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Mepiinym

H ¢otovikry ohokAnpmon PpickeTor 6TO EMIKEVTIPO TNG EPEVVNTIKNG OPACTNPLOTNTOG
Y. TEPLOCOTEPO aMO VO deKaeTies, £yoviag onueldoel agloonueiowt Tpdodo otnv
KOTOOKELT] OAOKANPOUEVOV ONTIKOV CLOKELAOV KOl KUKAOUATOV, KUpiog AdY® 1Ng
avayKng Yy OmMTIKEG OlGVVOEGELS VYNAOL €Opovg {dOVNG oTO OIKTLO EMIKOIVOVIOV.
Qot660,  wpigavon g TEYVOAOYING £xEl avVOIEEL TOV OPOUO OE VEES EPUPUOYEG TO
terevtaio xpovia. Ot epoproYEG TNAETICKOTNONG £YOVV OMOKTIOEL GNUOVTIKY SUVOULKY|
®G M ETOUEVT UEYOAN EUTOPIKN €VKOUPIOL YO TO PMOTOVIKG OAOKANP®UEVO KUKADULOTO
(PICs), xvpimg AOY® TOL €VOLAPEPOVTOG TNG OLTOKIVITORLOUNXAVIOG Ylo. GLOTHUOTO
LiDAR. Ilpog avt v koatevBouvon éxovv avamtuybel ToAAES TEXVOLOYIES, [LE GTOXO TNV
QVTILETMOMICT TPOKANGEWMV TOL GYeTilovTal Le TNV LYNAN akpifela pétpnong, tn ypryopn
chpmoT, KaODS Kot TNV avATTLEN OTKOVOLK( OTOJ0TIKOV AVGEMV KAMLOKOG.

Metalh tov 0189popmv TEXVOAOYIDV OAOKANP®ONG, N TAATOOPILO OAOKANP®ONG TOL
silicon nitride (SiN) kot m oAoxApwon mov Paciletoar ce moivpepn, mapovotdlovv
WOWHTEPO  EVOLOPEPOV Y10 EQPAPUOYES TNAETIOKOMNONG AOY® TOV YOUNADV OMTIKOV
ATOAELDV, TNV IKOVOTNTO S1oyEiPIoNg VYNANG OTTTIKNG 16Y00G, KAOMDS KoL TOL PAGLOTIKOD
gbpovg Aertovpyiag mov vrootnpifovv. H mapovsa epyacio a&lomotel Tig 000 TOPATAV®
TAATPOPLES Y10 TNV AVATTLEN dVO VEOV AEITOVPYLDOV: TNV UETATOMIGT OTTIKNG CLYVOTNTOG
(Optical Frequency Shifting - OFS) ywa etepodvuvn cvpPoropetpio kot ™ cdpwon piog
OTTIKNG 0éoung laser 6o Ydpo pe ypnom ontikdv ctoryerokepaidv (Optical Phased Arrays
- OPAs). T'a mv viomoinon kukKA®UAT®V HETOTOMIONG TNG ONTIKNG GLYVOTNTOG
ypnooroovvtor Aentég otpwoelg PZT emdvo amd tovg xvpatodnyovg SiN oo
Swpopemon tov deiktn 0dblaong pécm Tov TELO-OMTIKOL @AVOUEVOD, TO OTOio
TPOCOEPEL PEYAADTEPO €VPOG LDVNG o€ oYéon He TOVG CLUPATIKOVG BEPLLO-OTTIKOVG
owpopemtéc eaons. Ta OFS PICs evoopoatdvovior 6e €va GOGTNHO OTOUAKPVGUEVNG
pétpnong odovnoewv Laser Doppler Vibrometer (LDV). EmimAéov, mpoteiveton pia
Srodkacio VPPKNAG OAOKANPMOONG TOAVUEPIKADOV KUUATOO YDV EXAVEO GTNV TAATOOPLLOL
SiN Y10 T0 GUVIVLAGHO TOV AELITOVPYLOY TOL LTOSTNPILEL 1 KAOE TAATPOPLLO. GE EVAL TOUT.
Ot S10ThEELG OTTIKAOV GTOLYEIOKEPALDV VAOTOIOVVTOL GTNV TOAVUEPIKN TAATPOPUI, GTNV
omoio. ypnowomoteitar pion wPoGEyylon KAOETNG OAOKANP®ON Yoo TO GYNUOTIOUO
TOALOTADV EMTESOV KLUATOONYNONG Kol GLVERMG O1odtdototwv OPAs oty dkpn tov
tourn. [ phOpion ™ edong Tov ontikol mediov o€ KAOE KOUATOO YO YPTGILOTOLOVVTOL

Beppo-omtikol SIOHOPPMTES PACNG YOUUNANG KaTOVAA®ONG 1oY00G. EmutAéov, pehetmvron



YPOUUIKES SLOTAEELS OTOUYEIOKEPOLDY LE OVOUOIOLOPPT KOTOVOUY] TWV GTOEI®MV, Yol TN
BeAtioon tov omtikov mediov (FOV) kot ™ peiwon g moAvmAokOTNTOG EAEYYOUL.
Yv{nrovvton Bépata yopaknpiopov Kot Babpovounong twv OPAs, Kafdg Kot TopapueTpot
KOTOOKELNG TV ToAV-eminedwv molvuepikov PICs. H mapodoa epyacia amoteiel v
TPAOTY TEPAUATIKT] VAOTOINGN OTPOPNG O0éoung otig 0vo dwnotdoelg pe ypnon PIC

TOALOTADV EMTES®V KLOUOTOONYNONG.

Aé&Eg1g KheO1a: POTOVIKT OAOKANP®OT|, OTTIKY| SAUOPP®SN cuyvoTNTaG, Tel0-0mTIKO
Qovopevo, €tepOdLVT aviyvevon, laser Doppler dovntduetpo, vPpdky olokAnpwon,
TAOTEOPLLO VITPLOIOV TOV TTVPLTIOV, TOAVUEPIKT TAATOOPLO OAOKANPWOGNG, TPLOIUCTOTY

OAOKANPOGT), OMTIKES GTOLYELOKEPOIES, GAPWOT OTTIKNG OEGUNG, TNAETIGKOTION



Abstract

Photonic integration is a powerful technology for miniaturizing optical devices and
systems. Being in the center of research interest for over two decades, photonic integration
has made tremendous progress, driven primarily by the information industry's demand for
high-bandwidth optical interconnects. However, its maturation has opened the door to new
applications in recent years. Remote sensing and ranging applications have gained
significant momentum as the next potential mass-market opportunity for photonic
integrated circuits (PICs), particularly due to the automotive industry's growing interest in
LiDAR. Many different technologies have spawn to address challenges related to high

accuracy sensing and fast scanning and develop scalable and cost-effective solutions.

Among the various existing integration platforms, silicon nitride (SiN) and polymer-
based photonic integration are particularly interesting for remote sensing applications,
primarily due to their low loss waveguides and passive components, their wide spectral
range of operation, and the high-optical-power handling capabilities. This work leverages
these platforms to develop two novel functionalities: optical frequency shifting (OFS) for
heterodyne interferometry and two-dimensional laser-beam steering based on optical
phased arrays (OPAs). OFS is based on stress-optic index modulation, that offers larger
bandwidth than conventional thermo-optic phase shifters, by using lead zirconate titanate
(PZT) thin films deposited on top of the SiN waveguides with a wafer-scale process. The
OFS PICs are integrated into a NIR laser Doppler vibrometer (LD V) system for non-contact
measurements of a vibrating surface. Furthermore, a process for hybrid integration of
polymer waveguides on top of the SiN platform is introduced, to combine functionalities
from both platforms in a fully compact manner. Optical phased arrays (OPAs) are
implemented in the polymer-based technology platform, where multiple waveguiding
layers are used to form rectangular apertures at the edge facet of the PICs. Two-dimensional
(2D) steering of a NIR laser beam is demonstrated by individual phase control of each OPA
channel using thermo-optic phase shifters. Linear aperiodic OPAs with non-uniform
emitter spacing are explored to enhance the field of view and reduce control complexity.
OPA characterization and calibration aspects are discussed, as well as fabrication
considerations for multi-layer polymer PICs. Although the multi-waveguide-layer
approach for 2D edge-emitting OPAs has been previously suggested, this work presents the

first experimental demonstration of 2D beam steering based on this concept.



Keywords: Photonic integration, optical frequency shift, stress-optic modulation, thin-film
PZT, silicon nitride platform, Heterodyne detection, laser Doppler vibrometer, hybrid
integration, optical phased arrays, laser beam steering, optical polymers, 3D integration,

optical communications, remote sensing, LIDAR
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Extetapévn Mepianym

O topéng TV OMTIK®V a1cHNTNPOV OTOUOKPUCHEVNC aviYvEVONG 1 TNAETIOKOTIONG
(remote optical sensors) £xetl yvopicet 1dtaitepn dvOion ta tedevtaio ypovia, Kupiog Aoy
TOL OEAVOUEVOL EVOLAPEPOVTOG TNG aLTOKIVNTORLopmyoviag, aAAd Kot TG Propnyoaviog
yvevikotepa, v ovotuato LiDAR. H mapovca owtpir] eotidler oe 600 Pooikég
TPOKANCELS OTO TMESIO TOV ONTIKOV OCONTPOV TNAETICKOTIONG: TN UETOTOTION TNG
OTTIKNG oVYVOTNTOG Yo €QOPUOYEC ovpPolopetpiog €TepdOVVIG aviXVELONG Kol TN
6OapmOoN PiaG OTTIKNG 0EGUNG 0TO YDPO. O1 TPOKANGELS AVTEG AUPOPOVV TNV VAOTOINGT TOV
TOPOTAV®D AELTOVPYUDY GE OAOKANPOUEVT LOPPT] OEIOTOLDVTOS TN POTOVIKT OAOKAN PO,
kaBdg o1 cuppatikég viomomoelg Pacifoviol o€ 0yK®MON OMTIKG EEAPTHLATA KOL, GTNV
TEPIMTOON TG GAPMONG ONTIKNG dEGUNG, o€ unyavikd péprn. H epyacio aglomotel dHo
SLPOPETIKES TAATPOPLES POTOVIKNG OAOKANpmOoNG: TNV mAateopua silicon nitride g
etopeiog LioniX, pe v eumopwny ovopacio ‘‘TriPleX’’ (silicion nitride) kot v
TOAVUEPIKT TAATOOPLLO OLOKANPMGNG TOL £pgLNTIKOD votitovtov Fraunhofer Heinrich-
Hertz Institute (HHI), pe v eumopiky ovopacia ‘‘PolyBoard™’.

To mp®dTO HEPOG TNG epyaciag apopd v avantuén evog cvothiuatog Laser Doppler
Vibrometer (LDV) Poociopévo oe @otovikd olokAnpopévo kvkiouato (PICs),
€0TILOVTOG OTN UEAETT] KUKA®UATOV TOV EMITEAOVV LETOTOTION TG ONTIKNG GLYVOTNTAG
(optical frequency shifter — OFS). H teyvikn tov LDV ypnoytomotet pio otk déopn laser
Yl VoL LETPNGEL LOKPODEV T YOPAKTNPLGTIKA TNG UNYXAVIKNG TOAAVTOONG MG O0VOVLEVNG
emopavewns. Baoiletar ot ocvuPoropetpia yio vo omodtopopeOGEL Tn GACT TOL
AopPoavopevov  omTikoh GNUOTOS, TO OmMOl0  KOTOMY NG AVAKAAGCNS TOL GTNV
TOPOTNPOVUEVT ETPAVELL SIAUOPPDOVETAL AOY® TOL Gotvopévov Doppler. Yrdpyovv 600
TEYVIKEG cupuPolopetpiag mov ypnotpomoovvtal oto LDV, n opdduvn kot 1 €1epdduvn
aviyvevon, Omov m OevTEPT Elval TEPICGOTEPO OAOEIOUEVT AOY® ™S LYNAOTEPNG
a&lomotiog kot evacOnoiog mov mpooeépel. H petatomion g ontikng ocvyvottog
amotelel pia Pacikr| Aertovpyia 6TV €TEPOOLVN avixveLON KAOMOG eMtTpEmel T S1dkpion
g KatevBvvong g kivong N g TOAGVTOONG TOL TOPATNPOVUEVOD COUOTOS, EVAD
mopdAinio PBertiover 1o onuatofopvPikd Adyo (SNR), petaromiloviag 1o @dopo
oVYvOoTNTOV pokpld oamd tov BopvPo Poocikng Covng. Ta cvomuoto HETATOTIONG
cvuyvotag mov gival epmopwkd dwbéopa onuepa Pacilovrar katd kbplo Adyo o€
OKOVGTO-OTTIKOVG OLOUOPPWOTESG, Ol OTTOI0L TPOGPEPOVY LYNAN OTAS00T| LETUTPOTNG Kol

yopunAd 86pvfo, dpmg Pacilovion 6 KPLOTAALOVG, O1 0TTOT01 £Vl OYKDOELS, OTALTOVY TNV
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axpiPn evBuypappion g eloepyoOpeEVNS dEoUNG, VO Tapovctdlovv pikpn gveMéia otnv
EMIAOYT TNG GLYVOTNTAG.

Apyikd, n epyocio oTidlel 0T Be@PNTIKY AVAAVOT Kol TNV TEPAUATIKT 0EIOAOYNoN
OAOKANPOUEVOV KUKAOUATOV OTTIKOV OLUOPPOTMOV OV EMITEAODV UETOTOMION TNG
OTTIKNG GLYVOTNTAS, TNV TAATEOPLO TOL silicon nitride. Xvykekpiuévo, HEAETOVTOL dVO
OTTIKG KUKAMUOTA SOpUOPO®ONS, T 0moio aSl0mooVV JPOPETIKEG TEYVIKES Yo TNV
HETOTOTION TNG GLYVOTNTAG TOV OTTIKOL PEPOVTOS. To mpwto kuKA®poa Paciletal ot
TeYvikn serrodyne Kotd TNV omoio 1 HETATOMION NG oLYVOTNTOS TPOKVTTEL Omd TN
YPOUIKY avENOT TNG OTTTIKNG Aonc. To de0TEPO KOKAMUO EMTVYXAVEL LETATOTION TNG
oLYVOTNTOG LECH SLOUOPPMOONG LOVIG TAELPIKNG (dvng pte xpnomn evog 1Q dapopewty.
Yta mhaicwo tng Oe@pnTikng avaALoNG avAmTOGGOVTIOL LOVIEAN TPOGOUOIMOoNG TV
KUKAOUATOV Kol HEAETATOL M €MIOOGT TOLG GUVAPTAGEL TNG MOOTNTAS TV CNUATOV
odnNynong Kot TV mOavav KOTOCKEVOOSTIKOV atelel®mv. EmmAéov, avadeikviovior ot
TPOKTIKOL TEPLOPICUOL TOVG ®C TPOS TNV 0omdO00T UETATPOTNG KOL TNV KOTOTIEST
aveEmBOUNTOV apUOVIK®V. XPNOHOTOIOVINS TNV TeXVIKN serrodyne emPefordveTon
TEWPAUATIKAE petatonion cvyvotntos katd 100 kHz ko xatoaricon appovikedv katd 22.1
dB, evod pe ™ dwwpodpemon mAsvpikng {dvng emtvyydvetol petatomion 2.5 MHz ko
Katanieon g mTAevpikng (ovng katd 39 dB. H teyvikn serrodyne facileton o€ nAektpikd
ONLLOTO. 00NYNONG TPLOVAOTHG HOPPNG, TO OO0 AOITOVV NAEKTPOVIKA pe €0pog Ldvng
OMUOVTIKA PEYOADTEPO TNG CLYVOTNTOG UETATOMIONG, YEYOVOS oL Tteptopilel T péylot)
ovyvotta petatomions. H viomoinon towv mopandve KOKAOUATOV Tpory Lo TOTOEITOL 6TV
TAOTQOpLO POTOVIKNG 0AokANpwong TriPleX, otnv omoia peietdron Eva TpwTOTLTO £100G
dwpopemty, o omoiog Pacileron oto mielo-omTikd (stress-optic) @owvopevo yuo.
SWUOPO®OT TNG PACTG TOV OTTIKOV GNUOTOC. AVTO EMTVYYAVETOL LE TNV EVATOBEST £VOG
Aemtol otpdpatog meloNAEKTpkoh LAIKOV, cuykekpiuéva tov lead zirconate titanate
(PZT), mveo amd tovg kupatodnyovg tov TriPleX, to omolo, e TV Qapproyn NAEKTPIKNG
TaoNG, aoKel pNYOViK mieon 610 LAMKO TOov KLpatodnyoh HeTaffAAAovTag TO Oeiktn
dtaBAaong. To melo-omtikd pavopevo yapoktnpiletor and pikpodTePn otadepd xpovov G
oyxéomn He 10 Oepo-0TTIKO PAIVOUEVO EMTPENOVTAG VYNAOTEPES TOYVTNTES OMOKPIONG. X
YOUNAEG cvyvottes, 0 TECO-OMTIKOC OOUOPPMOTNG TAPOVCIALEL EENPETIKA YOUNAN
KOTAVAA®ON AOY® NG YOPNTIKAG TOL GLUTEPLPOPAS Kol Yoo TO AOY0 ovtd, of
nponyovpeves vAoromoelg oto TriPleX, iye mepropiotei o€ de Aettovpyia, MG EVOALAKTIKT

TOV OEPLO-OTTIKOV SIOUUOPPOTOV Y10 T GTPOPT TNG ONTIKNG Pdong. [ mpdTn popd otnyv
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napovoo epyacia peietdtor mepopatikd oty mepoyn tov MHz, afomowwvtag pia
EVVOAOKTIKT] TOTOOETNON TV MAEKTPOSI®V 0dMNYNOoNG TPOKEWEVOL Vo pelwbel 1
YOPNTIKOTNTA Kot GLVETHDS Vo owénbel 1o €0pog Ldvng tov dapopeoty. epapotikd,
oV TEPINTOON TG HETATOMIONG cLYvOTNTAS HESH ToL 1Q drapopemty, emtuyydvetot
NUTOVOEONG peTatomion edong /4 ota 2.5 MHz, pe katavaiwon toyvog 156 mW, pe tov
KOADTEPO SOUOPPM®TT), EVAO 1 LEGT KOTAVAAMGT] 10YVOG Y10, OAOVS TOVS OUUOPPMOTES TOL
viomomOnkav Nrav tepimov 660 mW yio tnv idia petatodmion eaong. ['a Tov mepapoatikd
YOPOKTNPIOUO YPNOUYLOTOLOVVTOL KOTAAANAL NAEKTPOVIKA 0dNynons kobmg omarteiton
téon oonynong g téEng tov 100 Vpeak-to-peak, 1 kor meplocoOTEPO, YO UNKN
SLpOpemoNg ™S Tééng twv 15 mm.

Katomy g meipapotikng a&toldynong tov enUEPOVS OAOKANPOUEVOV KUKAOUATOV
LETATOTIONG GLYVOTNTOG, TO KUKADUATO EVOMUATOVOVTAL GE éva eupitepo cuotnua LDV
ETEPOJVVIG OViYVELOTNG, e UNKOG KOLOTOC AEITOVPYIaG 6TO £YYVG VITEPLOPO, GLYKEKPIUEVL
yopw amd ta 1550 nm. T v aviyvevon avontdccetol kot aEOA0YEITOL TEWPAUATIKA
OEKTNG OTNV TOALUEPIKY] TAATEOPLO. ohokAnpwong PolyBoard. H mhateoppa avtm
emutpénet v tomofénon thin-film moAwtik®dv otoyeinwv oe HIKPEG oYIoUEG EMAVED GTO
TOLT Y10 TOV EAEYYO TNG TOAMGNG TOL GNUATOG, KAOMS emiong kol TNV VPPOIKY OAOKAp®OT)
pe InP @mtodiodovg yioo TNV avixvevon Tov oNUATog. XPNOLUOTOIOVTIOS TIG TOPUTAVED
SVVATOTNTES O JEKTNG GYESACTNKE KATAAANAL TPOKEEVOL VO LITOSTNPILEL TN GOUE®VT
aviyvevon twv 600 opboyovik®v molmdcewmv tov AauPavépevov onupatog. o v
vAomoinon Tov cvotuatoc LDV ypnoipomomOnkay emmAéov pmopikd S100€c1L0 OmTIKA
otoyeio, peta&y v omoiwv o otk mnyn laser yauniov BopvPov edaong kot Eva
cuotnua EoKkaV TG eTaupeiog Polytec, To omolo amotteitot yio TV €6Ti0GN KO T GLALOYY|
NG OMTIKNG OE0UNG TTPOG KOl OO TNV UETPOVUEVN] EMIPAVELDL. XE GLVEPYAGIN UE TNV
vepuavikny etaupeion Polytec, ota miaicia tov evpomaikov Epyov ICT-3PEAT,
wpaypatoromOnkay petpnoelg tolavioceny g 15 kHz pe avaivon petatdémong 10 pm,
YPNOCLOTOLDVTOAG TO KOKA®UO peTatdmiong cuyvotntag tov 1Q dwapopewt. [opdro mov
TO. TEWPAUATO  TEPLOPIGTNKAV OTNV  OKOLOTIKN TEPLOY, AOY® TOL mMyeiov 7oL
ypnoorominke ywoo v mapoymyr TV dovicewv, emiPeformOnke meEpapaTIKd 1M
SLVOTOTNTO TOL GLGTNUATOS VA aViYVELEL cLYVOTNTEG €¢ 1 MHZ pe avdivon 10 pm. To
GLYKEKPLUEVO cVOTNU POCICTNKE GE EMUEPOVG PMOTOVIKA OAOKANPOUEVE KUKADUOTO
(PICs) ta omoio cuokevdotnkav Eexmplotd kot cuvosdnkay e ontikég tveg. g endpevo

o, mpog v emitevén vyniov Pabuod olokAnpwong, vioBetOnke Hd KOVOTOHOG
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TPOGEYYIoN VPPIOIKNG OAOKANP®ONG, HE OKOTTO TOV GLVOLAGLO TV TAaT@opudV TriPleX
kol PolyBoard oe éva towmm. Xapn omv eveM&ion KOTAOKELNG TTOL TPOCPEPOLY Ol
TOAVUEPIKEG TAATQOPUES LEGM TNG TEXVIKNG Spin-coating, T0 ONTIKO KOKA®LO TOL JEKTN
oto PolyBoard kotackevdomke endve omd 10 KOKAOUO HETATOMIONG CLYVOTNTOS GTO
TriPleX, onpiovpydvtag £va TPIodIoTATO VPPIOIKO POTOVIKO OAOKANPOUEVO KOKAMLLOL
(3D PIC). [Tapdtt 0 TEWPOUATIKOS XOPAKTNPIOUOS KATESEIEE ammAElEC cVEVLENG LETAED TV
V0 TAATEOPUAOV TNG TAENG TV 15 dB, Ta AmOTEAEGHOTO TPOGOUOIDCEMY VITOJEIKVIOVY
OTL Ol OTAOAEIEG UTOPOVV VO UEWOOVV onuovtikd, £mg kKot kdtw ond 1 dB, pe tig
avTioTolyeg PEATIOCELS 0T dtadKacio KaTaokevng. Ot avénuéveg anmdAElEG 6TO GHOTNUO
mov vVAomowOnNKe o@eiloviol GE KOTAGKELOOTIKY ootoyio Kotd 1tn Sudwkacio
evbuypapuon  petad TtV kukiopdtov  tov  TriPleX kot tov  PolyBoard.
XPNGILOTOUDVTOG TO EVOMUOTOUEVO KOKA®UO Tov serrodyne Slopop@mT Kot TO JEKTN
ocbueovng aviyvevong oto PolyBoard oAloxAnpdOnkav petpnoelg petatdmiong
oLyvoTNTOG, EMaAnfebovTog T AsttovpykdTnTo ToL Tout. KataAnyovpe 6To Guumépacua
TOG TO. OLOKANPOUEVO KUKADLOTO LETATOTIONG GUYVOTNTAG TOV OVOTTOYONKOY HUITopovV
va evoopatmbodv pe emtuyic oe éva TANpwg Asttovpywkd LDV cvotua, 10 omoio
EMTPENEL TN LETPNGT GLYVOTNT®V OOVNONG TOLALYLGTOV TPELS TAEELS LeYEBOVG vyMAdTEPQL
amo 0,Tt etvon epktd pe Toug supPaticos Bepro-omTiKovg StapopPTES TG silicon nitride
mAateopuas. H evoopdtoon g Asttovpyiog HETATOTIONG GLUYVOTNTOG GTNV TAATOOPLOL
tov TiPleX amotehel onuaviikd enitevypa Kobmg avoiyel 1o SPOUO Y10 TO GLVOLOGUO LE
bAdeg Aertovpyiec, OM®G aviyvevon HECH GLUPOAOUETPIKAOV SATAEEOV 1) KUKAOUATOV
OTTIKMV GTOLYELOKEPALADV, LEG® LOVOMOKNG 1| VPPIOIKNG OAOKANPMOOTG, EXLTPEMOVTAG TNV
avamTuEn cuoTNUATEOV aoONTP®V PIKPoL peyEBoug Kat younAod K6GToLG.

To devtepo pépog TG epyuciog EMKEVIPOVETOL OTNV  OVATTLEN  OMTIKOV
otoyeokepaldv (Optical Phased Arrays - OPAs) oty moAvpepikny mhatodpuo
olokAnpwong PolyBoard, pe oxomd ™ otpoen pia ontikng déoung laser oto ydpo pe
niektpovikd Tpoémo. Kavotdueg epappoyés, 6mwg ta cvotiuata LiDAR, ol mAatodppeg
emovénuévng Kot eiovikng mpaypoatikomroag (AR/VR), kabdg kot o1 ontikéc achpuateg
emowvovieg (OWC), £xovv evieivel TNV avaykn Yo GLUGTHHOTO CAPMOONS UIKPOV peYEBOLG
Kol petwpévou k6otovg. H mpododog mov £xel onuetmbel to tedevtaio xpdvia otov Topé
™G QOTOVIKNG OAOKANP®ONG KOOIGTA TIC OMTIKEC OTOLXEWOKEPOIEG M0 1OLUTEPMC
EAKVGTIKY TEYVOAOYIKT AVOT| Y10 TIG EPAPLOYES QVTEG, YEYOVOG OV £XEL OMGEL GNUOVTIKTY

®Onon omv epevvnTiK OpacTNPOTNTA YOP® Omd TO GLYKEKPUEVO avTikeipevo. Ot
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eumopwcd drobéoieg cuokevEC capwong Pacilovtar Katd KOPLo AOYO GE OMTOUNYOVIKA
eEAPTNUATA Y10 TNV EKTPOTN TNG ONTIKNG 0éoung. H ypnon unyavikov ctoryeimv, 6mmg
KWWOOLEVOV KATOTTPOV Kol GEPPOKIVNTAP®V, ALEAVEL CNUOVTIKA TOV OYKO Kot TO Bépog
TOV GUOTNUATOV, SVCYXEPOIVOVTAG TNV EVOOUATMGT TOVG GE TAATQOPLES TEPLOPICUEVOL
YOPOL, OTMG avToKiviTa 1 1N Emovopmpéva aepookden (drones). [Tapdiinia av&dvovv
TO KOOTOC KOU TNV TOALTAOKOTNTO GULVOPUOAOYNOMNG, EVM KOOIGTOUV TIG CLOKEVEG
TEPLOGOTEPO EVAAMTES G POOPA Kol pnyovikés actoyies. EmmAiéov, n toydmra kot n
axpifela chpwong meplopifovrar eyyevdg amd ™ palo Kot TV adpAvELD TOV KIVOOUEVOV
e€aptnUaToOV. AVTIOETOC, 01 OTTIKEG GTOLXELOKEPOIES EMTPEMOVY TNV EMITELEN GAP®ONG
NG OMTIKNG OEGUNG YWPIG TNV OVAYKT KIVOOUEV®V UNYOVIKOV HEPDV, AElOTODVTOS TNV
apyn Aertovpylog TV GLUPATIKMOV GTOLYEIOKEPOIDV. XVYKEKPIUEVA, Lol cvototyio
EMUEPOVG EKTOUTAOV UTOPEL VO KATEVOVVEL TNV EKTEUTOUEVT] NAEKTPOUAYVITIKT] OYV OE
emBoun KatevBuvon pécw KatdAAnAng puduiong g edong d1éyepong Tmv oTotyeiwv
m¢. H mpocéyyion avt| mpoceépel ™ dvvatdtto dpacTikng pelwong tov peyédoug,
Bapovg, kKatavdiwong woyvog kat kootovg (SWaP-C).

Ontikég otoryelokepaieg £xovv vAomombel oxeddv e KABE TAATQOPUA QOTOVIKNG
oloxApwongc: silicon on insulator (SOI), silicon nitride (SiN), III-V (InP, GaAs), lithium
niobate on insulator (LNOI), silica, molvpepikr oAokApwon, kdbe pio amd T omoieg
yopoaktnpileTor amd To d1kd NG TAEOVEKTLATA Kol TPOKANGELS. Ta moAvpepKd OnTikd
VAKE 0mOTEAOVV 10104TEPO EAKVOTIKT] ETIAOYN Y10 TNV OVATTUEY OTTIKMY GTOLYELOKEPULDV
(OPAs), xaBn¢ yapaktnpiloviot amd younAn TOAVTAOKOTNTA KATOCKELNS, Oeplo-0nTiK
otoyyeio YOUNANG KATOVAA®GNG, VoY 6€ VYNAQ TimeEdA OMTIKNG 1GYVOG, KOODS Kot amd
evpeia poopaTikn Teptoyn Aertovpyios. H Kataokeu TOADUEPIKDYV GOTOVIKOV S1OTAEEDV
Baciletar og TexvVIKEG OMMG TO Spin-coating yio T dNUOVPYIN TOV CTPOUATOV TOL TVPNVOL
Kol Tov pavova, kabmg ko og ABoypagio vrepitddovg axtivoforiag (UV lithography)
YOUNANG avEAVONG Y10 TOV GYNUOTICUO TOV OTTIKAOV SOUMV 6T0 LTOcTpmua. H dradikacio
LT TPOCOEPEL CNUAVTIKY] VEMEID KOl OIKOVOUIKT ATOJOTIKOTNTO GE GUYKPLOT LE O
ATOTNTIKES TAATQOPLES, O M silicon-on-insulator (SOI) 1§ ot mhateoppeg -V viikov,
0l OToieg OmaToLV TEXVOAOYieg patterning LYMANG avdAvong, emtallokéc dlepyaoieg,
vyniég Bepupoxpacieg emefepyaciag wor oakpiPotepa vmootpmdpato. EmmAéov, ot
TAateoppeg mov Pacilovtar oe moivpepn vrootnpilovv Bepo-OnTIKOVG SOUOPPOTES
QAaoNeg YoUNAng KotavdAwonsg 1ox0og, AdY® TOL €yyeEVAOG LYNAOD BepLo-0mTIKOV

ovvtedeoth] Toug (—1-107* K71 éog —3 - 107* K1), xaOdg wou tng yopning Oepuikhg
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AYOYOTNTOS TOV TOAVUEPIK®Y VAIK®OV (mepimov 0.3 W/m/K). O mepropiopodg g
KOTOVAAMONG  10YVOG  OmoteAel  KPIGWo mopdyovto OTOV  GYEOOUO  OMTIKMOV
OTOYELOKEPALDY, OTOV Oekddeg £mG Kot YIAMAdeS Oepro-0nTIKA GTOKElDl UTOPOVV Vol
oAoKANP®OOLV oTo 1610 Tout. H younin Beppukn ayoypndmmra twv ToAVHEP®Y GLUPBAALEL
ONUOVTIKA OTN HEIMOT TNG OOLTOVUEVIG 10YVOG GE GYECT LE aVTIOTOLXEG OATAEEIS OTNV
mAateopua. silicon-on-insulator (SOI), ®wot6G0 cLVOdeHETOM OO AVENUEVOLG YPOVOLG
anokpong (g taéng tov millisecond). Tlapdro mov dev amotedel avtikeipevo g
napovoog epyaciag, agilel va avagepOel n SuvoTdTNTA TOV TOAVUEPDV VO LTOGTNPIEOLV
SLHOPPMTEC VYNADV TAYLTHTOV HECH TOV NAEKTPO-OMTIKOV QUIVOUEVOD, TPOGPEPOVTOS
TEPALTEP® EVEMEID GTOV GYEIOTUO OAOKANPOUEVOV GOTOVIK®OV KUKA®NIATOV. Eva axoun
ONUOVTIKO TAEOVEKTNUO, TOV TOAVUEPIKMOV KLUOTOONYOV €ivol M KOVOTNTA TOVG Va
dwyepiCovtar vynAég ontikég 1oyels. Xe avtiBeon pe to mopitio, To omoio mapovctdlet
aroppoenomn dvo pwtoviov (two-photon absorption) yio. unkrn KOHOTOS LIKPOTEPA TV 2
pm, To TOAVUEPIKA VAKE Ogv emmpedlovtor Omd TO GUYKEKPLUEVO  (OVOLEVO.
[Mewpapatikég peréteg oty mlateoppa PolyBoard €yovv amodeifel o1t o1 moivpepikol
KUHOTOON YOl UTOPOVV VO HETAPEPOVY OTTIKY 1oy €mg kot 23 dBm (~200 mW) yia
TAPOTETAUEVE YPOVIKA SLUGTILLATO KOl GE EVPY €VPOG BEprOKPAGIDOV, YOPIg va epnpaviovv
npochetec anmieleg dwdoong 1 petaPorés tov deiktn o01dOrlaong. To yeyovog avtd
KOG TA TIG TOAVUEPIKES TAOTPOPUES KATAAANAES Y10 TNV OVATTLEN OOTAEEMY EKTTOUTNG
OYETIKO VYNANG OTTIKNG 1GYVOG.

H moAvpepikn mhatedpua oowtovikng ohokAnpwong PolyBoard, n onoia a&lomoteiton
otV mopovco epyoacio, Paciletor oe eumopikd OBEco TOALUEPIKA VAMKA NG
ChemOptics Inc. (ocepd ZPU-12). Adyow g YoOUNANG TOALTAOKOTNTOC, TO Pyt
KOTOGKELNG LTOPOVV VOl ETAVOANPOOVV S1a00) KA YioL T SNULovPYio TOAAATADY ETTEI®V
KLLLOTOOTYNOMG KOl TPLoOASTAT®OV dop®mV KéBetng odokAnpwong (3D integration) yio ™
HETOQOPE TOL QOTOC HETAED TV OlaPOpeTIKOV emmédmy. H dadikacio katackevung
Baciletar otn xpnom dVO0 TOAVUEPIKAOV PNTIVOV, TG PNTIVIG TUPTVA (Core) Kot TG pnTivig
Tov pavova (cladding) ko meprrappdvet ta eEnNg otdowa: (o) spin-coating tng pntivng Tov
pavova endve o vrdotpopo tupttiov (Si), (B) spin-coating g pnTivng KLHATOONYOV, (7)
OYNUOTIGUO TOV KLROTOON YDV pe MBoypapia vrepumdovg axtivofoiiag (UV lithography)
Kot gyyapaén péow g pebddov Reactive Ton Etching (RIE), kot (8) spin-coating g
pntivng mepifAnua yro ™ dnpovpyio tov dve otpodpatog pavova (top cladding layer). H

Sradwasio emavorlapPavetarl S1000yIKA, YPCULOTOLOVTOS OLPOPETIKES LACKES Yo KAOE
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EMIMEDO KLUOTOONYNONG, UE OAMOTEAECUA TO CYNUATIOUO KAOETO OAOKANPOUEVOV Kot
TAMpoG aveEapmrov emmédov Kvpoatoonynons. H petagopd tov @otdg petald tov
SLIPOPETIKMV EMTEI®V EMTLYYAVETOL LECH KATAKOPLP®V dopudv MMI evd 1 Katavoun
1000g 670 1010 eminedo mpaypatonoleitan pEcm cvpPatikdv dopmdv MMI. Tpiodidotata
oAoKANpoUEVE KUKA®UaTo otV TAateopua PolyBoard €xovv avamtvybel oto mopeAfov
KLpilmg Yo eQappoYES GVCEVENG He OTTIKES Tveg TOALATA®Y Tupn VeV (multi-core fibers) 1
Y10 TNV KOTOOKELT] LEYOAMV KUKAOUATOV LETAYMYNG XWPIS OLUGTAVPDOGELS KOLOTOIYDV.
Q061000, 1 AVATTLEN TPLGOACTUTMOV POTOVIKOV KUKAOUATOV ELOKA TPOCAVATOMGUEVOV
GTNV VAOTOINGT] OTTIKOV GTOUYEIOKEPOLMY OEIOAOYEITOL TEPOLOATIKA Y10 TPMTN POPA GTO
TA{G10 TNG TOPOVoHG EPYACIaG.

