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ANOTACIJA

Darba nosaukums: Efektiva optiska pastiprinataja izveide un veiktsp&jas novertgjums

sakaru sistémas
Darba autors: Dmitrijs Prigunovs

Promocijas darba 1.-3. nodala tika izp&titi un analiz&ti vairaki zinatniskie p&tijjumi par
EDFA, Ramana, FOPA un kombingto optisko pastiprinataju izmanto$anu vilngarumdales
daudzkanalu sakaru sisttmas. Petijumu laika tika izmantotas datorsimulacijas programmas
RSoft OptSim un VPIphotonics Design Suite. Darba laika galvena uzmaniba bija versta uz
optiskajiem pastiprinatajiem ar divu retzemju elementu legéto skiedru un apvalka pumpésanu
panémienu pasa $kiedra. Sadu platjoslas pastiprinataju izmantosana WDM parraides sistémas
lauj nodrosinat lielaku un vienmeérigaku pastiprinajumu, ka ar1 uzlabot optisko Skiedru sakaru

sistemu efektivitati.

Promocijas darba 4. nodala tika novertéta 50 ps elektrisko impulsu paplasinasanas
metode, izmantojot augstas precizitates notikumu taimeri, Besela un Butterworth filtrus, ka ar1
dazadus pasizgatavotus kaskades zemfrekvencu filtrus (LPF). Tika analizéta BER veiktspgja
gan optiskaja B2B konfiguracija, gan konfiguracija pec 20 km parraides SMF skiedra,
izmantojot 50 ps impulsa ilgumu (1) un dazadas pozicijas platuma ilguma vértibas (A): 50 ps,

100 ps un 200 ps.

Pedeja promocijas darba nodala tika demonstrétas sferisko Iecu jeb mikrosferu
izgatavosana, izmantojot komerciali picejamu lokizlades metinaSanas iekartu Fujikura-100P+,
kas tiek izmantota integréto fotonikas ieri¢u vajadzibam. Tapat pie dazadiem lécu izm&riem

tika noverteti ienestie zudumi savienojuma vietas.
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TEMAS AKTUALITATE

Misdienu informacijas un komunikaciju tehnologiju attistiba ir saistita ar nepartrauktu
parraidamas informacijas apjoma pieaugumu, kas prasa palielinat optisko Skiedru sakaru
sisttmu caurlaidsp&ju un parraides attalumu. Lai apmierinatu $1s prasibas, plasu izplatibu
guvusas sisteémas ar vilpu garuma daliSanu multipleksésanu (WDM), kas lauj vienlaikus
parraidit vairakus kanalus pa vienu skiedru [1-3]. Tomer, datu parraide vienmer ir saistita ar
dazadiem zudumiem, jo signals pamazam rimst un jauda izkliedgjas, lai tas tiktu uztvert gala
iekarta, tas ir japastiprina. Efektivakais un tehnologiski visattistitakais pastiprinataju tips ir ar
erbiju legets optiskais $kiedru pastiprinatajs (EDFA) [4-5]. Ta darbiba balstas uz erbija jonu
(Er*") stimul&to starojumu, kas lauj pastiprinat signalus vilpu garuma diapazona 1530-1565,
kur EDFA pastiprinataji tiek izmantoti WDM sakaru sist€ma, pateicoties augstajai uzticamibai
un savietojamibai ar esoSo infrastruktiiru. Tomér, pieaugot prasibam pret WDM sistémam —
palielinoties kanalu skaitam, datu parraides atrumam un liniju garumam — paradijas
tradicionalo EDFA ierobezojumi. Starp tam ir ierobezota pastiprinajuma joslas platums,
efektivitates samazinaSanas pie augstas pumpéSanas jaudas, ka arT grutibas nodroSinat
vienmerigu pastiprinadjumu daudziem kanaliem plasa spektralaja diapazona. Lai parvarétu §is
problémas, tiek aktivi attistiti kopigi legétie Skiedras pastiprinataji, kuru pamata tiek izmantota
vienmoda optiska skiedra kas tiek legéta ar Er**/Yb®* joniem. Sadai $kiedrai piemit vairakas
butiskas prieksrocibas. Itterbijs (Yb*") ir plasa absorbcijas josla 900-1060 nm diapazona un
efektivi parvérs pumpésanas energiju erbija jonu uzbudinasana. Sada energijas parneses shema
lauj ieverojami palielinat pastiprinajuma efektivitati, Tpasi pie 980 nm vilna garuma. Rezultata
Er3+/Yb3+ optiskie pastiprinataji (EYDFA) nodro$ina augstaku izejas signala jaudu, mazakus
nelinearos efektu ietekmi, ka art stabilaku darbibu daudzkanalu signalu parraides gadijuma.
Pateicoties Stm priekSrocibam, platjoslas EYDFA pastiprinataji klast par neatnemamu
misdienu optisko Skiedru sakaru sisttmu sastavdalu, nodroSinot efekttivu DWDM (bliva
vilngaruma dali$anas multipleksé$anas) un CWDM (spektrala blivésana péc vilnu garuma)
tehnologiju attistibu [6]. Tie lauj palielinat parraides attadlumu bez signala regeneracijas,
paaugstinat tikla energoefektivitati un nodrosinat vienmérigaku kanalu pastipringjumu. Turklat
aktivo Skiedru razoSanas tehnologiju attistiba un EYDFA spektralo raksturlielumu optimizacija
rada priek$noteikumus to integracijai jaunas optisko tiklu jomas - atrgaitas magistralas Iinijas,
zemildens kabelu sistémas un datu apstrades centriem. Tadgjadi Er**/Yb%" legéto optisko
$kiedru pastiprinataju izpéte un pilnveidosana ir aktuals zinatnisks un tehnisks uzdevums. Sis

ierices nodroSina fundamentalas iesp&jas turpmakai augstas kapacitates un energoefektivu
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optisko sakaru sisttmu attistibai, kas veido pamatu jaunas paaudzes globalajiem

telekomunikaciju tikliem [7].

Optiska signala pastiprinaSanas tehnologijas aktuala pielietojamiba integrétas fotonikas
ierices, kuras optiska signala generésanai tiek izmantotas optiskas mikrosferas, kur optiskais
signals tick generéts ar nelinearu Kerra efekta palidzibu [8]. Galvenais iemesls ir tas, ka signals
ar frekvencu kemmes palidzibu tiek gener&ts diskrétas, ar vienadu attalumu sadalitas frekvencu
Iinijas. Sada struktiira nodrosina precizu un stabilu frekvenéu generaciju, ka rezultata tiek radits
koherents gaismas avots ar spektrali ierobezotam linijam. Sis spektrali ierobezotas linijas tiek
iegiitas pateicoties frekvenéu kemmes stabilai generacijai un zemajam fazes troksnim, kas
nodrosina, ka tiek generé&ti signali, kas ir monohromatiski un ar mazam frekvences fluktuacijam
[9]. Kerra efekta loma $aja procesa ir saistita ar viena gaismas avota izmanto$anu. Pateicoties
$im nelinearajam procesam var veidot vairakas kemmes Itnijas, kuras ir ciesi izvietotas noteikta
attaluma viena no otras un “blok&tas” faz€ (nav fazu nobides), lidz ar to optisko frekvencu

kemmes tiek iegiitas Sauras spektralas linijas [10].

Impulsu pozicionala modulacijas (PPM) panémiens tiek izmantots sakaru sisteémas, lai
palielinatu energoefektivitati un samazinatu signala vajinaSanas datu parraidé [11]. PPM
informacija tiek kodéta ar impulsa poziciju laika loga, kas samazina trok$nu un nelinearo
kroplojumu ietekmi. Izmantojot EDFA pastiprinatajus, kuras signala pastiprinasana notiek bez
nepiecieSamibas veikt optoelektronisko parveidoSanu, saglabajot impulsu fazes un amplitudas
struktiru. Tas nodrosina augstu uztvérgja jutibu, palielina parraides attalumu un spektralas
izmanto$anas efektivitati, kas ir ipasi svarigi daudzkanalu DWDM sistémam ar augstu
caurlaidsp&ju. PPM izmanto$ana optisko $kiedru tiklos joprojam ir perspektiva joma, ipasi

energoefektiviem un loti uzticamiem jaunas paaudzes optiskajiem sakaru kanaliem [12-13].
PROMOCIJAS DARBA MERKIS

Apkopojot iepriek§ mingtos faktus par Skiedru optisko parraides sistému attistibas

virzieniem tika izvirzits promocijas darba mérkis:

Izstradat un novértet Dubultapvalka Er®*/Yb®* legétas skiedras optisko pastiprinataju,
elektrisko 50 ps impulsu paplasinasanas un 1&cu $kiedru tehnologijas priek$ atrgaitas optisko

Skiedru sakaru sisteémas pielietojumiem un integrétajam fotonikas iericem.

Lai sasniegtu uzstadito mérki tika izvirzitas sekojosas promocijas darba aizstavamas

tezes:
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. Izmantojot 40 kanilu DWDM sakaru sistému ar izstradato Er**/Yb®* legétas Skiedras

optiska pastiprinataja modeli un pielietojot apvalka pump€Sanas panémienu Skiedra,
vismazako pastiprinajuma starpibu (AG <9 dB) ir iesp&jams iegiit pie 7 m $kiedras garuma.
Pielietojot atskaites impulsu pozicijas modulacijas (TR- PPM) signalus ar 50 ps ieejas
impulsa ilgumu un TR-PPM signala demodulaciju ar izstradato elektrisko zemfrekvenéu

filtru (LPF), ir iesp&jams nodrosinat elektriska impulsa paplasinasanu lidz vismaz 700 ps.

. Integrétajam fotonikas iericém, izmantojot noskelto SMF-28 $kiedras galu un vienmodu

optisko mikrosferu, ir iesp&jams iegiit vismazakos savienojuma punkta zudumus pie 129 pm

léca diametra.
PROMOCIJAS DARBA UZDEVUMI

Lai sasniegtu uzstadito promocijas darba mérki un pieraditu izvirzitas tézes, bija

nepiecieSams veikt $adus promocijas darba uzdevumus:

1.

Simulacijas vide WDM 64. kanala sakaru sistéma novértét dubult-apvalka Er¥*Yb®* legétas
Skiedras vid@jo pastiprinajumu, trokS$na faktoru un pastiprinajuma starpibu starp kanaliem

atkariba no EYDF Skiedras garuma un signala izplatiSanas virziena.

. Eksperimentali un simulacijas vide WDM 40. kanala sakaru sistema, novértét dubult-

apvalka Er¥*Yb®* legétas Skiedras pastiprindjuma koeficientu pie ieejas jaudas -20 dBm/uz

kanalu, atkariba no pumpésanas jaudas un EYDF laiduma garuma.

. Izpétit un novertét EDFA optiska pastiprinataja veiktsp&ju atkariba no pastiprinataja

izvietojuma optiskaja lTnija, mainot pumpé&Sanas signala jaudu, signala izplatisanas virzienu,

nodrosinot nepieciesamo uztverta signala BER > 1x107 robezvertibu.

. Izstradat hibridu RA-FOPA un viena pumpéSanas avota FOPA pastiprinataju, novertét ta

veiktsp&ju 16. kanala DWDM sakaru sisttma ar 10 Gbit/s datu parraides uz kanala,

neparsniedzot uztverta signala BER > 1x107® robezvertibu.

. Izmantojot Bessela un Butterworth elektriskos filtrus ar dazadam caurlaidibas joslam,

novertet elektrisko 50 ps impulsu paplasinasanas metodi ar augstas precizitates notikumu

taimeri.

. Pielietojot parraidito atskaites impulsa pozicijas modulacijas (TR-PPM) signalus ar impulsa

ilgumu 50 ps un pilna platuma Iiment viena puse no maksimuma (FWHM), novertét impulsa

paplasinasanu ar vairaku veidu pasizgatavotiem zemfrekvencu filtriem (LPF).

. Integrétajas fotonikas ierices, novertét savienojuma zudumus noteiktiem l&cu izmériem visa

C josla.
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IEVADS

Miisdienas arvien vairak tiek ieviestas WDM komunikaciju sistémas, un tiek aktivi
veikti vairaki pétijumi par $adu sisttmu komponentu izstradi un to veiktsp&jas uzlabosanu [14-
16]. WDM komunikaciju sist€émas lauj daudz efektivak izmantot optiskas Skiedras resursus

salidzinajuma ar alternativam tehnologijam [17].

Datu parraides atrums WDM sakaru sistemas tiek palielinats, katram kanalam pieskirot
atsevisku vilpa garumu, tad&jadi viena optiskaja Skiedra vienlaikus parraidot vairakus kanalu
signalus. Kanalu skaita palielinaSanai nepiecieSami multipleksé$anas un demultiplekséSanas
komponenti, kuru ienestais vajinajums ievérojami samazina signala jaudu [18-20]. Turklat,
dB/km, ta uzkrajas, signalam izplatoties optiskaja skiedra, un ievérojami ierobezo parraides
attalumu, jo uztverja gala esoso fotodetektoru jutiba ir ierobezota. Tadel ir nepiecieSams
izmantojot signala regeneratorus vai optiskos pastiprinatajus. Regenerators ir ierice, kas ietver
gan elektroniskas, gan optiskas sastavdalas, ka arT tam jadetekte parraiditais optiskais signals,
japarvers to elektriska signala, jaapstrada un jaregeneré ar optiska raiditaja palidzibu [22, 23].
Optisko signalu regeneratoru izmanto$ana misdienu WDM sakaru sistémas ir ekonomiski
neizdevigs un sarezgits risinajums, jo tas prasa visu parraidito kanalu signalu
demultipleksé$anu, uztverSanu, apstradi un regeneréSanu. Optiskie pastiprinatdji lauj
vienlaikus pastiprinat vairakus parraiditos kanalu signalus bez demultipleks€Sanas un papildu
darbibam. Salidzinot ar signalu regeneratoru izmantoSanu, optisko pastiprinataju izmanto$ana
ir efektivs veids, ka kompensg@t parraidito signalu jaudas zudumu, kas WDM sakaru sisteému
gadijuma lauj ieverojami samazinat izmaksas, paplasinoties sist€mas kanalu skaitam. Tas ir arT
ekonomiski izdevigs risinajums vienkanalu WDM sistémam salidzinajuma ar regeneratoru

risindgjumiem [24].

Daudzmodu dubult-apvalka erbiju leggta Skiedras pastiprinataji plasi tiek izmantoti SDM
tiklos, jo tiem ir zema energijas parveidoSanas efektivitate. Lai risinatu $o problému, par
efektivu pieeju tick uzskatits iterbija (Yb®) un erbija (Er®*) pastiprinataja ar tie$o vérsto
pumpgsanas virzienu pielietojums [25, 26]. Tomar tas maina Er®* legéto Skiedru pastiprinataja
pastiprinajuma profilu un rada pastiprindjuma atskiribu starp optisko vilnu garumiem C josla,
ievérojami ierobezojot blivas vilnu garuma daliSanas multipleksésanas (DWDM) sistémas

efektivo joslu.
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Erbija (Er**)/iterbija (Yb®") pastiprinatajiem ir sarezgitas Ipasibas, jo Ipadi nemot véra
pastiprindjuma profilu un pumpé$anas parveidosanas efektivitati. Sie raditaji ir atkarigi no
legétas $kiedras profila, absorbcijas/emisijas spektriem un ieejas signala jaudas. Pamatojoties
uz So informaciju, lai apmierinatu pastavigi augoso pieprasijumu pec lielakas tikla jaudas,

EDFA var aizstat ar alternativu pastiprinaSanas risinajumu.

Skiedru optiskie parametriskie pastiprinataji (FOPA) ir inovativi pastiprinataju
veidi, ko var uzskatit par vienu no iespgamiem variantiem tradicionalo EDFA aizstajgjiem.
FOPA pastiprinajuma raksturlielumi parada, kapec $ada tipa pastiprinataji tuvakaja nakotng,
visticamak, tiks plasi izmantoti visa pasaulé: no pieejamajiem zinatniskajam publikacijam ir
zinams ka $ada tipa pastiprinatdji var nodro$inat pastiprindgjumu Iidz 70 dB [27] un

pastiprinajuma joslas platumu Iidz 270 nm [28-29].

Papildinot ievérojamas FOPA pastiprinajuma Ipasibam, tie nodroSina virkni papildu
lietojumu visu optisko signalu apstradei, pieméram, vilna garuma parveidoSanu, izmantojot
¢etru vilnu sajaukSanas raditas tukSgaitas spektralas komponentes, dispersijas kompensaciju,
izmantojot fazu konjugaciju, optisko signala regeneraciju parraides posma vidd, ka arT
modulacijas formata parveidosanu [30-33]. FOPA veiktsp&ju butiski ietekmé vairaki faktori,
tadi ka augsta pastiprinajuma jutiba pret mijiedarbibas spektralo komponensu fazu nesakritibu,
stimuléta Briluéna izkliede (SBS), relativas intensitates troksnis, Cetru vilnu sajaukSana
(FWM), ko rada starpkanalu parklasanas ar divvirzienu pumpésanu FOPA gadijuma - stimul&ta
Ramana izkliedg (SRS) [34]. Nenemot véra negativo ietekmi uz SRS, §is Skiedras nelinearitati
var izmantot veiktsp&ju palielinasanai FOPA, izmantojot vienvirzienu pumpésanas gaismas
avotu, pastiprinasanas laika parametriska pastiprinataja pumpesanai, kuram ir nepiecieSama
papilda jauda, lai ierosinatu nepiecieSsamo nelinearitati. Pargjas iepriek§ minétas nelinearitates
ir nozimigas sistémas ar augstu datu parraides atrumu, bet FWM loti atkariga no attaluma starp
kanaliem. Samazinot So ietekmi, palielinas FWM. Atskiriba no citdm nelinearitatéem FWM

varétu izraisit jaudas samazinasanos un pasliktinat DWDM sistémas veiktsp&ju [35].

Optiska signala pastiprinasanas tehnologijas aktuala pielietojamiba integrétas fotonikas
ieric@s, kuras optiska signala generésanai tiek izmantotas optiskas mikrosféras, kur optiskais
signals tiek genercts ar nelinearu Kerra efekta palidzibu [8]. Galvenais iemesls ir tas, ka signals
ar frekvencu kemmes palidzibu tiek generéts diskrétas, ar vienadu attalumu sadalitas frekvencu
Iinijas. Sada struktiira nodrosina precizu un stabilu frekvencu generaciju, ka rezultata tiek radits

koherents gaismas avots ar spektrali ierobezotam Iinijam. Sis spektrali ierobezotas linijas tiek
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iegiitas pateicoties frekvencu kemmes stabilai generacijai un zemajam fazes troksnim, kas
nodrosina, ka tiek generéti signali, kas ir monohromatiski un ar mazam frekvences fluktuacijam
[9]. Kerra efekta loma $aja procesa ir saistita ar viena gaismas avota izmantosanu. Pateicoties
$im nelinearajam procesam var veidot vairakas kemmes linijas, kuras ir ciesi izvietotas noteikta
attaluma viena no otras un “blokétas” fazé (nav fazu nobides), lidz ar to optisko frekvencu

kemmes tiek iegtitas Sauras spektralas Iinijas [10].

Impulsu pozicionala modulacija (PPM) tiek izmantota optisko Skiedru parraides
sisteémas, tostarp DWDM sakaru sistemas, lai palielinatu energoefektivitati un samazinatu
loga, kas samazina troks$nu un nelinearo kroplojumu ietekmi. Izmantojot EDFA pastiprinatajus,
kuras signala pastiprinasana notiek bez nepiecieSamibas veikt optoelektronisko parveidosanu,
saglabajot impulsu fazes un amplitiidas struktiru. Tas nodroSina augstu uztveérgja jutibu,
palielina parraides attalumu un spektralas izmantoSanas efektivitati, kas ir 1pasi svarigi
daudzkanalu DWDM sistémam ar augstu caurlaidsp&ju. PPM izmantoSana optisko Skiedru
tiklos joprojam ir perspektiva joma, Tpasi energoefektiviem un loti uzticamiem jaunas paaudzes

optiskajiem sakaru kanaliem [12, 13].
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1. DUBULTAPVALKA AR DAZADA RETZEMJU Er®*/Yb3 UN
APVALKA PUMPESANAS SKIEDRU PASTIPRINATAJU
NOVERTEJUMS DWDM SAKARU SISTEMA

Telpiskas dalisanas multipleksésana (SDM) tick izmantoti optiskie pastiprinataji, kas tiek
pumpéti ar apvalku, uzmanibu sakara ar to, ka tiem ir zema pumpé&Sanas jaudas parveidoSanas
efektivitate. Lai atrisinatu $o problému, par efektivu pieeju tiek uzskatits ar iterbija (Yb%*) un
erbija (Er®") jonu legets optiskais pastiprinatajs ar tiesi vérsto pumpésanas virzienu. Tom@r tas
maina Er®" legéto $kiedru pastiprinataja pastiprinjuma profilu un rada pastiprinajuma atskiribu
C josla, ievérojami ierobezojot blivas vilnu garuma daliSanas multiplekséSanas (DWDM)
sisttmas efektivo joslu. ST nodala ir veltita Er**/Yb® ar apvalku pumpéSanas $kiedru
pastiprinataja (EYDFA) detaliz@tai izp@tei, izmantojot skaitliskas simulacijas, lai noteiktu
piemérotako EYDFA konfiguraciju, kas nodrosina vélamo veiktsp&ju WDM sakaru sistému

pielietojumiem.

Simulacijas modeli tika izmantotas dubult-apvalka EYDFA Skiedras, kur iegiitie
simulacijas rezultati tika salidzinati ar eksperimentalajiem rezultatiem. Pie dazadiem skiedru
garumiem, kanalu skaitiem un ieejas signala jaudas Iimeniem tika pé&titi $adi pastiprinataja

raksturlielumi: pastiprinajuma koeficients, pastiprinajuma viendabigums, troksna faktors

Ar apvalku pumpéti erbija (Er®*)/iterbija (Yb®") jonu legétas Skiedras pastiprinataji ir
efektivaki pie lielam izejas jaudam, tom&r §im pastiprina$anas pan€mienam ir potencials ari ar
telekomunikacijam pielietojumos. Sada veida pastiprinatajiem ir sarezgitas ipasibas, jo Tpasi ir
janem véra pastiprinajuma profils un pump@sanas parveidosanas efektivitati. Sie raditaji ir
atkarigi no leggtas Skiedras profila, absorbcijas/emisijas spektriem un ieejas signala jaudas.
Saja konteksta tika izstradats un izpétits Er*/Yb® jonu legétas Skiedras pastiprinataja
(EYDFA) prototips ar apvalku pumpéSanu. ST modela mérkis tika veltits EYDFA
konfiguracijai (legétas Skiedras garums, pumpgSanas jauda, ieejas signala jauda), kas ir
piemérota signala pastiprinasSanai daudzkanalu optisko Skiedru parraides sistéma ar blivu vilpu
garuma sadalfjumu C josla (1530-1565 nm). ST pieeja paredz eksperimentali noteikt Er**/Yb®*
legétas Skiedras parametrus, izmantojot simulacijas konfiguraciju, lai noteiktu sakotngjo

EYDFA konfiguraciju pirms eksperimentalu mérijumu veiksanas.

Eksperimentalais EYDFA prototips tika testets dazados apstaklos, izmantojot 48 kanalu

blivas vilnu garuma daliSanas multipleksésanas (DWDM, 100 GHz) sisteému, lai novertetu

18



absoliito pastiprindgjumu un pastiprindjuma vienmerigumu. legltie rezultati lauj novertet

apvalka pumpéSanas pastiprinataja piemérotibu platjoslas signalu pastiprinasanai.

1.1. Dubultapvalka Er®*/Yb3* legetas $kiedras pumpesanas fizikala procesa apraksts

Lai nodrosinatu efekttvu optisko signalu pastiprinaSanu SDM optiskas skiedras parraides
sistémas, Ipasa uzmaniba tika pieveérsta leggta Skiedru pastiprinatajiem (DFA), kas tika pumpéti
ar apvalku. Tie ir uzskatiti par vienu no vispiemérotakajam pastiprina$anas metodém gan no

kapitalieguldijumu (CAPEX), gan no ekspluatacijas izdevumu (OPEX) viedokla [36].

Sadas signala pastiprinaanas panémiena tika izmantots mazak sarezgitas daudzmodu
gaismas diodes, kas ievérojami samazina kop€jo energijas pat€rinu. Turklat tikai viena
pumpgjosa avota izmantoSana uzlabo izmaksu efektivitati, palidz samazinat daudzserdenu
pastiprinataja izmérus un tadgjadi, parejot uz $adu pastiprinatdja implementaciju, ietaupa
fizisko vietu stativa. SDM fiklos parasti izmanto daudzserdenu ar erbiju legetas Skiedras
pastiprinatajus (MC-EDFA), jo tiem ir arkartigi zema pumpéSanas parveidosanas efektivitate.
Tas ir galvenais $o pastiprinataju trikums, kas rodas sakara ar to, ka pastiprinatajs nepietiekami

absorbé pumpgjo$o starojumu, Iidz ar to izejas optiskas jaudas palielina$ana ir problematiska.

Lai parvarétu Sos ierobezojumus, lielakaja dala pasreizgjo lieljaudas optisko Skiedru
pastiprinataju izmanto pastiprinajuma nesgjus ar erbija (Er®") un iterbija (Yb®*) divvirzienu
signala pump&sanu. Saja gadijuma pastiprinasana notika divos posmos. Pirmaja posma lielako
dalu 975 nm pumpégjosa starojuma absorbé Yb%*, kas tos uzbudina uz augstiku energiju,
savukart Otraja posma uzbudinatie Yb3* rezonanses celd dalu no energijas nodod Er** un
uzbudina tos uz stavokli ar lielaku energiju. Sada veida tika ievérojami uzlabota pump&sanas
starojuma absorbcija. Turklat Yb3* pievienosana lauj palielinat atdaliSanu starp erbija joniem
pastiprindjuma vidg, tapéc Er**/Yb®* legesana samazina Er®* jonu grupésanas iesp&ju, tadejadi
laujot palielinat Er®* koncentraciju pastiprindjuma vidé salidzinajuma ar parasto Er®* legétu
Skiedru realizaciju [37]. Rezultata, lai sasniegtu lidzigu pastiprinajuma Iimeni, ir nepiecie$ams

1saks Er¥*/Yb% leggjuma $kiedras garums.

1.2. EDFA pastiprinataja pastiprinajuma koeficienta un troksna faktora apraksts
Pastiprinajuma koeficients — parada attiecibu starp signala jaudu ieeja un izeja. Tas ir

atkarigs no signala vilna garuma, ieejas signala jaudas un polarizacijas stavokla. Pastiprinajuma

koeficients tiek rékinats ka vidgjas jaudas attieciba izeja un ieeja nemot vera pastiprinato

spontano emisiju [38-39].
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Pizejas(A¢)—Pgse(Ac)
Pieeja (1)

G=101log [ ] [dB] @

KUr Pi;gjq UN Pigejq ir attiecTgi pastiprinata optiska signala izejas un ieejas jauda.

Pastiprinataja pastiprindgjuma koeficientu G ietekmé daudzi faktori, pieméram, Er*
koncentracija, legétas Skiedras garums un pumpéSanas jauda u. ¢. Tomér, kad pumpé&Sanas
jauda palielinas I1dz noteiktai vertibai (parasti ta ir -20 dBm), pastiprinataja pastiprinajums
samazinas, palielinot ieejas jaudu, un galu gala sak piesatinaties [40]. Galvenais trok$nu avots
tads pats ka pastiprinatdja pastiprindjuma spektrs. Ideala legéta Skiedru pastiprinatdja trok$na
faktors ir 3 dB, bet praktiski izmantojamo pastiprinataju troksna faktors var sasniegt 6-8 dB.
ASE izcelsme ir elektronu un caurumu spontana rekombinacija pastiprinataja vidé. Kad erbija
jonus ierosina pumpésanas jauda, joni, kas atrodas metastabilaja stavokli, var sadalities atpakal

pamatstavokli, ja nav ar€ji stimulétas fotonu pliismas (vilnu garuma 1550 nm signala [41].
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1.1. att. ASE troksna spektralais blivums EDFA izejas spektra

So sabruksanas paradibu sauc par spontanu emisiju, kas rada plasu fotonu spektralo fonu.
Fotoni spontani tiek emit&ti visos virzienos, bet dala no tiem tik emitéti virziena, kas ietilpst
Skiedras skaitliskas apertiiras robezas, un tadgjadi skiedra tos uztvers un vadis. Izstarotie fotoni
var mijiedarboties ar citiem leg€josiem joniem un tadgjadi tiek pastiprinati ar stimul&tu emisiju.
Sakotngja spontana emisija tiek pastiprinata tapat ka signali, tadel to sauc par pastiprinatu
spontano emisiju. ASE pastiprinataja troksnis tiek izmantots gan tieSi versta, gan pret&ji versta
pumpéSanas virzienu. Tom@r pret€ja virziena izplatitais ASE troksnis var pasliktinat
pastiprinataja veiktsp&u, jo ASE var samazinat inversijas Iimeni un attiecigi samazinat

pastiprinataja pastiprinajumu [42].
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EDFA pastiprinatajos trok$na faktors (NF) kvantitativi nosaka signala trok$na attiecibas
(SNR) pasliktinajumu, un izejas SNR vienmer ir mazaks par ieejas SNR. Attiecigi NF var
definét sadi:

NE = 10log [( PASE + 1) (I;Signéls_ieeja)] [dB] (2)

hvx4v signals_izéja

kur: Pysp - pastiprinatas spontanas emisijas jauda; v - signala un attieciga ASE frekvence; 4v
- ASE vilna spektralas joslas platums; Pg;gnais jeejaUN Psignais_izeja - attiecigi signala ieejas un

izejas jauda.
Kad ieejas signals tick pastiprinats ar EDFA, stimuléta spontana emisija (SSE) tiek
pastiprinata un sak veicinat EDFA ASE troksni, radot kladu troksna faktoru merjjumos:

- Pase | 1 _ Pssg 3)
NF = 10404 GhuB, *e hUBo) [dB]

1.3. Dubultapvalka Er3*/Yb3* legéto $kiedru parklasanas koeficienta novértéjums

Lai palielinatu pumpéSanas efektivitati, divkarsas legétas optiskas Skiedras ieksgjais
apvalks tika veidots Tpasa forma (pieméram, puku forma [43], D forma [44], zieda forma [45]
utt.). Tas uzlabo pumpéSanas absorbciju, daudzmoda reZima, kas fokus€ pumpgjoso gaismu uz
legetas Skiedras serdeni [46-48]. Divkarsa apvalka Skiedras vilnvada geometrija simulacijas

modeli ir att€lota, izmantojot ta saukto parklasanas koeficientu.

EYDF razZotajs sniedz informaciju tikai par ta geometriskiem izmériem (sk. 1.2. (a) att.)
un Er¥*/Yb® koncentraciju attiecibu. Parklaganas koeficients tika novertéts, izmantojot RGB
krasu pieeju, kas balstas uz legétas Skiedras Skersgriezuma, kas ir palielinats ar mikroskopa
objektivo lecu, grafisko attelu p&c apstrades (sk. 1.3. (b) att.). Kopuma dubultapvalka optiskas
Skiedras parklasanas koeficientu (I') defing ka attiecibu starp serdes laukumu (A4.) un iek$&jas

apvalkas laukumu (4;;.)

Ac
Anc'

(4)

kur I' ir parklasanas koeficients, A, ir serdes laukums, bet A;. ir iek$€jais apvalka
laukums [45]. Ta platibas noverté$ana kliist par passaprotamu uzdevumu, jo Skiedru razotaji
parasti norada tikai kop€jus geometriskos izmérus, bet tadi parametri ka serdes un apvalka
platiba un jonu koncentracija, kas ir loti svarigi, veidojot un analizgjot erbija®* legeto optisko
Skiedru pastiprinatajus (EDFA), paliek neatklati. Vispirms mikroskopa iegiitais pelekas skalas

1.2. attéls tika izmantots, lai noteiktu robeZzas starp serdi un ieks€jo un argjo apvalku.
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Sis process varétu ietvert neprecizitati $kiedras serdes un iek3gja apvalka malu
neviennozimigas noteik$anas d€l [49], tam ir nenozimiga ietekme uz aprékinato parklasanas
koeficientu. Kad visas malas ir identific&tas, katram segmentam tika pieskirta (Sarkana, Zala,
Zila) krasa, un tas tika parkrasotas (sk. 1.2. (a) att.). Saskaita sarkano (argjais apvalks), zalo

(ieksgjais apvalks) un zilo (serdenis) pikselu skaitu un izmanto apleéseém.

Izmantots EYDF ar Ac = 658 pikseli, Aicl = 112 828 pikseli un argja apvalka laukums
Aocl = 122 598 pikseli, kas tika dots I" = 0,0058 un Aicl/Aocl = 0,9203. Abus $os parametrus

talak izmanto ka ieejas datus simulacijas konfiguracijai.

Parklasanas koeficients tika novertéts, izmantojot ierosinato sarkano, zalo, zilo (RGB)
krasu pieeju, ko pieméro EYDF $kérsgriezuma atteliem, kas iegtti ar $kiedru mikroskopu (sk.
1.2. (a) att.). Ta ka tika pienemts, ka EYDFA darbosies optisko transporta tiklu metro piekluves

segmentos, tika nemta vera vairaku vilpu garumu darbiba.

(@) ; (b) * Serdenis

1.2. att. a) Er(**)/Yb(®") legétas Skiedras Skérsgriezuma mikroskopiskais attéls kopa ar ta
geometriskajiem izmériem; b) RGB attélojums ta argjam apvalkam (sarkans), ieksgjais

apvalks (zalais) un serdenis (zils), izmantojot parklaganas koeficienta novertgjumu.

1.4. Dubultapvalka Er®*/Yb%* legeto $kiedru absorbcijas un emisijas Skérsgriezumu
novertejums

Lai novértétu EYDF absorbcijas $kérsgriezumu, tika izmantoti Er** un Yb%* jonu
absorbcijas spektri, kas iegtiti, izmantojot mériSanas iekartu, kura sastav no Agilent Cary 7000
universala merjjumu spektrofotometra, FiberMate2TM optiskas Skiedras savienotaja sisteémas

no Harrick Scientific Products Inc. un diviem dazada garuma EYDF paraugiem.

Lai iegiitu atbilstosu signala intensitati, sola lielums tika iestatits uz 1 nm un spektralas

joslas platums uz 5 nm. Absorbcijas spektru m&Tjumiem ap 975 nm vilpu garumu tika
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izmantots 1 m gar§ EYDF paraugs, savukart 19 m gar§ paraugs tika izmantots vilpu garumiem

ap 1550 nm.

—— Er’"Absorbcijas $kérsgriczums Yb* Absorbeijas skersgriezums

—— Er’ Emisijas $kérsgriezums Yb* Emisijas $kérsgriczums
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1.3. att. Absorbcijas un emisijas Skérsgriezuma spektri, kas aprekinati no absorbcijas

mérijumiem un citiem parametriem (a) Er®* un (b) Yb**

Tadgjadi sanak izvairities no piesatinajuma efekta, kas var€tu izkroplot absorbcijas
spektru mérfjumus. Absorbciju ap 975 nm attiecina attiecigi uz Yb%* un Er¥* 2g, 2> 2, /,un
41,57 My optisko pareju, tomér Er® ietekmi var nenemt véra, jo ta absorbcijas
$kérsgriezums ir ievérojami mazaks neka Yb** [50, 51]. Turklat saskana ar specifikaciju EYDF
ir 20 reizes lielaka Yb3* koncentracija salidzinajuma ar Er®* koncentraciju. Absorbcijas
Skersgriezumu tika aprekinats, izmantojot izmerTtos absorbcijas spektrus, skiedras serdes un
ieksgjas apvalka platibas attiecibu, tds garumu un Yb®*/Er®* koncentraciju. Emisijas
Skersgriezumu aprékina, izmantojot McCumbera sakaribu, kas savieno emisijas un absorbcijas

spektrus (sk. 1.3. att.)

1.5. Legeto skiedru elementu analize

Elementu analize izveletajam divkarSi parklata EYDF Skersgriezumam tika veikta,
izmantojot skengjosu elektronu mikroskopiju (SEM), lai noteiktu leg€joSo jonu koncentraciju
legétas skiedras serde. Me&rfjumiem tika izmantots Thermo Scientific Helios UX 3, kas aprikots

ar energijas dispersivas rentgenstaru spektroskopijas (EDS) detektoru. EDS punkta ID tika
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merits pie 15 kV, 0,40 nA 300 s. EYDF paraugs tika parklats ar planu 30 nm zelta slani, lai

noteiktu elementu sadalfjumu $kérsgriezuma, neradot virsmas ladina efektu.

Linearo skenéSanu veica 125 punktos gar EYDF diametru. Mérfjumu laiks aiznéma
aptuveni pusstundu ar staru kiila parametriem 20 kV un 0,40 nA. Spektru elementu kvantitativo

noteikSanu veica, izmantojot Pathfinder X-ray Microanalysis programmatiiru [52].

Skiedras serdes elementarais sastavs tika analizéts ka viena veida atomu procentualais
daudzums (%) attieciba pret kopg&jo atomu skaitu parauga. Attiecigi tika ieglitas $adas vertibas:
61,71 % O (Skabeklis), 30,98 % Si (Silicijs), 6,04 % P (Praseodims), 0,06 % Er (Erbijs) un
1,21 % Yb (Yterbijs). Tomér, veicot EDS linijas sken&Sanu visa $kiedras diametra, kas tiek
parklata ar planu zelta slani, aprékinatais elementu sadalfjums netika koriggts attieciba uz Au
slana absorbciju. Tomér 1.4. att. redzams, ka $kiedras serdes apgabalos Yb, P (Fosfors) un Er
aizstaj dalu Si atomu un F (Fluors) atrodas Skiedras mala aptuveni 10 um plata gredzena - otraja
apvalka. Fluora gadijuma tas aizstaj skabekla atomus argja apvalka. Fosfors Skiedras serde
palielina silicija dioksida Skiedras lauSanas koeficientu. Iek$&jais apvalks sastav no tira silicija
dioksida bez retzemju vai citu leggjoso elementu piemaisijumiem. Argjais apvalks sastav no

silicija dioksida, kas ir papildinats ar fluoru, lai samazinatu materiala lauSanas koeficientu.

SO !
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2 40 | ="
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g 20 =
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1.4. att. (a) EDS linijas sken&Sana, kas att€lota ar dzeltenu punkt&tu liniju un atbilstosu
elementu sadalfjumu zem tas; b) EYDF $kérsgriezums, kur melnais taisnstiiris ir EDS linijas

sken&S$anas apgabals

Pastiprinasanas procesiem ir svariga retzemju elementu koncentracija serde. EDS
mérijumi liecina, ka Yb%" un Er®* koncentracija ir 1,21 % un 0,06 %, lidz ar to Yb®" un Er®*
attieciba ir 20,17, kas ir tuvu EYDF datu lapa noraditajai — 20. Eksperimentali iegtitas legg&joso
jonu koncentracijas vertibas tika izmantotas, lai aprékinatu absorbcijas/emisijas Skérsgriezuma
laukumus (sk. 1.4. sadalu).
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1.6. Optiska pastiprinataja ar dubultapvalka Er®*/Yb?®" legéto $kiedru simulacijas modela
apraksts
Izstradata EYDFA ar pumpétu apvalku veiktsp&jas raksturo$anai izmantotais simulacijas

modelis ir paradits 1.5. attéla.

3 x10%
@ (b) — Emisijas
25 --- Absorbcijas
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g E]
g 3 1.5
2 ?
E 1
£ 4
0.5 S/
’
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1.5. att. a) vienkarsots simulacijas modelis ar apvalku pump&sanu EYDFA; b) Er¥*Yb®*
absorbcijas un emisijas $kérsgriezumi, kuri tika izmériti Er(**)/Yb(®") legétajai $kiedrai,

izmantojot spektru mérisanas metodi, un ievaditi simulacijas modeli.

