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Lietoto saisinajumu atSifréjums

AFR — amplitudas frekvencu raksturliknes filtrs — amplitude frequency response filter
ASE — pastiprinata spontana emisija — amplified spontaneous emission

AWG-DEMUX - sakartota vilnvadu reZzga demultiplekors — arrayed waveguide grating
demultiplexer

AWG-MUX - sakartota vilnvadu rezga multipleksors — arrayed waveguide grating
demultiplexer

BER - bitu kladu varbutiba — bit error rate

BPF — joslas filtrs — bandpass filter

B2B - bez parraides vides — back-to-back

CD — hromatiska dispersija — chromatic disperssion

CFWM - kaskades ¢etru vilnu mijiedarbiba — cascaded four-wave mixing

CO — centralais ofiss- central office

CSF — nogriezta vilna garuma $kiedra — cut-off wavelength shifted fiber

CW — nepartrauks starojums — continous wave

DCI — datu centru starpsavienojums — data center interconnect

DD-MZM - divplecu Maha Cendera modulators - dual-drive Mach-Zehnder modulator
DFB - izklied&ta atgriezeniska saite (lazers) — distributed feedback (laser)

DFE — atgriezeniska saites [emuma algoritms — decision feedback equalizer

DKS — izkliedgjosais Kerra solitons — dissipative Kerr soliton

DSO - ciparu atminas osciloskops — digital storage oscilloscope

DSP — ciparu signalu apstrade — digital signal processing

EA — elektriskais pastiprinatajs — electrical amplifier

EAWG - elektrisks patvaligas formas signalu generators — electrical arbitrary waveform
generator

EDFA — erbija legétas Skiedras pastiprinatajs — erbium doped fiber amplifier

EOM - elektrooptiskais modulatorors — electro-optic modulator

EQ - izlidzinasana (adaptiva pécizlidzinasana) — equalization (adaptive post-equalization)
ESA — elektriskais signala analizators — electrical signal analyzator

FBT — atgriezeniskas saites koeficienti — feed-back taps

FFT — turpvérstie koeficienti — feed-forward taps

FOTS - $kiedru optikas parraides sist€mas — fiber optics transmission system

FSR — brivais spektralais diapazons — free spectral range

FWHM - pilns platums Itmeni viena puse (pilna platuma puses maksimums) — full width half
maximum

FWM - ¢€etru vilnu mijiedarbiba — four-wave mixing

FWM-OFC — ¢etru vilnu mijiedarbibas optiska frekvenéu kemme — four-wave mixing optical
frequency comb

GFF — pastiprinajuma izlidzinoss filtrs — gain flattening filter

GVD - grupas atruma dispersija — group velocity dispersion



HD-FEC - stingras izlem$anas turpveérsta kliidu labosana — hard decision forward error
correction

HNLF — augsti nelineara skiedra — highly nonlinear fiber

IEEE - elektrotehnikas un elektronikas inzenieru institiits — institute of electrical and
electronics engineering

IM/DD - intensitates modulacijas ar tieSo uztverSanu — intensity modulation direct detection
ISI — starpsimbolu interference — inter-symbol interference

ITU-T — starptautiskas telesakaru apvienibas telekomunikaciju standartu sektors —
international telecommunication union telecommunication standardization sector

LPF — zemfrekvencu filtrs — low-pass filter

MI — modulacijas nestabilitate — modulation instability

MLL — modas pieskanots lazers — mode-locked laser

M-QAM — vairaku limenu kvadratiiras impulsa modulacija — multilevel quadrature amplitude
modulation

MZM — Maha-Cendera modulators — Mach-Zehnder modulator

NG-PON2 — nakamas paaudzes pasivais optiskais tikls 2 — next generation passive optical
network 2

NRZ — bez atgrieSanas pie nulles - non-return-to zero

NRZ-OOK - bez atgrieSanas pie nulles “ieslégt-izsl€gt” modulacija — non-return-to zero on-
off keying

NZ-DSF — ne-nulles dispersijas nobidita $kiedra — non-zero dispersion-shifted fiber
OBPF — optiskais joslas filtrs — optical bandpass filter

OC - optiskais cirkulators — optical circulator

ODN - optiskais sadales tikls — optical distribution network

OFC - optiska frekven¢u kemme — optical frequency comb

OLT - optiskais linijas terminalis — optical line terminal

ONU - optiska tikla iekarta — optical network unit

ONT - optiskais tikla terminalis — optical network terminal

OSA — optiskais spektra analizators — optical spectrum analyzer

OSNR - optiska signala troksnu attieciba — optical signal to noise ratio

PAM — impulsa intensitates modulacija — pulse amplitude modulation

PC — polarizacijas kontrolieris — polarization controller

PD - fotodiode — photodiode

PM — jaudas méritajs — power meter

PON — pasivs optiskais tikls — passive optical fiber

PRBS — pseidogadijuma bitu seciba — pseudo-random bit sequence

PS — jaudas sadalitajs — power splitter

RIN — relativais intensitates troksnis — relative intensity noise

RF — radiofrekvence — radio frequency

RRC — paceltais kosinuss — root-raised cosine

RTU TI SSTIC — Rigas Tehniskas Universitate Telekomunikaciju Institiita Sakaru sistému un
tehnologiju izpétes centrs



SBS — inducéta Briljuéna izkliede — stimulated Brillouin scattering

SE - spektrala efektivitate — spectral efficiency

SD-FEC — mikstas izlemSanas turpvérsta klidu laboSana — soft-decision forward error
correction

SSFM - dalita sola Furjé metode — split-step Fourier method

SSMF — standarta vienmodas $kiedra — standard single-mode fiber

SOPS — §kiedru optikas parraides sistémas

TE - Skérsvirziena elektriska polarizacija — transverse electric polarization

TNR — tona-troksna attieciba — tone-to-noise ratio

TP — patievinata gala Skiedra — tapered fiber

VCSEL - no virsmas izstarojo$s lazers ar vertikalu rezonatoru — vertical-cavity surface-
emitting laser

VOA - parskanojams optiskais vajinatajs — variable optical attenuator

WDM - vilngarumdales blivésana — wavelength-division multiplexing

WDM-PON - vilpgarumdales blivets pasivais optiskais tikls — wavelength-division
multiplexing passive optical network

WGM - ¢ukstosa galeriju moda — whispering gallery mode

WSS — vilpa garuma selektivs slédzis — wavelength-selective switch

XGS-PON - 10 gigabitu simetriskais pasivais optiskais tikls - 10 Gigabit symetrical passive
optical networks



PROMOCIJAS DARBA VISPAREJAIS RAKSTUROJUMS

Témas aktualitate

Pasaule nesen ir piedzivojusi pandémijas raditds dramatiskas izmainas misu dzivés un
pakalpojumos, ko mes lietojam. Telekomunikaciju industrija nav bijis izn@mums, piedzivojot
strauju l&cienu parraidito datu apjoma [1], kas nak no jaunajiem pakalpojumiem ka augstas
kvalitates video straumeSana, video konferences, paplasinata un virtuala realitate, tieSsaistes
ofisi utt. Masdienu telekomunikaciju industrija rada picaugosu oglekla dioksida (COz2) izmesu
daudzumu no visas pasaules izme$u apjoma, kas ir pieaudzis no 1,4 % 2018. gada [2] lidz 4 %
2021. gada [3]. Ta ir nopietna probléma, kas telekomunikaciju inZenieriem ir jaatrisina, lai
samazinat izme$u daudzumu un atbalstit “zalo domasanu”.

Lidz ar to telekomunikaciju infrastruktiiras TpaSniekiem ir jamekl& jaunus risinajumus
tehnologijas tikla uzlabo$anas noliikos, lai spétu tikt gala ar lidzigam pasaules méroga krizém
nakotn€ un apstadinatu pastavigi par 1,4 % ik gadu pieaugoso COz izmeSu daudzumu no
telekomunikaciju industrijas [4]. Metro tikli, datu centri un pasivie optiskie tikli rada lielako
izmeSu dalu no visas sakaru industrijas. Divi fundamentali faktori, lai samazinatu izmesu
daudzumus ir energoefektiva un zemu izmaksu aparatira $o sistému darbibas nodrosinasanai
[5].

Misdienu optiskie sakaru tikli, lai parraiditu lielus datu apjomus izmanto vilngarumdales
blivésanas (WDM) tehnologiju, kur vairaki atseviski lazeru avoti (lazeru masivi) tick izmantoti,
lai nodroS$inatu WDM kanalu darbibu. Visbiezak izmantotie ir lazeru ar izklied&to
atgriezeniskas saites (DFB) masivi [6-8], tomér arf citi lazeru veidi ka no virsmas izstarojoss
lazers ar vertikalu rezonatoru (VCSEL) [9-12] tiek pielietoti raiduztvergjos ar mazaku parraides
attalumu — 11dz 10 km. Papildus tam §ie lazeri atkariba no datu parraides attaluma var tikt tiesi
[13] vai argji moduleti [14]. Sada WDM sistéma, kur lazeru masivi tiek izmantoti ka
nes€jsignalu avoti, prasa lielas izmaksas, jo atsevi§kiem lazeriem nepiecieSama sinhronizacija.
Papildus tam, DFB vai citu lazeru masivu izstarotie vilna garumi dreif€ vairaku GHz diapazona
uzsil§anas rezultata un ir nepiecieSamas atbilstosas sargjoslas, lai izvairitos no blakus kanalu
parklasanas uzsil$anas rezultata. Lai lazeru dreifu minimizétu, tiek izmantota ar1 termiska
kontrole un atv@sinasana, kas vl vairak palielina izmaksas un pielietotas energijas apjomus.
Pastav vél viena probléma ka raiduztvergju izejas jaudas svarstibas, kur svarstibas var sasniegt
vidgji no 5 lidz 10,5 dB [6, 9, 12]. Tadgjadi, efektivs risindjums bitu viena gaismas avota
izmantoSana visiem datu kanaliem.

Optiskas frekven¢u kemmes (OFC) generatori, proti, vairaku vilna garumu avoti piedava
energoefektivu un zemu izmaksu platformu, lai vienkarSotu optiskos raiduztvergjus, ko plasi
pielieto miisdienu sakaru sistémas, ka ari lai samazinatu energijas patérinu optiskajos sakaru
tiklos. OFC avoti gener€ vairakus nes€jsignalus ar vienadu spektralo atstarpi starp linijam (no
daziem GHz lidz vairakiem simtiem GHz), kas atbilst starptautiskas telesakaru apvienibas
telekomunikaciju standartu sektora (ITU-T) G.694.1 rekomendacijai [15], lai sp&tu nodro$inat
2" kanalus (skat. 1. att.). ST OFC gaismas avotu priek3rociba lidz ar to var tikt izmantota WDM
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raiditaja, kur atsevisku lazeru masivs var tikt aizvietots ar vienu optisko frekvenc¢u kemmi, skat
7 pielikuma. Tatad tas butiski vienkar$o optisko sakaru tiklu un izmainas ir nepiecieS8amas tikai
raiditaja dala, kur tiek aizvietots lazeru masivs un ievietots papildus sakartota vilpvadu rezga
demultipleksors (AWG-DEMUX). Pargja tikla dala, ieskaitot uztvérgjus, paliek nemainiga.
Viens no svarigakajiem ieguvumiem ir frekvencé stabilu nesgjsignalu iegiSana, kas izsledz
nesgjsignalu driftu, atSkiriba no lazeru masiviem. Rezultata var prognozet dazadu nelinearo
efektu ietekmi un izmantot dazadas nelinearas kompensacijas metodes, lai uzlabotu parraides
veiktsp&ju un ievérojami palielinat parraides attalumu ne tikai piekluves tiklos, bet ari
galvenokart, talsakaru tiklos [16]. Tadi pastavosi pasivo optisko tiklu (PON) standarti ka
nakamas paaudzes pasivais optiskais tikls (NG-PON2), kas atbilst ITU-T rekomendacijai
G.989.2 [17] un standarti ka Super-PON, ko attista un standartizé elektrotehnikas un
elektronikas inZenieru institita (IEEE) P802.4cs darba grupa [18], var tikt optimizéti,
izmantojot Kerra-OFC gaismas avota generétus nesgjsignalus. Super-PON ir fiziskais optiskais
slanis, kas atbalsta parraides attaluma palielinaSanu I1dz 50 km un lielaku galalietotaju skaitu
1024, ko sp&j apkalpot viena optiska Skiedra optiskaja sadales tikla (ODN). Salidzinajuma ar
NG-PON2 tiklu, kur maksimalais parraides attalums ir 60 km, Super-PON optiska tikla iekarta
(ONU) nav izmantots pieskanojamais filtrs, kas ir NG-PON2 galvenais izaicinajuma punkts
[19].

Papildus tam OFC generatori tiek izmantoti tadas tehnologijas ka optiskie pulksteni, stabilu
mikrovilnu nes€jsignalu generacija, mérisanas risinajumos, kur nepiecieSama liela precizitate
ka frekvencu reference, spektroskopija, sensoru, kvantu risinajumos, lai izveidotu sasaistitu
fotonu pari, u.c. [20]

Lazeru masivs Datu Optiska signala OFC gaismas avots OFC neséjsignalu  Datu Opﬁ;ké signala
P — \ modulacija apvienosana [ _________ ‘ filtréSana modulaciia apvienoana
! A1 ' ! 1 g
}| Lazers HMndulators Datu i ! Al | odulators A2 Datu
! ! parraide ! ! H parraide
i | — ! ! I
| ] H |
! | Lazers }-,'£| Modulators | ! E Modulators z
Il 1 |
! g ! ) — i OFC N E >< ot '
! 1 o A1,A2), ..An' ! i A1%,A2',..An
f——t S i :
g i
i | Lazers HA—"| Modulators \ ALA2,.An ! Modulators
} - — e EEmEmmmemme——
(a) (b)

1. att. WDM optiska sistéma pielietojot (a) atseviskus lazerus (lazeru masivu) un (b) optiskas
frekvencu kemmes gaismas avotu, kas generg vairakus nesgjsignalus ar vienadu atstarpi starp
tiem.

Visus optiskas frekvenéu kemmes gaismas avotus var iedalit tris grupas — Skiedras balstiti
rezonatori (FWM-OFC), cukstosas galeriju modas (WGM) mikrorezonatori (integrétie vai
telpiskie — mikrosféras un mikrostieni) un uz elektrooptiskiem modulatoriem (EOM) bazétas
sistémas, skat. 2 pielikumu Lai izvéletos vispiemérotako OFC gaismas avota risinajumu
optiskajiem sakaru tikliem, OFC gaismas avoti ir jasalidzina péc sekojoSiem datu parraidei
svarigiem parametriem ka OFC nesgjsignalu lidzenums p&c optiskas jaudas, nesgjsignalu linijas
platums un atstarpe, un to pieskanosanas iesp&jas, ka arT optiska signalu-trok$nu attieciba
(OSNR), kas frekvencu kemmes gadijuma var tikt aizvietota ar tona-troksna attiecibu (TNR).
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Uzskaititie parametri tie$a veida ietekmé optisko datu parraides veiktspgju, t.i., Sasniedzamo
bitu kladu varbatibu (BER).

Viens no iespgjamiem OFC gaismas avotiem, kur OFC tiek iegiita caur kaskades Cetru vilnu
mijiedarbibas procesu (CFWM) [21-23] augsti nelineara Skiedra (HNLF) pumpgjot divus
nepartraukta starojuma (CW) lazeru vilna garumus [24] (skat. 2. att), kur pumpgjosie starojumi
vienu reizi iziet cauri HNLF $kiedrai [25] vai, piem&ram, caur diviem HNLF posmiem [26].
HNLF $kiedras dispersijas raksturipasibas 1pasi ietekm& CFWM procesu, tap&c ir izmantotas
ari Tpas$i izstradas HNLF $kiedras ar mazu dispersiju [27, 28]. FWM-OFC gaismas avoti ir
pielietoti dazadiem meérkiem [29, 30], piem&ram, augstas precizitates spektroskopija [31] vai
augstas precizitates merijjumiem [32], ka arT datu parraidei optiskajos tiklos [33,34]. Galvenas
FWM-OFC gaismas avota prieksrocibas salidzinajuma ar citiem OFC gaismas avotiem ir
izturiba pret argjam ietekm&m, jo nav nepiecieSams rezonators, ka ar1 atstarpi starp OFC
nesgjsignaliem var vienkarsi pieskanot mainot spektralo atstatumu starp divu pumpgjoso lazeru
vilpa garumiem. Atstarpe starp nesgjsignaliem sakrit ar atstarpi starp divu lazeru vilpu
garumiem. Tomér viens no galvenajiem trikumiem ir nepiecie$ama augsta jauda pumpgjosiem
lazeriem, lai ierosinatu OFC veidoSanas procesu.

cw
y -

apvienotajs OSA
ow | > |--Ooo0 ol
P HNLF L
*/

2. att. FWM-OFC gaismas avots, kura pamata ir divu pumpgjoso CW lazera avotu vilna
garumu mijiedarbibu HNLF $kiedra, kur OFC méra ar optisko spektra analizatoru (OSA).

Turpretim WGM rezonatora OFC gaismas avoti (skat. 3. att.), kur frekvenéu kemme tiek
iegiita CW lazera starojuma konversijas rezultata augsta Q-faktora WGM rezonatoros ar Kerra
nelinearitati, un kas tika pirmo reizi demonstréts 2007 gada [35], var tikt realizéti kompakta
nepiecieSama argja elektrobarosana [36]. WGM rezonatora OFC gaismas avoti pétijjumos
parsvara ir veidoti pielietojot integrétos vai telpiskos rezonatoros. Lidz §im plasi datu parraidei
pétitic OFC gaismas avoti, kuru pamata ir integrétie rezonatori no SisNs4 materiala. To
prieksrocibas ir dispersijas kontrole, vienkarSa integréSana uz Cipa, paaugstinats Kerra
nelinearitates koeficients (SisN4, silicija oksinitrida (SiOxNx) u.c. materialiem), Kas
kombinacija ar 1paSi mazu starojuma satur€Sanas tilpumu izraisa pastiprinatus nelinearos
efektus, kas var nodrosinat lidz pat vairakam oktavam platu OFC. Tomér pastav ar1 tadas
problémas, ka integrétajiem WGM rezonatoriem, pieméram, mikrorinkiem ir zemaks Q-faktors
— ap 105-10° neka telpiskajiem, kura pagaidam ir vieniga platforma ar visaugstako Q-faktoru,
kas vidgji ir ap 107-10° [37]. Tapat ari pastav problémas ar efektivu starojuma ievadi
integrétajos rezonatoros, Iidz ar to, no Siem aspektiem atsperoties telpiskie WGM rezonatori ar
ir pievilciga platforma [38]. Papildus tam, $adu tehnologiju iericu razo$ana ir komplicéts
process [39]. Integrétie rezonatori ka mikrorinki tiek veidoti no SisNs vai citiem
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slanus, kur nepiecieSamas vairak neka 500 nm biezums, ka arT nepiecieSams tos apdedzinat
augstas temperatiras (1100 °C), lai atbrivotos no Udenraza atomiem, kas ir ieverojams
rezonatoriem visplasak ir pielietotas mikrosféras. Praktiski uz mikrosferas veidots Kerra-OFC
gaismas avots var tikt realiz€ts vairakos veidos, pieméram, viens veids, kas ir Seit izmantots,
paredz pumpgjosas gaismas ievadisu caur TP, ko izmanto arT1 OFC izvadiSanai no mikrosféras
un parraidiSanu uz demultipleksora dalu. Otrs veids pielieto brivas telpas optiku, proti,
pumpgjo$a gaisma tiek ievadita un izvadita no mikrosféras izmantojot prizmu. Saja gadijuma
OFC tiek nosiitita uz demultipleksora dalu, fokusgjot gaismu optiskaja skiedra izmantojot lecu.
Abu veidu Kerra-OFC gaismas avoti var tik atseviski iestradati viena kompakta fotonikas
iericg, ko piedavat telekomunikaciju pakalpojumu operatoriem.

y -

Polarizacijas - =
cw EDFA kontrolieris Rezonators BPF OSA
3. att. Visparéja OFC gaismas avota shéma ar optisko mikrorezonatoru. EDFA — erbija legétas
Skiedras pastiprinatajs, BPF — joslas filtrs.

Mazak petiti, bet perspektivi ir mikrostienu rezonatori. OFC mikrostienu rezonatoros ir
plasi iegiitas solitona [42, 43] un solitona kristalu [44] rezZima. Neskatoties uz to, ka solitona
kemmes nodro$ina ievérojami uzlabotu TNR, to stabila iegiSana ir izaicino$a [45], jo parieSana
uz solitona reZimu izraisa rezonatora iek$gjas jaudas kritumu, kas var realiz&ties rezonatora
rezonanses nobid@ no pumpgjosas frekvences termo-optisko efektu iespaida. Ir veikti petfjumi
ka samazinat starojuma atpakalejoSas izkliedes ietekmi [46]. Mikrostiena rezonatori lidz §im
ir petiti dazadiem lietojumiem, piemé&ram, izolatora vai cirkulatora izveide uz mikrostiena bazes
[47], ka arT impulsu secibas iegiiSana, ievietojot mikrostiena rezonatoru $kiedras lazera cilpa
[48] un Briljuéna kemmes iegtiSana [49]. Papildus tam ir piedavata logisko operaciju veikSana
optiskaja cela [50] vai optiskas atminas un komut€sanas izveide [51]. Reali petijumi saistiba ar
mikrostiena OFC gaismas avotu sp&ju nodrosinat datu parraidi optiskaja tikla Iidz Sim nav
veikti, vienigais ir paradita ITU-T G.694.1 atbilstoSas OFC ar 100 GHz starpkanalu intervalu
iegiSana potencialai lietoSanai vilngarumdales blivétos pasivos optisko tiklos (WDM-PON)
[52].

WGM rezonatora Kerra-OFC gaismas avotam ir sekojo$i izaicindajumi, kas ictekmé
rezult€josas kemmes parametrus un stabilitati:

1. Sarezgita gaismas ievades shéma rezonatora — pielietojot patievinatu galu (TP) Skiedru

vai prizmu.

2. Termooptiskie efekti rezonatora izraisa modu nobidi no rezonanses ar argjo pumpg&joso
lazera vilna garumu, ka ar1 lazera uzsilSana izraisa lazera vilna garuma driftu un nobidi
no rezonanses stavokla.

3. Astarpi starp OFC nesgjsignaliem (pamatd atbilst rezonatora brivajam spektralajam
diapazonam (FSR)) un to linijas platumu var tikai minimali pielagot, jo atstarpe ir fikséta



lidz ar mikrorezonatora radiusu un to ir iesp&ams pielagot Saura spektra josla, nedaudz
nobidot pumpgjoso vilpa garumu attieciba pret rezonatora rezonanses modu [53], bet
linjjas platums ir atkarigs no mikrorezonatora Q-faktora, ko savukart ietekmé
Tatad WGM rezonatora generétas kemmes parametri var tikt izvel&tas tikai rezonatora
razoSanas procesa, pielagojot izméru, rezonatora formu un materialu, bet $ada OFC gaismas
avota parametri ka pumpgjosais vilna garums, jauda un gaismas ievades apstakli lauj tikai
minimali ietekm&t OFC parametrus.
Visheidzot, OFC gaismas avots var tikt realiz&ts izmantojot EOM [55, 56], ka tas ir redzams
4. att. OFC tiek generéta modulgjot Saurjoslas CW lazera starojuma fazi, izmantojot Pokelsa
efektu divplecu LiNbOs Maha-Cendera modulatora (MZM). Alternativa ir kaskadé saslégti
vairaki MZM [57]. Rezultata frekvenéu kemme rodas ka fazes modulacijas sanjoslas.
Modulacijas dzilums nosaka frekvencu kemmes apliecgjas spektralo platumu — jo lielaks
dzilums, jo plataka OFC. Elektriska modulacijas frekvence nosaka atstarpi starp OFC
nesgjsignaliem, kas padara atstarpes pieskanosanu par vienkarsako starp visiem apskatitajiem
OFC gaismas avotiem [58].

sin %
i V o <i> _
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4. att. Elektrooptiskas frekven¢u kemmes gaismas avots, kura pamata ir divplecu Maha
Cendera modulators (DD-MZM).

Salidzinajuma EOM optiskas frekvencu kemmes gaismas avoti sp&j radit ierobezotu skaitu
OFC nesgjsignalu, tom&r pastav vairakas metodes, ka to palielinat [59-61], tomé&r tas ievérojami
palielina realizéSanas sareZgitibas pakapi un argjo efektu potencialo ietekmi. Tatad EOM
generétas OFC nodroSina palielinatu ieejas jaudas konversijas efektivitati pret OFC
nes€jsignalu jaudu [62]. Papildus tam dazadi EOM var atbalstit pumpésanas vilpa garumus
diapazona no 780 nm Iidz 2500 nm [63]. K& galveno EOM frekvencu kemmes gaismas avota
prieksrocibu var uzskatit rezult€josas OFC nesgjsignalu atstarpes pieskanosanu plasa josla [64],
bet galvenais trukums ir kompleksa shéma, Tpasi, ja nepiecieSams iegit platu OFC. Papildus
tam, lai ieglitu tadus OFC nesgjsignalu atstatumus ka 100 GHz, ir nepiecieSams izmantot jaunus
elektro-optiskos modulatorus, ka, pieméram, paslaik tikai laboratorijas vidé raditie integrétie
modulatori ar joslas platumu 110 GHz, kuru pamata ir planas kartas litija niobata plaksnes [65].
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Ir veikta art EOM optisko frekvencu nesgjsignalu lietojuma analize augsta datu parraides atruma
optiskajos tiklos [66-68].

Nemot vera uzskaititas priekSrocibas un triikumus tados aspektos ka tehniskais izpildijumus
(komponenSu skaits), jaudas efektivitate, cena un tehnologiskas attistibas potencials, par
visizdevigako risindgjumu jaunakajiem optisko sakaru tikliem ir izveléts OFC gaismas avots,
kas veidots izmantojot silicija WGM rezonatorus — mikrosféras un mikrostienus. Atkariba no
konkreta optiska datu parraides lietojuma gan piekluves tiklos, gan datu centru
starpsavienojumos, izvéle starp mikrosféru un mikrostieni tiek veikta atkariba no sekojo$am
katras formas rezonatora iesp&jam. Mikrosferas var nodrosinat péc jaudas lidzenu OFC, bet
mikrostiena rezonatora razoSanas process ir vienkar$aks. Papildus tam, mikrostiena rezonators
atlauj generét OFC ar spektralo atstarpi mazaku par 100 GHz, kas ir mikrosféru zemaka robeza.
Tadgjadi §1 promocijas darba pétijuma mérkis ir izpéfit optisko frekven¢u kemmes generaciju
silicija rezonatoros — mikrosferas un mikrostienos, un iesp&ju to pielietot optiskajas sakaru
sistémas ka WDM-PON un datu centru starpsavienojumos (DCI).

Merkis, uzdevumi un aizstavamas tezes

Promocijas darba merkis: veikt ¢ukstosas galeriju modas rezonatoru optiskas frekvencu
kemmes gaismas avota izstradi un lietojuma izpéti intensitates modulacijas optiskajas sakaru
sistemas.

Darba mérka sasniegSanai tika definéti sekojosi uzdevumi:

1. Izpétit ¢ukstosas galeriju modas rezonatoru optisko frekvencu kemmes gaismas avotu
darbibas principus un iespgjas pielagot rezultgjosas kemmes parametrus lietojumam
datu parraide optiskaja C josla (1530-1565 nm).

2. RTU TI SSTIC laboratorija izstradat SiO2 mikrosféras un mikrostienu rezonatorus
optiskas frekven¢u kemmes gaismas avota realizé$anai.

3. Matematiskas skaitloSanas programmatiira, integr&jot eksperimentali iegiito optisko
frekven¢u kemmi, veikt 10 Gbit/s NRZ-OOK WDM-PON tiklu veiktsp&jas novertgjumu
ar pielagojumu kanalu skaitu (1, 4, 8 kanali), atstarpi starp kanaliem (400 GHz, 200
GHz, 100 GHz), ka ar parraides vienmodas $kiedru (SSMF, CSF, NZ-DSF) garuma lidz
60 km.

4. Eksperimentali izvertet optiskas frekvencu kemmes gaismas avota sp&jas nodrosinat 50
Gbaud un 60 Gbaud NRZ-OOK datu parraidi, ka ar1 50 Gbaud PAM-4 datu parraidi isa
attaluma datu centru starpsavienojuma.

Aizstavamas tezes:
1. lIzstradatajos silicija rezonatoros ir iespgjams generct optisko frekvencu kemmi
optiskaja C josla (1530-1565 nm).
2. Mikrosferas un mikrostienu rezonatoros var ieglit optisko sakaru sisttmu prasibam
atbilstoSu optiskas frekven¢u kemmes nesgjsignalu jaudu un ITU-T G.694.1
rekomendacija defingto starpkanalu intervalu.
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3. Optiskas frekven¢u kemmes gaismas avots lauj realizét 1idz 10 Gbit/s NRZ-OOK un
astonu kanalu WDM-PON piekluves sakaru sistému ar kanalu atstarpi no 100 GHz lidz
400 GHz, izmantojot dazadiem ITU standartiem atbilstosas SMF linijas no 20 km lidz
60 km garuma, ka ar1 Iidz 100 Gbit/s PAM-4 DCI sistémas.

Zinatniska novitate un galvenie rezultati

Promocijas darba praktiska vertiba un jaunieguvumi ir:

1. Izstradata Cetru kanalu 10 Gbit/s NRZ-OOK WDM-PON parraides sistéma, kuras
pamata ir skaitliski mikrosféras rezonatora iegiita optisko frekvencu kemme ar 200 GHz
atstarpi.

2. Izstradata astonu kanalu 10 Gbit/s NRZ-OOK WDM-PON parraides sistéma, kuras
pamata ir skaitliski Cukstosas galeriju modas rezonatora iegiita solitona OFC.

3. lIzstradata Cetru kanalu 10 Gbit/'s NRZ-OOK WDM-PON parraides sist€éma, kuras
pamata ir eksperimentali mikrosféras rezonatora OFC gaismas avota iegta optiska
frekvencu kemme ar 393 GHz atstarpi.

4. Eksperimentali izstradats cuksto$as galeriju modas mikrostiena rezonatora OFC
gaismas avots, kas nodro$ina vismaz septinus nesgjsignalus virs -15 dBm jaudas.

5. Eksperimentali izstradats 2 km gar§ datu centru starpsavienojuma prototips lidz
100 Gbit/s parraides atrumam kanala, kura pamata ir mikrostiena rezonatora OFC
gaismas avots.

Promocijas darba iegiitie rezultati tika izmantoti:

1. ERAF zinatniskas pétniecibas projekta “Uz ¢ukstosas galerijas modas mikrorezonatora
bazes veidota optisko frekvencu kemmes generatora izstrade un ta pielietojumi
telekomunikacijas”, 1.1.1.1/18/A/155, 16.05.2019 — 15.05.2022.

2. ERAF zinatniskas pétniecibas PostDoc projekta “Optisko frekvencu kemmju izstrade
Skiedru optiskajam sakaru sisttmam”, 1.1.1.2/VIAA/4/20/659, 01.01.2021 -
30.06.2023.

3. ESF RTU un Banku augstskolas doktorantu un akadémiska personala stiprinasanas
strat€giskas specializacijas jomas granta, 8.2.2.0/20/1/008, 01.02.2022 - 30.09.2023

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa, kas veltita
petijumiem par CukstoSas galeriju modas rezonatoru izstradi, optisko frekvencu kemmes
gaismas avotu izveidi, ka arT to integracija Skiedru optiskaja sakaru sistémas gan matematiski
modelgjot, gan eksperimentali demonstréjot. Promocijas darbs apkopo sesas
originalpublikacijas zurnalos, vienu — zinatniskaja konferencé prezentétu pétjjumu (indekséts
Scopus, IEEE vai Web of Science).

12



Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati prezent&ti seSos zinatniskajos originalrakstos, viena
starptautiskaja zinatniskaja konferencé (indeksétas Scopus, IEEE vai Web of Science), ka ari
Cetras zinatniskajas konferences (nav indeksétas Scopus, IEEE, Web of Science).

Zinatniskas publikacijas Zurnalos:

1.

R. Miirnieks, T. Salgals, J. Alnis, A. Ostrovskis, O. Ozolins, I. Brice, A. Sedulis, K.
Draguns, I. Lyashuk, R. Berkis, A. Udalcovs, T. Bi, X. Pang, J. Porins, S. Spolitis, P.
Del’Haye, V. Bobrovs. Silica micro-rod resonator-based Kerr frequency comb for high-
speed short-reach optical interconnects. Opt. Express, 2023, vol. 31, iss. 12, pp. 20306-
20320. DOI: doi.org/10.1364/0OE.488436.

R. Miirnieks, L. Skladova, J. Braunfelds, I. Lyashuk, A. Supe, E. A. Anashkina, A. V.
Andrianov, S. Spolitis, V. Bobrovs. Impact of Kerr Optical Frequency Comb Linewidth
on the Performance of NRZ-OOK Modulated Fiber Optical Communication System.
Laser Physics, vol. 31, no. 11, art. no. 115101, 2021. ISSN 1054-660X.

S. Spolitis, R. Miirnieks, L. Skladova, T. Salgals, A. V. Andrianov, M. P. Marisova,
G. Leuchs, E. A. Anashkina, V. Bobrovs. IM/DD WDM-PON Communication System
based on Optical Frequency Comb Generated in Silica Whispering Gallery Mode
Resonator. IEEE Access, 2021, vol. 9, pp. 66335-66345. e-ISSN 2169-3536. DOI:
doi.org/10.1109/ACCESS.2021.3076411.

J. Braunfelds, R. Marnieks, T. Salgals, I. Brice, T. Sharashidze, I. Lyashuk, A.
Ostrovskis, S. Spolitis, J. Alnis, J. Porins, V. Bobrovs. Frequency Comb Generation in
WGM Microsphere Based Generators for Telecommunication Applications. Quantum
Electronics, 2020, vol. 50, no. 11, 1043.-1049.Ipp. ISSN 1063- 7818. e-ISSN 1468-
4799. Pieejams: DOI: doi.org/10.1070/QEL17409.

E. A. Anashkina, M. P. Marisova, A. V. Andrianov, R. Akhmedzhanov, R. Mirnieks,
M. D. Tokman, L. Skladova, I. V. Oladyshkin, T. Salgals, I. Lyashuk, A. Sorokin, S.
Spolitis, G. Leuchs, V. Bobrovs. Microsphere-Based Optical Frequency Comb
Generator for 200 GHz Spaced WDM Data Transmission System. Photonics, 2020, vol.
7,no. 3, pp. 1.-16. ISSN 2304-6732. DOI: doi.org/10.3390/photonics7030072.

K. Zvirbule, S. Matsenko, M. Parjonovs, R. Marnieks, M. Aleksejeva, S. Spolitis.
Implementation of Multi-Wavelength Source for DWDM-PON Fiber Optical
Transmission Systems. Latvian Journal of Physics and Technical Sciences, 2020, vol.
57, iss. 4, pp. 24.-33. ISSN 0868-8257. DOI: doi.org/10.2478/Ipts-2020-0019.

Zinatniska konference, kura prezentéti darba rezultati (indekséti Scopus, IEEE, Web
of Science):

1.

I. Lyashuk, R. Marnieks, L. Skladova, S. Spolitis, V. Bobrovs. The Comparison of
OFC Generation Techniques for WDM Networks. International Conference Laser
Optics (ICLO), 20.-24. junijs, 2022. IEEE, pp. 1.

DOI: doi.org/10.1109/ICL0O54117.2022.9840130.
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Zinatniskas konferences, kuras prezentéti darba rezultati (nav indekséti Scopus,
IEEE, Web of Science):

1. . Lyashuk, R. Miirnieks, V. Bobrovs. The evaluation of optical frequency comb
generators compared to the conventional transceiver types, 63rd International
scientific conference of RTU, Riga, Latvia, October 14, 2022.

2. R. Murnieks, I. Lyashuk, T. Salgals, J. Alnis, 1. Brice, A. Sedulis, A. Udalcovs, X.
Pang, O. Ozolins, S. Spolitis, V. Bobrovs. Micro-rod resonator-based optical
frequency comb for datacenter interconnects, 63rd Internation scientific conference of
RTU, Riga, Latvia, October 14, 2022.

3.  R.Mirnieks. Research on Kerr Optical Frequency Combs for NRZ-OOK Modulated
Fiber Optical Communication Systems, First Workshop for ERI on
Telecommunication and Networks, March 14-15, 2022.

4. R. Mirnieks, J. Braunfelds, T. Salgals, S. Spolitis, V. Bobrovs, J. Porins. Evaluation
of Optical Frequency Comb Generators Based on a Whispering Gallery Mode
Microreosnator and Applications in FOTS, 60th International scientific conference of
RTU, Riga, Latvia, October 15, 2019.

Promocijas darba izstrades laika publicétie darbi (indekséti Scopus, IEEE, Web of
Science), kas ir arpus promocijas darba témas:

1. J. Braunfelds, K. Zvirbule, U. Sepkans, R. Miirnieks, I. Lyashuk, J. Porins, S. Spolitis,
V. Bobrovs. Application of FWM-Based OFC for DWDM Optical Communication
Systems with Embedded FBG Sensor Network, Latvian Journal of Physics and
Technical Sciences, no. 2, 2022. ISSN 0868-8257.

2. E. Elsts, A. Supe, S. Spolitis, K. Zakis, S. Olonkins, A. Udalcovs, R. Mirnieks, U.
Senkans, D. Prigunovs, L. G€gere, K. Draguns, 1. Lukosevics. Fiber Optical Coupler by
Comsol Multiphysics Software, Latvian Journal of Physics and Technical Sciences, vol.
59, no. 5, pp. 3-14, 2022. DOI: doi.org/10.2478/Ipts-2022-0036.

3. T. Salgals, J. Alnis, R. Mirnieks, I. Brice, J. Porins, A. Andrianov, E. A. Anashkina,
S. Spolitis, V. Bobrovs. Demonstration of a Fiber Optical Communication System
Employing a Silica Microsphere-Based OFC Source, Opt. Express, 2021, vol. 29, no.
7, pp. 10903-10913. DOI: doi.org/10.1364/0OE.419546.

4. A.Supe, S. Olonkins, A. Udalcovs, L. Gégere, R. Miirnieks, D. Prigunovs, U. Senkans,
J. Grube, E. Elsts, S. Spolitis, O. Ozolins, V. Bobrovs. Cladding-Pumped
Erbium/Ytterbium Co-Doped Fiber Amplifier for C-Band Operation in Optical
Networks, Applied Sciences, 2021, vol. 11, no. 4, art. no. 1702. DOI: doi.org/
10.3390/app11041702.

5. A. Supe, S. Spolitis, E. Elsts, R. Miirnieks, G. Doke, U. Senkans, S. Matsenko, J.
Griibe, V. Bobrovs. Recent Developments in Cladding-Pumped Doped Fiber Amplifiers
for Telecommunications System, 22nd International Conference on Transparent Optical
Networks (ICTON 2020), proceedings, Italija, Bari, 19-23 Jalijs, 2020. DOI:
doi.org/10.1109/ICTON51198.2020.9203436.
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6. K. Zvirbule, R. Miurnieks, M. Aleksejeva, J. Braunfelds, I. Lyashuk, V. Bobrovs.
Integration of FBG Optical Sensor Network in DWDM-PON Transmission System,
Photonics and Electromagnetics Symposium, proceedings, Kina, Xiamen, 17-20 Dec.
2019, pp. 1168-1174. DOI: doi.org/10.1109/PIERS-Fall48861.2019.9021808.
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IEVADS

Ir zinams, ka augstas kvalitates optiskie rezonatori padara efektivakus treSas kartas
nelinearos optiskos efektus, ietverot starojumu neliela WGM rezonatora tilpuma. Tas lauj iegiit
OFC, izmantojot vélams anomalu grupas atruma dispersiju (GVD) un €etru vilnu mijiedarbibu
(FWM) [69]. Tap&c OFC iegiisana ir demonstréta ar noteiktas frekvences CW pumpgjosa lazera
starojuma ievadi nelineara WGM rezonatora [35]. Optiska frekvenéu kemme biezi ka termins
tiek lietots, kad ir kontrol&ta nesgjsignala apliecgjas nobides (CEO) faze, tomér plasa nozimé,
kas ir lietota arT Saja darba, optiska frekvencu kemme attiecas uz spektru, kas sastav no
vairakiem nesgjsignaliem ar vienadu savstarpgju spektralo intervalu, art tad, ja nav nodrosinats
modas pieskanots stavoklis, vai citos vardos fazes pieskanots stavoklis. Tadu optisko frekvencu
kemmi parasti sauc par Turinga kemmi. Optiska frekvencéu kemme var tikt saukta ar1 par Kerra
optisko kemmi vai Ramana optisko kemmi, ja attiecigi ta ir iegiita caur FWM vai induc@to
Ramana izkliedi. Pastav ari solitona kemme, kad rezonatora tiek iegiti solitona impulsi un ta ir
optiska frekvenc¢u kemme fazes pieskanota stavokli [38].

OFC gaismas avoti ir izmantoti tadas tehnologijas ka optiskie pulksteni, radiofrekvences
(RF) fotoniskie oscilatori ar rekordaugstu spektralo precizitati, lietojumi, kuriem nepiecieSama
preciza optiskas frekvences reference, zema fazes trok$na mikrovilnu sistémas, koherentie
optiskie sakari, utt. [70, 71]. Pamatojoties uz pienémumu par OFC izmanto$anu optiskajos
sakaros, jau ir demonstréti vairaki datu parraides eksperimenti, izmantojot integrétos
rezonatoros iegiitas optiskas frekvencéu kemmes (skat. 1. tab). Pieméram, izmantojot SizsN4, $ads
kopgjais datu parraides atrums ir paradits ka 170,8 Gbit/s ar atgrie$anos pie nulles ieslégt-izsleégt
(RZ-OOK) modulaciju [72], 400 Gbit/s, izmantojot primaro kemmi [ 73], 19,7 Thit/s virs 75 km,
izmantojot solitona OFC [74], 34,7 Tbit/s, izmantojot uzlabotas modulacijas formata metodes
[75] un sasniegts WDM datu parraides atrums lidz 50 Tbit/s 75 km attaluma [76]. Tapat ir veikts
viens datu parraides eksperiments, izmantojot MgF2 kristalisko rezonatoru [77]. OFC gaismas
avoti ir arT izmantoti Tsa attaluma optiskajas parraides sistemas ka bezvadu optiskajos sakaros,
kas ir paradits [ 78], panakot 228 Gbit/s datu parraidi pa 80 cm garu optisko celu. K@ otrs piemérs
ir mikrovilnu signalu gener&sana, izmantojot OFC [79]. Tapat [80] ir demonstréts ka uztvergja,
kas atrodas 50 km attaluma, var generét vairakas OFC, izmantojot raiditaja dala generétas OFC
nesgjsignalus ka pumpésanas vilna garumus.

Nepietickami pétiti ir OFC gaismas avoti, kuru pamata ir tadi telpiskie WGM rezonatori
[77] ka silicija mikrosferas un mikrostieni. Sie WGM rezonatori ir saméra vienkarsi razo$ana
no standarta vienmodas (SMF) 8kiedras, lietojot metinamos aparatus. ST razoanas tehnologija
lauj atkartoti iegiit WGM rezonatorus ar vienadiem parametriem, kas ir paradits promocijas
darba 1.nodala. Papildus tam ir japarada datu parraide, kuras pamata ir OFC gaismas avoti,
kuru pamata ir Sie telpiskie WGM rezonatoriem. Viens no perspektivakajiem lietojumiem ir
optiskas Skiedras parraides sistémas (FOTS). Uz WGM rezonatora pamata izveidotie OFC
gaismas avoti ir ievérojami vienkar$aki (sastav no viena pumpg&josa CW lazera un WGM
rezonatora) un mazaki (rezonatora diametrs parasti ir no pm Iidz mm) neka OFC gaismas avoti
ka modas pieskanoti lazeri (MLL). WGM rezonatora parametriska pastiprindgjuma platjoslas
raksturs dod iesp&ju iegiit OFC, kas centrétas pie vilna garuma 1550 nm ar nes&jsignalu atstarpi
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aptuveni desmiti, simti GHz, aptverot vairak neka 500 nm (70 THz) [81] vai pat oktavu joslas
platumu [40]. Tas atbilst optiskajam S, C, L un U sakaru joslam [82, 83]. Stabilitates un jaudas
efektivitates zina potencialie uz WGM rezonatora bazes OFC gaismas avots, ir ideals kandidats,
lai WDM-PON tiklos aizstatu parasti izmantoto, dargo lazeru masivu risinajumu [84, 85].
AizstaSana ir iesp&jama, jo WGM rezonatoru OFC gaismas avoti rada vairakus nesgjsignalus ar
vienadu atstarpi, kas tiesi ir nepiecieSamas WDM-PON tikliem [71]. Japiezim&, ka WGM
rezonatori ir veiksmigi pielietoti vairaku spektralo nesgjsignalu generg$anai 500-1100 nm
diapazona [86].

