala vajinajuma
linijas posma un VOA (6) signala summarajam vajinajumam jabiit vismaz 3 dB (Sads
nosacijums jaievero arl otrajam un septitajam kanalam). Ja SMF (7) Imijas posma vajinajums
ir lielaks par 3 dB, tad signala VOA (6) komponente nav jaizmanto. Pie optiska slédza (5)
izejas otra kanala (ch_2) ir pieslégts signala VOA (6), SMF (7) parraides Iinija, (FBG _t) (10),
SMF (7) un OIS (9). Optiska sledza (5) izejas septita kanala (ch_7) ir pieslégts signala VOA
(6), SMF (7), (FBG_h) (11) un SMF (7). Optiska slédza (5) izejas ostota kanala (ch_8) ir
pieslégta SMF (7) parraides linija, OIS (9), SMF (7) un OIS (9). Pie optiska cirkulatora (3)
porta C pieslégts spektrometrs (12). Spektrometra (12) izeja pieslégts signala centralo
frekvencu detektors (13) un ta izeja pieslégts digitala signala apstrades bloks (14). Pie DSP
(14) izejas ir pieslegts vadibas bloks (15).

[011] SLED (2) platjoslas avota signals (signala joslas platums 55 nm) ir parraidits uz optiska
cirkulatora (3) A portu. No optiska cirkulatora (3) porta A signals pliist [idz portam B, no kura
signals ir parraidits 11dz Y tipa (50:50 %) optiska apvienotaja (4) ieejai. Optiska apvienotaja
(4) otra ieeja ir ievaditi OTDR (1) 1slaicigi optiskie impulsi pie 1625 nm vilna garuma. OTDR
(1) tipiski var lietot arT pie 1550 nm vilna garuma, tacu pie $adas realizacijas, to nevar lietot,
jo notiks spektrala parklasanas. Lai lietotu OTDR (1) pie 1550 nm vilna garuma nepiecieSams
péc SLED (2) ievietot optisko joslas filtru. Optiskais apvienotajs (4) veic signalu apvieno$anu
pec optiskas jaudas. Apvienotais signals ir parraidits uz optisko sledza (5) ieeju un optiskais

sdzis (5) veic parslégSanos no porta uz portu pec ieprieks uzdota laika intervala.

[012] Optiskais slédzis (5) ir komponente, kas lauj veikt 8 dazadu sensoru tiklu paralelu

uzraudzibu reala laika. Konkréta risingjuma optiskajam slédzim (5) netiek noslogoti no tresa
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lidz sestajam kanalam, bet iekarta sp€&j nodro§inat paralélu darbibu visiem 8 kanaliem. Pie OS
(5) kanaliem pieslegta VOA (6) komponente novajina optisko signalu, lai novérstu FBG
sensora radito dubulto atstaroSanos. Optiskais signals caur SMF (7) Imiju tiek parraidits 11dz
FBG optiskiem sensoriem (8, 10, 11) un OIS (9). Pievadot uz FBG sensora platjoslas gaismas
avota signalu, tad reZgis atstaros Saurjoslas spektralo komponenti, kas atbilst rezga Braga
rezonanses vilna garumam Ag, bet pargjas vilna garuma komponentes tiek parraiditas talak (2.
zim.). FBG sensora darbojas lineari — temperatiirai pieaugot par 1 gradu centralais vilna
garums nobidisies par x pm, bet ja temperatiira pieaugs par 2 gradiem, tad 2 - x pm (3. zim.).

FBG optiska sensora darbibu raksturojama ar sekojosu matematiku izteiksmi [3]:

Ag = 2-Npr - A, )

kur: 15 — atstarotais vilpa garums (Brega vilpa garums), nm; n,, — efektivais grupas
lausanas koeficients optiskai $kiedrai; A — reZga periods, nm.

[013] OIS (9) ir izveidoti uz makrolocijuma bazes un balstiti uz signala intensitates izmainam.
Optiskais signals tiek atstarots no OIS (9) makrolocljuma vietas un tika apstradats un
analizéts ar OTDR (1) komponenti. Veicot deformacijas mérjjumus ar FBG sensoru,
nepiecieSams nodro$inat temperatiiras kompens&Sanu konkréta objekta, kas ir realizeta otraja
(ch_2) kanala ar FBG t (10) sensoru. Ta ka otrais un septitais kanals pie konkrétas
realizacijas atrodas blakus, tad mituma sensoram temperatiiras kompensacijai var izmantot
otra kanala FBG_t (10) sensoru. Izgudrojums pielauj ar1 vairaku FBG sensoru izvienoSanu uz
viena kanala, kas lauj 2 objektos nodroSinat, piemeram, €kas dro§ibas risindjumu, objekta
mitruma, u.c. parametru uzraudzibu. Gan FBG, gan OIS sensoru uzraudziba ir analiz&ts
atstarotais signals. Atstarotais signals no OS (5) tika parraidits uz optisko apvienotaju (4), kas
konkréta gadijuma darbosies ka sazarotajs, kas signalu sadalis péc jaudas divas vienadas
plismas, no kura viena plisma ir parraidita uz OTDR (1), bet otra uz OC (3). OTDR (1)
uzkraj un analiz€ atstarotos signalus un rezultatu attélo reflektogramma — signalu jaudas
atkariba no liijas garuma. Tas lauj ne tikai izmantot IOS (9) risinajumos, bet vienlaikus veikt
optiskas lijas tehniska stavokla uzraudzibu, pieméram, nosakot linijas bojajuma vietu.

[014] OC (3) atstarotais signals tika parraidits no porta B uz C, un nonak spektrometra (12),
kas optisko signalu laika parveido frekvencu apgabala — signala spektra. Nomeritais optiska
signala spektrs tiek parraidits uz signala centralo frekvencu detektoru (13), kas detekt€ signala
centralo frekvenci pie 90 % no signala maksimalas jaudas (4. zim.). Ta ka atstarota signala
spektrs var biit nevienm@rigs un trokSnains, tade] centralo frekvencu noteikSanai nedrikst
izmantot algoritmus, kas balstit uz signala jaudas pika noteikSanu (4. zZim.). Noteiktas centralo

frekvencu vertibas ir parraidita uz DSP bloku (14), kas matematiski aprékina realas sensora



parametra (pieméram, temperatiira, deformacija, mitrums u.c.) vértibas un vizuali attélo
atkariba no laika ar vadibas bloka (15) palidzibu. Vadibas bloks (15) nodro$ina pieslég$anos
ar datoru un OTDR(1), SLED (2), visu FBG sensoru (8, 10, 11), spektrometra (12), SCFD
(13) un DSP (14) konfigurésanu.

Izmantotie informacijas avoti

L. US patent 6,647,160 Bl - FIBER BRAGG GRATING SENSOR SYSTEM, 9 Ipp.,
2003.

2. Senkans U., Spolitis S. and Bobrovs V., "Evaluation and research of FBG optical
temperature sensors network," 2017 Advances in Wireless and Optical Communications

(RTUWO), Riga, 2017, pp. 79-89.

3. Qiao X., Shao Z., Bao W., Rong Q., "Fiber Bragg Grating Sensors for the Oil
Industry," Sensors 2017, 17, 429.
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PRETENZIJAS

1. Sensoru signalu apstrades iekarta sastav no optiska slédza (5), spektrometra (12), digitala
signalu apstrades bloka (14), vadibas bloka (15), kas atskiras ar to, ka sensoru signalu
apstrades iekarta ietver integrétu optiska laika apgabala reflektometrs (OTDR) (1), platjoslas
superluminiscgjoso diodi (SLED) (2), kas izstaro optisko signalu 55 nm plasa josla (pie -3 dB
signala jaudas krituma) ar centralo vilna garumu 1550 nm, savukart optiska signalu (caurejoso
un atstaroto) plismu atdaliSanai ir izmantots 3 portu optiskais cirkulators (3), ka arT FBG
sensora atstarota signala centralo frekvencu noteikSanai ir izmantots signala centralo
frekvencu detektors (13).

2. Sensoru signalu apstrades iekarta saskana ar 1. pretenziju, kas atSkiras ar to, ka sensoru
signalu apstrades iekarta tiek izmantota platjoslas superluminiscgjosa diode (SLED) (2), kas
izstaro optisko signalu josla no 1522,5-1577,5 nm (pie -3 dB signala jaudas krituma), kas ir
savienota ar 3 portu optisko cirkulatoru (3) optisko signalu plismu atdaliSanai, pie kura B
porta pieslégts optiskais apvienotdjs (4), kas apvieno optiskos signalus no OTDR (1) un
SLED (2), tacu FBG optiskos sensora atstarota signala centralo frekvencu noteikSanai ir
izmantots signala centralo frekvencu detektors (13).

