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Hoofdstuk 1 

Algemene inleiding
,Q�PRGHUQH�RSWLVFKH�WHOHFRPPXQLFDWLH�QHWZHUNHQ�OLMNW�KHW�JHEUXLN�YDQ�JROIOHQJWHPXOWLSOH[H�

ULQJ� �:'0� �� ZDYHOHQJWK� GLYLVLRQ� PXOWLSOH[LQJ�� YRRUJRHG� GRRUJHEURNHQ� WH� ]LMQ�� � 'RRU

PHHUGHUH�JROIOHQJWHNDQDOHQ����WRW�����WH�JHEUXLNHQ�RP�LQIRUPDWLH�GRRU�KHW�QHWZHUN�WH�VWXUHQ

NDQ�GH�FDSDFLWHLW�GUDVWLVFK�YHUKRRJG�ZRUGHQ��JHEUXLN�PDNHQG�YDQ�GH�EHVWDDQGH�JODVYH]HOLQ�

IUDVWUXFWXXU�� �7RW�QX�WRH�ZRUGW�GH]H�WHFKQLHN��:'0��YRRUDO�JHEUXLNW�RP�GH�FDSDFLWHLW�YDQ

SXQW�WRW�SXQW�YHUELQGLQJHQ�WH�YHUKRJHQ���0HHU�HQ�PHHU�HFKWHU�LV�HU�GH�WHQGHQV�RP�YROOHGLJ

RSWLVFK�JHURXWHHUGH�QHWZHUNHQ�WH�JDDQ�RQWZLNNHOHQ�ZDDUELM�GH�JROIOHQJWH�JHEUXLNW�ZRUGW�RP

KHW�OLFKW�GRRU�KHW�QHWZHUN�WH�URXWHUHQ�

'H�RSWLVFKH�EURQQHQ�YRUPHQ�HHQ�EHODQJULMN�RQGHUGHHO�YDQ�GH]H�QHWZHUNHQ���0HHVWDO�ZRUGHQ

GDDUELM�GULH�YHUVFKLOOHQGH�JURHSHQ�RQGHUVFKHLGHQ�

• 'LVFUHWH�ODVHUV�PHW�YDVWH�JROIOHQJWH��GLW�LV�GH�RSWLH�GLH�QX�RYHU�KHW�DOJHPHHQ�ZRUGW�JH�
EUXLNW�

• $IVWHPEDUH�ODVHUV��NXQQHQ�HHQ�YROOHGLJH�UHHNV�GLVFUHWH�UHVHUYHODVHUV�YHUYDQJHQ

• 0XOWLJROIOHQJWHODVHUV��JHQHUHUHQ�PHHUGHUH�JROIOHQJWHNDQDOHQ�WHJHOLMN

+HW�GRHO�YDQ�GLW�ZHUN�ZDV�KHW�RQWZHUSHQ�HQ�UHDOLVHUHQ�YDQ�HHQ�PXOWLJROIOHQJWHODVHU�GRRU�GH

LQWHJUDWLH�YDQ�HHQ�SDVVLHYH�GHPXOWLSOH[HU�HQ�HHQ�YHUVWHUNHUULM�ELQQHQ�ppQ�RSWLVFKH�FDYLWHLW�

,Q�SDUDJUDDI�����YDQ�GLW�KRRIGVWXN�ZRUGW�KHW�ZHUNLQJVSULQFLSH�YDQ�]RªQ�ODVHU�EHVSURNHQ���,Q

GH� YROJHQGH� SDUDJUDIHQ� EHVSUHNHQ� ZH� NRUW� ZDDURP� HHQ� 3KDVHG�$UUD\� GHPXOWLSOH[HU� JH�

EUXLNW�ZHUG��SDUDJUDDI������HQ�LQWURGXFHUHQ�ZH�GH�ELM�KHW�RQWZHUS�EHRRJGH�VSHFLILFDWLHV��SD�

UDJUDDI������

+HW�WZHHGH�GHHO�YDQ�GLW�KRRIGVWXN�JHHIW�HHQ�RYHU]LFKW�YDQ�UHFHQW�JHSXEOLFHHUGH�PXOWLJROI�

OHQJWHODVHUV�HQ�LQ�KHW�GHUGH�GHHO�ZRUGHQ�]RZHO�GH�PRQROLWKLVFKH�DOV�GH�K\EULGH�LQWHJUDWLH�

WHFKQRORJLH�GLH�JHEUXLNW�ZHUGHQ�LQ�KHW�NDGHU�YDQ�GLW�ZHUN�LQJHOHLG�� �$OV�EHVOXLW�ZRUGW�KHW

GRHO�YDQ�GLW�ZHUN�EHVSURNHQ�HQ�ZRUGW�HHQ�NRUW�RYHU]LFKW�YDQ�GH�LQKRXG�YDQ�GH�WKHVLV�HQ�GH

EHODQJULMNVWH�YHUZH]HQOLMNLQJHQ�JHJHYHQ�

1 Multigolflengtelasers: werkingsprincipe en algemeen ontwerp

1.1 Werkingsprincipe

+HW� EHODQJULMNVWH� YRRUGHHO� YDQ�PXOWLJROIOHQJWHODVHUV� LV� GDW� PHHUGHUH� JROIOHQJWHNDQDOHQ� LQ

ppQ�JHPHHQVFKDSSHOLMNH�XLWJDQJVJROIJHOHLGHU�ZRUGHQ�JHNRSSHOG�� �'DDUGRRU�NDQ�]RZHO�KHW

DDQWDO�NULWLVFKH�YH]HO�FKLSNRSSHOLQJHQ�DOV�KHW�WRWDDO�DDQWDO�FRPSRQHQWHQ�VWHUN�ZRUGHQ�YHU�

PLQGHUG���=H�NXQQHQ�JHEUXLNW�ZRUGHQ�DOV�JROIOHQJWHDIVWHPEDUH�ODVHU��ELMYRRUEHHOG�LQ�UHFRQ�

ILJXUHHUEDUH�DGG�GURS�NQRRSSXQWHQ�YDQ�HHQ�RSWLVFK�JHURXWHHUG�:'0�QHWZHUN��PDDU�RRN
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DOV� HFKWH�PXOWLJROIOHQJWHODVHU�ZDDUELM�PHHUGHUH� NDQDOHQ� WHJHOLMN� ZRUGHQ� DDQJHVWXXUG�� ELM�

YRRUEHHOG�WHU�YHUYDQJLQJ�YDQ�HHQ�YROOHGLJH�ULM�YDQ�GLVFUHWH�ODVHUV�

:H�NXQQHQ�WZHH�YHUVFKLOOHQGH�W\SHV�PXOWLJROIOHQJWHODVHU�RQGHUVFKHLGHQ��GH�NRUWHFDYLWHLWVOD�

VHUV�HQ�GH�ODQJHFDYLWHLWVODVHUV���+HW�HHUVWH�W\SH�ZRUGW�JHYRUPG�GRRU�KHW�LQWHJUHUHQ�YDQ�HHQ

ULM�YDQ�GLVFUHWH�ODVHUV���PHHVWDO�')%��RI�'%5�ODVHUV���PHW�HHQ�SDVVLHYH�NRSSHODDU�RS�ppQ�FKLS�

'LW�W\SH�ODVHUV�KHHIW�HHQ�KRJH�PRGXODWLHEDQGEUHHGWH�HQ�RSHUHHUW�EHWURXZEDDU�LQ�HHQ�HQNHOH

ORQJLWXGLQDOH�PRGH�� � �+HW�NDQ�HFKWHU�PRHLOLMN�]LMQ�RP�HHQ�YROGRHQGH�QDXZNHXULJH�NDQDDO�

VSDWLsULQJ�WH�UHDOLVHUHQ�HQ�GH�NRSSHODDU�KHHIW�PHHVWDO�KRJH�LQWULQVLHNH�YHUOLH]HQ�

/DQJHFDYLWHLWVODVHUV�ZRUGHQ�JHYRUPG�GRRU� LQWHJUDWLH�YDQ�HHQ�YHUVWHUNHUULM�HQ�HHQ�SDVVLHYH

PXOWLSOH[HU�ELQQHQ�ppQ�RSWLVFKH� FDYLWHLW�� JHYRUPG�GRRU�GH�JHNOLHIGH� IDFHWWHQ�YDQ�GH� FKLS�

$OV�ppQ�YDQ�GH�YHUVWHUNHUV�DDQJHVFKDNHOG�ZRUGW��ZRUGW�GH�YHUVWHUNWH�VSRQWDQH�HPLVVLH�JH�

JHQHUHHUG�GRRU�GH]H�YHUVWHUNHU�JHILOWHUG�GRRU�GH�PXOWLSOH[HU�� �'RRU� UHIOHFWLH�DDQ�KHW� IDFHW

RQWVWDDW� HHQ� JROIOHQJWHVHOHFWLHYH� WHUXJNRSSHOLQJ� QDDU� GH� YHUVWHUNHU�� � $OV� GH�ZLQVW� YDQ� GH

YHUVWHUNHU�YROGRHQGH�JURRW� LV�RP�GH�FDYLWHLWVYHUOLH]HQ� WH�FRPSHQVHUHQ� WUHHGW� ODVHUZHUNLQJ

RS��ELM�HHQ�IUHTXHQWLH�EHSDDOG�GRRU�GH�PXOWLSOH[HU���$OV�HHQ�DQGHUH�YHUVWHUNHU�DDQJHVFKDNHOG

ZRUGW��]DO�RRN�GLW�NDQDDO�ODVHUZHUNLQJ�YHUWRQHQ��PDDU�ELM�HHQ�YHUVFKLOOHQGH�IUHTXHQWLH�� �'H

NDQDDOVSDWLsULQJ�LV�EHSDDOG�GRRU�GH�PXOWLSOH[HU�HQ�LV�PHHVWDO�KHHO�SUHFLHV���'H�ODQJH�FDYLWHLW

NDQ�HFKWHU�GH�PRGXODWLHEDQGEUHHGWH�JHYRHOLJ�EHSHUNHQ�

1.2 Keuze van de Phased-Array als demultiplexer

,Q�GH�OLWHUDWXXU�]LMQ�YHUVFKLOOHQGH�W\SHV�JHwQWHJUHHUGH�RSWLVFKH�GHPXOWLSOH[HUV�YRRUJHVWHOG�

'H�EHODQJULMNVWH�]LMQ�GH�WUDOLHGHPXOWLSOH[HU��GH�3KDVHG�$UUD\�GHPXOWLSOH[HU�HQ�GH�XLWJHEUHL�

GH�0DFK�=HKQGHU�LQWHUIHURPHWHU�GHPXOWLSOH[HU�� �7UDOLHGHPXOWLSOH[HUV�JHEUXLNHQ�HHQ�JHsWVW

GLIIUDFWLHURRVWHU�DOV�JROIOHQJWHVHOHFWLHI�HOHPHQW�� �=H�NXQQHQ�HHQ�QDXZNHXULJH�NDQDDOVSDWLs�

ULQJ�KHEEHQ�PDDU�GH�YHUOLH]HQ�]LMQ�UHODWLHI�KRRJ�HQ�KHW�HWVHQ�YDQ�KHW�GLIIUDFWLHURRVWHU�LV�QLHW

HHQYRXGLJ���,Q�3KDVHG�$UUD\�GHPXOWLSOH[HUV�GRHW�HHQ�JROIJHOHLGHUULM�PHW�OLQHDLU�WRHQHPHQGH

OHQJWH�GLHQVW�DOV�GLVSHUVLHI�HOHPHQW��]LH�RRN�KRRIGVWXN������+XQ�IDEULFDJH�YHUHLVW�JHHQ�ELMNR�

PHQGH�SURFHVVLQJVWDSSHQ�HQ�]H�NXQQHQ�KHHO�ODJH�YHUOLH]HQ�KHEEHQ���2RN�XLWJHEUHLGH�0DFK�

=HKQGHU� LQWHUIHURPHWHU�GHPXOWLSOH[HUV�PDNHQ� VOHFKWV� JHEUXLN� YDQ� HHQ� VWDQGDDUGJROIJHOHL�

GHUWHFKQRORJLH�PDDU�KXQ�ZHUNLQJ�LV�QRJDO�JHYRHOLJ�YRRU�NOHLQH�IDVHIRXWHQ�

9DQZHJH�GH]H�YRRUGHOHQ��HHQYRXGLJH�IDEULFDJH��ODJH�YHUOLH]HQ�HQ�KRJH�WROHUDQWLH�YRRU�SUR�

FHVVLQJIRXWHQ��ZHUG�JHNR]HQ�YRRU�GH�3KDVHG�$UUD\�GHPXOWLSOH[HU�YRRU�KHW�UHDOLVHUHQ�YDQ�GH

PXOWLJROIOHQJWHODVHU�� �%RYHQGLHQ�NRQGHQ�ZH�� LQ�KHW�NDGHU�YDQ�HHQ�(XURSHHV�$&76�SURMHFW�

HHQ�EHURHS�GRHQ�RS�GH�HUYDULQJ�YDQ�ppQ�YDQ�GH�SDUWQHUV��7HFKQLVFKH�8QLYHUVLWHLW�'HOIW��ELM

KHW�RQWZHUS�HQ�GH�UHDOLVDWLH�YDQ�GH]H�GHPXOWLSOH[HUV�

1.3 Vooropgestelde specificaties

,Q�GH�FRQWH[W�YDQ�WZHH�(XURSHVH�SURMHFWHQ��%/,66�	�$3(;��ZHUGHQ�HHQ�UHHNV�JHQHULHNH�VSH�

FLILFDWLHV�YRRU�PXOWLJROIOHQJWHODVHUV�YRRURSJHVWHOG���(U�ZHUG�GDDUELM�XLWJHJDDQ�YDQ�HHQ�YLHU�
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NDQDDOVODVHU�PHW�HHQ�NDQDDOVSDWLsULQJ�YDQ�����*+]���'H�EHRRJGH�PRGXODWLHEDQGEUHHGWH�ZDV

����0+]�

9RRU�SUDNWLVFKH�:'0�QHWZHUNHQ�ZRUGW�PHHVWDO�DDQ�HHQ�YHHO�KRJHU�DDQWDO�NDQDOHQ�HQ�HHQ

NOHLQHUH�NDQDDOVSDWLsULQJ�JHGDFKW���%RYHQGLHQ�LV�KHW�LQ�GDW�JHYDO�EHODQJULMN�GDW�HHQ�YROGRHQ�

GH�KRRJ�XLWJDQJVYHUPRJHQ�JHOHYHUG�ZRUGW��DIKDQNHOLMN�YDQ�GH�WRHSDVVLQJ�NDQ�GLW�YDULsUHQ

YDQ���WRW�����P:��

2 Multigolflengtelasers: state-of-the-art

2.1 Kortecaviteitslasers

=RDOV�EHVFKUHYHQ� LQ�SDUDJUDDI������ZRUGHQ�GH]H� ODVHUV�JHYRUPG�GRRU� LQWHJUDWLH�YDQ�HHQ�ULM

GLVFUHWH�ODVHUV�PHW�HHQ�SDVVLHYH�NRSSHODDU���0HHVWDO�ZRUGW�GDDUYRRU�HHQ�VWHUNRSSHODDU�RI�HHQ

FDVFDGH�YDQ�<�MXQFWLHV�JHEUXLNW��GLH�EHLGH�HHQ�KRRJ�LQWULQVLHN�YHUOLHV�KHEEHQ���$OV�KHW�DDQWDO

JROIOHQJWHNDQDOHQ�WRHQHHPW�NDQ�KHW�GDDURP�]LQYRO�]LMQ�RP�HHQ�3KDVHG�$UUD\�PXOWLSOH[HU�WH

JHEUXLNHQ�DOV�NRSSHODDU�

9RRUGHOHQ�YDQ�NRUWHFDYLWHLWVODVHUV�

• =RZHO�')%��DOV�'%5�ODVHUV�KHEEHQ�HHQ�KRJH�PRGXODWLHEDQGEUHHGWH�

• +HW�LV�PRJHOLMN�RP�SHU�NDQDDO�HHQ�DSDUWH�PRGXODWRU�WH�LQWHJUHUHQ�

• 'RRU�KXQ�DIVWHPEDDUKHLG�KHEEHQ�'%5�ODVHUULMHQ�HHQ�JURWHUH�IOH[LELOLWHLW�

• %HSHUNLQJ�YDQ�GH�EHQRGLJGH�XLWUXVWLQJ��ppQ�WHPSHUDWXXUFRQWUROOHU��ppQ�LVRODWRU���

1DGHOHQ�YDQ�NRUWHFDYLWHLWVODVHUV�

• 0RHLOLMN�WH�IDEULFHUHQ�WUDOLHV�PHW�NOHLQH�SHULRGH�QRRG]DNHOLMN

• ,QWULQVLHN���1� ORVV�ZDQQHHU� HHQ� VWHUNRSSHODDU� JHEUXLNW�ZRUGW� �1� LV� GDDUELM�KHW� DDQWDO

NDQDOHQ�

• +HW�LV�PRHLOLMN�GH�JHZHQVWH�QDXZNHXULJKHLG�YRRU�GH�NDQDDOVSDWLsULQJ�WH�UHDOLVHUHQ

• +HW�JROIOHQJWHVHOHFWLHI�ILOWHU�EHYLQGW�]LFK�LQ�KHW�DFWLHYH�JHELHG��GLW�UHVXOWHHUW�LQ�HHQ�GULIW

YDQ�GH�ODVHUIUHTXHQWLH�ELM�RSZDUPLQJ�YDQ�GH�ODVHU�RI�ELM�YHUDQGHULQJ�YDQ�GH�ZLQVW���%R�

YHQGLHQ�ZRUGW�RYHU�GH�OHHIWLMG�YDQ�HHQ�')%�ODVHU�W\SLVFK�HHQ�JROIOHQJWHYHUVFKXLYLQJ�YDQ

����QP�ZDDUJHQRPHQ��ZDW�H[WHUQH�JROIOHQJWHFRQWUROH�QRRG]DNHOLMN�PDDNW�

• $OV�'%5�ODVHUV�JHEUXLNW�ZRUGHQ��PRHW�KHW�OLFKW�JHs[WUDKHHUG�ZRUGHQ�ODQJV�GH�NDQW�YDQ

KHW�JROIOHQJWHVHOHFWLHYH�URRVWHU�� �'LW�PDDNW�GDW�HHQ�FRPSURPLV�PRHW�ZRUGHQ�JHYRQGHQ

WXVVHQ�HHQ�JRHGH�RQGHUGUXNNLQJ�YDQ�]LMPRGHV�HQ�KHW�PD[LPDOLVHUHQ�YDQ�KHW�XLWJDQJV�

YHUPRJHQ�

• '%5�ODVHUV�YHUHLVHQ�H[WUD�FRQWUROH
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2.2 Langecaviteitslasers

'H� HHUVWH� GHPRQVWUDWLHV� YDQ� ODQJHFDYLWHLWVPXOWLJROIOHQJWHODVHUV� ZDUHQ� QLHW� PHHU� GDQ� HHQ

XLWEUHLGLQJ�YDQ�GH�NODVVLHNH�DIVWHPEDUH�ODVHUV�PHW�H[WHUQ�GLIIUDFWLHURRVWHU���=H�ZHUGHQ�RSJH�

ERXZG�GRRU�HHQ�YHUVWHUNHUULM�HQ�HHQ�EXON�GLIIUDFWLHURRVWHU�WH�FRPELQHUHQ�ELQQHQ�ppQ�FDYLWHLW�

'HUJHOLMNH�ODVHUV�YHUHLVHQ�HFKWHU�HHQ�XLWHUVW�VWDELHOH�RSVWHOOLQJ���2P�GLW�SUREOHHP�WH�RP]HLOHQ

ZHUG� YRRUJHVWHOG� RP�KHW� GLIIUDFWLHURRVWHU�PRQROLWKLVFK� WH� LQWHJUHUHQ�PHW� GH� YHUVWHUNHUULM�

=RªQ�FRPSRQHQW�ZHUG�YRRU�KHW�HHUVW�JHUHDOLVHHUG�LQ��������'H�QDXZNHXULJKHLG�RS�GH�NDQDDO�

VSDWLsULQJ�ZDV�YHHO�EHWHU�GDQ�GH�ZDDUGHQ�GLH�W\SLVFK�JHPHWHQ�ZRUGHQ�YRRU�GH�LQ�GH�YRULJH

SDUDJUDDI� EHVSURNHQ� NRUWHFDYLWHLWVODVHUV� PDDU� GH� RYHULJH� ZHUNLQJVNDUDNWHULVWLHNHQ� ZDUHQ

QLHW�]R�JRHG��GH�GUHPSHOVWURRP�ZDV�KRJHU�GDQ�����P$�HQ�GH�RQGHUGUXNNLQJ�YDQ�GH�]LMPR�

GHV�HQ�YDQ�GH�$6(�UXLV�ZDV�KHHO�EHSHUNW�

,Q� �����ZHUG� GH� HHUVWH� FRPSRQHQW� JHSUHVHQWHHUG�ZDDUELM� JHEUXLN� JHPDDNW�ZHUG� YDQ� HHQ

3KDVHG�$UUD\� GHPXOWLSOH[HU�� � 9RRU� GH]H� FRPSRQHQW� ZHUG� GH� 3KDVHG�$UUD\� GRRUPLGGHQ

JHNOLHIG��UHVXOWHUHQG�LQ�HHQ�ODVHU�PHW�HHQ�FDYLWHLWVOHQJWH�YDQ���PP��HHQ�GUHPSHOVWURRP�YDQ

���P$�HQ�HHQ�PD[LPDDO�XLWJDQJVYHUPRJHQ�YDQ�����P:���6LPXOWDQH�ZHUNLQJ�YDQ�PHHUGHUH

NDQDOHQ�ZDV�HFKWHU�QRJ�QLHW�PRJHOLMN�

6LQGVGLHQ� ]LMQ� GRRU� YHUVFKLOOHQGH� RQGHU]RHNVJURHSHQ� 3KDVHG�$UUD\� ODVHUV� JHSUHVHQWHHUG�

'DDUELM�ZHUGHQ�YHUVFKLOOHQGH�WHFKQLHNHQ�JHEUXLNW�YRRU�KHW�LQWHJUHUHQ�YDQ�GH�SDVVLHYH�JROI�

JHOHLGHUV�PHW�GH�DFWLHYH�JROIJHOHLGHUV�

2.3 Werkingskarakteristieken van Phased-Array multigolflengtelasers

2.3.1 Aantal kanalen

+HW� PD[LPDDO� DDQWDO� NDQDOHQ� GDW� WRW� QX� WRH� JHSUHVHQWHHUG� ZHUG� YRRU� HHQ� 3KDVHG�$UUD\

PXOWLJROIOHQJWHODVHU�LV������0HHVWDO�LV�KHW�DDQWDO�NDQDOHQ�HFKWHU�EHSHUNW�WRW���j������%LM�KHW�RS�

YRHUHQ�YDQ�KHW�DDQWDO�NDQDOHQ�PRHW�HU� LPPHUV�UHNHQLQJ�JHKRXGHQ�ZRUGHQ�PHW�HHQ� WRHQH�

PHQGH�NDQV�RS�IDEULFDJHIRXWHQ�

2.3.2 Kanaalspatiëring

'H�NOHLQVWH�NDQDDOVSDWLsULQJ�WRW�QX�WRH�JHUDSSRUWHHUG�LV����*+]���'H�QDXZNHXULJKHLG�RS�GH

NDQDDOVSDWLsULQJ�LV�PHHVWDO�KHHO�JRHG�HQ�ZRUGW�EHSDDOG�GRRU�GH�VSDWLsULQJ�WXVVHQ�GH�ORQJL�

WXGLQDOH�PRGHV���'LW�EHWHNHQW�PHWHHQ�RRN�GDW�ZDQQHHU�GH�FDYLWHLWVOHQJWH�YHUNRUW�ZRUGW�RP

GH�PRGXODWLHEDQGEUHHGWH�WH�YHUKRJHQ��GH�QDXZNHXULJKHLG�RS�GH�NDQDDOVSDWLsULQJ�DIQHHPW�

+HW�ILOWHU�LV�YROOHGLJ�JHUHDOLVHHUG�LQ�SDVVLHI�PDWHULDDO�]RGDW�JHHQ�GULIW�RI�GHJUDGDWLH�YDQ�GH

NDQDDOVSDWLsULQJ�YHUZDFKW�ZRUGW�

2.3.3 Nauwkeurigheid op de absolute golflengte

2P�GH�FHQWUDOH�JROIOHQJWH�YDQ�GH�ODVHU�PHW�HHQ�UHGHOLMNH�QDXZNHXULJKHLG�YDVW� WH� OHJJHQ� LV

HHQ�KHHO�VWULNWH�FRQWUROH�YDQ�DOOH�SURFHVSDUDPHWHUV�QRGLJ�� �(HQ�DIZLMNLQJ�YDQ�GH�HIIHFWLHYH
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EUHNLQJVLQGH[�PHW�PLQGHU�GDQ�������NDQ�DO�OHLGHQ�WRW�HHQ�DIZLMNLQJ�YDQ���QP�LQ�GH�FHQWUDOH

JROIOHQJWH�YDQ�GH�ODVHU�

2P�DOOH�NDQDOHQ�WHJHOLMN� LQ�JROIOHQJWH�WH�YHUVFKXLYHQ�NDQ�GH�WHPSHUDWXXU�YDQ�GH�ODVHU�YHU�

DQGHUG�ZRUGHQ���7\SLVFK�ZRUGW�HHQ�DIVWHPEDDUKHLG�YDQ������QP�.�RSJHPHWHQ�

2.3.4 Drempelstroom en uitgangsvermogen

2SGDW�PXOWLJROIOHQJWHODVHUV�SUDNWLVFK�EUXLNEDDU�]RXGHQ�]LMQ��PRHW�KXQ�YHUPRJHQFRQVXPS�

WLH�YHUJHOLMNEDDU�]LMQ�PHW�GLH�YDQ�KXQ�GLVFUHWH�WHJHQKDQJHUV���%RYHQGLHQ�QHHPW�GH�EHWURXZ�

EDDUKHLG� HQ� GH� OHYHQVGXXU� YDQ� ODVHUV� RYHU� KHW� DOJHPHHQ� WRH� QDDUPDWH� GH� GUHPSHOVWURRP

DIQHHPW�

=RZHO�GH�GUHPSHOVWURRP�DOV�GH�H[WHUQH�GLIIHUHQWLsOH�HIILFLsQWLH�ZRUGHQ�YRRUDO�EHSDDOG�GRRU

KHW�YHUOLHV�ELQQHQ�GH�FDYLWHLW�� �:DQQHHU�HHQ�PRQROLWKLVFK� LQWHJUDWLHVFKHPD�ZRUGW�JHEUXLNW

VSHHOW�YRRUDO�KHW�SURSDJDWLHYHUOLHV�YDQ�GH�SDVVLHYH�JROIJHOHLGHUV�GDDUELM�HHQ�EHODQJULMNH�URO�

%LM�K\EULGH�JHwQWHJUHHUGH�3,&ªV�NXQQHQ�GH�SDVVLHYH�JROIJHOHLGHUV�YROOHGLJ�RQDIKDQNHOLMN�YDQ

GH�YHUVWHUNHUV�ZRUGHQ�JHRSWLPDOLVHHUG�PDDU�NDQ�KHW�YHUOLHV�DDQ�GH�RYHUJDQJ� WXVVHQ�EHLGH

FKLSV�EHODQJULMN�ZRUGHQ�

'H� ODDJVWH�GUHPSHOVWURRP�GLH� WRW�QX� WRH�JHUDSSRUWHHUG�ZHUG� LV����P$�YRRU�HHQ� ODVHU�PHW

NZDQWXPSXWWHQ�DOV�DFWLHYH�ODDJ���+HW�XLWJDQJVYHUPRJHQ�YDQ�GH]H�FRPSRQHQW�ZDV�RQJHYHHU

����P:�ELM�HHQ�VWURRP�YDQ�����P$��YH]HOJHNRSSHOG����'H�EHVWH�K\EULGH�ODVHUV�GLH�ZLM�JHUHD�

OLVHHUG�KHEEHQ��EXON�DFWLHYH�ODDJ���KDGGHQ�HHQ�GUHPSHOVWURRP�YDQ�PLQGHU�GDQ����P$�HQ�HHQ

XLWJDQJVYHUPRJHQ�YDQ�����P:�ELM�����P$��QLHW�YH]HOJHNRSSHOG��]LH�KRRIGVWXN����

2.3.5 Onderdrukking van versterkte spontane emissieruis en zijmodes

'H�RQGHUGUXNNLQJ�YDQ�GH�]LMPRGHV��6065���VLGH�PRGH�VXSSUHVVLRQ�UDWLR��LV�]RZHO�EHSDDOG

GRRU�GH�RQGHUGUXNNLQJ�YDQ�GH� ORQJLWXGLQDOH�PRGHV�ELQQHQ�GH]HOIGH�GRRUODDWEDQG�YDQ�GH

GHPXOWLSOH[HU� DOV� GRRU� GH� RQGHUGUXNNLQJ�YDQ�PRGHV� LQ� QDEXULJH� GRRUODDWEDQGHQ� �RQGHU�

GUXNNLQJ�YDQ�§PXOWL�SDVVEDQGODVLQJ¨��

2P� ODVHUPRGHV� LQ�QDEXULJH� GRRUODDWEDQGHQ� WH� RQGHUGUXNNHQ� ]LMQ� YHUVFKLOOHQGH�PHWKRGHV

YRRUJHVWHOG�]RDOV�KHW�YHUJURWHQ�YDQ�GH�SHULRGH�YDQ�GH�GHPXOWLSOH[HU��KHW�JHEUXLN�YDQ�EXON

DFWLHYH�ODJHQ�HQ�KHW�§FKLUSHQ¨�YDQ�GH�WUDQVIHU�GRRU�GH�3KDVHG�$UUD\���'H]H�ODDWVWH�PHWKRGH

LV�GH�PHHVW�HIILFLsQWH�HQ�]RUJW�HUYRRU�GDW�GH�SHULRGLFLWHLW�YDQ�GH�3KDVHG�$UUD\�GHPXOWLSOH[HU

JHEURNHQ�ZRUGW�ZDDUGRRU�GH�WUDQVIHU�GRRU�GH�QDEXULJH�GRRUODDWEDQGHQ�RQGHUGUXNW�ZRUGW�

'RRU�GH�JURWH�FDYLWHLWVOHQJWH�YDOOHQ�YHUVFKLOOHQGH�ORQJLWXGLQDOH�PRGHV�ELQQHQ�ppQ�GRRUODDW�

EDQG�YDQ�GH�PXOWLSOH[HU�� �'DDURP�]RX�NXQQHQ�YHUZDFKW�ZRUGHQ�GDW�KHW�PRHLOLMN� LV� ODVHU�

ZHUNLQJ�LQ�VOHFKWV�ppQ�PRGH�WH�YHUNULMJHQ�� �*HOXNNLJ�]RUJW�HHQ�QLHW�OLQHDLU� LQWHUDFWLH�HIIHFW

WXVVHQ� GH� ORQJLWXGLQDOH�PRGHV� RQGHUOLQJ� HUYRRU� GDW� GH�PRGH�PHW� KHW� KRRJVWH� YHUPRJHQ

EHYRRUGHHOG�ZRUGW�WHQ�RS]LFKWH�YDQ�GH�DQGHUH�PRGHV�ZDW��DOV�GH�EDQGEUHHGWH�YDQ�KHW�ILOWHU

YROGRHQGH�NOHLQ�LV��NDQ�]RUJHQ�YRRU�HHQ�VWDELHOH�ODVHUZHUNLQJ�LQ�ppQ�HQNHOH�PRGH���'LW�HIIHFW

LV�LQ�PHHU�GHWDLO�EHVSURNHQ�LQ�KRRIGVWXN���
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$OV�JHHQ�XLWJDQJVYHUVWHUNHU�ZRUGW�JHEUXLNW��LV�GH�RQGHUGUXNNLQJ�YDQ�GH�$6(�UXLV�KHHO�KRRJ

�EHWHU�GDQ����G%����0HW�HHQ�XLWJDQJVYHUVWHUNHU�LV�GH�RQGHUGUXNNLQJ�PLQGHU�JRHG�PDDU�QRJ

DOWLMG�YROGRHQGH�YRRU�FRPPHUFLsOH�WRHSDVVLQJHQ�

2.3.6 Modulatiebandbreedte

'H�ODQJH�FDYLWHLW�YDQ�3KDVHG�$UUD\�ODVHUV�EHJUHQVW�GH�EDQGEUHHGWH�YRRU�GLUHFWH�PRGXODWLH�

7RFK�LV�DO�HHQ�H[SHULPHQW�JHUDSSRUWHHUG�ZDDUELM�HHQ����NDQDDOVODVHU�VXFFHVYRO�JHPRGXOHHUG

ZHUG�PHW����YHUVFKLOOHQGH�����0ELW�V�GDWDVLJQDOHQ��]LM�KHW�ELM�HHQ�EHSHUNWH�H[WLQFWLHYHUKRX�

GLQJ���2RN�H[SHULPHQWHQ�ZDDUELM�HHQ�ODVHU�H[WHUQ�JHPRGXOHHUG�ZHUG�PHW�HHQ�����*ELW�V�VLJ�

QDDO�]LMQ�JHUDSSRUWHHUG�

$OV�VOHFKWV�ppQ�NDQDDO�WHJHOLMN�ZRUGW�DDQJHVWXXUG�LV�KHW�PRJHOLMN�RP�HHQ�PRGXODWRU�WH�LQWH�

JUHUHQ�RS�GH]HOIGH�FKLS�

2.3.7 Lijnbreedte

9RRU�GH� LQ�KRRIGVWXN���JHUDSSRUWHHUGH�SHUPDQHQW� JHwQWHJUHHUGH�K\EULGH�3$/�KHEEHQ�ZH

HHQ�OLMQEUHHGWH�YDQ�PLQGHU�GDQ���0+]�RSJHPHWHQ���$QGHUH�DXWHXUV�KHEEHQ�ZDDUGHQ�WXVVHQ

��0+]�HQ����0+]�JHUDSSRUWHHUG�

2.3.8 Controle, betrouwbaarheid en levensduur

'DDU�GH�JROIOHQJWHVSDWLsULQJ�YDVW�LV��PRHW�VOHFKWV�ppQ�NDQDDO�ZRUGHQ�JHFRQWUROHHUG�RP�DOOH

NDQDOHQ�RS�GH�JHZHQVWH�IUHTXHQWLH�DI�WH�VWHPPHQ���9HUGHU�LV�GH�PXOWLSOH[HU�YROOHGLJ�JHUHDOL�

VHHUG�LQ�SDVVLHI�PDWHULDDO�ZDW�GH�NDQV�RS�GHJUDGDWLH�RI�HHQ�JROIOHQJWHYHUVFKXLYLQJ�YHUNOHLQW�

9HUPLWV�GH�GUHPSHOVWURRP�LQ�GH�EXXUW�NDQ�OLJJHQ�YDQ�GLH�YRRU�GLVFUHWH�ODVHUV��YHUZDFKWWHQ

ZH�GDW�GLW� W\SH� ODVHU�HHQ� UHGHOLMNH� OHYHQVGXXU�]DO�KHEEHQ�� �2S�GLW�YODN� LV� HFKWHU�QRJ�JHHQ

V\VWHPDWLVFK�RQGHU]RHN�JHUDSSRUWHHUG�

'H�NOHLQVWH�WRW�QX�WRH�JHUHDOLVHHUGH�3KDVHG�$UUD\�ODVHU�KDG�HHQ�RSSHUYODNWH�YDQ���[���PP��

(HQ�RSSHUYODNWH�YDQ���[���PP�� LV�HFKWHU�PHHU�JHEUXLNHOLMN�� �'LW� LV� UHODWLHI�JURRW�HQ�NDQ�GH

NDQV�RS�IDEULFDJHIRXWHQ�VWHUN�YHUJURWHQ�

2.4 Besluiten

'H�EHODQJULMNVWH�YRRUGHOHQ�YDQ�GH�3KDVHG�$UUD\�ODVHU�]LMQ�GH�QDXZNHXULJH�NDQDDOVSDWLsULQJ�

GH�HHQYRXGLJH�NDUDNWHULVHULQJV��HQ�YHUSDNNLQJVSURFHGXUH��GH�EHSHUNWH�QRRG�DDQ�FRQWUROH�

HOHNWURQLFD�HQ�GH�]HHU�JRHGH�6065���+HW�XLWJDQJVYHUPRJHQ�GDDUHQWHJHQ�LV�QRJ�WH�ODDJ�HQ�KHW

JURWH�FKLSRSSHUYODNWH�YHUKRRJW�GH�NDQV�RS�IDEULFDJHIRXWHQ���'H�IDEULFDJH�]HOI�LV�HFKWHU�HHQ�

YRXGLJ�YHUPLWV�JHHQ�WUDOLHV�QRGLJ�]LMQ�HQ�ppQ�YH]HO�FKLSNRSSHOLQJ�NDQ�JHEUXLNW�ZRUGHQ�YRRU

PHHUGHUH�JROIOHQJWHNDQDOHQ�WHJHOLMN�

+HW� EHODQJULMNVWH� QDGHHO� LV� GH� PRGXODWLHEDQGEUHHGWH�� � 7RW� QX� WRH� LV� GLH� EHSHUNW� WRW� ���

0ELW�V�YRRU�GLUHFWH�PRGXODWLH���$OV�HHQ�DOWHUQDWLHI�NDQ�JHGDFKW�ZRUGHQ�DDQ�H[WHUQH�PRGX�

ODWLH���$OKRHZHO�GDDUYRRU�GH�VLJQDOHQ�WHUXJ�JHGHPXOWLSOH[HHUG�PRHWHQ�ZRUGHQ��NDQ�]HOIV�LQ
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GDW�JHYDO�KHW�JHEUXLN�YDQ�HHQ�PXOWLJROIOHQJWHODVHU�EHODQJULMNH�YRRUGHOHQ�RSOHYHUHQ�ZDW�EH�

WUHIW�KHW�DDQWDO�EHQRGLJGH�FRPSRQHQWHQ�HQ�KHW�DDQWDO�NULWLVFKH�YH]HO�FKLSNRSSHOLQJHQ�

3 Integratietechnologie

'H�3KDVHG�$UUD\�ODVHU�EHVWDDW�XLW�HHQ�DFWLHI�JHGHHOWH��GH�YHUVWHUNHUV��HQ�HHQ�SDVVLHI�JHGHHOWH

�GH�3KDVHG�$UUD\����'H�YHUVWHUNHUV�PRHWHQ�YROGRHQGH�ZLQVW�OHYHUHQ�WHU�FRPSHQVDWLH�YDQ�GH

FDYLWHLWVYHUOLH]HQ� HQ� GH� ODVHUJROIOHQJWH�ZRUGW� EHSDDOG� GRRU� GH� EDQGJDSJROIOHQJWH� YDQ� GH

DFWLHYH�ODDJ�LQ�GLW�JHELHG���+HW�SDVVLHYH�JHGHHOWH�YDQ�GH�FRPSRQHQW�GDDUHQWHJHQ�LV�QLHW�JH�

SRPSW�HQ�RP�WH�YHUPLMGHQ�GDW�DOOH�LQ�KHW�DFWLHYH�JHGHHOWH�JHJHQHUHHUGH�OLFKW�JHDEVRUEHHUG

ZRUGW��PRHW�GH�EDQGJDSJROIOHQJWH�YDQ�GH�ILOPODJHQ�LQ�GLW�JHELHG�YHHO�ODJHU�]LMQ�GDQ�GH�ODV�

HUJROIOHQJWH���'LW�EHWHNHQW�GXV�GDW�WZHH�YHUVFKLOOHQGH�JROIJHOHLGHUW\SHV�PRHWHQ�JHwQWHJUHHUG

ZRUGHQ�ELQQHQ�ppQ�FRPSRQHQW���,Q�KHW�NDGHU�YDQ�GH]H�WKHVLV�ZHUGHQ�]RZHO�HHQ�PRQROLWKL�

VFKH�DOV�HHQ�K\EULGH� LQWHJUDWLHWHFKQRORJLH�EHVWXGHHUG�� �'H�RQWZLNNHOLQJ�YDQ�GH�PRQROLWKL�

VFKH�LQWHJUDWLHWHFKQRORJLH�RS�]LFK�ZDV�JHHQ�RQGHUGHHO�YDQ�GLW�ZHUN���2PGDW�ZH�HFKWHU�PHH�

JHZHUNW�KHEEHQ�DDQ�GH�RQWZLNNHOLQJ�YDQ�GH�RSWLVFKH�YHUVWHUNHUV�HQ�GH�JROIJHOHLGHUV�GLH�GHHO

XLWPDDNWHQ�YDQ�GLW�LQWHJUDWLHVFKHPD�HQ�GH�UHVXOWDWHQ�GDDUYDQ�JHUDSSRUWHHUG�]LMQ� LQ�KRRIG�

VWXN����ZRUGW�KHW�KLHU�NRUW�EHVFKUHYHQ��SDUDJUDDI������

'H�RQWZLNNHOLQJ�YDQ�KHW�K\EULGH� LQWHJUDWLHVFKHPD�ZDV� HHQ�YROZDDUGLJ� RQGHUGHHO� YDQ�GLW

ZHUN�HQ�LV�LQ�GHWDLO�EHVFKUHYHQ�LQ�GH�KRRIGVWXNNHQ���	�����,Q�SDUDJUDDI�����ZRUGW�KHW�K\EULGH

LQWHJUDWLHVFKHPD�NRUW�LQJHOHLG�

3.1 Selectieve groei als een monolithische integratietechnologie

%LM�GH� FRXUDQW�JHEUXLNWH�PRQROLWKLVFKH� LQWHJUDWLHVFKHPDªV�ZRUGHQ�HHUVW�GH� ODJHQ�YRRU� ppQ

W\SH�FRPSRQHQW�JHJURHLG�RYHU�KHW�YROOHGLJH�FKLSRSSHUYODN���9HUYROJHQV�ZRUGHQ�GH]H�ZHJ�

JHsWVW� LQ� GH� JHELHGHQ� ZDDU� DQGHU� FRPSRQHQWHQ� GLHQHQ� WH� NRPHQ� HQ� YLQGW� HHQ� KHUJURHL

SODDWV���:DQQHHU�HHQ�VHOHFWLHI�JURHLSURFHV�JHEUXLNW�ZRUGW�LV�GLW�HFKWHU�QLHW�ODQJHU�QRGLJ���,Q

GDW�JHYDO�ZRUGHQ�GH�JHELHGHQ�ZDDU�GH�YHUVWHUNHUV�PRHWHQ�NRPHQ�RPULQJG�PHW�6L2��PDV�

NHUV���'DDUGRRU�QHHPW�GH�JURHLVQHOKHLG�ORNDDO�WRH�HQ�YHUVFKXLIW�GH�HPLVVLHJROIOHQJWH�YDQ�GH

NZDQWXPSXWODJHQ�QDDU�HHQ�KRJHUH�ZDDUGH���'LW�ODDW�WRH�RP�LQ�ppQ�HQNHOH�JURHLVWDS�FRPSR�

QHQWHQ�PHW�HHQ�YHUVFKLOOHQGH�IXQFWLH�WH�UHDOLVHUHQ���*HEDVHHUG�RS�GH]H�WHFKQRORJLH�ZHUG�HHQ

YROOHGLJ�PRQROLWKLVFK�LQWHJUDWLHVFKHPD�RQWZLNNHOG���=RZHO�LQ�KHW�SDVVLHYH�DOV�LQ�KHW�DFWLHYH

JHELHG� ZHUG� GDDUELM� HHQ� JROIJHOHLGHU� YDQ� KHW� ULGJH�W\SH� JHEUXLNW�� � +HW� YRRUGHHO� YDQ� KHW

RQWZLNNHOGH�LQWHJUDWLHVFKHPD�LV�GH�HHQYRXG�HUYDQ���+HW�JURHLHQ�YDQ�ODJHQ�PHW�JRHGH�NZD�

OLWHLW�OLMNW�PRPHQWHHO�KHW�EHODQJULMNVWH�SUREOHHP�WH�]LMQ�

9ROJHQV�RQV�LV�KHW�EHODQJULMNVWH�YRRUGHHO�YDQ�GH�VHOHFWLHYH�HSLWD[LDDOJURHL�DOV�HHQ�PRQROLWKL�

VFKH�LQWHJUDWLHWHFKQRORJLH�LQ�YHUJHOLMNLQJ�PHW�PHHU�FRXUDQW�JHEUXLNWH�WHFKQLHNHQ�]RDOV�EXWW�

NRSSHOLQJ�RI�ORNDOH�YHUZLMGHULQJ�YDQ�GH�DFWLHYH�ODDJ�KHW�IHLW�GDW�YHUVFKLOOHQGH�W\SHV�DFWLHYH

FRPSRQHQWHQ� �GHWHFWRUHQ�� PRGXODWRUHQ�� YHUVWHUNHUV�� HON� PHW� HHQ� YHUVFKLOOHQGH� EDQGJDS�
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JROIOHQJWH��NXQQHQ�JHwQWHJUHHUG�ZRUGHQ�RS�ppQ�FKLS��]RQGHU�GH�SURFHVVLQJ�YHUGHU�WH�FRPSOL�

FHUHQ�

3.2 Hybride integratie

,Q�KHW�GRRU�RQV�RQWZLNNHOGH�K\EULGH�LQWHJUDWLHVFKHPD�ZRUGW�HHQ�,Q3�YHUVWHUNHUULM�JHNRSSHOG

PHW�HHQ�,Q3�SDVVLHYH�JROIJHOHLGHUFKLS���2P�UHIOHFWLHV�DDQ�GH�RYHUJDQJ�WXVVHQ�EHLGH�FKLSV�WH

YHUPLMGHQ�ZRUGHQ�GH�JROIJHOHLGHUV�DIJHERJHQ�WHQ�RS]LFKWH�YDQ�GH�QRUPDDO�PHW�KHW�IDFHW���'H

NRSSHOLQJ�ZRUGW�XLWJHYRHUG�RS�HHQ�RSWLVFKH�WDIHO�HQ�JHRSWLPDOLVHHUG�GRRU�KHW�PD[LPDOLVH�

UHQ�YDQ�KHW�XLWJDQJVYHUPRJHQ�� �2RUVSURQNHOLMN�ZHUGHQ�EHLGH�FKLSV� VOHFKWV� WLMGHOLMN�JHNRS�

SHOG�� � /DWHU� ZHUG� RRN� HHQ� SHUPDQHQWH� LQWHJUDWLHWHFKQLHN� RQWZLNNHOG� ZDDUELM� HHQ� 89�

XLWKDUGHQGH�HSR[\�ZHUG�JHEUXLNW�RP�GH�WZHH�FKLSV�WH�YHUELQGHQ�

Amplifier
Chip

Passive waveguide chip

)LJ������+\EULGH�JHNRSSHOGH�PXOWLJROIOHQJWHODVHU

4 Doel van dit werk en structuur van de thesis

%LM�GH�DDQYDQJ�YDQ�GLW�SURMHFW�ZDV�HU�DO�GRRU�HQNHOH�JURHSHQ�HHQ�3KDVHG�$UUD\�PXOWLJROI�

OHQJWHODVHU�JHUDSSRUWHHUG���'H�NDUDNWHULVWLHNHQ�YDQ�GH]H�ODVHUV�ZDUHQ�HFKWHU�QRJ�QLHW�ELM]RQ�

GHU�JRHG�� �=H�KDGGHQ�KRJH�GUHPSHOVWURPHQ�� ODJH�XLWJDQJVYHUPRJHQV�HQ�HHQ�ODJH�PRGXOD�

WLHEDQGEUHHGWH���2S�GDW�PRPHQW�ZDV�KHW�GDQ�RRN�QRJ�QLHW�GXLGHOLMN�RI�GLW�W\SH�ODVHU�EUXLN�

EDDU�]RX�]LMQ�YRRU�WRHSDVVLQJ�LQ�SUDNWLVFKH�:'0�V\VWHPHQ���'DDURP�ZHUG�DOV�GRHO�YRRU�GLW

ZHUN�KHW�RQWZHUSHQ�HQ�SUDNWLVFK�UHDOLVHUHQ�YDQ�PXOWLJROIOHQJWHODVHUV�PHW�YHUEHWHUGH�NDUDN�

WHULVWLHNHQ�YRRURSJHVWHOG�� �+HW�ZDV�GDDUELM�HYHQHHQV�GH�LQWHQWLH�RP�GH�WKHRUHWLVFKH�NHQQLV

RYHU�GLW� W\SH� ODVHUV� WH� EHYRUGHUHQ� HQ�GH� WKHRUHWLVFKH� OLPLHWHQ��ELMYRRUEHHOG�ZDW� EHWUHIW� GH

PRGXODWLHEDQGEUHHGWH��WH�RQGHU]RHNHQ�� � ,Q�SDUDOOHO�GDDUPHH��ZDV�KHW�GH�EHGRHOLQJ�QLHXZH

PHWKRGHV�YRRU�KHW�RQWZHUSHQ�YDQ�FRPSOH[H�IRWRQLVFKH�,&ªV��]RDOV�GH�3KDVHG�$UUD\�ODVHU��WH

RQGHU]RHNHQ�

+RRIGVWXN���YDQ�GLW�ZHUN�LV�JHZLMG�DDQ�GH�JHEUXLNWH�FRPSXWHURQGHUVWHXQGH�RQWZHUSKXOS�

PLGGHOHQ���+HW�HHUVWH�GHHO�YDQ�GLW�KRRIGVWXN�LV�YRRUDO�JHZLMG�DDQ�GH�GLYHUVH�DQDO\VHPHWKR�

GHV�GLH�JHEUXLNW�ZHUGHQ�� WHUZLMO� LQ�KHW� WZHHGH�GHHO�GLHSHU�ZRUGW� LQJHJDDQ�RS�GH� V\QWKHVH

YDQ�3,&ªV�HQ�HQNHOH�SUREOHPHQ�GLH�GDDUELM�RSWUHGHQ���2RN�KHW�ZHUNLQJVSULQFLSH�HQ�KHW�RQW�

ZHUS�YDQ�3KDVHG�$UUD\�GHPXOWLSOH[HUV�ZRUGW�NRUW�DDQJHUDDNW�
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,Q�KRRIGVWXN���ZRUGHQ�GH�VWDWLVFKH�HQ�G\QDPLVFKH�NDUDNWHULVWLHNHQ�YDQ�ODQJH�FDYLWHLWVODVHUV

EHVWXGHHUG���'H�UHVXOWDWHQ�YDQ�GH]H�DQDO\VH�ZHUGHQ�JHEUXLNW�YRRU�KHW�RSWLPDOLVHUHQ�YDQ�KHW

RQWZHUS�YDQ�GH�3KDVHG�$UUD\�GHPXOWLSOH[HU�HQ�YHUJHOHNHQ�PHW�H[SHULPHQWHOH�UHVXOWDWHQ�LQ

KRRIGVWXN���	���� �$DQ�KHW�HLQG�YDQ�KRRIGVWXN���ZRUGHQ�HQNHOH�EHODQJULMNH�RQWZHUSUHJHOV

VDPHQJHYDW�

,Q�KRRIGVWXN���ZRUG�KHW�RQWZHUS�HQ�GH�NDUDNWHULVDWLH�YDQ�GH�VXEFRPSRQHQWHQ�YRRU�]RZHO

GH�PRQROLWKLVFK�JHwQWHJUHHUGH�DOV�GH�K\EULGH�JHwQWHJUHHUGH�PXOWLJROIOHQJWHODVHU�EHVSURNHQ�

'DDUELM�NRPHQ�UHVSHFWLHYHOLMN�GH�YHUVWHUNHUV��GH�SDVVLHYH�JROIJHOHLGHUV�HQ�GH�NRSSHOLQJ�WXV�

VHQ�EHLGH�DDQ�ERG�

,Q�KRRIGVWXN���ZRUGW�GH�QLHW�SHUPDQHQWH�K\EULGH�NRSSHOLQJVWHFKQLHN�GLH�ZH�RQWZLNNHOGHQ

YRRU� KHW� NDUDNWHULVHUHQ� YDQ� FRPSOH[H� 3,&ªV� JHGHWDLOOHHUG� EHVSURNHQ�� � 1D� HHQ� XLWJHEUHLGH

LQOHLGLQJ�ZDDUELM� HHQ� RYHU]LFKW� YDQ�PHHU� NODVVLHNH� K\EULGH� LQWHJUDWLHWHFKQRORJLHsQ�ZRUGW

JHJHYHQ��ZRUGHQ�GH�H[SHULPHQWHOH�UHVXOWDWHQ�YRRU�]RZHO�HHQ�VWDQGDDUG�3KDVHG�$UUD\�PXO�

WLJROIOHQJWHODVHU�DOV�YRRU�HHQ�PXOWLJROIOHQJWHODVHU�PHW�ZLQVWYHUJUHQGHOGH�XLWJDQJVYHUVWHUNHU

XLWJHEUHLG�EHKDQGHOG���2RN�HHQ�QLHXZ�W\SH�DIVWHPEDUH�ODVHU�ZRUGW�NRUW�EHVSURNHQ�

,Q�KRRIGVWXN���ZRUGW�GH�K\EULGH� LQWHJUDWLHWHFKQRORJLH�ZDDUELM� WZHH� FKLSV�SHUPDQHQW� YHU�

ERQGHQ�ZRUGHQ�PHW� 89�XLWKDUGHQGH� HSR[\� EHKDQGHOG� HQ� ZRUGHQ� GH� UHVXOWDWHQ� YDQ� HHQ

HHUVWH�YROOHGLJ�YHUSDNWH�K\EULGH�3KDVHG�$UUD\�PXOWLJROIOHQJWHODVHU�JHSUHVHQWHHUG�



Hoofdstuk 2 

Computerondersteunde ontwerphulpmiddelen

voor geïntegreerde optische circuits

1 Ontwerp van geïntegreerde fotonische circuits

+HW�RQWZHUS�YDQ�HHQ�JHFRPSOLFHHUGH�IRWRQLVFKH�,&��3,&��SKRWRQLF�LQWHJUDWHG�FLUFXLW��EHVWDDW

W\SLVFK�XLW�HHQ�DDQWDO�GHHOWDNHQ���6WDUWHQG�YDQ�HHQ�IXQFWLRQHOH�EHVFKULMYLQJ�]DO�GH�RQWZHUSHU

HHQ�EORNGLDJUDP�YRRU�GH�3,&�RSVWHOOHQ�HQ�YHUYROJHQV��JHEDVHHUG�RS�]LMQ�LQWXwWLH�HQ�HUYDULQJ�

HHQ�PDWHULDDOV\VWHHP�VHOHFWHUHQ�HQ�YRRU� LHGHU�EORN�HHQ�PHHU�VSHFLILHNH�FRPSRQHQW�NLH]HQ�

'DDUQD�PRHWHQ�YRRU�DOOH�SDUDPHWHUV�YDQ�GH�FRPSRQHQWHQ�ZDDUGHQ�ZRUGHQ�JHNR]HQ���6RPV

NDQ�GLW�JHEHXUHQ�GRRU�JHEUXLN� WH�PDNHQ�YDQ� VLPSHOH�RQWZHUSUHJHOV�� DIJHOHLG�XLW�YURHJHUH

H[SHULPHQWHQ� RI� XLW� WKHRUHWLVFKH� RYHUZHJLQJHQ�� � 9DDN� HFKWHU� ]XOOHQ� RRN� QXPHULHNH� RQW�

ZHUSKXOSPLGGHOHQ�QRGLJ�]LMQ�

$OV� DOOH� FRPSRQHQWHQ� YDQ� GH� 3,&� JHNZDQWLILFHHUG� ]LMQ�� NDQ� HHQ� DQDO\VH� YDQ� GH� YROOHGLJH

FRPSRQHQW�ZRUGHQ�XLWJHYRHUG���$OV�GH�VSHFLILFDWLHV�GLH�DDQ�KHW�EHJLQ�YDQ�KHW�RQWZHUSSURFHV

ZHUGHQ�YRRURSJHVWHOG�JHKDDOG�ZRUGHQ��NDQ�HHQ�PDVNHU�ZRUGHQ�JHJHQHUHHUG�HQ�NDQ�GH�ID�

EULFDJH�VWDUWHQ���9DDN�LV�GLW�HFKWHU�QLHW�RQPLGGHOOLMN�KHW�JHYDO�HQ�PRHW�ppQ�RI�PHHUGHUH�VWDS�

SHQ�WHUXJJHNHHUG�ZRUGHQ�LQ�GH�RQWZHUSF\FOXV�

%LM�GLW�DOOHV�]LMQ�NUDFKWLJH�FRPSXWHURQGHUVWHXQGH�KXOSPLGGHOHQ�RQPLVEDDU�JHZRUGHQ���=RªQ

WRROV�ZRUGHQ�DO�ODQJ�JHEUXLNW�YRRU�KHW�DQDO\VHUHQ�YDQ�FLUFXLWV�RS�KHW��VXEFRPSRQHQWQLYHDX�

1DDUPDWH�GH�FRPSOH[LWHLW�YDQ�GH�3,&� WRHQHHPW��ZRUGW�KHW�HFKWHU�DOVPDDU�EHODQJULMNHU�GDW

RRN�YROOHGLJH�FLUFXLWV�NXQQHQ�ZRUGHQ�JHDQDO\VHHUG�� �'LW�NDQ� LPPHUV�]RZHO�KHOSHQ�ELM�KHW

UHGXFHUHQ�YDQ�KHW�DDQWDO�RQWZHUSF\FOXVVHQ�DOV�ELM�KHW�EHWHU�EHJULMSHQ�YDQ�H[SHULPHQWHOH�UH�

VXOWDWHQ���$OKRHZHO�GH�RQGHUOLJJHQGH�DOJRULWPHV�GDDUYRRU�DO�LQ�GH�MDUHQ�ª���RQWZLNNHOG�ZHU�

GHQ��]LMQ�VOHFKWV�VLQGV�HQNHOH�MDUHQ�EHWUHNNHOLMN�JHEUXLNVYULHQGHOLMNH�&$'�WRROV�FRPPHUFLHHO

EHVFKLNEDDU�� � ,Q�KHW�YROJHQGH�GHHO�YDQ�GLW�KRRIGVWXN�ZRUGW�HHQ�RYHU]LFKW�JHJHYHQ�YDQ�GH

&$'�WRROV�GLH�ZH�JHEUXLNW�KHEEHQ�LQ�KHW�NDGHU�YDQ�GLW�ZHUN���9HUPLWV�YRRU�GH�3KDVHG�$UUD\

ODVHU�]RZHO�DFWLHYH�DOV�SDVVLHYH�FRPSRQHQWHQ�QRGLJ�ZDUHQ��YRUPW�GLW�HFKWHU�PHWHHQ�RRN�HHQ

PLQ�RI�PHHU�FRPSOHHW�RYHU]LFKW�YDQ�GH�RS�GLW�PRPHQW�PHHVW�JHEUXLNWH�RQWZHUSKXOSPLGGH�

OHQ���,Q�GHHO���YDQ�GLW�KRRIGVWXN�ZRUGW�GLHSHU�LQJHJDDQ�RS�GH�V\QWKHVH�YDQ�RSWLVFKH�FLUFXLWV

HQ� LQ�GHHO���ZRUGW�KHW�ZHUNLQJVSULQFLSH�HQ�KHW�RQWZHUS�YDQ�3KDVHG�$UUD\�GHPXOWLSOH[HUV

EHKDQGHOG�
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2 Ontwerphulpmiddelen voor de ontwikkeling van fotonische IC’s

2.1 Optische modebepalers

$OKRHZHO�RSWLVFKH�PRGHEHSDOHUV�LQ�GH�HHUVWH�SODDWV�RQWZRUSHQ�ZRUGHQ�YRRU�KHW�]RHNHQ�YDQ

GH�HLJHQPRGHV�YDQ�HHQ� ORQJLWXGLQDDO� LQYDULDQWH� JROIJHOHLGHUVWUXFWXXU�� KHEEHQ� ]H� HHQ�YHHO

UXLPHU� WRHSDVVLQJVJHELHG�� � =R� NXQQHQ� ]H� RRN� JHEUXLNW�ZRUGHQ� YRRU� KHW� EHSDOHQ� YDQ� KHW

YHUUH�YHOG�YDQ�HHQ�JROIJHOHLGHU��YRRU�KHW�EHUHNHQHQ�YDQ�KHW�YHUOLHV�DDQ�GLVFRQWLQXwWHLWHQ�RI

LQ�JHERJHQ�JROIJHOHLGHUV�RI�YRRU�KHW�EHUHNHQHQ�YDQ�GH�WUDQVPLVVLH�GRRU�VWXNVJHZLM]H�FRQWL�

QXH�JROIJHOHLGHUV�

'H�HHQYRXGLJVWH�PRGHEHSDOHUV�NXQQHQ�JHEUXLNW�ZRUGHQ�YRRU�KHW�]RHNHQ�YDQ�GH�HLJHQPR�

GHV� YDQ� HHQ� HHQGLPHQVLRQDOH�PHHUODJHQJROIJHOHLGHU�� � ,Q� GH� FRQWH[W� YDQ� GLW� ZHUN�ZHUGHQ

WZHH�]RªQ�PRGHEHSDOHUV�JHEUXLNW��5(086�HQ�&(086�� UHVSHFWLHYHOLMN�YRRU�KHW�]RHNHQ�YDQ

PRGHV�LQ�JROIJHOHLGHUV�PHW�UHsOH�HQ�LPDJLQDLUH�EUHNLQJVLQGH[�

7RW�HQNHOH�MDUHQ�JHOHGHQ�ZDUHQ�PRGHEHSDOHUV�YRRU�WZHHGLPHQVLRQDOH�JROIJHOHLGHUVWUXFWXUHQ

WH�WUDDJ�YRRU�SUDNWLVFKH�WRHSDVVLQJHQ�HQ�ZHUGHQ�]H�HQNHO�JHEUXLNW�WHU�YHULILFDWLH�YDQ�UHVXO�

WDWHQ� YHUNUHJHQ� PHW� EHQDGHUGH� PHWKRGHV�� � 'RRU� KHW� EHVFKLNEDDU� NRPHQ� YDQ� NUDFKWLJHU

FRPSXWHUV�HQ�YHUEHWHUGH�DOJRULWPHV�LV�GDW�QLHW�ODQJHU�KHW�JHYDO���,Q�KHW�NDGHU�YDQ�GLW�ZHUN�LV

HHQ�FRPPHUFLsOH�WZHHGLPHQVLRQDOH�PRGHEHSDOHU�JHEUXLNW�GLH�JHEDVHHUG�LV�RS�GH�ILOPPRGH�

DDQSDVVLQJVPHWKRGH���'H]H�PHWKRGH�NDQ�ZRUGHQ�JH]LHQ�DOV�HHQ�XLWEUHLGLQJ�YDQ�GH�HIIHFWLH�

YH�LQGH[�PHWKRGH�HQ�LV�YRRUDO�EUXLNEDDU�YRRU�JROIJHOHLGHUV�GLH�EHVWDDQ�XLW�HHQ�UHHNV�UHFKW�

KRHNLJH� JHELHGHQ� PHW� FRQVWDQWH� EUHNLQJVLQGH[�� � 9RRU� GHUJHOLMNH� JROIJHOHLGHUV� ZRUGW� GH

ILOPPRGH�DDQSDVVLQJVPHWKRGH� EHVFKRXZG� DOV� HHQ� YDQ� GH� PHHVW� QDXZNHXULJH� GLH� RS� GLW

PRPHQW�EHVFKLNEDDU�]LMQ�

,Q� GH� YROJHQGH� SDUDJUDIHQ� ZRUGHQ� GH� EHODQJULMNVWH� WRHSDVVLQJHQ� YDQ� PRGHEHSDOHUV� NRUW

EHVSURNHQ�

2.1.1 Berekening van de propagatieconstante

'H�PHHVW�HYLGHQWH�PDDU�RRN�GH�PHHVW�UHOHYDQWH�WRHSDVVLQJ�YDQ�PRGHEHSDOHUV�LV�KHW�EHUHNH�

QHQ�YDQ�GH�SURSDJDWLHFRQVWDQWHQ�YDQ�GH�JHOHLGH�HQ�GH�VWUDOHQGH�PRGHV�YDQ�HHQ�JROIJHOHLGHU�

'LW�ODDW�RQV�ELMYRRUEHHOG�WRH�KHW�DDQWDO�JHOHLGH�PRGHV�YDQ�HHQ�JROIJHOHLGHU�WH�EHSDOHQ���9HU�

GHU�JHHIW�KHW� LPDJLQDLUH�JHGHHOWH�YDQ�GH�SURSDJDWLHFRQVWDQWH�LQIRUPDWLH�RYHU�KHW�YHUOLHV�RI

GH�ZLQVW� YDQ� GH� JROIJHOHLGHUPRGH� HQ� LQ� JROIJHOHLGHUV�PHW� EXQGHOH[SDQVLHVWUXFWXUHQ� JHHIW

KHW�YHUVFKLO�WXVVHQ�GH�SURSDJDWLHFRQVWDQWHQ�YDQ�GH�HHUVWH�WZHH�HYHQ�PRGHV�HHQ�LGHH�YDQ�GH

PLQLPXPOHQJWH�YRRU�DGLDEDWLVFKH�ZHUNLQJ�� �2RN�GH� OHQJWH�YDQ� LQWHUIHURPHWULVFKH�FRPSR�

QHQWHQ�]RDOV�HHQ�GLUHFWLRQHOH�NRSSHODDU�RI�HHQ�PXOWLPRGH�LQWHUIHURPHWHU�LV�EHSDDOG�GRRU�KHW

YHUVFKLO�WXVVHQ�WZHH�SURSDJDWLHFRQVWDQWHQ�
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2.1.2 Berekening van de ruimtelijke verdeling van het optisch veld

6RPV�NDQ�RRN�GH�UXLPWHOLMNH�YHUGHOLQJ�YDQ�KHW�RSWLVFK�YHOG�LQIRUPDWLH�JHYHQ�RYHU�GH�ZHU�

NLQJ�YDQ�GH�FRPSRQHQW���=R�NDQ�GH�VWHUNWH�YDQ�KHW�YHOG�WHU�KRRJWH�YDQ�GH�RYHUJDQJ�JROIJH�

OHLGHU���OXFKW�HHQ�LGHH�JHYHQ�RYHU�GH�WH�YHUZDFKWHQ�YHUVWURRLLQJVYHUOLH]HQ���,Q�OHNNHQGH�JROI�

JHOHLGHUV��ERFKWHQ��JROIJHOHLGHUV�PHW�HHQ�KRJH�LQGH[VXEVWUDDW��ELHGW�GH�NHQQLV�YDQ�YHOGYHU�

GHOLQJ�LQ]LFKW�LQ�GH�VWUDOLQJVYHUOLH]HQ�

2.1.3 Koppelingsefficiëntie aan een golfgeleiderjunctie

,Q�HHQ�RSWLVFKH�,&�NRPHQ�RYHUJDQJHQ�WXVVHQ�JROIJHOHLGHUV�PHW�HHQ�YHUVFKLOOHQGH�GRRUVQHGH

YDDN�YRRU���7\SLVFKH�YRRUEHHOGHQ�]LMQ�GH�RYHUJDQJ�WXVVHQ�EHJUDYHQ�HQ�GLMNJROIJHOHLGHUV��GH

NRSSHOLQJ� WXVVHQ� HHQ� VPDOOH�PRQRPRGDOH� JROIJHOHLGHU� HQ� HHQ� EUHGHUH� JROIJHOHLGHU� DDQ� GH

LQJDQJ�YDQ�HHQ�00,�NRSSHODDU�RI�GH�RYHUJDQJ�WXVVHQ�HHQ��JHwQWHJUHHUGH�JROIJHOHLGHU�HQ�HHQ

RSWLVFKH� YH]HO�� � 2P� YHUOLHV� HQ� UHIOHFWLHV� DDQ� GH]H� RYHUJDQJHQ� WH� PLQLPDOLVHUHQ�� PRHW� GH

NRSSHOLQJVHIILFLsQWLH�WXVVHQ�GH�YHUVFKLOOHQGH�PRGHV�YDQ�GH�JROIJHOHLGHUV�EHUHNHQG�ZRUGHQ�

'LW�NDQ�RS�HHQ�ULJRXUHX]H�PDQLHU�GRRU�KHW�WRHSDVVHQ�YDQ�HHQ�PRGH�H[SDQVLHPHWKRGH���=RªQ

DDQSDN�YHUHLVW�HFKWHU�GH�EHUHNHQLQJ�YDQ�HHQ�KHOH�UHHNV�HLJHQPRGHV�YRRU�EHLGH�JROIJHOHLGHUV�

'DDURP�ZRUGW� YDDN�GH� RYHUODSLQWHJUDDO� YDQ�GH� ODDJVWH� RUGH� HLJHQPRGHV� JHEUXLNW� DOV� HHQ

PDDW�YRRU�KHW�WUDQVLWLHYHUOLHV���'LW�JHHIW�HFKWHU�JHHQ�LQIRUPDWLH�RYHU�GH�JHUHIOHFWHHUGH�YHOGHQ

HQ�ERYHQGLHQ�ZRUGW�KHW�WUDQVLWLHYHUOLHV�RS�GLH�PDQLHU�YDDN�RQGHUVFKDW�RPGDW�JHHQ�UHNHQLQJ

JHKRXGHQ�ZRUGW�PHW� GH� )UHVQHOYHUOLH]HQ�� � ,Q� KHW� NDGHU� YDQ� GLW�ZHUN� KHEEHQ�ZH� GDDURP

WZHH�DOWHUQDWLHYH�IRUPXOHV�RQGHU]RFKW�GLH�GH]H�SUREOHPHQ�GHHOV�RP]HLOHQ��]RQGHU�GH�EHUH�

NHQLQJ� WH� FRPSOLFHUHQ�� �8LW�EHUHNHQLQJVYRRUEHHOGHQ�EOLMNW�GDW�GH]H�PHHVWDO�KHHO�JRHGH� UH�

VXOWDWHQ�RSOHYHUHQ�

2.1.4 Reflectie aan een schuin facet

9RRU�KHW�UHDOLVHUHQ�YDQ�GH�K\EULGH�3$/�]LMQ�YHUVWHUNHUV�PHW�KHHO�ODJH�IDFHWUHIOHFWLYLWHLW�QR�

GLJ�� �2P�GDW�PRJHOLMN� WH�PDNHQ�ZRUGHQ�GH�JROIJHOHLGHUV�DDQ�KHW� IDFHW�DIJHERJHQ� W�R�Y��GH

QRUPDDO�RS�KHW�IDFHW���2P�GH�UHIOHFWLH�DDQ�]RªQ�IDFHW�WH�EHUHNHQHQ�ZHUG�HHQ�PHWKRGH�WRHJH�

SDVW�GLH�RULJLQHHO�GRRU�0DUFXVH�ZHUG�YRRUJHVWHOG�HQ�KLHU�XLWJHEUHLG�LV�QDDU�WZHHGLPHQVLR�

QDOH� JROIJHOHLGHUVWUXFWXUHQ�� � (QNHOH� EHUHNHQLQJVYRRUEHHOGHQ� WRQHQ� DDQ� GDW�� ELM� HHQ� YDVWH

KRHN��YRRUDO�GH�EUHHGWH�YDQ�KHW�YHUUH�YHOG�EHSDOHQG�LV�YRRU�GH�JURRWWH�YDQ�GH�UHVLGXHOH�UH�

IOHFWLH�

2.1.5 Verreveldberekeningen

0RGHEHSDOHUV�NXQQHQ�RRN�JHEUXLNW�ZRUGHQ�YRRU�KHW�EHUHNHQHQ�YDQ�KHW� YHUUHYHOG�YDQ�GH

JROIJHOHLGHUV�� � (HQ� YHHO� WRHJHSDVWH� WHFKQLHN� LV� KHW� RQWELQGHQ� YDQ� GH� JROIJHOHLGHUPRGH� LQ

YODNNH�JROYHQ���9HUYROJHQV�ZRUGW�GH�WUDQVPLVVLH�HQ�GH�UHIOHFWLH�YDQ�HONH�YODNNH�JROI�DDQ�GH

RYHUJDQJ�JROIJHOHLGHU���OXFKW�EHUHNHQG�HQ�ZRUGHQ�]H�YHUGHU�JHSURSDJHHUG�GRRU�KHW�XQLIRU�

PH�PHGLXP���*HEUXLN�PDNHQ�YDQ�HHQ�PRGH�H[SDQVLHWHFKQLHN�LV�KHW�PRJHOLMN�KHW�YHUUH�YHOG
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LHWV�ULJRXUHX]HU�WH�EHUHNHQHQ�YHUPLWV�]RªQ�DDQSDN�RRN�UHNHQLQJ�KRXGW�PHW�PRGHFRQYHUVLH