To kOKAop oG OTTIKNG oTolyEloKepaiag amoteAeitan and tpia Pacikd Tunpata: (o)
10 OIKTLO KOTOVOUNG TNG OMTIKNG oyV0g petald tov ekmoundv (power distribution
network), (B) to TuMqpe eA&yyov ¢ onTikng edong (phase tuning section) Kot (Y) To TUOL
ekmounmng (aperture). Xtnv mPOGEYYoN MOV TPOTEivETOL oTNV TOpovoa gpyacio, M
KOTOVOLT TNG OTTTIKNG 1GYVOG TPOG TOVG ETUEPOVG EKTOUTOVS TPOLYLOTOTOLEITOL LEGM EVOG
GLVOLAGHOD KATOKOPLE®V Kot cvpupatikdv dopumv MMI, ot omoieg emitpémovv TNV
KOTOVOUN TNG 1oYVOG EVTOG TNG TPLOOACTOTING PMOTOVIKNG opyLtekToVIKNG. O €Aeyy0oc TG
@aomg vAomoleitan pe TN xpnon BepUO-OTTIKOV SAUOPPOTAOV, TOTOOETNUEVOV ETAVED OO
TO QVOTEPO EMMESO KLUATOONYNONG. 261060, KOODG 0 aplBUdc TV EMTEd®V avEAveTaL,
N OTOTOVPEVN oYVG Yo T POOUoN TG GACNG TOV KLUATOdINYDV Tov Ppickoviot
BaBvtepa ot doun OVEAVETOL CNUOVTIIKA, AOY® TNG OVAYKNG UETOPOPAS ETOPKOVG
mocotTOg OepuoTnTag oe peyadvtepo Paboc. H mpocséyyion avtr| kabioctatol, ETOpEVmS,
TEPLOPLOTIKN Kot epapudletarl pdévo og datdielg e 0vo emineda kopatodonynone. ['a mv
EMEKTOOT TNG OPYLTEKTOVIKNG OE TEPICCOTEPO. EMIMEDA, N UETAPOPA TOV AELTOVPYUDV
KOTOVOUNG 16Y00G Kol EAEYYOL QAONG OTO OVMTEPO EMIMEDO AMOTEAEL MO OTOSOTIKN
otpatnyiky. Me autdv tov T1pomo, | pdon OAwV TV Kaval®v propel va pvBuotel pe
VYNAN omodoTIKOTNTO, TPOTOV 1] ONTIKN 1oYVG KoTaveunel ota Katdtepa eninedo HEG®
TV kataképvewv MMI. Evoliaxtikd, ot Oeppro-ontikoi dtopopewtég Oo pmopovcay va
eVoOUAT®OOHV EVOLAUEGH GTO SLOPOPETIKG KLLATOONYIKA ENIMEdA: 0OGTOGO, 1| AVCT LT
GUVETAYETOL ONUOVIIKA OVENUEVN] TEXVOAOYIKN] TOALTAOKOTNTO, KOOMC amoutel TNV
€100y®YN TPOGHETOV LETAAMK®OV CTPOUATMV Y10 TN ONUIOVPYio TV NAEKTPOSI®V, Kol OV
dlepeuvdral 6To TAIGLO TNG TOPOVCAS EPYOCING. XTO TEAMKO TUNHO TOL KUKAMUOTOS, Ol

KOULATOdN Y01 GLYKAIVOLV GTOOLOKA DGTE VO GYNUOTICOVY TO Avolypo EKTOUTNG (emitting
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aperture) am’ Omov 10 PO¢ eEEPYETOL 6TOV €hevBeEPO YDPO amd TV dkpn tov towm. H
OLYKEKPILEVN KOTNYOPIio OTOLYEIOKEPALDV ovopEPETOL MG edge-emitting 1 end-fire OPAs,
6mov 1 dTopn TOL KLUATOdNYOV AETOVPYEL WG TO HOVOSLi0 GTOYEID EKTOUTNG TNG
cvoToyiog.

[Mopd To TAEOVEKTAUATA TNG, 1| VAOTOINGT OTTIKGV GTOLYEIOKEPALDY GTNV TOAVUEPIKT
TAOTEOPLO. GLVOIEVETUL OO OPIGUEVEG TPOKANGELS, Ol omoieg mnydlovv Kupimg amd ™
YOUNAY avtiBeon Ogiktn d1dbAaonG petalh Tov TLPNVE KoL TOL LOVODO TMV TOADUEPIKAOV
Kopatoonydv. H younin avtiBeon €yel ¢ amotéAeGHO 0 KOHATOONYOVUEVOS pLOUOS Vo
unv mepopiletal €viovo PEGO OTO LAKO TOV TLPNVO, YEYOVOS Tov eumodilel v
Tomo0ETNoN TOUPAAANA®Y KOUATOON YDV G€ TOAD HKPES AMOCTAGELS, KOOMG EVIEivETOL TO
eoawvopevo ocvlevéng (cross-coupling). Amd v GAAN, 1 TomoBETNOT TOV KLUATOON YDV GE
OTOCTAGELS UEYUAVTEPEG TOV HIGOV TOL UNKOG KOUOTOG AETOLPYinG (EV MPOKEUEV®D
peyoAvTepeg TV 775 nm) odnyel otn onpovpyios avemBOLNTOV avVTypAP®Y TOL KVPLOL
AoPov oto Sdypappa oktvoforiog, meplopiloviag To €VPOG CAP®ONG, TO OMOio
avagépetor og ontikd medio (field of view). H tomoBéton tov exmoundv ce enapKadg
pkpn andotact HeTaEd Tovg (1-2 um), dote vo unv meplopileTor GNUAVTIKE TO OTTIKO
1edilo TG 6APWONGC, OMOTEAEL TPOKANOT| YEVIKA GTIG GTOLYEIOKEPAIES TTOV AELTOVPYOVV GTA
OMTIKA UNKN KOROTOG (Opatd KO €yyvs VmEPLOPO) avelaptTT®g ™S TAATPOPLOG
oAokApwons. Qotdco, avtdg 0 mEPOPIGHOG pmopel va petploctel péow Odpopwv
OTPATNYIK®OV, OTMOG 0 GYESCUOS KUUATOONY®DY MOTE VO LEIDVETOL 1) OLUGTOVPOVUEVT
ovlevén pésm avavtiotoryiog aong (phase mismatch), 1 1 toroHEtnon TV EKTOUTOV pE
un meplodwko tpoémo (sparse aperiodic OPAs), n omoio pedetdton oty Tapovca EpyaciaL.
‘Eva. axopa amotélecpo g youmAng ovtifeong tov odeiktn owdbraong, eivor 1
TEPLOPIGUEVT] OTTOKAION TNG OTTIKNG OEGUNG OTOV avTh e€€pyeTal amd TO VAIKO TOL ToIn
oToV EAeV0EPO YDPO. AgdOUEVOL OTL TO dLAYPapLLO OKTIVOPBOAIS TOV HOVASIOOL EKTOUTOV
kaBopilel To omTIKO TESIO TNG GTOLYEIOKEPALNG, 1| VYNAN KOTEVOVVTIKOTNTO TOV LOVOOL0IOV
OTOYEIOL OCULVETAYETOL TEPLOPIGUEVO €0POC GAPOONG. XE EMIMESO KOTOOKELNG, M
KatevBouvtikotnTo T pmopel va tpomomombel poévo oe mepropopévo Pabud péocw
HIKp®V HETABOADV oTOLG OgikTeg 0140 AaoNg TG TAATEOPLOS, KOODG ONUOVTIKOTEPES
oAAayég Oa emnpéalov SVOUEVDS TA KULOTOOMYIKA XUPUKTNPIGTIKAE TOV OAOKANPOUEVOV
dwtaéemv. Xe eminedo GLOTNUOTOC, TO OnTKO medio pmopel vo emektabel pe ) ypnon
KATOAANA®V eEOTEPIKOV ONTIKAOV cTotyeimv. Mo akoun TpdkAnoT aeopd tn dvuvotdtnTa

EMEKTOONG TG TPLodldotatng oAokANpwone. O  péyiotog  oplBudc  emmédwv
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KLLLOTOONYNOTG OV Uopovv va vAoroBolv eEaptdrar and Tnv akpifeta evBvypduponc
TOV LOoKOV HeTald dtadoyikmv otadimv Aboypaeiag. H duvatdmrta kotaokeung £mg Kot
TEVTE SOKPLTOV EMTESMV KLUATOON YDV £xEl amodeydel Tepapatikd, eved to tehevtaio
xpoOvVie, ot epevvnTikéG mpoomdbeleg eotidlovv kvplowg ot Peltictomoinon TV
KaTakOpLE®V dopmv MMI yia v amodotikn dtacHvoeon towv emmédwv. AappPdavovtag
VIOYT TS TPEYOVOES TEYVOLOYIKEG OLVOTOTNTEC KO TN GLVEYN TPOOSO GTOV TOUED,
EKTIHATOL OTL 0 OWAOCOGHOG TOL aplBuod TV emmEd®V amotelel PEAAIOTIKO
pecompdbeopo otdyo. Qot16c0, N LVrEPPAcT TOV déKo EMITESOV OMOTEAEL ONUAVTIKN
TPOKANGN Ue PAom TIC TPEYOVOES TEYVOLOYIKEG SVVATOTNTEG KATOGKELNG,.

To 0debtepo pépoc TG epyaciag opyavoveror oG €ENG. XT0 TPOTO KEQPAAOLO
TOPOVGLALOVTOL OVOALTIKO TO TAEOVEKTNUOTO KOl Ol TPOKANGCELS TNG TPOTEWVOUEVNG
TOAVUEPIKNG TAATPOPLLOG OAOKANP®ONG, KOOMG Kot 01 KUPLOTEPEG VAOTOGELS OMTIKMV
oTOlKEIOKEPALDY TTOL £xovv mpotabel otn O1ebvr PifAoypapio. 10 dedTEPO KEPAAMLO
avomTOooOoVTaL T0 OepeM®dON oToyeia TG Bempiog TV oToYEI0KEPALDY Kot GVLNTOVVTOL
ot Poaocikég opyéc oxedlopod TOLC. XTO TPITO KEQOANO UEAETMOVTOL OLOTAEELS
GTOLYELOKEPALDV LE OUOLOLOPPN KOTOVOUN TOV GTOLEimv. Apykd, ovamtiGeeTaL Lo
pEB0S0C VTTOAOYIGHOV TOV JLYPAUUATOS OKTIVOPOAIOG TOV Hovadlaiov EKTouTov e Baon
v opyn ¢ wodvvapiog mediov (field equivalence principle) kot ™ Bewpio Kepomv
avoiypatog (aperture antennas). H péfodoc avtn amodeikvoetar 1t mapéyet vyniotepn
axpifea o€ oyéon pe ovpPatikés FDTD npocopoidoels og epmopikd Aoyiopikd. To evpog
nuicewog woyvog (FWHM) tov povadiaiov ekmopmot, 0 0moiog eivor 0 TumkOg KLUATOIN YOG
tov PolyBoard ota 1550 nm pe dwuotdoelg 3.2 pm x 3.2 um, vroAoyileton otig 12.7°. X1
cuvéyeln, eEetaletar o Qovopevo avemBountng ontikng ocvlevéng (optical crosstalk)
petalh mapdAAniov Kopatoony®mv. Alametdvetol 6Tt 1 ondotacn tov 6 pm petabd tov
Kévipov kvpatoony®v (pitch) pe moapdAinin oiddoon 100 pum, pmopel va Bewpndei
acQOAEG OPLO Yo TNV OmoPLYY onuavtikng ovlevéng. Mo v mepapotikny eraindevon
TOV 0EOPNTIKOV ATOTEAECUATOV KOTAGKELALOVTOL SOKIHOOTIKEG OUTAEELS YPOLLULUIKDV
(evog emumédov) kot ophoydvimv (6o emmédmv) opowdpopemv OPA e anootdoelg 6 pm,
8 um ka1 10 pum (lateral pitch), ko t€ooepig KLUATOONYOVS OVA EMimEdO. ZTIG O1ATAEELS dVO
EMMESMV, 1 KOTAKOPLOT AmOCTACT] HETAED TV Kupatodnymv kabopiletal amd 10 VYog
tov katoakopveov MMI yia ™ petapopd g onTikng woyvog kot oovtal pe 7.2 pum.
[Topovcialovtar avoAVLTIKE TO OTOTEAECUATO TOV UETPNOEOV TOV  OOYPUUUATOV

axtivoPoiiag tomv 1x4 kal 2x4 OPA kot emdetkvheTan GTPOQET| TNG OTTIKNG 0EGUNG OTIS 000
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dwotdoelg pe Tig avtiotoyeg dwooldotateg douéc. Emrvyydaveton ontikd medio (FOV)
12°x8° (azimuth x elevation) pe T odTaén pe 6 um amdoTaot HeTASd TV GTOYXEIMV Kol
ne vpog déoung 3.3°x5.9°. To pkpodTEPO €0pOg déoung, 2.1°x5.8°, emtvyydveral pe
dwdtaén pe amootoon 10 um petald tov ototyeinv, Aoy Tov HeyoADTEPOL LEYEBOLE TOV
avolypatog ekmopumg. ['a 1o yapaktnpiopud Tov SopdV avamtHyOnKe TEPAUATIKN S1dTaEn
pétpnong tov  Jwypdupatoc  aktwvoPorioc. H  pétpnon tov  pokpwvov  mediov
TPOYUOTOTOEITOL HUEG® €VOG GLUGTNUATOG OMEKOVIONG OTOTEAOVUEVO amd  Evav
OVTIKEUEVIKO @akO vymiov NA oe cvvovacud pe éva 4-f cvomua kot éva CCD
acOnpa oto eyyvc vrépvOpo. H kataokevn ko 1 dadikacio Pabpovounong tov

GULGTNLOTOG TEPLYPAPETOL AVOAVTIKA GTO OVTIGTOLYO KEPAANLO.

21 ovvéyewn, 1 HEAETN emektelvetal o€ oTOXElOKEPOLES ME avopoldpopen (U
TEPLOOIKN) Katavoun Tov ototyeimv. Ot pn meplodikég cvotolyieg emrTpémovy TNV
TomoBETNON TOV EKTOUTMV GE AMOGTAGELS LEYAADTEPEG TOV UNKOVS KOUOTOG AEITOVPYING,
TPOCPEPOVTOS TOPAAANAN TN SVVATOTNTO OMUOVTIKNG KOTOTIEONS TOV OVETIOOUNT®OV
AoPav (grating lobes). EmmAéov, n apomy tomoBétnon tov otoyyeimv oamlomolel tov
OXEOL0GLLO KoL EMLTPENEL T SNUIOVPYIO LEYOADTEPMOV OVOLYLLATWOV EKTTOUTNG, 00N YDOVTAS GE
pikpotepo €0pog déoung (narrow beamwidth), pe Aydtepa otoyeio oe oyéon He TIg
OLLOIOHOPPEG OTOLXEOKEPAIEG. XTO TAOIGlO 1TNG mapovoas epyaciag oyedalovrat,
KATOoKELALOVTOL KOt 0EIOAOYOVVTOL TEPAUATIKA YPOUUKESG GTOLYEIOKEPAIES Le OekaEEL
otoryeia. Ta otoryeio tomoBetovvTo £iTe GOUPOVOA LUE L0 CLYKEKPLUEVT, TPOKAOOPIGUEVN
OVOLLOLOLLOPPT KOTAVOUY|, €€ pHE TLYOIO YOPIKN Katovour. Xtn 0e0tepn mepintmon
amouteiton Oladikacio PeAtioTonoinong pe KatdAAniovg aiyopiBuovg, mpokeweévov va
emrevyfel wavomomrtikny KatacToA TV avemfountov Aofov. I'a tov ckomd avtd
avamtOoyOnke yevetikdg alyoplOpoc yio v €€epedvnon Tov yOPov Gxediaonsg, Vo 1M
TeMKY| Pertiooon Tov emdeypévav dtutdéemv tpaypatonoteiton pEocw alyopifuov gradient
descent. To té€tapto KEPOAOMO TOPOLGLALEL TN OadIKACTo HEAETNG KOL EMAOYNG T®V
dtaEewv mpog vAomoinom, N omoia PacicTnKe G€ EKTEVEIS TPOCOUOIDCELS TOL TESIOV
axtivofoAiag. AxoAoVBmg, mapotifevial  To  AMOTEAEGUOTO  TOL  TMEPOUOTIKOD
YOPOKTNPIGHOD TOV VAOTOMUEVOV GTOYEIOKEPOL®Y. Emituyydvetal otpogn g OmTIKNG
déoung ot o S1oTaoN HE KOTAGTOAN TV avemiBountov Aofov ave tov 11 dB evtog
e0povg yoviog odpmong £5° ko 6 dB evtdg +£8°. Tlap” 6Tt 1] aVOLLOIOPOPPT KOTOVOUT TOV
ototyelov peretdtot Povo o€ SLoTAEELS e Eva eMITESO KLLLOTOON YOG, 1| TPOGEYYIoN OVTN

umopel va emextafel oTig TPLGOIAGTOTEG OOTAEES TOAAGDV EMTEOWMV OLOTNPDOVTING TO
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TAEOVEKTNUOTA TNG. O EAEYYOC TG PACTC TOV KOVOAIDY TPOYUOTOTOLEITON, OTTMG KOl OTIG
OLOLOLLOPPES OTOLYEIOKEPAIES, LEGH OEPLO-OTTIKOV SOUOPPOTMV. ZNUELOVETOL LAAMGTO
OTL 0 KOADTEPOG SLOUOPPMTNG TOV PETPNONKE EMOEIKVVEL KATAVAA®GT) 16Y00G iom pe 1.28
mW/n, emPefordvoviog TN OSvvordTTA VAOTOINGONG OMOSOTIKAOV  OEPUO-OTTIKMOV

OOTAEEMV GTNV TOAVUEPIKT TAUTPOPLLOL.

[Ma tov TEPapaTIKd YopaKINPIGHO TOV GTOLYEIOKEPALDV, TOGO TOV OUOOLOPP®YV OGO
KOl TOV U1 TEPLOJTKADV, EIVOL OTTAPALTNTN 1] OVTICTAOUIOT) TOV OPYIKOV COOAUATOV QACTC.
Otav doev epapuoletor taon yw ™ pOOUIGN TG GACNC TOV KOVOALDV, MU0 OTTIKN
ototyelokepaio epeavilel Tuyaio dbypoppo ekmounng. Avtd opeileTon Kuplog o TVYiES
LETAPOAEC TV TAELPIKAOV SAGTACEDV TV Kupatodnyov (side wall roughness), o1 onoieg
TpoKOTTOLY amd atéAEleg ot ddikacio kataokevns. EmumAéov avopolopopeio otnv
apyn edomn umopet va erooyBel omd S10popEg 6T YK TOV OTTIKMV SL0OPOUDY Ad TO
OIKTVO KOTOVOUNG 1GYVOG TPOG TOVG EKTMOUTOVS. o tov AdYyo ovtd amorteiton puo
dwdkacio apyuomoinong g edong (phase calibration), 1 omoia va. avtictabpilel to
apykd oeaipo epopudlovtag KatdAANAn petoTomion @dong oe KdaBe otoyyelo.
AopPavovtag vmoyn 0t kébe otoyyeio eréyyetar pécm evog kavaiiov DAC, to omoio
umopet vor Sradétet g ko 16-bit avéivon (21° Swuxpird enineda), ko dedopévov Ot po
otolyelokepaio umopel va mepapPdvetl dekddeC N Kot eKaTovTddeg otoyeio, KadioToTot
caPES OTL O OVTIGTOLYOG YMPOG ovalNTNONG TOPAUETP®VY Eivar EEAIPETIKG LEYAAOG. XTT
Broypagia Exovv ypnoiponombet d1dpopot adydpiBpot yia tnv apytkomoinon g eacng,
onw¢ o hill-climbing, o particle swarm optimization (PSO), o yevetikdg alyopifpog kot
mopaArrayég Tov gradient descent. Xt1o méumto kepaiaio eEgtdlovion ot akydpBuot hill-
climbing kot gradient descent, e d14popeg £KO0YES TOVG, TOGO BewPNTIKE OGO KOl HECH
TEPOUATIKOD YOPAKTNPIOUOD. ATO TNV avOALON TPOKVTTEL OTL O OTOOOTIKOTEPOG
alyopiOpog oe OaTdEelg pe meprocotepa amd Ockaésl otoryein, TOG0 amd TAELPAG
OTTOUTOVUEV®V VITOAOYIGTIKAOV TOP®V OGO KOl ®OG TPOG TNV TAXLTNTO GVYKAMGNG, £ival o
stochastic parallel gradient descent (SPGD). EmumAéov, mopovcidletor n diadikoacio
TEPOUATIKNG AVTIGTAOLONG TOV GEUAUAT®V TOV EIGAYOVTOL OO TOVS 101006 TOVG BepLo-
OTLTIKOVG SIOUOPPMOTEG, OTTMG 1 U1 YPOUKT ovén o g avtictaong Aoyw BEpuavong (self-
heating) kou n Oeppikn adinienidopoon (thermal crosstalk) peta&y yertovikov otoryeiov. H
apYIKOTOINGM TG PAong KabdS Kot 1 dtadikacio Tng Paduovounong, TpayratomrolovvTol
HEG® TOV Oy PALLLATOG OKTIVOPOALNG, TO 0010 KOTAYPAPETAL OO TO OMTIKO GUGTNLLOL TNG

TEPOALATIKNG O10TaENS. MEG® £vOC GLOTHATOG OVAdPAOoNG EQAPUOLETOL KATAAANAN TAGN
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0TOVG BepLOo-0TTIKOVES OOUOPPMOTES Yoo TN PUOST TG Pdong £wg Otov emtevydel 10
emBounto duaypappo aktvoporiog. Ta amoteléopota g fadrovounong yia tig S1dpopeg
Y®Vieg GTPOPNG TNG OTTIKNG OEa NG amodnkevovtot og Tivaka avalntong (look-up table),

0 0T0{0g YPNOHOTOLEITAL KATA TN AEITOLPYiL TNG OTOUYEIOKEPALNG,

210 £KTO KEPAAMO TOPOVCIALETOL 1] VAOTOINGT UIOG OLOIOUOPPNG CTOLXELOKEPOLNG
48, e OTOYO TNV EMEKTACT TNG TPOTEWVOUEVNG APYLTEKTOVIKNG GE O10TAEELS LeyoADTEPTG
KMpokoc. Xto mAoiclo avtd, KATOoKELASTNKE pio TonTikn dopn e Téooepa EMImEdN
KOULOTOONYNONG Kol OYTM KLUOTOONYoUuG ovd emimedo. EmumAéov vAomomOnke £va
Eexyoprotd PIC pe 32 Oeppo-omtikovg SapopemTég Yoo TV puduion g edong twv
kavoladv. H mAnpng cvvappordynon kot cuokevacio v dvo PICs dev olokinpmbnke,
pe amotédecpo vo unv vmdpyovv dwbéoiua mepopatikd onoteAécpata. [Toapdtt dev
TpaypaToromOnke melpopatiky empPefainon, n EMTLYNG KOTAGKELT) EVOS OAOKANPOUEVOL
KUKAMUOTOG TECOAP®V EMTESMV KVUATOINYNONG ATOTEAEL £V GNUOVTIKO ol TPOG TNV
VAOTOINGT GTOLYEIOKEPULDV TOALOTAMV eMmEdwV 610 PolyBoard.

H mopovoa epyacio a&romotel Tig mAat@dppeg silicon nitride (TriPleX) kot molvpeptkng
orokMpwong (PolyBoard) yw v avdmtuén onTik®V CLGTNUATOV O EQOPLOYEG
mAemokomions. Ta mepopatikd gvpnuate cvvéBoiav KaBoploTikd 6TV amoOKTNoN
TeYVOYVOGiag yOopo omd Ttovg topeic: (o) g vPpwwng olokAnpwong TriPleX ko
PolyBoard, (B) g omtikng Sopopemong pécm tov melo-onTIKoOD QUIVOUEVOL GTO
TriPleX, (y) g avantuéEng @OTOVIKOV OAOKANPOUEVEOV KUKA®UATOV Yo petprioelg LDV,
() ™S TPLOAACTATNG OAOKANPWGN S TOAAATADY EMITEI®V Kpatodynons oto PolyBoard,
(8) TOL CYESIAGLOV, YOPOKTINPIGUOV Kol PoOLOVOUNGNS OMTIKOV oToryslokepotmv. H
gpyacio Tpaypotomomdnke ota mAiaicia Tov evpwmaikov mpoypaupotog ICT-3PEAT, to
omoio amoTéAese TO EPAATIPLO Yo TO EVpaTaiKo épyo LOLIPOP, 1o omolo, peta&d dAlmv,

oTOoYEVEL OTNV avATTLEY GuoTNUATEY ThAETiokOomnong LDV kot FMCW LiDAR.
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Introduction

Photonics emerged as a field with the invention of the laser in 1960, and gained significant
traction in the 1980s and 1990s, with the development of optical amplifiers and fiber optics
technology that revolutionized communications. The term photonics, in analogy to
electronics, was introduced to emphasize the particle nature of light, and the technologies
that emerged from this perspective, as opposed to the classical optics, that treat light
primarily as a wave or ray. In that regard, photonics can be understood as the technological
manifestation of the quantum revolution in the field of optics, encompassing a broad range
of technologies based on light-matter interaction, that enable key optical functions

including light generation, amplification, modulation, and detection [1].

The invention of the semiconductor laser in the spring of 1970, independently
demonstrated at the loffe Physico-Technical Institute in St. Petersburg and, just days later,
at Bell Labs in New York, stands as one of the most significant milestones in the evolution
of photonics. These first continuous-wave (CW) semiconductor lasers operating at room
temperature paved the way for replacing the bulky solid-state and gas lasers with compact
integrated devices. This achievement marked the onset of integrated photonics, in the same
way that the invention of the transistor in 1947 initiated the field of microelectronics by
replacing the bulky vacuum tubes. This emerging field, originally referred to as “integrated
optics”, was destined to follow the path of microelectronic integration, miniaturizing not
just lasers, but every optical functionality, including light manipulation, filtering,
modulation and detection. Today, integrated photonics is recognized as a foundational
technology, where its combination with integrated electronics, referred to as co-packaged
optics, will enable compact, scalable, and high-performance platforms to support

applications spanning high-bandwidth data transfer, computation, and sensing [2].

So far, the primary driver behind the development of photonic integrated circuits (PICs)
has been the communications market, and particularly fiber-optic communication systems.
With a clear roadmap for increasing channel capacity and density with more compact and
power-efficient optical transceivers, this market has propelled the advancement of photonic
integration platforms. A pivotal point was the introduction of generic integration processes
and standardized building blocks in the early 2000s, enabling designers to incorporate their
designs into multi-project wafers (MPWs), similar to the microelectronics industry. This

approach significantly reduced prototyping costs and allowed technology to evolve
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Figure 1: Evolution of integration density in silicon and InP-based integrated photonics from
small-scale integration (SSI) towards medium-scale (MSI), large-scale (LSI), and very-large-
scale integration (VLSI) [6].

independently of individual designs. Today, silicon photonics, along with their silicon
nitride variant [3], and group III-V indium phosphide (InP) platform are the more mature
photonic integration technologies. Silicon photonics offers a key advantage in scalability
and rapid fabrication, leveraging compatibility with CMOS integration tools and processes,
and access to the mature CMOS ecosystem [4][5]. This platform has enabled large-scale
integration (LSI), with demonstrated circuits containing 500 to 10,000 components on a
single chip [6]. Significant research efforts have focused on developing highly efficient
silicon photonic devices, including low-loss waveguides, wavelength multiplexing-
demultiplexing filters, large-bandwidth modulators and Germanium-based photodetectors.
However, due to silicon’s indirect bandgap, monolithic integration of light sources and
amplifiers in silicon remains a challenge. In contrast, III-V materials such as Indium
Phosphide (InP) and Gallium Arsenide (GaAs) enable the integration of optical gain
elements. InP-based integration provides the broadest range of photonic functionality,
supporting efficient lasers, modulators, optical amplifiers, detectors, and various passive
components [7]. However, its low index contrast leads to larger passive device footprints,
limiting integration density. To address this, methods to combine III-V active functionality
with silicon photonics are being explored, such as heterogeneous integration or III-V
epitaxial growth on silicon substrate [8]. In Europe, SMART Photonics in the Netherlands
and Fraunhofer Heinrich Hertz Institute (HHI) in Germany are the main foundries that
provide services in an InP-based platform, while silicon photonics platforms are offered by
GlobalFoundries, STMicroelectronics, IMEC, Cornerstone, VIT, and CEA-LETI. A well-

established photonic ecosystem in Europe, North America and south-east Asia, has enabled
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several companies, such as Intel, Infinera, Finisar, Lumentum, Acacia, Luxtera, OpenLight,
Juniper, and Cisco, to name a few, to develop and commercialize PIC-based products,
primarily datacom transceivers for intra- and inter-datacenter interconnects [2]. This market
has already reached multi-million units per year and is expected to grow, as optical
interconnects are a critical technology for data centers and high-performance computing

(HPC) systems, which demand fast and efficient data transfer [9].

Despite their widespread deployment and commercial adoption, silicon photonics and
InP-based platforms present certain limitations. These are related to optical losses, handling
of high optical power, modulation bandwidth, and most importantly supporting
wavelengths below 1 um. To address these challenges, additional material platforms have
been employed to support photonic integration. Among the most prominent are: 1) silicon
nitride (SiN), a variant of silicon photonics that utilizes Si3N4 waveguides to minimize
optical losses and enable low-loss passive devices, ii) thin-film lithium niobate (TFLN),
known also as lithium niobate on insulator (LNOI), which offers high-bandwidth electro-
optic (EO) modulators, and iii) polymer-based photonic integration which offers low-cost
passive devices and can potentially support high-bandwidth EO modulation. In Europe,
several MPW service providers support these technologies: SiN is offered by LioniX in the
Netherlands and Ligentec in Switzerland, lithium niobate platform is provided by CSEM,
Lightium, and Luxtelligence, in Switzerland, and a polymer-based technology platform is

offered by the Fraunhofer Heinrich Hertz Institute in Germany.

Photonic integrated circuits are a well-established technology today, with the potential
to expand beyond communications. By leveraging economies of scale to drive down unit
costs, they are seeking the next high-volume application to justify large-scale investments.
There are numerous potential applications: biomedical sensing based on evanescent-field
biosensors, microwave photonics for wideband RF signal processing in next-generation
wireless networks, augmented/mixed/virtual reality (AR/MR/VR) systems, optical
processors, quantum computing, quantum key distribution, optical circuit switching,
remote sensing and ranging [10]. One of the most promising mass-market opportunities for
PICs is LiDAR for autonomous vehicles (AVs). Advanced driver-assistance systems
(ADAS), the next step in automotive safety, rely on multiple sensors like microwave radar,
ultrasound sensors, and optical cameras [11]. LiDAR is emerging as a key solution for
delivering high spatial resolution imaging in long-range. Startups like Luminar, Scantinel,

and Aurora have secured multi-million-dollar funding to develop PIC-based LiDARs for
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the automotive industry, with Luminar’s LiDAR technology already integrated in Volvo’s
EX90 and ES90 models. MIT spin-off Analog Photonics has also played a key role in
advancing PIC-based LiDAR technology. Similar solutions are being pursued by major
industry players including Toyota and Mitsubishi, while Apple and Huawei are advancing
LiDAR technology for various spatial awareness applications in their mobile devices. For
sensing applications, PICs provide advantages in size, weight, and power (SWaP)
efficiency, along with cost reduction, scalability, reliability, and interferometric stability.
Therefore, for over the past decade, LiIDAR has been the primary driving force behind the
advancement of PIC technology for remote sensing applications, sparking research interest
in vaious photonic technologies including low-linewidth lasers, high-efficiency

photodetectors, integrated interferometers, and optical phased arrays (OPAs).

This work builds upon this line of research. It leverages TriPleX, the SiN platform of
LioniX, and PolyBoard, the polymer-based platform of Fraunhofer HHI, to develop novel
functionalities and demonstrate their potential in enabling compact systems for remote
sensing. It targets the development of a PIC-based laser Doppler vibrometer (LDV) as an
example sensor and OPAs for two-dimensional beam steering, operating in the NIR (1550
nm). The thesis is organized into two parts. The first part describes the work towards the
miniaturization of the heterodyne LDV sensor, focusing on the development of an
integrated optical frequency shifter (OFS), which is an essential part of heterodyne
interferometry, typically implemented with bulk optics. The OFS is based on a novel PZT-
based phase shifter in the TriPleX platform, that utilizes the piezoelectric effect to realize
stress-optic index modulation. Signal reception is implemented on PolyBoard, which offers
a mature platform for dual-polarization coherent detection in telecom wavelengths, based
on thin-film elements (TFE) for polarization handling. The second part of the thesis focuses
on the development of OPAs in PolyBoard to facilitate solid-state beam-steering, which is
the ability to scan a laser beam without relying on moving parts, a feature that is expected
to play a key role in the next-generation of remote optical sensors. The two technologies
developed within this work, the stress-optic OFS in TriPleX and the 2D scanning OPAs in
PolyBoard, are envisioned to be combined in a remote optical sensing system as presented
in Figure 2. By combining the complementary features and advantages of TriPleX and
PolyBoard through hybrid integration, we establish a powerful technological platform that
unlocks new opportunities for compact, high-performance photonic systems in advanced

sensing applications.
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Figure 2: Envisioned PIC-based system for remote optical sensing. The first implementation
comprises two OPAs, a Tx and a Rx OPA, while the second version utilizes a circulator to
separate the transmitted and the received signal. PolyBoard enables the integration of thin-film
magneto-optic elements, although this feature is not used in the current work.

Key objectives

1. Employ stress-optic index modulation technology on the TriPleX (SiN)
platform to realize an optical frequency shifter (OFS).

2. Demonstrate a miniaturized PIC-based Laser Doppler Vibrometer (LDV).

3. Implement multi-waveguide-layer (3D) integration technology on the

PolyBoard platform to enable planar (2D) optical phased arrays (OPAs).

4. Demonstrate one-dimensional (1D) and two-dimensional (2D) optical beam

steering using PolyBoard-based OPAs.
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Part1

Integrated  Heterodyne Laser Doppler

Vibrometer

In this section, we present our work on miniaturizing a laser Doppler vibrometer (LDV)
using silicon nitride and polymer-based photonic integration platforms. We theoretically
analyze and experimentally evaluate two integrated optical frequency shifters (OFSs),
based on serrodyne and single sideband (SSB) modulation, which are key components in
heterodyne detection schemes. Both OFSs employ stress-optic modulators (SOMs) based
on the non-resonant piezoelectrical actuation of lead zirconate titanate (PZT) thin-films
deposited on top of the silicon nitride waveguides with a wafer-scale process. For the
detection part, a dual-polarization coherent receiver with balanced photodetection was
realized in the polymer-based photonic integration platform of the Heinrich Hertz Institute
(HHI). By combining the functionalities from silicon nitride and polymer photonic circuits
we demonstrate accurate LDV measurements. To the best of our knowledge, this is the first
demonstration of a PIC-based heterodyne LDV with a bandwidth in the MHz range and a
resolution below 10 pm. Finally, we present an approach for combining the two platforms

into a single PIC through 3D hybrid photonic integration.

1.1Introduction

Optical frequency shift (OFS) is a key function for the operation of sensing systems
based on heterodyne interferometry, including distance metrology, laser Doppler
velocimetry and vibrometry [1][2], or light detection and ranging (LIDAR) [3][4]. Today
these systems are mostly large, since they still rely on free-space optical components. Their
OFS unit in particular is typically based on bulky acousto-optic modulators that offer high
conversion efficiency and low-noise operation, but they exhibit low flexibility in the
selection of the frequency shift and require precise beam alignment at their input optical
port [5][6]. Efforts over the past years to miniaturize those sensing systems by means of
photonic integration have resulted in waveguide-integrated implementations of their OFS
unit based either on serrodyne modulation in a single-phase shifter [7]-[9] or on single-

sideband (SSB) modulation in a quad array of phase shifters inside an in-phase/quadrature
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modulator (IQM) [10]. In [8][9] the corresponding implementations were based on
serrodyne modulation using thermal phase shifters in a silicon-on-insulator (SOI) platform,
enabling the miniaturization of an LDV, which is a prominent example of heterodyne
sensors [11]. Despite their importance from the miniaturization point of view, the low
bandwidth of the thermal phase shifters in those works (which is by nature in the kHz
regime) limits their applicability to only a short range of LDV applications.

At the higher end of the efforts for photonic integration of OFS units, the main work so
far has involved the use of electro-optic phase shifters inside IQMs to perform SSB
modulation. Many implementations have been originally concentrated in LiNbO3 [12]-[14]
due to its good electro-optical properties, but the emergence of silicon photonics in the
more recent years, with the potential for large-scale integration, has motivated realizations
also in silicon photonics [10][15]-[17], including the silicon organic hybrid (SOH) platform
[18]. Although broadband enough to enable spectral shifts in the GHz regime, those phase
shifters can have a complex fabrication process and can exhibit unwanted amplitude
modulation in parallel with the target phase modulation. Via this mechanism, they can
reduce in turn the side-mode suppression ratio (SMSR) of the original carrier and the
spurious side modes with respect to the shifted spectral line, resulting in substantial
degradation of the overall heterodyne detection [19]. In order to remove this amplitude
modulation, SOH phase shifters can replace the pure silicon ones at the expense of
additional complexity and cost in the fabrication process [18]. Alternatively, a pair of
modulators inside an MZI switch has been proposed in [20] for improving the SMSR
performance with conventional silicon modulators, but fast switching and precise
synchronization between the modulators is required. A more direct approach to improve
the SMSR in SSB modulation is to use driving signals with higher harmonics that can
suppress the nonlinearity of the MZM inside the IQM [18][21], but these techniques require

driving electronics with significant larger bandwidth.

In the case of heterodyne sensors [7]-[10][22], wherein the target OFS remains in the
MHz regime, the development of a photonic integrated phase shifter technology that can
fill the gap between the thermal phase shifters (operating in the kHz regime) and the electro-
optic phase shifters (operating in the GHz regime) is a milestone, as it can offer beneficial
tradeoffs in terms of bandwidth, cost and integration scale. Relevant efforts have primarily
involved the development of phase shifters based on strain-induced geometrical

deformations of the modal cross-sections of waveguides in SOI or in silicon nitride. In [23]
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a comb-drive actuator in the form of a complex micro-electro-mechanical system (MEMS)
was integrated in SOI to induce the deformation of a suspended silicon waveguide with
operation bandwidth close to 1 MHz. Similar tuning speeds, but with piezoelectrical
actuation of lead zirconate titanate (PZT) films, have been reported with a suspended ring
resonator in silicon nitride [24]. A slightly different approach is the use of mechanical strain
to change the refractive index of the waveguides [25]. Initial demonstrations of the stress-
optic effect included dynamic control of the refractive index or the birefringence of silica
[26] or silicon waveguides [27]-[29]. To our specific interest in the present work, PZT films
were used to apply stress-optic index modulation in the silicon nitride platform of LioniX,
with the commercial name “TriPleX” [30]-[33]. Each PZT film was integrated on the
surface of the TriPleX platform and in very close proximity to the corresponding
waveguide, allowing for a non-resonant piezo-actuation of the mechanical strain. Non-
resonant stress-optic modulation in the silicon nitride platform has also been demonstrated
by LETT in [34]. Despite the theoretical potential of the PZTs for operation at 10 s or even
100 s of MHz, the demonstrated modulation speed of the PZT-based phase shifters in those
works was kept in the kHz regime since the focus of the investigations was on the basic
characterization of the phase shifters and the minimization of their power consumption in
quasi-static operation. Modulation in the MHz regime based on the stress-optic effect has
been recently demonstrated in silicon nitride using piezo-electric actuation of a micro-ring
modulator [35]. A theoretical analysis for silicon nitride platforms and an early
experimental work in a SOI platform were presented in [36] and [37] respectively,
highlighting the potential for resonant creation of strain and deformation of the modal
cross-section of waveguides via Rayleigh surface acoustic waves (SAWs). Excitation of
SAWs has been previously relied in the good acousto-optical properties of LiNbO;3 to
realize a heterodyne interferometer [22]. In [36] and [37] the SAW excitation was based on
the use of PZT films on the surface of the platform and the use of inter-digital transducers
(IDTs) instead of simple electrodes for the resonant actuation of those films. The phase
shifters had operating speeds well into the MHz regime, but only at the frequencies

matching the periodicity of the IDT structures.