3. Panémiens, kuru realizé iekarta saskana ar 1. vai 2. pretenziju, kas ietver $adus secigus
solus:

i. parametra uzstadisanu — sakonfiguréSanu platjoslas SLED (2) gaismas avotam un
optiska laika apgabala reflektometram (1) un optiska signala parraides uzsaksanu;

ii.  optiskais cirkulators (3) nodrosina SLED (2) signala parraidi virziena no A uz B portu
un no B uz C portu, tacu bloké (novajina par 50 dB, jeb 100000 reizes) signala
izplatibu virziena no B uz A portu un no C uz A portu;

iii. OTDR (1) un SLED (2) signalus apvieno ar optisko apvienotaju un parraida uz
optisko slédzi, kura kanaliem ir pieslégtas signala parskanojama optiska vajinataja
(6), vienmodas optiskas Skiedras (7), optiska intensitates sensora (9) komponentes un
Skiedras Brega rezga sensori (8, 10, 11), kuri veic deformacijas, temperatiiras un
mitruma mérjjumus;

iv.  vienmodas optiskas Skiedras (7) parraides linijas sensoru atstaroto signalu caur optiska
apvienotdja (4) un optiska cirkulatora (3) komponentém parraida lidz spektrometram
(12), kas optisko signalu attglo optisko signalu frekvencu josla — signala spektra;

v. signala centralo frekvencu detektors (13) centralo frekvenci aprékina matematiski,
sasummgjot optiska spektra laba un kreisa pusé noteiktas frekvences vertibas (pie 90

% no maksimalas signala jaudas) un izdalot summas vertibu ar divi, tad noteikto



vertibu parraida uz digitala signala apstrades bloku (14), kas matematiski nosaka
realas sensora parametra (pieméram, temperatiira, deformacija, mitrums u.c.) vertibas

un grafiski, atkariba no laika, att€lo ar vadibas bloka (15) palidzibu.
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Public road infrastructure is developed all around the world. To save resources, ensure public safety, and provide longer-lasting
road infrastructure, structural health monitoring (SHM) applications for roads have to be researched and developed. Asphalt is
one of the largest used surface materials for the road building industry. This material also provides relatively easy fiber optical
sensor technology installment, which can be effectively used for SHM applications—road infrastructure monitoring as well as
for resource optimization when road building or their repairs are planned. This article focuses on the research of the fiber Bragg
grating (FBG) optical temperature and strain sensor applications in road SHM, which is part of the greater interdisciplinary
research project started at the Riga Technical University in the year 2017. Experimental work described in this article was
realized in one of the largest Latvian road sites where the FBG strain and temperature sensors were installed into asphalt
pavement, and experiments were carried out in two main scenarios. Firstly, in a controlled environment with a calibrated falling
weight deflectometer (FWD) to test the installed FBG sensors. Secondly, by evaluating the real-time traffic impact on the
measured strain and temperature, where different types of vehicles passed the asphalt span in which the sensors were embedded.
The findings in this research illustrate that by gathering and combining data from calibrated FWD measurements,
measurements from embedded FBG optical sensors which were providing the essential information of how the pavement
structure could sustain the load and information about the traffic intensity on the specific road section, and the structural life of
the pavement can be evaluated and predicted. Thus, it enables the optimal pavement future design for necessary requirements
and constraints as well as efficient use, maintenance, and timely repairs of the public roads, directly contributing to the overall
safety of our transportation system.

1. Introduction

Public roads with asphalt surface material are typically con-
sidered as a structure that is exposed to the vibration, strain,
and temperature impact on a daily basis. The dangers of
underdesign of the road pavement lead to the permanent
deformation and even collapsing of the road, which is
resulted from significantly higher strain than accounted for
in the initial design. Essentially, because the damage done
to the roads might not be initially easily and visually observed

as well as evaluated, it is important to detect the damage in
the early stages of its development [1]. The most common
failure modes in asphalt pavement include rutting, cracking,
and subsidence [2] caused by channelized traffic and pave-
ment overloading [3].

In order to save the resources and provide longer-lasting
infrastructure, a structural health monitoring (SHM) para-
digm is rapidly being adopted for the maintenance frame-
work of civil infrastructure including but not limited to
roads, buildings [1], bridges [4, 5], or slopes with landslide
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possibilities [6]. It is achieved by ensuring a real-time obser-
vation and collection of an accurate measurement data
related to the structural integrity of the monitored structure
or component using transducer technologies. Within the
SHM framework, it is possible to detect the damage or spe-
cific parameters of interest, initially allowing the responsible
authority to react before any serious structural damage has
propagated [4]. Thus, the urgency for SHM implementation
with time has increased and still is nowadays. However, the
complexity of pavement materials due to composition uncer-
tainty, temperature sensitivity, viscoelasticity characteristics
[2], and level of compaction [7] is an issue hampering the
development of effective means for damage detection and
monitoring of road structures.

Fiber optical sensors (FOS) are an effective tool adopted
by civil, mechanical, and aerospace engineering communities
for temperature and strain monitoring in different structures.
Offering numerous advantages, such as multiplexing abilities,
robustness, easy integration, lightweight, small size, passive
nature, resistance to electromagnetic interference (EMI),
and corrosion resistance, [8-10] is compared to the conven-
tional electronic sensors. However, there are only few limita-
tions—fragility of the bare sensors, high cost, and efficiency
for transduction mechanisms, as well as interrogation sys-
tems complexity. These optical sensors can be integrated into
public roads for continuous monitoring. Besides, with fur-
ther research and commercialization, it is expected that at
least some of the disadvantages are about to extinct in the
near future [8]. A particular attention in the research com-
munity has been on fiber Bragg grating (FBG) optical sen-
sors. In FBG technology, a periodic grating has been
inscribed into an optical fiber [11]. The period of grating is
influenced by strain and temperature of the surroundings
enabling sensing of these physical quantities. According to
the Fiber to the Home (FTTH) council organization [12],
European governments have been improving their digital
infrastructure plans in order to concentrate more on fiber
and 5G technologies, leading to wider availability of public
funds that are dedicated to enhancing fiber-based networks.
This trend will lead to SHM applications to be more inte-
grated within the fiber optical environment, thus using fiber
optical sensors to remotely monitor, for instance, public
roads and buildings. For example, by using the already
deployed fiber optical infrastructure, the FBG sensor interro-
gation unit can be located 20km or even further from the
installed passive FBG sensors, while previously deployed
optical lines can be used as a transport layer for the carrying
of optical sensors’ information.

Numerous studies exist on application of FBG sensors in
monitoring of the roads. Several studies have been devoted to
a design of appropriate encapsulation of bare fibers before
integration into pavements as the fibers themselves are fragile
and can easily break [13-15]. In [16], authors, firstly, applied
a simple layer of an epoxy resin curing and toughening
agents and, subsequently, provided a steel casing encapsula-
tion (E = 198 GPa) for increased safety, as laying of pavement
implies the use of a heavy (about 30 tons) road rollers. In
[17], a special fiber-reinforced polymer with linear elasticity,
good fatigue resistance, corrosion resistance, and lightweight
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for encapsulation of FBG sensors was proposed. Authors
argued that this kind of packaging ensures large enough mea-
surement range, ease of application, good durability, long-
term stability, and resistance to elevated temperatures. In
[18], researchers developed a new FBG sensor encapsulation
approach based on compliance of elastic modulus of FBG
sensor packaging and surrounding asphalt pavement. This
implies the use of low-modulus coatings for FBG optical
fibers in order to prevent the strain field, as sensed by FBG
sensors, from distortion. In [19], commercial solution from
Monitor Optics Systems Ltd. was proposed, and it consisted
of glass fiber composite optical sensing cable, in which sev-
eral optical fibers can be embedded. The cable itself can reach
several kilometers in length, and it can be tailored to enable a
proper transfer of mechanical stresses from a structure to the
sensor. It is compatible with epoxy resin adhesives for better
surface bonding or embedment of sensors. The cable can also
be surface treated for added protection regarding the envi-
ronmental effects. The system was successfully deployed for
highway pavement monitoring in Australia.

The performance of embedded FBG sensors within
asphalt pavement was researched in studies [13-15]. Static
tests of asphalt concrete specimens, with embedded FBG sen-
sors, showed a linear relationship between wavelength shift
and strain of the asphalt concrete thus satisfactory repeatabil-
ity of the test [16]. The authors also studied the response of
the sensors to understand the impact of loading heavy traffic
under high speeds by simulating it with a drop hammer. The
findings were that the relationship between the frequency of
impacts and asphalt concrete strain can be approximated
with a cubic function with a coefficient of determination
equal to 0.9978. Two distinct phases were noticed in the
growth of strain with increasing frequency of impacts—faster
growth of cumulative plastic strain initially and a more stable
growth in the later phase. Three FBG sensors were intercon-
nected in a 3D manner for measuring strains in vertical and
two transverse directions simultaneously [17]. This assembly
was then embedded into highway pavement for strain mon-
itoring. Researchers in [2] proposed a novel “self-healing”
FBG optical sensor technology for pavement monitoring.
This technology implies the use of self-repair sensor nodes
that are based on the “smart” light switching where the light
impulses are necessary for sensor operation and are still
transmitted through the path, even if the sensors are dam-
aged. FBG optical sensors can also be used in carrying out
quality control of compaction of an asphalt pavement. This
study was presented in [7]. For this purpose, the traditional
FBG sensor was modified with a load-bearing plate. Fixing
part and support legs were used for increased stability. This
sensor was then embedded into an asphalt mixture. The dif-
ferences between strain, as measured by this sensor, indicate
the areas where asphalt is under compaction or over compac-
tion. In [20], the FBG sensor network was employed to mea-
sure the hydrodynamic pressure of an asphalt pavement
surface at different vehicle speeds. It was found that the cor-
relation coefficient between the wavelength shift of the sen-
sors and the pressure is 0.99, suggesting a solid application
of an FBG sensor technology in the evaluation of hydrody-
namic pressure at the surface of asphalt pavement. The
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TaBLE 1: FBG sensor parameters.
Measured parameter Strain Temperature Strain Temperature Strain Temperature
Sensor’s integration location a a b b b b
Central wavelength (nm) 1531.24 1565.19 1536.02 1560.22 1569.64 1549.80
Temperature range ("C) -20-60 -40-80 -20-60 -40-80 -20-60 -40-80

