1862 ] . . .
Riga Technical University
Institute of Telecommunications
RIGA TECHNICAL Faculty of Electronics
UNIVERSITY and Telecommunications

«Uz Cukstosas galerijas modas mikrorezonatora bazes
veidota optisko frekvencu kemmes generatora izstrade un
ta pielietojumi telekomunikacijas» (1.1.1.1/18/A/155)

Prof. Jurgis Porins

/2021. Gada 13. aprilt




Projekta merkis ...

)> Projekta vispdréjais merkis: Veikt pétniecibu, kas veicina Latvijas viedas
specializacijas stratégijas mérku sasniegsanu, cilvékkapitala attistibu zinatné
un tehnologijas un jaunu zinasanu radisanu, lai uzlabotu konkurétspéju
tautsaimnieciba.

Projekta meérkis ir: legut jaunas zindsanas par cukstoso galeriju modu

)> rezonatoru optiskajam frekvencu kemmém (WCOMBs) un izstradat, konstruét
un testet kemmes generatora prototipu telekomunikaciju pielietojumiem.

1.6.1. Iznakuma raditaj
R Sakotngja vertiba Planota vertiba Meérvieniba
Nr. Riditdja nosaukums — - -
gads vértiba gads starpvertiba gala vértiba
1 Jaunu pélpieku skaits atbal‘smajas vienibas 2019 0 . 1 172 Pilnslodzes
(pilnas slodzes ekvivalents) ! ekvivalents
2 Zinatnisko rakstu skaits, kuru izstradei un 2019 0 2031 0 5 zinatnisko rakst
publicianai sniegts atbalsts projekta ictvaros - o skaits
Originali zinatniskie raksti, kas publicéti
3 zurnilos y’ai konferenﬁu rakstu krajumos, kuru 2021 0 2 zindtnisko rakstu
citésanas indekss sasniedz vismaz 50 procentus skaits
no nozares vidgjd citéianas indeksa
Originali zinatniskie raksti, kas publiceti Web
4 of Science vai SCOPUS (A vai B) datubazes 2022 o . zindtnisko rakstu
ieklautos zurnilos vai konferencu rakstu - ) skaits
krijumos
Jaunu produktu un tehnologiju skaits, kas ir
5 komercializéjamas un kuru izstradei sniegts 2019 ] 2021 0 1 [ehigl':;ﬁf;;;hs
atbalsts projekta ietvaros
6 | Jauna produkta vai jaunas tehnologijas prototips 2021 0 3 prototipu skaits
. Jaunas a‘:rslhziecibas un fiigggostikas metodes (tai 2021 0 0 etotn skaits
skaitd nekomercializéjama metode)
8 Intelektuald Tpafuma licences ligumi 2021 0 1 ligumu skaits
Privatas investicijas, kas papildina valsts
9 | atbalstu inovicijim vai pétniecibas un izstrides | 2019 ] 2021 15000 38880 EUR
projektiem
10 KomEl'Sc’iml'lu skaits, kurl _Saj:ii!!'bqiﬂs ar 2019 1] 2021 1 1 komersanti
pétniecibas organizaciju
1 Citi pétijuma sl_séciﬁ%(ﬁi a?b_ilstolii projekta 2001 . 9 dkaits
rezultati (tai skaita dati)
12 Tehnologiju tiesibas - patenti 2021 0 1 patentu skaits
13 | Tehnologiju tiesibas - citi nematerialie aktivi 2021 0 3 nem“:ﬁ::iak“v“




Projekta realizacija ...