DDQ�GH�LQWHUIDFH�

2.1.6 Berekening van bochtverliezen

0RGHEHSDOHUV�NXQQHQ�RRN�JHEUXLNW�ZRUGHQ�YRRU�KHW�EHSDOHQ�YDQ�GH�VWUDOLQJVYHUOLH]HQ�YDQ

HHQ�JHERJHQ�JROIJHOHLGHU�� �(pQ�YDQ�GH�GDDUELM�PHHVW� WRHJHSDVWH� WHFKQLHNHQ� LV�GH�FRQIRUPH

WUDQVIRUPDWLHWHFKQLHN��GLH�GH�JHERJHQ�JROIJHOHLGHU�RP]HW� LQ�HHQ�HTXLYDOHQWH� UHFKWH�JROIJH�

OHLGHU�PHW�HHQ�JHWUDQVIRUPHHUG� LQGH[SURILHO�� �+HW� LV�GDQ�HHQYRXGLJ�RP�GH�SURSDJDWLHFRQ�

VWDQWH�YDQ�GH]H� JROIJHOHLGHU� WH� EHUHNHQHQ�PHW� HHQ� VWDQGDDUG�PRGHEHSDOHU�� �8LW� HHQ� UHHNV

EHUHNHQLQJHQ�LV�HHQ�HPSLULVFKH�IRUPXOH�DIJHOHLG�YRRU�KHW�EHUHNHQHQ�YDQ�GH�ERFKWYHUOLH]HQ

YRRU�� mµ �EUHGH�JROIJHOHLGHUV�PHW�HHQ�JHJHYHQ�ODWHUDDO�LQGH[FRQWUDVW

2.1.7 Opsluitingsfactor

8LW�GH�NHQQLV�YDQ�GH�UXLPWHOLMNH�YHUGHOLQJ�YDQ�KHW�RSWLVFK�YHOG�NDQ�GH�RSVOXLWLQJVIDFWRU� iΓ

YRRU�LHGHU�JHELHG� iΩ �YDQ�GH�JROIJHOHLGHU�EHUHNHQG�ZRUGHQ���'H�RSVOXLWLQJVIDFWRU�LV�HHQ�EH�

ODQJULMNH� SDUDPHWHU� YRRU� ODVHUGLRGHV� YHUPLWV� GH� NHQQLV� HUYDQ� WRHODDW� GH�PRGDOH�ZLQVW� WH

EHUHNHQHQ���0HHU�LQ�KHW�DOJHPHHQ��NDQ�GH�ZLQVW�RI�KHW�YHUOLHV�YDQ�HHQ�JROIJHOHLGHU�ZRUGHQ

EHUHNHQG� DOV� HHQ� JHZRJHQ� VRP�YDQ� GH�ZLQVW�� RI� DEVRUSWLHFRsIILFLsQWHQ� YRRU� LHGHU� JHELHG�

ZDDUELM�GH�RSVOXLWLQJVIDFWRU�DOV�JHZLFKWVIDFWRU�JHEUXLNW�ZRUGW�

2.1.8 Propagatie door stuksgewijze constante golfgeleiders

0RGHEHSDOHUV�NXQQHQ�RRN�JHEUXLNW�ZRUGHQ�RP�GH� WUDQVPLVVLH� YDQ� HHQ� RSWLVFK�YHOG�GRRU

HHQ�VWXNVJHZLM]H�FRQWLQXH�JROIJHOHLGHUVWUXFWXXU� WH�EHUHNHQHQ�� �'DDUELM�ZRUGW�KHW�YHOG�RQW�

ERQGHQ�LQ�GH�ORNDOH�HLJHQPRGHV�YDQ�GH�JROIJHOHLGHU�GLH�YHUYROJHQV�HON�DI]RQGHUOLMN�ZRUGHQ

JHSURSDJHHUG�� �$DQ�HONH�RYHUJDQJ�ZRUGW� KHW� LQ�SDUDJUDDI� ������ EHVSURNHQ� IRUPDOLVPH�JH�

EUXLNW�RP�GH�WUDQVPLVVLH��HQ�UHIOHFWLHFRsIILFLsQWHQ�YRRU�HONH�PRGH�WH�EHUHNHQHQ�� �'H]H�PH�

WKRGH� LV�YRRUDO�YRRUGHOLJ�ELM�KHW�PRGHOOHUHQ�YDQ�GH� WUDQVPLVVLH�YDQ�HHQ�RSWLVFK�YHOG�GRRU

JROIJHOHLGHUVWUXFWXUHQ�GLH�EHVWDDQ�XLW�HHQ�EHSHUNW�DDQWDO�UHFKWH�RI�JHERJHQ�JROIJHOHLGHUV�]R�

DOV�00,�NRSSHODDUV���9RRU�KHW�PRGHOHUHQ�YDQ��FRQWLQX�YDULsUHQGH�JROIJHOHLGHUV�]RDOV�EXQ�

GHOH[SDQVLHVWUXFWXUHQ�]LMQ�%30�DOJRULWPHV�RYHU�KHW�DOJHPHHQ�HHQ�EHWHUH�NHX]H���,Q�GDW�JHYDO

NXQQHQ�PRGH�H[SDQVLHSURSDJDWLHDOJRULWPHV�JHEUXLNW�ZRUGHQ� WHU�YHULILFDWLH�YDQ�DQGHUH� DO�

JRULWPHV�

2.2 Bundelpropagatiemethodes (BPM)

2P�GH�WUDQVPLVVLH�GRRU�JHFRPSOLFHHUGH�JROIJHOHLGHUVWUXFWXUHQ�WH�EHUHNHQHQ�ZRUGW�YDDN�HHQ

EXQGHOSURSDJDWLHPHWKRGH� �%30���EHDP�SURSDJDWLRQ�PHWKRG��JHEUXLNW�� �7\SLVFK�DDQ�GH]H

PHWKRGHV�LV�GDW�KHW�YHOG�LQ�NOHLQH�VWDSMHV�GRRU�GH�JROIJHOHLGHUVWUXFWXXU�JHSURSDJHHUG�ZRUGW�

(HQ�EHQDGHULQJ�GLH�HLJHQ�LV�DDQ�DOOH�%30�DOJRULWPHV�LV�GH�NHX]H�YDQ�GH�SURSDJDWLH�DV���$I�

KDQNHOLMN�YDQ�KHW�JHEUXLNWH�DOJRULWPH�PRHW�GH�SURSDJDWLH�ELQQHQ�HHQ�]HNHUH�KRHN�PHW�GH]H
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DV�EOLMYHQ���2P�GH�EHUHNHQLQJVWLMG�WH�YHUNRUWHQ�NXQQHQ�QRJ�YHUVFKLOOHQGH�DQGHUH�EHQDGHULQ�

JHQ�ZRUGHQ�WRHJHSDVW�]RDOV�HHQ�VHPL�YHFWRULHOH�RI�VFDODLUH�EHQDGHULQJ��HHQ�SDUD[LDOH�EHQD�

GHULQJ�RI�HHQ�UHGXFWLH�YDQ�GH�GULHGLPHQVLRQDOH�VWUXFWXXU�QDDU�HHQ�HTXLYDOHQWH�WZHHGLPHQVL�

RQDOH�YRUP�

2.3 Modellering van actieve componenten

1DDVW�GH�WRROV�GLH�ZH�]HOI�KHEEHQ�RQWZRUSHQ�HQ�GLH�EHVFKUHYHQ�]LMQ�LQ�KRRIGVWXN����KHEEHQ

ZH�RRN�WZHH�FRPPHUFLsOH�&$'�SDNNHWWHQ�JHEUXLNW�YRRU�KHW�VLPXOHUHQ�YDQ�GH�ZHUNLQJ�YDQ

GH�PXOWLJROIOHQJWHODVHU��&/$',66� HQ�23$/6�� � %HLGH� SURJUDPPDªV� ]LMQ� JHEDVHHUG� RS� KHHO

QDXZNHXULJH�DOJRULWPHV�YRRU�KHW�PRGHOOHUHQ�YDQ�ODVHUFDYLWHLWHQ���=H�]LMQ�YRRUDO�JHEUXLNW�WHU

YHULILFDWLH�YDQ�UHVXOWDWHQ�EHNRPHQ�PHW�EHQDGHUGH�DOJRULWPHV�

3 Synthese van complexe PIC’s

'H�RQWZHUSKXOSPLGGHOHQ�GLH�QX�EHVFKLNEDDU�]LMQ� IRFXVVHQ�YRRUDO�RS�GH�DQDO\VH�YDQ�RSWL�

VFKH�,&ªV���=H�NXQQHQ�KHOSHQ�ELM�KHW�EHWHU�EHJULMSHQ�YDQ�H[SHULPHQWHOH�UHVXOWDWHQ�HQ�ELM�KHW

UHGXFHUHQ�YDQ�KHW� DDQWDO� H[SHULPHQWHOH� VWDSSHQ�� �'H� VLWXDWLH� LV� HFKWHU�QRJ�YHU� YDQ� LGHDDO�

:HLQLJ� YDQ� GH� FRPPHUFLHHO� YHUNULMJEDUH� SURJUDPPDªV� ]LMQ� VSHFLILHN� RQWZLNNHOG� YRRU� GH

V\QWKHVH�YDQ�HHQ�FRPSOH[�RSWLVFK�FLUFXLW�QDDU�HHQ�JHJHYHQ�VSHFLILFDWLH���%RYHQGLHQ�]LMQ�YRRU

KHW�RQWZHUS�YDQ�JHFRPSOLFHHUGH�FLUFXLWV�]RDOV�GH�PXOWLJROIOHQJWHODVHU��ZDDUELM�GH�VWUXFWXXU

YDQ�ppQ�GHHO�YDQ�GH�3,&�HHQ�VWHUNH�LQYORHG�KHHIW�RS�DQGHUH�GHOHQ�YDQ�GH�3,&�HQ�ZDDUELM�HHQ

VWHUNH� NRSSHOLQJ� RSWUHHGW� PHW� HOHNWULVFKH� HQ� WKHUPLVFKH� SUREOHPHQ�� QRJ� JHHQ� JHVFKLNWH

&$'�WRROV�EHVFKLNEDDU�

5XZZHJ�JHVSURNHQ�]LMQ�HU�WZHH�SUREOHPHQ�WH�RQGHUVFKHLGHQ�HQ�KXQ�RSORVVLQJ�LV�RS�KHW�HHU�

VWH�]LFKW�RQYHUHQLJEDDU���/DQJV�GH�HQH�NDQW�]LMQ�GH�QX�JHEUXLNWH�PHWKRGHV�YDDN�RQQDXZNHX�

ULJ�HQ�GDW�RS�YHUVFKLOOHQGH�QLYHDXV�YDQ�KHW�RQWZHUS���'H�FRPSRQHQWVWUXFWXXU�NDQ�RQQDXZ�

NHXULJ�JHGHILQLHHUG�]LMQ�RI�RYHUJHVLPSOLILFHHUG���9DDN�LV�RRN�KHW�JHEUXLNWH�PRGHO�JHVLPSOLIL�

FHHUG�RI�NDQ�GH�QXPHULHNH�LPSOHPHQWDWLH�DDQOHLGLQJ�JHYHQ�WRW�IRXWHQ���,Q�GH�PHHVWH�JHYDOOHQ

ZRUGW�ERYHQGLHQ�GH�NRSSHOLQJ�PHW�DQGHUH�SUREOHPHQ���WKHUPLVFKH�RI�HOHNWULVFKH���YHUZDDU�

ORRVG���'H�RSORVVLQJ�YRRU�GLW�SUREOHHP�OLMNW�YRRU�GH�KDQG�OLJJHQG��KHW�JHEUXLN�YDQ�PHHU�UL�

JRXUHX]H� DOJRULWPHV�� EHWHUH� GHILQLWLH� YDQ� GH� WRHSDVVLQJVJHELHGHQ� HQ� VHQVLWLYLWHLWVVWXGLHV

YRRU�SDUDPHWHUV�ZDDUYDQ�GH�ZDDUGH�QLHW�H[DFW�JHNHQG�LV���'LW�EUHQJW�RQV�HFKWHU�PHWHHQ�ELM

KHW�WZHHGH�SUREOHHP��GH�EHUHNHQLQJVWLMG���1DDUPDWH�PHHU�ULJRXUHX]H�EHUHNHQLQJVPHWKRGHV

ZRUGHQ�WRHJHSDVW�QHHPW�GLH�HQRUP�WRH���'LW�ZRUGW�YRRUDO�HHQ�SUREOHHP�ZDQQHHU�HHQ�JURWH

SDUDPHWHUUXLPWH�PRHW� ZRUGHQ� RQGHU]RFKW� RI� DOV� GH� NRSSHOLQJ� PHW� DQGHUH� SUREOHPHQ� LQ

UHNHQLQJ�ZRUGW�JHEUDFKW���+HW�OLMNW�RS�GLW�PRPHQW�QLHW�GHQNEDDU�GDW�ELQQHQ�DI]LHQEDUH�WLMG

ULJRXUHX]H� HOHNWURPDJQHWLVFKH� RSORVVHUV� EHVFKLNEDDU� ]XOOHQ� ZRUGHQ� GLH� RS� HHQ� UHGHOLMNH

WHUPLMQ�FRPSOH[H�3,&V�NXQQHQ�DQDO\VHUHQ�

9ROJHQV� RQV� LV� HHQ� PRJHOLMNH� XLWZHJ� XLW� GH]H� LPSDVVH� GH� HYROXWLH� QDDU� NHQQLVJHGUHYHQ

KXOSPLGGHOHQ�� ZDDUELM� GH� QDGUXN� QLHW� ODQJHU� OLJW� RS� GH� YHOGEHUHNHQLQJHQ� RS� ]LFK� PDDU
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YHHOHHU�RS�KHW�PDQLSXOHUHQ�HQ�YHUZHUNHQ�YDQ�YRRUDI�EHNRPHQ�UHVXOWDWHQ���'H�EDVLV�YDQ�]RªQ

SDNNHW�ZRUGW�GDQ�JHYRUPG�GRRU�HHQ�GDWDEDVH��§NQRZOHGJH�EDVH¨���ZDDULQ�GH�YRRUDI�EHNR�

PHQ�JHJHYHQV�]LMQ�RSJHVODJHQ�HQ�HHQ�WRRO��§LQIHUHQFH�HQJLQH¨��GLH�GH�JHJHYHQV�XLW�GH�GDWD�

EDVH�NDQ�YHUZHUNHQ�� �'LH�GDWDEDVH�NDQ�GDDUELM�JHJHYHQV� LQ�YHUVFKLOOHQGH�YRUPHQ�EHYDWWHQ

]RDOV� JRHG� RQWZRUSHQ� JROIJHOHLGHUHOHPHQWHQ�� RQWZHUSUHJHOV�� WDEHOOHQ� PHW� GDWD� YRRU� HHQ

JHSDUDPHWHULVHHUGH�JROIJHOHLGHU����1DWXXUOLMN�]XOOHQ�RRN�HHQ�NUDFKWLJH�JHEUXLNHUVLQWHUIDFH

HQ�HHQ�LQWHUIDFH�WXVVHQ�GH�SURJUDPPDªV�GLH�GH�YHOGEHUHNHQLQJHQ�GRRUYRHUHQ�HQ�GH�GDWDEDVH

QRGLJ�]LMQ�

'H]H�DDQSDN�ZHUG�JHwOOXVWUHHUG�DDQ�GH�KDQG�YDQ�KHW�RQWZHUS�YDQ�HHQ�PRQROLWKLVFK�JHwQWH�

JUHHUGH�3KDVHG�$UUD\� ODVHU��JHEDVHHUG�RS�HHQ�VHOHFWLHYH�JURHLWHFKQLHN�� �'RRUGDW�KLHUELM�GH

ODJHQSDNNHWWHQ� LQ�KHW�DFWLHYH�HQ�KHW�SDVVLHYH�JHELHG� LGHQWLHN�]LMQ� �RS� HHQ� UHGXFWLH�YDQ�GH

GLNWHV�PHW�HHQ�IDFWRU�����QD���LV�GH�ZHUNLQJ�YDQ�GH�YHUVWHUNHUV�HQ�GH�SDVVLHYH�JROIJHOHLGHUV

VWHUN�JHFRUUHOHHUG�HQ�LV�KHW�RQPRJHOLMN�EHLGH�W\SHV�JROIJHOHLGHUV�DSDUW�WH�RSWLPDOLVHUHQ�

4 Phased-Array demultiplexers: werkingsprincipe en ontwerp

4.1 Werkingsprincipe

(HQ�3KDVHG�$UUD\�GHPXOWLSOH[HU� LV�RSJHERXZG�XLW� WZHH�VWHUNRSSHODDUV�GLH�YLD�HHQ�GLVSHU�

VLHYH�JROIJHOHLGHUULM�PHW�HONDDU�YHUERQGHQ�]LMQ���/LFKW�XLW�HHQ�LQJDQJVJROIJHOHLGHU�ZRUGW�YLD

GH� VWHUNRSSHODDU� LQ� GH� JROIJHOHLGHUULM� JHNRSSHOG�� � 'H� ULM� LV� ]R� RQWZRUSHQ� GDW� KHW� RSWLVFK

ZHJOHQJWHYHUVFKLO�WXVVHQ�WZHH�RSHHQYROJHQGH�DUPHQ�JHOLMN�LV�DDQ�HHQ�JHKHHO�DDQWDO�NHUHQ�GH

FHQWUDOH�JROIOHQJWH���'DW�KHHIW�DOV�JHYROJ�GDW�GH�YHOGGLVWULEXWLH�YDQ�GH�LQJDQJVDSHUWXXU�JHUH�

SURGXFHHUG�ZRUGW�DDQ�GH�XLWJDQJVDSHUWXXU�HQ�GDW�YRRU�GH]H�JROIOHQJWH�KHW�OLFKW�ZRUGW�JHIR�

FXVVHHUG�LQ�KHW�FHQWUXP�YDQ�KHW�EHHOGYODN���$OV�GH�JROIOHQJWH�YDQ�KHW�LQYDOOHQG�OLFKW�HFKWHU

DIZLMNW�YDQ�GH�FHQWUDOH�JROIOHQJWH��]DO�KHW�JROIIURQW�DDQ�GH�XLWJDQJVDSHUWXXU��WHQJHYROJH�YDQ

GH�OLQHDLUH�IDVHYHUVFKXLYLQJ�LQ�GH�JROIJHOHLGHUULM��JHNDQWHOG�]LMQ�HQ�GH�IRFXV�LQ�KHW�EHHOGYODN

YHUVFKXLIW��ZHJ�YDQ�KHW�FHQWUXP���$OV�QX�RS�JHVFKLNWH�SODDWVHQ�LQ�KHW�EHHOGYODN�JROIJHOHLGHUV

DDQJHEUDFKW� ZRUGHQ�� NDQ� KHW� OLFKW� JHVFKHLGHQ� ZRUGHQ� LQ� GH� JHZHQVWH� JROIOHQJWHNDQDOHQ�

0HUN�RS�GDW�GH�ZHUNLQJ�YDQ�GH�3KDVHG�$UUD\�UHFLSURRN�LV��DOV�ZH�GH�SURSDJDWLHULFKWLQJ�RP�

NHUHQ� HQ� XLW� GH� YHUVFKLOOHQGH� JROIJHOHLGHUV� OLFKW� ODWHQ� LQYDOOHQ�PHW� GH� FRUUHFWH� JROIOHQJWH�

]XOOHQ�DOOH�NDQDOHQ�LQ�ppQ�JROIJHOHLGHU�JHPXOWLSOH[HHUG�ZRUGHQ���+HW�LV�LQ�GH]H�RSVWHOOLQJ�GDW

GH�3KDVHG�$UUD\�JHEUXLNW�ZRUGW�LQ�GH�3$/�

4.2 Ontwerp van een Phased-Array multiplexer voor een multigolfleng-

telaser

%LM�KHW�RQWZHUS�YDQ�3KDVHG�$UUD\V�GLH�JHEUXLNW�ZRUGHQ�DOV�SDVVLHYH�GHPXOWLSOH[HU��ZRUGHQ

PHHVWDO�GH�RYHUVSUDDN�PHW�QDEXULJH�NDQDOHQ�HQ�KHW�WRWDOH�YHUOLHV�YDQ�GH�FRPSRQHQW�DOV�EH�

ODQJULMNVWH�FULWHULD�JHKDQWHHUG�ELM�KHW�RQWZHUS���:DQQHHU�GH�3KDVHG�$UUD\�HFKWHU�RQWZRUSHQ

ZRUGW�YRRU�JHEUXLN�LQ�HHQ�PXOWLJROIOHQJWHODVHU��]LMQ�GH�SHULRGH��)65���IUHH�VSHFWUDO�UDQJH��HQ
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GH�EDQGEUHHGWH�PHHU�UHOHYDQWH�SDUDPHWHUV�� �2P� ODVHUZHUNLQJ� LQ�YHUVFKLOOHGH�GRRUODDWEDQ�

GHQ� YDQ� GH� 3KDVHG�$UUD\� WH� YRRUNRPHQ� PRHW� GH� )65� LPPHUV� YROGRHQGH� JURRW� JHNR]HQ

ZRUGHQ�HQ�RP�VWDELHOH�ODVHUZHUNLQJ�LQ�ppQ�HQNHOH�ORQJLWXGLQDOH�PRGH�WH�YHUNULMJHQ�PRHW�GH

ILOWHUEDQGEUHHGWH�]R�NOHLQ�PRJHOLMN�]LMQ���=RZHO�KHW�YHUJURWHQ�YDQ�GH�)65�DOV�KHW�YHUNOHLQHQ

YDQ�GH�ILOWHUEDQGEUHHGWH�]RUJHQ�HU�HFKWHU�YRRU�GDW�GH�FDYLWHLWVOHQJWH�WRHQHHPW��ZDDUGRRU�GH

ORQJLWXGLQDOH�PRGHV�GLFKWHU�ELM�HONDDU�NRPHQ�WH�OLJJHQ���+HW�LV�GDQ�RRN�GXLGHOLMN�GDW�HU�HHQ

DIZHJLQJ�]DO�PRHWHQ�JHPDDNW�ZRUGHQ�WXVVHQ�KHW�PLQLPDOLVHUHQ�YDQ�GH�ILOWHUEDQGEUHHGWH�HQ

KHW� PLQLPDOLVHUHQ� YDQ� GH� FDYLWHLWVOHQJWH�� RP� GH� ZHUNLQJ� YDQ� GH� ODVHU� WH� RSWLPDOLVHUHQ�

'DDURP�ZHUG� GH� JHRPHWULH� YDQ� GH� 3KDVHG�$UUD\� LQ�PHHU� GHWDLO� EHVWXGHHUG� HQ�ZHUG� HHQ

RSWLPDDO�RQWZHUS�EHSDDOG��JHEDVHHUG�RS�HHQ� LQ�GH� OLWHUDWXXU�JHUDSSRUWHHUGH� IRUPXOH�YRRU

GH�RSWLPDOH�YHUKRXGLQJ�WXVVHQ�ILOWHUEDQGEUHHGWH�HQ�ORQJLWXGLQDOH�PRGHVSDWLsULQJ�



Hoofdstuk 3 

Theoretische analyse van

Phased-Array multigolflengtelasers

1 Inleiding

,Q�GLW�KRRIGVWXN�ZRUGW�GH�ZHUNLQJ�YDQ�HHQ� ODQJHFDYLWHLWVODVHUV�PHW�HHQ�JROIOHQJWHVHOHFWLHI

ILOWHU�ELQQHQ�GH�FDYLWHLW�WKHRUHWLVFK�RQGHU]RFKW���'DDUELM�ZRUGW�JHHQ�UHNHQLQJ�JHKRXGHQ�PHW

GHWDLOV�GLH�VSHFLILHN�]LMQ�YRRU�KHW�JHEUXLNWH�LQWHJUDWLHVFKHPD�RI�YRRU�KHW�W\SH�GHPXOWLSOH[HU�

)LJ������WRRQW�HHQ�SULQFLSHVFKHWV�YDQ�GH�RQGHU]RFKWH�ODVHU��HHQ�ULM�PHW� N �YHUVWHUNHUV��GH�ND�

QDDOYHUVWHUNHUV�RI�GH�VLJQDDOYHUVWHUNHUV��LV�JHNRSSHOG�PHW� N �LQJDQJVSRRUWHQ�YDQ�HHQ�PXO�

WLSOH[HU���'H�XLWJDQJVSRRUW�YDQ�GH�PXOWLSOH[HU�NDQ�YHUERQGHQ�]LMQ�PHW�HHQ�JHZRQH�SDVVLHYH

JROIJHOHLGHU� RI�PHW� HHQ� DQGHUH� YHUVWHUNHU� �GH� XLWJDQJVYHUVWHUNHU��� � 'H� ODVHUFDYLWHLW�ZRUGW

JHYRUPG�GRRU�GH�VSLHJHOV�DDQ�GH�XLWHLQGHQ�YDQ�GH�FRPSRQHQW���0HHVWDO�]LMQ�GLW�GH�JHNOLHIGH

IDFHWWHQ�YDQ�GH� FKLS�� DO� GDQ�QLHW� JHFRDW�� �9HUPLWV� DOOH� YHUVWHUNHUV� WHJHOLMN�ZRUGHQ�JHIDEUL�

FHHUG��YHURQGHUVWHOOHQ�ZH�GDW�]H�DOOHPDDO�JHNDUDNWHULVHHUG�ZRUGHQ�GRRU�GH]HOIGH�PDWHULDDO�

SDUDPHWHUV�HQ�GH]HOIGH�JHRPHWULVFKH�SDUDPHWHUV���$OOHHQ�GH�OHQJWH�YDQ�GH�YHUVWHUNHUV�ZRUGW

JHYDULHHUG�� � 'H]H� YHURQGHUVWHOOLQJ� YHUHHQYRXGLJG� GH� QRWDWLH� DDQ]LHQOLMN� PDDU� GRHW� JHHQ

DIEUHXN�DDQ�GH�DOJHPHHQKHLG�YDQ�GH�DQDO\VH

I

R

T

R R

P

I

I

Ia

l

Ti( )l

L
L Lac

ap

ap

2

2

1

c,1

c,2

c,N

)LJ������6FKHPDWLVFKH�DIEHHOGLQJ�YDQ�GH�PXOWLJROIOHQJWHODVHU�]RDOV�GLH�ZRUGW�EHVSURNHQ

LQ�GLW�KRRIGVWXN�

'DDU�GH� RQGHUGUXNNLQJ�YDQ�GH� RYHUVSUDDN� WXVVHQ�GH� YHUVFKLOOHQGH�SRRUWHQ�YDQ�GH�PXOWL�

SOH[HU� RYHU� KHW� DOJHPHHQ� YHHO� EHWHU� LV� GDQ� ��� G%�� NXQQHQ� GH� NDQDOHQ� YDQ� HHQ� PXOWL�

JROIOHQJWHODVHU� ]RQGHU� XLWJDQJVYHUVWHUNHU� YRRU� GH� PHHVWH� WRHSDVVLQJHQ� RQDIKDQNHOLMN� YDQ

HONDDU�ZRUGHQ�EHVFKRXZG�� �'DDURP�ZRUGW� LQ�GHHO� WZHH�YDQ�GLW�KRRIGVWXN�XLWJHEUHLG�DDQ�

GDFKW�EHVWHHG�DDQ�GH�ZHUNLQJ�YDQ�HHQ�ODVHU�GLH�EHVWDDW�XLW�HHQ�YHUVWHUNHU�HQ�HHQ�ODQJH�SDV�

VLHYH�FDYLWHLW�PHW�HHQ�]HNHU�YHUOLHV�� �,Q�GHHO�GULH�YDQ�GLW�KRRIGVWXN�ZRUGW�GDQ�GH�YROOHGLJH

ODVHU�]RDOV�YRRUJHVWHOG�LQ�)LJ������EHVSURNHQ��ZDDUELM�YRRUDO�DDQGDFKW�ZRUGW�EHVWHHG�DDQ�GH
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RYHUVSUDDN�GLH�RQWVWDDW�LQ�GH�JHPHHQVFKDSSHOLMNH�XLWJDQJVYHUVWHUNHU���,Q�KHW�ODDWVWH�GHHO�YDQ

GLW�KRRIGVWXN�ZRUGHQ�HQNHOH�RQWZHUSUHJHOV�YRRU�PXOWLJROIOHQJWHODVHUV�VDPHQJHYDW�

2 Eénkanaalslangecaviteitslasers zonder gemeenschappelijke uit-
gangsversterker

9HUPLWV�� ]RDOV�KLHUERYHQ�XLWJHOHJG��GH�NRSSHOLQJ� WXVVHQ�GH�YHUVFKLOOHQGH�NDQDOHQ�YDQ�HHQ

PXOWLJROIOHQJWHODVHU� ]RQGHU� XLWJDQJVYHUVWHUNHU� PHHVWDO� YHUZDDUORRVEDDU� LV�� ZRUGW� LQ� GLW

KRRIGVWXN�GH�ZHUNLQJ�YDQ�HHQ�ppQNDQDDOVODQJHFDYLWHLWVODVHU�RQGHU]RFKW���,Q�HHQ�HHUVWH�SDUD�

JUDDI�ZRUGHQ�GH�WHPSRYHUJHOLMNLQJHQ�YRRU�GH]H� ODVHU�DIJHOHLG�� � ,Q�GH�YROJHQGH�SDUDJUDIHQ

ZRUGHQ�GDQ�UHVSHFWLHYHOLMN�GH�VWDWLVFKH�HQ�GH�G\QDPLVFKH�NDUDNWHULVWLHNHQ�DIJHOHLG�

2.1 Tempovergelijkingen voor een éénkanaalslangecaviteitslaser

%LM� WUDQVPLVVLH� GRRU� GH� ODVHUFDYLWHLW�ZRUGW� KHW� OLFKW� YHUVWHUNW� GRRU� JHVWLPXOHHUGH� HPLVVLH�

$OV�GH�WRWDOH�YHUVWHUNLQJ�ELM�HHQ�GRRUJDQJ�GRRU�GH�FDYLWHLW�JHOLMN�ZRUGW�DDQ�GH�GDDUELM�RSWUH�

GHQGH�YHUOLH]HQ��]DO�ODVHUZHUNLQJ�RSWUHGHQ���8LW�GH]H�YDVWVWHOOLQJ�NXQQHQ�GH�ZDDUGH�YDQ�GH

GUHPSHOZLQVW� HQ� GH� ODVHUIUHTXHQWLH� ZRUGHQ� DIJHOHLG�� � =H� ZRUGHQ� UHVSHFWLHYHOLMN� JHJHYHQ

GRRU�
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





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
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21 �����

HQ

( ) eppaa
th Ln
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nLnL

mc

22
=

+
=ν �����

+LHUELM�LV� f �KHW�YHUOLHV�GDW�RSWUHHG�LQ�GH�SDVVLHYH�FDYLWHLW���=RDOV�JHZRRQOLMN�NDQ� mα ��ZRU�

GHQ�EHVFKRXZG�DOV�KHW�JHGLVWULEXHHUGH�VSLHJHOYHUOLHV����$QDORRJ�NXQQHQ�ZH� pα �EHVFKRXZHQ

DOV�KHW�JHGLVWULEXHHUGH�YHUOLHV�GRRU�GH�SDVVLHYH�FDYLWHLW�

+HW� LV�PRJHOLMN�RP�]RZHO�YRRU�GH� IRWRQGLFKWKHLG�DOV�YRRU�GH� ODGLQJVGUDJHUVGLFKWKHLG� HHQ

JHVFKLNWH� WHPSRYHUJHOLMNLQJ�RS� WH� VWHOOHQ�� �0HW� #S � KHW� WRWDDO� DDQWDO� IRWRQHQ� LQ�KHW� DFWLHYH

JHGHHOWH�YDQ�GH�FDYLWHLW�YLQGHQ�ZH�

( ) ( )[ ] ( )
( )[ ] ( ) ’#

’#
21

2#

21

2exp

spLapms

spLas

KRtSLg

KRtSLgRRftS

+−−−−Γ+≈

+−−Γ=

τααα
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�����

HQ��

( )
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a
sp gn
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L
R Γ=

2
’ 2 �����
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+LHUELM�LV� spn �GH�LQYHUVLHIDFWRU���'H]H�XLWGUXNNLQJ�YRRU�GH�VSRQWDQH�HPLVVLH�ZHUG�RRUVSURQ�

NHOLMN�DIJHOHLG�GRRU�+HQU\�HQ�VODDW�RS�KHW�DDQWDO�IRWRQHQ�GDW�LQ�HHQ�HQNHOH�ORQJLWXGLQDOH�PR�

GH�ZRUGW�JHNRSSHOG���'H�VSRQWDQH�HPLVVLHIDFWRU�.�ZRUGW�JHJHYHQ�GRRU�

( )( )
( )

2

2
2121

2121

1ln

1











 −+
=

fRRRRf

RRfRfR
K �����

$OV�KHW�YHUOLHV�LQ�GH�SDVVLHYH�FDYLWHLW�ODDJ�LV��LV�K �RQJHYHHU�JHOLMN�DDQ�ppQ�HQ�NDQ�GH�VSRQWD�

QH� HPLVVLHIDFWRU�ZRUGHQ�YHUZDDUORRVG�� �$OV� KHW�YHUOLHV� LQ�GH� FDYLWHLW� HFKWHU� WRHQHHPW� NDQ

GH]H�IDFWRU�EHODQJULMN�ZRUGHQ��!����

$OV�GH�YDULDWLHV�JHGXUHQGH�GH�WLMG� Lτ �GLH�QRGLJ�LV�YRRU�KHW�YROOHGLJ�GRRUNUXLVHQ�YDQ�GH�FD�

YLWHLW�� NOHLQ� ]LMQ�� NDQ� GH� WHUP� ( )LtS τ−# � LQ� YHUJHOLMNLQJ� ������ YHUYDQJHQ�ZRUGHQ� GRRU� HHQ

JHSDVWH�GLIIHUHQWLDDOWHUP�HQ�ZRUGW�GH�VWDQGDDUGWHPSRYHUJHOLMNLQJ�YRRU�NRUWH�FDYLWHLWVODVHUV

WHUXJJHYRQGHQ�� �,Q�KHW�KLHU�EHVFKRXZGH�JHYDO�LV�GLW�HFKWHU�QLHW�KHW�JHYDO�HQ�PRHW�XLWGUXN�

NLQJ�������JHEUXLNW�ZRUGHQ�

1DDVW�GH� WHPSRYHUJHOLMNLQJ�YRRU� #S ��NDQ�RRN�HHQ�YHUJHOLMNLQJ�YRRU�GH� IDVH�ZRUGHQ�RSJH�

VWHOG���:H�YLQGHQ�

( ) ( ) ( )thaL NN
N

g
Ltt −

∂
∂=−+ αφτφ �����

'H]H�XLWGUXNNLQJ�JHHIW�GH�YHUDQGHULQJ�YDQ�GH�IDVH�GRRU�HHQ�YHUDQGHULQJ�YDQ�GH�ODGLQJVGUD�

JHUVGLFKWKHLG�ZHHU�� � ,Q�YHUJHOLMNLQJ�PHW�HHQ�VWDQGDDUGODVHU�]RQGHU�H[WHUQH�FDYLWHLW� LV�GH]H

YHUDQGHULQJ�YRRU�HHQ�ODQJHFDYLWHLWVODVHU�NOHLQHU�PHW�HHQ�IDFWRU� LLa ���'LW�LV�HHQ�JHYROJ�YDQ

KHW� IHLW� GDW� HHQ�PRGXODWLH� YDQ� GH� ODGLQJVGUDJHUVGLFKWKHLG� HQNHO� LQYORHG� KHHIW� RS� GH� EUH�

NLQJVLQGH[�YDQ�KHW�DFWLHYH�JHGHHOWH�YDQ�GH�FDYLWHLW�HQ�KHW�SDVVLHYH�JHGHHOWH�RQJHPRHLG�ODDW�

$OV� ODDWVWH� NXQQHQ�ZH� RRN� HHQ� � WHPSRYHUJHOLMNLQJ� RSVWHOOHQ� YRRU� GH� ODGLQJVGUDJHUVGLFKW�

KHLG���'H]H�ZRUGW�JHJHYHQ�GRRU�

( ) gSNR
eV

I

dt

dN
g

a

v−−= �����

PHW� S �GH�JHPLGGHOGH�IRWRQGLFKWKHLG�LQ�KHW�DFWLHYH�JHGHHOWH�YDQ�GH�FDYLWHLW�HQ�

( ) 32 CNBNANNR ++= �����

PHW� A �� B � HQ� C � UHVSHFWLHYHOLMN� WKH� PRQRPROHFXODLUH�� GH� ELPROHFXODLUH� HQ� GH� $XJHU�

UHFRPELQDWLHFRsIILFLsQW�

2.2 Drempelstroom en uitgangsvermogen

'H� GUHPSHOVWURRP�ZRUGW� HHQYRXGLJ� DIJHOHLG� XLW� GH� XLWGUXNNLQJ� YRRU� GH� ODGLQJVGUDJHUV�

GLFKWKHLG�������HQ�JHJHYHQ�GRRU�
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( )thath NReVI = �����

thN �ZRUGW�GDDUELM�EHSDDOG�XLW�GH�NHQQLV�YDQ�GH�GUHPSHOZLQVW� ( )thth Ng �

9RRU�GH�H[WHUQH�GLIIHUHQWLsOH�HIILFLsQWLH�YLQGHQ�ZH�
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+LHUELM�LV� iη ��GH�LQWHUQH�GLIIHUHQWLsOH�HIILFLsQWLH�

*HEUXLNPDNHQG�YDQ�ERYHQVWDDQGH�XLWGUXNNLQJHQ�LV�KHW�PRJHOLMN�RP�KHW�XLWJDQJVYHUPRJHQ

YDQ�GH�ODVHU�DOV�IXQFWLH�YDQ�GH�VWURRP�WH�EHSDOHQ���:H�KHEEHQ�UHVXOWDWHQ�GLH�RS�GH]H�PDQLHU

ZHUGHQ�YHUNUHJHQ�YHUJHOHNHQ�PHW�UHVXOWDWHQ�YDQ�HHQ�ULJRXUHXV� ODVHUPRGHO� �&/$',66��� �(U

EOLMNW�VOHFKWV�HHQ�PLQLHPH�DIZLMNLQJ�WH�]LMQ�GLH�LHWV�WRHQHHPW�ELM�VWLMJHQGH�FDYLWHLWVYHUOLH]HQ�

'LW�LV�WH�ZLMWHQ�DDQ�KHW�IHLW�GDW�ZH�YHURQGHUVWHOG�KHEEHQ�GDW�GH�ODGLQJVGUDJHUVGLFKWKHLG�FRQ�

VWDQW�LV�RYHU�KHW�DFWLHYH�JHGHHOWH�YDQ�GH�FDYLWHLW�

:H� KHEEHQ� GLW�PRGHO� R�D�� JHEUXLNW� RP�GH� LGHDOH� OHQJWH� YDQ� GH� YHUVWHUNHU� YDQ� HHQ� ODQJH�

FDYLWHLWVODVHU�WH�EHSDOHQ��DOV�IXQFWLH�YDQ�KHW�YHUOLHV�LQ�GH�SDVVLHYH�FDYLWHLW�

2.3 Onderdrukking van naburige lasermodes

'H�IRWRQWHPSRYHUJHOLMNLQJ�NDQ�HHQYRXGLJ�ZRUGHQ�XLWJHEUHLG�QDDU�KHW�JHYDO�ZDDU�PHHUGHUH

ORQJLWXGLQDOH�PRGHV�EHODQJULMN�]LMQ���8LWJDDQGH�YDQ�GH]H�XLWGUXNNLQJHQ�NDQ�GDQ�HHQ�YRRU�

ZDDUGH�ZRUGHQ�RSJHVWHOG�YRRU�KHW�PLQLPDOH�YHUVFKLO�LQ�PRGDOH�ZLQVW�YRRU�WZHH�PRGHV�RS�

GDW�GH�YHUKRXGLQJ�WXVVHQ�KHW�YHUPRJHQ�LQ�EHLGH�PRGHV�YROGRHQGH�KRRJ�]RX�]LMQ���'H]H�XLW�

GUXNNLQJ�NDQ�JHEUXLNW�ZRUGHQ�LQ�JHYDOOHQ�ZDDU�GH�DIVWDQG�WXVVHQ�EHLGH�PRGHV�JURRW�JHQRHJ

LV�]RGDW�QLHW�OLQHDLUH�HIIHFWHQ�JHHQ� URO� VSHOHQ�� �'LW� LV�ELMYRRUEHHOG�KHW�JHYDO�YRRU�PRGHV� LQ

HHQ�YHUVFKLOOHQGH�GRRUODDWEDQG�YDQ�GH�3KDVHG�$UUD\�

'RRU�GH�JURWH� OHQJWH�YDQ�GH� FDYLWHLW� LV� GH� DIVWDQG� WXVVHQ� ORQJLWXGLQDOH�PRGHV� ELQQHQ�ppQ

GRRUODDWEDQG�YDQ�GH�3KDVHG�$UUD\�HFKWHU�]R�NOHLQ����WRW���*+]��GDW�QLHW�OLQHDLUH�HIIHFWHQ�HHQ

EHODQJULMNH�URO�JDDQ�VSHOHQ���+HW�EOLMNW�GDW�GRRU�HHQ�LQWHUPRGXODWLH�YDQ�GH�ORQJLWXGLQDOH�PR�

GHV� HHQ� IDVHURRVWHU� RQWVWDDW�ZDDUDDQ� YHUVWURRLLQJ� RSWUHHGW� GLH� DOV� JHYROJ� KHHIW� GDW� ]RZHO

PRGHV�PHW�HHQ�KRJHUH�LQWHQVLWHLW�DOV�PRGHV�PHW�HHQ�ODJHUH�IUHTXHQWLH�EHYRRUGHHOG�ZRUGHQ�

:DQQHHU�GLW�HIIHFW�JHFRPELQHHUG�ZRUGW�PHW�HHQ�YROGRHQGH�QDXZ�ILOWHU��NDQ�HHQ�KHHO�VWDELH�

OH��PRQRPRGDOH� ODVHUZHUNLQJ�ZRUGHQ�YHUNUHJHQ�� �8LW�HHQ�QDXZNHXULJ�VWDELOLWHLWRQGHU]RHN

NDQ�ZRUGHQ�DIJHOHLG�GDW�HU�LQ�GH�EXXUW�YDQ�KHW�FHQWUXP�YDQ�GH�GRRUODDWEDQG�HHQ�VWDELOLWHLWV�

JHELHG�LV�YRRU�GH�ODVHUHQGH�PRGH�� �=RODQJ�GH�DFWLHYH�PRGH�ELQQHQ�GLW�JHELHG�EOLMIW��WUHGHQ

JHHQ�PRGHKRSV�RS�� �:DQQHHU�GH�DFWLHYH�PRGH�HFKWHU�XLW�GLW�JHELHG�VFKXLIW� �EYE��GRRU�HHQ

WHPSHUDWXXUYHUDQGHULQJ��� ]DO� HHQ�PRGHKRS� RSWUHGHQ� HQ� ]DO� GH� ODVHUZHUNLQJ� YHUVFKXLYHQ

QDDU�HHQ�QDELMJHOHJHQ�ORQJLWXGLQDOH�PRGH�
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2.4 Lijnbreedte

=RDOV� JHZRRQOLMN� LV� RRN� GH� OLMQEUHHGWH� YDQ� HHQ� ODVHU�PHW� HHQ� SDVVLHYH� FDYLWHLW� RPJHNHHUG

HYHQUHGLJ�PHW�KHW�XLWJDQJVYHUPRJHQ��PDDU� LQ�YHUJHOLMNLQJ�PHW�GH� IRUPXOH� YRRU� HHQ� VWDQ�

GDDUG� ODVHU� EHYDW�GH�KLHU� DIJHOHLGH�XLWGUXNNLQJ� HHQ� H[WUD� WHUP� ( )2LLa �� �'LW� EHWHNHQW� GDW

GH]H�ODVHUV�H[WUHHP�VPDOOH�OLMQEUHHGWHV�NXQQHQ�KHEEHQ�

2.5 Dynamische eigenschappen

8LWJDDQGH�YDQ�GH�LQ�SDUDJUDDI�����DIJHOHLGH�WHPSRYHUJHOLMNLQJHQ�NDQ�GH�NOHLQVLJQDDOUHVSRQV

YDQ�HHQ�ODVHU�PHW�HHQ�SDVVLHYH�FDYLWHLW�ZRUGHQ�DIJHOHLG�
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'H�IDFWRU�� )exp(1 Ljωτ−− ��YROJW�XLW�KHW�RSWUHGHQ�YDQ�GH�WHUP� ( )LtS τ−# �LQ�GH�WHPSRYHUJH�

OLMNLQJ� YRRU� GH� IRWRQHQ� ������ HQ� LV� YHUDQWZRRUGHOLMN� YRRU� HHQ� TXDVL�SHULRGLVFKH� UHVSRQV�

9RRU�ODJH�IUHTXHQWLHV�NDQ�GH]H�IDFWRU�EHQDGHUG�ZRUGHQ�GRRU�� Ljωτ ��HQ�ZRUGW�GH�NODVVLHNH

NOHLQVLJQDDOUHVSRQV�YRRU�NRUWHFDYLWHLWVODVHUV�WHUXJJHYRQGHQ�

'H� UHVRQDQWLHIUHTXHQWLH� 2
rω �GLH� LQ�GH]H�XLWGUXNNLQJ�YRRUNRPW�EHYDW�HHQ�H[WUD� WHUP� LLa

ZDW�DOV�JHYROJ�KHHIW�GDW�GH�EDQGEUHHGWH�YDQ�GLW� W\SH� ODVHU� DIQHHPW�PHW� WRHQHPHQGH� FDYL�

WHLWVOHQJWH���2P��������WH�YHULILsUHQ�ZHUGHQ�UHVXOWDWHQ�EHUHNHQG�PHW�GH]H�IRUPXOH�YHUJHOHNHQ

PHW� UHVXOWDWHQ� YDQ� HHQ� ULJRXUHXV� ODVHU� PRGHO� �&/$',66��� � $OKRHZHO� GH� YHUHHQYRXGLJGH

IRUPXOH��������GH�GHPSLQJ�ELM�ODJH�IUHTXHQWLHV�LHWV�OLMNW�WH�RYHUVFKDWWHQ��LV�RYHU�KHW�DOJHPHHQ

GH�JHOLMNHQLV�YULM�JRHG���=R�ZRUGW�GH�LQYORHG�YDQ�HHQ�YHUDQGHUHQGH�FDYLWHLWVOHQJWH�HQ�GH�OLJ�

JLQJ�YDQ�GH�UHVRQDQWLHSLHNHQ�FRUUHFW�YRRUVSHOG�

3 Multigolflengtelasers met uitgangsversterker

3.1 Meerkanaals-tempovergelijkingen

'H�WHPSRYHUJHOLMNLQJHQ�GLH�DIJHOHLG�ZHUGHQ�LQ�SDUDJUDDI�����NXQQHQ�ZRUGHQ�XLWJHEUHLG�]R�

GDW�GH�YROOHGLJH�ODVHU�DOV�DIJHEHHOG�LQ�)LJ������ZRUGW�EHVFKUHYHQ���'LW�UHVXOWHHUW�LQ�HHQ�QLHW�

OLQHDLU�VWHOVHO�YDQ��N ���YHUJHOLMNLQJHQ�PHW�HYHQYHHO�RQEHNHQGHQ��GDW�QXPHULHN�NDQ�ZRU�

GHQ�RSJHORVW���2P�GH�UHVXOWDWHQ�WH�YHULILsUHQ�ZHUG�KHW�XLWJDQJVYHUPRJHQ�YDQ�HHQ�ODVHU�JH�

YRUPG� GRRU� WZHH� YHUVWHUNHUV� DDQ� GH� XLWHLQGHQ� YDQ� HHQ� YHUOLHVKHEEHQGH� SDVVLHYH� FDYLWHLW

YHUJHOHNHQ�PHW� KHW� XLWJDQJVYHUPRJHQ� YDQ� HHQ� ODVHU� JHYRUPG� GRRU� ppQ� HQNHOH� YHUVWHUNHU

PHW�GH�GXEEHOH�OHQJWH�HQ�HHQ�SDVVLHYH�FDYLWHLW�� �=RZHO�&/$',66�DOV�GH�GRRU�RQV�DIJHOHLGH

WHPSRYHUJHOLMNLQJHQ� YRRUVSHOOHQ� HHQ� KRJHU� XLWJDQJVYHUPRJHQ� YRRU� KHW� HHUVWH� W\SH� ODVHU�

]HOIV�LQGLHQ�UHNHQLQJ�JHKRXGHQ�ZRUGW�PHW�HHQ�UHGHOLMN�H[WUD�YHUOLHV�WH�ZLMWHQ�DDQ�GH�WZHHGH

DFWLHI�SDVVLHIRYHUJDQJ�
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3.2 Signaalverstoring en overspraak door de uitgangsversterker

:DQQHHU�PHHUGHUH�NDQDOHQ�WHJHOLMN�ZRUGHQ�DDQJHVWXXUG��]DO�HHQ�YHUDQGHULQJ�LQ�KHW�YHUPR�

JHQ�LQ�ppQ�YDQ�GH�NDQDOHQ�RQPLGGHOOLMN�HHQ�LQYORHG�KHEEHQ�RS�GH�ODGLQJVGUDJHUVGLFKWKHLG

LQ�GH�JHPHHQVFKDSSHOLMNH�XLWJDQJVYHUVWHUNHU���9HUPLWV�GDDUGRRU�GH�ZLQVW�YDQ�GH�YHUVWHUNHU

EHwQYORHG�ZRUGW�KHHIW�GLW�RRN�JHYROJHQ�YRRU�KHW�YHUPRJHQ�LQ�GH�DQGHUH�NDQDOHQ�HQ�JHHIW�GLW

DDQOHLGLQJ�WRW�VLJQDDOYHUVWRULQJ�HQ�RYHUVSUDDN�

0HW�EHKXOS�YDQ�GH�LQ�GH�YRULJH�SDUDJUDDI�DIJHOHLGH�WHPSRYHUJHOLMNLQJHQ�ZHUGHQ�GH�JHYRO�

JHQ�KLHUYDQ�RQGHU]RFKW�ELM� VWDWLVFKH� ODVHUZHUNLQJ�� �+HW�EOLMNW�GDW�KHW�YRRUGHHO�YDQ�KHW�JH�

EUXLN�YDQ�GH�XLWJDQJVYHUVWHUNHU�VWHUN�DIQHHPW�ELM�HHQ�WRHQHPHQG�DDQWDO�NDQDOHQ���9HUGHU�LV

KHW� ]R� GDW� GH� YHUDQGHULQJ� YDQ� GH� ODGLQJVGUDJHUVGLFKWKHLG� LQ� GH� JHPHHQVFKDSSHOLMNH� YHU�

VWHUNHU�EHSDDOG�ZRUGW�GRRU�GH�HIIHFWLHYH�OHHIWLMG�YDQ�GH�ODGLQJVGUDJHUV�GLH��DIKDQNHOLMN�YDQ

GH�ODGLQJVGUDJHUVGLFKWKHLG�HQ�KHW�YHUPRJHQ��NDQ�YDULsUHQ�WXVVHQ�����SV�HQ�HQNHOH�QDQRVH�

FRQGHQ���'DDUGRRU�]DO�GLW�HIIHFW�RRN�GH�G\QDPLVFKH�HLJHQVFKDSSHQ�YDQ�GH�ODVHU�EHwQYORHGHQ�

3.3 Elektronische compensatie

2P�RYHUVSUDDN� LQ�GH�JHPHHQVFKDSSHOLMNH�YHUVWHUNHU� WH�YHUPLMGHQ�PRHW�GH� ODGLQJVGUDJHUV�

GLFKWKHLG�FRQVWDQW�JHKRXGHQ�ZRUGHQ�� �9HUVFKLOOHQGH�DXWHXUV�KHEEHQ�YRRUJHVWHOG�RP�GLW� WH

GRHQ�GRRU�DDQ�GH�VWURRP�HHQ�FRPSRQHQW�HYHQUHGLJ�PHW�KHW�XLWJDQJVYHUPRJHQ�WRH� WH�YRH�

JHQ���=RZHO�IHHGEDFN��DOV�IHHGIRUZDUGVFKHPDªV�ZHUGHQ�GDDUELM�YRRUJHVWHOG���%HLGH�YHUHLVHQ

HFKWHU�HHQ�KHHO�QDXZNHXULJH�DIVWHOOLQJ�YDQ�GH�ELMKRUHQGH�HOHNWURQLFD�HQ�]LMQ�QLHW�]R�HHQYRX�

GLJ�SUDNWLVFK�WH�UHDOLVHUHQ�

3.4 Winstvergrendeling

$OV� HHQ� DOWHUQDWLHI� YRRU� GH� HOHNWURQLVFKH� FRPSHQVDWLHVFKHPDªV� YDQ� GH� YRULJH� SDUDJUDDI�

VWHOOHQ�ZH�KLHU�HHQ�DQGHUH�DDQSDN�YRRU�RP�GH�ZLQVW�YDQ�GH�XLWJDQJVYHUVWHUNHU�WH�YHUJUHQ�

GHOHQ�� � 'H]H�PHWKRGH� YHUHLVW� JHHQ� ELMNRPHQGH� HOHNWURQLVFKH� XLWUXVWLQJ� HQ� EHPRHLOLMNW� GH

SURFHVVLQJ�QLHW���(U�LV�DOOHHQ�HHQ�NOHLQH�DDQSDVVLQJ�YDQ�GH�JHRPHWULH�QRGLJ���=RDOV�JHWRRQG�LQ

)LJ�� ���D�ZRUGW� ppQ� YDQ� GH� LQJDQJVYHUVWHUNHUV� YHUYDQJHQ� GRRU� HHQ� SDVVLHYH� JROIJHOHLGHU�

$OV�GH�XLWJDQJVYHUVWHUNHU�DDQJHVFKDNHOG�ZRUGW��]DO�GH�ODVHUZHUNLQJ�LQ�GH�FDYLWHLW�JHYRUPG

GRRU� GH]H� YHUVWHUNHU� HQ� GH� SDVVLHYH� JROIJHOHLGHU� HUYRRU� ]RUJHQ� GDW� GH�ZLQVW� YDQ� GH� XLW�

JDQJVYHUVWHUNHU� YHUJUHQGHOG� EOLMIW�� � $OV� QX� DQGHUH� NDQDOHQ�ZRUGHQ� DDQJHVFKDNHOG� ]DO� KHW

YHUPRJHQ�LQ�KHW�ZLQVWYHUJUHQGHOLQJVNDQDDO�GDOHQ�PDDU�HU�]DO�JHHQ�RYHUVSUDDN�PHHU�RSWUH�

GHQ�WXVVHQ�GH�NDQDOHQ�RQGHUOLQJ�
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)LJ������D��3ULQFLSHVFKHWV�YDQ�GH�PXOWLJROIOHQJWHODVHU�PHW�ZLQVWYHUJUHQGHOGH�XLWJDQJVYHU�

VWHUNHU�� � E��0RGXODWLH� YDQ� GH� ODGLQJVGUDJHUVGLFKWKHLG� N∆ � LQ� HHQ� ODVHU� PHW� HQ� ]RQGHU

ZLQVWYHUJUHQGHOLQJ�RQGHU�LQYORHG�YDQ�HHQ�H[WHUQH�PRGXODWLH� 1S∆ ���7HU�YHUJHOLMNLQJ�LV�RRN

GH�NOHLQVLJQDDOUHVSRQV� 0S∆ �GRRU�HHQ�VWURRPPRGXODWLH� I∆ �ZHHUJHJHYHQ�

'H�WHPSRYHUJHOLMNLQJHQ�YDQ�SDUDJUDDI�����ZHUGHQ�JHEUXLNW�RP�GH�ZHUNLQJ�YDQ�HHQ�ZLQVW�

YHUJUHQGHOGH�PXOWLJROIOHQJWHODVHU�WH�RQGHU]RHNHQ���9HUGHU�LV�KHW�G\QDPLVFK�JHGUDJ�YDQ�]RªQ

ODVHU�EHVWXGHHUG�� �'DDUYRRU�ZHUG�GH�PRGXODWLH�YDQ�GH�ODGLQJVGUDJHUVGLFKWKHLG� N∆ �RQGHU

LQYORHG�YDQ�HHQ�H[WHUQ�JHwQMHFWHHUG�VLJQDDO�EHVWXGHHUG�� �'H� UHVXOWDWHQ�]LMQ�JHWRRQG� LQ�)LJ�

���E���'DDUXLW�EOLMNW�GDW�YRRU�IUHTXHQWLHV�ZDDU�GH�NOHLQVLJQDDOUHVSRQV�EHODQJULMN�LV������*+]��

GH�YHUJUHQGHOGH�YHUVWHUNHU�EHGXLGHQG�PLQGHU�EHwQYORHG�ZRUGW�GRRU�KHW�H[WHUQH�VLJQDDO�GDQ

GH�QLHW�YHUJUHQGHOGH�YHUVWHUNHU�

4 Conclusie en ontwerpregels

2P�GLW�KRRIGVWXN�DI�WH�VOXLWHQ�YDWWHQ�ZH�KLHU�HQNHOH�RQWZHUSUHJHOV�YRRU�PXOWLJROIOHQJWHOD�

VHUV� VDPHQ�� � �+HW� §LGHDOH� RQWZHUS¨� LV� HFKWHU� VWHUN� DIKDQNHOLMN� YDQ� GH� SUHFLH]H� WRHSDVVLQJ

ZDDUYRRU�GH�ODVHU�]DO�JHEUXLNW�ZRUGHQ�HQ�GLH�PRHW�ELM�KHW�RQWZHUSHQ�GDQ�RRN�DOWLMG� LQ�KHW

DFKWHUKRRIG�JHKRXGHQ�ZRUGHQ�

8LWJDQJVYHUVWHUNHU

$OV� VOHFKWV� ppQ� NDQDDO� WHJHOLMN� JHEUXLNW� ZRUGW�� ELMYRRUEHHOG� DOV� GH� ODVHU� DOV� UHVHUYHEURQ

ZRUGW�JHEUXLNW��NDQ�HHQ�JHPHHQVFKDSSHOLMNH�YHUVWHUNHU�QXWWLJ�]LMQ�RP�HHQ�KRJHU�XLWJDQJV�

YHUPRJHQ� WH� YHUNULMJHQ� RI� RP�PRGHKRSSLQJ� WH� YRRUNRPHQ�� �$OV� HFKWHU�PHHUGHUH� NDQDOHQ

WHJHOLMN�ZRUGHQ�DDQJHVWXXUG�LV�KHW�YRRUGHHO�YDQ�HHQ�JHPHHQVFKDSSHOLMNH�YHUVWHUNHU�PLQGHU

GXLGHOLMN���'RRU�KHW�JHVFKLNW�NLH]HQ�YDQ�GH�VWURPHQ�LV�KHW�QRJ�DOWLMG�PRJHOLMN�RP�HHQ�KRJHU

XLWJDQJVYHUPRJHQ�SHU�NDQDDO�WH�YHUNULMJHQ�YRRU�HHQ�JHJHYHQ�VWURRP���$OV�GH�NDQDOHQ�ZRU�

GHQ�JHPRGXOHHUG�WUHHGW�HFKWHU�RYHUVSUDDN�RS�GRRU�ZLQVWRQGHUGUXNNLQJ�LQ�GH�XLWJDQJVYHU�

VWHUNHU���'LW�NDQ�ZRUGHQ�YRRUNRPHQ�GRRU�KHW�YHUJUHQGHOHQ�YDQ�GH�ZLQVW�YDQ�GH]H�YHUVWHUNHU

]RDOV�YRRUJHVWHOG� LQ�SDUDJUDDI�����RI�GRRU�KHW�JHEUXLN�YDQ�KHW� LQ�SDUDJUDDI�����EHVFKUHYHQ
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HOHNWURQLVFKH� FRPSHQVDWLHVFKHPD�� �2YHU� KHW� DOJHPHHQ� GHQNHQ�ZH� HFKWHU� GDW� KHW� LQ� ]XONH

JHYDOOHQ�EHWHU�LV�JHHQ�XLWJDQJVYHUVWHUNHU�WH�JHEUXLNHQ�

&DYLWHLWVOHQJWH

2P�GH�PRGXODWLHEDQGEUHHGWH�YDQ�GH� ODVHU� WH�YHUJURWHQ� LV�KHW�EHODQJULMN�GH� OHQJWH�YDQ�GH

FDYLWHLW�]R�NRUW�PRJHOLMN�WH�KRXGHQ���(U�PRHW�GDDUELM�HFKWHU�UHNHQLQJ�JHKRXGHQ�ZRUGHQ�PHW

KHW�IHLW�GDW�GH�QDXZNHXULJKHLG�YDQ�GH�NDQDDOVSDWLsULQJ�EHSDDOG�ZRUGW�GRRU�GH�ORQJLWXGLQDOH

PRGHVSDWLsULQJ�� �%LM�KHW�RQWZHUS�YDQ�GH�3KDVHG�$UUD\�ODVHU�LV�KHW�YRRUDO�EHODQJULMN�GDW�GH

OHQJWH�YDQ�GH� WRHJDQJVJROIJHOHLGHUV�]R�NRUW�PRJHOLMN�ZRUGW�JHKRXGHQ�� �'LW� ODDW� WRH�RP�GH

EDQGEUHHGWH�YDQ�KHW�ILOWHU�JHYRHOLJ�WH�YHUVPDOOHQ�]RQGHU�GH�WRWDOH�FDYLWHLWVOHQJWH�RS�WH�YRH�

UHQ��ZDW�GH�VWDELOLWHLW�YDQ�GH�ODVHU�HUJ�WHQ�JRHGH�NRPW�

0XOWL�SDVVEDQG�ODVLQJ

'H�EHVWH�PHWKRGH�RP�WH�YRRUNRPHQ�GDW�GH�ODVHU�LQ�PHHUGHUH�GRRUODDWEDQGHQ�JDDW�RSHUHUHQ

LV�KHW�FKLUSHQ�YDQ�GH�3KDVHG�$UUD\�� �$OV�GLW�QLHW�PRJHOLMN� LV�PRHW�GH�)65�YDQ�GH�GHPXOWL�

SOH[HU�]R�JURRW�PRJHOLMN�ZRUGHQ�JHNR]HQ���9HUGHU�LV�KHW�YRRUGHOLJ�RP�GH�OHQJWH�YDQ�GH�YHU�

VWHUNHUV�WH�YHUJURWHQ�

5HIOHFWLHV

2P�GH� ODVHUZHUNLQJ�QLHW� WH� YHUVWRUHQ�PRHWHQ� UHIOHFWLHV�ELQQHQ�GH� FDYLWHLW� ]RYHHO�PRJHOLMN

ZRUGHQ�YHUPHGHQ�� �2S�EDVLV�YDQ�H[SHULPHQWHOH� UHVXOWDWHQ�GHQNHQ�ZH�GDW� RRN� H[WHUQH� UH�

IOHFWLHV�GH� ODVHUZHUNLQJ�NXQQHQ�EHwQYORHGHQ�� �$OKRHZHO�KXQ�HIIHFW�QLHW� V\VWHPDWLVFK�ZHUG

RQGHU]RFKW��GHQNHQ�ZH�GDW�KHW�QXWWLJ�LV�RP�HHQ�LVRODWRU�WH�JHEUXLNHQ�



Hoofdstuk 4 

Ontwerp, fabricage en karakterisatie

van de subcomponenten

voor een Phased-Array laser
=RDOV� XLWJHOHJG� LQ�KRRIGVWXN� ���ZRUGHQ� LQ�KHW�PRQROLWKLVFKH� LQWHJUDWLHVFKHPD� YHUVWHUNHUV

YDQ�KHW�ULGJH�W\SH�JHEUXLNW��RP�GH�RYHUJDQJ�PHW�GH�SDVVLHYH�JROIJHOHLGHUV�WH�YHUHHQYRXGL�

JHQ���2RN�GH�YHUVWHUNHUV�GLH�GRRU�2SWRVSHHG�ZHUGHQ�JHIDEULFHHUG�HQ�JHEUXLNW�ZHUGHQ�YRRU

GH�K\EULGH�LQWHJUDWLH��ZDUHQ�YDQ�GLW�W\SH���'DDURP�ZRUGHQ�LQ�KHW�HHUVWH�GHHO�YDQ�GLW�KRRIG�

VWXN�GH�YRRU��HQ�QDGHOHQ�YDQ�GLW�W\SH�YHUVWHUNHU�EHVSURNHQ���,Q�SDUDJUDDI�����ZRUGW�GH�DOJH�

PHQH�WKHRUHWLVFKH�DFKWHUJURQG�JHVFKHWVW��WHUZLMO�LQ�GH�SDUDJUDIHQ�����HQ�����UHVSHFWLHYHOLMN�GH

YHUVWHUNHUV�GLH�RQWZRUSHQ�ZHUGHQ�YRRU�GH�PRQROLWKLVFKH�HQ�GH�K\EULGH� LQWHJUDWLH�ZRUGHQ

EHVSURNHQ���+HW�WZHHGH�GHHO�YDQ�GLW�KRRIGVWXN�LV�JHZLMG�DDQ�KHW�RQWZHUS�HQ�GH�NDUDNWHULVD�

WLH�YDQ�GH�SDVVLHYH�JROIJHOHLGHUV�GLH�ZHUGHQ�JHEUXLNW�LQ�GH�FRQWH[W�YDQ�GLW�ZHUN���2SQLHXZ

ZRUGHQ�GH�JROIJHOHLGHUV�GLH�JHEUXLNW�]LMQ�LQ�KHW�PRQROLWKLVFKH�HQ�LQ�KHW�K\EULGH�LQWHJUDWLH�

VFKHPD�LQ�HHQ�DSDUWH�SDUDJUDDI�EHVSURNHQ���'H�ODDWVWH�WZHH�GHOHQ�YDQ�GLW�KRRIGVWXN�]LMQ�JH�

ZLMG�DDQ�GH�YHUOLH]HQ�GLH�RSWUHGHQ�ELM�GH�RYHUJDQJ�WXVVHQ�GH�DFWLHYH�HQ�GH�SDVVLHYH�JROIJH�

OHLGHUV�

1 Versterkers en lasers van het ridge-type

1.1 Theoretische beschrijving

+HW�EHODQJULMNVWH�YRRUGHHO�YDQ�ULGJH�W\SH�ODVHUV�HQ�YHUVWHUNHUV� LV�GH�HHQYRXGLJH� IDEULFDJH�

SURFHGXUH�� �(U� LV� LPPHUV�VOHFKWV�ppQ�JURHLVWDS�QRGLJ�� � ,Q�GH�SUDNWLMN�EOLMNW�GH�SUHFLH]H�HWV�

GLHSWH�HFKWHU�HHQ�KHHO�NULWLVFKH�SDUDPHWHU�WH�]LMQ���'RRUGDW�GH�LQMHFWLH�YDQ�GH�ODGLQJVGUDJHUV

]RUJW� YRRU� HHQ� YHUODJLQJ� YDQ� GH� EUHNLQJVLQGH[� LQ� KHW� FHQWUXP� YDQ� GH� JROIJHOHLGHU� LV� KHW

QRRG]DNHOLMN�RP�YRRU�HHQ�]HNHU�PLQLPXP�LQJHERXZG�ODWHUDDO�LQGH[FRQWUDVW�WH�]RUJHQ���9HU�

GHU�]RUJW�KHW� ODJHUH� ODWHUDOH� LQGH[FRQWUDVW�YRRU�HHQ�KRJHUH�GUHPSHOVWURRP�HQ��ZDDU�ELM�EH�

JUDYHQ�JROIJHOHLGHUVWUXFWXUHQ�GH�DFWLHYH�ODDJ�RPULQJG�LV�GRRU�WUDQVSDUDQWH�ODJHQ��VWUHNW�GH

PRGH�ELM�ULGJH�W\SH�YHUVWHUNHUV�]LFK�XLW�LQ�HHQ�VWHUN�DEVRUEHUHQGH�ODDJ�

2P�KHW�H[DFWH�VWURRPYHUORRS�HQ�GH�YHUGHOLQJ�YDQ�GH�ODGLQJVGUDJHUV�WH�EHSDOHQ�PRHW�WHUXJ�

JHJUHSHQ�ZRUGHQ�QDDU�QXPHULHNH�PRGHOOHQ���2P�WRFK�HQLJ�LQ]LFKW�WH�YHUZHUYHQ�LQ�GH�ZHU�

NLQJ�YDQ�GLW�W\SH�ODVHUV�ZRUGW�YDDN�HHQ�ppQGLPHQVLRQDOH�EHQDGHULQJ�JHPDDNW��PHW�EHKXOS

YDQ�GH�HIIHFWLHYH�LQGH[�PHWKRGH���0HHVWDO�ZRUGW�RRN�GH�LQYORHG�YDQ�KHW�RSWLVFK�YHUPRJHQ

RS�GH� ODGLQJVGUDJHUVYHUGHOLQJ� YHUZDDUORRVG� ]RGDW� GH� DQDO\VH� DOOHHQ�PDDU� VWULNW� JHOGLJ� LV

EHQHGHQ�GH�GUHPSHOVWURRP�
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:LM�KHEEHQ�HHQ�PHWKRGH�JHEUXLNW�ZDDUELM�XLW�GH�GLIIXVLHYHUJHOLMNLQJ�YRRU�GH�ODGLQJVGUDJHUV

LQ�GH�DFWLHYH�ODDJ�GH�YHUGHOLQJ�YDQ�GH�ODGLQJVGUDJHUV� )(yN �RYHU�GH�DFWLHYH�ODDJ�ZRUGW�EHUH�

NHQG���8LWJDDQGH�YDQ�GH]H�YHUGHOLQJ�NDQ�GDQ�KHW�HIIHFWLHYH�FRPSOH[H�EUHNLQJVLQGH[SURILHO

ZRUGHQ�EHSDDOG�DOV�GH�VRP�YDQ�KHW�LQJHERXZGH�EUHNLQJVLQGH[SURILHO�HQ�GH�SHUWXUEDWLH�YHU�

RRU]DDNW�GRRU�GH�ODGLQJVGUDJHUVLQMHFWLH����'H�PRGDOH�ZLQVW�NDQ�GDQ�HHQYRXGLJ�ZRUGHQ�EH�

UHNHQG�YDQ�KHW�LPDJLQDLUH�GHHO�YDQ�GH�SURSDJDWLHFRQVWDQWH�YDQ�GH�JROIJHOHLGHUPRGH���'H]H

SURFHGXUH�LV�VDPHQJHYDW�LQ�)LJ������GLH�VFKHPDWLVFK�KHW�LQJHERXZGH�EUHNLQJVLQGH[FRQWUDVW�

GH�ODGLQJVGUDJHUVGLFKWKHLG�HQ�KHW�HIIHFWLHYH�EUHNLQJVLQGH[SURILHO�WRRQW���,Q�GH�ODDWVWH�ILJXXU

LV�RRN�KHW�HIIHFWLHYH�EUHNLQJVLQGH[FRQWUDVW�� effn’∆ �DDQJHGXLG�

W
D neff D n’eff

n (y)eff

N(y)
a) b) c)

)LJ������6FKHPDWLVFK�RYHU]LFKW�YDQ�D��KHW�LQJHERXZGH�EUHNLQJVLQGH[FRQWUDVW��E��GH�JHwQ�

MHFWHHUGH�ODGLQJVGUDJHUVGLFKWKHLG�HQ�F��KHW�JHSHUWXUEHHUGH�EUHNLQJVLQGH[SURILHO�

1.2 Ridge-type lasers voor het selectieve-groei-gebaseerde monolithi-

sche integratieschema

9DDN�ZRUGW�GH�GLNWH�YDQ�GH�ILOPODJHQ�GLH�GH�DFWLHYH�ODDJ�RPULQJHQ�]R�JHNR]HQ�GDW�GH�RS�

VOXLWLQJ�YDQ�KHW�HOHNWULVFK�YHOG�LQ�GH�DFWLHYH�ODDJ�JHPD[LPDOLVHHUG�ZRUGW���,Q�KHW�PRQROLWKL�

VFKH� LQWHJUDWLHVFKHPD�GDW�ZLM� RQGHU]RFKW� KHEEHQ� YRUPHQ� GH]H� ODJHQ� HFKWHU� RRN� GH� JHOHL�

GHQGH�ODDJ�YRRU�GH�JROIJHOHLGHUV�LQ�KHW�SDVVLHYH�JHGHHOWH�YDQ�GH�FRPSRQHQW��RS�HHQ�UHGXFWLH

YDQ�GH�GLNWH�PHW�HHQ�IDFWRU�����QD��WHQ�JHYROJH�YDQ�GH�VHOHFWLHYH�JURHL����2P�KHW�FDYLWHLWVYHU�

OLHV�]RYHHO�PRJHOLMN�WH�EHSHUNHQ�LV�KHW�GDDURP�YRRUGHOLJ�GH�KRJH�LQGH[ILOPODJHQ�]R�GLN�PR�

JHOLMN�WH�PDNHQ���+HW�HIIHFW�KLHUYDQ�RS�GH�ZHUNLQJ�YDQ�GH�ODVHUV�LV�]RZHO�H[SHULPHQWHHO�DOV

WKHRUHWLVFK�EHVWXGHHUG�

1.2.1 Experimentele resultaten

9HUWUHNNHQG� YDQ� HHQ� ODJHQVWUXFWXXU�PHW� HHQ� ILOPODDJ� GLH� LQ� WRWDDO� ELMQD� ���� QP� GLN�ZDV�

ZHUGHQ�ODVHUV�PHW�YHUVFKLOOHQGH�EUHHGWH�HQ�YHUVFKLOOHQGH�HWVGLHSWH�JHIDEULFHHUG���'H�DFWLHYH

ODDJ�ZHUG�JHYRUPG�GRRU���,Q*D$V�NZDQWXPSXWODJHQ�� �+HW�EOHHN�GDW�GH�ODVHUV�GLH�����QP

GLHS� LQ�GH�DFWLHYH� ODDJ�ZDUHQ�JHsWVW� � effn∆  ��������EHGXLGHQG�EHWHU�ZHUNWHQ�GDQ�GH� ODVHUV

PHW�DQGHUH�HWVGLHSWHV���'H�EHVWH�ODVHUV�KDGGHQ�HHQ�GUHPSHOVWURRP�YDQ����P$�HQ�HHQ�H[WHUQH

GLIIHUHQWLsOH�HIILFLsQWLH�YDQ������SHU�]LMGH�� =W � mµ �����'H�ODVHUV�PHW�HHQ�ODJHU�EUHNLQJVLQ�

GH[FRQWUDVW�YHUWRRQGHQ�KHOHPDDO�JHHQ�ODVHUZHUNLQJ�� effn∆  �������RI�DOOHHQ�YRRU�GH�JURWHUH

EUHHGWHV�� effn∆  ���������'LW�NDQ�YHUNODDUG�ZRUGHQ�GRRU�GH�LQ�GH�YRULJH�SDUDJUDDI�EHVSURNHQ

LQGH[UHGXFWLH�WHQ�JHYROJH�YDQ�GH�ODGLQJVGUDJHUVLQMHFWLH�
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9RRU�HQNHOH�YDQ�GH�JHIDEULFHHUGH�ODVHUV�ZHUG�KHW�ZLQVWVSHFWUXP�EHSDDOG�XLW�KHW�VSRQWDQH�

HPLVVLHVSHFWUXP�PHW�EHKXOS�YDQ�GH�+DNNL�3DROL�PHWKRGH�� �8LW� GH� UHVXOWDWHQ� EOHHN�GDW� GH

EHVWH� ODVHUV�KHHO� ODJH�LQWHUQH�YHUOLH]HQ�KDGGHQ�� �2RN�GH�PD[LPXPZLQVW�DOV� IXQFWLH�YDQ�GH

VWURRPGLFKWKHLG�HQ�GH�SLHNJROIOHQJWH�ZHUGHQ�EHSDDOG�

1.2.2 Berekening van de modale winst

0HW�KHW� WKHRUHWLVFK�PRGHO�YDQ�SDUDJUDDI� ����KHEEHQ�ZH�GH�GUHPSHOVWURRP�HQ�GH� WUDQVSD�

UDQWLHVWURRP�YDQ�HHQ�� mµ �EUHGH� ODVHU� WKHRUHWLVFK�EHUHNHQG�� �'RRU�GH]H�ZDDUGHQ� WH� ILWWHQ

PHW�GH�H[SHULPHQWHOH�UHVXOWDWHQ�YDQ�GH�YRULJH�SDUDJUDDI��YRQGHQ�ZH�ZDDUGHQ�YRRU�GH�GLIIH�

UHQWLsOH�ZLQVW�� =a ����×������FP����HQ�GH�WUDQVSDUDQWLHODGLQJVGUDJHUVGLFKWKHLG�� =0N ���×���

���FP����YDQ�GH�NZDQWXPSXWODJHQ�GLH�YHUJHOLMNEDDU�]LMQ�PHW�LQ�GH�OLWHUDWXXU�JHUDSSRUWHHUGH

ZDDUGHQ�HQ�GLH�RQV�WRHOLHWHQ�GH�GUHPSHOVWURRP�YRRU�GH�� mµ �EUHGH�ODVHUV�FRUUHFW� WH�YRRU�

VSHOOHQ���:H�KHEEHQ�RRN�GH�LQYORHG�YDQ�GH�HWVGLHSWH�RS�GH�PRGDOH�ZLQVW�RQGHU]RFKW�

1.2.3 Het gebruik van een etsstoplaag

2PGDW�GH�SUHFLH]H�HWVGLHSWH�HUJ�NULWLVFK�LV��]RX�KHW�KDQGLJ�]LMQ�DOV�GH�ERYHQNDQW�YDQ�GH�JH�

OHLGHQGH� ODDJ�DOV� HHQ� VHOHFWLHYH� HWVVWRSODDJ� NDQ�ZRUGHQ� JHEUXLNW�� WHUZLMO� KHW� LGHDOH� LQGH[�

FRQWUDVW�� effn∆  �������EHKRXGHQ�EOLMIW���+HW�EOLMNW�GDW�GLW�PRJHOLMN�LV�GRRU�GH�WRWDOH�GLNWH�YDQ

GH�JHOHLGHQGH�ODDJ�LHWV�WH�YHUNOHLQHQ�� WRW�]RªQ�����QP�� �'LW�]DO�OHLGHQ�WRW�HHQ�LHWV�KRJHU�DE�

VRUSWLHYHUOLHV��YHUPLWV�GH�RSVOXLWLQJ�LQ�GH�JHGRWHHUGH�PDQWHOODJHQ�WRHQHHPW�PDDU�GDDU�RRN

GH�RSVOXLWLQJ�LQ�GH�NZDQWXPSXWWHQ�WRHQHHPW��YHUPRHGHQ�ZH�GDW�GLW�QLHW�]DO�OHLGHQ�WRW�HHQ

JHYRHOLJH�YHUDQGHULQJ�YDQ�GH�ODVHUSHUIRUPDQWLH�

1.3 Optische versterkers voor de hybride integratie

9RRU�GH�UHDOLVDWLH�YDQ�GH�K\EULGH�3KDVHG�$UUD\�ODVHU��KRRIGVWXN���	����]LMQ�RSWLVFKH�YHUVWHU�

NHUV�PHW�ppQ�KRRJUHIOHFWLHI�IDFHW�HQ�ppQ�QLHW�UHIOHFWHUHQG�IDFHW�QRGLJ���'H]H�562$ªV��UHIOHFWL�

YH� VHPLFRQGXFWRU�RSWLFDO� DPSOLILHUV��ZHUGHQ�RQWZRUSHQ� LQ� VDPHQZHUNLQJ�PHW� HQ� JHIDEUL�

FHHUG�GRRU�2SWRVSHHG�6$��SDUDJUDDI����������9RRU�GH�YHUGHUH�RQWZLNNHOLQJ�YDQ�KHW�K\EULGH

LQWHJUDWLHSURFHV�KHEEHQ�ZH�]HOI�YHUJHOLMNEDUH�YHUVWHUNHUULMHQ�HQ�ODVHUULMHQ�JHUHDOLVHHUG�� �+HW

RQWZHUS�HQ�GH�NDUDNWHULVDWLH�YDQ�GH]H�FRPSRQHQWHQ�]LMQ�EHVSURNHQ�LQ�SDUDJUDDI�������

1.3.1 Ontwerp en karakterisatie van de RSOA-rijen gefabriceerd door Opto-

speed SA

9RRU�GH�YHUVWHUNHUV�GLH�RQWZLNNHOG�ZHUGHQ�LQ�VDPHQZHUNLQJ�PHW�2SWRVSHHG�6$�ZHUG�HHQ

ODJHQVWUXFWXXU�EHVWDDQGH�XLW�HHQ�����QP�GLNNH�EXON�DFWLHYH�ODDJ�HQ�HHQ����QP�GLNNH�4����

ILOPODDJ�PHW�,Q3�PDQWHOODJHQ�JHEUXLNW�� �'H�4�����ODDJ�ZHUG�DOV�VHOHFWLHYH�HWVVWRSODDJ�DDQ�

JHZHQG���(pQ�]LMGH�YDQ�GH�FKLS�LV�+5�JHFRDW��ODQJV�GH�DQGHUH�]LMGH�PDDNW�GH�JROIJHOHLGHU�HHQ

KRHN�YDQ����JUDGHQ�PHW�GH�QRUPDDO�RS�KHW�IDFHW�HQ�LV�GH�FKLS�$5�JHFRDW���9RRU�GH�ERFKW�LV

HHQ�DGLDEDWLVFK�RQWZHUS�JHNR]HQ�]RGDW�JHHQ�RIIVHWV�QRGLJ�]LMQ�HQ�GH�JROIJHOHLGHU�LV�YHUEUHHG
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YDQ�� mµ �DDQ�KHW�+5�JHFRDWH�IDFHW�WRW�� mµ �DDQ�KHW�IDFHW�GDW�GH�RYHUJDQJ�PRHW�YRUPHQ�PHW

GH�SDVVLHYH�FKLS���'LW�YHUJHPDNNHOLMNW�GH�NRSSHOLQJ�HQLJV]LQV�HQ�]RUJW�RRN�YRRU�HHQ�YHUGHUH

UHGXFWLH�YDQ�GH�UHVLGXHOH�UHIOHFWLH�DDQ�GLW�IDFHW���'H�OHQJWH�YDQ�GH�YHUVWHUNHUV�LV���� mµ ���'H

YHUVWHUNHUV�ZHUGHQ�XLWJHEUHLG�JHNDUDNWHULVHHUG� �/,�FXUYHQ�� WUDQVSDUDQWLHVWURRP�DOV� IXQFWLH

YDQ�GH�JROIOHQJWH��$6(�VSHFWUXP��� �2RN�GH�NOHLQVLJQDDOUHVSRQV�ZHUG�RSJHPHWHQ�� �8LW�GH��

G%�EDQGEUHHGWH�NRQ�GH�HIIHFWLHYH�OHHIWLMG�YDQ�GH�ODGLQJVGUDJHUV�ZRUGHQ�EHSDDOG�DOV�IXQFWLH

YDQ� GH� LQVWHOVWURRP�� � 'RRU� GH]H� WH� ILWWHQ� DDQ� WKHRUHWLVFKH� UHVXOWDWHQ� ZHUGHQ� UHDOLVWLVFKH

ZDDUGHQ�YRRU�GH�PRQRPROHFXODLUH��GH�ELPROHFXODLUH�HQ�GH�$XJHU�UHFRPELQDWLHFRsIILFLsQWHQ

JHYRQGHQ�

1.3.2 Ontwerp en karakterisatie van de in Gent gefabriceerde RSOA-rijen

9RRU�KHW�RQWZLNNHOHQ�YDQ�GH� WHFKQLHN�YRRU�KHW�SHUPDQHQW�DDQ�HONDDU�YHUELQGHQ�YDQ� WZHH

,Q3�FKLSV��KRRIGVWXN�����ZDUHQ�YHHO�FRPSRQHQWHQ�QRGLJ���'DDURP�LV�HHQ�PDVNHU�RQWZRUSHQ

GDW�NRQ�JHEUXLNW�ZRUGHQ�YRRU�GH�IDEULFDJH�YDQ�562$�ULMHQ�HQ�ODVHUULMHQ���+HW�RQWZHUS�YDQ

GH�562$�ULMHQ�ZDV�JHOLMNDDUGLJ�DDQ�KHW� LQ�GH�YRULJH�SDUDJUDDI�EHVFKUHYHQ�RQWZHUS�YDQ�GH

562$�ULMHQ�JHIDEULFHHUG�GRRU�2SWRVSHHG�6$�� �$OOHHQ�ZHUG� LQ�GLW� JHYDO�GH�EUHHGWH�YDQ�GH

JROIJHOHLGHUV�JHYDULHHUG�WXVVHQ�����HQ���� mµ �

2PGDW�GH�HHUVWH�YHUVWHUNHUV�QLHW�]R�JRHG�ZDUHQ�ZHUG�KHW�ZLQVWVSHFWUXP�HQ�KHW�LQWHUQH�YHU�

OLHV�YDQ�HHQ���� mµ ODQJH�ODVHU�RSJHPHWHQ�PHW�GH�+DNNL�3DROL�PHWKRGH���+HW�LQWHUQH�YHUOLHV

EOHHN�JURRW�WH�]LMQ��a����FP�����WHUZLMO�GH�GLIIHUHQWLsOH�ZLQVW�UHODWLHI�ODDJ�ZDV���9RRU�GH]H�YHU�

VWHUNHUV�ZHUG�HHQ� ODJHQSDNNHW�PHW� HHQ�S�JHGRWHHUGH� ,Q3�PDQWHOODDJ�YDQ� VOHFKWV� � mµ � JH�

EUXLNW�� �2PGDW�XLW� VLPXODWLHV� EOLMNW� GDW� LQ� ]RªQ� JHYDO� KHW� 7L$X�FRQWDFW� GH�ZHUNLQJ�YDQ�GH

ODVHU� NDQ� EHwQYORHGHQ� ZHUG� HHQ� QLHXZH� ODJHQVWUXFWXXU� JHJURHLG� PHW� HHQ� GLNNHUH� ,Q3�

PDQWHOODDJ�

'H� EUHHGVWH� ODVHUV� ��� mµ �� PHW� GH]H� ODJHQVWUXFWXXU� KDGGHQ� HHQ� GUHPSHOVWURRPGLFKWKHLG
21365 cmAJth = HQ� 21090 cmAJth = YRRU� UHVSHFWLHYHOLMN� ��� mµ � HQ� ��� mµ � ODQJH� ODVHUV

�JHSXOVWH�PHWLQJ����'H�GUHPSHOVWURRPGLFKWKHLG�YRRU�GH�VPDOOHUH�ODVHUV�ZDV�HFKWHU�YHHO�KR�

JHU�HQ�QDP��]RDOV�YHUZDFKW��VWHUN�WRH�PHW�DIQHPHQGH�JROIJHOHLGHUEUHHGWH���%RYHQGLHQ�ZDV�GH

H[WHUQH�GLIIHUHQWLsOH�HIILFLsQWLH�ODDJ���'H�SUHFLH]H�RRU]DDN�KLHUYDQ�LV�QRJ�QLHW�KHOPDDO�GXLGH�

OLMN�

2 Ontwerp en karakterisatie van passieve golfgeleiders

=RZHO�LQ�KHW�NDGHU�YDQ�KHW�K\EULGH�LQWHJUDWLHVFKHPD�DOV�LQ�GH�FRQWH[W�YDQ�KHW�PRQROLWKLVFKH

LQWHJUDWLHVFKHPD�ZHUGHQ� SDVVLHYH� JROIJHOHLGHUV� RQGHU]RFKW�� � 'H� JROIJHOHLGHUV� GLH�ZHUGHQ

RQWZLNNHOG�YRRU�KHW�PRQROLWKLVFKH� LQWHJUDWLHVFKHPD�KDGGHQ�JHGRWHHUGH�PDQWHOODJHQ�� �+HW

HIIHFW�KLHUYDQ�ZHUG�]RZHO� WKHRUHWLVFK�DOV�H[SHULPHQWHHO�EHVWXGHHUG�� �+HW� W\SH�JROIJHOHLGHU

GDW�JHEUXLNW�ZHUG� LQ�KHW�K\EULGH� LQWHJUDWLHVFKHPD� LV�DO�XLWJHEUHLG�EHVFKUHYHQ� LQ�GH� OLWHUD�



[[[LL +22)'678.��

WXXU� HQ� LQ� KRRIGVWXN� WZHH� ZHUGHQ� DO� HQNHOH� WKHRUHWLVFKH� UHVXOWDWHQ� EHVSURNHQ�� � 'DDURP

ZRUGW�KLHU�DOOHHQ�KHW�UHVXOWDDW�YDQ�HHQ�W\SLVFKH�YHUOLHVPHWLQJ�JHJHYHQ�

$OOH� YHUOLH]HQ�GLH� KLHU� JHUDSSRUWHHUG�ZRUGHQ� ]LMQ� YHUNUHJHQ�PHW� GH� )DEU\�3pURW�PHHWPH�

WKRGH���'H]H�PHWKRGH�OHYHUW�EHWURXZEDUH�UHVXOWDWHQ�YRRU�YHUOLH]HQ�JHOHJHQ�WXVVHQ�����G%�HQ

��G%���'H�UHSURGXFHHUEDDUKHLG�YRRU�RQDIKDQNHOLMNH�PHWLQJHQ�OLJW�LQ�GH�EXXUW�YDQ�����G%���%LM

YHUVFKLOOHQGH�JHOHJHQKHGHQ�ZHUGHQ�RRN� UHVXOWDWHQ�YHUJHOHNHQ�YDQ�JROIJHOHLGHUV�GLH� ]RZHO

GRRU�RQV�DOV�GRRU�GH�7HFKQLVFKH�8QLYHUVLWHLW�'HOIW�ZHUGHQ�JHNDUDNWHULVHHUG���'DDUYRRU�ZHUG

RQJHYHHU� HHQ� ]HOIGH� UHSURGXFHHUEDDUKHLG� YHUNUHJHQ�� � 'H� JURRWVWH� RQ]HNHUKHLG� YHUERQGHQ

PHW�GH�PHWKRGH�LV�GH�SUHFLH]H�ZDDUGH�YDQ�GH�UHIOHFWLHFRsIILFLsQWHQ���2RN�YRRU�PXOWLPRGDOH

JROIJHOHLGHUV�LV�GH�RQ]HNHUKHLG�JURWHU�

2.1 Passieve golfgeleiders voor de monolithisch  geïntegreerde Phased-

Array laser

,Q�KHW�PRQROLWKLVFKH�LQWHJUDWLHVFKHPD�LV�KHW�ODJHQSDNNHW�LQ�KHW�SDVVLHYH�JHELHG�LGHQWLHN�DDQ

KHW� ODJHQSDNNHW� LQ�KHW�DFWLHYH�JHELHG��RS�HHQ�UHGXFWLH�YDQ�GH�ODDJGLNWHV�PHW�HHQ�IDFWRU����

QD�� � 'DDURP�ZHUGHQ� SDVVLHYH� JROIJHOHLGHUV� JHIDEULFHHUG�PHW� GH]HOIGH� VWUXFWXXU� DOV� GH� LQ

SDUDJUDDI�����YDQ�GLW�KRRIGVWXN�EHVSURNHQ�ODVHUV���$OOHHQ�GH�GLNWH�YDQ�GH�ODJHQ�ZHUG�DDQJH�

SDVW�

(U�ZHUGHQ�JROIJHOHLGHUV�PHW�WZHH�YHUVFKLOOHQGH�HWVGLHSWHV�JHIDEULFHHUG�HQ�PHW�EUHHGWHV�GLH

YDULHHUGHQ�WXVVHQ�����HQ�� mµ �� �7HJHQ�GH�YHUZDFKWLQJHQ�LQ��EOLMNW�KHW�YHUOLHV�YRRU�GH�PLQVW

GLHS�JHsWVWH�JROIJHOHLGHUV�RQJHYHHU�FRQVWDQW�WH�]LMQ�DOV�IXQFWLH�YDQ�GH�EUHHGWH��a�����G%�FP��

8LW�VLPXODWLHV�EOLMNW�GDW�GLW�HHQ�JHYROJ�]RX�NXQQHQ�]LMQ�YDQ�HHQ�VWHUNHUH�RSVOXLWLQJ�YDQ�KHW

OLFKW�LQ�GH�VWHUN�DEVRUEHUHQGH�S�JHGRWHHUGH�PDQWHOODDJ�ELM�HHQ�VWLMJHQGH�JROIJHOHLGHUEUHHGWH�

'LW�NDQ�KHW�HIIHFW�YDQ�KHW�GDOHQGH�YHUVWURRLLQJVYHUOLHV�FRPSHQVHUHQ�

9HUGHU�ZHUG�GH�PLQLPXPERFKWVWUDDO�EHUHNHQG�DOV�IXQFWLH�YDQ�GH�HWVGLHSWH�HQ�GH�GLNWH�YDQ

GH� ILOPODDJ� HQ� YHUJHOHNHQ� PHW� H[SHULPHQWHOH� UHVXOWDWHQ�� � 2RN� GH� DEVRUSWLH� LQ� GH� S�

JHGRWHHUGH�PDQWHOODDJ�ZHUG�EHUHNHQG�DOV�IXQFWLH�YDQ�GH�GLNWH�ILOPODDJ�

2.2 Karakterisatie van de passieve golfgeleiders voor de hybride geïnte-

greerde PIC’s

'H�SDVVLHYH�JROIJHOHLGHUV�GLH�ZHUGHQ�JHEUXLNW� YRRU�GH�K\EULGH� LQWHJUDWLH�ZHUGHQ�JHIDEUL�

FHHUG�LQ�HHQ�ODJHQVWUXFWXXU�EHVWDDQGH�XLW�HHQ�����QP�GLNNH�4����ODDJ�� =n �������PHW�HHQ����

QP�GLNNH�,Q3�PDQWHOODDJ���9RRU�GH�GHILQLWLH�YDQ�GH�JROIJHOHLGHUV�ZHUG�HHQ�GURRJ�HWVSURFHV

JHEUXLNW��W\SLVFKH�HWVGLHSWH����j�����QP�LQ�GH�4����ODDJ��� �'H�EUHHGWH�YDQ�GH�JROIJHOHLGHUV

ZDV�PHHVWDO� � mµ HQ� GH�PLQLPXP�ERFKWVWUDDO� ��� mµ �� �'H� GRRU� RQV� RSJHPHWHQ� YHUOLH]HQ

YRRU�GH]H�JROIJHOHLGHUV�ODJHQ�PHHVWDO�WXVVHQ�����G%�FP�HQ�����G%�FP���'H�JROIJHOHLGHUV�GLH

JHEUXLNW�ZHUGHQ� YRRU� GH� UHDOLVDWLH� YDQ� GH�ZLQVWYHUJUHQGHOGH� 3KDVHG�$UUD\� ODVHU� KDGGHQ

HFKWHU�QRJ�ODJHUH�YHUOLH]HQ������G%�FP��
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3 Hybride koppeling

%LM�GH�K\EULGH�NRSSHOLQJ�ZRUGHQ�GH�LQ�SDUDJUDDI�����EHVSURNHQ�YHUVWHUNHUV�JHNRSSHOG�PHW

GH�SDVVLHYH�JROIJHOHLGHUV�YDQ�GH�YRULJH�SDUDJUDDI���2P�GH�HIILFLsQWLH�YDQ�GH]H�NRSSHOLQJ�WH

VFKDWWHQ�HQ�GH�LQYORHG�YDQ�DOLJQDWLHIRXWHQ�WH�RQGHU]RHNHQ�KHEEHQ�ZH�GH�WUDQVPLVVLH�WXVVHQ

EHLGH�JROIJHOHLGHUV�JHVLPXOHHUG�PHW�)LPPSURS�'��HHQ�FRPPHUFLHHO�SDNNHW�JHEDVHHUG�RS�HHQ

GULHGLPHQVLRQDDO�PRGH�H[SDQVLHSURSDJDWLHDOJRULWPH�

%HLGH�JROIJHOHLGHUV� ]LMQ� YHUEUHHG� WRW� � mµ � DDQ�KHW� IDFHW� HQ� ]LMQ�$5�JHFRDW�� � =RQGHU� OXFKW�

VSOHHW�WXVVHQ�EHLGH�JROIJHOHLGHUV�LV�GH�NRSSHOLQJVHIILFLsQWLH�KHHO�KRRJ��a���������:DQQHHU�GH

DIVWDQG�WXVVHQ�EHLGH�JROIJHOHLGHUV�WRHQHHPW��QHHPW�GH�NRSSHOLQJVHIILFLsQWLH�HFKWHU�ELM]RQGHU

YOXJ� DI�� � 9RRU� HHQ� OXFKWVSOHHW� YDQ� � mµ � LV� KHW� WUDQVLWLHYHUOLHV� DO� ���� G%�� YRRU� =gapd � mµ

QHHPW�KHW�YHUOLHV� WRH� WRW�����G%�� �:DQQHHU� WXVVHQ�EHLGH�JROIJHOHLGHUV�HHQ�PHGLXP�PHW�HHQ

KRJHUH�EUHNLQJVLQGH[��EYE��HHQ�HSR[\�PHW�W\SLVFK� =n �����ZRUGW�JHEUDFKW��VWLMJW�GH�NRSSH�

OLQJVHIILFLsQWLH�ZDW���'H]H�VWLMJLQJ�LV�EHODQJULMNHU�QDDUPDWH�GH�DIVWDQG�WXVVHQ�EHLGH�FKLSV�WRH�

QHHPW�

2RN�GH� LQYORHG�YDQ�HHQ� WUDQVYHUVDOH�RI� HHQ� ODWHUDOH�DOLJQDWLHIRXW�ZHUG�EHVWXGHHUG�� �$OV�HU

JHHQ�OXFKWVSOHHW� LV� WXVVHQ�EHLGH�FKLSV�� LV�GH�LQYORHG�YDQ�HHQ� WUDQVYHUVDOH�DOLJQDWLHIRXW�YHHO

JURWHU� GDQ� GLH� YDQ� HHQ� ODWHUDOH� DOLJQDWLHIRXW�� �:DQQHHU� GH� OXFKWVSOHHW� WXVVHQ� EHLGH� FKLSV

HFKWHU�WRHQHHPW�ZRUGHQ�GH�UROOHQ�RPJHGUDDLG���'LW�LV�HHQ�JHYROJ�YDQ�KHW�IHLW�GDW�KHW�YHUUH�

YHOG�YHHO�EUHGHU� LV� LQ�YHUWLFDOH�ULFKWLQJ�GDQ� LQ�KRUL]RQWDOH� ULFKWLQJ�� �9RRU� =gapd � mµ �YHU�

ZDFKWHQ�ZH�GDW�KHW� HIIHFW�YDQ�EHLGH� VRRUWHQ�DOLJQDWLHIRXW�RQJHYHHU� JHOLMN� LV�� �'LW� NRQ� RRN

H[SHULPHQWHHO�ZRUGHQ�JHYHULILHHUG��]LH�KRRIGVWXN����

7HU�YHUJHOLMNLQJ�KHEEHQ�ZH�RRN�KHW�WUDQVLWLHYHUOLHV�WXVVHQ�WZHH�ODDJFRQWUDVWJROIJHOHLGHUV�PHW

HHQ� W\SLVFKH� EHJUDYHQ� JROIJHOHLGHUVWUXFWXXU� EHUHNHQG� DOV� IXQFWLH� YDQ� GH� ORQJLWXGLQDOH� DI�

VWDQG� WXVVHQ�EHLGH�JROIJHOHLGHUV�� �:DDU�YRRU�GH�GRRU�RQV�JHEUXLNWH�KRRJFRQWUDVWJROIJHOHL�

GHUV�GH�PD[LPDOH�DIVWDQG�YRRU�HHQ�WUDQVLWLHYHUOLHV�YDQ���G%�NOHLQHU�LV�GDQ���� mµ �� LV�ELM�GH

ODDJFRQWUDVWJROIJHOHLGHUV�KHW�WUDQVLWLHYHUOLHV�]HOIV�YRRU� =gapd �� mµ �NOHLQHU�GDQ�����G%�

9RRU�KHW�YHUKRJHQ�YDQ�GH�NRSSHOLQJVHIILFLsQWLH�HQ�KHW�YHUKRJHQ�YDQ�GH�WROHUDQWLH�YRRU�DOLJ�

QDWLHIRXWHQ� NXQQHQ�QDWXXUOLMN� EXQGHOH[SDQVLHVWUXFWXUHQ�ZRUGHQ�JHwQWHJUHHUG� LQ� ]RZHO� GH

SDVVLHYH�DOV�GH�DFWLHYH�JROIJHOHLGHUV���'LW�YHUKRRJW�HFKWHU�GH�FRPSOH[LWHLW�YDQ�GH�SURFHVVLQJ

JHYRHOLJ�� �$OV�HHQ�WXVVHQRSORVVLQJ�NXQQHQ�JROIJHOHLGHUV�ZRUGHQ�JHEUXLNW�PHW�HHQ�NOHLQHUH

YHUUHYHOGEUHHGWH���+HW�LV�GDDUELM�YRRUDO�EHODQJULMN�KHW�YHUUHYHOG�LQ�YHUWLFDOH�ULFKWLQJ�WH�YHU�

QDXZHQ��YHUPLWV�GLW�WRW�GULH�NHHU�]R�EUHHG�NDQ�]LMQ�DOV�KHW�YHUUHYHOG�LQ�KRUL]RQWDOH�ULFKWLQJ�

'LW�LV�PRJHOLMN�GRRU�KHW�YHUODJHQ�YDQ�GH�EUHNLQJVLQGH[�YDQ�GH�ILOPODJHQ���$OV�GH�EUHNLQJVLQ�

GH[�HFKWHU�WHYHHO�ZRUGW�YHUODDJG�NDQ�KHW�FRQWUDVW�PHW�KHW�VXEVWUDDW�]R�ODDJ�ZRUGHQ�GDW�KHW�

RQDIKDQNHOLMN�YDQ�GH�HWVGLHSWH��QLHW�PHHU�PRJHOLMN�LV�RP�JROIJHOHLGHUV�PHW�GH�JHZHQVWH�PL�

QLPXPERFKWVWUDDO�WH�UHDOLVHUHQ���(HQ�DOWHUQDWLHI�LV�KHW�JHEUXLN�YDQ�ODJHQVWUXFWXUHQ�ZDDUYDQ

GH�EUHNLQJVLQGH[�JHOHLGHOLMN�WRHQHHPW�QDDU�KHW�FHQWUXP�
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4 Overgang tussen de actieve en de passieve golfgeleiders in het
monolithische integratieschema

,Q�KHW�PRQROLWKLVFKH�LQWHJUDWLHVFKHPD�GDW�EHVSURNHQ�ZHUG�LQ�KRRIGVWXN����ZRUGHQ�GH�YHU�

VWHUNHUV�JHGHILQLHHUG�GRRU�HHQ�QDW�HWVSURFHV���'H�SDVVLHYH�JROIJHOHLGHUV�GDDUHQWHJHQ��R�D��GH

3KDVHG�$UUD\�GHPXOWLSOH[HU���ZRUGHQ�GURRJ�JHsWVW���7LMGHQV�KHW�HWVHQ�YDQ�KHW�HQH�W\SH�JROI�

JHOHLGHUV�ZRUGW�KHW�DQGHU�W\SH�DIJHVFKHUPG�PHW�HHQ�SDVVHQG�PDVNHU�� �'H�RYHUJDQJ�WXVVHQ

GH�GURRJ�JHsWVWH�HQ�GH�QDW�JHsWVWH�JROIJHOHLGHUV�YLQGW�SODDWV�LQ�KHW�SODQDLU�JHJURHLGH�JHELHG�

,Q�GH�SUDNWLMN�EOLMNW�KHW�RQPRJHOLMN�RP�EHLGH�PDVNHUV�GLH�JHEUXLNW�ZRUGHQ�YRRU�KHW�DIVFKHU�

PHQ�YDQ�GH�JROIJHOHLGHUV�SHUIHFW�WH�DOLJQHUHQ�� �'DDUGRRU�RYHUODSSHQ�EHLGH�PDVNHUV�ZDW�HQ

]DO�HU�HHQ�NOHLQ�JHELHG�]LMQ�ZDDU�JHHQ�JROIJHOHLGHUV�JHGHILQLHHUG�ZRUGHQ��RIZHO� LV�HU�GDDU�

HQWHJHQ�HHQ�VSOHHW�WXVVHQ�EHLGH�PDVNHUV�HQ�]XOOHQ�GH�JROIJHOHLGHUV�LQ�GLW�JHELHG�GLHSHU�JHsWVW

ZRUGHQ���8LW�VLPXODWLHV�EOLMNW�GDW�GH�HHUVWH�RSWLH�PLQGHU�H[WUD�YHUOLH]HQ�RSOHYHUW�YRRU�PDVNH�

UDOLJQDWLHIRXWHQ� NOHLQHU� GDQ� � mµ �� � 'DDURP� ODWHQ� ZH� EHLGH� PDVNHUV� PHW� RS]HW� HQLJV]LQV

RYHUODSSHQ���%RYHQGLHQ�YHUODDJW�KHW�WUDQVLWLHYHUOLHV�JHYRHOLJ�ZDQQHHU�GH�JROIJHOHLGHUV�SODDW�

VHOLMN�YHUEUHHG�ZRUGHQ�YDQ�� mµ �WRW�� mµ ��ZDW�WH�YHUNODUHQ�LV�GRRU�GH�JHYRHOLJ�NOHLQHUH�YHU�

UHYHOGEUHHGWH�LQ�KHW�ODDWVWH�JHYDO�



Hoofdstuk 5 

Ontwikkeling van hybride gekoppelde

Phased-Array multigolflengtelasers

1 Inleiding

+HW�DOPDDU� WRHQHPHQGH�VXFFHV�YDQ�JROIOHQJWHJHPXOWLSOH[HHUGH�RSWLVFKH� WHOHFRPPXQLFDWLH�

QHWZHUNHQ�]RUJW�YRRU�HHQ�WRHQHPHQGH�YUDDJ�QDDU�FRPSOH[H�IRWRQLVFKH�,&ªV�� �(U�LV� ODQJ�JH�

ORRIG�GDW�DOOHHQ�PRQROLWKLVFK�JHwQWHJUHHUGH�FLUFXLWV�JHEDVHHUG�RS�HHQ�,Q3�,Q*D$V3�PDWHUL�

DDOV\VWHHP�FRPPHUFLHHO�LQWHUHVVDQW�]RXGHQ�]LMQ�YRRU�GHUJHOLMNH�WRHSDVVLQJHQ���'LW�PDWHULDDO�

V\VWHHP� ODDW� LPPHUV� WRH� RP� YHUVFKLOOHQGH� RSWLVFKH� IXQFWLHV� ]RDOV�ZLQVW�� DEVRUSWLH� RI� EUH�

NLQJVLQGH[YHUDQGHULQJHQ� WH� UHDOLVHUHQ�� ELQQHQ� KHHO� EHSHUNWH� DIPHWLQJHQ�� � %RYHQGLHQ� ]LMQ

]RªQ�FRPSRQHQWHQ�JHVFKLNW�YRRU�PDVVDSURGXFWLH�HQ�GXV�SRWHQWLHHO�JRHGNRRS�� � -DPPHU�JH�

QRHJ�YHUHLVHQ�GH]H�FLUFXLWV�HHQ�KHHO�FRPSOH[H�HSLWD[LDDOJURHLSURFHGXUH�HQ�HHQ�LQJHZLNNHOGH

SURFHVVLQJ��ZDDUGRRU�KHW�PRHLOLMN�LV�RP�EHWURXZEDUH�FRPSRQHQWHQ�WH�IDEULFHUHQ�HQ�HHQ�JRH�

GH� XQLIRUPLWHLW� WH� YHUNULMJHQ�� � %RYHQGLHQ� ELHGW� HHQ� PRQROLWKLVFKH� LQWHJUDWLHWHFKQRORJLH

PHHVWDO�JHHQ�RSORVVLQJ�YRRU�KHW�NRSSHOHQ�YDQ�HHQ�RSWLVFKH�YH]HO�PHW�GH�FKLS��DOKRHZHO�QHW

GLW�YRRU�HHQ�JURRW�VWXN�GH�SULMV�YDQ�GH�FRPSRQHQW�NDQ�EHSDOHQ�

$OV� HHQ� DOWHUQDWLHI� YRRU� GH�PRQROLWKLVFK� JHwQWHJUHHUGH� 3,&ªV� �SKRWRQLF� LQWHJUDWHG� FLUFXLW��

KHEEHQ�YHUVFKLOOHQGH�EHGULMYHQ�HHQ�K\EULGH�LQWHJUDWLHWHFKQRORJLH�RQWZLNNHOG���9HUWUHNNHQG

YDQ�JRHG�JHNHQGH�WHFKQLHNHQ�]RDOV�9�JURHIHWVHQ��GH�IDEULFDJH�YDQ�SDVVLHYH�JROIJHOHLGHUV�LQ

VLOLFD�RS�VLOLFLXP�HQ�ODVHUGLRGHV�PHW�JHwQWHJUHHUGH�EXQGHOH[SDQVLHVWUXFWXUHQ��NRQGHQ�FRP�

SOH[H�K\EULGH�JHwQWHJUHHUGH�FRPSRQHQWHQ�LQ�VOHFKWV�HQNHOH� MDUHQ� WLMG�FRPPHUFLHHO�EHVFKLN�

EDDU�JHPDDNW�ZRUGHQ�� �0RPHQWHHO�]LHW�KHW�HU�GDQ�RRN�QDDU�XLW�GDW�YRRU�GH�NRPHQGH�SDDU

MDDU�DOOHHQ�GLW� W\SH�FRPSRQHQWHQ�DDQ�GH�JURWH�YUDDJ�QDDU�RSWLVFKH�FLUFXLWV�]DO�NXQQHQ�YRO�

GRHQ�

%LM�GH�RQWZLNNHOLQJ�YDQ�GH�3$/�LQ�KHW�NDGHU�YDQ�GLW�ZHUN�LV�HHQ�DQDORJH�HYROXWLH�RSJHPHUNW�

2RUVSURQNHOLMN�ZDV�KHW�GH�EHGRHOLQJ�GH�FRPSRQHQW�YROOHGLJ�PRQROLWKLVFK�WH�IDEULFHUHQ�PDDU

GDW�EOHHN�DO�JDXZ�PRHLOLMNHU�GDQ�YHUZDFKW���'DDURP�RQWZLNNHOGHQ�ZH�HHQ�DOWHUQDWLHYH��K\�

EULGH�LQWHJUDWLHWHFKQRORJLH��JHEDVHHUG�RS�KHW�NRSSHOHQ�YDQ�HHQ�,Q3�JROIJHOHLGHUFKLS�HQ�HHQ

,Q3�RSWLVFKH�YHUVWHUNHUULM�� �2P�UHIOHFWLHV�DDQ�GH�NRSSHOLQJ�WXVVHQ�EHLGH�FKLSV�WH�YHUPLMGHQ�

ZRUGHQ� GH� JROIJHOHLGHUV� SODDWVHOLMN� DIJHERJHQ� WHQ� RS]LFKWH� YDQ� GH� QRUPDDO�PHW� KHW� IDFHW�

2Q]H� DDQSDN�YHUVFKLOW� DDQ]LHQOLMN� YDQ� GH� FRXUDQWH� K\EULGH� LQWHJUDWLHWHFKQRORJLHsQ� DDQJH�

]LHQ�HQNHO�,Q3�FKLSV�JHEUXLNW�ZRUGHQ�� �%RYHQGLHQ�ZHUNHQ�ZH�DOOHHQ�PHW�VWDQGDDUGFRPSR�

QHQWHQ��ZDDUYRRU�JHHQ�VSHFLDOH�SURFHVVLQJ�QRGLJ�LV�RI�GLH�FRPPHUFLHHO�EHVFKLNEDDU�]LMQ���(U

ZHUG�HHQ�DFWLHYH�DOLJQDWLHWHFKQLHN�JHEUXLNW��ZDDUELM�KHW�XLWJDQJVYHUPRJHQ�YDQ�GH�FRPSR�

QHQW�JHPD[LPDOLVHHUG�ZHUG���*H]LHQ�KHW�EHSHUNW�DDQWDO�FRPSRQHQWHQ�GDW�JHUHDOLVHHUG�ZHUG

HQ� KHW� IHLW� GDW� ]H� HQNHO� EHGRHOG�ZDUHQ� YRRU� KHW� YHUNULMJHQ� YDQ� H[SHULPHQWHOH� LQIRUPDWLH�
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OHNHQ�GH�H[WUD�SURFHVVLQJ�GLH�YHUHLVW�LV�RP�HHQ�YROOHGLJ�SDVVLHYH�DOLJQDWLH�WRH�WH�ODWHQ�HQ�KHW

GDDUELM�RSWUHGHQGH�H[WUD�YHUOLHV�KLHU�LPPHUV�QLHW�YHUDQWZRRUG�

,Q�KHW�YROJHQGH�GHHO�YDQ�GLW�KRRIGVWXN�ZRUGW�HHQ�RYHU]LFKW�JHJHYHQ�YDQ�GH�K\EULGH�LQWHJUD�

WLHWHFKQRORJLHsQ�GLH�QX� FRXUDQW�ZRUGHQ�JHEUXLNW�� �'DDUQD�ZRUGW�RQ]H� HLJHQ�DDQSDN�PHHU

JHGHWDLOOHHUG� EHVSURNHQ� HQ�ZRUGHQ� H[SHULPHQWHOH� UHVXOWDWHQ� YDQ� HHQ� K\EULGH� JHNRSSHOGH

3$/�JHSUHVHQWHHUG���,Q�GH�ODDWVWH�WZHH�GHOHQ�YDQ�GLW�KRRIGVWXN�ZRUGHQ�UHVXOWDWHQ�JHJHYHQ

YDQ� UHVSHFWLHYHOLMN� HHQ�PXOWLJROIOHQJWHODVHU�PHW� HHQ�ZLQVWYHUJUHQGHOGH� XLWJDQJVYHUVWHUNHU

HQ�HHQ�DIVWHPEDUH�ODVHU�PHW�HHQ�ULQJUHVRQDWRU�ELQQHQ�GH�FDYLWHLW�

2 Overzicht van courant gebruikte hybride integratietechnologieën

'H�QX�PHHVW�FRXUDQW�JHEUXLNWH�K\EULGH� LQWHJUDWLHWHFKQRORJLHsQ�JHEUXLNHQ�VLOLFLXP�DOV�VXE�

VWUDDW���'H�WKHUPLVFKH�JHOHLGEDDUKHLG�YDQ�VLOLFLXP�LV�PLQGHU�JRHG�GDQ�GLH�YDQ�GLDPDQW�PDDU

YHHO�EHWHU�GDQ�GLH�YDQ�DOXPLQD� HQ�DOXPLQLXPQLWULGH�GLH�RRN� FRXUDQW� JHEUXLNW�ZRUGHQ�DOV

VXEVWUDDW���%RYHQGLHQ�LV�VLOLFLXP�YHHO�JHPDNNHOLMNHU�WH�YHUZHUNHQ�GDQ�NHUDPLVFKH�VXEVWUDWHQ

RI�GLDPDQWVXEVWUDWHQ���(HQ�ELMNRPHQG�YRRUGHHO�LV�GDW�VLOLFLXP��GRRU�]LMQ�JHEUXLN�LQ�GH�KDOI�

JHOHLGHULQGXVWULH��KHHO�HHQYRXGLJ�WH�YHUNULMJHQ�LV�HQ�JRHG�JHNDUDNWHULVHHUG�LV�

9RRU�FRPPHUFLsOH�WRHSDVVLQJHQ�ZRUGW�PHHVWDO�JHEUXLN�JHPDDNW�YDQ�SDVVLHYH�DOLJQDWLHWHFK�

QLHNHQ�� �'LW�YHUHLVW�HHQ�FRPSOH[HUH�SURFHVVLQJ�PDDU�GH�GDDUPHH�JHSDDUG�JDDQGH�PHHUNRVW

ZRUGW��YRRU�JURWH�YROXPHV��UXLP�JHFRPSHQVHHUG�GRRU�GH�UHGXFWLH�YDQ�GH�DVVHPEODJHNRVWHQ�

2P�SDVVLHYH�DOLJQDWLH�PRJHOLMN�WH�PDNHQ�ZRUGHQ�PHHVWDO�YHUVFKLOOHQGH�WHFKQLHNHQ�JHFRP�

ELQHHUG�� � 'H� EHODQJULMNVWH� ]LMQ� KHW� HWVHQ� YDQ� 9�JURHYHQ� LQ� KHW� VLOLFLXPVXEVWUDDW� ZDW� HHQ

QDXZNHXULJH�SRVLWLRQHULQJ�YDQ�GH�RSWLVFKH�YH]HO�WRHODDW��IOLS�FKLSPRQWDJH�YRRU�GH�DOLJQDWLH

YDQ� GH� RSWLVFK� DFWLHYH� FRPSRQHQWHQ� HQ� ODVHUGLRGHV� PHW� JHwQWHJUHHUGH� EXQGHOH[SDQVLH�

VWUXFWXUHQ�GLH�GH�NRSSHOLQJVWROHUDQWLHV�JHYRHOLJ�YHUJURWHQ���(HQ�ELMNRPHQG�YRRUGHHO�YDQ�KHW

JHEUXLN�YDQ�ODVHUGLRGHV�PHW�JHwQWHJUHHUGH�EXQGHOH[SDQVLHVWUXFWXUHQ� LV�GDW�JHHQ�PLFUROHQ�

]HQ�PHHU�QRGLJ�]LMQ�LQ�KHW�RSWLVFK�SDG���'DW�PDDNW�KHW�PRJHOLMN�RP�GH�KHOH�FRPSRQHQW�LQ�WH

NDSVHOHQ� LQ�VLOLFRQH�RI�HHQ�VRRUWJHOLMN�SURGXFW�HQ�PDDNW�GH�ZHJ�YULM� QDDU�QLHW�KHUPHWLVFKH

YHUSDNNLQJVWHFKQLHNHQ�

'H�EHODQJULMNVWH�SUREOHPHQ�GLH�QRJ�RSWUHGHQ�ELM�GH�UHDOLVDWLH�YDQ�K\EULGH�3,&ªV�]LMQ�GH�HOHN�

WULVFKH�LQWHUFRQQHFWLH�HQ�GH�JURWH�QDXZNHXULJKHLG�GLH�YHUHLVW�LV�ELM�GH�SURFHVVLQJ���(U�LV�LP�

PHUV�HHQ�JHOLMNH�WROHUDQWLH�YHUHLVW�DOV�ELM�GH�IDEULFDJH�YDQ�HOHNWURQLVFKH�,&ªV����� mµ ��WHUZLMO

GH�DIPHWLQJHQ�YDQ�GH�RQGHUGHOHQ�YHHO�JURWHU��!��� mµ ��]LMQ�� �'LW�EHPRHLOLMNW�GH� OLWKRJUDILH

DDQ]LHQOLMN�

(QNHOH�YRRUEHHOGHQ�WRQHQ�DDQ�GDW�K\EULGH�LQWHJUDWLH�ZHO�GHJHOLMN�DOPDDU�EHODQJULMNHU�ZRUGW�

&RPSRQHQWHQ�JHEDVHHUG�RS�HHQ� VLOLFLXP�§RSWLFDO� EHQFK¨�YRUPHQ�GH� EDVLV� YDQ�QX� FRXUDQW

YHUNULMJEDUH�JRHGNRSH�WUDQVPLWWHU��HQ�UHFHLYHUPRGXOHV�HQ�RRN�GH�FRPSOHWHUH�K\EULGH�3/&�

SODWIRUPHQ��GLH�SDVVLHYH�JROIJHOHLGHUV�LQ�VLOLFD�JHEUXLNHQ�YRRU�KHW�URXWHUHQ�YDQ�GH�VLJQDOHQ�

VWDDQ�RS�GH�UDQG�YDQ�HHQ�FRPPHUFLsOH�GRRUEUDDN�
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3 Onze aanpak

'H]H�VHFWLH�EHVFKULMIW�KRH�ZH�GH�K\EULGH�NRSSHOLQJ�LQ�GH�SUDNWLMN�XLWYRHUHQ�� � ,Q� �)LJ������ LV

HHQ� VFKHPDWLVFKH� YRRUVWHOOLQJ�YDQ�GH� JHEUXLNWH� RSVWHOOLQJ� JHWRRQG�� �*HEUXLN�PDNHQG� YDQ

SUHFLVLHWUDQVODWLHWDIHOV�ZRUGW�HHQ�YHUVWHUNHUULM�JHNRSSHOG�PHW�HHQ�SDVVLHYH�FKLS�� �'RRU�HHQ

PLFURVFRRS� NDQ� GH� VSOHHW� WXVVHQ� EHLGH� FKLSV� JHFRQWUROHHUG�ZRUGHQ�� � 'H� NRSSHOLQJ�ZRUGW

JHRSWLPDOLVHHUG�GRRU�KHW� XLWJDQJVYHUPRJHQ�� GDW� JHPHWHQ�ZRUGW�PHW� HHQ� RSWLVFKH� YHUPR�

JHQPHWHU�� WH�PD[LPDOLVHUHQ�� � 2P� GH� NRSSHOLQJ� LQ� ORQJLWXGLQDOH� ULFKWLQJ� WH� RSWLPDOLVHUHQ

ZRUGHQ�EHLGH�FKLSV�LQ�FRQWDFW�JHEUDFKW�PHW�HONDDU���'DDUELM�ZRUGW�DXWRPDWLVFK�RRN�GH�DOLJ�

QDWLH�URQG�GH�YHUWLFDOH�URWDWLH�DV�JHRSWLPDOLVHHUG���+HW�PHHVW�WLMGURYHQGH�RQGHUGHHO�YDQ�GH

SURFHGXUH�LV�GH�DOLJQDWLH�URQG�GH�KRUL]RQWDOH�URWDWLH�DVVHQ�

microscope

xyz-translation stagexyz-translation stage
+ 3 rotational axes

power
meter

Passive
waveguide chip

Amplifier
array

Current
probe

Side View

)LJ������2SVWHOOLQJ�JHEUXLNW�YRRU�KHW�K\EULGH�NRSSHOHQ�YDQ�WZHH�,Q3�FKLSV�

+HW�LV�PRHLOLMN�WH�VFKDWWHQ�KRHYHHO�WLMG�QRGLJ�LV�YRRU�GH�YROOHGLJH�NRSSHOLQJVSURFHGXUH���$OV

YHUWURNNHQ�ZRUGW�YDQ�HHQ�HQLJV]LQV�JHDOLJQHHUGH�RSVWHOOLQJ�� LV�YRRU�KHW�NRSSHOHQ�YDQ�ppQ

NDQDDO� W\SLVFK����WRW����PLQXWHQ�QRGLJ�� �$OV�PHHUGHUH�NDQDOHQ�PRHWHQ�JHNRSSHOG�ZRUGHQ

QHHPW�GH�EHQRGLJGH�WLMG�HFKWHU�VQHO�WRH��VRPV�WRW�PHHUGHUH�XUHQ�

9HUPLWV�GH�FKLSV� LQ�I\VLVFK�FRQWDFW�]LMQ�� LV�KHW�KHHO�EHODQJULMN�GDW�KHW� IDFHW�YDQ�EHLGH�FKLSV

FRPSOHHW�YODN�LV���.OHLQH�VWRIGHHOWMHV�NXQQHQ�DO�HHQ�VXFFHVYROOH�NRSSHOLQJ�EHOHPPHUHQ���%H�

ODQJULMNHU�QRJ�LV�GH�NZDOLWHLW�YDQ�GH�NOLHI�]HOI���=R�PRHWHQ�IDFHWRQ]XLYHUKHGHQ�WHU�KRRJWH�YDQ

GH�NOLHINUDVVHQ�DEVROXXW�ZRUGHQ�YHUPHGHQ�

9RRU�GH�PHHVWH�WRHSDVVLQJHQ�LV�KHW�QRRG]DNHOLMN�RP�UHIOHFWLHV�DDQ�GH�RYHUJDQJ�WXVVHQ�EHLGH

FKLSV�]RYHHO�PRJHOLMN�WH�UHGXFHUHQ���5HNHQLQJ�KRXGHQG�PHW�HHQ�SURSDJDWLHYHUOLHV�YDQ���G%

YRRU�GH�SDVVLHYH�FKLS��HHQ�YHUOLHV�YDQ���G%�DDQ�KHW�IDFHW�HQ�HHQ�YHUOLHV�YDQ���G%�DDQ�GH�RYHU�

JDQJ�WXVVHQ�EHLGH�FKLSV��LV�GH�PD[LPDOH�WHUXJNRSSHOLQJ�QDDU�GH�YHUVWHUNHU�PLQVWHQV����G%

ODJHU�GDQ�KHW�RRUVSURQNHOLMNH�VLJQDDO���9RRU�HHQ�JRHGH�ZHUNLQJ�YDQ�GH�FRPSRQHQW�LV�KHW�GXV

EHODQJULMN�GDW�GH�UHVLGXHOH�UHIOHFWLH�DDQ�GH�RYHUJDQJ�WXVVHQ�EHLGH�FKLSV�YHHO�NOHLQHU� LV�GDQ

GH]H�ZDDUGH���'LW�]RX�NXQQHQ�JHUHDOLVHHUG�ZRUGHQ�PHW�HHQ�KHHO�JRHGH�$5�FRDWLQJ���+HW�UH�

DOLVHUHQ�YDQ�]RªQ�FRDWLQJV�YHUHLVW�HFKWHU�HHQ�H[WUHHP�QDXZNHXULJH�FRQWUROH�YDQ�GH�ODDJGLNWH
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HQ�GH�ZDDUGH�YDQ�GH�EUHNLQJVLQGH[��ZDW�QLHW�RYHUHHQNRPW�PHW�RQV�GRHO�RP�GH�SURFHVVLQJ�]R

HHQYRXGLJ�PRJHOLMN�WH�KRXGHQ���%RYHQGLHQ�UHGXFHHUW�HHQ�$5�FRDWLQJ�GH�UHIOHFWLH�PDDU�RYHU

HHQ�EHSHUNW�JROIOHQJWHJHELHG���'DDURP�LV�JHNR]HQ�YRRU�HHQ�DOWHUQDWLHYH�RSWLH�ZDDUELM�ODQJV

ppQ�NDQW�YDQ�GH�FKLS�GH�JROIJHOHLGHUV�ZRUGHQ�DIJHERJHQ�WHQ�RS]LFKWH�YDQ�GH�QRUPDDO�PHW

KHW�IDFHW���'LW�JDUDQGHHUW�GDW�KHW�JURRWVWH�JHGHHOWH�YDQ�KHW�JHUHIOHFWHHUGH�OLFKW�QLHW�LQ�GH�JROI�

JHOHLGHU�WHUHFKWNRPW�PDDU�LQ�KHW�VXEVWUDDW�ZRUGW�DIJHVWUDDOG�

=RDOV�DO�DDQJHKDDOG��ZRUGHQ�JHHQ�YHUWLFDOH�EXQGHOH[SDQVLHVWUXFWXUHQ�JHEUXLNW���'DDUGRRU�LV

GH�WROHUDQWLH�YRRU�DOLJQDWLHIRXWHQ�H[WUHHP�NOHLQ�ZDW�PDDNW�GDW��]RODQJ�EHLGH�FKLSV�QLHW�SHU�

PDQHQW�YHUERQGHQ�]LMQ��]HOIV�HHQ�PLQLHPH�WKHUPLVFKH�H[SDQVLH�YDQ�ppQ�YDQ�EHLGH�FKLSV�GH

NRSSHOHIILFLsQWLH�NDQ�EHwQYORHGHQ�� �'LW�NDQ�ELMYRRUEHHOG�KHW�JHYDO�]LMQ�ZDQQHHU�GH� VWURRP

YHUDQGHUW���,Q�GH�SUDNWLMN�EOLMNW�GDW�GH�QLHW�SHUPDQHQWH�K\EULGH�NRSSHOLQJ�VWDELHO�JHQRHJ�LV

RP� HHQ� DDQWDO� H[SHULPHQWHQ� XLW� WH� YRHUHQ� ELM� HHQ� FRQVWDQWH� VWURRP�� �:DQQHHU� GH� VWURRP

HFKWHU�RYHU�HHQ�UXLPHU�EHUHLN��!����P$��JHZLM]LJG�ZRUGW��EOLMNW�KHW�WUDQVLWLHYHUOLHV�VRPV�WH

YDULsUHQ���%RYHQGLHQ�LV�KHW�YDDN�PRHLOLMN�RP�RQGHUVFKHLG�WH�PDNHQ�WXVVHQ�HIIHFWHQ�WH�ZLMWHQ

DDQ�GH�YHUDQGHUHQGH�NRSSHOLQJVHIILFLsQWLH�HQ�HIIHFWHQ�LQKHUHQW�DDQ�GH�FRPSRQHQW�]HOI�

4 Realisatie van een hybride gekoppelde Phased-Array laser

4.1 Demonstratie van de haalbaarheid van de aanpak

2P�GH�KDDOEDDUKHLG�YDQ�GH�KLHUERYHQ�YRRUJHVWHOGH�DDQSDN�DDQ�WH�WRQHQ��ZHUGHQ�YHUVWHUNHU�

ULMHQ�PHW�YLHU�RSWLVFKH�YHUVWHUNHUV�JHIDEULFHHUG�� �'H]H�KDGGHQ�HHQ�EHJUDYHQ�JROIJHOHLGHUV�

WUXFWXXU�HQ�ZDUHQ��DDQ�KHW�IDFHW�GDW�JHNRSSHOG�ZRUGW�PHW�GH�SDVVLHYH�FKLS����JUDGHQ�DIJH�

ERJHQ�WHQ�RS]LFKWH�YDQ�GH�QRUPDDO�PHW�KHW�IDFHW���2RN�HHQ�FRUUHVSRQGHUHQGH�SDVVLHYH�FKLS

PHW�HHQ�3KDVHG�$UUD\�GHPXOWLSOH[HU�ZHUG�JHIDEULFHHUG���'RRU�EHLGH�FKLSV�WH�NRSSHOHQ�NRQ

HHQ�HHUVWH�3$/�ZRUGHQ�JHUHDOLVHHUG���'H�GUHPSHOVWURRP�YDQ�GH]H�FRPSRQHQW�ZDV����P$�HQ

KHW�PD[LPDOH�XLWJDQJVYHUPRJHQ������P:��ELM�����P$����+HW�ZDV�PRJHOLMN�RP�ODVHUZHUNLQJ

LQ� DOOH� YLHU� GH� NDQDOHQ� WH� YHUNULMJHQ�� ]RQGHU� GH� DOLJQDWLH� YDQ� GH� FKLSV� WH�ZLM]LJHQ�� � 'RRU

WKHUPLVFKH�RYHUVSUDDN�NRQ�HFKWHU� VOHFKWV� ppQ�NDQDDO� WHJHOLMN�ZRUGHQ�DDQJHVWXXUG�� �2S�GH

RVFLOODWLHVSHFWUD� GLH� YRRU� YHUVFKLOOHQGH� NDQDOHQ� ZHUGHQ� RSJHPHWHQ�� ]LMQ� GH� ORQJLWXGLQDOH

PRGHV�YDQ�GH�ODVHU�]HOI�QLHW�]LFKWEDDU�GRRU�GH�EHSHUNWH�UHVROXWLH�YDQ�GH�VSHFWUXPDQDO\VHU�

'H�VSHFWUD�YHUWRQHQ�HFKWHU�ZHO�HHQ�UHODWLHI�JURWH�ULPSHO�WH�ZLMWHQ�DDQ�GH�QRJ�WH�KRJH�UHVLGX�

HOH� UHIOHFWLH�DDQ�GH�RYHUJDQJ� WXVVHQ�EHLGH�FKLSV�� �'DDURP�ZHUG�HU�ELM� KHW� RQWZHUS�YDQ�GH

QLHXZHUH�FRPSRQHQWHQ�YRRU�JHNR]HQ�RP�GH�KRHN�GLH�GH�JROIJHOHLGHU�PDDNW�PHW�GH�QRUPDDO

RS�KHW�IDFHW�WH�YHUJURWHQ�WRW����JUDGHQ�

4.2 Hybride gekoppelde Phased-Array laser

2PGDW�HHQ�KRHN�YDQ���JUDGHQ�QLHW�YROGRHQGH�ZDV�RP�DOOH�UHIOHFWLHV�WH�YRRUNRPHQ��]LH�YRUL�

JH�SDUDJUDDI���ZHUGHQ�QLHXZH�YHUVWHUNHUULMHQ�RQWZRUSHQ�ZDDUELM�GH�JROIJHOHLGHUV����JUDGHQ

DIJHERJHQ�ZDUHQ���'H]H�YHUVWHUNHUV�ZHUGHQ�JHIDEULFHHUG�GRRU�KHW�=ZLWVHUVH�2SWRVSHHG�6$

HQ�KHEEHQ�HHQ�EXON�,Q*D$V3�DFWLHYH�ODDJ�� �+HW�RQWZHUS�HQ�GH�NDUDNWHULVDWLH�YDQ�GH]H�YHU�
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VWHUNHUV�ZHUG�DO�EHVSURNHQ� LQ�KRRIGVWXN���� �2RUVSURQNHOLMN�ZHUGHQ�]H�JHPRQWHHUG�RS�HHQ

DOXPLQDVXEVWUDDW�� �/DWHU�ZHUG�KHW� DOXPLQDVXEVWUDDW�YHUYDQJHQ�GRRU� HHQ� VLOLFLXPVXEVWUDDW�

ZDW�GH�ZDUPWHDIYRHU� WHQ�JRHGH�NRPW�� �2P�GH�NRSSHOLQJ�PHW�HHQ�DQGHUH�FKLS�PRJHOLMN� WH

PDNHQ�]LMQ�GH�YHUVWHUNHUULMHQ�]R�JHPRQWHHUG�GDW�KXQ�UDQG����WRW���� mµ �RYHU�GH�UDQG�YDQ

KHW�VXEVWUDDW�NRPW��]RDOV�WH�]LHQ�LV�LQ�GH�VFKHPDWLVFKH�YRRUVWHOOLQJ�YDQ�)LJ������

'H�SDVVLHYH� JROIJHOHLGHUFKLSV�PHW�GH�3KDVHG�$UUD\�PXOWLSOH[HUV�ZHUGHQ� JHIDEULFHHUG� DDQ

GH�7HFKQLVFKH�8QLYHUVLWHLW�'HOIW��YHUWUHNNHQG�YDQ�LQ�*HQW�JHJURHLGH�HSLWD[LDDOODJHQ�� �7ZHH

W\SHV�PXOWLSOH[HU�ZHUGHQ�RQWZRUSHQ��ppQ�PHW�HHQ�����*+]�NDQDDOVSDWLsULQJ�HQ�ppQ�PHW�HHQ

����*+]� NDQDDOVSDWLsULQJ�� �'H� JROIJHOHLGHUVWUXFWXXU� LV� DO� EHVSURNHQ� LQ� KRRIGVWXN� ��� �0HW

GH]H�FKLSV�ZHUGHQ�YHUVFKLOOHQGH�K\EULGH�3KDVHG�$UUD\�ODVHUV�JHUHDOLVHHUG�

4.2.1 Transitieverlies en tolerantie voor alignatiefouten.

'RRU�KHW�YHUJHOLMNHQ�YDQ�GH�YHUVWHUNWH�VSRQWDQH�HPLVVLH�JHsPLWWHHUG�GRRU�HHQ�YHUVWHUNHU�RS

]LFK�HQ�GRRU�HHQ�YHUVWHUNHU�JHNRSSHOG�PHW�HHQ�SDVVLHYH�JROIJHOHLGHU�GLH�RYHU�GH�KHOH�OHQJWH

YDQ�GH�FKLS�RQGHU�HHQ�KRHN�YDQ����JUDGHQ�LV�JHSODDWVW��NRQGHQ�ZH�EHSDOHQ�GDW�KHW�WUDQVLWLH�

YHUOLHV�WXVVHQ�EHLGH�FKLSV���j���G%�LV���9RRU�)DEU\�3pURWODVHUV�JHYRUPG�GRRU�HHQ�YHUVWHUNHU

HQ�HHQ�UHFKWH�JROIJHOHLGHU��ZDV�GH�PLQLPXP�GUHPSHOVWURRP����P$����'H�H[WHUQH�GLIIHUHQWL�

HOH�HIILFLsQWLH�YRRU�]RªQ�ODVHU�ZDV�WXVVHQ�����HQ��������5HNHQLQJ�KRXGHQG�PHW�KHW�KLHUERYHQ

JHVFKDWWH�FLMIHU�YRRU�KHW�WUDQVLWLHYHUOLHV�HQ�HHQ�YHUOLHV�YDQ���G%�YRRU�GH�SDVVLHYH�FKLS��NRPW

GLW�RYHUHHQ�PHW�GH�ZDDUGHQ�GLH�LQ�KRRIGVWXN���WKHRUHWLVFK�ZHUGHQ�YRRUVSHOG�

2RN�GH�WROHUDQWLH�YRRU�DOLJQDWLHIRXWHQ�ZHUG�RQGHU]RFKW���'H�LQYORHG�YDQ�HHQ�DOLJQDWLHIRXW�LQ

ODWHUDOH� HQ� WUDQVYHUVDOH� ULFKWLQJ�ZHUG� RSJHPHWHQ�� DOV� IXQFWLH� YDQ� GH� DIVWDQG� WXVVHQ� EHLGH

FKLSV���2RN�GH�LQYORHG�YDQ�KHW�YHUJURWHQ�YDQ�GH�DIVWDQG�WXVVHQ�EHLGH�FKLSV�RS�KHW�PD[LPDDO

JHWUDQVPLWWHHUGH�YHUPRJHQ�ZHUG�EHSDDOG�HQ�EOLMNW�JRHGH�RYHUHHQNRPVW�WH�YHUWRQHQ�PHW�KHW

WKHRUHWLVFKH�UHVXOWDDW�XLW�KRRIGVWXN�����8LW�GH�YHUVFKLOOHQGH�PHWLQJHQ�NXQQHQ�ZH�DIOHLGHQ�GDW

GH�PLQLPDOH�DIVWDQG�WXVVHQ�WZHH�FKLSV�GLH�K\EULGH�JHNRSSHOG�]LMQ�WXVVHQ���HQ�� mµ �OLJW�

4.2.2 Drempelstroom en uitgangsvermogen van een hybride PAL

'H�K\EULGH�3KDVHG�$UUD\�ODVHUV�ZHUGHQ�XLWJHEUHLG�JHNDUDNWHULVHHUG���9RRU�HHQ�K\EULGH�3$/

JHUHDOLVHHUG�PHW�HHQ�RS�HHQ�DOXPLQDVXEVWUDDW�JHPRQWHHUGH�YHUVWHUNHUULM�HQ�JHNDUDNWHULVHHUG

ELM� NDPHUWHPSHUDWXXU��YRQGHQ�ZH�HHQ�GUHPSHOVWURRP�YDULsUHQG� WXVVHQ� ���P$�HQ� ���P$�

+HW�XLWJDQJVYHUPRJHQ�SHU�NDQDDO�ZDV�RQJHYHHU���P:��ELM�����P$��� �9HUVFKLOOHQGH�YDQ�GH

/,�FXUYHQ�YHUWRRQGHQ� ppQ� RI�PHHUGHUH� GLVFRQWLQXwWHLWHQ�� �0HHVWDO�ZDUHQ� GLH� UHODWLHI� NOHLQ

PDDU�YRRU�VRPPLJH�NDQDOHQ�]LMQ�VSURQJHQ�YDQ�����P:�RSJHPHUNW���2RUVSURQNHOLMN�GDFKWHQ

ZH�GDW�GLW� HHQ� JHYROJ�ZDV� YDQ� HHQ�YDULDWLH�YDQ�GH� NRSSHOLQJVHIILFLsQWLH� WH�ZLMWHQ� DDQ� KHW

RSYRHUHQ�YDQ�GH�LQVWHOVWURRP���%LM�KHW�NDUDNWHULVHUHQ�YDQ�GH�SHUPDQHQW�YHUERQGHQ�K\EULGH

3$/��KRRIGVWXN����ZHUGHQ�HFKWHU�RRN�GHUJHOLMNH�GLVFRQWLQXwWHLWHQ�RSJHPHWHQ��]LM�KHW�LQ�PLQ�

GHUH�PDWH���,Q�GDW�JHYDO�NRQGHQ�ZH�GH�GLVFRQWLQXwWHLWHQ�LQ�GH�YHUPRJHQNDUDNWHULVWLHN�UHODWH�

UHQ�PHW�GLVFRQWLQXwWHLWHQ�LQ�GH�JROIOHQJWH��PRGHKRSV��
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2RN�YRRU�HHQ�3KDVHG�$UUD\�ODVHU�GLH�JHYRUPG�ZHUG�GRRU�KHW�NRSSHOHQ�YDQ�HHQ�YHUVWHUNHUULM

JHPRQWHHUG�RS�HHQ� VLOLFLXPVXEVWUDDW�PHW� HHQ�SDVVLHYH�GHPXOWLSOH[HU� HQ� JHNRHOG�ZHUG� WRW

��R&��]LMQ�/,�FXUYHQ�RSJHPHWHQ���'RRU�GH�EHWHUH�WKHUPLVFKH�JHOHLGEDDUKHLG�YDQ�KHW�VXEVWUDDW

ZDV�KHW� XLWJDQJVYHUPRJHQ� GDDUELM� YHHO� KRJHU� �����P:�ELM� ����P$�� HQ� GH� GUHPSHOVWURRP

GDDOGH�WRW����P$���:DQQHHU�YLHU�NDQDOHQ�VLPXOWDDQ�ZHUGHQ�DDQJHVWXXUG�ZDV�KHW�PD[LPDDO

XLWJDQJVYHUPRJHQ�����P:��LQVWHOVWURRP�SHU�NDQDDO������P$����'H�KLHU�RSJHPHWHQ�ZDDUGHQ

YRRU�GH�GUHPSHOVWURRP�HQ�KHW�XLWJDQJVYHUPRJHQ�]LMQ��YRRU�]RYHU�ZLM�ZHWHQ��GH�EHVWH�GLH�WRW

QX� WRH�YRRU�HHQ�3KDVHG�$UUD\�ODVHU�PHW�HHQ�EXON�DFWLHYH� ODDJ�ZHUGHQ�JHUDSSRUWHHUG�� �+HW

XLWJDQJVYHUPRJHQ�ELM�����P$�LV�ERYHQGLHQ�YHUJHOLMNEDDU�PHW�GDW�YRRU�GH�EHVWH��RS�NZDQ�

WXPSXWODJHQ�JHEDVHHUGH�ODVHUV�GLH�WRW�QX�LQ�GH�OLWHUDWXXU�ZHUGHQ�YRRUJHVWHOG�

4.2.3 Optisch spectrum

,Q�)LJ�����D�]LMQ�RVFLOODWLHVSHFWUD�JHWRRQG�YRRU�YLHU�DI]RQGHUOLMN�DDQJHVWXXUGH�NDQDOHQ�YDQ�GH

K\EULGH�3$/�� =I ���P$����'RRU�KHW�ILOWHUHQG�HIIHFW�YDQ�GH�3KDVHG�$UUD\�ZRUGW�GH�$6(�UXLV

YDQ� GH� YHUVWHUNHUV� RQGHUGUXNW�PHW�PHHU� GDQ� ��� G%� WHQ� RS]LFKWH� YDQ� GH� FHQWUDOH� SLHNHQ�

/LQNV� YDQ� KHW� VSHFWUXP� ]LMQ� NOHLQHUH� SLHNHQ� ]LFKWEDDU� GLH� YHURRU]DDNW� ZRUGHQ� GRRU� GH

WUDQVPLVVLH�YDQ�GH�$6(�GRRU�GH�ODJHUH�GRRUODDWEDQG�YDQ�GH�3KDVHG�$UUD\�� �)LJ�����E�WRRQW

KHW�RVFLOODWLHVSHFWUXP�YDQ�GH]HOIGH�FRPSRQHQW�ZDDUELM�QX���NDQDOHQ�WHJHOLMN�ZHUGHQ�DDQJH�

VWXXUG�� �$QGHUV�GDQ� LQ�)LJ�� ����]LMQ�QX�H[WUD�SLHNHQ�]LFKWEDDU� LQ�GH�EXXUW�YDQ�GH�FHQWUDOH

ODVHUOLMQHQ�� � 'H]H�ZRUGHQ� YHURRU]DDNW� GRRU� HHQ� §IRXU�ZDYH�PL[LQJ¨�HIIHFW� LQ� GH� SDVVLHYH

XLWJDQJVJROIJHOHLGHU���'LW�HIIHFW�ZRUGW�LQ�PHHU�GHWDLO�EHVSURNHQ�LQ�KRRIGVWXN���
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)LJ�� ���� D��2VFLOODWLHVSHFWUD� YDQ� YLHU� DI]RQGHUOLMN� DDQJHVWXXUGH� NDQDOHQ� YDQ� GH� K\EULGH

3$/���E��2VFLOODWLHVSHFWUXP�YDQ�YLHU�VLPXOWDDQ�DDQJHVWXXUGH�NDQDOHQ�YDQ�GH�K\EULGH�3$/

4.2.4 Longitudinale modestabiliteit

2PGDW�GH�UHVROXWLH�YDQ�HHQ�VWDQGDDUG�VSHFWUXPDQDO\VHU�WH�EHSHUNW�LV��ZHUG�HHQ�)DEU\�3pURW

LQWHUIHURPHWHU�JHEUXLNW�RP�KHW�ORQJLWXGLQDOH�PRGHVSHFWUXP�WH�RQGHU]RHNHQ�

8LW�GH]H� H[SHULPHQWHQ�NRQGHQ�ZH�DIOHLGHQ�GDW�GH� ODVHU�PHW�GH� ����*+]�NDQDDOVSDWLsULQJ

RYHU�KHW�DOJHPHHQ�LQ�ppQ�HQNHOH� ORQJLWXGLQDOH�PRGH�RSHUHHUGH�� �%LM� VRPPLJH�NDQDOHQ� WUDG
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HFKWHU�HHQ�PRGHKRS�RS�ELM�EHSDDOGH�LQVWHOVWURPHQ���+HW�RSWUHGHQ�YDQ�GH]H�PRGHKRSV�ZHUG

LQ�PHHU�GHWDLO�EHVWXGHHUG�� �=RDOV�YHUZDFKW�YDQ�GH�WKHRUHWLVFKH�UHVXOWDWHQ�LQ�KRRIGVWXN���LV

GH� ODVHUPRGH�YHUVFKRYHQ�QDDU� HHQ� ODJHUH� IUHTXHQWLH� WHQ� RS]LFKWH� YDQ�KHW� FHQWUXP�YDQ�GH

GRRUODDWEDQG�YDQ�GH�3KDVHG�$UUD\���9RRU�DOOH�NDQDOHQ�YHUDQGHUGH�GH�ODVHUIUHTXHQWLH��DIJH�

]LHQ�YDQ�PRGHKRSV��PHW�����0+]�P$���9HUPLWV�GH�IUHTXHQWLH�GDDOW�ELM�WRHQHPHQGH�LQVWHO�

VWURRP��YHURQGHUVWHOOHQ�ZH�GDW�GLW�HHQ�JHYROJ�LV�YDQ�HHQ�VWLMJLQJ�YDQ�GH�WHPSHUDWXXU�

,Q�WHJHQVWHOOLQJ�WRW�GH�3KDVHG�$UUD\�ODVHU�PHW�GH�����*+]�NDQDDOVSDWLsULQJ��RSHUHHUW�GH�OD�

VHU�PHW�GH�����*+]�NDQDDOVSDWLsULQJ�LQ�YHOH�JHYDOOHQ�LQ�PHHUGHUH�ORQJLWXGLQDOH�PRGHV�WHJH�

OLMN���+RRJVWZDDUVFKLMQOLMN�LV�GLW�WH�ZLMWHQ�DDQ�GH�KRJHUH�EDQGEUHHGWH�YDQ�KHW�ILOWHU�

4.2.5 Dynamische metingen

'H� NOHLQVLJQDDOUHVSRQV� YDQ� GH� ODVHU�ZHUG� EHSDDOG�PHW� HHQ� KRRJIUHTXHQWSUREH�PHW� LQJH�

ERXZGH�VHULHZHHUVWDQG�� �'H�RSJHPHWHQ�EDQGEUHHGWH�YDULHHUGH�YDQ�����0+]�QHW�ERYHQ�GH

GUHPSHOVWURRP�WRW������0+]�ELM�HHQ�LQVWHOVWURRP�YDQ����P$���8LWJDDQGH�YDQ�GH]H�PHWLQJHQ

YHUZDFKWWHQ�ZH�GDW�GH]H�FRPSRQHQW�EUXLNEDDU�]RX�]LMQ�YRRU�PRGXODWLH�PHW�GDWDVLJQDOHQ�ELM

HHQ�IUHTXHQWLH�YDQ�����0ELW�V����'DDURP�ZHUGHQ�RRJGLDJUDPPDªV�RSJHPHWHQ�YDQ�HHQ�ODVHU

GLH�JHPRGXOHHUG�ZHUG�PHW�HHQ�����0ELW�V�HQ�HHQ�����0ELW�V�SVHXGRUDQGRP�GDWDVLJQDDO�

'H]H�EOHNHQ�HFKWHU�YROOHGLJ�JHVORWHQ�WH�]LMQ���2RN�GH�UHVSRQV�YRRU�HHQ�EORNVLJQDDO�EOHHN�HHQ

YUHHPG�JHGUDJ�WH�YHUWRQHQ���(HQ�PRJHOLMNH�YHUNODULQJ�]RX�NXQQHQ�]LMQ�GDW�KHW�ODDJVWH�QLYHDX

WH�GLFKW�LQ�GH�EXXUW�YDQ�GH�GUHPSHOVWURRP�ODJ���,Q�GLW�JHELHG�KHHIW�GH�ODVHU�HQLJH�WLMG�QRGLJ

RP�WH�EHVOLVVHQ�LQ�ZHONH�ORQJLWXGLQDOH�PRGH�KLM�]DO�RSHUHUHQ�HQ�GLW�KHHIW�SRWHQWLHHO�HHQ�QD�

GHOLJ�HIIHFW�YRRU�KHW�PRGXODWLHJHGUDJ���'LW�HIIHFW�LV�YHUGHU�RQGHU]RFKW�LQ�KRRIGVWXN���YRRU�GH

SHUPDQHQW�JHwQWHJUHHUGH�3$/�

5 Realisatie van een hybride gekoppelde Phased-Array laser met
winstvergrendelde uitgangsversterker

,Q�KRRIGVWXN���ZHUG�YRRUJHVWHOG�RP�GH�ZLQVW�YDQ�GH�JHPHHQVFKDSSHOLMNH�YHUVWHUNHU�YDQ�HHQ

3KDVHG�$UUD\� ODVHU� WH�YHUJUHQGHOHQ�GRRU� ppQ�YDQ�GH� VLJQDDOYHUVWHUNHUV� WH� YHUYDQJHQ�GRRU

HHQ�SDVVLHYH�JROIJHOHLGHU�� �'DDUGRRU� LV�KHW�PRJHOLMN�RP�RYHUVSUDDN� WXVVHQ�GH�NDQDOHQ�YHU�

RRU]DDNW�GRRU�YDULDWLHV�YDQ�GH�ODGLQJVGUDJHUVGLFKWKHLG�LQ�GH�JHPHHQVFKDSSHOLMNH�YHUVWHUNHU

WH�YHUPLMGHQ�� �2P�GLW�SULQFLSH�H[SHULPHQWHHO� WH�YHULILsUHQ�ZHUG�HHQ�QLHXZH�SDVVLHYH� FKLS

RQWZRUSHQ�PHW�HHQ�H[WUD�SDVVLHYH�JROIJHOHLGHU�ODQJV�GH�LQJDQJV]LMGH�YDQ�GH�PXOWLSOH[HU�HQ

HHQ�XLWJDQJVJROIJHOHLGHU�GLH�NDQ�JHNRSSHOG�ZRUGHQ�PHW�HHQ�YHUVWHUNHU���0HW�GH]H�FKLS�ZDV

KHW�PRJHOLMN� VLPXOWDQH� ODVHUZHUNLQJ� LQ� YLHU� VLJQDDONDQDOHQ� HQ�KHW�ZLQVWYHUJUHQGHOLQJVND�
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QDDO�WH�YHUNULMJHQ����,Q�KHW�EHVWH�JHYDO�ZDV�GH�GUHPSHOVWURRP�YRRU�KHW�ZLQVWYHUJUHQGHOLQJV�

NDQDDO����P$��WHUZLMO�GH�GUHPSHOVWURRP�YRRU�GH�VLJQDDONDQDOHQ�YDULHHUGH�YDQ����P$�WRW���

P$��ZDW�QDXZHOLMNV�KRJHU� LV�GDQ�GH�RSJHPHWHQ�WUDQVSDUDQWLHVWURRP�YRRU�GH]H�YHUVWHUNHUV

�]LH� KRRIGVWXN� ���� � 'H� RQGHUGUXNNLQJ� YDQ� GH�$6(�UXLV�ZDV� EHWHU� GDQ� ���P$� HQ� GH� ODVHU

ZHUNWH�VWDELHO�LQ�ppQ�HQNHOH�GRRUODDWEDQG�YDQ�GH�PXOWLSOH[HU�

2P�KHW�SULQFLSH�YDQ�GH�ZLQVWYHUJUHQGHOLQJ� WH�YHULILsUHQ��YHUDQGHUGHQ�ZH�GH� LQVWHOVWURRP

YDQ�ppQ�YDQ�GH�YHUVWHUNHUV�WHUZLMO�DOOH�DQGHUH�VWURPHQ�FRQVWDQW�JHKRXGHQ�ZHUGHQ���+HW�YHU�

PRJHQ�LQ�HON�NDQDDO�DI]RQGHUOLMN�ZHUG�EHSDDOG�PHW�HHQ�RSWLVFKH�VSHFWUXPDQDO\VHU�� �,Q�HQ�

NHOH� JHYDOOHQ� NRQ� GH�ZLQVWYHUJUHQGHOLQJ� RYHUWXLJHQG�ZRUGHQ� DDQJHWRRQG�� � 9HUVFKLOOHQGH

PHWLQJHQ�OHYHUGHQ�HFKWHU�RRN�PLQGHU�HHQGXLGLJH�UHVXOWDWHQ�RS�� �:H�YHUPRHGHQ�GDW�GH�EH�

ODQJULMNVWH� UHGHQHQ�KLHUYRRU�GH� WKHUPLVFKH�RYHUVSUDDN� WXVVHQ�GH�YHUVFKLOOHQGH� NDQDOHQ� HQ

KHW�YHUDQGHUHQG�WUDQVLWLHYHUOLHV�ELM�HHQ�YHUDQGHUHQGH�VWURRP�]LMQ���'LW�]RX�PRHWHQ�WH�YHUKHO�

SHQ�]LMQ�GRRU�KHW�SHUPDQHQW�YHUELQGHQ�YDQ�EHLGH�FKLSV�

6 Realisatie van een hybride gekoppelde afstembare laser

2P�DDQ�WH�WRQHQ�GDW�GH�K\EULGH�NRSSHOLQJ�RRN�DQGHUH�WRHSDVVLQJVJHELHGHQ�KHHIW�GDQ�GH�LQ

GH�YRULJH�SDUDJUDIHQ�JHGHPRQVWUHHUGH�3KDVHG�$UUD\�ODVHUV�ZHUG�HHQ�FRPSOHHW�QLHXZ�W\SH

DIVWHPEDUH� ODVHU� RQWZRUSHQ�� RSJHERXZG�XLW� HHQ� RSWLVFKH� YHUVWHUNHU�� HHQ� SDVVLHI� ULQJUHVR�

QDWRUILOWHU� HQ� HHQ� DIVWHPEDUH� UHIOHFWLHYH�0DFK�=HKQGHU� LQWHUIHURPHWHU�� � 'H]H� ODDWVWH�ZHUG

JHYRUPG�GRRU� WZHH� YHUVWHUNHUV� HQ� HHQ� SDVVLHYH� ��G%� NRSSHODDU� HQ�KHHIW� HHQ�ZHLQLJ� JROI�

OHQJWHVHOHFWLHYH�WUDQVIHUIXQFWLH���'RRU�GH]H�HFKWHU�WH�ODWHQ�RYHUODSSHQ�PHW�ppQ�YDQ�GH�VFKHU�

SH�SLHNHQ�YDQ�GH�ULQJUHVRQDWRU�]DO�GH�ODVHU�GH]H�JROIOHQJWH�VHOHFWHUHQ���'RRU�KHW�YHUVFKXLYHQ

YDQ�GH�FHQWUDOH�JROIOHQJWH�YDQ�GH�0DFK�=HKQGHU�LQWHUIHURPHWHU�NDQ�HHQ�DQGHUH�SLHN�YDQ�GH

ULQJUHVRQDWRU�ZRUGHQ�JHVHOHFWHHUG�

'H]H�ODVHU�ZHUG�JHUHDOLVHHUG�PHW�GH�LQ�GLW�KRRIGVWXN�EHVSURNHQ�K\EULGH�NRSSHOLQJVWHFKQLHN�

'H� GUHPSHOVWURRP�ZDV� ���P$�ZDQQHHU� EHLGH� YHUVWHUNHUV� YDQ� GH� UHIOHFWLHYH�0=,� DDQJH�

VWXXUG�ZHUGHQ�PHW�HHQ�VWURRP�YDQ����P$���/DVHUZHUNLQJ�LQ����YHUVFKLOOHQGH�NDQDOHQ�YDQ�GH

ODVHU�ZHUG�YHUNUHJHQ�

�����������������������������������������������������

��'LW�ZDV�]HOIV�PRJHOLMN�ZDQQHHU�JHEUXLN�ZHUG�JHPDDNW�YDQ�HHQ�RS�HHQ�DOXPLQDVXEVWUDDW�JHPRQWHHU�

GH�YHUVWHUNHUULM�GLH�HHQ�KHHO�VOHFKWH�ZDUPWHDIYRHU�KHHIW���*HNRSSHOG�PHW�HHQ�VWDQGDDUG�3KDVHG�$UUD\

NRQGHQ� LQ�GDW�JHYDO�VOHFKWV�GULH�NDQDOHQ� WHJHOLMN�ZRUGHQ�DDQJHVWXXUG��ZDW�KHW�YRRUGHHO�YDQ�GH�JH�

PHHQVFKDSSHOLMNH�XLWJDQJVYHUVWHUNHU�DDQWRRQW�



Hoofdstuk 6 

Ontwikkeling van

een hybride integratietechnologie

voor Phased-Array multigolflengtelasers

1 Inleiding

'H�LQ�KRRIGVWXN���JHSUHVHQWHHUGH�H[SHULPHQWHOH�UHVXOWDWHQ�WRQHQ�DDQ�GDW�GH�K\EULGH�NRSSH�

OLQJ�ZHO�GHJHOLMN�EUXLNEDDU�LV�YRRU�KHW�UHDOLVHUHQ�YDQ�FRPSOH[H�IRWRQLVFKH�,&ªV���=RODQJ�EHLGH

FKLSV�HFKWHU�QLHW�GHILQLWLHI�YHUERQGHQ�]LMQ��LV�KHW�QLHW�PRJHOLMN�RP�GH�3,&��SKRWRQLF�LQWHJUD�

WHG� FLUFXLW�� WH� WUDQVSRUWHUHQ� RI� WH� JHEUXLNHQ� LQ� HHQ� FRPSOHHW� RSWLVFK� QHWZHUN�� � %RYHQGLHQ

KHEEHQ�ZH�JH]LHQ�GDW�GH�NRSSHOHIILFLsQWLH�VRPV�ZLM]LJW�ELM�PHWLQJHQ�GLH�YHHO�WLMG�YHUJHQ�RI

DOV�GH�VWURRP�YHUDQGHUW���'DDURP�LV�RQGHU]RFKW�RI�KHW�PRJHOLMN�LV�RP�EHLGH�FKLSV�SHUPDQHQW

WH�NRSSHOHQ��GRRU�JHEUXLN� WH�PDNHQ�YDQ�HHQ�JHVFKLNWH� OLMP�� �'H�DDQSDN�GLH�ZH�GDDUELM�JH�

YROJG�KHEEHQ��LV�YRRUJHVWHOG�LQ�KHW�WZHHGH�GHHO�YDQ�GLW�KRRIGVWXN���,Q�GHHO���EHVSUHNHQ�ZH

GH�NRSSHOLQJ�YDQ�GH�3,&�PHW�HHQ�RSWLVFKH�YH]HO�HQ�GH�HOHNWULVFKH�LQWHUFRQQHFWLH���'H�YROOH�

GLJH�SURFHGXUH�LV�VDPHQJHYDW�LQ�GHHO���HQ�LQ�GHHO���YDQ�GLW�KRRIGVWXN�ZRUGHQ�H[SHULPHQWHOH

UHVXOWDWHQ�JHSUHVHQWHHUG�

2 Permanent verbinden van twee hybride gekoppelde chips

)LJ�����D�HQ�)LJ�����E�YDWWHQ�GH�SURFHGXUH�VDPHQ�GLH�JHEUXLNW�ZHUG�YRRU�KHW�LQWHJUHUHQ�YDQ

EHLGH�FKLSV���1HW�DOV�YRRUKHHQ�ZRUGW�GH�FKLS�PHW�GH�RSWLVFKH�YHUVWHUNHUV�RS�HHQ�VLOLFLXPVXE�

VWUDDW� JHPRQWHHUG�� � 'LW� VXEVWUDDW� ZRUGW� YHUYROJHQV� RS� HHQ� PHWDOHQ� GUDJHU� JHSODDWVW� GLH

YRRUDDQ�HHQ�8�YRUPLJH�XLWVSDULQJ�KHHIW�� �'H�JROIJHOHLGHUFKLS�ZRUGW�RQGHUVWHXQG�GRRU�HHQ

YDFX�PQDDOG�GLH�SUHFLHV�LQ�GH�8�YRUPLJH�XLWVSDULQJ�SDVW���,Q�HHUVWH�LQVWDQWLH�ZRUGHQ�EHLGH

FKLSV� JHDOLJQHHUG� YROJHQV� GH� LQ� KHW� YRULJH� KRRIGVWXN� EHVSURNHQ� SURFHGXUH�� � 9HUYROJHQV

ZRUGW�GH�VSOHHW�WXVVHQ�EHLGH�FKLSV�WHUXJ�ZDW�YHUJURRW�HQ�ZRUGW�HHQ�89�XLWKDUGHQGH�HSR[\

DDQJHEUDFKW��)LJ�����E��§HSR[\��¨����&DSLOODLUH�NUDFKWHQ�]RUJHQ�YRRU�HHQ�JHOLMNPDWLJH�YHUGH�

OLQJ�RYHU�GH�IDFHWWHQ�YDQ�EHLGH�FKLSV���1D�KHW�KHUDOLJQHUHQ�YDQ�EHLGH�FKLSV�HQ�KHW�RSWLPDOLVH�

UHQ� YDQ� KHW� XLWJDQJVYHUPRJHQ�ZRUGW� GH� HSR[\� XLWJHKDUG�� � ,Q� HHQ� ODDWVWH� VWDS�ZRUGW� HHQ

WZHHGH�W\SH�HSR[\�DDQJHEUDFKW�DDQ�GH�XLWHLQGHQ�YDQ�GH�SDVVLHYH�FKLS�RP�GH�3,&�WH�VWDELOL�

VHUHQ��)LJ�����E��§HSR[\��¨��

'H�HSR[\�GLH�DDQJHEUDFKW�ZRUGW�WXVVHQ�EHLGH�FKLSV��§HSR[\��¨��PRHW�]RUJHQ�YRRU�HHQ�KHHO

ULJLGH� HQ� WKHUPLVFK� VWDELHOH� YHUELQGLQJ�� � %RYHQGLHQ�PRHW� GH]H� HSR[\� RSWLVFK� WUDQVSDUDQW

]LMQ�HQ�HHQ�ODJH�NULPS�ELM�XLWKDUGLQJ�YHUWRQHQ�� �'H�HSR[\�GLH�JHEUXLNW�ZRUGW�RP�GH�3,&�WH

VWDELOLVHUHQ�GDDUHQWHJHQ��§HSR[\��¨���PRHW�GH�YHUSODDWVLQJHQ�WXVVHQ�GH�,Q3�SDVVLHYH�FKLS�HQ
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GH�PHWDDOGUDJHU�WHQ�JHYROJH�YDQ�HHQ�YHUVFKLOOHQGH�WKHUPLVFKH�H[SDQVLH�NXQQHQ�RSYDQJHQ�

'H]H�HSR[\�PRHW�GXV�HHQ�KRJH�HODVWLFLWHLW�KHEEHQ�

,Q�GH�YROJHQGH�SDUDJUDIHQ�ZRUGHQ�HQNHOH�DVSHFWHQ�YDQ�GH�KLHUERYHQ�EHVFKUHYHQ�SURFHGXUH

QDGHU�EHOLFKW�

metal carrieramplifier
array chip waveguide

chip (InP)

silicon
substrate

precision
translation
stage

vacuum
needle on
translation
stage

)LJ�����D�'H]H�ILJXXU�WRRQW�KRH�GH�FKLS�PHW�GH�YHUVWHUNHUV�JHPRQWHHUG�LV�RS�KHW�VLOLFLXP�

VXEVWUDDW�HQ�GH�PHWDDOGUDJHU���'H�JROIJHOHLGHUFKLS�ZRUGW�RQGHUVWHXQG�GRRU�HHQ�YDFX�P�

QDDOG�GLH�WXVVHQ�GH�EHQHQ�YDQ�GH�8�YRUPLJH�XLWVSDULQJ�LQ�GH�PHWDDOGUDJHU�SDVW�

Epoxy 1

Epoxy 2

)LJ�����E�$DQEUHQJHQ�YDQ�§HSR[\��¨�HQ�§HSR[\��¨�

2.1 Aanbrengen van de epoxy tussen beide chips

'H�HSR[\�WXVVHQ�EHLGH�FKLSV�ZRUGW�DDQJHEUDFKW�PHW�EHKXOS�YDQ�HHQ�RSWLVFKH�YH]HO�GLH�LQ�HHQ

SUHFLVLHWUDQVODWLHWDIHO�JHNOHPG�LV���$OV�GH�YLVFRVLWHLW�YDQ�GH]H�HSR[\�YROGRHQGH�ODDJ�LV��YHU�

GHHOW�GH�HSR[\�]LFK]HOI�JHOLMNPDWLJ�RYHU�GH�IDFHWWHQ�GRRU�FDSLOODLUH�NUDFKWHQ���$DQ�GH�DQGHUH

NDQW�PDJ�GH�YLVFRVLWHLW�RRN�QLHW�WH�ODDJ�]LMQ��RP�WH�YHUPLMGHQ�GDW�GH�HSR[\�YDQ�GH�IDFHWWHQ
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OHNW�� �'H�YLVFRVLWHLW�YDQ�GH�HSR[\�GLH�ZLM�JHEUXLNWHQ������FSV�� OLMNW� LGHDDO� WH�]LMQ�YRRU�GH]H

SURFHGXUH�

2.2 Adhesie

8LW�H[SHULPHQWHQ�PHW� WHVWFKLSV�NRQGHQ�ZH�DIOHLGHQ�GDW�GH�YHUELQGLQJ�GLH�JHYRUPG�ZRUGW

GRRU�GH�HSR[\�WXVVHQ�WZHH�FKLSV�KHHO�VWHUN�LV���'H�IDFHWRSSHUYODNWH�YDQ�GH�YHUVWHUNHUFKLS�GLH

JHEUXLNW�ZRUGW�YRRU�GH�K\EULGH�3$/�LV�HFKWHU�UHODWLHI�NOHLQ��ZDW�GH�WRWDOH�VWHUNWH�YDQ�GH�YHU�

ELQGLQJ�EHSHUNW�

2.3 Indexaanpassingeffect

:DQQHHU�OLMP�WXVVHQ�EHLGH�FKLSV�ZRUGW�DDQJHEUDFKW��JHEHXUW�KHW�YDDN�GDW�GH�NRSSHOHIILFLsQ�

WLH�JHYRHOLJ�YHUEHWHUW���'H]H�YHUEHWHULQJ�LV�HHQ�JHYROJ�YDQ�KHW�IHLW�GDW�GH�EUHHGWH�YDQ�KHW�YHU�

UH�YHOG�YDQ�GH�JROIJHOHLGHUV�RPJHNHHUG�HYHQUHGLJ�LV�PHW�GH�EUHNLQJVLQGH[�YDQ�KHW�PHGLXP

WXVVHQ�EHLGH�FKLSV���'LW�HIIHFW�ZHUG�DO�YRRUVSHOG�LQ�KRRIGVWXN���DDQ�GH�KDQG�YDQ�WKHRUHWLVFKH

EHUHNHQLQJHQ�

2.4 Afstand tussen beide chips

'H�H[SHULPHQWHQ�GLH�ZHUGHQ�XLWJHYRHUG�PHW� WHVWFKLSV�ZDUHQ�PHHVWDO�VXFFHVYRO�� �:DQQHHU

ZH� HFKWHU�GH� YHUVWHUNHUV� YRRU�GH�K\EULGH�3$/�SUREHHUGHQ� WH� YHUELQGHQ�PHW� HHQ� SDVVLHYH

FKLS��EOHHN�KHW�YDDN�GDW�GH�HSR[\�WXVVHQ�EHLGH�IDFHWWHQ��]HOIV�QD�KHHO�ODQJH�EHOLFKWLQJVWLMGHQ�

WRWDDO�QLHW�XLWJHKDUG�ZDV�� �:H�YHUPRHGHQ�GDW�GLW�WH�ZLMWHQ�LV�DDQ�KHW� IHLW�GDW� LQ�KHW� ODDWVWH

JHYDO�GH�VSOHHW�WXVVHQ�EHLGH�FKLSV�H[WUHHP�VPDO�NDQ�]LMQ��ZDW�KHW� �89�OLFKW�YHUKLQGHUG�RP

WRW�ELM�GH�HSR[\� WH� UDNHQ�� �'DDURP�KHEEHQ�ZH�JHSUREHHUG�RP�GH�VSOHHW� �PHW�RS]HW�ZDW� WH

YHUEUHGHQ�GRRU�NOHLQH�JURHYHQ�WH�PDNHQ�LQ�KHW�IDFHW�YDQ�GH�SDVVLHYH�FKLS�GRRU�ODVHUDEODWLH�

'H�DI]HWWLQJ�GLH�GRRU�GLW�SURFHV�JHYRUPG�ZRUGW�DDQ�GH�UDQG�YDQ�GH�JURHYHQ�]RUJW�HUYRRU

GDW�GH�PLQLPDOH�DIVWDQG�WXVVHQ�EHLGH�FKLSV�LHWV�JURWHU�ZRUGW���'H]H�DDQSDN�EOHHN�LQGHUGDDG

KHW�VXFFHV�YDQ�GH�LQWHJUDWLHSURFHGXUH�JHYRHOLJ�WH�YHUJURWHQ�HQ�ZHUG�RRN�JHEUXLNW�ELM�GH�UHD�

OLVDWLH� YDQ�GH� YROOHGLJH�PRGXOH�GLH� YHUGHU� LQ�GLW� KRRIGVWXN� LV� YRRUJHVWHOG�� �+HW� QDGHHO� LV

QDWXXUOLMN�GDW�GH�NRSSHOHIILFLsQWLH�ZDW�YHUODDJW�

2.5 Belichtingstijd en -intensiteit

(pQ�YDQ�GH�EHODQJULMNVWH�SDUDPHWHUV�YDQ�KHW�XLWKDUGLQJSURFHV�LV�GH�KRHYHHOKHLG�89�OLFKW�GLH

KHW�FKLSRSSHUYODN�EHUHLNW���9RRU�KHW�XLWKDUGHQ�ZHUG�HHQ�89�EURQ�PHW�HHQ�IOH[LEHOH�OLFKWJH�

OHLGHU� JHEUXLNW�� �2P� HHQ� JRHGH� XQLIRUPLWHLW� WH� YHUNULMJHQ�ZRUGW� GH]H� JHOHLGHU�PHHVWDO� ]R

GLFKW�PRJHOLMN�WHJHQ�KHW�RSSHUYODN�JHSODDWVW����j���FP��� �2PGDW�GH�FKLSV�ELM�EHVWUDOLQJ�JH�

YRHOLJ� NXQQHQ� RSZDUPHQ� ��ZDW� NDQ� OHLGHQ� WRW� HHQ� YHUDQGHULQJ� YDQ� GH� NRSSHOHIILFLsQWLH� �

ZRUGW�KHW�XLWKDUGLQJSURFHV�JHVWDUW�ELM�ODJH�HQHUJLHsQ�HQ�XLWJHYRHUG�LQ�NRUWH�WLMGVLQWHUYDOOHQ

�a����V��� �1DDUPDWH�KHW�XLWKDUGLQJSURFHV�YRUGHUW�ZRUGW�GH�LQWHQVLWHLW�YDQ�GH�VWUDOLQJ�JHOHL�

GHOLMN�RSJHYRHUG�
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3 Vezel-chipkoppeling en elektrische interconnectie

2P�GH�RSWLVFKH�HQ�HOHNWULVFKH� WRHJDQJ� WRW�GH�PRGXOH� WH�YHUHHQYRXGLJHQ�PRHW�GH�K\EULGH

JHwQWHJUHHUGH�PRGXOH�YHUGHU�ZRUGHQ�YHUSDNW���'DDUYRRU�KHEEHQ�ZH�GH�.$3���ODVHUPRGXOH

YDQ�5DGLDQV�,QQRYD�JHEUXLNW��GLH�]RZHO�HHQ�WKHUPR�HOHNWULVFKH�WHPSHUDWXXUFRQWUROOHU�EHYDW

DOV�HHQ�WUDQVODWLHWDIHOWMH�PHW�GH�RSWLVFKH�YH]HO�HQ�HHQ�PLFUROHQV���9RRU�HHQ�HHQYRXGLJH�PRQ�

WDJH�LQ�GH�PRGXOH�PRHW�GH�3,&�RS�HHQ�JHVFKLNWH�DGDSWHUSODDW�ZRUGHQ�JHSODDWVW�

2P�HHQ�HOHNWULVFKH�WRHJDQJ�WRW�GH�3,&�PRJHOLMN�WH�PDNHQ��]LMQ�GH�YHUVWHUNHUV�YHUERQGHQ�PHW

JRXGFRQWDFWHQ�RS�KHW�VLOLFLXPVXEVWUDDW�� �'H]H�JRXGFRQWDFWHQ�]LMQ�RS�KXQ�EHXUW�YHUERQGHQ

PHW�VHPL�ULJLGH�FRD[LDDONDEHOWMHV�GLH�DIJHVORWHQ�]LMQ�PHW�HHQ�60$�FRQQHFWRU��EHYHVWLJG�DDQ

GH�EXLWHQNDQW�YDQ�GH�PRGXOH�

4 Samenvatting van de verpakkingsprocedure

)LJ������ WRRQW�HHQ� IRWR�YDQ�GH�YHUSDNWH�PRGXOH�� �5HFKWV�RS�GH� IRWR� LV�KHW�VLOLFLXPVXEVWUDDW

PHW�KHW�LQWHUFRQQHFWLHSDWURRQ�WH�]LHQ��ZDDURS�GH�RSWLVFKH�YHUVWHUNHUULM�LV�JHPRQWHHUG���,Q�KHW

FHQWUXP� YDQ� GH� ILJXXU� LV� GH� SDVVLHYH� FKLS�PHW� GH� 3KDVHG�$UUD\� GHPXOWLSOH[HU� ]LFKWEDDU�

2RN�GH�NRSSHOLQJVOHQV�HQ�GH�VHPL�ULJLGH�FRD[LDDONDEHOWMHV�]LMQ�]LFKWEDDU�RS�GH]H�IRWR�

)LJ������)RWR�YDQ�GH�YHUSDNWH�K\EULGH�JHwQWHJUHHUGH�3KDVHG�$UUD\�ODVHU

5  Experimentele resultaten

5.1 Inleiding

,Q� GH� YROJHQGH� SDUDJUDIHQ� ZRUGHQ� GH� H[SHULPHQWHHO� RSJHPHWHQ� NDUDNWHULVWLHNHQ� YDQ� GH

PRGXOH�JHWRRQG�LQ�)LJ�������YRRUJHVWHOG���9RRU�GH]H�PRGXOH�ZHUGHQ�GH]HOIGH�FKLSV�JHEUXLNW

DOV�YRRU�GH�QLHW�SHUPDQHQW�JHNRSSHOGH�3$/�GLH� LQ�KHW�YRULJH�KRRIGVWXN�ZHUG�EHVSURNHQ�

=RDOV� DO� XLWJHOHJG� LQ� SDUDJUDDI� �����ZHUGHQ�� RP�KHW� XLWKDUGLQJSURFHV� WH� EHYRUGHUHQ�� GRRU

ODVHUDEODWLH�NOHLQH�JURHYHQ�JHPDDNW�LQ�KHW�IDFHW�YDQ�GH�SDVVLHYH�JROIJHOHLGHUFKLS���'H�DI]HW�

coupling lens

waveguide chip
amplifier

array chip
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WLQJ�DDQ�GH� UDQG�YDQ�GH]H�JURHYHQ�]RUJW�HUYRRU�GDW�GH� VSOHHW� WXVVHQ�EHLGH�FKLSV�ZDW�YHU�

JURRW�ZDW�GH�EHUHLNEDDUKHLG�YDQ�GH�HSR[\� WXVVHQ�GH�IDFHWWHQ�YRRU�KHW� �89�OLFKW� WHQ�JRHGH

NRPW���'RRU�GH�WRHQDPH�YDQ�GH�DIVWDQG�WXVVHQ�EHLGH�FKLSV�QHHPW�HFKWHU�RRN�GH�NRSSHOLQJV�

HIILFLsQWLH�DI��ZDW�KLHU�UHVXOWHHUGH�LQ�HHQ�VWLMJLQJ�YDQ�GH�GUHPSHOVWURRP�YDQ����P$�WRW�PHHU

GDQ����P$���1D�DDQEUHQJHQ�YDQ�GH�HSR[\�WXVVHQ�EHLGH�FKLSV�YHUEHWHUGH�GH�NRSSHOLQJVHIILFL�

HQWLH�WHUXJ�HQLJV]LQV�HQ�GDDOGH�GH�GUHPSHOVWURRP�QDDU����P$�YRRU�KHW�EHVWH�NDQDDO�

2RUVSURQNHOLMN� NRQ� VOHFKWV� YRRU�GULH� NDQDOHQ� ODVHUZHUNLQJ�ZRUGHQ� YHUNUHJHQ�� 7LMGHQV�KHW

NDUDNWHULVHUHQ�ZHUG�ppQ�YDQ�GH]H�NDQDOHQ�EHVFKDGLJG�� � ,Q�HHQ�SRJLQJ�RP�KHW� WH�KHUVWHOOHQ

ZHUG�H[WUD�OLMP�DDQJHEUDFKW�RS�KHW�FKLSRSSHUYODN��WHU�KRRJWH�YDQ�GH�RYHUJDQJ�WXVVHQ�EHLGH

FKLSV���'LW�UHVXOWHHUGH�QLHW�LQ�KHW�KHUVWHO�YDQ�GLW�NDQDDO�PDDU�KHW�XLWJDQJVYHUPRJHQ�YDQ�EHL�

GH�DQGHUH�NDQDOHQ�EOHHN�ZHO�YHUKRRJG�WH�]LMQ�HQ�RRN�NRQ�QX�ODVHUZHUNLQJ�LQ�QRJ�GULH�H[WUD

NDQDOHQ�ZRUGHQ�YHUNUHJHQ���'H]H�YHUEHWHULQJ�LV�ZDDUVFKLMQOLMN�WH�ZLMWHQ�DDQ�HHQ�YHUEHWHUGH

DIYRHU� YDQ� GH� JHSURGXFHHUGH�ZDUPWH� QDDU� GH� RPJHYLQJ�� � ,Q� GH� YROJHQGH� SDUDJUDIHQ� ]DO

ZDDU�QRGLJ�YHUPHOG�ZRUGHQ�RI�GH�JHWRRQGH�NDUDNWHULVWLHNHQ�ZHUGHQ�RSJHPHWHQ�YRRU�RI�QD

KHW�DDQEUHQJHQ�YDQ�GH]H�HSR[\�

5.2 Statische karakteristieken

)LJ�� ���D� WRRQW� /,�FXUYHQ� GLH� ZHUGHQ� RSJHPHWHQ� QD� KHW� DDQEUHQJHQ� YDQ� GH� H[WUD� HSR[\�

9RRU�GH�EHVWH�NDQDOHQ�LV�GH�GUHPSHOVWURRP�RQJHYHHU����P$�HQ�KHW�PD[LPDOH�XLWJDQJVYHU�

PRJHQ�����P:��ELM�����P$����1HW�ERYHQ�GH�GUHPSHO�LV�GH�H[WHUQH�GLIIHUHQWLsOH�HIILFLsQWLH����

����8LWJDDQGH�YDQ�GH�WKHRUHWLVFKH�ZDDUGHQ�XLW�KRRIGVWXN����NXQQHQ�ZH�GDDUXLW�DIOHLGHQ�GDW

KHW� WRWDOH�YHUOLHV� LQ�KHW�SDVVLHYH�JHGHHOWH�YDQ�GH� ODVHU� �WUDQVLWLHYHUOLHV���SURSDJDWLHYHUOLHV�

RQJHYHHU����G%�LV��RI���G%�KRJHU�GDQ�LQ�KHW�JHYDO�YRRU�GH�QLHW�SHUPDQHQW�JHNRSSHOGH�3$/�

1D�PRQWDJH� LQ� GH� .$3���ODVHUPRGXOH� ZHUG� HHQ� YHUOLHV� YDQ� ����� G%� RSJHPHWHQ� YRRU� GH

NRSSHOLQJ�YDQ�GH�3,&�QDDU�GH�RSWLVFKH�YH]HO���+HW�RSJHPHWHQ�YHUPRJHQ�YROGRHW�DDQ�GH�VSH�

FLILFDWLHV�GLH�YRRURSJHVWHOG�ZHUGHQ�YRRU�GH�$3(;�WHVWEHG��]LH�KRRIGVWXN����� �9RRU� WRHSDV�

VLQJ�LQ�UHsOH�RSWLVFKH�QHWZHUNHQ�LV�GH]H�ZDDUGH�HFKWHU�WH�ODDJ�� �+LHUDDQ�NDQ�HQLJV]LQV�YHU�

KROSHQ�ZRUGHQ�GRRU�KHW�YHUEHWHUHQ�YDQ�GH�NRSSHOLQJVHIILFLsQWLH�PHW�GH�RSWLVFKH�YH]HO���+HW

LV�HFKWHU�EHODQJULMNHU�RP�KHW�WUDQVLWLHYHUOLHV�WXVVHQ�EHLGH�K\EULGH�JHwQWHJUHHUGH�FKLSV�WH�YHU�

NOHLQHQ���'DDUGRRU�PRHW�KHW�PRJHOLMN�ZRUGHQ�RP�HHQ�XLWJDQJVYHUPRJHQ�GDW�YHUJHOLMNEDDU�LV

PHW�GDW�YRRU�GH�QLHW�SHUPDQHQW�JHNRSSHOGH�3$/�WH�YHUNULMJHQ��!���P:����'RRU�KHW�YHUOHQ�

JHQ�YDQ�GH�YHUVWHUNHUV�NDQ�GDQ�KHW�XLWJDQJVYHUPRJHQ�YHUGHU�ZRUGHQ�RSJHYRHUG�

)LJ�����E�WRRQW�HHQ�RVFLOODWLHVSHFWUXP�GDW�ZHUG�RSJHPHWHQ�WHUZLMO�GULH�NDQDOHQ�������	����WH�

JHOLMN�ZHUGHQ�DDQJHVWXXUG���,Q�YHUJHOLMNLQJ�PHW�GH�QLHW�SHUPDQHQW�JHNRSSHOGH�ODVHU��ZHUNW

GH]H�ODVHU� LQ�HHQ�ODJHUH�GRRUODDWEDQG�YDQ�GH�3KDVHG�$UUD\�GHPXOWLSOH[HU�� �'LW� LV� WH�ZLMWHQ

DDQ�GH�KRJHUH�GUHPSHOVWURRP�HQ�GH�GDDUPHH�JHSDDUG�JDDQGH�YHUVFKXLYLQJ�YDQ�GH�ZLQVW�

FXUYH�� �'H]H�PRGXOH�YHUWRRQW�HHQ�VWDELHOH�ODVHUZHUNLQJ�LQ�ppQ�HQNHOH�GRRUODDWEDQG�YDQ�GH

PXOWLSOH[HU�HQ�GH�RQGHUGUXNNLQJ�YDQ�GH�YHUVWHUNWH�VSRQWDQH�HPLVVLH�LV�EHWHU�GDQ����G%��ELM

HHQ�UHVROXWLH�YDQ�����QP��� �'H�RQGHUGUXNNLQJ�YDQ�GH� WUDQVPLVVLH� LQ�GH�QDELMJHOHJHQ�GRRU�
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ODDWEDQGHQ�YDQ�GH�GHPXOWLSOH[HU�LV�LHWV�PLQGHU�JRHG�GDQ�YRRU�GH�QLHW�SHUPDQHQW�JHNRSSHO�

GH�ODVHU�PDDU�QRJ�DOWLMG�EHWHU�GDQ����G%�

9RRU�GH]H�PRGXOH�ZHUG�RRN�KHW�§IRXU�ZDYH�PL[LQJ¨�HIIHFW�LQ�GH�SDVVLHYH�XLWJDQJVJROIJHOHL�

GHU�LQ�PHHU�GHWDLO�EHVWXGHHUG���'LW�HIIHFW�LV�YHUDQWZRRUGHOLMN�YRRU�GH�NOHLQH�SLHNMHV�GLH�]LFKW�

EDDU� ]LMQ� LQ� KHW� RVFLOODWLHVSHFWUXP�� YODN�QDDVW� GH� FHQWUDOH� ODVHUSLHNHQ�� �8LW� GH� YHUKRXGLQJ

WXVVHQ� KHW� YHUPRJHQ� LQ� GH� KRRIGSLHNHQ� HQ� GH� VHFRQGDLUH� SLHNHQ� NRQGHQ�ZH� HHQ�ZDDUGH

YRRU�GH� WZHHGH�RUGH�QLHW�OLQHDLUH�EUHNLQJVLQGH[FRsIILFLsQW�DIOHLGHQ�� �2P�KHW�RSWUHGHQ�YDQ

GH]H�VHFRQGDLUH�SLHNHQ�WH�YHUPLMGHQ�PRHW�GH�OHQJWH�YDQ�GH�SDVVLHYH�XLWJDQJVJROIJHOHLGHU�]R

NRUW�PRJHOLMN�JHKRXGHQ�ZRUGHQ�

0HW�EHKXOS�YDQ�HHQ�JROIOHQJWHPHWHU�ZHUG�RQGHU]RFKW�RI�GH�ODVHU�ELM�HHQ�YHUDQGHULQJ�YDQ�GH

VWURRP�LQ�HHQ�]HOIGH�ORQJLWXGLQDOH�PRGH�EOLMIW�RSHUHUHQ�RI�DOV�HU�PRGHKRSV�RSWUHGHQ�� �+HW

EOLMNW� GDW� YRRU� GH� NDQDOHQ�� PHW� KHW� KRRJVWH� XLWJDQJVYHUPRJHQ� HHQ� KHHO� VWDELHOH� ZHUNLQJ

ZRUGW�YHUNUHJHQ���$OOHHQ�QHW�ERYHQ�GH�GUHPSHOVWURRP�WUHGHQ�HQNHOH�PRGHKRSV�RS���%LM�KR�

JHUH�VWURPHQ�]LMQ�QRFK�LQ�GH�JROIOHQJWHNDUDNWHULVWLHN��QRJ�LQ�GH�YHUPRJHQNDUDNWHULVWLHN�GLV�

FRQWLQXwWHLWHQ�]LFKWEDDU�� � �'H�DQGHUH�NDQDOHQ�GDDUHQWHJHQ�YHUWRQHQ�]RZHO�LQ�GH�YHUPRJHQ�

NDUDNWHULVWLHN�DOV�LQ�GH�JROIOHQJWHNDUDNWHULVWLHN�YHUVFKLOOHQGH�GLVFRQWLQXwWHLWHQ���+HW�EOLMNW�GDW

GH]H�WH�ZLMWHQ�]LMQ�DDQ�KHW�YHUVSULQJHQ�YDQ�GH�ODVHUPRGH�QDDU�HHQ�QDELMJHOHJHQ�ORQJLWXGLQDOH

PRGH�

2P�GH�DIVWHPEDDUKHLG�YDQ�GH�PRGXOH�WH�RQGHU]RHNHQ�KHEEHQ�ZH�GH�JROIOHQJWHNDUDNWHULVWLHN

HQ� GH� YHUPRJHQNDUDNWHULVWLHN� RRN� RSJHPHWHQ� DOV� IXQFWLH� YDQ� HHQ� YHUDQGHUHQGH� WHPSHUD�

WXXU�� �'DDUELM�ZHUG� GH� WKHUPR�HOHNWULVFKH� FRQWUROOHU� YDQ� GH�.$3���ODVHUPRGXOH� JHEUXLNW�

'H�JROIOHQJWH�YHUDQGHUW�RQJHYHHU�PHW�������QP�.�ZDW�HHQ�W\SLVFKH�ZDDUGH�LV�YRRU�GLW�VRRUW

�����������������������������������������������������

��.DQDDO���YRRU�KHW�DDQEUHQJHQ�YDQ�GH�H[WUD� OLMP�HQ�NDQDOHQ���HQ���QD�KHW�DDQEUHQJHQ�YDQ�GH�H[WUD
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FRPSRQHQWHQ�� � 2RN� KLHU�ZDV� KHW� ]R� GDW� GH� FXUYHQ� YRRU� GH� NDQDOHQ�PHW� KHW� KRRJVWH� XLW�

JDQJVYHUPRJHQ�EHGXLGHQG�PLQGHU�GLVFRQWLQXwWHLWHQ�YHUWRRQGHQ�GDQ�GH]H�YRRU�GH�NDQDOHQ

PHW�HHQ�ODJHU�XLWJDQJVYHUPRJHQ���'H�LQ�GH�YHUPRJHQNDUDNWHULVWLHN�RSWUHGHQGH�GLVFRQWLQXw�

WHLWHQ�NXQQHQ�WHUXJ�ZRUGHQ�WRHJHZH]HQ�DDQ�PRGHKRSV���9UHHPG�JHQRHJ�EOHHN�KHW�XLWJDQJ�

YHUPRJHQ�HHQ�PD[LPXP�WH�YHUWRQHQ�ELM�HHQ�WHPSHUDWXXU�YDQ���R&���:DDUVFKLMQOLMN�LV�GLW�WH

ZLMWHQ� DDQ� WKHUPLVFKH� VSDQQLQJHQ� GLH� RSWUHGHQ� ELM� HHQ� YHUDQGHUHQGH� WHPSHUDWXXU�� � +HW

PD[LPXP�ELM���R&�]RX�NXQQHQ�YHUNODDUG�ZRUGHQ�GRRU�KHW�IHLW�GDW�GH�PRGXOH�JHDVVHPEOHHUG

ZHUG� ELM� GH]H� WHPSHUDWXXU�� � 7LMGHQV� GH� WHPSHUDWXXUVVFDQ�ZHUG� RRN� GH� VSDQQLQJ� RYHU� GH

YHUVWHUNHU�RSJHPHWHQ�� � ,Q�GH]H�NDUDNWHULVWLHN�ZHUGHQ�DQDORJH�GLVFRQWLQXwWHLWHQ�RSJHPHWHQ

DOV�LQ�GH�YHUPRJHQ��HQ�GH�JROIOHQJWHNDUDNWHULVWLHN���8LW�GH]H�JUDILHNHQ�NDQ�ERYHQGLHQ�ZRU�

GHQ�DIJHOHLG�GDW�GH�ODVHU�QLHW�DOWLMG�RSHUHHUW�LQ�GH�ORQJLWXGLQDOH�PRGH�PHW�GH�ODDJVWH�GUHP�

SHOVWURRP���'LW�LV�WH�ZLMWHQ�DDQ�KHW�LQ�KRRIGVWXN���EHVSURNHQ�LQWHUPRGXODWLH�HIIHFW�GDW�HUYRRU

]RUJW�GDW�HU� LQ�GH�EXXUW�YDQ�KHW�PD[LPXP�YDQ�GH�GRRUODDWEDQG�YDQ�GH�SDVVLHYH� ILOWHU�HHQ

VWDELOLWHLW]RQH� LV� YRRU� GH� ODVHUZHUNLQJ�� � =RODQJ� GH� ORQJLWXGLQDOH� PRGH� ELQQHQ� GH]H� ]RQH

EOLMIW�WUHGHQ�JHHQ�PRGHKRSV�RS�

2RN�GH�OLMQEUHHGWH�YDQ�GH�3KDVHG�$UUD\�ODVHU�LV�RSJHPHWHQ���'DDUELM�ZHUGHQ�ZDDUGHQ�EHQH�

GHQ���0+]�RSJHPHWHQ���'RRU�YHUJHOLMNLQJ�PHW�GH�WKHRUHWLVFKH�IRUPXOH�GLH�ZHUG�DIJHOHLG�LQ

KRRIGVWXN����YRQGHQ�ZH�HHQ�ZDDUGH� ~α ����YRRU�GH�OLMQYHUEUHGLQJVIDFWRU�YDQ�+HQU\���'H]H

ZDDUGH�LV�YULM� ODDJ�PDDU�QLHW�RQUHDOLVWLVFK�JH]LHQ�KHW�KRJH� LQMHFWLHQLYHDX�HQ�KHW�IHLW�GDW�GH

ODVHU�ZHUNW�ODQJV�GH�ODJHJROIOHQJWH]LMGH�YDQ�GH�ZLQVWFXUYH�

5.3 Dynamische karakteristieken

,Q� HHUVWH� LQVWDQWLH�ZHUG� GH� NOHLQVLJQDDOUHVSRQV� YDQ� GH� ODVHU� RSJHPHWHQ�PHW� HHQ� KRRJIUH�

TXHQWSUREH��PHW�LQJHERXZGH����2KP�VHULHZHHUVWDQG���YRRU�YHUVFKLOOHQGH�LQVWHOVWURPHQ���'H

UHVXOWDWHQ� YHUWRQHQ� HHQ� JRHGH� JHOLMNHQLV�PHW� GH� LQ� KRRIGVWXN� �� YRRUJHVWHOGH� WKHRUHWLVFKH

UHVXOWDWHQ���'H���G%�EDQGEUHHGWH�VWLMJW�PLQ�RI�PHHU�HYHQUHGLJ�PHW�GH�VWURRP�YDQ�����0+]

QHW�ERYHQ�GH�GUHPSHOVWURRP�WRW������0+]�ELM�HHQ�VWURRP�YDQ�����P$���'LW�LV�ZDDUVFKLMQOLMN

GH�KRRJVWH�ZDDUGH�GLH�WRW�RS�KHGHQ�ZHUG�JHUDSSRUWHHUG�YRRU�GLW�W\SH�ODVHU�

'H�NOHLQVLJQDDOUHVSRQV�ZHUG�RRN�RSJHPHWHQ�YLD�GH�VHPL�ULJLGH�FRD[LDDONDEHOWMHV���'H�UHVXO�

WDWHQ�YDQ�GLW�H[SHULPHQW�ZDUHQ�HFKWHU�EHGXLGHQG�PLQGHU�JRHG���'LW�ZDV�GHHOV�WH�ZLMWHQ�DDQ

KHW� IHLW� GDW� KHW� XLWJDQJVYHUPRJHQ� YDQ� KHW� KLHUYRRU� JHEUXLNWH� NDQDDO� ODJHU�ZDV��PDDU�ZH

YHUPRHGHQ�GDW�RRN�SDUDVLWDLUH�HIIHFWHQ�LQ�KHW�HOHNWULVFKH�FLUFXLW�RSWUHGHQ�

1DDVW� GH� NOHLQVLJQDDOUHVSRQV�ZHUGHQ� RRN� RRJGLDJUDPPDªV� RSJHPHWHQ� YRRU� HHQ� ODVHU� GLH

JHPRGXOHHUG� ZHUG� PHW� HHQ� SVHXGRUDQGRP� GDWDVLJQDDO�� � %LM� ODJH� IUHTXHQWLHV� ����� 0+]�

ZHUGHQ�]HOIV�YRRU�KHHO�KRJH�H[WLQFWLHYHUKRXGLQJHQ�����G%��YROOHGLJ�RSHQ�RRJGLDJUDPPDªV

RSJHPHWHQ�� �%LM�KRJHUH�IUHTXHQWLHV�ZHUG�ELM�GH]H�H[WLQFWLHYHUKRXGLQJ�HHQ�EHODQJULMNH�WXUQ�

RQ�MLWWHU� ZDDUJHQRPHQ�� � :DQQHHU� GH� H[WLQFWLHYHUKRXGLQJ� YHUODDJG� ZRUGW� YHUGZLMQW� GH]H

HFKWHU�HQ�ELM�HHQ�H[WLQFWLHYHUKRXGLQJ�YDQ���G%�NRQGHQ�YROOHGLJ�RSHQ�RRJGLDJUDPPDªV�ZRU�

GHQ�RSJHPHWHQ�ELM�HHQ�IUHTXHQWLH�YDQ������*+]���2RN�DQGHUH�DXWHXUV�KHEEHQ�RSJHPHUNW�GDW
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KHW�PRHLOLMN� LV� RP� HHQ� KRJH� H[WLQFWLHYHUKRXGLQJ� WH� YHUNULMJHQ� YRRU� GLW� W\SH� ODVHU�� � 'LW� LV

ZDDUVFKLMQOLMN�WH�ZLMWHQ�DDQ�KHW�IHLW�GDW�QHW�ERYHQ�GH�GUHPSHOVWURRP�GH�ODVHU�HHQ�]HNHUH�WLMG

QRGLJ�KHHIW�RP�GH�PHHVW�YRRUGHOLJH�ORQJLWXGLQDOH�PRGH�WH�NLH]HQ�

6 Besluit

*HEUXLN� PDNHQG� YDQ� GH� K\EULGH� LQWHJUDWLHWHFKQRORJLH� ZHUGHQ� KHHO� SHUIRUPDQWH� 3KDVHG�

$UUD\�ODVHUV�JHGHPRQVWUHHUG���'H�LQ�KRRIGVWXN���EHVSURNHQ�ODVHUV�KDGGHQ�GH�ODDJVWH�GUHP�

SHOVWURPHQ�HQ�KHW�KRRJVWH�XLWJDQJVYHUPRJHQ�GDW�WRW�RS�KHGHQ�ZHUG�JHUDSSRUWHHUG�YRRU�GLW

W\SH� ODVHU��PHW�EXON�DFWLHYH� ODJHQ�� �'H�SHUPDQHQW�JHNRSSHOGH� ODVHUV� �KRRIGVWXN����KHEEHQ

HHQ� LHWV�KRJHUH�GUHPSHOVWURRP�PDDU�GH�EHVWH�NDQDOHQ�ZHUNHQ� LQ� ppQ� HQNHOH� ORQJLWXGLQDOH

PRGH���%RYHQGLHQ�ZHUG�HHQ�EDQGEUHHGWH�RSJHPHWHQ�YDQ������0+]��ZDW�YRRU�]RYHU�ZH�ZH�

WHQ�GH�KRRJVWH�ZDDUGH�LV�GLH�WRW�RS�KHGHQ�ZHUG�JHUDSSRUWHHUG�YRRU�GLW�W\SH�ODVHU���'H�OLMQ�

EUHHGWH�ZDV�NOHLQHU�GDQ���0+]�HQ�HU�ZHUGHQ�YROOHGLJ�RSHQ�RRJGLDJUDPPDªV�RSJHPHWHQ�ELM

HHQ�IUHTXHQWLH�YDQ������*ELW�V�HQ�HHQ�H[WLQFWLHYHUKRXGLQJ�YDQ���G%�

'H]H� UHVXOWDWHQ� WRQHQ� DDQ�GDW�GH�GRRU� RQV� RQWZLNNHOGH�K\EULGH� LQWHJUDWLHWHFKQRORJLH�ZHO

GHJHOLMN� EUXLNEDDU� LV� YRRU� KHW� UHDOLVHUHQ� YDQ� JHDYDQFHHUGH� 3,&ªV�� � +HW� JURRWVWH� SUREOHHP

EOLMIW�WRW�QX�WRH�GH�NOHLQH�WROHUDQWLH�YRRU�DOLJQDWLHIRXWHQ���9RRUDO�GH�WROHUDQWLH�LQ�GH�ORQJLWX�

GLQDOH� ULFKWLQJ� LV� GDDUELM� KHHO� NULWLVFK� HQ� HQNHO�ZDQQHHU� GH� FKLSV� H[WUHHP� GLFKW� ELM� HONDDU

ZRUGHQ�JHEUDFKW��NDQ�KHW�WUDQVLWLHYHUOLHV�YROGRHQGH�NOHLQ�ZRUGHQ�JHKRXGHQ���'LW�NDQ�HFKWHU

EHPRHLOLMNW� ZRUGHQ� GRRU� IDFHWUXZKHGHQ� HQ� YHUKLQGHUW� ERYHQGLHQ� GH� XLWKDUGLQJ� YDQ� GH

HSR[\�WXVVHQ�EHLGH�IDFHWWHQ�ELM�KHW�SHUPDQHQW�YHUELQGHQ�YDQ�GH�FKLSV�� �'H�PHHVW�HYLGHQWH

RSORVVLQJ� OLMNW� KHW� LQFRUSRUHUHQ� YDQ� EXQGHOH[SDQVLHVWUXFWXUHQ� LQ� ]RZHO� GH� DFWLHYH� DOV� GH

SDVVLHYH�JROIJHOHLGHUV���'LW�NDQ�GH�IDEULFDJH�YDQ�GH�FRPSRQHQWHQ�HFKWHU�WHUXJ�EHPRHLOLMNHQ�

$OV� HHQ� WXVVHQRSORVVLQJ� NDQ� JHGDFKW� ZRUGHQ� DDQ� KHW� JHEUXLN� YDQ� JROIJHOHLGHUV� PHW� HHQ

VPDOOHU�YHUUHYHOG�

'H� ODVHUPRGXOH� GLH� JHEUXLNW�ZHUG� YRRU� KHW� YHUSDNNHQ� YDQ� GH� FRPSRQHQW� ELHGW� HHQ� KHHO

IOH[LEHOH�RSORVVLQJ�RP�HHQ�VQHOOH�NDUDNWHULVDWLH�PRJHOLMN�WH�PDNHQ���(QNHOH�DVSHFWHQ��]RDOV�GH

HOHNWULVFKH�LQWHUFRQQHFWLH�HQ�GH�WKHUPLVFKH�HLJHQVFKDSSHQ�PRHWHQ�HFKWHU�QRJ�YHUGHU�RQGHU�

]RFKW�ZRUGHQ�� �0LVVFKLHQ�]RX�KHW� LQ�GLH� FRQWH[W�QXWWLJ�]LMQ�RP�GH�YHUVWHUNHUV�RS�KHW� VXE�

VWUDDW�YDVW�WH�PDNHQ�PHW�HHQ�IOLS�FKLSWHFKQRORJLH���'LW�]RX�QLHW�DOOHHQ�HHQ�SUHFLH]HUH�DOLJQDWLH

PRJHOLMN�PDNHQ�PDDU�RRN�YRRU�HHQ�EHWHUH�ZDUPWHDIYRHU�HQ�HHQ�EHWHUH�HOHNWULVFKH�LQWHUFRQ�

QHFWLH�]RUJHQ���2P�GH�NDQV�RS�HHQ�VXFFHVYROOH�LQWHJUDWLH�WH�YHUKRJHQ�]RX�KHW�PLVVFKLHQ�RRN

EHWHU�]LMQ�RP�NOHLQHUH�YHUVWHUNHUULMHQ��ELMYRRUEHHOG�PHW�VOHFKWV�YLHU�YHUVWHUNHUV��WH�JHEUXLNHQ�

2YHU�KHW�DOJHPHHQ�GHQNHQ�ZH�HFKWHU�GDW�HHQ�K\EULGH�LQWHJUDWLHWHFKQRORJLH�]RDOV�GLH� LQ�GH

FRQWH[W�YDQ�GLW�ZHUN�ZHUG�RQWZLNNHOG�KHHO�QXWWLJ�NDQ�]LMQ���2S�RQGHU]RHNVQLYHDX�LV�KHW�EH�

ODQJULMN�WH�NXQQHQ�EHVFKLNNHQ�RYHU�HHQ�WHFKQRORJLH�GLH�WRHODDW�RP�VQHO�LGHHsQ�YRRU�QLHXZH

FRPSRQHQWHQ�SUDNWLVFK�XLW� WH� WHVWHQ��]RQGHU�EHURHS� WH�PRHWHQ�GRHQ�RS�GH�JHFRPSOLFHHUGH

SURFHVVLQJ�GLH�QRGLJ� LV�ELM� KHW�JHEUXLN� YDQ� HHQ�PRQROLWKLVFKH� LQWHJUDWLHWHFKQRORJLH�� �9RRU
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]RªQ� WRHSDVVLQJHQ� LV�KHW� EHODQJULMN�GDW� GH� FRPSRQHQWHQ� ]R� HHQYRXGLJ�PRJHOLMN� JHKRXGHQ

ZRUGHQ�HQ�OLMNHQ�DFWLHYH�DOLJQDWLHWHFKQLHNHQ�KHW�PHHVW�YRRU�GH�KDQG�OLJJHQG�

2P�XLW�WH�PDNHQ�RI�HHQ�K\EULGH�LQWHJUDWLHWHFKQRORJLH�GLH�HQNHO�JHEUXLN�PDDNW�YDQ�,Q3�FKLSV

RRN� EUXLNEDDU� ]DO� ]LMQ� YRRU� FRPPHUFLsOH� WRHSDVVLQJHQ� ]RX� HHQ� FRPSOHWH� NRVWHQDQDO\VH

PRHWHQ�JHPDDNW�ZRUGHQ�� UHNHQLQJ�KRXGHQG�PHW�DOOH�PRJHOLMNH� WHFKQRORJLHsQ�� �*H]LHQ�KHW

VXFFHV� YDQ� GH� §VLOLFRQ�EHQFK¨� K\EULGH� LQWHJUDWLHWHFKQRORJLHsQ� �]LH� LQOHLGLQJ� KRRIGVWXN� ���

OLMNW�KHW�RQV�HFKWHU�QLHW�RQPRJHOLMN�GDW�RRN�KHW�VRRUW�YDQ�K\EULGH� LQWHJUDWLHWHFKQRORJLH�GDW

KLHU�ZHUG�RQGHU]RFKW�VXFFHVYROOHU�]DO�]LMQ�GDQ�PRQROLWKLVFKH�LQWHJUDWLHWHFKQRORJLHsQ�
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Chapter 1 

General introduction
,Q�PRGHUQ�RSWLFDO�WHOHFRPPXQLFDWLRQ�V\VWHPV��WKH�WHFKQLTXH�RI�ZDYHOHQJWK�GLYLVLRQ�PXOWL�

SOH[LQJ� �:'0�� LV�ZLGHO\� DGRSWHG�QRZ�� � %\� HPSOR\LQJ�PXOWLSOH�ZDYHOHQJWK� FKDQQHOV� IRU

WUDQVIHUULQJ�WKH�LQIRUPDWLRQ��WKH�FDSDFLW\�RI�H[LVWLQJ�RSWLFDO�ILEUH�QHWZRUNV�PD\�EH�H[WHQGHG

FRQVLGHUDEO\���8QWLO�QRZ��ZDYHOHQJWK�GLYLVLRQ�PXOWLSOH[LQJ��:'0��KDV�EHHQ�PDLQO\�XVHG�WR

HQKDQFH� WKH� FDSDFLW\� RI� SRLQW�WR�SRLQW� FRQQHFWLRQV� �)LJ�� ���D��� � 0RUH� UHFHQWO\�� RQH� DOVR

VWDUWHG� WR�VHW�XS�PRUH�FRPSOH[�QHWZRUNV�LQ�ZKLFK� WKH�ZDYHOHQJWK� LV�XVHG� WR� URXWH� WKH� LQ�

IRUPDWLRQ�WKURXJK�WKH�QHWZRUN��)LJ�����E��
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)LJ������D��:'0�LQ�SRLQW�WR�SRLQW�OLQNV���E��2SWLFDO�URXWHG�:'0�QHWZRUNV

$Q�LPSRUWDQW�SDUW�RI�WKHVH�QHWZRUNV�DUH�WKH�ODVHU�VRXUFHV���7KUHH�GLIIHUHQW�W\SHV�PD\�EH�GLV�

WLQJXLVKHG�

•  'LVFUHWH�ODVHUV�ZLWK�IL[HG�ZDYHOHQJWK��WKLV�LV�WKH�RSWLRQ�WKDW�LV�FXUUHQWO\�XVHG���+LJKO\�SHU�
IRUPDQW� GHYLFHV� DUH� DYDLODEOH�� �+RZHYHU�� LI� WKH� QXPEHU� RI� ZDYHOHQJWK� FKDQQHOV� LQ�
FUHDVHV��WKH�PDQDJHPHQW�RYHUKHDG�PD\�EHFRPH�FRPSOH[�

•  7XQDEOH�ODVHUV��FDQ�EH�XVHG�DV�EDFNXS�ODVHU�WR�UHSODFH�D�FRPSOHWH�VHW�RI�GLVFUHWH�EDFNXS
ODVHUV�

•  0XOWLZDYHOHQJWK� ODVHUV�� VLQJOH� GHYLFHV� WKDW� DUH� DEOH� WR� SURYLGH� PXOWLSOH� ZDYHOHQJWK
FKDQQHOV�DW�RQFH��DOO�RI� WKHP�VHSDUDWHO\�PRGXODWHG�� �2QH�GHYLFH�PD\� UHSODFH�D� FRP�
SOHWH�DUUD\�RI�GLVFUHWH�ODVHUV��WKHUHE\�UHGXFLQJ�WKH�SDFNDJLQJ�FRVW�DQG�WKH�PDQDJHPHQW
RYHUKHDG�FRQVLGHUDEO\�

7KH� JRDO� RI� WKLV�ZRUN�ZDV� WR� GHVLJQ� DQG� UHDOLVH� D�PXOWLZDYHOHQJWK� ODVHU� E\� LQWHJUDWLQJ� D

PXOWLSOH[HU�DQG�DQ�DPSOLILHU�DUUD\�ZLWKLQ�RQH�RSWLFDO�FDYLW\��DQG� WR� FKDUDFWHULVH�DQG�RSWL�

PLVH�WKH�IDEULFDWHG�GHYLFHV���7KLV�FKDSWHU�LV�LQWHQGHG�WR�SURYLGH�D�JHQHUDO�LQWURGXFWLRQ�WR�WKH

WRSLF� RI�PXOWLZDYHOHQJWK� ODVHU� VRXUFHV� DQG� VKRUWO\� UHYLHZV� WKH� LQWHJUDWLRQ� WHFKQRORJ\�ZH

XVHG�� � ,Q� SDUDJUDSK� ����� WKH� RSHUDWLQJ� SULQFLSOH� RI� PXOWLZDYHOHQJWK� ODVHUV� LV� LQWURGXFHG�

1H[W��ZH�H[SODLQ�ZK\�ZH�FKRVH�WR�XVH�D�3KDVHG�$UUD\�DV�WKH�GHPXOWLSOH[HU�IRU�UHDOLVLQJ�WKH

GHYLFH��SDUDJUDSK������DQG�ZH�GLVFXVV�WKH�GHVLUHG�VSHFLILFDWLRQV��SDUDJUDSK������
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6HFWLRQ���RI�WKLV�FKDSWHU�SURYLGHV�D�UHYLHZ�RI�WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�FXUUHQW�VWDWH�RI�

WKH�DUW�PXOWLZDYHOHQJWK� ODVHUV�� � %RWK� VKRUW�FDYLW\� DQG� ORQJ�FDYLW\�PXOWLZDYHOHQJWK� ODVHUV

DUH�FRQVLGHUHG�DQG�WKHLU�UHVSHFWLYH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�DUH�GLVFXVVHG�

7R�LQWHJUDWH� WKH�PXOWLSOH[HU�ZLWK� WKH�DPSOLILHU�DUUD\��ERWK�D�PRQROLWKLF�DQG�D�K\EULG� LQWH�

JUDWLRQ� WHFKQRORJ\�ZHUH�XVHG�� �7KH�GHYHORSPHQW�RI� WKH�PRQROLWKLF� LQWHJUDWLRQ� WHFKQRORJ\

LWVHOI�ZDV�QR�SDUW�RI�WKLV�ZRUN���+RZHYHU��ZH�ZRUNHG�RQ�WKH�GHVLJQ�DQG�WKH�FKDUDFWHULVDWLRQ

RI�DPSOLILHUV�DQG�SDVVLYH�ZDYHJXLGHV�WKDW�ZHUH�SDUW�RI� WKLV� LQWHJUDWLRQ�VFKHPH�DQG�WKH�UH�

VXOWV�DUH�UHSRUWHG� LQ�FKDSWHU���� �7R�XQGHUVWDQG� WKHVH�� WKH�PRQROLWKLF� LQWHJUDWLRQ�VFKHPH� LV

LQWURGXFHG�LQ�SDUDJUDSK�������7KH�GHYHORSPHQW�RI�WKH�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�RQ�WKH

RWKHU�KDQG�IRUPHG�DQ�LQWHJUDO�SDUW�RI�WKLV�ZRUN���7KH�SULQFLSOH�LV�VKRUWO\�GLVFXVVHG�LQ�SDUD�

JUDSK�����RI�WKLV�FKDSWHU���,Q�FKDSWHUV���	����WKH�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�DV�LW�ZDV�XVHG

IRU�UHDOLVLQJ�WKH�3KDVHG�$UUD\�PXOWLZDYHOHQJWK�ODVHU�LV�GHVFULEHG�LQ�GHWDLO�

1 Multiwavelength lasers: device principle and general design
considerations

1.1 Device principle

$V�H[SODLQHG�DERYH��PXOWLZDYHOHQJWK�ODVHUV�SURPLVH�WR�EH�DWWUDFWLYH�VRXUFHV�IRU�ZDYHOHQJWK

GLYLVLRQ�PXOWLSOH[HG��:'0��QHWZRUNV���6LQFH�DOO�ZDYHOHQJWK�FKDQQHOV�DUH�FRXSOHG�WRJHWKHU

LQWR� RQH� RXWSXW� ZDYHJXLGH�� WKH\� FDQ� VKDUH� RQH� RSWLFDO� SLJWDLO� DQG� RQH� RSWLFDO� LVRODWRU�

WKHUHE\� UHVXOWLQJ� LQ� D� YHU\� FRPSDFW� GHYLFH� VL]H� DQG� SURYLGLQJ� D� PXFK�VLPSOLILHG� RSWLFDO

SDFNDJLQJ�� �0RUHRYHU�� DV�ZLOO� EH� H[SODLQHG� IXUWKHU� LQ� WKLV� FKDSWHU�� WKH\�PD\� FRQVLGHUDEO\

GHFUHDVH�WKH�PDQDJHPHQW�RYHUKHDG�� �0XOWLZDYHOHQJWK�VRXUFHV�PD\�EH�HPSOR\HG�DV�ZDYH�

OHQJWK�VHOHFWDEOH� ODVHUV�DW�UHFRQILJXUDEOH�DGG�GURS�QRGHV�RU�DV�VWDQGE\�WUDQVPLWWHU�VRXUFHV

IRU� UHOLDELOLW\�DVVXUDQFH�� �0RVW�RI� WKHP�FDQ�DOVR�EH�XVHG�DV� WUXH�PXOWLZDYHOHQJWK� VRXUFHV�

�

#1 #1

#2 #2

#3 #3

#N #N

Nx1 star
coupler or
multiplexer

Nx1
multiplexer

...
...

...
...

short-cavity MWL

laser
array

amplifier
array

long-cavity MWL

λ , .... λ1 Ν λ , .... λ1 Ν

)LJ�� ���� 7ZR� DSSURDFKHV� WR� UHDOLVH� DQ�0:/�� �D�� DQ� DUUD\� RI� VHSDUDWH� VKRUW�FDYLW\� ODVHUV

FRXSOHG�WRJHWKHU�XVLQJ�D�SDVVLYH�VWDU�FRXSOHU�DQG��E��DQ�0:/�UHDOLVHG�E\�FRPELQLQJ�DQ

DPSOLILHU�DQG�D�GHPXOWLSOH[HU�ZLWKLQ�RQH�FDYLW\�� �7KH�EROG�YHUWLFDO�OLQHV�LQ�ERWK�ILJXUHV

GHQRWH�WKH�GLPHQVLRQV�RI�WKH�ODVHU�FDYLW\�
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VLPXOWDQHRXVO\�RSHUDWLQJ�DW�PXOWLSOH�IUHTXHQFLHV��HDFK�RI�WKHP�VHSDUDWHO\�PRGXODWHG�

7ZR�JHQHUDO�DSSURDFKHV�H[LVW�WR�UHDOLVH�D�PXOWLZDYHOHQJWK�ODVHU��0:/���FRXSOLQJ�DQ�DUUD\

RI�VHSDUDWH�ODVHUV�LQWR�RQH�RXWSXW�ZDYHJXLGH�XVLQJ�D�SDVVLYH�FRXSOHU��)LJ�����D��RU�LQWHJUDW�

LQJ�DQ�DPSOLILHU�DUUD\�ZLWK�D�SDVVLYH�ZDYHOHQJWK�VHOHFWLYH�PXOWLSOH[HU�LQWR�RQH�FDYLW\��)LJ�

���E��

)RU�WKH�ILUVW�DSSURDFK��VKRUW�FDYLW\�0:/���DQ�DUUD\�RI�')%�ODVHUV�LV�W\SLFDOO\�FRPELQHG�ZLWK

D�SDVVLYH�VWDU�FRXSOHU���')%�ODVHUV�KDYH�D�VKRUW�FDYLW\�DQG�WKXV�DOORZ�IRU�KLJK�ELW�UDWH�RSHUD�

WLRQ���0RUHRYHU��WKH\�UHOLDEO\�RVFLOODWH�LQ�D�VLQJOH�ORQJLWXGLQDO�PRGH���+RZHYHU��LW�LV�GLIILFXOW

WR�REWDLQ�WKH�UHTXLUHG�FKDQQHO�VSDFLQJ�DFFXUDF\�DQG�WKH�VWDU�FRXSOHU�KDV�D�KLJK�LQWULQVLF�ORVV�

7KH�VHFRQG�DSSURDFK� LV� WKH�RQH� WKDW�ZDV� IROORZHG� LQ� WKH�FRQWH[W�RI� WKLV�ZRUN� �ORQJ�FDYLW\

0:/��� �$Q� DPSOLILHU� DUUD\� LV� LQWHJUDWHG�ZLWK� D� SDVVLYH� GHPXOWLSOH[HU�ZLWKLQ� RQH� RSWLFDO

FDYLW\�IRUPHG�E\�WKH�FOHDYHG�IDFHWV�RI�WKH�FKLS���:KHQ�RQH�RI�WKH�DPSOLILHUV�LV�WXUQHG�RQ��LWV

VSRQWDQHRXV�HPLVVLRQ�LV�ILOWHUHG�E\�WKH�PXOWLSOH[HU�DQG�WKH�DPSOLILHU�UHFHLYHV�D�ZDYHOHQJWK

VHOHFWLYH�IHHGEDFN���,I�WKH�DPSOLILHU�JDLQ�LV�KLJK�HQRXJK�WR�FRPSHQVDWH�IRU�WKH�FDYLW\�ORVVHV�

WKH�GHYLFH�ZLOO�VWDUW�ODVLQJ�DW�WKH�IUHTXHQF\�VHOHFWHG�E\�WKH�PXOWLSOH[HU���,I�D�GLIIHUHQW�DPSOL�

ILHU�LV�WXUQHG�RQ��LW�ZLOO�VWDUW�ODVLQJ�DW�D�GLIIHUHQW�IUHTXHQF\��WKH�WUDQVIHU�RI�WKH�PXOWLSOH[HU�LV

GLIIHUHQW�IRU�HDFK�DFFHVV�ZDYHJXLGH����7KH�FKDQQHO�VSDFLQJ�LV�GHWHUPLQHG�E\�WKH�PXOWLSOH[HU

DQG�LV�W\SLFDOO\�YHU\�DFFXUDWH���+RZHYHU��WKH�PRGXODWLRQ�VSHHG�RI�WKLV�W\SH�RI�ODVHU�LV�OLPLWHG

E\�WKH�ORQJ�FDYLW\�

1.2 Use of a Phased-Array as the demultiplexer

6HYHUDO�W\SHV�RI�LQWHJUDWHG�RSWLFDO�GHPXOWLSOH[HUV�KDYH�EHHQ�GHPRQVWUDWHG�LQ�OLWHUDWXUH���7KH

PRVW� LPSRUWDQW� RQHV� DUH� JUDWLQJ� GHPXOWLSOH[HUV� >��@>��@�� 3KDVHG�$UUD\� GHPXOWLSOH[HUV

>��@>��@>��@� DQG� PXOWLOHJ� 0DFK�=HKQGHU� LQWHUIHURPHWHU� GHPXOWLSOH[HUV� >��@>��@�� � *UDWLQJ

GHPXOWLSOH[HUV�XVH�DQ�HWFKHG�GLIIUDFWLRQ�JUDWLQJ�DV�WKH�GLVSHUVLYH�HOHPHQW�DQG�WKH\�FDQ�SUR�

YLGH�DQ�DFFXUDWH�FKDQQHO�VSDFLQJ�� �+RZHYHU�� WKH�HWFKLQJ�RI� WKH�GLIIUDFWLRQ�JUDWLQJ�LV�UDWKHU

GLIILFXOW�DQG�WKHLU�ORVVHV�DUH�UHODWLYHO\�KLJK�>��@���3KDVHG�$UUD\�GHPXOWLSOH[HUV�DQG�PXOWLOHJ

0=,�GHPXOWLSOH[HUV�RQ�WKH�RWKHU�KDQG��DUH�EDVHG�RQ�D�VWDQGDUG�SODQDU�ZDYHJXLGH�WHFKQRO�

RJ\�DQG�GR�QRW�UHTXLUH�DGGLWLRQDO�SURFHVVLQJ�VWHSV���3KDVHG�$UUD\�GHPXOWLSOH[HUV�HPSOR\�DQ

DUUD\�RI�ZDYHJXLGHV�ZLWK�LQFUHDVLQJ�RSWLFDO�SDWK�OHQJWK�DV�WKH�GLVSHUVLYH�HOHPHQW���7KH�DUUD\

LV� FRQQHFWHG�ZLWK� WKH� LQSXW� DQG� RXWSXW� ZDYHJXLGHV� E\� WZR� IUHH� VSDFH� VWDU� FRXSOHUV� �VHH

FKDSWHU� ��� VHFWLRQ� ���� �$�3KDVHG�$UUD\�GHPXOWLSOH[HU� FDQ�SURYLGH�D� YHU\� DFFXUDWH� FKDQQHO

VSDFLQJ��KLJK�FURVVWDON�VXSSUHVVLRQ�DQG� ORZ� LQVHUWLRQ� ORVVHV�� �)XUWKHU�� WKH\�GR�QRW� UHTXLUH

FRPSOLFDWHG�SURFHVVLQJ�VWHSV�DQG�WKH\�DUH�UDWKHU�WROHUDQW�WR�IDEULFDWLRQ�HUURUV���5HDOLVHG�LQ�D

ORZ�FRQWUDVW�ZDYHJXLGH�WHFKQRORJ\��VLOLFRQ�RQ�VLOLFD���VLOLFD�RQ�JODVV���3KDVHG�$UUD\�GHPXO�

WLSOH[HUV�DUH�FRPPHUFLDOO\�DYDLODEOH�QRZ��IURP�VHYHUDO�PDQXIDFWXUHUV�

7KH� WKLUG� W\SH�RI�GHPXOWLSOH[HU�� WKH�PXOWLOHJ�0DFK�=HKQGHU� LQWHUIHURPHWHU�GHPXOWLSOH[HU�

PD\�EH�UHJDUGHG�DV�D�JHQHUDOLVHG�0DFK�=HKQGHU� LQWHUIHURPHWHU�� �7ZR�PXOWLPRGH� LQWHUIHU�

RPHWHU�FRXSOHUV�DUH�FRQQHFWHG�WR�HDFK�RWKHU�XVLQJ�D�OLPLWHG�QXPEHU�RI�DUPV����WR�����ZLWK
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YDU\LQJ�OHQJWK���$OWKRXJK�WKH\�QHLWKHU�UHTXLUH�GLIILFXOW�SURFHVVLQJ�VWHSV��WKHLU�SHUIRUPDQFH

LV� UDWKHU� VHQVLWLYH� WR�SKDVH� HUURUV� LQ� WKH� FRQQHFWLQJ�ZDYHJXLGHV�� � )XUWKHU�� LQ� RXU� RSLQLRQ�

WKH\�ZLOO�QRW�EH�DEOH�WR�VXSSUHVV�PXOWL�SDVVEDQG�ODVLQJ��HYHQ�LQ�D�FKLUSHG�GHVLJQ�>��@��GXH�WR

WKHLU�VPDOO�IUHH�VSHFWUDO�UDQJH�

,Q� OLWHUDWXUH��PXOWLZDYHOHQJWK� ODVHUV� HPSOR\LQJ�JUDWLQJ�GHPXOWLSOH[HUV� DV�ZHOO� DV�3KDVHG�

$UUD\�GHPXOWLSOH[HUV�KDYH�EHHQ�GHPRQVWUDWHG���+RZHYHU��WKH�ODWWHU�VKRZHG�FOHDUO\�WKH�EHVW

SHUIRUPDQFH��VHH�VHFWLRQ���RI�WKH�FXUUHQW�FKDSWHU�IRU�PRUH�GHWDLOV����0RUHRYHU��LQ�WKH�FRQWH[W

RI�WKH�(XURSHDQ�$&76�SURMHFWV�%/,66�DQG�$3(;��ZH�FRXOG�UHO\�RQ�WKH�H[SHUWLVH�RI�RQH�RI�WKH

SDUWQHUV��LQ�PDQXIDFWXULQJ�KLJK�TXDOLW\�SDVVLYH�,Q3�3KDVHG�$UUD\�GHPXOWLSOH[HUV���)RU�WKHVH

UHDVRQV��ZH� GHFLGHG� WR� XVH� WKLV� W\SH� RI� GHPXOWLSOH[HU� IRU� WKH� GHYHORSPHQW� RI� RXU� PXOWL�

ZDYHOHQJWK�ODVHU���$�W\SLFDO�GHYLFH�OD\RXW�LV�VKRZQ�LQ�)LJ������

)LJ������3KDVHG�$UUD\�PXOWLZDYHOHQJWK�ODVHU

1.3 Desired specifications

,Q�WKH�FRQWH[W�RI�WZR�(XURSHDQ�$&76�SURMHFWV��%/,66�	�$3(;���VRPH�JHQHULF�VSHFLILFDWLRQV

IRU�PXOWLZDYHOHQJWK�ODVHUV�ZHUH�GHILQHG�� �7KH�PRVW�UHOHYDQW�RQHV�DUH�VXPPDULVHG�LQ�7DEOH

����

6SHFLILFDWLRQ 5HTXLUHG�YDOXH

��RI�FKDQQHOV �
FKDQQHO�VSDFLQJ ����*+]
FKDQQHO�IUHTXHQF\���ZDYHOHQJWK ������7+]��������7+]��������7+]�

������ 7+]� ��������� QP�� �������
QP����������QP����������QP�

PLQLPXP�RXWSXW�SRZHU �����G%P
�RSWLFDO��FURVVWDON�SHUIRUPDQFH �����G%
GLUHFW�PRGXODWLRQ�VSHHG ����0ELW�V

�����������������������������������������������������

��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\�
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7DEOH�����6SHFLILFDWLRQV�IRU�PXOWLZDYHOHQJWK�ODVHU�PRGXOH