accumulated deformations in various layers of the asphalt
(with FBG sensor network) at different temperatures were
monitored in [3]. It was found that the accumulated defor-
mation has a tendency to propagate from middle layers to
deeper layers with increasing temperature, and also that, in
general, the accumulated deformation increases with temper-
ature for top and bottom layers, but not for the middle layers.
This phenomenon was also observed and approved during
this research, when strain parameters were measured in dif-
ferent seasons (shown in Section 3.1.). In [13], authors
employed a novel FBG sensor laying technique for laying
asphalt pavements. This implied a cross-sectional laying so
that FBG sensors would simultaneously be capable of mea-
suring strain in longitudinal and transverse directions. FBG
sensors are known to have a drawback of not being able to
effectively distinguish between strain and temperature field
measurements if used as a single sensor. The potential solu-
tion to this problem is proposed in [21], where a reference
grating sensor (for temperature measurements only) is com-
bined with a dual-wavelength grating sensor, in which two
FBG sensors are superimposed in order to discern between
temperature and strain responses. Adding to that, research
[22] shows that based on the FBG’s strain and temperature
sensing principles, dual FBG temperature compensation is
important. While using two different fiber Bragg gratings
that are inscribed into one optical fiber (where one is affected
by strain and temperature, while the other one is strain iso-
lated), it is possible to gather more accurate data, thus ensur-
ing the possible solutions that can be appealing for a long-
term structural monitoring system application. This method,

for distinguishing between strain and temperature, was also
used in this research experiments. It can be further concluded
that it is of paramount importance to develop reliable and
effective mechanical strain monitoring technologies for
asphalt pavement structures in order to, firstly, provide the
means for early warning of deterioration of road quality
and secondary—contribute to an accurate scientific basis to
modify the existing scientific theories of asphalt mechanics.

In the current study, the FBG FOS was used for intercon-
nected experimental scenarios as described in this paper. The
first scenario deals with a falling weight deflectometer (FWD)
to numerically and visually evaluate the response of the opti-
cal sensors that were integrated within the road that is being
built. The second experimental scenario describes the inte-
gration of FBGs within the surface of the public road asphalt,
where real-time traffic was observed, especially focusing on
the heavy trucks that induce the highest strain in the
pavement.

Further sections are organized as follows. Section 2
describes the experimental setup and scenarios with the fall-
ing weight deflectometer and real-time traffic monitoring.
Results are presented in Section 3. Finally, conclusions are
made, showing the methodology and future research
directions.

2. Experimental Methods

The experiments described in the following subsections are
very topical for Northern and Eastern Europe including Lat-
vian road pavement designers in order to forecast the
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F1GURE 2: The structure of road layers in location (a).

structural integrity of the designed roads. Two different but
interconnected experimental measurement scenarios involve
using falling weight deflectometer (FWD) (for assessment of
the FBG sensor operation) and measurements of the real-
time strain traffic.

Both of the scenarios were realized as a field measure-
ment by using the setup shown in Figure 1.

For our experimental research, it was necessary to plan
the overall scheme of components and networks. Here, for
both measurement scenarios, we used specially developed
multichannel optical sensor signal interrogation unit that
was used for processing of our acquired data regarding fiber
optical sensor information during our research phases.
Remote operation distance for optical sensor signal interro-
gation is more than 40km. This unit was connected with
the optical distribution network (ODN) where our FBG tem-
perature and strain optical sensors were positioned.

Figure 1 shows the experimental measurement setup
used for tests with FWD and monitoring of real-time traffic,
having two main parts—optical sensor signal interrogation
unit (OSSIU) and ODN with embedded FBG optical sensor
network. High power superluminescent emitting diode
(SLED) source with a central wavelength of 1550 nm and 3-
dB bandwidth of 55nm fully covering the optical C band
(1530 nm to 1565 nm) is used in the OSSIU unit as a broad-
band light source. This unit also has optical time-domain
reflectometer (OTDR) capability, which is in parallel to
FBG sensor interrogation that was used for monitoring of
the ODN, to avoid possible damage, faults, or excessive
macrobending of the optical fibers attached to these optical
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F1GUre 3: Embedded FBG sensors on the carriageway in the location

(b).

sensors. In Figure 1, the optical sensor signal interrogation
unit is not shown, as it is not the focus of this article.

The output of SLED is connected to the optical circula-
tor’s (OC) port number 3 for separation of the optical signal
flows. SLED’s signal is transmitted from port A to port B,
while FBG sensors reflected signal—from port B to port C.
Afterward, port B of the OC is connected to the input of
the optical switch (OS). The optical switch has 8 fiber chan-
nels, and it was used to connect each channel at a specific
time interval. Four channels of the optical switch were used
for the connection of the ODN sensor network, but the rest
of the channels were not necessary for the described experi-
ments. Each of the ODN sensor network channels consist
of the ITU-T G.652 single-mode optical fiber (SMF), FBG
strain, and temperature sensors. In the ODN (location a),
part (OS fiber port 1) represents the connection for first mea-
surement scenario—the setup for measurements with falling
weight deflectometer (FWD), but (location b) represents sec-
ond measurement scenario (OS fiber ports 6 to 8)—real-time
applied traffic strain measurements of the road with inte-
grated FBG optical sensors (FBG sensors parameters shown
in Table 1.), as it is further discussed in Section 3.2.

Additional FBG temperature sensors were used to com-
pensate temperature changes in strain measurements. FBG
sensor reflected signal is transmitted from OC, port C, to
the spectrometer with a 10 kHz maximal scan frequency for
1 optical channel. The digital signal processor receives spec-
trometer data, detects sensor signal central frequency, and
mathematically calculates temperature and strain values.
The results of the measurements are then plotted against
time.

2.1. Embedding FBG Sensors for Strain Monitoring. The loca-
tion for FBG optical sensor integration into the real pave-
ment structure was chosen in accordance with the
recommendation given in European Weigh-In-Motion
(WIM) specifications COST-323 [23]. This document states
that the site of sensor embedment should satisfy the follow-
ing requirements:
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(c) Dynatest 8000 FWD model used in this study

F1GURE 4: FWD equipment for testing the pavement structure.

(i) Longitudinal slope < 1%
(ii) Transverse slope < 1%
(iii) Radius of curvature > 2500 m

(iv) The surface shall be smooth and maintained in a
condition that complies with the International
Roughness Index (m/km)—0-4

For embedding of the FBG sensors and measurements, it
was found that the pavement structure in Latvia is going to be
built in the construction season of 2019-2020. With the help
of the contracting company “Binders” Ltd., which is per-
forming the pavement reconstruction projects of the main
road, the A2 Riga-Sigulda-Estonian border km 25.50-39.40
(both carriageways) was chosen for embedding the FBG
strain and temperature sensors in 2 locations. This road sec-
tion connects Riga (the capital of Latvia) with the Estonian
border.

According to the location (a), commercial FBG sensors
were implemented between SMA11 (stone mastic asphalt)
(30 mm thick layer from the top coat) and ACI11 (asphalt
concrete) (60 mm thick layer) asphalt layers. To provide the
protection of the FBG sensors and correct operation, strain
sensors are integrated into glass/epoxy composite patches
(250 x 15mm), but temperature sensors in ceramic tube.
FBG’s temperature sensor ceramic tube (diameter: 3 mm,
length: 23 mm) isolated strain changes. Length of the FBG
strain sensor’s grating, according to the specification pro-
vided by the manufacturer, was 10 mm. In our solution, we

used this FBG sensor thus—optical fiber, and positioned it
between 2 glass/epoxy composite material plates.

The operation temperature range of temperature sensors
is -40-80°C, but strain sensors -20-60°C. The graphical rep-
resentation of these layers is shown in Figure 2. The FBG
strain and temperature sensors were fixed on the cross-
section of the asphalt at the 25 mm depth. In this location,
FWD equipment is used for testing of the sensor’s integration
quality and pavement structure. Tests with FWD equipment
were realized in seven different scenarios (when FWD was
located to the sensors within range of 300, 600, or 900 mm
after the FBG strain sensor).

In location (a), FBG sensors are integrated into the road
with geographical location point coordinates: 57°07'18.4" N
24°40'02.6"E. The FBG implementation in both locations is
realized after the construction of the road.