1. tabula
Integrétu WGM rezonatoru OFC gaismas avotu parametri
Integrétie rezonatori
. SizN .
Parametri Silicijs uz &ipa [40 82I3 82 89- AIN Hydex stikls MgF2
[35, 87, 88] ' 9’1] ' [92, 93] [94] [95]
. Toroidal/ . . Four-port Photonic
Rezonatora tips Disk Ring Ring microring belt
Q-faktors (2-2,7)x108 1x10°%-1,3x108 (5-6)x10° 1,2x108 4,7x108
Radiuss (mm) 0,038-1 0,020-0,3 0,060 0,135 1,34
FSR (GHz) 33-850 75-403 17-370 200 25,78
Pumpégsanas vilna
garums 1548-1560 1541-1561 1550-1553,2 | 1544,2-1558,7 1561
(nm)
PumpgSanas jauda 8,8-34 21,8348 27-278 17,318 12,8
(dBm)
K lat
Remmes PRatums | 350.1180 200-725 200 100-255 ~30
(nm)
Kemmes
atstatums 33-1100 17-403 370 32,6-6400 -
(GHz)

Vispargja OFC gaismas avota sheéma, kuru pamata ir telpisks WGM rezonators, paradita 1.
att. Parasti OFC gaismas avots, kura pamata ir WGM sastav no sekojosiem elementiem, kas
saslegti sekojosa seciba. Vispirms ka pumpéjosais gaismas avots ir izmantots CW lazera avots,
kura starojums caur polarizacijas kontrolieri (PC) tiek sutits erbija legétas Skiedras
pastiprinataja (EDFA), lai palielinatu pumpgjoso jaudu lidz maksimumam. Pastiprinatais
pumpéjosais starojums tiek ievadits nelineara rezonatoru, izmantojot TP, lenki pulétu Skiedru
vai prizmu. Lai filtrétu EDFA troksni, pirms mikrorezonatora tiek izmantots joslas filtrs (BPF).
P&c tam generéta OFC ar tiem pasiem lidzekliem tiek izvadita no rezonatora un caur optisko
sadalitaju nosutita un meérita ar OSA. Papildus tam OFC tiek uztverta ar PIN fotodiodi (PD), lai
ar ciparu atminas osciloskopu (DSO) analizgtu frekvenéu kemmi laika diapazona. OFC gaismas
avota izeja nes€jsignali talak tiek izmantoti raiditaja (Tx). OFC gaismas avoti, kas atbilst dotajai
shémai, parasti izmanto WGM rezonatorus ka mikrosféras un mikrostienus, lai iegiitu OFC.
Ieprieks veikto eksperimentu rezultati un WGM rezonatoru parametri ir noradtti 2. tab.
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Pietievinatu
galu Skiedra

1. att. Tipiska WGM rezonatora OFC gaismas avota shéma, Kur patievinatu galu skiedras vieta
var izmantot prizmu.

2. tabula.

WGM rezonatori un skaitliskas simulacijas, to parametri un generétas frekvencu kemmes

WGM rezonatori s_ka|tl_|sl'<.as
simulacijas
P i MgF anija-
arametri CaF, gF2 Silicija Gel‘.n_lifl‘llja
[53, 70] [75, 89, 96- [101-107] silicija
' 100] [108, 109]
Mikrosfera\
Rezonatora tips Kristalisks Kristalisks Mikrostienis\ Mikrosféra
Mikroburbulis
Q-faktors (256)x10° | (1-3)x10° | 2x10™-9,7x10° | 1x10°1x107
Radiuss (mm) 12752425 | 0,5-5,65 0,136-1 0204
FSR (GHz) 13,8-25 5,8-43 12,9-1000 .
Pumpas il
UMpesanas VI& - ygen 1560 | 1543-1556 | 1549,5-1560 1550
garums (nm)
PumpgSanas jauda 14-17 3285 48245 20
(dBm)
K lat
wemmes platums 30-280 2-300 10-250 100-200
(nm)
Kemmes atstatums |1 o) 259 | 9.9.248,5 32,6-1000 ;
(GHz)

Rezultata mikrosferas un mikrostienu OFC gaismas ir nepietiekami model@ti, to parametri
nav optimizgti, ka ari to eksperimentala realizacija datu parraidei optiskaja C-josla (1530-1565
nm) ar kanalu skaitu 2" (pieméram, 4, 8, 16 utt. kanali) un datu parraides atrumiem ap 10 Gbit/s

nav pietiekosi demonstreta.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Doktorantiiras laika veikta silicija mikrorezonatoru, t.i., mikrosféru un mikrorezonatoru
izstrade, optisko frekvencu gaismas avotu izveide, optisko frekvencu kemmju ieguve un to
nesgjsignalu lietoSanas izvert&jums gan piekluves tiklos, gan datu centru starpsavienojumos, lai
izvertetu mikrorezonatoros generéto optisko frekvenéu kemmju lietojuma iesp&ju Skiedru
optiskajas sakaru sist€émas, aizvietojot raiditajos plasi lietotos lazeru masivus.

1. SILICIJA REZONATORU IZSTRADE, TO PARAMETRU
UN DATU PARRAIDE LIETOJAMU NESEJSIGNALU
GENERESANAS IZVERTEJUMS

WGM rezonatorus galvenokart klasificé péc izstrades veida. Ir telpiskie rezonatori, kurus
var iedalit divas grupas — kristaliskie rezonatori, kas izstradati pul&jot kalcija fluorida (CaF2)
vai magnija fluorida (MgF2) cilindrus un nodro$ina Q-faktoru ~10°-10%! [110], un silicija
rezonatori, kas izstradi kausgjot $kiedras galu un izmantojot kadu siltuma avotu, pieméram,
COz2 lazera vai gazes liesmu, nodrosinot Q-faktoru ~108-10%. Vel viens izplatits veids ir
integrétie WGM rezonatori, kas izstradati no silicija tehnologiju saderiga materiala (SisNa4 u.c.)
vilnvadiem, izmantojot litografijas metodes un nodrosinot Q-faktoru ~106 [37].

1.1. Silicija mikrosferas izstrades apraksts

Tipiski mikrosferas ar diametru vairaki simti mikrometri ir iesp&jams izgatavot kausgjot
silicija optiskas $kiedras galu lietojot tadas tehnologijas ka elektriska lokizlade, tdenraza vai
CO2 lazera liesma [111-116]. Tomér viena no vienkarSakajam un atkartojamibas zina
izdevigakajam ir mikrosféru izgatavosana ar metinasanas aparatu (elektriska lokizlade). Saja
promocijas darba ir demonstréta mikrosféru izgatavosana ar Fujikura ARCMaster FSM-100P+
Skiedras metinaSanas aparatu, kas lauj atkartoti iegtit mikrosféras ar vienadiem parametriem ka
diametrs un Q-faktors. Mikrosféru izgatavosanas process var tikt kontroléts ar metinasanas
aparata iebuvétam X un Y kameram. IzgatavoSanas process sakas ar attirita optiska Skiedras
gala konstantas tuvinaSanas pie elektrodiem, taja pasa laika rotgjot Skiedru ap savu asi, lai
mikrosféra saglaba maksimali sférisku formu un nenoslidétu uz leju savas masas iespaida.
Sterisks WGM rezonators (mikrosfera) tiek izveidots virsmas spraiguma speku ietekme.

Tomer, lai iegiitu ideali atkartojamus mikrosféras parametrus, ir nepiecieSams atrast
optimalus metinasanas parametrus. Mikrosferas diametru var regulét pielagojot metinama
aparata pieskanojumu (angl. adjustment) - parametrs, kas ietekmé mikrosféras radiusu, ka ari
izv€loties Skiedras diametru, no kura tiek veidots rezonators. Tadu diametru d ka 175 pm un
350 um mikrosféras tiek izgatavotas no standarta vienmodas Skiedras (SSMF) ar 125 pm
diametru. Tomer, lai iegiitu mikrosferas ar diametru, kas vienads vai lielaks par 660 pm, ir
nepiecieSamas Skiedras bez serdena ar 200 pm diametru. Viens no parametru pieskanosanas
rezultatiem ir redzams 1.1. attéla, kur galameérkis ir mikrosféra ar 350 pm diametru. Attéla
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1.1(a) ir redzama mikrosféra ar X diametru 324 pm un Y diametru 327 pm, bet attéla 1.1(b) ir
redzama jau mikrosféra ar X un Y diametru vienadu ar 350 um. Citi parametri ka rotacija,
lokizlades jauda, un atrums ietekmé mikrosféras formu un virsmas lidzenumu, un tiek
automatiski parveidoti nepiecieSsamaja lokizlades ilguma. Piemé&ram, eksperimentali ir noteikts,
ka ir nepiecieSamas 42 sekundes, lai iegiitu 175 pm mikrosferas, bet 114 sekundes, lai iegiitu
350 um diametra mikrosféras. Ka redzams 1.2. attéla, tad lokizlades laikam ejot, mikrosférai
palielinas diametrs un forma arvien vairak pietuvinas sferai.

1.1. att. Bildes no RTU TI SOPS laboratorijas ar parametru pieskano$anas procesu, kur (a)
parada gandriz sfeérisku mikrosféru ar X diametru 324 pm un 'Y diametru 327 um, bet (b)
parada gala rezultatu, kur iegiit ideali sferiska mikrosféra ar X un Y diametru vienadu ar 350

um.

1.2. att. Mikrosferas formas maina un diametra palielinaSanas atkariba no lokizlades laika.

Diametru izvéle tiek veikta domajot par WDM sistémas kanalu atstarp@m, kas definétas
ITU-T G.694.1 rekomendacija, jo tie$i diametrs nosaka atstarpi starp optiskas frekvencu
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kemmes linijam. Proti, mikrosféras diametrs d ir saistits ar FSR caur sekojosu sakaribu
FSR=c/(-d-ner), kur ness ir efektivais lausanas koeficients un ¢ ir gaismas atrums vakuuma.
Lidz ar to ir iespgjams kontrolét FSR, mainot mikrosféras diametru d. Tatad, ap 175 um, 350
pm un 660 pm diametri attiecigi atbilst 400 GHz, 200 GHz un 100 GHz FSR. Metinasanas
parametri ir japieskano katram no iepriek$ miné&tajiem diametriem.

1.2. Silicija mikrostiena izstrades apraksts

Lai izgatavota mikrostiena rezonatoru, vispirms ir jasagatavo cilindrisku kvarca stieni. ST
cilindriska stiena diametrs tiek izveélets balstoties uz nepiecieSamo atstatumu starp OFC
nes€jsignaliem. Mikrostiena izgatavosanas sistéma ar COz2 lazeru ir redzama 1.3. att. Cilindrisks
kvarca stienis ir piestiprinats pie virpas ar gaisa polster&jumu ar mazak neka 100 nm vibracijam.
Sis kvarca stienis tiek rotéts perpendikulari attieciba pret lazera staru. CO2 lazera stars, kas
fokusets ar cinka seléna (ZnSe) 1€cu krit uz rot€josu kvarca stieni, ka rezultata tiek nogriezts
materials. Nakamaja soli tiek izveidots rezonators, fokusgjot lazera staru dazadas pozicijas gar
kvarca stiena asi. Materiala nogrieSanas procesa nepartraukti rodas putekli, lidz ar to
mikrostiena izgatavoSanas laika ir nepiecieSams nosiiknéSanas mehanisms, lai savaktu puteklus,
kas var nosgsties uz mikrostieni un ievérojami samazinat gan ta stabilitati, gan Q-faktoru. Kad
ir pabeigts primarais izgatavoSanas process, grieSanas apgabals tiek apkaus@ts ar lazera staru,
kas ievérojami uzlabo mikrorezonatora Q-faktoru. [Izmantojot to pasu izgatavoSanas procesu un
konfiguraciju — lazera jauda, izstarojums, ilgums, kvarca stiena rotéSanas atrums, ka arT stara
pozicion&ana, ir iesp&jams atkartoti izveidot identiskus mikrostienus. Sadu metodi var vertet
ka kvantitativu un atkartojamu, jo ir iespgjams izveidot vairakus mikrostienus ar vienadiem
parametriem saméra 1sa laika perioda (ap 5 min). Turklat, vairaki mikrostieni ar vienadiem vai
nedaudz atSkirigiem parametriem var tikt izveidoti uz viena kvarca stiena. Attela 1.3(b) ir
paraditi pieci mikrostienu rezonatori, kas izveidoti uz viena kvarca stiena ar 700 pm diametru
d un 520 pum atstarpi starp rezonatoriem, bet ar dazadiem apliecgjas radiusiem r (skat. 1.3(c)
att.) — 250 um, 250 pm, 200 pm, 175 pm, un 150 pm (atbilstosi no Resl Iidz Res5).

Apliecgjas radiuss lauj pielagot rezonatora Q-faktoru, jo daudz svarigaks ir nevis
mikrostiena rezonatora virsmas neviendabigums, no kura atstarojas gaisma un izklied&jas arpus
rezonatora, kas samazina Q-faktoru, bet mikrostiena apliecgjas radiuss [117]. Apliecgja palidz
saglabat un fokus@t gaismu rezonatora modas ietvaros. Lidz ar to rezonatora sanu malas
apliecgjas radiuss tiek kontroléts mikrostiena izgatavosanas procesa laika, lai ieglitu augstu
optisko Q-faktoru un izvairitos no modu sajauk$anas starp modu kopam [118].
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1.3. att. (a) Mikrostienu izstrade uz kvarca stiena lietojot COz2 lazeri, kur tiek izmantota virpa,
lai rot€tu kvarca stieni un kustiga pakape, lai biditu kvarca stieni. (b) Mikroskopa uznemta
bilde ar 5 izveidotajiem mikrostieniem uz viena stiena ar 700 pm diametru un 520 pum atstarpi
starp tiem. (c) Atsevisku mikrostienu Res1-Res5 uznemtas bildes, kur baltais aplis norada uz
dazadiem izliekuma radiusiem r — 250 pm, 250 um, 200 pm, 175 um, un 150 pm.

Res2 mikrostiena WGM rezonators (Res2, d = 700 um un r = 250 ym) ir izmantots 2.3.
sadala, lai iegiitu Kerra OFC ar nesgjsignalu atstarpi aptuveni ~ 90 GHz (89 GHz). Sis
mikrostiena WGM rezonators ir izvélets, jo rezonatora diametra d = 700 um un izliekuma
radiusa r = 250 pm kombinacija nodrosina augstako izmérito Q-faktoru 2,6x107, salidzinot
starp 5 izveidotajiem mikrostiena WGM rezonatoriem uz kauséta kvarca stiena. Izstradataja
otraja rezonatora izmeritais Q-faktors ir zemaks salidzinajuma ar [39, 43, 44, 47], salidzinams
ar mikrosferam (~ 107-10°), bet augstaks neka integrétajiem rezonatoriem (~10°-10°) [37].
Otrais rezonators ir izveléts ne tikai augstaka iegiita Q-faktora (ietekméts no mikrostiena
diametra un izlieckuma radiusa kombinacijas) d€l, bet arT nemot véra eksperimentalos
noverojumus. Tie paradija, ka otraja rezonatora ieglita OFC nesvarstijas un troksna limenis bija
zemaks, padarot to lietojamu datu modulacijai un parraidei. Paréjos mikrostiena rezonatoros
iegiitas OFC bija ievérojami ietekm@tas ar inducétas Briljuéna izkliedes (SBS) troksni, kas
padarija OFC nesgjsignalus nelietojamus. To var salidzinat ar nes€jsignalu modulaciju un
sekojoSus nesgjsignalus nevar lietot datu modulacijai un parraidei.

1.3. Optisko frekven¢u kemmju generésanas novertéjums

OFC tiek iegita no nelineara CFWM optiska efekta, ko nodrosina Kerra nelinearitates
process optiskajos materialos [35]. Tapéc Kerra OFC var razot jebkura rezonatora, kas
izgatavots no optiska materiala ar Kerra nelinearitati. OFC iegiiSana ir eksperimentali
demonstréta CaF2 [97], MgF2 [96], SisNa [77], ka ari skiedru gredzena rezonatoros [108].
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Skaitliski optisko frekvencu kemmes iegliSana mikrosferas tiek simullta, pamatojoties uz
Lugiato-Lefever vienadojumu, izmantojot dalita sola Furjé metodi (SSFM) [101, 109].

Ja pumpgjosa starojuma jauda parsniedz parametriska pastiprinajuma sliek$na jaudu augsta
Q-faktora WGM rezonatoros, pirmie OFC nesgjsignali paradas Stoksa un anti-Stoksa
frekvences ar FSR daudzkartnu atstatumu ap pumpgjoSo frekvenci. Turpmaka pumpg&josas
jaudas palielinaSana ierosina CFWM, kas rada augstakas kartas nes€jsignalus, izveidojot
primaro OFC. Sakotng&ji nesgjsignalu atstatums A tiek reproducéts starp jaunizveidotajiem
nesgjsignaliem, jo CFWM nodro§ina energijas saglabasanas likuma izpildi. Nakamaja soli
sekundarie nesgjsignali veido apakSkemmes ar jaunu rezonanses atstarpi J, kas atskirigs no
primarajiem nesgjsignaliem, kas kopuma atskiras no 4. Visbeidzot apakskemmes parklajas un
izveido OFC spektru, kur atstatums starp diviem secigiem OFC nesgjsignaliem sakrit ar WGM
rezonatora FSR [81, 119]. Viens no galvenajiem ierobezojoSiem faktoriem ir vairaki
nesgjsignali pie vienas frekvences, tomér pastav dazadas metodes ka izvairities no tiem [85].

OFC gaismas avotam ir jabit iesp€jai regulét atstatumu starp OFC nesgjsignaliem. Parasti
atstatums ir vienads ar WGM rezonatoru FSR [70]. WGM rezonatora FSR vai vilpa garuma
diapazonu starp divam rezonansém var novértét ar 1.1. vienadojumu, Kur a ir rezonatora

galvenais radiuss un no ir lausanas koeficients pie pumpg&josa starojuma frekvences [53]:

Cc

2man,
OFC nesgjsignalu atstatumu neliela diapazona var regulét divos veidos — mainot
pumpésanas starojuma ievades nosacijums [96] vai mainot starojuma frekvenci [39, 70], citiem
vardiem sakot, nobidot pumpé&Sanas frekvenci attieciba pret rezonatora rezonanses modas
frekvenci. Pumpgjosa starojuma frekvences nobide attieciba pret rezonanses WGM frekvenci
A= fpump —fcaviey var bt pozitiva, ja pumpgjosa frekvence ir augstaka neka WGM frekvence,
ko sauc par zilo nobidi, vai arT starpiba var bt negativa, kad pumpgjosa frekvence ir zemaka,
ko sauc par sarkano nobidi. Zilas nobides WGM rezonatora pump&Sana ir termiski stabila
istabas temperatiira. Sarkanas nobides pump@sana ir termiski nestabila, un ta ir nepiecieSama
solitona veidosanai [89]. Mainot pump&Sanas starojuma ievades nosacTjumus tiek mainita
atstarpe starp rezonatoru un TP, kas [idz ar to maina atstatumu starp OFC nesgjsignaliem un Q-
faktoru (palielinot atstarpi, Q-faktors palielinas). Tas savukart maina OFC nesgjsignalu Iinijas
platumu jeb asumu. Q-faktors ir rezonanses asuma (nesgjsignala linijas platuma) mers attieciba
pret tas centralo frekvenci, Kur Ars ir rezonanses vilna garums un pilns platums limeni viena
puse (FWHM) raksturo rezonanses linijas platumu [120, 121]:
Ares

Qfactar = FWHM (12)

Turpmak $aja sadala veiktie eksperimenti, ieglitie rezultati un aprakstitas metodes ir
perspektivas telekomunikaciju lietojumiem, piem&ram, daudzvilnu gaismas avotu optiskajam

parraides sistémam. Seit ir apskatitas divas OFC gaismas avotu uzbiives ar augstas kvalitates
WGM rezonatoru to pamata, kas arf ir vissvarigakais elements. Ta augstais Q-faktors ir vismaz
2x107, ko nosaka gluda virsma, zemi iek$&jie zudumi un starojuma ievade/izvade no rezonatora
[120, 122]. Atskiribas starp abam uzbiivém ir tas, ka pirmaja (skat. 1.4. att.) starojums tiek
ievadits WGM rezonatora caur TP, bet otra uzbave (sk. 1.6. att.) ir balstita uz bezvadu optiku,
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kur starojums tiek ievadits rezonatora ar 1&cu un prizmas palidzibu. Lai gan starojuma ar prizmu
bija pirma metode, kas tika izmantota [112, 123], starojuma ievade caur TP ir izradijies
efektivaks un vairak ir iesp&jams kontrolét starojuma ievades nosactjumus [116, 124-126].

Lai realizétu pirma veida OFC gaismas avotu (skat. 1.4. att.), tika izgatavota SiO:
mikrosfera, ka ar1 TP. Jamin faktu, ka starojuma ievada rezonatora ar TP ir populars pan€miens,
jo nodrosina augstu starojuma ievades efektivitati un TP ir saméra viegli izveidot salidzinajuma
ar lenki nopulétam Skiedram vai plakaniem vilnvadiem. Papildus tam, TP var vienkarsi integrét
salidzinajuma, piem&ram, ar prizmu, ko ari biezi izmanto starojuma ievadei WGM rezonatoros.
Saskana ar ieprieksgjiem pétfjumiem [127] Gidenraza (Hz2) liesmu izmanto, lai izkausétu SiO2
optiskas skiedras galu (serdenis vairakas reizes biezaks neka SSMF), ka rezultata izveidojas
mikrosféra. Sadu Skiedru Latvija razo Light Guide Optics. Lai izgatavotu TP vispirms tiek
nonemts optiskas Skiedras aizsargapvalks, ko var veikt ar mehaniskam vai kimiskam metodém.
Sim scenarijam tiek izmantota mehaniska metode, jo nav precizi zinami, kadi materiali un
maisTjumi tiek izmantoti optiskas Skiedras aizsargapvalku slaniem. Parasti mehaniska metode
tiek realizeta §adi — Skiedra tiek pargriezta uz pusém, un tiek nonemti aizsargapvalka slani. P&c
tam nofiritos Skiedru galus sametina kopa ar metinamo aparatu. Ka metinamais aparats tiek
izmantots Sumitomo Fusion Splicer - T 71C ar automatiski iestatitiem parametriem ITU-T
G.652 skiedrai. Metingjuma vieta tiek piekauséta aizsarguzmava.

fotodiode !

lazers

OSA /M

izolators.

=

EDFA

50/50 optiskas ! Optiska

jaudas sadalitajs Sametinata Skiedra L
Skiedra . mikrosféra
VA
™ Optiska Skiedra

bez aréja apvalka
1.4. att. OFC gaismas avots, kura pamata ir SiO2 mikrosféra un patievinatu galu skiedra.

Sametinot $kiedru, patievinasanu veic, izmantojot Hz liesmu. SMF28 vienmodas optiska
Skiedra tiek pakapeniski stiepta ar nemainigu atrumu 80 pm/s, un patievinajuma vieta ir 21-23
mm gara. Stiepsanas laika uznemtais starojuma parraides signals ir paradits 1.5. att.. Sis signals
lauj sekot stiepSanas procesam, ka rezultata tiek iegiita TP. Sakotngji kuistot Skiedras serdenim
un apvalkam, var redz&t, kur vienmodas $kiedra partop par daudzmodu skiedru. Talak stiepjot
Skiedru, ta pakapeniski atkal kliist par vienmodas $kiedru (skat. 280—285 sekundi 1.5. att.), kas
signaliz€ par atbilstosas TP iegis$anu. StiepSanas procesa ilgums lidz ar to ir 290 sekundes.
Pirms stiepSanas signdla amplitiida optiskas Skiedras izeja ir 3,92 V, un rezultatd TP izeja ir
3,75V, kas atbilst ~ 96 % parraides efektivitatei.
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1.5. att. StiepSanas laika uznemtais starojuma parraides signals.

OFC gaismas avota, kas paradits 1.4. att., parraides dala optiska signala generé$anai tiek
izmantots 40 mW vienmodas optiskais lazers ar centralo vilpa garumu 1550 nm (Thorlabs
SFL1550S) sken&Sanas rezima. Pie pumpg@jo$a lazera starojuma jaudas Iimena, kas
nepiecieSams kemmes generé$anai, mikrosféra uzsilst, un $is termiskais efekts izkroplo un
novirza rezonansi prom no OFC ierosinosas WGM. Lai generétu OFC, lazera frekvenci ir
japieskano pie WGM atrak par rezonatora uzsil$anas laiku [102]. Kerra efekts faktiski
momentani izveido OFC. Seit lazera strava tiek virzita pa trisstiirveida formu ar atkartosanas
atrumu aptuveni 1 kHz ar 1azera frekvences novirzi 2 GHz.

Lazera izeja ir savienota ar optisko izolatoru lazera aizsardzibai pret atstarotiem signaliem.
Optiska izolatora izeja ir savienota ar EDFA, lai pastiprinatu optiska signala jaudu. EDFA izejas
jauda ir fikseta liment 20 dBm. Tad pastiprinatais starojums tiek ievadits SMF28 vienmodas
optiskaja skiedra (900 pum aizsargapvalks), kas tika izmantota TP izgatavo$anai, un ievada
optisko starojumu mikrosféras rezonatora. Ta pati TP izvada OFC no mikrorezonatora. Péc
tam, Y tipa optiskais jaudas sadalitajs (PS) ar attiecibu 50/50 ir izmantots Uztvergja dala, lai
nodro§inatu paralélu OFC mériSanu. Viens no PS portiem ir savienots ar augstas izSkirtsp&jas
OSA (0,01 nm), bet otrais ports ir savienots ar InGaAs fotodetektoru ar vilna garuma joslu 800
— 1800 nm. Fotodetektors uztver OFC signalu un nosiita to signala osciloskopam, lai uzraudzitu
mikrosféras rezonanses modu. Lai iegitu OFC, svarigi ir kontrolét atstarpi starp TP un
mikrosféru (skaidrots, izmantojot eksperimentalos rezultatus, kas paraditi 1.8. att). Gaisa
pliismas, kas paradas ap planu TP un mikrosféru, izkustina $os divus elementus. Atstarpe starp
tiem mainas, kas savukart maina mikrosféra ievadita starojuma jaudu, izraisot OFC spektra
svarstibas. Tadgjadi rodas nepiecieSamiba izveidot izolacijas kasti, kura ievietot TP kopa ar
rezonatoru, lai ierobeZotu gaisa pliismas un kontrolétu mitruma Iimeni. Tada veida kaste palidz
arT aizsargat elementus no putekliem, kas maina rezonatora Q-faktoru, jo, nos€zoties uz
rezonatora virsmu, puteklu dalinas rada starojuma zudumus.

Otra veida (skat. 1.6. att.) OFC gaismas avota pamata ir bezvadu optiku, kas sastav no
objektiviem, 1&cam, prizmas un mikrosféras. Sadu OFC gaismas avotu var savienot un integrét
izolacijas kasté. Seit parraides dala skengsanas rezima tiek izmantota ta pati 40 mW vienmodas
optiska lazerdiode ar centralo vilpa garumu 1550 nm ka pirmaja scenarija. Optisko 1€cu
izmanto, lai fokus@tu staru uz optiskas prizmas virsmu, kur notiek pilniga iek$gja atstaroSanas.
Lai ievaditu optisko starojumu mikrosféras rezonatora, tiek izmantots XY Z kustibas pakape, jo
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rezonatora pozicija ir jasaskano ar kop&jo ieks€jas atstaroSanas punktu. Pjezoelektriskais
motors tiek izmantots, lai kontrolétu XYZ kustibas pakapi un panaktu optimalu starojuma
ievadi WGM rezonatora. Izvadot OFC no rezonatora, ta ar I&cas palidzibu tick fokuséta InGaAs
fotodetektora (joslas platums 800-1800 nm), lai uzraudzitu mikrosféras rezonanses frekvenci.

XYZ galds ar pjezomotoru

kamera mukrosfera 5 Iazers
- A
# izolators
prizma
optlské
Ieca Skiedra

1.6. att. OFC gaismas avots, kura pamata ir bezvadu optika, sastav no 1&cam, prizmas un
mikrosferas.

Pirmas uzbuves OFC gaismas avots, kura pamata ir TP un SiO2 mikrosféra lauj
eksperimentali iegit OFC, kas ir paradita 1.7. att. Ka redzams no optiska spektra, OFC
nesg€jsignalu atstatums ir 2 nm vai 257 GHz, kas ir salidzinams ar tiem p&tijjumiem, kas paraditi
[39, 75, 82, 84, 101]. Saja eksperimenta rezultats ir iegiits skengjot pumpgjosa lazera frekvenci
un nomérits ar OSA. OFC spektra var redz&t dazu nesgjsignalu neesamibu, ko var izskaidrot ar
lazera sken&Sanu, bet arT ar modu sajauksSanas efektu, jo mikrosféras rezonatoram ir plass modu
spektrs. Kad divas telpiskas modas ar rezonansi sakrit pie viena vilpa garuma, OFC
nesgjsignalu intensitate samazinas, jo jauda tiek parnesta uz citu modu saimi [128, 129]. Tatad
péc rezultatiem ir iesp&jams iegiit optisko frekvencu kemmi optisko sakaru lietojumiem, tomér
nepiecieSsama dota OFC gaismas avota parametru un uzbiives optimizacija, lai panaktu laika
stabilu OFC spektru [102], kas ir paradits nakamajas promocijas darba nodalas.
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1.7. att. Optiska frekvencu kemme, kas iegilita pirma scenarija OFC gaismas avota (1.4. att).

Ka minéts iepriek§, mainot gaismas ievades nosacfjumus, t.i., atstarpi starp TP un
rezonatoru, mainas rezonatora Q-faktors. Q-faktors nosaka, cik ilgi pumpgjosais starojums
cirkulé rezonatora, un, samazinot savienojuma zudumus (palielinot atstarpi), ir iesp&jams
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palielinat Q-faktoru [71]. Lielaks Q-faktors savukart nodrosina Sauraku nesgjsignalu FWHM
iegisanu. Tatad, var teikt, ka, palielinot atstarpi starp TP un rezonatoru, nesgjsignalu FWHM
klast sauraks, ka redzams 1.8(a) att.

(a) Atstarpe, ym 5 (b)
1< ©
057 o3
‘"’\&\// /\\\6_ o — 0,47 g
\ / 037 =
09 \\ | \ / 032 302
\ \/ 027 @
022 €01
5 08 017 & .
e —0n2 §O— o —————
5] 07 0,07 o 0o 01 02 03 04 05
o — i
5 ——0,02 Atstarpe, pm
8 —o00 & (©
£ 06 «
86
c
S
0,5 E4
9o
04 T T T 0 ¥ 1 T '
0 2000 4000 6000 0 01 02 03 04 05
Frekvences skenésana, a.u Atstarpe, pm

1.8. att. Starojuma ievades nosacijumi ir atkarigi no atstarpes starp patievinatu galu skiedru un
rezonatoru: (a) WGM rezonanses parraides spektri, ja atstarpe tiek 1énam samazinata; (b)
rezonanses krituma izmainas un (c) Q-faktora izmainas.

Q-faktora pieaugums paradits 1.8(c) att. Q-faktoru var novértét un nomérit ar sekojoSu
panémienu - vispirms frekvences skala tika parkalibréta no patvaligam vienibam uz MHz,
izmantojot EOM. Modulacijas frekvence 100 MHz nodro$inaja sanjoslas abas rezonanses
pus@s. WGM rezonanses maksimums tika uzstadits, izmantojot Lorenca funkciju, lai aprékinatu
rezonanses modas linijas platumu. Q-faktoru aprékina ka Q=f/Af, proti, attiecibu starp
starojuma frekvenci f un Af, kas ir rezonanses modas linijas platums.

Starojuma ievades nosacTjumus rezonatora var iedalit tris at$kirigos rezimos: kad TP ir talu,
kad ta pieskaras rezonatoram un optimalais [130]. Pirmaja rezima $kiedra atrodas talu (0,57
um) no mikrosferas. Rezonatora ievadita jauda ir parak maza (neskatoties uz zemajiem
savienojuma zudumiem), lai parvarétu absorbcijas raditos iek$€jos zudumus, kas redzami p&c
rezonanses intensitates, pieméram, 1.8(a) att., ja atstarpe ir 0,47 um, rezonanses dzilums ir ~
0,025 a.u. (skat. 1.8(b) att.), bet Q-faktors ir ~6x108 (skat. 1.8(c) att). Otraja rezima starojuma
jauda rezonatora ir liela, bet ir ievérojami savienojuma zudumi, tapéc Q-faktors ir mazs.
Pieméram, ja atstarpe ir 0,00 um, tad Q-faktors ir ~5x105, bet rezonanses dzilums ir ~0,25 a.u.
Optimalaja rezima ir lidzsvars starp rezonatora ievadito jaudu un savienojuma zudumiem.
Nemot véra mingtos faktus, var secinat, ka optimala atstarpe starp TP un mikrosféru ir 0,12 um
vai 0,17 um.

Kopsavilkums:
No veiktajiem pétljumiem un iegiitajiem rezultatiem var secinat, ka silicija mikrosferas
rezonatoros ka mikrosféras un mikrostienos var generét OFC optiskaja C josla (1530-1565
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nm), ja uz to bazes ir izveidots OFC gaismas avots. Lai panaktu vélamas OFC generéSanu,
nepieciesams pielagot tadus parametrus ka pumpéSanas jauda un vilna garums, kas sakrit ar
rezonatora modu no vienas no rezonatoru modu saimém. Lai iegiitu OFC optiskaja C-josla
(15301565 nm), nepiecie$ams pumpét rezonatoru ap 1550 nm vilna garumu. Lai pielagotu
OFC nesgjsignalu lmijas platumu konkr&tam lietojumam, pieme&ram, WDM-PON sistémam,
nepiecieSams pielagot atstarpi starp TP un rezonatoru. Proti, palielinot atstarpi starp TP un
rezonatoru, nesgjsignalu Imijas platums klost Sauraks (pieaug Q-faktors, bet samazinas
nesgjsignala jauda). Optimala atstarpe starp TP un rezonatoru ir 0,12 pum vai 0,17 pum, nemot
véra kombinaciju no Q-faktora un nesg€jsignalu jaudu. Visbeidzot atstarpi jeb FSR starp OFC
nesgjsignaliem var pielagot izveloties atbilstoSu rezonatora diametru - 175 pm, 350 pm un 660
um diametri attiecigi atbilst 400 GHz, 200 GHz un 100 GHz FSR.

Mikrosferas izstradatas ar Fujikura ARCMaster FSM-100P+ $kiedras metinasanas aparatu.
Eksperimentali ir noteikts, ka ir nepiecieSamas 42 sekundes, lai iegiitu 175 pm mikrosferas, bet
114 sekundes, lai iegitu 350 um diametra mikrosféras no SSMF ar 125 um diametru. Pieci
mikrostiena rezonatori ir izveidoti saméra 1sa laika perioda (ap 5 min) ar COz2 lazera palidzibu
uz viena silicija stiena ar 700 pm diametru, ar dazadiem apliec€jas radiusiem 250 pm, 250 pum,
200 pm, 175 pm, un 150 um un 520 pm atstarpi starp rezonatoriem. Visaugstakais Q-faktors
2.6x107 iegiits otraja mikrostiena rezonators, kas ir salidzinams ar mikrosféram (~ 107-10°),
bet augstaks neka integrétajiem rezonatoriem (~105-10°).

Originalpublikacijas par $aja nodala aprakstitajiem pétfjumiem atrodama pielikumos 1, 4,
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2. OPTISKO SAKARU SISTEMU PRASIBAM ATBILSTOSAS
OPTISKAS FREKVENCU KEMMES IEGUSANAS ANALIZE
SILICIJA MIKROSFERAS UN MIKROSTIENU
REZONATOROS

2.1. Optiskas frekvencu kemmes iegiiSana silicija mikrosferas rezonatora ar
400 GHz FSR.

Eksperimentala OFC gaismas avota, kura pamata ir silicija mikrosféras rezonators,
vienkarS$ota shéma ir redzama 2.1. att. Eksperimentala shéma ir realiz&ta akrila cimdu kastg, lai
izvairTtos no gaisa plismu un puteklu iedarbibu. Realizgjot tada gaismas avota prototipu realam
lietojumam, lidzigus aizsardzibas apstaklus var atkartot ievietojot mikrosféras rezonatoru un
TP kompakta aizsargkastg. Eksperimenta vajadzibam ir izstradata mikrosféra ar FSR=400 GHz
(d = 168 um) izmantojot metinamo aparatu ka paradits 1.1. att., ka arT no SMF-28e Skiedras ir
izveidota 5 cm gara TP Skiedra. TP ir izveides procesa optiska $kiedra tiek stiepta to sildot ar
gazes degli, ka rezultata optiska skiedra tiek izstiepta lidz dazu mikrometru biezumam [36, 54].

joslas filtrs
Pieskan. - OSA
cwW = D
= X X
lazers 50/50 )
= e -t E TP
; mikrosféra S
lale e
lazera g
diode skatsnoCCD __ __ | —

kameras
2.1. att. VienkarSota eksperimentala OFC gaismas avota shema.

OFC gaismas avotam ir sekojoSa uzbiive. WGM rezonators ir pievienots precizai tris asu
pozicion&$anas pakapei (Thorlabs MAX312D), kas nodro$ina rupju manualu pozicioné$anu, ka
arT precizu WGM rezonatora un TP relativas pozicijas reguléSanu, izmantojot iebfivetos
pjezomotorus. Rupja rezonatora poziciongSana tiek veikta manuali, izmantojot divas CCD
kameras, savukart preciza pozicijas regulésana tiek veikta, kontrolgjot pjezomotorus ar pielikto
spriegumu. Skats no vienas CCD kameras ir paradits 2.1. att. (labaja apaksgja stiirT).

Lai izstradataja mikrosfera iegiitu OFC, ka pumpéSanas avots ir izmantots pieskanojams
CW starojuma lazers (Pure Photonics, PPCL550-180-60, izejas jauda 18 dBm, darbiba
optiskaja C josla, pieskanosanas diapazons 60 nm) ar linijas platumu 10 kHz. CW starojums
tiek izfiltréts ar 1550 = 10 nm OBPF, lai nonemtu CW pumpgjosa lazera fona troksni pirms
starojuma ievades rezonatora caur TP. No mikrosferas izvaditie izejas signali tiek uznemti ar
OSA (Yokogawa AQ6370D, 0,6-1,7 um).

Lai noteiktu rezonatora Q-faktoru, OSA meéra rezonanses krituma platumu, skengjot
pumpgjosa lazera frekvenci pie zemam jaudam, lai izvairitos no termiskiem efektiem
rezonanses WGM tuvuma [36]. Nomegritais rezonanses krituma FWHM pie lazera skengSanas
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atruma 10 GHz/s ir ap 650 ps, kas atbilst spektralajam nesgjsignala platumam Jf'= 6,5 MHz.
Lazera centrala frekvence ir fo ~ 192,6 THz. Tatad izstradata WGM rezonatora aprékinatais Q
= fo/df = 3x107.

Skengjot pumpgjosa lazera frekvenci (lineara modulaciju) ap 1558 nm, eksperimentali tiek
iegiita OFC. Lazera jauda ir iestatita uz 16 dBm (pirms 50/50 sadalitaja, skat. 2.1. att.).
Rezultata pie mazas absoliitas dispersijas vertibas ir ieglita OFC ar nes€jsignalu intervalu 393
GHz, pumpgjot WGM rezonatoru pie frekvences, kas atbilst Sai nedaudz anomalajai dispersijai
(skat. 2.2 att). FSR 393 GHz aptuveni atbilst n x 100 GHz, kur n = 4, kas atbilst ITU-T G.694.1
rekomendacija noteiktajam WDM sistému starpkanalu intervala vertibam.

Izstradata silicija WGM dispersija ir aprékinata, izmantojot metodi, kas detalizgti aprakstita
ieprieksgjos darbos [108, 131]. Lai to izdaritu, vispirms skaitliski tiek atrisinats raksturigais
vienadojumu, kas iegiits no Maksvela vienadojumiem, lai atrastu WGM rezonatora raksturigo

modu frekvences un tad $Tm fundamentalajam modam tiek aprékinata dispersija 2, kas paradita
2.2(a) att.
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2.2. att. (a) Silicija WGM rezonatora aprékinata fundamentalo TE modu saimes dispersija
(punkti norada rezonatoram raksturigo modu frekvences). (b) Eksperimentali iegiitas OFC
spektrs (nesgjsignali ir numuréti turpmakiem datu parraides petijjumiem). Vertikalas punktotas
linijas norada sakaribu starp rezonatoram raksturigam modu frekvencém un OFC
nesgjsignaliem. Jaudas pjedestals no 1540 — 1560 nm ir radies joslas filtra (pirms TP) d&l.

Rupji rungjot, dispersiju nosaka diskréta punktu kopa (atzimé&ts ar punktiem 2.2(a) att. un
atbilst rezonatora raksturigo modu frekvencém). Lai nodro§inat vieglaku uztveri, Sie punkti ir
savienoti ar Imiju. Salidzinot eksperimentali iegitas OFC nesgjsignalu frekvences ar
aprékinatajam raksturigam frekvenc@m, var redzet, ka visus ieglitos nesgjsignalus var
interpretét ka fundamentalas TE modas (skat. 2.2(a, b) att., vertikalas punkt&tas linijas norada
aprekinato TE modu frekvences un atbilstoSos OFC nesg&jsignalus). Tadgjadi, eksperimentali ir
iegtta stabila OFC, nodrosinot OFC gaismas avotu, kas optiskaja C josla un arpus tas satur
vairak neka 20 nesg&jsignalus vienas fundamentalo modu saimes ietvaros. Turpmakajai datu
parraides analizei ir izvEleti tikai Cetri OFC nesgjsignali ar visaugstako jaudu, proti, (-2), (-1),
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(1) un (2). So neséjsignalu TNR vértibas ir attiecigi aptuveni 41 dB, 49 dB, 46 dB un 43 dB, bet
pumpgjosa starojuma nesgjsignala TNR ir aptuveni 73 dB.

2.2. 1zklied@josa Kerra solitona optiskas frekvencu kemmes iegiiSana silicija
rezonatora ar 100 GHz FSR

OFC nesgjsignalu linijas platums ir lineari atkarigs no pumpgjosa lazera linijas platuma
[90], ka arT no WGM rezonatora Q-faktora [37] — jo lielaks ir Q-faktors un Sauraks pumpgjosa
lazera linijas platums, jo Sauraku OFC nesg€jsignalu Iinijas platumu var iegit. Lidz ar to
rezult€josas OFC nesgjsignalu Iiniju platums ir atkarigs no OFC gaismas avota uzbiives un
parametriem.