7R�DOORZ�IRU�WKH�WUDQVSRUW�RI�WKH�ODVHU�DQG�LWV�XVH� LQ�WKH�WHVWEHG�� LW�KDV�WR�EH�SDFNDJHG�LQ�D

ILEUH�FRQQHFWHG�PRGXOH�� �7KLV�PRGXOH�VKRXOG�DOVR�IDFLOLWDWH�DQ�HDV\�HOHFWURQLF�DFFHVV�WR�WKH

IRXU�ODVHU�FKDQQHOV�

7KH�VSHFLILFDWLRQV�IRU�ODVHUV�WR�EH�XVHG�LQ�UHDO�ZRUOG�RSWLFDO�FRPPXQLFDWLRQ�V\VWHPV�DUH�D�ORW

PRUH�VWULQJHQW�WKDQ�WKRVH�GHVFULEHG�LQ�7DEOH�������,Q�DFWXDO�QHWZRUNV��WKH�DEVROXWH�RSHUDWLQJ

IUHTXHQFLHV�DUH�GHWHUPLQHG�E\�WKH�,78�JULG���ZKLFK�GHILQHV�D�VHW�RI�ZDYHOHQJWKV�VSDFHG�E\

���*+]���(LWKHU�WKLV����*+]�FKDQQHO�VSDFLQJ�RU�D�PXOWLSOH�RI�LW������*+]������*+]������*+]�

PD\�EH�XVHG��� �0RVW�UHFHQW�V\VWHPV�HYHQ�HPSOR\�D����*+]�FKDQQHO�VSDFLQJ�� �7KH�UHTXLUHG

DEVROXWH�IUHTXHQF\�DFFXUDF\�LV�W\SLFDOO\�����RI�WKH�HPSOR\HG�FKDQQHO�VSDFLQJ�

7KH� UHTXLUHG� RXWSXW� SRZHU� GHSHQGV� RQ� WKH� DSSOLFDWLRQ� DQG�PD\� YDU\� EHWZHHQ� �� G%P� ��

P:��DQG����G%P������P:����,W�PXVW�EH�QRWHG�WKDW�WKLV�KLJK�RXWSXW�SRZHU�LV�RIWHQ�UHTXLUHG

IRU�VLQJOH�ZDYHOHQJWK�ODVHUV�WKDW�DUH�FRPELQHG�H[WHUQDOO\�XVLQJ�D�KLJK�ORVV�SDVVLYH�FRPELQHU�

)RU�PXOWLZDYHOHQJWK� ODVHUV�� WKH� ODWWHU� LV�QR� ORQJHU�QHFHVVDU\�DQG� WKH� VSHFLILFDWLRQV� IRU� WKH

RXWSXW�SRZHU�PD\�EH�UHOD[HG�VRPHZKDW�

7KH�FURVVWDON�VXSSUHVVLRQ�LV�GHILQHG�DV�WKH�UDWLR�RI�WKH�SRZHU�LQ�WKH�RSHUDWLRQ�FKDQQHOV�WR�WKH

PD[LPXP�SRZHU�HPLWWHG�LQ�EHWZHHQ�WKH�FKDQQHOV���$�PLQLPXP�YDOXH�RI����G%�LV�JHQHUDOO\

DFFHSWHG�

$�GDWD� UDWH� RI� ����0ELW�V� DSSHDUV� WR� EH� WKH� DEVROXWH�PLQLPXP� IRU� VRXUFHV� WR� EH� XVHG� LQ

PRGHUQ�ZDYHOHQJWK�GLYLVLRQ�PXOWLSOH[HG� RSWLFDO� FRPPXQLFDWLRQ�QHWZRUNV�� �+RZHYHU�� IRU

WUDQVPLVVLRQ�QHWZRUNV�KLJKHU�GDWD�UDWHV�DUH�RIWHQ�XVHG�QRZ������*ELW�V�DQG����*ELW�V��

1.4 Terminology

,Q�OLWHUDWXUH��PDQ\�GLIIHUHQW�QDPHV�DUH�XWLOLVHG�IRU�GHQRWLQJ�WKH�3KDVHG�$UUD\�GHPXOWLSOH[HU�

7KH�PRVW�LPSRUWDQW�RQHV�DUH�

•  3KDVHG�$UUD\��3$�

•  3KDVDU

•  $UUD\HG�ZDYHJXLGH�JUDWLQJ��$:*�

•  :DYHJXLGH�JUDWLQJ�URXWHU���:*5�

,Q�WKLV�ZRUN��WKH�WHUP�3KDVHG�$UUD\�GHPXOWLSOH[HU�ZLOO�EH�XVHG���$OVR�IRU�WKH�ODVHU��GLIIHUHQW

QDPHV�DUH�HPSOR\HG���7KH�PRVW�LPSRUWDQW�WHUPV�DUH�

•  0XOWLZDYHOHQJWK�ODVHU��0:/����0XOWLIUHTXHQF\�ODVHU��0)/���WKLV�LV�D�JHQHUDO�WHUP�GH�
QRWLQJ�D�GHYLFH� WKDW�RSHUDWHV�DW�PXOWLSOH�ZDYHOHQJWK�FKDQQHOV��FRXSOHG� WRJHWKHU� LQWR
RQH�RXWSXW�ZDYHJXLGH��DV�GHVFULEHG�LQ�VHFWLRQ�������6RPHWLPHV�LW�LV�DOVR�XVHG�PRUH�VSH�
FLILFDOO\�IRU�D�3KDVHG�$UUD\�PXOWLZDYHOHQJWK�ODVHU�

�����������������������������������������������������

��,78��LQWHUQDWLRQDO�WHOHFRPPXQLFDWLRQV�XQLRQ

�� =∆ν ����*+]�LV�HTXLYDOHQW�WR�� =∆λ ����QP�DW������QP
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•  3KDVHG�$UUD\�PXOWLZDYHOHQJWK�ODVHU��3$/���DQ�0:/�IRUPHG�E\�LQWHJUDWLQJ�D�3KDVHG�
$UUD\�DQG�DQ�DPSOLILHU�DUUD\

•  :DYHJXLGH�JUDWLQJ�URXWHU�PXOWLIUHTXHQF\�ODVHU��FI��VXSUD

•  6KDUHG�DQJXODU�GLVSHUVLYH�HOHPHQW�ODVHU��6$'(�ODVHU���PRUH�JHQHUDO�WHUP�DOVR�LQFOXG�
LQJ�0:/V�XVLQJ�RWKHU�PXOWLSOH[HUV�WKDQ�WKH�3KDVHG�$UUD\�

:H�PRVWO\�XWLOLVH�WKH�ILUVW�WZR�WHUPV��0:/�DQG�3$/��

2 State of the art of multiwavelength lasers

7KLV� VHFWLRQ�SURYLGHV�D� UHYLHZ�RI� FXUUHQW� VWDWH�RI�WKH�DUW�PXOWLZDYHOHQJWK� ODVHUV�� � ,Q�SDUD�

JUDSKV� ���� DQG� ����PXOWLZDYHOHQJWK� ODVHUV� RI� UHVSHFWLYHO\� WKH� ILUVW� W\SH� �VKRUW�FDYLW\� ODVHU

DUUD\�ZLWK�SDVVLYH� FRPELQHU� �� )LJ�� ���D�� DQG� WKH� VHFRQG� W\SH� �DPSOLILHU� DUUD\�ZLWK�PXOWL�

SOH[HU� ��)LJ�����E��DUH�GLVFXVVHG�� � ,Q�SDUDJUDSK����� WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�3KDVHG�

$UUD\�PXOWLZDYHOHQJWK�ODVHUV�DUH�RXWOLQHG�LQ�PRUH�GHWDLO�

2.1 Short-cavity multiwavelength lasers

$V�H[SODLQHG� LQ� WKH� LQWURGXFWLRQ� �SDUDJUDSK������� WKHVH� ODVHUV� DUH� UHDOLVHG�E\� LQWHJUDWLQJ�D

ODVHU� DUUD\� DQG�D� SDVVLYH� FRPELQHU�� � %RWK�')%�� DQG�'%5�ODVHU� DUUD\V� FDQ� EH� XVHG�� �')%�

ODVHUV�VKRZ�DQ�H[FHOOHQW�VLGH�PRGH�VXSSUHVVLRQ�DQG�D�KLJK�UHOLDELOLW\���7KH\�W\SLFDOO\�VKRZ

DQ�RSHUDWLQJ�ZDYHOHQJWK�GULIW� RI�a����QP�RYHU� WKHLU� OLIHWLPH� VR� H[WHUQDO� IUHTXHQF\� FRQWURO

PD\�EH�QHFHVVDU\���'%5�ODVHU�DUUD\V�RQ�WKH�RWKHU�KDQG��SURYLGH�D�PRUH�IOH[LEOH�ZDYHOHQJWK

DOORFDWLRQ�GXH�WR�WKHLU�WXQDELOLW\�

,Q�PRVW�FDVHV��D�VWDU�FRXSOHU�RU�D�FDVFDGH�RI�<�MXQFWLRQV��ERWK�VKRZLQJ�DQ�LQWULQVLF���1�VSOLW�

WLQJ�ORVV��LV�XVHG�IRU�WKH�FRPELQHU���,Q�D�IHZ�FDVHV��D�3KDVHG�$UUD\�GHPXOWLSOH[HU�ZDV�XVHG�

ZKLFK�EHFRPHV�LQWHUHVWLQJ�IRU�D�KLJK�QXPEHU�RI�ZDYHOHQJWKV���7R�FRPSHQVDWH�IRU�WKH�VSOLW�

WLQJ� ORVVHV�� DQ�62$�PD\�EH� LQWHJUDWHG�RQ� WKH� VDPH� FKLS�� �+LJK�VSHHG�PRGXODWLRQ�PD\�EH

REWDLQHG�E\�LQWHJUDWLQJ�D�PRGXODWRU�ZLWK�HDFK�ODVHU���)LJ������DQG�WKH�FRPPHQW�EHORZ�SUR�

YLGH�DQ�VXPPDU\�RI�D�IHZ�RI�WKH�PRVW�LPSRUWDQW�UHDOLVDWLRQV�

�D� �E�
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)LJ������6XPPDU\�RI�PXOWLZDYHOHQJWK�ODVHUV�UHDOLVHG�E\�LQWHJUDWLRQ�RI�DQ�DUUD\�RI�VKRUW�

FDYLW\�ODVHUV�DQG�D�FRPELQHU�

)LJ�����D��')%�ODVHU�DUUD\�ZLWK�VWDU�FRXSOHU�>��@�%HOOFRUH�

•  ��ZDYHOHQJWK�FKDQQHOV��VSDFLQJ���QP�DQG�����*+]��

•  �� LGHQWLFDO� ODVHUV�SHU�ZDYHOHQJWK�ZHUH�XVHG� WR�SURYLGH� UHGXQGDQF\�DQG�HQKDQFH� WKH
GHYLFH�\LHOG�

•  DUUD\�\LHOG� IRU�D�ZDYHOHQJWK�DFFXUDF\�RI�±����QP�DQG�±����QP�ZDV�����DQG�����UH�
VSHFWLYHO\

•  SRZHU�SHU�ODVHU�FRXSOHG�LQ�60)�ZDV�������DQG�����G%P�ZLWKRXW�DQG�ZLWK�RQ�FKLS�DP�
SOLILFDWLRQ�UHVSHFWLYHO\��XQGHU�VLPXOWDQHRXV�RSHUDWLRQ

•  VL]H������[�����PP�

•  6065�!����G%

•  ��*+]���G%�EDQGZLGWK�������*ELW�V�HUURU�IUHH�WUDQVPLVVLRQ�WKURXJK�����NP�60)�GHP�
RQVWUDWHG�

•  LQWHJUDWLRQ�VFKHPH��HYDQHVFHQW�ILHOG�FRXSOLQJ

•  XVHG�LQ�021(7�DQG�217&�V\VWHP�WHVWEHGV��VHH�UHIV��LQ�>��@���LQWHQVLYHO\�WHVWHG�

)LJ�����E��'%5�ODVHU�DUUD\�ZLWK�VWDU�FRXSOHU�DQG�LQWHJUDWHG�PRGXODWRUV�>��@�/XFHQW�

•  ���FKDQQHOV�#�����QP��±����QP�

•  SRZHU�����G%P�LQ�60)

•  VL]H������[�����PP�

•  PRGXODWRU�H[WLQFWLRQ�����G%�����9����PRGXODWRU��G%�EDQGZLGWK������*+]

•  FRPPRQ�DPSOLILHU�XVHG

)LJ�����F��'%5�ODVHU�DUUD\�ZLWK�GHPXOWLSOH[HU�>��@�2372��

•  ���FKDQQHOV�#�����QP��±����QP�

•  ,WK��������P$

•  ����G%P�LQWR�60)

•  6065�!���G%

•  VL]H������[�����PP�

•  SDVVEDQG�RI�3KDVHG�$UUD\�IODWWHQHG���G%�ZLGWK� ����QP�
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•  '%5�ODVHU�WXQDEOH�RYHU���QP

)LJ�����G��'%5�ODVHU�DUUD\�ZLWK�FDVFDGH�RI�<�MXQFWLRQV�>��@�2372��

•  ��FKDQQHOV�#���QP��±����QP�

•  ZDYHOHQJWK�VZLWFKLQJ�WLPH�����QV

•  ,WK��������P$

•  6065�!����G%

•  ����������P:�#�����P$��IUHH�VSDFH�

•  VL]H������[�����PP�

$GYDQWDJHV�RI�VKRUW�FDYLW\�PXOWLZDYHOHQJWK�ODVHUV�

•  %RWK�')%��DQG�'%5�ODVHUV�DOORZ�IRU�KLJK�VSHHG�PRGXODWLRQ�

•  7KH�LQWHJUDWLRQ�RI�D�VHSDUDWH�PRGXODWRU�ZLWK�HDFK�FKDQQHO� LV�SRVVLEOH�� �)RU�VLQJOH�')%�

ODVHUV�WKLV�LV�D�ZHOO�NQRZQ�DQG�KLJKO\�VXFFHVVIXO�WHFKQRORJ\

•  'XH�WR�LWV�WXQDELOLW\��D�'%5�ODVHU�DUUD\�VKRZV�KLJKHU�IOH[LELOLW\�

•  (TXLSPHQW�VDYLQJV��RQO\�RQH�WHPSHUDWXUH�FRQWURO�XQLW��RQH�LVRODWRU�DQG�RQH�SLJWDLO�QHF�

HVVDU\�

'LVDGYDQWDJHV�RI�VKRUW�FDYLW\�PXOWLZDYHOHQJWK�ODVHUV�

•  )LQH�JULG�JUDWLQJ�UHTXLUHG

•  ,QWULQVLF���1�ORVV�ZKHQ�XVLQJ�VWDU�FRXSOHU��ZKHQ�WKH�QXPEHU�RI�ZDYHOHQJWKV�UHDFKHV�D

FHUWDLQ�PLQLPXP�YDOXH�� LW�PD\�EH�DGYDQWDJHRXV� WR�XVH�D�PXOWLSOH[HU� LQVWHDG� �� VHH�)LJ�

���F��

•  7KH� UHTXLUHG�FKDQQHO� VSDFLQJ�DFFXUDF\� LV�GLIILFXOW� WR�REWDLQ�� � )RU�')%�ODVHU� DUUD\V�� WKH

LQWHJUDWLRQ�HQDEOHV�WR�PRYH�WKH�FRPSOHWH�ZDYHOHQJWK�FRPE�VLPXOWDQHRXVO\�EXW�UHPRYHV

DW�WKH�VDPH�WLPH�WKH�DELOLW\�WR�LQGHSHQGHQWO\�WHPSHUDWXUH�WXQH�WKH�LQGLYLGXDO� ODVHU�HOH�

PHQWV���7R�LPSURYH�WKH�GHYLFH�\LHOG��VSHFLDO�PHDVXUHV��VXFK�DV�WKH�XVH�RI�UHGXQGDQW�GH�

YLFHV�� FDQ�EH�XQGHUWDNHQ� �FI�� )LJ�� ���D��� � )RU�'%5�ODVHU� DUUD\V�� WKH� FKDQQHO� DFFXUDF\� LV

GHWHUPLQHG�E\�WKH�)3�PRGH�VSDFLQJ�LI�QR�SKDVH�VHFWLRQ�LV�XVHG�

•  7KH�ZDYHOHQJWK�VHOHFWLYH� ILOWHU� LV� UHDOLVHG� LQ�DFWLYH�PDWHULDO�� WKLV� UHVXOWV� LQ� D� IUHTXHQF\

VKLIW�GXH�WR�DPSOLILHU�KHDWLQJ�RU�JDLQ�FKDQJH���$�W\SLFDO�ZDYHOHQJWK�GULIW�RI�����QP�LV�RE�

VHUYHG�RYHU�WKH�OLIHWLPH�RI�D�')%�ODVHU���,Q�QDUURZ�FKDQQHO�VSDFLQJ�V\VWHPV��WKLV�UHVXOWV

LQ�WKH�QHHG�IRU�H[WHUQDO�ZDYHOHQJWK�VWDELOLVDWLRQ�

•  )RU�'%5�ODVHUV��WKH�OLJKW�LV�FROOHFWHG�DW�WKH�JUDWLQJ�VLGH��ZKLFK�PHDQV�WKDW�D�FRPSURPLVH

EHWZHHQ�VLGH�PRGH�VXSSUHVVLRQ�DQG�RXWSXW�SRZHU�KDV�WR�EH�PDGH�

•  '%5�ODVHUV�UHTXLUH�VXSSOHPHQWDU\�FRQWURO�
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2.2 Long-cavity multiwavelength lasers

2.2.1 Reflective configuration

)LUVW�GHPRQVWUDWLRQV�RI�ODVHU�DUUD\V�ZLWK�D�SDVVLYH�LQWUD�FDYLW\�ZDYHOHQJWK�VHOHFWLYH�ILOWHU��FI�

)LJ�����E��XVHG�D�GHPXOWLSOH[HU�LQ�D�UHIOHFWLYH�FRQILJXUDWLRQ���7KH�0XOWLFKDQQHO�*UDWLQJ�&DY�

LW\�/DVHU��0*&��>��@���)LJ�����D��LV�VLPSO\�DQ�H[WHQVLRQ�RI�D�VWDQGDUG�H[WHUQDO�JUDWLQJ�FDYLW\

ODVHU�� � 6WDEOH�� VLPXOWDQHRXV� RSHUDWLRQ� DW�PXOWLSOH�ZDYHOHQJWKV� FRXOG� EH� REWDLQHG� DQG� WKH

LVVXH�RI�FURVVWDON� LQ�WKH�FRPPRQ�DPSOLILHU�ZDV�PHQWLRQHG�IRU�WKH�ILUVW� WLPH�� �$�VROXWLRQ�LQ

WKH�IRUP�RI�D�IHHGEDFN�VFKHPH�ZDV�SURSRVHG�DQG�GHPRQVWUDWHG�>��@�� �+RZHYHU�� WKH�0*&�

ODVHU� LV�EDVHG�RQ�EXON�FRPSRQHQWV��ZKLFK� UHTXLUHV�D�YHU\� VWDEOH� VHWXS�� �7R�RYHUFRPH� WKLV�

.LUE\�SURSRVHG�D�PRUH�FRPSDFW�YHUVLRQ��EDVHG�RQ�WKH�PRQROLWKLF�LQWHJUDWLRQ�RI�DQ�DPSOLILHU

DUUD\�DQG�DQ�HWFKHG�GLIIUDFWLRQ�JUDWLQJ�>��@�

(a) MGC-laser (1990)

14 x 3 mm2

(b) MAGIC-laser (1992)
(c) PAL in reflective configuration (’94)

)LJ������PXOWLSOH[HU�XVHG�LQ�D�UHIOHFWLYH�FRQILJXUDWLRQ

6XFK�D�0XOWLSOH�$UUD\�*UDWLQJ�,QWHJUDWHG�&DYLW\� ODVHU��0$*,&���)LJ�����E��ZDV�UHDOLVHG�LQ

�����DW�%HOOFRUH�>��@>��@>��@���$�GHYLFH�ZLWK���ZDYHOHQJWK�FKDQQHOV�VSDFHG�E\���QP�ZLWK�DQ

DFFXUDF\�RI�±�����QP�ZDV�GHPRQVWUDWHG���7KLV�FKDQQHO�VSDFLQJ�DFFXUDF\�LV�EHWWHU�E\�DQ�RUGHU
RI�PDJQLWXGH� FRPSDUHG� WR� WKDW� RI� WKH� VKRUW� FDYLW\� ODVHU� DUUD\V� GHVFULEHG� LQ� WKH� SUHYLRXV

SDUDJUDSK�� �+RZHYHU�� WKH�RWKHU�RSHUDWLQJ� FKDUDFWHULVWLFV�ZHUH�QRW� DV� JRRG�� WKUHVKROG� FXU�

UHQWV�ZHUH� ����P$� �FKDQQHO� DPSOLILHU� �� FRPPRQ� DPSOLILHU� �� SXOVHG� RSHUDWLRQ��� WKH�PD[L�

PXP�RXWSXW�SRZHU�ZDV���P:�DQG�WKH�XVH�RI�EURDG�DPSOLILHU�VWULSHV� ���µP��UHVXOWHG� LQ�D
SRRU�6065� ����G%��� �7KH� VXSSUHVVLRQ�RI� WKH�$6(�QRLVH�ZDV�EHWZHHQ����DQG����G%�DQG� VL�

PXOWDQHRXV�RSHUDWLRQ�RI���FKDQQHOV�ZDV�UHSRUWHG�
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,Q�������WKH�ILUVW�GHYLFH�HPSOR\LQJ�D�3KDVHG�$UUD\�GHPXOWLSOH[HU�ZDV�GHPRQVWUDWHG�>��@���$

3KDVHG�$UUD\�ZDV�FOHDYHG�V\PPHWULFDOO\�WKURXJK�WKH�JUDWLQJ�DUPV�DQG�LQWHJUDWHG�ZLWK�DP�

SOLILHUV��)LJ�����F���WKXV�REWDLQLQJ�D�ODVHU�ZLWK�D�FDYLW\�OHQJWK�RI���PP��WKUHVKROG�FXUUHQW����

P$��PD[LPXP�RXWSXW�SRZHU������P:��6065�����G%��$6(�QRLVH�VXSSUHVVLRQ�����G%����+RZ�

HYHU�WKLV�GHYLFH�ZDV�QRW�VXLWDEOH�IRU�PXOWLZDYHOHQJWK�RSHUDWLRQ��E\�WXUQLQJ�RQ�WZR�DPSOLIL�

HUV�L�DQG�M�WRJHWKHU��RQH�JHWV�ODVLQJ�QRW�RQO\�DW�WKH�SHDN�ILOWHU�ZDYHOHQJWKV� iλ �DQG� jλ �IURP

WKH� LQGLYLGXDO� DPSOLILHUV�� EXW� DOVR� DW� WKH� SHDN� ILOWHU� ZDYHOHQJWK� IURP� ERWK� DPSOLILHUV� WR�

JHWKHU� ijλ ���$�WUDQVPLVVLYH�FRQILJXUDWLRQ�DV�GHVFULEHG�LQ�WKH�IROORZLQJ�SDUDJUDSK�VROYHV�WKLV

SUREOHP�

2.2.2 Transmissive configuration

6LQFH�������GLIIHUHQW�JURXSV�GHPRQVWUDWHG�D�PXOWLZDYHOHQJWK�ODVHU�XVLQJ�D�3KDVHG�$UUD\�LQ

D�WUDQVPLVVLYH�FRQILJXUDWLRQ���$�W\SLFDO�OD\RXW�IRU�VXFK�D�GHYLFH�ZDV�VKRZQ�LQ�)LJ��������7DEOH

���� JLYHV� D� VXPPDU\� RI� WKH�PRVW� LPSRUWDQW� RSHUDWLQJ� FKDUDFWHULVWLFV� RI� VHYHUDO� SXEOLVKHG

GHYLFHV���,Q�)LJ�������WKH�LQWHJUDWLRQ�WHFKQRORJ\�HPSOR\HG�IRU�UHDOLVLQJ�HDFK�RI�WKHVH�0:/V�LV

GHPRQVWUDWHG�

/X��>��@ /X��>��@ /X��>��@ 3K��>��@ %&��>��@ '��>��@ *��>�@ *��>�@

1 � �� � � � � � �

λν ∆∆ / ����*+] ����*+] ����*+] ����*+] ����*+] ����*+] ����*+] ����*+]

DFFXUDF\ ��*+] � ��*+] � ���*+] � � �

0λ �����QP �����QP
 �����QP �����QP ���� ���� ���� ����

,WK ������P$ ����P$ ���P$ �����P$ ������P$ �������P$ ���P$ ���P$

$6(�VXSSU� ���G% !����G% ���G% ���G% ���G% ���G% ���G% ���G%

6065 


 


 ���G%

 ���G% ���G% ���G% ���G% ���G%

3RXW

,

)&�)6





�������P:

����P$

)&

�����P:

����P$

)&

�������P:

���P$

)&

������P:

����P$

)&

����P:

���P$

)6

� ����P:

����P$

)6

�

��DUPV �� �� �� �� � � � �

08;��G% � � ���*+] ����QP � ���*+] ����*+]

L �δν 




 ����*+] ����*+] �����*+] ��PP ����*+] � ���PP �

&RPPRQ
DPSOLILHU

QR QR \HV QR \HV QR 1R <HV

6L]H�>PP�@ ���[��� ���[��� � ���[��� �[� �[� �[� �[�

62$�OHQJWK ��� µP ��� µP �[��� µP ��� µP ����
��� µP

�����µP ����µP ��� µP

/LQHZLGWK � � ��0+] ���0+] � � ����0+] �


�+LJK�ZDYHOHQJWK�LQWHQGHG�IRU�XVH�DV�/�EDQG�VRXUFH



� 7KH�3KDVHG�$UUD\� LV� FKLUSHG�� VR� WKH� RQO\� YLVLEOH� VLGH�PRGHV� DUH� WKHVH� FDXVHG�E\�ZDYH

PL[LQJ�LQ�WKH�FRPPRQ�DPSOLILHU�XQGHU�VLPXOWDQHRXV�RSHUDWLRQ�
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�7KH�3KDVHG�$UUD\�LV�FKLUSHG�DQG�DQ�H[WUHPHO\�VKRUW�SDVVLYH�RXWSXW�ZDYHJXLGH�LV�XVHG�

HYHQ�XQGHU�VLPXOWDQHRXV�RSHUDWLRQ�WKH�VLGH�PRGHV�DUH�VXSSUHVVHG�E\�PRUH�WKDQ����G%





�)6��)UHH�6SDFH���)&��)LEUH�FRXSOHG






�δν �GHQRWHV�WKH�FDYLW\�PRGH�VSDFLQJ�� L �WKH�FDYLW\�OHQJWK���7KHVH�DUH�UHODWHG�DV� ( )gLnc 2=δν

7DEOH�����'HYLFH�FKDUDFWHULVWLFV�RI�SXEOLVKHG�3KDVHG�$UUD\�0:/V

/X���/X��	�/X���/XFHQW�7HFKQRORJLHV�>��@�

•  ,QWHJUDWLRQ� WHFKQRORJ\�� DFWLYH�OD\HU
UHPRYDO��HYDQHVFHQW�ILHOG�FRXSOLQJ�

•  $FWLYH�OD\HU��TXDQWXP�ZHOOV

•  ,QWHQVLYH� GHYLFH� RSWLPLVDWLRQ�� ������
,WK ���P$��3RXW ���P:��IUHH�VSDFH� >��@
�� ����� �� ,WK ��P$�� 3RXW ���P:�� ILEUH
FRXSOHG�>��@�

•  8VHG� LQ�VHYHUDO�V\VWHP� WHVWEHGV� �GLUHFW
DQG�H[WHUQDO�PRGXODWLRQ�

3K���3KLOLSV�>��@������

•  ,QWHJUDWLRQ�WHFKQRORJ\��EXWW�FRXSOLQJ

•  DFWLYH�OD\HU��EXON

•  1R�FRPPRQ�DPSOLILHU

•  6L]H������[�����PP�

%&���%HOOFRUH�>��@��������

•  ,QWHJUDWLRQ� WHFKQRORJ\�� DFWLYH�OD\HU
UHPRYDO

•  $FWLYH�OD\HU��EXON

•  &RPPRQ�DPSOLILHU�XVHG

•  6L]H����[���PP�
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*��	�*���7KLV�ZRUN�>�@>�@������

Amplifier
Chip

Passive waveguide chip •  ,QWHJUDWLRQ� WHFKQRORJ\��K\EULG� LQWHJUD�
WLRQ��SHUPDQHQW�DQG�QRQ�SHUPDQHQW�

•  $FWLYH�OD\HU��EXON

•  :LWK���ZLWKRXW�JDLQ�FODPSLQJ

•  6L]H���[���PP�

)LJ�� ���� ,QWHJUDWLRQ� WHFKQRORJLHV� HPSOR\HG� WR� UHDOLVH� D� 3KDVHG�$UUD\� PXOWLZDYHOHQJWK

ODVHU

2.3 Operating characteristics of Phased-Array multiwavelength lasers

2.3.1 Number of channels

7KH�PD[LPXP�QXPEHU�RI�FKDQQHOV�IRU�D�3$/�WKDW�ZDV�GHPRQVWUDWHG�LV����>��@���,Q�IDFW��WKLV

ZDV�D����FKDQQHO�GHYLFH���+RZHYHU����FKDQQHO�ZDV�GHIHFWLYH�DQG���KDG�WR�EH�HOLPLQDWHG�GXH

WR�PXOWLSDVVEDQG�ODVLQJ��WKH�PXOWLSOH[HU�ZDV�QRW�FKLUSHG����6LPXOWDQHRXV�RSHUDWLRQ�RQ�DOO���

FKDQQHOV�ZDV�SRVVLEOH�� �$� FKDQQHO�QXPEHU� EHWZHHQ� �� DQG� ���KRZHYHU� LV�PRUH� IUHTXHQWO\

XVHG�� � 6LQFH� WKH� GHYLFH� \LHOG� GHFUHDVHV� H[SRQHQWLDOO\� ZLWK� WKH� QXPEHU� RI� FKDQQHOV

� cte)(~ +N
chandev yy �ZLWK� chany �WKH�\LHOG�SHU�FKDQQHO���WKLV�DSSHDUV�WR�EH�D�JRRG�FRPSURPLVH

EHWZHHQ�\LHOG�RSWLPLVDWLRQ�DQG�GHYLFH�LQWHJUDWLRQ���7KH�XVH�RI�UHGXQGDQW�DPSOLILHUV�DV�GHP�

RQVWUDWHG�IRU�')%�ODVHU�DUUD\V�>��@��LV�QRW�SRVVLEOH�IRU�3KDVHG�$UUD\�ODVHUV�

9HU\�UHFHQWO\��D�������[����FKDQQHO�GHYLFH�ZLWK�RQO\������������DPSOLILHUV�ZDV�GHPRQVWUDWHG

>��@�WKDW�FDQ�EH�XVHG�DV�D�UDSLGO\�DQG�GLJLWDOO\�WXQDEOH�ODVHU������*+]�FKDQQHO�VSDFLQJ����7KH

RXWSXW�SRZHU�LQWR�ILEUH�ZDV�����G%P��)LJ�������

2.3.2 Channel spacing and channel spacing accuracy

7KH� FKDQQHO� VSDFLQJ� LV�GHWHUPLQHG�E\� WKH�SDVVLYH�GHPXOWLSOH[HU� DQG� LV��ZKHQ� FRUUHFWO\�GH�

VLJQHG�� YHU\� DFFXUDWH�� � 7KH�PLQLPXP� FKDQQHO� VSDFLQJ� GHPRQVWUDWHG� LV� ���*+]� >��@�� �'H�

)LJ���������ZDYHOHQJWK�UDSLGO\�GLJLWDOO\�WXQDEOH�ODVHU
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VLJQLQJ�D�,Q3�3KDVHG�$UUD\�ZLWK�VPDOOHU�FKDQQHO�VSDFLQJ�����*+]��LV�PRUH�GLIILFXOW�DQG�UH�

TXLUHV� VWULQJHQW� FRQWURO� RI� WKH� SURFHVV� SDUDPHWHUV� VLQFH� SKDVH� HUURUV� FDQ� OHDG� WR� D� VHYHUH

GHJUDGDWLRQ�RI�WKH�FURVVWDON�OHYHO�

7KH�FKDQQHO�VSDFLQJ�DFFXUDF\�LV�W\SLFDOO\�YHU\�JRRG�DQG�GHWHUPLQHG�E\�WKH�)3�PRGH�VSDFLQJ�

7KLV�UHYHDOV�LPPHGLDWHO\�D�WUDGH�RII�RQ�WKH�GHYLFH�OHQJWK��GHFUHDVLQJ�WKH�GHYLFH� OHQJWK�LP�

SURYHV�WKH�VLQJOH�PRGH�VWDELOLW\�DQG�WKH�PRGXODWLRQ�EDQGZLGWK��EXW�DW�WKH�VDPH�WLPH�WKH�)3�

PRGH�VSDFLQJ�LV�LQFUHDVHG�DQG�WKXV�WKH�FKDQQHO�DFFXUDF\�GHFUHDVHG��H�J��FRPSDUH�7DEOH������

/X��DQG�%&���

7KH�PXOWLSOH[HU� LV� IXOO\�UHDOLVHG� LQ�SDVVLYH�PDWHULDO�VR�QHLWKHU�GHJUDGDWLRQ�QRU� VKLIW�RI� WKH

FKDQQHO�VSDFLQJ�DFFXUDF\�KDV�WR�EH�H[SHFWHG�GXULQJ�WKH�GHYLFH�OLIHWLPH�

2.3.3 Absolute wavelength accuracy

7R�REWDLQ�D�JRRG�DEVROXWH�ZDYHOHQJWK�DFFXUDF\��D�VWULQJHQW�SURFHVV�FRQWURO�DQG�FKDUDFWHUL�

VDWLRQ� LV�QHFHVVDU\�� �$�GHYLDWLRQ�RI� WKH� HIIHFWLYH� UHIUDFWLYH� LQGH[�RI� OHVV� WKDQ� �����DOUHDG\

UHVXOWV�LQ�D���QP�GHYLDWLRQ�RI�WKH�FHQWUDO�ZDYHOHQJWK�RI�WKH�GHYLFH���+RZHYHU��VXFK�DFFXUDF\

LV�VKRZQ�REWDLQDEOH�IURP�FKLS�WR�FKLS�DQG�ZDIHU�WR�ZDIHU�>��@�

7KH�WHPSHUDWXUH�PD\�EH�XVHG�WR�WXQH�WKH�ZKROH�ZDYHOHQJWK�FRPE���$�W\SLFDO�WXQLQJ�UDQJH�RI

�����QP�.�LV�REWDLQHG�� �7KH�ZDYHOHQJWK�LV�H[SHFWHG�WR�EH� LQGHSHQGHQW�RI�GULYH�FRQGLWLRQV

VLQFH� WKH�PXOWLSOH[HU� LV� SDVVLYH�� � ,I� D� FRPPRQ� RXWSXW� DPSOLILHU� LV� XVHG�� PXOWLSOH� RXWSXW

ZDYHJXLGHV�PD\�EH�SURYLGHG���,Q�WKDW�FDVH��WKH�FHQWUDO�ZDYHOHQJWK�LV�GHWHUPLQHG�E\�VHOHFW�

LQJ�WKH�FRUUHFW�DPSOLILHU�

2.3.4 Threshold current and output power

)RU� PXOWLZDYHOHQJWK� ODVHUV� WR� EH� XVHIXO�� WKHLU� SRZHU� FRQVXPSWLRQ� SHU� FKDQQHO� PXVW� EH

VLPLODU�WR�WKDW�RI�WKHLU�GLVFUHWH�FRXQWHUSDUWV���0RUHRYHU��WKH�ORZHU�WKH�WKUHVKROG�FXUUHQW�RI�D

ODVHU��WKH�EHWWHU�LWV�SHUIRUPDQFH�LQ�WKH�ORQJ�WHUP�

7KH�WKUHVKROG�FXUUHQW�DQG�WKH�H[WHUQDO�TXDQWXP�HIILFLHQF\�DUH�SUHGRPLQDQWO\�GHWHUPLQHG�E\

WKH�FDYLW\� ORVV�� �7KH�PRVW� LPSRUWDQW�FDYLW\�ORVVHV�DUH�WKH�PXOWLSOH[HU� ORVV��ZKLFK�LQ�WXUQ�LV

GHWHUPLQHG�E\�WKH�SDVVLYH�ZDYHJXLGH�ORVV��DQG�WKH�DFWLYH�SDVVLYH�WUDQVLWLRQ�ORVV���7KHUHIRUH�

DQ�LQWHJUDWLRQ�VFKHPH�PLQLPLVLQJ�ERWK�RI�WKHVH�LV�UHTXLUHG�� �,Q�>��@��)LJ�����E���WKH�VDPH�S�

GRSHG�FODGGLQJ�OD\HU�LV�XVHG�IRU�ERWK�WKH�DPSOLILHUV�DQG�WKH�SDVVLYH�ZDYHJXLGHV��UHVXOWLQJ�LQ

DQ�HVWLPDWHG�ZDYHJXLGH� ORVV�RI����G%�FP�DQG�HTXDOO\�KLJK� WKUHVKROG�FXUUHQWV� ����� WR����

P$��� �+RZHYHU�� LQWHQVLYH�RSWLPLVDWLRQ�RI� WKH�PRQROLWKLF� LQWHJUDWLRQ�SURFHVV� OHG�WR�GHYLFHV

�TXDQWXP�ZHOO�DFWLYH� OD\HU��ZLWK�D� WKUHVKROG�FXUUHQW�DV� ORZ�DV����P$�SHU� FKDQQHO�DQG�DQ

RXWSXW�SRZHU�EHWZHHQ�����DQG�����P:�DW�����P$��FRXSOHG�WR�60)��>��@�

,Q�FKDSWHUV���	����ZH�GHPRQVWUDWH�D�K\EULG�LQWHJUDWLRQ�VFKHPH�WKDW�DOORZV�WR�RSWLPLVH�ERWK

WKH�DFWLYH�DQG�WKH�SDVVLYH�SDUW�VHSDUDWHO\���,Q�WKDW�ZD\��YHU\�ORZ�ZDYHJXLGH�ORVVHV�PD\�EH

REWDLQHG������G%�FP��VHH�FKDSWHU������7KH�DFWLYH�SDVVLYH�WUDQVLWLRQ�ORVV�RQ�WKH�RWKHU�KDQG��LV
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KLJKHU�� IRU�K\EULGO\�FRXSOHG�3,&V�FRPSDUHG� WR� WKH�PRQROLWKLF�RQHV�� � ,Q� WKH�FRQWH[W�RI� WKLV

ZRUN��ZH�UHDOLVHG�GHYLFHV��EXON�DFWLYH� OD\HU��ZLWK�UDWKHU� ORZ�WKUHVKROG�FXUUHQW�������P$��

DQG� SUREDEO\� WKH� KLJKHVW� RXWSXW� SRZHU� IRU� D�3$/� UHSRUWHG� XQWLO� QRZ�� ����P:� IRU� VLQJOH

FKDQQHO� RSHUDWLRQ� DQG� D� WRWDO� SRZHU� RI� ����P:�ZKHQ� �� FKDQQHOV� DUH� RSHUDWHG� VLPXOWDQH�

RXVO\��IUHH�VSDFH��VHH�FKDSWHU������)RU�WKH�SHUPDQHQWO\�SDFNDJHG�K\EULG�3$/��WKH�EHVW�ILJXUHV

XQWLO� QRZ� DUH� D� WKUHVKROG� FXUUHQW� RI� ���P$� DQG� DQ� RXWSXW� SRZHU� RI� ����P:� DW� ����P$

�FKDSWHU����

2.3.5 Side mode suppression ratio - ASE noise suppression - Longitudinal

mode stability

7KH�VLGH�PRGH�VXSSUHVVLRQ�UDWLR�LV�GHWHUPLQHG�E\�ERWK�WKH�VXSSUHVVLRQ�RI�WKH�QHLJKERXULQJ

ORQJLWXGLQDO�PRGHV�LQ�WKH�VDPH�SDVVEDQG�DV�E\�WKH�VXSSUHVVLRQ�RI�PRGHV�LQ�DQRWKHU�SDVV�

EDQG�RI�WKH�3KDVHG�$UUD\�

7R�REWDLQ�D�JRRG�VXSSUHVVLRQ�RI� WKH�PRGHV� LQ�QHLJKERXULQJ�SDVVEDQGV�DQG�SUHYHQW�0XOWL

3DVVEDQG�/DVLQJ��03/��VHYHUDO�DSSURDFKHV�DUH�SRVVLEOH�

•  ,QFUHDVLQJ�WKH�)65�>��@��ZKLFK�LQFUHDVHV�WKH�VL]H�RI�WKH�3KDVHG�$UUD\�

•  )ROORZLQJ� >��@�� EXON� DFWLYH� PDWHULDO� SUHYHQWV�03/� GXH� WR� D� UHGXFHG� JDLQ� EDQGZLGWK
FRPSDUHG�WR�TXDQWXP�ZHOO�DFWLYH�PDWHULDO���+RZHYHU��DOWKRXJK�ZH�XVHG�����µP�ORQJ
EXON�562$V�IRU�WKH�K\EULG�3$/��ZH�QRWLFHG�03/�LQ�VRPH�FDVHV�

•  &KLUSLQJ� RI� WKH� 3KDVHG�$UUD\�� E\� FKLUSLQJ� WKH� 3KDVHG�$UUD\�� QHLJKERXULQJ� SDVVEDQG
WUDQVPLVVLYLW\�PD\�EH� VXSSUHVVHG�E\��� WR� ���G%� WKHUHE\� FDQFHOOLQJ�03/�FRPSOHWHO\�
&KLUSLQJ�WKH�3KDVHG�$UUD\�KDV�RQO\�FRQVHTXHQFHV�DW�WKH�OHYHO�RI�WKH�PDVN�GHVLJQ�DQG
GRHV� QRW� DOWHU� WKH� GHYLFH� IDEULFDWLRQ�� � )XUWKHU�� LW� DOORZV� FKDQJLQJ� WKH� OLQHZLGWK� HQ�
KDQFHPHQW�SDUDPHWHU�α�GHOLEHUDWHO\�E\�PRYLQJ�WKH�TXDQWXP�ZHOO�JDLQ�SHDN�ZLWK�UH�
VSHFW�WR�WKH�FHQWUDO�ZDYHOHQJWK�DV�LV�RIWHQ�GRQH�IRU�')%�ODVHUV�� �$�UHGXFHG�OLQHZLGWK
HQKDQFHPHQW�SDUDPHWHU�PHDQV�D�QDUURZHU�OLQHZLGWK�DQG�D�UHGXFHG�GLUHFW�PRGXODWLRQ
FKLUS�

2EWDLQLQJ�VLQJOH� ORQJLWXGLQDO�PRGH�VWDELOLW\�DQG�DYRLGLQJ�PRGH�KRSSLQJ� LV�PRUH�GLIILFXOW�

IRU�D�W\SLFDO�����*+]�3KDVHG�$UUD\�ODVHU����G%�EDQGZLGWK� ����*+]��FDYLW\�OHQJWK����PP�

DSSUR[LPDWHO\����ORQJLWXGLQDO�PRGHV�ILW�ZLWKLQ�WKH�SDVVEDQG���)RUWXQDWHO\��WKHVH�PRGHV�DUH

VSDFHG�FORVHO\�HQRXJK�LQ�IUHTXHQF\�VR�WKDW�WKHLU�EHDWLQJV�H[SHULHQFH�JDLQ�FRPSUHVVLRQ�GXH

WR�FDUULHU�GHSOHWLRQ���7RJHWKHU�ZLWK�DQ�DSSURSULDWH�FDYLW\�ILOWHU��WKLV�ZDYH�PL[LQJ�HIIHFW�FDQ

SURYLGH� VWDEOH� VLQJOH� ORQJLWXGLQDO� PRGH� RSHUDWLRQ� DQG� HIIHFWLYHO\� SUHYHQW� UDSLG� PRGH�

KRSSLQJ�� �7R� LQFUHDVH� WKH�VWDELOLW\�� LW� LV�QHFHVVDU\� WR�GHFUHDVH� WKH� ILOWHU�EDQGZLGWK�DQG� WKH

FDYLW\� OHQJWK� DV�PXFK� DV� SRVVLEOH� DQG� WR� DYRLG� LQWUD� FDYLW\� UHIOHFWLRQV�� � 7KLV� HIIHFW� LV� GH�

VFULEHG�LQ�PRUH�GHWDLO�LQ�FKDSWHU����WKHRUHWLFDOO\��DQG�FKDSWHU����H[SHULPHQWDOO\��

7KH�VXSSUHVVLRQ�RI� WKH�$6(�QRLVH� LV�YHU\�KLJK�� �9DOXHV�EHWWHU� WKDQ����G%�KDYH�EHHQ�PHDV�

XUHG� IRU�GHYLFHV�ZLWKRXW� FRPPRQ�DPSOLILHU� �H�J�� )LJ�� ����D��� �:KHQ�PXOWLSOH� FKDQQHOV� DUH

�����������������������������������������������������

��HVWLPDWHG�YDOXH�EHWZHHQ���DQG���G%
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RSHUDWHG�WRJHWKHU��ZDYH�PL[LQJ�LQ�WKH�SDVVLYH�RXWSXW�ZDYHJXLGH�RI�WKH�3KDVHG�$UUD\�JLYHV

ULVH� WR� DGGLWLRQDO�PL[LQJ� SURGXFWV� LQ� WKH� RXWSXW� VSHFWUXP� �H�J�� )LJ�� ����E��� � ,I� WKH�PL[LQJ

SURGXFW� RI� WZR� FKDQQHOV� RYHUODSV�ZLWK� D� WKLUG� FKDQQHO�� WKLV� HIIHFW�PD\� EH� UHVSRQVLEOH� IRU

VRPH� SRZHU� IOXFWXDWLRQ�� � %\� UHGXFLQJ� WKH� OHQJWK� RI� WKH� RXWSXW� ZDYHJXLGH�� WKLV� PD\� EH

VROYHG�>��@���:KHQ�D�FRPPRQ�DPSOLILHU�LV�XVHG��WKH�$6(�QRLVH�VXSSUHVVLRQ�LV�UHGXFHG�EXW�LV

VWLOO�JRRG��H�J��)LJ��������

2.3.6 Modulation capabilities

7KH�ORQJ�FDYLW\�OLPLWV�WKH�GLUHFW�PRGXODWLRQ�VSHHG�RI�WKH�3$/���+RZHYHU��GLUHFW�PRGXODWLRQ

RI�D����FKDQQHO�GHYLFH�XS�WR�����0ELW�V��DOO�FKDQQHOV�PRGXODWHG�VLPXOWDQHRXVO\��ZDV�GHP�

RQVWUDWHG�>��@���,Q�>��@��D����ZDYHOHQJWK�WUDQVPLWWHU��EXLOW�E\�LQWHUOHDYLQJ�WZR���ZDYHOHQJWK

3$/V��ZDV� H[WHUQDOO\�PRGXODWHG� DW� ����*ELW�V�� � $� SRZHU� SHQDOW\� RI� OHVV� WKDQ� ���� G%�ZDV

PHDVXUHG�IRU�DOO�FKDQQHOV�DIWHU�WUDQVPLVVLRQ�WKURXJK�����NP�RI�FRQYHQWLRQDO�ILEUH��)LJ�����D��

:KHQ�WKH�3$/�LV�XVHG�DV�D�ZDYHOHQJWK�VHOHFWDEOH�VRXUFH�DQG�QR�VLPXOWDQHRXV�RSHUDWLRQ�RI

PXOWLSOH�FKDQQHOV�LV�UHTXLUHG��D�PRGXODWRU�PD\�EH�LQWHJUDWHG�RQ�WKH�VDPH�FKLS�E\�DWWDFKLQJ

LW�WR�WKH�RXWSXW�VWDU�FRXSOHU�RI�WKH�:*5��RQH�SHULRG�DZD\�IURP�WKH�VKDUHG�DPSOLILHU�FRQQHF�

WLRQ� �)LJ�� ���E��� � ,Q� >��@�� DQ� DPSOLILHU� LGHQWLFDO� WR� WKH� VLJQDO� DPSOLILHUV� ZDV� XVHG� DV� WKH

PRGXODWRU��ZKLFK�GRHV�QRW�LQFUHDVH�WKH�IDEULFDWLRQ�FRPSOH[LW\�EXW�DOVR�OLPLWV�WKH�PRGXODWLRQ

VSHHG�WR�����0+]���8VLQJ�VHOHFWLYH�DUHD�JURZWK��LW�VKRXOG�EH�SRVVLEOH�WR� LQWHJUDWH�WKH�3$/

ZLWK�D�KLJK�VSHHG�HOHFWUR�DEVRUSWLRQ�DPSOLILHU�ZLWKRXW�LQFUHDVLQJ�WKH�QXPEHU�RI�SURFHVVLQJ

VWHSV��VHH�DOVR�SDUDJUDSK������

)LJ������D��([SHULPHQWDO�VHWXS�XVHG�LQ�>��@���E��3$/�LQWHJUDWHG�ZLWK�PRGXODWLRQ�DPSOLILHU

>��@

:H�PHDVXUHG�WKH�VPDOO�VLJQDO�UHVSRQVH�IRU�WKH�SHUPDQHQWO\�ERQGHG�K\EULG�3$/�RI�FKDSWHU��

�)LJ�����E����$���G%�IUHTXHQF\�RI������0+]�IRU�D�ELDV�FXUUHQW�RI�����P$�ZDV�IRXQG���:H�DOVR

PHDVXUHG� H\H�GLDJUDPV� RI� WKH� K\EULG� 3$/�PRGXODWHG�ZLWK� D� ����*+]�� ���� *+]� DQG� ���

*+]�SVHXGR�UDQGRP�VLJQDO�FKDQQHO��)LJ�������

,Q�>��@��D�3$/�LV�XVHG�DV�DQ�HLJKW�ZDYHOHQJWK�IDVW�SDFNHW�VZLWFKLQJ�WUDQVPLWWHU��D�����*E�V

VWUHDP�LV�GLUHFWHG�WR���GLIIHUHQW�ORFDWLRQV�E\�VHTXHQWLDOO\�WXUQLQJ�RQ�GLIIHUHQW�FKDQQHOV�RI�WKH
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ODVHU���7KH�VZLWFKLQJ�WLPH�ZDV�OHVV�WKDQ�����QV�DQG�OLPLWHG�E\�WKH�HOHFWULFDO�LQGXFWDQFH�RI�WKH

SDFNDJLQJ���,I�WKH�DPSOLILHU�LV�GULYHQ�EHORZ�WKUHVKROG�LQ�WKH�RII�VWDWH��WKH�VZLWFKLQJ�WLPH�LQ�

FUHDVHV�WR����QV�

2.3.7 Laser Linewidth

:H�PHDVXUHG�DQ�RVFLOODWLRQ� OLQHZLGWK�EHORZ���0+]� IRU� WKH�SHUPDQHQWO\�SDFNDJHG�K\EULG

3$/��)LJ���������2WKHU�DXWKRUV�UHSRUWHG�YDOXHV�RI���0+]�>��@�DQG����0+]�>��@�

2.3.8 Control and reliability

6LQFH�WKH�ZDYHOHQJWK�VSDFLQJ�LV�IL[HG��FRQWURO�RI�RQO\�RQH�ZDYHOHQJWK�FKDQQHO�LV�QHFHVVDU\�WR

WXQH� WKH�ZKROH�ZDYHOHQJWK�FRPE�WR� WKH�GHVLUHG�YDOXH�� �$V�DOUHDG\�PHQWLRQHG�� WKH� ILOWHU� LV

UHDOLVHG�FRPSOHWHO\�LQ�SDVVLYH�PDWHULDO�VR�QR�GHJUDGDWLRQ�RU�VKLIW�KDV�WR�EH�H[SHFWHG�

:KHQ�D�FRPPRQ�DPSOLILHU�LV�XVHG��LW�PD\�EH�QHFHVVDU\�WR�XVH�D�IHHG�IRUZDUG�VFKHPH�ZKHQ

PXOWLSOH�FKDQQHOV�DUH�RSHUDWHG�WRJHWKHU��WR�DYRLG�FURVVWDON�IURP�FDUULHU�GHQVLW\�FKDQJHV�>��@�

$QRWKHU�DSSURDFK�LV�WR�FODPS�WKH�JDLQ�RI�WKH�FRPPRQ�DPSOLILHU�DV�ZDV�SURSRVHG�IRU�WKH�ILUVW

WLPH� LQ� WKH� FRQWH[W� RI� WKLV�ZRUN� �>�@�� FKDSWHU� ��� DQG�ZKLFK� UHTXLUHV�QR� DGGLWLRQDO� FRQWURO�

+RZHYHU��LW�LV�EHWWHU�WR�XVH�QR�FRPPRQ�DPSOLILHU�DW�DOO�IRU�PXOWLSOH�FKDQQHO�RSHUDWLRQ�

$V� GHVFULEHG� LQ� ������� WKH� WKUHVKROG� FXUUHQW� RI� WKHVH� GHYLFHV� FDQ� EH� FRPSDUDEOH� WR� WKDW� RI

WKHLU�GLVFUHWH�FRXQWHUSDUWV��LQGLFDWLQJ�WKDW�WKH\�SRVVLEO\�PD\�WXUQ�RXW�WR�EH�UHOLDEOH�GHYLFHV�

+RZHYHU��VWULQJHQW�UHOLDELOLW\�WHVWLQJ�KDV�QRW�\HW�EHHQ�SXEOLVKHG�

$�PLQLPXP�GHYLFH�VL]H�RI���[���PP��KDV�EHHQ�UHSRUWHG��KRZHYHU�D�VL]H�RI���[���PP��LV�PRUH

FRPPRQ���7KLV�LV�UDWKHU�ODUJH�DQG�PD\�EH�D�SUREOHP�IRU�ODUJH�VFDOH�IDEULFDWLRQ�

2.4 Conclusions

7KH�PRVW� LPSRUWDQW�DGYDQWDJHV�RI�3KDVHG�$UUD\�PXOWLZDYHOHQJWK�ODVHUV�DSSHDUV�WR�EH� WKH

DFFXUDWH� FKDQQHO� VSDFLQJ�� WKHLU� VLPSOH� FKDUDFWHULVDWLRQ� DQG� SDFNDJLQJ� SURFHGXUH� DQG� WKH

UHGXFHG�PDQDJHPHQW�RYHUKHDG���0RUHRYHU��WKH�ZKROH�ZDYHOHQJWK�FRPE�PD\�EH�WXQHG�WR�WKH

GHVLUHG�JULG�DW�RQFH�E\�FKDQJLQJ� WKH�RSHUDWLQJ� WHPSHUDWXUH� DQG� WKH� ILOWHU� LV� UHDOLVHG� FRP�

SOHWHO\�LQ�SDVVLYH�PDWHULDO�VR�QR�ZDYHOHQJWK�GULIW�GXH�WR�DJHLQJ�LV�WR�EH�H[SHFWHG���)XUWKHU�

WKH� VLGH�PRGH� VXSSUHVVLRQ� UDWLR� LV�PXFK� EHWWHU� WKDQ� UHTXLUHG� IRU� FXUUHQW� VWDWH� RI� WKH� DUW

:'0�QHWZRUNV���7KH�RXWSXW�SRZHU��RQ�WKH�RWKHU�KDQG��LV�JHQHUDOO\�FRQVLGHUHG�VWLOO�WRR�ORZ�

7KH�ODUJH�FKLS�VL]H�DQG�WKH�KLJK�QXPEHU�RI�DPSOLILHUV�ZLOO�HQKDQFH�WKH�SUREDELOLW\�IRU�IDEUL�

FDWLRQ� HUURUV� FRQVLGHUDEO\� DQG� WR�REWDLQ� DQ� DFFHSWDEOH� \LHOG�� WKH� WRWDO�QXPEHU� RI� FKDQQHOV

ZLOO�KDYH�WR�EH�OLPLWHG�� �7KH�IDEULFDWLRQ�LWVHOI�KRZHYHU�LV�VLPSOH�VLQFH�QR�ILQH�JULG�JUDWLQJV

DUH�UHTXLUHG�DQG�RQO\�RQH�ILEUH�FKLS�FRXSOLQJ�XQLW�LV�UHTXLUHG�IRU�PXOWLSOH�ZDYHOHQJWK�FKDQ�

QHOV�

7KH�PRVW� LPSRUWDQW� GUDZEDFN� LV� WKH�PRGXODWLRQ� VSHHG��ZKLFK� LV� OLPLWHG� GXH� WR� WKH� ORQJ

FDYLW\�OHQJWK���'LUHFW�PRGXODWLRQ�DW�����0ELW�V�KDV�EHHQ�GHPRQVWUDWHG��EXW�KLJKHU�GDWD�UDWHV

DUH�EHFRPLQJ�LQFUHDVLQJO\�PRUH�FRPPRQ�LQ�WRGD\
V�RSWLFDO�QHWZRUNV���$V�DQ�DOWHUQDWLYH��RQH
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PD\�FRQVLGHU�H[WHUQDO�PRGXODWLRQ���,I�WKH�ODVHU�LV�XVHG�DV�D�ZDYHOHQJWK�VHOHFWDEOH�VRXUFH�DQG

RQO\�RQH�FKDQQHO�LV�RSHUDWHG�DW�D�WLPH��WKLV�LV�D�YHU\�VWUDLJKWIRUZDUG�RSWLRQ���7KH�PRGXODWRU

PD\�HYHQ�EH�LQWHJUDWHG�RQ�WKH�VDPH�FKLS�DV�VKRZQ�LQ�)LJ�����E���,I�PXOWLSOH�FKDQQHOV�RI�WKH

PXOWLZDYHOHQJWK� ODVHU� DUH� RSHUDWHG� VLPXOWDQHRXVO\�� WKH\� ILUVW� KDYH� WR� EH� GHPXOWLSOH[HG

DJDLQ�DV�VKRZQ�LQ�)LJ�����D���7KLV�PD\�VHHP�SRLQWOHVV�DW�ILUVW�VLJKW���+RZHYHU��LQ�RXU�RSLQLRQ

WKLV�LV�QRW�FRPSOHWHO\� WUXH�� � ,I� WKH�QXPEHU�RI�FKDQQHOV� LV�KLJK�HQRXJK�� WKH� WRWDO�QXPEHU�RI

GHYLFHV�LV�VWLOO�UHGXFHG�FRQVLGHUDEO\�FRPSDUHG�WR�WKH�FDVH�ZKHUH�GLVFUHWH�ODVHUV�DUH�XVHG��)LJ�

���E��� �0RUH� LPSRUWDQWO\�� WKH�QXPEHU�RI� FULWLFDO�SLJWDLOV� �WKRVH� EHWZHHQ� ,Q3�EDVHG� FRPSR�

QHQWV�DQG�RSWLFDO�ILEUH��DQG�WKH�QXPEHU�RI�LVRODWRUV�DUH�ERWK�UHGXFHG�IURP� N ��WKH�QXPEHU�RI

FKDQQHOV��WR���

PAL

N

2

1

1xN mux

N

2

1xN demux

1

external
modulators

����

N

2

1

1xN mux

N

2

1

external
modulators

discrete
lasers

)LJ������D��([WHUQDO�PRGXODWLRQ�RI�3$/�XQGHU�VLPXOWDQHRXV�PXOWL�FKDQQHO�RSHUDWLRQ�� �E�

([WHUQDO�PRGXODWLRQ�RI�D�VHULHV�RI�GLVFUHWH�ODVHUV

3 Integration technology

7KH�3KDVHG�$UUD\�PXOWLZDYHOHQJWK�ODVHU�FRQVLVWV�RI�DQ�§DFWLYH�SDUW¨��WKH�DPSOLILHUV��DQG�D

§SDVVLYH�SDUW¨��WKH�PXOWLSOH[HU��� �7KH�DFWLYH�SDUW� LV�SXPSHG�DQG�KDV� WR�SURYLGH�JDLQ�� �7KH

RSHUDWLQJ�ZDYHOHQJWK�RI�WKH�ODVHU�ZLOO�EH�HTXDO�WR�WKH�EDQGJDS�ZDYHOHQJWK�RI�WKH�DFWLYH�OD\HU

LQ� WKLV�VHFWLRQ�� �7KH�SDVVLYH�SDUW�RQ� WKH�RWKHU�KDQG�� LV� OHIW�XQSXPSHG�� �7R�DYRLG�FRPSOHWH

DEVRUSWLRQ�RI�WKH�OLJKW�JHQHUDWHG�LQ�WKH�DFWLYH�SDUW��WKH�EDQGJDS�ZDYHOHQJWK�RI�WKH�PDWHULDO

LQ� WKH� SDVVLYH� VHFWLRQ� PXVW� EH� FRQVLGHUDEO\� ORZHU� WKDQ� WKH� RSHUDWLQJ� ZDYHOHQJWK�� � 7KLV

PHDQV�WKDW�WZR�GLIIHUHQW�ZDYHJXLGH�W\SHV�KDYH�WR�EH�LQWHJUDWHG�LQ�RQH�GHYLFH���,Q�WKH�FRQWH[W

RI�WKLV�WKHVLV��ERWK�D�PRQROLWKLF�DQG�D�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�ZHUH�LQYHVWLJDWHG���7KH

GHYHORSPHQW�RI�WKH�PRQROLWKLF�LQWHJUDWLRQ�WHFKQRORJ\�LWVHOI�ZDV�QR�SDUW�RI�WKLV�ZRUN���+RZ�

HYHU�� ZH� ZRUNHG� RQ� WKH� GHVLJQ� DQG� WKH� FKDUDFWHULVDWLRQ� RI� DPSOLILHUV� DQG� SDVVLYH

ZDYHJXLGHV�WKDW�ZHUH�SDUW�RI�WKLV�LQWHJUDWLRQ�VFKHPH�DQG�WKH�UHVXOWV�DUH�UHSRUWHG�LQ�FKDSWHU

��� �7R�XQGHUVWDQG�WKHVH�� WKH�PRQROLWKLF� LQWHJUDWLRQ�VFKHPH� LV�VKRUWO\�GLVFXVVHG� LQ� WKH�QH[W

SDUDJUDSK��SDUWO\�WDNHQ�IURP�>��@����,Q�SDUDJUDSK������WKH�K\EULG�LQWHJUDWLRQ�VFKHPH�LV�LQWUR�

GXFHG�
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3.1 Selective area growth as a monolithic integration technology

6HYHUDO�PRQROLWKLF�LQWHJUDWLRQ�VFKHPHV�KDYH�EHHQ�GHPRQVWUDWHG�LQ�OLWHUDWXUH���7\SLFDO�H[DP�

SOHV�DUH�EXWW�MRLQW�FRXSOLQJ��DFWLYH� OD\HU�UHPRYDO� �HYDQHVFHQW� ILHOG�FRXSOLQJ��� VHOHFWLYH�DUHD

JURZWK�DQG�TXDQWXP�ZHOO�LQWHUPL[LQJ���7KH�ILUVW�WZR�DUH�WKH�PRVW�FRPPRQO\�XVHG��H�J��VHH

)LJ������DQG�>��@����7KH\�ERWK�LQYROYH�JURZLQJ�HSLWD[LDO�OD\HUV�VXLWDEOH�IRU�D�ILUVW�W\SH�RI�GH�

YLFH�RYHU�WKH�ZKROH�VXEVWUDWH�� �6XEVHTXHQWO\��WKHVH�OD\HUV�DUH�HWFKHG�DZD\�ZKHUH�RWKHU�GH�

YLFHV�DUH�QHHGHG�DQG�GLIIHUHQW�RQHV�DUH�JURZQ�LQ� WKH�RSHQLQJV�� �:H�FKRVH� IRU�DQRWKHU�DS�

SURDFK��EDVHG�RQ�WKH�VHOHFWLYH�DUHD�HSLWD[LDO�JURZWK����7KLV�WHFKQLTXH�DOORZV�IRU�YDULDWLRQ�RI

WKH�EDQGJDS�RI�TXDQWXP�ZHOO�PDWHULDO�LQ�WKH�VDPH�SODQH�ZLWKLQ�D�VLQJOH�JURZWK�VWHS��VR�LW�LV

QRW�QHFHVVDU\�WR�HWFK�OD\HUV�DZD\�LQ�FHUWDLQ�UHJLRQV�RI�WKH�GHYLFH�

7KH�FRQFHSW�RI� WKH�VHOHFWLYH�DUHD�HSLWD[LDO�JURZWK�WHFKQLTXH�>��@�>��@� LV�VKRZQ�LQ�)LJ�������

7KH�UHJLRQV�RI�WKH�VXEVWUDWH�VXUURXQGLQJ�WKH�SODFH�ZKHUH�WKH�DFWLYH�PDWHULDO�KDV�WR�EH�JURZQ

DUH�PDVNHG�XVLQJ�6L2�
���6RXUFH�PDWHULDO�DUULYLQJ�IURP�WKH�JDV�SKDVH�ZLOO�JURZ�HSLWD[LDOO\�LQ

WKH� UHJLRQV�ZKHUH� WKH�PDVN� LV� RSHQ�� �:KHUH� VRXUFH�PDWHULDO� ODQGV� RQ� WKH� 6L2��� LW�ZLOO� QRW

UHDGLO\�QXFOHDWH�� � ,I� WKH�JURZWK�FRQGLWLRQV�DUH�ZHOO� FKRVHQ�� VSHFLHV�GHSRVLWHG�RQ� WKH�PDVN

ZLOO�UH�HQWHU�WKH�JDV�SKDVH�DQG�GLIIXVH��GXH�WR�WKH�ORFDO�FRQFHQWUDWLRQ�FRHIILFLHQW��WR�ILQG�DQ

XQPDVNHG� UHJLRQ�� �4XDQWXP�ZHOOV�JURZQ� LQ�EHWZHHQ� WZR�6L2�
� VWULSHV�ZLOO� EH� WKLFNHU� DQG

ULFKHU�LQ�,QGLXP�FRPSDUHG�WR�WKRVH�JURZQ�LQ�WKH�SODQDU�UHJLRQ�DQG�IURP�ERWK�WKHVH�HIIHFWV

WKHLU�EDQGJDS�LV�VKLIWHG�WRZDUGV�ORZHU�HQHUJ\�YDOXHV�

Active

Active

Passive

Passive

SiO -
stripes

2
Optical
waveguide

To multiplexer

E =1.55 mg m E <<1.55 mg m

film layers

MQW

)LJ�������3ULQFLSOH�RI�VHOHFWLYH�DUHD�JURZWK

8VLQJ� WKH� VHOHFWLYH� DUHD� HSLWD[LDO� JURZWK� WHFKQLTXH�� D� FRPSOHWH� DFWLYH�SDVVLYH� LQWHJUDWLRQ

VFKHPH�ZDV�GHYHORSHG���)URP�WKH�EHJLQQLQJ�RI�WKH�SURMHFW��LW�ZDV�GHFLGHG�WR�XVH�D�ULGJH�W\SH

ZDYHJXLGH�FURVV�VHFWLRQ�IRU�WKH�SDVVLYH�ZDYHJXLGHV���7KHUHIRUH��DOWKRXJK�EXULHG�ZDYHJXLGH

W\SHV�DUH�JHQHUDOO\�FRQVLGHUHG�PRUH�VXLWDEOH�IRU�DFWLYH�GHYLFHV��VHH�DOVR�FKDSWHU�����ZH�FKRVH

�����������������������������������������������������

�� 7KH� WHUP� VHOHFWLYH� DUHD� HSLWD[LDO� JURZWK� LV� VRPHWLPHV� DOVR� XVHG� WR� UHIHU� WR� D� GLIIHUHQW�PRQROLWKLF

LQWHJUDWLRQ�DSSURDFK��EDVHG�RQ�PROHFXODU�EHDP�HSLWD[\��0%(��>��@�
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WR�HPSOR\�DOVR� D� ULGJH�W\SH�ZDYHJXLGH� FURVV�VHFWLRQ� IRU� WKH� DPSOLILHUV�� �7KLV� IDFLOLWDWHV� DQ

HDV\�DQG�UHIOHFWLRQ�IUHH�LQWHJUDWLRQ�VFKHPH���,Q�D�ILUVW�VWHS��WKH�6L2��PDVNV�DUH�GHSRVLWHG�QH[W

WR�WKH�UHJLRQ�ZKHUH�WKH�DPSOLILHU�OD\HU�VWDFN�KDV�WR�EH�JURZQ���7KLV�LV�IROORZHG�E\�WKH�VHOHF�

WLYH�HSLWD[LDO�JURZWK�RI�D�PXOWL�TXDQWXP�ZHOO�OD\HU�VWDFN��,Q*D$V�4:V�ZLWK�4�����EDUULHU

PDWHULDO��VDQGZLFKHG�EHWZHHQ�4����ILOP�OD\HUV��DQG�D�����QP�,Q3�FODGGLQJ�OD\HU���$IWHU�UH�

PRYDO�RI� WKH�R[LGH� VWULSHV�� D� WKLFN�S�GRSHG� ,Q3� FODGGLQJ� OD\HU� DQG� WKH� ,Q*D$V� FRQWDFWLQJ

OD\HU�DUH�JURZQ��� �,Q�D�QH[W�VWHS��WKH�,Q*D$V�FRQWDFW�OD\HU�LV�VHOHFWLYHO\�HWFKHG�DZD\�LQ�WKH

SDVVLYH�UHJLRQ���6XEVHTXHQWO\��WKH�DPSOLILHU�ULGJHV�DUH�GHILQHG�XVLQJ�D�ZHW�HWFKLQJ�SURFHVV�

7KH�XSSHU�ILOP�OD\HU�RI� WKH�DFWLYH� OD\HU�VWDFN�LV� WKHUHE\�XVHG�DV�D�VHOHFWLYH�HWFK�VWRS�OD\HU�

'XULQJ�WKLV�SURFHVV��WKH�UHJLRQ�IRU�WKH�SDVVLYH�ZDYHJXLGHV� LV�VKLHOGHG�XVLQJ�D�SKRWR�UHVLVW

OD\HU���7KHQ��WKH�SDVVLYH�ZDYHJXLGHV�IRU�WKH�GHPXOWLSOH[HU�DUH�GHILQHG�XVLQJ�D�UHDFWLYH�LRQ

HWFKLQJ�SURFHVV��ZKLOH�WKH�DFWLYH�UHJLRQ� LV�FRYHUHG�� �7KH� WUDQVLWLRQ�EHWZHHQ� WKH�ZHW�HWFKHG

ZDYHJXLGHV� DQG� WKH�GU\�HWFKHG�ZDYHJXLGHV� WDNHV�SODFH� LQ� WKH�SODQDUO\� JURZQ� UHJLRQ�� � ,Q

FKDSWHU���� WKH� ORVVHV�DQG� UHVLGXDO� UHIOHFWLRQ�RFFXUULQJ�DW� WKLV� WUDQVLWLRQ�DUH�PRGHOOHG�� � ,Q�D

ILQDO�VWHS��WKH�DPSOLILHU�FRQWDFWV�DUH�GHILQHG��XVLQJ�SRO\LPLGH�DV�DQ�LVRODWLRQ�OD\HU�� �7KH�UH�

VXOWLQJ�ZDYHJXLGH�FURVV�VHFWLRQV�DUH�GLVFXVVHG�LQ�FKDSWHU��

7KH� DSSDUHQW� DGYDQWDJH� RI� WKLV� LQWHJUDWLRQ� VFKHPH� LV� LWV� VLPSOLFLW\�� � 2QO\� WZR� HSLWD[LDO

JURZWK�VWHSV�DQG�D�OLPLWHG�QXPEHU�RI�SURFHVVLQJ�VWHSV�DUH�UHTXLUHG���)XUWKHU��WKH�FRQWLQXLW\

RI�WKH�JXLGLQJ�OD\HU�SURPLVHV�WR�SURYLGH�D�ORZ�ORVV�DQG�UHIOHFWLRQ�IUHH�WUDQVLWLRQ�UHJLRQ���)RU

WKH�PRPHQW��WKH�PDMRU�SUREOHP�DSSHDUV�WR�EH�REWDLQLQJ�KLJK�TXDOLW\�VHOHFWLYHO\�JURZQ�DFWLYH

OD\HUV���7KH�VXEVWUDWH�SUHSDUDWLRQ�LQ�SDUWLFXODU�VHHPV�WR�EH�YHU\�FULWLFDO�

,Q�RXU�RSLQLRQ�� WKH�PDLQ�DGYDQWDJH�RI� WKH�VHOHFWLYH�DUHD�JURZWK� WHFKQLTXH�DV�D�PRQROLWKLF

LQWHJUDWLRQ�WHFKQRORJ\�RYHU�FODVVLFDO�LQWHJUDWLRQ�WHFKQRORJLHV�VXFK�DV�DFWLYH�OD\HU�UHPRYDO�RU

EXWW�MRLQW�FRXSOLQJ��LV�WKDW�PXOWLSOH�W\SHV�RI�DFWLYH�FRPSRQHQWV�VXFK�DV�DPSOLILHUV��GHWHFWRUV

DQG�PRGXODWRUV���HDFK�UHTXLULQJ�D�GLIIHUHQW�EDQGJDS�HQHUJ\���PD\�EH�LQWHJUDWHG�RQ�D�VLQJOH

FKLS�ZLWKRXW�IXUWKHU�FRPSOLFDWLQJ�WKH�LQWHJUDWLRQ�VFKHPH���2QH�RQO\�KDV�WR�YDU\�WKH�ZLGWK�RI

WKH�JDS�LQ�EHWZHHQ�WKH�6L2��PDVNV�ZKHUH�WKHVH�HOHPHQWV�KDYH�WR�EH�JURZQ��DV�VKRZQ�LQ�)LJ�

�������7R�LOOXVWUDWH�WKLV�IXUWKHU�ZH�UHIHU�WR�)LJ�����E��WDNHQ�IURP�>��@���,Q�WKDW�FDVH��WKH�3KDVHG�

$UUD\�ODVHU�ZDV�LQWHJUDWHG�ZLWK�D�PRGXODWRU���+RZHYHU��IRU�QRW�FRPSOLFDWLQJ�WKH�SURFHVVLQJ�

ZKLFK�ZDV�EDVHG�RQ�DFWLYH� OD\HU� UHPRYDO�� WKLV�PRGXODWRU�KDG�DQ� LGHQWLFDO� FURVV�VHFWLRQ�DV

WKH�JDLQ�VHFWLRQV��WKHUHE\�OLPLWLQJ�WKH�PRGXODWLRQ�VSHHG�WR�DSSUR[LPDWHO\�����0+]���8VLQJ�D

VHOHFWLYH�DUHD�JURZWK�EDVHG� LQWHJUDWLRQ�VFKHPH�� LW�ZRXOG�EH�SRVVLEOH� WR� UHSODFH� WKH�PRGX�

ODWLQJ�DPSOLILHU�E\�D�KLJK�SHUIRUPDQW�PRGXODWRU��ZLWKRXW�FRPSOLFDWLQJ�WKH�LQWHJUDWLRQ�SURF�

HVV�

�����������������������������������������������������

��7KH�ZKROH�OD\HU�VWDFN�LV�QRW�JURZQ�LQ�RQH�VWHS��EHFDXVH�WKLV�ZRXOG�UHVXOW�LQ�QRQ�IODWQHVV�RI�WKH�VH�

OHFWLYHO\�JURZQ�PDWHULDO�WKDW�LV�EH\RQG�WROHUDQFH�
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common
amplifier
( )E =1.55 mg µ

monitor diodes
( )E =1.60 mg µ

signal amplifiers
( )E =1.55 mg µ

high speed
modulator
( )E =1.48 mg µ

AR

HR

)LJ�������+\SRWKHWLFDO�GHVLJQ�IRU�D�PXOWLZDYHOHQJWK�ODVHU�LQFRUSRUDWLQJ�D�FRPPRQ�DPSOL�

ILHU��PRQLWRU�GLRGHV� DQG� D� KLJK�VSHHG�PRGXODWRU�� HDFK� UHTXLULQJ� DQ� DFWLYH� OD\HU�ZLWK� D

GLIIHUHQW�EDQGJDS�ZDYHOHQJWK���7KLV�ODVHU�FRXOG�EH�UHDOLVHG�XVLQJ�D�VHOHFWLYH�DUHD�JURZWK

EDVHG�PRQROLWKLF�LQWHJUDWLRQ�VFKHPH�E\�YDU\LQJ�WKH�ZLGWK�RI�WKH�JDS�LQ�EHWZHHQ�WKH�6L2��

PDVNV�

3.2 Hybrid integration for device prototyping

,Q�WKH�K\EULG�LQWHJUDWLRQ�VFKHPH��DQ�,Q3�DPSOLILHU�DUUD\�LV�EXWW�FRXSOHG�ZLWK�DQ�,Q3�SDVVLYH

ZDYHJXLGH�FKLS�� �7R�DYRLG� UHIOHFWLRQV�DW� WKH� LQWHUIDFH�EHWZHHQ�ERWK�FKLSV�� WKH�ZDYHJXLGHV

DUH�VODQWHG�WRZDUGV�WKH�IDFHW���VHH�)LJ���������7KH�FRXSOLQJ�LV�FDUULHG�RXW�RQ�DQ�RSWLFDO�EHQFK

E\� YLVXDO� LQVSHFWLRQ� DQG� E\� RSWLPLVLQJ� WKH� RXWSXW� SRZHU� RI� WKH� ODVHU� �DFWLYH� DOLJQPHQW��

2ULJLQDOO\��WKH�FKLSV�ZHUH�RQO\�WHPSRUDULO\�FRXSOHG���7KLV�JLYHV�D�ODUJH�IOH[LELOLW\�DQG�DOORZV

IRU�LQWHUFKDQJLQJ�WKH�SDVVLYH�FKLSV���+RZHYHU��VRPHWLPHV�LW�LV�GLIILFXOW�WR�NHHS�WKH�FRXSOLQJ

HIILFLHQF\�EHWZHHQ�ERWK�FKLSV�FRQVWDQW�RYHU�D�ORQJHU�WLPH�LQWHUYDO���0RUHRYHU��LW�LV�QRW�SRVVL�

EOH�WR�XVH�VXFK�GHYLFHV� LQ�V\VWHP�WHVWV�� �7KHUHIRUH��ZH�GHYHORSHG�DOVR�D� WHFKQLTXH� WR�ERQG

ERWK�FKLSV�SHUPDQHQWO\�WRJHWKHU��XVLQJ�D�89�FXULQJ�HSR[\���,Q�WKDW�ZD\��ZH�FRXOG�GHPRQ�

VWUDWH�D�FRPSOHWH��ILEUH�FRQQHFWHG�PXOWLZDYHOHQJWK�ODVHU�

7KH�GHYHORSPHQW�RI�WKH�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�ZDV�DQ�LQWHJUDO�SDUW�RI�WKLV�ZRUN�DQG

LV�GHVFULEHG�LQ�GHWDLO�LQ�FKDSWHUV���	�����,Q�WKHVH�FKDSWHUV��ZH�XVH�WKH�WHUP�§K\EULGO\�FRXSOHG

3,&¨�IRU�GHQRWLQJ�D�3,&�WKDW�ZDV�UHDOLVHG�E\�QRQ�SHUPDQHQWO\�FRXSOLQJ�WZR�FKLSV�RQ�DQ�RS�

WLFDO�EHQFK��FKDSWHU����� �7KH�WHUP�§K\EULGO\�LQWHJUDWHG�3,&¨�GHQRWHV�D�3,&�UHDOLVHG�E\�SHU�

PDQHQWO\�ERQGLQJ� WZR� FKLSV� WRJHWKHU� �FKDSWHU� ���� � ,Q� WKH�RWKHU� FKDSWHUV�RI� WKLV�ZRUN�� WKLV

WHUP�LV�XVHG�IRU�ERWK�SHUPDQHQWO\�DQG�QRQ�SHUPDQHQWO\�FRXSOHG�FKLSV�

4 Goal of this work, structure of the thesis and main achievements

:KHQ�WKLV�ZRUN�ZDV�LQLWLDWHG��VRPH�JURXSV�DOUHDG\�KDG�GHPRQVWUDWHG�D�3KDVHG�$UUD\�PXO�

WLZDYHOHQJWK�ODVHU���+RZHYHU��WKHVH�GHYLFHV�VXIIHUHG�IURP�KLJK�WKUHVKROG�FXUUHQW�YDOXHV��KDG

D�ORZ�RXWSXW�SRZHU�DQG�D�ORZ�PRGXODWLRQ�EDQGZLGWK���$W�WKDW�PRPHQW��LW�ZDV�QRW�\HW�REYL�
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RXV�LI�VXFK�ODVHUV�FRXOG�EH�XVHIXO�IRU�XVH�LQ�SUDFWLFDO�:'0�V\VWHPV���7KHUHIRUH��WKH�JRDO�RI