Typically, light modulation in TriPleX relies on thermo-optic phase shifters, that are
limited to modulation speeds of a few kHz. In cases where larger modulation bandwidth is
needed, high-speed electro-optic modulators in Indium Phosphide (InP) are used [38][39].
Although these modulators can offer bandwidth of several GHz, hybrid integration is used
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to combine them with the TriPleX platform, which increases the cost and complexity of the
assembly, as the PICs must be diced and coupled together optically, rendering the process
unsuitable for high-volume manufacturing (HVM). Deposition of PZT on the other hand,
as well as the structuring of the stress-optic modulators (SOMs), is a wafer-level process
that can be scaled for HVM [40][41] and has the potential for significant cost-reduction in
applications where modulation in the MHz regime is sufficient. Eliminating the need for
hybrid integration in such applications has the obvious benefit of reducing the overall size
of the PIC assembly, as well as the number of coupling interfaces, and thus, minimizing
the optical loss. On top of that, SOMs introduce minimal loss, since the PZT thin films are
placed a few microns above the TriPleX waveguiding structures, leaving the propagating
mode undisturbed. In this work, we demonstrate, for the first time to the best of our
knowledge, the operational potential of non-resonant PZT-based SOMs in the MHz range.
This demonstration is not merely an early characterization but part of a full system

demonstration of a compact LDV based on photonic integrated OFS units.

LDVs are non-contact optical sensors that can extract velocity and displacement
information from a vibrating surface by focusing a laser beam onto the surface and
collecting the backscattered light. The returning light undergoes a Doppler-induced
frequency shift, which is proportional to the instantaneous velocity of the out-of-plane
vibrations. By using an interferometer to detect the phase of the incoming light, the
vibration characteristics, i.e., the vibration amplitude and frequency, can be retrieved. The
same principle is used for velocity measurements in frequency modulated continuous wave
(FMCW) LiDAR. There are two primary LDV configurations: homodyne and heterodyne.
The latter is more widely used due to its superior reliability and sensitivity. In a heterodyne
LDV, the laser source is split into the measurement beam, which is emitted towards the
object under measurement, and the reference beam, which is kept localy in the device, and
a frequency shift is introduced to either of the two beams. This enables the differentiation
of the vibration direction while also improves the signal-to-noise ratio (SNR) by moving
the frequency band away from low-frequency noise. Thus, OFS is a crucial part of

heterodyne LDVs.

In our system, we explore two integrated OFS configurations. The first utilizes four
SOMs in a cascaded configuration, driven by a sawtooth function, enabling serrodyne
modulation up to 100 kHz. The second configuration employs a quad array of SOMs within

an IQM, enabling SSB modulation up to 2.5 MHz. In both versions, the OFS PIC is
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combined with an external beam scanning unit for the emission and collection of the

measurement beam, and with a second part developed in the optical polymer platform of

HHI, with the commercial name “PolyBoard” [42]. PolyBoard is employed in our LDV

system to realize a dual-polarization balanced photodetector, due to its capability to

accommodate polarization handling elements and enable low-loss integration with indium-

phosphide (InP)-based photodiodes [43]-[45],
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Figure 1.1: (Top) Schematic of a heterodyne laser Doppler vibrometer (LDV) with bulk optics
and acousto-optic modulation. The gray area indicates the optical circuit that this work aims to
miniaturize. (Bottom) Example of an LDV device based on free-space optics by the Germany-

based company Polytec.
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1.2Working principle of heterodyne LDV

In an LDV the velocity information v(t) of a vibrating surface is transformed to a
Doppler frequency shift f(t) in the optical signal, that corresponds to an instantaneous

phase shift ¢, (t), described by

dop(t)  2n
=7V (L.1)

fo(®) =

where A is the wavelength of the laser source and n the refractive index. The information
in the phase of the optical signal is extracted with the help of an interferometer. The latter
is formed by splitting the light from a laser source into two parts: the measurement and the
reference signal. The measurement signal is sent to the vibrating surface, where it is
reflected and scattered. A small portion of the light is collected and coupled back into the
interferometer to be recombined with the reference signal. In a heterodyne LDV, a
frequency shift f; is introduced to the optical frequency f,y,; of either the measurement or
the reference signal, to introduce directional sensitivity to the measurement. The reference

signal is expressed as
E.(t) = Erexp(jznfoptt) (1.2)
and the collected measurement signal can be written as

Em(t) = \/EEmeXp{j[zn-(fopt + fO)t + Pp (t)]} (1-3)

where a the attenuation factor due to the scattering, reflection, and propagation loss of the
signal. The combined signal is sent to a photodetector that produces a photo-current

according to the beating signal, given by

I o< |Eq(t) + E, (D)

(1.4)
=1 + Ly + Ipee (2)
where I. = (E,)?, I,,, = a(E,,)?, and
Inet(t) = 2VaE, Ep, cos[2mfyt + @p(t)] (1.5)

The dc terms I, and I, are filtered out, while the I,; is sent to the demodulator.
Demodulation can be performed either in the analog domain, using a frequency-to-voltage
converter or in the digital domain, by sampling the signal I;.¢(t) and using digital signal
processing (DSP) techniques[46][47]. Although good performance can be achieved with

analog demodulation, digital approaches provide better performance in terms of stability
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and linearity, with the arctangent phase 1Q demodulation being the most popular method
for decoding the LDV signal [48]. In the case of IQ demodulation, the phase ¢(t), which
is calculated using the orthogonal components u, and u; of the analytic signal, and the
corresponding displacement are given by

ugy (t)

o(t) =tan™?! o)

(1.6)

A
S0 =9 (0) (1.7

1.30ptical Frequency Shift

1.3.1 Modelling

1.3.1.1 Serrodyne Frequency Shifter (SFS)

Serrodyne frequency shift is based on the modulation of the phase of an optical carrier
with a linear phase ramp. The linear increase of the optical phase in the time domain, i.e.
p(t) = 2mfyt, shifts the frequency of the output optical signal by f,:

Eour = Eine/#®

_ el (Zrfomtro®)

= Eye2m(fopetfo)t (1.8)
where E| is the amplitude and f,,,; is frequency of the input signal’s electric field. A linearly
increasing phase profile can be realized by driving the phase modulator with a sawtooth
signal of period Ty, = 1/f, and with an amplitude such that a total of 2r shift is inserted,
as shown in Figure 1.2(b). In the ideal case, the falling time 7 of the sawtooth is infinitely
small relative to the period T}, and the optical phase increases in a continuous manner. The
input optical power is shifted entirely to the desired frequency fo,,: + fo. In a practical
implementation though, where the ratio 74 /T, cannot be infinitely small due to bandwidth
limitations, the phase ramp of the optical field will be disrupted for an amount of time equal
to 7¢ in every period. Thus, a portion of the input optical power will appear in harmonic
sidemodes in the optical spectrum around the frequency shifted carrier and the modulated
optical signal is described by

Eout = Ein Z akejzn(fOpt+ka)t , keZ (1.9)
k
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Figure 1.2: (a) Illustration of the simulation setup for the serrodyne OFS and (b) the sawtooth
phase modulation with period Ty = 1/f,. (c¢) Output optical spectrum for modulation frequency
fy = 0.1 MHz. The dark blue spectrum corresponds to an ideal sawtooth with infinitely small
falling time. The light blue lines appear in the case of sawtooth with finite falling time (0.05T).
(d) The electrical spectrum after the coherent detection. The sidebands in the electrical spectrum
are created from the down-converted side-modes present in the optical spectrum around the
frequency shifted carrier at fo ¢ + fo.

where k is the order of the harmonic sidemode and aj, the corresponding amplitude [49].

Figure 1.2(c) shows the simulated output optical spectrum produced with a modulating
sawtooth of frequency fy= 0.1 MHz for the cases of infinitely small and finite falling time.
We define the falling time as the interval between the end of the rising slope and the
beginning of the next one, from maximum to minimum point, as it is depicted in Figure
1.2(b). In the case of a perfect sawtooth the sidemode suppression ratio (SMSR), i.e., the
ratio between the fundamental frequency and the highest sidemode, is only limited by the
noise foor, while in the sub-optimal case the presence of harmonic sidemodes deteriorates
the SMSR (see Figure 1.2(c)). The amount of the input optical power that is shifted to the
desired frequency fo,; + fo 18 not significantly deteriorated, preserving the high conversion
efficiency (CE) of the serrodyne frequency shifter. Figure 1.3(a) shows in more detail the
impact of the sawtooth falling-time on the SMSR and the CE performance. A falling-time
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Figure 1.3: (a) Impact of the falling time of the sawtooth waveform on SMSR and CE. (b) Effect
of imperfect amplitude and falling time of the modulating sawtooth on SBSR.
of less than 1% of the sawtooth period is required to keep the SMSR above 40 dB, while
the deterioration of CE is limited to less than 2 dB, even if the falling-time reaches 20% of
the period. The high conversion efficiency is one of the main advantages of the serrodyne
technique, which makes it a considerable candidate for sensing applications with strict
requirements in optical power budget. The limiting factor is the large bandwidth required
to accommodate the sawtooth modulation. To achieve good SMSR performance, both the
optical modulator, as well as the driving circuit must exhibit analog bandwidth significantly
larger than the fundamental frequency of the desired shift f; e.g., a 3dB bandwidth of more
than 35f, is needed to keep the 7, /T, ratio below 1%, assuming a 1% order linear system
[49]. Since heterodyne LDV systems rely on the coherent detection of the measurement
signal using a local reference, it is meaningful to study the impact of an imperfect
modulation directly on the electrical domain after the coherent detection. Figure 1.2(d)
presents the corresponding simulated electrical power spectrum. The modulated optical
field E,y,; 1s combined with an optical reference E..f i.€., a copy of the input field E;;,, and
the beating signal is detected on a photodiode, as depicted in Figure 1.2 (a). As a result of
the optical beating, the frequency shifted tone at f,,; + fo is down converted to f, along
with the sidemodes, and harmonic sidebands appear in the electrical spectrum after
photodetection. To refer to the ratio between the highest sideband and the fundamental at
fo in the electrical spectrum we use the term sideband suppression ratio (SBSR), to

distinguish it from the SMSR used for the optical domain.

Figure 1.3(b) shows the impact of the amplitude and falling time of the phase
modulation on the SBSR performance. For the first two cases (red and green colored

marks), each parameter is sweeping independently from 0% to 20% deviation from the
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ideal value, while the non-sweeping parameter is kept constant to its ideal value i.e., 27 for
the amplitude and 0 for the falling time. In the last case (blue marks), both phase amplitude
and falling time are sweeping such that the slope d¢@(t)/dt is constant and equal to 27 /T,.
The markers indicate the overall SBSR performance i.e., the suppression ratio between the
fundamental harmonic and the highest sideband in the output spectrum, where the dotted
lines show the suppression ratio between the fundamental and the 2f, component. When
the amplitude or the falling time are changing independently the dotted lines coincide with
the markers, suggesting that the 2f, component is the highest sideband which determines
the overall SBSR. In the case of constant slope 21 /T, the SBSR performance for deviations
below 15% is determined from sidebands at positions further away from the fundamental
frequency, as the suppression ratio of the 2 f, component is significantly higher. Since most
of the sidebands can be later suppressed through appropriate filtering, it is important to
keep the highest sidemodes away from the f, component [48]. Moreover, it can be derived
that in cases in which achieving a full 2 shift is not possible due to driving limitations, the

falling time should be adjusted accordingly such that it holds Ap /At = 21 /T,.

1.3.1.2 Single Sideband Frequency Shifter (SSB-FS)

The dual-parallel (DP) MZM configuration, originally introduced four decades ago, has
been used to demonstrate single sideband (SSB) modulation and frequency shifting [12].
The circuit layout is shown in Figure 1.4(a). Two MZMs are combined in parallel with a
relative optical phase shift of /2 to form an IQ configuration. Each MZM operates in push-
pull mode and is biased at its minimum transmission point, thus an optical phase difference
of is introduced between the two arms. The driving signal is a sinewave of frequency f,
which is applied to the upper and lower MZMs with a relative phase shift of n/2. The
frequency shift achieved by the IQ configuration can be understood as a two-step process.
First, multiple spectral lines are generated in the optical domain through the phase
modulation of the input light. In the second step, unwanted spectral components are
precisely canceled through destructive interference. A detailed illustration of this process
is provided in Figure 1.4(b). The optical input is divided into four paths and modulated by
four individual phase modulators, each driven by a sinewave with carefully adjusted
amplitude and phase. The optical spectrum at the output of each modulator consists of
spectral lines located at multiples of the modulation frequency f, with their magnitude and

phase determined by Bessel functions [18]. When the light recombines at the output of each
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Figure 1.4: (a) Schematic of the SSB-OFS and (b) the field amplitude spectrum at different points
of the circuit.

MZM, only the odd-order spectral lines remain, as the even-order lines have opposite
phases and are eliminated through destructive interference. By combining the outputs of
the two MZMs with a relative phase shift of n/2, additional spectral lines are eliminated,
leaving only specific components in the output spectrum of the SSB-FS. These remaining
spectral components are located at frequencies..., fop: — 3fo, fopt + 10, fopt + 5/o etc.,
described by the expression
Foue =i ). Je(@explizn(fope + kfy)] (1.10)
k=4n+1
where i (a) is the k-th order Bessel function of the first kind, a the amplitude of the phase

modulation with frequency f,, assuming uniform excitation, and f,,; the frequency of the
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Figure 1.5: (a) Block-diagram of the simulation of the coherent detection. Simulated spectrum in
the (b) optical domain and in the (c) electrical domain after coherent detection of the output of
the SSB-OFS. (d) CE and SMSR determined/imposed by the driving amplitude.
input optical signal. From equation (1.10), it becomes evident that even in the ideal case,
where all spurious side-modes undergoing destructive interference within the circuit are
completely suppressed, unwanted side-modes still appear in the output spectrum around
the fundamental component f;,,; + fo of the desired frequency shift. If the /2 phase shift
is applied to the opposite arm of the circuit, the optical spectrum is mirrored around fj,

resulting in a fundamental frequency of f,,; — fo. Both up-shifted and down-shifted
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carriers can be generated simultaneously by utilizing the complementary outputs of a 3 dB

directional coupler to combine the [ and Q arms [14][16].

Stronger modulation induces higher-order side-modes in the optical spectrum due to
the nonlinear transfer function of the MZM. Consequently, achieving high SMSR
necessitates operating in the small-signal regime, albeit at the expense of reduced CE. This
inherent trade-off of the 1Q topology is illustrated in Figure 1.5(d). The maximum CE of -
4.7 dB occurs at a phase modulation peak-to-peak amplitude of 1.176m, where the SMSR
is limited to 14.8 dB, assuming optimal configuration. For the remainder of our analysis,
we consider a peak-to-peak amplitude of 0.2z, which corresponds to a CE of -16.2 dB and
an SMSR of 47.7 dB under ideal conditions. To address the limitations imposed by this
trade-off, a solution involving pre-distorted driving signals has been demonstrated,
effectively compensating for the MZM’s nonlinear transfer function [18]. Figure 1.5(b)
illustrates the simulated optical output of the SSB-OFS shifter for both an optimal
configuration and a random sub-optimal configuration of the device, with a modulation
frequency f, at 2.5 MHz. In the sub-optimal case, spectral lines appear at multiples of the
modulation frequency. Following coherent detection, the spurious side-modes in the optical
domain are down-converted, manifesting as sidebands in the electrical spectrum, as shown
in Figure 1.5(c), which degrades the SBSR. In the ideal case in which only the terms of
equation (1.10) are present, the SMSR and SBSR are identical, as both are determined by
the height of the 3f, component. However, in a sub-optimal configuration, the beating of
the reference carrier signal with the SSB-OFS output produces a spectral line at 2f,, which

can exceed the 3f, component and further restrict the SBSR.

Three key factors are crucial for maintaining the desired symmetry between the

canceling spectral components:

e Phase modulation depth: The same phase modulation must be applied uniformly
across all branches. This may require calibration of the driving amplitudes if the
modulators exhibit non-uniform modulation efficiencies.

e Power splitting ratio in the splitting and combining components: It determines the
effectiveness of spectral line suppression through destructive interference. These
components can be implemented as Y-branches, directional couplers, or tunable
MZlIs, with their extinction ratio playing a critical role.

e Modulator biasing: The two MZMs must be biased at the zero-transmission point

and have a n/2 phase shift between them.
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A fourth consideration is the relative phase shift between the driving signals. However, in
most cases, a common oscillator is used to generate these signals, resulting in shared phase
noise. As a result, the impact of this factor on the SBSR is negligible. We investigate the
impact of the aforementioned factors on the performance of the SSB-OFS. To assess its
performance, we analyze the spectrum of the electrical signal generated at the photodiode,
which results from the beating of the frequency-shifted signal with the optical carrier. This
process is illustrated in Figure 1.5(a). The phase modulation depth is set to 0.21 peak-to-
peak for the analysis. To evaluate the impact of deviations, we introduce up to a 20%
variation in each parameter from its ideal value and calculate the resulting SBSR in the
spectrum. For each case, all other circuit parameters are assumed to remain at their ideal

values, except for the one being varied.

Figure 1.6(a) shows the impact of unbalanced phase modulation across the four
branches. The dotted lines represent the suppression ratio of the component at 2f,, while
the solid line shows the overall SBSR performance. The phase modulation depth is varied
from 0% to 20% deviation from the set value (0.2m) for each of the four modulators. For
small deviations, the configuration remains close to the ideal, and the SBSR is primarily
limited by the spectral line at 3f,. In this scenario, the SBSR is 47.7 dB (see Figure 1.5(c-
d)). For larger deviations, the spectral line at 2f, surpasses the one at 3f,, and the SBSR
becomes determined by the 2f, component. Each of the four modulators has a different
effect on the overall SBSR. A small deviation of only 4% in the phase modulation ¢,
significantly deteriorates the SBSR, while a deviation of more than 15% in @5 is required
to cause the same effect. This asymmetry is attributed to the way in which the different
spectral lines, generated by phase modulation, are combined within the optical circuit. A

more in-depth explanation can be obtained using Bessel functions [18], but such an analysis
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Figure 1.6: Effect of (a) Power splitting ratio deviation (b) Optical phase difference (c) Amplitude
deviation independently. Driving amplitude is set to 0.2Vr peak-to-peak.
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deviation in combination per two. Driving amplitude is set to 0.2Vr peak-to-peak.
is beyond the scope of this work. Figure 1.6(b) presents the SBSR performance in relation
to deviations from the ideal 50:50 optical power splitting ratio of the circuit's splitting and
combining elements. The symmetrical power splitting in the outer MZI, formed by
branches 1 and 6 (see Figure 1.4(a)), is the most critical. A deviation of more than 5% from
the exact 50:50 ratio can significantly degrade the SBSR. A deviation of over 12% in the
lower MZM branches also negatively impacts the SBSR, while deviations in the upper
MZM branches have little to no effect on the SBSR, even for values up to 20%. This
unequal impact of the upper and lower MZMs on the SBSR is again linked to how the
spectral lines interfere throughout the circuit. Additionally, the precise configuration of the
phase difference between the optical paths of the MZMs is crucial. As shown in Figure

1.6(c), an inaccuracy of less than 4% from the ideal phase difference can degrade the SBSR.

The analysis presented in Figure 1.6 assumes that, aside from the sweeping parameter,
the rest of the circuit operates ideally. Each parameter is considered to act independently
on the performance, while all other parameters are fixed at their ideal values. While this
modeling approach highlights the significance of each individual parameter, it fails to
capture the true performance of the SSB-OFS in real-world scenarios, where all factors
interact simultaneously. To address this, we conducted Monte Carlo simulations where the
phase modulation, optical power splitting ratio, and optical phase difference were
considered in pairs. The deviations were randomly selected from a uniform distribution in
the interval [0, 0.2], over 200 trials. The results are summarized in Figure 1.7. Regarding

the SBSR, the simulations reveal that the most critical parameter is the optical phase
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difference between the paths of the MZIs. We note that, within the study, CE experienced
a degradation of less than 1.2 dB.

1.3.2 Stress-optic index modulation

TriPleX is a photonic integration platform based on silicon nitride (Si3N4) and silicon
dioxide (Si103), offering single mode operation, low propagation losses (0.1 dB/cm at 1.55
um) and high integration density over a wide wavelength range (0.4 pm — 2.35 um) [50].
The high contrast between the refractive index of the silicon nitride core material (~1.98)
with respect to the silicon oxide cladding material (1.45) supports the realization of
waveguiding structures with strong confinement profile that enable the actualization of
compact photonic circuits. A wide variety of waveguide geometries that support the
propagation of TE polarized light is provided, such as box, single stripe, symmetric or
asymmetric double stripe. Based on these geometries, a palette of standardized building
blocks is provided that are manufactured in a single monolithic process flow with CMOS-
compatible tools. In our designs, the asymmetric double stripe (ADS) geometry was used,
optimized for low-loss propagation of the fundamental TE-mode at 1.55 um. This consists
of two Si3N4 stripes with unequal heights (core material) in a top-bottom configuration,
surrounded by SiO2 (cladding material). The height of the top and bottom Si3N4 stripes
are 180 and 80 nm respectively, with 100 nm SiO2 layer in between. Wet thermal oxidation
is used to create the bottom cladding Si02 layer on top of a single-crystal silicon substrate,
typically at temperatures equal to or above 1000 °C. Low pressure chemical vapor
deposition (LPCVD) is used to form the Si3N4 layers. The SiO2 top cladding layer is
formed with the combination of TEOS (using the gas tetraethylorthosilicate) LPCVD
deposition and plasma-enhanced chemical vapor deposition (PECVD), to create cladding
thicknesses of at least 8 um. Typical deposition temperatures are between 300 °C and 400
°C. The waveguide structures are specified with E-beam lithography (EBL), while deep

reactive ion etching (DRIE) is used to embed the pattern after resistive development.

By depositing a thin layer of piezoelectric material on top of the waveguiding structures,
the stress-optic effect can be employed to realize phase index modulators. The piezoelectric
material of lead zirconate titanate (PZT) is used, due to its relatively large effective
piezoelectric coefficients (ds3r > 200 pm/V and e3¢ > 18 C/m?) [40]. In the conventional
approach, the PZT layer is deposited between a top and a bottom Platinum (Pt) electrode,

forming a top-bottom configuration. By applying a voltage between the two electrodes, the
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PZT layer expands and contracts due to the piezoelectric effect, causing stress to the
waveguiding structure underneath. The relationship between the electric field and

mechanical deformation in a piezoelectric material is described by
S=sE-T+d,-E (1.11)
D=d-T+e"-E (1.12)
, where D is the electrical displacement vector, S is the strain tensor, T the stress tensor, E
the electrical field vector, s& the elastic compliance under constant or zero electric field,

T the dielectric permittivity tensor under constant or zero stress, and d the piezoelectric

constants tensor and d; its transpose.

The stress induced to the waveguide results in phase modulation of the propagating TE-
mode, due to the change of the refractive indices of the SiO2 and Si3N4 layers, and,
consequently, of the effective refractive index of the mode. With this configuration, stress-
based phase shifters can support tuning frequencies at least one order of magnitude higher
than conventional phase heaters (PHs), while they offer significant reduction in the steady
state power consumption (by a factor of 10°) relative to their thermo-optic counterparts
[30]-[33]. As an electrical load, the PZT-based SOM is characterized by the typical crystal
model, which exhibits capacitive behavior when the excitation frequency is not close to its
resonance. The capacitance is primarily formed by the upper and bottom electrodes that are
separated by the non-conductive PZT layer. While ultra-low power consumption can be
achieved in steady state operation due to the capacitive nature of the structure, the power
increases linearly with the modulation frequency f, limiting the bandwidth of the device.
Power dissipation is proportional to the capacitance C, the modulation frequency f and the
square of the applied voltage V (P = CV?f). In this work, an alternative structure was
developed to increase the bandwidth of the device by lowering the capacitance between the
two electrodes, to make it more suitable for modulation. In the top-bottom configuration
the distance of the electrodes is defined by the thickness of the PZT layer, which is fixed
to 2 um for optimum stress-optic modulation of the effective refractive index. By placing
both electrodes on top of the PZT layer, their position can be selected freely and thus
optimized. With the top-top configuration shown in Figure 1.8, a capacitance of 100 pF is
achieved, an order of magnitude lower from what is possible with the top-bottom
configuration. The length of the SOM was set to 15 mm. When growing the PZT layer on
top of SiO2, usually an intermediate seeding layer is used to enhance the growth of the

piezoelectric layer. In the case of the conventional top-bottom electrode configuration the
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Figure 1.8: Illustration of the PZT thin film on top of the TriPleX structure. Both electrodes are
placed on top of the PZT layer with a gap (W) of 5 um. The thickness of the PZT layer (tpzr) is 2
um. The ADS waveguide is buried under 3 um of SiO2 top cladding (trc).

seeding layer material that is widely used is Lanthanum Nickel Oxide (LNO). However,
the conducting nature of the latter makes it unsuitable for the top-top configuration, as a
non-conducting layer is required below the PZT structure. The proposed non-conducting
material for the seeding layer is BTO (Barium Titanate), which demonstrates good material
growth directly on SiO2. A Pulsed Laser Deposition (PLD) growth method built by
Solmates is used to deposit the BTO/PZT bilayer on a wafer-level [41][51][52]. The
processing steps for forming the PZT-based SOMs are detailed in paragraph 1.6.1, where

we discuss the hybrid integration with the polymer platform.

1.3.3 Experimental results

The experimental setup that was used to evaluate the performance of the implemented
OFS circuits is shown in Figure 1.9. A continuous wave (CW) ultra-low linewidth (< 2
kHz) laser source provided TE light at 1550.12 nm wavelength. Optical power of 6.3 dBm
was coupled into the PIC via a single mode fiber (SMF), after passing through an optical
isolator to prevent undesired back-reflections and a polarization controller to ensure TE
polarization. The optical power was split into a modulated path and a reference path inside
the PICs, and the two signals were recombined externally via a fused fiber coupler. The
optical beating between these signals was detected on an external photodiode. An electrical
spectrum analyzer is then used to capture the power spectrum of the photodiode’s signal,
i.e., the voltage measured across a 50 Q load. Dedicated electronics were used for the
control of the low-speed thermo-optic phase shifters and for driving the SOMs in the MHz
regime. A commercial high-voltage amplifier was also used for driving the SOMs with a

sawtooth signal up to 100 Vp-p at 100 kHz frequency.
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Figure 1.9: Setup for the characterization of the OFS PICs. PC: Polarization controller, PHs:
Phase heaters, ESA: Electrical spectrum Analyzer

1.3.3.1 Serrodyne Frequency Shifter (SFS)

Figure 1.10 presents the schematic layout of the serrodyne frequency shifter. At the
input, a tunable MZI based on thermo-optic tuning, is responsible for splitting the inserted
light into the measurement and the reference path. A small portion of the light in the
measurement path is tapped for monitoring, using a 95:5 coupler. The largest portion of the
light in the measurement path is guided towards the OFS section, where it is modulated by
the stress-optic PZT modulators. Four stress-optic modulators in series are used to
distribute the total 2n phase among multiple elements, lowering the required driving

amplitude. The dimensions of the PIC are 11.25 mm % 6.9 mm.

Figure 1.11 presents the experimental results from the characterization of the stress-
optic serrodyne frequency shifter at a modulation frequency of 100 kHz. Figure 1.11(a)
shows the spectrum of the beating signal on the photodiode, while Figure 1.11(b) shows
the beating signal in the time domain, along with the driving signal of the modulator. The
SBSR is 22.1 dB, limited by the 2f, spectral components. As we discussed in paragraph
1.3.1.1, a significant factor for the SBSR performance is the quality of the sawtooth phase
profile, in terms of bandwidth and amplitude. From the signals in the time-domain we can
see that the discontinuity in the phase modulation due to the sawtooth falling time is
approximately 6% of the total period. The manifestation of this discontinuity in the beating
signal is practically an inverse modulation caused by the falling slope of the sawtooth. The
result is the same sinusoidal waveform as the one produced from the rising slope of the
sawtooth, but significantly faster. Two out of the four SOMs were functional, and they were
used for modulating the optical signal. A 90% of 2w was accomplished with 100 V peak-
to-peak driving amplitude. According to the simulation results presented in paragraph

1.3.1.1 the quality of the experimentally realized sawtooth is expected to limit the SBSR at
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23.8 dB. The 1.7 dB difference between the theoretical and the experimentally measured
SBSR may arise from small non-linearities in the response of the stress-optic PZT
modulators that become apparent when the amplitude of the driving signal exceeds their
polling voltage [33]. The measured CE was approximately -1 dB, assuming total optical
losses (coupling and propagation loss) of 5.2 dB.

Reference-1

Ouﬂt

Reference-2

Figure 1.10: Schematic of the serrodyne frequency shifter (SFS) circuit in TriPleX. A phase heater
(PH) is used to control the MZI that splits the input into the modulation path, where the stress-
optic modulators (SOMs) are placed, and the reference path.
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Figure 1.11: Experimental results for the serrodyne frequency shifter at 100 kHz in (a) the
frequency and (b) the time domain.

1.3.3.2 Single Sideband Frequency Shifter (SSB-FS)

Higher modulation frequencies are possible with the IQ topology of the SSB-OFS, since
the sinewave driving signals that are used are much less bandwidth-demanding. Figure 1.13
presents the power spectrum with a modulation frequency of 2.5 MHz. The 2, component
at 5 MHz imposes a 39 dB SBSR, while the suppression ratio of the 3f, is equal to 43.8
dB. The phase shift inserted by the stress-optic phase modulators was configured to be
equal to 0.25m peak-to-peak, which corresponds to a suppression ratio of exactly 43.8 dB
for the 3f, sideband, according to our modelling presented in paragraph 1.3.1.2 (Figure
1.5). With an input optical power of 7 dBm, the optical power of the frequency shifted
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component at f,,,; + fo was measured -14.0 dBm. Optical coupling and propagation losses
of 6.3 dB were determined, suggesting a CE of -14.7 dB, only 0.4 dB less than our

simulation (Figure 1.5).

Unequal driving amplitudes were applied to each SOM, since they exhibited different
phase shift efficiency. Amplitudes from 25 Vp-p to 70 Vp-p were applied to achieve the
desired 0.257 phase shift at 2.5 MHz. The results of our characterization are shown in
Figure 1.14. The difference in the performance originates from variations in the
piezoelectric coefficient among the different structures, which are known to depend on the
structural properties of the deposited PZT films [33][56]. Since the driving amplitudes
differ, the power dissipation is also different for each modulator. At the operation frequency
of 2.5 MHz, the average power consumption was equal to 660 mW, while the best
performing structure dissipated 156 mW (SOM-2). The fabrication process for the specific
PZT structures with the top-top electrode configuration was developed for the first time
within the present work, and thus, lacks the maturity of the conventional PZT technology
based on the top-bottom electrode configuration, which demonstrates higher homogeneity
across the wafer [41]. To characterize the phase-shift efficiency of each SOM we used the
on-chip MZIs to translate the inserted phase-shift to intensity modulation. For example, to
characterize the SOM-1 we used the MZI controlled by PH2 to split the light between the
upper and the lower path, where the SOM-1 and SOM-2 are located, respectively (see
Figure 1.12). The SOM-1 was driven with a ramp voltage from 0 to 100 Vp-p at 2.5 MHz
frequency, while no signal was applied to SOM-2. The MZI controlled by PH4 was used
to combine the modulated with the unmodulated light and the optical beating was observed
on a PD directly connected to the monitor port-1. The same procedure was followed for the
characterization of all the SOMs, accordingly, and the results are presented in Figure 1.14.
Before performing any modulation with the stress-optic shifters, the device was carefully
characterized to identify the correct biasing currents for the integrated PHs of the circuit,
to introduce the appropriate phase-shifts and splitting ratios with the MZIs. Despite the
optimization, it is evident from the spectrum in Figure 1.13 that imperfections in the
configuration of the device were present. The fact that the 2f, component is higher than
any other sideband indicates that the optical circuit is not perfectly configured. According
to our analysis in paragraph 1.3.1.2 there are deviations within 10% in either the inserted
phase shift by the stress-optic shifters, the splitting ratio of the MZIs or the optical phase
shift bias (see Figure 1.7).
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Figure 1.12: Schematic of the circuit of the SSB optical frequency shifter (OFS) in TriPleX. Phase
heaters (PH) are used for the control of the MZIs and stress-optic modulators (SOMs) for the

optical modulation.
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Figure 1.13: Experimental results from the testing of the SSB-OFS frequency shifter. (Left)
Electrical spectrum of the beating signal on the PD. The fundamental frequency is at 2.5 MHz
and the SBSR is 39 dB due to the 2™ order harmonic sideband at 5 MHz. (Right) Time-domain
signals at the output ports of the circuit with and without mixing with the reference signal.
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Figure 1.14: Phase-shift relative to the applied driving voltage for the four SOMs in the SSB OFS.
The stress-optic response is linear in the interval 10-90 V. The characterization was performed
with a rising slope of 100 V peak-to-peak amplitude and 10 ps duration.
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Figure 1.15: Power spectrum of the signal of an external photodetector connected to the optical
output ports of the SSB OFS, captured with an ESA. The photodetector is connected at the
monitor ports out2 (monitor-1) and out5 (monitor-2), and the modulation output ports out3
(output-1) and out4 (output-2). Spectrum in the case of mixing with the optical reference is also
shown.
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Figure 1.16: Top view photograph of the TriPleX PIC with the SSB-OFS. The circuit comprises
7 MZIs controlled by phase heaters and 4 PZT-based stress-optic modulators (SOMs). The PIC
of the serrodyne OFS is similar, without including the MZlIs.

1.3.3.3 Stress-optic modulator bandwidth

The stress-optic modulator (SOM) presented in this work is based on the mechanical
strain applied on the SiN waveguide of the TriPleX platform by the piezoelectric actuation
of a thin-film PZT layer deposited on top of the waveguide structure. Stress-optic effect
can support modulation frequencies in the order of hundreds of MHz [37]. The limitation

in bandwidth comes from the power required for driving the SOM at high frequencies.

As an electrical load, the PZT-based SOM is characterized by the typical crystal model,
which is a dominant capacitance in parallel with an (R-L-C) branch that models the
resonance region. Therefore, when the excitation frequency is not close to the resonance
region, the SOM exhibits capacitive behavior. This means that there is a high driving
current demand, that increases proportionally with the excitation frequency (P = CV2f),
which poses a great challenge to the driving circuit. In addition to this, the electrodes that
are used for the excitation of the PZT are also increasing the capacitance of the structure.
The bandwidth of the custom driving electronics can support modulation up to 20 MHz,
which means that, in principle, a frequency shift of 20 MHz is possible with the SSB
modulator, without significant reduction of the SBSR performance. The reason for focusing
our measurements around 2.5 MHz was that a complete LDV system provided by Polytec

was designed to operate with this [F. The dedicated read-out electronics (TTAs, OP-AMPs,
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Figure 1.17: Performance of the custom electronics designed for the driving of the PZT-based
stress-optic modulators (SOMs). (Top) Measured amplitude on a 100-pF test load at 20 MHz.
(Middle) Measured 3dB frequency of the power bandwidth at 46 MHz. Distortion at the output
waveform is clearly visible. (Bottom) Stress-optic modulation at 20 MHz (SOM No2 of the SSB-
OFS). The driving signal is measured at the output of the driving amplifier.

analog filters, etc.), as well as the packaging PCBs, have been designed accordingly. The

LDV system demonstration is presented in paragraph 1.5.

In Figure 1.17 we present the measurements that we have implemented to determine the
maximum achievable frequency with our custom driving electronics. In Figure 1.17(a) we
present the measured amplitude (70 Vp-p) on a 100-pF test load, which models the
dominant capacitance of the PZT-based SOM at 20 MHz. The power consumption at 20
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MHz was five times greater than at 2.5 MHz which caused heat removal issues. The heat
sink capacity of our design was not sufficient to support operation at 20 MHz for a long
period of time, but with an appropriate heat sink, operation at this frequency is feasible,
since there is no limitation from the power bandwidth of the amplifier. To roughly measure
the latter, we removed the test load and increased the frequency of the input signal until we
reached the 3dB frequency (output amplitude equal to 70/\2 Vp-p). This occured at 46
MHz and as shown in Figure 1.17(b), at that frequency the output signal is clearly distorted.
Finally, we used our custom electronics to drive a stress-optic modulator (SOM-2 of the
SSB-OFS) at 20 MHz and measure the result of the modulation on a photodetector. We
used an on-chip MZI to achieve intensity modulation, that can be observed with an external
photodetector, as we described in the previous paragraph. Figure 1.17(c) presents the
driving amplitude along with the intensity modulation measured on the photodetector.
Some signal deterioration is expected at the modulator’s end since the PCBs were designed
for a lower modulation frequency (2.5 MHz). We concluded that the maximum achievable
frequency for SSB modulation would be approximately 20 MHz. The power bandwidth of
the amplifier is causing significant signal distortion at higher frequencies, as well as

excessive heat dissipation.

1.4Polymer-based receiver

A second PIC realized in PolyBoard was used for the detection part. PolyBoard is a
polymer-based multifunction photonic platform, offering a single-mode operation, low
propagation losses (0.7 dB/cm at 1.55 pm), and the possibility for integration of
polarization handling elements [42] and indium-phosphide (InP) components [43]-[45]
[53]. The core and the cladding have refractive indexes of ncore= 1.48 and ncraa= 1.45
respectively, supporting both the transverse electric (TE) and magnetic (TM) components,
because of the waveguide symmetry which is rectangular with thickness in both axes of 3.2
um. The single-waveguide PolyBoard stack consists of a waveguide and a cladding resin
and is realized by using procedures of consecutive layer deposition. The fabrication of the
PolyBoard chip, comprises the spin-coating of the cladding resin on the silicon (Si)
substrate, the spin-coating of the waveguide resin, the structuring of the waveguiding layer
with reactive ion etching (RIE) and ultraviolet (UV) lithography, and the spin-coating of

the second layer of cladding resin to create the top cladding layer.
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Figure 1.18 shows a photograph of the coherent receiver PIC. The schematic of the
photonic circuit is presented in Figure 1.19. From the left side of the circuit (fiber-6)
unmodulated TE polarized light is inserted, to act as the local oscillator for the coherent
detection. The reference light is divided into two paths by a 50:50 coupler, and in one of
the two paths a half-wave plate (HWP) is used to rotate the polarization by 90 degrees and
thus create a TM optical LO. The light from the measurement beam is coupled into the PIC
from the right side of the circuit. The polarization state of measurement beam is arbitrary.
The random polarization state of the measurement beam is split into two orthogonal
components by means of an integrated polarization beam splitter (PBS) [53]. The two
components are mixed with the corresponding LO using 2x2 multimode interference
couplers (MMIs). The balancing of the optical power between the reference and the
measurement signal prior to the mixing for the two polarization components, is achieved
with thermo-optic-based variable optical attenuators (VOASs) [54]. Finally, the TE and TM
mixed signals are guided to four InP-based photodiodes (PDs), realizing a dual-pol coherent
detection scheme. Additional photodiodes are placed on the top side of the circuit for
monitor and testing purposes. The optical losses for each path were calculated by measuring
the photodiodes’ current while assuming a responsivity of approximately 1 A/W [43], and

the results are presented in Table 1. The size of the PolyBoard PIC is 11.25 mm % 9.6 mm.