Ir zinams, ka OFC, kas iegiita WGM rezonatora dazados rezimos, var tikt izmantots ka
gaismas avots WDM sakaru sistémam [72, 132]. Seit OFC ir skaitliski simulétas lietojot
izkliedgjosa Kerra solitona (DKS) kemmes veidoSanas rezimu silicija rezonatora. Lai iegiitu
velamo FSR (Saja gadijuma 100 GHz) un vienlaikus kontrol&tu parametrus ta, lai dispersija biitu
anomala optisko datu parraides vilnpa garuma diapazona, ir iesp&jams izmantot dazadu
geometriju rezonatorus, pieméram, toroidus, diskus un sferoidus [128]. Attgla 2.3(a) ir paradita
vienkarSota OFC gaismas avota shéma, kura tiek izmantots aksiali simetrisks silicija WGM
rezonators (tada realizacija ka paradits ietvertaja att€la), kurd starojums tiek ievadits TP.
Starojuma lauka dinamiku, kas cirkulé rezonatora iekSpusg€, var aprakstit ar visparinato Lugiato-
Lefever vienadojumu, kas nav atkarigs no rezonatora geometrijas [37, 133]. Seit ir lietota
bezdimensiju formu, kas nem véra Ramana reakciju, anomalo dispersiju un kubisko dispersiju
(standarta normalizacija, skat. [127, 132]):

9E(t, ) 18?2 by 03
ot = <—1 —iA+ EF +Zﬁ E(t,‘[)

@.1)
+ l(f R(s) [E(t, T — s)|2> E(t D) + S

kur E(t, 7) ir bezdimensijas lauks rezonatord; 7 un t ir attiecigi normaliz&tais atrais un lénais
laiks; bs ir bezdimensiju koeficients, kas raksturo kubisko dispersiju (Seit bz = 0,01); 4 ir
bezdimensiju nobide no rezonanses modas, kas ir vistuvak pumpé&Sanas frekvencei (Seit 4 =
60); S ir CW pumpésanas starojuma lauks, kas tiek ievadits WGM rezonatora (3eit |S[>= 65);
R(t) ir silicija stiklam raksturiga Ramana reakcijas funkcijas forma [132]:

R(t) = (1 — fR)8(1) + fr(17? + 1321 exp(—t/1,)sin(t/1;) (2.2)

kur d(t) ir Diraka delta funkcija; fr = 0,18 ir Ramana dala pret nelinearo reakciju; 71 = 12,2 fs
un 2 = 32 fs.

OFC skaitliskas simulacijas rezultati DKS reZima pie rezonatora pumpé$anas frekvences
193,7 THz (1547,71 nm) ir paraditi 2.3. att. Lai modul&tu DKS optisko frekven¢u kemmi 2.1.
vienadojuma ietvaros nemot véra 2.2. vienadojumu, tiek izmantots Matlab kods, kura darbiba
balstas uz SSFM, skat. [133]. Matlab koda piemérs vienkariaka nelineara Srédingera
vienadojuma risinaanai, izmantojot SSFM, ir pieejams [133] D pielikuma. So kodu var
pielagot, lai izveidotu programmatiiru sarezgitaka visparinata Lugiato-Lefever vienadojuma
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model&Sanai, nemot v&ra papildu nosacijumus. Autori p&tijuma [134] ir analiz&jusi Ramana
reakcijas ietekmi uz DKS (ja nav kubiskas dispersijas). P&tljuma ir atrasti tadi nobides
parametri, pie kuriem pastavoSs fundamentalais solitons ir stabils. Paradits, ka Ramana
nelinearitates ietekme izraisa DKS spektra asimetriju attieciba pret pumpgjosa starojuma
frekvenci un spektra nobidi tuvak garakiem vilnu garumiem, kas arT saskan ar rezultatiem, kas
paraditi [135]. Saja gadfjuma nobidita solitona augidala ir salidzinami plakana pie lielam
nobides vertibam 4. Tapéc 4 un S parametru izveli dikt€ rezultati, kas paraditi [134] avota.
Koda iestatitais rezonatora modu FSR ir 100 GHz (sakrit ar mikrosféras diametru ap 660 um)
atbilstosi ITU-T starpkanalu intervalam.

OFC gaismas avots
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2.3. att. (a) VienkarSota OFC gaismas avota shéma. Ietvertais attéls pa labi parada noteiktas
rezonatora malas realizaciju. Simuléta OFC DKS rezima: (b) optiskais spektrs; (c) atbilstosais
jaudas sadalijums laika apgabala; (d) pietuvinatais OFC spektrs ta augsdala.

Pumpgjosa starojuma frekvence ir izvéléta ta, lai WDM sisttmam vispiemé&rotakajiem
nesgjsignaliem (ap 193,1 THz) biitu maksimala jauda (nobidita spektra pika dala), arT ievérojot
ITU-T ieteikumus. OFC nesgjsignalu relativa spektrala intensitate ir paradita 2.3(b) att., bet
2.3(c) att. ir redzams ieglita DKS impulsa intensitates sadalfjums laika apgabala ar FWHM
ilgumu Trwrm = 180 fs. Pietuvinatais spektrs netalu no solitona pika dalas ir redzams 2.3(d)
att€la. Nesgjsignals, kas atrodas pie pumpéSanas frekvences, ir apziméetas ar (0), nesgjsignali,
kas ir pie augstakam frekvencem salidzinajuma ar (0) ir apzZiméti ka (+1), (+2), un nesgjsignali
pie zemakam frekvencém ir apziméti ka (-1), (-2) utt. Var redz&t, ka (-6) un (-7) nes€jsignaliem,
kas atrodas pie frekvencem attiecigi atbilstosi 193,1 THz un 193 THz, ir maksimala relativa
intensitate. Astoni nesgjsignali (-3), (-4), lidz (-9), (-10), kuru jaudas starpiba neparsniedz 0,5
dB, var izmantot 8 kanalu WDM-PON sistemai turpmakai datu parraidei. legtita OFC apliecg&ja
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ir svariga un tiks nemta vera talak WDM-PON simulacijas, lai salidzinatu ar rezultatiem, kuri
iegti izmantojot OFC ar izlidzinatu spektralo aploksni (ar izlidzinatiem pé&c jaudas
nesgjsignaliem).

Tatad dotajam pétijumam ir skaitliski simulétas OFC ar tadam nesgjsignalu FWHM
vertibam ka 100 kHz, 1 MHz, 10 MHz un 100 MHz, kur optiskie nesg€jsignali katra gadijuma
ir izvietoti ar 100 GHz intervalu jeb FSR, kas atbilst ITU-T G.694.1 rekomendacijai.
Aplukojamo Imiju platumu izvele ir saistita ar $adiem faktoriem. Pie 100 MHz Iinijas platuma,
ka ir paradits rezultatu sadala, WDM-PON veiktsp&ja péc BER ir ievérojami pasliktinajusies,
salidzinot ar $aurakiem nesgjsignaliem, tap&c linijas platumi lielaki par 100 MHz netiek
analizeti. Minimala izvéleta vertiba ir 100 kHz, jo eksperimentali nav viegli sasniegt Iinijas
platumu, kas ir daudz mazaks par 100 kHz. Un, ka arT ir paradits rezultatu sadala, WDM-PON
veiktspgja pec BER uzlabojas, bet tikai nedaudz, ja tiek izmantoti nes€jsignali lidz 10 MHz.
Linijas platums 10 MHz nodros$ina optisko sakaru sist€ému lietojumiem pienemamus veiktspgjas
raditajus. Turklat, lai modeletu WDM-PON ar linijas platumu, kas mazaks par 100 kHz pie FSR
=100 GHz, ir nepiecie$ams loti liels punktu skaits, kas ir laikietilpigs process.

OFC ar dazadam nesgjsignalu Imijas platuma vertibam, kas v&lak ir integrétas simulacijas
modeli, ir paraditi 2.4. attéla.
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2.4. att. OFC nesgjsignalu spektri, kas sastav no Lorenca Itnijam, ko izmanto 8 kanalu 100
GHz starpkanalu intervala intensitates modul&tas tieSas uztverSanas (IM/DD) WDM-PON
sistémas simulacijas ar dazadam nesgjsignalu liijas platuma vertibam (augsgja rinda), ka ar1
pietuvinati centralie nesgjsignali (apaksgja rinda).

2.3. Optiskas frekvencu kemmes iegiiSana eksperimentali izveidotaja uz
silicija mikrostiena rezonatora ar 90 GHz FSR bazes OFC gaismas avota

Eksperimentala shéma, kas ir redzama 2.5. att. ir izmantota OFC iegiiSanai mikrostiena
WGMR generatora. TP, kas izveidota ne-nulles dispersijas nobidita skiedra (NZ-DSF) $kiedras,
Iidzigi iepriekS veiktajiem pétfjumiem [136], un silicija mikrostienis ir ieslégti kaste, lai
pasargatu tos no putekliem un nejausam gaisa plismam. Kastes iekSpusé mitrums tiek turéts
zem 20 % Itmena ar silicija g€la desikanta palidzibu. Papildus tam, gan pump@Sanas avots, gan
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kaste ir novietoti uz vibraciju izolgjosa galda, lai minimiz&tu argjo zemfrekvencu vibraciju
ietekmi uz eksperimentalajiem rezultatiem.

Mikrostiena OFC gaismas avots sastav no CW lazera (Agilent 81989A) ar centralo frekvenci
A=1555,46 nm, linijas platumu 100 kHz, optisko izejas jaudu +6 dBm un relativo intensitates
troksni (RIN) -145 dB/Hz. PS ar attiecibu 50/50 sadala pumpgjosa lazera starojumu divas
vienadas dalas — pulkstenraditaja virziena un pret pulkstenraditaja virzienu. Sis divas starojuma
dalas pumpé mikrostieni pie vilna garuma A=1555,46 nm no abam pusém. Pirmkart, gaisma
katra pump@Sanas dala tiek nosiitita caur 5 dB fiksétu optisko vajinataja (lai nodroSinatu
atbilstoSu pastiprinataja optisko ieejas jaudu) un p€c tam nositita uz EDFA (pretgji
pulkstenraditaja virzienam: Keopsys PS-CUS -BT-C un pulkstenraditaja virziena: Spectra
RED5018) ar fiksetu izejas jaudu (Iidz +23 dBm). P&c tam pastiprinatie optiskie signali iziet
cauri PC, kas novietoti pirms optiskajiem cirkulatoriem (OC), lai pieskanotu polarizacijas
stavokli starp pumpé&Sanas Starojumu un rezonatoru modu un tadgjadi optimiz&tu starojuma
ievades efektivitati. Optiskais cirkulators tiek izmantots, lai noverstu atpakalejoSu gaismas
izkliedes ietekmi, kas var izraisit CW lazera nestabilitati un pazeminatu EDFA pastiprinasanas
efektivitati. Gaisma pulkstenraditaja virziena un pretgji pulkstenraditaja virzienam tiek ievadita
TP $kiedra, izmantojot optisko cirkulatoru 1 (OC1) un optisko cirkulatoru 2 (OC2). Optiskas
frekvencu kemmes gaismas signals caur OCL1 atgrieSanas portu tiek nositita uz OSA (Anritsu
MS9740A, 0,03 nm izskirtspgja), lai uzraudzitu un méritu generéto OFC nesgjsignalu jaudu.
Pulkstenraditaja virziena un pret€ji pulkstenraditaja virziena ievaditais starojums, kas tiek
ievadits mikrostien no abam pus€m, nodroSina nepiecieSamo cirkulacijas intensitates
sasniegSanu, lai panaktu OFC generéSanu. Kad starojums tiek ievadits tikai viena virziena, dala
no optiskas jaudas tiek parverstas siltuma, lidz ar to ir nepiecie$ama starojuma ievade otra
virziena, lai kompensétu optiskas jaudas zudumus. Vispirms tika izm&ginats variants pumpgjot
divu atseviSku lazeru starojumu katru no savas puses, kas ieprieks tika demonstréts solitona
kemmes iegiSanai [137]. Tomér $aja eksperimenta lietotajiem lazeriem nebija pietickoSa
savstarpgja ilgtermina frekvences stabilitate. Paaugstinata OFC iegiiSanas stabilitate tika iegtita
pumpéjot mikrostieni no divam pusém, sadalot viena lazera starojumu divos virzienos. Katra
virziena EDFA pastiprina optisko jaudu lidz fiksétam limenim +23 dBm. Viens pumpgjosa
lazera starojums divos virzienos iepriek§ ir izmantots [138] un kvantu haosam [139].
Visbeidzot, optiskais cirkulators OC2 atdala generéto OFC no pret pulkstenraditaja virziena
pumpgjoso starojums un tiek izmantots ka OFC generéta signala izeja. Optiskais sadalitajs ar
attiecibu 10/90 uztver izejas OFC spektru, izmantojot OSA-2 (Advantest Q8384, 0,01 nm
iz8kirtspgja).

Genereta OFC ir paradita 2.6. att. kopa ar pietuvinatu centralo frekvencu kemmes dalu ap
pumpgjoso vilna garuma, kas atbilst (0) nesgjsignalam. OFC gaismas avota generétie optiskie
nesgjsignali ir att€loti ka (0): L = 1555,46 nm, (+1): L = 1556,18 nm, (+2): L = 1556, nm, (+3):
A =1557,62 nm, (+4): L = 1558,34 nm, (+5): A = 1559,06 nm un (+6): A = 1559,78 nm (skat.
2.6. att.) un tie ir turpmak izvel&ti, lai demonstrétu 50 Gbaud un 60 Gbaud bez atgrieSanas pie
nulles “ieslégt-izslegt” (NRZ-OOK) modulacijas un 50 Gbaud impulsa intensitates modulacijas
(PAM-4) signalu parraidi, izmantojot 2 km SMF Iiiju 3.4 apaks$nodala. Dotie nesg€jsignali ir
izveleti datu parraides eksperimentiem, jo tie nodrosina augstakos maksimalas jaudas limenus,
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kas augstaki par -15 dBm (attiecigi 4 dBm, -2,7 dBm, -7,3 dBm, -9,6 dBm, -11,6 dBm, -14,8
dBm un -14,1 dBm), salidzinot ar citiem. Attalums starp nesgjsignaliem ir 89 GHz (~ 0,72 nm).
So nesgjsignalu TNR ir attiecigi 52,9 dB, 46,5 dB, 41,8 dB, 39,4 dB, 36,8 dB, 34,2 dB un 35,1
dB.

Mikrostienis

2.5. att. Eksperimentala shéma, kas ilustr& uz silicija mikrostiena bazes izveidoto OFC
gaismas avotu Skiedru optiskajam parraides sistémam.
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2.6. att. Uz silicija mikrostiena bazes izveidota OFC gaismas avota izejas spektrs ar 89 GHz
('~ 0,72 nm) atstatumu starp kemmes nesgjsignaliem, kas generéts Res2 mikrostiena
rezonatora ar d = 700 um, r = 250 pm un Q-faktoru 2,6x107.

Ka redzams 2.6. att. pietuvinajuma, optiskajiem nesgjsignaliem péc (+6) ir Iidziga
veiktspgja, tomer eksperimenta laika vargja noverots, ka Sie nes€jsignali nav pietiekosi stabili,
lai uz tiem var€tu uzmodul&t datus. Papildus tam EDFA, kas izmantots 3.15. att., nav sp&jigs
pastiprinat nesgjsignalus péc (+6), jo tie nenodroSina pietickamu ieejas jaudu, pat (+5)
nesgjsignals ir tuvu pastiprinatas spontanas emisijas (ASE) troks$na ITmenim. Risinajums, kas
lautu izmantot nes€jsignalus pec (+6), ir ka pirmo lietot EDFA ar zemaku ieejas jaudas Iimeni.

Turpmak ir aprakstiti 2.6. att. iegiitas OFC parametri ka spektra forma, OFC stavoklis,
pumpgjosas jaudas konversijas efektivitate, jaudas svarstibas un datu modulacijai izvéleto
optisko nesgjsignalu stabilitate. Salidzinot ar [44], ieguta OFC ir asimetriska — redzams
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iekritums spektra uz kreiso pusi (pie Tsakiem vilpa garumiem) no pumpétas modas. Tas ir
izskaidrojums ar modu $k&rsosanos, proti, pie viena vilna garuma eksisté divas modas ar pretgju
polarizaciju, un jauda tiek sadalita starp §Tm divam moda, un lielaka jaudas dala aiziet uz
pret€jas polarizacijas modu. Demonstréta OFC ir iegiita Tiiringa stavokli, ievadot mikrostient
pumpgjoso starojumu ar 250 mW optisko jaudu caur patievinatu galu Skiedru, kas pieskaras
mikrostienim. Lielako eksperimenta dalu trok$na veiktspgja ir tuva EDFA ASE troksnim,
iznemot optisko nesgjsignalu (+1), kur troksnis nak no SBS. IM/DD shémai optiskajos tiklos
nav obligati nepiecieSama stabila nes€jsignala faze (modas pieskanots stavoklis), ko nodroSina
solitona kemme, un parasta Ttringa kemme var tik lietota. OFC ir ieglita otraja mikrostient
(1.3. att) ar pumpgjosas jaudas konversijas efektivitati ap 20 % (250 mW rezonatora ieeja un
OFC ir ap 50 mW optiskas jaudas visa joslas platuma). Sis rezultats ir tuvs [35], kur autori ir
sasniegusi lidzigu konversijas efektivitati, bet ar mazaku ieejas jaudu 75 pm toroida rezonatora.
Salidzinajumam lielaka dala modas pieskanotas OFC ir iegiitas integrétajos rezonatoros ar
konversijas efektivitati ap daziem procentiem [140].

Ka redzams 2.6. att., OFC ir vismaz 20 dB atskiriba starp atsevisku nesgjsignalu optisko
jaudu un pastav jautajums ka iegit lidzenas OFC gaismas avotu ka paradits [141]. lemesls
lielam jaudas svarstibam ir Tiringa stavoklis, kuram raksturiga nes€jsignalu jaudas
samazinasanas Iidz ar lielaku spektralo attalumu no pumpétds modas vilpa garuma. Lai
nodro$inatu lidzigu BER veiktsp€ju pie visiem nes€jsignaliem WDM lietojumos, ir svarigi iegiit
OFC ar lidzenu apliecgju, jo jaudas atSkiribas prasa papildus risinajumus. Viens no
iesp&jamiem risingjumiem ir OFC iegiiSana solitona forma, kas nodro§ina Iidzenaku spektru.
Neskatoties uz uzlaboto TNR un solitonu nesgjsignalu stabilitati, Solitona kemmes iegtiSanai ir
nepieciesams stabilizét rezonatora cirkul€joso optisko jaudu, ko parasti paveic ar papildus
lazeru. Tom@r papildus lazers komplice OFC gaismas avota shému [118]. Papildus tam,
solitona reZims eksiste pie vilna garuma ar talu nobiditi no auksta rezonatora modas, kas noved
pie zemakam izvaditam optiskam jaudam. ST vilpa garuma nobide notiek termo-optiska efekta
d&l. Modulacijas nestabilitates (MI) kemmem ir pat augstaks OSNR neka solitona kemm&m un
MI kemmes nesgjsignaliem pie pumpétas modas ir lidzenaka optiska jauda [142]. Tomér, Ml
kemme nevar tikt izmantota datu parraidei, jo nesgjsignaliem ir nestabila jauda. Cits risinajums
jaudas svarstibam demonstrétaja OFC var tikt lietots datu parraides shéma, kur katrs
nesgjsignals tiek pastiprinats lidz fiksétam jaudas limenim, vai arT parraides linija izmantot vilna
garuma selektivu slédzi (WSS), lai izlidzinatu OFC pirms datu modulacijas.

Lai noteiktu nominalo attalumu ar konkr&tu optiskas Iinijas budzetu datu parraidiSanai un
uztverSanai, ir janem vera optiskas jaudas budzets [143]. Tom&r OSNR ir vél viens bitisks
aspekts augstas kvalitates WDM datu parraides nodrosinaSanai. Minimalajai attiecibai jabit
vismaz 20 dB [143]. OFC piemit ilgtermina stabilitates probléma — OFC nesgjsignalu jaudas
Itmenis svarstas, kas izraisa OSNR un parraidita signala kvalitates svarstibas. OFC nesgjsignalu
ilgtermina stabilitate (skat. 2.7. att.), kas iegiita no otra ~90 GHz (89 GHz) mikrostiena (Res-2)
ir izmerita TP pieskaroties mikrostienim, kas ta ir visa eksperimenta laika.
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2.7. att. IzmerTta mikrostiena OFC gaismas avota nes&jsignalu no (0) Iidz (+6) veiktspgja: (a)
iegiita OFC otraja mikrostiena rezonatora (d = 700 pm un r = 250 pm, FSR ~90 GHz
(89.4 GHZz)), kur sanu piki pie (+1) nes&jsignala rodas no SBS, kas $eit darbojas ka troksnis.
Tomer augstaka sanu pika amplitida ir par 32,3 dB zemaka neka pats nes&jsignals.

(b) Uztverta nesgjsignala jaudas stabilitate 20 stundu perioda. Optiska nesgjsignala jaudas
kritums otraja darba stunda ir saistits ar telpas temperatiiras izmainam par 6 gradiem.
Temperatiira aizsargkastg ir atbilstosa argjas vides temperaturai.

Eksperimentali novérots, ka otraja mikrostient iegiitie optiskie nes€jsignali no (0) 1idz (+6)
ir salidzinosi stabili 20 stundas un tiem ir atSkiriga veiktspgja, jo rezonatora vienlaicigi izplatas
vairakas telpiskas modas. Stabilitates ltknés no 0 — 4 stundai, pie 14. stundas un 18. stundas ir
noveérojamas svarstibas, kuras nepiecieSams izskaidrot. Pirmais notikums saistas ar
temperatiiras izmainai, kuras ietekmé OFC jaudu. Ta ka laboratorija, kur norisindjas
eksperiments, nav idealas vides, ka arT temperatiira netiek aktivi stabilizéta aizsargkaste, tad
aizsargkastes iekSpusé temperatira ir mainiga attieciba pret apkart€jas laboratorijas vides
temperatiiru — dienas laika ap 23,0 +1°C. Nakts laiks istabas temperatiira samazinas par 6
gradiem, kas arT izskaidro pirmas svarstibas no 0 lidz 4 stundai. Peksnie I&cieni pie 14. stundas
un 18. stundas saistas ar mazak mehaniskam nobideém starp mikrostieni un patievinata gala
Skiedru. Mehaniskas nobides var notikt pat no mazakajam gaisa plismam, kuras nevar tikt
izslegtas bez idealas apkartgjas vides. Savukart mehaniska nobide liek modai cirkulét
mikrostiena iek$pus€ cita geometriska pozicija, kas rezultgjas jaudas 1&cienos. Neskatoties uz
§tm jaudas svarstibam, ja ar€ja vide ir stabila vai tiek kontroléta, OFC nesgjsignalu jauda ir
stabila, ko var novérot laika periodos no 4 lidz 14 stundam, no 14 lidz 18, ka ari no 18-20
stundam. Tadgjadi, var teikt, ka neliela laika perioda var iegtit stabilu kemmi stabilizgjot
temperattiru un izslédzot argjas vides ietekmi. Ilgtermina stabilitati ierobezo WGM rezonatora
integritate, kas pasliktina ta parametrus un padara to par nelietojamu. Jamin fakts, ka (+4)
nesgjsignala jaudas svarstibu tendence (zala Iikne) principiali atSkiras no pargjam. lemesls ir
SBS efekts, kas izraisa jaudas svarstibas. Saja eksperimenta, ievadot pumpgjoso gaismu no
divam pusém, SBS var notikt gan OFC gaismas izplatiSanas virziena, gan pretéji. Otraja
mérjumu stunda pastiprinas SBS piki pie (+1) nesgjsignala, nemot jaudu no pargjiem
nesgjsignaliem. Papildus tam, $aja momenta pastiprinas ar (+4) nesgjsignals, ko izraisa SBS
efekta nobide uz (+4) nesgjsignala vilna garumu (daudzkartnis no 11 GHz). Tas pats notiek

piki un (+4) nesgjsignals atdod jaudu pargjiem nesgjsignaliem, kuri lidz ar to tiek pastiprinati.
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Visbeidzot mérfjumi tika apstadinati pie 20 stundas, jo mikrostienis uzkarst un SBS efekts
ievérojami ietekmé dazus no nesg€jsignaliem, 1idz ar to turpmakajiem mérijjumiem nav pamata.

Temperatiiras izmainas periodos var notikt cits efekts, kas var ietekmét OFC jaudas un vilpa
garuma stabilitati, proti, modu parleksana. Tomér eksperimenta laika modu parlekSana nav
novérota gan mikrostieni, gan iepriekS pétitajas mikrosferas. Paradiba nav nov@rota, jo,
pirmkart, pumpgjosais lazers ir termali stabiliz€ts un izstaroSana noris bez partraukumiem.
Otrkart, pastav tada lieta, ka termala pieskanoSanas starp rezonatora modu un pumpgjosa lazera
vilna garuma. Tadgjadi, vilna garums ir stabils eksperimenta laika un nemainas rezonatora FSR.
Vienigais, kas var izmainit FSR ir rezonatora uzsil§ana. Proti, rezonators absorbé gaismas jaudu
siltuma veida un ta diametrs palielinas, tom&r salidzinot ar mikrostiena diametru 700 pm to var
nenemt veéra. Balstoties relativi stabilos nes€jsignalu jaudas periodos, kad apkartgja vide ir
stabila, otraja mikrostien (1.3. att.) ieglitas OFC nesgjsignalus ir iesp&jams talak izmantot datu
parraidg.

Kopsavilkums:

No veiktajiem petfjumiem un iegiitajiem rezultatiem var secinat, ka OFC gaismas avota,
kuru pamata ir mikrosféras un mikrostiena rezonatori, var iegiit OFC ar nesgjsignaliem
atbilstosi optisko sakaru sistému prasibam ka jauda un ITU-T G.694.1 rekomendacija
definétajam starpkanalu intervalam. Proti, izstradataja mikrosféras rezonatora (d = 168 um),
pumpgjot to pie 1558 nm un aptuveni 16 dBm ievadito optisko jaudu, iegita OFC ar FSR =393
GHz (aptuveni atbilst n x 100 GHz, kur n = 4), kur datu parraidei izvéleto nes&jsignalu jauda ir
ap -20 dBm. Mikrosferas rezonatora (d = ~ 660 pm) pie pumpé&sanas frekvences 193.7 THz
skaitliski iegtita solitona OFC ar FSR = 100 GHz , kur datu parraidei izvél&to nesgjsignalu jauda
ir ap -5 dBm un jaudas svarstibam Iidz 0,5 dB (pirms datu modulacijas jauda izlidzinata lidz 0
dBm). Mikrostiena rezonatora, to pumpgjot divos virzienos pie 1555,46 nm, iegita OFC ar FSR
= 90 GHz, kur datu parraidei izv€leto nesgjsignalu jauda ir virs -15 dBm ar relativu stabilitati
20 stundu perioda, ja apkartgja vide ir stabila.

Originalpublikacijas par $aja nodala aprakstitajiem pétjjumiem atrodamas pielikumos 1, 3,
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3. MIKROSFERAS UN MIKROSTIENU WGMR GAISMAS
AVOTOS GENERETO OPTISKO FREKVENCU KEMMJU
LIETOJUMA IZVERTEJUMS ATRDARBIGAS DATU
PARRAIDES SISTEMAS

3.1. IM/DD ¢&etru kanalu 200 GHz WDM-PON sistémas izveide ar
mikrosferas OFC gaismas avota lietojumu ka neséjsignalu avotu

WDM-PON parraides sisttmas simulacijas modelis ar 4 kanaliem un starpkanalu intervalu
200 GHz ir paradits 3.1. att.

2 5 2
3 . $
o E %]
z < z

3.1. att. IM/DD WDM-PON sistémas simulacijas modelis ar 4 kanaliem un starpkanalu
intervalu 200 GHz, kura pamata ir OFC gaismas avots uz silicija mikrosféras bazes.

ASE optiska gaismas avota izeja ar augstu izejas jaudu lidz 23 dBm un spektra jaudas
blivumu -6 dBm/nm diapazona 1528-1630 nm ir savienota ar lietotdja defin&tu optisko joslas
filtru (OBPF), kura ir augSupieladéts ieprieks silicija dioksida mikrosfera iegiitais OFC spektrs.
P&c tam OFC tiek filtréta ar otru OBPF, kura 3 dB joslas platums ir 750 GHz, lai izdalitu ¢etrus
optiskos nesgjsignalus turpmakam lietojumam raiditajos. Dotie 4 OFC gaismas avota
nesgjsignali tiek atdaliti viens no otra, izmantojot AWG-DEMUX, kas atbilst WDM-PON
arhitektorai. Katra AWG-DEMUX kanala 3 dB joslas platums ir 87,3 GHz un starpkanalu
intervalu 200 GHz. Optiska signala spektrs lietotdja definéta OBPF izeja, iegutais 4
nesg€jsignalu optiskais nesgjsignals péc otra OBPF un modulétie optiskie nesgjsignali ar 10
Gbit/s datu kanala pie parraides bez vides (B2B) ir attiecigi paraditi 3.2(a), 3.2(b) un 3.2(c) att.

OFC nesgjsignali, kas atdaliti ar AWG-DEMUX, tiek ievaditi MZM modulatora. Elektrisko
datu signalus S(t), kuri tiek moduléti ar MZM, nodro§ina pseidogadijuma bitu secibas (PRBS)
generators, izmantojot bez atgrieSanas pie nulles (NRZ) draiveri, kas generé elektriskos NRZ
signalus ar bitu parraides atrumu 10 Gbit/s. Katram MZM 3 dB joslas platums ir 12 GHz un
maksimala un minimala ITmena atskiribu 20 dB [144].
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3.2. att. Optiskie spektri: (a) p&c lietotaja definéta OBPF ar integrétu OFC gaismas avota
izejas spektru, (b) Getri optiskie nesgjsignali, kas izdaliti no OFC gaismas avoti p&c otra
OBPF, (c¢) moduléti optiskie nes€jsignali pec B2B parraides caur 4 kanalu 200 GHz
starpkanalu intervala IM/DD WDM-PON sistému, kas darbojas ar atrumu 10 Gbit/s kanala.

Katra raiditaja (Tx) optiskie signali tick apvienoti, izmantojot sakartota vilnvadu rezga
multipleksoru (AWG-MUX), un parraiditi pa 20 lidz 60 km garu ITU-T G.652 SMF Ilmiju ar
Dotais parraides attalums ir izvéléts saskana ar NG-PON2 (ITU-T G.989.2) standartu, kur
noraditie optisko tiklu savienojumu attalumi ir lidz 40 km, k@ arT ir iesp&jams pagarinat attalumu
Iidz 60 km. P&c parraides optiskie signali tiek atdaliti ar AWG-DEMUX un nosttiti uz
konkrétajiem uztvergjiem (Rx). Tie sastav no PIN fotodetektora, kur 3 dB joslas platums ir 12
GHz, jutiba ir -18 dBm pie BER 102 un optiskas jaudas konversijas koeficientu 0,65 A/W
[145]. P&c tam uztvertais elektriskais signals tiek filtréts ar LPF, kuram ir 7,5 GHz 3 dB
elektriskas joslas platumu. Elektrisko signalu analizatoru izmanto, lai izméritu sanemto signalu,
pieméram, BER. Veiktspgjas raditaji ka BER korelacijas diagrammas un uztverta signala acu
diagrammas norada uz dota parraides sistémas modela dzivotspgju, lietojot OFC gaismas avota
iegiitos nesgjsignalus. Katra optiska kanala iegiitic BER rezultati attiectba pret SMF Iinijas
garumu Iidz 60 km NRZ-OOK modulétai 4 kanalu IM/DD WDM-PON parraides sistémai ar 200
GHz starpkanalu intervalu ir paraditi 3.3. att.

BER veiktspgjas zina vissliktakais ir 1. kanals (193,1 THz). Visaugstaka sistémas veiktsp&ja
péc BER ir 4. kanalam (193,7 THz), kur sanemta signala BER p&c 60 km SMF linijas parraides
ir 4,510, BER veiktspgjas kritumu galvenokart ictekmé jaudas un trok3na Iimena atskiribas
starp OFC nesgjsignaliem, ka arT fazes troksnis. Sada gadijuma datu parraides sistémas OFC
gaismas avotam ir janodroSina vismaz minimalais TNR (20 dB), lai optiskais nesgjsignals biitu
piemerots datu parraidei.
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3.3. att. 10 Gbit/s NRZ-OOK modulétas 4 kanalu 200 GHz IM/DD WDM-PON sistémas katra
kanala BER izmainas atkariba no parraides linijas garuma, lietojot uz mikrosféras bazes
izveidota OFC gaismas avota nesgjsignalus.

Acu diagrammas péc BER visliktakajam 1.kanalam IM/DD WDM-PON parraides sistémai
ar datu parraides atrumu 10 Gbit/s kanala pie dazadiem SMF linijas garumiem lidz 60 km ir
paraditas 3.4. att. Ka paradits 3.4(a), 3.4(b) un 3.4(c) att., B2B konfiguracija, ka ari péc 20 km
un 40 km signala acs ir atvérta, un var nodroSinat parraidi bez kludam. Péc 60 km parraides
sanemta signala BER ir 9,1x10, skat. 3.4(d) att. Tadgjadi var secinat, ka OFC gaismas avota
nesgjsignali ar 200 GHz atstarpi sp&j IM/DD WDM-PON parraides sisttéma nodrosinat 10 Gbit/s
NRZ-OOK modulétu signala parraidi saskana ar NG-PON2 standartd noraditajiem optiska
savienojuma attalumiem 40 km un 60 km. Tas nozimg, ka ir tehniski sarezgiti nodro§inat $adu
parraides stabilitati garakos attalumos, izmantojot OFC gaismas avotu telekomunikaciju
lietojumiem.

Amplitida, a.u Amplitida, a.u.

3.4. att. Uztverta signala acu diagrammas péc BER visliktakajam 1. kanalam: (a) pec B2B, (b)
péc 20 km, (c¢) p&c 40 km, un (d) péc 60 km parraides caur SMF liniju p&tamaja 4 kanalu 200
GHz starpkanalu intervala IM/DD WDM-PON sisteéma, kas darbojas ar atrumu 10 Gbit/s
kanala.
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3.2. IM/DD ¢etru kanalu 400 GHz WDM-PON sistémas izveide pie dazadu
optisko $kiedru parraides Iinijam, kur pamata ir mikrosferas OFC gaismas
avots

Lai analizétu WDM-PON parraides sistémas veiktspgju, kur pamata ir OFC gaismas avots,
izstradats simulacijas modelis VPIphotonics VPItransmissionMaker simulacijas vidé. Tipisks
IM/DD WDM-PON sistémas modelis ar 4 kanaliem un 393 GHz kanalu atstarpi ir paradits 3.5.
att., kur redzami atslégas elementi. Sisteéma var tikt iedalita ¢etras dalas — pirma dala ir OFC
gaismas avots, kura optiskie parametri ir balstiti eksperimentalaja OFC gaismas avota. OFC
gaismas avota iegitie nes€jsignali ir izmantoti katram datu parraides kanalam. Simulacijas
modeli eksperimentala kemme tiek integréta caur OBPF ar 3 dB joslas platumu 1720 GHz, kas
izfiltré spektralo diapazonu ar ¢etriem izvélétajiem OFC nesgjsignaliem ar salidzinamu optisko
jaudu, kas 2.2. att. ir apzimé&tas ar cipariem -2, -1, 1, un 2. Atbilstosas frekvences ir 193,207
THz; 192,814 THz; 192,421 THz (pumpgjosa frekvence), 192,028 THz un 191,635 THz.
Pumpgjosais nesgjsignals tiek izfiltréts velak ar AWG-DEMUX palidzibu, lai novertetu datu
parraides veiktsp&ju tikai ar no jauna genertajiem OFC nesgjsignaliem. Janem véra, ka ir
iesp&jams izmantot ari citus OFC gaismas avota nesgjsignalus, pieméram, -4, -3, +3, +4, bet
tada gadijuma butu nepiecieSams izmantot pastiprinatajus un optisko pastiprinajuma izlidzinosu
filtru (GFF) vai WSS, lai izlidzinatu nesgjsignalu optisko jaudu. Tom@r tas samazinatu
parraidita signala OSNR, kas savukart rezultétos augstaka uztverta signala BER [146]. Lidz ar
to sarezgitakas pakapes shémas un pasliktinata OSNR dgl, ir izvel&ti tikai 4 nesgjsignali.
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3.5. att. OFC gaismas avota veiktsp&jas un uztverta signala kvalitates novérteésanas WDM-
PON parraides sistémas simulacijas modelis ar 4 kanaliem un starpkanalu intervalu 393 GHz.

Otra shemas dala ir optiskais linijas terminalis (OLT), kur ir izvietots raiditaju (TX) masivs.
Vispirms AWG-DEMUX ar kanalu atstarpi 400 GHz un viena kanala 3 dB joslas platumu 75
GHz atdala katru no Cetriem nesg€jsignaliem. Katrs no nesgjsignaliem tiek nosiitits uz savu
konkréto raiditaju, kur MZM modulators ar 3 dB joslas platumu 12 GHz un maksimalo un
minimalo jaudas starpibu 20 dB uzliek 10 Gbit/s datu signalus uz katru nesgjsignalu. MZM
modulators ir izveElets elektro-absorbcijas modulatora vieta, jo MZM ir véra nenemams &irps,
kas samazina dispersijas efekta izpausmi parraides laika [147]. Parraides atrums 10 Gbit/s
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atbilst 10 gigabitu simetriskajam pasivajam optiskajam tiklu (XGS-PON) standartam un atlauj
izmantot 10 GHz raiduztveérgju. Logiskais datu signals ar 10 Gbit/s parraides atrumu tiek iegiits
no PRBS generatora un parveidots NRZ elektriskaja linijas signala. Abas darbibas reprezente
“Dati” bloks 3.5. att. Péc modulacijas ar MZM, optiskie signali tiek apvienoti ar AWG-MUX,
kuram ir tadi paSi parametri ka AWG-DEMUX. Kopgjais signals tiek izlaists caur EDFA
pastiprinataju ar 20 dB pastiprindjumu, lai kompensétu multipleksoru un demultipleksoru
vientbu un MZM modulatora vajinajumu, un kompens&tu vajinajumu, kas radisies parraides
laika, tadgjadi palielinot sistémas jaudas budzetu.

Tresa shémas dala ir ODN, pa kuru tiek parraidits ieprieks pastiprinatie datu kanalu signali.
Simulacijas laika secigi tiek mainitas parraides Skiedras (visplasak industrija lietotas SSMF
[148], NZ-DSF [149] un nogriezta vilna garuma Skiedra (CSF) [150]), lai izp&titu OFC gaismas
avota nes€jsignalu veiktsp&ju pie dazadiem parraides apstakliem, kuru parametri ir redzami 3.1.
tab.

3.1. tabula
Izveleto parraides Skiedru tipu parametri
Parametrs SSMF NZ-DSF CSF
Vajinajuma koeficients
0,20 0,19 0,17
(dB/km)
Dispersijas koeficients 18 4 23
(ps/nm/km)
i osh
1spersuaszs Tpums 0,086 0.108 0,070
(ps/nm#km)
Efektivais lauk
eKtlivais Zau ums 85 72 125
(Hm?)
Nelinearitates koeficients 2211020 2311020 2141020
(m#W)

Parraides Iinijas garums tiek mainits no 0 km (B2B gadijums) Iidz 70 km, kas atbilst un ir
lielaks par NG-PON2 definéto ITU-T G.989.2 rekomendacija [17]. IzvEletas optiskas skiedras
ir Corning visplasak razotas un lietotas optisko sakaru industrija. Pirma $kiedra ir SSMF [150]
atbilstoSa ITU-T G.652.D rekomendacijai, un ir visplasak lietota piekluves un metro
optiskajiem sakaru tikliem. Otra $kiedra ir NZ-DSF [152] atbilstosa ITU-T G.655.D
rekomendacijai, ko lieto liela parraides attaluma un metro tiklos, jo tai speciali ir izstradats mazs
dispersijas koeficients. Visbeidzot tresa veida optiska Skiedra ir CSF [153] atbilstosa ITU-T
lai samazinatu nelinearo efektu ietekmi un atlautu lidz 400 km parraides Skiedras posmu bez
pastiprinatajiem, kas savukart ievérojami samazina izmaksas. So parametru un ieguvumu dg|
CSF parasti lieto zemuidens un virszemes tiklos ar liecliem attalumiem. P&c parraides katrs datu
kanals tiek demultipleks@ts ar tadu pasu AWG-DEMUKX filtru ka CO un nosiitits uz konkr&to
uztvéréju (Rx) optiskaja linijas terminali.

Ceturta shémas dala ir optiskais linijas terminalis (ONT), kur atrodas uztvérgji. Katrs
uztvérgjs sastav no PIN fotodetektora ar 3 dB joslas platumu 12 GHz, jutibu -18 dBm atbilstosu
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BER=10"? un optiskas jaudas konversijas koeficientu 0,65 A/W. P&c PIN tiek izmantots 4 polu
LPF ar 3 dB joslas platumu 7,5 GHz, lai nofiltrétu troksni, kas ir radies signalu parraides un
apstrades laika. Tad elektriskais signala analizators tiek izmantots, lai nomeritu signala formu,
acu diagrammu un novertetu signala kvalitati pec BER.

Lai novertetu sistémas veiktsp&ju, 3.6. un 3.7. att. ir paraditas BER raksturliknes atkariba
no optiskas parraides liijas garuma un uztvertas jaudas limena. BER vértibas ir uznemtas
sliktakajam datu kanalam, kas 2.2. att. ir atzim&ts ka nes&jsignals (2) jeb tas ir 4. kanals, kuram
ir viszemakais jaudas limenis salidzinajuma ar pargjiem kanaliem. WDM-PON sist€mas
novert§jumam ir izmantots stingras izlemsanas turpverstas kladu labosanas (HD-FEC) slieksnis
1x107 [154]. Izmantojot izvéletos parraides $kiedras tipus — SMF, NZ-DSF un CSF, BER
vertiba samazinas 1idz ar picaugosu attalumu, kas ir redzams 3.6. att.
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3.6. att. BER vértibas izmainas raksturlikne 10 Gbit/s NRZ-OOK WDM-PON parraides
sistémai ar lietotu OFC gaismas avotu, atkariba no SMF, NZ-DSF un CSF parraides skiedru
garuma.

Maksimalais sasniedzamais parraides attalums, kur BER vértiba ir zem HD-FEC slieksna,
ir 64 km, 57,5 km un 55 km, ja attiecigi ir izmantota NZ-DSF, CSF un SMF parraides $kiedra.
Ka redzams 3.6. att., tad ar visiem izvé€letajiem skiedras tipiem, var sasniegt 20 km parraides
attalumu, kas ir tipiska PON tiklu sasniedzamiba, ka arT 40 km attalumu. Savukart NG-PON2
[17] maksimalo attalumu 60 km var sasniegt, ja ir izmantota tikai NZ-DSF optiska $kiedra. Sada
veida rezultati ir skaidrojami galvenokart ar CD koeficientu at$kiribu un nelielam vajinajuma
koeficienta at$kirtbam. NepiecieSams izmantot CD kompensaciju, lai sasniegtu lielakus
parraides attalumus, proti, samazinatu BER veértibu, samazinot parraides linijas izraisito
starpsimbolu interferenci (1S1).

Objektivai veiktsp&jas novertésanai, 3.7(a) att. un 3.7(b). att. attiecigi ir paraditas BER
vértibas izmainas atkariba no uztvertas jaudas Iimena pie 20 km un 40 km parraides. BER
raksturliknes nav paraditas pie 60 km, jo SMF un CSF sasniegtas BER vértibas ir zem HD-FEC
slick$na. Ka redzams 3.7(a) att. un 3.7(b) att., salidzinajuma visliktako veiktsp&ju parada CSF
optiska Skiedra, jo tai ir vislielakais CD koeficients (23 ps/nm/km) un lidz ar to lielakais
dispersijas raditais jaudas sods. Labaka sisteémas veiktspgja ir sasniegta ar NZ-DSF optisko
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3.7. att. BER vertibas izmainas raksturlikne 10 Gbit/s NRZ-OOK WDM-PON parraides
sist®mai atkariba no uztvertas jaudas Iimena pie B2B parraides, ka arT pie (a) 20 km un (b) 40
km parraides attaluma.