As for location (b), FBG strain and temperature sensors
(the same sensors as in location (a)) were embedded on the
border in a 70 mm thick homogeneous AC 11 one-layer sys-
tem. Both strain sensors were fixed on the section of asphalt
(exactly the same as for location (a)). Long cut was created,
and sensors were attached to the cut walls—1 on the one side
and 1 on the other one, at the following depth—25 mm on
both sides (the same depth as in location (a)). The tempera-
ture sensors were fixed in the predrilled holes next to the
strain sensors. In location (b), the FBG sensors are embedded
in the entry to the A2 temporary road with geographical loca-
tion point coordinates: 57°07'07.4"N 24°39'04.1"E (see
Figure 3).
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F1GURE 5: Measured FWD pulse load result for the last drop when distance between FWD and embedded FBG strain sensor is 300 mm.

2.2. Experiments with the Falling Weight Deflectometer and
Embedded FBG Sensors. Falling weight deflectometers
(FWDs) are in widespread use for nondestructive pavement
testing and used as a research or structural evaluation method
[24-26]. FWD data is most often used to calculate stiffness-
related parameters of the pavement structure. The process of
calculating the elastic modulus of individual layers in a multi-
layer system based on the surface deflections is known as
“back-calculation”, as there is no closed-form solution [27-
29]. When using the FWD, surface deflection measurements
are necessary for processing back-calculations of specific
material properties. Such properties are based on assumptions
for the pavement response to a load, thus allowing applying
the strain value that is deliberate for the pavement structural
and fatigue analysis. Therefore, the precision of the results
(strain at the critical location in the pavement structure) is
dependent on the assumptions made during the analysis [28].

FWD equipment is typically used to measure the road
pavement deflection with its deflection sensors (D1-D7),
but in this research, this equipment was used for getting the
fixed and calibrated load values that were made from the cir-
cular load plate.

In the measurement session, an FWD equipment, optical
sensors signal interrogation unit (OSSIU), and FBG strain as
well as temperature sensors were embedded in the road pave-
ment 2 laptops-1 for FWD and 1 for OSSIU controlling that
were also used. The load is applied by dropping a known
weight, and it is transmitted to the road pavement through a cir-
cular load plate—300 mm in diameter (see Figure 4(a)). A load
cell is mounted on the top of the load plate, and it measures the
load that is imparted to the pavement surface. According to the
European practice, the typical load for the road testing is 50 kN
giving about 707 kPa pressure under the load plate. Deflection
sensors (geophones; force-balance seismometers) are mounted
radially from the center of the load plate in order to measure
the deformation of the pavement in response to the load [27].
The FWD system is equipped with seven (D1-D7) deflection
sensors, and offsets between sensors are from 0 to 1800 mm
with increments of 300 mm (see Figure 4(b)). The Dynatest
8000 FWD equipment (shown in Figure 4(c)) owned by the

Strain (um/m)

0 3 6 9 12 15 18 21 24
Time (s)

FIGURE 6: Strain versus time measured by the FBG sensor,
embedded 25 mm under FWD and center of the FWD load plate,
is located 900 mm after FBG sensor.

State Joint Stock Company Latvian State Roads was used for
testing the pavement structure. The depth profile of the road
in location (a) and the embedded FBG sensors (FBG strain sen-
sor and FBG temperature sensor for temperature compensa-
tion) were located within the structure in between the
pavement structure layers as are shown in Figure 2.

FWD equipment was used in a mode of six weight drops
with a fixed 50kN load at four different scenarios, where in
the first scenario, the center of the FWD load plate was
located directly on the FBG strain sensor. In other scenarios,
distance between the FWD load plate and FBG strain sensor
was 300, 600, or 900 mm. It is important to note that the FBG
sensor is integrated on the right side of the road pavement
layer (see the upper part of Figure 2), corresponding to
“FWD 300 mm after FBG sensor”. In FWD software, all
drops were set with the same load, which is 50kN. The
FWD equipment after the drop measured drops’ load with
its sensors. It was observed that in full measurement, session
the load variated till 1%. This described measurement session
was realized in summer 2019, when, during the measurement
day the road pavement temperature varied from +18.7 to
+22.5°C (temperature measured with FBG sensor).
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TABLE 2: Measured strain (#m/m) by FBG sensor that is embedded 25 mm under FWD when 6 drops by 48.9 + 0.5 kN load are performed

(with temperature compensation enabled).

No. of FWD drop

Center location of the FWD plate with respect to the FBG sensor (mm)

0 300 600 900
1 162.5 91.5 24.6 12.5
2 145.9 77.6 27.0 13.1
3 142.7 80.5 242 12.2
4 149.5 73.4 283 12.1
5 161.6 85.8 257 13.2
6 148.5 71.2 25.1 13.2
Average value of measured strain (ym/m) 151.8+9.9 80.0+10.2 25.8+2.1 12.740.6
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FIGURE 7: Average value of strain for FWD drops when road temperature is 6.9°C and 20.5°C.
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FiGure 8: Traffic intensity in 2019 at highway A2 76" km [30].
3. Results drop of circular load plate (pulse) was measured with FWD to

3.1. Strain Measurements from FWD Drops with the FBG
Sensors. The load of the falling weight versus time for one

analyze equipment’s working principle (see Figure 5). The total
duration of load pulse initiated by FWD equipment drop is
30.35ms, and load peak value 51.09kN is achieved at 16.5 ms.
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FIGURE 9: Measured real-time strain graph of passing traffic by the embedded FBG sensor.
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Ficure 10: Histogram of truck generated strain values measured
with embedded FBG sensors.

The strain that was measured with the FBG sensor
embedded 25 mm under the FWD load of 6 drops is illus-
trated in Figure 6 (in scenario—when the center of the
FWD load plate was located 900 mm after FBG sensor (see
Figure 6)).

Six stable peaks can be observed. The relative scatter of
4.7% (Figure 6) over all six drops of the FWD plate was reg-
istered for a mean load of 48.9 + 0.5kN. Peaks with smaller
strain amplitude can be seen after every major peak. Those
represent FWD amortization drops for equipment stabiliza-
tion and positioning at rest.

In Table 2, measured strain can also be seen. They are
also known as a relative deformation values that represent
FBG optical sensors after temperature compensation for each
drop. These strain values that are showed in Table 2 repre-
sent the difference between strain minimum (strain floor)
and measured peak maximum.

As it can be seen in Table 2, results gathered with the FBG
sensors show the possibility to precisely (the relative scatter

4.8-12.8%) detect the strain values, which allows to evaluate
the real operation of the pavement structure under load.

FBG strain sensors are fixed to the asphalt side, then
monitoring with high accuracy can be realized from the side
where the sensor is embedded. This is the main disadvantage
of this method, which must be taken into account when
applying the integration process of the sensors. For fixed
one-way traffic, it does not create monitoring restrictions,
but if the traffic direction is changing, then it is necessary to
integrate FBG sensors on both sides.

In order to evaluate the impact of the road surface temper-
ature on the measured strain, another session of measure-
ments, therefore, was repeated in autumn 2019. The
measured average strain values after temperature compensa-
tion for each drop are shown in Figure 7 where comparison
is made of the strain values between the ones that were gath-
ered during summer versus the other ones—during autumn,
when road pavement temperatures measured with FBG sen-
sors were 20.5°C and 6.9°C. In the graph, error bars represent
strain relative scatter. The same loading parameters were used
in the autumn session (6 drops with 50kN load each) with the
mean measured load of drops equal to 51.98 + 0.94 kN.

These values are equal to the difference between strain
minimum (strain floor) and measured peak maximum. As
it can be seen, the highest strain value (averaging 151.8 +
9.9 um/m) is detected when the center of the FWD load plate
is located over the embedded FBG strain sensor. In the light
of these findings, the sensor placement with respect to the
direction of passing vehicles plays an important role. As
can also be seen, all values of the measured strain were lower
in autumn compared to summer. Same tendency was
observed in [3] research. The strain values were higher in
warmer weather, because of the stiffness that decreases at
higher temperatures; so, as a result, strain values are
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increasing. Therefore, it is very important to take into
account the temperature of the road when carrying out the
second part of our research—strain measurements from
passing vehicles.

3.2. Real-Time Traffic Analysis. Monitoring of the real-time
vehicle traffic described in this article was realized in Septem-
ber 2019, in the temporary road section—location (b) shown
in Figure 3, where FBG optical sensors were used without
using FWD equipment. The average temperature for the road
pavement (measured with FBG temperature sensor) during
the measurements was +25.2°C. For embedding of the sen-
sors, we chose the location, where there is a high annual aver-
age daily traffic (AADT) and annual average daily truck traffic
(AADTT). The data of the nearest traffic counting point (sta-
tion No. 6) showed that there were 3.15 million vehicle inten-
sity in 2019 with an average speed of 86.4 km/h. From all the
passing vehicles, 23.3% or 735 000 were specifically truck
intensity (see Figure 8) [30]. In this location, the sensors were
embedded in the temporary road section provided by Binders
Ltd., which is the largest Latvian road construction company.