- o .

'_Monitor PDs

Figure 1.18: Top view photograph of the packaged PolyBoard PIC for dual-pol coherent
detection. The micro-optic elements of the polarization beam splitter (PBS) and the half-wave
plate (HWP) are visible on the chip.
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Figure 1.19: Schematic of the dual-pol coherent detection circuit in PolyBoard.
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Table 1: Optical losses of the PolyBoard dual-pol coherent detector PIC
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1.5 System Demonstration of LDV

1.5.1 Experimental setup

A complete LDV system was implemented using the OFS and coherent receiver PICs
described in the preceding sections and was tested in collaboration with Polytec. A
schematic representation of the system is shown in Figure 1.20. A low-linewidth, fiber-
coupled laser provided 10.8 dBm (12 mW) of optical power at 1550.12 nm, which was split
into two branches. In the first branch, TE-polarized light with approximately 7 dBm
(5§ mW) of optical power was coupled into the TriPleX PIC, which incorporated the optical
frequency shifter. A frequency shift of 2.5 MHz was introduced using the SSB-OFS. The
second branch served as the reference beam for coherent detection in the PolyBoard PIC.
Input and output coupling to the PICs was achieved using fiber-array units (FAUs). The
frequency-shifted output from the TriPleX PIC, serving as the measurement beam, was
routed via fiber to Polytec’s probe-head, which focused the beam onto the vibrating surface
under inspection and collected the reflected light through the same lens system. The
measured optical power available for the probe beam was -14dBm (40 uW). The
theoretically inherent loss from the frequency conversion process is 14.7 dB for a 0.25n
peak-to-peak phase shift, while an additional 6.3 dB corresponds to optical coupling and
propagation losses. The light collected back from the probe-head was coupled into the
PolyBoard PIC where the optical phase information from both TE and TM polarization was

detected. Detection electronics and demodulation software from Polytec were used for the
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Figure 1.20: Schematic of the LDV system. Polytec’s probe-head focused the beam on the
vibrating surface and collected the back-scattered light. For real-time demodulation a
synchronization signal was shared between the driver of the speaker and the demodulation circuit.
PC: Polarization controller, PHs: Phase heaters, AWG: Arbitrary waveform generator
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Figure 1.21: Photograph of (Top) the setup for vibration measurements and (Bottom) Polytec’s
probe-head targeting the speaker.

processing of the raw signals. Custom electronics were used to control the phase-heaters
on both PICs and to provide the driving signals to the stress-optic modulators in TriPleX.
The latter circuit was based on a field programmable gate array (FPGA) to generate the
signals and to provide the necessary clock signals for the synchronization of the driving
and detection electronics with the excitation signal of the vibrating surface. The total optical
loss in the PolyBoard PIC, including coupling and insertion loss for all optical components
in the paths from the fiber-input to the PDs, was estimated at approximately 11 dB for the
measurement input, at 15 dB for the optical reference input and at around 15 dB on average
for the monitor PDs, assuming PD responsivity of 1 A/W (see Table 1). An additional 9 dB
loss was measured in the path of the HWP. The extinction ratio of the PBS was 15 dB.

Figure 1.22 shows a block diagram of the electronic modules used to control the PICs

and drive the stress-optic modulators. A thermoelectric (TEC) controller was used to keep
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Figure 1.22: (Top) Block diagram of the electronic modules that were used to control the PICs
and (Bottom) the driving electronics for the PZT-based stress-optic modulators.

the temperature of the TriPleX PIC at 25 °C. The FPGA provided four sinusoidal signals
with appropriate phase differences to drive the IQM (SSB modulator), as discussed in
paragraph 1.3.1.2. A DAC was employed to produce LVDS signals with an amplitude of
390 mV. However, single-ended signaling was used, with the complementary LVDS output
terminated using a 50 Q load. A pre-amplification stage adjusted the signal levels to the
range of 1V to 5V prior to entering the fixed-gain (~11.7 dB) driver circuit. Table 2
summarizes the measured output levels at each stage of the signal chain. Both the driving
system for stress-optic modulators and the heater control module were developed by the

start-up company Optagon Photonics.
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DAC Pre-Amplifier Driver

Supply voltage +6V +15V +40V

Supply current (idle) 590mA 230mA 150mA

Supply current -15V: 215mA,

(all channels on) 630mA +15V: 260mA 270mA
Output Amplitude IA:390mVpp | RFout2:4.78Vpp | Channel 1: 71.2Vpp, offset: 39V
per channel IB: 390mVpp RFout3: 3.62Vpp | Channel 2: 54.3Vpp, offset: 39V
(peak-to-peak) IC: 390mVpp | RFout4: 1.61Vpp | Channel 3: 24.1Vpp, offset: 39V
*SSB modulator ID: 390mVpp RFout5: 2.85Vpp | Channel 4: 42.6Vpp, offset: 39V

Table 2: Configuration of the driving electronics for the PZT-based modulators.

Pre-Amplifier Driver

DAC OUT! _ 1t A
outputs IN1 ® Jumers  © Module
v R OUT2 — |N] P
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: ! ouT4 — — IN2 ! :
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| IOUTD1+~ [INS ! |
""" ouTé IN3 ! :
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Figure 1.23: (Top) Pre-amplifier and driver boards for the PZT-based stress-optic modulators.
The outputs of the DAC are connected to the pre-amplifier; pre-amplifier’s outputs are connected
to the driver and finally the outputs of the driver are connected to the stress-optic modulators’ RF
inputs in the packaged PIC. (Bottom) Packaged TriPeX PIC implementing the OFS.
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1.5.2 Experimental results

To evaluate the accuracy and stability of the complete LDV setup, we performed
measurements using a vibration calibrator. The calibrator generated a sinusoidal vibration
at 159.15 Hz with a peak-to-peak displacement amplitude of 14.142 pm (10 pm RMS).
After digital demodulation of the raw signal, a stable sinusoidal waveform with a
displacement amplitude of 14.1 um was recovered. The displacement spectrum obtained
via FFT of the time-domain signal is shown in Figure 1.24(Top), clearly exhibiting a sharp
spectral peak at 159 Hz, corresponding to the periodic motion of the calibrator. An elevated
noise floor extending up to ~35 kHz is likely caused by intermodulation with spurious
components at the electrical carrier frequency of 2.5 MHz. The excellent agreement
between the measured amplitude and frequency and the calibrator’s nominal values
confirms the accuracy of the LDV system. To assess the resolution limits of the system, we
conducted measurements on a membrane loudspeaker, which produces displacements in
the nanometer range. The loudspeaker was driven with a sinusoidal signal at 15 kHz. The
demodulated output was passed through a 1 MHz bandpass filter centered on the 2.5 MHz
carrier frequency to suppress in-band noise and enhance resolution. The resulting
displacement spectrum is shown in Figure 1.24(Bottom), where the 15 kHz excitation peak
is clearly visible, corresponding to a displacement amplitude of approximately 5 nm. From
the spectral data, we estimate that the noise-limited resolution of the system is around 10 pm
for frequencies above 1 kHz, where the noise spectrum is white and the baseline remains
flat. For frequencies below 200 Hz, the resolution is limited to a few nanometers (< 10 nm)
due to increased low-frequency electronic noise from the detection and digitization
circuitry, as well as environmental vibrations. These measurements were initially
performed with offline signal demodulation. However, real-time demodulation is highly
advantageous in scenarios requiring immediate feedback for system or sample adjustments.
To demonstrate this, we carried out measurements on the loudspeaker using real-time
demodulation, recording and analyzing both orthogonal polarization channels. The
resulting displacement spectrum is shown in Figure 1.25. Due to memory constraints in the
real-time processor, the observation window was limited to 20 kHz. Both polarization
channels carried the same signal content, revealing a displacement amplitude of 5 nm at
10 kHz, matching the loudspeaker's excitation. The system demonstrated a displacement

resolution of approximately 10 pm under these conditions.
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Figure 1.24: (Top) Spectrum from the calibration measurement with a sinusoidal vibration
frequency at 159.15 Hz with a peak-to-peak displacement amplitude of 14.142 um. (Bottom)
Displacement spectrum from a loudspeaker using a sinusoidal excitation signal at 15 kHz.
Bandpass filtering is applied to improve the resolution of the measurement (achievable noise floor
around 10 pm/VHz)
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Figure 1.25: Displacement spectrum from a loudspeaker using 10 kHz excitation. The two
channels correspond to the two independent polarization channels and carry the same
information. The achievable displacement resolution is below 10 pm
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1.6Hybrid 3D photonic integration

In the previous sections, we presented an LDV system that utilized two separately
packaged PICs, implemented on distinct platforms: the Si3N4 (SiN) platform from LioniX
(TriPleX) and the polymer-based platform from FhG-HHI (PolyBoard). In this section, we
describe our work on a fully integrated LDV system that leverages hybrid integration of
these two platforms into a single photonic chip. The hybrid PIC supports all essential
functionalities of a heterodyne LDV system, including splitting the input light into
measurement and reference paths, introducing an optical frequency shift to the one path,
managing polarization, and detecting the reflected measurement beam. The optical
frequency shift is implemented in the TriPleX section using a serrodyne modulation
scheme, where a phase modulator is driven by a 100 kHz sawtooth waveform (see
paragraph 1.3.3.1). The modulation of the optical field is based on the stress-optic
modulators implemented on the TriPleX platform (see paragraph 1.3.2). The PolyBoard
section provides polarization control and heterodyne detection of the reflected beam. It
integrates on-chip micro-optic components including a polarization beam splitter (PBS), a
half-wave plate (HWP), and a pair of balanced detectors composed of four flip-chip bonded
InP-based photodiodes. An additional pair of monitor PDs are used to track the optical
modulation. Optical I/O to the chip is facilitated by fiber arrays edge-coupled to both
TriPleX and PolyBoard sections, where in the TriPleX side, tapers structures are used for

efficient fiber coupling. The schematic of the circuit is shown in Figure 1.26.

Monitor PDs
TriPleX E |E| |Q| PolyBoard
50:50
Reference (monitor) a
b
Stress-optic 955§
Modulation i-Measurement-out
[ ii-Measurement-in
) PBS
Reference (signal) d 1955
Thermo-optic
|/ VOA
Thermo-optic 50:50 50:50
phase shifter

Dual-pol signal detection

Detection electronics
(TIAs, Analog Signal Processing)

Figure 1.26: Functional layout of the fully integrated LDV module. Interfaces between the
TriPleX and the PolyBoard are labeled with a-d.
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1.6.1 Integration concept

PolyBoard waveguides can be fabricated on nearly any flat substrate capable of
supporting the spin-coating techniques used for polymer layer deposition. Owing to this
versatility, a TriPleX wafer can be employed as the process substrate for the realization of
PolyBoard circuits. The TriPleX and PolyBoard platforms are inherently compatible, as
both utilize silicon wafers as their mechanical foundation. Our goal was to combine the two
platforms with a wafer-level process to reduce the complexity and cost of the assembly.
The hybrid integration concept is illustrated in Figure 1.27. The TriPleX platform facilitates
the integration of the PZT-based modulators, while the PolyBoard platform accommodates
the thin-film filters (TFFs) in etched slots, the 45° mirrors and the InP-based PDs to support

the dual-pol detection as described in section 1.4.

To enable the integration of optical circuits from the TriPleX and PolyBoard platforms,
efficient optical coupling between the two must be established. For this purpose, vertical
couplers are employed. On the TriPleX side, the asymmetric double stripe (ADS)
waveguide geometry is used, as it provides low-loss propagation and supports tight bends
at a 1550 nm wavelength due to strong mode confinement. This geometry consists of two
Si3N4 stripes, 180 nm (top stripe) and 75 nm (bottom stripe) in height, separated by 100
nm Si02 cladding layer, as described in paragraph 1.3.2. On the PolyBoard side, the
standard 3.2 pum height and 3.2 pm width waveguide is employed. Efficient coupling
requires effective index matching between the TriPleX and PolyBoard waveguides. Since

the ADS geometry exhibits a higher effective index than the PolyBoard waveguide, the top
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Figure 1.27: Longitudinal cross section summarizing the technologies used in the TriPleX and
the PolyBoard platform.
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Figure 1.28: (Left) Longitudinal and (Right) lateral cross section of the TriPleX-PolyBoard
coupler. (Bottom) Color-coded light intensity in the coupling region (longitudinal cross section).

high-contrast stripe is adiabatically tapered to zero, allowing only the lower-contrast
bottom stripe to couple light into the PolyBoard waveguide. The vertical coupler geometry
was optimized analytically, with the key parameters being the TriPleX waveguide width
Wsizna, the Si02 spacer thickness dg;p, between the two waveguides, and the overlapping
length I.oypier, as illustrated in Figure 1.28. The optimal parameters, as derived from
simulations, are summarized in Table 3. In this design, the PolyBoard waveguide width
remains identical to the standard value for this refractive index contrast, while the TriPleX
waveguides are laterally tapered to 2.6 um and the SiO thickness is set to 750 nm. At a
coupler length of 71.8 um, simulations predict a coupling loss of only 0.3 dB for TE
polarization. TM polarization is not considered, as the TriPleX waveguides are specifically
optimized for TE-polarized light. Finally, it should be noted that the top Si3N4 stripe is
also tapered down to zero in the regions requiring edge coupling to the fiber, so that only

the bottom Si3N4 stripe remains to match the 9-um mode field diameter (MFD) of the fiber.

Design parameter Symbol Value (pum)
PolyBoard waveguide width Wpoly 32
TriPlex waveguide width Wsi3N4 2.6
Silicon dioxide thickness dsioz 0.75
Coupler length Ieoupler 71.8

Table 3: Optimal design parameters of TriPleX-PolyBoard couplers.



1.6—Hybrid 3D photonic integration 70

Coupling region
with PolyBoard
waveguide

sisNg e T

Sio2

Si substrate

... .. .. ..
V. vi. vii. viii.
[ [
.. ..
ix. X.

Figure 1.29: Process steps for fabrication of TriPleX PIC. An etching stopper (purple) was used
to enable precise control of the etching in the coupling region with the PolyBoard.

Efficient evanescent coupling between PolyBoard and TriPleX waveguides requires an
intermediate oxide layer of approximately 0.75 um between the two platforms. Conversely,
to integrate the PZT layer for the stress-optic modulators described in section 1.3.2, while
minimizing propagation loss, a Si02 top cladding layer of roughly 3 um is required above
the high-contrast top stripe of the TriPleX waveguides. This necessitates precise control of
the SiO2 top cladding thickness in the vertical coupling regions. A well-defined oxide
thickness for the coupling zone with the PolyBoard can be achieved across the entire
TriPleX wafer by introducing a selective etch stop. The process is illustrated in Figure 1.29.
After defining the buried stop layer (Figure 1.29 (iv)), a 3.3 pum-thick Si02 layer is
deposited using a TEOS LPCVD process. Subsequent annealing at 1150 °C reduces the
thickness by approximately 10%, resulting in a final thickness of about 3 um on top of the
TriPleX structure after deposition and back-thinning (Figure 1.29 (v)). A new etching mask,
which is an inverted replica of the etch-stop mask, is then used to selectively remove excess
oxide from the PolyBoard coupling region. Following lithography, the oxide is dry etched
to a depth of about 2.2 pm, stopping precisely at the buried stop layer, leaving the required
0.8 um thickness (Figure 1.29 (vi)). The stop layer is then selectively removed without
etching the underlying S102 (Figure 1.29 (vii)). Next, a PZT layer is deposited via PLD,
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using a barium titanate (BTO) seeding layer to promote high-quality growth on the SiO2
surface (Figure 1.29 (viii)), following a process optimized by SolMateS [51]. A wet etch
step removes the BTO/PZT layers from unwanted regions of the wafer, so that the stress-
optic modulators can be formed (Figure 1.29 (ix)). Lift-off lithography is then employed to
deposit a Ti (20 nm) / Pt (40 nm) / Au (300 nm) metal stack by evaporation, defining the
coarse electrode layout. Due to limitations in the minimum feature size achievable with lift-
off, a second etching step, using RIBE, is performed to narrow the electrodes from 20 pm

to 5 um, a critical adjustment for the electrodes above the PZT actuators (Figure 1.29 (x)).

The key fabrication steps of the PolyBoard-on-TriPleX platform are illustrated in Figure
1.29: (i) The process begins with a pre-structured TriPleX wafer obtained from the process
described above (see Figure 1.29). (ii) A thick polymer waveguide layer is deposited onto
the wafer; this layer is significantly thicker than the final waveguide height to fully cover
the TriPleX structures. (iii) PolyBoard waveguides are defined by lithography and dry
etching. The titanium etch mask used for patterning is subsequently removed with
hydrofluoric acid. To protect the PZT structures from hydrofluoric acid, all TriPleX
features must remain covered by the polymer layer during this step. (iv) The polymer
waveguide is then dry etched to its final height, thereby exposing the TriPleX structures.
(v) A thick cladding polymer layer is deposited, transferring the underlying TriPleX
topography to the cladding surface. (vi) The polymer surface is planarized to reduce this
topography. (vii) The cladding is dry etched down to the TriPleX electrodes, after which
electrodes are deposited on the PolyBoard layer. (viii) An additional cladding polymer layer
1s deposited. (ix) Openings for electrode pads and slots are dry etched, and the PolyBoard
electrodes are reinforced by galvanic deposition. (x) The titanium mask for the slots is
removed, and the polymer stack is thinned until the slots reach the underlying SiO2 surface.
(xi) Finally, the slots are further etched into the SiO2 using a different dry etching
chemistry. The fabricated wafer, after completion of all steps, is shown in Figure 1.31.
Subsequent back-end processes, including singulation, photodetector attachment, and
insertion of TFFs, were performed by FhG-HHI. Fiber array units were then attached to the
diced chips, and initial PZT performance tests were conducted by LioniX. The complete

assembly and packaging of the module were carried out by Cordon Electronics.
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Figure 1.30: Fabrication steps for the integration of PolyBoard on top of TriPleX.

Figure 1.31: Photograph of the first wafer realizing TriPleX-PolyBoard hybrid integration.
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1.6.2 Experimental results

The fabricated device was evaluated by applying a sawtooth driving signal to the stress-
optic PZT modulator in order to demonstrate serrodyne optical frequency shifting. The
coherent detection circuit integrated in the module enabled observation of the on-chip
beating between the frequency-shifted carrier and an optical reference, as illustrated in
Figure 1.32. For the experiments, a narrow-linewidth CW laser source delivered 10 dBm
of optical power at 1550.12 nm, which was coupled into the TriPleX section of the LDV
module via a single-mode fiber and a polarization controller (PC) [57]. Optical in- and out-
coupling were facilitated by two fiber-array units (FAUSs) attached to the east and west
facets of the chip. As shown schematically in Figure 1.26, an on-chip Mach—Zehnder
interferometer (MZI) divides the input signal into a measurement path and a reference path.
The reference branch is routed to the PolyBoard section for coherent detection, while the
measurement branch passes through the stress-optic PZT modulator, which introduces the
serrodyne frequency shift. A 100 kHz sawtooth waveform was applied to the PZT elements
to generate the shift. The frequency-shifted light at the device output was then fed back into
the measurement input of the dual-polarization coherent detection circuit in the PolyBoard
region. By adjusting the PC, the launched optical field could be switched between the fast
and slow axes of the integrated PBS, corresponding to the two orthogonal polarization
states in the dual-pol scheme. The photocurrents from the on-chip detectors were amplified
by dedicated analog electronics and monitored in the time domain with a real-time
oscilloscope. The measured optical output power was —8.5 dBm, corresponding to an

overall insertion loss of 18.5 dB. This includes FAU coupling losses, propagation losses in
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Figure 1.32: Displacement spectrum from a loudspeaker using 10 kHz excitation. The two
channels correspond to the two independent polarization channels and carry the same
information. The achievable displacement resolution is below 10 pm.
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both TriPleX and PolyBoard waveguides, and the coupling loss introduced by the vertical
couplers. Independent test structures indicate that the latter contributes < 1 dB, while the
combined propagation and coupling losses of the individual platforms remain below 6 dB.
The excess loss is attributed mainly to misalignment between the two integrated platforms,
highlighting the need for further refinement of the alignment and fabrication procedure to

ensure reproducibility in the 3D integration process.

Figure 1.33 shows the applied sawtooth driving waveform together with the detected
signals for the case where all optical power is aligned to the fast-axis polarization of the
PBS. A linear voltage ramp from 0 to 100 V, generated by a custom driver, was applied to
two cascaded stress-optic PZT phase shifters in order to achieve a full 2w optical phase
shift. The interference between the frequency-shifted carrier and the optical reference
produced a sinusoidal signal, whose frequency corresponds to the applied frequency shift
of 100 kHz and thus acts as the carrier. If vibration-induced modulation were present on
the measurement path, it would appear as a phase modulation superimposed on this
sinusoid. The measured beating signal also reveals a phase discontinuity, originating from
the finite fall time of the sawtooth drive. This discontinuity effectively introduces an
inverted modulation during the falling edge, as discussed in 1.3.3.1. Ideally, the fall time
should be negligible compared to the modulation period. In our experiment, the fall time
accounts for approximately 6% of the period, which results in harmonic sidebands

appearing about 23 dB below the fundamental tone according to our analysis in 1.3.1.1.
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Figure 1.33: Measurement of the beating signal (blue) obtained after combining the modulated
and the reference beam. Measurements were taken using (Left) a commercial external
photodetector and (Right) the on-chip photodetectors. The ramp driving signal of the PZT-based
serrodyne optical frequency shifter is shown (orange).
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Figure 1.34: Assembly of the 3D photonic integrated LDV PIC.

1.7Summary

In this part we worked towards the development of a PIC-based heterodyne LDV
system, with an emphasis on the implementation of optical frequency shift in the silicon
nitride platform of LioniX. The frequency shifting was realized through stress-optic index
modulation in the TriPleX platform, enabled by piezoelectric actuation of a PZT layer
deposited on top of the waveguides and driven via an applied electric field between
electrodes. We demonstrated for the first time a top-top electrode configuration, in which
both electrodes are positioned on top of the PZT layer to generate a horizontal electric field
across it. Regarding device performance, we achieved a sinusoidal phase shift of 0.25x
peak-to-peak at 2.5 MHz with a power dissipation of 156 mW, with the best-performing
device. The average power consumption across all fabricated modulators was 660 mW for
the same induced phase shift. The modulators required relatively long electrodes (~15 mm)
and high-voltage drive signals (>100 Vpp), which makes them less competitive compared
with LiNbO3 or plasma dispersion modulators in silicon photonics. Nevertheless,
achieving MHz-range modulation bandwidth within a wafer-scale SiN process constitutes
an important milestone toward the development of large-scale optical circuits incorporating
multiple integrated modulators, with potential applications in multi-channel sensing and
microwave photonics. Further enhancement of modulation efficiency can be pursued by

optimizing stress distribution within the waveguide geometry and by improving PZT
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material quality, particularly crystal uniformity and piezoelectric response. A key benefit
of the top-top electrode layout compared with the conventional top-bottom design is that it
enables the PZT thickness to be increased without reducing the effective field density. This
flexibility allows independent optimization of PZT thickness, potentially leading to higher

stress-optic efficiency and lower power consumption.

We have demonstrated optical frequency shift (OFS) of a 1550 nm carrier in the MHz
regime, employing stress-optic phase modulation. Theoretical analysis was performed to
evaluate the performance of both serrodyne and single-sideband (SSB) OFS schemes,
highlighting their practical limitations in terms of conversion efficiency (CE) and
suppression of unwanted sidebands (SBSR). Experimental validation on the TriPleX
platform confirmed frequency shifts of 100 kHz and 2.5 MHz, with corresponding SBSR
values of 22.1 dB and 39 dB. A major advantage of implementing OFS in TriPleX is its
capability for high optical power handling, in contrast to silicon photonics where two-
photon absorption imposes a fundamental limitation. The SSB-OFS was integrated into a
miniaturized laser Doppler vibrometer (LDV) operating at 1550 nm. Vibration
measurements were demonstrated up to 15 kHz, with the system capable of detecting
frequencies up to 1 MHz, while maintaining a displacement resolution of 10 pm. Signal
detection was performed using a dual-polarization coherent receiver realized in the
PolyBoard platform, incorporating InP-based photodiodes. In this proof-of-concept
implementation, the TriPleX and PolyBoard PICs were packaged separately and
interconnected via fiber arrays. More compact solutions are possible, either by hybrid edge-
coupling of the two units or by adopting wafer-level 3D integration methods for monolithic
assembly. Furthermore, the TriPleX platform supports hybrid integration of semiconductor
laser sources with ultra-narrow spectral linewidths [57], providing a promising route

towards fully integrated, on-chip light generation.

A novel approach for 3D hybrid integration of the silicon nitride (TriPleX) and polymer
(PolyBoard) platform into single 3D-PICs was presented, where the polymer material is
placed inside etched windows on TriPleX. With this approach a fully integrated heterodyne
LDV module was realized, comprising an optical frequency shifter (OFS) and on-chip
polarization handing elements for dual-pol coherent detection. Serrodyne frequency shift
of 100 kHz based on stress-optic modulation in TriPleX was demonstrated, showcasing the
potential for real-world LDV applications. Although the measured coupling loss between

the two platforms was in the order of 15 dB, simulation results suggest that the losses can
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be minimized to < 1 dB with the corresponding improvements in the fabrication process.
We have demonstrated that the stress-optic modulators of the current work can be
successfully integrated in a fully functional LDV system that allows the measurement of
vibration frequencies at least two orders of magnitude higher from what is possible with
the conventional thermo-optic phase shifters of the SiN platform. The realization of
efficient OFS functionality in the SiN platform with a wafer-scale process is a significant
achievement, as it can open the way to the combination of heterodyne interferometric
principles and solid-state scanning units (such as OPAs) through monolithic integration,

enabling low-cost and compact sensor systems.
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Part 2

Polymer-based Optical Phased Arrays

In this part, we present our work on the development of optical phased arrays (OPAs) in
the polymer-based photonic integration platform of the Heinrich Hertz Institute (HHI). Our
key concept involves utilizing the 3D integration capability of polymeric materials to form
two-dimensional (2D) edge-emitting OPAs for achieving 2D beam steering. To validate
this concept, a 2x4 OPA was realized and experimentally tested. To the best of our
knowledge, this work represents the first 3D photonic integrated edge-emitting OPA with
monolithic integration of the tuning section. Furthermore, we explore the potential of non-
uniform element spacing in linear OPAs to suppress grating lobes and enhance the field of
view (FOV). We also investigate algorithms for phase calibration of the fabricated OPA

chips and present our findings.

2.1Introduction

Optical phased arrays (OPAs) have attracted significant research interest over the past
decade for two main reasons. Firstly, emerging applications such as light detection and
ranging (LiDAR), optical wireless communications (OWC), holographic displays, and
biomedical imaging have created a demand for compact and cost-effective beam scanning
devices. Most current devices rely on opto-mechanical components, such as moving
mirrors, to direct beams in various directions. These mechanical parts are bulky, expensive,
and prone to wear and tear, making them unsuitable for integration into moving vehicles
such as cars or drones due to their mass and mechanical complexity. Moreover, the
scanning speed and precision of those devices are limited by the mass of their moving
components. Contrarily, OPAs can perform beam steering without the need for moving
parts, by utilizing an array of coherent emitters and adjusting their phases electronically.
Thus, they offer the possibility for dramatic reduction in size, weight, power consumption
and cost (SWaP-C). The second reason for OPAs’ gaining popularity in recent years is the
progress of photonic integration technology. Advancements in the fabrication and
packaging of photonic integrated circuits (PICs), largely driven by the datacom market,

have paved the way for the creation of more sophisticated circuits and their seamless
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integration with electronic ICs. These innovations have led to the development of highly

functional devices for real-world applications.

2.1.1 Fabrication platforms

OPAs have been implemented on nearly every existing photonic integration platform,
each characterized by its own benefits and shortcomings. Relevant features to consider for
the implementation of an OPA circuit, include: 1) the integration density of the platform
(component footprint, minimum bending radius, etc.), ii) the index contrast of the platform,
which affects the outcoupling beam divergence, iii) the phase modulation technology
(tuning speed, power consumption), iv) the propagation loss (associated with circuit
scalability) and v) the coupling to fiber loss (interfacing), vi) the optical power handling
capability, vii) the possibility for hosting active components for light generation and
amplification (monolithically or via hybrid integration), and viii) the compatibility of the
platform with CMOS foundries (CMOS compatibility). In the present paragraph, we briefly
discuss some of the frequently used platforms for demonstrating OPAs in literature. It
should be noted that this paragraph does not attempt to provide a comprehensive analysis
or comparison of fabrication platforms. Instead, it aims to highlight the diversity of
available options and emphasize the fact that the responsibility of selecting the appropriate
platform for a particular application lies with the designer, based on the specific

requirements of the application.

Silicon on insulator (SOI) has been the most prevalent platform for the realization of
large-scale OPAs, due to its high integration density and its compatibility with the mature
CMOS fabrication process. First demonstrations took place in the beginning of the previous
decade, comprising a few tens of channels [1]-[12], but within a few years, implementations
with hundreds [13]-[18], and even thousands [19]-[22] of tunable elements were made
possible. A few works also showcase co-integration with driving electronics
[9][14][15][20] or hybrid integration with active components utilizing III-V materials
[11][12][23]. One limitation of SOI is the significant power consumption of thermo-optic
(TO) phase shifters. Typical power efficiency ranges between 20 to 30 mW/n [15][24],
although less than 2 mW/x has been achieved with more elaborate heating structures [18].
Minimizing the power consumption of tuning elements is essential for the scalability of
OPAs. To address this limitation, and also improve on the actuation response time,

alternative phase tuning technologies utilizing electro-optical (EO) mechanisms [5][16] or
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opto-electromechanical (OEM) tuning [25]-[27] have been proposed in SOI. However,
OEM tuning necessitates a more complex fabrication process, which has not yet reached
the maturity level of the simpler and more established thermo-optic devices. On the other
hand, EO Si phase shifters based on free-carrier injection or depletion offer high bandwidth
and low power consumption. Nonetheless, they introduce significant residual amplitude
modulation (RAM) due to the plasma dispersion effect in silicon, which adversely affects
the performance of OPAs. Alternatively, EO modulation can be achieved through hybrid
integration with III-V materials, though this comes at the cost of a more complex
fabrication process [23]. Additional challenges in the SOI platform include managing high
optical power levels, typically limited to 20 mW [28], and cost-effective interfacing with
optical fibers. Coupling to fibers is accomplished using grating couplers, which increase
packaging complexity and typically introduce a coupling loss in the order of a few dB.
Another platform, that has gained momentum in recent years is lithium niobate on insulator
(LNOI) [29]. Its exceptional electro-optic (EO) properties make it highly attractive for fast

scanning applications [30]-[33]. For instance, in [33], LNOI modulators were utilized in an
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TO: Thermo-optic, EO: Electro-optic, OEM: Opto-electromechanical effect

Table 4: Comparison of photonic integration platforms
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OPA to demonstrate nanosecond-scale phase tuning with power consumption on the order
of pJ/m. Similar to the SOI platform, optical interfacing in the LNOI platform is facilitated
by grating couplers. Fast tuning rates can also be achieved with III-V materials, such as
indium phosphide (InP) [34]-[38] or gallium arsenide (GaAs) [39][40]. These typically
offer power efficiency in the order of hundreds of uW/n. A notable advantage of platforms
based on III-V materials is their ability to support the monolithic integration of active
components for on-chip light generation and amplification. Despite these benefits, neither
LNOI nor III-V material-based platforms can match the integration density provided by the
SOI process. Silicon nitride (SiN) has emerged as a promising alternative to SOI, offering
CMOS compatibility and exceptionally low propagation loss [41]. Its wide transparency
window makes it suitable for applications in both the near-infrared (NIR) [42]-[44] and
visible [45][46] spectral regions. Furthermore, SiN offers high power handling capability
due to its inherent lower optical nonlinearity and larger core size compared to SOI.
However, it demonstrates relatively poor performance in thermo-optic (TO) tuning due to
its low thermo-optic coefficient (TOC) and thermal conductivity, which are both lower than
those of silicon. Power consumption of ~30 mW/x and time response of 20 ps have been
demonstrated at blue wavelengths (~488 nm) [46], while power efficiency decreases further
in the NIR (~40 mW/r at 1550 nm). Consequently, alternative methods have emerged to
enable efficient phase tuning. Among the most notable is the use of lead zirconate titanate
(PZT) thin films, which leverage refractive index modulation [47][48] or geometric
deformation [49] through the stress-optic effect. Although these solutions have
demonstrated significant improvements in recent years, substantial effort is still required to
meet the industry standards for yield and reliability. Another platform proposed for OPA
implementation is silicon dioxide, commonly known as silica, particularly for its ability to
create 2D end-fire OPAs by inscribing 3D waveguiding paths within the bulk silica
structure [50]. In one of the most interesting efforts, a 4x4 OPA was developed [51], using
ultra-fast laser inscription (ULI) method to inscribe the waveguiding paths [52]. Polymer-
based photonic circuits also enable the formation of multiple waveguiding layers, offering
significant flexibility in design. Furthermore, polymer PICs can incorporate a variety of
additional functionalities, making them a compelling option for realizing OPAs. The
concept of 3D photonic integration for OPA formation will be described in detail in a
subsequent section. The following paragraph will focus on the advantages and limitations
of polymer-based photonic integration. Table 4 presents a qualitative comparison of the

platforms discussed.
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2.1.2 Polymer-based photonic integration

Polymer optical materials are an attractive option for the development of OPAs for several
reasons. Firstly, the fabrication of polymer photonic devices utilizes techniques like spin
coating and UV lithography, which offer a flexible and cost-effective manufacturing
process [53]. This is also the case for PolyBoard, the photonic integration platform of HHI,
which is based on commercially available polymer materials from ChemOptics Inc. (ZPU-
12 series) and has been utilized in the present work. Because of their simplicity, the same
fabrication steps can be repeated to develop 3D PICs which comprise multiple waveguiding
layers, as shown in Figure 2.1. To facilitate the transition of light between adjacent
waveguiding layers, vertical couplers have been developed on PolyBoard [54]-[57].
Initially envisioned for coupling to multi-core fibers [58] and later for constructing large-
scale switching circuits without waveguide crossings [59][60], these 3D PolyBoard PICs
represent also a viable solution for implementing 2D OPAs with end-fire waveguides to
support two-dimension beam steering. This application of 3D PolyBoard PICs is proposed

and evaluated for the first time within this work.

Furthermore, polymer-based platforms support highly efficient thermo-optic devices,
due to the inherently high thermo-optic coefficient, ranging from —1 x 10~* K~ to
—3x107*K~1, and low thermal conductivity (~0.3 W/m/K) of polymer materials
[61][62]. The low thermal conductivity contributes to reduced power consumption of
polymer TO devices (<10 mW) compared to SOI, but it also results in increased response
times (in the order of milliseconds). While thermal confinement benefits power
consumption and minimizes thermal crosstalk, it negatively impacts response speed.
Therefore, polymer-based thermo-optic devices are suitable candidates in scenarios where
tuning speeds of a few kilohertz are sufficient. Although not being explored in this work,
the potential of polymer materials for high-speed modulation should not be overlooked.
Polymer-based modulators have been extensively studied due to their exceptional electro-
optic (EO) properties, offering large modulation bandwidth (>100 GHz) [63]-[65].
However, they face manufacturing challenges, which are still to be resolved to support
high-volume production [66]. In order for the material to gain the desirable electro-optic
properties alignment of its chromophore dipoles is required. This is achieved through a
poling process where an electric field is applied while heating the material to its glass
transition temperature. A scalable solution for such post-processing steps is yet to be

demonstrated. Additional challenges pose the aging and long-term reliability of such EO
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Figure 2.1: Fabrication processing steps for the formation of multiple waveguiding layers in the
polymer photonic integration platform. By repeating the same fabrication steps multiple
waveguiding layers can be formed. Multi-layer devices such as vertical MMI couplers are used
to transfer the light between different waveguiding layers.

devices. Nevertheless, in this work we solely rely on thermo-optic tuning for phase control

in the OPAs.

Polymer waveguides exhibit high optical power handling capability. Unlike silicon,
which exhibits a strong two-photon absorption (TPA) effect when operating at wavelengths
below 2.2 pm, polymeric waveguides do not suffer from TPA. Previous reliability tests in
the PolyBoard platform have proven the capability of the waveguides to handle up to 23
dBm (~200 mW) optical power for long periods of time under a wide range of temperature
conditions without demonstrating additional propagation loss or refractive index change
[53]. In comparison, SOI waveguides struggle to propagate several tens of milliwatts of
optical power for more than a few millimeters without significant power degradation due
to two-photon absorption [67]. While the performance of rib waveguides is significantly
better, they are characterized by a larger bending radius, which compromises the
compactness of the routing. Another noteworthy aspect is that polymer platforms,
developed during the rise of wavelength division multiplexing (WDM) passive optical
networks (PONs), have evolved to encompass a wide range of functionalities. The device
portfolio of PolyBoard includes tunable lasers [68], optical isolators [69] and polarization
manipulators [59], variable optical attenuators [70], optical switches [60], dual-pol coherent
receivers [71], and high-speed modulators [63], which could be utilized in emerging beam-

scanning applications. Many of the capabilities rely on the hybrid integration of indium
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phosphide elements such as gain sections, modulators and photodiodes, and on the
assembly of thin films and micro-optic elements inside etched-slots and grooves on the
surface of the polymer platform. Lastly, due to the symmetry of the cross-section of the
single-mode PolyBoard waveguide, the supported mode is hybrid with both transverse
electric (TE) and transverse magnetic (TM) components. This characteristic is a clear

advantage when the PolyBoard device functions as a receiver.