Novertgjot signala kvalitati ar acu diagrammu palidzibu 3.8. att., var secinat, ka ir iesp&jama
datu parraide pie 40 km SMF, NZ-DSF un CSF parraides attaluma, jo acu diagrammas var
atskirt 0 un 1 Iimenus. Proti, uztverta signala acs augstums ir 0,910, 1x10-5un 1,1x105, acs
trices vertibas ir 32,88 ps, 15,07 ps un 34,32 ps, un tadgjadi uztverta signala BER vertibas pirms
HD-FEC ir 2x105, 4,8x1077 un 1x10° ja attiecigi ODN tikla dala ir izmantotas SMF, NZ-DSF
un CSF parraides Skiedras.
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3.8. att. Uztverta signala acu diagrammas pie 40 km (a) SMF, (b) NZ-DSF un (c) CSF
parraides attaluma 10 Gbit/s NRZ-OOK modulétas WDM-PON parraides sistémas ar 393 GHz
kanalu atstarpes, izmantojot OFC gaismas avotu.

Simulacija novertgjot iegiitos rezultatus ka BER raksturliknes atkariba no parraides
attaluma, uztverta signala acu diagrammas pie visiem tr1s izv€letajiem parraides skiedru tipiem,
var secinat, ka demonstrétais OFC gaismas avots, kas veidots uz silicija mikrosferas bazes un
nodro$ina nes€jsignalus ar 393 GHz atstarpi, ir sp&jigs nodrosinat BER vértibas zem HD-FEC
sliek$na pie 40 km parraides attaluma 10 Gbit/s NRZ-OOK moduléta 4 kanalu IM/DD WDM-
PON sistema, lietojot gan SMF, gan NZ-DSF, gan CSF optisko parraides Skiedru. Iegitie
rezultati apliecina, ka OFC gaismas avots var aizvietot atsevisku lazeru masivu NRZ-OOK
WDM-PON optiskajos tiklos ar parraides atrumu 10 Gbit/s uz vienu vilna garumu, vienkarsojot
raiditdju un samazinot energijas patérinu.
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3.3. IM/DD 8 kanalu 100 GHz WDM-PON sistémas izveide ar mikrosféras
OFC gaismas avota lietojumu ka dazadu Iinijas platuma nesgjsignalu
iegiSanas avotu

Dazadiem optisko sakaru tiklu lietojumiem ir atSkirigas prasibas attieciba uz OFC
nes&jsignalu FWHM. Saurs linijas platums ir svarigs koherentai parraidei [155, 156], piem&ram,
OFC ar Iinijas platumu 14,8 Hz ir izmantots parraidei ar vairaku [imenu kvadratiiras impulsa
amplitidas (M-QAM) modulacijas formatu [157]. Neliela Iinijas platuma palielinasanas OFC
Imijam attalinoties no pumpé&josa starojuma vilpa garuma [158] ietekme koherento parraidi.
Savukart, intensitates modulétas tieSas uztverSanas (IM/DD) sakaru sist€émas ir iesp&ams
sasniegt BER vértibas zem HD-FEC sliek$na 1x1073, izmantojot lielaku nesgjsignalu FWHM,
ka arf linijas platuma atskiribas starp vienas OFC nesgjsignaliem var netikt nemts véra. Lidz ar
to talak ir demonstréta NRZ-OOK 8-kanalu WDM-PON sisteémas veiktsp&ja ar 100 GHz
starpkanalu intervalu (atbilst ITU-T G.694.1 rekomendacijai) atkariba no dazadiem OFC
nesgjsignalu Imiju platumiem — 100 kHz, 1 MHz, 10 MHz un 100 MHz. Lai visparinatu
sekojoSo pétijumu, OFC gaismas avots ir prezentéts ka melna kaste, kur ka rezonators var tikt
lietota gan mikrosféra, gan mikrostienis, ka arT citas arhitektiras OFC gaismas avoti. Lietoto
OFC nesgjsignalu centralas frekvences (192,7 THz — 193,4 THz) un to atstatums 100 GHz
sakrt ar Super-PON standarta kanalu centralajam frekvencém (FSR kopa 1) optiskaja C-josla
(192 THz - 193,5 THz). Papildus tam, WDM-PON parraides attalums 50 km sakirit ar Super-
PON definéto tikla sasniedzamibu [18].

Dazadie OFC nesgjsignalu linijas platumi - 100 kHz, 1 MHz, 10 MHz un 100 MHz - rada
atskirigu optisko impulsu izplesanos parraides Skiedras dispersijas d&l. Jaapliko hromatiskas
dispersijas (CD) ietekme uz optiskajiem impulsiem ar dazadam nesgjsignalu linijas platuma
vertibam, lai saprastu, ka tas ietekmés WDM-PON parraides sist€mas parraides veiktspgju (BER
vertibas). Matematiski Skiedras dispersija tiek iegiita izverSot vilpu izplatiSanas konstanti 8
Teilora rinda (Bk = /0w, k = 0,1,2,...) netalu no centralas nesgjsignala frekvences wo [133]:

1
B(w) =By + B1(w —wy) + EBZ(‘D —wo)? + - (3.1)

Ka aprakstits [133], ja impulsa spektralais platums atbilst Aw < w0, tad augstakas kartas
elementus var nenemt veéra. Turklat, ta ka datu parraide tiek realizéta optiskaja C josla ar
centralo vilna garumu 1,5 um, SMF optiskas $kiedras nulles dispersijas punkts (1,3 um) atrodas
talu. Tapec kubiska elementa ietekme uz kopg&jo dispersiju netiek nemta véra. Fizikali 1/f51
izpauzas ka impulsa apliec€jas grupas atrums, bet parametrs f2 izpauzas ka GVD un ir
parametrs, kas raksturo impulsa izpleSanos, proti, kad augstakas frekvencu komponentes
parvietojas 1&énak neka zemakas frekvencéu komponentes [133]. Un jo lielaka ir atSkiriba starp
zemako un augstako frekvencu komponenti (linijas platums), jo vairak izpleSas optiskais
impulss. Attiecigi B2 (ps/km?) ir saistita ar dispersijas parametru D (ps/nm/km) caur sekojosu
sakaribu:

2mc

D= __2[32 (32)

kur ¢ ir gaismas atrums un A ir vilna garums.
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Salidzinasim katras OFC nesgjsignalu spektralo Iinijas platumu, pienemot, ka dispersijas
parametrs D ir vienads 17 ps/nm/km pie 1550 nm references vilna garuma. Paredzams, ka péc
parraides pa SSMF Imiju optiskais impulss visvairak izpletisies 100 MHz platiem OFC
nesgjsignaliem, ka rezultata palielinasies jaudas sods, lai kompensétu relativas intensitates
troksni, mazinatu dispersijas efektus un tadgjadi ieglitu zemaku BER vértibu [159]. Paredzams,
ka 100 kHz gadijuma BER ve&rtibas biis viszemakas.

Lai novertetu iegtitas OFC ar dazadiem linijas platumiem (skat 2.2 nodalu un 2.4. att.)
sp&jas nodro$inat datu parraidi optiskaja sakaru sistéma, simulacijas vide VPI Photonics Design
Suite “Transmission Maker” ir izveidots NRZ-OOK 8-kanalu WDM-PON sistémas modelis
(skat. 3.9. att.) ar integrétu OFC gaismas avotu. OFC ir integréts sekojosa veida - 8 CW lazeru
masiva spektrs tiek izlaists cauri lietotaja defin€tu amplitidas frekvencu raksturliknes filtru
(AFR), kura parvades spektrs atbilst OFC spektram ar konkréto nes¢jsignalu FWHM. CW lazeru
centralas frekvences precizi sakrit ar OFC nesgjsignalu centralajam frekvenceém. Sada veida
pec filtra tiek iegiits optiskais signals ar spektru, kas sakrit ar OFC paraditu 2.3. att. P&c tam
AWG-DEMUX ar 3 dB joslas platumu 75 GHz atdala katru no 8 nesgjsignaliem un nosiita uz
raiditajiem. PRBS ar bitu secibas garumu 2°-1 un parraides atrumu 10 Gbit/s tiek ickodets NRZ
formata un moduléts nesgjsignala amplittida ar MZM (joslas platums 12 GHz, maksimalas un
minimalas jaudas starpiba 20 dB). P&c modulacijas datu kanali tiek apvienoti ar AWG-MUX ar
3 dB joslas platumu 75 GHz un pastiprinati ar EDFA par 5 dB. Svarigi piebilst, ka EDFA $aja
modeli nepalielina signala Iinijas platuma vertibu, jo pastiprinataja fazes troksnis izpauzas caur
zemas jaudas pjedestalu, kas parasti ir uztvéréja troks$nu Iimeni [160]. Lidz ar to pastiprinataja
izmantoSana rezult@sies augstaka BER vertiba tikai mazaka OSNR dgl (pastiprinatajs samazina
OSNR par 4 dB), nevis signala spektralas paplasinasanas del.

P&c optiska signala apvienoSanas, tas tiek parraidits caur ODN pa SSMF $kiedru (o=0,2
dB/km, D=17 ps/nm/km pie 1550 nm). P&tijuma laika parraides Skiedras garums tiek mainits
no 20 Iidz 50 km, kur maksimalais attalums atbilst Super-PON. Parraidot optisko signalu, katrs
kanals tiek novadits uz uztvergjiem ar AWG-DEMUX (3 dB joslas platums 75 GHz) palidzibu.
Katrs uztvergjs sastav no PIN fotodetektora (3 dB joslas platums 12 GHz, jitiba -18 dBm ar
BER=10"1%, optiskas jaudas konversijas koeficientu 0,65 A/W), zemfrekvendu filtra (LPF) ar 3
dB joslas platumu 8 GHz, kas nofiltré troksni, ka arT no elektriska signala analizatora (ESA),
kas uznem acu diagrammu, analitiski noméra BER vertibu ar Q-faktora un komplementaras
kludas funkcijas “erfc” palidzibu:

I S
Q== (3.3)
_ 1 Q
BER = — Eerfc <\/—7) (34)

Kur p1 un pe ir vidgjais uztverta signala 0 un 1 Iimenis, bet un ir standarta novirze no $iem
nulles un vieninieka lTmeniem.
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3.9. att. NRZ-OOK modulétas WDM-PON datu parraides sistémas simulacijas modelis ar 8
kanaliem un 100 GHz atstarpi, kur pamata ir OFC gaismas avots.

Lai novertétu 8 kanalu, 50 km garu WDM-PON ar 100 GHz atstarpi veiktsp&ju, lietojot
OFC gaismas avota nes€jsignalu pie dazadiem Iinijas platumiem, vispirms tiek izmantotas BER
korelacijas diagrammas, kur rezultati ir paraditi ar lidzenu OFC apliecgju, kas redzams 3.10.
att. un OFC ar nelielam nesgjsignalu piku jaudas svarstibam, kas paradits 3.11. att., tad&jadi
paradot OFC izlidzinaSanas ietekmi. OFC nesgjsignalu jaudas var izlidzinat ar spektralo filtru.
Papildus tam ir paraditas TNR un BER korelacijas diagrammas attieciba pret OFC Iiniju
platumu pie 20, 40 (atbilstosi NG-PON2) un 50 km (atbilstosi Super-PON) parraides attaluma.
Visbeidzot acu diagrammas pie 50 km datu parraides ar OFC linijas platumiem - 100 kHz, 1
MHz, 10 MHz un 100 MHz. Visi rezultati ir uzraditi sliktakajam kanalam pec BER vértibas,
kas $aja gadijuma ir 2 kanals ar 192,8 THz centralo frekvenci — att€lots 2.3. att. ka (-9) kanals.
Uztverta signala BER vértibas 3.10. att. un 3.11. att. ir uznemtas atkariba no vid&jas uztvertas
jaudas pie minétajiem OFC nesgjsignalu linijas platumiem. Korelacijas diagrammas ir
uznemtas izmantojot parskanojamu optiskd vajinataju (VOA) pirms PIN fotodetektora
sliktakaja datu kanala pec BER.

Taka dispersijas efekti ietekme 100 MHz signalu visvairak, tas rezult€jas mazaka uztvertaja
jauda un lidz ar to zemakas BER vertibas. BER vértibas pie 50 km parraides attaluma un
lidzenas OFC apliecgjas mainas no 1,3x10°® lidz 4,8x10 pie 100 MHz optiska nesgjsignala.
Salidzinajuma labako veiktsp&ju uzrada 100 kHz optiskais nesgjsignals, kur BER vértibas pie
50 km parraides attaluma mainas no 4,4x101? lidz 4,7x10". Ka redzams 3.10. att., uztvereja
jiitiba (definéta pie HD-FEC sliek$na 1x107%) sliktakajam kanalam ir -23,9 dBm; -23,8 dBm; -
23,7 dBm un -23,6 dBm pie attiecigi 100 kHz, 1 MHz, 10 MHz, 100 MHz linijas platuma
vertibam. Jaudas sods, lai sasniegtu definéto HD-FEC slieksni (1x10-%) salidzinajuma ar 100
kHz ir 0,1 dB; 0,2 dB un 0,3 dB pie attiecigi 1| MHz, 10 MHz, 100 MHz. Sadas jaudas soda
atSkirbas var nenemt vera.
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3.10. att. NRZ-OOK moduléta 10 Gbit/s signala BER vértibas izmainas atkariba no uztvertas
signala jaudas pie Imijas platuma 100 kHz, 1 MHz, 10 MHz un 100 MHz un parraides
attaluma 50 km, lietojot OFC ar izlidzinatiem p&c jaudas nesgjsignaliem.

Attela 3.11. ir veikti tie pa$i mérfjumi ka 3.10. att., tikai ar OFC nesgjsignaliem, kas ir
neizlidzinati pec jaudas. BER vertibas pie 50 km attaluma (bez OFC izlidzinaSanas p&c jaudas)
mainas no 1,1x10° I[idz 4,8x10 pie 100 MHz Iinijas platuma, bet pie 100 kHz linijas platuma
mainas no 4,2x101! 1idz 4,7x10"? Ka redzams 3.10. att., uztvereja jiitiba pie definéta HD-FEC
sliek$na ir -23,7 dBm; -23,6 dBm; -23,5 dBm un -23,2 dBm pie attiecigi 100 kHz, 1 MHz, 10
MHz, 100 MHz. Savukart jaudas soda vertibas salidzinajuma ar 100 kHz pie HD-FEC sliek$na
ir 0,1 dB; 0,2 dB un 0,5 dB. Lidzigi ka pie OFC izlidzinatas p&c jaudas, $§adas jaudas soda
atSkiribas var nenemt veéra. Salidzinot rezultatus 3.10. un 3.11. att., var redz&t, ka OFC
izlidzinata p&c jaudas nodroSina BER vertibas zemakas par 1 pakapi. Tadgjadi var secinat, ka
OFC ar lidzenu apliecgju sniedz nedaudz labakus veiktspgjas raditajus un turpmakie rezultati
ir paraditi tikai $aja gadijuma.
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3.11. att. NRZ-OOK moduléta 10 Gbit/s signala BER vértibas izmainas atkariba no uztvertas
signala jaudas pie linijas platuma 100 kHz, 1 MHz, 10 MHz un 100 MHz un parraides
attaluma 50 km, lietojot OFC ar neizlidzinatu jaudu starp nesgjsignaliem.

Optiskajai frekvenéu kemmei viens no svarigakajiem parametriem ir nesgjsignalu TNR, kas
tiek samazinats datu parraides laika, bet, lai nodroSinatu BER vértibas zemakas par HD-FEC
slieksni, TNR vértibai pirms PIN ir jabiit pietickoSai (10 Gbit/s NRZ-OOK signalam tada vértiba
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atbilst 10 dB [161]). Lidz ar to, 3.12. att. ir paradita TNR veiktsp&ja pie p&tamajiem
nnesgjsignalu Iinijas platumiem, kas lauj novértét OFC Iiniju TNR vértibas ietekmi uz datu
parradi, jo pie lielaka Iinijas platuma TNR vertiba samazinas. Proti, pie 100 kHz, 1 MHz, 10
MHz un 100 MHz attiecigas optisko nes&jsignalu TNR vértibas ir 116,1 dB, 96,1 dB, 76,1 dB,
un 56,1 dB (skat. 3.12. att). Ka redzams 3.12. att. pie 100 kHz Iinijas platuma, TNR vertibas ir
visaugstakas — 53,6 dB, 53,5 dB un 54,3 dB, bet pie 100 MHz viszemakas — 52,3 dB, 52 un
51,9 dB, kas attiecigi uzraditas pie 20, 40 un 50 km parraides attaluma.
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3.12. att. TNR vertibas izmainas pirms PIN fotodetektora atkariba no nesgjsignalu Iinijas
platuma veértibam pie 20, 40 un 50 km parraides attaluma.

TNR vértibas tie$a veida ietekmé uztverta signala BER vértibas, 1idz ar to 3.13. att. ir
paraditas signala BER vertibas izmainas atkariba no Iinijas platuma pie 20, 40 un 50 km
parraides attaluma. Ka redzams 3.13. att., BER vertibas sakrit lidz ar TNR vértibas
samazinasanos 3.12. att.. Viszemakas BER vertibas nodrosina 100 kHz linijas platums, kur BER
pie 20 km parraides attaluma ir 3,5x101?°, kas atbilst bezkliidu parraidei, un 4,8x102¢ un
4,4x1071? pie attiecigi 40 un 50 km parraides attaluma. Visaugstakas BER vértibas ir sasniegtas
pie 100 MHz Iinijas platuma, kur BER ir 3,4x10-%6, 2,3x10"™ un 1,3%10 pie attiecigi 20, 40 un
50 km parraides attaluma.
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3.13. att. BER vertibu izmainas atkariba no optisko nesg€jsignalu lijas platuma pie 20, 40 un
50 km parraides attaluma.

3.14. att. ir paradita 2. kanala sanemta signala kvalitate pec 50 km garas ODN parraides
visam pétitajam nesgjsignalu linijas platuma veértibam. Attéla 3.14(a), 3.14(b), 3.14(c) un
3.14(d) paradita sanemta signala kvalitate p&c parraides, kas parsniedz 50 km SSMF ar datu
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parraides atrumu 10 Gbit/s kanala. Ka paradits 3.14. att., acu atv@rumi ir salidzinosi augsti - 6
x 10®a.u., 5x10%a.u., 4 x 10%a.u., 3 x 10 a.u., savukart trices vertibas ir attiecigi 74,96 ps,
81,33 ps, 84,91 ps un 95,87 ps. BER vertibas ir zem noteikta HD-FEC sliek$na, kur BER vértibu
diapazons starp visiem uztverta signala kanaliem ir 4,4x101? — 2,7x10%2, 2,9x10° — 4,3x10%,
4,1x10°8 — 3,2x101* un 1,3x10® — 1,2x10® (pirma vertiba atbilst kanalam ar viszemako BER
veiktsp&ju, bet otra vertiba atbilst kanalam ar visaugstako BER veiktsp&ju). Tas nozime, ka
petama 8 kanalu sistéma var nodroSinat bezkliidu parraidi ar visam cetram $aja p&tjuma
izmantotajam OFC nesgjsignalu linijas platuma vertibam.

Amplitada, a.u. Amplitida, a.u
1.6e-5 1.5e-5

3306 -3.31e-6

o 0 50 100 150 200
Amplitada, a.u. Laiks,ps  Amplitida, a.u Laiks, ps
1.4e5 13¢5

200 0 50 100 150 200
Laiks, ps Laiks, ps

0 50 100 150

3.14. att. Sanemta signala acu diagrammas péc 50 km attaluma parraides pa 8 kanalu,
100 GHz atstatuma WDM-PON sistému, kas darbojas ar datu parraides atrumu 10 Gbit/s,
izmantojot SSMF pétitajam 2. kanalam ar nesgjsignala Iinijas platuma vértibam (a) 100 kHz,
(b) 1 MHz, (c) 10 MHz, (d) 100 MHz.

Iegiitie rezultati parada §adus 8 kanalu NRZ-OOK modulétas WDM-PON parraides sisteémas
aspektus, kas tiek parbauditi ar dazadiem OFC gaismas avota iegiitajiem nes€jsignalu linijas
platumiem. Pirmkart, datu parraides jaudas sodu, lai sasniegtu BER pie defingta HD-FEC
sliek$na 50 km parraides attalumam, var uzskatit par nenozimigu starp visam pétitajam linijas
platuma vertibam. Otrkart, TNR vértibas, EDFA fazes troksnis un dispersijas efekts ir galvenie
faktori, kas ietekm& BER vértibas $aja optiskas Skiedras parraides sisttmas formata. TNR
vertibam ir tendence samazinaties, palielinoties OFC nes&jsignalu Iinijas platuma vertibam. Ta
ka §is samazinajums ir aptuveni 1,5 dB diapazona no 100 kHz Iidz 100 MHz Iinijas platumam,
TNR ietekmi uz sasniedzamajam BER vertibam var uzskatit par minimalu. EDFA fazes troksnis
un optiskas Skiedras dispersijas efekts palielina OFC nesgjsignalu linijas platumu datu parraides
laika, kas savukart ievérojami palielina sanemto signalu BER vértibas. EDFA fazes troksnis
parasti tiek uzskatits par vaju, tap&c var secinat, ka galvenais ierobezojums sasniedzamajai BER
vertibai ir Skiedru dispersijas efekts.

BER vértibas, kas iegiitas péc 50 km SSMF skiedras parraides garuma, ir krietni zem HD-
FEC slieksna. Tapéc ir iesp&jams izmantot OFC ar linijas platuma vértibam 100 kHz, 1 MHz,
10 MHz un 100 MHz, lai nodro$inatu datu parraidi NG-PON2 un jaunajos Super-PON
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optiskajos tiklos. Turklat piedavatais risinajums vienkarSo OLT arhitektliru un nodroSina
energoefektivu gaismas avotu, nevis energiju patéréjosu lazeru masivu.

3.4. Eksperimentala Iidz 100 Gbit/s datu centru starpsavienojuma
nodrosinasana, izmantojot mikrostiena OFC gaismas avota iegiito optisko
frekvencu kemmi

TieSsaistes  pakalpojumu, pieméram, video straumé&Sanas, lielapjoma  datu
lietojumprogrammu, tostarp makonu un skaitloSanas, un videozvanu pakalpojumu picaugosa
popularitate veicina DCI joslas platuma prasibu nepieredzétu pieaugumu. Lai apmierinatu
pieaugoso joslas platuma pieprasijumu, DCI ir japiedava augstaku veiktsp&u un caurlaides
Sp&ju, vienlaikus uzlabojot spektralo efektivitati (SE) un samazinot energijas patérinu [162].
IM-DD joprojam ir daudzsolo$s DCI risinajums, pateicoties zemai aizturei, augstajai
uzticamibai un sapratigam izmaksam [163]. Vairaku kanalu datu parraide, izmantojot WDM,
layj pielagot DCI blivumu un ir realizéta, lietojot atsevisku vilnu garumu lazera avotu blokus
[162-165]. Sadu sistemu spektrala efektivitate cie§ no atsevisku lazeru starojuma frekvencu
nenoteiktibas [166]. Saja konteksta OFC, kas nodrosina stabilus nesgjsignalus ar fiksétu
spektralo intervalu 10-100 GHz, var aizstat optiskos nesgjsignalus no atseviskiem lazera
avotiem WDM sistémas, nodroSinot raiditdja energijas pat€rina samazindjumu, ka arl
paaugstina spektralo efektivitati [164, 167].

Eksperimentala 1idz 100 Gbit/s/A datu centra starpsavienojuma shéma ir paradita 3.15. att.
Uz mikrostiena bazes izveidota OFC gaismas avota nesgjsignali no (0) lidz (+6) tiek izmantoti,
lai demonstrétu 50 Gbaud un 60 Gbaud NRZ-OOK un 50 Gbaud PAM-4 modulétu signalu
parraidi 2km gara SMF Iinija. Dotie modulacijas formati ir izvéleti, jo IM/DD shéma
salidzinajuma ar koherentiem modulacijas formatiem var ievérojami vienkarSot DCI sisteému
[132]. PAM-4 jau ir izmantots ar OFC [168], bet ar kvantu punkta modas pieskanota lazera
kemmi, nevis mikrostient iegiitu OFC. Iegltie OFC nesgjsignali vispirms tiek nosititi uz
OBPF (Santec OTF-350), kuram joslas platums 3 dB limenT ir 35 GHz, lai vienlaicigi atdalitu
vienu nesgjsignalu. PS ar attiecibu 10/90 pirms un péc OBPF ir izmantoti, lai uztveru attiecigi
OFC spektru ar OSA-1 un vienu filtréto OFC nesgjsignalu ar OSA-2. Tad EDFA (Amonics
AEDFA-CL-18-B-FA) ar fiksétu optisko izejas jaudu 23,5 dBm pastiprina ieprieks izfiltrétos
optiskos nesgjsignalus pirms tie tiek nosititi uz MZM (Photline MX-LN40), kuram joslas
platums 3 dB Iimeni ir 40 GHz, maksimalas un minimalas jaudas starpiba ir 20 dB, ka ari

kas ir pielagoti Iidz §im Iimenim, lai nodrosinatu optimalu optisko jaudu datu modulacijai.
Papildus tam, optisko nes€jsignalu RIN var tikt nenemts véra, jo tas nav ietekmgjis augsta
parraides atruma datu modulacijas iesp&jas (+1) nesgjsignalam, kur SBS piki ir vienigais RIN
avots. SBS piki atrodas 20 GHz attaluma no (+1) nes€jsignala, kas var tik apskatits ka
nesgjsignala optiska modulacijas. Ieprieks&jo eksperimentu laika mikrosféras vargja novérot
sanu pikus 30 MHz attaluma no viena no nesgjsignaliem, kas sakrita ar mikrosféras mehanisko

53



rezonansi un padarfja datu modulaciju neiesp&jamu. Tomér $adas izpausmes nav noverotas

mikrostienos, kas ir to priekSrociba salidzinajuma ar mikrosféram.
65 GSals, 25 GHz
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3.15. att. Eksperimentala atrdarbiga optiska starpsavienojuma Iidz 100 Gbit/s/A shéma, kur
pamata ir izveidotais mikrostiena OFC gaismas avota.

Atrgaitas NRZ-OOK un PAM-4 signali vispirms tick generéti ciparu formata, izmantojot
PRBS ar garumu 2'5-1. Signalam tiek palielinats nolagu skaits un tas tiek filtréts, izmantojot
pacelta kosinusa (RRC) filtru ar sanu malu nogrie3anas koeficientu 1. ST vértiba ir izvéleta, jo
ar mazaku sanu malu nogrieSanas koeficientu Seit nestrada takts atjaunoSana atsevisku
nesgjsignalu stabilitates svarstibu del. PEc tam iegiitais signals tiek ieladets elektriska patvaligas
formas signalu generatora (EAWG, Keysight M9502A, 25 GHz). Papildus tam ir lietota
turpversta frekvences apgabala izlidzinasana lidz 30 GHz joslas platumam, lai kompensétu
amplitadas-frekvences trauc&jumus un ierobeZoto 65 GSa/s EAWG joslas platumu. Nemot véra
Sos aprikojuma ierobezojumus (65 GSa/s AWG ir tikai 25 GHz joslas platums) ir izvel&ts
maksimalais simbolu parraides atrums 50 un 60 Gbaud. Papildus tam tiek pienemts, ka ja ir
iesp&jams 60 Gbaud simbolu atrums ar doto OFC, tad tas nodro$ina veikstp&jas pielaides 40
Gbaud, kas ir plasak pielietots pie 100 GHz kanalu atstarpes. Genergtais izejas elektriskais
signals tiek pastiprinats ar elektrisko pastiprinataju (EA-1, 38 GHz, 29 dB pastiprinajums) un
ievadits MZM. Pé&c tam modulétais optiskais signals tiek parraidits 2 km garuma SMF Iinija,
kas vel iziet caur VOA. Lai kontrol&tu uztvérgja optisko jaudu, tick izmantoti PS ar attiecibu
10/90 un jaudas méritajs (PM). Lieljaudas 50 GHz joslas platuma InGaAs PIN fotodetektors
(Lab Buddy, DSC10H-39) ar +4 dBm jiitibu pie BER 10"*2 un optiskas jaudas konversijas
koeficientu 0.5 A/W veic sanemta optiska signala parveidosanu elektriskaja. EA-2 (25 GHz, 16
dB pastiprinajums) pastiprina elektrisko signalu, un, visbeidzot, DSO (Keysight DSAZ334A, 80
GSa/s, 33 GHz) nolasa signalu turpmakai ciparu signala apstradei (DSP).

Veiktsp&jas raditaju izpete, kas attiecas uz sasniedzamo datu parraides atrumu lidz 100
Gbps/A NRZ-OOK un PAM-4 moduléta IM/DD 1isa attaluma optiskaja DCI sisteéma, kuras
pamata ir OFC gaismas avots, tiek veikta izmantojot 3.15. att. paradito eksperimentalo shému.
Uztvertais un nolasitais signals tiek apstradats izmantojot DSP rutinu, kas sastav no LPF ar
normaliz&tu joslas platumu 1,2, takts atjaunos$anu, pécizlidzinasanu un BER skaititaju. LPF
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ekvalizacija un RRC filtrs ir lietots ar mérki optimiz&t sasniegto parraidito signalu veikstp&ju.
LPF joslas platuma (LPFsw) izvéle NRZ-OOK un PAM-4 signaliem tiek veikta, novertgjot
iegiito BER ka funkciju no LPFew/Baud attiecibas, lietojot LPFsw vertibu diapazona no 0,9 lidz
1,6. LPFsw optimala vértiba ir identificéta, izmantojot 3.16. att. paraditos rezultatus. Attela
redzams, ka zemaka BER vértiba visliktakajam gadijumam (OFC nesgjsignals ar numuru (+6)),
tiek sasniegta ar normalizétu LPFsw vértibu 1,2, kas ari nodro$ina optimalo BER veiktsp&ju.
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3.16. att. BER salidzinajuma ar normalizétu LPFsw/Baud attiecibu IM/DD Tsa attaluma
optiskajai DCI sistemai ar lietotu OFC gaismas avotu. Péc BER veiktsp&jas visliktakais
optiskais nes€jsignals (+6) nodrosina parraidi ar normaliz&tu LPFsw joslas platuma vértibu 1,2
NRZ-OOK modulétiem signaliem pie (a) 50 Gbaud/A, (b) 60 Gbaud/A un (c¢) 50 Gbaud/A
PAM-4 modul&tiem signaliem.

Papildus iepriek§ min&tajam DSP funkcijam ir izmantota ar adaptiva izlidzinasana (EQ),
lai uzlabotu uztverta signala kvalitati, proti, kompensétu ISl un elektrisko komponensu
ierobezoto joslas platumu [143]. EQ tiek veikta ar atgriezeniskas saites 1€émuma (DFE)
algoritmu ar 15 turpvérstiem koeficientiem (FFT) un 7 atgriezeniskas saites koeficientiem
(FBT) 50 un 60 Gbaud NRZ-OOK parraidei. Tomér 50 Gbaud PAM-4 parraidei izmantoto FFT
un FBT skaits katram optiska nesgjsignala kanalam ir at$kirigs — (0, +4, +5 — 55 FFT un 15
FBT; +1 — 85 FFT un 55 FBT; +2 — 23 FFT un 16 FBT; +3 — 10 FFT un 11 FBT). IzvEletais
koeficientu skaits maksimali uzlabo BER veiktsp&ju. Kopuma BER skaitiSanai tiek izmantoti
1,2 miljoni bitu.

Uztverto NRZ-OOK un PAM-4 signalu kvalitates analizé izmantotas divas BER sliek$na
vertibas - HD-FEC ar 7 % kontroles bitiem un BER slieksni 3,8x103, un mikstas izlemsanas
turpversta kliidu labosana (SD-FEC) ar 20 % kontroles bitiem un BER slieksni 4,0x10-2. Datu
parraide tiek uzskatita par veiksmigu, ja uztverta signala BER vértiba ir zem dotajam slick$na
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vertibam. legiitie 50 Gbaud un 60 Gbaud NRZ-OOK datu parraides rezultati péc 2 km parraides
pa SMF Iiniju ir paraditi gan bez, gan ar EQ ir paraditi 3.17(a-d) att., bet 50 Gbaud PAM-4
parraides rezultati ir 3.17(e-f) att.

Attela 3.17. var noverot dazadas BER liknu tendences katram optiskajam nes€jsignalam,
kaut gan pirms datu modulacijas optisko nesg€jsignalu jaudas tiek pastiprinatas ar EDFA lidz
vienai fiks€tai jaudai. Tas ir izskaidrojams ar to, ka katram nesg€jsignalam ir atSkirigas OSNR
vertibas, kuras summgjas no divam ASE trok$nu generjosam komponentém — EDFA OFC
gaismas avota un EDFA datu parraides shéma. Lidz ar to ievérojami palielinas trok$na Iimenis,
kas noved pie samazinatam nesgjsignalu OSNR vértibam. Sekojosi palielinas uztverta signala
BER vertibas.

Ka redzams 3.17(a) att., bez EQ 50 Gbaud NRZ-OOK signala parraide ir iespgjama OFC
gaismas avota nesgjsignaliem no (0) pie A = 1555,46 nm Iidz (+6) pie A = 1559,78 nm. Sliktakais
datu kanals (pamatojoties uz BER vertibu) ir ar nesgjsignalu (+6), kur 20 % SD-FEC BER
slieksnis tiek sasniegts pie -18 dBm uztvertas optiskas jaudas. Vislabako veiktsp&ju parada
optiskais nesgjsignals (0) — CW pumpésanas starojuma avots, kuram ir augstaka gaismas avota
izejas optiska jaudu +4 dBm un augstako TNR vértibu 52,8 dB. 50 Gbaud NRZ-OOK signala
parraide, kas ir zem 7 % HD-FEC sliek$na 3,8x1073, ir iespgjama bez EQ OFC gaismas avota
nesgjsignaliem (0) pie A = 1555,46 nm lidz (+4) pie A = 1558,34 nm. Ka redzams 3.17(b) att.,
EQ nedaudz uzlabo BER veiktsp&ju salidzinajuma ar iepriek$¢jo gadijumu bez EQ un nodrosina
50 Gbaud NRZ-OOK signala parraidi izmantojot nesgjsignalus no (0) pie A = 1555,46 nm lidz
(+6) pie L =1559,78 nm zem 20 % SD-FEC robeZas.

Ka paradits 3.17(c) att., bez EQ 60 Gbaud NRZ-OOK signala parraide ir iesp&jama
izmantojot nesg€jsignalus no (0) pie A = 1555,46 nm lidz (+4) pie A = 1558,34 nm ar BER
veiktspeju zem 20 % SD-FEC slieksna. Sliktakais datu kanals (pamatojoties uz BER vertibu) ir
ar nesgjsignalu (+4), kur 20 % SD-FEC BER slieksnis tiek sasniegts pie -18 dBm uztvertas
optiskas jaudas. Tapat ka ieprick$gja gadijuma, arT pie 60 Gbaud NRZ-OOK kvalitativako datu
parraidi uzrada pumpé&sanas starojuma nesgjsignals ar numuru (0). Rezultati 3.17(d) att. parada,
ka EQ batiski uzlabo BER veiktsp&ju, nodrosinot 60 Gbaud NRZ-OOK signala parraidi ar
nesg€jsignaliem no (0) Iidz (+5).

Visheidzot, bez EQ 50 Gbaud (100 Gbit/s/A) PAM-4 signala parraidi var realizét izmantojot
(0) nesgjsignalu, kas pie -17 dBm uztvertas optiskas jaudas nodrosina signala BER zem 7 %
HD-FEC slieksna, skat. 3.17(e) att. Nesgjsignaliem (+1) un (+2) BER vértibas zem 20% SD-
FEC slieksna tiek nodroSinatas pie -16 dBm uztvertas optiskas jaudas. Pargjiem nesgjsignaliem
uztverta signala BER paliek virs definéta 20 % SD-FEC sliek$na. EQ uzlabo veiktsp&ju, laujot
parraidit 50 Gbaud PAM-4 signalu ar (0) lidz (+2) nesgjsignaliem. EQ gadijuma sasniegtais
BER optiskajam nesgjsignalam (0) ir zem 7 % HD-FEC sliek3na 3,8x10 pie -19 dBm uztvertas
optiskas jaudas, skat. 3.17(f) att. Tomeér optiskajiem nesgjsignaliem no (+1) Iidz (+2) minimala
BER veértiba tiek sasniegta zem 20 % SD-FEC robezas 4,0x107 pie -16 dBm uztvertas optiskas
jaudas. Sanemtas acu diagrammas 50 Gbaud un 60 Gbaud NRZ-OOK un 50 Gbaud PAM-4
signaliem péc 2 km parraides pa SMF ir paraditas (+1) nes€jsignalam, skat. 3.18. att.
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a) 50 Gbaud/A NRZ-OOK bez EQ b) 50 Gbaud/A NRZ-OOK ar EQ
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3.17. att. BER korelacijas diagrammas atkariba no uztvertas optiskas jaudas IM/DD isa
attaluma optiskajai DCI sistemai ar lietotu OFC gaismas avotu NRZ-OOK modulétiem
signaliem pie 50 Gbaud/A (a) bez un (b) ar EQ, un pie 60 Gbaud/A (c) bez un (d) ar EQ. PAM-
4 modulgti signali pie 50 Gbaud/A (e) bez un (f) ar EQ. EQ att€liem (b) un (d) izmanto 15
FFT un 7 FBT. EQ attelam (f) izmanto 55 FFT un 15 FBT 0, +4; +5 nesgjsignalu gadijuma,
85 FFT un 55 FBT +1 gadijuma; 23 FFT un 16 FBT +2 un 10 FFT un 11 FBT +3 gadijumos.

57



itad.

Reala ampli
5 o4 o

Bez
ekvalizacijas

Ar ekvalizaciju
Reala amplitida

50

50
Laiks, ps Laiks, ps Laiks, ps

3.18. att. Sanemtas signala acu diagrammas ar un bez EQ nesgjsignalam ar numuru (+1), kas
uznemts ar uztverto optisko jaudu -12,5 dBm (a) 50 Gbaud/A un (b) 60 Gbaud/A NRZ-OOK
gadijuma un c¢) 50 Gbaud/A PAM-4 gadijuma.

Kopsavilkums:

No veiktajiem pétfjumiem un iegitajiem rezultatiem var secinat, ka OFC gaismas avots,
kur pamata ir gan mikrosferas, gan mikrostiena rezonatori, var aizvietot optiskos nesgjsignalus
no lazera masiva un nodro$inat IM/DD WDM-PON un DCI parraides sistémas darbibu. Turklat,
iegiitas uztverto signalu BER vértibas ir zem HD-FEC un SD-FEC vértibam. OFC gaismas
avots ar mikrosferas rezonatoru (d = 328,5 pm) un iegito solitona kemmi sp&j nodrosinat BER
vértibu vismaz 9,1x10* 4 kanalu 200 GHz WDM-PON sistéma ar 10 Gbit/s parraides atrumu
datu kanala pie 60 km parraides linijas. OFC gaismas avots ar mikrosféras rezonatoru (d = 168
um) un iegiito Tiringa kemmi var nodro§inat BER vértibu vismaz 2x1075, 4.8x107 un 1x10°
pie attiecigi 40 km garam SMF, NZ-DSF, CSF parraides $kiedram 4 kanalu 393 GHz WDM-
PON sistema ar 10 Gbit/s parraides atrumu. OFC gaismas avots ar mikrosféras rezonatoru (d =
660 um) un iegiito solitona kemmi sp&j nodrosinat BER vértibu vismaz 2,7x101%; 4,3x101%;
3,2x101; un 1.2x10° pie attiecigi 100 kHz, 1 MHz, 10 MHz un 100 MHz nes&jsignalu Iinijas
platuma 8 kanalu 100 GHz WDM-PON sisteéma ar 10 Gbit/s parraides atrumu un parraides
linijas garumu 50 km. Visbeidzot, OFC gaismas avots ar mikrostiena rezonatoru (d = 700 um)
un iegito Taringa kemmi, pielietojot EQ, pie NRZ-OOK 50 Gbit/s parraides var sasniegt BER
vertibu nesgjsignaliem (0) lidz (+6) zem 20 % SD-FEC slieks$na, kas (+6) kanalam ir sasniegts
pie -19,5 dBm uztvertas optiskas jaudas. Pie NRZ-OOK 60 Gbit/s nesgjsignaliem (0) lidz (+5)
zem 20 % SD-FEC slieksna, kas (+5) kanalam ir sasniegts pie -17 dBm uztvertas optiskas
jaudas. Pie PAM-4 100 Gbit/s nesgjsignaliem (0) Iidz (+2) zem 20 % SD-FEC slieksna, kas (+2)
kanalam ir sasniegts pie -16 dBm uztvertas optiskas jaudas.

Originalpublikacijas par $aja nodala aprakstitajiem p&tijumiem atrodama pielikumos 1, 3,
4, 6.
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SECINAJUMI

1. Lai ar $kiedras metinaSanas aparatu Fujikura ARCMaster FSM-100P+ izstradatu 175
pum un 350 pm diametra mikrosferas (Q-faktors ~ 107) no 125 um diametra SSMF,
attiecigi nepiecieSamas 42 un 114 sekundes, savukart, savukart, lai ar CO2 lazera
palidzibu izstradatu piecus 700 pm diametra mikrostienus (Q-faktors = 2,6x107) uz
viena silicija stiena ar 520 pm atstarpi starp rezonatoriem, ir nepiecieSamas ap 5
mindtes.

2. lzstradatajos WGM rezonatoros optiskaja C josla ir iesp&jams iegit OFC, pumpgjot
rezonatorus ap 1550 nm vilna garumu, kur gaismas ievadei rezonatora optimala atstarpe
starp TP un rezonatoru ir 0,12 um vai 0,17 um, ka ari rezonatora diametra izvéle lauj
pielagot atstarpi starp nes€jsignaliem.

3. Balstoties iegiitajos eksperimentalajos rezultatos, var secinat, ka ITU-T G.694.1
rekomendacija definétajam starpkanalu intervalam atbilstoSus OFC nesgjsignalus var
ieglit pumpgjot mikrosféras rezonatoru (d = 168 pum) pie 1558 nm vilna garumu ar
16 dBm optisko jaudu — iegiita 393 GHz atstarpe, ka arT no divam pusém pumpgjot
mikrostiena rezonatoru (d = 700 um; Q-faktors = 2,6x107) pie 1555,46 nm vilna garumu
—iegiita 90 GHz atstarpe.

4. Balstoties skaitliski iegiitajos rezultatos, var secinat, ka solitona kemmi var iegtit ar OFC
nesgjsignalu atstarpi 200 GHz, pumpgjot mikrosféras rezonatoru (d = 328,5 um) pie
1552,52 nm vilpa garuma, ka art ar OFC nesgjsignalu atstarpi 100 GHz pumpgjot
mikrosféras rezonatoru (d = ~ 660 um) pie 1547,71 nm vilpa garuma

5. IM/DD WDM-PON sistémai ar 4 kanaliem, 10 Gbit/s un 200 GHz starpkanalu intervalu
uztvertd signala BER vertiba ir 9,1x10* pie 60 km datu parraides Imijas, lietojot
mikrosféras OFC gaismas avotu.

6. IM/DD WDM-PON sistémai ar 4 kanaliem, 10 Gbit/s un 393 GHz starpkanalu intervalu
uztverta signala BER vértiba ir 2x10%, 4,8x107 un 1x10°° pie 40 km datu parraides caur
attiecigi SMF, NZ-DSF un CSF s$kiedru lmijam, lietojot mikrosféras OFC gaismas
avotu.

7. IM/DD WDM-PON sistémai ar 8 kanaliem, 10 Gbit/s un 100 GHz starpkanalu intervalu
uztverta signala BER vertiba ir 2,7x102; 4,3x10"11; 3,2x101%; un 1.2x10° pie attiecigi
100 kHz, 1 MHz, 10 MHz un 100 MHz nesgjsignalu liijas platuma p&c 50 km parraides
Iinijas, lietojot mikrosferas OFC gaismas avotu.