Figure 9 can be seen in a short time period of the mea-
sured vehicle traffic strain changes gathered from the FBG
sensor no. 2 (fixed on the right side—depth 25 mm, exactly
the same as for location (a)). Parallel to the real-time strain
measurements, a video was taken in order to be certain that
the road traffic changes are calibrated with the strain mea-
surements, as well as to see the “strain-pattern” of different
vehicles, mainly trucks. It can be seen that the truck traffic
in particular is generating the highest strain in the pavement
structure. If the graph is zoomed in, then the number of vehi-
cle axis and the strain value of each vehicle axis can be
detected. From the measured FBG strain, sensor data shows
that the “G” truck’s last axis (5) creates the highest strain
or relative deformation value, which is 375.6 ym/m. The sec-
ond highest strain value (356.4 ym/m) was created by the “B”
gravel truck that has 3 axes. It is important to note that in
Figure 9, upper part visually does not show all of the trucks
that were passing by, for example, at the time spans of 73,
728, 891, 986, and 1084 s. Measured strain values are compa-
rable and similar to those shown in [13] research.

The summary of the measurements gathered by the road
truck traffic while using FBG sensors is shown in Figure 10.
Here, a focus is made on the road’s truck traffic, not the traffic
made by the passenger cars, as trucks cause the highest applied
strain values and damage to the road pavement. The graph
represents the generated truck strain value histogram. It is
important to add that the strain value histogram contains all
the measurement data, not only those presented in Figure 9.

As it can be seen in the histogram, trucks most often
(33% of the time) can be put into the category that generates
strain of 300-350 ym/m. If all of the data is collected and
compared, then trucks, on average, generate 282 ym/m strain
value each.

4. Conclusions

In this paper, a framework for implementation of FBG
optical sensors for structural health monitoring of road

pavement was demonstrated. The framework consists of
the sensor integration into the A2 road Riga-Sigulda-Esto-
nia, and validation of sensor strain and temperature read-
ings through the use of the falling weight deflectometer
(FWD) equipment, which, according to the European
practice, is typical for load testing of roads. FWD equip-
ment with the calibrated load was used to help testing
the sensor’s integration method and evaluating the accu-
racy of the measurements.

A parametric study was conducted where the measured
strain readings from the embedded FBG sensors were com-
pared in summer and autumn sessions when the temperature
difference of the road pavement was about 13°C (as measured
with the embedded FBGs) and at different locations of falling
load plate of the FWD with respect to the location of the FBG
sensor. It was found that, first of all, the strain values were
higher in warmer weather. This can be explained because of
the stiffness that decreases at higher temperatures so as a
result, strain values are increasing.

As it can be seen in the results with FBG sensors, it is pos-
sible to precisely detect (the relative scatter 4.8-12.8%) strain
values, which allows the evaluation of the real operation of
the pavement structure under load circumstances.

Finally, a monitoring of the real-time truck traffic on a
temporary road with a high annual average daily car traffic
and annual average daily truck traffic was conducted. From
the monitoring results, the typical strain values generated
by the passing trucks were determined to be, on average,
282 ym/m, but the most probable value (33%) is within the
range of 300-350 ym/m (325pum/m averagely). When the
road pavement is underdesigned, the applied strain is suffi-
ciently higher, which might cause fatigue failures under
repeated loads.

When using FBG sensors solutions, it can be determined
at what time the relative deformation limits for a particular
road pavements concrete material are exceeded that allows
validating and verifying the designed road construction
solutions.

Although it has been shown that the installation of FBG
sensors into road pavements provides effective means of
monitoring the structural integrity of roads under traffic,
there are challenges. Firstly, providing the necessary protec-
tion of the bare optical fibers in a form of durable packaging,
secondly, to account for the varying seasonal temperatures
when analyzing the measured strain values.

Based on the obtained results, authors are continuing the
research, where the FBG sensors are integrated in the road
pavement during the asphalt laying process. Further investi-
gating of the FWD and FOS combination approach would
help to understand the structural behavior of the pavement
structure, including back-calculations and forward calcula-
tions in the pavement design.

Therefore, by using FBG sensors, which can be integrated
into the road construction process or after that, the fatigue of
such road structures can be monitored over time. This
approach could be used for the prediction of different road
pavement structure life cycles, so enabling efficient use,
maintenance, and timely repairs of the public roads lead to
the overall safety of the transportation system.
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Abstract: Fiber Bragg grating (FBG) optical sensors are state-of-the-art technology that can be in-
tegrated into the road structure, providing real-time traffic-induced strain readings and ensuring
the monitoring of the road’s structural health. By implementing specific FBG sensors, it is possible
to detect each vehicle’s axle count and the induced strain changes in the road structure. In this
study, FBG sensors are embedded at the top of the 240-mm-thick cement-treated reclaimed asphalt
pavement mixture layer of the road (specifically, 25 mm deep within the road). Optical sensors’ signal
interrogation units are used to measure the strain and temperature and collect data of the road’s
passing vehicles, starting from passenger cars that have two axles and up to heavy trucks that have
six axles. Passenger cars with 2 axles generate a typical (90% events) strain of 0.8—4.1 um/m, the
2-axle minibus 5.5-8.5 um/m, 2-3-axle trucks 11-26 um/m, but 4-6-axle trucks 14-36 um/m per
each axle. A large number of influencing parameters determine the pavement design leading to the
great uncertainty in the prediction of the strain at the boundary between the asphalt surface and
cement-treated base layers. Real-time strain and temperature measurements help to understand the
actual behavior of the pavement structure under an applied load, thus assisting in validating the
proposed pavement design.

Keywords: fiber Bragg grating (FBG); fiber optical sensors (FOS); structural health monitoring (SHM);
strain measurements

1. Introduction

Traffic volume on the Latvian road network had been continually increasing until
2019, when the average annual daily traffic (AADT) reached 6525 vehicles in 24 h. Even
though the AADT (based on traffic counting data) decreased by 7% in 2020 [1], the general
trend shows an increase in overall traffic volumes and road loading by equivalent 10-ton
axle loads.

With the rapid growth of worldwide fiber optical networks, all the related technology
has also advanced and been adopted for industry purposes. One of such perspective tech-
nologies is fiber optical sensors (FOS). FOS have multiple advantages such as an immunity
to corrosion [2-4] and electromagnetic interference [3-7], the capability for distributed and
long-distance measurements [8,9], harsh environment and high-temperature durability [10],
high precision [8,11], easy integration [8,11] and high sensitivity [3,9,12], which can be
efficiently utilized for necessary applications.

FBG technology allows for the relatively easy and convenient implementation of FOS
into a necessary architecture. FBG sensors are versatile in the matter of the parameters to
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be measured; for instance, strain [13,14], temperature [9,15], pressure [16], humidity [9,17],
and many more can be measured and monitored. With regard to industry, FBG FOS
realization is topical in structural health monitoring (SHM) applications for dams [10,18],
pipelines [10,16], slopes [10], tunnels [10,19], bridges [10,20], railroads [21], roads [14,22],
and so on.

The changes in traffic volumes and road loading have a direct impact on the rate
of deterioration of the road pavement. SHM applications, by incorporating FOS inside
the pavement, are a valuable tool for infrastructure managers. SHM tools assist in the
planning of reconstruction and maintenance smartly and justifiably, based on real-time
data. Such tools help in making appropriate decisions for planning the maintenance and
reconstruction works and validate the design assumptions by measuring actual pavement
structural layers’ responses under the load conditions. Since new materials and structural
layers are introduced, such as modified new types of asphalts, stabilized base layers, cement-
treated reclaimed asphalt pavement (RAP) mixture layers, etc., the increased importance
for such solutions needs to be researched.

Our research process is structured into three main parts—preparation, the calibration
of the implemented FOS with a falling weight deflectometer (FWD), and the experimen-
tal study of real transport traffic and strain measurements. Further paper sections are
organized as follows. Construction and analysis of the experimental setup are described
in Section 2. Section 3 discusses the FWD application method for calibration purposes
with regard to the operation of FBG optical sensors, while Section 4 focuses on real-time
transport traffic strain monitoring for SHM by using FBG optical sensors that are integrated
within road infrastructure. In the end, the results are concluded, and the effectiveness of
the proposed technique is evaluated.

2. The Working Principle of Our Optical Sensor Signal Interrogation Unit and FBG
Optical Sensors

During the whole research process, it is necessary to use the authors’ previously
individually developed [14] mobile optical sensors signal interrogation unit (OSSIU), which
is suitable for field use to provide different sorts of strain measurements in real-time
(including induced strain by real-time transport traffic). The main parameters of this device
are described in Table 1.

Table 1. The main parameters of the developed and used optical sensors signal interrogation unit.

Parameters Value
Wavelength operation band 1520-1575 nm
Max scan frequency for single optical channel 10 kHz
Wavelength resolution 1pm
Remote maximum operation distance 40 km

The OSSIU unit consists of a superluminescent emitting diode (SLED) (parameters
mentioned in further paragraphs), an optical circulator (OC) necessary for the separation of
the directions of the optical signals, as well as a spectrometer and digital signal processor
(DSP) to investigate the received optical spectrum and data from the FBG optical sensors.

As for the optical sensors, a pair of commercial FBG strain and temperature sensors
were chosen. A temperature sensor (Xi’an Aurora Technology Co., Xi’an, China) is necessary
to ensure the FBG optical strain sensor’s calibration during the whole research period,
thus excluding the ambient temperature’s effect on the received strain values. The main
parameters of the used optical FBG sensors are summarized in Table 2.

The experimental working principle of our FBG strain sensor is depicted in Figure 1.
Here, for an optical input signal, a high-power SLED broadband light source with a central
wavelength of 1550 nm and a 3-dB bandwidth of 55 nm is chosen and has already been
integrated inside our OSSIU unit.
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Table 2. The main parameters of the FBG temperature and strain sensor.