On the other hand, there are challenges associated with polymer-based OPAs, primarily
due to the low index contrast characteristic of polymer materials [53]. This presents two
issues: first, low index contrast leads to weak confinement of the propagating mode within
the waveguiding structure, preventing waveguides from being placed closely together
without experiencing cross-coupling. As we will discuss in the next paragraph, which
analyzes the basic theory of OPAs, this results in the formation of undesirable copies of the
main lobe in the radiation pattern, effectively limiting the steering range. However, this
limitation can be mitigated through various strategies, such as designing waveguides to
reduce cross-coupling via phase mismatch or placing emitters with aperiodic spacing. The
latter approach is investigated within this work. The low index contrast results in the beam
outcoupled from the edge-emitting facet of a single waveguide exhibiting low divergence.
As we will see in the next paragraph, the radiation pattern of the elementary emitter acts as
an envelope that defines the field of view (FOV) of the OPA. Therefore, the high directivity
of a single element limits the OPA's steering range. To address this issue, one can either
tweak the platform's index contrast or improve the radiation characteristics of single
waveguides through elaborate designg. Another challenge concerns the scalability of 3D
PICs, which is intricately tied to the control of the fabrication process. The maximum
number of waveguiding layers that can be manufactured depends on the alignment
precision of the masks applied between successive layer fabrications. Since 2014, the
possibility of manufacturing up to five separate waveguiding layers has been demonstrated
[58]. In recent years, efforts have focused more on the development of vertical MMI
structures for interconnecting layers rather than increasing the total number of layers [54]-
[57][60]. Given the current capabilities and the progress made in recent years, we estimate
that doubling the number of waveguiding layers is a realistic scenario. However, surpassing
ten waveguiding layers presents a significant challenge based on the current fabrication

capabilities. Next, we summarize the features of PolyBoard, the polymer-based photonic
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integration platform of the Heinrich Hertz Institute (HHI), that make it an attractive

platform for developing OPAs, as well as the challenges.

10

. Hybrid integration with InP elements (on-chip light generation & detection)
11.
12.
13.

Advantages of polymer-based OPAs
Simplified and cost-effective manufacturing process
Capacity for 3D photonic integration (2D end-fire OPAs)
Power-efficient thermo-optic devices: phase shifters, VOAs, tunable ECLs
(Best recorded P, in this work ~1.3 mW)
High optical power handling capability (up to 200 mW CW)

Basic waveguide structure equally supports TE and TM components

Integration of optical isolation and polarization handling elements
Easy fiber-to-chip coupling (using U-grooves)

Broad transparency (wavelength windows around 850 nm, 1310 nm, 1550 nm)

Challenges of polymer-based OPAs
Limited FOV (due to the high directivity of the edge-emitting waveguide)
Response time of thermo-optic devices in the order of ms

Scalability of 3D PICs (current status: 5 w/g layers)

2.1.3 Optical Phased Array circuit

The

circuit of an optical phased array (OPA) can be broadly divided into three

subsections: 1) the power distribution network, ii) the phase tuning section and iii) the

emitting aperture. There are several variations on the implementation of each section. In

this paragraph we aim to summarize the different design choices and present the associated

challenges.

2.1.3.1 Power distribution network

The optical distribution network is the circuit responsible for converting the single-

mode input waveguide to a set of N channels. This can be performed by using either an

MMI splitting tree or a star coupler. The MMI coupler tree is a robust way to achieve

splitting among elements as it is characterized by broadband operation and scales nicely to
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Figure 2.2: Examples of the three typically used power distribution networks: (a) the MMI
splitting tree [31], (b) the star coupler [3], and (c) the cascaded directional couplers [20].

high channel counts with small pitch. A potential benefit of MMI tree is the uniform phase
delay among the channels due to equal path lengths. The power distribution is also uniform,
which can be an advantage or a drawback. A star coupler is preferred in cases where array
tapering is desirable for reducing the sidelobe level, at the expense of main lobe beamwidth,
as it naturally produces a gaussian amplitude weighting among the channels [13][22].
Additionally, star couplers are broadband and offer a more compact footprint relative to the
MMI tree for the same channel count [23]. A potential shortcoming of star couplers is that
they are not path-length matched and thus produce unequal phase distribution between the
outputs. A possible solution to achieve phase matching at the output is to vary the widths
of the output waveguides. A third alternative would be a cascaded direction coupler scheme
with gradually increasing splitting ratios. The main drawback of directional couplers is their
strong wavelength dependence, which makes them unsuitable for applications requiring
large optical bandwidths (e.g. when wavelength tuning is performed). Moreover, compared

to MMIs directional couplers are more susceptible to fabrication errors.

2.1.3.2 Phase tuning and driving schemes

The phase tuning (or modulation) section is the part of the OPA where the appropriate
phase difference between the channels is applied to create the desired phase profile at the
output of the array to perform beam-steering. There are four factors associated with the

performance of the phase modulation technology in an OPA: 1) modulation bandwidth, ii)
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insertion loss, iil) power consumption and iv) footprint. The modulation bandwidth
determines the scanning speed of the OPA, while the scalability of the system is mainly
related to power consumption, the insertion loss and the footprint of the phase shifter
device. The phase modulation mechanisms can be broadly categorized into four categories:
1) thermo-optic (TO) modulation, ii) free-carrier or plasma dispersion (PD) modulation
based on carrier injection, carrier depletion or carrier accumulation, iii) electro-optic (EO)

modulation based on Pockels effect, and iv) opto-electromechanical (OEM) modulation.

As we briefly discussed in paragraph 2.1.1, each platform offers different possibilities
for phase modulation. The simplest phase shifting technology, shared among all platforms,
is the one based on thermo-optic (TO) tuning. Silicon platform exhibits a TO coefficient of
~1.8 X 10~* K~1 and thermal conductivity 163 W/(m-K) [62], offering a typical TO phase
shifter efficiency of 20 to 30 mW/n. Efforts have been made to reduce the power
consumption and footprint of the thermal phase shifters in SOI. Some notable examples are
the work of Sun et al. from 2014 [8], demonstrating a compact TO phase shifter based on
an S-shaped doped waveguide with 8.5 mW/n efficiency, and the work of Miller ef al. from
2020 [18], presenting a multi-pass structure with 1.7 mW/r efficiency. However, the multi-
pass phase shifter presented significant insertion losses, in the order of a few dB (2-3 dB).
On the other hand, polymer-based photonic integration platforms present more efficient
thermo-optic effect, primarily due to the lower thermal conductivity of polymer materials
relative to silicon (0.1-0.3 W/(m-K)) [62]. One limitation of TO tuning is its restricted
modulation bandwidth. In silicon the bandwidth of TO phase shifters is usually limited to
a few tens of kHz [6], while in silicon nitride and polymer-based platforms, which exhibit
lower thermal conductivity than silicon, the bandwidth is an order of magnitude lower (<1
kHz). An alternative to thermo-optic (TO) tuning in silicon is opto-electromechanical
tuning. MEMS-based phase shifters provide tuning speeds in the range of several hundred
kilohertz to a few megahertz, coupled with relatively low insertion loss. A large
microelectro-mechanical-system (MEMS)-based 2D array, demonstrated by Wang et al.,
comprising 160x160 elements, achieves a response time of a few microseconds [72].
However, these devices often require high driving voltages and still encounter challenges

related to yield and wear over time.

Higher modulation bandwidths can be achieved with the use of EO phase shifters.
Silicon EO phase shifters are based on free-carrier dispersion effect, since electro-optic

effect (Pockels or Kerr effect) is negligible in silicon. In [16], Poulton et al. demonstrated
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Figure 2.3: Phase modulation technologies: (a) 8x8 OPA in SOI utilizing a compact TO phase
shifter design by Sun et al. [8], (b) Multi-pass TO phase shifter in SOI for reduced power
consumption by Miller et al. [18], (c) 1D 512 channel OPA in silicon based on EO tuning by
Poulton et al. [16], (d) 1D OPA thin-film lithium niobate based on EO tuning with bandwidth in
the GHz range by Li et al. [30], (¢) MEMS-based 160x160 OPA in SOI by Wang et al. [72], (f)
InP-based OPA with 32 EO modulators by Tan et al. [38].

a 512-channel silicon OPA with EO phase shifters, achieving a time constant of 10 ns
(equivalent to a bandwidth of several MHz) and power consumption on the order of a few
uW/r. A drawback of plasma dispersion modulators (PDMs) is that the change in refractive
index is accompanied by a detrimental change in intensity due to the absorption via free
carriers, resulting in a residual amplitude modulation (RAM). To address this challenge,
hybrid integration of III-V materials in the silicon platform has been proposed to realize
more efficient EO phase modulation. With this approach Xie et al. demonstrated a 32-
channel OPA based on III-V/Si heterogeneous phase shifters with low RAM (< 0.2 dB),
full-wavelength phase shift voltage (V) of less than 1.5 V and bandwidth in the GHz

range [23]. Tan et al. utilized the electro-optic effect in InP platform to realize a 32-channel
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OPA with total power consumption of less than 7.5 mW [38]. The p-i-n phase shifters were
operated in reverse biasing to achieve power consumption of 0.1 mW/x. Hirano et al.
utilized EO modulation in a polymer-based OPA to achieve a scanning speed of 2 MHz
and power consumption of less than 1 mW [72]. On the other hand, Pockels modulators in
the LNOI platform can provide bandwidth in the order of several GHz. For example, in
[30], Li et al. demonstrated a 1D thin-film lithium niobate (TFLN) OPA based on EO
modulators with 2.5 GHz bandwidth. However, the scalability of OPAs in LNOI is
constrained by the large half-wave voltage-length product (6-7 V-cm), which necessitates
modulator lengths of approximately 1 cm. Apart from their fast response time, another
advantage of EO phase shifters is their ability to be placed in proximity without impacting
adjacent channels. In contrast, TO phase shifters require wider spacing to mitigate thermal
crosstalk and often necessitate fan-in and fan-out sections before and after the phase tuning
section, as the pitch of the phase modulators is larger than that of the waveguides in the
emitting section. By utilizing EO phase shifters in silicon, Poulton et al. demonstrated an
OPA in which the modulators were arranged with an inline pitch of just 1 um [21],

effectively eliminating the need for fan-in and fan-out sections.

Another important aspect of OPAs is their control signals and the necessary driving
channels. In its simplest form, each channel of an OPA is independently controlled by a
phase shifter, which, in turn, is controlled by a dedicated DAC channel. Several
architectures have been proposed to simplify the driving of OPAs. In 2009, Acoleyen et al.
proposed the use of proportional heaters to apply different phase shift between the channels
with the same control signal [1], a concept that has also been investigated in subsequent
works [74][75]. In this way, a single DAC channel is sufficient to perform beam scanning
in one dimension in a continuous manner. A limitation of this approach is that phase errors
due to fabrication cannot be eliminated since there is no independent channel control.
However, as the number of elements increases the effect of the phase errors becomes less
significant [19]. A different approach to achieve continuous beam scanning has been
proposed in 2014 by Yaacobi et al., which places the optical phase shifters in a cascaded
splitting architecture, while additional phase shifters are used to compensate for the
fabrication-induced phase errors [6]. In 2018 Chung et a/ extended this concept to present
a scalable architecture for the formation of 2D arrays with a reduced number of DAC
channels [20]. Cascaded driving to reduce the number of control signals, and consequently,

the required DAC channels can also be applied in a tree architecture, as demonstrated in
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Figure 2.4: Driving architectures that have been proposed to reduce the number of control signals:
(a) Proportional heaters by Wang et al. [75], (b) Cascaded tree architecture by Zhu et al. [76], (c)
Mode interference method by Ashtiani and Aflatouni [80], and (d) column-row addressing with
PWM drive by Ribeiro et al. [79].

[76]-[78]. Another method for reducing the number of control signals is to arrange the
phase shifters in an array and employ column-row addressing [14][22][79]. However, this
method requires more complicated PWM driving signals. Ashtiani et al. have proposed an
entirely different approach, based on mode interference within a larger interference array
circuit, to control an N X N array with 2N control signals. The operational principle is
analogous to the Blass matrix architecture commonly employed in microwave photonics
[81]. A drawback of this method is its susceptibility to fabrication-induced phase errors.
Minimizing the complexity and power consumption of driving and control electronics is
essential for compact OPA systems. Under this context, Kjellman et al. have investigated
the impact of DAC resolution on OPA performance [82], while Chung ef al. have proposed

optimized phase assignment strategies to reduce power consumption|[20].

2.1.3.3 Emitting aperture

The radiation characteristics of an OPA are primarily determined by the type of emitters
and their spatial arrangement. Based on their aperture type, OPAs can be broadly classified
into three categories: 1) Edge-emitting OPAs, also known as end-fire OPAs, 1i) Nano-
antenna array OPAs, which utilize compact grating antennas to form 2D planar arrays, and

1i1) waveguide grating OPAs. The key performance metrics associated with the aperture
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include a wide field of view (FOV), ideally spanning up to 180°, a narrow beamwidth
corresponding to high directivity, and effective suppression of unwanted lobes in the
radiation pattern. Achieving a FOV of 180° requires an emitter pitch of half-wavelength.
For OPAs operating around 1.55 pum, this corresponds to submicron emitter pitch, which
introduces significant design challenges. An alternative approach to achieving a wide FOV
is to arrange the emitters in a non-uniform way, creating what is known as a sparse
aperiodic array [83]. Beamwidth is directly influenced by the size of the emitting aperture,

which is related to the total number of channels in the array.

The end-fire configuration represents the simplest design for an emitter array
[24][46][84]-[88]. In this setup, waveguides are routed to the edge of the chip, where light
is outcoupled in-plane into free space. A notable advantage of this approach is that light
emission is not reliant on diffraction, enabling high efficiency across a broad spectrum.
Additionally, the radiation profile is a uniform Gaussian beam, as it is directly determined
by the waveguided mode. The widest FOV with an end-fire OPA was achieved in 2018 by
Phare et al. [24], attaining a theoretical FOV of 180° by placing the emitters with a half-
wavelength pitch (775 nm). This was made possible by introducing a variation in the
waveguide width to achieve mode mismatching and thus suppress optical crosstalk between
adjacent waveguides [89]. However, the practical FOV was limited to 120° due to the
element factor. Half-wavelength pitch has also been demonstrated by Kossey et al. [85] but
the FOV was limited to 64° by the element factor. The dependence of the FOV on the
element factor is presented in detail in paragraph 2.2, where we introduce the basic theory
of antenna arrays. Optimizing the FOV in end-fire OPAs has also been investigated by
employing aperiodic arrangement of the emitters, in the silicon [84], silicon nitride [46],
and InP platform [38]. The largest 1D end-fire arrays, have been demonstrated by Komatsu
et al. in InP [36], and Kohno ef al. in SOI [86], comprising 100 and 128 channels
respectively. However, a significant limitation of the end-fire configuration is the difficulty
in forming 2D planar arrays. Since most photonic integrated circuits (PICs) consist of a
single waveguide layer, edge-emitting OPAs are typically constrained to 1xN arrays,
resulting in a strip-like radiation pattern. Consequently, they function primarily as line

beam scanners and beam steering is limited only to a single plane.

Formation of 2D planar arrays is possible by using nano-antenna elements which are
based on diffraction gratings to emit light vertically to the chip plane. In this way 2D arrays

can be formed within a single waveguide layer. The concept was first introduced in 2010
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Figure 2.5: OPA aperture configurations: (a) nano-antenna array based on grating emitters, (b)

end-fire array based on edge-emitting waveguides, (c) long waveguide gratings aperture, and (d)

emission is based in a slab grating region, shared among all channels.
by Acoleyen ef al., by presenting a 4x4 array in silicon, but without the possibility for active
phase tuning. In 2014, Sun ef al. demonstrated a passive 64x64 array that could form the
‘MIT’ logo by inscribing suitable phase difference between the channels (phase control
from the fabrication). In the same year Sun ef al. also presented an 8§x8 array that could be
actively tuned to accomplish 2D beam steering within a 10° FOV. The following years 8x8
nano-antenna arrays have been demonstrated also by Abediasl and Hashemi [9], Ashtiani
and Aflatouni [80], and Zhang et al. [90], although with a narrower FOV. To achieve wide
FOV the emitters must be placed closely together, which presents a significant challenge
in 2D nano-antenna arrays due to the size of the antenna element and the real estate needed
for the optical routing. The larger FOV demonstrated with a 2D OPA to date is 16°<16° by
Fatemi et al. [14], where the positions of the 128 elements were optimized in a non-uniform
arrangement. Similarly, Fukui et al. [91] demonstrated a non-uniform 2D OPA utilizing a

Costas array, achieving approximately 19000 resolvable points within a 5.9°x5.9° FOV.

The third type of emitter is the waveguide grating. The OPA circuit closely resembles
that of the edge-emitting OPA, with a key distinction: instead of terminating the
waveguides at the edge of the chip, waveguide gratings are used to emit light perpendicular
to the chip’s surface, as show in Figure 2.5(c). Two-dimensional beam steering is
accomplished by tuning the laser source's wavelength, exploiting the wavelength

dependence of the diffraction grating structures. By using wavelength tuning for scanning
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in one direction, the control complexity of OPAs is significantly reduced. For example,
achieving 2D beam steering in N X N nano-antenna arrays require N2 phase tuning
elements. In contrast, waveguide grating OPAs reduce this requirement to just N phase
tuning elements, resulting in a linear scaling with the size of the array. Because of this
advantage, the waveguide grating configuration has been extensively studied, leading to
the demonstration of OPAs with hundreds and thousands of elements. In 2016 Hutchison
et al. demonstrated a 128-channel OPA with an 80° FOV in the OPA axis using a non-
uniform aperture and 17° in the other axis via 100 nm wavelength tuning around 1310 nm
[13]. In 2020, Millet et al. achieved a FOV of 6°x70° with a uniform OPA of 512 waveguide
gratings placed with 1.3 pm pitch [18]. That same year, Poulton et al. showcased an 8196-
channel uniform array with 1 um element pitch, achieving 100° FOV in the OPA axis and
17° via 120 nm wavelength tuning (0.14°/nm) [21]. To manage the large number of tuning
elements, CMOS DACs were directly flipped onto the PIC. The largest FOV with a
waveguide grating OPA to date was demonstrated by Li et al. in 2021, achieving a
19.2°x140° FOV [92]. This was accomplished by employing non-uniform element pitch
with an average distance of ~19A and wavelength tuning across 280 nm. A slightly different
approach to achieve a wide FOV, is the use of a slab grating region [93]. Instead of
patterning individual waveguide gratings, all waveguides share a common grating region,
as shown in Figure 2.5(d). Wang el al. used this approach to place 32 waveguides with 1
pum pitch, connected to a Si slab grating, and achieve a 96° FOV in the OPA axis [75]. Liu
and Hu used a similar approach, but they were able to achieve half-wavelength spacing by
employing phase mismatching between adjacent waveguides before entering the slab
region. Their 64-channel array could achieve in theory 180 ® FOV [94]. One year later they
extended their design to 1000 channels, demonstrating a FOV 10.8°%140° by combining
wavelength tuning [22]. One limitation of waveguide gratings is their reduced emitting
efficiency, as they generate both upward and downward beams due to diffraction, with the
downward beam leaking into the silicon substrate. However, various methods have been
proposed to enhance the efficiency of these structures by either minimizing the leakage
beam or redirecting it toward the desired direction [95]. Another drawback of diffraction
gratings is their wavelength dependency, which can limit performance in systems requiring
broad-spectrum emission, such as FMCW LiDAR. This dependency may compromise the

system's resolution, affecting overall accuracy.
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2.1.4 3D integration for 2D end-fire OPAs

2.1.4.1 Previous works

Forming 2D end-fire OPAs is challenging as it requires the fabrication of multiple
waveguiding layers. The concept of using 3D photonic integration to create end-fire arrays
was introduced by Hosseini ef al. in 2009 [96]. This was a collaborative effort, aiming to
explore fabrication techniques for multi-layer PICs, between research groups at the
University of Texas and Stanford University, working on sequential transfer printing of
silicon nanomembranes to realize multi-layer stacks [97]. The study highlighted the key
challenge of achieving precise alignment accuracy across layers, identifying alignment
tolerance of less than 10 nm as critical for high-performance devices, when using a silicon
waveguide with 500 nm width and 230 nm thickness. They assert that their proposed
fabrication scheme offers advantages in achieving this level of accuracy. However, their
demonstration is limited to a single-layer 1x12 OPA with unequally spaced edge-emitting
waveguides [84]. An alternative approach for the realization of 3D circuits is the use of
ultra-fast laser inscription (ULI). This method was proposed by Gross and Withford in 2015
[52], and one year later by Yoo et al. [50], to form 2D end-fire OPAs by engraving
waveguide patterns in glass. Guan et al. used this method to fabricate a 4x4 aperture in
silica, which was integrated with a silica planar light-wave circuit (PLC) that incorporated
thermal phase shifters to provide active phase control of the 16 channels of the array [51].
With this technique, a femtosecond laser beam is locally focused to introduce a permanent
refractive index increase in the glass. As the beam travels through the material a higher-
index path is formed, which acts as a waveguide. One drawback of this technique is the low
index contrast, which results in weak mode confinement. To ensure a 20 dB separation
between adjacent waveguides in [51], the center-to-center waveguide spacing at the
emitting edge was set to 18 um, limiting the FOV to 4.9°x4.9° due to the formation of
grating lobes. A similar structure of 16x16 has been also fabricated by the same group,
leveraging on the flexibility offered by this method, without, however, demonstrating
active phase control [50]. A more recent work on the fabrication of 3D PICs for OPA
devices is the one from Wu et al. [98]-[100], where he proposes a method based on the

deposition of multiple silicon nitride (SiN) layers between silicon oxide (Si02) cladding.
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To address the challenges of precision alignment and accurate spacing control between
layers, commonly encountered in the fabrication of 3D PICs, a fabrication process
involving a single lithographic step was proposed. However, this method is only applicable
for OPA designs that share the same pattern between different layers and poses a limit to
the flexibility of the specific approach. Using this technique the fabrication and
experimental testing of a 4-layer OPA was demonstrated, comprising 16 channels per layer.
The thickness of the SiN core and silicon oxide cladding layers was 800 nm and 500 nm,
respectively, resulting in a vertical pitch of 1.3 um between waveguides in different layers.
The thickness of the silicon oxide cladding layer was not sufficient to eliminate crosstalk
between waveguides of different layers and ensure independent phase control between the
channels, further restricting the design flexibility. In addition, the lateral pitch between the
waveguides at the emitting edge was set to 8 um to guarantee the etching depth. This
indicates a trade-off between the number of layers that can be etched in a single step, to

maintain vertical alignment, and the minimum spacing between waveguides within the
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Figure 2.6: Works on 3D PICs for the realization of 2D end-fire OPAs: (a) Fabrication technique
proposed by Hosseini ef al. for the flexible manufacturing of 3D PICs. Fabrication steps include
transfer printing of Si nanomembranes, electron beam lithography for waveguide definition, and
reactive ion etching (RIE) [97]. (b) 4x4 hybrid OPA based on ultra-fast laser inscription (ULI) in
silica by Guan et al. [51] (¢) Illustration of a dispersive passive 8x16 OPA based on multi-layer
SiN/SiO2 structure by Wu et al. [99]. The authors proposed a self-aligning fabrication technique
with a single etching step [100]. The actual fabricated device was a 4x16 OPA.
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same layer. Furthermore, beam-steering is achieved by introducing a path difference
between channels and employing wavelength tuning, so no active phase control was

demonstrated in the specific work.

Recently, polymer-based OPAs have attracted attention from research groups at
Kwangwoon University and Pusan National University in South Korea, primarily due to
their high optical power handling capability, the efficient thermo-optic phase shifters, and
their flexible fabrication techniques [101]-[104]. In [102], Kim ef al. combined a 32-
channel 1D OPA with a tunable laser source and a Bragg-grating to demonstrate 2D beam
scanning across a 3.9°x8.9° FOV. Leveraging on the high-thermal confinement of polymer
platform, thermo-optic phase shifters exhibited a 2 mW/x tuning efficiency. In later works,
polymer waveguides were integrated with silicon nitride waveguides to improve the
radiation characteristics of the OPA [103]. The aperture of the OPA, as well as the power
distribution network, were transferred to the SiN platform, while the phase modulation part
remained in the polymer. Moreover, control of the elementary emitter radiation pattern was
demonstrated by introducing tapered waveguides in the emitting edge of the SiN section,
and a complete scanning system comprising a 64-channel 1D hybrid OPA packaged with
optics was presented [104]. Although discussing the fabrication flexibility offered by
polymer-based photonic integration, none of the above works in polymer focuses on the

fabrication of multi-layer PICs for the realization of 2D OPAs.

2.1.4.2 Our concept

To the best of our knowledge, the present work is the first to present 3D polymer OPAs
for 2D beam steering. Our concept utilizes PolyBoard, the polymer-based platform of
Fraunhofer Heinrich-Hertz Institute (HHI), to form multiple waveguiding layers, based on
the repetition of the conventional fabrication steps. These steps utilize two polymer resins,
the core and the cladding resin, and involve: 1) spin-coating of the cladding resin on a silicon
(S1) substrate, i1) spin-coating of the waveguide resin, iii) structuring of the waveguiding
layer using ultra-violet (UV) lithography and reactive ion etching (RIE), and iv) spin-
coating of the cladding resin to form the top cladding layer. This process is repeated several
times with different masks for each waveguiding layer, resulting in polymer-based PICs
with multiple, and completely independent, waveguiding layers. An illustration of the
fabrication steps is depicted in Figure 2.1. The light is transferred between the different
waveguiding layers using vertical MMI structures, that have been developed in the

PolyBoard platform [54]-[57], while power splitting in the same layer is facilitated by
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conventional single-layer MMIs. Figure 2.7 depicts an envisioned passive 4x4 OPA based
on 1x8 lateral MMIs and 1x1 vertical MMIs to distribute the optical power among the
channels. For active tuning, phase heaters can be integrated either on the top layer, above
the top cladding, or between waveguiding layers by incorporating additional metallization
layers into the stack. However, the latter approach is not explored in this work. In all
fabricated PICs, the heating electrodes are positioned above the top cladding. A drawback
of this configuration is that the phase-shift efficiency reduces for lower waveguiding layers,
as more power is required to transfer the same amount of heat to waveguides buried deeper
in the structure. A third approach is to implement the power distribution network and phase
tuning section in the top layer, with the light subsequently distributed to the other layers
via vertical MMIs. Finally, in the last part of the circuit, the waveguides are brought closer

together to form the emitting aperture of the OPA.

Figure 2.7: Concept of 2D OPAs based on PolyBoard platform with multiple waveguiding layers
and vertical MMI couplers for light coupling between adjacent layers. End-fire single-mode
waveguides serve as optical antenna elements at the end-facet of the PolyBoard PIC (cladding
material omitted for illustration purposes). A 4 x 4 OPA is shown as example. Inset: Close view
of a vertical MMI coupler followed by a lateral one.

2.1.5 Work outline

Four different types of PICs were realized within this work. First, uniform single-layer
1x4 OPAs and double-layer 2x4 OPAs with active phase tuning are presented, and beam-
steering in one and two dimensions is demonstrated accordingly. These initial
implementations served as a reference for validating our modeling, presented in paragraph
2.3.1, and identifying the limitations of uniform OPAs in PolyBoard. Additionally, they
facilitated the development of our characterization setup, including the lens system for far-

field imaging, software for data acquisition, image processing, as well as algorithms, for
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precise control of the OPAs. Subsequently, linear non-uniform OPAs are theoretically
investigated to enhance the field-of-view and reduce the channel count compared to
uniform arrays. Single-layer non-uniform 1x16 OPAs were fabricated and experimentally
evaluated. This technique can be easily extended to multi-layer structures, along with its
benefits. In addition, algorithms were developed to facilitate the calibration and control of
these PICs. Finally, a passive multi-layer 4x8 OPA was fabricated as a stand-alone PIC.
An additional single-layer PIC with a 1-to-32 splitting tree and 32 thermal phase-shifters
was fabricated to enable active phase tuning of the passive 4x8 OPA through edge-
coupling. Assembly and packaging of the two PICs was not completed, and experimental
results remain unavailable to date. However, the possibility of 3D photonic integration in
PolyBoard is demonstrated and our conclusions remain valid. This work serves as a proof
of concept for 2D end-fire polymer-based OPAs. We discuss the current limitations and
propose a 4-layer non-uniform OPA, which we believe represents the best achievable
design given the current fabrication capabilities. As technology advances, realizing an 8§x8
OPA could become feasible, and we believe that the present work represents a significant
step in moving this concept from possibility to reality. We finally note that the OPAs in the

present work are operated only as emitters, and no signal reception is demonstrated.

Objectives

1. Develop a modelling framework for far-field radiation patterns, integrating

electromagnetic (EM) simulation with MATLAB-based tools.
2. Demonstrate 2D optical beam-steering using multi-layer PolyBoard OPAs.

3. Develop a far/near-field characterization setup (including control software,

GUI, image processing techniques, etc.)
4. Develop an optimization platform for the design of non-uniform OPAs.

5. Develop OPA calibration techniques.
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2.2Theoretical aspects

The phased array concept was originally introduced by the physicist Ferdinand Braun
at the beginning of the 20th century, and it has been extensively utilized in radar systems
ever since. The basic theory can be found in any standard microwave radar book [105]. In
this paragraph we present a brief overview of the main concepts, with an emphasis on the
optical domain, and we introduce the tools for the analysis of optical phased arrays (OPAs).
According to the pattern multiplication principle, the total far field radiation of an antenna
array is equal to the product of the field of the elementary emitter, and the array factor,
under the assumption that the elements that compose the array are identical emitters

Total pattern = [Element pattern] - [Array Factor]. 2.1
Therefore, the analysis of the array can be decomposed to the modelling of the single
emitter and the array factor (AF). Moreover, the conclusions drawn from the analysis of
the array factor are, to some extent, applicable regardless of the type of emitter used in the
array. In this paragraph we focus on the concepts and trade-offs that are associated with the
array factor, which is a function of the number of elements, their geometrical arrangement
(linear, rectangular, circular, etc.), their spacing, their relative excitation magnitude and
phase. The modelling of the radiation pattern of the elementary emitter is presented in the

modelling section of the next paragraph.

2.2.1 Array factor

The total electric field of an N-element array at an observation point P in the far-field

at (6, @) direction, is the superposition of the waves produced by each individual emitter

E(0,9) =£(0,9) ;e ™1 4+ .+ £(0, ) - aye Ik

N
- Z £(6,¢) - ae™/*"i
i=1 (2.2)

N
=1(6,¢) Z ae ki
i=1

, where f(0, @) is the element pattern, a; the complex weight coefficient applied to each

emitter, and r,, the spatial vectors. We define “array factor” (AF) the summation term

N
AF = Z ek, 2.3)
i=1
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To find the radiation intensity U(8, ¢) we use the absolute square of the array factor

u(e, (P) = Uelement(gf (P) - |AF (6, (P)lz (2.4)

and
Uelement(6: (P) = f(e, (P) ' f*(e, (,0) (2~5)

2.2.2 Directivity, Beamwidth and Effective Aperture

The directivity D of an antenna is the ratio of the radiation intensity U(6, ¢) in a given
direction, i.e., the radiated power per unit solid angle at this direction, over the radiation
intensity averaged over all directions. If the direction is not specified, the direction of
maximum directivity D,,,, is implied. The average radiation intensity is equal to the total
power P,,4 radiated by the antenna divided by 47, which is the radiation intensity of an

isotropic source, denoted here as U,. Hence,

Umax Umax

Dimax = = 4m 2.6
max UO Prad ( )
2w m
Proa = # UudQ = f f U(B,¢)sin6 dode (2.7)
Q 0 0

where d() = sin 8 d@d¢. By defining the beam solid (1, angle as

2w m

1
U(B, ) sinb dode (2.8)
/|

QA:

Um ax

directivity can be rewritten as

(2.9)

A usual approximation is {4 = 6,60,,, where 6, and 6,, is the half-power beamwidth (full-
angle in radians) in two perpendicular planes. The approximation is more accurate for
radiation patterns that present a narrow major lobe and very negligible minor lobes, which
is usually the case in phased arrays. The (maximum) effective aperture of an antenna is

related to its (maximum) directivity by

12

Agpr = Epmax (2.10)

Therefore,
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a1
0u8y = 7 @.11)

The last relationship shows that the beamwidth is directly proportional to the emitting

aperture, describing the design principle that narrower beams require larger apertures.

2.2.3 Linear array

The array factor of a linear N-element array with uniform spacing d between the elements,
uniform excitation amplitude || (equal to unity), and progressive phase excitation between

the elements A¢p = ¢, is given by the expression

N-1 N-1
AF = z|a| . pin(kdsin+¢q) — z einé (2.12)
n=0 n=0

where § = kd sin 8 + ¢, and k is the wave number. Assuming the reference point at the

physical center of the array, the normalized array factor can be simplified as

AF = = M 2.13)
o)

According to L’Hopital’s rule the maxima occur when both the denominator and numerator

of equation (2.13) are zeros
—=4tmn (2.14)
Solving for 6 in the case of no steering (¢, = 0) yields

A
0,, = sin™! (img), m=0,1,2, ... (2.15)

where m is used as maxima indicator. The first maximum occurs at 8, = 0, and is
referred to as the main lobe. All the other maxima occurring at m > 1 are called grating
lobes (or ghost lobes). In beam steering grating lobes are highly undesirable as they limit
the steering range. The beam can be unambiguously steered within the angular range
between the main lobe to the first grating lobe, referred to as field of view (FOV). To steer
the beam to a specific direction 6, the same phase difference ¢, should be applied between

the successive elements of a uniform array, equal to

b, = kdsin 6, (2.16)
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v

dsiny

Figure 2.8: Linear array of equally space elements.

where k is the wavenumber and d the distance between the elements. Therefore, the total
applied phase shift to the N-th element equals to (N — 1)¢,. When beam steering is

considered (¢, = kdsin 6,) the grating lobes occur at
: . A
|sin @ — sin 0y| = inE, n=012,.. (2.17)

where 6, is the beam target angle. Thus, the emitter spacing should be d < 1/2 to prevent
grating lobes from occurring between +90°. This is a practical challenge for OPAs that
operate in the NIR region (4 =1.55 um), as 1/2 emitter pitch is prohibited due to cross-
coupling between adjacent channels. There are different approaches to address this
challenge that we discuss in the next paragraph.
For a symmetrical pattern, the half-power beamwidth 65,5 (full-angle) is given as
O3ap = 2|6y — O (2.18)
where 6,, is the first maximum and 6, is the half-power point. To determine 6; equation
(2.13) is approximated by sinc(N¢&/2) = sin(N&/2)/(NE/2) for small values of 8. Thus,
by solving |sinc(N&/2)|? = 1/2, we find that the 3 dB point of the array factor occurs at

N%z = +1.391 (2.19)

Solving for 8, yields

2 X 1.391)] (2.20)

1
— i1l _
On = sin [kd( $at—

and by subtituting ¢, = kdsin 8, and k = 2 /A



2.2-Theoretical aspects 106

A
0y, = sin™1 (— sin @, + 0.443 Z) (2.21)

where L = Nd the length of the linear aperture. For large values of L and 6, = 0 (no beam

steering) the half-power beamwidth is
A
0345 = 20, = 0'886Z (2.22)

The above expression is valid when the array is uniformly illuminated. However, if tapering

is applied, it is modified by a factor that accounts for beam broadening.

In the case of beam scanning, the half-power beamwidth is described by

A A
0348 (scanning) = sin™! (sin 0, + 0.443 Z) —sin™?! (sin 0, — 0.443 Z) (2.23)
For a large array, the beamwidth computed from the above expression increases

approximately as 1/cos 8, and thus it can be approximated as

0345

0348 (scanning) = oS 9_0 (2.24)

Figure 2.8 shows the array factor of a uniform linear array for ¢p, = + /2 with emitter
pitch of d = 2, 6 and 10 um and operating wavelength A = 1.55 um, as well as the
corresponding applied phase shift to each element of the array. Higher order lobes (grating
lobes) are formed in all the cases, although in the case of d= 2 um, there are not visible
within the FOV of +20 degrees. In the cases of d = 6 um and d = 10 pum, the higher order
grating lobes fall within the presented FOV. The following points can be noted:

e The far-field intensity lobes can be directed at different angles by adjusting the

phase configuration. This is the basic concept of beam steering with phased arrays.

e QGrating lobes are formed when d > A/2. As the distance between the emitters

increases the grating lobes move closer to the main lobe, reducing the FOV.

e The lobes become narrower as the element spacing increases. This is because the

total emitting aperture of the array becomes larger.

e Low intensity sidelobes are formed around the main lobe. This is due to the discrete

nature of the array, which forms a wavefront with discretized phase gradient [106].

e The total radiation intensity is the outcome of the multiplication of the array factor

with the pattern of the elementary emitter.
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When beam steering is applied the phase difference ¢, takes values in the range
[—m, m]. From (2.17) follows that for ¢, = +m, the 1% order grating lobe appears at the
angle of the main lobe’s direction with the opposite sign, i.e., the main lobe and the 1%
grating lobe are symmetrical around 0. Thus, steering beyond ¢, = +m will push the 1%
grating lobe into the steering range of the main lobe and will make beam steering

Beam steering (d =2 um) Phase coefficients - Linear array
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Figure 2.9: Beam steering in a linear 16-channel array with element pitch d =2 um, 6 um and 10
um, operating wavelength 1.55 pum, and progressive phase excitation between the elements A¢p =
¢q- (Left) Array factor for ¢, = 0 and ¢, = + /2. (Top Right) Phase applied to each element
of the array. The phase shift applied to the 16th element equals to 157/2. (Middle and Bottom
Right) An example radiation pattern as formed after the multiplication of the array factor with the
element pattern. The element pattern is shown with dotted line.
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Figure 2.10: The phase difference A (= ¢,) between the elements takes values within [—7, 7]
to achieve beam steering within the ambiguous-free FOV. The radiation pattern of a linear 16-
channel array is shown when ¢, = m, for element pitch (Left) d = 6 um and (Right) d = 10 um.
The main lobe and the first order grating lobe are formed symmetrically around 0°. Operating
wavelength is 1.55 pm wavelength.

unambiguous. Figure 2.10 shows an example radiation pattern where ¢, = . Finally,
except from the grating lobes also sidelobes are present in the radiation pattern, where the
theoretical sidelobe suppression ration (SLSR) between the main lobe and the first sidelobe

is 13.26 dB [108].