8. IM/DD WDM DCI sistemai sliktakajam BER kanalam ir sasniegts 20 % SD-FEC
slieksnis pie -19,5 dBm un -17 dBm optiskas jaudas attiecigi ar NRZ-OOK modulaciju
pie 50 Gbit/s un 60 Gbit/s, ka ar1 pie -16 dBm optiskas jaudas ar PAM-4 modulaciju pie
100 Ghit/s, lietojot mikrostiena OFC gaismas avotu.

Promocijas darba laika iegiitie un pétijjumos att€lotie rezultati ir prezent€ti sesos
zinatniskajos originalrakstos, viena zinatniskaja konferencé (indeksétas Scopus, IEEE vai Web
of Science). Papildus tam, p&tijumu rezultati tika prezentéti Cetras zinatniskajas konferencés
(nav indekséti Scopus, IEEE, Web of Science).
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Abstract: Conventional data center interconnects rely on power-hungry arrays of discrete
wavelength laser sources. However, growing bandwidth demand severely challenges ensuring
the power and spectral efficiency toward which data center interconnects tend to strive. Kerr
frequency combs based on silica microresonators can replace multiple laser arrays, easing the
pressure on data center interconnect infrastructure. Therefore, we experimentally demonstrate a
bit rate of up to 100 Gbps/A employing 4-level pulse amplitude modulated signal transmission
over a 2km long short-reach optical interconnect that can be considered a record using any
Kerr frequency comb light source, specifically based on a silica micro-rod. In addition, data
transmission using the non-return to zero on-off keying modulation format is demonstrated to
achieve 60 Gbps/L. The silica micro-rod resonator-based Kerr frequency comb light source
generates an optical frequency comb in the optical C-band with 90 GHz spacing between optical
carriers. Data transmission is supported by frequency domain pre-equalization techniques
to compensate amplitude—frequency distortions and limited bandwidths of electrical system
components. Additionally, achievable results are enhanced with offline digital signal processing,
implementing post-equalization using feed-forward and feedback taps.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The growing popularity of online services like video streaming, large-scale data applications
including cloud storage and computing, and video call services is driving an unprecedented
increase in the bandwidth requirements of data centers (DC). To meet the growing demand
for bandwidth, DCs must evolve towards higher performance and throughput while improving
spectral efficiency (SE) and reducing power consumption [1]. Intensity modulation and direct
detection (IM-DD) are still promising schemes in intra- and inter-data center interconnects
(DCI) thanks to their low latency, high reliability, and reasonable cost performance [2]. The
transmission of multiple data streams, using wavelength division multiplexing (WDM), allows
scaling of the optical interconnect density in DCs and is based on arrays of discrete wavelength
laser sources [1—4]. The spectral efficiency of laser-based transmission systems suffers from the
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uncertainty of individual radiation frequencies [5]. In this context, an optical frequency comb
(OFC) that generates frequency-locked carriers with fixed frequency spacing of the order of
10-100 GHz can replace laser optical carriers from individual sources in WDM links, providing a
reduction in transmitter energy consumption, as well as increasing spectral efficiency [3,6]. One
promising and cost-effective technique is OFC generation in a silica whispering gallery mode
resonator (WGMR) manufactured on a silica micro-rod platform (silica micro-rod WGMR-based
Kerr OFC light source). An OFC is generated by pumping a high-quality (high Q-factor) optical
resonator with Kerr nonlinearity using a single continuous-wave (CW) laser source [7—11]. While
optical data transmission has been well studied and demonstrated using Kerr-OFC in integrated
resonators that show even terabit communications [5,10,12], the experimental demonstration
of high-speed data transmission based on OFCs generated specifically in micro-rod resonators
has, to the best of our knowledge, not been demonstrated until now. Micro-rod resonators have
several advantages compared to integrated resonators. First, the effective coupling of the pumping
light into integrated resonators is complicated and fixed when integrated on a chip without
the possibility of changing it [13]. In addition to the possibility of fine-tuning the coupling
conditions (between the resonator and tapered fiber), micro-rod resonators also have the advantage
of fast and simple fabrication using laser-machining techniques, which simultaneously shape
and polish a quartz rod and allow the fabrication of micro-rod resonators with a user-defined
diameter (changing the spacing between generated harmonics), thickness, and curvature to
be shaped with +10 um precision and Q~5 x 10% in a couple of minutes [14]. On the other
hand, producing integrated resonators as microring is rather complicated. It is required to grow
nanometer-scale waveguides as thick as 500 nm without disrupting the integrity of the waveguide
[15,16]. Let’s compare bulk resonators as microspheres and micro-rods. The latter can offer
spacing between generated carriers below 100 GHz. This spacing is almost impossible to achieve
with microspheres due to the integrity issues of a microsphere at diameters higher than 660 um.
Generated carrier spacing below 100 GHz is attractive for WDM applications following ITU-T
spectral grid.

In this paper, we experimentally demonstrate a short-reach optical interconnect IM/DD link
powered by a silica micro-rod WGMR-based Kerr OFC light source. Digital equalization
techniques, such as a linear equalizer with feed-forward (FF) and feedback (FB) taps, are used to
improve signal quality. The record bitrate achieved is 60 Gbps/A using non-return to zero (NRZ)
on-off keying (OOK) modulated signals and 100 Gbps/A using 4-level pulse amplitude modulated
(PAM-4) signals for transmission over a 2 km single-mode fiber (SMF) link. The rest of the
paper is structured as follows. Section 2 describes the manufacturing and characteristics (such as
size, curvature radius, and Q-factor) of the silica micro-rod WGMRs (fabricated on one fused
quartz rod) used for the Kerr-OFC light source. Section 3 presents the experimental setup of the
designed silica micro-rod WGMR-based Kerr-OFC light source and shows the output spectrum
together with the used micro-rod WGMR. In addition, we show the stability of the generated
Kerr-OFC over 20 hours. Also, the experimental setup for short-reach optical interconnects
is discussed. Further, Section 4 demonstrates 50 and 60 Gbaud data transmission employing
NRZ-OOK and 50 Gbaud data transmission using PAM-4 with and without post-equalization for
both modulation formats. Finally, Section 5 concludes the paper.

2. Manufacturing and characteristics of silica micro-rod WGMR-based Kerr-OFC
light source

Micro-rod fabrication begins with preparing a sample of a fused quartz rod having a cylindrical
shape. The diameter of the cylindrical rod is selected depending on the desired microresonator
free spectral range (FSR) between the generated comb carriers. Figure 1(a) shows a micro-rod
fabrication setup using a carbon dioxide (CO;) laser. The fused quartz rod is attached to a
spindle stage, which includes an air-cushioned lathe with less than 100 nm vibrations, in a fixed
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position to rotate the micro-rod. However, a galvanometer and an F-theta zinc-selenite (ZnSe)
lens are used to position the laser beam on a micro-rod. The fused quartz rod’s rotation occurs
perpendicular to the transmitted laser beam. For the first step, a rotating fused quartz rod is
illuminated for a few seconds with a CO; laser beam focused through a ZnSe lens that selectively
removes material by ablation to ensure the rotational axis of the mounted rod is parallel to the
rotational axis of the motor. In the next step, a microresonator is produced by applying the
CO; laser at different positions in quick succession along the rod’s axis. The cutting process
actively generates dust from the evaporated material since the top layer of the fused quartz
rod is removed. After the primary process, the cut region is exposed to the laser beam, which
significantly improves the Q factor of the microresonator. Adhering to the fabrication protocol
and following the cutting configurations — laser power, irradiation, duration, rod rotation speed,
and beam positioning - allows the creation of almost identical samples repeatedly. The method
allows for the repeated production of several rods with the same parameters in a relatively short
period of time (~ 5 min).

(a)

rotational axis /
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‘ I " laser beam

)
— j))) galvanometer

WGMR " " F-Theta
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| " spindle stage in
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Fig. 1. (a) The fabrication of fused quartz micro-rod WGMRs using CO, laser machining,
where the spindle stage is used to rotate and a galvanometer is used to position the laser
beam on the ZnSe lens. (b) The captured image of a fabricated micro-rod with a 700-
um diameter and 520- pm gap between WGMRs (Resl to Res5). Images of micro-rod
WGMRs with curvature radius of 250 um, 250 pm, 200 um, 175 pum, and 150 pm from the
first resonator (Res1) to the fifth resonator (Res5). (c) The captured images of individual
micro-rod resonators (Res1 to Res5) indicating different micro-rod curvature radii with white
circles.

Several WGMRs with the same or slightly varying parameters can be fabricated on one fused
quartz rod. Figure 1(b) shows five microresonators produced on a single fused quartz rod with a
520 um gap between the WGMRs, the same micro-rod diameter D =700 pm but with a different
curvature radius r. The curvature radius for each of the five WGMRs is calculated mathematically
using image measurements taken with a visible light camera with a resolution of 320 x 240
pixels; please see Fig. 1(b,c). During manufacturing, five WGMRs on the fabricated fused quartz
micro-rod are obtained with the curvature radius r of 250 um, 250 pm, 200 um, 175 pm, and
150 um (depicted as Res1 to Res5, respectively), see Fig. 1(c). The curvature radius allows
fine-tuning the Q-factor of the resonator. Although light loss due to scattering from the roughness
of the surface of the micro-rod reduces the Q-factor, the most critical factor is the curvature of
the resonator [17].



Research Article Vol. 31, No. 12/5 Jun 2023/ Optics Express 20309

Optics EXPRESS

The curvature helps to confine and focus light within the resonator mode. Therefore, the
curvature of the resonator sidewalls is controlled during CO, laser machining to obtain an
ultrahigh optical Q-factor and avoid crossings between different mode families [8]. The second
micro-rod WGMR (Res2, D =700 um and r =250 pm) is used in Section 3 to obtain Kerr-OFC
with a mode spacing of about ~90 GHz (89 GHz). This micro-rod WGMR is chosen as the
combination of the resonator diameter D =700 um and the curvature radius r =250 um ensures
the highest measured Q-factor of 2.6 x 107 compared among our 5 fabricated micro-rod WGMRs
on the fabricated fused quartz micro-rod. Our achieved Q-factor is lower compared to [14,18-20],
comparable to microspheres (~ 107-10%), but higher than integrated resonators ~10°-10° [21].
The reason for choosing the second micro-rod is based not only on the best Q-factor (impacted by
a combination of micro-rod diameter and curvature radius) among five fabricated micro-rods but
also on experimental observations. They indicated that a comb achieved in the second micro-rod
was not fluctuating and ensured lower noise, making it eligible for data modulation. The combs
in other resonators greatly suffered from stimulated Brillouin scattering (SBS) noise, which
practically impaired obtained carriers. That could be compared to the modulation of a carrier
signal, and such carriers cannot be used for data modulation.
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Fig. 2. The simulations of the silica micro-rod resonators with D =700 um and different
curvature radii. The simulation consists of a silica micro-rod resonator and air surrounding
it. (a) The mesh for the simulation domains (the approximate mode area has a finer mesh,
(b) the cross-section of the fundamental TE mode with the normalized absolute value of the
electrical field at a wavelength of about 1550 nm. (c) The simulated dispersion for silica
micro-rod resonators with curvature radii 50, 100, 150, and 200 um.

During this experiment, we did not measure the micro-rod dispersion. However, it is
important to analyze the effect of different curvature radii on the dispersion of the micro-
rod resonator to see if it will negatively affect the OFC generation. Therefore, we added a
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numerical calculation of a micro-rod dispersion based on fabricated micro-rod parameters such
as diameter, material, and curvature radius in this work. Figure 2 shows the fabricated micro-rod
resonator characteristics simulated in the COMSOL Multiphysics software (finite element method)
with the 2D axisymmetrical module, electromagnetic waves, frequency domain physics, and
eigenfrequency study. The simulations for dispersion calculations are done iteratively, following
the method laid out in [22], and it takes 10 iterations for the dispersion to converge.

We compare four resonators with the same diameter of 700 um but different curvature radii
r. The results in Fig. 2 show that the curvature radius does not greatly impact the resonator’s
dispersion. The dispersion parameter slightly increases when the curvature radius is decreased.
All the resonators are in an anomalous dispersion regime at the pumping laser’s wavelength of
1550 nm.

3. Experimental setup of silica micro-rod WGMR-based Kerr-OFC light source
for high-speed short-reach optical interconnects

3.1.  Experimental setup of the designed silica micro-rod WGMR-based Kerr-OFC light
source

The setup used for the generation of micro-rod WGMR-based Kerr-OFC is shown in Fig. 3. The
tapered fiber (TP) is fabricated from a non-zero dispersion-shifted fiber (NZ-DSF), as shown in
our previous work [23], and the silica micro-rod WGMR is enclosed in a box for dust and airflow
prevention. The humidity inside the enclosure box is reduced and maintained below 20% using a
silica gel desiccant. In addition, both the pumping source and enclosure box are positioned on a
vibration isolation system breadboard table to minimize external low-frequency vibrations.

Micro-rod WGMR

Kerr-OFC

5dB
l|||l

( )
oW Sm So% o w

Fig. 3. Experimental setup illustrating the developed silica micro-rod WGMR-based
Kerr-OFC as a light source for optical communications.

ATT . 10%

A continuous wave laser (CW, Agilent 81989A) with a linewidth of 100 kHz, optical output
power of +6 dBm at A=1555.46 nm and relative intensity noise (RIN) of -145 dB/Hz serves as the
pumping source. An optical power splitter (PS) with a 50/50 coupling ratio divides the light from
the laser into two equal optical power paths — the clockwise pump and the counter-clockwise pump.
Clockwise and counter-clockwise optical power paths at the same wavelength (A=1555.46 nm)
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pump the micro-rod WGMR from both sides. First, the light in each optical path is sent through
5dB fixed optical attenuators (to ensure the appropriate amplifier optical input power) and
subsequently sent to an erbium-doped fiber amplifier (EDFA, at the counter-clockwise pump:
Keopsys PS-CUS-BT-C, and at the clockwise pump: Spectra RED5018) with a fixed output
power (up to +23 dBm). Then, the amplified optical signals pass through polarization controllers
(PCs) placed before optical circulators (OCs) to align the polarization state of the pumping light
and resonator mode for maximizing the coupling efficiency. The circulator is used to prevent light
back-scattering. Back-scattering can cause CW laser instability and a drop in EDFA amplification
efficiency. The clockwise and counter-clockwise light is injected into opposing ends of the
tapered fiber via optical circulator 1 (OC1) and optical circulator 2 (OC2). The comb light on the
return port of OC1 is sent to an optical spectrum analyzer (OSA, Anritsu MS9740A, 0.03 nm
resolution) to monitor and measure the peak powers of generated OFC carriers. The clockwise
and counter-clockwise pumps, injected into micro-rod WGMR from both sides, ensure the
necessary build-up circulating intensity to introduce Kerr-OFC generation. When single pump is
used, part of its power converts into micro-rod heating, and the pump from the second direction
is required to compensate for this power loss. First, we tried using two counter-propagating laser
method at different wavelengths demonstrated to obtain a soliton regime [24]. Our lasers did not
have the required mutual long-term frequency stability. We received increased stability of comb
generation when we tried to pump the micro-rod from opposite directions with a single laser
light divided into two directions. Each direction has an EDFA amplifier that amplifies the light
power to a fixed level of +23 dBm. We attribute a positive effect to an increased microresonator
thermal locking range. A single pump from two directions has been used in microcomb lidar
[25] and quantum chaos [26].

Finally, the circulator OC2 separates the generated OFC from the counter-clockwise pump and
is used as the output of the OFC-generated signal. An optical coupler with a 10/90 coupling
ratio captures the output carrier spectrum using OSA-2 (Advantest Q8384, 0.01 nm resolution).
Figure 4 shows the entirely generated Kerr-OFC comb and the zoomed-in inset of generated
comb carriers near the pump wavelength corresponding to a carrier (0). Kerr-OFC light source
generated optical carriers depicted as (0): A =1555.46, (+1): A=1556.18, (+2): A=1556.9, (+3):
A=1557.62, (+4): h=1558.34, (+5): A=1559.06 nm and (+6): L= 1559.78 nm (see Fig. 4) are
used to demonstrate the transmission of 50 and 60 Gbaud NRZ-OOK and 50 Gbaud PAM-4
modulated signals via a 2 km standard single mode fiber (SMF) link. We have chosen these
OFC optical carriers for further data transmission experiments as they provide the highest peak
power levels higher than -15 dBm (4, -2.7, -7.3, -9.6, -11.6, -14.8, and -14.1 dBm, respectively)
compared to others. The spacing between carriers is 89 GHz (~0.72 nm). The tone-to-noise ratio
(TNR) of these carriers is 52.9dB, 46.5dB, 41.8dB, 39.4dB, 36.8 dB, 34.2dB, and 35.1dB,
respectively. As shown in Fig. 4 zoomed-in part, optical carriers beyond (+6) have similar
performance; however, during experiments, we observed that these carriers were not stable
enough to modulate data on them. In addition, the EDFA used in DCI setup could not amplify
carriers beyond (+6) as they do not provide enough input power; even carrier (+5) is close to
the amplified spontaneous emission (ASE) noise level. A solution to scale data transmission to
optical carriers beyond (+6) would be using EDFA with lower input power levels as a preamplifier
stage.

Further we discuss the parameters of optical frequency comb as spectrum shape, OFC
state, conversion efficiency, power variation, and stability of 7 chosen optical carriers for data
transmission. Compared to [20], the obtained OFC in Fig. 4 is asymmetric — a dip in the spectrum
at the pumping light’s left side (shorter wavelength). This can be explained by mode-crossing
when a mode with a different polarization exists nearby this wavelength, and the power of the
pumping light is divided between modes. Most of the power is taken by the other mode. We
obtained a simple Turing pattern OFC by coupling 250 mW pumping light power while tapered
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Fig. 4. The spectrum of silica micro-rod WGMR-based Kerr-OFC light source output,
generated in WGMR (Res2, R =700 um, r = 250 pm and Q-factor of 2.6 X 107), with 89 GHz
(~ 0.72 nm) mode spacing between comb carriers.

fiber and micro-rod were hard-touching. For most of the experiment, noise performance stays
close to EDFA ASE noise, except for an optical carrier +1, where the noise comes from the
stimulated Brillouin scattering. IM/DD schemes in optical networks do not obligatory require a
stable phase (mode-locked state) of the carrier that soliton provides, and a simple Turing comb
can be used.

The OFC is obtained in the second micro-rod with a conversion efficiency of ~20% (250 mW
input power, and OFC has around 50 mW of optical power in the whole bandwidth). This result
is close to [9], where authors achieved similar conversion efficiency but with lower pump power
in a 75 um diameter toroid. However, most mode-locked combs obtained in integrated resonators
have conversion efficiency at the scale of a few percent [27].

Another factor to consider is at least 20 dB variation in the power of different comb carriers
(Fig. 4) and how to achieve flat-top OFC light source as reported in [28]. The reason behind the
large variation of the comb carrier power is the Turing pattern state. It is characterized by the
decreasing optical power of the comb carrier when moving away from the pumped wavelength.
To ensure a similar BER performance on all optical carriers for WDM applications, it is important
to manage the flatness of the optical frequency comb. Otherwise, the difference in optical power
is challenging. One possible solution to this issue is obtaining an OFC in a soliton state that
ensures a more flat-top spectrum. Despite improved TNR and stability of the soliton carriers,
generating a soliton comb requires stabilizing the power of light within the resonator, usually done
with an auxiliary laser. However, an auxiliary laser complicates the setup [8]. The soliton regime
exists quite far detuned from the cold cavity resonance, which leads to lower out-coupled power.
The wavelength of the mode gets detuned from the pumping frequency due to the thermo-optical
effect. MI combs can have even better SNR than soliton and for MI comb lines near the pump
have flatter power [29]. However, such a comb cannot be used for data transmission as the power
of carriers is strongly varying. In addition, IM/DD schemes in optical networks do not obligatory
require a stable phase (mode-locked state) of the carrier that soliton provides, and a simple comb
can be used. The OFC generated in the modulation instability state would ensure a flat-top
OFC envelope. Another possible solution, if using the presented OFC, is to employ optical
amplification for each carrier or use an inline wavelength selective switch (WSS) to flatten the
comb carriers before data modulation.
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The optical power budget (OPB) must be considered to determine the rated distance with a
specific link budget to transmit and receive data [30]. However, the optical signal-to-noise ratio
(OSNR) is another fundamental aspect of achieving high-quality wavelength division multiplexed
(WDM) transmission. The minimum ratio must be at least 20 dB [30]. OFCs possess the inherent
problem of long-term stability — the power level fluctuates for a comb carrier, which causes
fluctuations in OSNR and transmitted signal quality. We measured the stability of the generated
OFC from the second ~90 GHz (89 GHz) micro-rod over 20 hours (Res-2, see Fig. 5), while
coupling between the taper and the rod was hard-touching. It is hard-touching throughout the
whole experiment.
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Fig. 5. Measured micro-rod WGMR-based Kerr-OFC light source performance for comb
carriers (0) to (+6). (a) The obtained OFC for a second micro-rod WGMR (D =700 pm and
r =250 pm) ~90 GHz (89.4 GHz), where side peaks at the side of the carrier (+1) come from
SBS, which here acts as a noise. However, the amplitude of the highest side peak is around
32.3 dB lower than the carrier itself. (b) The captured power stability over 20 hours. Optical
carrier power drop at the second working hour is related to the room temperature change of
6 degrees. The temperature inside the enclosure box is adjustable to the temperature of the
outside environment.

We have observed that comb carriers (0) to (+6) of the second micro-rod WGMR were
relatively stable for 20 hours and had a different performance due to the resonator’s ability to
support multiple spatial modes. Let’s analyze events happening at hours 0-4, at around the 14™
hour and 18" hour. The first event is explained by temperature changes that can affect the power
of the comb. As we do not have an ideal environment in a lab and temperature is not actively
stabilized within the enclosure box, the temperature inside the box is variable in relation to the
outside temperature of 23.0 + 1°C during the day. However, during the night, the heating in
a room is reduced by 6 degrees, which explains the first fluctuations between hours 0 and 4.
Sudden spikes at the 14™ and 18" working hours are related to a small mechanical disposition
between the micro-rod and tapered fiber. Mechanical disposition can happen even from the tiniest
airflow that cannot be excluded without an ideal outside environment. Mechanical disposition
makes the mode within the micro-rod start circulating geometrically in a different position,
resulting in power spikes. Despite these power fluctuations, if the outside environment is stable
or controlled, the power of a comb carrier remains relatively stable (4"—14" hour, 1418
hour, and 18%-20t% hour). Therefore, we can say that in the short term, the stability of the OFC
comes down to the capability of stabilizing temperature and excluding perturbations from the
outside environment. In the long term, a microresonator’s integrity and, therefore, parameters
degrade and become unusable. Please note that the (+4) carrier’s power fluctuations trend (green
curve) differs principally from others. The reason is the SBS effect, which causes fluctuations
in power. In the case of this experiment, when pumping from both sides, SBS can occur in
counter-propagating and co-propagating directions. At the 2nd working hour, SBS peaks besides
carrier (+1) intensify, taking power from other carriers. In addition, at this moment, carrier (+4)
also boosts, which is caused by the SBS effect shifting to the wavelength (integer number of
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11 GHz) of the carrier (+4). This is also the case for the green curve between the 14th and 20th
hour. The opposite happens between the 4th and 14th hours. SBS peaks (including the one at the
wavelength of OFC carrier +4) give the power to other carriers, which gain power. Finally, the
measurements were stopped at the 20th hour as the micro-rod heats up and some OFC carriers
become affected more by SBS, and further measurement is not reasonable.

Mode hopping can occur during the environmental temperature change. However, we did
not observe mode hopping in this experiment with micro-rod nor in our previous experiments
with microsphere resonators. The pumping laser we used is thermally stabilized and lasing
continuously without interruption. In addition, it can be explained by the thermal-locking of a
resonator mode to pump laser wavelength. Consequently, the wavelength remains stable during
the experiment, and FSR does not change. The only thing that can change FSR is the heating
of the resonator. As it absorbs pumping power in the form of heat, the diameter of a micro-rod
increases. But compared to a micro-rod diameter of 700 um, the increase in diameter can be
considered negligible.

Based on the relative power stability periods, when the outside environment is stable, the
generated Kerr-OFC optical carriers of the second micro-rod WGMR can be further used for
data transmission.

3.2. Experimental setup of high-speed IM/DD short-reach optical interconnects en-
abled by the designed silica micro-rod WGMR-based Kerr-OFC light source

The experimental setup is shown in Fig. 6. The micro-rod WGMR-based Kerr-OFC light source
(i.e., Kerr-OFC) and its optical carriers (0) to (+6) are used to demonstrate 50 and 60 Gbaud
NRZ-OOK and 50 Gbaud PAM-4 modulated signals over a 2km SMF link. We have chosen
NRZ-OOK and PAM-4 modulation format as DCI can reduce complexity benefiting from IM/DD
compared to complex coherent modulation formats [31]. PAM-4 has already been employed
with OFC [32], but with quantum dot mode-locked laser comb rather than micro-rod combs. The
generated Kerr-OFC carriers are sent to the optical band-pass filter (OBPF, Santec OTF-350)
with a 3-dB bandwidth of 35 GHz to separate one optical carrier at a time. Optical couplers
with a 10/90 coupling ratio before and after the OBPF capture the Kerr-OFC comb spectrum
by OSA-1 and filtered comb carrier by OSA-2. An EDFA (Amonics AEDFA-CL-18-B-FA)
with a fixed optical output power of 23.5 dBm pre-amplifies the filtered optical carriers before
launching them into a Mach—Zehnder modulator (MZM, Photline MX-LN40) with 40 GHz 3 dB
bandwidth, 20 dB extinction ratio, and 9 dB insertion loss. A polarization controller PC is placed
before the MZM to reduce polarization-dependent loss. At this point, the measured carrier power
is around 5 dBm, adjusted to this level for optimal input power to modulator. Moreover, the
RIN of optical carriers here can be considered negligible as it has not impaired the capability
of external high-speed data modulation even for a carrier (+1), where SBS peaks are the only
contribution to RIN. These side peaks are 20 GHz away from a carrier (+1), which can be seen
as an optical modulation of a carrier signal. In our previous experiment with the microsphere, we
observed side peaks at a 30 MHz distance from a carrier that corresponded to a microresonator’s
mechanical resonance and impaired the carrier’s use in data transmission. But we have not seen
such behavior in micro-rods, which is an advantage of micro-rod compared to microspheres.
The high-speed NRZ-OOK and PAM-4 signals are generated offline using a 2!°-1 pseudorandom
binary sequence (PRBS). The signal is up-sampled and filtered using a root-raised-cosine (RRC)
filter with a roll-off factor of 1. This value is chosen as timing recovery with a smaller roll-off
factor does not work due to the stability issues with the individual carriers. Afterward, the
encoded signal is loaded into the electrical arbitrary waveform generator (EAWG). Frequency
domain pre-equalization up to 30 GHz is used to compensate amplitude—frequency distortions
and limited bandwidths (BWs) of a 65 GSa/s EAWG (Keysight M9502A, 25 GHz). We have
chosen 50 and 60 Gbaud as these are the maximum baud rates we can achieve with 65 GSa/s
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Fig. 6. Experimental demonstration of high-speed optical interconnect up to 100 Gbps/A
enabled by a micro-rod WGMR-based Kerr-OFC light source.

AWG as it has a bandwidth of only 25 GHz. Additionally, we assume that if 60 Gbaud works for
this comb, then it will give a performance margin for the more common 40 Gbaud baud rate at
100 GHz channel spacing.

The electrical amplifier (EA-1, 38 GHz, 29 dB gain) amplifies the generated electrical signal
at the output of EAWG, which is fed into the MZM. Then, the modulated optical signal is
transmitted over 2 km of the SMF link and passed through a variable optical attenuator (VOA). A
splitter with a 10/90 splitting ratio and a power meter (PM) are used to control optical power at the
receiver. The high-power 50 GHz InGaAs photo receiver (PIN, Lab Buddy, DSC10H-39) with a
sensitivity of +4 dBm at BER of 10~'2 and responsivity of 0.5 A/W performs the received signal’s
optical-to-electrical conversion. An electrical amplifier (EA-2, 25 GHz, 16 dB gain) amplifies the
electrical signal, and finally, a digital storage oscilloscope (DSO, Keysight DSAZ334A, 80 GSa/s,
33 GHz) samples and captures it for offline DSP processing. As you can see from the developed
DCI setup, each newly generated carrier is filtered out before modulation. The experimental
results in the next section are obtained for seven single-channel data-center interconnect systems.
Consequently, no signal crosstalk is expected due to the single signal transmission through the
fiber, which can be considered an advantage compared to an array of discrete lasers. Decorrelated
telecom data on the neighboring carriers are needed to simultaneously test several comb carriers
for possible crosstalk due to power differences between carriers and RRC filter overlap. In future
research, this analysis will be performed by adding a decorrelation stage or using an additional
modulator to modulate different data sequences on even and odd optical carriers.

4. Experimental results and discussion

Using the experimental setup shown in Fig. 6, we compare performance limits in terms of
achievable data rates up to 100 Gbps/A in the IM/DD short-reach optical DCI system based on
the Kerr-OFC light source for NRZ-OOK and PAM-4 modulated data transmission. The received
and sampled signal is processed offline using a DSP routine that consists of a low-pass filter
(LPF) with a normalized bandwidth of 1.2, clock recovery, post-equalization, and a BER counter.
The overall goal of using LPF equalization and RRC filter with a roll-off factor of 1 is to optimize
the achieved performance of transmitted signal performance with this comb. The choice of LPF
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bandwidth (LPFgw) is made by evaluating the obtained BER as a function of the LPFgw/Baud
rate for NRZ-OOK and PAM-4 signals in terms of different normalized LPFgw values within the
range of 0.9 to 1.6. The LPFpw value is identified using the results shown in Fig. 7. The figure
shows that the lowest BER for the worst-case scenario using a Kerr-OFC optical carrier (+6) is
achieved with 1.2 normalized LPFgw. Therefore, it ensures the best possible performance after
further processing.
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Fig. 7. BER versus normalized LPFgy/Baud rate for the IM/DD short-reach optical DCI
system based on Kerr-OFC light source. The worst-performing optical carrier (+6) provides
transmission with 1.2 of normalized LPFgw for NRZ-OOK modulated signals at (a) 50
Gbaud/\, (b) 60 Gbaud/A, and (c) for PAM-4 modulated signals operating at 50 Gbaud/ A.

In addition to the previously mentioned DSP functions, we use adaptive equalization (EQ),
e.g., post-equalization, to improve the received signal quality: overcome intersymbol interference
(ISI) and bandwidth limitations of electrical components [30]. Therefore, we use a decision
feedback equalizer (DFE) with 15 feed-forward taps (FFT) and 7 feedback taps (FBT) for 50 and
60 Gbaud NRZ-OOK transmission. However, for 50 Gbaud PAM-4 transmission, the number of
FFT and FBT taps used varies for each carrier — (0, + 4, + 5-55 FFT and 15 FBT; + 1-85 FFT
and 55 FBT; +2-23 FFT and 16 FBT; + 3-10 FFT and 11 FBT). The chosen number of taps
maximally improves BER performance. A total of 1.2 million bits are used for BER counting.

Further we analyze IM/DD short-reach optical DCI system performance with and without
post-equalization. We also show BER curves and eye diagrams of the received NRZ-OOK and
PAM-4 signals after transmission over the 2 km SMF link section. The hard-decision forward
error correction (HD-FEC) with 7% overhead (OH) and pre-FEC BER threshold at 3.8 x 1073,
and the soft-decision forward error correction (SD-FEC) with 20% OH and pre-FEC BER
threshold at 4.0 x 1072 are considered for quality analysis of received NRZ-OOK and PAM-4
signals. The data transmission is considered successful if all errors can be corrected below FEC
thresholds. We show 50 and 60 Gbaud NRZ-OOK data transmission (Figs. 8(a-d)) as well as 50
Gbaud PAM-4 transmission (Figs. 8(e-f)). Figure 8 demonstrates different BER trends for each
optical carrier, although all optical carriers are amplified to the same fixed output power before
modulation. Different trends are related to each comb carrier’s different signal-to-noise (SNR)
ratios, where noise floor sums from two ASE-generating components — EDFA in the Kerr-OFC
light source and EDFA in the data transmission setup. Therefore, noise significantly increases,
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leading to increased SNR values between the comb carriers. Consequently, it increases the BER
values of received signals.

a) 50 Gbaud/A NRZ-OOK without EQ b) 50 Gbaud/A NRZ-OOK with EQ
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Fig. 8. BER versus ROP for the IM/DD short-react optical DCI system operating on
Kerr-OFC light source transmission for NRZ-OOK modulated signals at 50 Gbaud/A (a)
without and (b) with EQ, and at 60 Gbaud/A (c) without and (d) with EQ. PAM-4 modulated
signals at 50 Gbaud/A (e) without and (f) with EQ. EQ for figures (b) and (d) uses 15 FFT
and 7 FBT. EQ for the figure (f) uses 55 FFT and 15 FBT for carriers 0, +4; + 5; 85 FFT
and 55 FBT for carrier +1; 23 FFT and 16 FBT for carrier +2, and 10 FFT and 11 FBT for
carrier +3).

As one can see in Fig. 8(a), the 50 Gbaud NRZ-OOK signal transmission is possible without
post-equalization for Kerr-OFC carriers (0) at A =1555.46nm to (+6) at A =1559.78 nm. The
worst-performing data channel (based on the BER value) is the carrier (+6), where the 20%
SD-FEC BER threshold is achieved at -18 dBm of received optical power (ROP). The best
performance is shown with the carrier (0) — CW pumping source, which corresponds to the peak
with the highest Kerr-OFC light source output optical power of 4 dBm and the highest TNR value
of 52.8 dB. The 50 Gbaud NRZ-OOK signal transmission beyond the 7% HD-FEC threshold
at 3.8 x 1073 is possible without post-equalization for Kerr-OFC carriers (0) at A = 1555.46 nm
to (+4) at A= 1558.34 nm. As one can see in Fig. 8(b), the post-equalization slightly improves
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BER performance compared to the previous case without the post-equalization and enables 50
Gbaud NRZ-OOK signal transmission for Kerr-OFC carriers (0) at A = 1555.46 nm to (+6) at
A =1559.78 nm below the 20% SD-FEC limit.

As shown in Fig. 8(c), the 60 Gbaud NRZ-OOK signal transmission is possible for Kerr-OFC
carriers (0) at L= 1555.46 nm to (+4) at L = 1558.34 nm without post-equalization with BER
performance below the 20% SD-FEC limit. The carrier (+4) is the worst-performing data channel,
where the 20% SD-FEC BER threshold is reached at -18 dBm of ROP. As in the previous case,
for 60 Gbaud NRZ-OOK transmission, the best-performing Kerr-OFC pumping source carrier is
(0). The results in Fig. 8(d) show that post-equalization significantly improves BER performance
providing 60 Gbaud NRZ-OOK signal transmission for Kerr-OFC carriers (0) to (+5).

Finally, without post-equalization, 50 Gbaud (100 Gbps/A) PAM-4 signal transmission can
be realized with the optical carrier (0) at -17 dBm of ROP, providing signal BER below the
7% HD-FEC limit, see Fig. 8(e). Carriers (+1) and (+2) achieve BER value below the defined
20% SD-FEC limit at -16 dBm of ROP. The received signal BER for other carriers stays above
the defined 20% SD-FEC limit. The post-equalization improves performance, enabling the
transmission of 50 Gbaud PAM-4 with (0) to (+2) carriers. In the case of post-equalization,
the achieved BER for the optical carrier (0) is below the 7% HD-FEC limit of 3.8 X 1073 at
-19 dBm of ROP, see Fig. 8(f). However, for optical carriers (+1) to (+2), the minimal BER
value is achieved below the 20% SD-FEC limit of 4 x 10~2 at -16 dBm of the ROP. Received eye
diagrams of the 50 and 60 Gbaud NRZ-OOK and 50 Gbaud PAM-4 signals after transmission
over 2km SMF for Kerr-OFC carrier (+1) are given in Fig. 9. The values of extinction ratio
between optical levels 1 and 0 that we can obtain at 3.5 peak-to-peak voltage (V,,) of MZM
modulator are around 7-8 dB. If we consider 50 Gbps NRZ-OOK eye diagrams, the extinction
ratio is around 6 dB, but for 60 Gbps NRZ-OOK, it is around 5.3 dB. The higher are bitrates the
extinction ratios are lower.
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Fig. 9. Received NRZ-OOK signal eye diagrams with and without post-equalization for
carrier (+1) captured at ROP of -12.5 dBm in the (a) 50 Gbaud/A and (b) 60 Gbaud/\ case,
and (c) PAM-4 eye diagram in the 50 Gbaud/\ case.

5. Conclusions

We experimentally investigated the applicability of an in-house-built silica micro-rod resonator-
based Kerr-OFC light source for high-speed IM/DD short-reach optical interconnects. The newly
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proposed scheme exploits a 700-um micro-rod WGMR with a curvature radius of 250 um to
generate a Kerr-OFC. The resulting optical frequency comb has optical carriers evenly spaced at
89.4 GHz. Seven of them having peak power levels (>-15 dBm) and TNR above 20 dB are used
to demonstrate NRZ-OOK and PAM-4 modulated data transmission over a 2km long DCI. NRZ-
OOK data transmission with a data rate of 50 Gbaud and 60 Gbaud with post-equalization using
15 FFT and 7 FBT is achieved on seven (0, + 1, + 2,4+ 3, +4,+5,+6) and five (0, + 1, +2,+ 3, + 4)
optical carriers below the 20% SD-FEC limit, respectively. However, 100 Gbps/A (50 Gbaud)
PAM-4 transmission is possible by optical carrier (0) without post-equalization and on four
(0,+ 1, +2, + 3) optical carriers with post-equalization. For the PAM-4 transmission case, the
number of taps varies for each carrier - 55 FFT and 15 FBT for carrier (0); 85 FFT and 55
FBT for carrier (+1); 23 FFT and 16 FBT for carrier (+2), and 10 FFT and 11 FBT for carrier
(+3). In this case, the BER value on the optical carrier (0) without post-equalization is below
the 7% HD-FEC limit. The post-equalization for optical carriers (+1, +2, +3) improves the
BER value below the 20% SD-FEC limit of 4 x 1072, These experimental results support the
implementation of the IM-DD configuration over coherent, especially in intra- and inter-data
center networks where ultralow latency and cost-effectiveness remain crucial factors. Future
research is necessary to analyze the simultaneous transmission of multiple signals on different
wavelengths through the fiber - multi-wavelength WDM application. To ensure a similar BER
performance on all optical carriers for WDM applications, it is important to manage the flatness
of the optical frequency comb. Otherwise, the difference in optical power is challenging. One of
the possible solutions that can solve this issue is to obtain an OFC in a soliton state. The second
is to employ optical amplification for each carrier or use an inline wavelength selective switch to
flatten the comb before data modulation. The idea is partially already used in this manuscript,
where we use fixed output EDFA for each filtered carrier.
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Abstract— The improvement of globally deployed wavelength-
division multiplexing (WDM) network capabilities have received
significant attention due to the rapidly growing demand for higher
data rates and seamless connection to the Internet today. One of
the most promising solutions to improve the spectral and power
efficiency of these networks is to substitute laser arrays with
optical frequency comb (OFC) generators. This article reviews
and compares three perspective OFC technologies for channel
carrier generation in telecommunication applications.

Keywords— optical frequency comb (OFC), highly nonlinear
optical fiber (HNLF) whispering gallery mode resonator (WGMR),
electro-optic (EO) combs, wavelength-division multiplexing (WDM).

Through the history of optical frequency comb (OFC)
generation, multiple generation techniques have been realized
and investigated meeting different levels of development. This
article reviews the most suitable OFC generation techniques to
use for data transmission in the optical C-band. This OFC
technology should match several requirements — should be
power and spectral efficient solution, have OFC tuning
capabilities enabling setting of the necessary wavelength-
division multiplexed (WDM) channel spacing for a particular
high-speed (several tens Gbit/s) data transmission application.
Therefore, (1) four-wave mixing (FWM) based OFC generation
in highly nonlinear fiber (HNLF), (2) fused optical fiber
microspheres and silica micro-rods operating as whispering
gallery mode resonators (WGMR), and (3) electro-optic combs
(EOC) are the chosen techniques for WDM data transmission
networks.

FWM-OFC source —OFC appears due to the FWM effect in
HNLF fiber induced by pumping the fiber with two CW laser
sources spaced by a specified mode spacing [1]. The dual-pump
configuration is chosen over mode-locked lasers (MLL), as the
latter does require additional stabilization and provides OFC
with limited spectral width, and limited tunability, which comes
from the fact that MLL cavity reconfiguration and simultaneous
stabilization is inherently impossible [2]. OFC carriers
generated in this dual-pump configuration greatly depend on
pumping power and fiber length. The optimal combination that
we have experimentally found is +20 dBm of lasers output
power and HNLF fiber length of 2km, resulting in OFC with
power fluctuation of 1.5 dB and highest average peak power of
the generated carrier equal to +2 dBm.

WGMR OFC sources — microsphere and microrod resonator-
based OFC sources are chosen over integrated ring resonators
as higher Q-factor (107-10°) is possible improving spectral
efficiency as the linewidth of an OFC carrier is narrower [3].
Dissipative Kerr soliton (DKS) combs generated in microrod

resonators have more potential to be used for WDM
applications. The first reason is the possible generation of more
optical carriers compared to the primary comb and the reduced
noise floor by 20 dB compared to modulation instability comb
[4]. The second reason is that the required pumping powers can
be as low as 790 pW to generate a soliton comb [5].

EOC source — here OFC results from external phase
modulation of laser light by null-biased Mach-Zehnder
modulator (MZM). EOC combs have several advantages over
other OFC generation techniques. EOC generation is
considered as one of the most flexible in terms of tunability of
the resulting comb, and the ability to create stable high-
repetition-rate combs [6]. Additionally, multiple possibilities
exist on how to provide EOC flattening, which is crucial for
optical data transmission [7].

To conclude this article, we have reviewed three chosen OFC
generation techniques and discussed their advantages regarding
the suitability for WDM data transmission networks.
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Abstract

Optical frequency combs (OFCs) generated in microresonators can substitute widely
employed power-hungry laser arrays, ensuring spectral and energy efficiency in wavelength-
division multiplexed passive optical networks (WDM-PONs). Here, we propose a realistic
design of a WDM-PON based on a silica microresonator generating an OFC in the dissipative
Kerr soliton regime and present a corresponding theoretical study, paying particular attention
to the impact of a comb linewidth on the characteristics of the communication system. Using
intensive numerical simulation, data transmission performance in 8-channel 100 GHz spaced
WDM-PON is investigated for OFC carrier linewidths of 100 kHz, 1 MHz, 10 MHz, and 100
MHz. We show that microresonator-based OFCs with linewidths of up to 100 MHz can be
used for non-return-to-zero on-off keying (NRZ-OOK) modulated data transmission system
and give an acceptable bit error rate (BER). Results show that the narrower the linewidth, the
lower the BER is. The data transmission results show that error-free data transmission is
possible with a BER of 4.4x102 for 100 kHz OFC carrier linewidth, providing 80 Gbps of
total data rate on eight OFC generated carriers.

Keywords: optical frequency comb (OFC); silica microresonator; wavelength-division multiplexing (WDM); non-return-to-
zero (NRZ); next-generation passive optical network (NG-PON2), super-PON.

1. Introduction

laser and a nonlinear whispering gallery mode
microresonator (WGMR) [3-8]. Such a generator can
produce optical carrier signals for data transmission needs
[5,9,10]. In this way, it is possible to upgrade the central
office (CO) in passive optical networks (PON) by

An optical frequency comb (OFC) is equidistantly spaced
optical spectrum spectral lines generated with different laser
and nonlinear optical methods [1-4]. A promising and widely
studied OFC generator is realized by combining a pumping

XXXX-XXXX/ XX/ XXXXXX 1 © xxxx IOP Publishing Ltd
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substituting the whole laser array providing power and
spectral efficiency, which leads to a significant reduction in
cost.

FWHM linewidth of the resulting OFC is an important
parameter for applications, so it is studied extensively in
literature. For example, authors of [11] found that OFC
linewidth is linearly dependent on the pump laser linewidth.
The Q-factor of a microresonator also affects the linewidth
[3] — larger Q-factor and narrower pump laser linewidth
result in narrower OFC linewidth. Amplitude and phase
noise affects the linewidth.