2. Portativa WCOMB izstrade, izveide un testésana pielietojumiem Sskiedru
optisko sakaru sistemas:

2.1. EksistejoSo WCOMB generatoru veidu, risinajumu un realizaciju izpéte Skiedru
optiskajas sakaru sistemas (M6);

2.2. Portativa WCOMB ka daudzvilnu gaismas avota izstrade un izveide
pielietojumiem skiedru optisko sakaru sistemas (M15);

2.3. Uz WCOMB bazes veidotas optisko sakaru sistemas matematiska modelésana
(M18); (Pagarinats)

2.4. Skiedru optiskaja sakaru sistema integréta WCOMB testéana laboratorija
(M24) (Pagarinats)

3.1. Portativa WCOMB prototipa pielagoSana lauka testa vajadzibam komerciala
Skiedru optisko sakaru sistéemas infrastruktura

4.1. Zinatnisko rakstu un konferencu tézu publicéSana Web of Science vai SCOPUS
(A vai B) datubazés ieklautos Zurnalos vai rakstu krajumos



2.1. Eksistejoso WCOMB dgeneratoru veidu, risindjumu un realizaciju
izpéte Skiedru optiskajas sakaru sistemas

Paveiktais: Ir veikta starptautisku zinatnisko rakstu, tai skaita konferencu pilna teksta
zinatnisko rakstu, un Zurndlu analize un izpéte (kopuma 22 zindtniskas publikacijas), kas
lava novértét CGM rezonatoru pielietojumu telekomunikaciju risindjumos un uz CGM

rezonatoru bazes veidotu optiskas frekvencu kemmes generatora realizaciju. lzstradata

detalizéta zindtniska atskaite (M06) par pieejamajiem daZdada veida WCOMB dgeneratora

risinajumiem un to izmantosanu skiedru optiskajas sakaru sistemas.

Saja apaksdarbiba tiks pétiti CGM rezonatoru frekvenéu kemmes
generatora realizacijas risindjumi telekomunikaciju pielietojumiem,
attiecigi optisko sakaru sistémam.

Lai to sasniegtu, tiks veiktas sekojosas darbibas:

=izpétiti eksist&josi rezonatoru tipi, realizacijas, risinajumi; 1 atskaite par

Eksistgjoso . Lo =
WCOIJVIB *novertéti CGM rezonatoru pielietojumi telekomunikaciju piecjamajien dazada
generatoru veidu, risindjumos; . ve1=da WCo
2.1 L +izpétita realizacija uz CGM rezonatoru balstitam frekvenéu generatora 1
1. risin@jumu un ) -t (
realiziciiu izpate kemmes generatoram (turpmak - WCOMB). nsmdjumiein un to )
‘kied J i lI(Ja" izmanto$ana Skiedru atskaite
skiedru optiskajas I
IEEE sakaru sli]stéme!ls Apakidarbibas gala rezultats: 1 atskaite par pieejamajiem dazada optiskajas sakaru
X P Io re® veida WCOMB generatora risindjumiem un to izmanto3ana kiedru sistemas
Digital Library optiskajas sakaru sist@mas.

Planotais darbibas ilgums ir no Cet1* Iidz Cet2 (kopa 2 ceturksni).
Rezultati projekta vidusposma (projekta 24. ménesis): apaksdarbiba
ir beigusies un iegiti gala rezultati.




2.2. Portativa WCOMB ka daudzvilnu gaismas avota izstrade un izveide
pielietojumiem Skiedru optisko sakaru sistémdas (1/5)

Paveiktais: Tika noteikts, ka Skiedru optisko sakaru sistemas testésanai ir izmantojama
WCOMB sistema, kura ierosmes lazera fiksétais monohromatiskais starojumstiek ievadits
rezonatord caur trapecveida $kiedru. Si WCOMB nodrosina stabilas frekvenéu kemmes
generésanu. Tika optimizéta WCOMB sistema, lai ta butu kompakta un mobila. Tika
izstradats kompakts trapecveida Skiedras turésanas modulis. Tika testéeti vairaki WCOMB
sistémas nosacijumi (rezonatoru izmérs, rezonatoru pozicija pie trapecveida Skiedras,
ierosmes lazera vilna garums, intensitate), lai izvélétos optimalakos nosacijumus WCOMB

sistéemai, kas testéjama Skiedru optisko sakaru sistémas.

Sis apaksdarbibas ietvaros eksperimentali Skiedru optiskajas sakaru |1 atskaite par izveidoto

sistému (SOPS) laboratorija tiks izstradats WCOMB, kas pielagots portativo WCOMB

izmantosanai SOPS ka daudzy ilnu gaismas avota risinajums.