2.2.4 Rectangular array

The array factor is essentially the far field of the array when each antenna is considered
as an ideal point source. The concept of the linear array in the x-axis of Figure 2.8 can be
extended to a rectangular M X N array in the x-y plane. The array factor in this 2-D case is

-1M-
AF = z z a _ejk(mdx sin 6 cos ¢ +ndy sin 8 sin ) (2 25)
mn .

n=0 m=0
where @, = |ample/®m is a complex number which defines the emission amplitude
|tmn| and the emission phase ¢,,, of the antenna. The above expression can be

decomposed into the components

M-1

Sx(e, QD) — Z amejmkdx sin @ cos ¢ (2.26)
m=0
N-1

Sy(e, (P) — anejnkdy sin @ sin ¢ (2‘27)
n=0

so that the total array factor is given as the product
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far field
point

Figure 2.11: Linear array of equally space elements.

AF = 5,5, (2.28)

The last equation indicates that the pattern of a rectangular array is the product of the array
factor of the arrays in the x- and y- directions when assuming a uniform element grid. When

dealing with 2D arrays it is common to use the u-v coordinates, where

u =sinf cos @ (2.29)
v = sin @ sin ¢ (2.30)

and
@ =tan"1(u/v) (2.31)

0 = sin"tyu? + v? (2.32)

where the visible region is defined by Vu? + v? < 1. Using u-v coordinates the array factor

in the more general case is written as

N M
AF = z z A, * ejk(xmu+YnU) (233)

where (x,,,, ¥,) the position of the elements in the x-y plane. Figure 2.12 presents beam-
steering with a rectangular 8x8 array, using a MATLAB implementation of the above
equation. The lateral and vertical element pitch is set to 6 um, which, as a result, creates
grating lobes at ~15° angular distance from the main lobe. The grating lobes become more
evident as the main lobe is directed to (0,5°), (5°,0) and (5°, 5°) in azimuth and elevation

planes.
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Figure 2.12: Four beam-steering scenarios with a rectangular 8x8 array operating at 1550 nm
wavelength. The vertical and lateral pitch of the elements is set to 6 um.
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2.2.5 Aperture design fundamentals

Three key specifications are associated with the aperture of an OPA: (i) the beamwidth
angle, (i) the field-of-view (FOV), also referred to as the steering or scanning range, and
(ii1) the number of resolvable spots, defined as the ratio of the FOV to the beamwidth.
Instead of beamwidth, sometimes the spot size at a certain distance is specified. Depending
on the range requirement of the application the beam diameter or beamwidth is calculated,
and the size of the aperture is determined. Next, based on the required FOV, the pitch
between the elements is determined. The FOV is essentially the separation between the
main lobe and the first grating lobe, as we discussed in 2.2.3. Ideally the elements are placed
as close as possible to maximize the FOV. The required number of channels is calculated
by dividing the aperture size with the pitch. Alternatively, if an aperiodic arrangement of
the elements is used, the size of the aperture is divided by the average element pitch. As an
example, Table 5, presents the calculated beamwidth and aperture size corresponding to a
beam diameter of 10 cm at a specific distance D, ranging from 10 m to 100 m. To achieve
20 m, a beamwidth of 0.286° is required, which necessitates an aperture of approximately
177X, or 274 um at 1.55 pum wavelength, as calculated using equation (2.23). Assuming a
uniform emitter pitch of 6 pm, a total of 46 channels would be required. Figure 2.13
illustrates the relationship between beamwidth and aperture size based on equation (2.23),
as well as the FOV relative to the emitter pitch according to equation (2.17), for 1.55 um
wavelength. Figure 2.15 shows the direct relationship between beamwidth and element
pitch in a uniform array. It also depicts the number of resolvable spots relative to the emitter
pitch. The figure reveals that increasing the emitter pitch does not increase the number of

resolvable spots, as both the beamwidth and the FOV decrease at the same rate.

Distance Beamwidth Beamwidth Aperture size
[m] (Half angle) (Full angle) (uniform)
[mrad](°) [mrad](°) [A] (um) *
10 5.0 (0.286°) 10 (0.573°) 88 (136 um)
20 2.5(0.143°) 5.0 (0.286°) 177 (274 pum)
50 1.0 (0.057°) 2.0 (0.115° 441 (684 um)
100 0.5 (0.0286°) 1.0 (0.0573°) 886 (1373 pum)
*A=1.55pum

Table 5: Calculated aperture to achieve a beam diameter of 10 cm at distance D.



2.2-Theoretical aspects

FWHM (deg)
c o o
N w E-

I
-

Beam width

200 400 600

Aperture size (\)

800 1000

Grating lobe - free range (deg)

=~
o

30

[
o

—
o

112

_FOV (A =1.55 um) _

6 =0 |
6 =20°

Emitter pitch (um)

4 6 8 10

Figure 2.13: The two basic figures associated with the far-field characteristics of an OPA,
described by the array factor: beamwidth and field-of-view (FOV). (Left) The beamwidth is
determined by the size of the emitting aperture. (Right) The grating-lobe-free scanning range
(FOV) is determined by the element pitch.

2 Beam width
0 20° (N=8)
—E—0° B 20° (N=16)
1.5+ —6—0° B 20° (N=32) | |
18

FWHM (deg)

0.58 ...

Emitter pitch (um)

Resolvable spots (#)

60

50 ¢

10¢;

Resolvable spots

L. E
——0° B

20° (N=8)
20° (N=16) | |
20° (N=32)

Emitter pitch (um)

Figure 2.14: Calculated beamwidth and number of resolvable spots (i.e. field-of-view divided by
beam width) relative to the emitter pitch, for unform linear arrays with N elements.

wos »N

Aperture design steps

Define beamwidth based on range specification
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Define element pitch based on FOV specification

Calculate the number of channels based on the aperture size and element pitch

Find the resolvable spots based on the beamwidth and the FOV




113 Polymer-based Optical Phased Arrays

2.3Uniform OPAs

2.3.1 Modelling

2.3.1.1 Radiation pattern of the elementary emitter

Under the assumption that all emitters have the same radiation characteristics, the
modelling of an OPA starts from the modelling of the elementary emitter. In our case the
light is outcoupled to free space by the edge of the standard waveguide structure of the
PolyBoard platform. The following specifications need to be determined regarding the
elementary emitter: (i) the outcoupling power efficiency, (ii) the supported modes’
polarization, and (iii) the divergence of the outcoupled beam. The first of the above is
known; the power of the waveguided mode is emitted in-plane, i.e. along the principal axis
of the waveguide. Because the beam is end-fired to the air, the backward emitting is highly
suppressed. This is not always the case. For example, in the case of diffraction gratings,
used as optical emitters, the optical power is outcoupled in both top and bottom out-of-
plane directions, i.e. perpendicular to the grating structure. In the absence of any selectivity,
only half the power is outcoupled towards the useful (top) direction and more elaborate
structures are needed to redirect the bottom emitted power towards the top, to improve
optical power efficiency. For the remaining two parameters (polarization dependency and
beam divergence) we need to study the modes which are supported by the PolyBoard
waveguide, and the corresponding free space emission pattern. To do so we use RSoft’s

photonic device simulation tools and MATLAB.

The geometry of the PolyBoard waveguide is shown in Figure 2.15. The cross-section
is a square with a side of 3.2 um and the refractive index of the core and the cladding is
1.48 and 1.45 respectively. This geometry provides single mode operation at 1550 nm with
equally supported TE and TM components due to its symmetry. We calculate the supported
modes using the finite element method (FEM) mode solver of RSoft Synopsys (FemSIM).
A mode is guided when its effective index is bounded by the refractive indices of the core
and the cladding [107]:

Netad < Neff < Neore (2.34)

The above criterion is only satisfied by the fundamental mode, having an effective index

of ngrr = 1.4637. All the higher modes have an effective index lower than the refractive

index of the cladding and thus are not guided. The fundamental mode is hybrid TE and TM,
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Figure 2.15: PolyBoard single mode waveguide.

as both E,; and E,, components of the electric field are equally present, and the same is true
for the components of the magnetic field (we assume propagation on the z-axis). We then
excite the waveguide with the calculated fundamental mode, and we record the amplitude
and phase of the field after some propagation distance L, at the end-facet of the waveguide.
Apart from power attenuation no other effects are observed on the propagating mode. For
the calculation we employ the beam propagation method (BPM) using RSoft’s BeamPROP
tool. The field recorded by the monitor is then used to derive the radiation pattern of the

waveguide as described next.

To calculate the far-field radiation of the edge-emitting waveguide we borrow a method
from microwave antennas, which is based on the Field Equivalence Principle [108]. This
method makes use of the idea that the fields outside an imaginary closed surface can be
obtained by placing suitable electric- and magnetic-current densities on the surface, which
satisfy the boundary conditions, and yield the same fields outside the surface as the actual
radiation source within the volume enclosed by the surface. In the case of rectangular
aperture antennas, the imaginary surface S is assumed to be on the plane of the antenna
aperture, in our case the end-facet of the waveguide, enclosing the radiation source by
extending to the infinity. This geometry is illustrated in Figure 2.16. An electric current
density Js and a magnetic current density M reside on the surface S and yield the fields
E, and H; on the region outside the surface, i.e., at the front of the waveguide’s facet,
which is in fact the region of interest. Since the region enclosed by S, i.e. the region behind
the waveguide facet, is out of interest, the fields E, and H within S can be assumed to take
any value, and it is obviously convenient to assume that they are zero (Love’s Equivalence
Principle). In this way, the boundary conditions for the tangential field components on the

surface S can be written:
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Figure 2.16: Modelling of the PolyBoard waveguide as an aperture antenna using the field
equivalence principle. The imaginary surface S extends to the infinity.

Js =AX(Hy—Hg)|g,—0o = X Hy
=2 X (£Hyy + §H,y) = YHy, — XHy,, (2.35)
Mg = - X (E; — Eg)|g,—0 = —A X E;

= —2 X (REyx + §E1y) = —PE1, + REy,, (2.36)

where 7 the unit vector normal to S. The components E;y, Eyy, Hyx, Hy,, at the outer side
of the surface can be connected in a straightforward way to the components Ey, Ey,, Hy, H,,
measured at the waveguide’s facet. The refractive index change is also taken into account
as the mode leaves the dielectric waveguide and propagates into the air. Since the TE mode
has non-zero only the E, and H, components and the TM mode only the E, and H,
components, equations (2.35) and (2.36) can be further simplified if the propagating mode

inside the optical waveguide has only TE or TM polarization:

= —%H,, (2.37)
§" = 9Hiy (2.38)
Ms* = —JE, (2.39)
MM = XEy, (2.40)

In either polarization case, the equivalent sources Js and Mg derived from the above
equations can be used for the calculation of the normalized magnetic and electric vector

potentials N and L related to the far-field radiation. Using again the geometry of Figure
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2.16, and working with spherical coordinates, the relations between the equivalent sources

and the 8 and $ components of the vector potentials take the following form:

Ng(0,9) = f f [/ - cos6 - cosp + ], - cosB - sing] e/*r' o5V g’ (2.41)
3

N,(6,9) = J.f[—]x - sing + J,, - cosg| e/k7 cosb s’ (2.42)
3

Lg(0,9) = ff [M, - cosBcosp + M,, - cosOsing| e/k7 0¥ ds’ (2.43)
3

L,(8,0) = ff[—Mx -sing + My, - cosg)| elkr'cosp g o (2.44)
s

In equations (2.41)-(2.44), the parameters 8 and ¢ are the spherical coordinates of the
observation point in the far-field, k is the wavenumber in free space, ds’ = dx' - dy' is the
differential area on the surface S of the integration, r’ is the amplitude of the vector
corresponding to the differential area, and i the angle between the vectors r’ and r that
correspond to the differential area and the observation point, respectively. For the selected

geometry, the factor r’cosi takes the form:
r'cosy = x' - sinfcosp + y' - sinfsing (2.45)
Finally, the electric and magnetic fields that are radiated by the rectangular aperture

antenna in the far-field can be calculated using the vector potentials from equations (2.41)-

(2.44) accordingly:

E.(6,9) =0 (2.46)
i-k-e tkr (2.47)
Eg(6,0) = R —— [Ly,(8,9) +1-Na(0,9)]
ke 2.48
E,(6,9) = %[Le(& @) —1 Ny (6,9)] (249)
H,(6,9) =0 (2.49)
_ik-eTter Lo(6, ) (2.50)
H@ (91 QD) = ATy [N(p (61 (P) - Tl
ik-e kT

Ly (6, 2.51
E,(6,0) = — (p(n <p)l (2.51)

- lNe 6,9) +
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Figure 2.17: (Left) Calculated far-field radiation of the PolyBoard edge-emitting waveguide based
on the modelling of the waveguide as an aperture antenna and using the field equivalence principle
(FEP). For comparison the far-field calculated by Rsoft’s BeamProp and FullWave simulation
tool is presented (spatial grid size 0.1 pm). As we will see in the next paragraph the calculation
based on our custom modelling shows better agreement with the experimental results. (Right)
Far-field radiation presented in azimuth-elevation plot.

The calculation of the E and H fields can be used in turn for the estimation of other
important antenna parameters such as the Poynting vector and the radiation intensity. In

more detail, the time average Poynting vector is calculated as follows:
1
W, (6,p) = ERe[E x H*] (2.52)

Taking into account that the radial components of the E and H fields are practically zero,

equation (2.52) can be written as:
1
W,,(0,9) = ERe[Eg -Hj — E, - Hg|-# (2.53)

The magnitude of the time average Poynting vector in the far-field is denoted as W, .4
and describes the radiated power density (or radiation density) in W/m?. Finally, the far-
field parameter that we want to derive is the radiation intensity U,, which describes the
power radiated by an antenna per unit solid angle. It is expressed in W/unit solid angle, and

is associated with the radiation density via the following mathematical expression:
Up = r- Wiaa (8, ®) (2.54)
Although the solution is analytical, equations (2.41)-(2.44) show that integration over

the defined surface is required, and thus the degree of accuracy depends on the resolution

of the fields over the surface. The calculation is implemented in a MATLAB script, which
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takes as input the E and H fields at the end-facet of the waveguide (near field) and calculates

the far-field radiation intensity based on the equations presented above.

The motivation for adopting the above method, derived from microwave theory, lies in
its higher accuracy, despite requiring longer computation times. Most commercially
available photonic simulation tools, such as RSoft and Lumerical, use Fourier transforms
of the near-field to generate far-field radiation patterns. Figure 2.17 compares our modeling
with the far-field calculation tools provided by RSoft (BeamProp and FullWave). In the
following section, where experimental results are presented, it will become evident that our

model shows better agreement with the measurements.

2.3.1.2 Minimum waveguide spacing

The ideal spacing between emitters is half the operation wavelength (A/2), otherwise grating
lobes are formed in the radiation pattern, that limit the ambiguity-free scanning range.
Another drawback from the formation of grating lobes is that part of the outcoupled optical
power is directed to angles other than the desired one, i.e., the angles of the grating lobes.
Ideally, we would like to have all the optical power concentrated inside one lobe, i.e., the
main lobe. Half-wavelength spacing though is often unachievable due to cross-coupling
between optical waveguides. Therefore, if the grating lobes cannot be avoided altogether,
the goal becomes to push them to the widest possible angle by placing the emitters as close
as possible. To do so we investigate the minimum acceptable distance between two
waveguides for a given co-propagation distance, so that the fields propagating through the
waveguides remain relatively isolated. This practically means that the interaction between
the two co-propagating fields does not alter their amplitude and phase by a significant
amount. The last point is crucial since the OPA works under the assumption that every

emitter acts independently, with a well-controlled amplitude and phase.

The power exchange between two parallel single-mode waveguides in proximity is
described by coupled-mode theory. The power that is transferred from a waveguide “A” to
a parallel waveguide “B” after some propagation distance z, assuming that only waveguide

“A” is excited, is given by the following equations:

P,(z) = Py — Pg(2) (2.55)

K2 2.56
Pg(z) =Pomsin2 (\/K2+62'Z) (2-56)

, where Kk is the coupling constant and ¢ is the phase mismatch,
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Figure 2.18: (a) Simulation of cross-coupling between two PolyBoard waveguides with 7 pum
distance. (b) Excitation of the waveguides with equal amplitude TE modes. The phase of
excitation of waveguide “A” is swept from -180° to 150°, while the phase of excitation of
waveguide “B” is kept constant at 0°. (c) Output fields at z = 100 um for the case of 30° phase
excitation difference. The asymmetry in the amplitude due to cross-coupling is clear.

w
K =HKyp = Ky = Zﬂ(s’ —&)(&, - Ep)dxdy (2.57)

26 = (Ba — Bg) = AB (2.58)
,€'(x,y) — e(x,y) = Ae(x, y) is the dielectric perturbation due to the presence of the other
waveguide, and €, and €y the amplitude of the propagating field in the corresponding
waveguide [109]. For identical waveguides A = 0. The coupling constant is analytically
calculated for a specific waveguide geometry. In addition to coupled mode analysis, a

method known as super-mode analysis can be used for approximate solutions [109][110].

Another approach to study cross-coupling between waveguiding structures is to use a
numerical simulation tool. In our study we used BPM (RSoft’s BeamPROP). To evaluate
the strength of the waveguide coupling in relation to the pitch we take the simplest case of
two parallel PolyBoard waveguides with co-propagation distance of 100 pm. The specific
length had been chosen according to the length of the s-bends that are required for reducing
the waveguide pitch at the emitting edge of the chip. The length of the s-bends is associated
with the number of waveguides in the OPA, i.e., number of channels, which in our case is
four per waveguiding layer (see Figure 2.25). Both waveguides are excited by their

fundamental eigenmode with TE polarization and peak amplitude normalized to unity. The
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Figure 2.19: (a) Example of amplitude perturbation in the output field of waveguide “B” (after
100 um propagation) due to the phase variation in the excitation of waveguide “A” placed at 7
um distance. (b) Amplitude and phase perturbation at the center of the output of waveguide “B”
as a function of the pitch.
phase of the excitation field in waveguide “B” is zero, whereas the phase of the excitation
field in waveguide “A” varies from -180° to +150°. The simulation setup is shown in Figure
2.18, for the example case of 7 um waveguide pitch and 30° phase excitation difference.
The beam propagation pattern is shown, as well as the distribution of the excitation fields
(z = 0) and output fields (z = 100 um). The perturbation of the amplitude and the phase of
the output field of waveguide “B” with respect to the corresponding amplitude and phase
when the waveguide is alone, depends on the pitch, as well as on the phase, of the excitation
field at the input of waveguide “A”. Thus, the perturbation level at the center of cross-
section of waveguide “B” serves as a metric for the assessment of the isolation between the
waveguides (see Figure 2.19(a)). Figure 2.19(b) summarises our results for pitch values
from 4 um up to 10 um. As shown, for pitch equal or larger than 8 um, the perturbation is
negligible, and the waveguides remain practically decoupled. For pitch between 8 and 6
um, the perturbations start rising, but remain moderate, whereas for pitch below 6 um, the
rise becomes much more abrupt. Based on these observations, we concluded that the value

of 6 um is a safe lower limit for the waveguide pitch.

To evaluate the effect of cross-coupling on the radiation pattern we extend our study in
the following way. At z = 100 um we introduce a free space section in our simulation
domain, and we use a monitor to capture the near-field from the emission of the two

waveguides into the free space. Subsequently, we use the recorded field (amplitude and
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Figure 2.20: Computed far-field of two edge-emitting PolyBoard waveguides for different
spacing between the waveguides to demonstrate the effect of cross-coupling. The quality of the
radiation pattern degrades as the spacing between the waveguides decreases. In the case of 4 pm
spacing the cross-coupling is so severe that lobe formation is completely prevented.

phase) to calculate the far-field with the method described in 2.3.1.1. Since the field that
serves as input to the method is the result of the propagation of the optical waves inside the
two parallel waveguides, this method clearly takes into account the effect of cross-coupling.
For reference, we calculate the far-field using equation (2.33), which assumes independent
antenna elements, and thus, no cross-coupling is considered. Therefore, any difference
between the results from the two methods can be attributed to the impact of optical
crosstalk. The plots in Figure 2.20 present in logarithmic scale the normalized radiation
intensity for different waveguide pitch. The angles where destructive interference occurs
(“nulls”) are the most indicative points for the comparison. As observed, for 8 pm pitch the
radiation pattern remains almost unaffected by cross-coupling, whereas the difference
between the two curves becomes substantially larger as the pitch decreases. In the case of
4 pm pitch where formation of lobes is entirely prevented. The relative excitation phase

difference between the two waveguides is configured for beam steering at 4°.
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2.3.2 Experimental results

2.3.2.1 Experimental setup
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Figure 2.21: (Top) Illustration of the setup for characterizing the radiation pattern. (Left) Picture
of the probe station that facilitated the optical coupling and provided access to the electrical pads
of the chip via electrical probes. The microscope objective (MO) that collects the outcoupling
light from the chip is also visible. (Right) Example radiation pattern captured with the CCD
sensor. The line plot corresponds to the zero-elevation row from the captured frame. The pattern
before tuning the phase heaters of the chip is random (blue curve), while after calibrating the
phase heaters the output beam converges to 0 degrees (orange curve).

For the characterization of the radiation pattern of the fabricated OPA chips we

developed the experimental setup presented in Figure 2.21. Coherent light in the C-band,

provided by a pigtailed distributed feedback (DFB) laser, is coupled into the chip by means

of an optical alignment stage. A fiber optic isolator is used to protect the laser source from

any back reflections that may be present due to the edge-coupling between the fiber and the

chip. Furthermore, a polarization controller is employed to manually adjust the polarization

of light coupled into the chip. To achieve efficient coupling from the fiber to the PolyBoard

waveguide a lensed tip fiber with 6 um focal length and 6 um mode field diameter (MFD)
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Figure 2.22: (Left) Close-up and (Right) top view of the setup for the calibration of the imaging
system. A collimated fiber output is aligned with the principal axis of the imaging system. The
collimated beam can be rotated by a known amount with the help of a rotation stage while the
rotation axis is positioned on the focal point of the microscope objective (MO). By rotating the
beam and marking the illuminated pixels in the captured image we can calibrate the image in
terms of angle of acceptance. The procedure is performed twice: for the horizontal (azimuth) and
vertical (elevation) axis of the image.

is employed. To perform the edge-coupling between the fiber and the chip we use a six-
axis positioning stage with sub-micron resolution, although control of the three axes (XYZ)
is sufficient for the alignment. Light outcoupled from the opposite edge of the chip is
collected by an imaging system that can facilitate either far-field or near field imaging. The
captured data are digitized and sent to a PC. The heating elements on the chip are accessed
via probe tips connected to a multi-channel current driver, which can be controlled via the
PC. By running python scripts on the PC we are able to program the chip and converge the

output beam to the desired outcoupling angle.

The imaging system comprises a microscope objective (MO), a pair of lenses and a
charge-coupled device (CCD) sensor. The pair of lenses forms a 4-f (Fourier) system that
transfers the rear focal plane of the MO (i.e., the Fourier image) to the camera with a defined
image ratio, enabling far-field measurements [111]. Moreover, by removing lens “1” we
can record the near field (i.e., the real image). Therefore, the specific system offers
flexibility, as far as the selection between far-field and near-field imaging is concerned.
Near-field imaging is useful when we perform optical alignment, either between the fiber
and the chip, or between the chip and the imaging system. The lenses of the 4-f system are
achromatic doublets with focal length 100 mm and 50 mm, creating an image ratio of 1:2.
By selecting the appropriate image ratio we can utilize the entire area of the sensor and
achieve optimum resolution in our imaging. The sensor is a 1/2” format CCD near infra-
red (NIR) analog camera by Edmund Optics with a sensing area 6.4x4.8 mm and pixel size

8.4 um x 9.8 um. An additional video capture device is used to convert the camera’s analog
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Figure 2.23: Photograph of the experimental setup.

signal to a digital signal that can be read on a PC through a usb port. The FOV of our system
is 34°x28° (azimuth x elevation), defined by the 0.3 numerical aperture (NA) of the MO,
while we achieve angular resolution <0.1°. The entire imaging system can be freely moved
in the XYZ plane by means of a 3-axis micro-positioning stage, so that optical alignment
with the chip can be accomplished. Prior to the installation of the imaging system in our
setup, a characterization of the system was carried out to map each pixel of the captured
image to a specific angle of acceptance, according to the method described in [112]. The
angle is measured from the focal point of the MO and a zero angle corresponds to the
principal axis of the optical system. For this characterization an auxiliary laser source with
a collimated output beam was mounted on a rotational stage. The rotation axis of the stage
was placed exactly at the focal point of the MO, where the end-facet of the chip is expected
to be in the actual measurement. The spot size was adequately small to illuminate only a
few pixels on the sensor. Via the rotation of the collimated beam by a known angle, it is
possible to calibrate the image in terms of acceptance angle and light intensity, and to
compensate for any image distortion effects originating from the lenses. In our case,

however, no significant distortion was observed, except from near the image edges.

The far-field measurement procedure is the following: First, the chip is positioned on
a vacuum chuck, that keeps it securly in place, and light is coupled into it with the lensed
tip fiber. During this optical alignment the far-field is observed on the CCD sensor. When
proper coupling is achieved a distinctive interference pattern can be observed. Next, since
simply positioning the chip on the vacuum chuck does not ensure perfect alignment with

the imaging system in front of the chip, further adjustment is needed. Optical alignment
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between the chip and the imaging system is performed with the 3-axis positioning stage,
on which the imaging system is mounted. For this alignment, lens “1” of the 4-f system is
removed so that the near field is observed. Consequently, the electric probes are attached
to the chip to provide access to the integrated phase heaters. Then, we run the calibration
algorithm in our PC that is connected to the control electronics, and by reading the feedback
from the sensor we can extract the initial phase difference between the optical paths on the
chip (due to fabrication errors). After the calibration, we can employ the beam-steering
algorithm to perform beam steering. We elaborate on the calibration and beam-steering

algorithms in section 2.5.

2.3.2.2 Sensor noise and image processing

The sensor acquires grayscale frames of size 576 x 646, which correspond to a FOV of
28°x34° (elevationxazimuth), as defined from the optical system. The processing of the
data is broadly divided into three stages: 1) Noise reduction (using Gaussian filtering [113]),
i1) detection of the strongest lobe, and iii) data visulization using surface and line plots. To
evaluate the noise of the camera we performed a number of measurements, which we
summarize in Figure 2.26. First, under conditions of total absence of illumination, we
derive the average pixel value of 100 frames. We calculated that the average value of the
resulting frame is ~6.3. In addition, we evaluated the spatial symmetry (horizontaly and
vertically) of the sensor noise by calculating the average pixel value per column and row.
Subsequently, we evaluated the noise under illumination conditions, by performing
differentialmeasurements in approximately 760 frames. By subtracting two subsequent
frames it is possible to cancel the contribution of the signal and measure the random
fluctuations due to the noise of the sensor [114]. We derive an average pixel value of ~2.5
which suggests that the temporal fluctuation of the noise in each pixel is less than the mean

value as calculated above.

Next, we evaluated the effect of Gaussian filtering on the image by varying the kernel
size and the standard deviation of the distribution. Our goal is to suppress the image noise
without distorting the measured beam, so that we can accurately measure its characteristics,
such as shape and width. The dark noise of the camera per frame follows a gaussian
distribution with mean pixel value 5.5 and standard deviation 5.8. For our image processing
we selected a Gaussian filter of 6=2 and kernel size 9%9, which reduces the standard

deviation to 1.3 around the mean pixel value, thus achieving a noise floor of approximately
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Figure 2.24: (Top Left) Spatial symmetry of the sensor noise. (Top Right) Differential calculation
of the sensor noise under illumination conditions. (Bottom Left) Effect of image filtering. (Bottom
Right) Characterization of the linearity of the CCD sensor (no filtering). The dotted line indicates
the mean value and the gray area the standard deviation of the noise distribution. The darker gray
area shows the standard deviation after applying the gaussian filtering.
-15.7 dB. Finally, we examined the linearity of the sensor and estimated its noise floor.
This is important for relative measurements, such as the suppression ratio of the sidelobes,
i.e., the power ratio between the main lobe and the maximum sidelobe. If the sensor is not
linear then the measured suppression will be a function of the incident power to the sensor,
or, equivalently, a function of the input power to the chip. Despite the fact that CCD sensors
are highly linear [113], the presence of noise affects their linearity when the signal power
is low. To perform the characterization we swept the laser’s output power that is coupled
into the chip and we integrated the pixels to derive a number corresponding to the average
incident power. The resulted plot is shown in Figure 2.26. We concluded that for low
intensity (< 10) noise dominates the signal zand the linearity is not ensured. However, by

applying Gaussian filtering we can significantly reduce the standard deviation of the noise,

as mentioned above, and lower this limit to pixel values of ~8.



127 Polymer-based Optical Phased Arrays

2.3.2.3 Single layer OPAs

100 pum

3000 pm

Figure 2.25: (Top Left) Mask layout of the single-layer OPAs, and (Top Right) detail of the layout
at the east end of the chip, where the four emitting waveguides run in parallel, and (Middle) a
photograph of the respective PolyBoard PIC. (Bottom) The PIC placed on the alignment stage.
The optical fiber that is used to couple light into the chip, as well as the electrical probes to access
the heaters are visible.

The first type of chips that were fabricated to showcase the potential of the PolyBoard
platform for implementing OPAs were conventional single waveguiding layer PICs,
comprising four-element linear OPAs. Three versions of these PICs were designed with
waveguide pitch equal to 6, 8 and 10 pm, in order to experimentally validate our theoretical
calculations regarding the impact of the pitch on the beam profile and FOV. Figure 2.25
presents the mask layout and a photograph of the specific version that corresponds to 6 pm
waveguide pitch. On the west side of the circuit, the input light is split into four equal parts
by a lateral 1:4 MMI coupler. In the output waveguides of the coupler, heating electrodes
with around 20 Ohm resistance serve as thermal phase shifters for adjustment of the phase
relation between the array elements. The required current at each heating electrode for halt-

wave phase shift is approximately 16 mA. Finally, in the east part of the circuit, the four
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waveguides are brought in proximity via S-bends and run in parallel towards the end-facet
of the PIC. The length of this very last section is kept short to avoid cross-coupling between
the parallel waveguides. The size of the chip is 3 mm x 5 mm. Figure 2.26 presents the
profile of the radiated beam for all the fabricated versions of the PolyBoard OPAs. The
beamwidth, defined as the FWHM of the beam intensity, was measured 3.3°x12.7°,
2.6°x12.4° and 2.1°x12.9° for lateral pitch equal to 6 pm, 8 um and 10 um, respectively.
As observed, the beamwidth on the elevation plane approximates the beamwidth of the
single waveguide emitter, as there are no additional waveguides in the vertical direction to
act on the array factor. On the azimuthal plane on the other hand, the beam width is
becoming narrower as the pitch increases, which is related to the increased aperture size of

the OPA, as we discussed in 2.2.5.

1 Layer, pitch = 6um 1 Layer, pitch = 8um 1 Layer, pitch = 10um

1
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Figure 2.26: Measured beam profile of the 1x4 single-layer OPAs.
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2.3.2.4 Double-layer OPAs
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Figure 2.27: (Top) Mask layout for the fabrication of 2x4 OPAs, and (Middle) photograph of a
respective PolyBoard PIC. (Bottom left) The PIC positioned on the alignment stage to perform
optical coupling via a lensed optical fiber and accessed the heaters with electrical probes (500 um
pitch). (Bottom right) Micro-photograph of the end-facet of the PIC, where the edge of the
waveguides that act as the optical antennas are clearly visible. The lateral pitch is 10 pm and the
vertical pitch between the two waveguiding layers is 7.2 pm.

The second type of PolyBoard PICs that were fabricated comprised two waveguiding
layers to accommodate the formation of 2x4 OPAs. Again, three versions of these PICs
were designed, each with different lateral pitch between the waveguides at the emitting
edge, equal to 6, 8 and 10 pm. The vertical pitch was 7.2 pm in all versions. Figure 2.27
presents the mask layout and a photograph of the version with 10 um lateral pitch. On the
west side of the circuit the input signal is split into two parts by a lateral 1:2 MMI coupler.
The light at the second output of this coupler is transferred to the upper waveguiding layer
by means of a vertical MMI coupler with 1350 pm length and 10.4 um height. At both
layers, the rest of the optical circuit is practically the same as the circuit of the single layer
PICs described in the previous paragraph: the light at each layer is split into four equal parts
by a lateral 1:4 MMI coupler and the optical phase inside the output waveguides is adjusted

by thermo-optic phase shifters. Finally, the four waveguides are brought in proximity by
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Figure 2.28: Comparison between the simulation (upper row) and the experimental (lower row)
radiation patterns in the case of the 2x4 OPA and 8 pm lateral pitch in four beam steering
scenarios. The intended main lobe steering angle is displayed in each frame at the top-left: st
column scenario: (0o, 00). 2nd column scenario: (40, 00). 3rd column scenario: (0o, 40). 4th
column scenario: (40, 40).

means of S-bends and run in parallel till the end-facet of the PIC. The linear 1x4 OPAs at
the two layers are laterally aligned to each other to form a rectangular 2x4 OPA. However,
an offset between the two layers is present due to fabrication errors, as it is shown in the
photograph of Figure 2.27, depicting the end-facet of the chip with 10 um lateral pitch. If
needed, this fabrication error can be compensated by applying appropriate phase difference
between the elements, providing that the phase of each element can be individually

controlled (which is true in our case).

The formation of multiple waveguiding layers is based on the repetition of the standard
steps of PolyBoard technology; a sequence of spin-coating, structuring (using UV
lithography) and removal steps, as shown in Figure 2.1. It should be noted that the heating
electrodes were placed over the cladding of the top layer. This suggests that the heaters
controlling the top layer waveguides are situated closer to them, and thus, are more energy-
efficient compared to the heaters that control the bottom layer waveguides. Consequently,
placing the heaters in a single layer (for example above the top waveguiding layer, as shown
here) limits the number of waveguiding layers that can be controlled, as the energy
produced by the heating electrodes is dissipated in the structure. In order to scale the circuit,
the phase control of the waveguides can be implemented on the top layer, before the light
is transferred to subsequent layers deep in the photonic structure. A more detailed
discussion regarding the scalability of such structures is included in 2.6. The measured
current for half-wave phase shift was measured 16 mA and 20 mA, for the upper and lower

waveguide layer, respectively. Figure 2.28 presents the measured beam profile of the 2x4
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Figure 2.29: Comparison between measured (top row) and simulated (bottom row) radiation
patterns in four beam steering scenarios, for the case of the 2x4 OPA with 8 pum lateral pitch.

OPA chips. The beamwidth is 3.3°x5.9°, 2.6°x5.7° and 2.1°x5.8° for lateral pitch equal to
6 um, 8 um and 10 pm, respectively. As observed, the addition of the second waveguide
layer decreases drastically the beam width in the vertical direction. In the lateral direction,
the beam is becoming narrower as the pitch increases and the overall emitting aperture

becomes larger.

Figure 2.29 presents a comparison between experimental and simulation results. The
experimental images (top row) are from the testing of the 2x4 OPA with 8 um lateral pitch,
and the simulation results (bottom row) are from the simulation of the far-field pattern of
the same structure. According to theory, two elements with 7.2 pm pitch, and four elements
with 8 um pitch, are expected to give grating lobes at approximately 9.9° away from the
main lobe in the vertical direction and 10.7° in the lateral direction. Four beam steering
scenarios are presented. The first one (shown in the first column) corresponds to beam
convergence at 0° both on the azimuthal and the elevation plane [0°, 0°]. No grating lobes
are present in the experimental image. The second scenario (shown in the second column)
corresponds to targeted beam direction at +4° on the azimuthal and 0° on the elevation
plane [+4°, 0°]. A grating lobe is now present at [-6.7°, 0°], as expected. The third scenario
(shown in the third column) corresponds to targeted beam direction at 0° on the azimuthal
and +4° on the elevation plane [0°, +4°]. The fourth scenario (shown in the last column)
corresponds to beam convergence at +4° both on the azimuthal and the elevation plane

[+4°, +4°]. In this case, grating lobes are present both in the lateral and vertical direction at
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azimuthal and elevation angles that are practically equal to the expected ones. The
similarity of the experimental images with the simulated ones demonstrates the quality of

the fabricated 3D PolyBoard chips and validates the 2D beam scanning concept.
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Figure 2.30: Raw images of two-dimensional beam steering with the 2x4 OPAs with (Top) 8 um
and (Bottom) 6 um lateral pitch, spanning 8° in azimuth and elevation plane.
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Figure 2.31: Two-dimensional beam steering with the 2x4 OPAs, with (Top) 8 um lateral pitch,
spanning 8° in the azimuth and elevation plane, and (Bottom) with 6 um lateral pitch, spanning
12° in the azimuth and 8° in the elevation plane.
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Figure 2.30 presents an additional compendium of captured images from the testing of
the 2x4 OPAs with 8 um and 6 um lateral waveguide pitch, divided into two subgroups
accordingly. The beam is targeted at -4°, 0°, +4° on the azimuthal and the elevation planes.
According to equation (2.17), the expected spacing between the main and the grating lobes
in the case of 6 um spacing is approximately 9.9° in the vertical and 14.0° in the lateral
direction. The angular spacing between the main and the grating lobe in the vertical
direction is approximately 9.9° in all the images of the first and the third row of both
subgroups. This result is expected since the OPAs have the same number of elements (two)
and the same pitch (7.2 um) in the vertical direction. In the lateral direction on the other
hand, we can observe a significant difference due to the different pitch between the two
OPAs. While in the images of the first and the third column of the first subgroup (8 um
pitch) the angular distance between the main and the grating lobes is 10.7°, in the
corresponding images of the second subgroup (6 um pitch) no grating lobes are present.
The reason is that an angular clearance of 14° is expected between the main lobe and first
order grating lobe, and thus the latter appears at +£10° in the lateral direction (when the main
lobe is targeted at +4°), where it is strongly suppressed by the envelope of the single
waveguide emitter. In Figure 2.32 we summarize our results from the characterization of
the three fabricated designs of the two-layer uniform OPAs, with 10 um, 8 um, and 6 um
lateral waveguide pitch. For the characterization we scanned the beam along the azimuthal
and elevation plane with an angle step of 2°. As the beam was scanned along the azimuthal
plane its elevation angle was kept at 0°. Each line in the plot represents the slice of the
corresponding image at 0° elevation angle. Similarly, when the beam was scanned along
the elevation plane, its azimuth angle was kept at 0°. In this case each line represents the
slice of the corresponding image at 0° azimuth angle. In all these figures, the theoretical
radiation pattern of the elementary emitter is drawn to make obvious that its distribution
serves as an envelope that suppresses the OPA lobes at large angles. As observed, the
experimentally measured lobe intensity matches the theoretical envelope both in the

azimuthal and the elevation plane.