WKLV�ZRUN�ZDV�WR�GHVLJQ�DQG�GHYHORS�PXOWLZDYHOHQJWK�ODVHUV�ZLWK�LPSURYHG�RSHUDWLQJ�FKDU�

DFWHULVWLFV���:H�WKHUHE\�ZDQWHG�WR�HQKDQFH�WKH�WKHRUHWLFDO�NQRZOHGJH�RI�WKH�GHYLFH�RSHUDWLRQ

DQG�WR�LQYHVWLJDWH�WKH�WKHRUHWLFDO�OLPLWV�RI�WKLV�W\SH�RI�ODVHU���,Q�SDUDOOHO��ZH�ZDQWHG�WR�LQYHV�

WLJDWH� DQG� GHYHORS� QHZ�PHWKRGV� IRU� GHVLJQLQJ� FRPSOLFDWHG� 3,&V� VXFK� DV� WKH�PXOWLZDYH�

OHQJWK�ODVHU�

,Q�FKDSWHU����ZH�GLVFXVV� WKH�GHVLJQ�SURFHGXUH� IRU�SKRWRQLF� LQWHJUDWHG�FLUFXLWV�DV� LW� LV�FRP�

PRQO\�HPSOR\HG�WRGD\�DQG�DV�LW�ZDV�FDUULHG�RXW�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN���7KH�ILUVW�SDUW�RI

WKLV� FKDSWHU�SURYLGHV� D� UHYLHZ�RI� WKH� DQDO\VLV�PHWKRGV� DQG�&$'�WRROV� WKDW�ZHUH�XVHG� IRU

GHVLJQLQJ�WKH�PXOWLZDYHOHQJWK�ODVHU�SUHVHQWHG�KHUH���6HYHUDO�DQDO\WLFDO�IRUPXODV�DQG�VLPSOL�

ILHG�GHVLJQ�UXOHV�DUH�GHULYHG�DQG�YHULILHG���,Q�WKH�UHPDLQGHU�RI�WKH�FKDSWHU��ZH�GLVFXVV�PHWK�

RGV� IRU� WKH� V\QWKHVLV� RI� FRPSOH[� SKRWRQLF� ,&V�� SRLQW� RXW� VRPH�ZHDNQHVVHV� RI� WRGD\ªV� DS�

SURDFKHV�DQG�SURSRVH�DQ�DOWHUQDWLYH��NQRZOHGJH�GULYHQ�DSSURDFK�� �7KH� ODWWHU� LV� LOOXVWUDWHG

XVLQJ� WKH� 3KDVHG�$UUD\�PXOWLZDYHOHQJWK� ODVHU� DV� DQ� H[DPSOH�� � ,Q� WKH� ODVW� VHFWLRQ� RI� WKLV

FKDSWHU��ZH�VKRUWO\�LQWURGXFH�WKH�EDVLF�RSHUDWLQJ�SULQFLSOH�RI�3KDVHG�$UUD\�GHPXOWLSOH[HUV

DQG�GHPRQVWUDWH�KRZ�WKHLU�GHVLJQ�PD\�EH�RSWLPLVHG�IRU�XVH�LQ�D�ORQJ�FDYLW\�ODVHU�

,Q�FKDSWHU����ERWK�WKH�VWDWLF�DQG�G\QDPLF�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�ORQJ�FDYLW\�PXOWLZDYH�

OHQJWK�ODVHUV�DUH�WKHRUHWLFDOO\�LQYHVWLJDWHG�XVLQJ�D�EODFN�ER[�GHVFULSWLRQ��WKHUHE\�KLGLQJ�LP�

SOHPHQWDWLRQ�VSHFLILF�SURSHUWLHV� VXFK�DV� WKH� W\SH�RI�PXOWLSOH[HU�RU� WKH� DFWLYH�SDVVLYH� LQWH�

JUDWLRQ�VFKHPH���7KH�UHVXOWV�RI�WKLV�DQDO\VLV�DUH�XVHG�WR�RSWLPLVH�WKH�3KDVHG�$UUD\�ODVHU�GH�

VLJQ�DQG�FRPSDUHG�WR�H[SHULPHQWDO�UHVXOWV�LQ�FKDSWHUV���DQG���� �6RPH�JHQHUDO�GHVLJQ�UXOHV

IRU�PXOWLZDYHOHQJWK�ODVHUV�DUH�VXPPDULVHG�DW�WKH�HQG�RI�WKLV�FKDSWHU�

,Q�FKDSWHU����WKH�GHVLJQ�DQG�WKH�FKDUDFWHULVDWLRQ�RI�WKH�VXEFRPSRQHQWV�IRU�WKH�3KDVHG�$UUD\

ODVHU� �DPSOLILHUV��SDVVLYH�ZDYHJXLGHV�DQG�DFWLYH�SDVVLYH� WUDQVLWLRQ��DUH�GLVFXVVHG��ERWK� IRU

WKH�K\EULGO\�DQG�IRU�WKH�PRQROLWKLFDOO\�LQWHJUDWHG�GHYLFH���,Q�WKH�ILUVW�VHFWLRQ�RI�WKLV�FKDSWHU�

ZH�DQDO\VH�WKH�RSHUDWLRQ�SULQFLSOH�RI�ULGJH�W\SH�ODVHUV�DQG�VXEVHTXHQWO\�XVH�WKH�UHVXOWV�IURP

WKLV�DQDO\VLV�WR�RSWLPLVH�WKH�GHVLJQ�RI�WKH�DPSOLILHUV�IRU�WKH�PRQROLWKLFDOO\�LQWHJUDWHG�3$/�

,Q� DGGLWLRQ�� WKH� GHVLJQ� DQG� WKH� FKDUDFWHULVDWLRQ� RI� WKH� UHIOHFWLYH� 62$�DUUD\V�� ZKLFK� ZHUH

XVHG� WR�GHYHORS� WKH�K\EULGO\� LQWHJUDWHG�3,&V�� LV�GLVFXVVHG� DQG� VRPH�PDWHULDO� SDUDPHWHUV�

ZKLFK�ZHUH�XVHG�IRU�WKH�WKHRUHWLFDO�DQDO\VLV�RI�FKDSWHU�WKUHH��ZHUH�REWDLQHG���7KH�ODUJHVW�SDUW

RI�WKH�VHFRQG�VHFWLRQ�RI�FKDSWHU���LV�GHYRWHG�WR�WKH�GHVLJQ�DQG�FKDUDFWHULVDWLRQ�RI�WKH�SDVVLYH

ZDYHJXLGHV� IRU� WKH� PRQROLWKLFDOO\� LQWHJUDWHG� 3$/�� � )XUWKHU�� ZH� DOVR� SUHVHQW� VRPH� ORVV

PHDVXUHPHQWV� IRU� ZDYHJXLGHV� WKDW� ZHUH� XVHG� IRU� UHDOLVLQJ� WKH� K\EULGO\� LQWHJUDWHG� 3$/�

)LQDOO\��LQ�D�WKLUG�VHFWLRQ�RI�WKLV�FKDSWHU��WKH�FRXSOLQJ�ORVV�DQG�WKH�PLVDOLJQPHQW�WROHUDQFHV

IRU�WZR�K\EULGO\�FRXSOHG�3,&V�DUH�PRGHOOHG�

,Q�FKDSWHU���� WKH��QRQ�SHUPDQHQWO\��K\EULG�FRXSOLQJ�VFKHPH�ZH�GHYHORSHG� LV�GLVFXVVHG� LQ

GHWDLO�DQG�ZH�SUHVHQW�H[SHULPHQWDO�UHVXOWV�IRU�K\EULG�3KDVHG�$UUD\�ODVHUV�WKDW�ZHUH�UHDOLVHG�

7KH�ILUVW�VHFWLRQV�RI�WKLV�FKDSWHU�SUHVHQW�D�UHYLHZ�RI�PRUH�FODVVLF��VLOLFRQ�EHQFK�EDVHG��K\EULG

LQWHJUDWLRQ� WHFKQLTXHV�DQG�WKHLU� LQFUHDVLQJ�LPSRUWDQFH� IRU�SUDFWLFDO�DSSOLFDWLRQV� LV�GHPRQ�
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VWUDWHG�� �,Q�WKH�IROORZLQJ�VHFWLRQV��ZH�GLVFXVV�RXU�RZQ�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�� �7KH

WROHUDQFHV� IRU�PLVDOLJQPHQW�HUURUV�DUH� LQYHVWLJDWHG�DQG� WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI� WKH

K\EULGO\� FRXSOHG� 3KDVHG�$UUD\� ODVHUV� DUH� SUHVHQWHG�� �:H� VXFFHVVLYHO\� GHVFULEH� WKH� VWDWLF

FKDUDFWHULVWLFV� �WKUHVKROG� FXUUHQW�� RXWSXW� SRZHU�� RVFLOODWLRQ� VSHFWUXP�� VLQJOH� ORQJLWXGLQDO

PRGH� VWDELOLW\�� DQG� WKH�G\QDPLF� FKDUDFWHULVWLFV� �VPDOO�VLJQDO� UHVSRQVH�DQG� ODUJH� VLJQDO� UH�

VSRQVH��� �$OVR� WKH� H[SHULPHQWDO�YHULILFDWLRQ� RI� WKH� JDLQ�FODPSLQJ�SULQFLSOH� IRU�PXOWLZDYH�

OHQJWK�ODVHUV�WKDW�ZDV�SURSRVHG�IRU�WKH�ILUVW�WLPH�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN��LV�GHVFULEHG�LQ

WKLV� FKDSWHU�� � )LQDOO\��ZH�SUHVHQW� D�K\EULG� WXQDEOH� ODVHU� LQFRUSRUDWLQJ�DQ� LQWUD�FDYLW\� ULQJ

UHVRQDWRU�ILOWHU�DQG�D�WXQDEOH�0DFK�=HKQGHU�LQWHUIHURPHWHU�

,Q�FKDSWHU����WKH�GHYHORSPHQW�RI�WKH�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�EDVHG�RQ�WKH�SHUPDQHQW

ERQGLQJ� RI� WZR� ,Q3� FKLSV� LV� GHVFULEHG� LQ� GHWDLO� DQG� WKH� UHDOLVDWLRQ� RI� WKH� ILUVW� FRPSOHWHO\

SDFNDJHG�K\EULG�PXOWLZDYHOHQJWK� ODVHU� LV� GLVFXVVHG�� � 7KH� RSHUDWLQJ� FKDUDFWHULVWLFV� RI� WKLV

ODVHU�PRGXOH�DUH�LQYHVWLJDWHG�DQG�FRPSDUHG�ZLWK�WKHRUHWLFDO�UHVXOWV���7KH�ILQDO�VHFWLRQ�RI�WKLV

FKDSWHU�VXPPDULVHV�WKH�PRVW�LPSRUWDQW�UHVXOWV�DQG�SUHVHQWV�VRPH�LGHDV�IRU�IXWXUH�ZRUN�

5 Publications in the context of this work
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DQG�SDVVLYH�ZDYHJXLGH�FKLSV����&OHR�(XURSH
�����*ODVJRZ��&:%���6HS������
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Chapter 2 

Computer aided design tools

for integrated photonic circuits
7KLV�FKDSWHU�LV� LQWHQGHG�WR�SURYLGH�D�UHYLHZ�RI�FRPSXWHU�DLGHG�GHVLJQ�WRROV�IRU� LQWHJUDWHG

SKRWRQLF�FLUFXLWV�DV�WKH\�DUH�XVHG�WRGD\���,Q�VHFWLRQ����WKH�JHQHUDO�GHVLJQ�SURFHGXUH�IRU�SKR�

WRQLF�LQWHJUDWHG�FLUFXLWV��3,&��WKDW� LV�FRPPRQO\�DSSOLHG�WRGD\� LV�GLVFXVVHG�� � ,Q�VHFWLRQ����D

UHYLHZ�RI�WKH�&$'�WRROV��ZKLFK�ZHUH�XVHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN�IRU�WKH�DQDO\VLV�RI�RSWL�

FDO� LQWHJUDWHG� FRPSRQHQWV�� LV� JLYHQ��� � ,Q� SDUDJUDSK� ����� �PRGH� VROYHUV�� DQG� ���� �%30�

DOJRULWKPV��WZR�W\SHV�RI�&$'�WRROV�IRU�SDVVLYH�GHYLFHV�DUH�GLVFXVVHG��ZKLOH�LQ�SDUDJUDSK����

WZR�GLIIHUHQW�WRROV�IRU�DFWLYH�GHYLFHV�DUH�VKRUWO\�LQWURGXFHG���3DUDJUDSK�����SURYLGHV�D�VKRUW

VXPPDU\�RI�WKH�PDWHULDO�SDUDPHWHUV�ZH�XVHG�IRU�WKH�VLPXODWLRQV�

,Q�VHFWLRQ���RI�WKLV�FKDSWHU��ZH�SRLQW�RXW�VRPH�RI�WKH�ZHDNQHVVHV�RI�WRGD\
V�DYDLODEOH�&$'�

WRROV� DQG� SURSRVH� DQ� DOWHUQDWLYH�� NQRZOHGJH� GULYHQ� DSSURDFK�� ZKHUH� WKH� HPSKDVLV� LV� QR

ORQJHU� RQ� ILHOG� FDOFXODWLRQ� DV� VXFK� EXW� UDWKHU� RQ� FRPELQLQJ� DQG�PDQLSXODWLQJ� SUHYLRXVO\

REWDLQHG�GDWD���7KLV�LGHD�LV�LOOXVWUDWHG��XVLQJ�WKH�GHVLJQ�RI�D�3KDVHG�$UUD\�ODVHU�DV�DQ�H[DP�

SOH�

)LQDOO\��LQ�WKH�ODVW�VHFWLRQ�RI�WKLV�FKDSWHU��WKH�EDVLF�RSHUDWLRQ�RI�3KDVHG�$UUD\�GHPXOWLSOH[HUV

LV� H[SODLQHG�DQG�ZH�RXWOLQH� D�SURFHGXUH� IRU�GHVLJQLQJ�PXOWLSOH[HUV� WKDW� DUH� WR� EH�XVHG� LQ

PXOWL�ZDYHOHQJWK�ODVHUV�

1 Design of photonic integrated circuits: task flow

7KH�GHVLJQ�RI�D�FRPSOLFDWHG�SKRWRQLF�LQWHJUDWHG�FLUFXLW��3,&��W\SLFDOO\�FRQVLVWV�RI�D�VHULHV�RI

LQWHUUHODWHG�VXEWDVNV��DV�LOOXVWUDWHG�LQ�)LJ��������6WDUWLQJ�IURP�D�IXQFWLRQDO�GHVFULSWLRQ�IRU�WKH

GHYLFH�� WKH�GHVLJQHU�ZLOO�GHILQH�D�EORFN�GLDJUDP�IRU� WKH�3,&�� WR�EH�UHDOLVHG�� �6XEVHTXHQWO\�

EDVHG�RQ�KLV�H[SHULHQFH�DQG�LQWXLWLRQ��KH�PXVW�GHILQH�WKH�W\SH�RI�FRPSRQHQW�WR�EH�XVHG�IRU

HDFK�EORFN�DQG�FKRRVH�D�PDWHULDO�V\VWHP���2I�FRXUVH��WKH�ZDYHJXLGH�IDEULFDWLRQ�WHFKQRORJ\�WR

EH�XVHG�ZLOO�LQIOXHQFH�WKH�FKRLFH�RI�WKH�FRPSRQHQWV���)RU�H[DPSOH��ZKHQ�GHVLJQLQJ�D������

VSOLWWHU�IRU�D�ORZ�LQGH[�FRQWUDVW�ZDYHJXLGH�IDEULFDWLRQ�WHFKQRORJ\�VXFK�DV�VLOLFD�RQ�VLOLFRQ�RU

SRO\PHU�ZDYHJXLGHV��D�<�MXQFWLRQ� LV�DQ�REYLRXV�FKRLFH�� �+RZHYHU�� IRU�KLJK� LQGH[�FRQWUDVW

ZDYHJXLGHV��D�PXOWLPRGH� LQWHUIHUHQFH� FRXSOHU� �00,��ZRXOG�EH� WKH� EHWWHU� FKRLFH�� �2Q� WKH

RWKHU�KDQG��WKH�W\SH�RI�FRPSRQHQWV�WR�EH�XVHG�PD\�DOVR�GHWHUPLQH�WKH�FKRLFH�RI�WKH�PDWHULDO

V\VWHP���,I�RQH��IRU�H[DPSOH��GHFLGHV�WR�XVH�D�ULQJ�UHVRQDWRU�IRU�RQH�RI�WKH�VXE�FRPSRQHQWV��D

�����������������������������������������������������

��6LQFH�RXU�ZRUN�FRYHUHG�D�EURDG�UDQJH�RI�ERWK�DFWLYH�DQG�SDVVLYH�GHYLFHV��WKLV�ZLOO�DW�WKH�VDPH�WLPH

EH�D�PRUH�RU�OHVV�FRPSOHWH�UHYLHZ�RI�WRGD\
V�DYDLODEOH�&$'�WRROV�

��3,&��D�SODQDU�FLUFXLW�LQWHJUDWLQJ�SDVVLYH�DQG�RU�DFWLYH�RSWLFDO�ZDYHJXLGH�EDVHG�FRPSRQHQWV�� �%RWK

PRQROLWKLF�DQG�K\EULG�LQWHJUDWLRQ�WHFKQRORJLHV�DUH�FRQVLGHUHG�KHUH�
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YHU\� VKRUW�EHQG� UDGLXV� LV� UHTXLUHG� VR� WKDW�RQO\�KLJK� LQGH[� FRQWUDVW�ZDYHJXLGH� IDEULFDWLRQ

WHFKQRORJLHV�DUH�VXLWDEOH��LQ�WKDW�FDVH�

2QFH�WKH�PDWHULDO�V\VWHP�LV�FKRVHQ�DQG�WKH�VXEFRPSRQHQWV�DUH�GHILQHG��WKH�GHVLJQHU�KDV�WR

SXW�GRZQ�QXPEHUV�IRU�DOO� WKH�SDUDPHWHUV�RI� WKH�FRPSRQHQWV�� �6RPHWLPHV� WKLV�FDQ�EH�GRQH

XVLQJ�VLPSOH�GHVLJQ�UXOHV�REWDLQHG�IURP�SUHYLRXV�H[SHULPHQWDO�UHVXOWV�RU�DQDO\WLFDO�IRUPXODV

GHULYHG�IURP�WKHRU\���2IWHQ�KRZHYHU��KH�ZLOO�KDYH�WR�WXUQ�WR�QXPHULFDO�VLPXODWLRQ�WRROV�

+DYLQJ�TXDQWLILHG�WKH�FRPSRQHQWV�RI�WKH�3,&��DQ�RYHUDOO�DQDO\VLV�FDQ�EH�SHUIRUPHG���,I�WKH

VSHFLILFDWLRQV�GHILQHG�DW�WKH�EHJLQQLQJ�RI�WKH�GHVLJQ�F\FOH�DUH�PHW��D�PDVN�FDQ�EH�JHQHUDWHG

DQG�WKH�IDEULFDWLRQ�FDQ�EH�VWDUWHG���2IWHQ��KRZHYHU��WKLV�LV�QRW�LPPHGLDWHO\�WKH�FDVH�DQG�RQH

KDV�WR�JR�EDFNZDUGV�LQ�WKH�GHVLJQ�F\FOH��DGDSWLQJ�WKH�TXDQWLWDWLYH�GHILQLWLRQ�RI�WKH�VXEFRP�

SRQHQWV��WKH�GHILQLWLRQ�RI�WKH�VXEFRPSRQHQWV�WKHPVHOYHV�RU�HYHQ�WKH�IXQFWLRQDO�VSHFLILFDWLRQ

IRU�WKH�3,&�

)ROORZLQJ�WKH�GHYLFH�IDEULFDWLRQ�DQG�FKDUDFWHULVDWLRQ��WKH�REWDLQHG�SHUIRUPDQFH�LV�FRPSDUHG

ZLWK� WKH� RULJLQDO� IXQFWLRQDO� GHVFULSWLRQ�� � 'HSHQGLQJ� RQ� WKH� RXWFRPH�� RQH�PD\� DFFHSW� WKH

UHVXOWV�DV�VDWLVIDFWRU\�RU�GHFLGH�WR�VWDUW�D�QHZ�GHVLJQ�SURFHGXUH�

���������������

Functional description of PIC

Definition of block diagram

Choice of
material system

Selection of
subcomponents

Quantitative design of subcomponents

Overall performance analysis

Mask generation and fabrication

Device characterisation

- experience
- intuition

- analytical formulas
- experiments
- CAD-tools

)LJ������7DVN�IORZ�RI�GHVLJQ�SURFHGXUH�IRU�3,&V

,Q� WKLV�GHYHORSPHQW�SURFHVV��SRZHUIXO�GHVLJQ� WRROV�KDYH�EHFRPH� LQGLVSHQVDEOH�� �)RU�\HDUV

QRZ��WKH\�KDYH�EHHQ�XVHG�IRU�WKH�TXDQWLWDWLYH�GHVLJQ�RI�GHYLFHV�DW�WKH��VXEFRPSRQHQW��OHYHO�

�����������������������������������������������������

�� ,Q� SUDFWLFH�� WKH� DYDLODEOH� WHFKQRORJLHV� W\SLFDOO\� GHSHQG� RQ� WKH� HQYLURQPHQW� ZKHUH� WKH� GHVLJQHU

ZRUNV���7KLV�FDQ�SRVH�OLPLWV�WR�WKH�GHILQLWLRQ�RI�WKH�EORFN�GLDJUDP�RU�HYHQ�WR�WKH�IXQFWLRQDO�VSHFLILFD�

WLRQ�RI�WKH�3,&�
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PRUH�RU�OHVV�VLPSOH�FRPSRQHQWV�VXFK�DV�WDSHUV��<�MXQFWLRQV�DQG�IDFHWV�� �+RZHYHU��ZLWK�WKH

LQFUHDVLQJ�FRPSOH[LW\�RI�3,&V��DOVR�WRROV�FDSDEOH�RI�DQDO\VLQJ�FRPSOHWH�FLUFXLWV�EHFRPH�LQ�

FUHDVLQJO\�LPSRUWDQW��VLQFH�WKH\�FDQ�UHGXFH�WKH�QXPEHU�RI�LWHUDWLRQV�LQ�WKH�GHVLJQ�SURFHGXUH

RXWOLQHG�DERYH�DQG�PD\�KHOS�WR�XQGHUVWDQG�H[SHULPHQWDO�UHVXOWV�

Define structure
with variable parameters

Choose set of parameters

Analyse structure with
appropriate numerical tools

Evaluate performance

Manual
trial and error

iteration

Automated
algorithm

)LJ������2SHUDWLQJ�SULQFLSOH�RI�D�W\SLFDO�&$'�WRRO

7KH�RSHUDWLQJ�SULQFLSOH�RI�PRVW�&$'�WRROV� LV�VLPLODU�DQG�VNHWFKHG�LQ�)LJ������� �%HIRUH�DQD�

O\VLQJ� D� FRPSRQHQW�� LWV� VWUXFWXUH� DQG� SDUDPHWHUV� KDYH� WR� EH� GHILQHG� V\PEROLFDOO\�� HLWKHU

JUDSKLFDOO\�RU�WH[WXDOO\���1H[W��RQH�LWHUDWHV�WKURXJK�WKH�SDUDPHWHU�VSDFH��XQWLO�WKH�SHUIRUP�

DQFH�RI�WKH�FRPSRQHQW�PHHWV�WKH�VSHFLILFDWLRQV���8VLQJ�WKH�FXUUHQWO\�DYDLODEOH�WRROV��WKLV�SUR�

FHVV�LV�ODUJHO\�GRQH�E\�WULDO�DQG�HUURU���0RVW�&$'�WRROV�SURYLGH�WKH�SRVVLELOLW\�WR�VFDQ�RQH�RU

PRUH�YDULDEOHV�EXW�UHDO�RSWLPLVDWLRQ�SURFHGXUHV�DUH�DOPRVW�QHYHU�LPSOHPHQWHG���,Q�OLWHUDWXUH

WKHUH�DUH�VRPH�VFDWWHUHG�H[DPSOHV�RI�DXWRPDWHG�RSWLPLVDWLRQ��EDVHG�RQ�RSWLPDO�FRQWURO�WKH�

RU\�>�@>�@��JHQHWLF�DOJRULWKPV�>�@�>�@�RU�VLPXODWHG�DQQHDOLQJ�>�@���7KHVH�VWDWLVWLFDO�RSWLPLVDWLRQ

PHWKRGV�DUH�SDUWLFXODUO\� LQWHUHVWLQJ� LQ� FDVHV�ZKHUH� WKH�SDUDPHWHU� VSDFH�KDV�PDQ\�GLPHQ�

VLRQV��EHFDXVH�WKH\�SURYLGH�D�UHDVRQDEOH�FKDQFH�RI�ILQGLQJ�D�JRRG�GHVLJQ�ZLWKLQ�D�UHDVRQDEOH

WLPH�

$�SUDFWLFDO�&$'�WRRO�VKRXOG�DW�OHDVW�LQFRUSRUDWH�WKH�IROORZLQJ�SURSHUWLHV�

• 8VHU�IULHQGO\�VWUXFWXUH���OD\RXW�GHILQLWLRQ

• 3URYLGLQJ�DFFXUDWH�UHVXOWV�ZLWKLQ�D�UHDVRQDEOH�WLPH

• +LGLQJ�XQGHUO\LQJ�PRGHOV�DQG�QXPHULFDO�DOJRULWKPV�IRU�LQH[SHULHQFHG�XVHUV��KRZHYHU
DOVR�SURYLGLQJ�DFFXUDWH�GRFXPHQWDWLRQ�DQG�OHDYLQJ�HQRXJK�IOH[LELOLW\�IRU�H[SHULHQFHG
XVHUV�

• 3URYLGLQJ� VHQVLEOH� VXJJHVWLRQV� IRU� QXPHULFDO� SDUDPHWHUV� FRQWUROOLQJ� WKH� XQGHUO\LQJ
DOJRULWKP��H�J�� WKH�SURSDJDWLRQ�VWHS�RU� WKH�UHIHUHQFH� LQGH[� LQ�%30�SDFNDJHV��RU�FRQ�
WUROOLQJ�WKH�QXPHULFDO�LPSOHPHQWDWLRQ��H�J��JULG�VL]H�IRU�SDFNDJHV�EDVHG�RQ�ILQLWH�GLI�
IHUHQFHV�RU�ILQLWH�HOHPHQWV��

• 7KHUH�LV�DOZD\V�D�WUDGH�RII�EHWZHHQ�FDOFXODWLRQ�WLPH�DQG�QXPHULFDO�DFFXUDF\���$�XVHU�
IULHQGO\�&$'�WRRO�VKRXOG�SURYLGH�PHDQV�IRU�HDVLO\�GHWHUPLQLQJ�WKH�PLQLPDO�QXPHULFDO
HIIRUW�UHTXLUHG��DV�GHWHUPLQHG�E\�WKH�JULG�VL]H��WKH�FDOFXODWLRQ�ZLQGRZ��WKH�QXPEHU�RI
VODE�PRGHV���WR�REWDLQ�D�JLYHQ�DFFXUDF\�OHYHO�

• )OH[LEOH�RXWSXW�DQG�LQSXW�
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$OWKRXJK�WKH�XQGHUO\LQJ�DOJRULWKPV�ZHUH�PDLQO\�GHYHORSHG�GXULQJ�WKH�HLJKWLHV��RQO\�VLQFH�D

IHZ� \HDUV� UHDVRQDEO\� XVHU�IULHQGO\� &$'�WRROV� KDYH� EHFRPH� FRPPHUFLDOO\� DYDLODEOH�� � 7ZR

PDLQ�JURXSV�PD\�EH�GLVWLQJXLVKHG���7KH�ILUVW�RQH�IRFXVHV�RQ�SDVVLYH�GHYLFHV��DOWKRXJK�WKH\

PD\�LQFRUSRUDWH�DFWLYH�HOHPHQWV�VXFK�DV�KHDWHUV�RU�HOHFWURGHV����7KH�PRVW�LPSRUWDQW�XQGHU�

O\LQJ�QXPHULFDO�URXWLQHV�DUH�WKH�EHDP�SURSDJDWLRQ�PHWKRG��PRGH�VROYHUV�DQG�WKH�FRXSOHG

PRGH�WKHRU\�� �0RVW�SDFNDJHV�RQO\�XVH�RQH�RI� WKHVH�DOJRULWKPV�� �+RZHYHU�� VRPH�DOVR�FRP�

ELQH�WKHP�WKURXJK�DQ�6�PDWUL[�DSSURDFK�>��@>�@���7KH�VHFRQG�JURXS�RI�&$'�WRROV�IRFXVHV�RQ

DFWLYH�GHYLFHV�VXFK�DV�DPSOLILHUV�DQG�ODVHUV���2IWHQ��WKH\�DUH�OLPLWHG�WR�WKH�GHVLJQ�RI�D�VLQJOH

ODVHU� FDYLW\� DQG� GR� QRW� DOORZ� IRU� WKH� GHVLJQ� RI� FRPSOH[� FDYLW\� VWUXFWXUHV� >��@>��@�� � 6RPH

KRZHYHU�DUH�PRUH�IOH[LEOH�DQG�DOORZ�IRU�WKH�VLPXODWLRQ�RI�VXFK�FRPSOH[�FRPSRQHQWV�DV�WKH

3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHU�>��@�

2 Design tools for the Analysis of Photonic integrated circuits

2.1 Optical mode solvers

$OWKRXJK�RSWLFDO�PRGHV�VROYHUV�DUH�SULPDULO\�GHYHORSHG�IRU�ILQGLQJ�WKH�HLJHQPRGHV�RI�ORQ�

JLWXGLQDO� LQYDULDQW� ZDYHJXLGH� VWUXFWXUHV�� WKHLU� DSSOLFDWLRQ� UHDFKHV� PXFK� IXUWKHU�� � 6RPH

W\SLFDO�H[DPSOHV�DUH�VKRZQ�LQ�)LJ������

- near field
- confinement factor

- loss in leaky waveguides

- far field

- uni- and bidirectional
propagation through piece-
wise longitudinal invariant
waveguides

- loss at discontinuities
(facet reflection, ...)

- verification of beam
propagation methods

)LJ������6RPH�W\SLFDO�DSSOLFDWLRQV�RI�PRGH�VROYHUV

7KH� VLPSOHVW� PRGH� VROYHUV� DUH� WKH� VR�FDOOHG� VODE� VROYHUV�� ZKLFK� FDOFXODWH� WKH� PRGHV� RI

ZDYHJXLGHV� VWUXFWXUH� LQYDULDQW� LQ� WZR� GLUHFWLRQV�� � ,Q� WKH� FRQWH[W� RI� WKLV� ZRUN�� WZR� VXFK

VROYHUV�ZHUH�XVHG��5(086�>��@�DQG�&(086�>��@��ERWK�EDVHG�RQ�D�VFDWWHULQJ�PDWUL[�DSSURDFK



&20387(5�$,'('�'(6,*1�722/6�)25�,17(*5$7('�3+2721,&�&,5&8,76 ���

>�@>��@�� �7KH� ILUVW�ZDV�GHYHORSHG� IRU� ORVVOHVV�ZDYHJXLGH� VWUXFWXUHV�� WKH� VHFRQG�RQH� FDQ� EH

XVHG�IRU�OD\HUV�KDYLQJ�LPDJLQDU\�UHIUDFWLYH�LQGLFHV���:H�H[WHQGHG�&(086�VR�WKDW�LW�DOVR�FDQ

EH�XVHG�IRU�FDOFXODWLQJ�UDGLDWLRQ�ORVVHV�LQ�OHDN\�ZDYHJXLGHV�VXFK�DV�EHQGV���)RU�D�ORQJ�WLPH�

WKH��'�PRGH�VROYHUV�KDYH�EHHQ�WKH�ZRUNKRUVH�RI�WKH�RSWLFDO�GHVLJQ�HQJLQHHU��PDLQO\�GXH�WR

WKH� VXFFHVV� RI� WKH� HIIHFWLYH� LQGH[� PHWKRG�� ZKLFK� DOORZV� IRU� HDVLO\� UHGXFLQJ� WKH� �'�

FURVVVHFWLRQ�RI�D�UHDO�ZRUOG�GHYLFH�WR�DQ�HTXLYDOHQW��'�RQH�DQG�JLYHV�IDLUO\�DFFXUDWH�UHVXOWV

�H�J��VHH�>��@��

8QWLO�D�IHZ�\HDUV�DJR��WKH�ULJRURXV��'�PRGH�VROYHUV�ZHUH�FRQVLGHUHG�WRR�VORZ�IRU�SUDFWLFDO

DSSOLFDWLRQV�DQG�RQO\�XVHG�IRU�YHULILFDWLRQ�RI� WKH�UHVXOWV�REWDLQHG�IURP�DSSUR[LPDWH�PHWK�

RGV���1RZ��ZLWK�WKH�DGYHQW�RI�PXFK�PRUH�SRZHUIXO�GHVNWRS�FRPSXWHUV�DQG�PRUH�VRSKLVWL�

FDWHG�DOJRULWKPV��DOVR�PRUH�ULJRURXV���'�PRGH�VROYHUV�WKDW�FDQ�EH�XVHG�WR�DQDO\VH�DQ�RSWLFDO

FRPSRQHQW�ZLWKLQ�D�UHDVRQDEOH�WLPH�SHULRG�DUH�DYDLODEOH���&KLDQJ�>�@�DQG�ODWHU�9DVVDOOR�>�@

ERWK�KDYH�JLYHQ�D�UHYLHZ�RI�WKH�DOJRULWKPV�WKDW�ZHUH�GHYHORSHG�GXULQJ�WKH�ODVW�\HDUV���)RO�

ORZLQJ�9DVVDOOR��PRGH�VROYHUV�FDQ�EH�FODVVLILHG�LQWR�WZR�JURXSV��ZKHWKHU�WKH�XQNQRZQ�FRU�

UHVSRQGV�WR�WKH�ILHOG�ZLWKLQ�D�WZR�GLPHQVLRQDO�GRPDLQ��WKH�JOREDO�PHWKRGV��RU�DORQJ�D�VSH�

FLDO�OLQH�LQ�WKH�FURVV�VHFWLRQ��WKH�UHVRQDQFH�PHWKRGV��

*OREDO�PHWKRGV�LQFOXGH�ILQLWH�HOHPHQW�PHWKRGV��)(��� ILQLWH�GLIIHUHQFH�PHWKRGV��)'���JOREDO

PRPHQW�PHWKRGV�DQG� LQWHJUDO�PHWKRGV�� �*HQHUDOO\��QR� VSHFLILF� DQDO\WLF�ZRUN� LV� GRQH� DQG

WKH\�XVXDOO\�OHDG�WR�KLJK�UDQN�V\VWHPV��KHQFH�KLJK�UHTXLUHPHQWV�LQ�PHPRU\�DQG�&38�WLPH�

7KH�UHVRQDQFH�PHWKRGV�RQ�WKH�RWKHU�KDQG�LQFOXGH�WKH�PRGDO�WUDQVYHUVH�UHVRQDQFH�PHWKRG�RU

WKH� PRGH� PDWFKLQJ�PHWKRG� >��@�� WKH� PHWKRG� RI� OLQHV� �02/�� >��@� DQG� WKH� VSHFWUDO� LQGH[

PHWKRG� >��@�� � )URP� D� FRPSDUDWLYH� VWXG\�� LQFOXGLQJ� DOO� UHOHYDQW� DOJRULWKPV�� 9DVVDOOR� FRQ�

FOXGHV�WKDW�WKH�EHVW�UHVXOWV�DW�WKH�ORZHVW�FRPSXWLQJ�FRVW�DUH�REWDLQHG�E\�WKH�UHVRQDQFH�PHWK�

RGV��XVLQJ�HLWKHU�D�VHPL��RU�D�IXOO�YHFWRULDO�DOJRULWKP���,I�D�VLPSOH�LPSOHPHQWDWLRQ�LV�LPSRU�

WDQW��WKH�02/�DQG�)'�PHWKRGV�DUH�DGYDQWDJHRXV��WKH�ODWWHU�HVSHFLDOO\�LI�WKH�PRGH�VROYHU�LV

SDUW�RI�D�)'�%30�VLPXODWLRQ�� �$JDLQ�IROORZLQJ�9DVVDOOR�� LW�DSSHDUV� WR�EH�XVHOHVV� WR� LPSOH�

PHQW�D�IXOO�YHFWRULDO�)(�RU�)'�PHWKRG��XQOHVV�RQH�UHDOO\�QHHGV�WKH�PLQRU�ILHOG�FRPSRQHQWV�

,Q�WKH�FRQWH[W�RI�WKLV�ZRUN��ZH�XVHG�D�FRPPHUFLDO��'�PRGH�VROYHU��)LPPZDYH�>��@��EDVHG�RQ

D�UHVRQDQFH�PHWKRG��ILOP�PRGH�PDWFKLQJ��>��@>��@���7KH�ILOP�PRGH�PDWFKLQJ�PHWKRG�LV�RQH

RI� WKH� ROGHVW� QXPHULFDO� WHFKQLTXHV� XVHG� IRU� WKH� FDOFXODWLRQ� RI� PRGDO� ILHOGV� LQ� GLHOHFWULF

ZDYHJXLGHV� DQG� LW� LV� SDUWLFXODUO\�XVHIXO� IRU�ZDYHJXLGHV�ZLWK� D� FURVV�VHFWLRQ� FRQVLVWLQJ� RI

UHFWDQJXODU�DUHDV�ZLWK�FRQVWDQW�UHIUDFWLYH�LQGH[���,Q�IDFW��LW�FDQ�EH�UHJDUGHG�DV�DQ�H[WHQVLRQ�RI

WKH�DERYH�PHQWLRQHG�HIIHFWLYH�LQGH[�PHWKRG���)RU�FDOFXODWLQJ�WKH�PRGH�ILHOG��WKH�ZDYHJXLGH

FURVV�VHFWLRQ�LV�GLYLGHG�LQ�KRUL]RQWDO�VOLFHV���,Q�HDFK�VOLFH��WKH�ILHOG�LV�ZULWWHQ�DV�D�VXSHUSRVL�

WLRQ�RI�WKH�VODE�PRGHV�RI�WKDW�SDUWLFXODU�VOLFH���$W�WKH�LQWHUIDFH�EHWZHHQ�WKH�VOLFHV��WKH�WDQJHQ�

WLDO�FRPSRQHQWV�RI�WKH�ILHOG�YHFWRUV�KDYH�WR�EH�PDWFKHG���)URP�WKLV�PDWFKLQJ�SURFHGXUH��DQ

LQGLUHFW�HLJHQYDOXH�SUREOHP�IRU�WKH�SURSDJDWLRQ�FRQVWDQW�LV�IRUPXODWHG��ZKLFK�FDQ�EH�UHDGLO\

VROYHG���7KH�VROYHU�ZH�XVHG�LV�DEOH�WR�KDQGOH�ZDYHJXLGHV�ZLWK�FRPSOH[�UHIUDFWLYH�LQGH[�



��� &+$37(5��

7KH�ILOP�PRGH�PDWFKLQJ�PHWKRG�FDQ�EH�HPSOR\HG�IRU�IXOO�YHFWRULDO��VHPL�YHFWRULDO�RU�VFDODU

FDOFXODWLRQV���,I�RQO\�D�OLPLWHG�QXPEHU�RI�PRGHV�DUH�RI�LQWHUHVW��H�J��WKH�ORZHVW�RUGHU�JXLGHG

PRGHV��OHVV�QXPHULFDO�HIIRUW�LV�UHTXLUHG�FRPSDUHG�WR�)'��DQG�)(�DSSURDFKHV���0RUHRYHU�LW�LV

SUREDEO\�RQH�RI� WKH�PRVW�DFFXUDWH�PHWKRGV�DYDLODEOH�IRU�ZDYHJXLGHV�WKDW�FDQ�EH�PRGHOOHG

E\�D�QXPEHU�RI� UHFWDQJXODU�ZDYHJXLGHV�DQG�VHYHUDO�DXWKRUV�KDYH�XVHG�YDOXHV�REWDLQHG� LQ

WKLV�ZD\�DV�D�UHIHUHQFH�IRU�FRPSDULQJ�RWKHU�PHWKRGV�

,Q� WKH� IROORZLQJ� SDUDJUDSKV�� WKH�PRVW� LPSRUWDQW� DSSOLFDWLRQV� RI�PRGH� VROYHUV� DUH� VKRUWO\

LQWURGXFHG�DQG�VRPH�FDOFXODWLRQ�H[DPSOHV��UHOHYDQW�IRU�WKH�UHPDLQGHU�RI�WKLV�ZRUN��DUH�SUR�

YLGHG�

2.1.1 Calculation of propagation constant

7KH�PRVW� UHOHYDQW� LQIRUPDWLRQ� WR� EH� REWDLQHG� IURP� VROYLQJ� WKH� HLJHQPRGH� HTXDWLRQV� GH�

VFULELQJ�WKH�RSWLFDO�SUREOHP�DUH�RIWHQ�WKH�SURSDJDWLRQ�FRQVWDQWV��RU�WKH�HIIHFWLYH�LQGLFHV���RI

WKH�JXLGHG�DQG�UDGLDWLQJ�HLJHQPRGHV�

• )URP� WKH� SURSDJDWLRQ� FRQVWDQWV��ZH� FDQ� GHWHUPLQH� WKH� QXPEHU� RI� JXLGHG�PRGHV� DQG

ZKHWKHU�D�JXLGH�LV�PRQRPRGDO�RU�QRW�

• 7KH�LPDJLQDU\�SDUW�RI� WKH�SURSDJDWLRQ�FRQVWDQW�RI�D�ZDYHJXLGH�ZLWK�JDLQ�RU� ORVV�JLYHV

LQIRUPDWLRQ�DERXW�WKH�FKDQJH�RI�DPSOLWXGH�RI�D�SURSDJDWLQJ�PRGH�

• ,Q�WDSHUHG�ZDYHJXLGHV��WKH�GLIIHUHQFH�EHWZHHQ�WKH�SURSDJDWLRQ�FRQVWDQW�RI�WKH�ILUVW�WZR

HYHQ�PRGHV�FDQ�JLYH�DQ�LGHD�RI�WKH�PLQLPDO�OHQJWK�IRU�ORVVOHVV�RSHUDWLRQ�>��@�

• 7KH�RSWLPDO�OHQJWK�RI�LQWHUIHURPHWULF�GHYLFHV��VXFK�DV�00,�FRXSOHUV�RU�GLUHFWLRQDO�FRX�

SOHUV��LV�SURSRUWLRQDO�WR�WKHLU�FRXSOLQJ�OHQJWK���7KH�FRXSOLQJ�OHQJWK�RI�D�GLUHFWLRQDO�FRX�

SOHU� LV�JLYHQ�E\� ( )−+ −= ββ1cL �ZLWK� +β �DQG� −β � WKH�SURSDJDWLRQ�FRQVWDQWV�RI� WKH�VX�

SHUPRGHV�RI�WKH�FRXSOHG�ZDYHJXLGH�� �)RU�DQ�00,�FRXSOHU�WKH�FRXSOLQJ�OHQJWK�LV�JLYHQ

E\� ( )101 ββ −=cL � ZLWK� 0β � DQG� 1β � WKH� ILUVW� WZR� JXLGHG� PRGHV� RI� WKH� PXOWLPRGDO

ZDYHJXLGH���,Q�WKLV�FRQWH[W��LW�LV�LQWHUHVWLQJ�WR�QRWH�)LJ��������7KLV�ILJXUH�JLYHV�D�FRPSDUL�

VRQ�EHWZHHQ�SURSDJDWLRQ�FRQVWDQWV�RI�D�PXOWLPRGDO�ZDYHJXLGH�FDOFXODWHG�XVLQJ�WKH�HI�

IHFWLYH� LQGH[�PHWKRG��D� VHPL�YHFWRULDO�PRGH�VROYHU� DQG�D� IXOO�YHFWRULDO� RQH�� �$OWKRXJK

WKH�GLIIHUHQFH�EHWZHHQ� WKH� HIIHFWLYH� LQGLFHV� FDOFXODWHG�XVLQJ� WKH� WKUHH�PHWKRGV� LV� YHU\

VPDOO�������������WKH�GLIIHUHQFH�EHWZHHQ�WKH�FRXSOLQJ�OHQJWK� ( )101 ββ −=cL �FDOFXODWHG

IURP�WKHVH�UHVXOWV��)LJ�����E��FDQ�EHFRPH�ODUJHU�WKDQ����

$V�DQ�H[DPSOH��ZH�FDOFXODWHG�WKH�SURSDJDWLRQ�FRQVWDQWV�RI� WKH�ZDYHJXLGH�GHSLFWHG�LQ�)LJ�

������7KLV�W\SH�RI�ZDYHJXLGH�ZDV�GHVFULEHG�DOUHDG\�E\�VHYHUDO�DXWKRUV��H�J��VHH�>��@��DQG�ZDV

XVHG�IRU�WKH�SDVVLYH�SDUW�RI�WKH�K\EULGO\�FRXSOHG�3,&V�GHVFULEHG�LQ�FKDSWHUV���	�����)LJ�����

�����������������������������������������������������

��7KH�UHODWLRQ�EHWZHHQ�WKH�SURSDJDWLRQ�FRQVWDQW� β �DQG�WKH�HIIHFWLYH�LQGH[� effn �RI�D�ZDYHJXLGH�PRGH

LV�JLYHQ�E\� 022 λππνβ effeff ncn == ��ZLWK� 0λ �WKH�YDFXXP�ZDYHOHQJWK�
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VKRZV�WKH�SURSDJDWLRQ�FRQVWDQWV�IRU�WKH�JXLGHG�PRGHV�RI�WKLV�ZDYHJXLGH��DV�IXQFWLRQ�RI�WKH

ZDYHJXLGH�ZLGWK��)LJ�����D��IRU�D�IL[HG�HWFKLQJ�GHSWK������QP�LQWR�WKH�TXDWHUQDU\�OD\HU��DQG

DV�IXQFWLRQ�RI�WKH�HWFK�GHSWK��)LJ�����E��IRU�D�IL[HG�ZLGWK�� mW µ2= ����7KH�KRUL]RQWDO�OLQH�LQ

WKH�OHIW�SLFWXUH�GHQRWHV�WKH�HIIHFWLYH�LQGH[�RI�WKH�ILUVW�JXLGHG�7(�VODE�PRGH�LQ�WKH�UHJLRQ�EH�

VLGHV�WKH�ULGJH�� 258.3=n ����%HORZ�WKLV�LQGH[��WKH�TXDVL�7(�PRGHV�RI�WKH��'�ZDYHJXLGH�DUH

QR�ORQJHU�JXLGHG���7KH�FXW�RII�LQGH[�IRU�TXDVL�70�PRGHV�LV�ORZHU�� 228.3=n ���KRZHYHU�WKHVH

PRGHV�EHFRPH�YHU\�EURDG�IRU�HIIHFWLYH� LQGH[�YDOXHV�EHORZ�WKH�7(�FXW�RII��PDNLQJ� WKDW� WKH

FDOFXODWLRQ�RI� WKHLU�SURSDJDWLRQ�FRQVWDQW� LV� LQIOXHQFHG�E\� WKH�ZLGWK�RI� WKH�FDOFXODWLRQ�ZLQ�

GRZ��IRU�WKLV�SDUWLFXODU�FDOFXODWLRQ��ZH�XVHG� mWb µ10= ��

df

tW

da ir

2Wb

dcl

dsu b

nf

nsu b

na ir

ncl

• =subd � mµ �� =subn ����

• =fd ��� mµ �� =fn �����

• =cld ��� mµ �� =cladn ����

• =aird ��� mµ �� =airn ���

• t ��WKH�HWFKLQJ�GHSWK�ZLWK�UHVSHFW�WR�WKH�WRS
RI�WKH�JXLGLQJ�OD\HU�

• W ��ULGJH�ZLGWK

• bW2 �ZLGWK�RI�FDOFXODWLRQ�ZLQGRZ

• 7KH�ZLQGRZ�FDQ�EH� VXUURXQGHG�ZLWK� LGHDO
HOHFWULF� RU�PDJQHWLF�ZDOOV�� � +HUH�� ZH� XVHG
HOHFWULF�ZDOOV�

)LJ������&URVV�VHFWLRQ�DQG�FDOFXODWLRQ�ZLQGRZ�RI� WKH�ZDYHJXLGH�XVHG�LQ� WKLV�FKDSWHU�IRU

LOOXVWUDWLQJ�WKH�SURSHUWLHV�RI�PRGH�VROYHUV�
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SLFWHG�LQ�)LJ�������DV�IXQFWLRQ�RI�WKH�ULGJH�ZLGWK�W ��HWFK�GHSWK�����QP���OHIW��DQG�DV�IXQF�

WLRQ�RI�WKH�HWFK�GHSWK�� =W � mµ ���FDOFXODWHG�XVLQJ�D�IXOO�YHFWRULDO�PHWKRG�
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)LJ�� ���� D��(IIHFWLYH� LQGLFHV�RI� WKH� ILUVW� WKUHH�JXLGHG�PRGHV�RI� D�PXOWLPRGDO�ZDYHJXLGH

ZLWK� WKH�FURVV�VHFWLRQ�GHSLFWHG� LQ�)LJ������ � =W �� mµ ��YHUVXV� WKH�HWFK�GHSWK�� FDOFXODWHG

XVLQJ�D� IXOO�YHFWRULDO��D� VHPL�YHFWRULDO�DQG�WKH�HIIHFWLYH� LQGH[�PHWKRG�� �E��7KH�FRXSOLQJ

OHQJWK� ( )101 nnLc −= �FDOFXODWHG�IURP�WKH�UHVXOWV�VKRZQ�LQ�WKH�OHIW�ILJXUH�

)RU�LQYHVWLJDWLQJ�WKH�FRQYHUJHQFH�SURSHUWLHV�RI�WKH��'�PRGH�VROYHU��ZH�FDOFXODWHG�WKH�HIIHF�

WLYH� LQGH[� RI� WKH� ZDYHJXLGH� VKRZQ� LQ� )LJ�� ���� ZLWK� HWFK� GHSWK� =t ���� QP� DQG� ZLGWK

=W � mµ �� IRU�D�YDU\LQJ�QXPEHU�RI� WUDQVYHUVDO� VODE�PRGHV�DQG�YDU\LQJ�GLPHQVLRQV�RI� WKH

FDOFXODWLRQ�ZLQGRZ���)RU�FRPSDULQJ�WKH�UHVXOWV��LW�LV�XVHIXO�WR�LQWURGXFH�D�QRUPDOLVHG�SURSD�

JDWLRQ�FRQVWDQW�b GHILQHG�E\

22

22

cladco

cladeff

nn

nn
b

−
−

= �����

ZKHUH� cladn �DQG� con �DUH�UHOHYDQW�UHIUDFWLYH�LQGLFHV�VXFK�WKDW� b YDULHV�EHWZHHQ���DQG���� �:H

XVHG� =cladn �����DQG� =con ������� �7KH�DGYDQWDJH�RI�XVLQJ�WKH�QRUPDOLVHG�SURSDJDWLRQ�FRQ�

VWDQW�LV�WKDW��ZKLOH�WKH�ILUVW�GLJLWV�RI�WKH�HIIHFWLYH�LQGH[� effn �DUH�LQ�PRVW�FDVHV�QRW�UHOHYDQW��DOO

GLJLWV�RI�WKH�QRUPDOLVHG�SURSDJDWLRQ�FRQVWDQW�DUH�VLJQLILFDQW���9DVVDOOR�>�@�HPSKDVLVHV�WKDW�VR

IDU��QR�PHWKRG�FDQ�FODLP�WR�JLYH� b �YDOXHV�ZLWK�PRUH�WKDQ���DFFXUDWH�GLJLWV��IRU�VRPH�PHWK�

RGV�� HYHQ� WKH� IRXUWK�GLJLW� LV� VRPHWLPHV�QRW� UHOLDEOH��� � ,Q�7DEOH� ����� UHVXOWV� IRU� FDOFXODWLRQV

ZKHUH�ZH�YDULHG�WKH�GLPHQVLRQV�RI�WKH�FDOFXODWLRQ�ZLQGRZ�DUH�VXPPDULVHG���)RU�REWDLQLQJ

WKHVH�� ZH� XVHG� ���� VODE� PRGHV�� � ,I� ZH� FRQVLGHU� WKH� YDOXH� REWDLQHG� IRU� WKH� ODUJHVW� ER[

� =bW � mµ � =cld � mµ ��DV�WKH�UHIHUHQFH�YDOXH�� exactb ���ZH�VHH�WKDW��H[FHSW�IRU�WKH�VPDOOHVW�ER[

GLPHQVLRQV�����DQG������WKH� b �YDOXHV�DUH�LGHQWLFDO�XS�WR�DW�OHDVW���GLJLWV��DQG�LQ�PRVW�FDVHV

XS�WR���GLJLWV��� �$OVR�IRU�WKH�VPDOOHVW�VXEVWUDWH�GLPHQVLRQV������ =cld � mµ ��� WKH� b �YDOXH� LV

DFFXUDWH�XS�WR����������2QO\�LQ�WKH�FDVH�IRU� =bW � mµ �WKH�FDOFXODWLRQ�ZLQGRZ�VHHPV�UHDOO\�WR

VPDOO�WR�JLYH�DFFXUDWH�UHVXOWV���,Q�)LJ�����E�DQG�)LJ�����F�WKH�GLIIHUHQFH�EHWZHHQ�WKH�FDOFXODWHG

���������������������������������������������������������������������������������������������������������������������������������������������������������������������

��7KLV�FRQYHQWLRQ�LV�XVHG�WKURXJKRXW�WKLV�ZRUN�
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YDOXH�IRU� b �DQG� exactb �DV�IXQFWLRQ�RI�UHVSHFWLYHO\�WKH�FODGGLQJ�OD\HU�WKLFNQHVV�DQG�WKH�ZLGWK

bW �LV�JLYHQ�

,Q�)LJ�����D�WKH�GLIIHUHQFH�� exactbb − ��LV�JLYHQ�DV�IXQFWLRQ�RI�WKH�QXPEHU�RI�VODE�PRGHV��IRU�WKH

FDVHV�LQGLFDWHG�LQ�EROG�LQ�7DEOH�������)URP�WKLV�ILJXUH�LW�LV�REYLRXV�WKDW�XVLQJ����VODE�PRGHV�LV

HQRXJK� WR� REWDLQ� b �YDOXHV� DFFXUDWH� XS� WR� �������� ZKLFK� LV� DOUHDG\� EHWWHU� WKDQ�PRVW� RWKHU

W\SHV�RI�PRGH�VROYHUV�FDQ�REWDLQ�� �8VLQJ����PRGHV�VKRXOG�JLYH�YDOXHV�DFFXUDWH�XS� WR�IRXU

GLJLWV���:H�H[SHFWHG�WKH�FRQYHUJHQFH�VSHHG�WR�LQFUHDVH�ZLWK�GHFUHDVLQJ�FODGGLQJ�OD\HU�WKLFN�

QHVV���+RZHYHU��WKLV�LV�QRW�UHDOO\�DSSDUHQW�IURP�WKLV�SLFWXUH�

� ][ mdcl µ ][ mWb µ effn b

� � � �������� ��������
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7DEOH� ����5HVXOWV� IURP��'�PRGH� VROYHU� FRQYHUJHQFH� WHVW�� � 7KH� YDOXH� LQ� WKH�XSSHU� ULJKW

FRUQHU�LV�XVHG�IRU� exactb
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)LJ������5HVXOWV�IURP��'�PRGH�VROYHU�FRQYHUJHQFH�WHVW

2.1.2 Calculation of the spatial distribution of the optical field

�6RPHWLPHV��DOVR�WKH�VSDWLDO�GLVWULEXWLRQ�RI�WKH�RSWLFDO�ILHOG�LQ�WKH�ZDYHJXLGH�FDQ�JLYH�UHOH�

YDQW�LQIRUPDWLRQ�DERXW�LWV�RSHUDWLRQ�LQ�DQ�LQWHJUDWHG�3,&���)RU�H[DPSOH��WKH�VWUHQJWK�RI�WKH

RSWLFDO�ILHOG�DW�D�ZDYHJXLGH�DLU�LQWHUIDFH�FDQ�JLYH�DQ�LGHD�DERXW�WKH�VFDWWHULQJ�ORVV�WR�EH�H[�

GFO�YDULHG

:E�YDULHG
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SHFWHG���,Q�OHDN\�ZDYHJXLGHV�VXFK�DV�EHQGV�>��@�RU�*D$V�ODVHU�GLRGHV�>��@���WKH�VSDWLDO�ILHOG

GLVWULEXWLRQ�SURYLGHV�SK\VLFDO� LQVLJKW�LQ�UDGLDWLRQ�ORVVHV�� �$W�ZDYHJXLGH� MXQFWLRQV��RYHUODS

LQWHJUDOV�RI�WKH�ILHOG�GLVWULEXWLRQV�GHWHUPLQH�WKH�WUDQVPLVVLRQ�DQG�UHIOHFWLRQ�FRHIILFLHQWV��VHH

SDUDJUDSK��������DQG�DOVR�WKH�FRQILQHPHQW�IDFWRU��VHH�SDUDJUDSK��������DQG�WKH�IDU�ILHOG��VHH

SDUDJUDSK��������DUH�FDOFXODWHG�IURP�WKH�QHDU�ILHOG�GLVWULEXWLRQ�

,Q�PRVW�FDVHV��RQO\�WKH�WUDQVYHUVDO�HOHFWULF�RU�PDJQHWLF�ILHOG�FRPSRQHQWV�DUH�QHHGHG��IRU�UH�

VSHFWLYHO\�TXDVL�7(�DQG�TXDVL�70�PRGHV��� �2QO\�LQ�D� OLPLWHG�QXPEHU�RI�FDVHV�� VXFK�DV� IRU

SRODULVDWLRQ�FRQYHUWHUV��DOVR� WKH�PLQRU� ILHOG�FRPSRQHQWV�DUH� LPSRUWDQW�� �$V�DQ� LOOXVWUDWLRQ�

)LJ������VKRZV�WKH�ILHOG�FRPSRQHQWV�RI� WKH�]HURWK�RUGHU�TXDVL�7(�PRGH�IRU� WKH�ZDYHJXLGH

GHSLFWHG�LQ�)LJ������ZLWK�HWFK�GHSWK� =t ��� mµ �DQG�ULGJH�ZLGWK� =W � mµ ���7KHVH�ILHOG�SUR�

ILOHV�ZHUH�FDOFXODWHG�XVLQJ����� VODE�PRGHV� IRU�HYHU\� VOLFH�� �1RWH� WKH� ODUJH�GLVFRQWLQXLW\� LQ

xE �ILHOG�DW�WKH�YHUWLFDO�LQWHUIDFH��GXH�WR�WKH�ERXQGDU\�FRQGLWLRQV��� �7KH� yE �ILHOG�LV�QHJOLJL�

EOH��H[FHSW�DW�WKH�FRUQHU�ZKHUH�WKH�ILHOG�GLYHUJHV�DV�ZDV�DOUHDG\�QRWHG�LQ�>��@�

)LJ�� ���� )LHOG� FRPSRQHQWV� IRU� WKH� ZDYHJXLGH� GHSLFWHG� LQ� )LJ�� ����� ZLWK� =W � mµ � DQG

=t ��� mµ

2.1.3 Coupling efficiency at a waveguide junction

,Q� D� SKRWRQLF� ,&�� WUDQVLWLRQV� EHWZHHQ�ZDYHJXLGHV�ZLWK�GLVVLPLODU� FURVV�VHFWLRQV� RFFXU� IUH�

TXHQWO\�� � ([DPSOHV� DUH� WKH� WUDQVLWLRQ� EHWZHHQ� D� EXULHG� DQG� D� ULGJH�ZDYHJXLGH� DW� DQ� DF�

WLYH�SDVVLYH�LQWHUIDFH��WKH�FRXSOLQJ�EHWZHHQ�D�VPDOO��PRQRPRGDO�ZDYHJXLGH�DQG�D�EURDGHU

RQH�DW�WKH�HQWUDQFH�RI�DQ�00,�FRXSOHU�RU�WKH�WUDQVLWLRQ�IURP�D�VHPLFRQGXFWRU�ZDYHJXLGH�WR

DQ�RSWLFDO�ILEUH���7R�RSWLPLVH�WKHVH�MXQFWLRQV��RQH�QHHGV�WR�EH�DEOH�WR�FDOFXODWH�WKH�WUDQVPLV�

�����������������������������������������������������

��7KH�UHIUDFWLYH�LQGH[�RI�WKH�*D$V�VXEVWUDWH�LV�KLJKHU�WKDQ�RU�HTXDO�WR�WKDW�RI�WKH�OD\HUV�ZKLFK�DUH�XVHG

IRU�IDEULFDWLQJ�WKH�ZDYHJXLGH�LWVHOI�

([ (\ (]

+[ +\ +]
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VLRQ� HIILFLHQF\�EHWZHHQ� WKH�PRGHV� RI� ERWK�ZDYHJXLGHV�� � ,Q�PDQ\� FDVHV� RQH� DOVR�ZDQWV� WR

NQRZ�WKH�UHIOHFWHG�SRZHU��VLQFH�WKH�ODWWHU�PD\��IRU�H[DPSOH��DOWHU�WKH�RSHUDWLRQ�FRQGLWLRQV�RI

DFWLYH�GHYLFHV���+HUH�ZH�ILUVW�H[SODLQ�D�ZHOO�NQRZQ�ULJRURXV�DSSURDFK�WR�PRGHO�D�ZDYHJXLGH

MXQFWLRQ��EDVHG�RQ�DQ� HLJHQPRGH� H[SDQVLRQ�� DQG� VXEVHTXHQWO\� WZR�DSSUR[LPDWH�PHWKRGV�

IRU�ZKLFK�RQO\� WKH� ORZHVW�RUGHU�JXLGHG�PRGHV�KDYH�WR�EH�GHWHUPLQHG�DQG�ZKLFK�ZHUH� LQ�

YHVWLJDWHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN�

5LJRURXV�DSSURDFK

&RQVLGHU�D�YHUWLFDO�MXQFWLRQ�EHWZHHQ�WZR�RSWLFDO�ZDYHJXLGHV���'XH�WR�WKH�GLIIHUHQFH�EHWZHHQ

ERWK�ZDYHJXLGHV��SDUW�RI� WKH� ILHOG�ZLOO�EH� UHIOHFWHG�DQG�SDUW�ZLOO�EH� WUDQVPLWWHG�� �%RWK� WKH

UHIOHFWHG� DQG� WUDQVPLWWHG� ILHOG� PD\� EH� UHSUHVHQWHG� E\� D� VXSHUSRVLWLRQ� RI� DOO� WKH� JXLGHG

PRGHV�DQG�D�VHW�RI�UDGLDWLRQ�PRGHV���7KH�ODWWHU�PD\�EH�GLVFUHWLVHG�E\�LQWURGXFLQJ�HOHFWULF�RU

PDJQHWLF�ZDOOV�DORQJVLGH�WKH�VWUXFWXUH���7KH�H[SDQVLRQ�FRHIILFLHQWV�REWDLQHG�IURP�WKLV�SURFH�

GXUH�GHWHUPLQH�WKH�DPRXQW�RI�SRZHU�FDUULHG�E\�HDFK�PRGH���7KH\�FDQ�EH�GHWHUPLQHG�E\�H[�

SUHVVLQJ� WKH� FRQWLQXLW\� UHODWLRQV� IRU� WKH� HOHFWULF� DQG�PDJQHWLF� ILHOG� DW� WKH� LQWHUIDFH�� � ,I�ZH

UHVWULFW�RXUVHOYHV�WR�WKH��'�FDVH��WKHVH�DUH�JLYHQ�E\�
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6LQFH�WKHUH�DUH�DOVR��1�XQNQRZQV��WKH�DPSOLWXGH�FRHIILFLHQWV� 1
iτ RI�WKH�LQFLGHQW�ILHOG�DUH�VXS�

SRVHG�WR�EH�NQRZQ���WKHVH�HTXDWLRQV�PD\�EH�UHDGLO\�VROYHG�XVLQJ�VWDQGDUG�PDWUL[�PDQLSX�

ODWLRQ�URXWLQHV���7KLV�IRUPDOLVP�PD\�HDVLO\�EH�H[WHQGHG�WR�WKH�FDOFXODWLRQ�RI�WKH�IDFHW�UHIOHF�

WLYLW\�RI�D�ZDYHJXLGH�E\�UHSODFLQJ�WKH�VHFRQG�ZDYHJXLGH�E\�D�KRPRJHQRXV�KDOI�VSDFH�>��@�



���� &+$37(5��

7KH�PRGHV�LQ�WKLV�KDOI�VSDFH�DUH�DJDLQ�REWDLQHG�E\�LQWURGXFLQJ�HOHFWULF�ZDOOV�DORQJVLGH�WKH

VWUXFWXUH�

$OWKRXJK�WKH�SURFHGXUH�RXWOLQHG�DERYH�LV�VWUDLJKWIRUZDUG��WKH�SUREOHP�LV�WKDW�������LV�RQO\

VWULFWO\�YDOLG�IRU�1��WKH�QXPEHU�RI�PRGHV��JRLQJ�WR�LQILQLW\���,Q�SUDFWLFH��RI�FRXUVH��RQH�KDV�WR

OLPLW�1�WR�D�ILQLWH�YDOXH���+RZHYHU��WR�REWDLQ�D�FRQYHUJHQW�VROXWLRQ�WKH�UHTXLUHG�YDOXH�IRU�1

PD\�EHFRPH�YHU\�ODUJH��HVSHFLDOO\�LI�WKH�PHWKRG�LV�H[WHQGHG�WR��'�ZDYHJXLGHV�

$SSUR[LPDWH�VROXWLRQV

%HFDXVH�WKH�ULJRURXV�FDOFXODWLRQ�FDQ�EH�TXLWH�OHQJWK\��RQH�RIWHQ�VLPSO\�XVHV�WKH�RYHUODS�LQ�

WHJUDOV� αβ
jc0 WR� DSSUR[LPDWH� WKH� WUDQVPLVVLRQ� IURP� WKH� ]HURWK� RUGHU� PRGH� RI� WKH� ILUVW

ZDYHJXLGH�WR�WKH�HLJHQPRGHV�RI�WKH�VHFRQG�ZDYHJXLGH���+RZHYHU��VXFK�DQ�DSSURDFK�JLYHV

QR�LQIRUPDWLRQ�DERXW�WKH�UHIOHFWHG�ILHOG�DQG�LQ�FDVHV�ZKHUH�WKH�LQGH[�FRQWUDVW�EHWZHHQ�ERWK

ZDYHJXLGHV� LV� ODUJH�� WKH�GHYLDWLRQ�ZLWK� WKH� UHVXOWV� REWDLQHG� IURP� WKH� ULJRURXV� FDOFXODWLRQ

PD\�EHFRPH� LPSRUWDQW�� � 7KHUHIRUH��ZH� LQYHVWLJDWHG� WZR� DOWHUQDWLYH� RSWLRQV��ZKLFK� JLYH� D

EHWWHU�DSSUR[LPDWLRQ�EXW�UHTXLUH�QR�PRUH�QXPHULFDO�HIIRUW�WKDQ�FDOFXODWLQJ�WKH�RYHUODS�LQWH�

JUDO�

7KH�ILUVW�DSSUR[LPDWLRQ�LV�EDVHG�RQ�WKH�VHW�RI�HTXDWLRQV� ������� � ,I�ZH�VXSSRVH� WKDW� WKH�FRX�

SOLQJ�WR�KLJKHU�RUGHU�PRGHV� LV�QHJOLJLEOH�DQG�VROYH� WKHVH�HTXDWLRQV� IRU�1 ��� WKH�IROORZLQJ

YDOXHV�DUH�REWDLQHG�IRU�WKH�UHIOHFWLRQ�DQG�WUDQVPLVVLRQ�FRHIILFLHQWV�RI�WKH�IXQGDPHQWDO�PRGH�
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)RU� XQLIRUP� PHGLD�� WKHVH� HTXDWLRQV� UHGXFH� WR� WKH� ZHOO�NQRZQ� )UHVQHO� FRHIILFLHQWV�� � 7KH

SRZHU�FDUULHG�E\�DQ�RSWLFDO�PRGH�LQ�WKH�ORQJLWXGLQDO�GLUHFWLRQ�LV�SURSRUWLRQDO�WR�WKH�SURGXFW

RI� LWV�SURSDJDWLRQ�FRHIILFLHQW�ZLWK�WKH�VTXDUH�RI� WKH�DPSOLWXGH�FRHIILFLHQW��
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k0n
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k0n
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waveguide 1 waveguide 2

)LJ������'HWHUPLQDWLRQ�RI� ( )x’2β �IRU�WKH�REOLTXH�)UHVQHO�IRUPXOD

8VLQJ�WKH�DOWHUQDWLYH�RYHUODS�LQWHJUDOV��������WKH�UHIOHFWHG�DQG�WUDQVPLWWHG�SRZHU� LV� UHVSHF�
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ijT χ
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7R�YHULI\�WKH�YDOLGLW\�RI�WKHVH�IRUPXODV��ZH�FRPSDUHG�WKHP�WR�UHVXOWV�REWDLQHG�IURP�ULJRURXV