Simulacijas modelis tika realizéts, izmantojot VPlphotonics Design Suite
[\VPIphotonics], bet Er**/Yb3* fosfosilikata stikla $kiedras ar dubulto apvalku absorbcijas un
emisijas $kérsgriezumi ir eksperimentali izmériti SOPS laboratorija un ievaditi ka ieejas dati

simulacijas konfiguracijai (sk. 1.1. (b) att.). Lidz ar to komplektacija ir tris dalas:
i) n 10 Gb/s OOK WDM raiditaji;

ii) EYDFA realistiskais modelis, kas sastav no pasa EYDFA, optiska pumpgjosa gaismas
avota (centralais vilna garums Ap = 975 nm pie 25°C un izejas jauda 3-5 W), lieljaudas optisko
apvienotaju/sadalitaju un pastiprinatdja testéSanas bloka, lai novertétu ta raksturlielumus
(piem., pastiprinajuma spektru un trok$na koeficientu (NF)); un iii) WDM (de-)multipleksori
un uztvergji signala kvalitates novertesanai. ST optiska tie$a savienojuma (OB2B) iestatfjuma
galvenais komponents ir optiskas $kiedras modelis. ST eksperimenta vajadzibam tika izmantots
dubult -apvalka Er**/Yb3" kiedra ar tiesi vérsto pumpésanas virzienu no VPIphtonics Design
Suite simulacijas programatiira. Sis modelis ir balstits uz divvirzienu signalu izplatisanas
vienadojumiem un daudzlimenu jonu populaciju atruma vienadojumiem. Sis modelis tika
pielagots EYDF, kur tika izmantoti noméritie Skérsgriezumi, ka ari preciz€ti emisijas,
absorbcijas spektri un parklasanas koeficienti, lai precizétu WDM signala (~1550 nm) un

pumpgSanas signala (~975 nm) sasaisti un to izplatiSanos (kas ir atkariga no Skiedras profila un
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izm@riem). Simulacijas modelis tika izpétits, izmantojot divvirzienu signala pump&sanu nemot
véra vairakus aspektus, pieméram, Er¥*/Yb®* jonu energijas parnesi, $kérsrelaksacijas efektus,
uzbudinata stavokla absorbciju, Releja izkliedi un Kerra nelinearitati. Uzstadisanas parametru
vertibas ir att€lotas 1. tabula. Simulacijas modelr tika ieklauti parametri, kas nosaka gan WDM
sistému, gan testéjamo EYDFA. Saja gadijuma tika izmantots 10 Gb/s NRZ-OOK signals, kura
centralas frekvences ir izvietotas C josla (1530-1565 nm), izmantojot 100 GHz reZgi ar kopgjo

kanalu skaitu 11dz n = 64, 41.-64. kanals atrodas arpus C joslas (fc > 195,6 THz).

Sada veida pastiprinataji tiek izmantoti, lai iegiitu pastiprinataja pastiprinajuma un
trokSna koeficienta raksturlielumu atkaribu no vilpa garuma 1pa$i attieciba uz lielu (>10
dBm/uz kanalu) un mazu (< 25 dBm/uz kanalu) ieejas signala jaudu. Kategorija "EYDFA
pumpésanas parametri" sniegta sikaka informacija par optisko pumpgjoso gaismas avotu un
ta virzienu attieciba pret signala izplatiSanos. Visbeidzot, kategorija "legétas Skiedras
parametri" tika ieklauti EYDF izmeéritie, aprékinatie un dotie raksturlielumi, kuri tika
izmantoti maketu izveidosanai ar EYDFA SOPS laboratorija.

1. tabula Pastiprinataja iestatisanas parametri

Sistémas parametri

Parraides atrums un modulacija

10 Gbps NRZ-OOK

Kanalu skaits (n) 1 Iidz 64
Sakuma frekvence 191.60 THz
Kanalu intervals 100 GHz

Viena kanala jauda

-25 dBm/uz kanalu lidz -10 dBm/uz kanalu

EYDFA pumpégsanas parametri

Pumpésanas vilpa garums

975 nm pie 25°C temperatiiras

Pumpésanas jauda

3W, darbibas diapazons 0.3 -5 W

Virziens

Tiesi versta signala izplatisanas

Legetas Skiedras parametri

(Aiekiéjais apvalkS/AEréjais apvalks)

Garums 11idz10m
Er(3*) koncentracija 1*10%® m3
Yh(3*) koncentracija 2*10% m3
Er/Yb skérsrelaksacijas koeficients 1*10%2 m¥/s
Serdena  laukums/ieks€ja  apvalka  laukums | 0.0058
(Aserdenis! Aicksaiais apvalks)

Ieksgja apvalka laukums/argjo apvalka laukums | 0.9203
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1.7. Dubultapvalka Er®*/Yb%* legéto Skiedru simuldcijas modela novértéjums lidz 64.
kanalu DWDM sakaru sistema

Saja apaksnodala tika novérteti EYDFA konfiguracijas parametri, tadi ka, Er¥*/Yb®*
legétas Skiedras garums, tas absorbcijas un emisijas $kérsgriezumi un pumpgjosa signala
virziens, ka ari tika novértéta vilpa garuma atkarigo ipaSibu ietekme, pastiprindjuma
vienmérigums, trok$na koeficients un maksimala izejas jauda. Pirms EYDFA raditas jaudas
samazinajuma novertésanas tika raksturota ta veiktspgja pie vairakiem vilpu garumiem, mainot
DWDM kanalu skaitu un to jaudas limenus. So simuldciju pétijuma biitiba bija atrast
vispiemérotako pastiprinataja konfiguraciju, kas rada vismazak izkroplojumu, vienlaikus

nodrosinot iesp&ami vienmerigaku pastiprinajuma spektru.

Saja analizé tika izmantots optiskas pumpésanas gaismas avots, kas darbojas pie Ap =
975 nm un 3 W izejas jaudas. Sadas konfiguracijas vértibas tika izvéletas, pamatojoties uz
(SOPS) laboratorijas lieljaudas gaismas avota specifikacijam, ka ari tika nemts véra
pumpgSanas signala izplatiSanas virziens — tieSi versts un pretgji versts. Lai izveletos EYDF
garumu un pumpgjosa signala virzienu, tika izmantotas 40 kanalu WDM sistéma iegiitas
liknes, kas parada pastiprinataja pastiprinajuma koeficienta mainisanu, trok$na koeficientu

un maksimalas izejas jaudas atkaribu no EYDF garuma (sk. 1.6. att.).
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1.6. att. (a) Vidgjais pastiprindjums, (b) vidgjais troksna raditajs un (c) maksimala
pastiprinajuma starpiba starp kanaliem atkariba no EYDF garuma sistéma ar 40 WDM
kanaliem, iecjas signala jauda -20 dBm uz kanalu ar 3 W 975 nm tie$0 (zils) un pretgjo (zalg)

veérsto pumpéSanas avotu.

27



Iegitie rezultati rada, ka maksimalais pastiprinajums tika sasniegts pie 8 m garam
EYDF neatkarigi no pumpéSanas signala virziena (sk. 1.6. (@) att.). Garaks EYDF
nenodro$ina lielaku pastiprindjumu, kas ir izskaidrojams ar pumpgjo$a starojuma

izsik§anu. Turpmaka legétas Skiedras garuma palielinasana ne tikai nevar radit papildu

del. Pastiprinatajs klust trok$nainaks pasi konfiguracija, kura signals tiek pumpéts pretgji
vérstaja pumpésanas virziena (sk. 1.6. (b) att.). Saja gadijuma trok3na faktors nav lielaks par
4,5 dB (tiesi vérsta pumpéSana) un 6 dB (pret&ji vérsta pumpésana). 1.6. (C) att. paradita
maksimala pastiprinajuma starpiba, kas tika konstat&ta no 1. Iidz 40. kanalam (Ch1-Ch40) 40
kanalu DWDM sistéma ar optisko ieejas jaudu -20 dBm/kanala. Pastiprinajuma viendabigums

ir svariga TpaSiba sistémas ar vairakiem leg€juma Skiedras garumiem.

Ja visi DWDM kanali netika pastiprinati vienadi, jaudas starpiba palielinas ar katru
diapazonu, ierobezojot maksimalo parraides attalumu. Vismazaka pastipringjuma starpiba (AG
<9 dB) ir iegiita 7 m garam EYDF gan 975 nm pumpgSanas signalam gan tiesi vérstaja, gan
pret&ji verstaja pumpésana. Ta ir ievérojami lielaka Tsakiem un garakiem EYDF segmentiem,
kas norada uz to, ka $aja konkrétaja kombinacija pumpgjosai jaudai (3 W) un EYDF garumam
(7 m) tika sasniegts atbilsto$s jonu populacijas inversijas ITmenis, idz ar to §ie parametri paliek
nemainigi. Visbeidzot, tika izvéléts izmantot pumpé&Sanas signalu ar pretgji vérsto pumpesanas
virzienu, tapec tika izveléts zemaks troksna koeficients, nevis lielaks pastiprinajums. 1.7. (a)
att. paradits izejas jaudas spektrs, bet 1.7. (b) attéla paradits katra EYDFA pastiprinata DWDM

kanala individualais pastiprinajums un troksna faktors.
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1.7. att. (A) Optiskais spektrs, kas iegtits pie EYDFA izejas ar 7 metrus garu legétu skiedru,
un (B) vidgjais pastiprinajums un troksna raditajs sistéma ar 40 WDM kanaliem, ieejas
signala jauda -20 dBm uz kanalu un ar 3W 975 nm tie$i (zilu) un pretgji (zalu) vérsto

pumpésanas avotu.
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Ta ka pastiprinataja pastiprindjums un troksna faktors ir atkarigs no vilna garuma, izejas
spektrs nav vienmérigs. Pastiprinataja izejas jaudas Iimeni mainas no 0,1 lidz 8,3 dBm katra
kanala (dBm/uz kanalu, sk. 1.7. (@) att€lu), ka rezultata pastiprinajuma starpiba ir 19,7-28,3 dB
un trok$na faktors no 3,7 dB Iidz 4,2 dB, sk. 1.7. (b) att€ls). Ieejas optiska jauda (pIN) visos 40
aplukotajos WDM kanalos tika noteikta -20 dBm/uz kanalu.

Nakamie tika pétiti EYDFA raksturlielumi (pastipringjums, maksimala pastiprinajuma
starpiba un troksna koeficients) dazados darbibas apstaklos, mainot DWDM kanalu skaitu un

to optiskas jaudas ITmenus.

Rezultatu analizu laika tika aplikota DWDM konfiguracijaar 1, 2, 4, 8, 16, 32, 40 un 64

kanaliem, kur ieejas jaudas ltmeni ir iestatiti no -25 Iidz -10 dBm/uz kanalu, sk. 1.8. att.
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1.8. att. (A) lzejas jauda, (B) maksimala pastiprindjuma starpiba un (C) maksimalie trok$na
raditaji salidzinajuma ar WDM kanalu skaitu un to ieejas jaudu EYDFA konfiguracijai ar 7

metru garu EYDF un Ppumpesana =3 W pie Apumpesana = 975 nm tiesi verstajai pumpéesanai.

Izvades jaudas liknes rada, ka, jo lielaks DWDM kanalu skaits, jo mazaka ir izejas jaudas
starpiba. Pastiprinatajs piesatinas, un galu gala tas nespgj pastiprinat vairak par 40 DWDM
kanaliem, pat ja ta jauda ir tikai 25 dBm/kanala.

Analizgjot izejas jaudas likni pIN =25 dBm/uz kanalu, tika pamanits, ka izejas jaudas
Iimenis palielinas par 3,5 dB, kad DWDM kanalu skaits tiek palielinats no diviem Iidz ¢etriem.

Tomer attiecigais skaitlis ir 4,3 dB, ja DWDM kanalu skaits tika palielinats no 16 lidz 32

kanaliem.
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Sada uzvediba norada uz to, ka mazjaudas optiskie signali (t. i., ar mazu ieejas jaudu
un/vai mazu kanalu skaitu) nespg pilniba izmantot populacijas inversiju, kas rodas
pastiprindgjuma nesg€ja. Lidz ar to neizmantota populacijas inversijas dala galu gala rada
parmerigu pastiprinatas spontanas emisijas (ASE) troksni, kas rada sliktu trokSna koeficientu,
(sk. 1.8. (c) att.). Turpret liela ieejas jauda patéré iegiito populacijas inversiju ta, ka iegitais
pastiprindgjums samazinas un izejas jauda sasniedz savu robezu. lzejas jauda palielinas par 0,3
dB, ja DWDM sistémai ar 32 kanaliem pievieno papildu astonus kanalus (pIN = 25 dBm/uz
kanalu), un ta saglabajas Iidziga pat tad, ja kanalu skaits tika palielinats 1idz 64. Lielaka

pumpéSanas signala jauda arT nenozime lielaku pastiprinagjumu vai lielaku izejas jaudu.

Pat ja izmanto 4 W pumpésanas signalu, 40 kanalu konfiguracija ar pIN =20 dBm/kanalu
izejas jauda palielinas ne vairak ka par 0,2-0,3 dB. Lidz ar to ierosinata EYDFA maksimala

izejas jauda ir ierobezota I1dz aptuveni +22 dBm.

Maksimalas pastiprindgjuma starpibas Itknes (sk. 1.8. (b) att.) rada $adu tendenci: jo
lielaka ieejas jauda, jo mazaka pastiprinagjuma starpiba DWDM sistéma 4-32 kanaliem.
Galvenais iemesls ir tas, ka, lai sasniegtu lidzigu pastiprinajuma limeni liclakas iecjas jaudas
signaliem, tiek patéréta lielaka populacijas inversijas dala. Pie noteikta populacijas inversijas
Iimena optiskie signali ar lielaku jaudu ir mazak pastiprinati un pastiprinajuma starpiba starp
kanaliem klust mazaka. Tomé&r 40 DWDM kanaliem verojama pretgja situacija, kad
pastiprinajuma atskiriba klaist lielaka, ja ieejas signala jauda ir lielaka (piemé&ram, salidzinot -
25 dB/uz kanalu un -10 dBm/uz kanalu Iiknes). Sada uzvediba rodas, tapéc ka lielakas jaudas
signali efektivak iztuk$o jonu populacijas inversiju. DWDM kanalu skaita palielinasana lidz
40 pie 25 dBm ieejas signala maina vid&jo populacijas inversijas Iimeni visa EYDF uz veértibu,
kas nodrosina vienlidzigaku pastiprindjumu parraides sisteémas frekvencu josla. Tika noverots
vienmérigaks visu 40 DWDM kanalu pastiprinajums (pastiprinasana), ja pIN = 25 dBm/uz
kanalu, savukart 10 dBm/uz kanalu populacijas inversija izplist daudz atrak, pirms tika
sashiegta l1dziga viendabiba. Lidziga tendence veérojama arT EYDFA troksna koeficientam (sk.
1.8. (c) att€ls). Kanaliem ar pIN -20 dBm/ uz kanalu troksna faktors vispirms samazinas ar
katru papildu DWDM kanalu, lidz kanalu skaits (un to kop€jo jaudas Iimenis) sasniedz noteiktu
optimalo punktu, kuru parsniedzot, troksna faktors sak palielinaties. Ja ir mazak jaudas kanalu,
trok$na faktors vispirms palielinas par 0,5-1 dB un tad sak samazinaties, sasniedzot 4-4,5 dB

no 32 lidz 40 DWDM kanaliem.
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Pastiprinajuma starpiba un trokSnu koeficients krasi palielinas, kad DWDM kanalu skaits
parsniedz 40, kas apstiprina pastiprinataja joslas platuma ierobeZzojumus, un EYDF absorbé
signalus arpus darbibas joslas (sk. 1.8. (b,c) att.). Er¥*/Yb®* legetas skiedras Yb3* absorbe
pumpésanas starojumu un péc tam rezonanses veida nodod dalu savas energijas Er®, lai

pastiprinatu signalu.

Talak tika veikta padzilinata analize, paradot, ka EYDF absorbcijas un emisijas
$kersgriezumi ietekmé pastiprinaganas procesu. Sim nolikam tika pienemts, ka $kérsgriezumi

ir 70 % (k=1) un 130 % (k = 1,3) no sakotngji aprekinatajam vertibam (k = 1).

1.9. attela rada veiktspgjas atskiribu, izmantojot uzbudinato jonu procentualo daudzumu
(sk. 1.9. (A) att.), viena kanala pastiprindgjumu un trok$na koeficientu (sk. 1.9. (B) att.). Tika
novérots, ka k = 0,7 gadfjuma uzbudinato Yb%* procentuala satura maksimums kliist mazaks

(aptuveni par 5 %) un parvietojas talak uz EYDF, mainot ta aksialo stavokli.

Lidz ar to populacijas inversija tika izlidzinata visos energijas limenos, laujot
pastiprinatajam signalam uzkrat zinamu dalu pumpgjosas energijas un tadgjadi uzlabojot ta

sp&ju patérét lielaku populacijas inversijas dalu.

Tas pagarina EYDF garumu, kura notiek efektiva signala pastiprinaSana, rezultata

palielinoties pastiprinajumam (par ~0,7 dB) un samazinoties troksna faktoram (par ~0,1 dB).
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1.9. att. Jutibas analize, kas parada Yb(3*) absorbcijas un emisijas $kérsgriezumu ietekmi uz
jonu ierosinasanam koeficientiem k = 0.7, 1, 1.3 izm&ritajam veértibam: (A) ierosinata jonu
procentuala attieciba pret aksialo stavokli skiedrd; B) EYDFA vidgjais pastiprinajums un

maksimalais troksSna raditajs WDM sistéma ar 40 kanaliem.
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Turpreti lielakiem Skérsgriezumiem (k = 1,3) Yb3"™ maksimums parvietojas uz
signala/pumpésanas avota pusi (aksiala pozicija = 0,7 m) un tika izlidzinats, kas rada mazaku

pastiprinajumu un augstaku troksna koeficientu.

Visbeidzot, tika noverteta BER veiktspgja DWDM sisteéma 40 kanalu konfiguracijai ar
EYDFA un bez tas (sk. 1.10. att.). BER vértibas ir iegiitas Cetriem kanaliem: 1.kan ar fc=191,6
THz (C joslas sakums), 16.kan ar fc = 193,1 THz (DWDM tikla enkurfrekvence), 26.kan ar fc
= 194,1 THz (dod maksimalo pastiprinajumu) un 40.kan ar fc = 195,5 THz (C joslas beigas),
bet 1.10. att. paradita lielaka BER pie konkrétas uztvertas jaudas vertibas. Statistiski ticami
rezultati iegati, kur tika izmantota 215-1 unikali izséta pseidogadijuma binara seciba (PRBS),
lai iegiitu 213 bitus, ko izmanto simulacijas un BER korelacijas diagrammas, kas balstas uz
stohastisko signala un trokSna faktoru. Konkrétak, signalam tika pievienots troksnis, un
konstateta signala varbutibas blivuma funkcija tiek aproksimé&ta ar chi-kvadrata funkciju.
EYDFA parametri paliek nemainigi (7 m EYDF, 3 W, 975 nm, tie$i vérsta pump&sana), un
ieejas optiska jauda ir noteikta -20 dBm uz katru WDM kanalu.
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Ustverta signala jauda, dBm
1.10. att. Sliktakais bitu klidu koeficients (BER) atkariba no uztvertas optiskas jaudas, kas
konstatéta 1.kan = 191,6 THz, 16.kan = 193,1 THz, 26.kan = 194,1 THz un 40.kan = 195,5
THz 40 kanalu WDM sistéma (pIN = -20 dBm/ uz kanalu) ar EYDFA un bez ta, kur ieliktni
(a) palielinats apgabals pie BER = 1079, bet ieliktn (b) paradita acu diagramma, kas uznemta

konfiguracijai ar pastiprinataju pie BER ~ = 107°

1.10. att. ir paradits jaudas samazinajums zem 0,1 dB pie atskaites Iimena BER = 1077,
salidzinot ar konfiguraciju bez pastiprinajuma. Sadus kroplojumu limenus var uzskatit par

nenozimigiem. Tomer, pirms $adus pastiprinatajus var efektivi izmantot optisko zudumu
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kompensesanai WDM parraides sistémas, to pastiprindjuma spektri ir jaizlidzina, piem&ram,

izmantojot pastiprinajuma izlidzinaSanas filtrus vai vairakus pastiprinasanas posmus.

1.8. Dubultapvalka Er3*Yb®* legeto Skiedru pastiprinataja modela simulacijas un
eksperimentalais noveértéjums Iidz 48. kanalu DWDM sakaru sistéma

Saja apaksnodala tika aprakstits simulacijas modelis, kas tika izmantots, lai novértétu
paredzamus galvenos darbibas raditajus pie dazadiem Skiedras garumiem. Seit ari tika
aprakstits  test§jama pastiprinatdja eksperimentalais modelis, ka ari tika salidzinatas
simulacijas un eksperimentilie iegiitic rezultati. Sis simulacijas shéma tika izveidota,

izmantojot VVPIphotonics Design Suite [43], kas ir attélota 1.11. att.
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1.11. att. Simulacijas EYDFA WDM 48. kanalu shéma, ar apvalka pumpé$anas panémienu
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1.12. att. Eksperimentala EYDFA WDM 48. kanalu shéma, kas tika pumpéta ar apvalku

Ieejas signals sastav no 48 kanaliem ar 100 GHz starpkanalu intervalu un 37.5 GHz joslas
platumu atbilstodu uzstadijumiem iespgjotajam WSS. Sis optisko nesgju signals satuross 48
kanalu interpretaciju emulgjot optiskos nes€jus (moduléto signalu datu kanalus WDM

risindgjuma). (sk. 1.11. att). Simulacijas modela mérkis ir noteikt pastiprinajuma
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raksturlielumus un nodro§inat EYDF garuma un pump@Sanas parametru bazes vertibas
eksperimentalajai konfiguracijai. Simulacijas [53] modelis tika uzlabots vél vairak, izmantojot

1.12. att. paradito laboratorijas prototipu, kur tika izmérits 3 m garas Skiedras pastiprinajums.

Attiecigi tika iegits fiktivs (datu nemoduléts vilnu garums) WDM signals, kas sastav no
48 kanaliem, kuru joslas platums ir 37,5 GHz un kuri atrodas 100 GHz attaluma viens no otra,
un tas ir paradits 1.11. attéla icliktni. K& pumpé&Sanas gaismas avots tika izmantota lieljaudas
daudzmodu diode, kas stabilizéta 30 °C temperatlira ar 6 nm joslas platumu, izmantojot

termoelektrisko dzesétaju (sk. 1.12. att.).

ST pump@sanas avota minimalas izejas jaudas slieksnis ir 0,6 W, ka ari diodei ir svariga
aktiva temperatiiras kontrole, jo pie augstakas temperatiiras izejas jauda samazinas un spektrs
parvietojas uz garakiem vilpu garumiem. Talak parskatitais modelis tika izmantots, lai
novertetu optimalo EYDF garumu un pump@&Sanas jaudu platjoslas signala pastiprinaSanai, kas
tika izmantots iegiito rezultatu analizei. Simulacijas izmantotie EYDF galvenie parametri ir

apkopoti 2. tabula.

2. tabula Pastiprinataja iestatiSanas parametri

Sistémas parametri

Kanalu skaits 48

Kanalu nesgjfrekvences diapazons 191.35-196.05 THz
Starpkanalu intervals 100 GHz
Viena kanala jauda (simulacija) —20 dBm
Viena kanala jauda (eksperimentali) —25to —10 dBm

EYDFA pumpésanas parametri

PumpgSanas vilpa garums 973-977 nm pie 30 °C
Pumpésanas jauda 0.6-25W
Pumpésanas signala virziens Tiesi veérsta pumpésanas virziens

Legetas $kiedras parametri

Garums 2-Tm

Er3* koncentracija
1x102m¥/s

Yb3* koncentracija
1x10"%6mr¥/s

Er3*/vp3* Skersrelaksacijas koeficients 1x10%2m¥s
Parklasanas koeficients (at 1530 nm) 0.0027
Parklasanas koeficients (at 980 nm) 0.9203

34



Tika konstatéts, ka, saglabajot zemaku diodes temperatiiru, tiek panakts liclaks EYDFA
pastiprindjums, nevis tuvak EYDF absorbcijas maksimalajam vilpa garumam (976 nm).
PumpgSanas gaismas avota — diodes — spektrs bija centréts ap 975 nm, kas ir ~ 1 nm zem EYDF
maksimalas absorbcijas vilna garuma. EYDF abos galos tika pievienoti plakani pumpé&Sanas
Skiedru savienotaji. Tas tika izmantots, Lai atdalttu pumpé&Sanas gaismu no pastiprinata signala.
Optiska jauda EYDF izeja tika kontroléta gan pumpéSanai, gan DWDM signalam. Visbeidzot,
tika analizéts izejas signala spektrs, lai iegiitu katra kanala pastiprindgjumu. Sads biitisks
pieaugums nav noverojams citos pastiprinajuma spektra vilpu garuma apgabalos, t. i.,

pastiprinajuma profils ir nevienmerigs.

Piemé&ram, pie 2 W pumpésanas jaudas, ja EYDF garums tika palielinats no 3 lidz 5 m,
vilpa garuma diapazona no 1555 Iidz 1565 nm tika iegiits papildu 5 dB, palielinot EYDF
garumu lidz 7 m, iegits papildu 2,8 dB. 1.13. att. ir redzams, ka, palielinot EYDF garumu,

palielinas izejas pastiprinajums 1535-1545 nm apgabala, bet pastiprindjuma maksimums

parvietojas uz garakiem vilnu garumiem.
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1.13. att. Simulacijas rezultati ar EYDFA pastipringjumu -20 dBm/uz kanalu 48 kanalu
signalam atkariba no pumpé&sanas jaudas (0,12-2 W) pie trim EYDF garumiem: (a) 3 m,
(b) 5mun (c) 7 m.

Attiecigas pastiprindjuma vertibas ir apkopotas 3. tabula. Simulacijas rezultati liecina,
ka 3 m garas EYDF gadijuma pastiprinatajs rada gandriz identiskus pastiprinajuma spektrus
pie 1 W un 2 W pumpésanas jaudas. Tas nozimg, ka salidzino$i isiem EYDF posmiem 1 W
pumpé&sanas jauda ir pietiekama, lai nodro§inatu uzbudinatas Er** populacijas inversiju un
saglabatu signala pastipringjumu. Lidz ar to pumpéSanas jaudu virs 1 W var uzskatit par

parmérigu $adam isam legétajam skiedram.
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3. tabula. Simulacijas EYDFA pastiprinajuma attistiba

EYDF garums, m 3 5 7
38
Maksimalais pastiprinajums dB 25.6 34.6
Maksimalais pastiprinajuma vilna 1536.4 1538.8 1540.4
garums, nm
A Pastiprinajums, dB - 9.1 34

Pie 3 m garas EYDF gadijuma, palielinot pumpé$anas jauduno 1 W lidz 2 W, iegtst tikai
0,8 dB papildu pastiprinajumu, tomér garaki EYDF Skiedras posmi nodroSina lielaku

pastiprindjuma pieaugumu (attiecigi 2,3 dB un 2,8 dB, 5 m un 7 m garas EYDF gadijuma).

Sos rezultatus, kas tika iegiiti ar simulacijas palidzibu, izmanto ka atskaites punktu, lai
izvélétos EYDF garumu un pumpéSanas jaudu simulacijas konfiguracijai Pirma testéSana
SOPS laboratorija tika veikta, izmantojot EYDFA 7m gkiedras garumu, kas tika pumpéta ar
3W pumpésanas jaudu. Iegitie simulacijas rezultati liecina par Sauraku un lidzenaku EYDFA
pastiprinajuma profilu salidzinajuma ar simulacijas rezultatiem; tas ir nobidits uz garakiem
vilnu garumiem un tam ir strauj$ kritums zem 1544 nm. Tadgjadi 7 m Skiedra EYDF ir parak
gara izveletajam lietojumam; tapec merfjumus atkarto, izmantojot 1sakus EYDF diapazonus (5
m, 3 m un 2 m), lai noteiktu piemerotaku garumu eksperimentalai konfiguracijai

Eksperimentalo un simulacijas rezultatu salidzinajums ir paradits 1.14. attgla.

@ 2m 3m Sm 7m
= — - — Simulacija
Z Eksperimentali 0} F oS 30 < N
3 s b ¥ g -
g AN - -
a) .I.E s . ~.\ —_——
= ,/_““-h_\_ p. "-—~\_‘
2 54 1550 15680 1 1 o 2t X o4 1 1560 1 1530 I.:fJ 15¥( 56
= = .
o x 20 \_ 30 7 N
El | Y -
b) E 4 ~ 20 "\ F £ .\
£ P 1 N : ;
g #
2 7 — ‘
& i i ! e 2t i i 1 L= el 12 3 L 3 i 1 t 3
1520 1530 1540 1850 1560 1570 1520 1S30 1540 1§80 1560 1570 1520 1530 1540 1550 1560 1570 1520 1530 1540 1550 1560 1570
Vilna garums, nm Vilna garums, nm Vilpa garums, nm /ilna garums, nm

1.14. Eksperimentalie EYDFA pastiprinajuma mérijumi, kas tiek parklati ar simulacijas

rezultatiem pie -20 dBm/uz kanala signala un pumpésanas jaudas (a) 1 W un (b) 2 W.
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Tuvaka atbilstiba ir 3 m garailEYDF 1545-1560 nm vilpu garuma diapazona.
Eksperimentalie dati garakiem (5 m un 7 m) EYDF posmiem liecina par signala absorbcijas

paradisanos 1530-1540 nm spektralaja diapazona, kas sakrit ar Er®* absorbcijas maksimumu
(sk. 1.14. att.).

Tas rada papildu signala pastiprindjumu ap vilpa garuma pie 1560 nm. Simulacijas
modelt signala reabsorbcija netika nemta veéra. Simulacijas un eksperimentalo datu nesakritiba
(Tpasi attieciba uz 2 m) varétu biit saistita ar EYDF ieksgja apvalka 1paso formu (un ta
pumpgjosas fokuséSanas 1pasibam), kas simulacijas modeli vienkarSota veida ir attelota ka
parklasanas koeficients. Simulacijas datus nevar izmantot, lai precizi aprakstitu pastiprinagjuma

formu. Sie dati ir noderigi, lai noteiktu laboratorijas iekartas sakotngjas vértibas.

EYDFA konfiguracijas katra kanala pastiprinajums tiek analizgts, izmantojot 48 kanalu
fiktivo WDM signalu, kas tika konstruéts, izmantojot platjoslas ASE trok$na avotu un WSS
(ka aprakstits 1.9. apaksnodala. P&c filtréSanas signala jaudas [Tmeni regul€ ar mainamu optisko
vajinataju. Janem véra, ka DWDM kanalu/vilnu garumu skaitu ierobezo WSS darbibas josla.
Ar apvalku pumpéta EYDFA pastiprinajuma spektri tika uznemti konfiguracijam ar EYDF
laiduma garumiem 2 m, 3 m, 5 m un 7 m, bet signala ieejas jauda palika nemainiga: -25 dBm,
-20 dBm un -10 dBm uz kanalu (sk. 1.15. att.).
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1.15. att. Eksperimentali noteiktais EYDFA pastiprindjums pie trim dazadam ieejas
signala jaudam atkariba no EYDF garuma un pumpésanas jaudas (a) 0,6 W, (b) 1 W,

(c) 2 W. Likne katra grafika norada skiedras garumu un kopgjo izejas jaudu.
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legiitie pastiprinajuma spektri rada, ka ar signala ieejas jaudu -25 dBm uz kanalu tika
novérots nevélams lazerstarojuma maksimums pie pumpéSanas jaudas virs 1 W. Pie
visaugstaka signala ieejas jaudas limena (-10 dBm uz kanalu) pastiprinataja izmantojamas
joslas platums, palielinoties EYDF garumam, parvietojas uz garakiem vilnpu garumiem. Pie
zemaka signala ieejas jaudas limena (-25 dBm uz kanalu), palielinot EYDF garumu no 2 m lidz
5 m, 1544 nm vilpu garuma kanalu jaudas limeni paliek gandriz nemainigi (mazak neka 1 dB

atSkiriba), savukart garako vilnu garuma ir ieverojami lielaks pastiprinajums.

Ja EYDF garums tika palielinats no 5 m lidz 7 m, kanali ar vilgu garumiem virs 1544 nm
tika pastiprinati vél vairak. Tomér kanaliem, kuru vilpu garums ir aptuveni 1536 nm,
pastiprindgjums samazinas par 10 dB, un zem 1536 nm vérojams strauj§ kritums. Sads

pastiprinajums ir izskaidrojams ar Er®* populacijas inversiju.

Pumpésanas gaismas mirdzums rodas no Er®* augsupvérstas luminiscences, kas norada
uz augstu populacijas inversiju. Sis efekts samazinas, kad ieejas signals tiek apvienots ar
EYDFA pastiprinasanas signalu, jo dala no uzbudinata Er’* atgriezas pamatstavokli,

pastiprinot C joslas signalu.

Konkrétak, Er®* populacijas inversija [54], kas nepiecie$ama pastiprinasanai pie Siem
vilnu garumiem, nav saglabajusies tik gara EYDF diapazona, ka rezultata pastiprindjuma
spektri nav vienmérigi. Turklat tika novérots, ka EYDF pirmais metrs spid zala krasa, kad

pumpésanas avots ir aktivs (sk. 1.16. att.).

1.16. att. EYDF zala luminiscence ar ieslégto pumpésanas gaismas avotu. Violeta
nokrasa ir redzama, tadel ka no $kiedras noplist pumpé&sanas gaisma, ko uztver kamera.
Lai izvairitos no iesp&jamas termiskas izpleSanas ietekmes, no sapliSanas savienojuma

aizsardzibas uzmavas ir nonemts terauda stienis.
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2. OPTISKO SKIEDRU PARAMETRISKO PASTIPRINATAJU
(FOPA) UN RAMAN ASISTETA FOPA PASTIPRINATAJU
VEIKTSPEJAS NOVERTEJUMS

Saja nodala tika salidzinata Ramana asistéta FOPA (RA-FOPA) risinajuma veiktspéja ar
standarta viena pump&sanas gaismas avota FOPA veiktsp€ju, kas nodro$ina aptuveni tadu pasu
pastiprinasanas Iimeni 16 kanalu blivas vilpu garuma dali$anas multipleksé$anas (DWDM)
parraides sistéma (sk. 2.1. att.). Pétijuma laika galvena uzmaniba tika pieversta kopgjai jaudai,
kas nepiecieSama FOPA pastiprinatdgjam, lai nodroSinatu noteiktu pastiprinajuma limeni

pastiprinata signala kvalitatei.

2.1. FOPA UN RAMAN asisteta FOPA simulacijas modela apraksts 16. kanala DWDM
parraides sistéma
RA-FOPA un viena pumpgjosa avota FOPA risinajumi tika izmantoti ka

priekspastiprinataji un tika novietoti tiesi pie optiska vajinataja izejas.
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2.1. att. 16 kanalu 10 Gb/s WDM parraides sisteémas simulacijas modelis ar NRZ-OOK
modulacijas formatu un a) RA-FOPA priekSpastiprinatajs un b) viena pumpgjosa avota

FOPA priek$pastiprinatajs.
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P&c izieSanas caur priekS$pastiprinataju pastiprinatais signals tiek nosiitits caur 3 dB joslas
caurlaides optisko filtru (OF), kuram joslas platums ir 15 nm un, izmantojot optisko sadalitaju
ar 13,5 dB ienestiem zudumiem, parraidamais optiskais signals tika sadalits uz 16 PIN
fotodiodeém balstitiem uztvérgjiem ar jutibu 23,9 dBm pie 10712 atskaites bitu klfidu attiecibas
(BER) robezvertibas. Katra uztveréja ieeja signals iet caur citu caurlaides joslas optisko filtru
ar 3 dB joslas platumu 0,11 nm, lai filtrétu starojumu, kas pieder blakus eso$ajiem kanaliem.
Divkarsa filtréSana ir nepiecieSama, jo katra filtra izkliedes koeficients ir 20 dB, Iidz ar to ar
viena filtra izmanto$anu nepietiek, lai izslégtu atlikusa pumpgjosa starojuma ietekmi uz

uztverta signala kvalitati.

RA-FOPA risindjuma (paradits 2.1. (a) attela punkta) 500 mW 192,92 THz pumpg&Sanas
izejas starojums tika nositits caur fazes modulatoru, ko izmanto stimulétas Briljuéna izkliedes
(SBS) mazinasanai, optisko polarizatoru, lai parliecinatos, ka pumpéSanas polarizacijas
stavoklis sakrit ar signala polarizacijas stavokli, optisko izolatoru un p&c tam tas tiek apvienots

ar signalu, kas ir japastiprina.

Talak apvienotais signals ar tiesi versto pumpé&Sanas virzienu tika izplatas caur 1 km garu
HNLF ar 1553 nm nulles dispersijas vilna garumu un nelineara koeficienta 15,0 W km?

vertibu, kas tiek izmantots ka pastiprinajuma vide un kura notika signala pastiprinasana.

Otra HNLF gala tika pieslégts Ramana optiskais pastiprinatajs ar 500 mW pumpéSanas
jaudu, kur optiskais signals tika parraidits pret€ji versti pumpéSanas virziena attiediba pret
parametrisko (RA-FOPA) pump&sanas signalu, Sads Ramana pumpésanas signala izplatiSanas
virziens HNLF tika izvél&ts, lai izvairitos no Cetru vilnu mijiedarbeé (FWM) rasanas starp
Ramana un parametrisko pastiprinatadja pumpéSanu. Viena pumpéSanas FOPA risinajuma
struktiira ir Iidziga, bet $aja gadijuma nav Ramana pumpé&sanas un pastiprinajumu nodroSina
tikai parametriska pumpésana, kura jaudas un frekvences izvéle ir aprakstita nakamaja

apaksnodala.

2.2. Pastiprinajuma spektra novértéjums RA-FOPA un viena pumpéSanas avota
parametriskais pastiprinatais FOPA

Saja apaksnodala tika izp&tits simulacijas modelis ar Ramana asistéto FOPA un ar vienu
pumpésanas lazera avota FOPA risinajumu, ka ari tika analiz&ti rezultati, kas varétu nodro$inat
aptuveni tadu pasu pastiprindjuma limeni, un tika salidzinati $o divu pastiprinajumu risindgjumi

pastiprinata signala kvalitatei.
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Pastiprinajums 16 kanaliem, ko radija RA-FOPA ar ieprieks aprakstito konfiguraciju,
vidgji ir 31,6 dB (no 31,4 dB 1. kanala Iidz 31,8 dB 9. kanala). Talak tika ieglita pumpéSanas

FOPA konfiguracija, kas nodro§inaja aptuveni tadu pasu pastiprinasanas limeni.

Eksperimenta mérkis bija atrast vienu FOPA pumpésanas konfiguraciju, kas nodrosinatu
pastiprindgjumu katra no 16 pastiprinatajiem kanaliem un kur kanalu pastiprinajums nebiitu
mazaks par to pasu kanalu pastiprinajumu, ko rada RA-FOPA, izmantojot p&c iesp&jas mazaku
pumpésanas jaudu. legitie rezultati paradija, ka mazaka pumpésanas jauda, kas atbilda ieprieks
mingtajam nosacijumam, pie 755 mW ar pumpgsanas centralo frekvenci 192,91 THz. Sada
pastiprinataja konfiguracija nodro§inaja signala pastiprinajumu no 31,5 dB (16. kanals) lidz 32
dB (7. kanals). Pastiprinajuma spektrs, ko rada RA-FOPA un viena FOPA pumpg&$ana ar

ieprieks aprakstitajam parametru konfiguracijam, ir paradits 2.2. att.

ajums

ts-1zslegts pastiprin
[dB]

&g

Lesl

—— RA-FOPA
—— FOPA

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

194 1945 195 1955 196 1965 197 1975 198 1985 199

Frekvence (THz) !