Izveidotais WCOMB atbildis sekOJosam prasibam:

*nodrosinas frekvencu kemmi opllskaja C —josla (1530-1565 nm),

kanalu skaits atbildis realos SOPS risinajumos izmantotajiem 2n (n —

vesels skaitlis), ka pieméram, 8, 16 kanali;

sstarpkanala intervals starp (CGM) rezonatora frekvencu kemmes

maksimumiem atbildis SOPS vilngarumdales (WDM) risindjumos

ielietoiumiem izmantotiem starpkanalu interv aliem starp parraides datu kanaliem

gkl.e dmlo tisko |ITU-T G.694.1), ka pieméram, 100 un 50 GHz.

sakaru sis[:émés Apaks';darb‘Tbas gala rezultats: atskaite par izveidoto portativo
WCOMB generatoru.

Planotais darbibas ilgums ir no Cetl lidz Cet5 (kopa 5 ceturksni).

Rezultati projekta vidusposma (projekta 24. ménesis): apaksdarbiba ir

beigusies un iegiiti gala rezultati.
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2.3. Uz WCOMB bazes veidotas optisko sakaru sistémas matematiska
modelésana (1/4)

Paveiktais: VPl Photonics VPltransmissionMakersimulacijas programmaturas vidé ir
izstradats matematiskais modelis. Taja ir iespéjams integrét WCOMB daudzvilna gaismas
avota elementu ar laboratorijas apstaklos eksperimentali noméritam parametru
raksturlikném un novértét sistémas darbibu pie tipiskiem metro-piekluves optiska tikla
attalumiem ar datu parraides atrumu lidz 10Gbit/s kandla pielietojot NRZ-OOK un 20
Gbit/s kanala pielietojot PAM-4 optiskd signdla impulsa amplitidas moduldcijas

formatus.

§1s apakidarbibas mérkis ir optisko parraides sistemu simulacijas 1 matematiskais modelis
programma (OptSim, VPIphotonics, Matlab vai lidzvertigd) novertst
frekvencu kemmes generatora pielietojumu Skiedru optiskaja sakaru
sistéma ki daudzvilnu gaismas avotu ar dazadiem nesgjsignalu

Uz WCOMB g_lodulﬁcijas formatiem, ka piem&ram, NRZ-OOK, PAM-4, Duo-

azes veidotas |binary, u.c.
Egﬁi;?&oﬁi Lai to sasniegtu, tiks veiktas sekojosas darbibas: ] )
23. cstemas  |*1zstradats Skiedru optiskas sakaru sistémas matematiskas 1 |modelis 1,2
matematiska  |simuldcijas modeli, kurd iespgjams integrst daudzvilna gaismas avota
modelsiana | elementu ar eksperimentali nom&ritam parametru raksturliknam:
» laborator1ja nomériti un matematiska simulacyjas modeli
1eladati/integréts WCOMB raksturojosie parametri, to raksturliknes;
* novertet sistémas darbibu pie tipiskiem metro-piekluves optiska tikla
attalumiem un datu parraides atrumiem (pieméram, 2.5, 10, 25 Ghbit/s;
u.c).
Izveidotais matematiskais simulacijas modelis atbilst tehnologiju
gatavibas Iimenim — TRL 3, kas sevi iefver koncepcijas
eksperimentalu parbaudi pielietojot analitiskus petfjumus, lai
apstiprindtu prognozes par tehnologijas komponentdm.
Apaksdarbibas gala rezultats: viens matematiskais simulacijas
modelis
Planotais darbibas ilgums ir no Cet2 lidz Cet6 (kopa 5 ceturksni).
Rezultati projekta vidusposma (projekta 24. ménesis): apakidarbiba ir
beigusies un 1egiiti gala rezultati.