Finally, as far as a metric for the overall power efficiency of our OPAs is concerned,
we can define the optical throughput as the ratio between the optical power inside the main
lobe (at the reference radiation angle of 0° on the azimuthal and the elevation angle) and
the input optical power. Clearly, this ratio depends on the coupling loss, the insertion loss

of the optical circuit, the outcoupling efficiency of the optical antennas (practically unity
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Figure 2.32: Experimental results demonstrating 2D beam steering with the fabricated 2x4
uniform OPAs. Each row corresponds to different design, with 10 um, 8 um, and 6 pm waveguide
lateral pitch. Beam steering along the azimuthal and the elevation plane is demonstrated. The
beam width is significantly larger along the elevation plane due to the fewer antenna elements
along the vertical axis of the array (only two elements).

due to the use of end-fire waveguides), and the power ratio between the main and the total
radiated power. The latter depends on the target angle as the main lobe is suppressed at
wider angles due to the elementary emitter envelope (see Figure 2.32). According to theory
the power concentrated in the main lobe formed by the 2x4 OPA with 6 um lateral
waveguide pitch at [0°, 0°] is 0.8 of the total radiated power (equivalently ~1 dB loss).
Taking into account an insertion loss of ~3 dB, and ~1.5 dB coupling loss we get ~5.5 dB
total optical loss, which corresponds to an optical power efficiency of roughly 28%. By

integrating the pixel values in our sensor, we verified experimentally the main lobe to total
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radiation power ratio, while the coupling and insertion loss were measured independently

using test structures.

2.3.2.5 Power distribution network

In our implementation we use lateral and vertical MMI structures to distribute the
optical power uniformly among the emitting waveguides. Any power imbalance among the
elements results in non-optimum performance of the phased array since this error cannot
be compensated with phase adjustments. Additional structures, such as MZlIs, are needed
to calibrate the power in each emitting waveguide. Therefore, in the absence of any means
to actively regulate the optical power in each emitting waveguide we rely on the
performance of the passive components to achieve uniform power distribution. To
characterize the power distribution network a single-mode fiber was used to collect the light
that was out-coupled from each end-fire waveguide. In more detail, the characterization
involved measurements for the estimation of the insertion loss and the polarization
dependence of the MMIs by controlling the input light polarization. The results showed
that at 1550 nm wavelength the average power imbalance at the eight outputs of the chip is
less than 2 dB, both for TE and TM input polarization (see Figure 2.33). The imbalance is
calculated as the difference between the maximum and the minimum measured power at
the chips’ outputs. The total insertion loss measured from fiber to fiber was approximately
13 dB, averaging over a wavelength range from 1500 nm to 1600 nm. This value includes
the in-coupling and out-coupling loss, which is ideally ~1.5 dB/facet when simple SMF is
used [53], the standard propagation loss of the waveguides (0.7 dB/cm), the insertion loss
of the lateral 1x2 MMI and 1x4 MMI couplers, which is ~1 dB [53], and the insertion loss
of the vertical MMI coupler. Previous measurements with test structures have shown that
the insertion loss of the vertical coupler is ~1 dB, both in the TE and in the TM case [54].
Any excess loss is attributable to poor optical alignment between the fibers and the chip.
The average optical loss in the upper layer is slightly higher than the lower layer due to the
presence of the vertical MMI coupler along the respective optical paths. The typical
imbalance of the horizontal couplers is ~0.8 dB (both for TE and TM polarization) [53],
while the typical insertion loss of the vertical coupler is not higher than 1 dB (both for TE
and TM polarization). Therefore, the maximum power deviation between the elements
should be ~1.8 dB. Any additional variation should be attributed to the optical crosstalk
between the waveguides, which, as discussed in paragraph 2.3.1.2, can result in optical

power transfer between waveguides, and to measurement error. It is noted that the heating
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Figure 2.33: Measurements of the insertion loss, power imbalance and polarization dependence

of the 2x4 OPA with 10 um lateral waveguide spacing.
electrodes were not active during this set of measurements, thus the relative phases between
the waveguides were random, leading in turn to a random transfer of optical power between
the waveguides. Overall, the power imbalance is acceptable and does not deteriorate the
performance of the phased array around 1550 nm. Mitigating the imbalance would require
better control over the fabrication process to ensure the MMIs’ performance, as well as the
inclusion of VOAs to offer the possibility of active power calibration, at the expense of

increased circuit complexity and power consumption.
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2.4Non-uniform linear OPAs

In the previous paragraph we presented the design and experimental testing of OPAs
with four and eight uniformly arranged elements, either in a linear way (1D) or in a 2D
plane, leveraging the potential of the PolyBoard platform for multiple waveguiding layers.
In this paragraph we expand our study to 16-channel linear arrays with unequal spacing
between the elements. The motivation to implement non-uniform array arises from the fact
that they can effectively suppress the grating lobes that are formed when the emitters are
sparsely positioned, i.e., with larger than half the wavelength pitch. By suppressing the
grating lobes aperiodic configurations can significantly expand the FOV, so that is limited
only by the envelope of the elementary emitter. This approach has been successfully
demonstrated in the silicon [12]-[14][84][91] and silicon nitride [46] platforms, as well as
in InP [38]. Aperiodic placement of the elements is particularly useful in applications in the
visible spectrum, where subwavelength emitter pitch is entirely unfeasible. For instance, in
[46] the authors used this technique to realize an OPA operating with blue light. Apart from
expanding the FOV, aperiodic emitter spacing provides additional benefits that should be
considered when designing an OPA. Firstly, it can relax emitter pitch requirements. In a
uniform array the distance between the emitters is the shortest possible that is allowed by
cross-coupling restrictions in the specific integration platform. In all photonic platforms
this spacing is greater than A/2, leading to the formation of grating lobes. There are works
that demonstrate subwavelength waveguide pitch at the expense of lower cross-coupling
suppression ratio [43][85], or by introducing waveguide width variations to achieve phase
mismatching between adjacent waveguides [24][89][94]. In an aperiodic array most of the
emitters can be placed with much larger spacing (several multiples of 1), which facilitates
the minimization of cross-coupling between adjacent channels. Another important aspect
is the channel count reduction. Since the beamwidth is only determined by the aperture size
of an OPA, using a sparser array means fewer elements are needed to fill a specific aperture.
Larger spacing between emitters in a uniform array brings grating lobes closer to the main
lobe in the radiation pattern, and thus, limits the FOV. Contrarily, in an aperiodic array
sparsity does not affect the FOV (providing that the position of the emitters is optimized
accordingly). Fewer channels, i.e. emitters, lead to fewer phase tuning elements on the
photonic chip and thus fewer electronic channels for driving (DACs), reducing the overall
complexity and power consumption of the system. As we will present within this paragraph,

to achieve the same beamwidth with a 16-channel aperiodic array (specifically the one
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based on an ordered cubic pattern which has FWHM of 0.45°), approximately 30 channels
would be necessary with a uniform array of 6 pum emitter spacing; that is almost twice the
number of channels. As a final remark, we would like to note that the optimized aperiodic
patterns are agnostic to the radiation pattern of the elementary emitter as they are associated
with the array factor. This implies that if an improved edge-emitting structure is introduced,
characterized by a larger FWHM, the very same aperiodic designs could be employed to
achieve an even larger FOV, under the assumption that the physical dimensions of the
single element are not dramatically altered. Followingly, we summarize the key benefits

and shortcomings of using unequal emitter spacing relative to uniform spacing.

Advantages of non-uniform arrays
1. Improved field-of-view by suppression of grating lobes
Relaxed design constraints in spacing due to sparse placement of the emitters

Reduced number of emitters to cover a specific aperture size

> » D

Reduced system complexity and power consumption due to the above

Limitations of non-uniform arrays
O Higher sidelobe levels
O Increased design complexity due to the use of optimization algorithms

O Individual channel control is necessary, limiting the flexibility of available

control schemes

2.4.1 Aperture design

The elementary emitter of the aperiodic OPAs is the PolyBoard waveguide, the modelling
of which is presented in paragraph 2.3.1.1. Here we describe the design of the aperiodic
aperture, which is essentially identifying the position of the emitters, such that the design
criteria are met. We use three different methods of placing the emitters, described in detail
in [83]: (1) ordered spacing based on a function (linear, quadratic, cubic, etc.), (ii) random
spacing using random offsets around a uniform grid, and (iii) random spacing using
stepwise positioning of the emitters. In cases (ii) and (iii), where the spacing between the
emitters is random, an optimization process is needed to optimize the element position.
Various algorithms have been proposed to perform this task, with the particle swarm

optimization (PSO) [116]-[118] and the genetic algorithm (GA) [119]-[122] being the most
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widely used. In our approach, a genetic algorithm is employed to explore the vast design
space, followed by a batch gradient descent (BGD) algorithm to fine-tune the spacing
between the elements. The same stepwise BGD algorithm is also used to optimize the
ordered spacing layouts. The flowchart of the design process is shown in Figure 2.34. A
commonly used fitness function in the literature is the sidelobe suppression (SLS) at a given
target angle 6, noted here as Fy(0). However, since this function only provides information
for the specific target angle 0, it cannot capture the performance of the OPA in the entire
region of interest (ROI). In our study, we define a ROI of 20°, symmetrically around 0°,
i.e. [-10°, 10°]. Furthermore, we define an additional fitness function F’, which is the sum
of the Fy(0) for all target angles in ROI. To reduce the calculation time of F’, only positive
target angles are considered in the calculation since the radiation pattern is symmetric
around 0°, hence, F' =Y, Fy(0;), 0; € [0,10]. The resolution of the 6; vector can be
configured according to the desired simulation time. We set a resolution of 0.1° resulting
in a 8; vector of 101 points in total. The population consists of 100 members, with 20
members undergoing mutation in each generation. Crossover is performed exclusively
between the two best-performing members. Of the 15 bits of information (representing the
spacing between the 16 emitters), 3 bits are used in the crossover process, and 6 bits in
mutation. A new member is added to the population only if its fitness exceeds 10% of the

population's average fitness. The BGD algorithm is applied with the fitness function F’,
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and consequently, with Fy(8345), Where 8545 = 6.3° is the half-angle of the power of the
elementary emitter. Optimization using this function can yield aperiodic layouts with
smaller variations in side-lobe suppression (SLS) across a wider range of angles,
outperforming patterns with higher SLS near 0° but significantly degraded performance at
larger angles. In each evaluation cycle, the BGD algorithm shifts the position of each array
element along the x-axis by the same random step (uniformly distributed) in either
direction. Element positions are updated only at the end of the cycle, followed by a
reduction of the maximum step size by a factor of 0.99. The BGD algorithm is detailed in
paragraph 2.5.1.3. The algorithm stops after a total of 10° evaluation cycles and the best
structure is saved. The intensity of the radiated far-field is calculated by equation (2.33),
simplified for a linear array, given as

N 2

z exp[jkox;(sin@ — sinb,)] (2.59)

=1

Irr (8,0 = 0) =1,(6, )

where | is the far-field radiation intensity of the individual emitter, k, is the wavenumber
of the light in the vacuum, X; is the position of the i-th emitter, and 8, is the target angle in
the azimuthal (x-z) plane (¢ = 0). The radiation pattern for the 16 emitters, consisting of

400 points, is calculated in ~0.5 msec using matrix operations in MATLAB.

The results of our study are summarized in Figure 2.35 and Figure 2.36. In Figure 2.35
we plot the SLS, defined as the ratio between the main lobe and the highest sidelobe, across
the steering range of 0° to 10°. To quantify the SLS performance for the entire steering
range with a single metric, we calculate the area under the SLS curve. For reference, we
plot the theoretical SLS curve of the best-performing uniform array, which features 6 um
element pitch. However, in uniform arrays the highest sidelobe is the grating lobe, making
the SLS essentially the ratio between the main lobe and the grating lobe. The heights of the
two lobes (main and grating lobe) become equal when the main lobe is directed at ~7.6°,
marking the FOV of the unform array. Within the ambiguity-free FOV, where the grating
lobe is not present, the SLS is determined by the highest sidelobe and is theoretically equal
to 13.26 dB [108]. By employing non-uniform spacing we can achieve SLS > 2 dB for
target angles up to 10°. However, most applications require an SLS greater than 8 dB.
Therefore, we focus on a target angle span up to ~6.3°, which corresponds to the 3 dB point
of the elementary emitter’s radiation pattern (FWHM of 12.7°). In the first row of Figure

2.35 we present the performance of the structures based on ordered aperiodic patterns, such
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Figure 2.35: Summary of the simulation results. In the left column, the sidelobe suppression ratio
(LSR) with respect to the target angle is presented, while performing beam-steering from 0° to
10°. In the right column the corresponding element pitch is plotted. From top to bottom the
element placement methods are: (Top) ordered spacing, (Middle) random offsets around a
uniform grid, and (Bottom) stepwise positioning.

as linear, quadratic or uniform functions. In the second row, we present the structures
designed with a randomized spacing around a uniform grid, and in the last row, the
structures based on randomized spacing formed with a step-by-step placement strategy.
Figure 2.36 presents the same results, organized according to three key performance
indicators: 1) the SLS at 6°, ii) the beamwidth, and ii1) the power concentrated in the main

lobe. We consider a maximum steering angle of 6°, because of the 3dB point of the
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Figure 2.36: Simulated performance of the top five designs from each placement strategy. The
uniform design with 6 pm pitch is also plotted for reference. From top to bottom the element
placement methods are: (Top) ordered spacing, (Middle) random offsets around a uniform grid,
and (Bottom) stepwise positioning.

elementary emitter, as mentioned above. We plot both the beamwidth and the power in the
main lobe at a target angle of 0° and 6°. The designs selected for fabrication are presented
in Table 6, sorted from the largest to the narrowest beamwidth, or equivalently, from the
shortest to the largest aperture. The total aperture sizes are 118 pm, 146 pm, 184 um, and
290 um, respectively. Designs 1 and 3 are based on the random offset element placement
strategy, optimized with the genetic algorithm, while designs 2 and 4 are based on a
function. The selection was based primarily on the beamwidth and the SLS. No design from
the third placement strategy was selected for fabrication, as the designs from the first two
categories demonstrated a better trade-off between SLS and beamwidth. For the ordered
spacing, the quadratic and cubic functions were slightly modified during optimization with
the BGD algorithm. In Table 6 we compare the theoretical beamwidth of the aperiodic
apertures with that of the 16-channel uniform array. The best-performing structure in this
regard is the one based on the cubic function, with an aperture size of 290 pm,

demonstrating a reduction in beamwidth by over 65%.
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Main lobe . *Beamwidth
. Placement o . Beamwidth .
# Design Strate SLS at 6 power ratio at 0° (°) reduction
gy at 0° at 0° (%)
1 5k average spacing Random offset 10.04 dB 0.6576 0.627 24.00
2 L=146 pm quadratic =~ Ordered 9.774 dB 0.6182 0.522 36.72
3 8\ average spacing Random offset ~ 9.075 dB 0.4415 0.399 51.64
4 L=290 pm cubic Ordered 8.366 dB 0.4964 0.282 65.82
L=90 um uniform
* Uniform 2.653 dB 0.8144 0.825

pitch 6 ym

Table 6: Summary of the aperiodic designs selected for fabrication.

2.4.2 Experimental results

2.4.2.1 OPAPIC

The 16-channel aperiodic OPAs were designed and fabricated using the polymer-based
platform of HHI based on commercially available polymer materials (ZPU-12 series from
ChemOptics Inc.) [53]. The cladding and core indices are 1.45 and 1.48 respectively at a
wavelength of 1550 nm and provide a propagation loss of ~0.7 dB/cm. As mentioned in the
modelling of the elementary emitter in section 2.3.1.1, the core of the single-mode
waveguide, has a square cross section of 3.2 um x 3.2 um, resulting in a mode field diameter
of around 4.2 pm. Moreover, both TE and TM components of the single mode are equally
supported due to the symmetry of the waveguide cross-section. The optical power inserted
to the chip is distributed among the 16 channels of the OPA by two stages of 1x4 MMI
couplers of 700 um length and 53.6 um width. The pitch between adjacent channels in the
phase tuning section of the chips is 178 um to eliminate thermal crosstalk. Due to the low
thermal conductivity of the polymer platform (~0.3 W /m/K) thermal crosstalk of less than
5% is expected for distances greater than 60 um between adjacent waveguides, while even
better isolation can be achieved by forming air trenches next to the heater and waveguide.
The heaters were implemented with 120 nm-thick Au on top of the waveguides, measuring
500 pm length and 15 um width. The waveguides are brought closer together on the
emitting side of the PIC with a fan-in section to form the desired aperiodic pattern. Figure

2.37 presents the 16-channel OPA chips with dimensions 7 mm % 13.5 mm.



145 Polymer-based Optical Phased Arrays
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Figure 2.37: Circuit of the 16-channel PolyBoard OPAs. The waveguide spacing at the east side
is different for each aperture design.

2.4.2.2 Beam-steering with suppressed grating lobes

To characterize the radiation pattern of the fabricated devices we used our standard
camera setup presented in paragraph 2.3.2.1. The chip was placed on a probe station with
a passive heat sink. We used a fiber-pigtailed distributed feedback (DFB) laser at 1553 nm
wavelength and a lensed fiber to couple 5 dBm of power into the chip. The initial phased
array emission was random due to the random initial phases of the emitters, as we explain
in section 2.5. To extract the initial phase mismatch between the emitting waveguides, a
stochastic parallel gradient-descent (SPGD) algorithm is used to converge the beam at 0°
emission (along the z-axis), using feedback from the camera. Beam steering in the azimuth
plane is achieved through a combination of deterministic and search-based approaches.
Equation (2.58) is used to direct the beam to the desired azimuth angle, while the SPGD
algorithm further optimizes the radiation pattern to enhance the SLS. On average, 35
evaluations were sufficient to accurately determine the initial phases, corresponding to a
maximum fitness of 0.85, which reflected the similarity with the theoretical radiation
pattern. The evaluation time was set to approximately 1 second, primarily constrained by
the timing limitations of the control electronics, though further optimization is possible
with the current setup. The heating elements of the polymer platform support tuning in the

millisecond range (~2 ms). Further details on OPA calibration are discussed in section 2.5.

Example far-field images, captured with our imaging system, are shown in Figure 2.38,
demonstrating beam-steering between +6° with resolution of 1°. The data correspond to the
PIC with the aperiodic pattern of 5A average spacing (design #1 in Table 6). Figure 2.39
summarizes the measurement results from the characterization of the fabricated samples.
The PIC with the ordered spacing based on the quadratic function (design #2 in Table 6)

was electrically damaged during testing and became non-operational. As a result, three of
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Azimuth (deg)

Figure 2.38: Beam-steering experimental results. (Top) Normalized captured frames of the far-
field from the CCD camera demonstrating scanning in the range +£6° with a step of 1°. (Bottom)
Cross section of frames showing measurements with an angle step of 1°. The measurements
correspond to the randomized pattern of SA average pitch.

the four fabricated samples were successfully characterized and are presented here. We
measured the SLS, the beam FWHM in the beam-steering plane (azimuth) and the power
of the main lobe relative to the total radiated power for a scan range of +10°. For
conciseness, we fold the horizontal axis and present the positive and negative target angles
with light and dark blue color respectively. We indicate the measurements with markers
and the corresponding theoretical values using a dotted line. The randomized pattern with
an average distance of 51 has a side lobe suppression of more than 11 dB up to a steering
angle of 5°, 1.e. for a FOV of +5°, while for the same FOV the cubic pattern has more than
8.7 dB. To calculate the total radiated power, we integrate the pixels over the entire frame
captured by our imaging system, which corresponds to a FOV of +£17° in the azimuth plane.
The best performing structure in terms of power in the main lobe is the pattern with 51
average spacing, due to its smaller aperture size. The average values of the measured beam
FWHM were 0.69° and 0.52° for the randomized 5A and 8A average spacing patterns
accordingly, and 0.45° for the ordered cubic pattern. To achieve the same beamwidth as the
latter using a uniform array with 6 pm spacing, nearly twice the number of channels (~30
channels) would be required (see Figure 2.14). The wider measured beamwidth may be

attributed to the resolution of our imaging system (~0.05°/pix) combined with camera
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Figure 2.39: Measured performance of the 1x16 aperiodic OPAs in terms of (Left) sidelobe
suppression (SLS), (Middle) beamwidth, and (Right) power in the main lobe over the total
radiated power. Beam steering is performed from -10 to 10 degrees.
noise. Another factor may be the limitation of the converging algorithm to form a very
sharp beam with the selected angular step (Ad = 15°). The FOV is currently limited by the
beam divergence of the elementary emitter, the edge-emitting waveguide demonstrating a
3dB beamwidth of ~12.7°. Further improvement can be possible by slight modifications on
the waveguide cross-section size or the refractive index contrast, although not without
adversely affecting the propagation loss of the platform. In Figure 2.39, we present the data
from the three different designs in the same figure for comparison. We again fold the
horizontal axis and record the average value between the measurement at the positive and
negative target angles. Although the measurements were not completely symmetrical
around 0°, their difference was less than 0.5% for SLS and less than 8% and 13%, for the
beamwidth and main lobe power ratio, respectively. For comparison, we also plot the

corresponding performance of the uniform pattern with 6 pm pitch.
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2.5Phase calibration

In its default state, an integrated OPA exhibits a random emission pattern when no phase
tuning is applied, meaning the antenna elements have a random phase distribution. This is
primarily due to unavoidable variations in waveguide dimensions, resulting from
fabrication imperfections [115]. Additionally, phase variations are introduced when the
optical paths of the waveguides in the power distribution network are not equal by design.
Therefore, a phase calibration process is needed to determine the initial phase error and
compensate for it by applying the appropriate phase shift to each element. Considering that
the phase tuning of each element is facilitated by a DAC channel with up to 16-bit
resolution (thus 21€ levels) and considering that OPAs can consist of hundreds to thousands
of elements, it becomes apparent that the search space is incredibly vast. The total number

of possible states is 2V'B

, where N is the number of OPA channels (emitting elements) and
B is the DAC bit-resolution. For example, the number of states for a 64-channel array
controlled by an 8-bit resolution DAC is equal to 2512 = 21051 = 10153 To address this
problem, optimization-based methods have been proposed. Conventional algorithms for
phase calibration include the hill-climbing algorithm [10][12], particle swarm optimization
(PSO) algorithm [34][116]-[118], genetic algorithm [119]-[122], and a number of
variations of the gradient descent algorithm [5][23][43][75][123]-[126]. These iterative
search algorithms can effectively align the wavefront and generate a converged beam at the
target direction. More recently, neural networks have been utilized to facilitate the
calibration process. The neural network can be trained to determine the phase errors directly

from the initial random far-field pattern, without the need for iterations, which offers a

significant acceleration of the calibration process [127]-[129].

The calibration process extends beyond correcting fabrication-induced phase errors. For
example, factors such as temperature variations can influence calibration outcomes. To
account for these changes look-up tables are employed, although this further slows down
the calibration process. Alternatively, active thermal control of the chip is implemented
[125]. However, even at the same temperature and wavelength, knowledge of the initial
phase error alone cannot ensure optimal beam convergence at all target angles. In other
words, equation (2.59) is not sufficient to determine the tuning vector for precise beam
steering. Fabrication-induced imperfections in the array geometry, along with
inhomogeneities in the phase shifter efficiency introduce errors to the array factor.

Performance variation among phase tuning elements is a common source of error, requiring
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individual characterization for accurate phase control. In thermo-optic tuning, additional
challenges such as nonlinear resistance caused by self-heating and thermal crosstalk must
also be addressed. Therefore, look-up tables are typically extended to cover multiple target
angles with a defined grid resolution. The typical calibration method is to use a camera to
record the radiation pattern in a laboratory setup as the one presented in paragraph 2.3.2.1.
However, a lot of research effort has been made to implement OPA calibration on wafer

scale [130] or to develop techniques for on-chip calibration [44][131]-[134].

The goal in an optimization problem is the optimization of the objective function (OF).
The terms fitness or profit function are used when the goal is to maximize OF, while when
the goal is the minimization of the OF, the terms loss or cost function are used. Several
figures of merit have been proposed in the literature as objective functions for the
calibration. One approach is to optimize the directivity of the OPA, by measuring the
radiation intensity at a specific target direction and dividing it by the total radiated power.
Another method is the optimization of the sidelobe suppression ratio (SLSR). A third figure
of merit is the level of similarity of the measured radiation intensity pattern with the
theoretical one. The level of similarity can be quantified by taking the pixel-wise Euclidean
distance between the measured and the simulated far-field pattern, or the overlap
coefficient, which is basically the common area under the two surfaces of the measured and
the simulated radiation pattern. In many cases the objective function is defined as a
combination of the above figures [131]. In this section we present the algorithms that we
implemented for calibrating the fabricated OPAs, their simulated performance and the

corresponding experimental measurements.

2.5.1 Modelling

We consider a given channel i of the array, controlled by a thermal phase shifter. The phase
@; before the emitting aperture is defined by the accumulated phase error @,y in the
optical path, and by an induced phase change by the heater. The latter is dependent on the

applied electrical power P; and the thermo-optic proportionality constant k;, thus

Vi = Perror,i + k;P;. (2.60)
When using a current source to drive the heating electrode, we can decompose the applied

electrical power as

P; = R(I)) X I? = (Ro; + ag;I?) x I} (2.61)
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Phase tuning
Phase tuning

Figure 2.40: Schematic representation of the phase profile before and after the calibration. (a)
Uncalibrated OPA, (b) calibrated for ¢ = 0, (c) application of a linear phase gradient for beam
steering and (d) application of modulo 27 function. Phase perturbations in the optical path before
and after the tuning section are assumed. The phase variations before and after the tuning section
are indicated with green and magenta lines respectively.

, where R ; and ag; are the parameters to model the nonlinear behavior of the resistance
due to self-heating. If the applied power P; is such that ¢; equals 27, for every channel of
the array, then the beam will converge at 0° and the values of @, ; can be extracted.
While the beam can be directed to any target angle, convergence at 0° is chosen for
simplicity. Figure 2.40 illustrates the phase profile of the array during this calibration
procedure. Additionally, in an array of N channels, the phase error for N — 1 channels must
be determined, with one channel serving as the phase reference. Consequently, since any
channel can be chosen as reference, there are essentially N different solutions to the
calibration problem -one for each channel in the array. The calibration is performed in two
stages: first, we calibrate the tuning elements by finding the P, ; for each channel, and
consequently, we extract the @, ; by employing a calibration algorithm. In this work we
investigate three popular iterative search algorithms for the calibration: a) hill-climbing
algorithm, b) batch gradient descent (BGD) and c) stochastic parallel gradient descent
(SPGC) algorithm. We compare the performance of the algorithms in terms of execution
time as the number of channels increases. Furthermore, we improve the BGD algorithm by
introducing deterministic features and make it faster than SPGD for a small number of

channels.

2.5.1.1 Fitness functions

As mentioned above, there are several different fitness functions that can be used for

the optimization, which can broadly be categorized into two types: those based on the
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power measured in a specific direction (directivity) and those that quantify the similarity
between the measured radiation pattern and the theoretical one. In our study, we employ
fitness functions of both types. The primary fitness function is the overlap coefficient, a

quantity that gives the degree of similarity between two vectors, defined as

|2 Uneas ° Utarget|2
ZlUmeaslz ' Zlutargetl2

, Where Upyeq 18 the normalized measured radiation intensity and Uygy e the corresponding

(2.62)

CovL =

theoretical radiation pattern at the target angle. The overlap coefficient, as defined above,
is a modified form of the Pearson correlation coefficient [135], and can be viewed
geometrically as the cosine angle of two vectors, closely related to the dot product:

6 v 2.63
cost = —————— .
Tl Tl 2.63)

, where ||u|| and ||v|| denote the magnitude of the vectors, and 8 the angle between them.

For completeness we also mention here the Euclidean distance, which is the most widely

used measure of similarity between two vectors u and v in the two-dimensional space:

d(u,v) = jZ(uk —v)? = |lu—vll. (2.64)
k

The second fitness function that we make use of is the intensity over a defined region of
interest (ROI), e.g. at a square area of side a around 0°, and is calculated as the sum of all

pixel values p; ; inside the ROL:

Iror = Z Di,j (2.65)
ij

, where i and j are the pixels’ coordinates. The intensity Izo; can also be divided by the
sum of all the pixels in the captured far-field image I;,¢4;, resembling the directivity of the
OPA. An alternative ROI is the area within the 3 dB beam width of the main lobe. Finally,
a very useful fitness function is the sidelobe suppression ratio (LSR), defined as the ratio
between the peak of the main lobe h,,,;, and the peak of the highest sidelobe:

hmain lobe
LSR = - (2.66)
max(hsidelobes)

, where Rgige010pes the vector containing all the sidelobes in the radiation pattern above a

certain threshold.
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2.5.1.2 Parallel hill-climbing algorithm

The simplest calibration algorithm is the hill climbing type. A deterministic version of
the algorithm is described in [122], which is basically a brute force approach. The phase of
each optical channel is swept from 0 to 2z with a defined DAC step, and the fitness function
in every step is evaluated. The value that provides the highest fitness is selected and the
algorithm progresses to the next channel until all channels are optimized. In our study we
use a different version of the algorithm, which relies on the calculation of the first and
second order partial derivative of the fitness function to determine the direction and the
magnitude of the step, as presented in [10]. The pseudocode of the algorithm is described
in Table 7. We assume that the driving current of the phase heater in an optical channel i is
controlled by the voltage u; applied by a DAC channel, and thus, we can associate the
applied optical phase shift to a vector u = (uy, uy, ..., uy,) applied by the DAC, where n is
the number of DAC channels, which in our case is the number of the optical channels.
Accordingly, the phase step vector corresponds to a voltage vector du. In our
implementation of the algorithm the elements of du are random variables drawn from a
uniform distribution ranging from 0 to a user-defined maximum step value. All channels
are updated simultaneously, and this is why we call this variation of the algorithm parallel
hill climbing (PHC). We test the performance of the algorithm by running 50 calibration
runs for three different uniform OPA geometries: 1x16, 2x16 and 4x16, with pitch between
the emitters dx = 6 um and dy = 7.2 um. The results of the simulation are presented in
Figure 2.41. We plot the number of evaluations that are needed to reach a specific fitness

value between 80% and 98% as well as the evolution of the fitness function, selected here

while F < target_fitness or i < max_iterations
Generate éu
forkin{-2,—-1,0,1,2}
Set_DAC_voltages(u + k - du)
Read_from_camera()
Evaluate F
Calculate 0F /0u and 0%F /0u?
Choose n from the set {—2,—1,0, 1, 2}
Set_DAC_voltages(u + n - éu)

O DN wh e

end

Table 7: Pseudo-code of parallel hill-climbing algorithm
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Figure 2.41: (Left) Number of evaluations needed to reach the indicated fitness value and (Right)
the mean fitness evolution over time for the parallel hill climbing algorithm.

to be the overlap coefficient. The number of evaluations is directly related to the execution
time of the algorithm, as each evaluation of the fitness function requires a DAC access to
update the control voltages of the OPA and a camera read to get the current frame. In each
algorithm cycle (epoch) there is a total of five evaluations of the fitness function plus one
access to the DAC at the end of each cycle. In a practical implementation, factors such as
the DAC write and settling time, the tuning technology's settling time in the OPA (e.g.,
heaters), and the camera's frame read time must be considered to accurately translate the

number of evaluations into calibration time.

2.5.1.3 Batch gradient descent algorithm

Another family of algorithms that is broadly used for phase calibration is the gradient
descent type. In this paragraph we present the batch gradient descent (BGD) algorithm, and
we introduce two additional features on the basic algorithm to improve its performance.
The name of the algorithm originates from the fact that the computation of an update is
based on all the available samples (batch). In our application, this practically means that
in each iteration of the algorithm (epoch), the fitness function is evaluated independently
for every channel i of the OPA to determine the direction of the step du;. The overall update
vector du is applied at the end of the iteration, only after du; (magnitude and sign) has been
identified for every channel. As in the case of the hill climbing algorithm presented in the
previous paragraph du; is a random variable drawn from a uniform distribution. The
pseudocode of the algorithm is presented in Table 8. As a next step in refining the basic
algorithm, we introduce a shortcut by leveraging a deterministic aspect of the problem. As
the algorithm iterates through different states to estimate the gradient, there are instances

when the beam partially converges to a specific angle. Since the phase vector ¢,. that targets
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the beam to a particular angle can be calculated using the equation (2.59), we can subtract

@, from the current state to redirect the beam towards (0°,0°) and resume optimization

from that point. We use 7 to represent the appropriate voltage vector, which, when added

on the current phases, shifts the beam towards (0°,0°). To implement this, a second fitness

function based on the lobe power, is used. More specifically, the 3dB power of the brightest

lobe on the captured image (I;,,) is calculated and compared to a user defined threshold.

The pseudocode of the algorithm is also presented in Table 8 where we indicate with green

color the numbering of the lines associated with the deterministic part.

1:
2:
3:

o 2N

11:
12:
13:

15:

19:
20:
21:
22:
23:
24
25:

while F < target_fitness or i < max_iterations

end

Generate éu
Initialize n

Initialize r

Initialize Fbest, ybest

for i = 1 to number_of _channels
Set_DAC_voltage(u; + du;)
Read_from_camera()
Evaluate F*
Evaluate I},
Set_DAC_voltage(u; — du;)
Read_from_camera()
Evaluate F~
Evaluate I},
Choose n; from the set {—1, 1}
if max (I}, Iippe) > power_threshold
Calculate r
Break
[TibESt, u?est] - max(?-"* JF~ )
Set_DAC_voltages(u +n-éu +r)
Read_from_camera()
Evaluate F
if max(FPet) > F
Set_DAC_voltages(u?®")

Table 8: Pseudo-code of the implemented batch gradient descent (BGD) algorithm, including two
application specific features to improve convergence speed. The lines numbered with green color
refer to the ‘deterministic’ expansion (BGD-1) and the ones numbered with red color to ‘the jump-
to-best’ feature (BGD-2).
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As a final improvement we take advantage of the iterative nature of the algorithm. Since
each element of the array is iterated over, the total number of fitness evaluations is twice
the number of elements -one for adding and one for subtracting the step from the voltage
vector. Among all these steps, it is possible to pass from a state where the fitness function
is sufficiently high. And in fact, the value of the fitness function might be higher than the
one produced from the state chosen as next from basic BGD algorithm. Therefore, by
saving all the calculated fitness values and their corresponding voltage vectors to achieve
them, we can add an additional step outside the iteration loop to choose between the output
of the basic algorithm and the best setting that was achieved during the iterations. We call
this feature ‘jump-to-best’ as it ignores the state calculated by the BGD algorithm and
jumps directly to the state that give the best fitness value. Since the calculated gradient is
ignored, we can consider this addition as a kind of hill-climbing approach. A potential
drawback of this implementation is the additional memory required to store all voltage
vectors at each iteration, as well as the extra read-from-camera and write-to-DAC steps.
However, since these extra steps occur outside the iteration loop, their impact on the
algorithm's runtime is negligible. In Table 8 we indicate with red color the numbering of

the lines that are associated with the ‘jump-to-best’ feature.

The performance of the algorithms is again tested on the three OPA geometries: 1x16,
2x16, and 4x16, by running 20 calibration runs for each geometry. The results are presented
in Figure 2.42 and Figure 2.43. Both figures display the same set of results, albeit with
different presentations. In Figure 2.42, the number of iterations of the algorithm is shown
in cycles, or epochs (we use them as interchangeable terms). From this representation, it
can be concluded that the number of cycles required for the algorithm to converge remains
relatively unaffected by the number of channels. However, Figure 2.43 highlights how the
algorithm's runtime scales with array geometry, as it displays the number of evaluations
instead of cycles. Since BGD algorithm requires evaluating fitness separately for every
array element before taking a decision, it becomes increasingly slow as the number of
channels increases, making it unsuitable for large-scale arrays. For such cases, the
stochastic parallel gradient descent (SPGD) algorithm introduced in the next section, is
preferred. Nevertheless, it is evident that the features we introduced reduce the algorithm’s
runtime. For example, in Figure 2.43, the number of evaluations required to reach 98%
fitness with the 4x16 array decreases from nearly 1,000 to fewer than 800, resulting in an

improvement of over 20%.
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Figure 2.42: Theoretical performance of the basic batch gradient descent (BGD) algorithm and
its two variations, ‘deterministic’ and ‘jump-to-max’, for three array geometries: 1, 2 and 4
waveguiding layers with 16 elements per layer. For each variation of the algorithm, we present
(Left) the number of evaluations to reach a specific fitness level and (Right) the average fitness
evolution out of 20 runs.
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Figure 2.43: Theoretical performance of the basic batch gradient descent (BGD) algorithm and
its two variations, ‘deterministic’ and ‘jump-to-max’, for three array geometries: 1, 2 and 4
waveguiding layers with 16 elements per layer. For each variation of the algorithm, we present
(Left) the number of evaluations to reach a specific fitness level and (Right) the average fitness
evolution out of 20 runs (Right). Each cycle corresponds to (2*N+1) evaluations, where N is the
number of channels.
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2.5.1.4 Stochastic parallel gradient descent (SPGD) algorithm

SPGD is a popular adaptive wave-front control technique originally proposed in [123].