2.2. att. Viena pumpésanas avota FOPA radita ieslég8anas un izslégSanas
pastipringjuma spektrs (sarkana Iinija) un RA-FOPA radita pastiprinajuma spektrs (zila
Itnija).

Salidzinot abu pastiprinataju konfiguracijas, ir redzams, ka viena pumpéSanas FOPA
risingjumam ir ievérojami augstaka pastiprina$anas efektivitate, lidz ar to tas ir
vispiemeérotakais no energijas patérina viedokla, lai nodroSinatu aptuveni tadu paSu
pastiprinasanas ITmeni. Tam ir nepiecieSama par 245 mW mazaka pumpgéSanas jauda neka RA-
FOPA risindjumam. Tomér, ka paradis turpmak $aja nodala sniegtie rezultati, RA-FOPA ir

vairakas prieksrocibas salidzinajuma ar standarta viena pumpésanas FOPA.
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Iegiitie 2.2. att. rezultati skaidri parada RA-FOPA risinajuma prieksrocibu, jo RA-FOPA
pastiprinagjuma spektra -3 dB joslas platums ir aptuveni par 0,1 THz plataks neka viena

pumpésanas FOPA pastiprinajuma spektrs.

2.3. Optiska signala trokSna attieciba (OSNR) novértéjums RA-FOPA un viena
pumpésanas avota parametriska FOPA pastiprinataja 16. kanala DWDM sistema

Lai novertétu abu pastiprinataju veiktspgjas radita troksna daudzumu, tika iegiita optiska
signala trok$na attieciba (OSNR) uztvergja ieeja un salidzinata katram no 16 kanaliem. No 2.3.
att. iegitiem rezultatiem ir skaidri redzams, ka sisttma RA-FOPA novérotas OSNR vértibas ir
augstakas visos kanalos, iznemot 10. kanalu, kur OSNR sistéma ar standarta FOPA ar vienu
pumpésanas avotu bija par 0,1 dB augstaka neka sisttma ar RA-FOPA risingjumu (attiecigi
19,4 un 19,5 dB). Vislielaka OSNR atskiriba starp abam sist€émam ir vérojama 1. kanala, kur
to starpiba sasniedza 2 dB, bet vidgji OSNR sistéma ar RA-FOPA bija par 0,8 dB augstaka
neka sistema ar vienu pumpésanas FOPA.

24
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2.3. att. Katra kanala uztverta signala OSNR vertibas, kas iegiitas sistema ar vienu

pumpésanas FOPA (zila krasa) un sist€éma ar RA-FOPA risinajumu (oranza krasa).

Vel viena 2.3. att€la redzama tendence, ko verts piemingét, ir ta, ka abas sistémas zemakas
OSNR vértibas novérotas centralajos kanalos, bet augstakas - sistémas sanu kanalos, Kur

pastiprindgjuma Iimenis $ajos kanalos bija zemaks neka centralajos kanalos.

Tas liecina, ka ievérojamu troksna dalu rada starpkanalu parklasanas, ko rada kanala pret
kanala FWM (CC-FWM) mijiedarbiba.
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2.4. Bitu klidu attiecibas noveértégjums RA-FOPA un viena pumpéSanas avota

parametriskaja FOPA pastiprinataja 16. kanala DWDM sistéma

Lai novertétu pastiprinata signala kvalitati, tika iegtita BER vértiba atkariba no detektéta
signala jaudas kanala ar augstako BER (9. kanals) gan sisttma ar RA-FOPA, gan sistéma ar
vienu pumpéSanas FOPA. Svarigi pieminét, ka BER vértibas netika iegiitas eksperimentu laika,
bet tas tika aprékinatas, pamatojoties uz OSNR vértibam. legtitas BER atkaribas paraditas 2.4.

attela.

— FOPA
—— RA-FOPA

BER

I(’-fl

= [ [ T8 NS P

I
I
|
I
|
I
I
0.7d
"
I
I
I

lu.:(
-26 -25 -24 =23 -22 =21 =20

Uztverta signala jauda (dBm)
2.4. att. BER atkariba no uztverta signala jaudas 16. kanala sistéma ar RA-FOPA (zila linija)
un sisteéma ar vienu pumpeésanas FOPA (sarkana linija).

No 2.4. att. redzams, ka sistéma ar RA-FOPA risinajumu tika noveérots par 0,7 dB vajaks
signals pie BER robezvértibas zem 10°, neka sistéma ar standartu vienu pumpé&sanu avotu

FOPA.
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3. AR RETZEMJU ELEMENTU LEGETO SKIEDRU
PASTIPRINATAJA NOVERTEJUMS WDM-PON PARRAIDES
SISTEMA

Vilnpu garuma multiplekséSanas pasivais optiskais tikls (WDM-PON) tiek uzskatits par
daudzsoloSu platjoslas piekluves risinajumu, jo tam ir gandriz neierobeZots joslas platums, tikla
drogiba, vienkarsa parvaldiba un modernizacijas iesp&jas [55]. Pasivais optiskais tikls (PON)
ir uz optisko Skiedru balsttta tikla arhitektiira, kas nodrosina daudz lielaku joslas platumu
piekluves tikla neka tradicionalie vara kabela tikli. Vilnu garuma daliSanas multiplekséS$anas
(WDM) ieklausana PON iespgj nodro$inat daudz lielaku joslas platumu neka standarta PON
[56].

WDM-PON tiek uzskatits par daudzsoloSu risinajumu, lai apmierinatu nakotnes
platjoslas platuma prasibas nakamas paaudzes (NG) platjoslas piekluvei ar sp&ju nodrosinat
vairak neka 10 Gb/s datu parraides atrumu uz vienu abonentu. Turklat EDFA pastiprinataju
joma notiek nepartraukta attistiba un pilnveido$ana, ipasi nemot véra tajos izmantotas legetas
Skiedras. EDFA ir visizplatitakais $kiedru pastiprinatajs ta Tpasibu un ieglita pastiprindjuma
del. Optiskas skiedras serdenis ir legéts ar trisvértigiem erbija joniem (Er®*), un to var efektivi
pumpgt ar lazeru ar vilnu garumiem 980 nm un 1480 nm vai tuvu tiem, un C joslas (1530-1565
nm) apgabala Iidz ~ 80 nm tiek noverots pastiprinajums. Biittba ar EDFA var pastiprinat C
joslu (no ~1525 nm lidz ~1565 nm) vai L joslu (no ~1570 nm lidz ~1620 nm). Galvena atSkiriba
starp C un L joslas pastiprinatdjiem ir tada, ka L joslas pastiprinatajos tiek izmantota garaka

legéta Skiedra.

3.1. EDFA uzbiive un pastiprina§anas mehanisma apraksts

Ar erbiju legéta Skiedra pastiprinataja pamatstruktiira shéma attélota. 3.1. att. Vaj§ ieejas
optiskais signals iet caur optisko izolatoru, kas lauj gaismai izpllst tie$a virziena, un novers
atpakal izkliedéta starojuma izplatiSanos. Signals iet caur filtra bloku, kas blok& pumpgjoso
gaismu vilna garuma un lauj pargjam starojumam iet cauri. PEc tam signals nonak spolé& ar
Skiedru, kas ir legéta ar retzemju elementu piemaisijumu, EDFA pastiprinataju gadijuma -
erbiju. Sis $kiedras posms ir vairakus metrus gars. Sis $kiedras posms ir paklauts spécigam
nepartrauktam starojumam no viena vai vairakiem pusvaditdju pumpéSanas lazeriem.
Pumpg@sanas lazera starojums uzbudina piemaisijuma atomus, kuriem uzbudinata stavoklt ir

ilgs relaksacijas laiks spontanai parejai uz pamatstavokli.
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Vaja signala klatbtitng notiek piemaisTjumu atomu induc€ta pareja no uzbudinata
stavokla uz pamatstavokli, izstarojot gaismu ar tadu pasu vilpa garumu un fazi ka iegfitajam
signalam. Tad sadalitdjs novirza pastiprinato lietderigo signalu uz izejas Skiedru. Optiskais
izolators pastiprinataja izeja nelauj atpakalatstarotajam signalam no izejas segmenta iekliit

optiska pastiprinataja aktivaja zona.

Filtrs

Apvienotajs e Apvienotajs Isolators

Tiedi vérsta pumpesanas Pretgji versta pumpesanas
virziens virziens

3.1. att. Ar erbiju leggtas skiedras pastiprinataja pamatstruktiira

Katram brivajam erbija jonam piemit diskréts energijas limenis. Energijas limenis
attiecas uz konkrétu jona esosas energijas daudzumu, kas atbilst absorbétai vai emitétai
energijai. PastiprinaSana ar erbiju legetaja skiedra ir ciesi saistita ar erbija jonu energijas limena
izmainam. Absorbgjot energiju, palielinasies tas energijas limenis, un otradi - emitgjot energiju,
samazinasies energijas limenis. Pastiprina$anas zina gaismas izstaroSana ir saistita ar fotonu
izstaroSanu. Paraditi iesp€jamie erbija jonu energijas limeni, ka ari iesp&jamas dazadas

pumpésanas joslas (sk. 3.2. att.).

[20mm ] s

—

T ] %S,
[o60mm : ] Fas
A 4
[800.am ] oy

A
980 nm ] ‘T

1430 nm, 1550 nm

b~

Spontana
emisija

o~

Zemes limenis

3.2. att. Erbija jonu energijas Iimeni, kas pastav pumpéSanas joslam
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Pumpg@sanas gaismas avots pievilpa garuma 980 nm nodro$ina zema trok$na limena

pastiprinataja izvadi, bet §auras absorbcijas joslas d€] ir nepiecieS8ama vilna garuma precizitate.

Pumpgjot fotonu, absorbcija uzbudina erbija jonus uz augstakiem energijas stavokliem.
Augstakajos energijas [imenos joni var izklied&t energiju radiacijas cela, atbrivojot fotonus vai
parversot energiju siltuma. Atbilstosi jonu energijas strukturai katram energijas limenim ir
vairaki zvaigznu Itmeni, ka arT katrs jons stikla molekularas struktiiras nejausibas dé] piedzivo
atkirigu lauka stiprumu un orientaciju, ka rezultata rodas atkirigs zvaigznu sadalfjums. ST
saskel$anas izraisa lielu retzemju leggto Skiedru pastiprinataja pastiprinajuma joslas platumu.
Katram limenim ir attiecigi 7 un 8 zvaigznu sadalijuma linijas 4y, o un 4 2 kas rada 56
iesp&jamas parejas starp $§m linijam, kur zema temperatira izplatas pie vilnu garuma 1550 nm
josla. Pie 300 K temperatiiras joslas pietickami parklajas, nodro$inot vienmérigu un
nepartrauktu pareju. Palielinoties energijas plaisai starp ITmeniem, palielinasies ari fotonu
izstaroSanas tendence, parejot uz zemakas energijas limeniem. Tadgjadi pareja starp 4y, ,2un

41,5, ir parsvara radiativa, kas rada 1550 nm vilnu garuma apgabalu.

Savukart pumpésanas gaismas avots upievilna garuma 1480 nm nodrosina labaku jaudas
parveidosanas efektivitati salidzindjuma ar 980 nm pumpésanas joslu. Saskana ar 3.2. att.
diskrétas energijas vertibas atdala energijas starpibas, kas atbilst kvantu fizikas likumiem.

Zemes limenis E; (4, /2) norada zemako Iimeni, bet E, (4, /2) norada augstako ITmeni.

Jebkurs jons var diskréti pariet uz citu limeni, tad€jadi mainot savu energijas limeni.

Energijas starpiba AE, atomam parejot no augstaka ITmena uz zemaku, atbrivo fotonu ka

energijas kvantu. Fotonam raksturiga vértiba energijai ir E,, un to defing sadi:
Ep = hf = Ez = El

E; un E, apzimé atoma diskréto energiju parejas laika starp limeniem, kur h = 6,626 x

10%, J.s ir Planka konstante un fotona frekvenci apzimé ar f.

Atoma energijas lTmena mainai no zemaka limena uz augstaku ir nepiecieSama argja
energija. Atoms $o energiju absorbé un pariet Uz augstako Iimeni. P&c dabas atoms censas
noklit zemakaja iesp&jamaja energijas limeni. Energijas limena pazemina$anas uz zemaku
limeni izstaro fotonus. Atomu apgadasanas ar arju energiju procesU Sauc par signala

pumpésanu, Kas ir paradita 3.3. att.
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3.3. att. Atoms ar attiecigo energijas Iimeni: (a) gaismas absorbcija un (b) gaismas emisija.

Sakotn&ji atoms atslabst pie E; limena, Kas ir zemakais energijas limenis. Pielikta argja

energija tick absorbéta atoma, un tas parlec uz augstako limeni E,.

So stavokli sauc par gaismas absorbciju. Gaismas emisija notiek, kad atoms no E, [imena
nokapj uz zemaku energijas limeni. Gaismas emisija ir spontana vai stimuléta. Spontana
gaismas emisija notiek, atomam nejausi atgrieZoties zemaka energijas Iimeni, bet stimulGta
emisija notiek, kad fotoniem ir energija, kas ir vienada ar energijas starpibu starp E, un E;
Itmeni. Tas izraisa atoma atgrieSanos uz E; Iimeni, un tiek izstaroti vairaki fotoni, kuriem
frekvence, faze un polarizacija ir lidziga tiem, kas to izraisija. Tas ir paradits 3.3. (b) attéla.
Emisija var notikt divejadi:

1. Spontana emisija, kad atomi nejausi atgriezas zemaka energijas limeni. Saskana ar kvantu
mehanikas teoriju spontana emisija vienmér ietver pareju no augstakas energijas stavokla
uz zemakas energijas stavokli. Radusies spontana emisija klast par pastiprinataja radito

troksni, un to sauc par pastiprinato spontano emisiju (ASE).

2. Stimuléta emisija, kad fotons (energiju nesoss atoms), kura energija ir vienada ar energijas
starpibu starp E, un E,, mijiedarbojas ar atomiem E,, izraisot to atgrieSanos E; un radot

vél vairak fotonu. To sauc arT par lavinveida reizinasanu.

Stimul&tas emisijas rezultata raditajiem fotoniem energija parasti ir identiska tiem, kas

to izraisija, un Iidz ar to ar tiem saistitajai gaismai ir tada pati frekvence, faze un polarizacija.

Turklat, ja atomu stimulg izstarot gaismas energiju ar krito$u vilni, atbrivota energija var

konstruktivi papildinat vilni, nodro$inot signala pastiprinajumu.
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3.2. EDFA divu Iimenu atomu sistema
Erbija labi atdalitu spektralo Iiniju sauc par multipletu, kas sastav no noteikta skaita

paplasinatu atsevi$ku energijas limenu.

Divu limenu sistéma jonu populacija un atruma vienadojumi ietver Erbija energijas
Itmenu sisteémas 1. un 2. limeni. Otraja limend ir iesaistits tikai 1480 nm pumpéSanas vilna

garuma absorbcijas $kérsgriezums no 1. limena uz 2. limeni, ka ir paradits 3.4. att.
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3.4, att. Divu limenu sistémas energijas limenis

Zemes limeni apzim@ ar 1. Iimeni, bet metastabilo [imeni - ar 2. l[imeni. Metastabilo
Iimeni defing ka Itmeni, kura sist€mas kalpoSanas laiks ir ilgaks par 100 ps, un tas ir parasts
tada stavokla kalpoSanas laiks, ko var iztukSot ar atlautu optisko pareju. Riz apzimé ka
pumpésanas atrumu starp 1. un 2. l[imeni. Spontanas sabrukSanas atrums no 2. un 1. limena ir
Az =RA21 + NRA2. Tiek pienemts, ka spontana sabruks$ana doming par radiativas sabruksanas
atrumu, t. i., RA21 >> NRA21. Tadgjadi spontanas sabrukSanas atrumu no 2. limena uz 1. Iimeni

var vienkarSot Iidz Az1. Kopuma erbiju leggtas Skiedras parejas atrumu var definét $adi [57]:

kur o ir 8kiedras Skérsgriezums, hv ir joslas spraugas energija, kur h ir Planka konstante

un, v ir frekvence un I ir intensitate.

3.3. EDFA tris limenu atomu sistémas apraksts
Erbija jonu populacija tris limenos tiek apziméta ar N1, N2, N3. Lidzsvara stavokli bez

pumpgSanas signala populacijas blivums 3 Iimenos samazinas, kas nozimé, ka N1 > N2 > N3.

P&c pumpésanas signala ievadisanas Er®* jonu populacijas blivums tris limenos tiek pielagots,

sekojot jonu kustibai starp Itmeniem, fotonu emisijai vai absorbcijai frekvences, kas rodas
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energijas Iimenu starpibas dél [58]. Lidzvertigi, pareja no augstaka uz zemaku energijas limeni

izraisa fotona emisiju, kura energija ir vienada ar starpibu starp abiem Iimeniem.

Neizraisita stavokli erbija jonu daudzums pamatlimena energijas liment ir daudz lielaks
neka augstakajos energijas Iimenos. Lai panaktu pastiprindjumu, pastiprindjuma vidi sikné ar
argju energijas avotu, kas izraisa to, ka jonu skaits augstakajos energijas limenos parsniedz
jonu skaitu zemakajos limenos, t. i., tick panakta populacijas inversija. Kad atbilstoSas
frekvences gaisma iet caur $adu vidi, tas fotoni stimulé uzbudinato elektronu pareju uz
zemakiem energijas [imeniem, izraisot stimul&tu fotonu emisiju, kuriem ir tada pati frekvence,
izplatiSanas virziens, faze un polarizacija ka incidentalajiem fotoniem. Tadgjadi ienakosais
optiskais signals tiek pastiprinats. To var labi izprast, apliikojot Er®* jonu energijas Itmenu

diagrammu, kas paradita 3.5. att.

N3 . . E3 uzbudinats [imenis
Signala absorbcija : : N2 A A E2 metastabilais stavoklis
pie 1550 nm : :
—_— : : i Stimulgta emisija
. . H : —
: : : : — Signalafotons
> : : pie 1550 nm
pumpésanas : : : : _—
fotons pie 980 nm m VY VY
N 1 El pamatlimenis

3.5. att. Er®* jonu energijas [imeni ar erbiju legétaja skiedra

Realitate Seit paraditic energijas ITmeni, kas att€loti ka atseviski, izplatas nepartraukta
energijas josla. Energijas starpiba starp [imeniem E1 un E3 atbilst gaismas fotonu energijai 980
nm. Kad gaismas vilni ar $o vilna garumu tiek pumpéti erbija legéta $kiedra, to absorbcija
izraisa jonu pareju no E1 uz E3. Pump@sanai var izmantot ar gaismu ar vilna garumu 1480 nm,
bet pump@sanas process ir efektivaks pie 980 nm, kas nodroSina lielaku pastiprinajumu pie tada
pasa pumpgSanas jaudas. Uzbudinatie joni loti Tsu laiku paliek E3 IimenT un tad atri pariet uz
E2 limeni. Parejas no E2 limena uz El ilgums ir daudz ilgaks, apméram 10 ms, un to pavada
fotonu emisija vilna garuma starp 1520 un 1570 nm [59, 60]. Ja pumpé&Sanas jauda ir pietickami

augsta, joni, kas nokrit Iidz [imenim E1, atri tiek pacelti atpakal uz I[imeni E3.
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So divu procesu energijas rezultata lielaka dala jonu atrodas limeni E2, t. i., tiek panakta
populacijas inversija starp [imeniem E2 un E1. Sados apstaklos gaismas vilni ar garumu 1520~

1570 nm tiek pastiprinati ar stimul€tu emisiju no limena E2 uz limeni E1.

3.4. Ar erbiju legéto Skiedru pastiprinataju simulacijas shémas novértéjums WDM-POM
16. kanala parraides sistema

Saja nodala mérkis bija parbaudit un validet REDFA eksperimentalo prototipu dazados
apstaklos, izmantojot 16 kanalu WDM-PON modul&tu parraides sist€ému, kas darbojas C josla,
kur BER kvalitate ir zemaka par 1x10°. REDFA pastiprinataja prototips sakotngji tika
izstradats un veikts simulacijas vidg, lai parbauditu REDFA pastiprinataja veiktsp&ju, kur datu

parraide tiek veikta matematiskas modelesanas vide.

Dati Optiskais Optiskais
— — - zemfrekventu ze}nl‘rekvenéll Elelutriskais [y
o1ou1] I filtrs (OBF) filtes (OBF) PIN  filgrs o]
Lazers
1ch ° Mach-Zendera BER
. modulators Apvienotajs
: Mz DSO
16. ch. :
- ; Optiskais
) vendi
fotorT] : l;;;:::e(';;;;;“ Pumpesana Pumpésana Optiskais PIN Elektriskais
tiesa virziena preteja virziena zemfrekvenéu filtrs BER
ar 980 nm ar 1480 nm filtrs (OBF)

Lazers MZM

3.6. att. Eksperimentala shéma 10 Gbit/s uz A NRZ modulétai 100 GHz 16 kanalu WDM-
PON parraides sist€émai, kas balstita uz REDFA

Saja nodala tika analizéta REDFA pastiprinataja veiktspgja, izmantojot divus dazadus
lazera avotus - tiesi verstas pumpé&Sanas (980 nm) un pret&ji verstas pumpésanas (1480 nm) -
nemot véra labako REDFA pastiprinataja konfiguraciju attieciba uz sanemta signala bitu kladu
koeficientu (BER). Centrala ofisa (CO) sisteémas arhitektiira sastav no optiskas linijas terminala
(OLT) ar seSpadsmit raiditajiem Tx. Katrs no 10 Gbit/s raiditajiem (Tx) sastav no viena
elektriska pseidogadijuma binara seciba (PRBS) datu avota, NRZ draivera, kas kode datus no
datu avotiem, izmantojot bez atgrieSanas nulles (NRZ) kodéSanas metodi, tad&jadi genergjot
NRZ signalu. Tiek izmantots nepartraukta vilna garuma (CW) lazers ar Iinijas platumu 25 kHz
un izejas jaudu +4 dBm [61]. Nepartraukta vilna garuma CW lazera avota izeja ir tiesi savienota
ar Mach-Zendera modulatoru (MZM), kam ir 3 dB iestarpinajuma zudumi un 20 dB izkliedes
koeficients. CW lazeru centralas frekvences tika noteiktas no 192,8 THz lidz 194,3 THz 100
GHz attaluma starp 16 kanaliem uz REDFA balstitai WDM-PON parraides sistémai.
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WDM-PON parraides sisttmas Tx dala (no 1 Iidz 16 kanaliem) veidotos optiskos
signalus paraiditi caur optisko caurlaides optisko filtru (OBPF, 3 dB joslas platums 50 GHz).
Talak optiskie signali tiek savienoti ar optisko sakabes ierici un palaisti standarta vienmodu
Skiedras (SMF) savienojuma dala, pieméram, optiska sadales tikla (ODN). REDFA optiskais
pastiprinatajs atrodas starp divam SMF Skiedru savienojuma sekcijam, kur pirma optiskas
Skiedras sekcija (SMF _1) ir 50 km gara un otra (SMF_2) ir 70 km gara. Visiem kanaliem ir
veikta hromatiskas dispersijas (CD) kompensacija, izmantojot $kiedras Brega rezga dispersijas
kompensacijas moduli (FBG-DCM). FBG-DCM ienesto zudumu (IL) simulacijai izmanto
papildu 3 dB vajinataju. Optiskais sadalitajs tika pieslégts otraja SMF savienojuma gala
sekcija. OBPF, Kas tika izmantots katram Rx, ir 3 dB joslas platums 50 GHz, tap&c tas sadala
sanemto optisko signalu vilnu garumos un nodod to talak uz uztvérgja bloku. NRZ modulgtie
optiskie signali iet caur optiska savienojuma sekciju, kas sastav no divam vienmodu Skiedras
SMF sekcijam ar 50 km un 70 km attadlumu un legétas Skiedras pastiprinatdgja REDFA, kas
sastdv no 6 m garas Er** legétas Skiedras. Signala pastiprinasanai izmanto Iidz 140 mW
pumpé&Sanas jaudu, izmantojot tiesi vérsto pumpéSanu (A = 980 nm), un lidz 200 mW
pumpésanas jaudu izmanto pretgji veérsto pumpésanu (A = 1480 nm). Uztvergja puse ietver
optiska tikla terminalus (ONT), kur katrs ONT sastav no uztvérgja Rx. Katrs Rx sastav no
pusvaditaju fotouztvérgja PIN (jutiba ir -20 dBm) un elektriska Besela zemfrekvencu filtra
(LPF, 3 dB joslas platums ir 10 GHz). Digitalais elektriskais osciloskops (DSO) un BER

raditdjs tika izmantots, lai novértétu bitu klidu koeficientu uztverta signala kvalitatei.

3.5. Bitu kliidu attiecibas koeficienta un acu diagrammas novértéjums 16. kanala WDM-
PON parraides sistema

REDFA eksperimentalais prototips tika testéts dazados apstaklos, izmantojot 100 GHz
attaluma izvietotu 16 kanalu NRZ modulétu WDM-PON parraides sistému, kas darbojas C
josla, kur par robezvértibu tieck izmantota BER kvalitate zem 1x10°. Uztverta signala acu
diagrammas péc parraides ar 10 Gbit/s datu parraides atrumu 120 km gara SMF skiedras

savienojuma posma ir redzamas 3.7. att.

Saja gadijuma REDFA pastiprinatajs izmanto 80 mW pump&sanas jaudu tiesi vérstaja
pumpésana (A =980 nm), bet pret&ji verstas pumpesanas gadijuma (A = 1480 nm) izmanto 130
MW pumpésanas jaudu. Apaksa redzams 3.7. att. (a) un 3.7. att. (b) punkta vissliktaka vidgja
kanila (8. kandlu) uztverta signila BER ir 1,86 x 10° un 2,14 x 10°,
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3.7. att. 10 Gbit/s uz A NRZ moduléta un uztverta signala (8. kanals) acu diagrammas
100 GHz attaluma starp 16 kanaliem WDM-PON parraides sisteéma, kas balstita uz REDFA

(a) REDFA 80 mW pumpgsanas jaudu, izmantojot tiesi vérsto pumpé&sanu un (b) REDFA 130

mW pumpésanas jaudu, izmantojot pretgji vérsto pumpesanu.

a)

© REDFA pumpfanas jaudas raksturojuma fikne (mW)

b)

® REDFA pumpesanas jaudas raksturojuma likne (mW)

logo(BER)

BER slieksnis

8 BER slieksnis

log;o(BER)

REDFA pastiprinataja pumpésanas jauda (mW)

40

60 80 140 160 180

REDFA pastiprinataja pumpéSanas jauda (mW)

60 80 100 120 14 40 100 120 200

3.8. att. 10 Gbit/s uz A NRZ moduléta signala BER (8. kanals) atkariba no REDFA

pastiprinataja pumpésana jaudas (mW) 100 GHz attaluma izvietotai 16 kanalu REDFA

balstitai WDM-PON parraides sisteémai: (a) ar pretgju izplatisanos (A = 980 nm) un (b) ar

pret&ju izplatiSanos (A = 1480 nm)

Lai parbauditu BER veiktspgju, tika iestatitas tieSi veérstas pumpésanas (A = 980 nm) un

pretgji verstas pumpésanas (A = 1480 nm) jaudas diapazonos no 20 mW Iidz 140 mW un 20

mW Iidz 200 mW. REDFA pastiprinataja optimalas pump@Sanas jaudas noverté€Sanu

(pumpésanas jauda (mW) pret BER) visnelabvéligakajam 8. kanalam, izvéloties pumpé&sanas

jaudu, izmantojot tiesi vérsto pumpésanu (A =980 nm, no 20 mW Iidz 140 mW ar 10 mW soli)

pie pretgji verstas pumpesanas (A = 1480 nm, no 20 mW I1dz 200 mW ar 10 mW soli).
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Galvenais "sistémas noveértésanas kriterijs" ir 1 x 10" BER slicksnis. Ka redzams 3.8.
attela, BER slieksnis 1 x 107 ir sasniegts, kur pumpéesanas jaudas ir 80 mW pie tiesi vérsta

pumpésanas virziena (A = 980 nm) un 130 mW pie pret&ji versta pumpéSanas virziena (A =

1480 nm).
KOPSAVILKUMS PAR PIRMO TEZI

e Nemot vera veiktos petljumus un iegiitos rezultatus, var secinat, ka pastiprinataja
konfiguracijai ar 3 W pumpéSanas gaismas avotu pie 975 nm vilpu garuma WDM
lietojumiem ir nepiecieSsams 7 m gar§ EYDF (ar iegutajiem fizikalajiem parametriem)
un tie$i verstais pumpéSanas virziens. Nemot véra zemo ieejas signala jaudu (+20
dBm/ uz kanalu), EYDFA var izmantot lidz 40 DWDM kanalu pastiprinasanai C josla,
nodro§inot maksimalo izejas jaudu +22 dBm, 19,7-28,3 dB pastiprinajumu, 3,7-4,2 dB
trokSna koeficientu un jaudas samazinajumu (attieciba pret sist€ému bez
pastiprinajuma) zem 0,1 dB pie BER Iimena 107, Originalas publikacijas par $aja nodala

aprakstitajiem pétjjumiem ir atrodami promocijas darba. 1. pielikuma.
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4. PIKOSEKUNZU IMPULSU PAPLASINASANAS VISPAREJAIS
RAKSTUROJUMS UN NOVERTEJUMS PPM SAKARU SISTEMA
Impulsu pozicijas modulacijas (PPM) pan€miens lauj ieverojami palielinat
energoefektivitati salidzinajuma ar eso$ajam tehnologijam [62, 63]. PPM simbols (sk. 4.1. att.),
kura impulsam ir Cetras pozicijas un visus simbolus atdala aizsarglaiks T, ir paredzéts
informacijas apstradei. Saja attgla ir ari paradits , ka ipasajam lietderigas slodzes intervalam ir

kopgjais laiks M - T = T — T, kur M ir poziciju skaits, T ir vienas pozicijas ilgums, T - simbola

B =log, M

Simboli ar lielaku poziciju skaitu M ietaupa energiju, savukart lielaks parraides atrums

tiek panakts, samazinot poziciju skaitu. Datu parraides atrumu R var aprékinat $adi:
_B
R=7

PPM ka datu modulacijas metode butiba izvirza Skietami vienkarSas prasibas. Ir
janodro§ina loti 1sa impulsu gener€Sana ar iesp&ju mainit intervalu starp impulsiem.
NoteikSanai ir daudz dazadu metozu. Viens no daudzsolosakajiem atrgaitas PPM panémieniem
ir tiesa laika m&riSana ar notikumu taimera palidzibu. Notikumu taimera precizitate ir viens no
§1s modulacijas metodes ierobezojosajiem faktoriem [64]. Lai ietaupitu energiju, impulsiem
jabiit péc iesp&jas Tsakiem, savukart, lai veiktu detektéSanu, impulsu ilgumam jabiit pietiekami
garam, lai to var&tu fiksét taimeri. Loti precizs notikumu taimeris Eventech A033-ET [65, 66]]
var noteikt notikumus ar vid&jo kvadratisko precizitati (RMS), kas ir aptuveni 3 ps, bet
impulsam ir jabut virs taimera impulsu noteik$anas sliek$na — vismaz 700 ps. Tap&c vairuma
gadijumu pirms notikumu taimera detekteSanas ir javeic impulsa form&Sana, paplasinasana un

automatiska pastiprinajuma kontrole.

e N oars
I\ A

4.1, att. PPM signala strukttira, kura M = 4, B = 2 kod&jumi “00” un “01”.
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Impulsu forméSanas un paplaSinasanas metodes tika plasi izmantotas dazadas jomas,
kuras izmanto radiofrekvencu (RF) un optisko signalu generésanu, parraidi, uztverSanu un laika
mérfjumus. Sim nolikam izmanto analogas un digitalas tehnologijas. Parskats [67] ir veltits
femtosekunzu impulsu generésanas vide, kura optisko vilnu formas tick veidotas un generétas,
izmantojot Furjé sintézes metodes. Nozimiga laika iz§kirtsp&jas uzlaboSana ir paradita [68],
kur impulsu paplasinasana ir Tstenota komplementara metala oksida pusvaditaju (CMOS) un
laika-digitalaja parveidotaja (TDC).

Precizas laika intervalu mériSanas metodes ir istenotas ar dazadam tehnologijam
gigahercu, terahercu un ar7 optiskajas joslas [69, 70]. Impulsu form&Sanu un paplasinasanu
plasi izmanto arT dazadas optiskajas ieric€s un sakaru sist€mas, biomedicinas, radaru un
attélveidosanas sist€mas [67], platjoslas analogo ciparu parveidotajos (ADC), ciparu signalu
apstrade [69], zemas jaudas ultraplatjoslas (UWB) sakaru sistémas [71], dazadas meériericgs,
laika intervalu mériSanas sistémas [70], programmgéjamos impulsu forméSanas filtros [72],

laika mark&$ana kosmosa tehnologijam [73] un daudzos citos lietojumos.

UWB komunikacijam tika péftitas un ieviestas dazadas impulsu formas, bet UWB
tehnologijas nozimigu vietu ienem Gausa impulsa forma (8is impulss nodro$ina ievérojamu
lidzstravas (DC) komponenti), Gausa dubultda impulsa un Gausa monocikla impulsa forma
[74]. Bezvadu tehnologijas lielakaja dala impulsa radio ultraplatjoslas (IR-UWB) sistému tiek
izmantots Gausa monocikla impulss, jo tam piemit spektralas Tpasibas un $o formu bez lielam
grutibam var gener¢t parraides k&de [75]. Tomér UWB lietojumos licla nozime ir arT dazadiem
trapecveida un dazkart zvanveida un trapecveida impulsiem. Impulsa formas izvéle impulsu
sisttmas ir viens no galvenajiem apsvérumiem sist€mas projektéSana. Lidz Sim daudzi
pétijumi, kuros aplikota impulsu formas noteikSana, ir teorgtiski un galvenokart attiecas uz
digitalajam UWB sakaru sistémam. Gramatas [75] 6. nodala apliikotas dazas netradicionalas
impulsu formas generé$anas un izmanto$anas Ipatnibas UWB, kur analiz&ti ta sauktie Hermit
impulsi. Saja analizé secinats, ka ir japienem, ka uztvérgjam ir pilniga informacija par

izplatiSanas kanalu un ka tiek realizeta perfekta sinhronizacija ar sanemto signalu.

Analogo IR-UWB sistému projektéSana ir vienkar$aka neka digitalo [76], un tas var
izmantot bez kanalu sinhronizacijas, kas prasa sareZgitus risinajumus [71]. UWB tehnologijas
neizslédz parraides liniju, pieméram, koaksialo kabelu vai vita para izmantoSanu [77].
Zinatniskaja raksta [78] ir ierosinats kombinét optisko $kiedru un vita para vai koaksialo kabelu

tiklus piekluves arhitektiiras, kas balstitas uz UWB.
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Jebkura gadijuma, Tpasi lineara parraides kanala modelt, impulsu spektralais bltvums tiek
pétits loti riipigi, jo tas sniedz butisku informaciju par impulsu raksturlielumiem un to formas
izmainam parraides kanala. Parasti So impulsu spektru nozimigas joslas sniedzas lidz pat 20
GHz [79-78]. Impulsu formu ietekmé ne tikai parraides kanala fiziska vide, bet arT ta ierices
un komponenti. Tomer ir arT gadijumi, kad impulsu forma un ilgums tiek mainiti apzinati,

pieméram, piem&rojot filtréSanu [74].

Parraidita atskaites impulsa pozicijas modulacija (TR-PPM) ir viens no
visizplatitakajiem PPM veidiem. TR-PPM atskiras no koheretas PPM modulacijas formata ar
to, ka katra kadra sakuma ir atseviSks atskaites impulss, tad&jadi noverSot vajadzibu péc laika
sinhronizacijas starp raiditaju un uztvéréju. Nemot vera atskaites impulsa klatbiitni katra kadra,
TR-PPM ir loti labi piem&rota komunikacijai starp kustigiem objektiem. Daudz dazadu PPM
shému veidu, pieméram, daudzimpulsu pozicioné$anas modulacija (MPPM), optisko impulsu
poziciongSanas modulacija (OPPM), mainiga impulsu poziciong$anas modulacija (VPPM) un
ieprieks mingtas DPPM un TR-PPM - tas visas tiek uzskatitas par energoefektivam modulacijas
shémam, salidzinot ar citam modulacijas metodém [80]. Ta ka jebkuru informacijas apjomu
var parraidit, izmantojot vienu impulsu (vai divus impulsus TR-PPM gadijuma), PPM shémas
var nodroSinat teor&tiski neierobeZotu energijas ietaupijumu salidzindjuma ar -citam
modulacijas tehnikam, pieméram, “ieslégts-izslégts” manipulacija OOK, impulsu amplitiidas
modulaciju (PAM) un kvadratiiras fazes manipulacija (QPSK) [81]. ST ipasiba nozimé arf to,
ka energoefektivitate palielinas, palielinoties iesp&jamo impulsu poziciju skaitam M, jo ar to
pasu energijas daudzumu parraiditdas informacijas apjoms klust nozimigaks [82]. Citos
pétijumos ari secinats, ka PPM ir nepiecieSsama mazaka parraides jauda neka citam modulacijas
metodém, lai sasniegtu tadu pasu bitu kladu koeficientu (BER) [83]. Ir vérts atzimét, ka UWB
signalus pla$i izmanto lokalizacijai [84], un PPM signalizacija loti labi ieklaujas nakama bita

tikla koncepcija.

4.1. 512-TR-PPM vilnu formas generacija
Datu impulsa atraSanas vieta datu apgabala ir atkariga no konkréta datu simbola. JaM =

512 pozicijas defin€ ka datu apgabalu, datu impulss nes 9 bitu informaciju.

Datu apgabals ir sadalits M laika ni$as, un katra no tam atbilst attiecigajam datu
simbolam. Svarigi atzimét, ka impulsa ilgumam nav nozimes signala parraidé un tas nosaka

tikai jaudas efektivitati, tap&c impulss var biit Sauraks vai plataks par pozicijas platumu.
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Sis nodalas pétijuma tika izmantots 50 pps impulsa platums, lai nodroginatu augstu
sakaru energoefektivitati. 512 pozicijas viena simbola lauj sasniegt TR-PPM signala parraides

atrumu lidz 59,5 Mbps.

Izmantota notikumu taimera ierobezojumu dél pie katra impulsa japieskaita aizsarglaiks
Tg = 50ns. Izmantojot MATLAB skriptu, 9000 biti tika kodéti 512 TR-PPM vilnu forma un
talak tika ieladeti PPG.

| t

Reference LLJ Reference
impulss T./2 T impulss

T,=2T +2MA
£

4.2. TR-PPM signala visparéja struktiira

4.2. PaSrazota 450 MHz zemfrekvencu filtra dizaina modela apraksts

LPF modela konstrukcija, kas tika izgatavota un izmantota $aja eksperimenta, ir paradita
4.3. att. Diemzel gan Ansys HFSS modelésanas, gan eksperimenta laika izradijas, ka $adam
pasizgatavotam LPF filtram ir nepietickams vajinajums frekvencu josla virs 4 GHz, kas izraisa
ieverojamus izvérsto 512-TR-PPM impulsu formas kroplojumus. Janem véra, ka $adu PPM

signalu aiznemta RF pamatjoslas joslas platums ir aptuveni 20 GHz.