2.3. Uz WCOMB bazes veidotas optisko sakaru sistémas matematiska
modelésana (2/4)
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Fiber type Standard
W SMF NZ-DSE CSK
Attenuation coefficient
0.20 0.19 0.17
(dB/km)
Dispersion coefficient
(ps/nm/km) 18 4 23
; : 2
Dispersion slope (ps/(nm: 0.086 0.108 0.070
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Effecti
ec 1V<: area 85 7 125
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Nonlinear index
(/W) 2.21x1020 2.31x10-20 2.14x10-20
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VPI transmission Maker simulacijas shéma 4-kanalu WDM-PON
parraides sistemas simulacijas modelim ar integretu WGMR-
OFC gaismas avotu nodroSinot 393 GHz starpakanala intervalu
nodrosSinot 2.5 Gbit/s un 10 Gbit/s NRZ-OOK modulétu datu
parraides atrumu kanala.
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2.3. Uz WCOMB bazes veidotas optisko sakaru sistémas matematiska

modelésana (3/4)

Amplitude [a.u.]
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Amplitude [a.u.]

- DSF un CSF skiedras ir zem FEC

’

Uztverta signala BER veértibas izmantojot

SMF, NZ
slieksna

4e-7

0.2 0.4 06 0.8 1

Uztverta signala acu diagrammas péc 60 km parraides caur (a) SMF, (b)
NZ-DSF un (c) CSF optisko Skiedru 4-kanalu WDM-PON parraides
sistémai ar integretu WGMR-OFC gaismas avotu nodroSinot 393 GHz
starpakanala intervalu un 2.5 Gbit/s parraides atrumu kanala.

Amplitude [a.u.]
3e-5 ]

Amplitude [a.u.]
3e-5

2e-5

’

Amplitude [a.u.]
4e-5

1

-DSF vai CSF skiedra tiek izmantota

BER péc 40 km parraides ir zemaks par FEC
slieksni -2 x 10>, 4,8 x 107 un 2,3 x 107, ja

SMF, NZ
ODN sadala.

Uztverta signala acu diagrammas péc 40 km pérrz;ﬁj"gs caur (a) SMF, (b)
NZ-DSF un (c) CSF optisko Skiedru 4-kanalu WDM-PON parraides
sistemai ar integretu WGMR-OFC gaismas avotu nodrosinot 393 GHz
starpakanala intervalu un 10 Gbit/s parraides atrumu kanala.



2.3. Uz WCOMB bazes veidotas optisko sakaru sistémas matematiska
modelésana (4/4)
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OFC gaismas avotu nodrosSinot 393 GHz starpakanala intervalu o . " o
nodroginot 1.25 Gbaud/s un 10 Gbaud/s PAM-4 modulétu datu Uztverta signala acu diagrammas pec_40 km (1.25 Gbaud/s) p?rra]des caur (a)
SMF, (b) NZ-DSF un (c) CSF ODN un péc 40 km (10 Gbaud/s) parraides caur (d)

parraides atrumu kanala. SMF, (€) NZ-DSF un (f) CSF PAM-4 modul&tai WDM-PON parraides sistémai ar
integretu WGMR-OFC gaismas avotu.



2.4. Skiedru optiskaja sakaru sistéma integréta WCOMB testésana
laboratorija (1/5)

Paveiktais: Laboratorijas vidé ir veikta skiedru optiskas parraides sistemas sleguma shémas
izstrade ar 10Gbit/s parraides atrumu kandala, pielietojot NRZ-OOK neséjsignalu modulacijas
formatu. Sleguma shéma ir integréts eksperimentali izstradatais WCOMB avots, ir
veikta modela elektrisko, opto-elektrisko un optisko komponensu galveno parametru
analitiska un eksperimentala pirméja salagosana, turpinas darbs pie datus saturosa
parraidama signala kvalitates novertejuma atkariba no optiskas parraides linijas garuma
un signala polarizacijas stavokla.