OFC applications in optical data transmission networks
require different comb carriers’ linewidth, for instance,
narrow linewidth is essential for coherent data
communications [12,13], for instance 14.8 Hz individual
OFC linewidth has been demonstrated for M-QAM
modulation format [14]. Also, the slight increase in linewidth
values in a short time scale for the comb lines moving away
from the central pump wavelength [15] plays an important
role in coherent communications. However, intensity
modulation direct detection (IM/DD) systems have lower
requirements for optical carriers' linewidth, meaning that the
system can provide BER values below the forward error
correction (FEC) threshold (e.g., 1x103 [16]) using a wider
full width at half maximum (FWHM) linewidth. However, to
the best of authors knowledge, no previous evaluation of an
OFC linewidth influence on the IM/DD WDM-PON
transmission system performance is demonstrated.

The Q-factor of optical WGMRs varies based on the
manufacturing method and the resulting geometry. For
instance, integrated on-chip resonators ensure a typical Q-
factor of 10° — 107 [2], while typical values for silica
resonators are 107 — 10° which is an advantage [2,3,5,17].
New fabrication methods, such as surface nanoscale axial
photonic (SNAP) microresonators [18,19], will potentially
provide unseen microresonator parameters and mechanical
tunability capabilities, which may also be promising for OFC
generation. In addition, the widely used approach of pump
coupling into the microresonator through a fiber taper also
makes it possible to control the parameters of the system in a
wide range (unlike on-chip resonators, for which mechanical
adjustment is impossible). Kerr OFCs can be attained in
different regimes, although their control may be a separate
task. For instance, a frequency comb can appear due to four-
wave mixing (FWM) by pumping a microresonator with a
continuous wave (CW) laser operating in an anomalous
dispersion regime [20]. Soliton regimes for frequency comb
generation as dissipative Kerr soliton (used in this work) and
dissipative solitonic pulses — platicons can also be obtained
[21,22].

Here, WGMR-OFC is described as a black box with
different output linewidth values for the sake of generality,
considering a variety of microresonators and comb

generation techniques. Note that since silica microresonators
have barely been studied for telecommunication systems and
several engineering issues will need to be addressed when
developing prototypes, for example, packaging and
resistance to external influences, which are outside the scope
of this work. In this paper, it is important to study the
resulting PON performance and provide obtained BER
values with frequency combs exhibiting different carrier
linewidths. This issue has not yet been considered in detail in
scientific literature. In this work, we investigate the influence
of varying FWHM linewidth values on the performance (in
terms of BER) of 8-channel 10 Gbps wavelength-division
multiplexing passive optical network (WDM-PON) optical
data transmission system based on OFC in optical C-band
(1530-1565 nm) with a free spectral range (FSR) equal to
100 GHz according to ITU-T G.694.1 recommendation [23].
Two cases for OFCs are used in intensive numerical
simulation of NRZ-OOK modulated fiber communication
systems. The first case corresponds to the “ideal” flat-top
spectral envelope with equalized spectral powers. The second
case corresponds to the OFC with different powers of
spectral lines obtained for realistic parameters of silica
microresonators. These two cases are compared showing that
WDM-PON has slightly lower BER values for the first case,
when the power is equalized.

Such existing PON standards as NG-PONZ2 corresponding
to ITU-T recommendation G.989.2 [24] and standards under
development as Super-PON standardized in the IEEE
P802.3cs Task Force [25], can benefit from employing
WGMR-OFC for generating optical carriers. Super-PON is
an optical layer that supports an extended optical reach of up
to 50 km and an increased customer number of 1024
customers per fiber over a passive optical distribution
network (ODN). Even though NG-PON2 extended reach is
higher (60 km), the main advantage of Super-PON is in the
optical network unit (ONU), which is simplified by removing
a tunable optical filter - the most challenging point in the
realization of NG-PON2 [26]. Therefore, in this article, we
investigate a 100-GHz spaced 8-channel dense wavelength-
division multiplexing passive optical network (DWDM) with
ODN transmission length up to 50 km. Central frequencies
used for data channels (192.7 to 193.4 THz) also coincide
with FSR Set 1 (C-band from 192 to 193.5 THz for
downstream direction and L-band from 187.613 to 189.079
THz for upstream direction) for Super-PON. Besides, 100
GHz channel spacing corresponds to the nominal channel
spacing for Super-PON [26]. However, in this paper, we
concentrate on the influence of optical carrier linewidths for
the transmission distance corresponding to the typical super-
PON transmission distance of 50 km. We do not investigate
the actual super-PON  performance  with silica
microresonator-based OFC generator as the light source.
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The rest of the paper is structured as follows: Section 2
describes the numerical modelling of an OFC in a silica
microresonator using the Lugiato-Lefever equation for a
realistic scheme of an OFC generator. Section 3 presents
OFC with different linewidth values and describes the
simulation setup of an 8-channel NRZ-OOK data
transmission system. The obtained results as BER curves
regarding received signal power, BER changes depending on
optical carrier linewidth, and optical tone-to-noise-ratio
(TNR) before PIN photodiode are described in Section 4.
Finally, a summary of the research is given in Section 5.

2. Numerical simulation of an OFC in a silica
microresonator

It is known that an OFC generated in an optical
microresonator in different regimes can be used as a multiple
light source for WDM systems [9,27]. Here we considered
the possibility of forming an OFC in the regime of a
dissipative Kerr soliton (DKS) in a silica microresonator. It
is possible to use microresonators with different geometries,
such as toroids, disks, and spheroids to obtain the desired
FSR (100 GHz in our case) and at the same time to control
the parameters so that the dispersion is anomalous in the
telecommunication range [28]. Figure 1(a) presents a
simplified schematic of an OFC generator utilizing an axially
symmetric silica microresonator (with a certain realization in
the inset) pumped through a silica fiber taper. The dynamics
of the optical intra-resonator field is described by the
generalized Lugiato-Lefever equation that does not depend
on the microresonator geometry [3,29]. Here we use a
dimensionless form considering the Raman response, the
anomalous dispersion, and cubic dispersion (standard
normalization, see [28,29]):

bs 93
zaﬁ

OE(t, 1) ) i 9%
T—(-l —1A+Eﬁ+
CE(40) + i (f R(s)[E(t, T — s)|2) E(t,T) + S
where E(t, 7) is the intra-resonator dimensionless field; ¢

and t are the normalized fast and slow times, respectively; bs
is the dimensionless coefficient characterizing the cubic
dispersion (here bz = 0.01); 4 is the dimensionless detuning
from the exact resonance closest to the pump frequency (here
4 =60); S is the CW pump field entering the microresonator
(here |S|?= 65); R(t) is the Raman response function taken in
the common form for silica glass [27]:

&)

R(D = (1~ fr)8(0) + 2
+R(17% + 152) 1 exp (—t/T,)sin (t/1;)

where §(t) is the Dirac delta function; fr = 0.18 is the
Raman fraction to the nonlinear response; 7; = 12.2 fs and
7 =32fs.

The results of the numerical simulation for the DKS
pumped at a frequency of 193.7 THz are presented in
Figure 1. We use a home-made numerical Matlab code based
on the symmetrized split-step Fourier method (SSFM) [29]
to simulate the DKS in the framework of Eg. (1) with
allowance for Expression (2). Note that an example of a
numerical Matlab code for solving the simpler nonlinear
Schrddinger equation utilizing SSFM is given in Appendix D
in [29]. This code can be upgraded for creating software for
modelling the more complex generalized Lugiato-Lefever
equation with allowance for additional terms. Note that in
[30] the authors study the effect of the Raman response on a
DKS (in the absence of cubic dispersion). The detuning
parameters are found for which the fundamental soliton
exists and is stable. It is shown that the influence of the
Raman nonlinearity leads to an asymmetry of a DKS
spectrum with respect to the pump, and a spectrum shift to
longer wavelengths, which also agrees with the results of
[31]. In this case, the displaced top of the soliton is rather flat
for large values of detuning 4. Therefore, when choosing the
parameters 4 and S, we are guided by the results of [30]. The
mode spacing is set to 100 GHz according to the ITU-T
frequency grid.

We select the pump wavelength so that the harmonics
with the maximum spectral intensities, most suitable for use
in WDM systems, are located near 193.1 THz, also following
ITU-T recommendations.

OFC generator
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Figure 1. (a) Simplified scheme for an OFC generator. The
inset shows a certain realization of a microresonator edge.
Simulated OFC in the regime of DKS: the optical spectrum
(b); the corresponding intensity distribution in the time
domain (c); the magnified spectrum near its top (d).

193.7 194.0

Figure 1(b) shows the relative spectral intensities of the
OFC harmonics, and Figure 1(c) shows intensity distribution
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in the time domain, demonstrating the DKS with a FWHM
duration of Tewnm = 180 fs. The enlarged spectrum near the
top of the soliton is plotted in Figure 1(d). The harmonics are
numbered as follows: the harmonic corresponding to the
pump is denoted as (0), the harmonics at a higher frequency
are numbered from the pump (+1), (+2), and the harmonics
at lower frequencies from the pump are numbered (-1), (-2),
and further. One can see that the harmonics (-6) and (-7) at
frequencies 193.1 THz and 193 THz, respectively, have
maximum relative intensities. Eight harmonics numbered as
(-3), (-4), to (-9), (-10) and having power difference no more
than 0.5 dB, can be used for an 8-channel WDM system for
further data transmission. The found spectral envelope for
carriers of the OFC demonstrated in the simulation in this
section is important and will be considered for WDM-PON
simulations below for comparison with results for flat-top
spectral envelope (with equalized carriers’ powers).

3. Simulation of Silica Microresonator-Based 8-
Channel 100 GHz Spaced WDM-PON System

We have created the 8-channel 100 GHz spaced IM/DD
WDM-PON data transmission model in the “VPI Photonics
Design Suite Transmission Maker” simulation environment
to investigate WDM-PON performance based on different
carriers' FWHM linewidths. As the base for different FWHM
linewidths, we have numerically simulated OFC with optical
carriers of 100 kHz, 1 MHz, 10 MHz, and 100 MHz
linewidth values, where optical carriers in each case are
spaced with 100 GHz FSR corresponding to ITU-T G.694.1
recommendation. The choice of the considered linewidths is
due to the following factors. For 100 MHz linewidth, as will
be shown below, there is a significant degradation of the
WDM-PON parameters compared to narrower carriers, so
large linewidths (>100 MHz) are not analyzed in this work.
As for the minimum considered value of 100 kHz, the
reasons are as follows. It is not very easy to achieve
experimentally a linewidth much less than 100 kHz. And, as
will be also shown below, WDM-PON performance
improves, but only slightly when the carriers are narrowed,
starting at 10 MHz. 10 MHz is already sufficient for
telecommunication applications. In addition, for simulation a
WDM-PON with a linewidth less than 100 kHz at FSR = 100
GHz, a very large number of points is be required, which is
very time consuming. First, we considered the flat-top
spectral envelope, and after that considered a realistic
envelope with different powers of spectral harmonics
(calculated in Section 2). The optical spectra of these OFCs
with different harmonic linewidth values, which were later
integrated into the simulation model, are shown in Figure 2.
Note that peak powers of different harmonics can be
equalized with spectral filter, which is assumed for the OFC
shown in Figure 1, and the result is the flat-top OFCs shown
in Figure 2.

We are using OFC with different linewidths — 100 kHz, 1
MHz, 10 MHz, and 100 MHz, which can result in different
behavior of optical pulses due to the fiber dispersion. We
need to look at the influence of chromatic dispersion on
signals with different optical carrier linewidths to understand
how this will affect the transmission performance (BER
values) of the WDM-PON transmission  system.
Mathematically, fiber dispersion is accounted by expanding
wave propagation constant 8 in Taylor series (B« = 8"8/0a", k
=0,1,2,...) near the central carrier frequency w, [29]:

1
B(w)=Bo+PB1(w-wo)+ 7 Bz (w-wg)*+... 3)

As described in [29], if the spectral width of the pulse
corresponds to Aw « w, higher-order terms are negligible.
Additionally, as we transmit data in optical C-band with a
central wavelength of 1.5 um, it is far away from the zero-
dispersion point (1.3 um) of SMF optical fiber. Therefore,
the cubic term effect on the overall dispersion is not
considered. Physically speaking, 1/8; represents the group
velocity of the pulse envelope, but the parameter S,
represents group velocity dispersion (GVD) and is the
parameter that describes pulse broadening, when higher
frequency components travel slower than lower frequency
components [29]. And the larger the difference between the
lowest and highest spectral components (linewidth), the more
the optical pulse broadens. Accordingly, B, (ps/km?) is
related to dispersion parameter D (ps/nm/km) through:

2mc

= 2 B, 4)

where c is the speed of light, 4 is a wavelength.

Let’s compare the spectral width of each comb line,
assuming the dispersion parameter D being the same 17
ps/nm/km at reference wavelength 1550 nm. Predictably, the
optical pulse will broaden more for 100 MHz OFC after the
transmission over the standard single-mode optical fiber
(SSMF), resulting in a higher power penalty to compensate
relative intensity noise, mitigate dispersion effects, and,
therefore, get a lower BER value [32]. In the case of 100
kHz, BER values are expected to be the lowest.
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Figure 2. Optical spectra consisting of Lorenz lines used
in the simulation of the 8-channel 100 GHz spaced IM/DD
WDM-PON system for their different linewidth values
(upper row). Enlarged spectra counted from the central
frequency of one line for different linewidth values (bottom
row).

Optical line terminal (OLT)

The simulation setup used to investigate optical carrier
linewidth influence on the WDM-PON transmission system
is illustrated in Figure 3. The whole structure can be divided
into the following configuration, where the first section is
WGMR-OFC, described as a black box for the sake of
generality. Numerically obtained OFCs are integrated into
the simulation in the WGMR-OFC section using the
following method. First, laser array is realized consisting of
eight CW lasers with central frequencies perfectly matching
the central frequencies of OFC carriers as shown in Fig. 1(d).
Thus, the linewidth of all lasers is tunable to match the
desired comb carrier linewidth, as displayed in Fig 2. All
eight laser carriers are coupled into an ideal coupler and the
combined optical signal is then filtered by the user-defined
amplitude-frequency response band-pass filter (AFR), where
the numerically obtained OFC is implemented.
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Figure 3. Simulation setup of the 8-channel 100 GHz spaced NRZ-OOK modulated WDM-PON data transmission system
based on the WGMR-OFC light source.

In this way, after this band-pass filter, we get the optical
spectrum that corresponds to and has characteristics equal to
OFCs presented in Figure 2. Then, the OFC comb is split
into individual carriers (Jx) by the arrayed waveguide grating
(AWG) demultiplexer (de-MUX) with 3-dB bandwidth of 75
GHz bandwidth for each channel in the optical line terminal
(OLT) section to constitute CW lasers. The 10 Gbps pseudo-
random bit sequence with a length of 2!%-1 (PRBS15)
encoded as NRZ drive signal is modulated onto separated
optical carriers using Mach-Zehnder modulators (MZMs)
with 3-dB bandwidth of 12 GHz and 20 dB extinction ratio.
After the data is modulated onto optical carriers using MZM
modulators, data channels are combined with AWG
multiplexer (MUX) with 75 GHz at 3-dB channel bandwidth,
ensuring a spectral separation of 100 GHz spaced data
channels. Then EDFA amplifies the combined data signal by
5 dB. It is important to mention that in our model EDFA

does not cause the increase in the signal linewidth value, and
the reason is that amplifier phase noise rather manifests
through extremely low-power Lorentzian pedestal, which is
usually under the detection the noise level [34]. This means
that EDFA will not induce changes in BER values based on
spectral broadening of the signal. However, EDFA
introduces amplified spontaneous emission noise, which
decreases signal-to-noise ratio by 4 dB and that in turn
results in higher BER value.

Next, the combined optical signal is sent through the
SSMF span with an attenuation coefficient equal to 0.2
dB/km and a dispersion coefficient of 17 ps/nm/km
(reference wavelength 1550 nm) in an optical distribution
network (ODN). We change the fiber length during the
simulation from 20 to 50 km, so the maximal transmission
distance corresponds to the Super-PON needs.
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After the transmission over the SSMF, data channels are
demultiplexed with AWG de-MUX having the same 3-dB
channel bandwidth of 75 GHz and sent to the receivers (Rx)
of each optical network terminal (ONT). The received optical
signals are detected with a PIN photodiode with 3-dB
bandwidth of 12 GHz, -18 dBm sensitivity for BER = 10,
and responsivity of 0.65 A/W. The received electrical signal
is filtered by a low-pass filter (LPF) with 3-dB bandwidth of
8 GHz and then processed by an electrical signal analyzer
(Scope), showing a bit pattern for eye diagram and analytical
BER measurements. BER values are estimated analytically in
simulation software from eye diagrams by calculating the Q
factor and then using a complementary error function
denoted as “erfc”.

M1 — Ho
Q= o, + 0y 5
where y, and p, are the mean values for one and zero
levels in the received signal, but o; and g, are the standard
deviation from these one and zero levels. Then using a
complementary error function denoted as “erfc”, BER value
is obtained:
BER: ! f ¢ 6
2°re (ﬁ) )

The complementary error function uses the Q factor,
which comes from the eye diagram, and it is a different
parameter compared to the microresonator Q-factor.

4. Performance Assessment of a WDM-PON
Transmission System Based on Different Carrier
Linewidths

In this section, we first analyze the BER curves as
performance indicators of the feasibility of an 8-channel 100-
GHz spaced DWDM-PON transmission system with up to 50
km SMF fiber, emulating all linewidth values of the optical
carriers coming from the WGMR-OFC source. BER curves
are shown for flat OFC envelope and for OFC with a slight
variation in optical power among different harmonics as
shown in Figure 1(d) to compare the results and see the
impact of frequency comb line equalization. We also show
TNR and BER correlation diagrams regarding carrier
linewidth values for 20 and 40 km distances to provide
insights for typical NG-PON2 transmission distances and 50
km to cover Super-PON standard. Then we introduce yet
another performance indicator as eye diagrams for 100 kHz,
1 MHz, 10 MHz, 100 MHz linewidth after 50 km of signal
transmission that corresponds to the developing Super-PON
standard.

Please note, that all diagrams presented in this section are
shown for the worst-performing data channel (2™ channel
centered at the frequency of 192.8 THz, depicted in Figure
1(d) as the carrier (-9)) in terms of the BER. We compare

BER values regarding the average received power for the

used linewidth values in Figure 4. The correlation diagrams

are measured using a variable optical attenuator (VOA)

located before the PIN of the worst-performing data channel.
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Figure 4. The plot of BER versus the average received
power for linewidth values of 100 kHz, 1 MHz, 10 MHz, and
100 MHz for 50 km transmission of the NRZ-OOK
modulated signal with 10 Gbps bitrate.

As stated in the previous section, the dispersion effect
influences the 100 MHz signal the most, resulting in the
worst-system performance in terms of received optical power
and corresponding BER values. The BER for a 50 km
distance and a flat OFC spectral envelope changed from
4.7x102 to 1.3x10° for a 100 MHz optical carrier. In
contrast, the best-system performance has been shown
employing 100 kHz optical carrier linewidth, where the BER
changed from 4.1x107 to 4.4x102, As shown in Figure 4,
the receiver sensitivity (defined at FEC limit) for the worst-
performing 2™ channel is -23.9, -23.8, -23.7, and -23.6 dBm
compared among linewidth values 100 kHz, 1 MHz, 10
MHz, and 100 MHz, respectively. The power penalty values
to achieve BER performance equal to the defined FEC
threshold of 1x107, compared to the best-case scenario of
100 kHz, is 0.1, 0.2, and 0.3 dB for 1 MHz, 10 MHz, and
100 MHz, respectively. These power penalty values can be
considered as negligible.

Next, we analyzed the case of various (non-equalized)
powers of optical harmonics. As shown in Figure 5, the BER
for a 50 km distance and for the OFC with a realistic
variation in optical power among different harmonics
(according to the calculated OFC spectrum presented in
Figure 1(b,d)) changed from 9.2x10% to 1.1x10° for a 100
MHz optical carrier. In contrast, the best-system performance
has been shown employing 100 kHz optical carrier linewidth,
where the BER changed from 9.1x102 to 4.2x10*. As
shown in Figure 5, the receiver sensitivity (defined at FEC
limit) for the worst-performing 2" channel is -23.7, -23.6, -
23.5, and -23.2 dBm compared among linewidth values 100
kHz, 1 MHz, 10 MHz, and 100 MHz, respectively. The
power penalty values to achieve BER performance equal to
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the defined FEC threshold of 1x10, compared to the best-
case scenario of 100 kHz, is 0.1, 0.2, and 0.5 dB for 1 MHz,
10 MHz, and 100 MHz, respectively. These power penalty
values can be considered negligible.
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Figure 5. The plot of BER versus the average received
power for linewidth values of 100 kHz, 1 MHz, 10 MHz, and
100 MHz for 50 km transmission of the NRZ-OOK
modulated signal with 10 Gbps bitrate with OFC having
realistic variation in optical power among different
harmonics.

Comparing the results between Figure 4 and Figure 5,
OFC with a realistic variation in optical power among
different harmonics results in the BER value decrease by one
power. This shows that OFC line power equalization
provides slightly better system performance, and therefore
we further show only the results obtained for OFC with a flat
spectral envelope.

TNR needs to be sufficient (e.g., the corresponding
optical-signal-to-noise ratio is at least 10 dB for 10 Gbps
NRZ-OOK signals [33]) before PIN photodiode to provide
BER corresponding to the FEC threshold (1x103).
Therefore, to clearly state how these different values affect
the received signal TNR, we show the TNR correlation
diagram versus employed linewidth values for distances of
20, 40, and 50 km in Figure 6. It is also important to mention
that TNR for optical carriers at the output of WGMR-OFC
decreases with an increasing linewidth of the optical carrier,
where TNR values are 116.1, 96.1, 76.1, and 56.1 dB for 100
kHz, 1 MHz, 10 MHz, and 100 MHz linewidths respectively,
please see Figure 2.

As shown in Figure 6, the best TNR performance is
provided by 100 kHz linewidth, where TNR values are 53.6,
53.5, and 53.4 dB for 20, 40, and 50 km transmission
distances, respectively. The worst TNR performance is
provided by 100 MHz linewidth, where TNR values are 52.3,
52.0, and 51.9 dB for 20, 40, and 50 km transmission
distances, respectively.

The TNR values are closely related to the received signal's
BER values. Therefore, Figure 7 presents the received
signal's BER values regarding optical carrier linewidth for

20, 40, and 50 km transmission distances. As shown in
Figure 7, the BER values coincide with the decrease of TNR
in Figure 6. The lowest BER values are provided by 100 kHz
linewidth, where the BER values are 3.5x10%,
corresponding to error-free transmission, 4.8x10%, and
4.4x1012 for 20, 40, and 50 km transmission distances,
respectively. The highest BER values are provided by 100
MHz linewidth, where the BER values are 3.4x10%, 2.3x10-
1 and 1.3x10°6 for 20, 40, and 50 km transmission distances,
respectively.
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Figure 6. The plot of TNR before PIN photodiode versus
all linewidth values for 20, 40, and 50 km transmission
distances.
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Figure 7. The plot of BER versus linewidth for 20, 40,
and 50 km transmission distances.

Figure 8 illustrates the received signal quality of the 2"
channel after 50 km long ODN link transmission for all
investigated linewidth values. Figures 8(a), 8(b), 8(c), and
8(d) show the received signal quality after transmission over
50 km SMF at a data rate of 10 Gbps per channel. As shown
in Figure 8, eye openings are relatively high - 6x10 a.u.,
5x10a.u., 4x10°a.u., 3x10® a.u., while the jitter values are
74.96 ps, 81.33 ps, 84.91 ps, and 95.87 ps, respectively. BER
values are below the defined FEC limit, where the range of
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BER values among all channels of the received signal are
4.4x10%2 — 2.7x10%?, 2.9x10° — 4.3x10%, 4.1x10% —
3.2x10Y, and 1.3x10° 1.2x10% (the first value
corresponds to the worst-performing channel, but the second
value corresponds to the best-performing channel). It means
that the investigated 8-channel system can provide error-free
transmission by all four OFC linewidth values used in this
research.

Obtained results show the following aspects of the 8-
channel NRZ-OOK modulated WDM-PON transmission
system, which is tested with different OFC optical carrier
linewidths.

First, data transmission power penalty to achieve BER at
the defined FEC threshold for 50 km transmission distance
can be considered negligible among all investigated
linewidth values.

Second, TNR values, EDFA phase noise and the
dispersion effect are the main factors that affect the BER
values in this format of an optical fiber transmission system.
TNR values tend to decrease with increasing OFC carrier

linewidth values. As this decrease is in the range of about 1.5
:\renplistude [a.u]
g

(a)

1e-5 o

5e-6

dB between 100 kHz and 100 MHz linewidth, TNR
influence on the achievable BER values can be considered
minimal. EDFA phase noise and optical fiber dispersion
effect increase an OFC carrier linewidth during transmission
of data, which in turn dramatically increases the BER values
of the received signals. EDFA phase noise generally is
considered weak, therefore we conclude that the main
limitation for achievable BER value comes from the fiber
dispersion effect.

The BER values obtained after 50 km SMF fiber
transmission length are well below the FEC threshold.
Therefore, it is possible to use OFC with linewidth values of
100 kHz, 1 MHz, 10 MHz, and 100 MHz to provide data
transmission in the NG-PON2 and evolving Super-PON
optical networks. Additionally, the proposed solution

simplifies OLT architecture and provides an energy-efficient
light source instead of a power-hungry laser array, which can
for

be beneficial
networks.

NG-PON2 and Super-PON optical
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Figure 8. Eye diagrams of the received signal after 50 km transmission over single-mode fiber for investigated 8-channel
100 GHz spaced WDM-PON system operating at a data rate of 10 Gbps for linewidth values of (a) 100 kHz, (b) 1 MHz, (c)
10 MHz, (d) 100 MHz.

5. Conclusions

In this paper, we have proposed the design of a WDM-
PON based on a silica WGMR generating an OFC with 100
GHz FSR and performed a detailed numerical simulation of
the corresponding system. Using intensive numerical
simulation, we have investigated the influence of the OFC
carrier linewidth on the performance of the 8-channel 100
GHz spaced WDM-PON transmission system operating at

the data rate of 10 Gbps per channel and the overall data rate
of 80 Ghps.

We have shown that different linewidth values of optical
carriers (100 kHz, 1 MHz, 10 MHz, and 100 MHz)
originating from WGMR-OFC result in different
performance indicators of signal transmission for the WDM-
PON network. The best system performance in terms of
maximal achievable transmission length, received optical
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power, TNR, and BER values, is provided by OFC with
carrier linewidth of 100 kHz. This is due to dispersion
influence, which broadens pulse less for smaller linewidth
values. Data transmission over 50 km of SMF fiber distance,
corresponding to the evolving Super-PON standard, verifies
the feasibility of the investigated system also for 1 MHz, 10
MHz, and 100 MHz OFC carriers, providing BER values
below the FEC threshold of 1x10-3. We have also found that
the equalization of OFC peak powers slightly improved the
performance of the WDM-PON system for all linewidths
compared to the case when OFC peak powers have a slight
variation (corresponding to the calculated OFC spectrum for
realistic microresonator-based system). Considering power
penalty among all linewidths, TNR, and BER values, the
influence of the OFC carrier linewidth can be considered as
low having a minor impact on the performance of the
investigated system.
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ABSTRACT This article reports an implementation of a microsphere-based optical frequency comb (OFC)
generator for substitution of individual laser arrays and simulates wavelength division multiplexed passive
optical network (WDM-PON) based on this OFC generator. Our proposed generator is built based on silica
microsphere, barely studied for fiber optical communication systems, and is a promising solution with
photonic integration capability. Kerr OFC as a multiple light source containing more than 20 spectral carriers
in the fundamental mode family in the C-band and beyond is demonstrated experimentally. Four of these
OFC generator carriers with the highest peak power are studied in simulated 4-channel 393 GHz spaced
WDM-PON. Additionally, we show this OFC as a source of optical carriers capable of providing data trans-
mission over most utilized fiber types in modern optical communication systems, namely, single-mode fiber
(SMF), non-zero dispersion-shifted fiber (NZ-DSF), and cut-off shifted fiber (CSF). We show through the
simulations that error-free data transmission is possible, providing a total transmission capacity of 40 Gbit/s
by using four OFC generated carriers.

INDEX TERMS Optical frequency comb (OFC), silica microsphere, wavelength-division-multiplexing
(WDM), passive optical network (PON).

I. INTRODUCTION

Optical frequency combs (OFC) are evenly spaced, nar-
row, and phase-locked sets of frequency lines. They have
been widely studied and employed in such applications as
frequency metrology, arbitrary waveform synthesis, preci-
sion clocks, high-resolution spectroscopy, microwave signal
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approving it for publication was Fang Yang
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generation, quantum networks, optical communication sys-
tems, and optical neural networks [1]—-[12]. Applications of
fiber optical communication systems impose strict require-
ments on OFC generators and resulting frequency combs.
These applications require OFC characteristics such as nar-
row spectral linewidth, flat power distribution among the
spectral lines, high optical power, and an adjustable free spec-
tral range (FSR) [13], [14]. Alternative solutions to the com-
monly used mode-locked lasers method for OFC generation
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can meet these demands [15]. One promising method uses
electro-optic (EO) modulation of the single-frequency optical
field to generate OFC [3], [16]-[18]. Another simpler and
cheaper method is to generate OFC via the third-order non-
linearity in microresonators [4], [5], [19]-[25]. Continuous
wave (CW) lasers pump microresonator modes to realize such
frequency comb generation. The advantages of high-Q factor
(~ 10% — 10'") microresonator sources are more compact
integration, broadband operation, and lower threshold pow-
ers [22]. Microresonators like microsphere resonators can
be manufactured more easily and quickly with reproducible
parameters than other microcomb sources such as micror-
ing [26], for example, by melting the end of standard telecom
SMF fiber. Besides, routinely reached Q-factor values are
higher 107-10° [20], [27], [28).

OFCs are used in different optical communication sys-
tem applications. For instance, OFCs are used in mm-wave
radio-over-fiber (RoF) systems employing optical hetero-
dyning. There the OFC source is based on the externally
injected gain-switched distributed feedback laser. However,
the architecture of such an OFC is more complicated if
compared to microresonator-based OFC sources [11]. Addi-
tionally, CMOS-compatible micro-comb sources can be used
as photonics microwave frequency converters, enabling the
generation of high-frequency electrical signals ranging from
10 GHz to 500 GHz [29].

OFCs also have an application as a multi-wavelength
local oscillators (LO) for coherent detection wavelength-
division-multiplexed (WDM) systems with advanced mod-
ulation formats like quadrature amplitude modulation
(QAM), quadrature phase-shift keying (QPSK), and oth-
ers in single-core and multi-core fibers (MCF) [30]. The
most critical aspects of frequency combs in WDM sys-
tems are broadband phase coherence and high relative-
frequency stability, which cannot be reached by individual
laser arrays [13]. Moreover, WDM data transmission sys-
tems utilizing distributed feedback laser arrays are expen-
sive due to the need for many individual lasers that have
to be synchronized. The use of microresonator-based OFC
significantly reduces the cost of the system, since one
narrow-band CW laser source is sufficient to generate an
OFC with a large number of carriers. OFC lines can be
used not only for data transmission but also to generate
new combs at the receiver side, where the microresonator is
constructed on the silicon nitride (Si3N4) waveguide [30].
However, manufacturing micro-ring resonators and SizNg
waveguide resonators is more complex than manufacturing
microsphere resonators proposed here for WDM-PON as
an alternative for existing solutions. To fabricate a silica
microsphere, only a few cm of a standard telecommunication
fiber are required, so it is a cheap and quick technology.
Also, using a tapered fiber for the microsphere excitation
leading to OFC generation enables fine-tuning the coupling
conditions which cannot be implemented for chip-based
resonators with integrated waveguides. These are the reasons
dictating our choice to use microsphere-based frequency
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combs for optical communication systems in this paper.
Here, we demonstrate the application and performance of
silica microresonator-based OFCs in optical communication
networks by integrating it into the 10 Gbit/s wavelength-
division-multiplexed passive optical network (WDM-PON)
as a light source. Optical carriers for data channels are
provided by fabricated silica microsphere-based frequency
comb source instead of the individual laser array.

We have generated an OFC with an FSR of 393 GHz,
in a microsphere with a diameter of 168 um. Four gener-
ated OFC carriers with the highest power are chosen for
data transmission to prove the concept, except for the pump
carrier on 1558 nm. Selected comb lines are modulated with
10 Gbit/s data streams and transmitted via optical fiber link
over distances of up to 70 km.

In this research, different kinds of transmission fibers,
namely single-mode fiber (SMF) [31], non-zero dispersion-
shifted fiber (NZ-DSF) [32], and cut-off shifted fiber
(CSF) [33] are used and compared as a part of WDM-PON
optical distribution network (ODN) section. Considering that
each of these fibers has different attenuation, chromatic dis-
persion (CD), nonlinear coefficients, and effective areas at
the reference wavelength of 1550 nm, quantitatively differ-
ent results are obtained in terms of the received signal bit-
error-ratio (BER) and eye diagrams.

The remainder of the manuscript is structured as fol-
lows: Section II describes the fabrication process of
microsphere resonator (II-A) and an experimental gener-
ation of a Kerr OFC in the produced whispering gallery
mode resonator (WGMR) (II-B). Section III discusses the
OFC application in fiber optical communication systems.
Section IV describes the integration of whispering gallery
mode microsphere-based resonator (WGMR) as an opti-
cal frequency comb (OFC) source into the transmitter side
of 10 Gbit/s WDM-PON optical communication system.
More specifically, this section shows the impact of differ-
ent optical fibers on the resulting signal quality according
to the generated frequency comb (IV-A) and analyzes the
simulation model of the proposed WDM-PON transmission
system with OFC source (IV-B). Obtained results, eye dia-
grams, and system performance analysis are provided in
section V. Finally, section VI gives a brief summary of the
experimental and simulative results and concludes the paper.

Il. EXPERIMENTAL DESIGN OF WGMR-OFC

A. FABRICATION PROCESS OF MICROSPHERE
RESONATOR

We produced a spherical whispering gallery mode res-
onator (WGMR) with a diameter of 168 pum and a fiber taper
(or microtaper) with a waist diameter of about 3 pum from
a standard telecom silica fiber (Corning SMF-28e) based
on technologies developed previously [20]. The microtaper
was used for coupling pump light and outputting the OFC
generated in the C-band and beyond in the WGMR. These
WGMRs with controllable parameters were manufactured
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FIGURE 1. The recorded consecutive stages of WGMR manufacturing by
one (X) or two (X, Y) built-in cameras of optical fiber splicer.

using Fujikura ARCMaster FSM-100P+ fiber splicer with
the help of a specially developed software. All stages of the
manufacturing process recorded by one (X) or two (X, Y)
built-in cameras are shown in Fig. 1 (a-j). At first, a conical
taper was made from telecom SMF-28e fiber (see Fig. 1(a))
by pulling this fiber (see Fig. 1(b)) with controllable speed
under a constant arc current. Then the taper was split into two
parts by applying strong discharge of the electric arc. Next,
the thin end of the tapered fiber was melted (Fig. 1(c)), and an
almost spherical silica WGMR was formed under the influ-
ence of surface tension forces. This procedure was repeated
several times (Fig. 1(d-j)). After each melting, the WGMR
diameter increased, and its shape approached a spherical one.
This technology makes it possible to fabricate WGMRs with
reproducible parameters regularly. The microsphere diameter
can be easily regulated by the number of melting cycles and
a diameter of a thinned fiber shown in Fig. 1(b,c). Note
that the microsphere diameter relates to an FSR as FSR =
c/(7r x negr X d), here negr is an effective refractive index, d is
a diameter of a microsphere, and c is the speed of light in a
vacuum. So, by changing d, it is possible to control an FSR.
When developing the program for the fiber splicer, we finely
tuned the parameters of the fiber splicer and the number of
melting cycles, aiming at an FSR of 400 GHz.

Biconical fiber taper with the length of the tapered section
of about 5 cm was manufactured for light coupling to the
WGMR. The taper was made of SMF-28e fiber heated
with a gas burner and stretched down to a few microme-
ters [20], [34]. Note that the near-field evanescent coupling
technique with a fiber taper is very popular due to high
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FIGURE 2. The basic scheme of the experimental setup for OFC
generation in WGMR.

coupling efficiency and ease of production compared with
other techniques such as an angle-polished fiber coupling or
coupling with a planar waveguide.

A fiber taper can be easily integrated compared with a bulk
prism also frequently used for WGM excitation in micro-
spheres.

B. GENERATION OF A KERR OFC IN THE PRODUCED
WGMR
The simplified experimental scheme for OFC generation in
the produced silica WGMR is shown in Fig. 2. The exper-
iment was conducted in an acrylic glove box to mitigate
the influence of airflows and dust, as in our previous stud-
ies [20], [34]. When developing a prototype for a real sys-
tem, these protecting conditions can be easily reproduced by
packaging a microsphere and a fiber taper in a compact box.
The WGMR was attached to a precision three-axis trans-
lation stage (Thorlabs MAX312D), which provided coarse
manual alignment and fine control of the relative position of
the WGMR and the taper by built-in piezo stacks. A coarse
WGMR positioning was done manually by using two CCD
cameras, whereas a precise adjustment was done by control-
ling the voltage applied to the piezo stacks. A view from one
CCD camera is shown in Fig. 2 (at the bottom right corner).
We used a CW tunable laser (Pure Photonics, PPCL550-
180-60, output power 18 dBm, C-band, tunable within 60 nm
range) with a linewidth of 10 kHz to generate a Kerr OFC
in the produced WGMR. We placed a 1550£10 nm optical
band-bandpass filter (OBPF) before the microtaper to remove
the wide background emission from the CW pump laser.
The output signals were recorded on Yokogawa AQ6370D
(Telecom Optical Spectrum Analyzer (OSA) 0.6-1.7 um).
The method of determining the width of the resonance dips
recorded by the oscilloscope was used to find the Q-factor,
when sweeping the frequency of the pump laser at a low
power level to avoid thermal effects near a resonant WGM,
as in our previous work [20]. We measured a resonant dip
width at full-width half-maximum (FWHM) of ~650 wus,
which corresponds to a spectral linewidth 6f = 6.5 MHz at
a laser scanning speed of 10 GHz/s. The central frequency
of the laser was fo ~ 192.6 THz; so, for the corresponding
WGMR, we estimated Q = fo/8f = 3 x 107.
We used the regime of sweeping the pump laser frequency
(linear modulation) near 1558 nm to obtain OFC generation
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FIGURE 3. (a) Dispersion of the silica WGMR calculated for the
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(b) The experimental spectrum of the Kerr OFC (harmonlcs are numbered
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experimentally. The tunable C-band laser power was set to
16 dBm (before 50/50 coupler, see Fig. 2).

After a few periods of sweeping (at a speed of 10 GHz/s
with an amplitude of 60 GHz controlled by the laser soft-
ware), it was stopped and a steady-state OFC was attained
due to mode pulling based on thermo-optical and Kerr
effects [35]. The pump wavelength was chosen in the C-band
in the slightly anomalous dispersion range experimentally
near the fundamental WGM. The threshold pump power to
obtain the OFC was ~12 dBm. We tested the OFC spectral
stability for ~10 minutes.

The Kerr OFC with an FSR of 393 GHz was generated
in the regime of the small absolute value of the dispersion
across the whole spectrum, and WGMR was pumped at a
wavelength corresponding to a slightly anomalous dispersion
(see Fig. 3). An FSR of 393 GHz roughly corresponds to
n x 100 GHz, where n = 4, which satisfies ITU-T rec-
ommendation G.694.1 concerning spectral grid for WDM
systems.

We calculated the dispersion of the produced silica
WGMR using the method described in detail in our previous
work [36], [37]. We solved numerically the characteristic
equation obtained from Maxwell’s equations to find eigenfre-
quencies of the WGMR and after that to calculate the disper-
sion B, for the fundamental modes. The dispersion is plotted
in Fig. 3(a). Strictly speaking, the dispersion is determined in
a discrete set of points (shown by circles in Fig. 3(a)) corre-
sponding to eigenfrequencies). However, neighboring points
are connected by line segments for clarity and ease of per-
ception. We compare the experimental frequencies of spectral
harmonics of the Kerr OFC with calculated eigenfrequencies
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and obtain that all harmonics can be interpreted as fundamen-
tal TE modes (see Fig. 3(a,b), vertical dotted lines indicating
the frequencies of calculated TE modes serve as eye guides).
In other words, a stable OFC was obtained experimentally,
providing a multiple frequency light source containing more
than 20 spectral lines in the fundamental mode family within
the C-band and beyond. Please note that for further research
only four generated OFC carriers with the highest power,
namely (—2), (—1), (1), and (2) are chosen for data transmis-
sion. The measured tone-to-noise-ratio (TNR) values of these
carriers are about 41 dB, 49 dB, 46 dB, and 43 dB. While the
TNR of the pump carrier is about 73 dB.

1ll. OFC APPLICATION IN OPTICAL COMMUNICATION
SYSTEMS AS LIGHT SOURCE

When Kerr OFCs based on whispering gallery mode res-
onator (WGMR-OFC) are integrated into WDM-PON opti-
cal communication systems instead of individual laser
arrays in the central office (CO) massive potentials emerge.
It is beneficial considering the next-generation PON stan-
dards — 10-Gigabit-capable symmetric passive optical net-
works (XGS-PON) and NG-PON?2 [38], [39]), where lower
expenses in terms of energy and spectral efficiency are
the main goals. To design a valid microsphere application
for optical communication systems, not only WGMR-OFC
realization and parameters should be optimized, but also
WDM-PON network should be optimized based on a gener-
ated OFC. The PON optimization should include dispersion
compensation and power budget calculations, according to
NG-PON2. The necessary dispersion compensation is esti-
mated based on the different fiber types used in ODN, which
we have been investigating in this paper. The power budget is
still calculated according to NG-PON2 ODN optical path loss
classes E1 and E2. The minimum and maximum optical path
loss is within the 18 dB to 20 dB and 33 dB to 35 dB range,
respectively. The resulting optical path loss has to be in these
boundaries, so appropriate laser power, wavelength couplers,
amplification elements, and photodiode sensitivity at the
reference wavelength should be chosen. The power budget
for the microsphere-based WDM-PON system with Kerr
OFC in the produced WGMR will be calculated in detail in
future work. Positions like OFC carrier power level after the
arrayed waveguide (AWG) demultiplexer (AWG de-MUX) or
before transmitter, where the value is dependent on the OFC
carrier power level and insertion loss of the AWG de-MUX
should be considered for a fair power budget estimation of the
worst-performing channel. The next considered point is the
power level at the output of the transmitter, which is affected
by the insertion loss of the Mach-Zehnder modulator (MZM).
Then 20 dB amplification by erbium-doped fiber amplifier
(EDFA) increases the signal power before launching it into
transmission fiber. And the last position is the power level
before the PIN photodiode (—2.5 dBm), which is affected by
attenuation and dispersion. The received power level is also
lowered by AWG MUX.
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Based on the WGMR parameters e.g., its diameter, pump-
ing frequency, and pumping power, it is possible to generate
OFCs with the necessary FSR among spectral harmonics or
comb lines. Therefore WGMR-OFC is especially suitable
for WDM-PON optical communication systems to sustain
data channels with any channel spacing. It means that coarse
wavelength division multiplexed passive optical networks
(CWDM-PON) applications with channel spacing more than
and equal to 20 nm (ITU-T G.694.2 recommendation [40])
and dense wavelength division multiplexed passive optical
networks (DWDM-PON) applications with channel spacing
ranging from 12.5 GHz to 100 GHz and wider to n- 100 GHz
(ITU-T G.694.1 recommendation [41]) can be supported by
WGMR-OFC.