0 25 50 (mm)

4.3. att. Pasrazota 450 MHz LPF dizaina modelis
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4.3. PPM sakaru sistemas blokshéma un pétijuma metodikas apraksts, izmantojot
augstas precizitates notikumu taimeri

PPM sakaru sistémas blokshéma ir paradita 4.4. att., kura signala demodulacijai tika
izmantots augstas precizitates notikumu taimeris. Ta sastav no impulsu generatora ar PPM
modulatoru - testéSanas noliikos parasti izmanto patvaligu vilnu formas generatoru (AWG),
platjoslas kabela, zemfrekvencu filtra LPF, pastiprinataja un notikumu taimeri. PPM
modulators regulé impulsu generatoru ar vélamo vilpu formu péc ienakosajiem digitalajiem
datiem. Saja pétfjuma tika nemti véra unipolari impulsi ar pilnu platumu pusé maksimuma

(FWHM) 50 ps. Sos PPM impulsus sauc par generétajiem impulsiem (GP).

AWG P Kabelis LPF il |A AO33-
| ET
Impulsa generacija Kanals Impulsa Pastiprinatajs  Notikuma laiks
paplasinasana

4.4, att. PPM parraides sistémas bloksheéma

LPF ir nepiecie$ams ienako$o impulsu paplasinasanai, un §1 nodala ir veltita dazadu LPF
ietekmes uz ienakoSo signalu novertéSanai. LPF jaizvelas ta, lai filtréta impulsa (FP) ilgums
pie FWHM biitu aptuveni 750 - 1000 ps, jo $adu ilgumu nosaka izvél&tais notikuma taimeris.
Izmantotie 20 %, 50 % (FWHM) un 80 % vilnu formas atskaites Itmeni aprakstiti un
paskaidroti 4.5. att. Plasaka informacija par impulsu parametriem atrodama IEEE standarta
[85]. Ideala gadijuma FP formai jabut péc iespgjas plakanakai un ar pietiekami mazu
picauguma laiku un ne parak lielu krituma laiku, ja salidzina ar impulsa ilgumu. Ieprieks
mingtos FP parametrus galvenokart nosaka demodulacijai izmantotais taimeris. Ss nodalas
pétijuma galvenais Vvirziens ir dazadu veidu impulsu generésana ar dazadu LPF, kas nodroSina

vajadzigo impulsa ilgumu un notikumu taimera bezklidu reakciju.

Parsniegums
\A

80% no augstuma

Augicja
platuma

Impulsa
platums

50% no augstuma

i
i
20% no augstuma o/~ - -4 --——-—————~ v

| Pamatlimenis

> e —» e
Paaugstinasanas Krituma laiks
laiks

4.5, att. Galvenie impulsa parametri
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FP vilnu formai nav stingru ierobezojumu. Impulsa formai jabtit pietickami gludai, un tai
jabit ar noteiktu impulsa ilgumu. Turklat FP jabit pietiekami mazam piecauguma laikam, lai
impulsa pozicijas vai, citiem vardiem sakot, laika zimes mérjjumu laika blitu mazaka

svarstisanas.

Impulsi, kas tika izmantoti daudzos lietojumos (komunikacijas, radara, sonara u.c.), biezi
vien ir vienkarSas pamata vilpu formas vai to kombinacijas. Sakotngja pétfjuma posma tiek
apliikota divu veidu impulsu gener&Sana: 1) Gausa vienpolars impulss; 2) taisnstiira impulss.
Lai gan $adas impulsu formas ir matematiska idealizacija, ta tomer sniedz labu ieskatu par
impulsu izplatiSanos sakaru kanala, to filtré€Sanu un iesp&jam iegtt tadas FP vilnu formas un to

ilgumu, kas nodroSinatu darba izvirzita mérka sasniegSanu.

Saja pétijuma, kas ir vérsts uz generéto impulsu (GP), kuru ilgums ir aptuveni 50 ps, GP
forma ir izveléta praktiski viegli genergjama. Turklat sanemtajam impulsam jabat
transform&jamam cita impulsa ar tadu formu un ilgumu, kas nodrosinatu pietiekami precizus

laika m@&rfjumus ar iesp&jami mazaku svarstigumu.

GP forma nosaka ta spektralo platumu (frekvencu joslas platumu). Ja salidzina impulsus
ar vienadu ilgumu, tad vismazako joslas platumu var panakt, izmantojot Gausa impulsu,
savukart visplasakais joslas platums (ideala gadijuma - bezgaligs) ir nepiecieSams taisnstiira
impulsam. Citu IR-UWB tehnologijas izmantoto impulsu formu - simetrisku un nesimetrisku
trapecveida, trisstiirainu, paaugstinatu kosinusa impulsu - pieprasitais RF frekvencu joslas
platums ir starp abu iepriek$ min&to impulsu formu joslas platumu. Impulsa joslas platuma un
spektralas formas noteikSana un izp@te ir biitiska, izv€loties piemérotu LPF, lai iegiitu
nepieciesamo FP formu un ilgumu [56]. Saja nodala tika p&tita impulsa forma un Iidz ar to ar
ta aiznemtais joslas platums ir svarigs impulsa paplaSinaSanai. Tas ir izskaidrots, veicot
skaitliskos aprékinus ar Bessela un Butterworth LPF ar dazadam kartam un nogrieSanas

frekvencém [86].

Eksperimentu laika tas izradijas piemérotaks trapecveida impulsa generéSanai, tapéc
pétijuma tika p&tita precizaka reala impulsa aproksimacija ar trapecveida impulsu [87], ka ari
vel precizaka aproksimacija ar zvaigznuveida trapecveida impulsu. Pe&dgjo divu impulsu
spektri tika salidzinati, un tika secinats, ka gadijumos, kad to picauguma un krituma laiki ir
relativi mazi (Iidz 30 ps, ja impulsa ilgums ir ap 50 ps), vienkarSaka aproksimacija ar
konusveida impulsu, kas izriet no zvaigznuveida trapeces, ir ar pilnigi pietiekamu impulsa

spektru un ta filtréSana at$kiras minimali.
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Asimetrisks trapecveida impulss [87] ir interesants pats par sevi. No 4.5. att. var veidot
gan simetrisku trapecveida impulsu, kura kapuma laiks ir vienads ar kriSanas laiku, gan
simetrisku un asimetrisku trisstirveida impulsu, kad augs€jais ilgums ir 0, gan ari

taisnstirveida impulsu, kad kapuma laiks un kriSanas laiks ir vienads ar nulli.

Ja ar laiku 74/, apzZimé Gausa impulsa ilgumu, tad impulss, kura limenis ir 1/e no ta

maksimalas vertibas A, tad $ada impulsa matematiska izteiksme aprekinata $adi:

(®)

S 2
1/9(5):A-exp(—4zt )
Tl/e

Ti/py, = T1je "/ 1N Dy = J1Inpy (6)

Gausa impulsa pieauguma laiks no 20% limena lidz 80% limenim ir aprékinats no (4) un

II’ 0,478 - Tl/pu-

Iegiitas impulsu spektru (komplekso spektralo blivumu, spektra lielumu un spektra fazi)
analitiskas izteiksmes trapecveida un zvana formas trapecveida impulsiem. Kopa ar labi
zinamajiem taisnstiira un Gausa impulsu spektralajiem blivumiem tas ir izmantotas skaitliski
iegiito rezultatu parbaudei, tomé@r vietas ierobezojuma dg| tie $eit nav sniegti. Eksperimentali

izveidota shéma ar impulsu paplasinasanas moduli (PPM) un notikumu taimeri ir paradita 4.6.

att.
) (101011001 ~ -
Laiks PEM Notikuma
20 GHz —| PPG 512-TR-PPM modulis taimeris
AAAUY \ .A_LA.J signals _ﬂ_—PA @
I 10 GHz .
if‘ 2] %
N 80 Gsa/s )
cw gt 33 GHz 101011001
lazers ) |_%0GH:z | SMF PlN

4.6. att. Eksperimentala shéma 512-TR-PPM signala generés$anai, parraidei un noteik$anai ar

DSO vai notikumu taimeri ar pieslégtu datoru, kas noverte sanemta PPM signala BER

Sakuma tika genereta 9000 bitu gara pseidogadijuma bitu seciba (PRBS), kas MATLAB
programmgsanas vidg tika parveidota par 512 TR-PPM paraugu vektoru. P&c apstrades vertiba

“1” atbilst augstam signalam, kas apzim& impulsu, un O - atstarpei starp impulsiem, veidojot
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izejas 512-TR-PPM kodétu elektrisko signalu. Vektoru, kas apraksta 512-TR-PPM vilnu
formu, saglaba 1pasa impulsu parauga generatora (PPG) faila formata un ieladg ta atmina, lai
péc pieprasijuma to varétu elektriski generét. So pasu PRBS secibu vélak izmanto BER
novertésanai uztvergja. Elektriskais 512-TR-PPM signals tika generéts PPG generatora (PPG,
33 GHz, Anritsu MU183020A) vienkanala izeja. PPG izejas sprieguma svarstibas ir 3,5 Vpp,
kas ir pietickamas, lai darbinatu optisko modulatoru bez papildu elektriska radiofrekvences
(RF) pastiprinataja. Mikrovilnu signalu generators (Anritsu, 31,8 GHz, MG3693C) generé
augstas tiribas pakapes 20 GHz sinusoidalu signalu un darbojas ka PPG argjais takts avots. 40
GHz Mach-Zehnder modulators (MZM, Photline MX-LN-40) ir tieSi savienots ar PPG izeju,
izmantojot 2,92 mm uz 1,85 mm savienotaja adapteri. MZM ieejai tika pieslégta regul&jama

CW lazera, kas darbojas 1552,52 nm (193,1 GHz, atbilstosi ITU-T DWDM grid specifikacijai).

Optiska izejas jauda iestatita uz +7 dBm optiskajai (B2B) parraidei un +9 dBm 20 km
vienmodu $kiedras (SMF) parraides konfiguracijai. Péc optiskds modulacijas signals tika
parraidits pa 20 km ITU-T G.652 SMF skiedru. SMF izeja ir savienota ar linearu mainamu
optisko vajinataju (VOA, Keysight FVA-3150) ar 2 dB ienestiem zudumiem pie vilnu garuma
1550 nm. Optiskais signals no VOA izejas tika nogadats uz 10 GHz PIN fotodiodi (PIN, 8
GHz, Amonics PR10G), kur tas tika parveidots atpakal elektriskaja signala un péc PPM modula
Skersosanas tika fikséts ar 33 GHz reala laika digitalo atminas osciloskopu (DSO, 80GSa/s,
Keysight DSOZ334A) vai notikumu taimeri (Eventech, A033-ET), ka ir paradits 4.6. attela.
RF pamatjoslas joslas platums 512-TR-PPM signalam ar impulsa platumu 50 sekundes ir
aptuveni 20 GHz. Optiskas B2B parraides gadijuma 512-TR-PPM signala impulsa platums,
kas sakotngji bija 50 sekundes, tika izmerits 71 sekundes. Turklat pec 20 km garas SMF
parraides impulsa ilgums ir aptuveni 96 sekundes, jo PIN uztvérgja RF frekvencu joslas
platums ir ierobeZots optiskas skiedras hromatiskas dispersijas ietekmé. Saja eksperimenta tika
izmantots notikumu taimeris, kuram ir loti svariga impulsa vilpa forma un ilgums.
Eksperimentalais PEM modulis, kas tika izstradats, izmantojot metodologiju, kuru jau tika
atklajusi [88], ietver $adu shému (sk. 4.7. att.).

Impulsu paplasinasanas modulis (PEM)

I

1

1

I_[1zveidots ZMF > 3 =L
LPF 1.3 GHz 30dB

1 .
i 0.3 - 4 GHz BiasT | |
1

4.7. att. Eksperimentala PEM impulsu paplasinaSanas modula shema
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Skaitliskie aprékini Ansys HFSS model&Sanas programmatiira rada, ka tika izmantots
augstas kartas elektriskais LPF, kuram ienestie zudumi strauji palielinas virs robezfrekvences,
tas izraisa vilpveidigu filtréta impulsa vilpu formu. Viltus pulsacijas apstiprindja ari
eksperimenti ar komercialiem LPF, kas tika izgatavoti ar strauju ienesto zudumu palielinajumu

apstasanas josla.

Aprekini liecina, ka pietickamu impulsa platumu un minimalas svarstibas filtréta impulsa
vilnu forma var panakt, ja izmanto filtru ar 3. kartas Besela parneses funkciju un 450 MHz
griezuma frekvenci. Sads zemfrekvences filtrs nodrosina ar to, ka impulsa aug$upejosa mala
ir pec iespgjas stavaka.

4.4. Impulsu paplasinasanas novértéjums, izmantojot Besela, Butterwooth un cita veida
zemfrekvencu elektrisko filtru

Divu dazadu formu, Gausa un trapecveida, unipolaru 50 ps GP izpleSanas tika aprékinata
un noverteta skaitliski. Gausa GP laika funkcija S¢p(t) un ta lieluma spektrs |S;p(f)| ir paraditi
4.8. att. (a) un 4.8. att. (b), ka arT petamo GP formas attiecigi ir paraditi 4.13. att. Skaitliskajam
impulsa izpleSanas aprékinam tika izmantoti Matlab sniegto divu veidu LPF filtru - Besela un
Butterwortha - frekvenéu raksturlielumi. Katram filtra tipam tika ieviests dazadu kartu
robezfrekvencu kopums. Augstaka LPF filtra karta tika ierobeZzota ar 7, nemot véra turpmakas
praktiskas ievieSanas iemeslus. Skaitliskajiem aprékiniem robezfrekvencu kopums tika izvelets
galvenokart saskana ar robezfrekvencém no realu LPF datu lapam, kas paredz&tas izmantoSanai
realos mérfjumos. Attiecigi 4.8. att. (c) un 4.8. att. (d) punkta paradita impulsa reakcijas
funkcija h(t) un nodosanas funkcijas lielums | H(f) | diviem galgjiem kopumiem - minimalajai
kartibai, minimalajai nogrieSanas frekvencei, maksimalajai kartibai, maksimalajai nogrieSanas
frekvencei - abiem pétitajiem filtru veidiem. 4.8. att€la, Butterworth filtra parneses funkcija ir
stavaka, TpaSi augstakas kartas gadijuma, un ar1 Butterworth filtra impulsa reakcijas laika

funkcija paradas svarstiba.

Filtréta impulsa signala (FPs) laika funkcijas Spr(t) tika iegiitas divos veidos - reizinot
GP spektru Sgp (f) ar filtra H(f) parneses funkciju, kam sekoja apgriezta Furjé transformacija,
izmantojot GP laika funkcijas konvoliiciju ar filtra impulsa reakcijas laika funkciju. Rezultati
tika salidzinati sava starpa, lai garant&tu signala modelesanas precizitati. FP laika funkcijas un
to lieluma spektri, kas iegiiti pec filtréSanas ar abu veidu filtriem ar ekstrémam kartas un

robezfrekvences kopam, paraditi attiecigi 4.8. att. () un 4.8. att. (f).
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4.8. att. Aprekinatie laika un spektralie raksturlielumi 50 ps Gausa impulsa, kas tika filtréts ar

Besela un Butterworth LPF ar dazadu kartibu (O) un robezfrekvencém (f.)

Besela un Butterworth filtru ar dazadu kartibu un nogrieznu frekvenci ietekme uz Gausa
GP izvérsumu ir paradita ar Spp(t) laika funkcijam, sk. 4.9. att. (), 4.9. att. (c), 4.10. att. (a)
un 4.10. att. (c). ArT galvenie p&tama filtréta impulsa (FP) raksturlielumi - FWHM, pieauguma
laiks, krituma laiks, Spz(t) maksimala vertiba - ir apkopoti 4.9. att. (d) un 4.10. att. (d).

Pieméram, 4.9. att. gai$i zala konttira raksturlielumu grafiks atbilst gaiSi zalajam laika

grafikam - izvérSanas ar Besela LPF ar 7. kartu un robezfrekvenci 0,5 GHz rezultats.
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4.9. att. Apréekinatais Gausa 50 ps impulss, kas filtréts ar Besela LPFs, kur O ir filtra karta, f,

ir izslggsanas frekvence, Speqx if Sppvy maksimala vértiba

63



So izvérsumu raksturo visgarakais pieauguma laiks (270,6 ps) un visgarakais impulsa
ilgums (667,8 ps), ka arf mazaka Spp(t) maksimala vértiba (0,08 V). Savukart tumsaks zilais
kontiirs atbilst izvérsumam ar 2. kartas Besela LPF ar izslégSanas frekvenci 3,075 GHz ar
$adam 1pasibam - visisakais pieauguma laiks (34,2 ps), vismazakais impulsa ilgums (106,2 ps)

un vislielaka Spp(t) maksimala vertiba (0,46 V).

Katra generéta impulsa (GP) maksimala vértiba bija 1,00 V. Lielakas un mazakas

vertibas ir nosauktas izmeklg&jamo kartu un frekvencu kopu ietvaros.
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4.10. att. Aprekinatais Gausa 50 ps impulss, kas filtréts ar Butterworth LPFs, kur O ir filtra

karta, f, ir izsleégSanas frekvence, Syeqx if Sppy maksimala vértiba

Lai paplasinatu 50 ps impulsus, piemérojot filtréSanu ar realiem LPF (sk. 4.8. att.), tika

izveidota eksperimentala mé&Tjumu shéma. 4.11. att.).

AWG DSO
65 GSals, (80 GSa/s, 33GlIz)
25 GHz) =
vy
=
=,

4.11. att. Merijjumu shéma, Kas tika izmantota elektrisko impulsu paplasinasanas izpételi,

izmantojot LPF
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Taja ieklauts patvaligais vilnu formas generators (AWG Keysight M8195) [87], 80 cm
radio-caur $kiedru (RF) kabelis (DC- 40 GHz), test§jamais prototips, kas $aja gadijuma ir LPF,
un digitalais signala osciloskops (DSO), Keysight DSAZ334A, 80 GSa/s, 33 GHz) paplasinato
vilnu formu uznemsanai, kur LPF ir tiesi savienots ar DSO ieeju. Vispirms Matlab vidg tika
sintezéti ideali 50 ps ilguma impulsi ar taisnstiira formu un 5 ns periodu. Sis 5 ns periods
darbojas ka aizsargjosla, kas lauj novérot pilnu filtréSanas ietekmi uz ieejas vilnu formu. Péc
tam vilnu forma tiek saglabata AWG specifiska faila formata un ieladeta tas atmina. Talak
sagatavoto vilnu formu atskano AWG pirmaja izejas porta ar maksimalo paraugu nemsanas
atrumu, kas ir 65 GSa/s. Ka redzams 4.12. att., AWG generéta 50 ps impulsa formai nav idealas
taisnstra formas - tai ir slipas parejas.
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4.12. att. Nomeérita originala 50 ps ieejas signala salidzinajums ar komercialo zemfrekvencu

filtru filtrétajiem signaliem

To var izskaidrot ar AWG ierobeZoto analogas joslas platumu. Sajos mérfjumos tika
izmantoti divi komerciali LPF no Mini-Circuits [89, 90], kuru galvenie tehniskie parametri
apkopoti 4. tabula un pétamo LPF ieejas 50 ps impulsa maksimums lidz maksimumam ir 310
mV.

Ja mérjjumu shéma ir ievietots VLFX-2500+ LPF, uztvertais signala no pika lidz
maksimumam spriegums uz DSO ieejas ir zemaks un vienads ar 106 mV, bet VLFX-1300+
LPF gadijuma tas ir vél zemaks un attiecigi ir vienads ar 73 mV. Relativos skaitlos nozimé
65,8 % no sprieguma maksimuma lidz maksimumam samazinajumu (FWHM) VLFX-2500+
LPF gadijuma un 76,5 % VLFX-1300+ LPF gadijuma, ja salidzina ar sakotngja 50 ps impulsa

vilna formas spriegumu.
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4. tab. Implement&ta LFP parametri

LPF modelis VLFX-2500+ VLFX-1300+

Caurlaides josla DC-2500 DC- 1300
(Loss<1.5dB) (Loss< 1.2 dB)
Robezfrekvence 3075 1925
(lenestie zudumi 3 dB), MHz
Aiztures josla 3675 2300
(lenestie zudumi<30 dB), MHz
Izolacija 30 40
(Frekvence.<20 GHz), dB

VWSR (:1): (a) 24.33 (a) 10.00

(a) Stopband: (b) 1.39 (b) 1.20

(b) Passhand:

Ka paradits 4.12. attéla, lielaku signala paplasinajumu iegiist ar LPF, kura caurlaides josla
aptver DC lidz 1300 MHz (VLFX-1300+). Izméritais paplasinata impulsa ilgums VLFX-
2500+ LPF gadijuma ir 230 ps, bet VLFX-1300 LPF gadijuma - 364 ps, kas liecina par
zemfrekvencu filtru ievérojamu paplaSinasanas sp&ju. Toméer jaatzimée, ka Sis paplasinajums
tika realizéts ar energijas zudumu (ienestie zudumi un signala atstaro$anas) un signala
izkroplojumu aprékinasanas palidzibu, kas paradita 4.12. att. ka vilpu formas pulsacijas ar
periodisku raksturu un kritoSu amplitiidu. Janem vera, ka 4.12. attela redzama informacija par

laika aizturi, ko ievie$ LPF, ir izlaista, lai vizuali labak att€lotu un salidzinatu filtrétos signalus.
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4.13. att. Aprekinatie Gausa (G) un trapecveida (T) 50 ps impulsi, kas filtréti ar Butterworth

LPF, kur O ir filtra karta, fc ir izslégSanas frekvence, Speak ir sFP(t) maksimala vértiba
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Iegiitie rezultati rada, ka Besela un Butterworth tipa impulsu izpleSanas filtrus var
izmantot ar dazadiem kartas un izslégSanas frekvences komplektiem. Izvé€loties filtru tipu,
kartu un nogrieznu frekvenci, janem véra $adi apstakli - nepiecieS$amie FP raksturlielumi, lai
turpmaka ierice darbotos pareizi, ka ari izveleta filtra modela isteno$anas sarezgitiba.
VienkarSas struktiiras filtru ar zemu Kkartu izvéle var novest pie nepietickamas GP
paplasinasanas. Turpreti dazu veidu filtru, pieméram, Butterworth filtra, augstaka karta var
radit ievérojamas FP svarstibas. Turklat, ka tika noverots skaitliska novertejuma laika, ja filtra
robezfrekvence ir mazaka, tad impulsa izplesanas ir lielaka, bet zemaka ir arT FP laika funkcijas
maksimala vértiba, kas péc tam prasa lielaku signala pastipringjumu. Turklat zema
robezfrekvence prasa lielus filtra fiziskos izm@rus. Var pamanit, ka, skaitliski aprekinot
izplesanos ar Butterworth tipa filtru ar 7. kartu un robezfrekvenci 3,075 GHz, impulsa laika
funkcija péc izpleSanas ir lidziga impulsa laika funkcijai péc izpleSanas, kurai tika izmantots

LPF VLFX-2500+ - sk. 4.12. un 4.13. att.

Pasizgatavota LPF izméritie S-parametri ir paraditi 4.14. att. kur zilas liknes S-parametri
tika iegti, izmantojot vektoru tikla analizatoru (Rohde & Schwarz, 20 GHz, R&S ZNB20).
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4.14. att. Izmeritie S-parametri: a) S11 likne (zila krasa) pasu LPF un (sarkana krasa) pasu
LPF un komercialo LPF kaskades savienojums, b) S21 Iikne (zila krasa) pasu LPF un

(sarkana krasa) pasu LPF un komercialo LPF kaskades savienojumu
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josla, Mini-Circuits VLFX 1300+) tika savienots ar paSizgatavoto kaskade LPF filtru. Izméritie
S parametri ir paraditi 4.14. att€la ka sarkanas liknes. Kaskades LPF ar 450 MHz
robezfrekvenci un komercialu filtru ar 1300 MHz robezfrekvenci nodroSina nepiecieSama
impulsa ilguma palielinasanas virs 700 ps slieks$na (notikuma taimera prasiba). Taja pasa laika
PPM saglaba paplaSinato PPM impulsu stavas augSupejosas malas un nenozimigas impulsu
svarstibas. P&c apstrades, savienojot pasizgatavotu kaskades un komercialos LPF, paplasinato
512-TR-PPM signalu pastiprina ar RF pastiprinataju (30 dB pastiprinajums, 30-4000 MHz),
un, izmantojot novirzes tee (BiasT, 20 kHz 45 GHz, SHF BT45), tika pievadits papildu slipuma
spriegums, lai optimiz&tu paplasinato 512-TR-PPM vilpu formu uztverSanu ar notikumu
taimeri (Eventech, A033-ET). Izmantojot iepriek§ minéto PPM moduli, uztvérgja dala tika
paplasinati sanemtie 512-TR PPM impulsi lidz 978 ps, nodrosinot stabilu taimera darbibu.

Zemas kartas TR-PPM signalus var demodulét, izmantojot uztverta signala
autokorelaciju [91]. Signaliem ar lielu poziciju skaitu M ir nepiecieSamas sarezgitakas
metodes. Saja pétijuma tika izmantota 512 TR-PPM signala demodulators ir balstits uz
notikumu taimera (Eventech, A033-ET) un programmatiiras ictvars, kas tika aprakstits [92].
AO033-ET ir datorizéeta ierice, kas registré laika tagus (neapstradatus datus) ka absoliitos laikus
ar augstu precizitati (aptuveni 3 sekundes vidgja geometriska vertiba), un ir iesp&jams registrét
notikumus ar atrumu 20 M notikumu sekund@. Notikumu taimeris nevar noteikt Tsus impulsus,
pieméram, 50 ps. Tapéc tika izveidots PEM modulis, kas nodro$inaja 512 TR-PPM impulsus
ar aptuveni 978 ps ilgumu (sk. 4.7. att.). AO33-ET ir 50 ns naves laika, kas nepiecieSams, lai
taimeris apstradatu un uzkratu datus. Tade] ir izvelets piemerots kadra garums, lai ieklautu So
intervalu. Ka paradits 4.6. att., personalais dators (attélots ka BER) tika savienots ar notikumu
taimeri, lai veiktu PPM demodulaciju un secigu BER noveértésanu sanemtajam 512-TR-PPM
signalam. Personalaja datora darbojas programmatiiras ietvars, kas uzrakstits Python
programmgsanas valoda. Tas sazinas ar notikumu taimeri un dekode sanemtos laika tagus datu
simbolos. Programmatiira nodrosina ari papildu klidu korekciju un pulkstena signala
izsekoSanu. Relativas laika pozicijas tiek aprékinatas no dotas pozicijas ilguma un pec tam
parveidotas binarajos datos, izmantojot Gray kodu, nodrosinot, ka viens pozicijas impulss o
komplekts radis tikai viena bita kladu. Péc PPM signala demodulacijas BER veiktsp&ju
noverte, salidzinot parraidito un sanemto bitu sekvences. Péc notikumu taimera noteikSanas

tiek novertétas sanemta 512-TR-PPM signala BER vértibas.
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512-TR-PPM signalu BER raksturojums p&c optiskas B2B parraides un péc 20 km SMF
parraides, izmantojot impulsa ilgumu (1) 50 ps un pozicijas platuma ilgumu (A) attiecigi 50 ps,

100 ps un 200 ps, parradits 4.15. att.

0.0 - - - -
eQ @ >~20 km, t=50 ps,
-0.5 \ - ° A=50 ps
-1.0 \ D350y - B2B, =50 ps
\ o) ; P P © ° © 2 ’,
‘\\ g ® ¢ £=50 ps
-1.5 : OonoeOet g0t *—e—*
\ —e—B2B, t=50 ps,
20 \ A=100 ps
z P ’
gﬁ -2.5 ¢ - 0-20 km, t=50 ps,
= Q- -q A=100 ps
2 -3.0 =
o ) ©—B2B, t=50 ps,
-3.5 \\\ 4'/,0\‘ ) o ) A=200 ps
26 L gle)
-4.0 ° ® o ©-20 km, t=50 ps,
A=200 ps
-4.5

-15.0 -145 -140 -135 -130 -125 -120 -115 -11.0 -10.5 -10.0

Vidgja sanemta optiska jauda (dBm)

4.15. att. BER attieciba pret vid€jo sanemto optisko jaudu 512-TR-PPM signaliem pirms un
péc 20 km SMF parraides

512-TR-PPM signals ar impulsa platumu 50 ps un pozicijas platumu 200 ps uzradija

visaugstako veiktsp&ju, sasniedzot relativi zemu BER - 1 x 104,

Turprett 512-TR-PPM signals ar impulsa platumu 50 ps un stingraku pozicijas platumu
50 ps uzradija BER Iidz 2,5 x 1072, Parraides veiktsp&ja péc 20 km SMF $kiedras parraides ir
lidziga, un tai ir nenozimiga ietekme uz aprékinato 512-TR-PPM signala BER. Dati, kas
paraditi 4.16. att., parada impulsa laiku o, kas noteikts pikosekund@s no paredzétas pozicijas
apgabala un iegtts no A033-ET notikumu taimera. Intervalu starpiba ir noteikta, analizgjot
notikumu taimera absollitas laika zimes. legitie rezultati izskaidro, kapéc BER Saurakam
impulsu pozicijam bija ievérojami lielaka. Galvenais BER pasliktina$anas iemesls ir relativi
liels dzitteris (aptuveni 50 pps RMS) notikumu taimera ievada. Turklat pulkstena signala
generatora frekvences dreifa dé] visi intervali starp impulsiem 512-TR-PPM vilnu forma

vienméerigi paplasinas vai saSaurinas.

Starpiba starp paredzamajiem un faktiskajiem intervaliem ir nieciga: 50 ps pozicijas

platuma izmantoSana butiski ietekm& BER, salidzinot ar garaku PPM vilnu formu.
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Laika nobidi var korigét uztvérgja programmatird, pielagojot intervalus zinamai
pulkstena nobides vértibai. To var veikt arT automatiski, izsekojot laiku starp divu blakus esoso

TR-PPM kadru sakuma impulsiem vai nosttot Ipasus izméginajuma kadrus.

Notikumu nobide ideala stavokli (t =50 ps, M = 512, vid&jais = 0 ps, mlax = l|12 ps. w = (l]) . r T

[ Derigs regions

ol L miime

ﬂl ”1' “N\l | rr ’

-80
4100 1 1 1 1 1 1 1 1 1 1 1 | 1 | | | 1 1
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. II.J

Atskiriba, ps

Intervilu skaits

4.16. att. Notikumu nobide no idealas pozicijas 512-TR-PPM signaliem p&c 20 km SMF

parraides ar 50 ps pozicijas platumu (peleka zona)
KOPSAVILKUMS PAR OTRO TEZI

e Nemot vera veiktos pétTjumus un iegiitos rezultatus, var secinat, ka 512-TR-PPM
ir darbigs modulacijas veids talsatiksmes sakariem, kur energoefektivitate ir loti svarigs
faktors. TR-PPM galvena prieksrociba ir tas stabilitate, nemot véra katra kadra ieklautos
atskaites impulsus. Sis pétijums pierada, ka ir iesp&jams izmantot programmatiiru, lai
labotu nelielas neprecizitates signala generé$ana, ko galvenokart pielauj noteik$anas
metode, t. i., notikumu taimeris. Izmantojot PPM moduli uztvérgja dala, ir iesp&jams
paplasinat sanemtos 512-TR-PPM impulsus lidz 978 ps, nodrosinot stabilu notikuma
taimera darbibu. Originalas publikacijas par $aja nodala aprakstitajiem pétjjumiem —
promocijas darba. 5. Pielikuma.

e Ilegitie rezultati liecina, ka 50 ps impulsu paplasina$anai Iidz 700 ps var izmantot
Besela tipa un Butterworth tipa LPF ar 2. lidz 7. kartu un izslégsanas frekvenci no 0,5 GHz lidz
3,075 GHz. lerobezojot svarstibas paplasinataja impulsa, nevajadz&tu izmantot Butterworth
tipa 3. vai augstakas kartas filtru. Ja tika izmatoti Butterworth tipa filtri, izvérsta impulsa

picauguma laiks ir garaks neka tadas paSas kartas un nogriezna frekvences Besela filtriem.
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Originalas publikacijas par $aja nodala aprakstitajiem pétijumiem — promocijas darba. 6.

Pielikuma.

71



5. LECU SKIEDRU IZMANTOSANAS APRAKSTS UN
NOVERTEJUMS INTEGRETAJAM FOTONIKAS IERICEM

Saja nodala tika demonstréta sferisku lecu Skiedru (SLF) razoana, izmantojot komerciali
pieejamu loka izlades metinasanas iekartu (Fujikura-100P+), kas ir izplatita optisko Skiedru
sakaru un fotonikas joma izmantota iekarta. Galvenais pétijuma mérkis ir noteikt, cik viegli ar
So izgatavoSanas metodi var manipulét ar svarigiem l€cu Skiedru parametriem, pieméram,
darba attalumu un plankuma izméru [93-98]. Sis novértgjums ietver raZo$anas vienkarsibu,
izgatavoto paraugu konsekvenci un nepiecieSamo iteraciju skaitu, lai precizétu konkrétajam
lietojumam nepiecieSamos l€cas parametrus. Izgatavotos paraugus salidzina ar komercialas

klases 1&cu skiedras izstradajumiem, kurus izmanto ka salidzinoSo bazi.

5.1. Lécu Skiedru konstrukcijas un izgatavoSanas procesa apraksts

Izplatita un efektivaka optisko 1€cu razoSanas metode ir saistita ar telekomunikaciju loka
izlades metina$anas izmanto$anas iekartam. Saja gadijuma divu elektrodu radita elektriska loka
palidziba tiek kausetas Skiedras, tadgjadi savienojot, saSaurinot un veidojot mikrolécas. Tomér
galvenie §Ts metodes trilkumi ir nevienmeriga Skiedras sildiSana un ilgs razoSanas laiks (I1dz
pat vairakiem mindatém), atkariga no 1&cas diametra. Tas palielina geometrijas izkroplojuma
risku, galvenokart no smaguma ietekmes d€l, bet arT no argjiem faktoriem, pieméram,
vibracijas, kas rodas procesa laika. V&l viens ierobezojuma faktoriem ir tas, ka elektriska loka
metinasanas iekarta parasti ir divas elektrodus, kas izraisa nevienmérigu optiska Skiedra ar€jas
virsmas karséSanu. Tas ierobezo iesp&ju precizi veidot 1&cas struktiiras. Tas viss var izraisit

struktiiras asimetriju, Tpasi, ja Skiedras nav perfekti izlidzinatas loka izlades laika [99, 100].

No sakuma tika izmeériti sistémas raksturigie, jeb references ienestie zudumi, ko rada
savienotaji un pasas Skiedras. P&c tam Skiedru savienojuma aukla tiek pargriezta uz pusém un
tiek izmériti arT iegitie brivas telpas zudumi no ciesi savienotam SMF (ITU-T G.652)
Skiedram, kas tika izmantots ka atskaites punkts, lai noteiktu izgatavoto l1&cu $kiedru ienestos

zudumus. Mérfjumu eksperimentala shéma tiek att€lota 5.1. att.
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Gaismas
avots SMF
W

1550 nm

Motorizétie
poziciong€sanas posmi

Pakapju motora

Fokusésanas
KAMERA  punkts
Jaudas

SMF meritajs

Motorizétie

pozicion€anas posmi

Pjezo motora

kontrolieris

kontrolieris

5.1. att. Eksperimentala shéma raksturigaja sistéma iestarpindgjumu zudumu mérisanai. CW:

nepartraukta vilpa garuma lazera avots; PM: optiskas jaudas meritajs

Skiedru gali tiek nostiprinati skavas, kas atrodas uz motorizétajiem poziciongsanas
posmiem. Sos motoriz&tos poziciongsanas pakapienus var parvietot "x", "y" un "z" virziena,
un tajos ir solu motori plasakai Skiedru izlidzinasanai un pjezo motori smalkakai regulésanai,
lai sasniegtu vislabako savienojuma poziciju. Mikroskopi ir novietoti virs abiem Skiedru galiem

un to sanos, lai uzraudzitu to izlidzinasanu.

Izkliedetas Skiedras izgatavosanu veic, izmantojot §adus posmus. Ka redzams 5.2. att.,
vienu no SMF Skiedras galiem ievieto sapliiSanas sadalitdja kopa ar noSkelto bezserdena

Skiedras galu.

SkrapesSanas
asmens Argjais Teksejais
Stikla stienis ' / 7 T\ apvalks apvalks
A\

Vienmoda

Skiedra bez serdena— FGI2SLA 1/
& ] AN . vye
optiska Skiedra

Serdenis

Elektrods

5.2. att. SMF Skiedras un bezserdena Skiedras savienoSanas process

P&c tam abas SMF un bezserdena $kiedras tiek sakausétas, izmantojot Fujikura (FSM-
P100+) metinasanas iekartu, izmantojot automatisko loka ciklu, kas tas uzkarsé ar elektriska
loka palidzibu un kontrol&ta atruma savieno $kiedras. Sakaus&$anas savieno$anas process var
aiznemt tikai dazas sekundes, kameér skiedru gali tiek uzkarseti Iidz 2000 °C un savienoti kopa
[101].

73



P&c savienoSanas Skiedra bez serdes tika noskelta, lai iegiitu vajadzigo garumu, kas $aja

gadijuma ir 2, 3 un 4 mm no savienojuma punkta (sk. 5.3. att.).

Sie garumi tika izvélati tapéc, ka tos var viegli un precizi sagriezt, izmantojot pieejamo
ierici, un tas palidzes atrast pamatu optimalakajiem rezultatiem, jo bezserdena Skiedras garums

potenciali var ietekmét rezultatu.

Skrapéeianas asmens I Argjais  Tek3gjais

Stikla stienis o apvalks  apvalks
fi N

-~

\

Skiedru bezserdena — \\\ Vj/ Vienmodu optiska Serdenis
FG125LA i Skiedra

Elektrods

5.3. att. Savienota bezserdena Skiedra, kas nogriezta noteikta attaluma

Talak So hibrida Skiedras dalu atkartoti ievieto savienotajiericg, un ta tiek speciali
iestatita, lai izgatavotu l&cas ar vElamajiem izmériem. Saja eksperimenta lécu diametrs tiek
mainits no 130 pm Iidz 165 pm katram bezserdena Skiedras garumam ar 5 pm soli (8 paraugi

katram bezserdena Skiedras garumam).

Sada diapazona iemesls ir tas, ka $aja gadijuma savienoSanas iekarta neizveido
funkciongjosu lecu zem 130 um, bet virs 165 um iznakums vairak piemit mikrosféru neka lecu

Skiedrai. P&c procesa pabeigSanas (sk. 5.4. att.) paraugs tiek ievietots testéSanas iekarta [102]

(@)
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(b)
5.4. att. Izgatavota l&ca Skiedra - (a) no mikroskopa, (b) zZim&ts modelis

P&c tam izklied@to Skiedras gabalu novieto uz poziciongSanas posma preti noskeltajam
SMF &kiedras galam. Seit, izmantojot solu motorus, abus izlidzina ta, lai z un y ass sakristu un

nebiitu redzams nobides lenkis.

Péc tam fokusa punktu iegiist, parvietojot 1&cu pa x asi, vienlaikus uzraugot novérotos
iestarpinajuma zudumus. Saja gadijuma péksns zudumu vértibas pieaugums pretstata
pakapeniskai izmainai var potenciali noradit uz fokusa punktu tiesi pirms vai aiz dota x
markiera. Péc tam zemako zudumu vértibu sasniedz, nedaudz regulgjot pjezoregulatoru pa

visam asim, tad€jadi skengjot uztverto fokusa punkta apgabalu.