In this sub-activity WCOMB will be tested in the FOTS laboratory in an

34 Lab tests of WCOMB optical fiber comnmnication system tested with data rates up to 32 Gbps | | T8port on fest 1 report 1.2
integrated in fiber NRZ-OOK and different modulation format (PAM-4, Ducbinary). results
optical commmmication | The following activities will be camied out:
system

* development of optical transmission circuit models (NBZ-00K
PAM-4, Duwobinary modulation formats) with parameters fo be
mstalled on  cirenit-based  electrical.  opto-electrical,  optical
equipment;

»  evaluation of WCOME performance in fiber optical commmnication
system at different data transmission rates (e.g. 2.3, 10, 25, 32 Gbps)
and modulation formats. The guality of the data transmission will be
evaluated according to the bit error ratic (BER) and the eye diagram

= the developed prototype version will meet the technology readiness
level — TRLA, which will incinde technology validation in laboratory
environment of Fiber Optical Transmission Systems laboratory at
BTU Institute of Telecommmnications.

Final result of sub-activity - 1 report on WCOMBE generator test results.
The planned sub-activity duration 15 frem Q4 to Q2 (5 quarters in total).

Results at the midterm of the project (Month 24 of the project): sub-
activity will be finished and final result will be achieved.




2.4. Skiedru optiskaja sakaru sistéma integréta WCOMB testésana
laboratorija (2/5)
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2.4. Skiedru optiskaja sakaru sistéma integréta WCOMB testésana
laboratorija (3/5)
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— Electrical path Wavelength, nm
Acronyms: CW — Continuous wave laser, EDFA — erbium-doped fiber amplifier, ISOL ~ fiber optical isolator, PC — polarization . . .
controller, CAM — microscope with zoom camera. PS — power splitter. OSA — optical spectrum analyzer, WSS — wavelength Flg 2 Measured OFC performance over a 10-h0ur perIOd (a) Optlcal Spectrum
selective switch, MZM — Mach-Zehnder modulator, AWG — arbitrary waveform generator, B2S — bits to symbol mapping. . . . iy . . .
DAC —digital-to-analog converter, EA — eclectrical amplifier, SMF — single mode fiber, VOA — variable optical attenuator, Wlth |nset representlng Captured pOWGI’ Stablllty, and (b) pOWGf dlSthbUtIOﬂ
PM — optical power meter, PIN — photodiode, DSO — digital storage oscilloscope, DSP — digital signal processing. Stabi I ity over the Wavelength (C) The experimental measurement Setup, Where
Fig. 1 (a) Silica microsphere and tapered fiber position state captured by microscopes with zoom one WGMR-OFC optical carrier (+1) is fed into an MZM modulator driven by a
cameras: side view and top view during the experiment where OFC carrier generation was 2 GHz sinusoidal tone to assess the impact of optical signal polarization on the
observed. (b) Experimentally observed Q-factor degradation in terms of a 2-month life cycle spectral purity of generated optical carriers

(freshly fabricated and after 2 months) while it resided inside the cover box. (c) Experimental setup
of the designed silica microsphere WGMR-OFC as a light source where 400 GHz spaced carriers
provide NRZ-OOK modulated 2.5 and 10 Gbps data transmission over 20 km SMF fiber. Insets
show tapered fiber and silica microsphere resonator positions of coupling conditions and WGMR-
OFC reduced humidity and dust prevention cover box.
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2.4. Skiedru optiskaja sakaru sistéma integréta WCOMB testésana

laboratorija (4/5)
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Measured effect of polarization, by received electrical signal IF after
optical heterodyne up-conversion on photodiode in different
polarization states: (a) polarization state with large amplitude
modulation, (b) intermediate state, and (c) the optimized polarization
state for lowest amplitude modulation showing the highest spectral
purity of the generated OFC optical carrier. (d) Part of the received
and normalized 10 Gbps NRZ-OOK signal waveform after 20 km
transmission with applied upper envelope function, highlighting the
periodic waveform fluctuations, (e) 15 ns insight of the normalized
waveform showing received bit sequence, and (f) power spectral
density of the calculated envelope signal.
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(b)