Measured Central
FBG No. Parameter Wavelength Accuracy Measurement Range
1 Strain 1544.800 nm <1 um +5000 pe
2 Temperature 1554.558 nm +0.3°C —40-120 °C
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Figure 1. The characteristic and measured spectrum of commercial [23] FBG strain sensor.

The optical spectrum of the input signal is visible in Figure 1la. The optical signal
is transmitted through the optical fiber as shown in the middle-upper part of Figure 1,
where the FBGs sensors are inscribed. The reflected optical signal of the FBG sensor at the
reference wavelength can be seen in Figure 1b. This reflected optical spectrum of the strain
sensor is processed and observed in our mobile OSSIU unit. Figure 1c, on the other hand,
shows the transmitted optical signal after passing the FBG strain optical sensor.

Integration of optical FBG sensors within the road architecture during the construction
process allows for monitoring of the reflected optical sensors” wavelength or frequency
changes induced by the strain in the long term. In this research, the strain shift is generated
with either a falling weight deflectometer or real-time transport traffic (vehicles passing
over the FBG sensors). The induced strain and its shift can provide information about the
vehicles or objects on top of the road structure and, no less important—the integrity or
structural health of the road construction at that specific time. The strain shift is calculated
(see Table 3 for the received strain data with the FWD experiment and Table 4 for real-time
received transport traffic strain data) in this research using an equation [23]:

AN — B X AT
where:
AA = /\uuj\g)‘()
AT = (Tt — Tp)
Al = LraL
TepL

Al = (ZFALI*IFFL )

FAL
Ae—Strain shift (um/m);
Ap—Initial strain wavelength (nm);
Aact—Actual strain wavelength (nm);
To—Initial temperature (°C);
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Tact—Actual temperature (°C);
Irar—Anchoring length (m);
Irp—TFree fiber length (m);
CTE—Coefficient of thermal expansion [-e-°C];
A—Coefficient [p-¢71];
B—Coefficient [°C~1];
Similar to the strain shift calculation, it is possible to calculate wavelength versus
temperature shifts by using an equation:

AT — /\act]; )\0 (2)

where:

AT = Temperature shift (°C);

Aact = Actual wavelength (nm);

Ao = Initial wavelength at time “0” (nm);
k = Monomial coefficient (5% ).

3. Integration of the FBG Sensors into Asphalt Pavement

Once the setup and all the preparation work have been completed, the location for the
experiment is chosen and carried out in a construction site, where FBG optical sensors are
embedded. FBG optical sensors are integrated into the road with geographical locations,
Latvia. Available online: https:/ /google/maps/hkxm4er4slcqcaff7 (accessed on 24 May
2022). Here a contracting company, “Binders” Ltd., (Riga, Latvia) and a joint stock company,
“ACB”, (Riga, Latvia), was performing reconstruction on the road of national importance
(A8 Riga-Jelgava-Meitene border km 19.20-29.95 km). This particular road connects Riga
city (capital of Latvia) with the border of Lithuania.

Firstly, an experimental setup (please see Figure 2) for real-time transport traffic
strain monitoring is developed to display the overall method for the investigation of
SHM applications.

. . Meast’ed data

Vehicles (speed ~60km/h)

AC 22 bin

layers

SMA11 surf

Cement treated FBG strain and
RAP mixture temperature sensors

Optical sensors signal
interrogation unit

lI=EEEl

e
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Figure 2. Schematic setup of the FBG optical sensors’ integration (mm deep) and placement for strain
measurement experiments.
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As can be observed in Figure 2, the FBG strain and temperature sensors are embedded
in the upper part of the 240-mm-thick cement-treated RAP mixture layer, specifically, 25 mm
deep inside the cement-treated RAP mixture layer, that is, under 35-mm-thick SMA11
(stone mastic asphalt), 60-mm-thick AC22 and 100-mm-thick AC32 (asphalt concrete)
layers and monitored remotely with OSSIU. It detects all the induced strain (and thus
reflected wavelength/frequency shifts of the FBG optical sensor) by the vehicles passing
the upper layer of the road. Unlike our previous research [14], where FBG optical sensors
were embedded within the temporary road—between 30-mm-thick SMA11 and 60-mm-
thick AC11 layers—in this research, we have chosen a different approach by studying
the embedment of deeper FBG optical sensors in the cement-treated RAP mixture layer
(~220 mm from the surface, see the left side of Figure 3) and strain measurement detection,
and hence also test such technologies” performance in permanent road infrastructure. In
this research, new types of optical sensors are also chosen, providing a more reliable
embedment realization in road infrastructure.

| Temporary termination
box for the optical
connectors

Figure 3. Photos from the construction process of road infrastructure where FBG sensors are integrated.

FBG strain and temperature sensors are integrated into a position so that the majority
of passing transportation would almost certainly drive over that specific position. Optical
sensors and all of their connecting armored optical patches are inserted into sawn grooves
(visible on the left side of Figure 3). The width of the groove where FBGs optical sensors are
inserted is 60 mm, and its depth is 50 mm, while the part of the groove where only optical
patches are inserted is reduced to 35 mm, as it is not necessary for a wider groove in that
position. Connecting optical fibers of the FBG sensors are inserted within the heat-resistant
and mechanically durable pipe with a diameter of 30 mm. This is done to provide for the
longevity of the FBG optical sensors and their fibers.

Some of the main difficulties that can be encountered and need to be dealt with during
the embedment process are firstly choosing a specifically suitable road embedment type of
strain FBG sensor, as some of the FBGs that are attached to the material’s surface might
not position well. Secondly, additional optical fibers’ protection from the mechanical
influence (as the asphalt laying machine was driving over the embedment position during
the construction process) and temperature influence (which was increased as the hot asphalt
layer was poured on) has to be completed as discussed in the previous paragraph. Last
but not least, it was also important to ensure that the FBG sensors were embedded so that
there would not be any air gaps between the surface and the layers on the road under the
position where the FBGs were placed.

Once the sensors are installed and the construction process of the road infrastructure
is finished, it is possible to use the FWD device, calibrate the measurements of the optical
FBG sensors, measure the data acquired, and start the real-time transport traffic monitoring
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for comprehensive data acquisition. The performed experiments are discussed in the next
sections of this article.

4. The Initial Experiments and Calibration Process of the Embedded FBG Sensors

FWD applications (see Figure 4) for evaluation of the collected strain data are necessary
to ensure proper installment of the realized FBG optical sensors. To make certain that the
sensors’ response data are correct, it is necessary to calibrate the acquired strain data
concerning the related timeline. FWD is widely used [24-26] for non-destructive road
pavement testing and as a research test tool. Mostly, FWD gathered data are used to
estimate the stiffness parameters of the underlying pavement structure. A single pulse
load of 50 kN generates about 707 kPa of pressure (which is relatively equivalent to the
amount of pressure generated by the heavy type of passing trucks—equivalent to a 10-ton
axle load) under the load plate and is depicted in Figure 5, where load versus time data can
be observed. Such parameters are typical to the European practice for road infrastructure
testing, thus allowing us to ensure that FOS applications in road SHM complies with the
road-building industry’s needs and standards.

s load plate

20¢m ywpr
; center (0:cm)

Load (kN)

T
0 10 20 30 40 50 60
Time (ms)

Figure 5. Measured pulse load that is induced by the FWD.
As seen in Figure 5, FWDs’ generated pulse load lasts approximately 25 ms, reaching

the highest load of ~53 kN after 15 ms from the initial start. In a larger time scale, to analyze
strain versus time by the same FWD, 3 series with 3 drops in each series (with a 4 ms
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pause between each drop) are made, and more detailed response information can be seen
in Figure 6, where one of those series is shown. There, an FBG strain sensor’s response
data show the detected strain values when the horizontal distance between the FWD load
plate center and the sensor is 50 cm (explained in more detail in the next subsection). With
this distance between the optical strain sensor and the FWD’s load plate, for each drop,
the average measured strain Ae is approximately 14 um/m. Resonant oscillations are also
observed after each drop (approximately for 0.5 s) until the momentum of the strain applied
to the road infrastructure evens out. Parallel to the strain measurements, we also measure
temperature by using the FBG optical sensor that is embedded into the cement-treated
RAP mixture layer. The material temperature within the cement-treated RAP mixture layer,
during experimental measurements, varied within a range of 1-1.5 °C and is measured by
our embedded FBG temperature optical sensor.

Ae
Ae

Ae

4k
" " >
2+ o 1J e i
FWD drop No.1. FWD drop No.2. FWD drop No.3.
0 I I 1 1 I I ! 1
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 6. Monitoring of the strain versus time induced by FWD (3 drops) when the horizontal
distance between the center of the FWD load plate and the embedment position of the optical sensor

is 50 cm.

Afterward, 15 separate FWD load drops (with 50 kN load each) are made on the
top of the location where the FBG optical strain sensor is implemented. Based on the
measured data, the distribution of received strain values made by FWD drops (see Figure 7)
is analyzed. This is performed to be certain that the installment process ensures precise
strain detection (and that of its values) under continuous load conditions during the time.
As it also does on the road infrastructure, when real-time transport traffic passes the road
pavement, leaving multiple strain-induced changes in a quick period.