5.2. Savienojuma vieta ienesto zudumu noveértéjums atkariba no lécas diametra un
bezserdena $kiedru garumiem

Katra parauga savienojuma zudumi un fokusa punkts ir att€loti 5.5. (a) attela, savukart
savienojuma zudumi atkarTba no katras 1€cas diametra dazadiem bezserdena Skiedru garumiem
ir grafiski attéloti 5.5. (b) att. No grafika skaidri redzams, ka, palielinot bezserdena Skiedras
gabala garumu, savienojuma zudumi un fokusa attalums samazinas, jo samazinas punkta

lielums.
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5.5. att. Izmérits a) 1&cas fokusa punkts un bezserdena Skiedras garums attieciba pret l&cas

izmé&ru un b) 1&cas kopgjie zudumi un bezserdena Skiedras garums attieciba pret I€cas izméru

Skiedras 2 mm un 4 mm paraugiem (p&c 130 um diametra) ir lidziga zudumu raditaju
tendence, nemot véra vera, ka +0,3 dB ir reali pielaujama klida. Tap&c Sos rezultatus var

uztvert ka konstantu taisni, ka arT 3 mm paraugi ir izn€mums no vispargjas tendences.

leglitiem datiem bija lielaka nobide, un ta izlidzinajas tikai virziena uz lielakiem
objektivu izmériem. Eksperimentalaja faz& dati neatbilda gaidam, tap&c eksperimenti tika
atkartoti. P&c papildu eksperimentu veikSanas paradijas tas pats modelis. Vienigais sapratigais
izskaidrojums var€tu but tads, ka sisteémai ir noteiktas preferences starp bezserdena skiedras
garumu un l&cas izméru. Gadijuma, ja izv€letais bezserdena skiedras garums ir parak mazs,
savieno$anas procesa laika dala SMF Skiedras sapliist 1€c@ un beigas nav pamanams fokusa
punkts. Optiskajos sakaros 1&ca $kiedra var ar palidzét efektivi savienot gaismu optiskaja

Skiedra, kas var uzlabot sisteémas kopgjo efektivitati.

5.3. Savienojuma vieta ienesto zudumu noveértéjums pie vilna garuma 1550 nm

Pirmais solis 1&cu Skiedras razoSanas procesa ir testéSanas iekartas kop&jo zudumu
meérisana. Katram Seit izmantotajam $kiedras gabalam un savienotdjam ir raksturigs zuduma
raditajs. Tapec sakuma, lai noteiktu bazes references vertibu, tiek izmantots negriezts Skiedras
savienojuma kabelis. Savienojuma Skiedras vads tika sagriezts uz pusém, nemot vera sist€mas

jaudas zudumus. Tas dod mums brivas telpas zuduma skaitli, kur SMF (ITU-T G.652) Skiedras
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divi gali ir cie$i savienoti attieciba pret to serdes profiliem. Ideala gadijuma tas pievieno tikai
papildu 0,5 Iidz 1 dB zudumu references mérijuma skaitlim un parraides jaudas zina tam jabit
vienadam vai lielakam neka labakajiem 1&cu skiedru paraugiem. Izmantojama testéSanas shéma
attelota X. att. Lai izlidzinatu abus Skiedras galus un izveidotu l€cu Skiedru standarta Skiedras
savienojumam, tiek izmantoti divi Thorlabs motorizetie pozicion&Sanas posmi. Uz Siem
posmiem atrodas divas Skiedras skavas, kas stingri tur paraugus vieta, lai nodro$inatu optimalu
mértjjumu stabilitati. Skavas var parvietot X, Y un Z virziena, izmantojot soldzingjus plasakai
izlidzinasanai vai pjezo motorus precizai reguléSanai un absoliiti labakas savienojuma pozicijas
atraSanai. Divi mikroskopi ir novietoti tie$i virs un sanos, lai nodro§inatu optimalu redzamibu
un uzraudzibu. Parraides Skiedras gals (tieSais 1azera izvades elements) tika ievietots viena gala
kaus€Sanas metinasanas iekarta. Eksperimentu laika tika izmantots metinaSanas iekarta
Fujikura modelis FSM-100P+. Atskiriba no ieprieksgja aprakstita pétijuma [103] tika nolemts
atteikties no papildu bezserdena skiedru savienoSanas. Tas tika pamatots ar to, ka maziem I&cas
Skiedras diametriem joprojam biis neskarts, tad&jadi neradot papildu izkliedi, ka arT izsleégtu
divu veidu skiedru sapliisanas punktu. Eksperimentala izmantota shema tiek att€lota 5.6. att€la.

Kameras

L1
)
Polarizacijas ___

kpntrolieris

TEmE Ccco Pl

= 1 joe]

CW lazers F \ Jaudas
} ] = merttajs

Leca Noskelts
§kiedra SMF-28
skiedru gals

5.6. att. Eksperimentala shema parraides testeSanai starp noskelto SMF Skiedru un sagatavoto
lecu Skiedru. Seit CW apzim€ nepartraukta vilna garuma lazera avotu.

No 5.7. att. redzamajiem rezultatiem var secinat, ka savienojuma zudumi nav lineari
saistiti ar 1€cu Skiedras diametru. Tendence sakas ar negativu slipumu, un labakie rezultati
faktiski tika noveroti pie aptuveni 129 um I&cas izmérs. Talak vérojams pakapenisks un straujs$
pieaugums, kas beigas izlidzinas. Sadus rezultatus varétu izskaidrot §adi: loti mazu izméru
gadijuma Skiedras gals nevar izveidot pietickami labu l&cas formu, jo apkart var nebit
pietickami daudz materiala, lai veidotu formu. Varétu but ari ta, ka loka izlades jauda nav

pietickama un to nevar palielinat, jo tas vienkarsi veido lielaku 1&cu.
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Ienestie zudumi dazadiem lécas skiedras diametriem pie 1550 nm vilna garuma
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5.7. att. Savienojuma zudumi noteiktam I&cu Skiedras izméram pie 1550 nm vilna garuma

Palielinoties izm&ram, 1€cas Skiedras problémas c€lonis var€tu biit saistits ar Skiedras
serdes nevienme&rigu kaus€Sanu un tai sekojo$o deformaciju. Laboratorija izgatavotas 1&cas
Skiedras princips balstas uz to, ka gaisma dalgji izklied&jas no serdes dalas gala un péc tam tika
fokusgta metinasanas iekarta 1€cas formas dél. Tomér, 1&cas izmérs parak izmainas, rezultati
kldist ieverojami sliktaki. Sis slieksnis iestajas pie aptuveni 140 um I&cas izméra, kur 5.8. att.

(mikroskopa attéls) redzamas izkroplotas serdes attistibas fazes.

Jaatzimg, ka testéSanas posma l€cas izmérs no 125-137 pum diametrs tika testéts plasak
neka no 140-155 um diametrs, kas nebija prioritate, jo mazak lécas diametrs deva labakus
rezultatus [104]. Tap&éc pakapeniskajam picaugumam diagrammas beigas varétu bit nejauss

raksturs, un ieprieks§ mingto iemeslu dél tam vajadzetu bt stavakam.

5.8. att. Pakapeniska l&cas Skiedras diametra palielinasanas un tai sekojosa serdes
deformacija: (a) noskelts skiedras gals ar 125 pm diametru (savienots ar mazu jaudu, kas
neveido lecas formu tikai Skiedras serdes dala), (b) izgatavota 1€ca skiedra ar 131 um

diametru, (c) izgatavota 1&ca Skiedra ar 155 pm diametru.
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Eksperimenta noslédzosaja dala tika izpétiti un novertéti zudumu izmainas raditaji leca
Skiedru sist€ma, ja tie tick paklauti vilna garuma svarstibam. Tas ir potenciali svarigs faktors,
lai noteiktu to lietderibu optisko mikroshému testésana. Optisko mikroshému vilpvadiem médz
biit atSkirigas reakcijas uz dazadam optiskam frekvenceém, un §1 informacija ir biitiska eso$o
konstrukciju darbibai, ka ari nakotnes paraugiem. Tas nozimé, ka, lai izslégtu $o faktoru

optisko 1&cu Skiedru testéSana, ir nepiecieSama zinama konsekventa 1&ca $kiedras reakcija.

5.9. attela var noverot, ka arT labakajiem paraugiem (127-135 pum) ir tendence bt ar
vairak vai mazak nemainigam reakcijam uz lazera frekvences izmainam. Nelielas novirzes var

rasties no nelielam Skiedras stavokla izmainam un telpas un Skiedras temperatiiras svarstibam.

Vilna garuma scené8anas rezultati dazadiem l&ca Skiedras diametriem
— = 125 pm
—d = 127 pm
— = 129 pm

— = 131 pm

05 e
d=135pm

= —d = 137 pm

s -’WMW% o 2 TN A d = 140 pm

1 < A .M—a-msym

— = 155 pm

Optiskas jaudas zudumi, dB

1530 1535 1540 1545 1550 1555 1560
Vilna garums, nm

5.9. att. L&ca skiedras reakcija uz lazera frekvences izmainam (lazera scen&sana optiskaja C
josla)

Teorétiski pat liela izmera 1&ca Skiedras uzrada tikai 0,5 dB optiskas jaudas novirzi, kas
ir parasti pielaujamas kltidas robezas. Tomer tendences linija ir vairak vai mazak lineara, kas
neliecina par nejausam sist€mas parametru izmainam. Turklat musdienu optiskas ierices ir
daudz precizakas un jutigakas pret lazera jaudas izmainam. Tap&c So tendenci nevar ignoréet,

un to var uzskatit par iemeslu, lai mérijjumos neieklautu lielu Ie&cas izméru.
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KOPSAVILKUMS PAR TRESO TEZI

Veicot eksperimentalus eksperimentus, tika konstatétas, ka demonstrétas paSu
izgatavotas 1€cu Skiedras var aizpildit So lomu, ka vienlaikus saglabajot pienemamus
veiktspgjas raditajus. Pienemot, ka razoSanas process ir izstradats, So paraugu izgatavosSanas

laiks ir lidz pusstundai.

Frekvences nobides reakcija ir konsekventa un uzticama labakajam 1€cu Skiedram, kas
vargtu biit svarigakais faktors, neskaitot absoliitos zudumu raditajus tikai vienam noteiktam
vilna garumam. Tap&c var apgalvot, ka §im noltikam l&cu Skiedras izgatavoSana no standarta
SMF-28 skiedras gabala var dot diezgan apmierinoSus rezultatus, jo §Tm maza diametra 1&cu
Skiedram ir zemi zudumu raditaji, optimala fokus€Sanas sp&ja un laba reakcija uz lazera
frekvences izmainam, kas padara tas par labu izveli zemakas precizitates optisko iericu
testé$anas vajadzibam. Originalas publikacijas par $aja nodala aprakstitajiem pétijjumiem —

promocijas darba. 8. Pielikuma.
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SECINAJUMI

1. EYDFA ar apvalka pumpé&Sanu darbibu raksturo, izmantojot izstradato simulacijas
sist€mu, kas balstita uz mérfjjumu datiem. Analizgjot pastiprinataja pastiprinajumu, troksna
koeficientu un jaudas zudumu, tika novérots ta piemérotibu darbibai metro piekluves
optiskajos transporta tiklos, kur parasti tiek izmantotas DWDM sakaru sist€émas
tehnologijas. Pirmkart, eksperimentali tika raksturots dubulta apvalka Er®*/Yb** kopigi
legéto Skiedru, kas tika izmantota ka pastiprinagjuma vidi izmantotajam pastiprinataja
prototipam, lai izstradatu un analiz&tu eksperimentalo EYDF prototipu. Talak tika test&ts
testgjam dazadas EYDFA konfiguracijas dazados darbibas apstaklos (ieskaitot dazada
garuma legétas Skiedras, pumpéSana signala izplatiSanas virzienus, signala ieejas jaudu
utt.), lai atklatu parametru iestatijumus, kas nodroSina labakas pastiprinaSanas 1pasibas,
proti, augstu un vienmérigu pastiprinadjumu un zemu troksna koeficientu. Nemot véra
veiktos petijumus un ieglitos rezultatus, tika secinats, ka pastiprinataja konfiguracijai ar 3
W pumpéSanas gaismas avotu pie 975 nm vilpa garuma WDM lietojumiem ir
nepiecieSams 7 m gar§ EYDF (ar iegiitajiem fizikalajiem parametriem) un tie$i vérsto
pumpésanas virzienu. Nemot véra zemu ieejas signala jaudu (-20 dBm/ uz kanalu),
EYDFA var izmantot Iidz 40 DWDM kanalu pastiprinaSanai C josla, nodrosinot
maksimalo izejas jaudu +22 dBm, 19,7-28,3 dB pastiprinajumu, 3,7-4,2 dB troksna
koeficientu un jaudas samazinajumu (attieciba pret sist€mu bez pastiprinajuma) zem 0,1
dB pie BER Iimena 10°°

2. Tika izstradat apvalka pumpéSanas EYDFA pastiprinataja prototips, izmantojot
skaitliskas simulacijas un eksperimentalo izveidoto modeli. Tika noteikts EYDFA
konfiguraciju (kopigi legeta $kiedras garums, pumpéSanas jauda, ieejas signdla jauda), kas
piemérota signala pastiprinaSanai daudzkanalu optiskas Skiedras parraides sistéma ar blivu
vilnu garuma sadaltjumu C josla. EYDFA tika izmantots komercialu dubultapvalka EYDF
Skiedru ka aktivo pastiprinaSanas vidi. Tap&c vispirms eksperimentali tika noteikts EYDF
raksturlielumus (konkréti, Er®* un Yb®* absorbcijas un emisijas §kérsgriezumus un parklasanas
koeficientus). Tad Sie dati tika ievaditi simulacijas modeli, lai noteiktu dazus sakotn&jos
EYDFA iestatijumus, piem&ram, EYDFA garumu un pumpg&Sanas jaudu, kas nepieciesama, lai
nodros$inatu vélamo pastiprinajumu, pirms parejas uz laboratorijas parametru konfiguracijam.
Visbeidzot, tika izmantots izstradats prototips, lai petitu EYDFA absoliito pastiprinajumu un
pastiprindjuma vienveidibu dazados apstaklos, izmantojot 48 kanalu DWDM sisteému ar —20

dBm/ch. ieejas jaudu. Iegitie rezultati liecina, ka EYDFA pastiprinataja prototips, kas sastav
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no 5 m EYDF $kiedras garuma, kur optiskais pumpéSanas gaismas avots, kas tika izmantota
daudzmodu gaismas diode ar 2 W izejas jaudu, nodro§ina praktisku pastiprindjumu liment vilnpu
garuma diapazona 1534-1565 nm. Saja vilpu garuma diapazona EYDFA nodrosina >21 dB
pastiprindgjumu uz kanalu ar 12 dB pastipringjuma koeficientu, pastiprinot 48 kanalus ar 100

GHz attalumu starp kanaliem.

3. Nemot véra veiktos pétijumus un iegiitOs rezultatus, var secinat, ka BER slieksnis 1
x 107 tika sasniegts pie 80 mW pumpésanas jaudas pie tiesi vérstas pump&sanas izplatianas
(A =980 nm) un pie 130 mW pumpéSanas jaudas pie pret&ji veérstas pumpésanas izplatiSanas

(A=1480 nm) 10 Gbit/s NRZ modul&tam sanemtajam sliktakajam uz A darbinatajam signalam.

1. Salidzinot visu kanalu OSNR vértibas péc pastiprinaSanas, tika konstatéts, ka OSNR
sisttma ar RA-FOPA ir vidg&ji par 0,8 dB lielaks neka sistéma ar vienu pumpéSanas FOPA.
Sadu rezultatu var izskaidrot $adi. FWM process, ko FOPA izmanto signala pastiprinasanai, ir
loti atkarigs no mijiedarbojoSos spektralo komponentu (pump&joso un signala) fazu
nesakritibas. No vienas puses, talak signals un parametriskais pastiprinataja pumpésana kopigi
izplatas HNLF, jo lielaka ir §T uzkrata fazu nesakritiba, jo mazaka ir FWM efektivitate. No
otras puses, FWM efektivitate pieaug kopa ar mijiedarbojoSos spektralo komponentu jaudu.
Tas attiecas ne tikai uz pumpgjoso-signala mijiedarbibu (pastiprinasana), bet arT uz kanala-
kanala mijiedarbibu (CC-FWM). Tapéc, ja parametriskajam pastiprinataja pumpesanai ir
papildu barosanas avots visa pastiprinaSanas procesa, galvena pastiprinajuma dala tiek radita
talak HNLF, kur CC-FWM un parametriskas pastiprinasanas efektivitate ir zemaka neka
pastiprinasanas vides sakuma. Atskiriba CC-FWM radito starpkanalu parklasanas radija 0,7 dB
jaudas samazinajumu sist€ma ar standarta viena pumpéSanas avota FOPA salidzinajuma ar
sistému ar RA-FOPA risinajumu, nodrosinot nepiecieSsamo uztverta signala BER > 1x107
robezvertibu.

5. Nemot vera veiktos p&tijumus un iegiitos rezultatus, var secinat, ka 512-TR-PPM
ir darbigs modulacijas veids talsatiksmes sakariem, kur energoefektivitate ir loti svarigs
faktors. TR-PPM galvena prieksrociba ir tas stabilitate, nemot véra katra kadra ieklautos
atskaites impulsus. Iegiitie rezultati pierada, ka ir iesp&jams izmantot programmatiru, lai
labotu neliclas neprecizitates signala generéSana, ko galvenokart pielauj noteikSanas
metode, t. i., notikumu taimeris. Notikumu taimera izmantosana PPM signala atklasanai
sniedz daudzas priekSrocibas, piem&ram, iesp&ju analiz&t neapstradatus datus (laika zimes)

un piemérot ciparu signala apstradi korekcijai uztvergja. Izmantojot PPM moduli uztvergja
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dala, tika sasniegts paplasinat sanemtos 512-TR-PPM impulsus Iidz 978 ps, nodrosinot
stabilu notikuma taimera darbibu.

6. Rezultati liecina, ka pozicijas platums butiski ietekmé PPM signala BER. Galvenais
Skerslis, kas traucé sasniegt zemu BER pie Saurakiem laika intervaliem, ir dzitteris, kas lauj
sasniegt lielaku datu parraides atrumu notikumu taimera ieeja. Neprecizs PPM modulators var
ievadit dzitteri vilnu forma, izmantojot PPG, kas nav butiski nozimigs dzittera c€lonis. Daudz
lielaku ietekmi, iespgjams, rada PPM uztveérgju analoga prieksgja dala, kas sastav no PEM,
kura ietilpst RF pastiprinatajs un novirzes elementi.

7. Nobeiguma, l1&cu skiedru paraugi tika izgatavoti no bezserdena $kiedras, izmantojot
komerciala loka izladi metinasanas iekartu. Gaismas stars vairak divergg, savienojot
garaku bezserdena Skiedras gabalu ar SMF. Kombingjot ar izgatavoto leécu fokusa
Ipasibam, tas nodroSina stingraku fokusu, ka rezultata samazinas ienestie zudumi
savienojuma vieta. Lécu $kiedras ar augstu savienojuma zudumu var izmantot dazadas
lietojumprogrammas, kuras nepiecieSama preciza gaismas fokusa un kontroles.
Neskatoties uz lielakiem savienojuma zudumiem, Sie pielietojumi ietver biomedicinisko
attelveidosanu vai FBG sensorus, kur 1&cu skiedras augstie savienojuma zudumi var
palidzét samazinat nev€lamus atspogulojumus un uzlabot signala troksna attiecibu.
Kopuma l&cu $kiedras ar augstiem savienojuma ienestiem zudumiem var bat noderigas
mikroshému pielietojumos, kas prasa precizu gaismas savienojuma kontroli, augstu

signala trok$na attiecibu un zemus signala atstarojumus.
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Abstract: Space-division multiplexing (SDM) attracts attention to cladding-pumped optical ampli-
fiers, but they suffer from a low pump power conversion efficiency. To address this issue, ytterbium
(Yb3*) and erbium (Er**) co-doping is considered as an effective approach. However, it changes the
gain profile of Er3*—d0ped fiber amplifiers and induces the gain difference between optical wave-
lengths in the C-band, significantly limiting the effective band of the dense wavelength-division
multiplexed (DWDM) system. This paper is devoted to a detailed study of a cladding-pumped
Er¥* /Yb3 co-doped fiber amplifier (EYDFA) through numerical simulations aiming to identify
a configuration, before assembling a similar EYDFA in our laboratory premises that ensures the
desired performance. The simulation model is based on a commercial double cladding EYDF whose
parameters are experimentally extracted and fed to the EYDFA setup for the system-level studies.
We investigate the wavelength dependence of the amplifier’s characteristics (absolute gain, gain
uniformity, noise figure) and bit error rate (BER) performance for several DWDM channels and their
optical power. The obtained results show that a 7 m long EYDF and co-propagating pump direction
is preferable for the EYDFA with a 3 W pump source at 975 nm and with the given gain medium
characteristics for WDM applications. For instance, it ensures a gain of 19.7-28.3 dB and a noise figure
of 3.7-4.2 dB when amplifying 40 DWDM channels with the input power of —20 dBm per channel.
Besides, we study EYDFA gain bandwidth and the maximum output power when operating close to
the saturation regime and perform a sensitivity analysis showing how the doped fiber’s absorption
and emission cross-sections impact the amplification process through energy transfer from Yb** to
Er®*. Finally, we quantify the power penalty introduced by the EYDFA,; the results show that it is
not higher than 0.1 dB when amplifying 40 x 10 Gbps non-return-to-zero on-off keying signals from
—20 dBm/channel.

Keywords: bit error rate; cladding-pumped optical amplifier; doped fiber amplifiers; erbium /ytterbium
co-doping; optical fiber network; simulation; wavelength division multiplexing

1. Introduction

An immerse variety and accessibility of multimedia services, such as Netflix, YouTube,
etc., together with optical fiber penetration in rural areas and growing numbers of end
users, have caused a tremendous increase in internet traffic that now must be supported by
telecom infrastructure [1,2]. This puts pressure on infrastructure providers, including opti-
cal network carriers. Therefore, they are looking for cost-efficient solutions able to support
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them in the future and even in cases of global emergency. As the COVID-19 pandemic has
shown, both telecom infrastructure providers and service providers get entrusted with a
role of technological pillars, bonding humanity and supporting our society and business in
daily activities such as remote work and distance education. Considering these aspects of
growth rates of internet traffic, the versatility of broadband and multimedia services, as
well as cost and energy efficiencies, space-division multiplexing (SDM) is considered as one
of the biggest breakthroughs in fiber-optic communications able to support the sustainable
evolvement of telecom networks and services [3-5]. To ensure cost-efficient optical signal
amplification in SDM-based fiber-optic transmission systems, cladding-pumped doped
fiber amplifiers (DFAs) have attracted increased attention. They are considered as one of
the most suitable amplification approaches from the perspective of both capital expenditure
(CAPEX) and operational expenditure (OPEX) [6]. Such amplification schemes allow for us-
ing high-power uncooled multimode laser diodes as pumping sources, which significantly
reduces the overall power consumption. Furthermore, the use of only one pumping source
improves the cost-efficiency, helps to reduce the size of a multicore amplifier, and thus
saves physical space in a rack when migrating to such an amplifier implementation [2].

Although multicore erbium-doped cladding-pumped fiber amplifiers (MC-EDFAs)
are commonly used in SDM networks [2,7,8], they have an extremely low pump conversion
efficiency. This is the main drawback of such amplifiers, which arises due to insufficient
absorption of the pumping radiation by the gain medium [9]. Therefore, the increase in
the output optical power is problematic. The typical output power values for MC-EDFAs
are 14-17 dBm [10,11]. To overcome these limits, most of the current high-power optical
fiber amplifiers use the gain media with erbium (Er**) and ytterbium (Yb**) co-doping.
In this case, the amplification happens through two stages. In the first stage, the major
part of 975 nm pumping radiation is absorbed by the Yb* that excites them to a state with
higher energy. In the second stage, the excited Yb>* resonantly transfer a portion of energy
to Er** and excites them to a state with higher energy. In such a way, the absorption of the
pumping radiation is significantly enhanced [12-14]. Furthermore, adding Yb?* allows an
increase in the separation between erbium ions in the gain medium, therefore, Er** / Yb%*
co-doping minimizes the possibility of clustering among Er®*, thus allowing an increase
in Er** concentration in the gain medium compared to the common implementation of
erbium-doped fibers [9]. As the result, shorter lengths of Er’* /Yb>* co-doped fiber are
required to achieve similar levels of amplification.

In recent years, cladding-pumped DFA solutions have been studied intensively to
reveal the pros and cons that they potentially bring once deployed in SDM networks.
In the following section, we briefly cover solutions that tackle the transmission perfor-
mance limits [5,15], the wideband operation limits [16,17], and quantify their impact on
network cost and energy efficiency performance [5,18]. For instance, a 40% power con-
sumption reduction can be achieved by replacing the conventional core-pumped EDFAs
with cladding-pumped 32-core EYDFAs [18]. Furthermore, the larger number of cores of
MC amplifiers support larger savings. Similar conclusions are found in [5]; the authors
have estimated that, by substituting all inline EDFAs in a 2230 km long loop between Paris
and Marseille with cladding-pumped 12-core EYDFAs, the costs associated with signal
amplification could be reduced by 33%. Moreover, a 55% reduction in the link’s total
power consumption would be achieved by the year 2035. Such significant cost and energy
savings encourage the research in this area. A hero-experiment, demonstrating a 1 Pbps
transmission over a 205 km long 32-core multicore fiber (MCF), is reported in [15] where
an inline core-pumped 32-core EDFA is used for optical loss compensation. Remarkably,
the authors mention that the amplifier’s saturation (and not fiber nonlinearities and inter-
core crosstalk (IC-XT)) was the main factor preventing the achievement of an even longer
transmission. A cladding-pumped co-doped DFA addresses this issue at the expense of
amplification bandwidth.

A wideband operation of MC-EDFAs, covering the C and the L optical bands, is
studied in [16,17]. In the first case, a 19-core EDFA was used to achieve a 207 Tbps
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transmission over a 1500 km long 12-core MCF. A transoceanic distance of more than
8000 km is demonstrated in [17] where the authors used a 31.4 km long recirculation
loop, consisting of a 19-core MCF and two cladding-pumped MC-EDFAs (for the C and
the L bands separately) for the inline amplification of the dual-polarization quadrature
phase-shift keying (DP-QPSK) signals. When it comes to long-haul transmission, amplifier
characteristics, e.g., noise figure (NF), gain profile, etc., can significantly decrease the
number of amplification spans a signal can traverse before impairments degrade its quality
below a certain threshold. Using the transmission link configuration with an MC-EYDFA
and with a standard EDFA, the authors in [5] investigate the impact that the IC-XT has on
the maximum transmission distance (without regeneration) when operating with the 400G
dual-polarization 16-ary quadrature amplitude modulation (DP-16QAM). The investigation
relies on the Gaussian noise (GN) model [19] to estimate the signal-to-noise ratio (SNR) after
each 80 km long fiber span using the amplifier's NF and the IC-XT component. The results
show that, for the considered scenario, the maximum transmission distance decreases from
11 spans to only eight spans when replacing the conventional inline EDFAs (NF = 4.5 dB)
with the MC-EYDFAs (NF = 4.5 dB). For NF = 6.5 dB, the corresponding numbers are 11 and
six spans, respectively. Therefore, the design of MC-EYDFAs should be carefully considered
to reduce the impact on the maximum transmission distance while enabling cost and power
savings. Yet, the impact that the design specifications of a cladding-pumped EYDFA (e.g.,
the length of Er3*/Yb%" co-doped fiber, pump power and propagation directions, and
Er**/Yb? emission cross-sections) have on the amplifier’s characteristics remain unclear,
especially, when it comes to the wavelength dependence. This latter aspect is of importance
for the use of such amplifiers to compensate optical losses in networks/links exploiting
wavelength division multiplexing (WDM).

Therefore, in this article, we investigate the characteristics of an EYDFA under differ-
ent operating conditions to assess the suitability for operation in a metro-access segment of
optical transport networks where the dense wavelength-division multiplexing (DWDM)
solutions are normally used. To perform the analysis, we have developed a simulation
framework, consisting of a DWDM transmission system with up to 64 x 10 Gbps DWDM
channels allocated using the fixed 100 GHz grid and a single-core cladding-pumped
EYDFA of our design. The amplifier’s model is adjusted using the experimentally extracted
characteristics (e.g., overlap factor, absorption, and emission cross-sections) of the com-
mercial Er¥* /Yb3* co-doped fiber. The fiber’s core is rare-earth-doped phosphosilicate
glass, the inner cladding is pure silica, and the outer cladding is fluorine-doped silica
glass. The EYDFA performance is evaluated in terms of gain (G), noise figure (NF), and
the output signal bit error ratio (BER). We analyze the wavelength dependence of these
characteristics by varying the number of DWDM channels and their optical power levels
and scaling the fiber’s emission and absorption cross-sections. Furthermore, we quantify
the power penalty due to the amplification of 40 x 10 Gbps non-return-to-zero on-off
keying (NRZ-OOK)-modulated wavelength channels. Note that a single-core configuration
of the cladding-pumped EYDFA is used throughout the research to exclude distortions
related to inter-core crosstalk (IC-XT) and cross-gain modulation and build a reference
cladding-pumped EYDFA model for further studies.

The rest of the article is organized as follows. The simulation setup, alongside the
description of the measurements and estimations of the gain medium parameters, is
described in Section II. Section III analyzes the amplifier's performance under different
operating conditions (number of DWDM channels, input optical power, absorption and
emission characteristics of the Er** / Yb?* doping) and quantifies the induced power penalty.
Finally, Section IV summarizes the research findings.

2. Experimental Setup and Principles

The simulation setup used to characterize the performance of the developed cladding-
pumped EYDFA is shown in Figure 1. Tt is realized using VPIphotonics Design Suite [20],
yet the absorption and emission cross-sections of the Er’* /YD co-doped phosphosilicate
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glass double-cladding fiber are experimentally measured in our laboratory and fed as the
input data to the simulation setup (Figure 1b). Besides, the overlap factor is estimated using
the proposed red, green, blue (RGB) color approach applied to the EYDF cross-section
images taken by a fiber microscope (Figure 2). As we assume that EYDFA will be operated
in metro-access segments of optical transport networks, the multi-wavelength operation
is considered. Consequently, the setup includes three parts: (i) n x 10 Gbps OOK WDM
transmitters; (ii) the realistic model of our EYDFA, consisting of the EYDF itself, optical
pump source (central wavelength A, = 975 nm at 25 °C and output power 3-5 W), high-
power optical combiners/splitters, and the amplifier’s test unit for the evaluation of its
characteristics (e.g., gain spectrum and noise figure (NF)); and (iii) WDM (de-)multiplexers
and receivers for signal quality estimation (not shown in Figure 1).

N

Signal and pump
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Figure 1. (a) Simplified simulation setup of the cladding-pumped Er** /Yb%* co-doped fiber amplifier (EYDEA); (b) absorp-
tion and emission cross-sections experimentally determined for the Yb>* /Er®* co-doped fiber using the absorption spectra

measurement method.
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Figure 2. (a) Microscope image of the EYDF cross-section together with its geometrical measures,
and (b) RGB representation of its outer cladding (red), inner cladding (green), and core (blue) used
for the overlap factor estimation.

The key component of this optical back to back (OB2B) setup is a fiber model. For
our purposes, we use a stationary fiber model from VPIphotonics Design Suite [20] that
can be used for Er**/Yb3* co-doped cladding-pumped fiber amplifiers. According to its
description, this model is based on the bidirectional propagation equations for signals
and multilevel rate equations for ion populations. To tune this model with the respect
to our EYDF, we use the measured cross-sections to specify the emission and absorption
spectra, and the overlap factors to specify the WDM signal (~1550 nm) and the pump
signal (~975 nm) coupling and their propagation (which depends on fiber profile and
dimensions). The model is resolved in both the longitudinal and transverse directions
considering the number of effects, e.g., Er>* /Yb>* energy transfer, cross-relaxation effects,
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excited-state absorption, Rayleigh scattering, and Kerr nonlinearity. The summary of the
setup parameters is given in Table 1.

Table 1. Summary of the amplifier’s schematic parameters.

System Parameters
Bitrate and modulation 10 Gbps non-return-to-zero on-off keying
Number of channels (1) 1,2,4,8,16, 32’é?};§:;;}1_64 outside of
The carrier frequency of the first/last channel 191.6/195.5 THz
Channel spacing 100 GHz
Single channel power —25 dBm/channel to —10 dBm/channel
EYDFA Pump Parameters
Pump wavelength 975 nm at temperature = 25 °C
Pump power 3 W, (operational range 0.3-5 W)
Direction Co-/counter propagation
Doped fiber parameters
Length 1-10m
Er®* concentration 1x 105 m3
Yb3* concentration 2% 10%m3
Er’* /Yb3* cross-relaxation coefficient 1x 1072 m3/s
o e g
Inner cladding area/outer cladding area 0.9203

(Ainner cladding/ Aouter cladding)

The simulation model includes parameters that specify both the WDM system and the
EYDFA under test. In this case, we operate with a 10 Gbps NRZ-OOK signal whose central
frequencies are arranged across the C-band (1530-1565 nm) using a 100 GHz grid. Although
we consider the WDM configuration with the total number of channels up to n =64,
channels 41-64 are outside of the C-band (f. > 195.6 THz). They are used to highlight the
wavelength dependence of the amplifier’s gain and noise figure characteristics, especially
for high (>—10 dBm/channel) and low (<—25 dBm/channel) input signal powers. The
category “EYDFA pump parameters” provides details about the optical pump source and
its direction with respect to the signal propagation. Finally, the category “doped fiber
parameters” includes the measured, estimated, and given characteristics of our EYDF used
to build the EYDFA in the laboratory.

To estimate the EYDF absorption cross-section, we use Er** and Yb®* ion absorption
spectra obtained using a measurement setup consisting of Agilent’s Cary 7000 Universal
Measurement Spectrophotometer [21], FiberMate2™ Fiber Optic Coupler system from
Harrick Scientific Products Inc. [22], and two EYDF samples of different lengths. A 1 m
long EYDF sample is used to perform the absorption spectra measurements around a
975 nm wavelength, whereas a 19 m long sample was used for wavelengths around
1550 nm. In such a way, we avoid the saturation effect that might distort the absorption
spectra measurements. The absorption around 975 nm is attributed to 2F; 5 -> 2F5 and
s, /2 > 4y, /2 optical transitions of Yb%* and Er’*, respectively. However, the impact of
Er?* can be neglected since its absorption cross-section is significantly lower than that of
Yb3* [23]. Furthermore, according to the specification, the EYDF has a 20 times higher
Yb** concentration compared to the Er’* concentration. The absorption cross-section is
estimated using the measured absorption spectra, the ratio between the fiber’s core and
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inner cladding areas, its length, and Yb®* /Er®* concentrations. The emission cross-section
is estimated using the McCumber relation [24] connecting emission and absorption spectra.

Finally, the overlap factor is estimated using the RGB color approach that relies on
the graphical post-processing of images of the doped fiber cross-section magnified by
a microscope objective lens (see Figure 2). In general, the overlap factor (I') of double-
cladding optical fiber is defined as a ratio between its core area (A.) and inner cladding
(Ajq) area [25]:

Ac
r Ajat o

Since the inner cladding is usually formed into a specific shape (e.g., star shape [25],
D shape [26], or even flower shape [27]), the estimation of its area becomes a task in itself
since fiber manufacturers tend to provide only overall geometrical dimensions, whereas
parameters such as core and cladding areas and ion concentrations, which are crucial when
building and analyzing doped fiber amplifiers (DFAs), remain unrevealed. Similarly, in
our case, the manufacturer of the EYDF provides information only about its geometrical
dimensions (see Figure 2a) and the ratio between Er’* /Yb3" concentrations. Therefore, the
overlap factor is estimated using the proposed RGB approach.

First, the gray-scale image from the microscope is used to identify the borders between
the core, the inner cladding, and the outer cladding. Although this process may include a
certain error due to the ambiguous edge detection of the fiber’s core and inner cladding [28],
it has an insignificant impact on the estimated overlap factor. When all edges are identified,
an RGB color is assigned to each segment and they are recolored (see Figure 2b). The
number of red (outer cladding), green (inner cladding), and blue (core) pixels are counted
and used for the estimations.

For our EYDF, A; = 658 pixels, A;y = 112,828 pixels, and the outer cladding area
Aper = 122,598 pixels, which gives us I' = 0.0058 and A;./ A, = 0.9203. Both these parame-
ters are further used as input to the simulation setup.

3. Results and Discussion

In this section, we reveal how the EYDFA’s configuration parameters, such as the
Er®* /Yb3* co-doped fiber’s length, its absorption and emission cross-sections, and the
pump signal direction, impact its wavelength-dependent characteristics, namely, gain
uniformity, noise figure, and maximum output power. Before the evaluation of an EYDFA-
induced power penalty, we characterize its performance for a multiwavelength scenario
by varying the number of DWDM channels and their power levels. The goal of these
simulations is to find the most appropriate amplifier configuration that introduces the
least distortion while ensuring the most uniform gain spectrum possible. Throughout the
analysis, we use an optical pump source operating at Ap = 975 nm and 3 W of output power.
These values are selected based on the specifications of our high-power light source in the
laboratory. We consider both the co-propagation and counter-propagation directions for
the pump signal.

To select the length of the EYDF and the direction of the pump signal, we use the
curves obtained for a 40-channel WDM system showing how the amplifier gain, noise
figure, and the maximum output power change with the EYDF length (see Figure 3). The
results show that the maximum gain is reached for an 8 m long EYDF regardless of the
pump direction (Figure 3a). A longer EYDF does not result in a higher gain, which is
explained by the depletion of the pump radiation. A further increase in doped fiber length
not only cannot produce additional gain, but the amplified signal power also starts to
decrease due to the attenuation of the EYDF itself. Furthermore, the amplifier becomes
noisier, especially for the configuration where the signal and the pump are launched in
the counter-propagating directions (Figure 3b). Otherwise, the noise figure is not larger
than 4.5 dB (co-propagation) and 6 dB (counter-propagation). Finally, Figure 3c shows
the maximum gain difference detected for Channels 1 to 40 (Ch1-Ch40) in the 40-channel
DWDM system with the input optical power of —20 dBm/channel.
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Figure 3. The amplifier’s (a) gain, (b) noise figure, and (¢) maximum gain difference between the channels as a function of
the EYDF length. Lines connecting data points are only included as a guide. The characteristics are obtained considering a
40-channel dense wavelength-division multiplexed (DWDM) system with an input optical power (ppy) of —20 dBm/channel

and a 3 W pump source at Ap = 975 nm coupled in the co-propagating (blue) and counter-propagating (green) directions.