IV. PHOTONIC INTEGRATION OF OFC LIGHT SOURCE
INTO WDM-PON OLT

A. SIMULATION SCENARIO OF WDM-PON SYSTEM AND
KEY PARAMETERS OF TRANSMISSION OPTICAL FIBERS
We integrate a WGMR-OFC into a 10 Gbit/s WDM-PON
optical communication system, providing an overall system
data capacity of 40 Gbit/s using non-return-to-zero on-off
keying (NRZ-OOK) modulation format. Here we use the
previously described OFC source that generates spectral lines
with an FSR of 393 GHz in a close match with the WDM
systems channel grid (as explained in section III). In line with
ITU-T G.694.1 recommendation, channel spacings ranging
from 12.5 GHz to 100 GHz and wider (integer multiples
of 100 GHz, e.g., 400 GHz) are applicable in WDM sys-
tems [42].

The optical spectrum of the Kerr OFC is shown
in Fig. 3(b), where optical carriers marked with numbers
—2, —1, +1, and +2 are chosen for IM/DD modula-
tion and further data transmission. Central wavelengths of
these carriers are 1551.66 nm, 1554.82 nm, 1561.19 nm,
and 1564.39 nm, corresponding to central frequencies
193.207 THz, 192.814 THz, 192.028 THz, and 191.635 THz.
For a fair performance evaluation, we excluded the pump
peak representing the 1558 nm pump source (192,421 THz).
However, the pump carrier can be used for data transmission
as well.

In cases when more generated carriers (e.g., —4, —3 and
+3, +4) of our OFC are used, additional amplification would
be necessary to amplify these weak carriers located further
away from the pump wavelength. Also, amplitude-frequency
shaping would be required to equalize the power for all of
these channels. This could be done, for example, by using
a custom-made optical gain flattening filter (GFF) or wave-
length selective switch (WSS). But with the higher amplifi-
cation in the OFC section, the optical signal-to-noise ratio
(OSNR) decreases, resulting in a higher bit-error-ratio (BER)
of the received signal [13].

This section also evaluates the capabilities of the same
WGMR-OFC to provide data transmission for WDM-PON
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TABLE 1. Characteristics of chosen telecom fiber types.

Fiber type Standard
Parameter SM NZ-DSF CSF
Attenuation coefficient
(dB/km) 0.20 0.19 0.17
Dispersion coefficient
(ps/nm/km) 18 4 23
Dispersion slope
(ps/(nmmxkm)) 0.086 0.108 0.070
Effective area 85 7 125
(pm?)
Nonlinear index 20 20 20
(Mm2/W) 2.21x10 2.31x10 2.14x10

systems based on different transmission fibers used in the
ODN part of the PON.

Optical fiber types are chosen as the most widely manufac-
tured and deployed Corning fibers in optical communication
networks, see table 1. The first one is standard SMF [43]
fiber compatible and fully compliant with ITU-T G.652.D
recommendation. It is the most common SMF optimized for
access and metro networks.

The second optical fiber is NZ-DSF [44] optical fiber,
typically deployed in long-haul and metro networks. It is
compliant with ITU-T G.655.D recommendation and inten-
tionally has a small dispersion coefficient to reduce nonlinear
optical effects (NOE).

The third is CSF fiber [45], compliant with ITU-T G.654.E
recommendation, which has an ultra-low loss and large effec-
tive area to perform in a submarine and terrestrial network
with extreme lengths, i.e., as long as 400 km reach without a
repeater, therefore providing a cost-effective solution.

The influence of dispersion plays an important role in
the reach and performance of fiber optical communication
systems. If we compare the 100 MHz linewidths of each OFC
carrier to narrow-linewidth lasers (e.g., 100 kHz), in our case,
the optical pulse broadens more. It results in a higher power
and, consequently, a higher BER value. However, a broader
linewidth is benefiting from the point of reduced stimu-
lated Brillouin scattering (SBS) [46]. Planning power budget
and dispersion compensation necessitates evaluating different
dispersion characteristics of transmission fibers [47]. Please
note that we did not measure the linewidth of the experimental
OFC, but took for the assessment an obviously great value
of 100 MHz to take into account the dispersion impact with
a margin.

As one can see from table 1, CSF fiber has the largest
chromatic dispersion coefficient equal to 23 ps/nm/km,
if compared to standard SMF fiber, that has 18 ps/nm/km,
or NZ-DSF fiber having 4 ps/nm/km at 1550 nm reference
wavelength. Therefore, we can expect that the obtained BER
values and eye diagrams will show better results for NZ-DSF
and SMF fibers for particular fiber distances, considering that
the variation of attenuation and nonlinear coefficient of these
fibers is minor.
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B. STRUCTURE OF SIMULATION SCHEME WITH
INTEGRATED WGMR-OFC SOURCE

For analysis of the WDM-PON transmission system with an
integrated WGMR-OFC source, we designed a simulation
model in the VPIphotonics VPItransmissionMaker simula-
tion environment. Fig. 4 illustrates this 4-channel 393 GHz
spaced IM/DD WDM-PON model in a more straightforward
form, showing principal interest elements. The following
setup can be divided into four main sections. The first section
is the OFC generator, the optical parameters of which are
based on the fabricated WGMR-OFC. The second section
is the central office (CO) with optical line terminal (OLT)
where the transmitter (Tx) array is located. CO is followed
by the optical distribution network (ODN) section, consisting
of the transmission fiber (standard SMF, NZ-DSF, or CSF)
and demultiplexing stage. The last section includes optical
network terminals (ONTs) with receivers (Rx) used for indi-
vidual detection of all optical channels.

Frequency lines coming from WGMR-OFC act as opti-
cal carriers on which data can be encoded. In practice,
WGMR-OFC based on a microsphere can be realized in
various ways. For example, one way is to couple pumping
light coming from a pumping laser through tapered fiber
and, via the same means, extract an OFC and send it to the
demultiplexing stage (our approach). Another way is a free-
space optics approach, where a coupling prism is employed
to couple the light in and out of the microsphere instead of
a tapered fiber. An OFC can be sent to a demultiplexing
stage by focusing the light coming from the prism to the
optical fiber using a lens. This WGMR-OFC can be com-
pactly packed in a box and offered to service providers as
one photonic device.

As one can see in Fig. 4, the architecture of the simulation
scheme is typical to PONs. We emulate the OFC multiple
light source in the VPItransmissionMaker simulation envi-
ronment, which is done by the corresponding OFC spec-
trum implementation obtained experimentally in section II-B.
Then optional OBPF filter with 1720 GHz 3-dB bandwidth
filters out the spectral region covering the four optical carriers
and the pump, depicted in Fig. 3(b) as number —2, —1, pump,
+1, and +2. Accordingly, the corresponding central frequen-
cies, spaced at 393 GHz, are 193.207, 192.814, 192.421
(pump), 192.028 and 191.635 THz. The pump signal is later
blocked by the arrayed waveguide grating (AWG) demulti-
plexer (AWG de-MUX) and does not propagate further in the
transmitter section.

The transmitter side starts with a demultiplexing stage
that separates OFC lines to use them as individual con-
tinuous wave (CW) optical carriers, emulating individual
laser sources. In our simulation setup, demultiplexing is
performed in a wavelength-routed WDM-PON (WR-WDM-
PON) architecture manner by using AWG de-MUX. The
400 GHz spaced AWG with 75 GHz 3-dB passband is used
as a demultiplexer on the transmitter side. After the AWG
demultiplexer, separated comb spectral lines (carriers) are
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sent to Mach-Zehnder modulators (MZMs) having 12 GHz
3-dB bandwidth and 20 dB extinction ratio, located in each
Tx. Here the MZM is favored over the electro-absorption
modulator (EAM) due to its negligible chirp, directly affect-
ing the dispersion influence on the transmitted signal [48].

In this research, the bitrate of 10 Gbit/s is chosen to match
XGS-PON architecture and demonstrate system operation
with 10G components [38]. The 10 Gbit/s data signal from the
pseudo-random bit sequence (PRBS) generator is encoded
with a non-return-to-zero (NRZ) line code, producing an
electrical NRZ data signal depicted in Fig. 4 as a Data block.
Next, this signal is modulated on optical carriers by the MZM
modulator. Then modulated data carriers are combined by
AWG multiplexer (AWG MUX), having the same parameters
as the demultiplexer, and sent to erbium-doped fiber amplifier
(EDFA) with a 20 dB gain. EDFA is used to compensate
for the insertion loss of AWG units, MZM modulators, and
increase the optical power launched to the transmission line,
in such a way extending the power budget of the system.
EDFA is physically located in CO and used as a booster
amplifier.

Amplified data channels are transmitted over the
transmission fiber located in ODN. Throughout our experi-
ment, different transmission fibers are being tested to eval-
uate WGMR-OFC based WDM-PON system performance
according to the different types of optical fiber — standard
SMF, NZ-DSF, and CSF (parameters are listed in Table 1).
ODN section length is also varied from 0 km (back-to-back
(B2B) scenario) up to 70 km corresponding to the extended
reach of NG-PON2 defined in ITU G.989.2 recommendation.
After optical signal transmission over the ODN network, each
data channel is demultiplexed by the same type of AWG
de-MUX as in CO and fed to the corresponding optical Rx
of ONT, where it is individually detected. For better clarity,
please see Figs. 5(a) and 5(b), where the optical spectra
of multiplexed signals on the output of AWG-MUX and
amplified signals after 60 km NZ-DSF transmission (before
demultiplexing to corresponding ONTs) are shown, as an
example.

Please note that the individual detection does not differ
from the conventional communication system, operating on a
separate laser array. Therefore, a given solution based on the
WGMR-OFC is an attractive alternative. It can be integrated
into existing PON networks by removing the laser array,
adding the WGMR-OFC unit, and the first demultiplexing
AWG (AWG de-MUX).

Each Rx is comprised of a photodetector (PD), which in
our case is a PIN photodiode with 12 GHz of 3-dB band-
width, -18 dBm sensitivity for BER of 10~!2 and responsivity
of 0.65 A/W, 4-pole low-pass filter (LPF) with 3-dB band-
width of 7.5 GHz, and an electrical signal analyzer (scope) to
measure signal waveform, capture eye diagram and evaluate
the signal quality in terms of BER. The evaluation and dis-
cussion of the obtained results are provided in the following
section V.
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FIGURE 5. Captured optical spectra of multiplexed signals on the
(a) output of AWG-MUX (input of EDFA amplifier), and (b) on the output
of 60 km NZ-DSF transmission link (before AWG de-MUX).

V. RESULTS AND DISCUSSION

‘We implement a fabricated microsphere-based WGMR-OFC
through mathematical modeling into the WDM-PON trans-
mission system where revealing the received signal qual-
ity and performance of the 10 Gbit/s NRZ modulated
IM/DD PON transmission system. The performance of the
NRZ-OOK modulated 4-channel 393 GHz spaced WDM-
PON transmission system with integrated WGMR-OFC is
discussed based on performance indicators listed below.

During the simulations, it was observed that the impact of
the crosstalk on the received signal‘s BER for all telecom
fibers was negligible. Variation of optical power levels of
WGMR-OFC output carriers used for modulation and trans-
mission over the ODN section leads to different WDM-PON
system’s channel performance.

We use the conventional BER curves to assess the perfor-
mance of our system, showing how BER values change with
the optical transmission line length or received optical power,
as shown in Figs. 6 and 7, respectively. Here the BER is shown
for the worst-performing data channel, depicted in Fig. 3 as
the carrier (42). This carrier, which is the 40 channel of our
investigated WDM system, has the lowest power if compared
to the other three carriers used for data transmission. The
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FIGURE 6. Plots of BER versus optical transmission fiber length for the
10 Gbit/s per channel NRZ modulated WDM-PON transmission system
with integrated OFC generator.

pre-FEC BER of 1 x 1073 [49] is used as a performance
threshold for our investigated IM/DD WDM-PON system.

Fig. 6 shows the BER decrease with the increment of the
transmission line length of up to 70 km employing three
various single-mode optical fiber types - SMF, NZ-DSF, and
CSF fibers. As shown in Fig. 6, the longest reach equal to 64
km is shown by NZ-DSF fiber, while for SMF and CSF fibers
these values are 55 and 57.5 km, respectively. A transmission
distance of 20 km, typical to PON networks is reached by
all fibers. Also, 40 km transmission can be achieved by
keeping the BER below the FEC threshold (1 x 1073). The
distance of 60 km, corresponding to the extended-reach NG-
PON?2 [39] system, can be achieved only if NZ-DSF fiber
is used as a transmission fiber. This performance and reach
results can be explained by the impact of CD and slight
variations of the attenuation coefficients of implemented
optical transmission fibers. To overcome the reach limitation
caused by the CD, its compensation must be applied to
improve the BER and overcome link-induced inter-symbol
interference (ISI).
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per ch | NRZ modulated received signals after B2B and over (a) 20 km
and (b) 40 km of telecom fibers of WDM-PON transmission system with
integrated OFC generator.

For objective comparison in Fig. 7, we show the BER
values change with the received optical power for transmis-
sion distances 20 and 40 km. Corresponding eye diagrams of
the received signal are shown only for 40 km transmission
distance (Fig. 8), which is the distance reached by all fibers
keeping the BER below the FEC threshold. BER curves are
not plotted for 60 km transmission as the provided perfor-
mance by SMF and CSF transmission fibers is above the
FEC threshold. Only the NZ-DSF fiber shows acceptable
performance below the FEC limit at this fiber length.

As shown in Figs. 7(a) and 7(b), all three evaluated
fibers provide data transmission below the FEC level for
20 and 40 km optical line lengths. The worst performance
is shown by CSF fiber. This can be explained by the fact
that CSF fiber has the largest CD coefficient (23 ps/nm/km
at 1550 nm reference wavelength) compared to other fibers
under research. The highest system performance is achieved
with the NZ-DSF fiber as it has a lower dispersion coefficient
(4 ps/nm/km), considering that the difference in attenuation
coefficient of implemented fibers is not significant.

Fig. 8 shows the received signal quality of the 4™ channel
after 40 km transmission for all three investigated fiber types.
As one can see in Figs 8(a) to 8(c), the received signal quality
after transmission over ODN, including 40 km long SMF,
NZ-DSF, and CSF fiber link sections is acceptable as the eyes
are open. The measured eye height of received signal after
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FIGURE 8. Eye diagrams of the received signal after 40 km transmission
over (a) SMF, (b) NZ-DSF, and (c) CSF optical fiber link for 10 Gbit/s NRZ
modulated 393 GHz spaced WDM-PON transmission system with in
tegrated WGMR-OFC light source.

SMF, NZ-DSF, and CSF transmission are 0.9 x 10~ %a.u.,
1 x 107 %au,,and 1.1 x 1079 a.u., respectively.

Another measured parameter is eye jitter, which has the fol-
lowing values —32.88 ps, 15.07 ps, and 34.32 ps for SMF, NZ-
DSF, and CSF fibers, respectively. Consequentially, the BER
of received signals after 40 km transmission is below the FEC
threshold — 2 x 107>, 4.8 x 1077, and 2.3 x 1073, if SMF,
NZ-DSF, or CSF fiber is used as a transmission fiber in the
ODN section.

VI. CONCLUSION

The paper investigates fabricated OFC generator based on
silica microsphere whispering gallery mode resonator to pro-
vide optical carriers for data modulation and transmission
over the WDM-PON network. We attain a Kerr OFC in the
C-band and beyond in the regime of the small absolute value
of the dispersion across the whole spectrum whereas the
WGMR was pumped at a wavelength of 1558 nm, corre-
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sponding to a slightly anomalous dispersion of the produced
sample. Calculations confirm that all spectral carriers of the
experimental OFC are generated in fundamental TE modes.

We evaluated the most widely fabricated and employed
fiber types (e.g., SMF, NZ-DSF, CSF) as ODN transmission
fiber. Different dispersion characteristics of these fibers result
in quantitatively different received signal parameters, consid-
ering that the FWHM of frequency comb lines is 100 MHz.
One aspect which remains to be explored for further optimiza-
tion is studying and optimizing the temporal characteristics
of the OFC, which is challenging for this high free spectral
range. Regarding integration into compact devices, there are
solutions using direct contact between the sphere and the
waveguiding structure. The advantage of the sphere over
waveguide rings is obviously the high quality factor.

We have demonstrated in the simulation environment that
a Kerr OFC generated in silica microsphere with an FSR
of 393 GHz provides the stable operation of 10 Gbit/s NRZ
modulated 4-channel IM/DD WDM-PON transmission sys-
tem with all three investigated optical fiber types - SMF,
NZ-DSF, and CSFE. Achieved BER was below the defined
FEC threshold for transmission distances of up to 40 km
over telecom fibers. This confirms the WGMR-OFC light
source potential to replace individual laser arrays in energy-
efficient optical communication systems and to be used in
more complex optical communication systems with advanced
modulation formats.
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Abstract — Optical frequency combs have revolutionized such fields as optical clocks, precise optical
frequency references, optical metrology, and it is possible to use them for coherent optical
communications. Previously demonstrated spatial resonator-based Kerr frequency combs could be used
instead of expensive laser arrays employed in WDM-PON networks, providing power and spectral
effective solution. Here we review the frequency comb generation process, main microresonator
parameters as FSR and Q-factor, previously used OFC generator parameters and resulting frequency
combs, as well as the implementation of OFC for optical data transmission. Additionally, we generated
an optical frequency comb in the setup based on tapered fiber and SiO> microsphere. The generated
frequency comb has a frequency spacing of 2 nm or 257 GHz. During the fabrication of tapered fiber
from SMF28, we used the transmission signal to control the taper pulling process. The final measured
tapered fiber transmission is ~96%. Microsphere WGMR, exhibiting Q-factor at least 2x107 is fabricated
from an optical fiber with thicker core than SSMF. Moreover, for future experiments, a frequency comb
generator based on a free-space setup consisting of lenses, prism, and microsphere is created, and the Q-
factor dependence on different distances between prism and microsphere is investigated.

Keywords — optical frequency comb (OFC), free spectral range (FSR), Q-factor, tapered
fiber, SiO2 microsphere resonator.

1. INTRODUCTION

Since the introduction of optical frequency combs (OFCs), OFC generators have been used in such
technologies as optical clocks, RF photonic oscillators with a record spectral purity, applications
requiring a precise optical frequency reference, low phase noise microwave systems, coherent optical
communications, etc. —a variety of applications [1, 2]. It is known that high-Q optical resonators enhance
third order nonlinear optical effects by confining the light within the small volume of whispering-gallery-
mode resonators (WGMRSs). It makes possible generation of OFCs through the interplay of preferably
anomalous group velocity dispersion (GVD) and four-wave mixing (FWM) [3]. Therefore, OFC
generation was demonstrated by the interaction of continuous wave (CW) pump laser of a specific
frequency with the modes of non-linear microresonator [4].

WGMRSs are mainly classified by the way of manufacturing. There are spatial resonators, which can
be further divided into two microsphere groups — crystalline microdisk resonators produced by polishing
CaF, or MgF. cylinders and providing Q-factor ~10°%-10* [5], and standard telecom fiber-based
microspheres produced by melting fiber tip using some heating source, for example, CO- laser or a gas
flame, providing Q-factors of ~10%-10° (see Table 1). Another common type is integrated
microresonators produced from silicon technology compatible material (Si, SisNas, etc.) waveguides
using lithography techniques, providing Q-factor ~10° [6] (see Table 2).

Frequency comb generators based on either type of WGMR demonstrate excellent frequency stability
and are significantly simpler (OFC sources consist of single CW pump laser and a microresonator), and
smaller (resonator diameter ranging from pum to mm) than sources of conventional comb generators [7,
8]. Intrinsic broadband nature of the parametric gain of WGMR provides the possibility to generate
OFCs centered at wavelength 1550 nm with line spacing on the order of tens of hundreds of GHz,



spanning over 500 nm (70 THz) [9], or even octave [10]. It corresponds to optical S, C, L, and U
communication bands [11, 12]. Considering also stability and power efficiency [13], OFCs generated in
microresonators are the ideal candidate to substitute typically used expensive laser array solution for
wavelength-division multiplexing passive optical networks (WDM-PONSs) [14]. Substitution is possible,
because microresonator based comb sources produce an entire grid of equally spaced optical references
needed to sustain the WDM-PON network [2].

Based on the assumption of using Kerr combs in optical communications, several data transmission
experiments using integrated WGM resonators have already been demonstrated. For example, by using
SisNg4 such aggregate data rate has been shown as 170.8 Gbit/s with return-to-zero on-off keying (RZ-
OOK) modulation [15], 400 Gbit/s employing primary comb [16], 19.7 Thit/s over 75 km using soliton
Kerr frequency comb [17], as well as 34.7 Thit/s by using advanced modulation format techniques [18].
Also, one data transmission experiment employing an MgF. crystalline resonator has been performed
[19]. However, data transmission based on frequency combs generated in different spatial
microresonators, especially fiber-based microsphere resonators, remains to be shown.

The rest of the paper is organized as follows. The fundamentals of frequency comb generation process
and main OFC characteristics are described in Section 2. Section 3 focuses on the overall overview of
OFC generator implementation and usage in telecommunications. In section 4, further work concepts
and experimental results are presented. Finally, conclusions are made showing that frequency combs
generated in spatial WGMR have the potential to substitute the WDM-PON laser array for data
transmission.

2. EVALUATION OF FREQUENCY COMB GENERATION PROCESS

The OFC generation, as first generated in WGMRs [4], is governed by cascaded FWM mediated by
the Kerr nonlinearity process in optical materials. Therefore, Kerr frequency combs can be produced in
any resonator built from optical material with Kerr nonlinearity. OFC generation experimentally is
demonstrated in CaF [8], in MgF2 [7], in SisN4[19], as well as in fiber ring resonators [20]. Numerically,
the formation of optical frequency combs in microspheres is simulated based on the Lugiato-Lefever
equation, using the split-step Fourier method (SSFM) [21, 22].

When pump power exceeds parametric oscillation threshold power within high-Q microresonators,
first comb lines emerge at Stokes and anti-Stokes with the spacing of multiples of FSR around pump
frequency. Further increase of pump power initiates cascaded FWM, which creates higher-order
sidebands, forming primary comb. Initially observed, line spacing A is reproduced between newly
emerged lines due to the conservation of energy in parametric processes. At the next step assisted by
degenerate and non-degenerate FWM, secondary lines generate sub-combs with new resonance spacing
& from primary lines, which in general differs from A. Eventually, sub-combs overlap and form gap-free
frequency comb spectrum, and distance between two sequential comb lines coincide with resonator free
spectral range (FSR) parameter [9, 23]. Gap-free frequency comb possesses one main limiting factor -
multiplet lines — but several techniques exist for mitigating the formation of these multiplet lines [13].

A frequency comb generator must have a possibility to adjust the spacing between comb lines. OFC
usually have spacing equal to the FSR of the resonators [1]. WGM resonator FSR or wavelength range
between two resonances can be estimated by the 1. equation:

c
FSRwem =

@

Where a is the main radius of the resonator and n, is refraction index at the pumping frequency [24].

Comb line spacing can be tuned to be a natural number of FSRs in two ways — by changing coupling
conditions [7, 25], or by changing pumping frequency [1, 25], in other words, detuning of pumping laser
with respect to the cavity resonance. The pump detuning with respect to the cavity resonance frequency
A= foump — feavity CaN be positive for a laser with higher frequency than WGM resonance, called blue-
detuned, or negative and therefore smaller, called red-detuned. Blue-detuned excitation is thermally
stable at room temperature. Red excitation is thermally unstable, and it is required for soliton formation
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[26]. Coupling condition modification changes the distance between comb lines and loaded Q-factor (by
decreasing resonator loading, Q-factor increases). That, in turn, changes the purity of the frequency
comb. Q-factor is a measure of the sharpness (linewidth) of the resonance relative to its central
frequency:

A
Qfactor = FVVrIe-ISM (2)

where A, is resonance wavelength and full width at half maximum (FWHM) characterizes resonance
width [27, 28].

The power efficiency of the Kerr comb generation process can be further improved with a proper
choice of the microresonator material — weak anomalous dispersion is preferable for OFC generation.
The total dispersion profile is affected by resonator material, shape, and size. Material dispersion for
SiOz, Al,03, MgF,, CaF», and BaF resonators and total dispersion for different sizes of MgF2 resonator
is calculated and given in [3].

Long-term stabilization of optical frequency comb should be ensured, so the spectral shape and spacing
remain stable. Long-term stabilization can be realized by locking laser frequency to a cavity resonance.
The most popular is the Pound-Drever-Hall (PDH) scheme used in [29, 30]. Other techniques exist, such
as self-injection locking, where backscattered light due to the intrinsic Rayleigh scattering is used to
lock the laser to a resonance [7, 8].

3. OVERVIEW OF FREQUENCY COMB GENERATORS AND IMPLEMENTATION IN
TELECOMMUNICATION SYSTEMS

OFC can be implemented in an enormous range of applications in telecommunication systems. For
example, short-reach optical transmission systems as free-space communication, which is demonstrated
in [31] achieving 228 Gb/s data transmission over 80 cm free-space link. As a second example, OFC can
be used for the generation of microwave signals [32]. Another field where OFC can be used is fiber
optical transmission systems (FOTS). Here, the implementation of chip-scale comb sources for data
transmission is extensively studied. It reaches data rates up to 50 Thit/s of massively parallel WDM data
transmission over a considerable distance of 75 km [33]. Also, another potential use of Kerr combs in
optical systems is proposed in [34], where multiple Kerr frequency comb (called slave comb) generation
using different lines from another Kerr comb (called a master comb) located up to 50 km away. However,
comb sources based on spatial resonators for data transmission [19] did not get much attention, so data
transmission for OFCs generated in different kinds of spatial resonators, especially fiber-based
microspheres, remains to be shown.

Widely in literature studied frequency comb generators based on WGM microresonators (see Fig. 1)
typically consist of CW laser and polarization controller (PC).

M/c,o

Fig. 1. Typical WGM comb generator setup. Prism can be used instead of tapered fibers in this setup.



After which light is amplified with erbium-doped fiber amplifier (EDFA) and coupled to a nonlinear
resonator via prisms, tapered or angle-polished fibers. A bandpass filter (BPF) is used before the
microresonator to filter out EDFA noise.

Then the light form nonlinear resonator via the same means is coupled out and measured with an
optical spectrum analyzer (OSA) and sent to PIN for analyzing frequency comb in the time domain by
digital storage oscilloscope (DSO) or used further in a transmitter (Tx).

Schemes that correspond to this generalized model are, for example, used for pumping resonators in
order to generate frequency combs. Parameters for previously performed experiments and
microresonators are listed in table 1 and table 2.

Table 1. Spatial microresonators and numerical simulations, their parameters and generated frequency combs

Spatial microresonators Numer!cal
simulations
Parameter CaF MgF2 Silica Germanosilicate
1 242] [7,8,18,35, | [22,39,40, 41, glasses
' 36, 37, 38] 42,43, 44] [20, 21]
Microsphere\
Resonator type Crystalline Crystalline Microrod\ Microsphere
Micro-bubble
Q-factor (25-6)x10° | (1-3)x10° | 2x107-9.7x108 1x10°5 - 1x107
Radiuss (mm) 1.275-2.425 0.5-5.65 0.136-1 0.2-04
FSR (GHz) 13.8-25 5.8-43 12.9 - 1000 -
Pump wavelength (nm) 1550 - 1560 1543 - 1556 1549.5 - 1560 1550
Pump power (dBm) 14 -17 3-285 48-245 20
Comb width (nm) 30-280 2-300 10 - 250 100 - 200
Comb spacing (GHz) 13.81 - 359 9.9-2485 32.6 - 1000 -

Table 2. Integrated microresonators, their parameters and generated frequency combs

Integrated microresonators
Parameter Silicaona SiaNe AIN SiN Hydex glass MgF
silicon chip [10, 11, 14, 26, [47, 48] [16, 34] [46] [45]
[4, 50, 51, 52] 33, 49] ’ ’
Toroidal/ . . . Four-port Photonic
Resonator type Disk Ring Ring Ring microring belt
Q-factor (2-2.7)x10% | 1x10°-1.3x10% | (5-6)x10° (1-2)x108 1.2x108 4.7x108
Radiuss (mm) 0.038-1 0.020-0.3 0.060 0.3 0.135 1.34
FSR (GHz) 33-850 75 - 403 17 - 370 25-95.8 200 25.78
1550 - 1548.8 - 1544.2 -
Pump wavelength (nm) | 1548 — 1560 1541 - 1561 1553.2 1549 4 1558.7 1561
Pump power (dBm) 8.8-34 21.8-34.8 27-2738 29-34.8 17.3-18 12.8
Comb width (nm) 350 - 1180 200 - 725 200 - 100 - 255 ~30
Comb spacing (GHz) 33-1100 17 - 403 370 25-95.8 32.7 - 6400 -

Several data transmission experiments were demonstrated (microresonator, pumping, and OFC
parameters for further discussed experiments are enlisted in Table I). In one of the first experiments [15],
the generation of Kerr comb is achieved in silicon nitride resonator. The generated comb was modulated
with up to 42.7 Gb/s RZ-OOK signal. Data transmission is considered error-free if forward error
correction (FEC) algorithms are exploited. In later experiment [19], it has been shown that a primary
comb generated in MgF> crystalline disk resonator provide high-quality carriers that are well-suited for
coherent data transmission as the multiplet line problem is avoided. Data rate up to 432 Gb/s is achieved
with quadrature phase-shift keying (QPSK) and 16-state quadrature amplitude modulation(16-QAM)
formats. A similar data rate of 392 Gb/s was reached in [16] using comb generated in SisN4 and with the
same modulation formats as in [19].



Terabit communications were first demonstrated in [35] with comb generated in SiN resonators. The
stability of the frequency comb is ensured with a feedback signal in the stabilization loop. The data rate
of 1.44 Thit/s on 20 channels over 300 km is realized with polarization-division multiplexed quadrature
phase-shift keying (PDM-QPSK). Transmission is error-free if FEC with 7% overhead is used. Another
terabit rate transmission experiment is performed in [17], where comb generated in SiN resonator is
used. The data rate of 19.7 Thit/s is achieved by transmitting data streams of 224 Gbit/s on 94 comb
lines in the C and L bands. The modulation format is PDM-16-QAM. All channels except two had a bit
error rate (BER) below 4.5x10°3, which is the limit for 7% overhead FEC. One of the latest experiments
regarding WDM data transmission was realized in [18], where OFC generated in SisN4 microresonator
is used for data transmission. Data rates of around 30 Thit/s is achieved by encoding data on
approximately 100 GHz spaced 94 comb lines using 16-QAM.

4. WCOMB GENERATION BASED ON WGM MICROSPHERE RESONATORS

The performed experiments, results, and methods described in the following section are perspective
for telecommunication applications, for example, in terms of multi-wavelength light source for optical
transmission systems. In this research, two whispering gallery mode resonator-based optical frequency
comb (WCOMB) generation methods are discussed. The first method (see Figure 2.) is based on SiO»
microsphere WGMR and tapered fiber, but the second method (see Figure 4) is based on the free-space
setup consisting of lenses, prism, and microsphere WGMR. The most crucial element in both approaches
is the high-Q WGMR microsphere. Such microsphere WGMR exhibits Q-factor at least 2x107, which is
defined by a smooth surface, low intrinsic losses, and by outcoupling [27, 53]. During our research, we
established that the optimal microsphere WGMR diameter is 270 pm.

4.1. Experimental setups for WCOMB generation

For the realization of the first-scenario setup (see in Fig. 2.) for WCOMB generation, we fabricated
SiO2 microsphere as well as tapered fiber. According to previous research [54], hydrogen (H2) flame is
used to melt SiO optical fiber (core several times thicker than that of the standard single-mode optical
fiber (SSMF)) tip for the fabrication of microsphere WGMR. Such fiber is produced in Latvia by Light
Guide Optics. Before tapered fiber fabrication, it is necessary to remove optical fiber coating and jacket,
which can be done with mechanical or chemical methods. For this scenario, the mechanical method is
employed, because it is not entirely clear what materials and mixtures are used for optical fiber coating
and jacket layers. Typically, the mechanical method is realized as follows — fiber is cut in half, coating,
and jacket layers are removed. After that, cleaned fiber ends are spliced together with fusion splicer
equipment. For optical fusion splicing, Sumitomo Fusion Splicer - T 71C is used with auto parameters
for ITU-T G. 652 fiber. The fusion splicing spot is protected by a splice protection sleeve.
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Figure 2. WCOMB generation setup based on SiO, microsphere WGMR and tapered fiber.



When fiber is spliced, tapering is performed by using an H flame. SMF28 single-mode optical fiber
is tapered with a constant speed of 80 pwm/s, and the tapering length is 21-23 mm. Monitored transmission
signal during taper pulling is shown in Fig. 3. This signal allows us to behold when the fiber cladding
and core melts and the single-mode fiber becomes multi-mode. As the fiber is stretched more, it
eventually becomes a single mode again (see 280-285 second in Fig. 3). The duration of the tapering
process is 290 seconds. Before optical fiber tapering, the signal amplitude is 3.92 V, but after 3.75 V
and resulting final transmission is ~ 96%.

Amplitude (V)
A
4.5 +

3.5+

2.5 f —t— —t f f f —t f F—+—» Time (s)

20 40 60 80 100 120 140 160 180 200 220 240 260 280

Figure 3. Transmission monitoring during taper pulling.

In the transmission part of the setup, a 40-mW single-mode optical laser with central wavelength 1550
nm (Thorlabs SFL15508S) is used in the scanning regime to generate an optical signal. At pumping laser
power level necessary for comb generation, the microsphere heats up, and this thermal effect distorts
and shifts the resonance away from the excitation line. To generate a frequency comb, the laser frequency
must come quicker into resonance with the WGM line than resonator heating time [39]. The Kerr effect
responsible for comb generation is instantaneous. To generate a Kerr comb, we swept laser current by a
triangular ramp at a repetition rate of about 1 kHz at a laser frequency excursion of 2 GHz.

The laser output is connected to an optical isolator for laser protection from reflected signals. The
optical isolator output is connected with the EDFA to amplify the optical signal power. EDFA output
power is fixed to 20 dBm, and its output is connected to SMF28 single-mode optical fiber (900 um
jacket), used to fabricate the tapered fiber.

In the receiving part, Y type 50/50 optical power splitter is used to ensure parallel monitoring. One of
the monitoring ports is connected to high resolution (0.01 nm) OSA, but the second port is connected
with InGaAs photodetector for wavelength band 800 — 1800 nm. The photodetector is connected with a
signal oscilloscope for signal resonance monitoring. For WCOMB generation, it is essential to control
the distance between tapered fiber and microsphere WGMR (explained through the experimental results
shown in 4.2. section). Air flows that appear around thin tapered fiber and microsphere dislocate these
two elements. The distance between them changes, which in turn changes coupled pump power, causing
frequency comb spectrum fluctuations. Therefore, tapered optical fiber needs to be stretched and
integrated into a box for limiting air flows. Integration in a box also helps to protect taper fiber and
microsphere WGMR from dust, which change the Q-factor of the microsphere because of the light losses
due to the dust particles.

The second-scenario setup (see in fig. 4.) for WCOMB generation is based on the free-space setup
consisting of lenses, prism, and WGMR. The full setup can be easily connected and integrated into a
box. In the transmission part of the setup, the same 40-mW single-mode optical laser diode is used as in
the first scenario. The optical laser (wavelength fixed to 1550 nm) is used in the scanning regime. The
optical coupling prism is one of the main components of the setup. An optical lens is used to focus the
beam on the optical prism’s surface, where total internal reflection occurs. To couple optical signal into
the microsphere WGMR resonator, an XYZ translation stage is used as the resonator has to be aligned



with the total internal reflection point. A piezoelectric motor is used to control the XYZ translation stage
to achieve critical coupling. In the receiving part of the setup, InGaAs photodetector (wavelength band
800 — 1800 nm) is used for signal resonance monitoring.

Piezo actuator

camera /WGMR lens laser
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coupling
prism

optica
photo lens fiber
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Figure 4. WCOMB generation setup based on free-space setup consisting of lenses, prism, and
microsphere WGMR.

4.2. Results and discussion

Set goals were reached and we successfully generated first optical frequency comb in our setup based
on tapered fibres and SiO> microsphere WGMR. The first optical frequency comb generated in our setup
is shown in Fig. 5. As we can see from the optical spectrum, the comb spacing is 2 nm or 257 GHz
comparable to those shown in [11, 14, 18, 22, 24] research. The OSA spectrum was recorded during the
laser frequency sweep in the experiment presented here. In the future, we will implement feedback
locking of laser and WGM resonance to achieve a stationary comb spectrum [39]. Comb spectrum
displays the absence of some lines. This absence could be explained by laser sweeping but also by mode
crossing effect as the microsphere resonator has a rich mode spectrum. When two spatial modes come
into resonance at the same wavelength, the comb line’s intensity drops due to power transfer to another
mode family [55, 56].
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Figure 5. The optical spectrum of the first OFC generated in the setup shown in Fig. 2.
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As mentioned in section 2., coupling condition adjustment changes the Q-factor of the resonator. An
adjustment here means changing the distance between microsphere and prism, and therefore changing
resonator loading. Q-factor defines how long the pumping light is confined within a resonator, and by
minimizing coupling losses (increasing distance), it is possible to increase Q-factor [2]. From equation
2, we can see that narrower resonance FWHM ensures a larger Q-factor. So, we can say that by
increasing the distance between prism and microsphere, FWHM becomes narrower, as seen in Fig. 6.a.



The increase in Q-factor is demonstrated in Fig. 6. c. Q-factor was estimated using such technique -
first, the frequency scale was recalibrated from arbitrary units to MHz using signal electro-optic
modulator (EOM). The modulation frequency 100 MHz provided sidebands on both sides of the
resonance. The WGM resonance peak was fitted using a Lorentzian function to calculate the FWHM.
The Q-factor was calculated with the equation: Q=f/Af, where f is the frequency of the light and Af is
the full width at half maximum of the resonance.

Resonator loading can be described with three distinct coupling regimes: under-coupling, over-
coupling, and critical coupling [57]. In the under-coupling regime, the prism is far away (0.57 um) from
the microsphere. The coupled pump power is too small (despite low coupling losses) to overcome
intrinsic losses due to the absorption, which is seen by the resonance intensity, for example, in Fig. 6. a.
when the gap is 0.47 pm, resonance dip depth is ~0.025 a.u. (see Fig. 6.b), but Q-factor is ~6x10° (see
Fig. 6.c). In the over-coupling regime, light power within the resonator is high, but also coupling losses
are, therefore, Q-factor is small. For example, when the gap is 0.00 um, Q-factor is ~5x10°, but
resonance dip depth is ~0.25 a.u. The preferable regime is critical coupling when the trade-off between
coupled pump power and coupling losses is in balance. By taking into account the mentioned facts, we
conclude that the optimal gap between prism and microsphere is 0.12 or 0.17 um.
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Figure 6. Coupling conditions are dependent on the gap between prism (b) scenario) and microsphere
resonator: (a) transmission spectra for the WGM resonances as the gap is slowly reduced; (b)
resonance dip depth changes and (c) Q factor.

5. CONCLUSION

In summary, we have reviewed previously performed experiments of frequency comb generation and
its applications for telecommunications. A discussion of the applications of frequency combs in different
fields, such as the usage of frequency combs generated in near-infrared and mid-infrared regions, is left
beyond the scope of the paper. The generalized frequency comb generator model is created based on
already used generators based on different kinds of microresonators. The main frequency comb generator
parameters and characteristics used in previous researches are discussed and summarized in tables I and
Il. We have also investigated the generation of frequency comb in the setup based on tapered fiber and
microsphere WGMR. The generated frequency comb has a frequency spacing of 2 nm or 257 GHz. For
the fabrication of tapered fiber, we designed fiber pulling installation, which ensures the resulting final
transmission of ~96%. Tapered fiber is fabricated from SMF28 fiber. To control the taper pulling
process, we monitored the transmission signal. Microsphere WGMR, exhibiting Q-factor at least 2x107
and optimal 270- pm diameter, is fabricated from an optical fiber (produced in Latvia) with thicker core
than standard single-mode fiber. For future experiments, a frequency comb generator based on the free-
space optics setup is created, and the importance of the gap between prism and microsphere is
demonstrated. We found out that the preferable gap length is 0.12 or 0.17 um. We also continue to work
on the improvements of microresonator quality.
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FIGURE CAPTIONS

Figure. 1. Typical WGM comb generator setup. Prism can be used instead of tapered fibers in this setup.
Figure 2. WCOMB generation setup based on SiO2 microsphere WGMR and tapered fiber.

Figure 3. Transmission monitoring during taper pulling.

Figure 4. WCOMB generation setup based on free-space setup consisting of lenses, prism, and
microsphere WGMR.

Figure 5. The optical spectrum of the first optical frequency comb generated in the setup shown in Fig.
2.

Figure 6. Coupling conditions are dependent on the gap between prism (b) scenario) and microsphere
resonator: (a) transmission spectra for the WGM resonances as the gap is slowly reduced; (b) resonance
dip depth changes and (c) Q factor.
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Abstract: Optical frequency comb (OFC) generators based on whispering gallery mode
(WGM) microresonators have a massive potential to ensure spectral and energy efficiency in
wavelength-division multiplexing (WDM) telecommunication systems. The use of silica microspheres
for telecommunication applications has hardly been studied but could be promising. We propose,
investigate, and optimize numerically a simple design of a silica microsphere-based OFC generator in
the C-band with a free spectral range of 200 GHz and simulate its implementation to provide 4-channel
200 GHz spaced WDM data transmission system. We calculate microsphere characteristics such as
WGM eigenfrequencies, dispersion, nonlinear Kerr coefficient with allowance for thermo-optical
effects, and simulate OFC generation in the regime of a stable dissipative Kerr soliton. We show that
by employing generated OFC lines as optical carriers for WDM data transmission, it is possible to
ensure error-free data transmission with a bit error rate (BER) of 4.5 x 10739, providing a total of
40 Gbit/s of transmission speed on four channels.

Keywords: optical frequency comb (OFC); silica microsphere; whispering gallery mode resonator
(WGMR); dissipative Kerr soliton (DKS); wavelength-division multiplexing (WDM); non-return-to-zero
(NRZ); passive optical network (PON)

1. Introduction

Optical frequency combs (OFCs) generated in whispering gallery mode (WGM) microresonators,
also called microcombs, are desirable for basic science and a considerable number of applications [1,2].
For example, microcombs have been used in spectroscopy [3,4], in radio-frequency photonics [5],
and even in the search for exoplanets [6]. Significant activity is growing in the study of
microresonator-based OFC applications in quantum optics [7]. Microcomb-based non-classical light
sources are demanded in quantum information science for quantum communication [8-10], and can
significantly advance the generation of entangled states for quantum computation [11,12].
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OFCs have an enormous potential for the development of telecommunication systems, especially
optical communication systems, which is the primary attention of this paper. OFCs generated in
WGM resonators (WGMRs) are the ideal candidate to ensure such optical communication systems’
requirements like broadband phase coherence, high-relative frequency stability, which cannot be
met with typically used expensive individual laser array solution [13]. Microcombs have been
demonstrated for data transmission reaching 170.8 Gbit/s [14], 392 Gbit/s [15], 432 Gbit/s [16] and for
coherent terabit communications [15,17]. Error-free data transmission with rates up to 1.44 Tbit/s for
distances up to 300 km has been reported in [15,18]. Then data rate of 19.7 Tbit/s was realized on
94 comb lines modulated with PDM-16-QAM 224 Gbit/s data streams [19]. After that, two interleaved
OFCs in the regime of dissipative Kerr solitons (DKS) were used to transmit a data stream with
rates >50 Tbit/s on 179 individual optical carriers [17]. The application of microresonator-based
OFCs in wavelength-division multiplexing passive optical networks (WDM-PONSs) is a promising
and cost-efficient solution. It allows using a miniature single laser source providing an entire
grid of equidistant optical references instead of a traditional array of distributed feedback lasers.
In telecommunications, ring resonators are typically investigated as OFC generators [15,17,20-23].
Such resonators have several advantages, including the possibility of on-chip integration, although the
development cycle of such devices is quite complicated and time-consuming [24]. The use of silica
microspheres for WDM-PONSs has not been studied extensively but may be promising. Silica spherical
microresonators can be quite simply and quickly manufactured by melting the end of standard optical
fiber, followed by the formation of a microsphere under the action of surface tension. In principle,
photonic devices based on silica microspheres can also be compactly packed, so their size can be
comparable with miniature on-chip devices. Silica glass resonators have high Q-factors: record value is
0.8 x 1010 [25] and routinely reached values are 107-108 [26-28]. Silica microspheres can be produced
with controllable characteristics, one of which is the free spectral range (FSR). FSR is an important
characteristic because in OFC generators for WDM applications, FSR (the distance between optical
carrier frequencies) should satisfy ITU-T G. 694.1 recommendation [29].