0.35

031

0.25 1
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o
N

o
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0.05 F
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32.35 33.15 33.95 34.75 35.55 36.35 37.15
Strain (um/m)

Figure 7. FBG sensor’s measured strain distribution of FWD drops when the FWD load plate is
located on top of (directly on) the position under where the FBG strain sensor is embedded.
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On average, 34.63 um/m for each of the series is estimated, and a strong correlation
between the 15 sets of experimental FWD load data could be observed. In addition to
that, the measured strain distribution of the FWD drops shows a Gaussian type of model.
From what was previously mentioned, we can state that a stable operation of the SHM
system model can be realized with the real-time transport traffic and the correct gathering
of strain data, allowing for monitoring of both low- and high-intensity traffic over the
road infrastructure.

4.1. Horizontal Distance from the FBG Optical Sensors Concerning FWD's Load Plate Position

FWD experiments are further investigated by realizing different test scenarios. The
acquired strain values are compared regarding the load positioning of the load plate
concerning the embedded optical FBG sensor. Table 3 consists of all the data gathered when
the horizontal distance between the central point of the fiber optical sensor and the FWD’s
load plate is changed from the “on top of” position (0 cm away) to 50 cm with a step of
10 cm. This allows us to observe how large the difference is for the received average strain
shift Ae_avg (um/m) as well as the relative deviation (%) by the distance of the load plate
on top of the road layer.

Table 3. Received strain measurement values induced by the FWD in its different positions regarding
the implemented FBG optical strain sensor.

Horizontal distance between the FWD
load plate center and FBG sensor
Ae_avg (um/m) 34.63 3021 2816 23.13 19.71 14.03
Coefficient of variation (%) 4.26 6.64 3.28 5.24 5.59 6.26

0cm 10cm 20ecm  30cm  40cm 50 cm

As can be observed, the average strain shift Ae_avg is 34.63 um/m in a scenario when
the load plate is directly on the road’s top layer position (beneath of which is the embedded
FBG optical strain sensor). However, as expected, this value decreases with the additional
horizontal distance further away from the optical sensor, showing 14.03 um/m when the
load plate is 50 cm further away from the starting position. This means that a 50 cm large
horizontal distance decreases the average detected strain shift value by approximately
20.60 um/m compared to the highest (starting) value (34.63 um/m). Moreover, as can
be seen in Table 3, the coefficient of variation ranges from 3.28% up to 6.64%. From the
observed data, we can state that the adjacent lane and traffic over it have a negligible
effect on the measured strain data towards the lane where the FBGs are embedded. In this
research, we studied the scenario where two lanes are built in both driving directions—thus,
the road is wider and the impact from the adjacent traffic lane is even smaller.

The numerical data gathered and shown in Table 3 are also visually depicted in
Figure 8. Here, a correlation between the received strain values (measured with the FBG
optical strain sensor) and FWD’s load plate centrum distance position (according to the
FBG optical sensors’ embedment position) is observed. In the graph, blue dots with lines
represent the average strain values and the measurement variation range.

As can be seen in Figure 8, there is a strong linear correlation between the received
strain shift values and the position distance of the FWD’s plate (concerning the FBG's
embedment). Thus, approving the proper installment of our FBG optical strain sensor and
its correct operation, we can state that if an FBG optical strain sensor that has a sensitivity
and protective coating as described in the previous section is implemented beneath the
220 mm of road infrastructure layers (SMA11—35 mm, AC22—60 mm, AC32—100 mm,
cement treated RAP mixture layer—25 mm), then such a configuration will provide an
accurate linear equation in regards to the sensor’s working range diapason.
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Figure 8. Correlation between the received strain values (measured with FBG strain optical sensor)
and FWD’s load plate centrum distance position (according to the FBG optical sensors’ embed-
ment position).
4.2. Correlation between the Applied Stress and Measured Strain Values
Further into our research, to evaluate the precision of our previously mentioned
real-time transport traffic strain measurement experiments (discussed in more detail in
Section 5), further repeated tests are made (approximately half a year later from the time
of the first experiments) by using the same FWD device. The temperature of the road’s
cement-treated RAP mixture layer in these experiments is measured by our embedded
FBG temperature’s optical sensor and is in the range of 24.8-25.1 °C. The effect of the
temperature on the received strain amount is explained in more detail in Section 4.3. Here,
we position the dropping plate of the FWD device right on the embedment position of
the FBG strain optical sensor. Then, by changing the FWD’s applied stress values (from
470 kPa to 1170 kPa, with a step of ~200 kPa between the minimal and maximal values),
we measure and record the received strain (um/m) values. For each level of applied
stress, 10 drops (5 times in a row, in 2 series) are made. In Figure 9, the received strain
(um/m) values at FWD's generated stress levels (kPa) are shown, as the blue dots with lines
represent the average strain and stress values, as well as the strain and stress measurement
variation range.
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Figure 9. Received average FBG optical strain sensor’s strain values (um/m) for every induced stress
(kPa) level made by the FWD device.
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As can be seen in Figure 9, a clear linear correlation can be observed between the
received FBG optical strain sensor’s strain values (um/m) and the FWD device’s induced
stress (kPa) level. Numerically, 470 kPa of high stress leads to ~10.3 um/m amount of
strain, while 1170 kPa leads to ~23 um/m. This means that previously gathered and
measured data are accurate enough for SHM monitoring applications. No less important,
this also proves that our embedment technique and methods (discussed in Sections 3 and 4)
can ensure the proper installment, longevity (at least half a year later, as shown in this
research), and received data accuracy of such FBG strain optical sensor’s realization in road
SHM applications.

4.3. The Effect of Temperature on the Received Strain Values

In this subsection, the received strain values at different temperatures (periods when
measurements are taken) are analyzed and compared. The FWD device is positioned right
on the embedment position of the FBG strain and temperature sensors. FWD load drops
are fixed to 50 kN for each drop. The numerical data gathered aew shown in Table 4.

Table 4. Received strain measurement values induced by the FWD devices versus ambient temperature.

The temperature of the

cement-treated RAP mixture 1-15°C 24.8-25.1°C
layer during the experiments
Ae_avg (um/m) 34.63 13.70
Coefficient of variation (%) 4.26 6.57

As can be seen in Table 4, with the temperature range of 1-1.5 °C (winter time), the
received average relative strain value at the recycled layer is 2.5 times higher than at
24.8-25.1 °C (summertime). Such results can be explained by the temperature’s effect on
the different layers of the road structure. As the environmental temperature decreases, so
do the temperatures of the road’s layer materials. With lower temperatures, for example,
during wintertime, the upper asphalt layers become stiffer, and thus the induced strain by
the FWD device (or any other transport traffic vehicle) is more freely carried over to deeper
layers of the road’s recycled layer. Thereby, a larger amount of the total strain is received at
the FBG optical strain sensor that (in this scenario) is embedded in the cement-treated RAP
mixture layer. When the environmental temperature has significantly increased (as shown
in Table 4), so has the temperature in the upper layers of the road. Then, the upper layers
of the road are not as stiff compared to the colder conditions, leading to more dissipation of
the applied strain within those layers. Dissipation of the strain then can be observed as a
smaller strain amount sensed directly with the FBG strain optical sensor.

5. Real-Time Transport Traffic Strain Monitoring Experiments

As experiments with the FBG strain optical sensor and FWD device approved the
stable and correct operation, the next research phase consists of real-time transport traffic
strain monitoring experiments. The temperature within the cement-treated RAP mixture
layer during experimental measurements varies within a range of 1-1.5 °C. We have
measured and recorded traffic that was passing over the road’s (specific location mentioned
in the Section 3 of this article) pavement above the FBG’s embedment position. Moving
vehicles there consisted of 2-axle passenger cars and up-to-6-axle heavy trucks. As there are
different types of transportation passing the road, to better comprehend the strain-induced
changes and their amount, we categorize all of the transport into four classes by the most
common transport types passing the specific road. Those classes are: 2-axle passenger cars
(Figure 10a), 2-axle minibuses (Figure 10b), 2-3-axle trucks (Figure 10c) and 4-6-axle trucks
(Figure 10d-f).
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Figure 10. Real-time transport traffic strain measurements and visual data acquired from vehicles
passing over the surface of the road where the FBG optical sensor was integrated.