The gain uniformity is an important characteristic, especially for systems with several
amplification spans. Unless all DWDM channels are amplified equally, the power difference
increases with every span, limiting the maximum transmission distance. The smallest
gain difference (AG < 9 dB) is obtained for a 7 m long EYDF for both the co-propagation
and counter-propagation of the 975 nm pump signal. It is significantly larger for shorter
and longer EYDF segments, which indicates that an appropriate level of ion population
inversion is achieved for this specific combination of the pump power (3 W) and the EYDF
length (7 m). Therefore, we keep these parameters unchanged. Finally, we choose to
use the pump signal in the co-propagation direction. Although the counter-propagation
ensures a 0.9-1 dB higher gain, its cost is a higher noise figure, which is almost 1 dB higher
compared to the co-propagation case. Therefore, we choose a lower noise figure over a
higher gain. Figure 4a shows the output (parametrized) spectrum, whereas Figure 4b
shows the individual gain and noise figure of each EYDFA-amplified DWDM channel. Due
to the wavelength-dependent gain and noise figure of the amplifier, the output spectrum is
not uniform. Specifically, the amplifier’s output power levels change from 0.1 to 8.3 dBm
per channel (dBm/channel, see Figure 4a), resulting in a gain difference of 19.7-28.3 dB,
and the noise figure changes from 3.7 dB to 4.2 dB (Figure 4b). The input optical power
(pin) was set to —20 dBm/channel in all 40 WDM channels considered.
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Figure 4. (a) Optical spectrum at the output of the EYDFA (7 m EYDF, 3 W, 975 nm, co-propagation), (b) individual gain
and noise figure of each amplified DWDM channel with ppy = —20 dBm/channel.
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Next, we explore the EYDFA characteristics (namely gain, maximum gain difference,
and noise figure) under different operating conditions by varying the number of DWDM
channels and their optical power levels. During the analysis, we consider a DWDM
configuration with 1, 2, 4, 8, 16, 32, 40, and 64 channels, whose power levels are set between
—25 and —10 dBm/channel, see Figure 5. The output power curves (Figure 5a) show that
the higher the number of DWDM channels, the smaller the output power difference. The
amplifier saturates and eventually it fails to amplify more than 40 DWDM channels even
if their power is as low as —25 dBm/channel. When analyzing the output power curve
for ppy = —25 dBm/channel, we have noticed that the output power levels increase by
3.5 dB when the number of DWDM channels is increased from two to four. However, the
corresponding number is 4.3 dB when the number of DWDM channels is increased from 16
to 32 channels. Such behavior indicates that low-power optical signals (i.e., with low input
power and/or a small number of channels) are not able to completely exploit the population
inversion generated in the gain media. Consequently, the unused portion of the population
inversion eventually generates an excessive amount of amplified spontaneous emission
(ASE) noise, which results in a poor noise figure, see Figure 5c. On the contrary, high input
power consumes the achieved population inversion, in such a way that the obtained gain
is reduced and the output power reaches its limit. For instance, the output power increases
by 0.3 dB when an additional eight channels (ppy = —25 dBm/channel) are added to a
DWDM system with 32 channels, and it remains similar even when the number of channels
is increased to 64. A higher pump signal power also does not result in a higher gain or
a higher output power. Even if a 4 W pump signal is used, the output power increases
by not more than 0.2-0.3 dB for a 40-channel configuration with ppy = —20 dBm/channel.
Therefore, the maximum output power of the proposed EYDFA is limited to approximately
22 dBm.

Output power, [dBm]

o
o

AGain, [dB]
Noise figure, [dB]

L L 0 L L 3 L N L
20 30 40 0 10 20 30 40 0 10 20 30 40

Number of channels Number of channels Number of channels

‘®p =25 dBm/ch o Py =225 dBm/ch ¢ Pn= -20 dBm/ch AP = -17.5 dBm/ch P =-15 dBm/ch 4 P =-10 dBm/ch

Figure 5. (a) Output power, (b) maximum gain difference, and () maximum noise figures vs. the number of DWDM
channels and their input power for the EYDFA configuration with a 7 m long EYDF and ppuyp = 3 W at A, = 975 nm

coupled in the co-propagation direction. Lines connecting data points are only included as a guide.

The maximum gain difference curves (Figure 5b) show the following trend—the higher
the input power, the smaller the gain difference in a DWDM system with 4-32 channels.
The main reason is that a higher portion of population inversion is consumed to achieve
similar levels of amplification for higher input power signals. Therefore, at a certain level of
population inversion, optical signals with higher power get less amplified and the gain dif-
ference between the channels becomes smaller. However, the opposite situation is observed
for 40 DWDM channels, where the gain difference becomes higher for higher input signal
powers (e.g., compare —25 dB/channel and —10 dBm/channel curves). Such behavior
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occurs because higher power signals drain the ion population inversion more efficiently.
The increase in the DWDM channel count to 40 in the case of a —25 dBm input signal
changes the average level of population inversion throughout the EYDF to a value that pro-
vides more equal gain in the transmission system frequency band. Therefore, we observe a
more uniform gain (amplification) of all 40 DWDM channels with ppy = —25 dBm/channel,
whereas for —10 dBm/channel, the population inversion is drained much faster before
the similar uniformity is achieved. A similar tendency is observed for the EYDFA's noise
figure (Figure 5¢). For channels with pyy > —20 dBm/channel, the noise figure first de-
creases with every additional DWDM channel until the number of channels (and their
combined power level) reaches a certain optimum point, exceeding which the noise figure
starts increasing. For fewer power channels, the noise figure first increases by 0.5-1 dB
and then starts decreasing, reaching 4-4.5 dB for 3240 DWDM channels. The insets in
Figure 5b,c show that the gain difference and the noise figure increasing dramatically when
the number of DWDM channels exceeds 40, which confirms the bandwidth limitations of
the amplifier. Signals outside the operation band get absorbed by the EYDE.

In Er** /Yb** co-doped fibers, Yb3* absorb the pump radiation and then resonantly
transfer a portion of their energy to Er* for signal amplification. We perform a sensitivity
analysis showing how the absorption and the emission cross-sections of our EYDF impact
the amplification process. For this purpose, we assume the cross-sections to be 70%
(k =1) and 130% (k = 1.3) of the initially estimated values (k = 1). Figure 6 shows the
differences in the performance characterized using the excited ion percentage (Figure 6a),
per channel gain, and noise figure (Figure 6b). We observe that, for k = 0.7, the peak of the
excited Yb** percentage becomes smaller (approximately by 5%) and moves further into
the EYDF by changing its axial position. Consequently, the depletion of the population
inversion is smoothed out on all energy levels, allowing the amplified signal to accumulate
a certain part of the pump energy and therefore improving its ability to consume larger
portions of the population inversion. This extends the length of the EYDF where the signal
amplification occurs effectively, leading to a higher gain (by ~0.7 dB) and a lower noise
figure (by ~0.1 dB). On the contrary, for larger cross-sections (k = 1.3), the Yb®* peak moves
towards the signal/pump source (axial position = 0.7 m) and gets smoothed out, which
brings a lower gain and a higher noise figure.
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Figure 6. Sensitivity analysis showing the impact that the fiber’s absorption and emission cross-sections have on ion

excitation for coefficients k = 0.7, 1, 1.3 of the initially estimated cross-section values: (a) excited ion percentage vs. axial
position in the doped fiber; (b) the EYDFA average gain and the maximum noise figure of the 40-channel DWDM system.

Finally, the BER performance is evaluated for a 40-channel configuration of the DWDM
system with and without the EYDFA (see Figure 7). The BER values are obtained for four
channels: Ch1 with fc = 191.6 THz (the beginning of the C-band), Ch16 with fc = 193.1 THz
(the anchor frequency of the DWDM grid), Ch26 with fc = 194.1 THz (gives the peak gain),
and Ch40 with fc = 195.5 THz (the end of the C-band), but Figure 7 shows the largest
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BER at a particular value of the received power. To obtain statistically reliable results,
we use a 2!°~1 uniquely seeded pseudorandom binary sequence (PRBS) to obtain 2'° bits
used for the simulations and BER estimation that relies on the stochastic signal and noise
representation. Specifically, the noise is added to the signal and the probability density
function of the detected signal is approximated with the chi-square function. The EYDFA
parameters remain unchanged (7 m EYDF, 3 W, 975 nm, co-propagation), and the input
optical power is set to —20 dBm per WDM channel.
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-
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Figure 7. The worst bit error rate (BER) vs. received optical power detected for Chl = 191.6 THz,
Chl6 = 193.1 THz, Ch26 = 194.1 THz, and Ch40 = 195.5 THz in a 40-channel WDM system
(piv = —20 dBm/channel) with and without the EYDFA where inset (a) zooms into the area at
BER =107 and inset (b) shows the eye diagram captured for the configuration with the amplifier at
BER = 107

The results in Figure 7 shows the power penalty below 0.1 dB at the reference level of
BER = 10~Y compared to the configuration without the amplification. Such distortion levels
can be considered as negligible. However, its gain spectra should be flattened out, e.g., by
using gain flattening filters or several amplification stages, before such amplifiers can be
efficiently used for optical loss compensation in WDM transmission systems. However,
this aspect deserves separate attention and thus will be addressed in future work.

4. Conclusions

The performance of the cladding-pumped EYDFA is characterized using the de-
veloped measurement data-based simulation framework. Through the analysis of the
amplifier’s gain, noise figure, and power penalty, we assess its suitability for operation
in metro-access optical transport networks where DWDM techniques are normally de-
ployed. First, we experimentally characterize the double cladding Er**/Yb** co-doped
fiber used as a gain medium for our amplifier to come up with the realistic model of the
EYDE. Next, we test different EYDFA configurations under different operating conditions
(including various doped fiber lengths, pump propagation directions, signal input power,
etc.) to reveal parameter settings ensuring the best amplification characteristics, namely,
high and uniform gain, and low noise figure. Finally, its power penalty is quantified
using 40 x 10 Gbps NRZ-OOK signals and the DWDM system configuration with and
without the EYDFA. The results show that the amplifier configuration with a 3 W pump
source at 975 nm requires a 7 m long EYDF (with the obtained physical parameters) and
a co-propagation pumping direction for WDM applications. Considering a reasonably
low input signal power (~—20 dBm/channel), the EYDFA can be used to amplify up to
40 DWDM channels across the C-band, ensuring a maximum output power of +22 dBm, a
gain of 19.7-28.3 dB, a noise figure of 3.7-4.2 dB, and a power penalty (with respect to a
system without amplification) below 0.1 dB at a BER level of 10~°. Finally, the performed
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sensitivity analysis for EYDF cross-sections shows how the energy transfer from Yb3* to
Er’* ions impacts the amplifier’s gain and noise figure values. Specifically, a +30% change
in the cross-sections results in minor gain and noise figure changes—0.7 dB and 0.1 dB,
respectively. The revealed characteristics are of importance for assembling and testing an
in-house-made cladding-pumped EYDFA.
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Abstract: Cladding-pumped erbium (Er**)/ytterbium (Yb**)-co-doped fiber amplifiers are more
advantageous at high output powers. However, this amplification technique also has potential in
telecom-related applications. These types of amplifiers have complex properties, especially when
considering gain profile and a pump conversion efficiency. Such metrics depend on the doped fiber
profile, absorption/emission spectra, and the input signal power. In this context, we design, build
and characterize an inhouse prototype of cladding-pumped Er**/ Yb* -co-doped fiber amplifier
(EYDFA). Our goal is to identify the EYDFA configuration (a co-doped fiber length, pump power,
input signal power) suitable for signal amplification in a multichannel fiber-optic transmission
system with a dense wavelength allocation across the C-band (15301565 nm). Our approach
involves experimentally determining the Er** /Yb** -co-doped fiber’s parameters to be used in a
simulation setup to decide on an initial EYDFA configuration before moving to a laboratory setup.
An experimental EYDFA prototype is tested under different conditions using a 48-channel dense
wavelength division multiplexing (DWDM, 100 GHz) system to evaluate the absolute gain and gain
uniformity. The obtained results allow the cladding pump amplifier’s suitability for wideband signal
amplification to be assessed. The developed prototype provides =21 dB of gain with a 12 dB ripple
within 1534-1565 nm. Furthermore, we show that the gain profile can be partially flattened out
by using longer EYDF spans. This enhances signal amplification in the upper C-band in exchange
for a weaker amplification in the lower C-band, which can be marginally improved with higher

pump powers.

Keywords: absorption and emission spectra; cladding-pumped doped fiber amplifier; erbium/
ytterbium co-doping; fiber-optic systems; overlap factor; wavelength division multiplexing

1. Introduction

Cladding-pumped erbium (Er¥t)/ ytterbium (Yb3+)-co-doped amplifiers are typically
associated with high-power laser systems and their applications. However, telecom-related
applications have also gained momentum by proving their particular significance in such
applications. The multifold of different fiber structures and techniques can be designed to
address specific telecom amplifier needs, for instance, a multi-cladding optical fiber with a
non-circular symmetry that aims to enhance pump absorption via twisting and coiling [1],
the reduction in nonlinear effects with tapered fiber [2], fiber dispersion engineering [3,4].
The simulation of cladding-pumped doped fiber amplifier performance is also of particular
interest due to the necessity of obtaining initial estimates of the key performance indica-
tors, such as noise figure (NF) and gain [5]. The cladding pumping technique is more
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advantageous over core pumping amplifiers at high output powers (typically >100 mW).
Additionally, in the case of cladding-pumping, Ert /YbH co-doping (compared to pure
Ertt doping) allows for significantly improved pump utilization and reduced noise figure,
especially at higher input power. The noise figure is expected to be <5 dB (comparable to
typical core-pumped EDFAs), increasing above 1545 nm with higher pump power [6].

Commercial single-core erbium (Er3*),f’ytterbium (Yb3+)-c0-d0ped fiber amplifiers for
C-band operation typically cover the wavelength range between 1540-1560 nm (+5 nm), a
reduction in bandwidth compared to typical erbium (Er) doped fiber amplifiers However,
detailed information on amplifier gain and NF wavelength dependence as a function of
signal and /or pump power, are normally not included in technical data sheets. It is also
difficult to carry out a fair comparison between amplifiers of different manufacturers since
the used pumping scheme, core or cladding, is unknown. The technique used may be
inferred from the typical output power and pump current values if such data are provided.

In this paper, we describe an Er** /Yb**-co-doped fiber amplifier (EYDFA) suitable
for telecom applications (signal gain around 30 dB and output power up to 23 dBm). Our
goal is to explore the wavelength dependence of the amplifier’s gain based on EYDF
length, input signal and pump power. For a complete understanding of the amplifier’s gain
evolution within the fibers, a series of measurements were performed with a wideband
multi-channel input signal. EYDFA testing was conducted by amplifying a 48-channel
dense wavelength division multiplexed (DWDM) signal on a 100 GHz frequency grid that
covers the entire C-band.

The rest of the paper is organized as follows. Section 2 describes the experimental
extraction of the EYDF characteristics (specifically, Er** and Yb** absorption and emission
cross-sections and overlap coefficient) required for finetuning the EYDFA simulation setup.
The simulation and experimental setups used to characterize the EYDFA's performance
are given in Section 3. In Section 4, we present the experimental results, characterizing
the performance of our in-house cladding-pumped EYDFA. Finally, Section 5 concludes
the paper.

2. Characterization of the Erbium/Ytterbium-Co-Doped Fiber Parameters

Part of our research is devoted to the validation of the previously developed cladding-
pumped EYDFA simulation model (see the description in Section 3 and [5]). The laboratory
setup is used to fine-tune the simulation model, the accuracy of which is primarily deter-
mined by the double-clad EYDF parameters, being the gain medium. The simulation model
uses EYDF’s absorption and emission cross-sections and the so-called overlap factor [5].
The dopant ion cross-section is calculated based on absorption spectra measurements and
other parameters, such as dopant ion concentrations, fiber core and cladding refractive
indices. Manufacturers typically do not provide information on these doped fiber prop-
erties. Accordingly, this section gives a more detailed description of all the experimental
setups used to obtain the missing physical parameters of the EYDF: (a) Er** and Yb**
concentrations, (b) core and inner cladding overlap factor, (c) refractive index profile, and
(d) EF* /Yb* absorption and emission spectra and cross-sections [7,8]. The fiber under
test is an Er*/ Yb3+-c0-d0ped double-clad fiber that has a flower-shaped inner cladding,
which is discussed further in Section 2.2.

2.1. Doped Fiber Elemental Analysis

Elemental analysis for the selected double-clad EYDF cross-section was carried out
using scanning electron microscopy (SEM) to determine the dopant ion concentrations in
the doped fiber’s core. Thermo Scientific Helios UX 5 equipped with Energy Dispersive
X-ray Spectroscopy (EDS) detector was used for the measurements. The EDS point ID was
measured at 15 kV and 0.40 nA for a live time of 300 s. The EYDF sample was covered with
a thin 30 nm gold layer to detect elemental distribution in the cross-section without causing
a surface-charging effect. The line scan was measured at 125 points along the diameter of
the EYDF. The measurement time was approximately half an hour with beam parameters
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20 kV and 0.40 nA. Elemental quantification of the spectra was carried out using Pathfinder
X-ray Microanalysis Software [9]. The elemental composition of the fiber core was analyzed
in terms of the atomic percentage (at’) of one kind of atom relative to the total atoms
in the sample and resulted in the following values: 61.71% O, 30.98% 5i, 6.04% P, 0.06%
Er and 1.21% Yb. However, for the EDS line scan across the diameter of the fiber, it was
covered with a thin gold layer, and the calculated elemental distribution was not corrected
with respect to Au layer absorption. Nevertheless, Figure 1 clearly shows that in the core
regions Yb, P, and Er replace some part of the 5i atoms and that fluorine is located at the
edge of the fiber in an approximately 10 pm-wide ring—the second cladding. In the case of
fluorine, it replaces oxygen atoms in the outer shell. Phosphorus in the fiber core increases
the silica fiber refractive index. The inner cladding consists of pure silica without any traces
of rare-earth or other dopant elements. The outer cladding consists of silica doped with
fluorine to reduce the material refractive index.

= @
2 o

]
=1

Concentration, at%

o] e —
0 20 40 60 80 100
Distance, pm
(@

Figure 1. (a) EDS line scan represented by the vellow dotted line with the corresponding elemental
distribution underneath; (b) EYDF cross-section where the black rectangle is the EDS line scan region.

For the amplification processes, the concentration of the rare-earth elements in the
core is important. The EDS measurements show that Yb** and Er** concentrations are
1.21 at% and 0.06 at%, respectively. Consequently, the Yb* to Er’* ratio is 20.17, which is
close to the EYDF datasheet specification of 20. The experimentally obtained dopant ion
concentration values were used to calculate absorption/emission cross-section areas (see
Section 2.4).

2.2, Overlap Factor Calculation

To increase pumping efficiency, the inner cladding of double-clad doped optical fiber
is often formed into a specific shape (e.g., star-shape [10], D-shape [11], flower-shaped [12],
etc.). This improves pump absorption by supporting modal regimes that focus pump light
toward the doped fiber’s core. The waveguide geometry of a double-clad fiber in the
simulation model is represented using the so-called overlap factor. The overlap factor is
defined as the following ratio:

A[
! A’ m

where I is the overlap factor, A, is the core area, and Ay is the inner cladding area [10].

Fiber manufacturers tend to only provide overall geometrical dimensions without
specifically providing core or inner-cladding areas. Accordingly, the estimation of A, and
Aj;; becomes a task in itself. The overlap factor was obtained by analyzing the EYDF
cross-section image, as shown in Figure 2a.
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Figure 2. (a) Double-clad EYDF cross section; (b) the resulting line profiles in red with their average
shown in blue.

The fiber’s cross-section in the visible spectral range is measured using the Eclipse
LV150N microscope [13] with the Plan FLUOR BD objective lens from Nikon [14] coupled
with the DS-Fi3, 5.9 Mpixel (2880 x 2048) camera [15]. A total of eight different crossings
were selected from the cross-section image (see red dashed lines in Figure 2) all crossing the
center. Measurements (pixel grayscale values versus diameter) are averaged to minimize
image noise, as well as to account for the fiber’s imperfections, as shown in Figure 2b. Using
this approach, four regions can be distinguished—two outer/inner cladding boundaries
and two inner cladding/core boundaries. The exact position of the boundaries is calculated
by fitting each transition region with a separate sigmoid function as described in [16]:

A

Z(x) = e = +B, 2)

where:
Z(x) fiber profile;
X position;
A, B, c sigmoid function fitting coefficients;
X, edge of the boundary.
We obtained the overlap factor value of 0.0027 and outer cladding diameter of
127.03 + 0.01 um, which is around 2 um larger than the measurement of 125 um specified
by the manufacturer.

2.3. Refractive Index

The fiber’s core and cladding refractive indices are needed as inputs for absorption
and emission cross-section calculations. Measurements of the refractive index difference
can be seen in Figure 3.

The difference between the core and the first cladding is ny — np = 0.0138 4 0.0003, and
the difference between the first cladding and the second cladding is ny — ng = 0.0239 + 0.0003
at the wavelength of 633 nm. A reference value is required to calculate the absolute values
of each refractive index. We suppose that the most robust reference, in this case, would be
the inner cladding consisting of pure silica. The composition of this region was verified
using an SEM elemental analysis, and it was found that the composition was most likely
Si01.9. With this information and by referencing [17], we calculated the following refractive
index values:

e Outer cladding n3 = 1.505 + 0.004;
e Inner cladding ny = 1.529 + 0.004;
e Coren; =1.543 £+ 0.004.
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Figure 3. (a) EYDF cross-section refractive index difference measurements: (b) along the horizontal
axis, (c) along the vertical axis.

2.4. Absarption and Emission Cross-Section

To estimate the EYDF’s absorption and emission cross-sections, we obtained the
absorption spectra. The absorption spectra measurements were performed using a mea-
surement setup consisting of Agilent’s Cary 7000 Universal Measurement Spectrophotome-
ter [18] coupled with the FiberMate2™ Fiber Optic Coupler system from Harrick Scientific
Products Inc [19]. The step size was set to 1 nm and spectral bandwidth to 5 nm to obtain
an appropriate signal intensity.

An EYDF absorption cross-section was calculated from Er** and Yb** absorption
spectra using two EYDF samples of different lengths. A 1 m-long EYDF sample was used
to perform the absorption spectra measurements around 975 nm wavelength, whereas
a 19 m-long sample was used for wavelengths around 1550 nm. In such a way, we
avoided the saturation effect that can distort the absorption spectra measurements. The
absorption around 975 nm was attributed to the optical transition of Yh3*: ZFWZ — 2P5f2
and Er’*: 4115/2 — 4111,;} Nonetheless, the impact of Er** on absorption in the 975 nm
spectral range can be neglected since its absorption cross-section is significantly lower
than for Yb** [20]. Furthermore, according to the previously mentioned concentration
measurements, the EYDF has a 20 times higher Yb3* concentration compared to the Er’*
concentration, further reducing the Er’* absorption impact in the spectral region centered
around 975 nm. Absorption around 1550 nm is attributed to Er?** transition 4115;2 — “113/2
because Yb** does not have absorption bands, other than ZFWZ — ZF_-,H, in the infrared
spectral region.

Finally, the absorption cross-section of Er’* and Yb*" was estimated using the mea-
sured absorption spectra, overlap factor, length, and Yb** /Er¥* concentrations. The emis-
sion cross-section was estimated using the McCumber relation [21], which is related to
rare-earth element emission and absorption. The output of this calculation is given in
Figure 4.
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Figure 4. Absorption and emission cross-section spectra calculated from absorption measurements
and other parameters for (a) Yb** and (b) Er¥*.

3. Amplifier Model and Setup

Cladding-pumped EYDFAs have the potential to be used as booster amplifiers for
metro-access networks operating in the optical C-band (1530-1565 nm). DWDM signal
allocation is typical for these types of networks. Accordingly, the first step is to create a
wideband multichannel signal for testing the amplifier’s performance. In our case, we use
a 48-channel signal with 100 GHz channel spacing at —20 dBm per channel (dBm/ch) fully
covering the entire C-band.

This section is divided into two subsections where, first, we describe the simulation
model that we use to estimate the expected key performance indicators over a range of
fiber lengths and, second, we describe the experimental setup of the amplifier under test.

3.1. Simulation Setup

The experimentally obtained EYDF emission and absorption cross-sections and the cal-
culated overlap factor are used as input parameters in the simulation setup of the cladding-
pumped EYDFA. This simulation setup is built using VPIphotonics Design Suite [22]; its
simplified diagram is shown in Figure 5. The input signal is represented using the ex-
perimentally measured spectrum of the 48-channel DWDM signal (see the description in
Section 3.2). The main purpose of the simulations is to determine the gain characteristics
and provide baseline values of the EYDF length and pump parameters for the experimental
setup. Our model from [5] was further improved after measuring the gain of a 3 m-long
fiber using the laboratory setup shown in Figure 6.

The revised model was then used to estimate the optimal EYDF length and pump
power for a wideband signal amplification used in the further measurements that are
analyzed in the Results section. The model is based on bidirectional signal propagation
equations and multilevel rate equations for ion populations [23,24]. It is resolved in both
the longitudinal and transverse directions considering several effects, such as Er¥ /bt
energy transfer, Rayleigh scattering, Kerr nonlinearity, excited-state absorption, and cross-
relaxation effects [23]. The main parameters of the EYDF used in the simulations are
summarized in Table 1. The EYDF output optical signal is sent through an optical isolator
and a band-pass optical filter having a trapezoid-type transfer function (193.75 THz center
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Figure 6. Simplified experimental setup of the cladding-pumped EYDFA. Amplifier's optical section
is between two clad-pumping fiber couplers.

Table 1. Amplifier test setup parameters.

System parameters

Number of channels 48
Channels carrier frequency range 191.35-196.05 THz
Channel spacing 100 GHz
Single-channel power (simulation) ~20dBm
Single-channel power (experimental) ~25to —10 dBm

EYDFA pump parameters

Pump wavelength 973-977 nm at 30 °C
Pump power 0.6-25W
Pumping direction Co-propagating

Doped fiber parameters

Length 2-7m

Er** concentration 1% 10% m?
Yb** concentration 2% 10%m 3
Er** /Yb* cross-relaxation coefficient 1% 102 m/s
Overlap factor (at 1530 nm) 0.0027
Overlap factor (at 980 nm) 0.9203
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3.2. Experimental Setup

To assess the per-channel gain of the experimental EYDFA, we used the input signal
that was constructed by filtering a wideband ASE noise source (covering C and L optical
bands with a —10 dB bandwidth of 1526-1630 nm) using a wavelength-selective switch
(WSS). The WSS has a granularity of 12.5 GHz and a bandwidth of 4.825 THz. Accordingly,
a dummy (data-unmodulated wavelengths) WDM signal, consisting of 48 channels that
are each 37.5 GHz in bandwidth and located 100 GHz apart from each other, was obtained
and is shown in the inset of Figure 5. As the pump source, a high-power multimode diode
stabilized at 30 °C with a 6 nm bandwidth using a thermoelectric cooler was used in the
setup (see Figure 6).

The minimum output power threshold of this pump source is 0.6 W. The active
temperature control is important for this diode since, at higher temperatures, the output
power decreases, and the spectrum shifts towards longer wavelengths. It was found that
keeping the diode’s temperature lower resulted in higher EYDFA gain rather than being
closer to the EYDF peak absorption wavelength (976 nm). The pump diode spectrum was
centered around 975 nm, which is ~1 nm below the EYDF peak absorption wavelength.

Clad-pumping fiber couplers were connected to both ends of the EYDF. They were
used to couple the signal and the pump into double-clad fiber and then to separate the
signal from the residual pump, respectively. Optical power at the EYDF output was
monitored for both the pump and the DWDM signal. Finally, the spectrum of the output
signal was analyzed to obtain the per-channel gain.

4. Results and Discussion

In this section, we present and analyze the results obtained using the previously
described simulation and experimental setups. First, we describe our observations related to
spontaneous emission emergence. Subsequently, we analyze the amplifier’s gain at different
pump power levels and EYDF lengths using experimental and numerical simulations
results, revealing the performance of our in-house cladding-pumped EYDFA.

During the initial phase of working with the experimental EYDFA setup (ASE noise
measurements and single-channel amplification), it was observed that the amplifier tends
to amplify ASE noise, and thus produces stochastic peaks at the output spectrum. Under
certain conditions, our EYDFA acted as an unstable laser; therefore, this aspect is studied
more in detail. Optical spectra measured for the EYDFA configuration with no input signal
are captured in Figure 7.

g A 2m
= 1 | 17.9 dBm
g 0 i I 3m
g I M, 18.3 dBm
o AP e T Sm
= / L
g-20 AR ~ 23.4dBm
= J T
1% T — ik —
3
L 4 ] ;

1530 1535 1540 1545 1550 1555 1560

Figure 7. Optical spectra measured for the EYDFA configuration with no input signal with a pump
power of 2 W. Lasing is seen that is temporally unstable both in wavelength (within 1 nm) and
peak power.

Here, unstable lasing can be observed with no input signal. In the case of the 2 m
and 3 m short EYDF spans, lasing is observed around 1536 nm (corresponding to Ert
emission peak; see Figure 4) when the pump power approaches 0.6 W, which corresponds
to the threshold current of the pump source. For the 5 m-long EYDF span, we do not
observe lasing at 1536 nm; instead, lasing happens around 1544 nm. With the pump power
increased to 2 W, we observed a significantly higher lasing at 1544 nm and some (minor)
lasing at 1536 nm. Increasing the EYDF length resulted in a more uniform gain profile in
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the 1544-1565 nm region, as well as a gradual reabsorption of the emission at 1536 nm. The

intensity of the observed lasing is proportional to the EYDF length. Yet, it can be mitigated

using a sufficiently powerful C-band signal and a power splitter to dump the excess pump
light (see Figure 6). It is likely that a laser cavity within the EYDFA is formed due to
reflections from connectors, which eventually produces a pulsating laser. It is possible that,
with these measurements, we observe the starting phase of a random fiber laser that was
demonstrated in [25,26] for cladding-pumped EYDF at similar pump power levels.

The simulation results summarizing the EYDFA gain characteristics are given in

Figure 8. It is shown that increasing the EYDF's length results in the output gain increase
in the 1535-1545 nm region, but the gain peak shifts towards longer wavelengths. The
corresponding gain values are summarized in Table 2. Such a significant increase is not

observed in other wavelength regions of the gain spectrum, i.e., the gain profile is uneven
For instance, at 2 W pump power when the EYDF’s length is increased from 3 to 5 m, an
additional 5 dB is gained in the range between 1555 and 1565 nm, and an additional 2.8 dB

is gained if the EYDF's length is further increased to 7 m.
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Figure 8, Simulation results showing the EYDFA gain for a —20 dBm/ch 48-channel signal depending
on the pump power (0.12-2 W) at three EYDF lengths: (a) 3m, (b) 5m and (¢) 7 m.

Table 2. Simulated EYDFA gain evolution.

EYDF length, m 3 5 7
Gain max., dB 25.6 346 38
Peak gain wavelength, nm 1536.4 1538.8 1540.4
9.1 3.4

A Gain, dB -

Our simulations also show that, in the case of a 3 m-long EYDF, the amplifier produces
gain spectra that are almost identical at 1 W and 2 W pump powers. This means that,
for relatively short EYDF spans, 1 W of pump power is enough to ensure excited Ert
population inversion to maintain signal amplification. Consequently, using pump powers
above 1 W can be considered excessive for such short doped fiber spans. For example, in
the case of the 3 m-long EYDF, increasing the pump power from 1 W to 2 W gives only
0.8 dB of additional gain. However, longer EYDF spans provide a larger gain increase
(2.3 dB and 2.8 dB in the case of the 5 m- and 7 m-long EYDE, respectively). These results,
obtained via simulations, are used as a baseline to select the EYDF length and pump power
for the experimental setup. Accordingly, the first laboratory test was performed using a
7 m-long EYDF span pumped with 3 W. The obtained experimental results show a narrower
and flatter EYDFA gain profile compared to the simulations; it is shifted towards longer
wavelengths and has a steep drop below 1544 nm. Hence, the 7 m-long EYDF is too long
for the chosen application; therefore, the measurements are repeated using shorter EYDF

spans (5m, 3 m, and 2 m) to determine a more appropriate length.
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The comparison between the experimental and simulation results is shown in Figure 9.
The closest match is in the case of the 3 m-long EYDF in the wavelength range of 15451560 nm.
Experimental data for longer (5 m and 7 m) EYDF sections shows the appearance of signal
reabsorption in the spectral range 1530-1540 nm that coincides with the Er** maximum
absorption (see Figure 4). This results in additional signal gain around 1560 nm. It is
evident that signal reabsorption has not been taken into the account by our simulation
model to the required degree. Simulations and experimental data mismatch (especially
for 2 m) may be related to the specific shape of the EYDF's inner cladding (and its pump-
focusing properties), which is represented in a simplified form in the simulation model
as a coefficient (overlap factor). Although simulation data cannot be used to accurately
describe the gain shape, these data are useful for determining the initial values of the
laboratory setup.

Zm am sm ™™
. Gimulaton

Experimental| 7

=
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Gain, dB

10

Figure 9. Experimental EYDFA gain measurements overlaid on simulation results at —20 dBm /ch
signal power and a pump power of (a) 1 W and (b) 2 W.

The per-channel gain of the EYDFA setup is analyzed using a 48-channel dummy
WDM signal constructed using the wideband ASE noise source and WSS (as described
in Section 3). After filtering, the signal power level is adjusted with a variable optical
attenuator. Note that the number of DWDM channels/wavelengths is limited by the
operating band of the W55. The gain spectra of the cladding-pumped EYDFA are captured
for the configurations with the EYDF span lengths of 2 m, 3 m, 5 m, and 7 m, while the
signal input power is kept constant at —25 dBm/ch, —20 dBm/ch, and —10 dBm/ch (see
Figure 10).

We observed undesirable lasing peaks at pump power above 1 W for the cases with the
signal input power of —25 dBm/ch. At the highest signal input power level (—10 dBm/ch),
the amplifier's usable bandwidth shifts towards longer wavelengths as the EYDF length
increases. At the lowest signal input power level (—25 dBm/ch) when increasing the
EYDF length from 2 m to 5 m, the power levels of channels at 1544 nm remain almost
unchanged (less than 1 dB difference), whereas the longer wavelengths experience sig-
nificantly higher gain. If the EYDF length is further increased from 5 m to 7 m, channels
with wavelengths above 1544 nm are amplified even more. However, the gain is decreased
by 10 dB for channels at around 1536 nm and a rapid drop-off was seen below 1536 nm.
Such amplification is explained by the Erd+ population inversion. Specifically, the high
population inversion [27] of Ert required for the amplification at these wavelengths was
not maintained throughout such a long EYDF span, which results in the non-uniformity
of the gain spectra. Additionally, we observed that the first meter of the EYDF glows in
green when the pump source is active (shown in Figure 11). This glow originates from
the Er** upconversion luminescence, indicating a high population inversion. The effect
diminishes when the input signal is coupled into the EYDFA for the amplification as some
of the excited Er** return to the ground state by amplifying our C band signal.
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Figure 10. Experimentally determined EYDFA gain at three different input signal powers vs. EYDF
length and pump power of (a) 0.6 W, (b) 1 W, (c) 2 W. Legend on each graph shows fiber length and
total output power.

Figure 11. Green luminescence of the EYDF while pump is active. A purple tinge is also visible
due to some pump light leaking from the fiber that is picked up by the camera. The fusion splice
protection sleeve had its steel rod removed to avoid potential thermal expansion effects.

Figure 12 shows that, regardless of the signal input power, a portion of the pump
power that is absorbed by the 5 m EYDF span increases only by 0.5 dB, even when the
pump power is increased from 0.6 W to 2.5 W and then further to 3.5 W.

For the 2 m EYDF, the pump power absorption remains nearly constant. A slight
mismatch at low pump powers is explained by the instability of the output power when
the pump diode is biased slightly below or at its specified minimum threshold current.
For any given operational pump power, the major portion of the signal amplification is
achieved within the first few EYDF meters, having reached a point of power saturation.
Total output power increases only by 1 dB when the fiber length is increased from 2 m to
5 m. The signal output power is not strongly dependent on its input power, even for levels
above those reasonably expected in telecom links. Given the absorption peak at 1536 nm,
longer EYDF spans cannot be used for the wavelength channel transmission at these lower
wavelengths as the signal loss is not sufficiently counteracted by the gain in this part of the
spectra. The longer the EYDF length, the more the lower wavelengths are absorbed and
the more their power is redistributed to longer wavelengths, effectively shifting the usable
bandwidth towards the far end of the optical C-band.
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5. Conclusions

In this paper, we show the process of designing an inhouse cladding-pumped EYDFA
prototype using numerical simulations and experimental characterization. We identified
the EYDFA configuration (a co-doped fiber length, pump power, input signal power)
suitable for the signal amplification in a multichannel fiber-optic transmission system with
dense wavelength allocation across the C-band. For the EYDFA, we used a commercial
double-clad EYDF as an active medium. Therefore, we first experimentally determined the
EYDF characteristics (specifically, Er** and Yb** absorption and emission cross-sections
and overlap coefficients). Then, these were fed into a simulation model to determine
some initial EYDFA settings, e.g., the EYDFA length and the pump power required to
ensure the desired amplification, before moving to a laboratory setup. Finally, we used the
developed prototype to investigate the EYDFA's absolute gain and gain uniformity under
different conditions using a 48-channel DWDM system with —20 dBm/ch. input power.
The obtained results reveal that the EYDFA setup, consisting of a 5 m-long EYDF span that
is optically pumped by a multimode diode with 2 W pump power, ensures practical levels
of amplification in the 1534-1565 nm band. Across this wavelength range, the EYDFA
provides >21 dB per-channel gain with 12 dB gain ripple when amplifying 48 channels at
100 GHz spacing.

For pump powers up to 2 W, the population inversion of Er** required for signal
amplification in the wavelength region below 1544 nm is not maintained throughout EYDF
spans longer than 5 m. This causes a gain increase in the upper C-band, which occurs due
to signal reabsorption from the lower C-band. Furthermore, during the EYDFA characteri-
zation, we observed unstable lasing for the EYDFA configurations when combining high
pump power and low input signal power. For the input signal power below —20 dBm/ch,
the EYDFA generated some lasing modes even when the pump power was as low as
0.6 W. Two peaks were distinguished at 1536 and 1544 nm. The intensity of those peaks is
proportional to the EYDF length; however, such behavior can be eliminated by increasing
the power of the input C-band signal.
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Abstract— In this paper the authors implement a Raman assisted fiber optical parametric am-
plifier solution and compare the its configuration with the configuration obtained for a standard
single-pump parametric amplifier that ensured approximately the same level of amplification.
The simulation results are obtained in a 16 channel dense wavelength multiplexed transmission
system with intensity on-off keying modulation and 50 GHz channel spacing. Both amplifiers are
used as preamplifiers in the transmission system under attention. While comparing the amplifiers
the main focus is on the total amount of power required for the amplifier to ensure a certain level
of amplification, and the quality of the amplified signal.

1. INTRODUCTION

Under the influence of the all-time growing demand for higher network capacity, huge effort is being
made to increase the throughput of modern optical transmission systems, especially, wavelength
multiplexed (WDM) transmission systems [1,2]. Optical amplifiers are one of the key elements of
WDM transmission systems, as the usable wavelength band in such systems is limited by the gain
bandwidth ensured by the applied signal amplification solution. The gain bandwidth of Erbium-
doped fiber amplifiers (EDFA), the type of amplifiers that is commonly used in WDM systems, is
highly limited by the material characteristics of the gain medium [3]. Therefore, it is evident that
to keep up with the constantly growing demand for higher network capacity, conventional EDFAs
will need to be replaced by an alternative amplification solution.

Fiber optical parametric amplifiers (FOPAs) are an innovative type of amplifiers, that can be
considered as one of the possible replacements of conventional EDFAs. Gain characteristics of
FOPAs demonstrate why this type of amplifiers is likely to be widely used all around the world in
near future: gain up to 70dB [4] and gain bandwidth up to 270 nm [5] was reported. Additionally,
to remarkable gain characteristics, FOPAs provide a number of additional application for all-optical
signal processing, such as: wavelength conversion by utilizing the four-wave mixing produced idler
spectral components, dispersion compensation by utilizing phase conjugation in the middle of a
transmission link, 2R and 3R all-optical signal regeneration (2R — signal power and form regener-
ation; 3R — signal power, form, and phase regeneration) and modulation format conversion [6-10].

Unfortunately, performance of FOPAs is highly affected by several factors, such as: high gain sen-
sitivity to phase mismatch between the interacting spectral components, stimulated Brillouin scat-
tering (SBS), relative intensity noise, four-wave-mixing (FWM) produced inter-channel crosstalk
and, in case of dual-pump FOPAs, stimulated Raman scattering (SRS) [11].