COMSOL simulation of mechanical oscillations at nm scale for silica
microsphere of 170 um in diameter indicating the strongest
eigenfrequency at about 27+1 MHz that can be excited by a radiation
pressure causing periodic detuning from resonance and back
manifesting as an amplitude modulation of comb lines, where (a)
represents microsphere at is diameter maximal expansion, and (b)
represents the diameter maximal contraction. For a better visual
representation, the deformation in simulation is exaggerated 100 000
times. The black surrounding line indicates the unperturbed
microsphere size. Color scale represents the absolute value of
deformation in micrometers.
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2.4. Skiedru optiskaja sakaru sistéma integréta WCOMB testésana
laboratorija (5/5)
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Eye diagrams of the received signal after 20 km transmission over SMF fiber at a data rate of 2.5 Gbps
for (a) carrier “+1” and (b) carrier “-1”, and at a data rate of 10 Gbps for (c) carrier “+1” and (d) carrier
“-1”, and (e) the plots of BER vs. average received optical power in B2B and after 20 km transmission
of the NRZ-OOK modulated signal with bitrates of 2.5 and 10 Gbps for “+1 and “-1” carriers.



2.4. Zindatnisko rakstu un konferencu tézu publicésana Web of Sciencevai SCOPUS(A vai B)
datubazes ieklautos Zurnalos vai rakstu krdajumos (1/2): RTU un Affoc darbinieki

IEEE Atbilstosi projekta laika grafikam, veikta projekta ietvaros radito rezultatu izplatiSana
Xplore®
vigial titrary— (daliba zinatniskas konferencésun sagatavoti zinatniskie raksti).

Rakstiaugstas ietekmes Zurndlos ar citésanas indeksu vismaz 50% no nozares videja

raditaja:

* OSA OpticsExpress. Salgals T., Alnis J., Murnieks R., Brice I., Porins J., Andrianov A.V.,,
Anashkina E.A., Spolitis S., Bobrovs V. «Demonstration of fiber optical communication
system employing silica microsphere-based OFC source», pp. 1-10, OSA Opt. Express,
2021 (publicéts)

* |EEE Access. Spolitis S., Murnieks R., Skladova L., Salgals T., Andrianov A.V., Marisova
M.P., Leuchs G., Anashkina E.A., Bobrovs V. «IM/DDWDM-PON communication system
based on optical frequency comb generated in silica whispering gallery mode

resonator», pp. 1-11, IEEE Access, 2021 (iesniegts)



2.4. Zinatnisko rakstu un konferencu tézu publicesana Web of Sciencevai SCOPUS (A vai
)I(Eﬁsre@ B) datubazeés iekjautos Zurnalos vai rakstu krajumos (2/2): RTU un Affoc darbinieki

Raksti konferencurakstu krajumos:

» SPIE Proceedings I.Brice, K.Grundsteins, A.Sedulis, T.Salgals, S.Spolitis, V.Bobrovs, J.Alnis, “Frequency comb generation in
whispering gallery mode silica microsphere resonators”, pp. 1-9, SPIE Proc., 2021, (publicéts)

2021.gada 12.februdris. Latvijas Universitates 79. starptautiska zinatniska konference, sekcija “Atomfizika, optiskas

tehnologijas un mediciniska fizika” Zoom vide:

* |.Brice, K.Grundsteins, T.Salgals, J.Alnis "Silikas mikrosféras lodité denerétas optiska frekvencu kemme WDM datu
parraides sistemam«

Pieteikumi dalibai konferences:

e 2021.gada 6.-11.marts. Photonics West 2021 Digital Forum. |.Brice, K.Grundsteins, A.Sedulis, T.Salgals, S.Spolitis,
V.Bobrovs, J.Alnis «Frequency comb generation in whispering gallery mode microsphere resoantors» 2021.gada 20.-
24.junijs.

* CLEO/Europe-EQEC 2021. K.Draguns, |.Brice, T.Salgals, J.Porins, V.Bobrovs, J.Alnis «Silica WGM microresonator comb
engineering for WDM data transmission». Quantum Optics and Photonics 2021", kura notiks 22-23 Aprili 2021.

e Salgals T., Alnis J., Murnieks R., Brice I., Porins J., Andrianov A.V., Anashkina E.A., Spolitis S., Bobrovs V. «Microsphere-
based OFC-WGMRmulti-wavelengthsource and its applications in telecommunications».
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