FDOFXODWLRQV��IRU�VRPH�W\SLFDO�ZDYHJXLGH�VWUXFWXUHV�GHSLFWHG�LQ�)LJ�������
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)LJ�������:DYHJXLGH�MXQFWLRQV�IRU�WKH�GLYHUVH�H[DPSOHV�GHVFULEHG�LQ�WKLV�SDUDJUDSK�

7KH�ZDYHJXLGH�MXQFWLRQ�XVHG�IRU�WKH�ILUVW�H[DPSOH�LV�VKRZQ�LQ�)LJ������D���7KH�UHIUDFWLYH�LQ�

GLFHV�ZHUH�JLYHQ�E\� =1n ����DQG� =2n ����� � ∆ �ZDV�YDULHG� IURP�]HUR� WR� ����� DQG� WKH�ZDYH�

OHQJWK�ZDV�VHW�DW� =λ ���� mµ ���7KH�UHVXOWV�DUH�VKRZQ�LQ�)LJ���������$V�RQH�PD\�VHH��WKH�VLP�

SOH�RYHUODS�LQWHJUDO�JLYHV�QR�JRRG�DSSUR[LPDWLRQ�IRU�WKH�WUDQVPLWWHG�SRZHU���+RZHYHU��WKH

DSSUR[LPDWH� UHVXOWV� REWDLQHG� IURP�HTXDWLRQV� ������DQG� ������ DUH� YHU\� FORVH� WR� WKH� ULJRURXV

VROXWLRQ�IRU�ZKLFK�D�PLQLPXP�RI����HLJHQPRGHV�SHU� VHFWLRQ�ZHUH�XVHG�� �)LJ������E�VKRZV

UHVXOWV�IURP�DQ�DQDORJRXV�FDOFXODWLRQ�ZLWK�WKH�UHIUDFWLYH�LQGH[�RI�WKH�FODGGLQJ�OD\HUV�VHW�DW

=2n ��
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)LJ�������5HVXOWV�IRU�WKH�H[DPSOH�RI�)LJ������D�

7KH�VHFRQG�H[DPSOH�LV�WDNHQ�IURP�>��@�DQG�VKRZQ�LQ�)LJ������E���,Q�WKLV�FDVH��WKH�WUDQVPLV�

VLRQ�EHWZHHQ�WZR�LGHQWLFDO�ZDYHJXLGHV�ZLWK�D� ODWHUDO�RIIVHW�ZDV�FDOFXODWHG�� �7KH�UHIUDFWLYH

LQGLFHV�ZHUH�JLYHQ�E\� =1n �������DQG� =2n ����7KH�ZDYHOHQJWK�ZDV����� mµ ���'XH�WR�WKH�KLJK

LQGH[�FRQWUDVW�EHWZHHQ�WKH�VHPLFRQGXFWRU�ZDYHJXLGH�DQG�WKH�DLU�FODGGLQJ��LW�LV�REYLRXV�WKDW

WKH� UHIOHFWLRQ� DW� WKH� MXQFWLRQ� ZLOO� EH� LPSRUWDQW� IRU� ODUJH� RIIVHWV�� � +RZHYHU�� VLQFH� ERWK

ZDYHJXLGHV�KDYH� WKH�VDPH�SURSDJDWLRQ� FRHIILFLHQW�� WKH� UHIOHFWLRQ�FRHIILFLHQW� FDQQRW�EH� FDO�

FXODWHG�XVLQJ�WKH�ILUVW�DOWHUQDWLYH�IRUPXOD��������ZKLFK�VLPSO\�UHGXFHV�WR�WKH�FODVVLFDO�RYHUODS

LQWHJUDO� LQ� WKLV� FDVH�� � )LJ�� ����� VKRZV� D� FRPSDULVRQ� EHWZHHQ� WKH� ULJRURXV� FDOFXODWLRQ�� WKH

RYHUODS�LQWHJUDWLRQ�DQG�WKH�DGDSWHG�RYHUODS�FDOFXODWLRQ�XVLQJ�WKH�QRUPDO�)UHVQHO�FRHIILFLHQWV

JLYHQ�E\� �������� � 7KH� UHVXOWV� REWDLQHG� IRU� WKH� H[DFW� FDOFXODWLRQ� DJUHH�ZHOO�ZLWK� WKRVH� SUH�

VHQWHG�LQ�>��@���)RU�ODUJH�RIIVHWV��WKH�UHWXUQ�ORVV�VDWXUDWHV�WR�D�FRQVWDQW�YDOXH�FRUUHVSRQGLQJ�WR

WKH�FDVH�RI�DQ�DEUXSW�ZDYHJXLGH�WHUPLQDWLRQ���)URP�WKH�GLIIHUHQFH�EHWZHHQ�WKH�H[DFW�FXUYH

IRU�WKH�UHWXUQ�ORVV��DQG�WKH�DGDSWHG�RYHUODS�FDOFXODWLRQ��LW�LV�REYLRXV�WKDW�WKH�ODWWHU�ZLOO�QRW

EH�XVHIXO�IRU�FDOFXODWLQJ�IDFHW�UHIOHFWLYLW\�RI�D�ZDYHJXLGH�ZLWK�DQ�DFFHSWDEOH�DFFXUDF\�
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7KH�WKLUG�H[DPSOH�LV�D�MXQFWLRQ�EHWZHHQ�D�PRQRPRGDO�DQG�D�PXOWLPRGDO�ZDYHJXLGH��ZKLFK

LV� W\SLFDO� IRU�DQ�00,�FRXSOHU� �)LJ������F��� �7KH� UHIUDFWLYH� LQGLFHV�ZHUH� VHW� DW� =1n ����� DQG

=2n ����� WKH�ZDYHOHQJWK�DW����� mµ �� �7KH� UHVXOWV�DUH� VKRZQ� LQ�)LJ�������� �$V� H[SHFWHG�� WKH

FRXSOLQJ�WR�WKH�DV\PPHWULF�PRGHV�LV�QHJOLJLEOH���)RU�WKH�RWKHU�PRGHV��WKH�GLIIHUHQFH�EHWZHHQ

WKH�DSSUR[LPDWH�DQG�WKH�ULJRURXV�UHVXOWV� LV�YHU\�VPDOO�� �$OVR�WKH�VWDQGDUG�RYHUODS� LQWHJUDO

JLYHV�D�JRRG�DSSUR[LPDWLRQ�
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)LJ�������7UDQVPLVVLRQ�EHWZHHQ�PRQRPRGDO�DQG�PXOWLPRGDO�ZDYHJXLGH��FDOFXODWHG�XVLQJ

WKH� ULJRURXV� PHWKRG� DQG� WKH� DSSUR[LPDWHG� IRUPXODV�� � 7KH� GLIIHUHQFH� EHWZHHQ� WKRVH

PHWKRGV�LV�QRW�YLVLEOH�

7KH�ODVW�H[DPSOH��)LJ������G��PRGHOV�WKH�FRXSOLQJ�EHWZHHQ�D�ODVHU�GLRGH�DQG�DQ�RSWLFDO�ILEUH�

7KH� FRUH� DQG� FODGGLQJ� UHIUDFWLYH� LQGLFHV� RI� WKH� ILUVW� ZDYHJXLGH� ZHUH� =1n ����� DQG

=2n ���������7KH�ZLGWK�ZDV�YDULHG�IURP� =W ���� mµ �WR� =W ���� mµ ���7KH�ZLGWK�RI�WKH�VHF�

RQG�ZDYHJXLGH�ZDV�� mµ �DQG�LWV�UHIUDFWLYH�LQGLFHV�ZHUH� =1’n �������DQG� =2’n �������UHVSHF�

WLYHO\���7KH�ZDYHOHQJWK�ZDV����� mµ ���7KH�UHVXOWV�DUH�VKRZQ�LQ�)LJ���������$V�H[SHFWHG��WKHUH

LV�D�FOHDU�RSWLPXP�LQ�WKH�FXUYH�IRU�WKH�WUDQVPLVVLRQ��DURXQG� =W ���� mµ ����7KH�RYHUODS�LQ�

WHJUDO�ZLWKRXW�WKH�FRUUHFWLRQ�IRU�WKH�)UHVQHO�ORVVHV�RYHUHVWLPDWHV�WKH�WUDQVPLVVLRQ�FRQVLGHUD�

EO\���7KH�UHIOHFWHG�SRZHU�LV�UDWKHU�LQGHSHQGHQW�RI�WKH�ZLGWK�RI�WKH�ODVHU�GLRGH���1RWH�WKDW�WKH

RWKHU�DSSUR[LPDWHG�IRUPXODV�DJDLQ�JLYH�D�YHU\�JRRG�HVWLPDWLRQ�IRU�WKH�WUDQVPLVVLRQ�FRHIIL�

FLHQW�

)URP�WKHVH�H[DPSOHV��LW� LV�REYLRXV�WKDW�WKH�DSSUR[LPDWH�IRUPXODV�IRU�FDOFXODWLQJ�WKH�WUDQV�

PLVVLRQ�DQG�UHIOHFWLRQ�DW�DQ�RSWLFDO�ZDYHJXLGH�MXQFWLRQ�JLYH�JRRG�UHVXOWV� LQ�PRVW�SUDFWLFDO

FDVHV���7KH�FDOFXODWLRQV�VKRZQ�KHUH�ZHUH�SHUIRUPHG�IRU�WKH�7(�FDVH�EXW�ZH�REWDLQHG�DQDOR�

JRXV�UHVXOWV�IRU�WKH�70�FDVH���%DVHG�RQ�WKHVH�UHVXOWV��WKH�DGDSWHG�RYHUODS�LQWHJUDOV�������ZHUH

H[WHQGHG� WR� WKH� ��GLPHQVLRQDO� FDVH� DQG� LQFRUSRUDWHG� LQ� )LPPSURS�'� >��@�� D� FRPPHUFLDO

&$'�SDFNDJH�WKDW�FDOFXODWHV�WKH�WUDQVPLVVLRQ�WKURXJK�SLHFHZLVH�FRQVWDQW�ZDYHJXLGHV�
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2.1.4 Reflection from tilted end mirror

7R�UHDOLVH�WKH�K\EULG�3KDVHG�$UUD\�ODVHU��FKDSWHUV���	�����DPSOLILHUV�ZLWK�YHU\�ORZ�IDFHW�UH�

IOHFWLYLW\��5���������DUH�QHHGHG���7R�REWDLQ�VXFK�YDOXHV�XVLQJ�RQO\�DQ�$5�FRDWLQJ��YHU\�WLJKW

FRQWURO�RI�WKH�OD\HU�WKLFNQHVV�DQG�UHIUDFWLYH�LQGH[�LV�UHTXLUHG���0RUHRYHU��DQ�$5�FRDWLQJ�UH�

GXFHV� WKH�UHIOHFWLYLW\�RQO\�RYHU�D� OLPLWHG�ZDYHOHQJWK�UDQJH�� �$Q�DOWHUQDWLYH�DSSURDFK� LV� WR

XVH�D�VODQWHG�IDFHW�VWUXFWXUH��DQJOLQJ�WKH�IDFHW�SUHYHQWV�UHIOHFWHG�OLJKW�IURP�FRXSOLQJ�EDFN�LQ

WKH�ZDYHJXLGH��SURYLGLQJ�DQ�LQKHUHQWO\�EURDGEDQG�UHGXFWLRQ�LQ�IDFHW�UHIOHFWLYLW\�

7R� FDOFXODWH� WKH� UHVLGXDO� UHIOHFWLRQ� IURP� D� WLOWHG� ZDYHJXLGH� IDFHW�� ZH� XVHG� DQ� DSSURDFK

RULJLQDO� SURSRVHG� E\�0DUFXVH� >��@� IRU� WKUHH�OD\HU� VODE�ZDYHJXLGHV� DQG� LOOXVWUDWHG� LQ� )LJ�

������ �)RU�D�SHUIHFWO\�UHIOHFWLQJ�PLUURU�� WKH�SUREOHP�RI�ILQGLQJ�WKH�UHIOHFWLRQ�FRHIILFLHQW�RI�D

JXLGHG�PRGH�WKDW�WXUQV�EDFN�RQ�LWVHOI��ZDYH�$�WR�&��LV�HTXLYDOHQW�WR�WKH�SUREOHP�RI�FRPSXW�

LQJ�WKH�WLOW�ORVV�IRU�D�ZDYHJXLGH�ZLWK�DQJOH� θ2 �ZDYH�$�WR�&
����,Q�WKDW�FDVH��WKH�ORVV�LV�FDXVHG

E\�D�PLVDOLJQPHQW�RI�WKH�SKDVH�IURQWV���7KLV�HIIHFW�PD\�EH�DFFRXQWHG�IRU�E\�PXOWLSO\LQJ�WKH

LQFLGHQW�ILHOG�E\�D�SKDVH�IDFWRU� ( )xj θβ2exp − ��ZLWK� β �WKH�SURSDJDWLRQ�FRQVWDQW�RI�WKH�JXLGHG

PRGH�DQG� x �WKH�WUDQVYHUVDO�FR�RUGLQDWH�DORQJ�WKH�IDFHW��DQG�RYHUODSSLQJ�WKH�UHVXOWLQJ�ILHOG

ZLWK�WKH�ILHOG�RI�WKH�RXWJRLQJ�ZDYHJXLGH���7KHUHIRUH��WKH�SRZHU�LQ�ZDYH�&�LV�SURSRUWLRQDO�WR�

( ) ( )∫ − dxxxj
2

2exp ψθβ ������

)RU�D�PLUURU�ZLWK�ILQLWH�UHIOHFWLYLW\��WKH�WLOW�ORVV�PXVW�EH�PXOWLSOLHG�E\�WKH�)UHVQHO�UHIOHFWLRQ

ORVV�� WR�REWDLQ� WKH� UHDO� UHVLGXDO� UHIOHFWLRQ�� �:H� H[WHQGHG� WKLV� DSSURDFK� WR� �'�ZDYHJXLGHV�

XVLQJ�ILHOG�SURILOHV�FDOFXODWHG�E\�)LPPZDYH�
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A
θ

C
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)LJ�������&DOFXODWLRQ�RI�UHVLGXDO�UHIOHFWLRQ�RI�ZDYHJXLGH�ZLWK�WLOWHG�HQG�IDFHW�

8VLQJ�WKLV�DSSURDFK��ZH�FDOFXODWHG�WKH�UHIOHFWLRQ�FRHIILFLHQW�DV�IXQFWLRQ�RI�WKH�DQJOH�θ �ZLWK

UHVSHFW�WR�WKH�IDFHW��IRU�D�EXULHG�ZDYHJXLGH�DV�VKRZQ�LQ�WKH�LQVHW�RI�)LJ������D�	�E���,Q�WKH�OHIW

SLFWXUH�WKH�FRUH�UHIUDFWLYH�LQGH[� 2n �ZDV�YDULHG�IURP������WR�������LQ�WKH�ULJKW�SLFWXUH�ZH�YDU�

LHG�WKH�ZLGWK�RI�WKH�ZDYHJXLGH�IURP����� mµ �WR���� mµ �� �7KH�UHIOHFWLRQ�FRHIILFLHQW�LQFUHDVHV

ZLWK�LQFUHDVLQJ�FRUH�UHIUDFWLYH�LQGH[�DQG�ZLWK�GHFUHDVLQJ�ZDYHJXLGH�ZLGWK�� �,Q�ERWK�FDVHV�

WKLV�RULJLQDWHV�IURP�DQ�LQFUHDVLQJ�IDU�ILHOG�DQJOH�
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    3.0,2.5,2.0µm

)LJ�������&DOFXODWHG�UHIOHFWLRQ�FRHIILFLHQW�IRU�WKH�EXULHG�ZDYHJXLGH�VKRZQ�LQ�WKH�LQVHW���,Q

WKH� OHIW�SLFWXUH�� WKH�FRUH�UHIUDFWLYH� LQGH[�ZDV�YDULHG�� IRU� WKH�ULJKW�SLFWXUH��ZH�YDULHG� WKH

ZDYHJXLGH�ZLGWK�

2.1.5 Far field calculations

0RGH�VROYHUV�PD\�DOVR�EH�XVHG�WR�FDOFXODWH�WKH�IDU�ILHOG�RI�D�ZDYHJXLGH���$�FRPPRQO\�XVHG

DSSURDFK�LV�WR�H[SDQG�WKH�ILHOG�DW�WKH�LQWHUIDFH�LQWR�LWV�SODQH�ZDYH�VSHFWUXP���6XEVHTXHQWO\�

WKH� WUDQVPLVVLRQ�DQG� UHIOHFWLRQ�RI�HDFK�SODQH�ZDYH�DW� WKH� LQWHUIDFH� LV� FDOFXODWHG��XVLQJ� WKH

)UHVQHO�FRHIILFLHQWV���7KH�SURSDJDWLRQ�RI�WKH�SODQH�ZDYHV�LV�WULYLDO��VLQFH�WKH\�DUH�HLJHQPRGHV

RI�WKH�KRPRJHQHRXV�VSDFH���:KHQ�FDOFXODWLQJ�WKH�IDU�ILHOG�LQ�WKLV�ZD\��RQH�VXSSRVHV�WKDW�WKH

PRGH� FRQYHUVLRQ�DW� WKH� IDFHW� LV�QHJOLJLEOH�� �8VLQJ� WKH�PRGH� H[SDQVLRQ� DOJRULWKP� RI� SDUD�

JUDSK��������WKH�IDU�ILHOG�FDQ�EH�FDOFXODWHG�PRUH�ULJRURXVO\���7KH�ODWWHU�ZDV�LPSOHPHQWHG�IRU

n1=3.17

n2300nm

3µm

n1=3.17

n2=3.29300nm

W
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VODE�ZDYHJXLGHV�E\�+DHV�>��@���)LPPZDYH�XVHV�WKH�SODQH�ZDYH�H[SDQVLRQ�IRU�FDOFXODWLQJ�WKH

IDU�ILHOG�RI�D�ZDYHJXLGH��WDNLQJ�LQWR�DFFRXQW�WKH�PL[LQJ�RI�WKH�ILHOG�FRPSRQHQWV�

.QRZOHGJH�RI�WKH�IDU�ILHOG�SURSHUWLHV�PD\�EH�YHU\�LPSRUWDQW�IRU�D�QXPEHU�RI�SUDFWLFDO�DSSOL�

FDWLRQV�VXFK�DV�RSWLFDO�UHFRUGLQJ�RU� ODVHU�WR�ILEUH�FRXSOLQJ�� � ,Q�WKH�FRQWH[W�RI� WKLV�ZRUN��IDU

ILHOG� FDOFXODWLRQV�ZHUH� XVHG� WR� HVWLPDWH� WKH� WUDQVLWLRQ� ORVV� EHWZHHQ� WZR� K\EULGO\� FRXSOHG

ZDYHJXLGHV��VHH�FKDSWHU����

2.1.6 Calculation of bend loss

&DOFXODWLQJ�WKH�UDGLDWLRQ�ORVVHV�RI�D�FXUYHG�RSWLFDO�ZDYHJXLGH�LV�DQRWKHU�LPSRUWDQW�DSSOLFD�

WLRQ�RI�PRGH�VROYHUV���2QH�RI�WKH�PRVW�ZHOO�NQRZQ�WHFKQLTXHV�GHYHORSHG�IRU�WKLV�SXUSRVH�LV

WKH�FRQIRUPDO�WUDQVIRUPDWLRQ�PHWKRG�DV�GHVFULEHG�LQ�>��@���,Q�D�ILUVW�VWHS��WKH�HIIHFWLYH�LQGH[

PHWKRG� LV� HPSOR\HG� WR� UHGXFH� WKH� WKUHH� GLPHQVLRQDO� SUREOHP� WR� D� WZR� GLPHQVLRQDO� RQH�

6XEVHTXHQWO\�� WKH�FXUYHG�ZDYHJXLGH� LV� WUDQVIRUPHG� LQWR�DQ�HTXLYDOHQW�VWUDLJKW�RQH�ZLWK�D

WUDQVIRUPHG�LQGH[�SURILOH��)LJ��������D�→�E����%\�XVLQJ�D�VWDLUFDVH�DSSUR[LPDWLRQ���)LJ��������E

→� F��� WKLV� SUREOHP�PD\� EH� UHDGLO\� VROYHG� XVLQJ� D� VODE� VROYHU� FDSDEOH� RI� KDQGOLQJ� OHDN\

ZDYHJXLGHV���:H�H[WHQGHG�&(086�VR�WKDW�LW�FDQ�FDOFXODWH�WKH�UDGLDWLRQ�ORVV�DQG�PRGH�SUR�

ILOHV�RI�FXUYHG�RSWLFDO�ZDYHJXLGHV�ZLWK�YDU\LQJ�EHQG�UDGLXV�RU�LQGH[�FRQWUDVW���$V�DQ�LOOXV�

WUDWLRQ�� )LJ�� ����� VKRZV� WKH� UDGLDWLRQ� ORVV� YHUVXV� EHQG� UDGLXV� IRU� D� � mµ � ZLGH� VODE

ZDYHJXLGH�� �7KH�ZDYHOHQJWK�ZDV����� mµ �� WKH�UHIUDFWLYH� LQGH[�RI� WKH�FODGGLQJ� OD\HUV� =2n

������DQG�WKH�FRUH�UHIUDFWLYH�LQGH[� 1n �ZDV�YDULHG�IURP������WR������

R1 u1 u20

n1

n2

R2Rt r

j

u

u=R ln(R/R )t t

n=n exp(u/R )t t

u1 u20

j

u

)LJ�� ����� &RQIRUPDO� WUDQVIRUPDWLRQ� DQG� VWDLUFDVH� DSSUR[LPDWLRQ� IRU� FXUYHG� RSWLFDO

ZDYHJXLGHV�� �7KH�GDVKHG�OLQH�LQ�WKH�ULJKWPRVW�SLFWXUH�LQGLFDWHV�D�IXUWKHU�DSSUR[LPDWLRQ

WKDW�FDQ�EH�PDGH�IRU�FDOFXODWLQJ�WKH�RSWLFDO�PRGH�SURILOH�XVLQJ�D�UHDO�RSWLFDO�PRGH�VROYHU

�VHH�EHORZ��
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)LJ�������/RVV�RI�FXUYHG�VODE�ZDYHJXLGH�DV� IXQFWLRQ�RI�EHQG�UDGLXV� � =W � mµ �� 2n  �����

=λ ���� mµ ��70�SRODULVDWLRQ�

,Q� )LJ�� ����D� D� FRQWRXU� SORW� RI� WKH� UDGLDWLRQ� ORVV� YHUVXV� WKH� UHIUDFWLYH� LQGH[� FRQWUDVW

� 2
1

2
21 nn− ��DQG�WKH�QRUPDOLVHG�UDGLXV�RI�FXUYDWXUH� 10Rnk �LV�VKRZQ���,Q�DGGLWLRQ��WKH�LQGH[

FRQWUDVW�IRU�VRPH�W\SLFDO�ZDYHJXLGH�VWUXFWXUHV�LV�LQGLFDWHG��� A �DQG�B �DUH�IRU�WKH�ZDYHJXLGH

RI�)LJ������ZLWK�WKH�HWFKLQJ�GHSWK�UHVSHFWLYHO\�HTXDO�WR� =t � mµ �DQG� =t ��� mµ �� �)RU�WKHVH

ZDYHJXLGHV��WKH�HIIHFWLYH�LQGH[�RI�WKH�FHQWUDO�VODE�LV�JLYHQ�E\� =1n ��������C �LV�IRU�D�EXULHG

ZDYHJXLGH� ZLWK� FRUH� UHIUDFWLYH� LQGH[� ������ �4����� VXUURXQGHG� ZLWK� ,Q3� � =n ������� � 7KLV

ZDYHJXLGH�KDV�D�FHQWUDO�VODE�HIIHFWLYH�LQGH[� =1n ������

1RWH�WKDW�WKH�VPDOO�UHJLRQ�PDUNHG�E\�WKH�FRQWRXU�OLQHV�LV�WKH�UHJLRQ�ZKLFK�LV�LQWHUHVWLQJ�IRU

LQWHJUDWHG�RSWLFV��LQ�WKH�XSSHU�ULJKW�FRUQHU�WKH�ORVV�JRHV�WR�]HUR�EXW�WKH�UDGLXV�EHFRPHV�YHU\

ODUJH�ZKLOH�LQ�WKH�RSSRVLWH�FRUQHU��WKH�UDGLXV�JRHV�WR�]HUR�EXW�WKH�ORVV�JRHV�WR�LQILQLW\

7KH�VWUDLJKWQHVV�RI�WKH�FRQWRXU�OLQHV�PD\�EH�XVHG�WR�REWDLQ�D�XVHIXO�LQWHUSRODWLRQ���7KH\�FDQ

EH�DSSUR[LPDWHG�OLQHDUO\�E\�
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6LQFH�DOO�FRQWRXU�OLQHV�DUH�DSSUR[LPDWHO\�SDUDOOHO��γ LV�FRQVWDQW���7KH�GHSHQGHQFH�RI� ( )αC �RQ

α �LV�VKRZQ�LQ�)LJ������E���)RU�ORVV�YDOXHV�W\SLFDOO\�HPSOR\HG�LQ�WRGD\
V�3,&V��������G%���R��

WKLV�FXUYH�WRR�FDQ�EH�DSSUR[LPDWHG�E\�D�VWUDLJKW�OLQH�

n1

n2

n2
W
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
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
−=
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90/1
log21

αα ������

7KLV�DSSURDFK�ZDV�ILUVW�SURSRVHG�E\�3HQQLQJV�>��@�IRU�ZKLVSHULQJ�JDOOHU\�PRGHV��� �+H�RE�

WDLQHG�WKH�IROORZLQJ�YDOXHV�IRU�WKH�FRQVWDQWV�LQ�HTXDWLRQV��������DQG���������γ  ������ 1C  ����

DQG� 2C  �������)URP�WKH�FRQWRXU�OLQHV�LQ�)LJ�������IRU�� mµ ZLGH�ZDYHJXLGHV�ZH�REWDLQHG�WKH

YDOXHV�� γ  ������ 1C  ����� DQG� 2C  ������� � 7KHVH� YDOXHV�ZHUH� FDOFXODWHG� IRU�70�SRODULVDWLRQ

�LPSO\LQJ�TXDVL�7(�SRODULVHG��'�PRGHV�LQ�WKH�HIIHFWLYH�LQGH[�DSSUR[LPDWLRQ��
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)LJ�������D��&RQWRXU�SORW�RI�WKH�UDGLDWLRQ�ORVVHV�YHUVXV�WKH�UHIUDFWLYH�LQGH[�FRQWUDVW�DQG�WKH

QRUPDOLVHG�UDGLXV�RI�FXUYDWXUH�IRU�D�� mµ ZLGH�ZDYHJXLGH���E��7KH�FRQVWDQW� ( )αC �IURP�HT�

�������DV�REWDLQHG� IURP� WKH� UHVXOWV� LQ�)LJ�� ������ �7KH� VWUDLJKW� OLQH� LV� ILWWHG�XVLQJ�D� OHDVW�

VTXDUH�SURFHGXUH�

7KH�RSWLFDO�ILHOG�LQ�D�FXUYHG�ZDYHJXLGH�LV�QDUURZHU�WKDQ�WKH�ILHOG�LQ�DQ�HTXLYDOHQW�VWUDLJKW

ZDYHJXLGH�DQG� LWV� FHQWUH� LV� VKLIWHG� WRZDUGV� WKH�RXWHU� HGJH� >��@�� �7KLV� HIIHFW�ZLOO� FDXVH� DQ

DGGLWLRQDO�ORVV�DW�WKH�MXQFWLRQ�EHWZHHQ�WKH�VWUDLJKW�DQG�WKH�FXUYHG�ZDYHJXLGHV��QH[W�WR�WKH

UDGLDWLRQ�ORVVHV���7R�UHGXFH�WKLV�WUDQVLWLRQ�ORVV�DV�PXFK�DV�SRVVLEOH��RQH�W\SLFDOO\�DSSOLHV�DQ

RIIVHW�EHWZHHQ�WKH�FHQWUHV�RI�WKH�FXUYHG�DQG�WKH�VWUDLJKW�ZDYHJXLGHV�DQG�RIWHQ�WKH�ZLGWK�RI

WKH� ODWWHU� LV� DGDSWHG�� � )RU� HDVLO\� FDOFXODWLQJ� WKH� RSWLPDO� RIIVHW� DQG�ZDYHJXLGH�ZLGWK�� WKH

VWDLUFDVH�DSSUR[LPDWLRQ�PD\�EH�FXW�RII�LQ�VXFK�D�ZD\�WKDW�WKH�WUDQVIRUPHG�LQGH[�SURILOH�GRHV

QRW�H[FHHG�WKH�HIIHFWLYH�LQGH[�RI�WKH�ZDYHJXLGH��DV�LQGLFDWHG�E\�WKH�GDVKHG�OLQH�LQ�)LJ������F�

7KH�HLJHQPRGHV�RI�WKLV�ZDYHJXLGH�PD\�EH�FDOFXODWHG�XVLQJ�D�UHDO�VODE�PRGH�VROYHU�DQG�UH�

VHPEOH� YHU\�ZHOO� WKH� DFWXDO�ZDYHJXLGH�PRGHV� RI� WKH� FXUYHG�ZDYHJXLGH� DV� VKRZQ� LQ� )LJ�

����E�

�����������������������������������������������������

��,Q�ZDYHJXLGHV�ZLWK�VXIILFLHQWO\�VPDOO�EHQGLQJ�UDGLXV��WKH�ILHOG�VWUHQJWK�DW� WKH� LQQHU�HGJH�YDQLVKHV

DQG�WKH�PRGH�LV�IXOO\�JXLGHG�E\�WKH�RXWHU�HGJH���6XFK�D�PRGH�LV�FDOOHG�D�:KLVSHULQJ�*DOOHU\�0RGH�

��2QH�KDV�WR�EH�FDUHIXO�ZKHQ�HPSOR\LQJ�WKLV�YDOXHV���:KLOH�WKH�YDOXHV�REWDLQHG�E\�3HQQLQJV�LQ�>��@�DUH

ZDYHOHQJWK�LQGHSHQGHQW��RXU�YDOXHV�DUH�RQO\�YDOLG�IRU�λ  ���� mµ �
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$�FRPSOHWHO\�QRUPDOLVHG�DSSURDFK�WR�FDOFXODWH�WKH�RSWLPDO�RIIVHW�DQG�WKH�UDGLDWLRQ�ORVVHV�IRU

ZKLVSHULQJ�JDOOHU\�PRGHV�LV�JLYHQ�LQ�>��@�

-4 -2 0 2 4

fie
ld

 [a
.u

.]

distance [µm]

R=260µm
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distance [µm]

R=170µm

-4 -2 0 2 4

distance [µm]

R=85µm

)LJ�������)XQGDPHQWDO�PRGH�RI�D� FXUYHG�ZDYHJXLGH��FDOFXODWHG� IURP�WKH�H[DFW� UHIUDFWLYH

LQGH[�SURILOH�XVLQJ�D�FRPSOH[�PRGH�VROYHU�DQG�IURP�WKH�DSSUR[LPDWHG�LQGH[�SURILOH�XVLQJ

D�UHDO�PRGH�VROYHU�� =W � mµ �� 1n  ������ 2n  ������ =λ ���� mµ ����)RU�UHIHUHQFH��DOVR�WKH�PRGH

SURILOH� RI� WKH� HTXLYDOHQW� VWUDLJKW�ZDYHJXLGH� LV� JLYHQ�� FOHDUO\� LQGLFDWLQJ� WKH� LQFUHDVLQJ

RIIVHW�EHWZHHQ�WKH�FHQWUH�RI�WKH�HLJHQPRGHV�RI� WKH�FXUYHG�DQG� WKH�VWUDLJKW�ZDYHJXLGHV�

IRU�GHFUHDVLQJ�EHQG�UDGLXV�

2.1.7 Confinement factor

)URP� WKH� VSDWLDO� GLVWULEXWLRQ� RI� WKH� RSWLFDO�PRGH�� DOVR� WKH� FRQILQHPHQW� IDFWRU� iΓ � IRU� HDFK

UHJLRQ� iΩ �RI�WKH�ZDYHJXLGH�PD\�EH�REWDLQHG��� �7KH�FRQILQHPHQW�IDFWRU�LV�DQ�LPSRUWDQW�SD�

UDPHWHU�IRU�ODVHU�GLRGHV��VLQFH�WKH�PRGDO�JDLQ�LV�ZHOO�DSSUR[LPDWHG�E\�D�ZHLJKWHG�VXP�RI�WKH

LQGLYLGXDO�JDLQ�RU�DEVRUSWLRQ�OHYHOV�RI�HDFK�UHJLRQ��ZLWK�ZHLJKWLQJ�IDFWRU�WKH�FRQILQHPHQW�RI

WKH�SRZHU�IOX[�RU�WKH�HOHFWULF�ILHOG�LQWHQVLW\�LQ�HDFK�OD\HU�

imat
i

ii
eff

gn
n

g ,mod

1 ∑ Γ= ������

,Q�WKLV�IRUPXOD��WKH�VXP�LV�WDNHQ�RYHU�DOO�UHJLRQV�RI�WKH�FURVV�VHFWLRQ�ZLWK�D�FRQVWDQW�UHIUDF�

WLYH�LQGH[��� in �DQG� imatg , �DUH�UHVSHFWLYHO\�WKH�UHDO�SDUW�RI�WKH�UHIUDFWLYH�LQGH[�DQG�WKH�JDLQ��RU

DEVRUSWLRQ��RI�WKH�L�WK�UHJLRQ�� �0RUH�LQ�JHQHUDO�� WKLV�IRUPDOLVP�FDQ�EH�XVHG�WR�FDOFXODWH�WKH

ORVV�RU�JDLQ�IRU�D�ODUJH�UDQJH�RI�ZDYHJXLGHV�ZLWK�D�FRPSOH[�UHIUDFWLYH�LQGH[�SURILOH���2QO\��LQ

VRPH�FDVHV�ZKHUH�SRZHU� OHDNV� WR�KLJKHU� LQGH[�VXEVWUDWH�RU� FODGGLQJ� OD\HUV�� DV� LV�RIWHQ� WKH

FDVH�IRU�*D$V�ODVHU�GLRGHV��WKLV�DSSURDFK�FDQQRW�EH�XVHG�

�����������������������������������������������������

��)RU�WKH�H[DFW�GHILQLWLRQ�DQG�DVSHFWV�FRQFHUQLQJ�70�SRODULVHG�PRGHV�VHH�>��@�>��@
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2.1.8 Propagation through piecewise constant waveguides

0RGH�VROYHUV�FDQ�DOVR�EH�XVHG�WR�LQYHVWLJDWH�WKH�SURSDJDWLRQ�RI�DQ�RSWLFDO�ILHOG�WKURXJK�ORQ�

JLWXGLQDO� SLHFHZLVH� FRQVWDQW� ZDYHJXLGH� VWUXFWXUHV�� � )RU� WKDW� SXUSRVH� WKH� ILHOG� LV� GHFRP�

SRVHG� LQWR� WKH� ORFDO� PRGHV� RI� WKH� ZDYHJXLGH�� ZKLFK� DUH� VXEVHTXHQWO\� SURSDJDWHG

� ( ) ( )0,)exp(, tt rr iii LjL ψβψ −= ��� � $W� HDFK�ZDYHJXLGH� MXQFWLRQ�� WKH� IRUPDOLVP� GHVFULEHG� LQ

SDUDJUDSK�������PD\�EH�XVHG� WR� FDOFXODWH� WKH� WUDQVPLVVLRQ�DQG� UHIOHFWLRQ�FRHIILFLHQWV�� �7KH

PRGH�H[SDQVLRQ�SURSDJDWLRQ�PHWKRG�KDV�D�FOHDU�DGYDQWDJH�RYHU�%30�DOJRULWKPV�ZKHQ�FDO�

FXODWLQJ� WKH� WUDQVPLVVLRQ� WKURXJK�ZDYHJXLGH� VWUXFWXUHV� FRQVLVWLQJ� RI� D� OLPLWHG�QXPEHU� RI

VWUDLJKW�RU�FXUYHG�ZDYHJXLGHV�VXFK�DV�00,V�� �)RU�FRQWLQXRXVO\�YDU\LQJ�VWUXFWXUHV�VXFK�DV

WDSHUV��WKH�UHIUDFWLYH�LQGH[�SURILOH�KDV�WR�EH�GLVFUHWLVHG�LQWR�D�FRQFDWHQDWLRQ�RI�ORQJLWXGLQDOO\

LQYDULDQW�VHFWLRQV�� � ,Q� WKHVH�FDVHV��%30�DOJRULWKPV�PD\�EH�PRUH�DSSURSULDWH�� �+RZHYHU�� LW

ZDV�VKRZQ�WKDW�WKH�HLJHQPRGH�H[SDQVLRQ�SURSDJDWLRQ�DOJRULWKPV�FDQ�EH�XVHG�IRU�YHULILFD�

WLRQ� RI� RWKHU�SURSDJDWLRQ� DOJRULWKPV� >��@>��@�� �$Q� DGGLWLRQDO� DGYDQWDJH� RI� WKH� HLJHQPRGH

H[SDQVLRQ�SURSDJDWLRQ� WHFKQLTXH� LV� WKDW� LW� FDQ� HDVLO\� EH� H[WHQGHG� WR� WDNH� LQWR� DFFRXQW� EL�

GLUHFWLRQDO�SURSDJDWLRQ�

,Q� WKH� FRQWH[W� RI� WKLV�ZRUN��ZH� HPSOR\HG�PRGH� H[SDQVLRQ� SURSDJDWLRQ� DOJRULWKPV� XVLQJ

HLWKHU� �'�PRGHV� �%(3� >��@�� RU� �'�PRGHV� �)LPPSURS� >��@��� �%(3� XVHV� �'�PRGHV� FDOFXODWHG

XVLQJ�5(086��VHH�SDUDJUDSK������� �)LPPSURS�RQ�WKH�RWKHU�KDQG��XVHV��'�PRGHV�FDOFXODWHG

E\�)LPPZDYH�� � ,Q� WKH� �'� FDVH�� LW� LV� GLIILFXOW� WR� REWDLQ� D� UHDVRQDEO\� FRPSOHWH� VHW� RI� HLJHQ�

PRGHV���)RU�WKDW�UHDVRQ��WKH��DGDSWHG�RYHUODS�LQWHJUDOV��RI�VHFWLRQ�������DUH�RIWHQ�XVHG��HTXD�

WLRQ��������

2.2 Beam Propagation Methods (BPM)

7R� VLPXODWH� WKH� WUDQVPLVVLRQ� WKURXJK� FRPSOLFDWHG�ZDYHJXLGHV� VWUXFWXUHV�� RIWHQ� WKH� EHDP

SURSDJDWLRQ�PHWKRG��%30��LV�HPSOR\HG���&RPPRQ�WR�DOO�%30�DOJRULWKPV�LV�WKDW�WKH�SURSD�

JDWLRQ� WKURXJK�WKH�3,&� LV�FDOFXODWHG�VWHS�E\�VWHS��VWDUWLQJ�IURP�D�NQRZQ�ILHOG�� �2ULJLQDOO\�

))7�DOJRULWKPV� ZHUH� XVHG� IRU� WKLV� SXUSRVH�� � 0RVW� FRPPHUFLDOO\� DYDLODEOH� %30�SDFNDJHV

QRZ�HPSOR\�D�ILQLWH�GLIIHUHQFH�EDVHG�DSSURDFK���+RZHYHU��%30�DOJRULWKPV�FDQ�DOVR�UHO\�RQ

*UHHQªV�IXQFWLRQV��WKH�PHWKRG�RI�OLQHV��ILQLWH�HOHPHQWV�RU�/DQF]RV�UHGXFWLRQ�� �)RU�D�UHYLHZ�

VHH�>��@�

�7KH�PDLQ�VLPSOLILFDWLRQ�PDGH� LQ�DOO�%30�VROYHUV� LV� WKH�FKRLFH�RI�D�SURSDJDWLRQ�D[LV�� �7KH

SURSDJDWLRQ�PXVW� UHPDLQ�ZLWKLQ� D� FHUWDLQ� DQJOH� IURP� WKLV� D[LV�� � 7KH�PD[LPXP� DOORZDEOH

DQJOH�GHSHQGV�RQ� WKH�SDUWLFXODU� DOJRULWKP�HPSOR\HG�� �7KLV� DOVR� LPSOLHV� WKDW� UHIOHFWLRQV� DW

ZDYHJXLGH�MXQFWLRQV�DUH�QRW�WDNHQ�LQWR�DFFRXQW�

7R�UHGXFH�WKH�FDOFXODWLRQ�WLPH��D�QXPEHU�RI�RWKHU�DSSUR[LPDWLRQV�PD\�EH�PDGH�

• 9HU\� RIWHQ�� WKH� HIIHFWLYH� LQGH[�PHWKRG� LV� XVHG� WR� UHGXFH� WKH� IXOO� �'� SUREOHP� WR� DQ
HTXLYDOHQW��'�RQH�

• 7KH�IXOO�YHFWRULDO�SUREOHP�PD\�EH�UHGXFHG�WR�D�VHPL�YHFWRULDO�SUREOHP�E\�GLVUHJDUGLQJ
WKH�FRXSOLQJ�WHUPV�LQ�WKH�+HOPKROW]�HTXDWLRQ�EXW�VWLOO�WDNLQJ�LQWR�DFFRXQW�WKH�HOHFWULFDO
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ILHOG� GLVFRQWLQXLWLHV� DW� GLHOHFWULF� LQWHUIDFHV��ZKLFK� GHSHQG� RQ� WKH� SRODULVDWLRQ� RI� WKH
SURSDJDWLQJ�ILHOG�

• )RU�ZHDNO\�JXLGLQJ�VWUXFWXUHV��WKH�VHPL�YHFWRULDO�SUREOHP�PD\�IXUWKHU�EH�VLPSOLILHG�WR
D�VFDODU�RQH�E\�DOVR�LJQRULQJ�WKH�ILHOG�GLVFRQWLQXLWLHV�DW�LQWHUIDFHV�

• 7KH�SURSDJDWLRQ�LV�GHVFULEHG�E\�D�GLIIHUHQWLDO�RSHUDWRU���7KH�H[DFW�IRUP�RI�WKLV�RSHUDWRU
GHWHUPLQHV�ZKHWKHU�WKH�ZDYH�HTXDWLRQ�ZLOO�EH�UHGXFHG�WR�D�SDUD[LDO�RU�ZLGH�DQJOH�DS�
SUR[LPDWLRQ�

• 7KH� FDOFXODWLRQ�GRPDLQ� KDV� WR� EH� OLPLWHG� E\� XVLQJ� VXLWDEOH� ERXQGDU\� FRQGLWLRQV�� � ,I
�KDUG� ERXQGDULHV��� VXFK� DV� PHWDOOLF� ZDOOV�� DUH� XVHG�� SRZHU� UDGLDWHG� RXW� RI� WKH
ZDYHJXLGH�ZLOO� EH� UHIOHFWHG� E\� WKH� ZDOOV� DQG� UH�HQWHUV� WKH� FDOFXODWLRQ� GRPDLQ�� � 7R
DYRLG�WKLV��DEVRUELQJ�RU�WUDQVSDUHQW�ERXQGDU\�FRQGLWLRQV�KDYH�WR�EH�HPSOR\HG�

,Q�WKH�FRQWH[W�RI�WKLV�ZRUN��ZH�XVHG�%30B&$'��D�FRPPHUFLDO�&$'�SDFNDJH�IURP�2SWLZDYH

&RUSRUDWLRQ�>��@>��@���,W�DOORZV�IRU�PRGHOOLQJ�RI�ERWK��'�DQG��'�VWUXFWXUHV���,W�LQFOXGHV�GLI�

IHUHQW�SURSDJDWLRQ�DOJRULWKPV��SDUD[LDO�RU�ZLGH�DQJOH��DQG�XVHV�IXOO\�WUDQVSDUHQW�ERXQGDU\

FRQGLWLRQV�

2.3 Modelling of active devices

1H[W�WR�WKH�WRROV�ZH�GHYHORSHG�E\�RXU�RZQ�DQG�ZKLFK�DUH�GHVFULEHG�LQ�FKDSWHU����ZH�XVHG

DOVR� �� FRPPHUFLDO� &$'� WRROV� IRU� VLPXODWLQJ� WKH� RSHUDWLQJ� FKDUDFWHULVWLFV� RI� WKH� PXOWL�

ZDYHOHQJWK�ODVHU��&/$',66��ZKLFK�ZDV�GHYHORSHG�DW�,17(&�>��@�DQG�LV�FRPPHUFLDOO\�DYDLO�

DEOH�IURP�3KRWRQ�'HVLJQ�>��@�DQG�23$/6��FRPPHUFLDOO\�DYDLODEOH�IURP�9LUWXDO�3KRWRQLFV�>��@�

&/$',66�FDQ�EH�XVHG�WR�PRGHO�ODVHU�FDYLWLHV�FRQVLVWLQJ�RI�PXOWLSOH�DFWLYH�DQG�SDVVLYH�VHF�

WLRQV���,W�XVHV�D�WUDQVIHU�PDWUL[�PRGHO�DQG�ZDV�RULJLQDOO\�LQWHQGHG�IRU�WKH�VLPXODWLRQ�RI�')%�

DQG�'%5�ODVHUV�� �+RZHYHU��LW�PD\�DOVR�EH�XVHG�IRU�PRGHOOLQJ�ORQJ�FDYLW\� ODVHUV�EXLOW�RI�DQ

DPSOLILHU�DQG�D�SDVVLYH� VHFWLRQ�� �:H�XVHG�&/$',66� DV�D� UHIHUHQFH� IRU�RXU�RZQ�VWDWLF� ODVHU

PRGHO�DQG�WR�VLPXODWH�WKH�VPDOO�VLJQDO�UHVSRQVH�RI�WKH�3KDVHG�$UUD\�ODVHU��FKDSWHU����

23$/6�DOORZV�IRU�VLPXODWLQJ�PRUH�FRPSOH[�3,&V���8VLQJ�/$%9,(:�DV�D�JUDSKLFDO�LQWHUIDFH�

LW�FRPELQHV�YHU\�DFFXUDWH�PRGHOV� IRU�DPSOLILHUV�DQG� ODVHUV� �EDVHG�RQ� WKH� WUDQVPLVVLRQ� OLQH

ODVHU�PRGHO�>��@��ZLWK�VLPSOH�SDVVLYH�HOHPHQWV�VXFK�DV�ILOWHUV�DQG�FRPELQHUV���:H�XVHG�LW�WR

VWXG\�WKH�ORQJLWXGLQDO�PRGH�VWDELOLW\�RI�WKH�3KDVHG�$UUD\�ODVHU�EHFDXVH�WKH�PRGHO�WDNHV�LQWR

)LJ�������([DPSOH�RI�VLPXODWLRQ�RI���FKDQQHO�PXOWL�ZDYHOHQJWK�ODVHU�XVLQJ�23$/6�
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DFFRXQW� WKH�PRGDO� LQWHUPRGXODWLRQ� HIIHFW� >��@��ZKLFK� LV� UHVSRQVLEOH� IRU� DQ� LPSURYHG� VXS�

SUHVVLRQ�RI�QRQ�ODVLQJ�ORQJLWXGLQDO�PRGHV�LQ�ORQJ�FDYLW\�ODVHUV��FKDSWHU������)LJ�������VKRZV

KRZ�D���FKDQQHO�PXOWL�ZDYHOHQJWK�ODVHU�LV�VLPXODWHG�XVLQJ�23$/6�

$V�DOUHDG\�PHQWLRQHG��WKH�PRGHOV�HPSOR\HG�E\�WKHVH�SDFNDJHV�DUH�YHU\�DFFXUDWH���+RZHYHU�

FRQVHTXHQWO\��LW�WDNHV�D�FRQVLGHUDEOH�DPRXQW�RI�WLPH�WR�VLPXODWH�D�ODVHU�VWUXFWXUH�� �)RU�WKDW

SXUSRVH�� ZH� GHYHORSHG� VLPSOHU�� DQDO\WLF� PRGHOV� �VHH� FKDSWHU� WKUHH��� ZKLFK� ZHUH� YHULILHG

XVLQJ�&/$',66�DQG�23$/6�

2.4 Material parameters

5HIUDFWLYH�LQGH[�DQG�JURXS�LQGH[�RI�,Q*D$V3�DOOR\V�

7KH� UHIUDFWLYH� LQGH[� RI� WKH� ,Q��[*D[$V\3��\� DOOR\V�ZDV� FDOFXODWHG� IURP� GDWD� RQ� *D,Q3� DQG

*D,Q$V��XVLQJ�DQ�LQWHUSRODWLRQ�PHWKRG�DV�GHVFULEHG� LQ� >��@�� �)LJ�������VKRZV� WKH�UHIUDFWLYH

LQGH[�DQG�WKH�JURXS�UHIUDFWLYH�LQGH[�DV�IXQFWLRQ�RI�WKH�RSWLFDO�ZDYHOHQJWK�IRU�VRPH�DOOR\V�

ZKLFK�ZHUH�RIWHQ�XVHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN���)RU�VKRUWQHVV��WKH�DOOR\V��ODWWLFH�PDWFKHG

WR�,Q3��DUH�GHQRWHG�DV�4 gλ ��ZLWK� gλ �WKH�EDQGJDS�ZDYHOHQJWK�
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)LJ�������5HIUDFWLYH�LQGH[��OHIW��DQG�JURXS�LQGH[��ULJKW��RI�VRPH�,Q*D$V3�DOOR\V�WKDW�ZHUH

XVHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN�

$EVRUSWLRQ�LQ�GRSHG�OD\HUV

,QWHUYDOHQFH�EDQG�DEVRUSWLRQ�GXH�WR�HOHFWURQ� WUDQVLWLRQV�IURP�WKH�VSOLW�RII�EDQG�WR�KROHV� LQ

WKH�KHDY\�KROH�EDQG�LV� WKH�GRPLQDQW� ORVV�PHFKDQLVP�EHORZ�EDQGJDS�IRU�S�GRSHG�,Q3�DQG

,Q*D$V3�DOOR\V�>��@���7KH�FDUULHU�LQGXFHG�DEVRUSWLRQ�FRHIILFLHQW�LV�SURSRUWLRQDO�WR�WKH�FDUULHU

GHQVLW\�DQG�UDWKHU�LQGHSHQGHQW�RI�WKH�PDWHULDO�FRPSRVLWLRQ���,W�FDQ�EH�ZHOO�DSSUR[LPDWHG�E\�

PcmIVB 




 −×= −−

λ
α 533.4

exp1025.4][ 161 �������

ZLWK�λ �WKH�ZDYHOHQJWK��LQ� mµ ��DQG�P �WKH�KROH�GHQVLW\��LQ�FP����
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3 Towards a knowledge driven tool for the synthesis of PICs ?

3.1 Synthesis of complicated PICs

7KH�QRZ�DYDLODEOH�GHVLJQ�WRROV�PDLQO\�IRFXV�RQ�WKH�DQDO\VLV�RI�SKRWRQLF� LQWHJUDWHG�FLUFXLWV

DQG�WKHLU�VXEFRPSRQHQWV�� �7KH\�PD\�KHOS�WR�XQGHUVWDQG�H[SHULPHQWDO�UHVXOWV�DQG�PD\�UH�

GXFH� WKH� QXPEHU� RI� H[SHULPHQWDO� LWHUDWLRQ� VWHSV�� � +RZHYHU�� WKH� VLWXDWLRQ� LV� VWLOO� IDU� IURP

LGHDO���$V�DOUHDG\�PHQWLRQHG�LQ�WKH�LQWURGXFWLRQ��DOPRVW�QR�WRROV�DUH�VSHFLILFDOO\�GHYHORSHG

IRU�V\QWKHVLV� WRZDUGV�D�JLYHQ�VSHFLILFDWLRQ��� �)RU� WKH�GHVLJQ�RI� FRPSOLFDWHG�3,&V�VXFK�DV�D

PXOWL�ZDYHOHQJWK�ODVHU��ZKHUH�WKH�VWUXFWXUH�RI�RQH�SDUW�RI�WKH�3,&�KDV�D�VWURQJ�LQIOXHQFH�RQ

WKH�RWKHU�SDUWV�RI�WKH�GHVLJQ��QR�VXLWDEOH�&$'�WRROV�DUH�DYDLODEOH�\HW���7KHUHIRUH��RQH�LV�RIWHQ

IRUFHG� WR�FKRRVH�VRPH�SDUDPHWHU�YDOXHV�E\�JDPEOLQJ� UDWKHU� WKDQ�E\�SUHFLVH�GHVLJQ�� �(YHQ

ZRUVH�LV�WKH�VLWXDWLRQ�ZKHUH�WKH�GHVLJQHU�EHOLHYHV�WKDW�KLV�GHVLJQ�LV�SUHFLVH�E\�EHOLHYLQJ�WKDW

WKH�PHWKRGV�KH�KDV�XVHG�DUH�PRUH�DFFXUDWH� WKDQ� WKH\�DFWXDOO\�DUH�� � ,Q� WKRVH� FDVHV� WKHUH� LV

RQO\�RQH�ZD\�RXW�DQG�WKDW�LV�WULDO�DQG�HUURU�LQ�WKH�IDEULFDWLRQ�ORRS��ZKLFK�LV�REYLRXVO\�FRVWO\

DQG�WLPH�FRQVXPLQJ���5RXJKO\�VSHDNLQJ�WZR�SUREOHPV�FDQ�EH�GLVFHUQHG�ZLWK�WRGD\
V�&$'�

WRROV�DQG�WKHLU�VROXWLRQV�DUH�UDWKHU�LQFRPSDWLEOH�

7KH�ILUVW�SUREOHP�UHODWHV�WR�DFFXUDF\��DW�YDULRXV�OHYHOV�LQ�WKH�GHVLJQ�

• 7KH�GHYLFH� VWUXFWXUH� FDQ� EH� RYHUVLPSOLILHG�� QHJOHFW� RI� LQWHUIDFH� URXJKQHVV��ZDOOV� DUH
VWUDLJKWHQHG��WKLQ�OD\HUV�DUH�QHJOHFWHG����

• 7KH�GHYLFH� VWUXFWXUH� FDQ� EH� LQDFFXUDWHO\� GHILQHG�� XQNQRZQ� UHIUDFWLYH� LQGH[� RU� JDLQ�
HWFKLQJ�HUURUV��XQNQRZQ�ODVHU�SDUDPHWHUV���

• 7KH�PRGHO�LV�VLPSOLILHG��UHGXFWLRQ�RI��'�SUREOHP�WR��'�SUREOHP��UHGXFWLRQ�RI�YHFWRULDO
SUREOHP�WR�SDUD[LDO�SUREOHP��VFDODU�DSSUR[LPDWLRQ��QHJOHFW�RI�FDUULHU�GLIIXVLRQ�LQ�ULGJH
W\SH�DPSOLILHUV���

• 7KH� QXPHULFDO� LPSOHPHQWDWLRQ� JLYHV� ULVH� WR� HUURUV�� ILQLWH� JULG� VL]H�� ILQLWH� FDOFXODWLRQ
ZLQGRZ��ERXQGDULHV��

• 7KH�FRXSOLQJ�WR�RWKHU�SUREOHPV�LV�QHJOHFWHG��LI�DFWLYH�GHYLFHV�DUH�LQYROYHG��WKH�RSWLFDO
ILHOG�PRGHOOLQJ�QHHGV�WR�EH�FRPELQHG�ZLWK�HOHFWULFDO�DQG�WKHUPDO�PRGHOOLQJ��ZKLFK�DOO
FDQ�EH�PXWXDOO\�FRXSOHG�

)RU�LOOXVWUDWLQJ�WKLV��ZH�FDQ�UHIHU�EDFN�WR�WKH�GHVLJQ�RI� WKH�00,�DOUHDG\�GHVFULEHG�LQ�SDUD�

JUDSK� ������� � 0HWKRGV� XVLQJ� WKH� HIIHFWLYH� LQGH[� PHWKRG� WR� UHGXFH� WKH� �'� SUREOHP� WR� DQ

HTXLYDOHQW��'�SUREOHP���'�%30�DQG�%(3��SUHGLFW�DQ�RSWLPDO�OHQJWK�WKDW�PD\�GLIIHU�E\���

RI�WKH�OHQJWK�SUHGLFWHG�E\�IXOO��'�PHWKRGV���'�%30�DQG�)LPPSURS�'��� �6R�RQH�PLJKW�FRQ�

FOXGH�WKDW��'�PHWKRGV�DUH�LQGLVSHQVDEOH�IRU�WKH�DFFXUDWH�GHVLJQ�RI�VXFK�GHYLFHV���+RZHYHU�

LQ�SUDFWLFH�WKH�XQFHUWDLQWLHV�LQWURGXFHG�E\�SURFHVV�YDULDWLRQV��VXFK�DV�ZDYHJXLGH�ZLGWK�DQG

UHIUDFWLYH�LQGH[���PD\�EH�PXFK�PRUH�LPSRUWDQW�WKDQ�WKH�LQDFFXUDFLHV�LQWURGXFHG�E\�WKH�HI�

�����������������������������������������������������

��3UREDEO\�WKH�RQO\�H[FHSWLRQV�DUH�VRPH�&$'�WRROV�WKDW�ZHUH�VSHFLILFDOO\�GHYHORSHG�IRU�WKH�GHVLJQ�RI

3KDVHG�$UUD\�GHPXOWLSOH[HUV�DQG�DOORZ�WR�SHUIRUP�WKH�GHVLJQ�WDVN�VWDUWLQJ�IURP�JLYHQ�VSHFLILFDWLRQV

IRU�WKH�GHYLFH�
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IHFWLYH�LQGH[�DSSUR[LPDWLRQ���0RUHRYHU��WKLV�SDUWLFXODU�FRPSRQHQW�ZDV�GHYHORSHG�IRU�XVH�LQ

WKH�SDVVLYH�SDUW�RI�D�ODVHU�FDYLW\���7KH�H[DFW�RSHUDWLQJ�ZDYHOHQJWK�RI�WKLV�ODVHU��ZKLFK�LQIOX�

HQFHV�DOVR�WKH�RSHUDWLRQ�RI�WKH�00,��ZLOO�QRW�RQO\�GHSHQG�RQ�WKH�ODVHU�SDUDPHWHUV�LWVHOI�EXW

DOVR�RQ�WKH�WRWDO�ORVV�RI�WKH�SDVVLYH�SDUW�RI�WKH�FDYLW\��LQFOXGLQJ�WKH�00,�

7KH�VROXWLRQ�WR�WKH�DFFXUDF\�SUREOHP�VHHPV�REYLRXV��GHYHORSPHQW�DQG�XVH�RI�PRUH�ULJRURXV

PRGHOOLQJ�DOJRULWKPV��EHWWHU�GHILQLWLRQ�RI�DSSOLFDELOLW\�UDQJHV��DQG�VHQVLWLYLW\�VWXGLHV�WR�SD�

UDPHWHU�XQFHUWDLQWLHV�

7KH�VHFRQG�SUREOHP�UHODWHV�WR�WKH�FDOFXODWLRQ�WLPH���$V�&$'�PHWKRGV�PRYH�WR��'�DQG�YHFWR�

ULDO�SUREOHPV��WKH�FDOFXODWLRQ�WLPH�PD\�LQFUHDVH�FRQVLGHUDEO\���7KLV�PD\�QRW�VHHP�GUDPDWLF�LI

LW�FRPHV�WR�DQDO\VLQJ�VLQJOH�VWUXFWXUHV�DV�WKH�00,�FRXSOHU�GHVFULEHG�DERYH���+RZHYHU��LI�RQH

ZDQWV�WR�LQFOXGH�DOVR�WKH�FRPSOHWH�3KDVHG�$UUD\�DQG�WKH�DPSOLILHU�LQWR�DQ�RSWLPLVDWLRQ�SUR�

FHVV�RU�D�VHQVLWLYLW\�DQDO\VLV��FDOFXODWLRQ�WLPH�EHFRPHV�DQ�LPSRUWDQW�LVVXH���0RUH�LQ�JHQHUDO�

SUREOHPV�ULVH�ZKHQ�RQH�ZDQWV�WR�DQDO\VH�D� ODUJH�SDUDPHWHU�VSDFH� �HYHQ� LI� DQ�6�PDWUL[�DS�

SURDFK�FDQ�EH�XVHG�IRU�FDOFXODWLQJ�WKH�RYHUDOO�UHVSRQVH��RU�ZKHQ�WKH�RSWLFDO�ILHOG�PRGHOOLQJ

QHHGV�WR�EH�FRPELQHG�ZLWK�WKH�HOHFWULFDO�DQG�WKHUPDO�PRGHOOLQJ���7RGD\�LW�LV�QRW�FRQFHLYDEOH

WKDW�ULJRURXV�HOHFWURPDJQHWLF�VROYHUV�ZLOO�EHFRPH�VR�WLPH�HIILFLHQW�WKDW�FRPSOH[�V\VWHP�FDO�

FXODWLRQ�RU�H[WHQVLYH�RSWLPLVDWLRQ�ZLOO�EHFRPH�SUDFWLFDO��

,Q�RXU�RSLQLRQ��D�SRVVLEOH�ZD\�RXW�RI�WKLV�GHDGORFN�VLWXDWLRQ�LV�WR�PRYH�WRZDUGV�D�NQRZOHGJH

GULYHQ� WRRO�� LQ�ZKLFK� WKH� HPSKDVLV� LV�QR� ORQJHU� RQ� ILHOG� FDOFXODWLRQ� DV� VXFK�EXW� UDWKHU� RQ

FRPELQLQJ�DQG�PDQLSXODWLQJ�SUHYLRXVO\�REWDLQHG�GDWD�� �7KH�EDVLV�RI�VXFK�D� WRRO�ZRXOG�EH

IRUPHG�E\�D�GDWDEDVH��WKH��NQRZOHGJH�EDVH���DQG�D�WRRO��ZKLFK�FDQ�KDQGOH�WKH�GDWD��WKH��LQ�

IHUHQFH�HQJLQH�����2I�FRXUVH��DOVR�D�SUDFWLFDO�XVHU�LQWHUIDFH�ZRXOG�EH�UHTXLUHG�

7KH��NQRZOHGJH�EDVH��PXVW�FRQWDLQ�� IRU�D�JLYHQ�3,&�WHFKQRORJ\��YDOLGDWHG� LQIRUPDWLRQ� IRU�D

UDQJH�RI�EDVLF�ZDYHJXLGH�HOHPHQWV���7KH�LQIRUPDWLRQ�FDQ�EH�DYDLODEOH�LQ�GLIIHUHQW�IRUPV�

• ,W�PD\�EH� UHVWULFWHG� WR� D� OLEUDU\�RI�ZHOO�GHVLJQHG�ZDYHJXLGH� HOHPHQWV� VXFK� DV� VWUDLJKW

DQG�FXUYHG�ZDYHJXLGHV��WDSHUV��FRXSOHUV��

• ,W�PD\�EH�D�WDEOH��FRQWDLQLQJ�GDWD�IRU�D�SDUDPHWHULVHG�ZDYHJXLGH���)RU�H[DPSOH��WKLV�WDEOH

PD\�OLVW�SURSHUWLHV�DV�WKH�SURSDJDWLRQ�FRQVWDQW��WKH�FRQILQHPHQW�IDFWRU�DQG�WKH�PLQLPXP

EHQG�UDGLXV�DV�IXQFWLRQ�RI�SDUDPHWHUV�DV�WKH�OD\HU�WKLFNQHVV�� WKH�ZLGWK�DQG�WKH�HWFKLQJ

GHSWK�IRU�D�FHUWDLQ�W\SH�RI�ZDYHJXLGH�

• ,W�FDQ�DOVR�EH�D�VHW�RI�IRUPXODV�DQG�GHVLJQ�UXOHV��GHVFULELQJ�WKH�EHKDYLRXU�RI�D�FRPSRQHQW

RYHU�WKH�DOORZHG�SDUDPHWHU�UDQJH���$�W\SLFDO�H[DPSOH�LV�WKH�IRUPXOD�IRU�WKH�EHQG�ORVV�GH�

ULYHG�LQ�SDUDJUDSK�������

�����������������������������������������������������

�� 7KLV� LV� LQ�SDUWLFXODU� LPSRUWDQW� IRU�QRYLFH�XVHUV� RU� XVHUV� WKDW� DUH� QRW� FRPSOHWHO\� IDPLOLDU�ZLWK� WKH

WKHRUHWLFDO�DOJRULWKPV�EHKLQG�WKH�WRRO�

��$QG�LW�LV�YHU\�OLNHO\�WKDW�E\�WKH�WLPH�VROYHUV��ZKLFK�FDQ�KDQGOH�WRGD\
V�3,&V��DUH�DYDLODEOH��WKH�RUGHU

RI�FRPSOH[LW\�RI� WKH�3,&V�ZH�ZDQW�WR�DQDO\VH�E\� WKHQ��ZLOO�KDYH� LQFUHDVHG�DOVR�� OHDYLQJ�XV�ZLWK� WKH

VDPH�VRUW�RI�GLIILFXOWLHV�DV�HQFRXQWHUHG�QRZ�
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• ,Q�DQ�DGYDQFHG�V\VWHP��WKH�GDWDEDVH�FRXOG�DOVR�FRQWDLQ�NQRZOHGJH�RI�KXPDQ�H[SHUWV�

7KH�LQIRUPDWLRQ�LQ�WKH�NQRZOHGJH�EDVH�PD\�KDYH�EHHQ�YDOLGDWHG�E\�H[SHULPHQWDO�UHVXOWV�RU

E\�ULJRURXV�FDOFXODWLRQ�

7KH�RWKHU�LPSRUWDQW�SDUW�LQ�VXFK�D�WRRO��WKH�§LQIHUHQFH�HQJLQH¨��VKRXOG�DOORZ�IRU�DQDO\VLQJ�D

GHVLJQ�E\�LQWHOOLJHQW�FRPELQDWLRQ�DQG�PDQLSXODWLRQ�RI� WKH�SUHYLRXVO\�REWDLQHG�GDWD�VWRUHG

LQ�WKH�NQRZOHGJH�EDVH���,Q�WKDW�FDVH��WKH�JOREDO�RSWLPLVDWLRQ�RI�D�3,&��RU�D�VHQVLWLYLW\�DQDO\�

VLV��LV�SHUIRUPHG�E\�D�GDWD�IORZ�RULHQWHG�FLUFXLW�VLPXODWLRQ��UDWKHU�WKDQ�E\�D�ILHOG�PDQLSXOD�

WLRQ�DV� VXFK�� �2I� FRXUVH�� WKH� UROH�RI� ILHOG� FDOFXODWLRQ�PHWKRGV�ZLOO� UHPDLQ� LPSRUWDQW�� � 7KH

XVHU�VKRXOG�EH�DEOH�WR�VWLOO�XVH�WKHVH�PHWKRGV��PRGH�VROYHUV��%30V��HWF���DQG�VKRXOG�EH�DEOH

WR�VWRUH�WKH�UHVXOWV�LQWR�WKH�NQRZOHGJH�EDVH���7KLV�DOVR�PHDQV�WKDW�WKH�WRRO�VKRXOG�KDYH�ZHOO

GHILQHG�DQG�HDV\�WR�XVH�LQWHUIDFHV�WR�ILHOG�FDOFXODWLRQ�PHWKRGV���7KH�GDWD�IRUPDW�DW�WKHVH�LQ�

WHUIDFHV��� IRU��'�RU��'�VWUXFWXUH�GHILQLWLRQ�� IRU� ILHOGV�DQG� IRU�PDWHULDO�SDUDPHWHUV� �� VKRXOG

EHFRPH�VWDQGDUGLVHG�VR�WKDW�WKH�V\VWHP�FDQ�FRPPXQLFDWH�ZLWK�DQ\�QXPHULFDO�WRRO�FRPSO\�

LQJ�ZLWK�WKDW�VWDQGDUG�

1H[W�WR�WKH�NQRZOHGJH�EDVH�DQG�WKH�LQIHUHQFH�HQJLQH��D�SUDFWLFDO�XVHIXO�H[SHUW�V\VWHP�ZLOO�RI

FRXUVH�DOVR�UHTXLUH�D��V\PEROLF��FLUFXLW�GHILQLWLRQ�WRRO�DQG�DQ�LQWHUIDFH�WR�D�PDVN�OD\RXW�JHQ�

HUDWRU�

3.2 Example

7R�LOOXVWUDWH�WKHVH�LGHDV��ZH�XVHG�WKH�GHVLJQ�RI�WKH�3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHU�DV

DQ� H[DPSOH�� � 7KH�GHYLFH� LV� WR� EH� UHDOLVHG�XVLQJ� D�PRQROLWKLF� LQWHJUDWLRQ� VFKHPH� EDVHG� RQ

VHOHFWLYH�DUHD�HSLWD[LDO�JURZWK�DV�GHVFULEHG�LQ�FKDSWHU�����7KHUHIRUH��WKH�OD\HU�VWUXFWXUH�RI�WKH

DFWLYH�DQG�SDVVLYH�ZDYHJXLGHV�LV�LGHQWLFDO��H[FHSW�IRU�D�UHGXFWLRQ�RI�WKH�WKLFNQHVV�E\�D�IDFWRU

����LQ�WKH�SDVVLYH�UHJLRQ���)XUWKHU��GLIIHUHQW�IURP�WKH�FDVH�GHVFULEHG�LQ�FKDSWHU����ZH�DVVXPH

WKDW�DOO�ZDYHJXLGHV��DFWLYH�	�SDVVLYH��DUH�HWFKHG�LQ�D�VLQJOH�VWHS���7KLV�PDNHV�WKDW�WKHLU�LV�D

YHU\�VWURQJ�FRUUHODWLRQ�EHWZHHQ�WKH�ZDYHJXLGH�FURVV�VHFWLRQ�XVHG�IRU�WKH�3KDVHG�$UUD\�DQG

WKDW�XVHG�IRU�WKH�DPSOLILHUV�DQG�WKDW�LW�LV�LPSRVVLEOH�WR�RSWLPLVH�WKHP�VHSDUDWHO\�

7KH�GHYLFH�FDQ�EH�RSWLPLVHG�WRZDUGV�GLIIHUHQW�JRDOV�VXFK�DV�PD[LPXP�H[WHUQDO�GLIIHUHQWLDO

HIILFLHQF\� WR� ILEUH�� PLQLPXP� WKUHVKROG� FXUUHQW� RU� PD[LPXP� PRGXODWLRQ� EDQGZLGWK�

7KHUHE\�VHYHUDO�SULPDU\�GHVLJQ�SDUDPHWHUV�KDYH�WR�EH�GHILQHG��PDWHULDO�FRPSRVLWLRQ��OD\HU

WKLFNQHVV��QXPEHU�RI�TXDQWXP�ZHOOV��ZDYHJXLGH�ZLGWK��GHYLFH�OHQJWK��HWFK�GHSWK�����7KHVH

LQ�WXUQ�GHWHUPLQH�RWKHU�SDUDPHWHUV�VXFK�DV�WKH�FRQILQHPHQW�IDFWRU�LQ�WKH�TXDQWXP�ZHOO�OD\�

HUV�RU�WKH�DEVRUELQJ�FODGGLQJ�OD\HUV��WKH�DPRXQW�RI�VFDWWHULQJ�ORVV��WKH�PLQLPXP�EHQG�UDGLXV

DQG�WKH�QXPEHU�RI�WUDQVYHUVDO�PRGHV���6RPH�RI�WKH�SULPDU\�GHVLJQ�SDUDPHWHUV�FDQ�EH�VHSD�

UDWHO\�RSWLPLVHG�IRU�HDFK�SDUW�RI�WKH�3,&��H�J��WKH�DPSOLILHU�OHQJWK�RU�WKH�ZDYHJXLGH�ZLGWK��

RWKHUV� DUH� FRQVWDQW� RYHU� WKH�ZDIHU� RU� DUH� LQWHUGHSHQGHQW� �H�J�� WKH� HWFKLQJ� GHSWK� DQG� WKH

WKLFNQHVV�RI�WKH�OD\HUV��
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:H�EXLOW�D�WDEOH�FRQWDLQLQJ�GDWD�VXFK�DV�WKH�SURSDJDWLRQ�FRQVWDQWV��FRQILQHPHQW�IDFWRUV�IRU

HDFK� UHJLRQ�DQG� WKH� LQWHJUDWHG� ILHOG� VWUHQJWKV�DW� WKH�ZDYHJXLGH�DLU� LQWHUIDFH�� IRU� D�SDUDP�

HWHULVHG�ZDYHJXLGH�ZLWK�WKH�OD\HU�VWUXFWXUH�GHSLFWHG�LQ�7DEOH�����

Q ][ mdact µ ][ md pas µ

3ODQDUO\�JURZQ�FODGGLQJ�OD\HU��,Q3� ���� ��� ���
6HOHFWLYHO\�JURZQ�FODGGLQJ�OD\HU��,Q3� ���� ���� ���
4��� ����

afd , pfd ,

4�����ZLWK�4: ���� ����� �����
4��� ����

afd , pfd ,

%RWWRP�FODGGLQJ ���� ∞ ∞

�7DEOH� ���� /D\HU� VWUXFWXUH� XVHG� IRU� VLPXODWLQJ� PRQROLWKLFDOO\� LQWHJUDWHG� 3$/� XVLQJ

NQRZOHGJH� GULYHQ� DSSURDFK�� � 7KH� WKLFNQHVV� RI� WKH� 4���� OD\HUV� LV� YDULHG� VXFK� WKDW

pfaf dd ,, 5.1= �� � 7KH� HWFKLQJ� GHSWK� LV� DJDLQ� GHQRWHG�ZLWK� UHVSHFW� WR� WKH� WRS� RI� WKH� ILOP

OD\HU���'XH�WR�WKH�GLIIHUHQFH�LQ�WKH�WKLFNQHVV�RI�WKH�UHVSHFWLYH�,Q3�WRS�FODGGLQJ�OD\HUV��WKH

HWFKLQJ�GHSWK�LQ�WKH�DFWLYH�UHJLRQ�� at ��ZLOO�EH�����QP�VPDOOHU�WKDQ�WKDW�LQ�WKH�SDVVLYH�UH�

JLRQ�� pt ��

,Q�D�ILUVW�VWHS��ZH�FDOFXODWHG�WKH�ORVV� pα �LQ�WKH�SDVVLYH�SDUW�RI�WKH�GHYLFH��ZKLFK�ZH�DVVXPH

WR�EH�SURSRUWLRQDO�WR�WKH�OHQJWK�RI�WKH�SDVVLYH�ZDYHJXLGHV��\LHOGLQJ�

( )absscatpp L ααα += �������

scatα � LV� WKH� VFDWWHULQJ� ORVV� RI� WKH�ZDYHJXLGHV�� absα � WKH� DEVRUSWLRQ� ORVV� LQ� WKH� S�GRSHG� WRS

FODGGLQJ�OD\HU���7KH�PLQLPXP�EHQG�UDGLXV�LV�WKHUHE\�FKRVHQ�LQ�VXFK�D�ZD\�WKDW�WKH�UDGLDWLRQ

ORVV� LQ� WKH� FXUYHG�ZDYHJXLGHV� LV�QHJOLJLEOH� � 02 90/10 dbrad
−<α ��� �:H� IXUWKHU� VXSSRVH� WKDW

WKH�WRWDO�OHQJWK� pL �LV�OLQHDU�GHSHQGHQW�RQ�WKH�PLQLPXP�EHQG�UDGLXV�

min21 RAALp += ������

:LWK� 1A �DQG� 2A �VXLWDEOH�FKRVHQ�FRQVWDQWV���7KH�VFDWWHULQJ�ORVV�LV�JLYHQ�E\��>��@��

P

nE
C s

scat

∆=
2

α ������

sE �EHLQJ�WKH�LQWHJUDWHG�ILHOG�VWUHQJWK�DW�WKH�ZDYHJXLGH�ERXQGDU\��� n∆ �WKH�UHIUDFWLYH�LQGH[

FRQWUDVW�DQG�&�DQ�HPSLULFDO�FRQVWDQW��GHSHQGLQJ�RQ� WKH�HWFK�SURFHVV�XVHG� IRU�GHILQLQJ� WKH

�����������������������������������������������������

�� sE �ZDV� FDOFXODWHG�XVLQJ� DQ� HIIHFWLYH� LQGH[� DSSUR[LPDWLRQ�� � ,W� KDV� EHHQ� VKRZQ� WKDW� WKLV� LV� D� YHU\

FUXGH�DSSUR[LPDWLRQ� >��@�� �+RZHYHU�� VLQFH� LW� LV�XVHG�RQO\� IRU� LOOXVWUDWLQJ� WKH�NQRZOHGJH�GULYHQ�DS�

SURDFK��WKLV�LV�QRW�UHOHYDQW�KHUH�
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ZDYHJXLGHV���:H�GHWHUPLQHG�&�E\�ILWWLQJ�H[SHULPHQWDO�GDWD�WR����������7KH�DEVRUSWLRQ�ORVV�LV