In this work, we propose and numerically study a simple design of silica microsphere-based OFC
generator in the C-band with FSR of 200 GHz and simulate its implementation to ensure 4-channel
200 GHz spaced WDM data transmission system. When developing OFC generators, it should
also be taken into account that the dynamics of intracavity radiation strongly depends on resonator
dispersion [24,30,31]. Additionally, thermo-optical effects should also be taken into account, due to the
fact, they strongly affect WGM eigenfrequencies [32]. Therefore, it is necessary to provide detailed
numerical modeling of OFC formation. A silica microsphere with an FSR of 200 GHz has anomalous
dispersion. In the anomalous dispersion region, a stable DKS can exist [27,33], which is investigated
here. Furthermore, using the obtained numerical OFC spectrum, we chose four comb lines to provide
the WDM system with optical carriers. Data transmission is realized on four frequency comb lines,
with FSR equal to 200 GHz, which satisfies ITU-T recommendation G.694.1 [29] defined spectral grid
for WDM systems. All four comb lines are modulated with 10 Gbit/s data stream and transmitted over
20 up to 60 km of SME-28 fiber, therefore emulating a passive optical network (PON).

2. Methods

2.1. Calculation of Microresonator Characteristics

FSR is defined as ¢/(2nRn,g), where c is the speed of light, R is the radius of a microresonator,
and Teff is the effective refractive index for an operating family of WGMs, so, it is essential to choose the
appropriate size and take into account that not only the material but also the waveguide component
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gives a contribution to n,4. To find an optimal size of a silica microsphere for obtaining FSR = 200 GHz,
we solve the characteristic equation for different radii [34]:

" [(kR)1/2]1+1/2 (kR):I/ I:(kOR)l/zHl(j,)]/Q (kOR)] (1)
n - s

(kR)"?J 111 /2 (kR) (koR)'/*H{}), , (koR)

where m = —1 for transverse magnetic (TM) and m = 1 for transverse electric (TE) modes; the prime
denotes the derivative with respect to the argument in brackets; J; .1, is the Bessel function of the
order of (I + 1/2) with the azimuthal index ; Hj 1/2(1) is the Hankel function of the 1st kind of the order
of (I + 1/2); kg = 2mv/c is the propagation constant in vacuum; v is a frequency; k = n-kg and 7 is the
refractive index of the silica glass given by the Sellmeier formula [35]:
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with constants C; = 0.6961663, C, = 0.4079426, C3 = 0.8974794; A1 = 0.0684043 pum, A, = 0.1162414 pum,
A3 =9.896161 um [35], here A,;, = 21¢/wy,.

To solve numerically Equation (1) and find the “cold” eigenfrequencies v;, we use home-made
software. We consider only a fundamental mode family corresponding to the first roots. The roots are

approx

localized by using approximation formulas for the eigenfrequencies v; given, for example, in [34]:

1 1/2
v = | (11/2) +185576(1+ 1/2)'/° - n'”(m) 4 3)
These values v/*PP"* are used as the initiators of the algorithm for searching the roots of Equation (1)
by the modified Powell method [36]. The iterative algorithm is implemented with allowance for silica
glass dispersion given by Equation (2).
After finding eigenfrequencies, we calculate the second-order dispersion [30]:

1 A(Av)
= = 4
Po=-1ma o) 4)
where v v
+1 —VI-1
Avp = +T; A(Avy) = vipr = 2v + Vg ()
FSR is calculated as the difference between two neighboring eigenfrequencies near 193.1 THz.
The nonlinear Kerr coefficients y are also estimated [33]:
2 2nR 2 2nR
_ 2mmp 2R 2mny m ©)

A Ver o A 3.4n3/2(27/l_n)3111/6'

Expressions for fields corresponding to eigenmodes are very cumbersome, therefore they are not
written here but can be found in [34].

We also estimate the contribution of thermo-optical effects on eigenfrequencies and FSR using the
approach developed and applied previously for tellurite glass microspheres [37]. This approach is
based on the numerical simulation of steady-state temperature distribution within the heat equation
framework by the finite-element method with the COMSOL software [37]. In the model, the heat source
is set near the microsphere surface in the equatorial area and originates due to partially dissipated
pump energy. The volume of the heat source is equal to the effective WGM volume at the pump
frequency. We use the boundary conditions “external natural convection” implemented in COMSOL.
After finding the steady-state temperature field (an increase in temperature by AT), we estimate
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a shift of eigenfrequencies (WGM shift). This shift with temperature growth occurs due to both,
the dependence of the refractive index on temperature ‘dn/dT” and the increase in a radius by AR due
to the thermal expansion (see Figure 1).

T, FSR WGMs

Vi

Ty+AT ; FSR P | WGMs
. 3 : : E Vi
WGM shift k- WGM shift x---

Figure 1. Schematic diagram of the whispering gallery modes (WGMs) for a microsphere at the initial

temperature T¢ and heated by AT.
2.2. Simulation of OFC Generation
The OFC generation in a single family of fundamental modes is modeled numerically in the

framework of the Lugiato—Lefever equation [1,35]:

JE(t, 1)
R—5

k
(z%) +2niRy0fR(s)|E(t,T—s)Izds—zx—iép E+ \/EEP, 7)

k!
=2

where E(t, 7) is an electric field inside the resonator; T and t = Ng-fg are the fast and slow times; Ny is
the number of a microresonator roundtrip; g = 27tRn.g/c is the roundtrip time; 6p is the phase detuning
of the continuous wave (CW) pump field E, from the nearest resonance; 0 is the coupling coefficient;
B = d*p/dw taken at the pump frequency wy (we set i = 0 for k > 4); f(w) = neko is the propagation
constant; yg is the nonlinear Kerr coefficient at wg; a = (27'()2R/(Q)Lp) is the loss coefficient including
intrinsic and coupling losses; and A, is a pump wavelength. The response function is approximated by

R(t) = (1= fr)6(t) + frhr(t), (8)
where 5(t) is the delta function; fg = 0.18 is the fractional contribution of the delayed Raman response, and
hg(t) = (Tl_z + 122)71 exp(—t/72)sin(t/11), )

with constants 7; = 12.2 fs and 7, = 32 fs [35].

We use a home-made software based on the split-step Fourier method [35] to simulate OFC
generation numerically in the frame of Equation (7). We previously simulated DKS generation with
similar software without the Raman nonlinearity [38,39]. Although here, a more advanced version of
the numerical code with allowance for the Raman nonlinearity is used.

2.3. Simulation of Silica Microsphere OFC Generator-Based 4-Channel 200 GHz Spaced IM/DD WDM-PON
Transmission System

The purpose of our research model was to simulate the 4-channel 200 GHz spaced intensity
modulation direct detection (IM/DD) WDM-PON data transmission system by the implementation
of designed silica microsphere-based OFC generator as a portable light source. We evaluate the
performance of such a communication system according to next-generation PON (NG-PON2)
requirements for specified valid optical link distances of up to 60 km [40]. Therefore, we used
“VPI Photonics Design Suite” software for the simulation of a 4-channel 10 Gbit/s per channel
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non-return-to-zero on-off keying (NRZ-OOK) modulated WDM-PON optical transmission system
to show the implementation of an microsphere-based OFC generator providing a spectral and
energy-efficient fiber optical telecommunication system solution.

To achieve high precision of the measured results, it is crucial to provide the pseudo-random bit
sequence (PRBS) with sufficient length, defined in VPI simulation scheme by using “VPI photonics
design suite” simulation program modified built-in Wichman-Hill-Generator. Architecture and further
simulation results of the above-described NRZ-OOK fiber optical communication system are presented
in Section 3.3 of this article.

3. Results

3.1. Microresonator Characteristics

The simulated spatial distribution of the electric field of the fundamental TE mode at the frequency
of about 193.1 THz is shown in Figure 2. For the fundamental TM mode, the spatial distribution of the
absolute value of the field is very similar and not depicted here.

1
H
D 0

15 um 15 um

30 um
‘neqre ‘3]
30 um
wqie g

Figure 2. The normalized absolute value of the electric field for transverse electric (TE) mode at the
eigenfrequency of about 193.1 THz in the equatorial plane (a) and in a plane perpendicular to equatorial
one (b).

We solve Equation (1) for different microsphere diameters (d = 2R) to find the optimal one giving
FSR of 200 GHz. FSR as a function of the microsphere diameter is plotted in Figure 3 for TE and TM
families. These curves for TE and TM modes differ by ~10 MHz but almost coincide for the chosen
scale in Figure 3.

206

204
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200

FSR, GHz
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194 T T T T T T T T
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Diameter, um

Figure 3. FSR as a function of a microsphere diameter for transverse magnetic (TM) and TE modes.
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Furthermore, using Expressions (4) and (5), we calculate dispersion for the optimal microsphere
diameter of ~328.5 um and for comparison for d = 322 pm and for d = 335 um for which FSR differs by
+2% from 200 THz and is 204 and 196 THz, respectively. The frequency-dependent dispersions for TE
and TM modes for these diameters are plotted in Figure 4a in the 188-198 THz range. It is seen that
curves differ slightly. Figure 4b demonstrates the dispersion of the TE family at a wider frequency
range for the diameter of 328.5 um. The dispersion is anomalous at 193.1 THz and the zero-dispersion
frequency is about 209 THz. The nonlinear Kerr coefficient is about 3.5 (W-km)~! at 193.1 THz, and its
frequency dependence can be neglected in the C-band.

7 5
(2) (b)
0 -
9 -
-5 4
£ £
g -1l 1 ~----TM, 322 im 2 -10 1
& ——TE, 322 um & |
5 — —TM, 3285 um -15
——TE, 328.5 um 20 1 —— TE, 328.5 um
—— T™, 335 um b
- — ' TE, 335um s
188 190 192 194 196 198 180 185 190 195 200 205 210
Frequency, THz Frequency, THz

Figure 4. (a) Dispersion as a function of frequency for microspheres with indicated diameters for TE
and TM modes. (b) Dispersion as a function of frequency for a microsphere with a diameter of 328.5 um
for TE modes.

Next, we estimate the influence of thermal effects on shifts of WGM frequencies and FSR for
the optimal diameter. Figure 5a,b demonstrate the calculated shift of eigenfrequencies and FSRs as
functions of the temperature increase, respectively. For Figure 5, we assume uniform temperature
increase distribution. WGM shifts are almost the same for TE and TM mode families, but FSRs differ
by ~10 MHz. FSR difference occurs due to initial “cold” FSR non-equality between TM and TE modes.

0 200.000
(@) RS (b)
25 199.975 1
N N
T -50 - 199.950 - 53
&) E N
& -75 5 199.925 N
< > N
< -100 1 £ 199.900 - S
) = N
= -125 - 199.875 - N
——— ™ ——— ™ NS
-150 + 199.850 - NS
—__TE TE N
-175 T T T T 199.825 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
AT, °C AT, °C

Figure 5. WGM shift (a) and free spectral range (FSR) (b) as functions of temperature increase for
a microsphere with a diameter of ~328.5 um.

To understand when such temperature increases can be achieved, we simulate temperature fields
at different powers of the heat source. Temperature distributions for the heat powers of 1, 3, and 5 mW
are presented in Figure 6a,b, in Figure 6¢,d, and in Figure 6e,f, respectively. Figure 6a,c,e show the
complete simulated geometry, including the microsphere itself and the fiber stem, but Figure 6b,d,f
show an enlarged microsphere. The temperature inside the microsphere is distributed fairly uniformly.
For greater clarity, Figure 6g also shows the dependences of the temperature averaged over the
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sphere, the temperature averaged over the WGM volume, and the maximum temperature on the heat
power. Despite the fact that the full nonlinear heat equation was solved, the dependencies of these
temperatures on heat power appear to be almost linear for the considered heat power range.

Py =5 mW | ‘i m 555
— : 07
0 20 40 60 45
AT,K - 40
70
(&
60 —
~
507 = ——— AT,
v o] = s
2“ 40 | == AT oge
30 = — AT,
20 ~
10 |
00 1 2 3 4 5
Py mW

Figure 6. Temperature distributions for heat powers: 1 mW (a,b); 3 mW (c,d); and 5 mW (e/f).
The temperature increase as a function of heat power (g). All subfigures are calculated for a microsphere
with a diameter of ~328.5 pm.

After finding the temperature distributions and dependencies of temperature increases on the
heat power, we plot the FSR versus the power of the heat source (see Figure 7). We also verified that the
change in dispersion curves with increasing temperature is negligible for the considered heat powers
of a few mW.

———T™

=
5 199.96
& 199.94
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199.88 . . : :
0

Phear, mW

Figure 7. Dependence of FSR on heat power for a microsphere with a diameter of ~328.5 pum.
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3.2. OFC Generation in DKS Regime

Next, we simulate OFC generation in the DKS regime in the framework of Equation (7). We consider
TE modes (for TM modes, the results will be almost the same). It is known that stable DKS can exist
in an anomalous dispersion region only for specific conditions for a pump power and normalized
detuning A (A = 6y/a) [33,41-43]. If the solution in the form of DKS exists in this case, one particular
value of DKS peak power corresponds to each admissible detuning [41,43]. For a pump power less
than a threshold for this detuning, DKS cannot exist, but CW is a solution. We set pump power slightly
higher than this threshold and study properties of generated DKS for different values of A. We set
pump frequency at 193.1 THz assuming that the nearest resonant WGM can be shifted to 193.1 THz
due to the thermal effects caused by partially dissipated pump power and/or external heating of
a microsphere. Figure 8a shows the DKS spectrum calculated for A = 50. This spectrum is asymmetric
with respect to the pump frequency, which is explained by the influence of the Raman nonlinearity and
agrees with the results presented in [43,44]. Figure 8b demonstrates the spectral envelopes of stable
DKSes simulated for different A. The larger the normalized detuning, the broader the spectrum is.
For example, for A = 10, the spectral width at the level of -30 dB is 3.8 THz, but for A = 70, the spectral
width is 8.8 THz. Next, we count a quantity of spectral lines (harmonics) in OFC spectra with intensity
higher than -30 dB (see Figure 8c). The quantity of lines satisfying this condition increases from 19 for
A =10 up to 44 for A =70. For A > 70, DKS is unstable and we do not consider intracavity nonlinear
dynamics for this case. Note that due to higher-order dispersion, the range of DKS stability is slightly
wider than with allowance for only the second-order dispersion presented in [43]. We also find DKS
duration (full width at half maximum, FWHM) in the time domain as a function of A (see Figure 8d).
For larger A (when the spectrum is wider), the duration is shorter according to the Fourier-transform
limitation (379 fs for A = 10 and 169 fs for A = 70).
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Figure 8. (a) Normalized intracavity spectral intensity of DKS for A =50. (b) Envelopes of normalized
DKS spectra. (c¢) Number of spectral lines (harmonics) with spectral intensity higher than —-30 dB
relative to the maximum as a function of normalized detuning. (d) FWHM DKS duration as a function
of normalized detuning.
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3.3. Architecture and Simulation of 4-Channel 200 GHz Spaced IM/DD WDM-PON Transmission System

The simulation setup of a 4-channel 200 GHz spaced WDM-PON transmission system is depicted
in Figure 9.

AWG de-MUX
AWG MUX
AWG de-MUX

Figure 9. Simulation model of the 4-channel 200 GHz spaced IM/DD WDM-PON system used for the
designed silica microsphere-based OFC comb spectrum implementation and performance assessment
where ASE—Amplified spontaneous emission light source, AWG—Arrayed-waveguide-grating,
LPF—Low-pass filter, MZM—Mach-Zehnder modulator, OBPF—Optical band-pass filter,
OFC-WGMR—Optical frequency comb generator based on whispering gallery mode resonator,
PIN—photodiode, SMF—single-mode fiber.

The output of an amplified spontaneous emission (ASE) optical light source with high output
power of up to 23 dBm and spectrum power density of —6 dBm/nm within the 1528-1630 nm band is
connected to the input of the user-defined optical band-pass filter (OBPF) where the above-simulated
silica microsphere-based OFC output spectrum is implemented. Afterward, the output of comb
spectral lines is filtered out by an optical band-pass filter with 760 GHz 3-dB bandwidth to obtain four
optical carrier signals. The spectral lines from OFC-WGMR are filtered and de-multiplexed utilizing
arrayed-waveguide-grating (AWG) de-multiplexer (de-MUX), which corresponds to wavelength-routed
WDM-PON (WR-WDM-PON) architecture. The 3-dB bandwidth of each AWG channel for 200 GHz
channel spacing was set to 87.3 GHz. The spectrum of the optical signal at the output of the user-defined
OBPF with implemented microsphere-based OFC, the obtained band-pass filtering for four optical
carriers, and the output of AWG de-multiplexer after back-to-back (B2B) transmission are shown
in Figure 10a—c, respectively. Note that Figure 10a contains OFC lines simulated in Section 3.2 and
presented in Figure 8a. The Lorentzian line shape is assumed.

Carriers (comb spectral lines) separated with AWG de-MUX are fed to the optical input of the
Mach-Zehnder modulators (MZMs). The electrical data signals are provided by PRBS from PRBS
generator through NRZ driver, which encodes the logical data by using the non-return-to-zero (NRZ)
technique generating electrical NRZ signals with a bit rate of 10 Gbit/s. Each MZM, having a 3-dB
bandwidth of 12 GHz and 20 dB extinction ratio, is driven by NRZ signal S (f) [45].

Optical signals from each transmitter’s (Tx) MZM are coupled together using an AWG multiplexer
(MUX). The combined, modulated optical signals are transmitted over 20 up to 60 km ITU-T G.652
single-mode fiber (SMF) span, with 0.02 dB/km attenuation and 16 ps/nm/km dispersion coefficients at
1550 nm reference wavelength. According to NG-PON2 (ITU-T G.989.2) recommendation, the specified
valid optical link distances are up to 40 km, but longer lengths are supported and reach network
distance up to 60 km. Therefore, we extend the optical link section to maximal PON transmission
distance of 60 km.

The receiver (Rx) consists of a PIN photodiode with 3-dB bandwidth of 12 GHz, sensitivity of
—18 dBm for BER of 1012, and responsivity of 0.65 A/W [46]. Afterward, the received, modulated signal
is filtered by an electrical low-pass filter (LPF) with 7.5 GHz 3-dB electrical bandwidth. The electrical
signal analyzer is used to measure the received signal, e.g., showing bit pattern and BER.
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Figure 10. Optical spectra: (a) after user-defined OBPF with implemented microsphere-based OFC comb
source, (b) after OBPF-four optical carriers from microsphere-based OFC comb source, (c) modulated
optical carriers after B2B transmission for 4-channel 200 GHz spaced IM/DD WDM-PON system
operating at 10 Gbit/s per channel.

The performance indicators as BER and eye diagrams of the received signal verify the feasibility
of the designed transmission. The obtained BER results of each optical channel with respect to optical
network link section length of up to 60 km over SMF for NRZ modulated 4-channel IM/DD WDM-PON
transmission system with 200 GHz spacing is shown in Figure 11.

0 —
20 | /
.40 - /o//?é
2 60 | e _— P e
i — _— P
8 g
& L
&-100 /////// -
B e S TR
140 — / - 4th Ch
-160 /
-180 I 1 1 I 1 |
0 10 20 30 40 50 60

Optical fiber length [km]

Figure 11. Quality of transmission (QoT) characteristics for the 10 Gbit/s NRZ-OOK signals in the
4-channel 200 GHz spaced IM/DD WDM-PON system: the fair comparison of BER vs. Optical fiber
length for implemented microsphere-based OFC comb carriers” performance.

We observed that the worst-performing channel in terms of BER performance was the 1st channel
(193.1 THz). In the best scenario, the highest system performance was observed for the 4th optical
channel (193.7 THz), where BER of the received signal after transmission over 60 km SMF fiber link was
4.5 x 10730, The drop in the BER performance is mainly affected by the power and noise floor variation
between comb lines and phase noise. In such a case, the comb source for the data transmission system
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must ensure minimal optical carrier-to-noise power ratio (OCNR) that a comb line must have to be
useful for data transmission.

We have demonstrated 4-channel 200 GHz spaced IM/DD WDM-PON transmission system
with operating data rates of 10 Gbit/s per channel over different SMF fiber link section lengths up
to 60 km, please see Figure 12. As shown in Figure 12a—c, for the 1st optical channel with worst
BER performance in B2B configuration, as well after 20 and 40 km, the signal quality is very good,
the eye is open, and error-free transmission can be provided. After 60 km transmission, the BER of the
received signal was 9.1 x 1074, please see Figure 12d. Therefore, our investigated 200 GHz spaced
OFC-WGMR light source-based IM/DD WDM-PON transmission system is fully capable of providing
10 Gbit/s of NRZ-OOK modulated signal transmission according to NG-PON2 recommendation
specified valid optical link distances of 40 km. That means it is technically challenging to ensure
such transmission stability for longer distances by the use of OFC-WGMR as an optical light source
for telecommunication applications. More comprehensive future research on the limits of the OFCs
parameters for implementing the PON transmission systems segment of such a long transmission
distance (60 km) is desirable.

Amplitude [a.u.]

200 220 Time [ps]

100 120 200 220 Time [ps])|

(c) (d)

Figure 12. Eye diagrams of the received signal: (a) after B2B, (b) after 20 km, (c) after 40 km, (d) after
60 km transmission via SMF optical link section for investigated 4-channel 200 GHz spaced IM/DD
WDM-PON system operating at 10 Gbit/s per channel.

4. Discussion and Conclusions

We proposed and numerically investigated a simple design of silica microsphere-based OFC
generator in the optical C-band producing stable DKS and simulated its implementation in the WDM
data transmission system. The optimal microsphere diameter of 328.5 um provides an FSR of 200 GHz,
according to ITU-T G. 694.1 recommendation. We considered the TE and TM families of fundamental
WGMs and found that the FSR values practically coincide. With a slight deviation of the diameter
from the optimal value, FSR changes linearly. For example, if a diameter changes by +2%, FSR changes
by +2% too (for diameters of 322 pm and 335 pm, FSRs are 204 and 196 THz, respectively). We also
investigated the influence of thermo-optical effects on WGM shift and FSR. The WGM shift and
FSR are almost linear functions of temperature. When the temperature rises by 60 C, the WGM
eigenfrequencies decrease by 100 GHz, but FSR decreases by 0.1 GHz. We simulated steady-state
temperature distribution originated from partial pump power dissipation. Although the heat source
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was located in a small volume equal to the effective mode volume, the temperature distribution was
fairly uniform over the microsphere.

The dispersion as a function of frequency and the nonlinear Kerr coefficient were calculated.
In the C-band, the dispersion is anomalous (of the order of —10 psz/km). Both material and waveguide
contributions are important here. The zero-dispersion frequency is about 209 THz. Dispersion curves
for TE and TM fundamental modes differ slightly. The nonlinear Kerr coefficient is about 3.5 (W-km)~1.
It was also verified that the change in dispersion with temperature increasing was negligible for the
considered heat powers of a few mW.

We simulated OFC generation in the DKS regime for the range of normalized detuning A where
stable DKS can exist. When A changes from 10 to 70, the spectral width at the level of —30 dB grows from
~3.8 THz to 8.8 THz, and the DKS duration in the time domain shortened from 379 fs to 169 fs (FWHM).
DKS spectra are asymmetric with respect to the pump frequency at 193.1 THz, which is explained by
the influence of the Raman nonlinearity and agrees with the results presented in [43]. We assumed that
OFC with FSR of 200 GHz could be anchored to 193.1 THz using temperature control. Narrow-band
CW pump can be coupled to a microresonator using a fiber taper and generated OFC can be extracted
from a microresonator with the same taper [28]. Note that a reliable way to generate DKS and influence
of thermal effects on the dynamics of DKS formation is considered in [47]. The experimental features
of the DKS generation in a silica microsphere are reported in [27]. For attaining OFCs with lower FSRs,
bottle microresonators can be used as predicted in [48,49].

We have also simulated a 4-channel 200 GHz spaced IM/DD WDM-PON transmission system
with operating data rates of 10 Gbit/s per channel over different SMF fiber link lengths up to 60 km.
The variation in the BER performance of the OFC-WGMR portable light source is observed and is
mainly affected by the power and noise floor variation between carriers. Therefore, the proposed
200 GHz spaced OFC-WCOMB light source-based IM/DD WDM-PON transmission system is fully
capable of providing 10 Gbit/s of NRZ modulated signal transmission to NG-PON2 recommendation
specified valid optical link distances up to 40 km.

Note that the considered system is attractive to service providers for substituting existing central
office (CO) architecture. The major drawback of the current CO architecture is that individual lasers’
array is used to sustain WDM data channels; however, here we use an OFC generator, employing only
one single laser. An OFC generator based on silica microspheres is a cost-effective solution, making the
possibility to add more end-users to one PON. The latter is especially interesting for those countries
where service providers still use copper infrastructure, considering that service providers will need to
install fewer PONs to connect a more significant number of end-users. So, our solution can potentially
lower expenses to upgrade existing fiber infrastructure and change infrastructure in favor of optical
fiber systems.
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Abbreviations

OFC optical frequency comb

WGM whispering gallery mode

WDM wavelength-division multiplexing
PON passive optical network

FSR free spectral range

™ transverse magnetic

TE transverse electric

CwW continuous wave

DKS dissipative Kerr soliton

FWHM full width at half maximum

BER bit error rate

NRZ non-return-to-zero

OOK on-off keying

IM/DD intensity modulation direct detection

NG-PON2 Next-generation PON

ASE amplified spontaneous emission

ASI amplified spontaneous emission light source

AWG arrayed-waveguide-grating

LPF low-pass filter

MZM Mach-Zehnder modulator

OBPF optical band-pass filter

WGMR whispering gallery mode resonator

MUX multiplexed

de-MUX demultiplexer

PIN photodiode

SMF single-mode fiber

B2B back-to-back

WR wavelength-routed

QoT quality of transmission
International Telecommunication

ITU-T . . -
Union-telecommunication standardization sector

OCNR optical carrier-to-noise power ratio

cO central office
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Four-wave mixing (FWM) is one of the well-known nonlinear optical effects (NOE), and
it is considered as an adverse impact in fibre optical communication lines. This nonlinear opti-
cal effect as a productive one can be used in fibre optical communication systems for various
optical processing functions, like wavelength conversion, high-speed time-division multiplex-
ing (TDM), pulse compression, fibre optical parametric amplifiers (FOPA), etc. In most of the
fibre optical communication systems, each data transmission channel requires one light source
(e.g., laser) as a carrier, which can make these transmission systems expensive. For example,
to provide operation of 4-channel dense wavelength-division-multiplexed (DWDM) system
four separate lasers at specific operation wavelengths are needed. On the contrary, through
the FWM effect, which can be obtained in highly nonlinear optical fibre (HNLF) by using two
high-power pump lasers, the generation of new multiple carriers forming the laser array or a
multi-wavelength source is possible. Accordingly, within the present research, we investigate
the latter approach for FWM light source implementation in DWDM passive optical networks
(DWDM-PONSs). We analyse up to 16-channel 50 GHz spaced DWDM-PON system with a
bitrate of up to 10 Gbit/s per channel, constructed on the basis of two high-power continuous
wave (CW) pump lasers. We evaluate the system performance against the number of its chan-
nels by changing it from 4 to 16 and in each case find the most optimal HNLF fibre length (for
a 4-channel system it is 0.9 km; for an 8-channel system — 1.39 km; and for a 16-channel sys-
tem — 1.05 km) and laser pump powers (for a 4-channel system it is 20 dBm; for an 8-channel
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system — 24.1 dBm; and for a 16-channel system —26.3 dBm). These optimal parameters were
found in order to get the highest system performance, respectively, the lowest BER (threshold
BER<10?), and minimal power fluctuations among FWM generated carriers. The obtained
results show that the proposed transmission system can be a promising solution for next-gen-

eration high-speed PONs.

Keywords: dense wavelength division multiplexed passive optical network (DWDM-
PON), four-wave mixing (FWM), highly nonlinear optical fiber (HNLF), nonlinear optical

effects (NOE).

1. INTRODUCTION

An increase in the amount of infor-
mation transmitted and an ever-growing
number of Internet users have increased
the demand for network bandwidth and
further transition to new architectures and
data transmission technologies. High spec-
tral efficiency dense wavelength-division-
multiplexed (DWDM) systems are used
to increase the rapidly growing demand
for the Internet traffic, using multimedia
applications, streaming video, file sharing,
etc. [1]. Dense wavelength-division-multi-
plexed passive optical network (DWDM-
PON) is compatible with fibre-to-the-home
(FTTH) architecture by providing flexibil-
ity and far greater capacity. DWDM fibre
optical transmission system technology is
used for long-distance data transmission;
however, DWDM signals are exposed by
nonlinear optical effects (NOE). In the pro-
cess of data transmission, interference, dis-
tortion, excessive attenuation of the optical
signals may appear due to the nonlinearity
of the optical fibre, which leads to a degra-
dation in performance [2]. One of the most
common nonlinear optical effects in opti-
cal fibre communication systems is Kerr
nonlinearities — the influence of frequency
modulation or pulse spectral components
of the movement. Different effects such as
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self-phase modulation (SPM), cross-phase
modulation (XPM), and four-wave mixing
(FWM) occur due to the Kerr nonlinearity
[3], [4]. Nonlinear FWM is an effect when
two or more different signals with different
frequencies propagate next to each other,
and because of this effect, new carriers are
generated. In addition, existing channels
are exposed to power loss and signal dis-
tortions. The FWM effect can be used to
generate multiple carriers. The FWM effect
is adverse for DWDM-PON transmis-
sion systems, but nowadays solutions for
useful application of this effect are being
researched.

The application of the FWM opti-
cal effect was researched to create up to a
16-channel DWDM-PON system. FWM
multi-wavelength source is based on two
continuous wave (CW) lasers and opti-
cal highly nonlinear fibre (HNLF). In this
article, we developed and analysed setups
of up to a 16-channel DWDM-PON sys-
tem, where optimal power of both pump
CW lasers and HNLF fibre span length
were determined. The performance of the
received signals was analysed in terms of
bit error ratio (BER), where we set that the
BER threshold according to PON networks
was BER <1071°.



2. GENERATION OF FOUR-WAVE MIXING

NONLINEAR OPTICAL EFFECT

The four-wave mixing may occur in
fibre optical systems as the intermodula-
tion phenomenon in which the fourth wave-
length arises due to an interaction among
three wavelengths. If there are three wave-
lengths A, Xj, and A, which are mixed, then
it leads to the appearance of the fourth
wavelength, as shown in formula 1 below

[5]:

A = A +D, )
where kijk — may act as an interfering signal
to the original signal. The worst-case com-
bination of these wavelengths degrades the
performance of a system [5]. Three waves
of wavelength A, kj, and A, (i, j # k) interact
to generate a wave with wavelength [6]:

Q
-

Optical Power

Mok s
Wavelength, J.

Dy =+ Ay (i, # ), )

where kijk — the wavelength of the generated
FWM signal.

Formula (3) describes how many new
channels intend to be in a system. For
N wavelength channels co-propagating
through the fibre, the number of new wave-
lengths that FMW effect generates is [7]:
3

=Y -1).

M
Figure 1 shows the optical signal spec-
trum before and after transmission along the
optical fibre with the impact of FWM. The
power of the FWM signal is influenced by
such factors as dispersion of the transmis-
sion fibre, channel input power and spectral
spacing between the carriers or channels.

Il - Original signal

(=
-

Optical Power

B - FWMssignal

Mok s
Wavelength, /.

Fig. 1. The spectrum of optical signal a) without FWM and b) with the occurrence of the FWM effect [5].

3. ARCHITECTURE OF DWDM-PON

TRANSMISSION SYSTEM WITH FWM SOURCE

DWDM-PON can be used as a multiple
channel optical fibre transmission system
to be able to serve as many customers as
possible at the same time and gain higher
power and bitrate [7], [8].

According to ITU-T G.694.1 recom-
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mendation for optical C and L bands, the
DWDM-PON channel spacing intervals are
100, 50, 25 or 12.5 GHz, and the frequency
of the central channel is 193.1 THz [9]. In
this article, a DWDM-PON transmission
system with channel spacing 50 GHz is



under research. This system uses an FWM
multi-wavelength source to provide further
information transmission to multiple data

AWG
DEMUX

= 1 )
=) 2 )
| =) )
e

)| T (I

FWM light
source

AWG
MUX

channels. Figure 2 shows the architecture
of multichannel DWDM-PON transmission
system.

AWG
DEMUX

) [

=)

= | 3 |

= [ |
:

=) [ |

SMF

Fig. 2. The architecture of the multichannel DWDM-PON transmission system with
FWM multi-wavelength source [10].

As it is shown in Fig. 2, the simulated
transmission system employs one arrayed-
waveguide grating (AWG) multiplexer
(MUX) for the combination of modulated
carriers and two demultiplexers (DEMUX)

for filtering and separation of carriers gen-
erated by FWM multi-wavelength source
(transmitter side) and separation of the
received DWDM signals at the receiver
side.

4. EXPERIMENTAL SIMULATION MODEL AND NUMERICAL ANALYSIS

In this article, the use of the FWM opti-
cal effect was researched to create a multi-
wavelength source for up to a 16-channel
DWDM-PON system. We developed an
experimental simulation model with an
FWM multi-wavelength source for the
DWDM-PON transmission system in the
RSOFT OptSim simulation software envi-
ronment. The power of pumping lasers, as
it is shown in Fig. 4, was changed in the
range from +15 dBm to +30 dBm. Different
HNLF fibre lengths up to 2 km were also
studied [11].

As a result of the FWM process, the
fourth frequency was generated. To effi-
ciently generate nonlinear FWM in HNLF
fibre, the following HNLF parameters were
set: the core effective area of 11.6 um?, zero
dispersion wavelength of 1552.32 nm and
the nonlinear coefficient of 11.50 (W xkm)!

[11].
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Central frequencies applied in this
research for pump CW lasers were 193.10
THz (1552.524 nm) and 193.15 THz
(1552.123 nm), attenuation coefficient for a
generation of up to 16 carriers in HNLF fibre
was 0.8 dB/km at the reference wavelength
of 1550 nm [11]. The parameters of AWG
MUX/DEMUX employed in DWDM-PON
systems were as follows: channel spacing
was 50 GHz, optical 3-dB bandwidth was
16.5 GHz and the lowest channel frequency
of AWG MUX/DEMUX varied depending
on the number of channels used: for 4 chan-
nels — 193.05 THz, for 8 channels —192.95
THz, for 16 channels — 192.75 THz. Table
1 shows optimal parameters for both CW
lasers and HNLF fibre employed accord-
ingly in 4-, 8- and 16-channel DWDM-
PON transmission systems. The optimal
power of pumping CW lasers and HNLF
fibre length were defined experimentally



by using simulation software. These param-
eters were found by evaluating the optical
spectrum (see Fig. 3) on the output of the

first AWG demux, considering the low-
est power variation of generated carriers,
which did not exceed the range of 3 dB.

Table 1. Optimal Parameters for the Generation of Multiple Carriers

Number of carriers (channels) CW pump laser power, dBm HNLF length, km
4 20.0 0.90
8 24.1 1.39
16 26.3 1.05

Figure 3 shows output spectra of FWM
multi-wavelength source, where (a) 4-chan-
nel, (¢) 8-channel, (¢) 16-channel after the
HNLF output and (b) 4-channel, (d) 8-chan-
nel, (f) 16-channel after the AWG multi-
plexer. Spectrum diagrams can be used to

Spectrum on the

determine the quality of the selected param-
eters because the spectrum on the HNLF
output will be smoother. Then it will be
possible to find the lowest BER and maxi-
mum uniform carrier capacity for minimal
fluctuations.

Spectrum after the AWG
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Fig. 3. The measured optical spectra (a, c, €) on the output of HNLF and (b, d, f) after AWG multiplexer at the
transmission side of up to 16-channel DWDM-PON transmission system.

We configured the FWM multi-wave-
length source, the parameters of which
varied depending on the number of chan-
nels used in the system. Figure 4 shows
the experimental simulation model of (a)

up to 8-channel (including 4-channel) and
(b) 16-channel DWDM-PON transmission
system with the defined FWM multi-wave-
length source.
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Fig. 4. Experimental simulation model of (a) 4 and 8-channel and (b) 16-channel
DWDM-PON transmission system with an FWM multi-wavelength source.

In the DWDM-PON transmission sys-
tem, some modifications were applied
for multi-wavelength light source in the
case of l6-carrier generation to obtain
event distribution of the generated carrier
powers. When the number of data chan-
nels increases, the carrier can be specially
modulated to reduce the adverse effects of
Brillouin scattering (SBS). An increase in
the number of data channels increases the
nonlinear Kerr effect as well as the stimu-
lated Brillouin scattering [12]. In the case
of SBS, energy is pumped from one light
wave to another with a larger wavelength.
SBS limits the maximum injected power
(amplitude manipulation increases the
width of the spectrum, as well as the SBS
threshold), which is the reason why the use
of more powerful lasers can be limited. To
reduce SBS effect, the passive optical com-
ponents with low attenuation are used [13],
[14]. Two extra components — optical phase
modulators (OPM) are used in multi-wave-
length source scheme of the 16-channel sys-
tem (see. Fig. 4 (b)) to increase SBS thresh-
old and decrease the impact of SBS. Each
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of the pump laser sources is modulated by
a bitrate of 100 Mbit/s [15] (non-return to
zero (NRZ) line code, 2.8 GHz 3-dB band-
width low-pass filters (LPF)).

In addition to the AWG MUX/DEMUX,
an optical element was added, which simu-
lated optical attenuation that introduced the
required loss. This optical element in Fig. 4
is depicted as insertion loss — value is 3-dB.
Data transmission channels with the 10
Gbit/s bitrate consist of data source (Data),
NRZ coder and optical Mach-Zehnder
modulator (MZM), where 3-dB bandwidth
is 10 GHz and excess loss is 3-dB. During
the research, the number of data transmis-
sion channels varied from 4 to 16 channels.
Optical ITU-T G.652 single-mode fibre
(SMF) was used as transmission media;
its length was 20 km, the attenuation coef-
ficient was 0.2 dB/km and the dispersion
coefficient was 16 ps/nm/km at 1550 nm
reference wavelength.

The receiver of the DWDM-PON
system was formed of a sensitivity opti-
cal receiver where avalanche photodiode
(ADP) was used with sensitivity of -24 dBm



at reference error probability 10°. After the  well as the optical spectrum analyser were
sensitivity receiver, Bessel low-pass filter ~ used to study information obtained about
(LPF) with 3-dB bandwidth of 7.5 GHz was the data and the quality of the propagated
used to reduce noise in the received signal. signal.

The BER estimator, the electric scope, as

5. RESULTS AND DISCUSSION

While performing simulation, all of the =~ PON transmission system based on the eye
above parameters were abiding, but optimal diagram and BER results (where BER<10
parameters such as CW power and HNLF 19). The worst channel for a 4-channel and
length were defined experimentally. Results 16-channel DWDM system was the fourth
were analysed by the obtained spectrum of  channel, but for an 8-channel system, it was
the optical signal at the HNLF output, the  the first channel.
signal spectrum after the AWG multiplexer Using the optimal parameters as defined
and the spectrum after the transmission line in Table 1, different spectra were obtained
(where SMF span length was 20 km). The for FWM optical effect for up to 16-chan-
quality of the transmitted signal was evalu-  nel DWDM-PON transmission system (see
ated for the worst channel of the DWDM-  Fig. 5) with data channels.
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Fig. 5. The output spectrum of the DWDM-PON transmission system with FWM multi-wavelength source —
(a) 4-channel, (c) 8-channel, (¢) 16-channel after the AWG multiplexer, and (b) 4-channel, (d) 8-channel, (f)
16-channel after the 20 km long fibre optical transmission line.
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Comparing the optical spectrum at the
output of HNLF and AWG MUX, we can
conclude that the channel output levels after
AWG DEMUX/MUX are evenly distributed
(Fig. 3 (a, c, e) generated harmonics before
demultiplexing). In Fig. 5 (b, c, ¢) depend-
ing on the number of channels, we can see
that in this case the demultiplexer separated
4, 8 and 16 channels at frequencies from
192.75 to 193.5 THz with a channel spacing
of 50 GHz. The average calculated chan-
nel peak power output for 4 channels was
3.3 dBm. The largest difference between
the calculated average channel peak power
and the measured channel power levels
was in the fourth channel, which was 0.5
dBm. However, in an 8-channel system the
average channel peak power was 0.7 dBm
where the difference between the worst
channel was 1.3 dBm (for the first channel).
However, in a 16-channel DWDM-PON
transmission system, the average channel

4e-4

peak power was 2.8 dBm, and the differ-
ence between the calculated average chan-
nel peak power and the measured channel
peak power was 2.9 dBm (for the fourth
channel). The obtained values are accept-
able because they fall within the 3 dBm
range. Figure 5 shows the spectrum for the
DWDM-PON transmission system with (a)
4-channel, (c¢) 8-channel, (e) 16-channel
after the AWG multiplexer, (b) 4-channel,
(d) 8-channel, (f) 16-channel after the trans-
mission line.

The quality of the following eye dia-
grams was evaluated (up to a 16-channel
DWDM-PON system with transmission
length of 20 km and the bitrate of 10 Gbit/s)
using the electrical scope. Figure 6 shows
eye diagrams of the received signal in the
(a) 4-channel, (b) 8-channel and (c)16-
channel DWDM-PON transmission system
with an FWM multi-wavelength source.
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Fig. 6. Eye diagrams of the DWDM-PON transmission system with an FWM multi-wavelength source for (a)
4-channel, (b) 8-channel and (c) 16-channel.

As we can see from Fig. 6, the qual-
ity of the eye diagram decreases due to the
increased dispersion and nonlinear effects
(like FWM, SBS), and as more channels
should be generated, the higher power
fluctuations and therefore the overall per-
formance of the system are lower. Table
2 shows BER values for up to 16-channel
of the DWDM-PON transmission system,
where the worst channel for a 4-channel
and a 16-channel system is the fourth chan-
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nel, but for an 8-channel system — the first
channel. However, it is considered that the
transmission lines will perform qualita-
tively with low losses because the “eye”
opening is wide in all cases and the BER
is below the threshold. According to ITU-T
G.984.2 related to the recommended BER
value for fibre optical transmission systems
with a bitrate of 10 Gbit/s per channel, BER
should be less than 1019 [16].



Table 2. Summary of BER Values of the Received Signals in up to 16-Channel DWDM-PON Transmission
System after 20 km Transmission through SMF Fibre Span

4-channel system

8-channel system 16-channel system

BER value for the worst 1 x40

performing system channel

2.5x10-23 6.5x1014

6. CONCLUSIONS

Within the framework of research, we
investigated up to 16-channel DWDM-PON
transmission system with an FWM multi-
wavelength source. FWM effect was used
to generate a multi-carrier (multi-wave-
length) light source for 4-, 8- and 16-chan-
nel DWDM-PON transmission system. The
first step was to find the optimal power of
CW pump lasers and HNLF fibre length for
FWM carrier generation, which could be
further used for modulation and transmis-
sion of data. It was found that for the simu-
lated DWDM-PON transmission system
with 10 Gbit/s bitrate and 50 GHz channel
spacing, the CW pumping power level for
both lasers in the case of a 4-channel system
was +20 dBm and the HNLF fibre length
was 0.9 km. To increase the number of
DWDM-PON system channels from 4 chan-
nels to 8 and 16 channels and, accordingly,
to generate more carriers, it was necessary
to increase the power of pump CW lasers.
Thus, for an 8-channel system, CW power
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BER value of the worst-performing channel
was 6.5x1014,
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