The fitness function for a system with N control channels is defined as
F = F(uq,uy, ..., uy) = F(u) (2.67)

, where u; are the control parameters, i.e., the phase of the optical field in the i-th channel.
In its original version, random perturbations du; with fixed amplitudes |6u;| = du and
random signs with equal probabilities du; = +du and du; = —du are applied in every
channel simultaneously. Fitness perturbation is defined as 6F = F(u + éu) — F(u), and
the true gradient component dF /du; is approximated by 6F /Su;. The benefit is that the
stochastic gradient approximation §F /S§u; is calculated in a single step regardless of the
number of dimensions of the system, i.e., the OPA channel, in opposition to the calculation
of the true gradient scales linearly with the dimensions of the system. In our implementation
we used a variation of the classical SPGD known as decoupled SPGD [124]. In that version

small random perturbations du; with zero average value and equal variance, i.e.,
<o6u;>=0 (2.68)
6ui5uj = 0-251']' (269)

are applied to every channel simultaneously and the fitness perturbation is calculated as

F* =F(u+du) (2.70)
F~ =F(u-—oéu) (2.71)
SF=F*t—-F~ (2.72)

, and thus, the stochastic approximation 8F/Sdu; of the true gradient component is
calculated in two steps (calculation of F* and F7). In each iteration u is updated as
utD) = 4 . gFE® . sy (2.73)

, Where y represents the learning rate and k is the number of iterations. An important
parameter associated with édu is the maximum step size. Larger steps improve the
convergence speed in the initial stages but they may lead in oscilations in later stages and
make the progress slower. In Table 9 we present a pseudo-code of the implemented SPGD.
Within each iteration the algorithm accesses the DAC three times and evaluates the
radiation pattern twice, once for F* and once for F~. As the algorithms presented above,
we performed 20 runs of the SPGD algorithm for three OPA geometries and the result are
shown in Figure 2.44. For the most complex geometry, the algorithm needs less than 700

evaluations to reach 98% fitness, which makes it the fastest converging algorithm among
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1: while F < target_fitness or i < max_iterations
2 Generate du

3 Set_DAC_voltages(u + du)

4. Read_from_camera()

5: Evaluate F*

6 Set_DAC_voltages(u — du)

7 Read_from_camera()

8

9

Evaluate F~
. Calculate 6F
10: Calculate u¥+1
11: Set_DAC_voltages(u**1)

12: end

Table 9: Pseudo-code of the implemented stochastic parallel gradient descent (SPGD) algorithm.

the presented for the specific geometry. A drawback of SPGD is that its convergence speed
can vary significantly based on the initial state, as it is shown in the fitness evolution plot
in Figure 2.44. To address this limitation initial pre-alignment of the heaters using a
deterministic hill-climbing algorithm has been proposed in [131]. However, no further
improvement of the basic SPGD algorithm was investigated in this work, as small array
geometries were fabricated and tested as proof-of-concept. In Figure 2.45 we perform a
comparison between the SPGD algorithm and the best version of the BGD algorithm
(BGD-2). To fully appreciate the scaling potential of each algorithm we extend our study
to larger array geometries including the rectangular arrays 8x8 and 16x16. We plot the
number of evaluations to reach fitness levels of 0.95 and 0.98 as a relation to the geometry,

which can be either linear or rectangular. We conclude that BGD2 demonstrates faster

SPGD
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Figure 2.44: (Left) Number of evaluations needed to reach a specific fitness value and (Right) the
mean fitness evolution over time for the stochastic parallel gradient descent (SPGD) algorithm.
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Figure 2.45: Comparison of SPGD and BGD-2 algorithms. The upper row shows the mean
number and standard deviation of evaluations required to achieve a fitness of 0.95 (Left) and 0.98
(Right) for some selected geometries. The bottom row presents the mean number of evaluations
as a function of the total number of channels for uniform linear arrays (ULA), i.e., of the form
1xN, and uniform rectangular arrays (URA) of the form NxN. The SPGD algorithm is more
efficient for larger geometries, particularly when the number of channels exceeds 32.
convergence than SPGD when the number of channels is below 32, while for greater

number of channels SPGD has a clear advantage.

2.5.2 Experimental results

2.5.2.1 Extraction of V-I characteristic

The algorithms presented in the previous paragraph were used for the testing of the
uniform and aperiodic arrays. More specifically, we used the improved BGD algorithm
(BGD-2) for the phase error calibration of the 1x4 and 2x4 OPAs, and the SPGD algorithm
for the aperiodic 1x16 OPAs. The heating electrodes were driven by means of a
programmable voltage controlled current source. Prior to employing the calibration
algorithms, careful characterization of the heating electrodes was performed. First, the V-1
characteristic of each heater is determined. We sweep the driving current from 0 to 20 mA

and measure the voltage drop on the heating element. From the V-I curve, the dissipated



161 Polymer-based Optical Phased Arrays

400 I-V (1x4 OPA) 8 Power consumption (1x4 OPA)
®  PH1 PH2 ] *  PH1 PH2 A
® PH3 e PH4 " ' * PH3 * PH4 I
300 + . J gl .
o~ (] Py o
> 4
[
£ . % »
[] =
& 200 | (] 1 w47 A
g . 2 .
o o a
> o’ o N
100 0 1 2 -
[ '
[ P
[ ] ',.c"
0 [ ] | | 0 PP A |
0 5 10 15 20 0 5 10 15 20
Current (mA) Current (mA)
1e Phase shift (1x4 OPA) 10 Phase shift (1x4 OPA)
e PH1 PH2
- PH3 PH4
508} g L— :
o &
206 T 6 & .
5 £ & .
o R s .
© o4 a4 4t T e
‘_U .‘ ‘-
= E .
@ i .
5 0.2 2 ,‘: ra
G e
* PH1 PH2 ® PH3 e PH4 ,’:"j::"'
0! ‘ s 0bons e ¥ |
0 100 200 300 400 0 5 10 15 20
12 (mA2) Current (mA)

Figure 2.46: Calibration of the phase heaters of the uniform 1x4 OPA. (Top row) I-V
characteristic and power dissipation of the phase heaters (PHs) as a function of the applied current.
(Bottom left) Extraction of the half-wave phase shift current I; based on the radiation pattern.
The heater current is swept from 0 to 20 mA and the initial radiation pattern is repeated after a
full 27 shift. (Bottom right) The applied phase shift with respect to driving current.

power, and consequently the phase shift, can be drawn as a function of the applied current
(Figure 2.46 (Top)). As described in equation (2.60) there is a linear relationship between
phase shift and dissipated power. With the above set of measurements, the non-linear
behavior of the heater resistance due to self-heating is considered, providing more accurate
control of the phase heaters (PHs). However, V-I curves do not provide any information
about the introduced phase shift. To determine the half-wave phase shift (w) current I;, we
perform another characterization based on the radiation pattern as follows. The phase
shifters are initially set to a random state that produces a distinguishable radiation pattern,
which is stored as a reference. Next, the current in each phase heater is swept from 0 to 20
mA and the corresponding radiation pattern is captured. The similarity between the
measured pattern and the reference pattern is quantified using the overlap coefficient. The
point at which the initial radiation pattern appears once again indicates the 2r phase shift,
while the point of least similarity corresponds to a m phase shift. The results of this

characterization are shown in Figure 2.46 (Bottom). We should comment at this point, that
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Figure 2.47: Calibration of the phase heaters of the uniform 2x4 OPA. (Top row) I-V
characteristic and power dissipation of the phase heaters (PHs) as a function of the applied current.
(Bottom left) Extraction of the half-wave phase shift current I; based on the radiation pattern.
The heater current is swept from 0 to 20 mA and the initial radiation pattern is repeated after a
full 27 shift. (Bottom right) The applied phase shift with respect to driving current.

as the size of the array increases, the influence of a single element becomes increasingly
smaller, limiting the applicability of the described method. However, a similar approach
was successfully used to extract I, in a 256-channel array [130]. In that study, the authors
used the beam power as an indicator of the introduced phased shift. Consequently, the
minimum detectable power swing was constrained only by the sensor’s noise. The final
step is to corelate the P-I curve obtained from the V-I characterization with the phase shift
A, or, equivalently, to determine the parameter k in equation (2.60). The initial phase error
Qerror I equation (2.60) can be omitted and k can be calculated as /P, where P, is the

half-wave power that corresponds to I;, and can be determined from the P-I curve.

The characterization results of the 1x4 and 2x4 OPAs are presented in Figure 2.46 and
Figure 2.47 respectively. In Figure 2.47 the different efficiencies of the upper layer (PHS5-
PHS) and bottom layer (PH1-PH4) phase heaters can be observed. The average P, for the

upper layer is ~2.8 mW, where for the bottom layer is ~3.8 mW. An exception in the upper
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layer is heater PH4 of the 1x4 OPA that demonstrates P, = 3.7 mW. However, it should be
mentioned that the heaters were accessed with the help of electrical DC probes, which do
not provide the same electrical conductivity. In fact, from a practical point of view, as the
number of channels increases, it becomes increasingly difficult to access the pads of a chip
in a uniform way. Consequently, the resistance between probe wires and chips’ pads is not
the same for all channels and can lead to different P, measurements. Of course, this non-
uniformity is not present in the case of wire-bonded chips. The larger amount of power that
is needed to achieve a half-wave phase shift in waveguides of the bottom layer is related to
the fact that there is a larger distance between the heating electrode and the waveguide
structure. An improved version of Au heaters was used in the 16-channel aperiodic arrays

that demonstrated an average P; of ~1.3 mW (width = 15 pm, length = 500 pum).

2.5.2.2 Phase calibration

The BGD algorithm described in the previous section was applied to calibrate the actual
PICs, specifically bare dies of the uniform 1x4 and 2x4 OPAs. Figure 2.48 presents the
experimental results alongside the theoretical predictions from our modelling for the two
best performing versions: BGD1 and BGD2. The plot illustrates the number of evaluations
required to reach a specified fitness level, with the fitness function defined as the overlap
coefficient. Each algorithm was executed 25 times for the two geometries. In the case of
2x4 OPAs, experimental performance closely aligns with the theoretical results. In contrast,
for 1x4 OPAs, the experiment required more evaluations to achieve the same fitness level.
The SPGD algorithm was employed to calibrate the PICs with the 1x16 non-uniform OPA.
However, a comprehensive performance evaluation of the algorithm was not conducted.
Figure 2.49 showcases three example runs of the implemented SPGD algorithm, using the
PIC with the aperiodic OPA design #1 (see Table 6). The maximum fitness value achieved
experimentally was 0.85, due to the errors introduced in the experimental setup. These
errors were mainly attributed to camera noise and PIC fabrication imperfections, which
caused deviations between the experimental pattern and the theoretical one. The algorithm
demonstrated experimental performance similar to the average theoretical performance, as

indicated by the black line in the corresponding figure.
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Figure 2.48: Comparison of the theoretical and experimental performance of the BGD algorithms
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Figure 2.49: Example experimental runs from the SPGD algorithm with the first aperiodic design

OPA PIC. The black curve shows the simulated performance of the algorithm. The maximum
fitness values achieved experimentally was 0.85.
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2.6Four-layer OPA

A passive multi-layer structure with four waveguide layers was fabricated on the
PolyBoard platform to implement a 2D OPA at 1550 nm. Each layer comprised eight
waveguides to form a 4x8 array with 32 independently controlled channels. In each layer,
the waveguides are routed to the edge of the PIC for free space emission. To control the
phase of each channel an additional PIC with an array of 32 phase heaters was fabricated
also in PolyBoard, designed for edge-coupling with the passive 4x8 OPA PIC. An
illustration of the PolyBoard PIC is shown in Figure 2.50.

2.6.1 PIC design and fabrication

2.6.1.1 Passive 4x8 array PIC

Figure 2.51 illustrates the waveguide routing in the 3D PIC in more detail. The light is
coupled to the bottom layer of the PIC and is transferred to the corresponding layer using
1x1 vertical multi-mode interference couplers (vMMIs). The waveguide pitch at the input
is 127 pm. Starting from the north side of the chip as shown in Figure 2.51, light from the
1%t input remains to layer 1, light from the 2" input is transferred to layer 2, from the 3™
input to layer 3, from the 4 input to layer 4, from the 5™ input back to layer 1, and so on.
The mapping of each channel to the aperture is shown in Figure 2.51. The vertical
waveguide pitch is selected to be 7.2 um, determined by the height of the 1x1 vMMI
structure, which is designed to be 10.4 pum [54]. Additionally, this distance ensures
suppressed optical crosstalk between the waveguides of different layers. To transfer light

between multiple layers, a cascaded configuration of vMMIs is used [56]. The waveguide

- Layer 1 - Layer 2 . Layer 3 . Layer 4

)

ar

Figure 2.50: Illustration of the passive 4x8 OPA in the PolyBoard platform.
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Figure 2.51: (Top) Schematic representation of the passive 4x8 OPA. The mapping of the 32
channels to the emitting aperture is shown. (Bottom) Fabricated PIC of the passive 4x8 OPA. The

dimensions of the PIC are 5.5 mm x 4.5 mm.

dimensions are 3.2 pm x 3.2 pum, optimized for single mode operation around 1550 nm.

We should note that the optical path lengths were not designed to be equal, so phase tuning

is needed to converge the emitted power to a certatin angle.

To realize the specific multi-layer PIC the standard fabrication process of PolyBoard

was optimized, primarily to address the challenge of wafer topography and improve the

accuracy of the thinning process. The main fabrication steps for the formation of mutliple

layers in PolyBoard are shown in Figure 2.1. Standard UV-photolithography and oxygen

plasma reactive ion etching (RIE) is used to structure the waveguide layers. ChemOptics
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ZPU-12 series material is used to fabricate waveguide core and cladding layers. The layer
deposition alternates between these two materials. The uncured, liquid cladding material is
spin-coated on a silicon substrate and cured by UV exposure. Subsequently, the same
procedure is followed for the core layer. After the core layer is cured, it has to be structured
to form waveguides. For this purpose, a photoresist is applied and exposed by means of UV
lithography. The resist is developed and titanium (Ti) is evaporated onto the wafer surface.
A lift-off process is carried out and the Ti remains in the areas above the waveguide, where
it serves as an etching mask (Ti mask) that protects the underlying surface from the oxygen
plasma etch. Another layer of cladding material is then applied on top of the waveguide.
To ensure direct contact with the following waveguide plane the cladding has to be thinned
down to the upper edge of the waveguide. In the standard fabrication process, the Ti mask
is removed directly after the waveguide layer structuring. In the optimized process for the
fabrication of multiple waveguide layers, the Ti mask is not removed before the cladding
is applied [54]. This approach allows for precise control over the thinning process, enabling
accurate determination of the cladding layer thickness above the waveguide using white
light interferometry. Once the top cladding is etched, the Ti mask resurfaces and is
subsequently removed to allow for the application of the next core material layer. During
this step, the Ti mask also functions as a protective layer for the waveguide. This
modification to the standard fabrication process on the PolyBoard platform results in a
newly optimized workflow. The same procedure is followed for the topmost waveguide
plane. However, in the final step, the Ti mask is removed before applying the cladding, and

the cladding remains in place above the waveguide to serve as a protective layer.

The stacking of multiple waveguide layers creates significant surface topography,
which can result in locally uneven thinning of the cladding. Figure 2.52 illustrates the effect
of layer thickness variation across the wafer. Following thinning with oxygen plasma RIE,
the Ti mask used for waveguide structuring is exposed and subsequently removed to
continue the fabrication process. However, when the polymer cladding is slightly thicker,
the thinning process may fail to fully expose the titanium hard mask on the waveguide. As
a result, the mask cannot be removed, rendering the specific device unusable. Further
etching is not feasible, as it would excessively reduce the cladding layer thickness around
the functioning waveguides. The allowable thickness variation across the entire wafer is
less than 500 nm. This issue becomes increasingly pronounced as the number of

waveguiding layers increases. To tackle this challenge, a planarization process was
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Figure 2.52: (Left box) Effect of variation of polymer cladding thickness across the wafer during
the fabrication of vMMIs. The thickness difference causes some of the devices to be unusable,
because the titanium (Ti) mask cannot be removed. (Right box) Wafer planarization for reliable
fabrication of vertically connected polymer waveguide layers.

developed for the PolyBoard wafers. This process employs a fly cutter to level the wafer
surface, reducing the polymer thickness to a predefined height. As shown in Figure 2.52,
the fly cutter eliminates the topography and reduces the polymer layer thickness to the
desired target height. This process ensures that the Ti mask maintains a consistent distance
from the wafer surface across the entire wafer. This uniform distance serves as the target
etch depth during the RIE process. As a result, the Ti layer is uniformly exposed on all

structures. Finally, the Ti layer is removed from all structures.

Once planarization is completed, the entire wafer surface exhibits increased roughness
due to the fly cutter. While this roughness provides immediate feedback that planarization
has been successfully achieved, it is undesirable because it can increase optical losses from
scattering. This issue can be mitigated by spin-coating a thin polymer cladding layer (a few
micrometers thick) onto the wafer after planarization. The cladding layer does not
reintroduce surface topography, as spin coating on a flat surface results in a highly uniform
layer thickness, with variations on the order of 200 nm across the usable wafer area.

However, the spin-coated layer also exhibits surface roughness similar to that of the initial
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Figure 2.53: Final fabrication process developed for multilayer PolyBoard structures.

polymer layer before planarization. The final fabrication process of multi-layer PolyBoard
structures is presented in Figure 2.53. The fabrication of the n-th waveguide layer begins
with spin-coating a polymer core material layer onto a planar surface (i), which can be
either an unstructured wafer with polymer cladding, or a planarized multilayer PolyBoard
wafer with an existing waveguide layer beneath. Next, the waveguide core is patterned
using a titanium mask and etched with RIE (ii). The wafer topography, resulting from the
spin-coating of the polymer cladding layer, is then removed with the fly cutter (iii), leaving
a rough wafer surface (iv). This roughness is smoothed out by spin-coating a thin polymer
layer (v). After an additional RIE step, the Ti layer is exposed (vi) and finally removed
from all structures (vii). The same process is repeated for the (n+1)-th waveguide layer,
with the new waveguide layer aligned to the n-th layer to ensure proper coupling, with an

alignment accuracy < 1 um. The effect of the alignment accuracy is discussed in 2.6.2.

2.6.1.2 Phase control PIC

Phase tuning is supported by a different PIC which comprises 32 phase heaters. Figure
2.54 presents the mask of the PIC. The input optical power is distributed across the 32
channels using a plitting tree, based on a 1x2 MMI and two stages of 1x4 MMIs. The
splitting tree has a total length of 7.5 mm. Each heater features a width of 15 pm and a
length of 500 um. To minimize the number of pads and electrical connections, a common
ground pad is shared among all heaters. A U-groove is incorporated at the chip’s input to
facilitate optical fiber coupling. At the chip’s output, the waveguides are designed with a

127 pum pitch to align with the input waveguides of the passive 4x8 OPA PIC.
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Figure 2.54: PolyBoard PIC comprising the splitting tree and 32 thermal phase shifters for the
phase tuning of the passive 4x8 OPA. The dimensions of the PIC are 7.2 mm X% 16 mm.

2.6.2 Modelling of excitation imbalance

A simulation of the radiation pattern of the 4x8 OPA was conducted to assess the impact
of excitation amplitude imbalance caused by the insertion losses of the 1x1 vertical MMI
(vVMMI), introduced at each layer transition. The insertion loss of vMMIs has been
extensively studied and reported [54][56][60]. As described in [54], the loss arises from
layer misalignment within the vMMI structure due to process tolerances (see Figure 2.55).
The width (W) and length (L) of the vMMI have been optimized to minimize these losses,
assuming offset values below 2 um [54]. The actual fabrication tolerances are less than 1
um. Depending on the wavelength and polarization state, the vMMI insertion loss ranges
from 1.0 to 1.5 dB (1520 nm to 1580 nm). In [56], the loss introduced by three cascaded
vMMIs was measured to be between 2.5 and 4 dB (1500 nm to 1600 nm). These values
have also been confirmed in a recent study on multi-layer PICs for switching applications
[60]. In our study, we examined the impact of insertion loss, considering values ranging

from 0.1 dB to 3 dB for a single vMMI structure, corresponding to each layer transition.

Cross section

Figure 2.55: Vertical MMI coupler. The fabrication tolerances may lead to an offset between the
individual layers of the MMI.
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Figure 2.56: Radiation pattern of 4x8 uniform OPA with transition loss between the layers: (Top)
0.1 dB, (Middle) 1.2 dB and (Bottom) 2 dB. In the right column the slice at 0° azimuth is shown.
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Figure 2.57: Radiation pattern of 4x8 uniform OPA with transition loss between the layers: (Top)
0.1 dB, (Middle) 1.2 dB and (Bottom) 2 dB. In the right column the slice at 0° elevation plane is
shown. No difference is observed in the radiation pattern across the elevation plane.
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Figure 2.58: (Left) Power imbalance among the 32 channels due to couplings losses between the
passive OPA and the control PIC. (Right) Power distribution among the elements in each of the
four layers after taking account the coupling losses with the control PIC and the vertical MMIs.

In Figure 2.56, the beam is directed to az = 0° and el = 5°. The operating wavelength
is 1.55 um. The grating lobe is visible since the vertical waveguide pitch is 7.2 um. We plot
a vertical slice of the radiation pattern at az = 0° and calculate the suppression ratio of the
1% sidelobe relative to the main lobe for three different values of vMMI insertion loss: (Top)
0.1 dB, (Middle) 1.2 dB, and (Bottom) 2 dB. As the transition loss per layer increases, the
suppression ratio decreases, and the overall noise floor rises, resulting in shallower nulls in
the radiation pattern. In Figure 2.57, the beam is directed to az = 5° and el = 0°. We plot
a horizontal slice of the radiation pattern at el = 0° and again calculate the suppression
ratio of the 1% sidelobe relative to the main lobe. It is clear that the amplitude imbalance
across the vertical axis of the array does not have an impact on the radiation pattern across
the azimuth axis (horizontal). In our modelling we take into account the power imbalance
among the 32 channels of the array due to the coupling losses between the 4x8 passive
OPA PIC and the phase control PIC, assuming a maximum imbalance of 3 dB (see Figure
2.58). Figure 2.59 presents the suppression ratio of the 1% sidelobe for a 4-layer and an 8-

layer OPA across the elevation axis (az = 0°), similar to Figure 2.56.
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Figure 2.59: Suppression of the 1* sidelobe for a 4-layer and an 8-layer OPA.
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2.7Summary

In this part, we presented our work on the design, modeling and characterization of
polymer-based optical phased arrays (OPAs). We proposed and experimentally
demonstrated a novel concept for 2D OPAs in support of laser beam scanning applications.
Our solution is based on the formation of rectangular apertures at the edge of the chip using
multiple waveguiding layers in ‘PolyBoard’, the polymer platform developed at Fraunhofer
HHI. Our concept includes the use of vertical MMI structures to transfer the light between
adjacent waveguiding layers and standard lateral MMIs to distribute optical power among
waveguides of the same layer. The motivation to form edge-emitting OPAs is their high-
power throughput and the potential for beam steering without the need for wavelength
tuning. To the best of our knowledge this work is the first to demonstrate 2D edge-emitting

(end-fire) OPAs based on 3D photonic integration with independent channel phase control.

First, the advantages and challenges of the proposed platform were discussed and the
fundamental elements of OPA theory were introduced. Using the field equivalence
principle, we calculated the far-field radiation of the standard 3.2 pm x 3.2 um PolyBoard
waveguide at 1550 nm, where the FWHM was calculated to be 12.7°. Subsequently, we
assessed the impact of the waveguide pitch on the creation of grating lobes and the
deterioration of the FOV. Using BPM simulations, we investigated the optical crosstalk
between adjacent PolyBoard waveguides as a function of their spacing, and we concluded
that 6 um can be considered as a safe limit for the prevention of the detrimental coupling
between waveguides at co-propagation distances of few hundred microns. We fabricated
test structures of uniform linear (1D) and rectangular (2D) OPAs with lateral pitch of 6 pum,
8 um and 10 um and 4 waveguides per layer to validate experimentally our theoretical
results. In the case of 2D arrays the vertical pitch of the waveguides was set to 7.2 um,
which was the distance between the different waveguiding layers, defined by the height of
the vertical MMI structures. We measured the beam profiles of the 1x4 and 2x4 OPAs and
demonstrated 2D beam-steering using the double layer OPAs. The widest FOV was 12°x8°
(azimuth x elevation), measured with the 6 um lateral pitch OPA, while the beamwidth was
approximately 3.3°x5.9°. The smallest beamwidth was measured 2.1°x5.8° with the 10 um
lateral pitch OPA due to the larger aperture size. We described the development of our
experimental setup, which was based on a 4-f optical system and a microscope objective to
collect light and map the far-field radiation pattern on a sensor. The calibration procedure

of our experimental setup is also discussed.
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We then extended our work to non-uniform OPAs, where unequal emitter spacing was
introduced to suppress grating lobes. Two optimization methods, a genetic algorithm and a
gradient descent algorithm, were used to design 16-element linear aperiodic apertures,
effectively eliminating grating lobes around 1.55 pm wavelength. By applying independent
phase control to all 16 channels, we demonstrated 1D beam steering with side-lobe
suppression ratios exceeding 11 dB within £5°, and 6 dB within £8°, steering range.
Although aperiodicity was studied only in single-layer OPAs, the concept is directly
applicable to our multi-layer 3D OPA concept. Phase tuning relied on thermo-optic (TO)
phase shifters, which exhibited an efficiency of 1.28 mW/x. While TO shifters in
PolyBoard typically offer reconfiguration times on the order of a few milliseconds [61],
our designs were optimized for reduced power consumption and thermal crosstalk,
resulting in reconfiguration times of ~15 ms. In practice, the tuning speed was limited by

the software-controlled driving electronics.

We investigated phase calibration strategies for OPAs, comparing several algorithmic
approaches. The stochastic parallel gradient descent (SPGD) method was found to be the
most resource-efficient, offering faster convergence for OPAs with a large number of
elements. Finally, we discussed the design of a 4x8 OPA comprising four stacked

waveguiding layers, further extending the scalability of the proposed architecture.
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Conclusions and outlook

Summary of accomplishments

This thesis work focused on two main challenges in remote optical sensors: optical
frequency shifting for heterodyne interferometers, and optical beam steering. These
challenges lie in achieving the required functionalities in a compact form, leveraging
photonic integration, since current implementations rely on bulk optical components and,
in the case of beam steering, on mechanical parts. This work leverages two photonic
integration platforms: the ‘TriPleX’ silicon nitride platform of LioniX for the
implementation of optical frequency shifters (OFSs) and the ‘PolyBoard’ polymer-based
platform of Fraunhofer Heinrich Hertz Institute for optical phased arrays (OPAs).

In the TriPleX platform, a thin-film PZT layer was deposited on top of the SiN
waveguide structure to implement phase modulators based on stress-optic index
modulation. These devices offer modulation bandwidths in the MHz range, significantly
exceeding those of thermo-optic phase shifters in SiN, which are typically limited to a few
kilohertz. In this work, a novel electrode configuration was implemented, in which both
driving electrodes are positioned on top of the PZT layer to reduce capacitance and enhance
the modulator bandwidth. Two optical frequency shifter (OFS) configurations were
designed, fabricated, and experimentally characterized: a serrodyne frequency shifter (SFS)
and a single-sideband frequency shifter (SSB-FS). Both configurations were analyzed
theoretically (1.3.1), and their performance was simulated to capture key trade-offs in
conversion efficiency (CE) and sideband suppression ratio (SBSR) in the electrical domain.
Frequency shifts of 100 kHz and 2.5 MHz were demonstrated using the SFS and SSB-FS,
respectively. The measured CE and SBSR showed excellent agreement with theoretical
predictions, validating the developed models (1.3.3). The frequency shift achieved with the
SFES is limited to the kHz range due to the bandwidth-demanding nature of the ramp driving
signal, the fall time of which is critical for maintaining high SBSR performance. The
driving circuit, which was a custom design based on discrete components, is, in principle,
capable of supporting modulation frequencies up to 20 MHz, assuming adequate thermal
management and appropriate design of the PIC-hosting PCB (1.3.3.3). Under these
conditions, frequency shifts of up to 800 kHz and 20 MHz would be feasible with the SFS
and SSB-FS, respectively.
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This work extended beyond device characterization to demonstrate system-level
functionality using the developed components, targeting a heterodyne Laser Doppler
Vibrometer (LDV) operating at 1550 nm. A proof-of-concept LDV was first implemented
based on the SSB-OFS device. For signal detection, a dual-polarization coherent receiver
was designed, fabricated, and characterized on the PolyBoard platform. The receiver
incorporated thin-film polarization-handling elements embedded in etched slots and edge-
coupled InP-based photodetectors. Furthermore, the system employed a commercial low-
linewidth ECL source from LioniX, a probe head from Polytec for beam focusing and light
collection, as well as the demodulation software by Polytec, all of which constituted
valuable contributions to this effort. All the different PICs and components of the system
were connected via fiber. Vibration measurements up to 15 kHz were demonstrated using
the SSB-FS, achieving a displacement resolution of 10 pm. Although the system is, in
principle, capable of detecting vibration frequencies up to 1 MHz, the experiments were
restricted to the acoustic range due to the vibrating source used, which was a loudspeaker.
As a further step toward achieving high compactness, a novel hybrid-integration approach
was employed to combine the TriPleX and PolyBoard platforms into a single die.
Leveraging the fabrication flexibility of polymer-based platforms, a PolyBoard circuit was
embedded within an etched window on a TriPleX substrate, forming a powerful 3D hybrid
PIC that integrates a PZT-based SFS in the TriPleX section with a dual-polarization
coherent detection circuit in the PolyBoard section. Experimental characterization of the
hybrid PIC demonstrated a 100 kHz frequency shift using the SFS, with performance
comparable to that of the individual PICs. Despite the observed excess coupling losses
between the two platforms of approximately 15 dB, attributed to mask misalignment during
fabrication, simulations suggest that an order-of-magnitude reduction can be achieved by
enhancing fabrication accuracy. This work serves as a proof of concept, demonstrating that
hybrid integration of polymer with other material platforms such as SiN is feasible within
a wafer-scale process, paving the way for photonic systems of greater complexity and

enhanced functionality.

The second part of the work focused on the development of OPAs for optical beam
steering in the PolyBoard platform, around 1550 nm wavelength. By exploiting the spin-
coating manufacturing versatility of polymers, which enables the fabrication of multiple
stacked waveguiding layers, an approach for realizing two-dimensional rectangular

apertures at the edge of PolyBoard PICs was introduced. While the concept of rectangular
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edge-emitting (end-fire) OPAs based on multiple stacked waveguiding layers has been
proposed previously, this work constitutes the first experimental realization that supports
active phase control of the OPA channels and thus enabling dynamic beam steering.
Uniform single-layer and dual-layer OPAs with four channels per layer were fabricated and
characterized experimentally as proof-of-concept. Active phase tuning was performed to
achieve 2D beam steering over a field of view of 12°x8°, with a corresponding beamwidth
of 3.3°x5.9°. Subsequently, a four-layer passive OPA comprising eight channels per layer
was designed and fabricated. A separate PolyBoard PIC incorporating thermo-optic phase
shifters was developed to provide phase control for the 32 channels of the 4 x 8 passive
OPA. Although the assembly of the two PICs was not completed and experimental
validation was therefore not available, the successful fabrication of a four-layer PolyBoard
PIC represents a significant milestone, demonstrating the present capabilities of multi-layer
PolyBoard technology. Furthermore, leveraging the inherently high thermo-optic
coefficient and low thermal conductivity of polymers, thermo-optic phase shifters with
phase-shift efficiency as low as 1.3 mW/n were realized within this work, further

supporting the scalability of the proposed technology.

A complete workflow for modeling, design, fabrication, and characterization of
PolyBoard-based optical phased arrays (OPAs) was established in this work. A dedicated
simulation platform was first developed to calculate the far-field radiation pattern of the
elementary emitter using the field equivalence principle, providing higher accuracy than
conventional simulation methods, as confirmed by measurements on test structures. In
addition, a comprehensive simulation toolset was implemented to extract key performance
indicators of OPAs. This toolset was further enhanced with optimization algorithms to
facilitate the design of aperiodic arrays. Linear arrays consisting of 16 unequally spaced
emitters were designed, fabricated, and experimentally validated. Independent phase
control across all 16 channels enabled one-dimensional beam steering while effectively
suppressing grating lobes, achieving more than 8 dB suppression within the 12° FOV. To
characterize the fabricated PICs, a dedicated measurement setup was developed.
Specifically, an imaging system was implemented to capture the far-field emission patterns
of the OPAs, while global optimization algorithms were employed to perform phase

calibration and generate the desired beam-steering profiles.

Table 10 summarizes the research objectives defined at the outset of this work and the

corresponding scientific results that fulfilled them.
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Objectives

Accomplishments

1.1

Employ stress-optic index
modulation technology on TriPleX
(SiN platform) to realize optical
frequency shifting

Design, fabrication and testing of two OFS PICs using PZT-based
stress-optic modulators on TriPleX.

Demonstration of serrodyne frequency shift (SFS) of 100 kHz, -1 dB
CE, 22.1 dB SBSR.

Demonstration of single-sideband frequency shift (SSB-FS) of 2.5
MHz, -14.7 dB CE, 39 dB SBSR.

1.2

Demonstrate a miniaturized PIC-
based Laser Doppler Vibrometer
(LDV)

Demonstration of heterodyne LDV measurements with 10 pm
resolution (up to 1 MHz), using a TiPleX-based OFS and a dual-pol
coherent receiver in PolyBoard.

Fabrication, assembly and testing of a hybrid PIC combining
PolyBoard and TriPleX PICs into a single die.

2.1

Develop an advanced simulation

platform for PolyBoard OPAs

Development of a MATLAB tool to compute the far-field of the
elementary emitter using the field equivalence principle; E/H fields
imported from RSoft simulations.

Development of a MATLAB tool to calculate 1D/2D OPA far-fields
using the array factor (AF) and emitter pattern.

Experimental validation of the simulation platform via testing 1x4
and 2x4 uniform OPAs.

2.2

Demonstrate 2D optical beam-
steering using multi-layer

PolyBoard OPAs

Design, fabrication, and testing of 1x4 and 2x4 uniform OPAs in
PolyBoard, with lateral element pitch 6, 8, and 10 pm, and vertical
pitch 7.2 um.

Demonstration of 2D beam-steering within a 12°x8° FOV, and
beamwidth 3.3°x5.9° (6 um lateral pitch).

Fabrication of a 4x8 uniform passive OPA and a 1x32 phase control
PIC. Beam-steering results were not available due to lack of PIC
assembly/packaging.
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Develop an OPA far/near-field

characterization setup

Development of a Fourier imaging setup with a high NA MO to map
the OPA far-field on a CCD camera; near/far-field selection by
removing a single lens.

Implementation of a PIC characterization setup with a six-axis optical
alignment stage, electrical probes for heater control, and task-
automation features (measure/alignment selection PCB, OPA PIC
control).

Development of a GUI for image processing and data visualization.
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Develop a platform for non-

uniform OPA design

Development of a MATLAB optimization platform using a custom
genetic algorithm.

Design, fabrication, and testing of 1x16 sparse aperiodic OPAs.

2.5

Develop OPA calibration

techniques

Design of calibration methods using batch and stochastic parallel
gradient descent algorithms.

Performed calibration of 1x4 and 2x4 uniform OPAs, and 1x16 non-
uniform OPAs, considering heater self-heating and efficiency
variations.

Table 10: Key accomplishments of this work.
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Future work

The integrated heterodyne interferometer demonstrated in this work can be further
enhanced through improvements in fabrication and packaging processes. Regarding stress-
optic index modulation using PZT thin films in the TriPleX SiN platform, issues related to
yield, uniformity, and aging-induced performance degradation could be mitigated by
optimizing both the fabrication process and the material properties. Additional process
refinement is also required for the hybrid integration of TriPleX with PolyBoard,
particularly in forming polymer waveguides on top of the TriPleX platform. Improved
mask alignment and process control would help achieve coupling efficiencies closer to the
simulated values. Although not explored in this work, integrating the laser source with the
rest of the photonic circuit is an important direction for future development. As LioniX has
already commercialized integrated low-linewidth external cavity lasers (ECLs) in TriPleX,
such as the one used in this work, its incorporation would be a logical next step toward a

fully integrated system.

The primary focus of the work on PolyBoard OPAs was the proof-of-concept
demonstration of two-dimensional beam steering based on the multi-layer PolyBoard
platform, along with the development of optimization techniques to improve the radiation
characteristics of the proposed structures, such as through aperiodic aperture design.
Moving forward, several steps can be taken to advance this technology toward practical
beam-steering and scanning systems, including component-level optimization, improved
aperture design, and advances in assembly and packaging. A key challenge in PolyBoard
is expanding the FOV of the elementary waveguide emitter. Modest adjustments to the
refractive index contrast in the PolyBoard platform are expected to improve mode
confinement and consequently enhance beam divergence in free space, without
significantly affecting waveguiding losses. Additional component-level improvements

include optimizing the vertical multimode interference (MMI) couplers used for interlayer

Proof-of-concept

1D OPAs 2D OPA i opoPA !
Non-uniform 4x8 { Non-uniform i
1x16 Passive 4x18

1D OPA 2D OPA
1x4 2x4

Figure 1: Target polymer-based OPA PICs.
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light transfer to further reduce insertion losses. A logical next step is the assembly and
characterization of the 4x8 OPA presented in Section 2.6, accompanied by the development
of a robust assembly and packaging methodology for multi-layer photonic circuits.
Subsequent efforts could focus on scaling the approach to larger arrays, such as eight-layer
chips enabling 8x8 or 8x16 OPA configurations. The concept of non-uniform element
spacing to improve radiation performance, shown in section 2.4, can also be directly applied
to the 2D multi-layer OPA architecture. Designing a 2D aperiodic array, such as a 4x16
configuration, would represent a natural extension of this concept. Future studies should
explore the theoretical boundaries of 2D aperiodic array performance and quantify their
dependence on process-induced variations, such as emitter alignment tolerances and
imbalances in the MMI couplers. Furthermore, exploring more sophisticated phase-control
schemes for the OPA channels, such as those discussed in Section 2.1.3.2., would be
valuable for improving overall system performance. From a system design perspective, an
interesting direction would be to employ the stress-optic modulators presented in Section
1.3.2 for phase control of the OPA channels, combining the TriPleX platform with the
polymer-based 3D PIC through hybrid integration, as outlined in Section 1.6.1. A
complementary architecture is also worth exploring, in which PolyBoard is utilized for the
phase-control section, taking advantage of its low-power thermo-optic devices, while
TriPleX is used to implement grating-based OPAs. Finally, system-level demonstrations,
such as free-space optical communication links or LIDAR experiments, represent essential
next steps toward validating the proposed technology in practical applications. These
demonstrations could include bidirectional operation, where the OPAs are employed not
only for beam transmission but also for light collection, thereby showcasing their full

potential in integrated optical systems.

Figure 2: Packaged 2x4 OPA prototype.
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Appendix

OPA characterization setup: co-ordinate system of

Figure 1: Co-ordinate system
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Figure 2: Data arrangement for digital processing



GUI for OPA testing setup
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Figure 7: Example frame
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Figure 8: Example frame visualization in a 3D plot
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Non-uniform OPAs: Post-processing of experimental data
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Figure 9: Experimental data from the aperiodic 16-channel linear OPA, design #1 in Table 6. The
measurements selected for the figures presented in section 2.4.2 are highlighted in red.
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Design #3: SLS data
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Figure 10: Experimental data from the aperiodic 16-channel linear OPA, design #3 in Table 6.
The measurements selected for the figures presented in section 2.4.2 are highlighted in red.
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Design #4: SLS data
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