Despite the negative impact on SRS, this fiber non-linearity can also be used to increase the
performance of single-pump FOPAs by supplying additional power to the parametric pump dur-
ing amplification. In this paper the authors compare the performance of such Raman assisted
FOPA (RA-FOPA) solution with the performance of a standard single-pump FOPA, that ensure
approximately the same level of amplification in a 16 channel dense wavelength division multiplexed
(DWDM) transmission system. During the research the focus is on the total amount of power re-
quired for the amplifier to ensure a certain level of amplification, and the quality of the amplified
signal.

2. SIMULATION SETUP

The main purpose of this section is to introduce the simulation model used within this research. This
simulation model represents a 16 channel DWDM transmission system with 10 Gbps transmission
speed per channel, non-return to zero intensity on-off keying (NRZ-OOK) modulation, 50 GHz
channel spacing and a parametric preamplifier. This model is displayed in Fig. 1.

As can be seen from Fig. 1, the output radiation of all 16 channels, that occupy the frequency
band from 196.4 THz till 197.15THz (from 1520.6 nm till 1526.4nm), is combined into a single
optical flow and sent through an optical attenuator with total input signal attenuation of 37dB,
that in our case represents approximately 150 km of transmission fiber and insertion loss of a fiber
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Figure 1: Simulation model of 16 channel 10 Gbps WDM transmission system with NRZ-OOK modulation
format and (a) a RA-FOPA preamplifier or (b) a single-pump FOPA preamplifier.

Bragg grating, that is required for dispersion compensation purposes. The power of the signal at
the input of the amplifier was approximately —42dBm in each of the 16 channels.

As it was already mentioned previously, the RA-FOPA and the single-pump FOPA solutions were
used as preamplifiers and are positioned right at the output of the optical attenuator. After passing
through the preamplifier, the amplified signal is sent through a bandpass optical filter (OF) with 3-
dB bandwidth of 15 nm, and is divided among 16 PIN photodiode based receivers with sensitivity
of —23.9dBm at 10712 reference bit-error ratio (BER) by using an optical splitter with 13.5dB
insertion loss. At the input of each receiver the signal passes another bandpass optical filter with
—3dB bandwidth of 0.11 nm to filter out radiation that belongs to the neighbour channels. Double
filtering is required because the extinction ratio of each filter is 20dB, and, therefore, usage of a
single filter is not enough to exclude the impact of the remaining pump radiation on the quality of
the detected signal.

In the RA-FOPA solution (displayed in Fig. 1(a)) the output radiation of the 500 mW 192.92 THz
pump is sent through a phase modulator, that is used for SBS mitigation, an optical polariser, to
make sure that the state of polarization of the pump coincides with the state of polarization of the
signal, an optical isolator, and then, is combined with the signal to be amplified. Afterwards the
combination of the signal and the pump co-propagate through a 1km long HNLF with 1553 nm
zero-dispersion wavelength and a nonlinear coefficient of 15.0 W~ km~!, that is used as the gain
medium and where signal amplification takes place. On the other end of the HNLF a 500 mW
206.13 THz Raman pump is sent in the counter-propagating direction in respect to the signal and
the parametric pump. Such propagation direction of the Raman pump in the HNLF was chosen in
order to avoid arising of FWM between the Raman and the parametric pumps.

The structure of the single-pump FOPA solution is similar, but in this case there is no Raman
pump and the gain is ensured only by the parametric pump, the selection of the power and the
frequency of which is described in the next section.

3. RESULTS AND DISCUSSION

In this section the results obtained in simulation models with the Raman assisted FOPA and with
the single-pump FOPA solution are introduced and analysed. The approach was to obtain the
gain and noise characteristics of an RA-FOPA, the configuration of which could ensure BER values
below 107 in all 16 channels, then, to find such single-pump FOPA configuration that would
ensure approximately the same level of amplification, and, afterwards, to compare the quality of
the amplified signal of these two amplification solutions.

As it was mentioned in the previous section, the RA-FOPA had the following configuration:
the parametric pump had power of 500mW with 192.92 THz central frequency, and the Raman
pump had the same power (500 mW), but with 206.13 THz central frequency, that in respect to
the signal and the parametric pump was counter-propagating in the 1km long HNLF. The gain for
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the 16 channels, produced by the RA-FOPA with the above described configuration, was 31.6 dB
in average (from 31.4dB in the 1st channel to 31.8dB in the 9th channel).

Afterwards, such configuration of the single-pump FOPA that ensured approximately the same
level of amplification was obtained. The goal was to find such configuration of the single-pump
FOPA, that could ensure that gain for each of the 16 amplified channels would not be less than
the gain for the same channels, produced by the RA-FOPA, using as low pump power as possible.
The obtained results have shown that the lowest pump power that met the above mentioned
condition was 755 mW, in this case pump central frequency of 192.91 THz was used. Such amplifier
configuration ensured from 31.5dB (16th channel) to 32dB (7th channel). The gain spectrum
produced by the RA-FOPA and the single-pump FOPA with above described configurations is
displayed in Fig. 2.
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Figure 2: Spectra of the on-off gain produced by the single-pump FOPA (red line) and of the gain produced
by the RA-FOPA (blue line).

If we compare the configurations of the two amplifiers, it is evident, that the single-pump FOPA
solution has significantly higher amplification efficiency and, therefore, is the likely to be used
from the power consumption point of view, as it required by 245mW less pump power than the
RA-FOPA solution to ensure approximately the same level of amplification. But, as the results
introduced further in this article will show, the RA-FOPA has a number of advantages in respect to
the standard single-pump FOPA. Fig. 2 clearly shows the 1st advantage of the RA-FOPA solution

the —3dB bandwidth of the gain spectrum of the RA-FOPA is approximately by more than
0.1 THz wider than the gain spectrum of the single-pump FOPA.

To assess the amount of noise produced by the two amplification solutions, optical signal-to-noise
ratio (OSNR) at the input of the receiver was obtained and compared for each of the 16 channels.
The obtained results are displayed in Fig. 3.

Figure 3 clearly indicates that OSNR values observed in the system with the Raman assisted
FOPA are higher in all channels except for the 10th channel, where the OSNR in the system with
the standard single-pump FOPA was by 0.1dB higher than in the system with the RA-FOPA
solution (19.4 and 19.5dB respectively). The highest difference in OSNR between the two systems
is observed in the 1st channel, where it has reached 2dB, but, in average OSNR in the system
with the RA-FOPA was by 0.8 dB higher than in the system with the single-pump FOPA. Another
tendency worth mentioning, that is observed in Fig. 3, is that in both systems lowest OSNR values
are observed in the center channels, but the highest — in the side channels of the system, even
though the level of amplification in these channels was lower than in the center channels. This shows
that a significant part of noise is caused by inter-channel crosstalk, produced by channel-channel
FWM (CC-FWM) interactions.

To assess the quality of the amplified signal, the dependence of BER values on the power of the
detected signal in the channel with the highest BER (9th channel) was obtained both in the system
with the RA-FOPA and in the system with the single-pump FOPA. It is important to note that
BER values were not obtained directly, but were calculated based on OSNR values. The obtained
dependencies are displayed in Fig. 4.
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Figure 3: OSNR values of the detected signal obtained in each channel of the system with the single-pump
FOPA (blue) and of the system with the RA-FOPA solution (orange).
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Figure 4: BER dependency on the power of the detected signal in the 9th channel in the system with the
RA-FOPA (blue line) and in the system with the single-pump FOPA (red line).

Figure 4 shows that in the system with the RA-FOPA solution, by 0.7 dB weaker signal can be
received to obtain BER below 1079, than in the system with the standard single-pump FOPA.

4. CONCLUSIONS

The aim of this research was to compare the performance of RA-FOPA and a standard single-pump
FOPA preamplifiers in a 16 channel DWDM transmission system. The comparison was made in
the same operating conditions — both amplifiers used exactly the same gain medium (1km long
HNLF) and both produced approximately the same gain for the input signal with —42 dBm power
in each channel.

A 500mW 192.92 THz parametric pump was used in the RA-FOPA solution, that in its turn
was amplified by the 500 mW 206.13 THz counter-propagating Raman pump. Such configuration
has amplified the input signal by 31.4-31.8 dB. Approximately the same gain was ensured also by
the single-pump FOPA (31.5-32dB), where a 755 mW 192.91 THz pump was used. Even though
that the achieved gain was almost the same, the —3dB bandwidth of the gain produced by the
RA-FOPA was by 0.1dB wider. It is important to point out that the RA-FOPA required by
245 mW more pump power than the single-pump FOPA to ensure the previously mentioned level
of amplification.

After comparing the OSNR values of all channels after amplification it was found that OSNR,
in the system with the RA-FOPA was in average by 0.8dB higher than in the system with the
single-pump FOPA. Such result can be explained in the following way. FWM process, that is
utilised in FOPAs for amplifying the signal, is highly dependent on the phase mismatch between
the interacting spectral components (pump and the signal). On one hand, the further the signal and
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the parametric pump co-propagate into the HNLF, the higher is this accumulated phase mismatch,
the lower is the efficiency of FWM. But on the other hand, the efficiency of FWM rises together
with the power of the interacting spectral components. This applies not only to the pump-signal
interactions (amplification) but also to channel-channel interactions (CC-FWM). Therefore, if the
parametric pump has an additional power supply throughout the whole process of amplification,
the main part of the gain is produced further in the HNLF, where the efficiency of CC-FWM and
parametric amplification is lower than at the beginning of the gain medium. In such a way, the
signal power becomes significant enough to generate CC-FWM interactions when the efficiency of
the CC-FWM itself has already decreased. As result, the amplifier generates less signal impairments
for a certain level of amplification, than in the case when a standard single-pump FOPA solution is
used. This also explains why the RA-FOPA required higher pump power to ensure a certain level
of amplification than the standard single-pump FOPA.

The previously mentioned difference in CC-FWM produced inter channel crosstalk has resulted
in 0.7dB power penalty in the system with the standard single-pump FOPA in respect to the
system with the RA-FOPA solution.
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Abstract— With the increasing demand for high-speed and bandwidth-intensive applications,
the deployient of wavelength-division multiplexing passive optical network (WDM-PON) sys-
tems has gained significant traction. This work addresses the eritical aspects of designing and
maintaining rare-earth-doped fiber amplifiers (REDFAs) for WDM-PON transmission systems,
focusing on optimizing performance, reliability, and case of maintenance, The design phase in-
volves meticnlously exploring rare-earth-doped fibers, emphasising selecting dopants that enhance
amplification efficiency and maintain signal integrity across muoltiple wavelengths, Experimental
results and performance evaluations highlight the designed REDFA's effectiveness in enhanc-
ing WDM-PON systems’ transmission capabilities. The findings advance the understanding of
rare-carth-doped fiber amplifiers and provide practical guidelines for deploving and maintain-
ing high-performance WDM-PON transmission systems in telecommunications networks. This
research lays the foundation for more robust and efficient next-generation (NG) optical access net-
works capable of meeting the escalating demands of modern communication infrastriuctures. An
experimental model of REDFA is tested in different conditions nsing a 16-channel non-return-to-
zera (NRZ ) modulated WDM-PON transmission system operated in C-band, where BER quality
below 1x1077 is used as a threshold. Designed REDFA is realized with both co-propagation
[(980mm ) and counter-propagation (1480 nm) pump laser confisuration to find optimal pumping
laser parameters for the maximum performance of the optical commmication system.

1. INTRODUCTION

Wavelength-Division Multiplexed Passive Optical Network (WDM-PON) is regarded as a promising
broadband access solution because of its almost unlimited bandwidth, network security, simple man-
agement and upgradeability [1]. Passive Optical Network (PON) is an optical fiber-based network
architecture that supports a nmch higher bandwidth access network than traditional copper-based
networks. The inclusion of wavelength-division multiplexing (WDM) in PON offers the ability to
support much higher bandwidth than in standard PONs [3]. WDM PONs are considered as a
promising solution to meet the future bandwidth requirements of next-generation (NG) broadband
access, with a capability to deliver more than 10 Gbps per subscriber [2].

We are witnessing ever-increasing demands for optical data networks, and the demands are not
only for higher transmission speeds [3] but also for vital network capabilities that will allow long
distances to be covered. Two main ways to solve this task are using higher data rates (Gbit/s
per A) and by expanding the transmission spectral region toward the shorter wavelength range (np
to 1300nm), specifically used for short-range transmission, e.g., data center interconnects (DCI).
When a signal passes through the optical fiber, it is gradually attennated by various physical or
external factors, and 1t is advisable to build optical amplifiers into the transmission route.

Optical amplifiers could be divided into solid-state amplifiers and doped fiber amplifiers.

Solid-state amplifiers use a wide range of doped solid-state materials and different geometries to
amplify optical signals. The variety of materials allows the amplification of different wavelengths
while the shape of the medinm can distingnish between more snitable for energy of average power
scaling. Doped fiber amplifiers (DFAs) are optical amplifiers that use a doped optical fiber as a
gain medium to amplify an optical signal [4].

There are various types of optical amplifiers: Erbinm-Doped Fiber Amplifier (EDFA), Semicon-
ductor Optical Amplifier (SOA), Thulivm-Doped Fiber Amplifier (TDFA), Prascodyminm-Doped
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Fiber Amplifier (PDFA), Optical Parametric Amplifier (OPA), Ytterbiun-Doped Fiber Amplifier
[YDFA) and others. EDFA operates based on the principles of stimulated emission in erbinm-doped
fibers, allowing for the amplification of optical signals in the 1550 nm wavelength range [4]. Raman
amplifiers utilize the Raman scattering effect in optical fibers to amplify signals by transferring
energy between photons [3]. SOAs nse semiconductor materials to amplify optical signals throngh
the injection of current into the semiconductor [6]. TDFA employs thulinm-doped fibers for signal
amplification, ically in the mid-infraved wavelength range [7]. PDFA utilizes praseodymium-
doped fibers for signal amplification [8]. OPA amplifies signals through a non-linear optical process
called parametric amplification [9].

EDFA amplifiers are commonly used in optical networks due to their properties and resulting
gain. In addition, there is continuous development and improvement in the field of EDFA amplifiers,
especially considering the doped fibers used therein [10]. The EDFA is the most deployed fiber
amplifier due to their properties and resulting gain. The core of a optical fiber is doped with trivalent
erbium lons (Er3+) and can be efficiently puunped with a laser at or near wavelengths of 980 nm and
1480 nm, and gain is exhibited in the C-band (15301365 nm) region up to ~80nm. Basically C-
band {~1525 nm to ~1565 nm) or L-band (~1565 nm to ~1610nm) can be amplified by EDFAs The
prineipal difference between C- and L-band amplifiers is that a longer length of doped fiber is nsed
in [~band amplifiers. EDFAs have found wide application in WDM for amplification [10,11].

2. STRUCTURE OF WDM-PON TRANSMISSION SYSTEM

Wavelength division multiplexing (WDM) is the ultimate solution for fast, efficient, and secure
bandwidth allocation in passive optical networks, and it is the subject of research proposals for
next-generation NG broadband access [12]. WDM-PONs among the most widely used technology
for high-capacity optical communication systems that introduce reasonable data transmission rates
and large bandwidths.

Typical WDM-PON architecture includes a central office (COJ, two eyclic arrayed waveguide
gratings (AWGs), a trunk or feeder fiber, a series of distribution fibers, and optical network units
(ONUs) at the subscriber premises as shown in Fig. 1. The first cyclic AWG located at the CO
multiplexes downstream wavelengths to the ONUs and denmiltiplexes upstream wavelengths from
the ONUs. The trunk fiber carries the multiplexed downstream wavelengths to the second cyclie
AWG located at a remote node e.g., remote terminal [RT). The seccond AWG demultiplexes the
downstream wavelengths and directs each one into a distribution fiber for transmission to the
ONUs [13]. The downstream and upstream wavelengths allocated to each ONU are intentionally
spaced at a multiple of the free spectral range (FSR) of the AWG, allowing both wavelengths to be
directed in and out of the same AWG port that is connected to the destination ONU [14]. In Fig. 1.

the downstream wavelengths destined for ONU 1, ONU 2, ..., and ONU N, are denoted as A Ag,
,and Ay, respectively. Likewise, upstream wavelengths from ONU 1, ONU 2, ... and ONU N,
that t are destined for the CO are denoted Ay, Ay, ..., and Ay, respectively. In a standard WDM

PON, wavelength channels are spaced 100 GHz (0.8 nm) apart according to spectral grid allowance

Central office (CO)

Aydg, Ay

Upstream , mxFSR  downstream

+*

- - [T

Figure 1: Structural scheme of WDM-PON architecture. Inset: Allocation of npstream and downstream
wavelength channels into two separate wavehands.
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following I'TU-T G.694.1 recommendation. In systems classified as dense WDM-PON (DWDM),
a channel spacing of 50 GHz or less is deployed [15, 16]. However, a WDM PON has a physical
point-to-multipoint communication (P2MP) topology and logical peer-to-peer (P2P) connections
are facilitated between the CO and each ONU. Here, the main distance limiting part is insertion
loss (IL), therefore it is neecessary to perform Ay, Az, ..., and Ay modulateed optical carrier signal
amplification.

3. EXPERIMENTAL SETUP OF 100 GHZ SPACED 16-CHANNEL REDFA-BASED
WDM-PON TRANSMISSION SYSTEMS

The goal 1s to test and validate the experimental prototype of REDFA in different conditions using
a 16-channel non-return-to-zero (NRZ) modulated WDM-PON transmission system operated in
C-band, where BER quality below 1107 is used as a threshold. The REDFA amplifier prototype
was initially designed and experimentally validated in a laboratory enviromment. To test the per-
formance of the REDFA amplifier, the data transmission is performed in a mathematical modeling
environment., FEmission and absorption spectra were obtained using standard measurement meth-
ods, where the co-doped erbium (Er**) fiber length was 20 m; please see Fig. 2. The mathematical
model is used to characterize the performance of the developed rare-earth-doped fiber amplifier as
shown in Fig. 3.

Authors have analyzed REDFA awplifier performance by applying of two different pump lasers,
co-propagation (980nm) and counter-propagation (1480nm) pump laser, considering the best
REDFA amplifier confignration in terms of received signal bit-error-rate (BER). Central office
CO consists of an optical line terminal {OLT) with sixteen transmitters Tx in systems architecture.
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Figure 2: Measured (a) absorption and (b) emission cross-section spectra of the Erd+ co-doped optical fiber
used for REDFA amplifier prototype.
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Figure 3: Experimental setup of 10 Ghit/s per A NRZ modulated 100 GHz spaced 16-channel REDFA-based

WDM-PON transmission systen.
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Each of the 10Ghit /s transmitters (Tx) consists of one electrical psendo-random bit sequence
(PRBS) data source, an NRZ driver, which encodes the data from data sources by using the non-
retwrn zero (NRZ) encoding technique in such a way generating NRZ signal. The light source
continmous wavelength (CW) laser with a linewidth of 23 KHz and an output power of +4 dBm
is used [17]. Continnous wavelength CW laser source output is directly connected to the Mach-
Zehnder modulator (MZM), which has a 3dB insertion loss and 20dB extinction ratio. Central
frequencies for CW lasers were set from 192.8 THz to 194.3THz for 100 GHz spaced 16-channel
REDFA-based WDM-PON transmission system. The formed optical signals in the Tx part (1 to
16 channels) of the WDM-PON transmission system are passed throngh an optical bandpass filter
(OBPF, 3-dB bandwidth of 50GHz).

Next, optical signals are coupled by optical coupler and launched into a standard single-mode
fiber (SMF) link section e.g., optical distribution network (ODN]. REDFA optical amplifier are
located between two SME fiber link sections, where the first optical fiber section (SME _1) is 50 km
and the second (SMF 2} is T0km long.

Chromatic dispersion (CD) post-compensation by fiber Bragg grating dispersion compensation
module (FBG-DCM) is realized for all channels. Additional 3dB attenuator is used for simulation
of FBG-DCM’s insertion loss (IL). An optical coupler follows at second SMF link end section.

An OBPF used for each Rx. has 3-dB bandwidth of 50 GHz, therefore divides the received
optical signal into wavelengths and passes it on to the receiver section.

The NRZ modulated optical signals pass an optical link section consisting of two single-mode
fiber SMF sections with a distance of 50 ki and 70 kan and rare-carth-doped fiber amplifier REDFA
consisting of 6m long co-doped erbium Er®*t fiber. Providing signal amplification, np to 140 mW
pump power is used in Co-propagation (A = 980nm), and up to 20 mW pump power is used for
Counter-propagation (A = 1480 nm).

Receiver side consists of users or optical network terminals (ONTs), where each ONT consists
of receiver Rx. Each Rx consists of a semiconductor photoreceiver PIN (sensitivity is —20dBm
for BER of 10~12), electrical Bessel low-pass filter (LPF, 3-dB bandwidth is 10 GHz), and digital
electrical oscilloscope (DSO) to evaluate the quality of the received signal, e.g., BER of the received
slgnal pattern.

4. RESULTS AND DISCUSSION

An experimental prototype of REDFA is tested in different conditions using a 100 GHz spaced 16-
channel NRZ modulated WDM-PON transmission system operated in C-band, where BER quality
below 1x107" is used as a threshold. Fig. 4. shows eve diagrams of the received signal after
transmission at the 10 Ghit/s data rate over a total 120km SMF fiber link section. In this case, the
REDFA amplifier uses co-propagating (A = 980 nm) 80 mw pump power while connter-propagating
(A = 1480nm) uses 130mW pump power. As it is shown in Figs. 4(a) and 4(b), the BER of the
received signal of the worst performing middle channel (8-channel) is 1.86x 107" and 2.14x 1077,
To test the BER performance against, the co-counter propagating (A = 980 nm) and counter-
propagating (A = 1480 um) pump powers were set in ranges of (20mW to 140mW) and (20 mW

0 0,02 0.05 007 0.1 0,12 015 0,17 02 0002005007 0.1 012015017 0.2
Time. ns Time. ns

(a) (b}

Figure 4: Eye diagrams of 10 Gbit/s per A NRZ modulated and received signal (8th channel) of 100 GHz
spaced 16-channel REDFA-based WDM-PON transmission system (a) Co-propagating REDFA 80 mW pump
power and (b) Counter-propagating REDFA 130 mW pump power,
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to 200mW), respectively.  Authors consider evaluating the optimal pumping power of REDFA
amplifier (punping power (ImW) versus BER) for the worst performing 8th channel while choosing
the pump power co-counter propagating (A = 980 nm, from 20mW up to 140mW with a 10mW
step) and counter-propagating (A = 1480nm, from 20mW up to 200 mW with a 10mW step).
The BER threshold of 1 107" to be the main criteria for the ‘system’s evalnation. As it is shown
in the Fig. 5, the BER threshold of 1x107" has heen reached at pumping power of 80mW at
co-propagating (A = 980 mm), and at the pumping power of 130 mW at counter-propagating (A =
1480 ).

[—#— Chramcristic curve of REDFA pump power [mi]|
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Fignre 5: BER of 10 Gbit/s per A NRZ modnlated signal (8th chamnel) versus pumping power (mW) of
REDFA amplifier for 100 GIIz spaced 16-channel REDFA-based WDM-PON transmission system: (a) co-
counter propagating (A = 980 nm) and (b} counter-propagating (A = 1480 nm).

5. CONCLUSION

In this paper, we have tested and validated the experimental prototype of rare-earth-doped fiber
amplifier (REDFA) in different conditions using a 16-channel non-return-to-zero [NRZ) modulated
wavelength-division mmltiplexing passive optical network (WDM-PON) transmission system oper-
ated in C-band (1530-1565 nm), where BER quality below 1x 107 is used as a threshold. Emission
and absorption spectra were obtained using standard measurement methods; the data transmission
is performed in a mathematical modeling environment. We have realized and tested an experi-
mental prototype of REDFA in two different conditions using both: co-propagation (980 nm) and
counter-propagation (1480 nm) pump laser configuration to find optimal pumping lasers parame-
ters for the maximum performance of 10 Gbit/s per A NRZ modulated 100 GHz spaced 16-channel
REDFA-based WDM-PON transmnission system.  To test the BER performance, the co-counter
propagating (A = 980nm) and counter-propagating (A = 1480 nm) pump powers were set in ranges
of (20mW to 140mW) and (20mW to 200 mW). The BER threshold of 1% 107 has been reached at
pumping power of 80 mW at co-propagating (A = 980 nm), and at the pumping power of 130 mW
at counter-propagating (A = 1480nm) for 10Gbit/s NRZ modulated received worst performing
per A operated signal. The obtained performance indicators verify the feasibility of the simulated
transmission system.
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Abstract—Pulse position modulation (PPM) is a highly energy-
efficient signaling technique in which the information is encoded
in the time position of short pulses. However, due to the limited
bandwidth of PPM receiver, detecting very short pulses could
be challenging. The electrical pulse expansion can be applied to
overcome this limitation. This is especially important in ultra-
high precision timer applications in PPM signal demodulation.
The paper discusses the radio frequency (RF) low-pass filter
(LPF) application for pulse expansion purposes. Analytical and
experimental results demonstrate the expansion of electrical
pulses having 50 ps duration at full width at half maximum
(FWHM) using several types of LPFs. The impact of the filter
parameters on the PPM pulse shape, amplitude, and duration is
discussed.

Index Terms—Filtering, Low-pass filters, Ultra wideband com-
munication, Time measurement, Energy efficiency, Jitter, Modu-
lation, Physical layer

I. INTRODUCTION

Energy efficiency is one of the critical aspects of mod-
ern communication systems. Nowadays, with a huge amount
of information to be transmitted, tems associated with
microwave or optical frequency bands become increasingly
power hungry. One of the possible and highly effective tech-
niques for encoding information using short pulses is pulse
position modulation (PPM) [1].

This signaling technique leads to a significant increase in
power efficiency compared to existing technologies. Fig. 1
shows the PPM symbol in which the pulse has four positions.
All symboals are separated by a guard time T, for information
processing. As it is shown in Fig. 1 the specific payload
interval has total time duration M .7 =T — T,, where M is
number of positions. 7 is duration of one position, 7" duration
of symbol. The number of bits transmitted per symbol B can
be calculated as:

B =log, M (1
978-1-6654-6439-0/22/431.00 ©2022 IEEE
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Symbols with a larger number of positions M save energy,
whereas higher transmission speed is achieved by minimiz-
ing the number of positions. Data transfer speed R can be
calculated as follows:

B
= T (2)

PPM as a data modulation technique essentially sets seem-
ingly simple requirements. It is necessary to ensure the gen-
eration of very short pulses with the possibility of changing
the interval between pulses. For detection, there are a lot of
different techniques. One of the most promising techniques for
high-speed PPM is direct time measurement by event timer.
The accuracy of the event timer is one of the limiting factors
for this modulation technique. To save energy, pulses must be
as short as possible, whereas, for the detection, pulse duration
must be long enough for latching the timer. For example, the
very precise event timer Eventech AO33-ET [2], can detect
events with the root mean square (RMS) accuracy of about
3 ps, but the pulse must be above the timer pulse detection
threshold at least for 700 ps. Therefore, in most cases, it is
necessary to perform pulse shaping, expansion, and automatic
gain control before detection by the event timer.

This paper 1s organized as follows: Section II is devoted to
the review of the current state-of-the-art in the area of impulse
radio ultra-wideband (IR-UWB) pulse expansion, Section III
outlines rescarch subject and provides some theory, Section

T, =] T, el

Fig. . Structure of example PPM signal having M = 4. B = 2 encoding
"00" and "01"
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IV provides numerical modelling of different low-pass filters
(LPFs) and their impact on 50 ps pulses. Section V presents
lab experiments with different microwave LPFs. Section VI
is aimed to provide a comparative analysis of numerical
modeling and practical lab experiments. Finally, Section VII
draws conclusions made by the authors of this research.

II. RELATED WORK

Pulse shaping and expansion methods are widely used in
various areas which employ generation, transmission, recep-
tion, and time measurements of radio frequency (RF) and
optical signals. Analog and digital technologies are used for
this purpose. The review [3] is devoted to the field of femtosec-
ond pulse generation, in which optical waveforms are formed
and generated using Fourier synthesis methods. The important
improvement of the timing resolution 1s shown in [4], where
the pulse expansion is implemented in the complementary
metal-oxide-semiconductor (CMOS) time-to-digital converter
(TDC). Accurate time interval measurement methods are im-
plemented with various technologies in Gigahertz, Terahentz,
and also optical bands [5], [6]. Pulse shaping and pulse
expansion are widely used also in various optical devices and
communication systems, biomedical, radar and imaging sys-
tems [3], wideband analog-to-digital converter (ADC) and dig-
ital signal processing [5]. low-power ultra-wideband (UWB)
communication systems [7], various measuring devices, time
interval measuring systems [6], programmable pulse shaping
filters [8], time tagging for space technology [9] and many
other applications.

Various pulse shapes for UWB communications are being
studied and implemented, but a significant place in UWB tech-
nologies is occupied by Gaussian pulse shape (this pulse pro-
vides a significant direct current (DC) component), Gaussian
doublet pulse and Gaussian monocycle pulse [10]. In wireless
technologies, the Gaussian monocycle pulse is used in most
IR-UWB systems because of its spectral characteristics and
because this shape can be generated in a transmission circuit
without much difficulty [11]. However, various trapezoidal
and sometimes bell-shaped trapezoidal pulses also play an
important role in UWB applications. Choosing pulse shape
in impulse systems is one of the main considerations in the
system’s design. Until now, many studies which address pulse
shaping are mostly of theoretical importance and mainly refer
to digital UWB communication systems. Chapter 6 of the
book [1] looks at some features of non-traditional pulse shape
generation and use in UWB, where so-called Hermit pulses
arc analyzed. This analysis concludes that it needs to be
assumed that the receiver has complete information about the
propagation channel and that the perfect synchronization to
the received signal is realized.

The design of analog IR-UWB systems is simpler than the
same digital ones [12] and could be used without channel
synchronization that requires complex solutions [7]. UWB
technologies do not exclude the use of transmission lines such
as coaxial cables or twisted pair [13]. For example, in work

GP FP
AWG |—| Cable |— LPF A033-ET
Pulse gen Channel Pulse expander Amplifier Event timer

Fig. 2. Block diagram of a PPM transmission link

[14], it is proposed to combine optical fiber and twisted-pair or
coaxial cable networks in access architectures based on UWB.
In any case, especially in a transmission channel linear
model, the spectral density of the pulses is studied very
carefully because it gives essential information about the
characteristics of the pulses and their shape changes in the
transmission channel. As a rule, the significant bands of the
spectra of these pulses extend up to 20 GHz [1], [6]. Not
only does the physical medium of the transmission channel
affect pulse shape, but also the devices and components of the
transmission channel have a significant impact. However, there
are alse cases when the shape and duration of the pulses are
changed knowingly, for example, by applying filtering [10].

1. SYSTEM DESCRIPTION AND THEORY

Fig. 2 shows a block diagram of an PPM communication
system which employs high accuracy event timer for the
demodulation. It cons of a pulse generator with PPM
modulator - for testing purposes arbitrary waveform generator
(AWG) is usually used. wideband cable, LPF, amplifier, and
cvent timer.

The PPM modulator governs the pulse generator with the
desired waveform following incoming digital data. In this
research, unipolar pulses with an full width at half maximum
(FWHM) of 50 ps are considered. These PPM pulses will be
referred to as generated pulses (GPs).

LPF is necessary for expanding the incoming pulses, and
this research is devoted to evaluating the impact of different
LPFs on the incoming signal. LPF must be chosen so that
the pulse duration of the filtered pulse (FP) at FWHM 1s
about 750 — 1000 ps, as the selected event timer dictates
such duration. The reference levels of 20%., 50% (FWHM)
and 80% of waveform, used in this paper are explained in
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Fig. 3. Key parameters of the pulse.
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Fig. 3. More information on pulse parameters can be found in
IEEE standard [ 15]. In the ideal case, the shape of the FP must
be as flat as possible and with a sufficiently small rise time and
not a very large fall time if compared to the pulse duration.
The aforementioned FP parameters are primarily determined
by the timer used for demodulation. The main topic of this
research is the transformation of GPs of various types by LPF
that provide the necessary pulse duration and ensure an error-
free response of the event timer.

In the research presented here, a model of a metallic cable-
based transmission system (coaxial cable) is used, and pulses
with a DC component are considered because such pulses
propagate in lines with lower losses and distortions due to their
spectral characteristics and their expansion in time is easier to
implement in practice.

There are no strict limits to the FP waveform. The pulse
shape must be smooth enough and has to have a specified pulse
duration. Moreover, the FP must have a sufficiently small rise
time to have less jitter during the pulse position or in other
words time tag measurements.

Pulses employed in many applications (communications,
radar, sonar, et.) often turn out simple basic waveforms or
their combinations. In the initial stage of the investigation, the
generation of two types of pulses is considered: 1) Gaussian
unipolar pulse: 2) rectangular pulse. Although such pulse
forms are mathematical idealizations, it nevertheless gives a
good insight into the propagation of pulses in the communi-
cation channel, their filtering, and the possibilities of obtaining
such FP waveforms and their durations that would e¢nsure the
achievement of the goal set in the work.

In this research, which is focused on GPs having a duration
around 50 ps, the shape of GPs is chosen to be practically easy
to generate. Moreover, the received pulse must be possible to
transform into another pulse with a shape and duration that
would ensure sufficiently accurate time measurement with the
lowest possible jitter.

The shape of the GP determines its spectral width (fre-
quency bandwidth). If we compare pulses with the same
duration, the lowest bandwidth can be achieved using a
Gaussian pulse, whereas the broadest bandwidth (in an ideal
case — infinite) is required by a rectangular pulse. The re-
quired RF bandwidth of other pulse shapes used in IR-UWB
technologics - symmetric and non-symmetrical trapezoidal,
triangular, raised cosine pulses - are between the bandwidth
of the two pulse shapes mentioned above. Identification and
study of the pulse bandwidth and spectral shape are essential
when selecting a suitable LPF to obtain the required FP shape
and duration [1]. Here, it is investigated whether the pulse
shape and thus also its occupied bandwidth are important for
pulse broadening. It is explained by performing numerical
calculations with Bessel and Butterworth LPFs of different
orders and cut-off frequencies [16].

In practice, it turns out to be more suitable for generating a
trapezoidal pulse, and therefore in the study a more accurate
approximation of a real pulse with a trapezoidal pulse was
explored [17] and an even more accurate approximation with

a bell-shaped trapezoidal pulse was also investigated. The
spectra of the last two pulses were compared and it was
concluded that in cases when their rise and fall times are
relatively small (up to 30 ps, if the pulse duration is around 50
ps). a simpler approximation with a cone-shaped pulse, which
results from a bell-shaped trapezoidal, is completely sufficient
pulse spectrum and its filtering differ minimally.

An asymmetrical trapezoidal pulse [17] 1s interesting in
itself. In accordance with Fig. 3 it can be used to form
both a symmetric trapezoidal pulse rise time is equal to fall
time, symmetrical and asymmetric triangular pulses when top
duration is 0, as well as a rectangular pulse when rise time
and fall time are zero.

If time Ty denotes the duration of the Gaussian, the pulse
at a level 1/e of its maximum value A, then its mathematical
expression of such pulse is:

.42
.sm.[i) =A-exp|— (3)
Tl;(-
The Gaussian pulse duration at the level 74, (py < 1)
may be calculated according to the formula
Tip, = Tije - VIpu = \fluph )

Rise time from 20% level till 80% level for Gauss pulse is
calculated from (4) and is 0478 - 7 /5.

Analytical expressions of the spectra of the pulses (complex
spectral densities, magnitude spectrum and phase spectrum)
for trapezoidal and bell-shaped trapezoidal pulses have been
obtained. Along with well-known spectral densities of rect-
angular and Gaussian pulses they have been used for the
verification of the numerically obtained results. However, due
to space limitations, they are not presented here.

IV. NUMERICAL EVALUATION OF PULSE EXPANSION

The expansion of unipolar 50 ps GPs of two different
shapes, namely, Gaussian and trapezoidal, was calculated
numerically and evaluated. The time function of Gaussian GP
sep(t) and its magnitude spectrum |[Sgp(f)| are shown in Fig.
4(a) and Fig. 4(b), respectively. Also, the shapes of the studied
GPs are shown in the inset of Fig. 7. For numerical calculation
of pulse expansion, the frequency characteristics provided by
Matlab, of two types of LPF filters - Bessel and Butterworth
- were used. For every type of filter, a set of different orders
and cut-off frequencies was implemented. The highest order of
LPF filter was limited by 7, because of reasons for subsequent
practical implementation. For numerical calculation, the set of
cut-off frequencies was selected mainly according to the cut-
off frequencies from data sheets of real LPFs, intended for use
in real measurements.

In Fig. 4(c) and Fig. 4(d), respectively, impulse response
function h(t) and magnitude of transfer function |[I{f)| for
two extreme sets - the minimum order, the minimum cut-
off frequency and the maximum order, the maximum cut-off
frequency - are shown for both investigated types of filters.
As it is seen, the transfer function of the Butterworth filter
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Fig. 4. Compuled time and spectral characteristics or 50 ps Gaussian pulse
filtered by Bessel and Butlerworth LPFs with different order (O) and cut-off
frequencies (fo)

is steeper, especially in the case of higher order and also in
time function of the impulse response of Butterworth filter
oscillations appear.

Time functions of FPs spp(f) were obtained in two ways -
using multiplication of spectrum of GP Sgp(f) with transfer
function of filter [(f) and followed by inverse Fourier
transform and using convolution between the time function
of GP and time function of impulse response of filter. The
results were compared to cach other to guarantee the accuracy
of the modeling. Time functions of FPs and their magnitude
spectrums obtained after filtering with both types of filters with
extreme sets of order and cut-off frequency are shown in Fig.
Aie) and Fig. 4f), respectively.

Influence of Bessel filters with different order and cut-off
frequency and of Butterworth filters with different order and
cut-off frequency on expansion of Gaussian GP is shown
by time functions of spp(f) in Fig. 5(a) to 5(c) and Fig.
6(a) to 6(c). Also the main characteristics of FP under focus
- FWHM, rise time, fall time, peak value of sgp(f) - are
summarized in Fig. 5(d) and Fig. 6(d), respectively. Both - the
time functions plot and the characteristics plot of Fig. 5 and
Fig. 6, respectively, have same legend. For example, in Fig. 5
the lightest green contour in characteristics plot corresponds
to lightest green time plot - result of expansion by Bessel LPF
with order 7 and cut-off frequency 0.5 GHz This expansion
characterizes with the longest rise time (270.6 ps) and the
longest pulse duration (667.8 ps) and the smallest peak value
of spp(t) (0.08 V). While the darkest blue contour corresponds
to expansion by 2nd order Bessel LPF with cut-off frequency
3.075 GHz with following characteristics - the shortest rise
time (34.2 ps) and the smallest pulse duration (106.2 ps) and
the largest peak value of spp(t) (0.46 V). Peak value of every
GP was 1.00 V. The largest and the smallest values are named
within investigated sets of orders and frequencies.

P, o
i 0.2
a7

maxcaag.a

Fig. 5. Computed Gaussian 50 ps pulse filtered by Bessel LPFs. where O s
filler order. f; is cut-off frequency. Spear Is peak value of spp(t)

Fig. 6. Computed Gaussian 50 ps pulse filtered by Butterworth LPFs, where
© Is nlter order, f. is cul-0fT frequency, Sy, s peak value of spp(t)

V. EXPERIMENTAL STUDY OF ELECTRICAL PULSE
EXPANSION USING LOW-PASS ELECTRICAL FILTERS

We created the experimental measurement setup to explore
how the 50 ps pulses can be expanded by applying filtering
by real LPFs. as shown in Fig. 4. As it is shown in Fig. 8,
the sctup is relatively simple - it includes an AWG Keysight
ME195 [17], 80 cm RF cable (DC — 40 GHz ), and device
under test, which in this case is LPF and digital storage
oscilloscope (DSO), Keysight DSAZ334A, 80 GSa/s, 33 GHz)
to capture expanded waveforms. LPF is directly attached to the
input of DSO.