Figure 10. shows typical strain-induced changes (um/m) in time (s) for all four
classes of transport mentioned previously. As seen in Figure 10, an embedded FBG optical
strain sensor allows for the precise detection of the strain-induced changes in time for
transport with different amounts of axles. It is also possible to evaluate how much strain is
induced from each axle of the passing vehicle. For instance, Figure 10a shows the strain
measurements made by BMW X5 (distance between axles 2.975 m), where the measured
time between the strain peaks (axle points) is 0.164 ms. Based on this data, we can calculate
the movement speed of this car as follows:

s 2975 m km
v=2=0 = 18.14<?) - 65.3<T> ©)

Thus, additionally, such realization of FBG optical sensors can provide information
about the movement speed of the transport on the road where sensors are used. This
valuable data can then be processed for various solutions—not only for the SHM but also
to support fiber optic and Internet of Things applications, for instance, in traffic planning
and road safety control. It is also important to state that due to the different amounts of
induced strain by every axle of the specific vehicle, the relaxation time to reach the 0 strain
level after the impact is also diverse. For some lighter (2-axle) vehicles, full relaxation to the
zero micro-strain level might typically require up to an additional 3 s since the last contact,
while for the heavier vehicles (5+-axle trucks) this is typically up to 5 s. Considering that
the strain shift is determined as shown in Figure 8, then the strain-induced relaxation
process has no adverse effect on the measurements regarding the induced strain by the
next passing vehicle. Thus, it is important to highlight that with high-intensity traffic, the
complete relaxation of the strain level might be observed rarely. However, there is a wide
range of factors that affect the relaxation process and time. Some of the most important
ones include the overall traffic intensity, type of the passing vehicle, its weight, load on
each axle, passing trajectory (horizontal distance between the embedded sensor’s location
and the vehicle’s tire) as well as the environmental (material’s) temperature.
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Numerically, we also estimate the induced strain shift range (um/m) of the previously
mentioned transportations classes (Table 5).

Table 5. Measured induced strain shift range and calculated typical strain shift of real-time trans-

port traffic.

o e,

o0 LY sl -
= 1 ’~ = PO o 0=
©—aer ® @

Induced
strain shift 0.7-6 4.6-13 10-38 12-42
range (um/m)
Typical
0,
(90% event) 0.8-4.1 5.5-8.5 1126 14-36

strain shift
range (uLm/m)

All of the numerical values put in Table 5 show the strain-induced values for each axle
of the specific mode of transportation as the road pavement and specific reference point
on the road receive individual axle’s induced strain at one particular moment. However,
as the mass of a specific vehicle depends on the brand and type of it, as well as the cargo
carried, some of these values are clearly out of the typical measurement range (compared to
other vehicles in their transport class) and are very unique. Thus, to better understand the
more common strain-induced shift values, a typical strain (90% events) shift range (um/m)
is also calculated. For 2-axle passenger cars, it is 0.8-4.1 um/m, for 2-axle minibuses
5.5-8.5 um/m, for 2-3-axle trucks 11-26 um/m, but for 4-6-axle trucks it is 14-36 um/m
per each axle.

For comparison, as seen in Table 5, the axle of the passenger car typically induces
approximately 2-10 times less strain than the axle of the 2-axle minibus. Meanwhile,
typically, axles of the passenger car induces approximately 3-45 times less strain than the
axle of a heavy 4-6-axle truck.

6. Conclusions

Pavement SHM applications completed by realizing fiber optical sensors not only
assists in making appropriate decisions for planning maintenance and reconstruction
works but also validates the proposed design solution. Such an aspect is gaining increased
importance since new materials and structural layers are introduced under changing traffic
volumes and road loading conditions.

This research approved the successful integration of the FBG optical strain and temper-
ature sensors that were embedded during the construction of a road of national importance.
FBG sensors were integrated within the permanent infrastructure—into the cement-treated
RAP mixture layer (220 mm deep). Short-term and long-term experiments with the FWD
device and real-time transport traffic were carried out over half a year. We calculated and
concluded that the received strain levels in this particular configuration are dependent
upon various factors. The major ones are the horizontal distance from the embedment
position of the optical strain sensor and strain inducer (FWD or real-time transport traffic
in this research), the amount and intensity of the load that induces strain, and last but not
least—the temperature of the environment (road layers).

As described in the article, by using the FWD, we concluded that the received strain
amount decreases with the additional distance further away from the optical sensor, show-
ing a 14.03 um/m large strain when the load plate is 50 cm further away from the embed-
ment position. This means that a 50 cm large horizontal distance decreased the average
detected strain shift value by approximately 20.60 um/m compared to the highest (starting)
value (34.63 pm/m) recorded on top of the embedment position. In addition, by changing
the applied stress values of the FWD (from 470 kPa to 1170 kPa), we concluded that 470 kPa
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high stress leads to ~10.3 um/m for the amount of received strain, while 1170 kPa leads
to ~23 um/m when the stress is induced on top of the embedment position. As for the
real-time transport traffic—2-axle passenger cars generated 0.8—4.1 um/m large strain per
axle, 2-axle minibuses 5.5-8.5 um/m, 2-3-axle trucks 11-26 um/m, but 4-6-axle trucks
14-36 um/m per each axle. The axle of a passenger car induced approximately 2-10 times
less strain than the axle of a 2-axle minibus. Meanwhile, the axle of the passenger car
induces approximately 3—45 times less strain than the axle of a heavy 4—6-axle truck. As
for the recycled layer’s temperature factor, we estimated that the temperature range of
1-1.5 °C (winter time) leads to the received average relative strain values that are 2.5 times
higher than the ones recorded when the temperature is ranging between 24.8-25.1 °C
(summertime). As explained in the article, different temperatures determine the stiffness of
the road’s upper layers, and thus also the number of received strain values.

The sensing setup developed, the methods described and used, and the components
utilized can be realized for further large-scale FBG optical strain and temperature realiza-
tions within the construction of road infrastructure, thus providing for the capability to use,
study and develop the road SHM industry as well as other spheres where such solutions
are appealing.
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Abstract: Application of fiber Bragg grating (FBG) optical sensors for road infrastructure allows
to use the measured data for transport traffic monitoring, structural health monitoring applications,
architecture’s structural integrity estimation and temperature monitoring. © 2022 The Author(s)

1. Introduction

Fiber optical sensors, especially those that utilize fiber Bragg grating technology are topical research area for
different applications and industries, for instance, automotive sector [1], structural health monitoring (SHM)
solutions [2], energy industry [3] etc. Mainly due to the optical sensors’ various advantages, such as
robustness [4,5], remote long-distance realization capabilities [6], immunity to electromagnetic interference [5] and
so on, provides an opportunity for efficient realization in modern industries. Capability to measure wide range of
physical parameters, for example, strain [5], temperature [5,7] and pressure [5], allows to use FBG optical sensors
for precise and accurate data measurements and provide parameter compensation, when applicable.

Previous studies show that FBGs’ can be realized for crack detection of reinforced concrete structures [9], thus
also suggesting the further investigation possibilities of FBGs application for road infrastructure as shown in this
article. In addition to that, as proved by our researchers - FBG optical sensor networks can be successfully unified
with the fiber optical data transmission systems [8], showing that optical sensors can be integrated into modern
data transmission metro and metro-access communication systems. Such opportunity is appealing for FBG optical
sensors’ embedment in the road architecture, as it would provide the media for sensing data transmission over the
built optical links. In our research, during the construction process of permanent road architecture, we have
successfully embedded and installed FBG strain and temperature optical sensors within the road layers, discussed
in more details in further sections. Thereby allowing for short-term (real-time transportation traffic induced strain)
and long-term (comprehensive structural health monitoring) measured data acquisition and experiments.

2. Experimental measurement setup and results

The integration of optical FBG strain and temperature sensors was realized into road pavement’s recycled (depth
225 mm) and middle of asphalt layers - AC22 (asphalt concrete) layer (depth 65 mm) with geographical location in
one of the largest Latvian road sites A8 (A8 Riga-Jelgava-Meitene border km 19.20 — 29.95 km), see in fig. 1.

Table 1. FBG sensors main parameters

Measured Central Measurement
parameter wavelength range
-5000 to 5000 <0.23%
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Fig.1. Setup of FBG sensors integration and measurement process Fig.2. Real-time temperature measurements data of the road where
FBG optical sensors were integrated
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Fig.3. Real-time traffic strain measurements data acquired from vehicles passing over the surface of the road where FBG optical sensors were
integrated (recycled layer).

FBG sensors are embedded that way so that the vehicles passing over the road would almost certainly be detected
and strain - measured. For temperature and strain measurements, FBG sensors interrogation unit is used, and for data
analysis — a computer. FBG sensors' main parameters are summarized in Table.1. Measurements are realized in
March 2022, during morning time, when air temperature is 8.5 °C, but asphalt’s surface temperature is 7 °C. As we
can see in Fig.2 recycled layer temperature is 2.8 °C, but AC22 layer 6.4 °C. During night time, as the environmental
temperature decreases — so does the temperature for whole road infrastructure. However, during day time,
temperature firstly increase in the upper asphalt layer and only then, in deeper recycled layer.

As we can see in Fig.3., the FBG sensors are very sensitive and can detect strain values for each vehicles’ axle in
real-time. Fig.3. represents only short time slot from all the measurement sessions. Vehicles there move at an
average speed of 50-70 km/h. The highest relative strain values are detected for truck (axle;=25um/m; axle,=23.4
um/m) with semitrailer (axle;=24 um/m; axle;=23.6 pm/m; axles=23.9 pm/m). Based on this data, we can conclude
that load on the axles is proportionally balanced and is similar. Relatively high strain value is detected for buss
(axle;=13.2; axle;=19.6), because all the load is divided to 2 axles.

Conclusion

Experiments and measured results are very topical to local and international road pavement designers and road
management services to forecast the potential collapse of the road, permanent deformation, weight of the vehicles
and number of their axles, as well as for traffic monitoring, and road pavement temperature monitoring. These data
also can be used for smart road solutions for traffic flow analysis, vehicle counting and free parking lots analysis.
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