First, ideal 50 ps duration pulses having a rectangular shape
and a period of 5 ns are synthesized in Matlab environment.
This 5 ns period acts as a guard band, allowing to observe full
filtering impact on the input waveform. Then the waveform is
saved into an AWG-specific file format and loaded into its
memory. Next, the prepared waveform is played on AWG’s
first output port at a maximal sample rate 65 GSals. As
shown i Fig. 9, the shape of 50 ps pulse gencrated by
AWG doesn’t have an ideal rectangular shape, it has slope
transitions. The limited analog bandwidth of AWG can explain
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Fig. 7. Computed Gaussian (G) and trapezoidal (T) 50 ps pulses filtered by
Butterworth LPFs. where O Is filter order. f. is cul-off frequency. Spea IS
peak value of spp(t). The inset shows the shapes of the studied Gaussian and
trapezoidal GPs.

AWG
(65 GSa/s,

DSO
(80 GSa/s, 33GHz)
25 GHz) —

Fig. 8. The measurement setup used to investigate ekectrical pulse expansion
using LPFs

it. In these measurements, we use two commercial LPFs from
Mini-Circuits [18], [19] having the key technical parameters
summarized in Table 1.

As it is shown in Fig. 9, the peak-to-peak voltage of the
input 50 ps pulse on the input of investigated LPFs is 310
mV. When VLFX-2500+ LPF is inserted in the measurement
scheme, the received signal peak-to-peak voltage on DSO
input is lower and equal to 106 mV, while in the case of
VLFX-1300+ LPF, it is even lower and equal to 73 mV,
respectively.

In relative numbers, it means 65.8% peak-to-peak voltage
reduction for VLFX-2500+ LPF and 76.5% for VLEX-1300+
LPF if compared against the voltage of the original 50 ps pulse
waveform,

As shown in Fig. 9. a larger signal expansion is obtained
by LPF, having the passband covering DC to 1300 MHz
(VLFX-1300+). The measured duration of expanded pulse in
the case of VLFX-2500+ LPF 1s 230 ps, while in the case of
VLFX-1300 LPF. it is 364 ps. showing significant expansion
capability of low-pass filters. However, it should be noted that
this expansion is realized on the cost of energy loss (insertion
loss and signal reflection) and signal distortion, observed in
Fig. 9 as waveform ripples with a periodic nature and falling
amplitude.

Please note that in Fig. 9, information about time delay

00 Mk LPF
M LI

voltage, mv

Fig. 9. Comparison of measured original 50 ps input signal with the filtered
signals by commercial low pass filters.

introduced by LPFs is omitted for better visual representation
and comparison of filtered signals.

VI. RESULTS AND DISCUSSION

As shown by numerical evaluation and experiment, pulse
expansion filters of Bessel type and Butterworth type could
be used with different sets of order and cut-off frequency.
While selecting the type. order. and cut-off frequency the
following circumstances should be taken into account - the
required characteristics of FPs for the subsequent device is
working properly and also the complexity of implementing
the chosen filter model. Selection of filters of simple structure
with low order can lead to insufficient expansion of GP. In
contrast, higher order of some types of filters, for example, of
Butterworth filter, can lead to the appearance of significant os-
cillations of FP. Also, as it was observed during the numerical
evaluation, if the cut-off frequency of the filter is smaller, then
expansion of pulse is higher, but also lower is the peak value
of time function of FP, that subsequently will require larger
amplification of the signal. Moreover, low cut-off frequency
requires large physical dimensions of the filter.

It can be noticed that, if numerically calculated expansion
by the filter of Butterworth type with 7th order and cut-
oft frequency 3.075 GHz, the time function of pulse after

TABLE I
SUMMARY OF IMPLEMENTED LPF.
LPF model VLEX- 3500+ VLEX-T300+
- DC = 2500 BC 13500
Passband, MHz (Loss< 1.5 dB) (Loss<1.2 dB)
CUl-0ff frequency 3075 -
(Loss 3 dB), MHz 3073 1921
Stopband . -
(Loss<30 dB). MHz 3675 2300
Tsolation 3 J
(Freq.<20 GHz). dB "{] 0
v Iy
( A,S;TO'EI;;‘LL. () 2433 (@) 10.00
by Passband: () 1.39 by 1.20
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the expansion is similar to the time function of pulse after
expansion for which LPF VLFX-2500+ was used - see Fig. 7
and Fig. 9.

VII. CoNCLUSIONS

This paper is devoted to the development of the models of
low-pass filter for expanding the length of electrical pulses
from 50 ps to 700 ps. This rescarch aims to bring new
knowledge about the employment of passive filters in the pulse
expansion problems in impulse radio ultra-wideband systems.

After summarizing the obtained results, the main conclu-
sions are as follows:

« For 50 ps pulse expansion to 700 ps LPFs of Bessel type
and Butterworth type with order from 2nd to 7th and cut-
off frequencies between 0.5 GHz and 3.075 GHz could
be used.

If there is a requirement for limited oscillations in the
expanded pulse, then a filter of Butterworth type of 3-rd
or higher order shouldn’t be used.

Usage of Butterworth filters leads to the longer rise time
of expanded pulse compared to Bessel filters of the same
order and cut-off frequency.

For the mentioned parameters of pulses and filters, the
shape of the generated pulse can vary between Gaussian
and trapezoidal without significant influence on the char-
acteristics of the filtered pulse.

During the design phasc of the filter model, the limitations
of the practical implementation of passive filters of a given
type and for the given frequency band must be taken into
account.
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Demonstration of 512-TR-PPM Fiber Optical Transmission Link
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Abstract— In this paper, we demonstrate a data transfer over a 20 km long single-mode fiber
[SMF) optical communication link using a transmitted-reference pulse position modulated (TR~
PPM) signals with a pulse duration of 30ps. Employment of position widths (time bins) of
50, 100, and 200ps with 512 positions per one symbol allows achieving a transmission rate of
up to 59.5 Mbps., Implementation of a robust PPM communication with a very low duty cycle
over the C-band fiber optical links, where the typical signal attemmation for standard SMF fiber is
around 0.2dB /km at 1550 nm wavelength, paves the way to long-reach high energy-efficiency data
transmission links. After photodetection by high-speed PIN photodiode, precisely detecting a
high number of pulse positions with 50 ps accuracy is challenging. Therefore, we demonstrate TR-
PPM signal demodulation using a high-accuracy event timer A033-ET. To enable the operation
of this event timer, PPM pulses at the input of this timer are expanded to at least 700 ps using our
developed pulse duration expansion module, which includes an in-house mannfactured electrical
low-pass filter (LPF) and other supporting radio frequency components,

1. INTRODUCTION

The exponential growth of Internet data traffic and the progress of the information and commu-
nication techuology (ICT) sector pushes the complex telecommunication infrastructure to upgrade
the transmission capacity and improve the energy efficiency of communication systems. Based on
the latest data, [CT is responsible for 5-9% of global electricity nse and around 3% of greenhouse
gas emissions [1]. Fiber optical links with well-selected and advanced signal modulation and coding
formats can meet these demands. Typically, modern fiber optical links in interconnection, access,
and metro-access network architecture levels use direct detection on-off keying modulation (OOK)
with non-return-to-zero (NRZ) line code [2].

To improve energy efficiency, the pulse position modulation (PPM) format, which has high inter-
est from the research field of free space optical communication (FSO) links [3], can also be realized
in direct-detection fiber optic systems [4]. In PPM, one of the most promising ultra-wideband
[UWB) modulation formats, information is encoded into the time between the signaling pulses.
Coherent PPM employs signaling frames where each frame contains a single pulse in one of M
fixed-width time slots. The amount of information transmitted by one frame can be expressed
as logy, M bits. Although signaling pulses can be of arbitrary shape and duration, employing very
short pulses paves the way to creating communication systems with low average transmitted signal
power. Transmitted reference pulse position modulation (TR-PPM) is one of the most common
forms of PPM. TR-PPM differs from coherent PPM modulation format with the need for a separate
reference pulse at the beginning of each frame thus eliminating the need for time synchronization
between transmitter and receiver Considering the presence of the reference pulse in each frame,
TR-PPM is very well suited for communication between moving objects However, using a reference
signal comes at the cost of data transmission speeds and energy efficiency compared to other PPM
types such as differential pulse position modulation (DPPM) Although there are many different
types of PPM schemes, like nmlti-pulse position modulation (MPPM), overlapping pulse posi-
tion modulation (OPPM), variable pulse position modulation (VPPM]), and previously mentioned
DPPM and TR-PPM, they are all considered energy-efficient modulation schemes when compared
to other modulation techniques [5]. Because any amount of information can be transmitted nsing a
single pulse (or two pulses in the case of TR-PPM), PPM schemes can provide theoretically unlim-
ited energy saving when compared to other modulation techniques such as OOK, pulse amplitude
modulation (PAM), and quadrature phase shift keying (QPSK) [6]. This featurc also means that
the power efficiency increases with the number of possible pulse positions A because the amount of
information transmitted with the same amount of energy is more significant [7] Other studies have

Authorized licensed use limited to: Riga Technical University. Downloadefffﬁlanuaryo'."zoza at 11:24:09 UTC from IEEE Xplore. Restrictions apply.

145



2023 Photonles & Electromagnetics Research Symposium (PIERS), Prague, Czech Republic, 3-6 July

also concluded that PPM requires less transmission power than other modulation methods to reach
the same bit error rate (BER) valne [8] Tt is worth mentioning that UWB signals are widely em-
ployed for localization [9] and PPM signaling fits very well with the concept of the next-generation
network which will provide simultaneous communication, localization and sensing.

The remainder of this paper is organized as follows. Section 2 demonstrates and explains the
experimental setup we used to generate, transmit, and detect 512-TR-PPM modulated signal.
System performance results are represented and discussed in Section 3. At last, the main conclusions
are drawn,

2. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup with the PPM pulse expansion module (PEM) and event
timer. A 9000-bit long pseudo-random bit sequence (PRBS) 18 generated and converted into a
vector of 512-TR-PPM samples in a MATLAB programming environment. After processing, value
“1" corresponds to a high signal representing pulse and “0" to space between pulses, forming an
output 512-TR-PPM encoded electrical signal. The vector describing the 512-TR-PPM waveform
is saved in pulse pattern generator (PPG) specific file format and loaded in its memory to be
electrically generated on demand. The same PRBS sequence is later used for BER estimation in
the recelver.

101011001

PPG
AL A
10 GHz

. — - ;zg DSO
& G s D
CW laser ﬂ SMF VOA PIN 33 GHz 101811001

Figure 1: Experimental setup of 512-TR-PPM signal generation, transmission, and detection by DSO or
event timer with connected computer estimating BER of received PP signal.

CLOCK
20 GHz
ATATAAYAY

512-TR-PPM
signal

An electrical 512-TR-PPM signal is generated on the single-ended output of the PPG generator
(PPG, 33 GHz, Anritsu MUIS3020A ). The PPG ontput voltage swing is 3.5 Vpp, sufficient to drive
the optical modulator without an additional electrical radio frequency (RE) amplifier. Microwave
signal generator (Aunritsu, 31.8 GHz, MG3693C) generates high-purity 20-GHz sinusoldal signal
and acts as an external clock source for PPG. 40 GHz Mach-Zelhinder modulator (MZM, Photline
MX-LN-40) iz directly connected to PPG ontput using a 2.92-mm to 1.85-mm connector adaptor.
The ontput power of the tunable CW laser operating on 1552.52 nm {193.1 THz, matching ITU-T
DWDAM grid specification) is conunected to the input of MZM. It is set to +7 dBm for optical back-
to-back (B2B) transmission and +9 dBm for a 20km single-mode fiber (SMF) transmission setup.
After optical modulation, the signal is transmitted over 20 km of ITU-T G.652 SMF fiber. The
output of SMF' is connected to a linear variable optical attenmator (VOA, Keysight FVA-3150) with
2dB insertion loss at 1550 nm. The optical signal from VOA output is delivered to a 10-GHz PIN
photodiode (PIN, 8-GHz, Amonics PR10G), where it is converted back to the electrical signal and
captured by a 33-GHz real-time digital storage oscilloscope (DSO, 80 GSa/s, Keysight DSOZ334A)
or event timer (Eventech, AD3I-ET) after passing the PEM module as demonstrated in Figure 2.
RF baseband bandwidth of 512-TR-PPM signal with a pulse width of 50 ps is around 20GHz. In
the case of optical B2B transmission, the width of the 512-TR-PPM signal pulse, which initially was
50ps, was measured to be 71 ps. Furthermore, after 20 km SMF transmission, the pulse duration
is about 96 ps due to the limited RF bandwidth of the PIN receiver and the effect of chromatic
dispersion in the optical fiber.

The pulse waveform and pulse duration are very important for the event timer used in this
experiment. The experimental PEM module, developed using the methodology already presented
by us in [10], contains the following hardware, as shown in Figure 2.

Numerical caleulations in Ansys HFSS modeling software show that when the high-order electri-
cal LPF for which the insertion loss lnereases rapidly above the cutofl frequeney is used, this canses
ripples in the waveform of the filtered pulse. Spurious ripples were also confirmed by experiments
with commercial LPFs made with a sharp increase in insertion loss in the stop band. Caleulations
show that sufficient pulse width and minimal oscillations in the filtered pulse waveform can be
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Pulse expansion module (PEM)

1
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Figure 3: Design model of 450-MHz in-house manufactured LPF.
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Figure 4: Measured S-parameters: (a) Sy; curve of (blue) bare in-house LPF and (red) cascaded connection
of in-house and commercial LPFs, (b) Sy curve of (blue) bare in-house LPF and (red) cascaded connection
of in-house and commercial LPFs.

achieved if a filter with a 3rd-order Bessel transfer function and a cut-off frequency of 450 MHz is
used. Such a low-pass filter also ensures the pulse rising edge is as steep as possible. The design of
modeled LPF, which was later manufactured and used in this experiment is shown in Figure 3.
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Unfortunately, both Ansys HFSS modeling and experiment showed ns that such an in-house
LPF filter has insufficient attenuation in the frequency band above 4 GHz, which causes a noticeable
distortion of the shape of the expanded 512-TR-PPM pulses. Please note that such a PPM signal’s
occupied RE baseband bandwidth 1s around 20 GHz.

Measured S-parameters of in-house LPEF are shown in Figure 4 as blue curves S-parameters
are obtalued using a vector network analyzer (Rohde & Schwarz, 20GHz, RES ZNB20). To fix
insufficient attemmation, the commereial LPF (LPF, DC-1300 MHz passband, Mini-Circuits VLFX-
1300+) was connected in cascade with our in-house built LPEF. The measured S parameters of the
cascaded conneetion of in-house and commercial LPFs are shown in Figure 4 as red curves,

By cascading an in-house LPF with a eut-off requency of 450 MHz and a commercial filter with
a cut-off frequency of 1300 MHz, the required pulse duration expansion over the 700 ps threshold
{event timer requirement) is ensured. At the same time PEM keeps steep rising edges of expanded
PPM pulses and negligible oscillations of pulses.

After processing by the cascaded connection of the in-hounse and commercial LPFs, the expanded
512-TR-PPM signal is then amplified by an RF amplifier (30dB gain, 30-4000MHz), and an
additional bias voltage is delivered by using a bias tee (BiasT, 20kHz-45 GHz, SHF BT45) to
optimize expanded 512-TR-PPM waveform for reception by event timer (Eventech, A033-ET).
Using the above-mentioned PEM module in the receiver part, we broadened the received 512-TR-
PPM pulses up to 978 ps providing stable timer operation.

2.1. Generation of 512-TR-PPM Waveform
As shown in Figure 5, the TR-PPM signal sequence generation begins with a reference pulse, which
indicates the start of the frame with duration Tp. The data region commences after half the frame.
The data region depends on the position width A and the total number of positions M. Therefore,
the whole data region’s duration equals MA,

t
1 L L 1
Refereee T efrmznce "
Fulsz LT Pale
T2 — f!
1,=27,+2M4

Figure 5: The overall structure of the TR-PPM signal.

The data impulse location in the data region depends on the particular data symbol. If M = 512
positions define the data region, the data pulse carries 9 bits of information. The data region is
divided into M slots, with each slot corresponding to the given data symbol. It is important to note
that pulse duration does not play a role in signal transmission and only determines power efficiency.
Therefore, the pulse could be narrower or broader than the position width. This research uses a
50 ps pulse width to provide high energy efficiency of communication. 512 positions per one symbol
allow achieving a transmission rate of TR-PPM signal up to 59.5Mbps. The guard time T, = 50ns
has to be added after each pulse because of the limitations of the employed event timer. 9000 bits
were encoded in 512-TR-PPM waveform using a MATLAB script and later loaded into PPG.

2.2, Detection and Demodulation of 512-TR-PPM Signal

Although low-order TR-PPM signals can be demodulated using auto-correlation of the received
signal [11], signals with a large number of positions M require more elaborate techniques. The 512-
TR-PPM demodulator employed in this research is based on the event timer (Eventech, A033-ET)
and software framework presented in [12]. The A033-ET is a computer-based device that records
time tags [raw data) as absolute times with high accuracy, about 3ps RMS, and it is possible to
register events at the rate of 200 events per second. The event timer cannot detect short pulses
as 50 ps. Therefore PEM module, which provided 512-TR-PPM pulses with about 978 ps duration,
was constructed, as shown in Figure 2. The A033-ET has a 50ns dead time, representing the time
required for the timer to process and accumulate data. As a result, a suitable frame length is
selected to accommodate this interval,

As shown in Figure 1, a personal computer (depicted in the figure as BER) is connected to an
event timer for PPM demodulation and sequentially BER estimation of the received 512-TR-PPM
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signal. The software framework, written in Python, runs on the PC. It communicates with the
event timer and decodes the received time tags into data symbols. The software also provides
optional error correction and eclock signal tracking. The relative time positions are computed from
the given position duration and then transformed to binary data using Gray code, ensuring that
one position’s pulse offset will canse just a one-bit error. After the PPM signal demodulation, the
BER performance is estimated offline by comparing transmitted and received bit sequences.

3. RESULTS AND DISCUSSION

After detection by the event timer, BER values of the received 512-TR-PPM signal are estimated.
Figure 6 represents the estimated BER performance of 512-TR-PPM signals after optical B2B
transmission and after 20 km SMF transmission by utilizing pulse duration {7 of 50 ps and position
width durations (A) of 50ps, 100 ps, and 200 ps, respeetively.

As shown in Figure 6, 512-TR-PPM signal having a pulse width of 50 ps and position width
of 200 ps shows the highest performance reaching a relatively low BER of 1 x 107" In contrast,
512-TR-PPM signal with 50 ps pulse width and stricter 50ps position width demonstrates BER
up to 2.5 x 1072, Transmission performance after 20km SMF fiber transmission is similar and has
negligible impact on the estimated 512-TR-PPM signal BER.

The data presented in Figure 7 shows the pulse time offset in picoseconds from the intended
position region and is acquired from the A033-ET event timer. The interval difference has been
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Figure 6: BER versus average received optical power for 512-TR-PPM signals before and after 20 km of SMF
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Figure 7: Event shift from the ideal position for 512-TR-PPM signals after 20 km of SMF transmission with
50 ps position width (a gray area).
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determined by analyzing the event timer absolute time tags. The results explain why the BER
for narrower pulse positions was significantly larger. The main reason for BER deterioration is a
relatively large jitter (about 50ps RMS) at the input of the event timer.

Additionally, due to the frequency drift of the clock signal generator, all intervals between
the pulses in the 512-TR-PPM waveform expand or contract uniformly. Although the difference
between expected and actual intervals is tiny, nsing a position width of 50 ps significantly impacts
the BER over a more extended PPM waveform. Clock drift can be corrected in receiver software by
adjusting the intervals to the known value of the clock drift. Also, this can be done antomatically
by tracking the time between the start pulses of two adjacent TR-PPM frames or sending dedicated
pilot frames.

4. CONCLUSION

In this paper, we have shown successful transmission of 512-TR-PPM signal using position width
(time bin) durations 50, 100, and 200 ps, enabling a transmission rate of up to ! Mbps.

The results show that position width sigmificantly impacts the BER of the received PPM signal.
The main obstacle to achieving low BER at narrower time bins, which enable achieving higher
bitrates, 1s the jitter at the nput of the event timer. Although an inaccurate PPM modulator
can introduce jitter into the waveform, employed PPG was likely not a significant contributor to
the observed jitter. A much more severe impact is probably cansed by the PPM receiver's analog
front-end, consisting of PEM, which includes an RF amplifier and bias tee elements.

Despite these shorteomings, results show that 512-TR-PPM is a viable modulation scheme for
long-distance communications where energy efficiency is crucial. The main advantage of TR-PPM
is its stability considering the reference pulses included in every frame.

This research proves the viability of using software to correct minor inacenracies in signal gen-
eration, mainly allowed by the detection method, i.e., event timer. Using the event timer for PPM
signal detection provides many advantages, such as the ability to analyze the raw data (time tags)
and apply digital signal processing for corrections in the receiver.
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Abstract— The field of telecommunications is constantly evolving and looking for new inven-
tions to improve transmission speeds, transmission quality, reduce costs, ete. One of the most
promising innovations of recent times is photonic integrated circuits. These have arisen as a
consequence of miniaturization trends and increased demand for higher data transmission speeds
and pave the way to a very cost-effective future-minded technelogy. A significant problem for
these chips is the inherently high insertion loss when coupling light into the chip. It is possible,
for instance, to use various types of on-chip optical coupler configurations, e.g., foensing grat-
ing couplers, to mitigate it to some extent. Still. the high loss makes testing devices that use
such technologies ditficult and time-consuming. Alternatively. one can use so-called lensed fibers,
which are relatively easier to work with and can effectively reduce the insertion loss of incoming
light. In this paper, we demonstrate the ‘in-house’ production of spherical lensed fibers (SLF)
by using a commercially available are fusion splicer, which is a common piece of equipment nsed
in the field of fiber optical communications and photonics. Our main goal is to establish how
easily this fabrication method allows for manipulating important lensed fiber parameters, such as
working distance and spot size. This evaluation includes the ease of production, the consistency
of the fabricated samples, and the number of iterations required to hone in on the lens parameters
required for the specific application, The fabricated samples are compared te commercial-grade
lensed fiber products, which are nsed as a baseline comparison.

1. INTRODUCTION

Semiconductor components such as laser diodes, light-emitting diodes, and photodiodes are very
commonly used in optical communications. These devices work by converting electrical signals
into light photons or vice versa in a photovoltaic conversion process. They are used to efficiently
couple the optical fiber to the component and can significantly simplify the connection between
semiconductor devices and optical fibers.

Optical fibers with microlenses at their ends, also called lens fibers, are widely used in fiber
sensors, In integrated and fiber opties to change the parameters of transmitted radiation [1,2].
Lensed fibers have a distinet intrinsic property, similar to the regular converging lens, where they
create a tight focal spot some distance from the fiber edge. This tight focal spot can be used to
couple light into an optical chip or collect light from a laser. Moreover, lensed fibers are often the
method of choice in interfacing optical fiber technology for active devices and waveguides. Such
fibers provide high-performance data transmission while occupying a fraction of the space and cost
compared to bulk free-space lensed opties alternatives. They also have desirable characteristics
such as compactness, stability, and the absence of bulky lenses [3,4].

Lensed fibers are typically ereated to match the emission profiles of the receiving or transmitting
device to which they are coupled. They are necessary for connecting single-mode fibers to integrated
circuits {under conditions when the diameter of the propagating optical radiation mode is about
9um at a wavelength of A = 1.55 pm) and lensed fibers exceed the mode diameter in the wavegnide
of the integrated cirenit by three to forty times, due to for such a difference at the junction and
optical signal losses. Such fibers can be produced in several shapes, depending on the beam pattern
that is required for the application [5,6].

In this research, a spherical lensed fiber is manufactured and utilized, where the end of the
optical fiber is fixed nto a conical shape for the apex to mateh precisely with the core of the fiber.
SLFs tend to have an excellent coupling efficiency for light with circular beam patterns. These
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types of fibers are commonly used for optical waveguides, laser diodes, silicon wire waveguides, and
for illuminating very small arcas.

This paper demonstrates the ‘in-house’ production of spherical lensed fibers with widely available
industrial equipment using single-mode fiber (SME) and a coreless iber part spliced to one end,
which consists of a pure silica glass rod and an acrylate coating [6]. The absence of a waveguide
makes this termination fiber useful for reducing back reflections or preventing damage to the fiber
end face in high-power applications [7].

2. DESIGN AND FABRICATION OF THE LENSED FIBER

First, the inherent system losses [rom connectors and fibers themselves are measured. Afterward
a fiber patch cord is sliced in half, and the resulting free space loss from the closely coupled SMT
(ITU-T G.652) fibers is measured as well, which is used as a reference for the determination of
manufactured lensed fiber insertion losses.  An example of the measurement setup is shown in
Fig. 1.

CAM Focus point

cwW / Power
laser meter
ow M
1550 nm 1550 nm

Motorized positioning
stages

1

Stepper motor controler Piezo motor controler

Figure 1: Experimental setup in the inherent system for the measurement insertion losses. CW: Continuons
wavelength laser source; PM: optical power meter.

Fiber ends are installed in the clamps, which sit on top of the motorized positioning stages.
These motorized positioning stages can be moved in “2”, “y", and “z" directions and contain
stepper motors for broader fiber alignment and piezo motors for finer adjustment in order to
achieve the best coupling position. Microscopes are positioned above and on the side of the two
fiber ends to monitor their alignment.

The fabrication of the lensed fiber is done with the following steps. As seen from Fig. 2, one of
the SMF fiber ends gets inserted into the fusion splicer along with a cleaved end of a coreless fiber.

Scrihing
blade
7 ;
Glass rod /f W Coating Cladding
W\
Y
Coreless fiber - FG125LA \‘\ .'/ 7 SMF Core
NS
Elect.mde

Figure 2: Splicing process of SMF fiber and coreless fiber.

Both pieces of SMF and coreless are then fused using a fusion splicer, Fujikura (FSM-P100+),
by an automatic are cyele that heats them up in an electric are and feeds the fibers together at
a controlled rate. The fusion splice process may only take a few seconds while the fiber ends are
heated up to 2000°C and joined together.

As seen from Fig. 3, after splicing, the coreless fiber is cleaved to obtain the desived length,
which in this case is 2, 3, and 4mm from the splice point. The reason these lengths were chosen 1s
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that they can be easily and precisely cut using the available equipment, and this will help find a
basis for the most optimal results since the length of the coreless fiber could potentially influence
the result.

Seribing blade '
Glass rod F Coating Cladding
/N -
4 i
1
Corcless fiber - FGIZSLAY\ // SMF Core
N
Electrode

Figure 3: Spliced coreless fiber eut at the specified distance.

This hybrid fiber part is subsequently reinserted into the splicer and set up specifically for
making lenses with the desirved sizes. For this experiment, the diameter of the lens is changed from
130 wm to 165 pm for each coreless fiber length with a step of 5 pum (8 samples for each coreless
fiber length). The reason for this range is that the splicing machine, in our case, does not create a
functioning lens below 130 pun, while above 165 pm, the output resembles more like a microsphere
than an actual lens.

After the process is done [see Fig. 4], the sample is taken to the testing setup. The lensed
fiber piece is then placed at the positioning stage opposite the cleaved SMF fiber end. Here, using
stepper motors, both are aligned in such a way that the » and y axis match, and there is no visible
offset angle present. Afterward, the focus point is acquired by moving the lens along the w-axis
while at the same time monitoring the observed insertion loss. Here a sndden increase in loss value,
as opposed to gradnal change, can potentially indicate a focus point being present just before or
after the given @ marker. The lowest loss value is then achieved by slightly adjusting the plezo
controller along all the axis, therefore, scanning the perceived focal point area.

3. RESULTS AND DISCUSSION

The coupling loss and the focus point of each sample are documented and shown in Fig. 5, while
coupling losses in relation to the diameter of each lens for different coreless fiber lengths are graph-
ically displayed in Fig. 5 as well. From the graph, it is clearly visible that by increasing the length

(h)

Figure 4: Fabricated lensed fiber — (a) from the microscope, (b} drawn model.
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of the coreless fiber piece, the coupling loss and focus distance decreases due to the reduction of
the spot size.
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Fignre 5: Measured (a) the focal point of the lens and length of coreless fiber in relation to the size of the
lens and (b} total loss of the lens and length of coreless fiber in relation to the size of the lens.

The 2mm and 4mm samples (after 130 pm diameter) scemed to have a similar trend of the loss
fignures if we consider the fact that £0.3dB is the realistic margin of error. Therefore, these results
could be perceived as a constant straight line. The 3 mm samples seemed to be an exception to
the general trend. Here the data appeared to have a higher offset, and it only leveled off towards
the bigger lens sizes. In the experimental phase, the data did not match our expectations, so our
experiments were repeated, and the same pattern emerged. The only reasonable explanation would
be that the system has certain preferences between coreless fiber length and the size of the lens.

In the case where the chosen coreless fiber length is too small, during the splicing process, a
part of the SMF fiber will fuse into the lens, and there is no discernible focus point in the end.
In optical communications, the lensed fiber can also help in the efficient coupling of light into the
optical fiber, which can enhance the system'’s overall efficiency.

4. CONCLUSION

In conclusion, lensed fiber samples were fabricated from a coreless fiber by utilizing the arc discharge
of a conmercial fusion fiber splicer. The laser beam diverges more by splicing a longer piece of the
coreless fiber to a SMF. Combined with the focusing properties of the fabricated lenses, thisleads to
a tighter focus, resulting in lower coupling losses. Lensed fibers with high coupling loss can be used
in various applications requiring precise light focusing and contral. Despite the increased coupling
loss, these applications include biomedical imaging or FBG sensors where the lensed fiber’s high
coupling loss can help reduce unwanted reflections and improve the signal-to-noise ratio. Overall,
lensed fibers with high coupling loss can be useful in microchip applications that require precise
control of light coupling, high signal-to-noise ratio, and low reflections.
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Abstract— Fiber-based optical devices are becoming increasingly important in different fields,
such as signal transmission systems, environmental sensing. metal cutting, and medicine. Fiber
lenses are receiving much attention in these cases due to their many applications. This technology
has been present for more than two decades. since mainstream optical fiber adoption. and has
been evolving. Currently, there are various lensed fibers commerelally available on the market.
However, this still presents many challenges and complications. With the development of ad-
vanced integrated photonies devices, the demand for certain types of lensed fibers has increased.
and compatibility could be better. In this paper, we are demonstrating the mamifacturing of
working lensed fibers in a laboratory environment from the standard telecommmmication optical
single-maode fiber (SMF) using a fiber arc fusion splicer to make cost-effective, well-performing
lensed fibers with potentially good compatibility with integrated photonics devices

1. INTRODUCTION

Optical fibers, which possess a microlens profile at the exit node, more commonly known as lensed
fibers, are widely used in many fields, including optical telecommunications and nanophotonies [1, 2.
Lensed fibers operate on the same basic principles as converging lenses. Both devices converge
incoming light into a tight focal spot at some distance from the lens’s surface, otherwise known
as their focal point. This prineiple, intrinsic to lensed fibers, can be used to collect and converge
light from a laser sonrce, which then can be inserted into optical devices such as optical chips.
It's a simple design with many advantages compared to alternative bulk free-space lensed opties.
These fibers can be used to facilitate high-performance data transmission while being relatively
compact and stable [3,4]. Lensed fibers are typically designed with the specific use scenario [5, 6],
and coupled device in mind. In other words, cach optical device will have optimal input and output
parameters and specific properties that these fibers have to match. They are crucial in connecting
a single-mode fiber (SMI) line and an integrated cireuit. The underlying reason for this necessity
is the small size of the wavegnide which is embedded into the circnit scheme, which is 3 to 10 times
smaller than the core size of a standard single-mode optical fiber (e.g., SMEF-28) [7].

In this research, we manufacture a spherical lensed fiber within a laboratory environment,
using commercially available I'TU-T G652 fiber (SMF-258) and Fujikura I'SM-100P+ arc fusion
splicer [8,9]. Then, the prepared lensed fiber is tested in the test station located on an pneumatic
optical vibration isolated table, where the loss figure of a single wavelength and a wavelength sweep
are obtained. These figures are analyzed and compared against other alternatives available on the
market.

2. DESIGN AND FABRICATION OF LENSED FIBER

The first step of the lensed fiber manufacturing process is to measure the total loss of the testing
setup. Each fiber piece and connector nsed here has an intrinsic loss figure. Therefore, in the
beginning, an uncut fiber patch cord is used to determine the baseline reference. The connecting
fiber patch cord is sliced in half when the system losses are considered. This gives us the free space
loss number, where two ends of SMF (ITU-T G.652) fiber are closely aligned in relation to their
core profiles. Tn an ideal case, this only adds an extra 0.5 to 1dB loss to the reference measurement
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number and should be equal or higher in terms of transmission power to the best-lensed fiber
samples. An illustrative example of the testing setup can be seen in Fig. 1.

In order to align both fiber ends and to make a lensed fiber to a standard fiber connection, two
Thorlabs motorized positioning stages are used. On top of these stages sit two fiber clamps, which
firmly hold the samples in place to ensure optimal measurement stability, Clamps can be moved in
X, Y, and Z directions via stepper motors for broader alignment or via piczo motors for fine-tuning
and finding the absolute best coupling position. Two microscopes are positioned directly above and
on the side for optimal viewing and monitoring experience. The fabrication process of the lensed
fibers goes as follows. The transmitting fiber end (direct laser ontput piece) is placed into one end
of a fusion splicer. For the duration of the experiments, the Fujikura model FSM-100P+ was used.

Eﬁnmﬁns

}H-lmﬁM

controller F
CW laser | Power meter
Lensed Cleaved
fiber SMF-28
fiber end

Figure 10 Experimental setup for testing the transmission between the cleaved SMF fiber and prepared
lensed fiber. Here, CW stands for continnous wavelength laser source,

Unlike in the preceding research [9], it was decided to do away with additional coreless fiber
splicing. The reasoning hehind it was that for small lens diameters, the core would still be intact,
therefore not creating additional scattering. That would also exclude the splicing point hetween the
two types of fibers. Before splicing can begin, dedicated software inputs the splicing parameters
into the system, such as fiber feeding speed, preheating time, and absolute power in bits. The
splicer executes the instructions by deploying an are discharge, which heats up the fiber end to
temperatures up to 2000 degrees Celsins, During this time, fiber is adjusted, and its end forms a
sort of lens profile due to surface tension taking effect. The splicing process is calibrated such that
the lensed fiber sample ends up having a diameter in the range of 125 to 155 pm. Bigger sizes end
up creating a microsphere, which is not optimal for such uses, and 125 pm is the diameter of the
fiber, which defines the lower size limit.

After the splicing process 1s completed, the sample is connected to the testing setup. The lensed
fiber end is placed opposite the cleaved SMF fiber end. By adjusting the Z and X axes’ stepper
motors, both fiber core profiles end up in the same geometrical plane, Afterward, the focus point
is acquired by moving the lens along the X-axis while simultaneously monitoring the observed
insertion loss, Here, instead of gradual change, a sudden increase in loss value can indicate a focus
point being present just before or after the given point on the X-axis. The lowest loss value is
then achieved by slightly adjusting the piezo controller along all the axes, therefore scanning the
pereeived focal point area,

3. RESULTS AND DISCUSSION

From the results shown in Fig. 2, it is safe to deduce that the coupling losses are not linearly
correlated to the lensed fiber diameter. The trend starts off on a negative slope, and the best
results were actually observed at around 129pum. Then, there is a gradual and sharp increase,
which levels out at the end. Such results could be explained as follows. For very small sizes, the
fiber end eannot quite form into a good enough lens form since there might not be enough material
around to make the shape. It could also be the case that the arc discharge power isn't insufficient
and cannot be increased, as that simply makes a bigger lens. As the size increases, the lensed fiber
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cause of the problem seems to be the uneven melting and subsequent distortion of the fiber core.
The whole principle of a laboratory-made lensed fiber relies on the light partially scattering from
the end of the core section and thereafter being made more focused by the lens shape.

However, as the core gets changed too much, the results become noticeably worse. This threshold
seems to happen at around 140 pm lens size, where the distorted core evolution phases can be seen
in Fig. 3 (microscope image).

Lensed fiber losses with relation to their size at 1550 nm wavelength
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Figure 2: Conpling losses for specific-sized lensed fibers at 1550 nm wavelength.

(a) (b) (c)

Figure 3: The gradual increase in lensed fiber diameter and subsequent core distortion. (a) Cleaved fiber
end with 125 pm diameter (spliced with low power, which doesn’t create a lensed shape only on the fiber
core part), (b) fabricated lensed fiber of 131 um diameter, (c) fabricated lensed fiber of 155 pm diameter.

It is worth noting that during the testing phase, 125 to 137 pm diameters were tested more
extensively than 140-155 pm, which was not a priority. Therefore, the gradual increase at the end
of the graph might be random in nature and should be steeper for the reasons mentioned earlier.

The next part of the experiment was to see how the loss figures within the lensed fiber system
change when they are subject to a wavelength sweep. This is a potentially important factor in
determining their usefulness in optical chip testing. Optical chip wavegnides tend to have different
responses to different optical frequencies, and this information is crucial for the operation of existing
designs as well as for future samples. That means some consistent response from the lensed fiber
is necessary to exclude this factor in optical chip testing. In Fig. 4, one can observe that the
best designs (127-135 pum) also tend to have more or less constant responses to changes in laser
frequency. Small deviations can result from small changes in the fiber positions and fluctuations
in room and fiber temperature. In theory, even the big-sized lensed fibers only show a deviation of
0.5dB of optical power, which is within the normally accepted margin of error. However, the trend
line is more or less linear, which doesn’t indicate any random changes in the system parameters.
In addition to that, modern optical devices are far more accurate and sensitive to changes in laser
power. Therefore, the trend cannot be ignored and can be considered as a reason for excluding
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Wavelenght sweep results for various lensed fiber diameters
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Figure 4: Lensed fiber response to changes in laser frequency (laser sweep in optical C-band).

4. CONCLUSION

In conclusion, the lensed fiber manufactured in the laboratory using a commercial arc fusion splicer
can be useful in simple use cases, Assuming one has access to the right software and hardware, the
fabrication process is quite simple, relatively inexpensive, and quick. In our experiments, we found
out that the best samples can come quite close to cleaved fiber free space coupling loss numbers.
If some decrease in relative laser power is acceptable, these fibers can even be used in cases where
the optical device, like an optical chip, has an optical coupler attached to it, where lensed fibers
are not necessary. The smaller focal point can, in theory, help couple light into the device since
the illuminated area becomes much smaller than the coupler size. In cases where simpler optical
devices are used, lensed fibers become an absolute necessity, but the cost of potentially breaking an
expensive commercially available sample might not be entirely justified. Demonstrated in-house-
made lensed fibers can fill that role while keeping the performance figures to an acceptable level.
Assuming the production process is worked out, the production time of these samples is up to half
an hour. The frequency shift response 1s consistent and reliable for the best lensed fibers, which
might be the second most important factor apart from the absolute loss figure for only one given
wavelength, Therefore, it can be stated that for this purpose, making a lensed fiber from a standard
SMFE-28 fiber picee can yield quite satisfactory results, as these small diameter lensed fibers have
low loss figures, optimal focusing ability, and good response to changes in laser frequency, which
make them a good choice for lower precision optical device testing needs.
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