FDOFXODWHG�XVLQJ�HT���������IURP�SDUDJUDSK��������\LHOGLQJ�

∑Γ=
i

iiabs αα ������

ZLWK�WKH�VXP�WDNHQ�RYHU�DOO�DEVRUELQJ�VHFWLRQV�

7KH�UHOHYDQW�SDUDPHWHUV�IRU�WKH�DFWLYH�UHJLRQ�DUH�WKH�FRQILQHPHQW�IDFWRU�IRU�WKH�DFWLYH�OD\HU�

ZKLFK�LV�VWRUHG�LQ�WKH�GDWDEDVH��DQG�WKH�PDWHULDO�JDLQ�DV�IXQFWLRQ�RI�WKH�FXUUHQW�GHQVLW\���7KH

ODWWHU�ZDV�GHWHUPLQHG�E\�ILWWLQJ�WKH�IXQFWLRQ

( ) 1ln 00 += JJgg ������

WR�H[SHULPHQWDOO\�REWDLQHG�GDWD���)URP�WKH�NQRZOHGJH�RI�WKH�ORVV�LQ�WKH�SDVVLYH�SDUW�RI�WKH

GHYLFH�� WKH�PLUURU� ORVVHV�DQG�WKH� LQWHUQDO� ORVV�RI� WKH�DPSOLILHU�� WKH� UHTXLUHG� WKUHVKROG�JDLQ

DQG�WKH�H[WHUQDO�GLIIHUHQWLDO�HIILFLHQF\�DUH�HDVLO\�FDOFXODWHG�

$V�DQ�H[DPSOH��ZH�WULHG�WR�PLQLPLVH�WKH�ELDV�FXUUHQW�UHTXLUHG�IRU�REWDLQLQJ�D�FHUWDLQ�RXWSXW

SRZHU��E\�FKRRVLQJ�WKH�HWFK�GHSWK�DQG�WKH�WKLFNQHVV�RI�WKH�4����ILOP�OD\HUV�DGHTXDWHO\��VHH

7DEOH��������)RU�VLPSOLFLW\��ZH�FRQVLGHU�WKH�ZDYHJXLGH�ZLGWK�WR�EH�FRQVWDQW�LQ�ERWK�WKH�DFWLYH

DQG� WKH� SDVVLYH� UHJLRQ� � =W � mµ ��� � )LJ�� ����D� VKRZV� WKH� VFDWWHULQJ� ORVV� RI� WKH� SDVVLYH

ZDYHJXLGHV��FDOFXODWHG�XVLQJ����������$V�H[SHFWHG��WKH�VFDWWHULQJ�ORVV�LQFUHDVHV�ZLWK�LQFUHDV�

LQJ� HWFK�GHSWK� DQG�GHFUHDVLQJ� ILOP� OD\HU� WKLFNQHVV�� � )LJ�� ����E� VKRZV� WKH� DEVRUSWLRQ� ORVV�

ZKLFK� LV� UDWKHU� LQGHSHQGHQW�RQ� WKH�HWFK�GHSWK�EXW�GHFUHDVHV� VWURQJO\�ZLWK� LQFUHDVLQJ� ILOP

OD\HU� WKLFNQHVV�� � ,Q� )LJ�� ����D�� WKH�PLQLPXP�EHQG� UDGLXV� LV� GHSLFWHG�� FDOFXODWHG� XVLQJ� HT�

�������RI�SDUDJUDSK�������

)URP�WKH�UHVXOWV�VKRZQ�LQ�)LJ�������DQG�)LJ������D��DQG�XVLQJ�HT���������DQG���������WKH�WRWDO

ORVV�RI�WKH�SDVVLYH�SDUW�FDQ�EH�FDOFXODWHG���7KH�UHVXOW��IRU� =1A ��DQG� =2A ���LV�VKRZQ�LQ�)LJ�
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����E�� �7KH�RSWLPXP�FDQ�EH� IRXQG� LQ� WKH�XSSHU� ULJKW� FRUQHU�� � 7KLV� VWHPV�SDUWO\� IURP�RXU

FKRLFH�IRU� 1A �DQG� 2A ��ZKLFK�IDYRXUV�GHYLFHV�ZLWK�D�VKRUW�EHQG�UDGLXV���,Q�WKH�IROORZLQJ�VHF�

WLRQ�RI� WKLV�FKDSWHU��ZH�ZLOO�VHH� WKDW� IRU�DFWXDO�GHYLFHV�� 1A �PD\�EHFRPH�UDWKHU� ODUJH�� �7KLV

ZLOO�VKLIW�WKH�RSWLPXP�PRUH�LQ�WKH�GLUHFWLRQ�RI�WKH�XSSHU�OHIW�FRUQHU�

,Q�)LJ������D��WKH�FRQILQHPHQW�IDFWRU�LQ�WKH�DFWLYH�OD\HU�LV�VKRZQ���%\�FRPELQLQJ�WKH�UHVXOWV

IURP�)LJ������E�DQG�)LJ������D��ZH�FDOFXODWHG�WKH�ELDV�FXUUHQW�UHTXLUHG�IRU�REWDLQLQJ�DQ�RXW�

SXW�SRZHU�RI�����P:�LQWR�DQ�RSWLFDO�ILEUH���7KH�UHVXOW��IRU�D����� mµ �ORQJ�DPSOLILHU�FRQWDLQ�

LQJ���4:V��LV�VKRZQ�LQ�)LJ������E���$V�FRXOG�EH�H[SHFWHG�IURP�WKH�IDFW�WKDW�WKH�RSWLPDO�FURVV�

VHFWLRQ�IRU�WKH�DPSOLILHUV�DQG�WKH�SDVVLYH�ZDYHJXLGHV�FDQ�EH�IRXQG�LQWR�WZR�RSSRVLWH�FRUQHUV

RI�WKH�SDUDPHWHU�VSDFH��WKH�JOREDO�RSWLPXP�LV�ORFDWHG�LQ�WKH�FHQWUH�RI�WKLV�JUDSK���%\�UHSHDW�

LQJ�WKLV�SURFHGXUH�IRU�YDU\LQJ�DPSOLILHU�OHQJWK�DQG�YDU\LQJ�QXPEHU�RI�TXDQWXP�ZHOOV��)LJ�
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����P:�LQWR�DQ�RSWLFDO�ILEUH��ZLWK�D���� mµ �ORQJ�DPSOLILHU�FRQWDLQLQJ���4:V�
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�������D�PLQLPXP�ELDV�FXUUHQW�RI����P$��IRU�D�GHYLFH�ZLWK�D����� mµ �ORQJ�DPSOLILHU�FRQWDLQ�

LQJ���4:V�LV�REWDLQHG���7KH�RSWLPDO�HWFKLQJ�GHSWK�DQG�ILOP�OD\HU�WKLFNQHVV�DUH�UHVSHFWLYHO\

JLYHQ�E\�����QP�����QP��DQG�����QP������QP��LQ�WKH�SDVVLYH��DFWLYH��UHJLRQ�

7KH�H[DPSOH�RXWOLQHG�DERYH�VKRZV�KRZ�ZH�EXLOW�D�VLPSOH�GDWDEDVH�FRQWDLQLQJ�GDWD�LQ�GLI�

IHUHQW�IRUPV��D�WDEOH�RI�SURSHUWLHV�IRU�D�SDUDPHWHULVHG�ZDYHJXLGH�DQG�D�VHW�RI�GHVLJQ�UXOHV

VXFK�DV�WKH�IRUPXOD�IRU�FDOFXODWLQJ�WKH�ORVV�RU�WKH�JDLQ�RI�D�ZDYHJXLGH�XVLQJ�WKH�FRQILQHPHQW

IDFWRU��������RU�WKH�IRUPXOD�IRU�WKH�EHQG�ORVV����������7KH�V\VWHP�FRQWDLQHG�DOVR�VRPH�LQIRU�

PDWLRQ�REWDLQHG�IURP�HDUOLHU�H[SHULPHQWV�VXFK�DV�VXLWDEOH�GRSLQJ�SURILOHV�DQG�WKH�HPSLULFDO

FRQVWDQW�&��GHWHUPLQLQJ�WKH�VFDWWHULQJ�ORVV�RI�D�ZDYHJXLGH�� �6RPH�RI�WKH�GHVLJQ�UXOHV�ZHUH

YHULILHG�H[SHULPHQWDOO\�RU�E\�PRUH�ULJRURXV�FDOFXODWLRQV���8VLQJ�WKLV�§NQRZOHGJH�EDVH¨��ZH

FRXOG�RSWLPLVH�WKH�GHVLJQ�RI�PXOWL�ZDYHOHQJWK�ODVHU���,Q�DGGLWLRQ��LW�LV�YHU\�HDV\�WR�REWDLQ�DQ

LGHD�DERXW�WKH�VHQVLWLYLW\�RI�WKH�RSWLPXP�ZLWK�UHVSHFW�WR�WKH�GLIIHUHQW�SDUDPHWHUV���7KH�PDLQ

GLIIHUHQFH�ZLWK�PRUH�FODVVLFDO�DSSURDFKHV�LV�WKDW�LQ�WKLV�FDVH�DOO�ILHOG�FDOFXODWLRQV�ZHUH�SHU�

IRUPHG�EHIRUH�VWDUWLQJ�WKH�DFWXDO�RSWLPLVDWLRQ�SURFHVV�� �0RUHRYHU��IRU�FDUU\LQJ�RXW�D�VHQVL�

WLYLW\�DQDO\VLV�RU�ZKHQ�FKDQJLQJ�VRPH�SDUDPHWHUV�VXFK�DV�WKH�FRQVWDQWV�GHILQLQJ�WKH�UHODWLRQ

EHWZHHQ�WKH�PLQLPXP�EHQG�UDGLXV�DQG�WKH�WRWDO�FDYLW\�OHQJWK��HT�����������QR�DGGLWLRQDO�ILHOG

FDOFXODWLRQV�DUH�UHTXLUHG�

7KHUHIRUH��ZH�EHOLHYH�WKDW�WKH�NQRZOHGJH�GULYHQ�DSSURDFK�SURSRVHG�LQ�WKLV�VHFWLRQ�PD\�EH�D

VROXWLRQ�IRU�WKH�UHVWULFWLRQV�RI�WKH�FXUUHQWO\�DYDLODEOH�&$'�WRROV�ZLWK�UHVSHFW� WR�FDOFXODWLRQ

WLPH�DQG�DFFXUDF\�

4 Phased-Array Demultiplexers: basic operation and design

4.1 Basic operation

)LJ�������VKRZV�D�VFKHPDWLF�OD\RXW�RI�WKH�3KDVHG�$UUD\�GHPXOWLSOH[HU��IRU�D�UHDO�PDVN�OD\�

RXW��H�J�� VHH�FKDSWHU����� �7KH�PRVW� LPSRUWDQW�SDUW� LV� WKH�GLVSHUVLYH�ZDYHJXLGH�DUUD\� LQ� WKH
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)LJ�������%LDV�FXUUHQW�IRU�DQ�RXWSXW�SRZHU�RI�����P:�LQWR�DQ�RSWLFDO�ILEUH�YHUVXV�WKH�DPSOL�

ILHU�OHQJWK�������DQG���TXDQWXP�ZHOO�OD\HUV�
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FHQWUH�� �7KLV�DUUD\�FDQ�FRQWDLQ�XS�WR�����ZDYHJXLGHV�>��@��DOWKRXJK�YDOXHV�EHWZHHQ����DQG

����DUH�PRUH�FRPPRQ��DQG�LV�GHVLJQHG�LQ�VXFK�D�ZD\�WKDW�WKH�OHQJWK�GLIIHUHQFH�EHWZHHQ�WZR

VXFFHVVLYH�ZDYHJXLGHV�LV�FRQVWDQW���7KH�DUUD\�LV�FRQQHFWHG�ZLWK�WKH�WUDQVPLWWHU�DQG�UHFHLYHU

ZDYHJXLGHV�DW� WKH� LQSXW� DQG�RXWSXW�RI� WKH�GHYLFH� WKURXJK� WZR� VWDU� FRXSOHUV�� �:KHQ� OLJKW

HQWHUV�WKH�ILUVW�VWDU�FRXSOHU��LW�LV�GLIIUDFWHG�WRZDUGV�WKH�HQWUDQFH�RI�WKH�ZDYHJXLGH�DUUD\���$W

WKH�WUDQVLWLRQ�ZLWK�WKH�DUUD\��WKH�OLJKW�LV�FRXSOHG�LQWR�WKH�LQGLYLGXDO�DUUD\�ZDYHJXLGHV�ZKHUH

LW�ZLOO�SURSDJDWH�IXUWKHU�WRZDUGV�WKH�VHFRQG�VWDU�FRXSOHU�� �,I� WKH�FRQVWDQW� OHQJWK�GLIIHUHQFH

EHWZHHQ�WKH�ZDYHJXLGHV�LV�D�PXOWLSOH�RI�WKH�ZDYHOHQJWK�RI�WKH�OLJKW��WKH�SKDVH�IURQW�DW�WKH

HQG�RI�WKH�ZDYHJXLGH�DUUD\�ZLOO�EH�LGHQWLFDO�WR�WKDW�DW�WKH�HQWUDQFH�RI�WKH�DUUD\�DQG�WKH�OLJKW

ZLOO�EH�IRFXVVHG�RQ�WKH�FHQWUDO�UHFHLYHU�ZDYHJXLGH���,I�WKH�ZDYHOHQJWK�GLIIHUV�IURP�WKLV��FHQ�

WUDO�ZDYHOHQJWK���WKH�SKDVH�IURQW�DW�WKH�HQWUDQFH�RI�WKH�VHFRQG�VWDU�FRXSOHU�ZLOO�VWLOO�KDYH�WKH

VDPH�IRUP�EXW�GXH�WR�WKH�OLQHDU�OHQJWK�LQFUHDVH�RI�WKH�DUUD\�ZDYHJXLGHV��LW�ZLOO�EH�WLOWHG�WR�

ZDUGV�D�UHFHLYHU�ZDYHJXLGH�IXUWKHU�DZD\�IURP�WKH�FHQWUH�RQ�ZKLFK�WKH�OLJKW�ZLOO�IRFXV���7KH

WUDQVIHU� WKURXJK� WKH�3KDVHG�$UUD\� LV�SHULRGLF�� � ,I� WKH�SKDVH� VKLIW� HTXDOV� π2 �� WKH� OLJKW�ZLOO

DJDLQ�IRFXV�RQ�WKH�FHQWUDO�UHFHLYHU�

$OWHUQDWLYHO\��RQH�FDQ�XVH�D�WUDQVPLWWHU�JXLGH�IXUWKHU�DZD\�IURP�WKH�FHQWUH���,W�LV�HDV\�WR�VHH

WKDW� LQ� WKDW� FDVH�� OLJKW� ZLWK� WKH� FHQWUDO� ZDYHOHQJWK� �OLJKW� WKDW� LV� JXLGHG� IURP� WKH� FHQWUDO

WUDQVPLWWHU�WR�WKH�FHQWUDO�UHFHLYHU��ZLOO�EH�IRFXVVHG�RQ�D�UHFHLYHU�JXLGH�HTXDOO\�IDU�DZD\�IURP

WKH�FHQWUH�EXW�WR�WKH�RSSRVLWH�VLGH���0RUH�LQ�JHQHUDO��)LJ�������VKRZV�WKH�URXWLQJ�SURSHUWLHV�RI

DQ� NNx � 3KDVHG�$UUD\� GHPXOWLSOH[HU� �LQ� WKLV� FDVH� 5=N �� IRU� ZKLFK� WKH� SHULRG� �WKH� IUHH

VSHFWUDO�UDQJH��HTXDOV� N WLPHV�WKH�FKDQQHO�VSDFLQJ� 1−−=∆ iich λλλ ���$�GUDZEDFN�RI�WKLV�FRQ�

ILJXUDWLRQ�LV�WKDW�WKH�LQVHUWLRQ�ORVV�RI�WKH�SHULSKHUDO�LQSXW�DQG�RXWSXW�SRUWV�LV�����G%�KLJKHU

WKDQ�WKDW�IRU�WKH�FHQWUDO�SRUWV����)LJ�������GHSLFWV�WKH�WUDQVIHU�WKURXJK�D�W\SLFDO�3KDVHG�$UUD\

GHPXOWLSOH[HU�

1RWH� WKDW� WKH� RSHUDWLRQ� RI� WKH�3KDVHG�$UUD\� LV� UHFLSURTXH�� LI� OLJKW�ZLWK�ZDYHOHQJWK� ijλ � LV

JXLGHG�IURP�WKH�M�WK�WUDQVPLWWHU�JXLGH�WR�WKH�L�WK�UHFHLYHU�JXLGH��OLJKW�ZLWK�WKDW�ZDYHOHQJWK

ZLOO�DOVR�EH�JXLGHG�IURP�WKH�L�WK�UHFHLYHU�WR�WKH�M�WK�WUDQVPLWWHU�

�����������������������������������������������������

��7KLV�LVVXH�ZDV�VROYHG�E\�WKH�GHYHORSPHQW�RI�WKH�VR�FDOOHG�XQLIRUP�ORVV�DQG�F\FOLF�IUHTXHQF\�3KDVHG�

$UUD\V�>��@>��@�
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)LJ�������:DYHOHQJWK�WUDQVIHU�WKURXJK�D�3KDVHG�$UUD\�GHPXOWLSOH[HU���7KH�EROG�OLQH�UHSUH�

VHQWV� WKH� WUDQVIHU� IURP� WKH� FHQWUDO� WUDQVPLWWHU�ZDYHJXLGH� WR� WKH� UHFHLYHU�ZDYHJXLGH� OR�

FDWHG�LPPHGLDWHO\�QH[W�WR�WKH�FHQWUDO�UHFHLYHU�ZDYHJXLGH���7KH�RWKHU�FXUYHV�UHSUHVHQW�WKH

WUDQVPLVVLRQ�WR�RWKHU�UHFHLYHU�JXLGHV�
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)LJ�������VKRZV�WKH�VWDU�FRXSOHU�LQ�PRUH�GHWDLO���7KH�DUUD\�ZDYHJXLGHV�DUH�ORFDWHG�RQ�DQ�DUF

�WKH�JUDWLQJ�OLQH��ZLWK�UDGLXV� f ��WKH�IRFDO�GLVWDQFH��DQG�FHQWUH�ORFDWHG�RQ�WKH�LPDJH�SODQH�

7KH�IRFDO� OLQH�RI� WKLV�DUUD\�LV�DQ�DUF�ZLWK�UDGLXV� 2f � �WKH�5RZODQG�FLUFOH�>��@��� �7KH� WUDQV�

PLWWHU��UHFHLYHU��ZDYHJXLGHV�DUH�ORFDWHG�DORQJ�WKLV�OLQH�
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WKH�DUUD\�ZDYHJXLGHV�DQG� f �WKH�IRFDO�OHQJWK�
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,I�WKH�IDU�ILHOG�RI� WKH�WUDQVPLWWHU� LV�ZLGHU�WKDQ�WKH�DUUD\�DSHUWXUH��SRZHU�ZLOO�EH�ORVW�DW� WKH

WUDQVLWLRQ�EHWZHHQ� WKH� ILUVW� VWDU� FRXSOHU� DQG� WKH� DUUD\�ZDYHJXLGHV�� �0RUHRYHU�� GXH� WR� WKH

WUXQFDWLRQ�RI�WKH�ILHOG��DGGLWLRQDO�FURVVWDON�ZLOO�RFFXU�LQ�WKH�LQ�WKH�ZDYHOHQJWK�WUDQVIHU�IXQF�

WLRQ���7KHUHIRUH��LW�LV�LPSRUWDQW�WR�XVH�HQRXJK�DUUD\�ZDYHJXLGHV�VR�WKDW�DOO�WKH�SRZHU�HPLWWHG

E\�WKH�WUDQVPLWWHU�JXLGH�LV�FDSWXUHG�E\�WKH�DUUD\�
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ZLWK� ew � WKH� HIIHFWLYH�PRGH�ZLGWK� RI� WKH� WUDQVPLWWHU� ZDYHJXLGH�� ZKLFK� LV� GHILQHG� DV� WKH

ZLGWK�RI�D�XQLIRUP�GLVWULEXWLRQ�KDYLQJ� WKH� VDPH�PD[LPXP� LQWHQVLW\�DQG� WKH� VDPH�SRZHU

FRQWHQW�DV�WKH�]HURWK�RUGHU�HLJHQPRGH�RI�WKH�ZDYHJXLGH���)RU�WKH�ULGJH�ZDYHJXLGH�RI�)LJ�����

�����QP�4����ILOP�OD\HU��HWFKHG�����QP�LQWR�WKH�TXDWHUQDU\�PDWHULDO�� mW µ2= ���WKH�HIIHFWLYH

PRGH�ZLGWK�LV�JLYHQ�E\� mwe µ47.1= �� mµλ 55.1= ���UHVXOWLQJ�LQ�D�IDU�ILHOG�ZLGWK� =0θ ���R�

7R�DYRLG�FURVVWDON�DQG�H[FHVV�ORVV�GXH�WR�D�OLPLWHG�DUUD\�DSHUWXUH��WKH�ODWWHU�KDV�WR�EH�FKRVHQ

ZLGH�HQRXJK��� 02θθ >a �DSSHDUV�WR�EH�D�VDYH�PDUJLQ�LQ�PRVW�FDVHV�� aθ LV�WKH�DUUD\�DSHUWXUH

KDOI�DQJOH����7KH�QXPEHU�RI�DUUD\�ZDYHJXLGHV�LV�WKHQ�JLYHQ�E\

( )aaa dfN θ2int= ������

)RU�D�PRUH� ULJRURXV�HVWLPDWLRQ�RI� WKH�PLQLPXP�DUUD\�DSHUWXUH� UHTXLUHG� WR�REWDLQ�D�JLYHQ

FURVVWDON�DQG�ORVV�OHYHO��ZH�UHIHU�DJDLQ�WR�>��@>��@�

$JDLQ�XVLQJ�D�*DXVVLDQ�DSSUR[LPDWLRQ�IRU�WKH�PRGDO�ILHOGV��WKH�/�G%�EDQGZLGWK� Lν∆ �IRU�WKH

WUDQVPLVVLRQ�WKURXJK�WKH�GHPXOWLSOH[HU�FDQ�EH�HVWLPDWHG�WR�EH�
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chν∆ �EHLQJ�WKH�FKDQQHO�VSDFLQJ�RI�WKH�GHPXOWLSOH[HU�

4.2 Design of a Phased-Array demultiplexer for a multi-wavelength laser

:KHQ�GHVLJQLQJ�D�3KDVHG�$UUD\��ZKLFK�LV� WR�EH�XVHG�DV�D�SDVVLYH�GHPXOWLSOH[HU��RQH� W\SL�

FDOO\�ZDQWV�WR�RSWLPLVH�WKH�FKDQQHO�FURVVWDON�DQG�WKH�WRWDO�LQVHUWLRQ�ORVV�RI�WKH�GHYLFH���2WKHU
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SDUDPHWHUV�DV�WKH�IUHH�VSHFWUDO�UDQJH��WKH�GLVSHUVLRQ�DQG�WKH�FDYLW\�OHQJWK�IROORZ�WKHQ�DXWR�

PDWLFDOO\���,Q�>��@>��@>��@��VXFK�D�GHVLJQ�VWUDWHJ\�LV�GHVFULEHG�

+RZHYHU��LI�WKH�PXOWLSOH[HU�KDV�WR�EH�XVHG�IRU�WKH�UHDOLVDWLRQ�RI�D�PXOWL�ZDYHOHQJWK�ODVHU��WKH

)65�DQG�WKH�ILOWHU�EDQGZLGWK�EHFRPH�PRUH�UHOHYDQW�SDUDPHWHUV���$V�ZLOO�EH�VKRZQ�WKHRUHWL�

FDOO\�LQ�FKDSWHU���DQG�H[SHULPHQWDOO\� LQ�FKDSWHUV���DQG���� WKH� IUHH�VSHFWUDO� UDQJH�KDV� WR�EH

ODUJH�HQRXJK�WR�VXSSUHVV�PXOWL�SDVVEDQG�ODVLQJ���)XUWKHU��WR�REWDLQ�VLQJOH�ORQJLWXGLQDO�PRGH

RSHUDWLRQ��WKH�ILOWHU�EDQGZLGWK�PXVW�EH�VPDOOHU�WKDQ�D�FHUWDLQ�PLQLPXP�YDOXH��GHSHQGLQJ�RQ

WKH�ODVHU�FKDUDFWHULVWLFV�DQG�WKH�WRWDO�FDYLW\�OHQJWK��VHH�FKDSWHU������7KHUHIRUH��DQRWKHU�GHVLJQ

VWUDWHJ\��ZKLFK�LV�RXWOLQHG�EHORZ��VKRXOG�EH�IROORZHG�LQ�WKLV�FDVH�

6WDUWLQJ� IURP�D� JLYHQ�ZDYHJXLGH� VWUXFWXUH� DQG� D� JLYHQ� FHQWUDO�ZDYHOHQJWK�� WKH�PLQLPXP

)65�DQG�PD[LPXP�EDQGZLGWK� Lν∆ �DUH�FKRVHQ��WDNLQJ�WKH�EHIRUH�PHQWLRQHG�FRQVLGHUDWLRQV

LQ�PLQG�� � )URP� WKH�)65�� WKH� DUP� OHQJWK�GLIIHUHQFH� L∆ � LV� GHWHUPLQHG�� XVLQJ� �������� � )URP

Lν∆ �WKH�GLVSHUVLRQ� D � LV�REWDLQHG�XVLQJ��������� �8VLQJ�WKHVH�UHVXOWV��HTXDWLRQ��������FDQ�EH

XVHG� WR� FDOFXODWH� fda /=∆α �� � 7R� PLQLPLVH� WKH� WRWDO� SURSDJDWLRQ� ORVVHV�� ad � VKRXOG� EH

PLQLPLVHG����7KLV�LQ�WXUQ�GHWHUPLQHV�WKH�IRFDO�OHQJWK� f �

7KH� FKDQQHO� VSDFLQJ� chν∆ � LV�GHWHUPLQHG�E\� WKH� VSDFLQJ�EHWZHHQ� WKH� UHFHLYHU�ZDYHJXLGHV

DQG� WKH� GLVSHUVLRQ�� Ddrch =∆ν �� � 7KH� PLQLPXP� UHFHLYHU� VSDFLQJ� LV� GHWHUPLQHG� E\� WKH

PD[LPXP� DOORZDEOH� FURVVWDON� OHYHO�� � +RZHYHU�� IRU� D� GHPXOWLSOH[HU� LQWHQGHG� IRU� XVH� LQ� D

PXOWL�ZDYHOHQJWK�ODVHU��WKH�FURVVWDON�OHYHO�LV�QRW�VR�LPSRUWDQW�VR�LW�ZLOO�EH�SRVVLEOH�WR�REWDLQ

D�UDWKHU�QDUURZ�FKDQQHO�VSDFLQJ�

1RWH�WKDW�LQFUHDVLQJ�WKH�IUHH�VSHFWUDO�UDQJH�UHVXOWV�LQ�DQ�LQFUHDVH�RI� WKH�IRFDO�OHQJWK�� �6LQFH

WKH�IDU� ILHOG�ZLGWK� 0θ �RI� WKH� WUDQVPLWWHU�ZDYHJXLGH� LV�FRQVWDQW�� LQFUHDVLQJ� WKH� IRFDO� OHQJWK

UHVXOWV�LQ�D�SURSRUWLRQDO�LQFUHDVH�RI�WKH�UHTXLUHG�QXPEHU�RI�DUUD\�ZDYHJXLGHV��������� �$OVR

GHFUHDVLQJ�WKH�ILOWHU�EDQGZLGWK�UHVXOWV�LQ�DQ�LQFUHDVH�RI�WKH�IRFDO�OHQJWK���,Q�WKH�GHVLJQ�VWUDW�

HJ\� RXWOLQHG� DERYH��ZH� VWDUWHG� IURP� WKH� LGHD� WKDW� IRU� REWDLQLQJ� VWDEOH� VLQJOH� ORQJLWXGLQDO

PRGH�RSHUDWLRQ�LW�LV�IDYRXUDEOH�WR�PLQLPLVH�WKH�ILOWHU�EDQGZLGWK�RI�WKH�3KDVHG�$UUD\���+RZ�

HYHU��VLQFH�LW�WXUQV�RXW�WKDW�WKLV�PD\�FRQVLGHUDEO\�LQFUHDVH�WKH�OHQJWK�RI�WKH�ODVHU�FDYLW\�DQG

FRQVHTXHQWO\�GHFUHDVH�WKH�GLVWDQFH�EHWZHHQ�WKH�ORQJLWXGLQDO�PRGHV��LW� LV�REYLRXV�WKDW�WKHLU

ZLOO� EH� D� WUDGH�RII� EHWZHHQ� PLQLPLVLQJ� WKH� ILOWHU� EDQGZLGWK� DQG� PLQLPLVLQJ� WKH� FDYLW\

OHQJWK�

�����������������������������������������������������

�� ad LV�WKH�GLVWDQFH�EHWZHHQ�WKH�FHQWUHV�RI�WKH�DUUD\�ZDYHJXLGHV�DW�WKH�DSHUWXUH�DQG�LW�LV�JLYHQ�E\�WKH

VXP�RI�WKH�ZDYHJXLGH�ZLGWK�DQG�WKH�PLQLPXP�JDS�EHWZHHQ�WZR�ZDYHJXLGHV�� �7KH�ODWWHU�LV�GHILQHG

E\�WKH�ILQLWH�UHVROXWLRQ�RI�WKH�OLWKRJUDSKLF�SURFHVV�
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)LJ�������/D\RXW�RI�3KDVHG�$UUD\�GHPXOWLSOH[HU

7R�LQYHVWLJDWH�WKLV�LQ�PRUH�GHWDLO��LW�LV�QHFHVVDU\�WR�ORRN�LQ�PRUH�LQ�GHWDLO�DW�WKH�OD\RXW�RI�WKH

3KDVHG�$UUD\���)LJ�������VKRZV�WKH�JHRPHWU\�RI�WKH�3KDVHG�$UUD\�DV�LW�ZDV�GHVLJQHG�LQ�WKH

FRQWH[W�RI�WKLV�ZRUN���(DFK�JXLGH�RI�WKH�DUUD\�FRQVLVWV�RI�D�VWUDLJKW�ZDYHJXLGH�DQG�D�FXUYHG

ZDYHJXLGH�DQG�LV�IXOO\�GHWHUPLQHG�E\�WKH�DQJOH� iα �DQG�WKH�EHQG�UDGLXV� iR �� � iS �LV�HTXDO�WR

WKH�VXP�RI�WKH�IRFDO�OHQJWK�DQG�WKH�OHQJWK�RI�WKH�VWUDLJKW�SLHFH�RI�WKH�DUUD\�DUP���,I�WKH�EDQG�

ZLGWK�DQG�WKH�IUHH�VSHFWUDO�UDQJH�DUH�FKRVHQ��WKH�RWKHU�SDUDPHWHUV�RI�WKH�GHVLJQ�� L∆ �� α∆ �

f ��PD\�EH�GHWHUPLQHG�DV�GHVFULEHG�DERYH���)RU�GHWHUPLQLQJ�WKH�DFWXDO�OD\RXW�RI�WKH�PXOWL�

SOH[HU� KRZHYHU�� DOVR� WKH� GLVWDQFH� EHWZHHQ� WKH� IRFDO� SRLQWV� �L ��� WKH� DQJOH� 0α � �ZLWK

ααα ∆+= ii 0 ��DQG�WKH�OHQJWK� 0l ��ZLWK� Lilli ∆+= 0 ��KDYH�WR�EH�FKRVHQ��WDNLQJ�WKH�IROORZLQJ

ERXQGDU\�FRQGLWLRQV�LQWR�DFFRXQW�
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> min ������

)RU�D�VWDQGDUG�GHVLJQ��WKLV�LV�W\SLFDOO\�GRQH�LQ�VXFK�D�ZD\�WKDW�WKH�WRWDO�FKLS�VXUIDFH�RFFX�

SLHG� E\� WKH� 3KDVHG�$UUD\� LV�PLQLPLVHG�� �+RZHYHU�� IRU� DSSOLFDWLRQ� LQ� D�PXOWL�ZDYHOHQJWK

ODVHU�� LW� LV� LPSRUWDQW� WKDW� WKH� WRWDO�FDYLW\� OHQJWK��ZKLFK�LV�PDLQO\�GHWHUPLQHG�E\� WKH�FDYLW\

OHQJWK�WKURXJK�WKH�GHPXOWLSOH[HU�� LNllN ∆+= 202 ���LV�PLQLPLVHG���7KLV�LV�GRQH�LQ�WKH�IRO�

ORZLQJ�ZD\�� �)URP� WKH�ERXQGDU\�FRQGLWLRQV� �������� WZR� FRQGLWLRQV�� LQYROYLQJ� WKH�GLVWDQFH

EHWZHHQ�WKH�IRFDO�SRLQWV�DUH�REWDLQHG�

NiLRlf

NiLflf

ii

ii

<<<
<<>

1),,(
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min2

1

α
α

������

$V�D�UHVXOW�� 0l �DQG� 0α �KDYH�WR�EH�FKRVHQ�LQ�VXFK�D�ZD\�WKDW�

�����������������������������������������������������

��$FWXDOO\��WKHUH�LV�D�WKLUG�ERXQGDU\�FRQGLWLRQ�VD\LQJ�WKDW�WKH�KHLJKW�RI�VXFFHVVLYH�JXLGHV�VKRXOG�LQ�

FUHDVH�E\�DQ�DPRXQW�DW�OHDVW�HTXDO�WR�WZR�WLPHV�WKH�ZDYHJXLGH�ZLGWK�>��@���7KLV�ERXQGDU\�FRQGLWLRQ

ZDV�FKHFNHG�DIWHUZDUGV� IRU� WKH�GHVLJQV�GHVFULEHG�KHUH�EXW�SXW� QR� DGGLWLRQDO� UHVWULFWLRQV� WR� WKH�JH�

RPHWU\�
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NiRlfflf iiii <<> 1),,(),,( min21 αα ������

L �LV�FKRVHQ�DV� )(max 2f
i

�

)RU�D�JLYHQ�DQJOH� 0α ��WKH�PLQLPXP�OHQJWK� 0l �WKDW�PDNHV��������WUXH�LV�HDVLO\�REWDLQHG���)LJ�

�����VKRZV�WKH�OHQJWK� LNllN ∆+= 202 ��ZKLFK�ZDV�REWDLQHG�LQ�WKLV�ZD\��DV�IXQFWLRQ�RI�WKH

DQJOH� 0α �� IRU�D�3KDVHG�$UUD\�ZLWK� =FSR �����QP�� =dBv1 ����*+]�DQG� =minR ��� mµ �� �)RU

WKH� ZDYHJXLGHV�� D� FRUH� DQG� FODGGLQJ� UHIUDFWLYH� LQGH[� RI� UHVSHFWLYHO\� =1n ������� DQG

=2n �������ZDV�VXSSRVHG��DQG�WKH\�ZHUH�� mµ ZLGH���7KH�PLQLPXP�FDYLW\�OHQJWK�������PP�

LV�REWDLQHG�IRU� 0
0 66=α �
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)LJ�������0LQLPXP�OHQJWK� LNllN ∆+= 202 �DV�IXQFWLRQ�RI�WKH�DQJOH� 0α

7KLV�SURFHGXUH�FDQ�EH�UHSHDWHG� IRU�VHYHUDO�YDOXHV�RI� WKH� VSHFWUDO�EDQGZLGWK� Lν∆ �� �7KLV� LV

VKRZQ�LQ�)LJ�������IRU�D�3KDVHG�$UUD\�ZLWK�WKH�VDPH�SDUDPHWHUV�DV�XVHG�IRU�REWDLQLQJ�)LJ�

������ �$V�H[SHFWHG�� WKH�FDYLW\� OHQJWK� 2Nl � LQFUHDVHV�VWURQJO\�ZLWK�GHFUHDVLQJ� dBv1∆ �� �$V�H[�

SODLQHG� DERYH�� LW� LV� LPSRUWDQW� WR�PLQLPLVH� ERWK� dBv1∆ � DQG� 2Nl � IRU� REWDLQLQJ� VWDEOH� VLQJOH

ORQJLWXGLQDO�PRGH�RSHUDWLRQ�� � ,Q�>��@��LW�ZDV�VKRZQ�WKDW� WKH�RSWLPDO�GHVLJQ� LV�REWDLQHG�E\

PLQLPLVLQJ�

3
1 cavdB Lν∆ ������

ZLWK� resNcav LlL += 2 � WKH�WRWDO�FDYLW\� OHQJWK�� � resL � LV�HTXDO� WR�WKH�VXP�RI� WKH� OHQJWKV�RI� WKH

DFFHVV�ZDYHJXLGHV�� WKH� DPSOLILHUV� DQG� 2Nl �� � ,Q� )LJ�� ����E�� 3
1 cavdB Lν∆ � LV� VKRZQ� IRU� YDULRXV

YDOXHV�RI� resL ��IRU�FODULW\�� 3
1 cavdB Lν∆ �ZDV�PXOWLSOLHG�ZLWK�D�IDFWRU�GHSHQGHQW�RQ� resL ��� �7KLV

ILJXUH�VKRZV� WKDW� WKH�RSWLPDO� ILOWHU�EDQGZLGWK�GHFUHDVHV�ZLWK�DQ� LQFUHDVLQJ�YDOXH� IRU� resL

DQG� UHYHDOV� WKDW� LW� LV� YHU\� LPSRUWDQW� WR�PLQLPLVH� WKH� OHQJWKV� RI� WKH� DFFHVV�ZDYHJXLGHV� DV
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PXFK�DV�SRVVLEOH�� �)RU� 2=resL PP��D�WRWDO�FDYLW\�OHQJWK�RI�RQO\������PP�PD\�EH�REWDLQHG�
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)LJ�� �����0LQLPXP� FDYLW\� OHQJWK� �OHIW�� DQG� 3
1 cavdB Lν∆ � �ULJKW�� DV� IXQFWLRQ� RI� WKH� VSHFWUDO

EDQGZLGWK� dBv1∆ �

7KH�RSWLPDO�EDQGZLGWK�LV�VWURQJO\�GHSHQGHQW�RQ�WKH�ZHLJKW�RQH�GHVLJQDWHV�WR� cavL �LQ�PLQL�

PLVLQJ� i
cavdB L1ν∆ ���7KH�UHVXOWV�LQ�)LJ�������ZHUH�REWDLQHG�XVLQJ�D�SRZHU� 3=i �IRU� cavL ��ZKLFK

ZDV�REWDLQHG�LQ�>��@���,Q�)LJ�������� i
cavdB L1ν∆ �LV�VKRZQ�IRU� 2=resL PP�DQG� i �YDULHG�IURP����
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Phased-Array bandwidth ν1dB [GHz]

i=3.0

i=2.5

i=2.0

i=1.5
Lres=2mm

)LJ������� i
cavdB L1ν∆ �YHUVXV�WKH�VSHFWUDO�EDQGZLGWK�ZLWK�L�YDULHG�

)RU�REWDLQLQJ�)LJ������D��ZH�FDOFXODWHG�WKH�PLQLPXP�FDYLW\�OHQJWK� 2Nl �WKURXJK�WKH�3KDVHG�

$UUD\�DV�IXQFWLRQ�RI�WKH�RSWLFDO�EDQGZLGWK��IRU�D�YDU\LQJ�PLQLPXP�EDQG�UDGLXV� minR �� �$O�

WKRXJK��DV�H[SHFWHG�� 2Nl �LV�UHGXFHG�IRU�GHFUHDVLQJ� minR ��WKH�GHFUHDVH�LV�OHVV�WKDQ�H[SHFWHG�
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7KLV� VWHPV� IURP� WKH� IDFW� WKDW� WKH� FDYLW\� OHQJWK� 2Nl � LV� PDLQO\� GHWHUPLQHG� E\� WKH� VXP

LNf ∆+ 22 ��ZKLFK�LV�LQGHSHQGHQW�RI� minR ���)RU� =∆ dBv1 ���*+]��ZH�ILQG� ~22 LNf ∆+ ���

PP��IRU� =∆ dBv1 ���*+]��WKLV�VXP�LQFUHDVHV�WR�����PP��WKH�QXPEHU�RI�UHTXLUHG�ZDYHJXLGHV

WKHUHE\�LQFUHDVHV�IURP����WR��������)LJ������E�DJDLQ�VKRZV� 3
1 cavdB Lν∆ ��IRU�D�YDU\LQJ� minR �

)RU�WKH�FDOFXODWLRQV�LQ�WKLV�SDUDJUDSK��ZH�WRRN�LQWR�DFFRXQW�D�UDWKHU�ODUJH�YDOXH�IRU�WKH�IUHH

VSHFWUDO� UDQJH� � =FSR �����QP��� �6XFK�D� ODUJH�YDOXH�PD\�EH� UHTXLUHG� IRU�SUHYHQWLQJ�PXOWL�

SDVVEDQG� ODVLQJ�� � +RZHYHU�� E\� FKLUSLQJ� WKH� WUDQVPLVVLRQ� WKURXJK� WKH� 3KDVHG�$UUD\� �VHH

FKDSWHU�����03/�LV�FRPSOHWHO\�DQQLKLODWHG�DQG�LW�LV�SRVVLEOH�WR�XVH�D�VPDOOHU�)65��ZKLFK�ZLOO

DOVR�UHGXFH�WKH�WRWDO�FDYLW\�OHQJWK�� �7KLV�ZLOO�VKLIW�WKH�RSWLPXP�YDOXH�IRU�WKH�EDQGZLGWK�WR

VPDOOHU�YDOXHV�
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Phased-Array bandwidth ν1dB [GHz]

Rmin=50,100,200,300,400,500µm

Lres=3mm

)LJ�������/HQJWK��OHIW��WKURXJK�3KDVHG�$UUD\�DQG� 3
1 cavdB Lν∆ ��ULJKW���DV�IXQFWLRQ�RI�WKH�VSHF�

WUDO�EDQGZLGWK� dBv1∆ �ZLWK�WKH�PLQLPXP�EHQG�UDGLXV�YDULHG�IURP��� mµ �WR���� mµ �

5 Summary

7KLV�FKDSWHU�JDYH�D�UHYLHZ�RI�WKH�PHWKRGV�ZH�XVHG�IRU�GHVLJQLQJ�WKH�PXOWL�ZDYHOHQJWK�ODVHU�

,Q�VHFWLRQ����WKH�WDVN�IORZ�IRU�GHVLJQLQJ�D�FRPSOH[�SKRWRQLF�,&�ZDV�RXWOLQHG���,W�IROORZV�WKDW

SRZHUIXO�&$'�WRROV�DUH�LQGLVSHQVDEOH�LQ�WKLV�SURFHVV�� �:H�GLVFXVVHG�WKH�JHQHUDO�RSHUDWLQJ

SULQFLSOH�RI�VXFK�D�WRRO�DQG�GHILQHG�VRPH�PLQLPXP�UHTXLUHPHQWV�IRU�D�XVHU�IULHQGO\�&$'�

SDFNDJH�

7KH�&$'�WRROV�ZH�XVHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN�ZHUH�VXPPDULVHG�LQ�VHFWLRQ�����7KH�ODUJ�

HVW�SDUW�RI�WKLV�VHFWLRQ�ZDV�GHYRWHG�WR�PRGH�VROYHUV�DQG�WKHLU�DSSOLFDWLRQV�� �+RZHYHU��DOVR

%30�VROYHUV�DQG�VRPH�ODVHU�PRGHOOLQJ�SDFNDJHV�ZHUH�VKRUWO\�LQWURGXFHG�� �7KHUHE\�VHYHUDO

GHVLJQ�UXOHV�DQG�DQDO\WLF�IRUPXODV�ZHUH�GHULYHG��ZKLFK�FDQ�EH�XVHG�IRU�VLPSOLI\LQJ�WKH�GH�

VLJQ�RI�FRPSOH[�3,&V�

,Q�VHFWLRQ����VRPH�RI�WKH�ZHDNQHVVHV�RI�FODVVLFDO�&$'�WRROV�DUH�GLVFXVVHG���:H�VKRZ�WKDW�IRU

DQDO\VLQJ�WRGD\ªV�3,&V�PRUH�DFFXUDWH�WRROV�DUH�UHTXLUHG�KDYLQJ�EHWWHU�GHILQHG�DSSOLFDELOLW\

UDQJHV�DQG�DOORZLQJ� WR� FDUU\�RXW� VHQVLWLYLW\� VWXGLHV� WR�SDUDPHWHU�XQFHUWDLQWLHV�� �+RZHYHU�
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WKLV�LQFUHDVHV�WKH�FDOFXODWLRQ�WLPH�FRQVLGHUDEO\�DQG�LW�LV�QRW�FRQFHLYDEOH�WKDW�VXFK�WRROV�ZLOO

EH�FDSDEOH�RI�DQDO\VLQJ�FRPSOH[�GHYLFHV�VXFK�DV�D�3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHU���$V

D�ZD\�RXW��ZH�SURSRVHG�DQ�DOWHUQDWLYH�DSSURDFK��ZKLFK�VWDUWV�IURP�D�NQRZOHGJH�EDVH�FRQ�

WDLQLQJ�VWRUHG�GDWD�IRU�D�EURDG�UDQJH�RI�ZDYHJXLGH�W\SHV��SRVVLEO\�LQ�VHYHUDO�GLIIHUHQW�IRUPV�

%\�FRPELQLQJ�WKLV�NQRZOHGJH�EDVH�ZLWK�D�VXLWDEOH�LQIHUHQFH�HQJLQH��WKH�RSWLPLVDWLRQ�SURFHVV

RU� WKH� VHQVLWLYLW\� DQDO\VLV� LV� FDUULHG� RXW� E\�PDQLSXODWLQJ� SUHYLRXVO\� REWDLQHG� GDWD� UDWKHU

WKDQ�E\�ILHOG�FDOFXODWLRQ�DV�VXFK���7KLV�DSSURDFK�ZDV�LOOXVWUDWHG�ZLWK�WKH�GHVLJQ�RI�D�PXOWL�

ZDYHOHQJWK�VRXUFH�DV�DQ�H[DPSOH�

,Q�WKH�ODVW�VHFWLRQ�RI�WKLV�FKDSWHU��WKH�RSHUDWLQJ�SULQFLSOH�RI�WKH�3KDVHG�$UUD\�GHPXOWLSOH[HU

ZDV�GLVFXVVHG���:H�LQWURGXFHG�WKH�PRVW�LPSRUWDQW�UHODWLRQV�GHVFULELQJ�WKH�EHKDYLRXU�RI�WKLV

GHYLFH�DQG�ZH�GHPRQVWUDWHG�KRZ�WKH�JHRPHWULFDO�GHVLJQ�RI�WKH�3KDVHG�$UUD\�GHPXOWLSOH[HU

PLJKW�EH�RSWLPLVHG�IRU�XVH�LQ�D�PXOWL�ZDYHOHQJWK�ODVHU�
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Chapter 3 

Theoretical analysis of

Phased-Array multi-wavelength lasers

1 Introduction

,Q� WKLV� FKDSWHU�� WKH� RSHUDWLQJ� FKDUDFWHULVWLFV� RI� D�PXOWL�ZDYHOHQJWK� ODVHU�� UHDOLVHG� E\� LQWH�

JUDWLQJ�DQ�DPSOLILHU�DUUD\�DQG�D�PXOWLSOH[HU� LQ�RQH�RSWLFDO� FDYLW\�DUH� WKHRUHWLFDOO\� LQYHVWL�

JDWHG���$�EODFN�ER[�GHVFULSWLRQ�LV�XVHG��WKHUHE\�KLGLQJ�LPSOHPHQWDWLRQ�VSHFLILF�GHWDLOV�VXFK

DV�WKH�W\SH�RI�PXOWLSOH[HU�RU�WKH�DFWLYH�SDVVLYH�LQWHJUDWLRQ�VFKHPH�

)LJ�����D�VKRZV�WKH�ODVHU�VRXUFH�DV�LW�LV�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQV��DQ�DUUD\�RI�1�DP�

SOLILHUV���WKH��FKDQQHO��RU��VLJQDO��DPSOLILHUV���LV�FRQQHFWHG�WR�WKH�LQSXW�SRUWV�RI�D�PXOWLSOH[HU�

7KH�RXWSXW�SRUW�RI�WKH�PXOWLSOH[HU�LV�FRQQHFWHG�WR�D�SDVVLYH�ZDYHJXLGH�RU��DV�VKRZQ�LQ�)LJ�

�����WR�DQRWKHU�DPSOLILHU��WKH��FRPPRQ��RU��RXWSXW��DPSOLILHU����7KH�ODVHU�FDYLW\�LV�IRUPHG�E\

PLUURUV��DW�WKH�RXWHU�VLGHV�RI�WKH�GHYLFH���6LQFH�WKH�DPSOLILHUV�DUH�IDEULFDWHG�LQ�D�VLQJOH�VWHS�

ZH�ZLOO�DVVXPH�WKDW�WKH\�DOO�KDYH�LGHQWLFDO�PDWHULDO�DQG�JHRPHWULFDO�SDUDPHWHUV�� �2QO\�WKH

�����������������������������������������������������

��:KLFK�DUH�W\SLFDOO\�WKH�FOHDYHG�IDFHWV�RI�WKH�FKLS
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)LJ�� ���� D�� 6FKHPDWLF� OD\RXW� RI� WKH�PXOWL�ZDYHOHQJWK� ODVHU� DV� LW� ZLOO� EH� VWXGLHG� LQ� WKLV

FKDSWHU���E��/LPLWHG�VFKHPH��YDOLG�ZKHQ�WKH�FKDQQHOV�PD\�EH�FRQVLGHUHG�WR�EH�XQFRXSOHG�
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OHQJWK�RI�WKH�DPSOLILHUV�LV�YDULHG���7KLV�DVVXPSWLRQ�FRQVLGHUDEO\�VLPSOLILHV�WKH�QRWDWLRQ�EXW

KDV�QR�FRQVHTXHQFHV�IRU�WKH�JHQHUDOLW\�RI�WKH�GHVFULSWLRQ���)XUWKHU��ZH�QHJOHFW�WKH�UHIOHFWLRQ

DW� WKH� LQWHUIDFH�EHWZHHQ� WKH�DFWLYH�DQG�SDVVLYH�ZDYHJXLGHV� � =apR ���� �)RU�D�ZHOO�GHVLJQHG

PRQROLWKLF� LQWHJUDWLRQ� SURFHVV�� WKLV� LV� D� YHU\� JRRG� DSSUR[LPDWLRQ�� � $OVR� IRU� WKH� K\EULGO\

FRXSOHG� GHYLFHV�� ZKLFK� LQFRUSRUDWH� VODQWHG� ZDYHJXLGHV� WR� UHGXFH� WKH� IDFHW� UHIOHFWLRQ

�FKDSWHUV���	�����WKLV�LV�D�YDOLG�DVVXPSWLRQ�

6LQFH�WKH�FURVVWDON�VXSSUHVVLRQ�RI�WKH�PXOWLSOH[HU�LV�W\SLFDOO\�EHWWHU�WKDQ����G%��WKH�FKDQQHOV

RI�D�PXOWL�ZDYHOHQJWK�ODVHU�ZLWKRXW�FRPPRQ�DPSOLILHU�PD\�EH�FRQVLGHUHG�WR�EH�LQGHSHQGHQW

IRU�PRVW�DSSOLFDWLRQV���7KHUHIRUH��VHFWLRQ���JLYHV�D�GHWDLOHG�GLVFXVVLRQ�RI�WKH�RSHUDWLQJ�FKDU�

DFWHULVWLFV� RI� D� VLQJOH� FKDQQHO� ORQJ�FDYLW\� ODVHU� FRQVLVWLQJ� RI� D� VLQJOH� DPSOLILHU� DQG� D� ORQJ

SDVVLYH�FDYLW\��DV�VKRZQ�LQ�)LJ�����E���,Q�SDUDJUDSK�����WKH�UDWH�HTXDWLRQV�GHVFULELQJ�WKH�EH�

KDYLRXU�RI�VXFK�D�ODVHU�DUH�GHULYHG���,Q�SDUDJUDSKV����������DQG������WKHVH�DUH�XVHG�WR�REWDLQ

WKH� VWDWLF� RSHUDWLQJ� FKDUDFWHULVWLFV�RI�D� ORQJ�FDYLW\� ODVHU��ZKLOH� LQ�SDUDJUDSK� ����� WKH� VPDOO

VLJQDO�UHVSRQVH�LV�GLVFXVVHG�

,Q� VHFWLRQ���� WKH�EHKDYLRXU�RI�D� VLQJOH� FKDQQHO� ODVHU�ZLWK� DQ�DGGLWLRQDO� FRPPRQ� DPSOLILHU

DQG�WKH�LQIOXHQFH�RI�DGGLQJ�PRUH�FKDQQHOV�DUH�GLVFXVVHG���:H�WKHUHE\�PDLQO\�SD\�DWWHQWLRQ

WR�WKH�HIIHFW�RI�FURVVWDON�GXH�WR�FDUULHU�GHSOHWLRQ�LQ�WKH�FRPPRQ�DPSOLILHU�DQG�SURSRVH�D�QHZ

VROXWLRQ�WR�FODPS�WKH�JDLQ�RI�WKLV�DPSOLILHU�WKHUHE\�FDQFHOOLQJ�WKLV�VRUW�RI�JDLQ�VXSSUHVVLRQ�

LQGXFHG�FURVVWDON�

7KH� IROORZLQJ� WDEOH�JLYHV� DQ� VXPPDU\�RI� WKH� V\PEROV�XVHG� LQ� WKLV� FKDSWHU�� � )RU� VRPH�SD�

UDPHWHUV��D�W\SLFDO�YDOXH�LV�LQGLFDWHG���7KHVH�DUH�XVHG�WKURXJKRXW�WKLV�FKDSWHU��H[FHSW�ZKHUH

RWKHUZLVH�QRWHG�

6\PERO 9DOXH 1DPH

1 1XPEHU�RI�VLJQDO�DPSOLILHUV

aL ��� mµ ,I�RQO\�RQH�DPSOLILHU�LV�XVHG�� aL �GHQRWHV�WKH�OHQJWK�RI�WKLV�DPSOL�

ILHU�� � ,I� WZR� DPSOLILHUV� DUH� XVHG�� aL � GHQRWHV� WKH� OHQJWK� RI� WKH
FRPPRQ�DPSOLILHU

cL ��� mµ /HQJWK�RI�WKH�VLJQDO�DPSOLILHUV

pL ���PP /HQJWK�RI�SDVVLYH�FDYLW\��PD\�GLIIHU�IURP�FKDQQHO�WR�FKDQQHO�GXH
WR�D�GLIIHUHQW�OHQJWK�RI�WKH�DFFHVV�ZDYHJXLGHV�WR�WKH�PXOWLSOH[HU

L ( )cpa LLL ++ 7RWDO�FDYLW\�OHQJWK��VDPH�UHPDUN�DV�IRU� pL

21, RR ��������� )DFHW�SRZHU�UHIOHFWLYLW\

21,rr 32.0,9.0 )DFHW�DPSOLWXGH�UHIOHFWLYLW\

d ����QP $FWLYH�OD\HU�KHLJKW

w � mµ $FWLYH�OD\HU�ZLGWK

effA Γwd (IIHFWLYH�ZDYHJXLGH�FURVV�VHFWLRQ

aV awdL $FWLYH�OD\HU�YROXPH
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Γ ����� &RQILQHPHQW�IDFWRU

f 7RWDO�ORVV�RI�SDVVLYH�FDYLW\��LQFOXGLQJ�ORVVHV�DW�WKH�DFWLYH�SDVVLYH
WUDQVLWLRQ

pα ( ) aLf1ln 'LVWULEXWHG�ORVV�RI�SDVVLYH�FDYLW\

sα ����P�� ,QWHUQDO�ORVV�RI�DPSOLILHUV

mα ( )( ) aLrr 211ln 'LVWULEXWHG�PLUURU�ORVV

pa /β 0/2 λπ pan 3URSDJDWLRQ�FRQVWDQW�LQ�DFWLYH�SDVVLYH�ZDYHJXLGHV

g P�� 0DWHULDO�JDLQ

pan /
����� (IIHFWLYH�LQGH[�RI�DFWLYH�SDVVLYH�ZDYHJXLGHV

pan /
��� (IIHFWLYH�JURXS�LQGH[�RI�DFWLYH�SDVVLYH�ZDYHJXLGHV

ee nn / :HLJKWHG�DYHUDJH��JURXS��HIIHFWLYH�LQGH[�� LLnLnn ppaae )( += �

gv enc *URXS�YHORFLW\

Lτ gL v2 �����QV� 5RXQGWULS�WLPH

δν
Lτ1 �����*+]� /RQJLWXGLQDO�PRGH�VSDFLQJ

N � thN � �WKUHVKROG��FDUULHU�GHQVLW\

0N �×����P�� 7UDQVSDUHQF\�FDUULHU�GHQVLW\

#S 1XPEHU�RI�SKRWRQV�LQ�DFWLYH�SDUW�RI�WKH�FDYLW\

S VS #Γ $YHUDJH�SKRWRQ�GHQVLW\�LQ�DFWLYH�SDUW

K 6SRQWDQHRXV�HPLVVLRQ�HQKDQFHPHQW�IDFWRU

spn � ,QYHUVLRQ�IDFWRU

α � /LQHZLGWK�HQKDQFHPHQW�IDFWRU

eτ &DUULHU�/LIHWLPH

$ ����×���V�� 0RQRPROHFXODU�FDUULHU�UHFRPELQDWLRQ�FRHIILFLHQW

B �×�����P�V�� %LPROHFXODU�FDUULHU�UHFRPELQDWLRQ�FRHIILFLHQW

C ���×�����P�V�� $XJHU�UHFRPELQDWLRQ�FRHIILFLHQW

FSRν∆ )UHH�6SHFWUDO�5DQJH��)65��RI�WKH�PXOWLSOH[HU

dB3ν∆ ��*+] �G%�EDQGZLGWK�RI�WKH�PXOWLSOH[HU

CSν∆ ���*+] &KDQQHO�VSDFLQJ

7DEOH�����6\PEROV�DQG�W\SLFDO�YDOXHV

2 Single channel long long-cavity lasers without common ampli-
fier

6LQFH�� DV� H[SODLQHG� DOUHDG\� LQ� WKH� LQWURGXFWLRQ�� WKH� LQWHUDFWLRQ� EHWZHHQ� WKH� FKDQQHOV� RI� D

PXOWL�ZDYHOHQJWK� ODVHU�ZLWKRXW� FRPPRQ� DPSOLILHU� LV� RIWHQ� QHJOLJLEOH�� WKLV� VHFWLRQ� LQYHVWL�

JDWHV�WKH�SURSHUWLHV�RI�D�VLQJOH�FKDQQHO�ORQJ�FDYLW\�ODVHU�DV�VKRZQ�LQ�)LJ�����E���,Q�D�ILUVW�VWHS�

WKH�UDWH�HTXDWLRQV�GHVFULELQJ�WKH�EHKDYLRXU�RI�VXFK�D�ODVHU�DUH�GHULYHG��SDUDJUDSK��������6XE�
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VHTXHQWO\��WKHVH�UDWH�HTXDWLRQV�DUH�VROYHG�WR�REWDLQ�ERWK�WKH�VWDWLF�DQG�G\QDPLF�FKDUDFWHULV�

WLFV�RI�WKLV�W\SH�RI�ODVHU�

2.1 Rate equations for single channel long cavity lasers

,Q� WKH�DPSOLILHU��ERWK� WKH� IRUZDUG�DQG� WKH�EDFNZDUG� WUDYHOOLQJ�SRZHU� ( )zPf � DQG� ( )zPb � LV

DPSOLILHG�GXH�WR�VWLPXODWHG�HPLVVLRQ��IROORZLQJ

( ) ( )[ ]zgPzP sff α−Γ= exp0 �����

ZKHUH�ZH�DVVXPHG�WKH�JDLQ� g �DQG�WKH�FDYLW\�ORVV� sα �WR�EH�FRQVWDQW�DORQJ�WKH�FDYLW\���,Q�WKH

SDVVLYH�FDYLW\��WKH�SRZHU�LQ�WKH�IRUZDUG�DQG�EDFNZDUG�WUDYHOOLQJ�ZDYH�LV�UHGXFHG�E\�D�IDF�

WRU� f ��DFFRXQWLQJ�IRU�ERWK�ORFDOLVHG�ORVVHV�VXFK�DV�WKH�DFWLYH�SDVVLYH�WUDQVLWLRQ�ORVV�DQG�GLV�

WULEXWHG�ORVVHV�VXFK�DV�VFDWWHULQJ�ORVV���$W�WKH�IDFHWV��WKH�SRZHU�LV�UHIOHFWHG�ZLWK�D�SRZHU�UH�

IOHFWLRQ�FRHIILFLHQW� iR �

z=0 z=La z=L

R1 R2

S2

P (z)f

P (z)b

S1

1-R1 1-R2

f

f

Amplifier Passive cavity

)LJ������7UDYHOOLQJ�ZDYH�PRGHO�IRU�ORQJ�FDYLW\�ODVHU

7R�GHULYH�WKH�ODVLQJ�FRQGLWLRQV��WKH�ILHOG�DPSOLWXGHV�LQVWHDG�RI�WKH�RSWLFDO�SRZHUV�VKRXOG�EH

FRQVLGHUHG���'RLQJ�VR��FI��>�@���WKH�FRQGLWLRQ�IRU�VWDWLRQDU\�ODVHU�DFWLRQ�LV�HDVLO\�REWDLQHG���,I

ZH�GHILQH�WKH�URXQG�WULS�JDLQ� rG �DV

( )( )asppaar LgLjLjrfrG αββ −Γ+−−= 22exp21 �����

DQG�GHQRWH�WKH�FRPSOH[�IRUZDUG�SURSDJDWLQJ�ILHOG�DW� =z ��DV� ( )ω0E f ��WKH�WKUHVKROG�FRQGL�

WLRQ�LV�JLYHQ�E\�

( ) ( )ωω 00 EE frf G= �����

RU

( )( ) 122exp21 =−Γ+−− asppaa LgLjLjrfr αββ �����

1r �DQG� 2r �GHQRWH�WKH�DPSOLWXGH�UHIOHFWLRQ�FRHIILFLHQWV�� ii Rr = ����7KH�DEVROXWH�YDOXH�RI������

\LHOGV�WKH�UHTXLUHG�WKUHVKROG�JDLQ� thg ��ZKLOH�D�FRQGLWLRQ�IRU�WKH�WKUHVKROG�IUHTXHQF\�LV�GH�

ULYHG�IURP�WKH�SKDVH�RI���������)RU�WKH�WKUHVKROG�JDLQ�ZH�REWDLQ�
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sth fLRRL
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


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





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








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

 1
ln

11
ln

2

1

21 �����

mα � LV�XVXDOO\�FDOOHG�WKH�GLVWULEXWHG�PLUURU� ORVV�� �$QDORJRXVO\��ZH�PD\�FRQVLGHU� pα �DV� WKH

GLVWULEXWHG�SDVVLYH�FDYLW\�ORVV�

)URP�WKH�SKDVH�RI��������ZH�ILQG�

πββ mLL ppaa =+ �����

6LQFH�WKH�SURSDJDWLRQ�FRQVWDQWV� iβ �DUH�JLYHQ�E\� ii n
c

πνβ 2= ��ZLWK� in �WKH�HIIHFWLYH�UHIUDFWLYH

LQGH[� RI� WKH�ZDYHJXLGH�� WKLV� ODVW� HTXDWLRQ� \LHOGV� WKH� SRVVLEOH� HPLVVLRQ� IUHTXHQFLHV� RI� WKH

ODVHU�UHVRQDWRU�

( ) eppaa Ln

mc

nLnL

mc

22
=

+
=ν �����

ZLWK� pa LLL += �DQG� en �D�ZHLJKWHG�DYHUDJH�RI�WKH�HIIHFWLYH�UHIUDFWLYH�LQGLFHV� an DQG� bn ���7R

FDOFXODWH� WKH� ORQJLWXGLQDO�PRGH� VSDFLQJ�� RQH�PXVW� WDNH� LQWR� DFFRXQW� WKH�GLVSHUVLRQ� RI� WKH

UHIUDFWLYH�LQGH[��\LHOGLQJ�

( ) eppaa nL

c

nLnL

c

22
=

+
=δν �����

ZLWK� in �WKH�HIIHFWLYH�JURXS�LQGH[�

ν
ν

d

dn
nn i

ii += �����

,I�ZH�GHILQH�WKH�PHDQ�JURXS�YHORFLW\�DV�
e

g n

c=v ��WKH�URXQG�WULS�WLPH�GHOD\�LV�JLYHQ�E\�

δν
τ 1

v

2 ==
g

L

L
������

7KH�RSWLFDO�JDLQ�RI�WKH�DPSOLILHU�LV�IXQFWLRQ�RI�WKH�LQMHFWHG�FDUULHU�GHQVLW\�1���7KHUHIRUH��LW�LV

SRVVLEOH�WR�LQWURGXFH�D�WKUHVKROG�FDUULHU�GHQVLW\� thN �GHWHUPLQHG�E\�WKH�WKUHVKROG�FRQGLWLRQ

������

( ) thth gNg =

7KH�HIIHFWLYH�UHIUDFWLYH�LQGLFHV� in �RQ�WKH�RWKHU�KDQG��GHSHQG�RQ�WKH�RSWLFDO�IUHTXHQF\���,Q�WKH

DFWLYH�VHFWLRQ��WKH�UHIUDFWLYH�LQGH[� an �GHSHQGV�DOVR�RQ�WKH�FDUULHU�GHQVLW\��VR�WKDW�WKH�UHVR�

QDQFH�IUHTXHQF\� thν �IRU� thNN = �PD\�EH�LQWURGXFHG��JLYHQ�E\�
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( ) ( )( ) ( ) 000 22,2 eppaathppththaa
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mc
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νν

ν ������

,I� WKH�FDUULHU�GHQVLW\�GHYLDWHV�VOLJKWO\�IURP�LWV�WKUHVKROG�YDOXH�� WKH�UHIUDFWLYH�LQGLFHV� LQ� WKH

DFWLYH�DQG�WKH�SDVVLYH�VHFWLRQ�PD\�EH�H[SDQGHG�LQ�WHUPV�RI� thννν −=∆ �DQG� thNNN −=∆ �
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,I�WKHVH�HTXDWLRQV�DUH�LQVHUWHG�LQ�������RQH�REWDLQV��WRJHWKHU�ZLWK�������
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(T���������DOVR�KROGV�G\QDPLFDOO\�XQGHU�PRGXODWLRQ�FRQGLWLRQV�DQG�LW�IRUPV�WKH�EDVLV�IRU�WKH

GLVFXVVLRQ�RI�WKH�)0�PRGXODWLRQ�EHKDYLRXU�RI�WKHVH�ODVHUV�EHFDXVH�LW�GHWHUPLQHV�WKH�UHODWLRQ

EHWZHHQ�D�FDUULHU�GHQVLW\�YDULDWLRQ�DQG�WKH�LQGXFHG�IUHTXHQF\�YDULDWLRQ�� �(T�� ������� VKRZV

WKDW�IRU�ORQJ�FDYLW\�ODVHUV�WKH�ODWWHU�LV�VPDOOHU�E\�D�IDFWRU� LLa �FRPSDUHG�WR�ODVHUV�ZLWKRXW

SDVVLYH�FDYLW\�

7KH�URXQG�WULS�JDLQ� rG �GHILQHG�LQ�������DV

( )( )asppaar LgLjLjrfrG αββ −Γ+−−= 22exp21 ������

PD\�DOWHUQDWLYHO\�EH�ZULWWHQ�DV

21GGGr = ������

ZLWK� 1G �D�IUHTXHQF\�LQGHSHQGHQW�WHUP
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7KH�VHFRQG�HTXDOLW\�KROGV�VLQFH��E\�GHILQLWLRQ�� ( ) mnLnL
c ppaa
th πω

22 00 =+ �

&RQVLGHU� QRZ� WKH� WLPH�GHSHQGHQW� HOHFWULF� ILHOG� IRU� WKH� IRUZDUG� WUDYHOOLQJ� ZDYH� DW� 0=z �

( )tE f 0 ���6LQFH�WKLV�ILHOG�ZLOO�HVVHQWLDOO\�RVFLOODWH�DW�WKH�WKUHVKROG�IUHTXHQF\� thω ��LW�LV�XVHIXO�WR

LQWURGXFH�D�VORZO\�YDU\LQJ�FRPSOH[�DPSOLWXGH� ( )tE f 0
ˆ �VXFK�WKDW�

( ) ( ) ( )tjtEtE thff ωexpˆ
00 = ������

)RXULHU�WUDQVIRUPDWLRQ�RI�������XVLQJ��������DQG��������\LHOGV�

( ) ( )Lff tEGtE τ−= 010
ˆˆ ������

,W�LV�FRQYHQLHQW�WR�LQWURGXFH�D�QRUPDOLVHG�FRPSOH[�ILHOG�DPSOLWXGH� ( )tE ��VR�WKDW�WKH�DEVROXWH

VTXDUH�RI�WKLV�ILHOG�DPSOLWXGH�FRUUHVSRQGV�WR�WKH�QXPEHU�RI�SKRWRQV� ( )tS # �LQVLGH�WKH�DFWLYH

SDUW�RI�WKH�ODVHU�FDYLW\�

( ) ( ) 2# tEtS =

RU

( ) ( ) ( )( )tjtStE φexp#=

������

7KH�SKDVH� ( )tφ �MXVW�FRUUHVSRQGV�WR�WKH�SKDVH�RI�WKH�VORZO\�YDU\LQJ�DPSOLWXGH�RI�WKH�IRUZDUG

WUDYHOOLQJ�ZDYH� ( )tE f 0
ˆ ���8VLQJ�WKH�QRUPDOLVHG�ILHOG�DPSOLWXGH���������PD\�EH�UHSODFHG�E\�

( ) ( )LtEGtE τ−= 1
������

RU��ZLWK��������

( ) ( )
( )[ ] ( )Las tSLgRRf

tSGGtS

τα −−Γ=

=
#

21
2

#*
11

#

2exp
������

6LQFH�WKH�URXQG�WULS�JDLQ� 1G �LV�FORVH�WR�XQLW\��WKLV�UHODWLRQ�PD\�EH�DSSUR[LPDWHG�E\

( ) ( )[ ] ( )Lapms tSLgtS τααα −−−−Γ+≈ ## 21 ������

ZLWK� mα �DQG� pα �DV�GHILQHG�DW�WKH�EHJLQQLQJ�RI�WKLV�SDUDJUDSK�

:H� VKRXOG�DOVR� DFFRXQW� IRU� WKH� VSRQWDQHRXV�JHQHUDWLRQ�RI�SKRWRQV�� \LHOGLQJ� WKH� ILQDO� UDWH

HTXDWLRQ�

( ) ( )[ ] ( )
( )[ ] ( ) ’#
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2#
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2exp
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ZKHUH� spn LV�WKH�LQYHUVLRQ�IDFWRU���7KLV�H[SUHVVLRQ�ZDV�GHULYHG�E\�+HQU\�>��@�DQG�GHQRWHV�WKH

DPRXQW�RI�VSRQWDQHRXV�HPLVVLRQ��ZKLFK�LV�FRXSOHG�LQWR�D�VLQJOH�ORQJLWXGLQDO�PRGH���.�LV�WKH

HQKDQFHG� VSRQWDQHRXV� HPLVVLRQ� IDFWRU� DQG� LV� REWDLQHG� E\� XVLQJ� D� WUDYHOOLQJ� ZDYH� ODVHU

PRGHO�>��@>��@���,W�LV�JLYHQ�E\��HTXDWLRQ������LQ�>�@��

( )( )
( )

2

2
2121

2121

1ln

1











 −+
=

fRRRRf

RRfRfR
K ������

:KHQ�WKH�ORVV�LQ�WKH�SDVVLYH�FDYLW\�LV�ORZ�� K �LV�FORVH�WR�RQH�DQG�PD\�EH�QHJOHFWHG��H�J��IRU

VWDQGDUG�ODVHUV�ZLWK� == 21 RR ������ =K ��������+RZHYHU�ZKHQ�WKH�ORVV�LQFUHDVHV��.�EHFRPHV

PRUH�LPSRUWDQW�DQG�YDOXHV�RYHU����PD\�EH�REWDLQHG���7KLV�LV�VKRZQ�LQ�)LJ��������7KH�XSSHU

WUDFH�LV�IRU�D�ODVHU�ZLWK�RQH�+5�FRDWHG�IDFHW��WKH�ORZHU�WUDFH�LV�IRU�D�ODVHU�ZLWKRXW�FRDWLQJV�

)RU� WKH�QRQ�SHUPDQHQWO\� FRXSOHG�K\EULG�3$/�GHVFULEHG� LQ� FKDSWHU� ��� WKH� WRWDO� ORVV� LQ� WKH

SDVVLYH�FDYLW\��LQFOXGLQJ�WKH�FRXSOLQJ�ORVV��LV�HVWLPDWHG�WR�EH�EHWZHHQ���DQG���G%��UHVXOWLQJ

LQ�D�YDOXH�IRU�K �EHWZHHQ�����DQG�������)RU�WKH�SHUPDQHQWO\�ERQGHG�3$/�RI�FKDSWHU����WKH�ORVV

ZDV�PXFK�KLJKHU��a���G%���UHVXOWLQJ�LQ�DQ�HTXDOO\�KLJK�YDOXH�IRU�WKH�VSRQWDQHRXV�HPLVVLRQ

HQKDQFHPHQW�IDFWRU� 17=K �
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)LJ�� ���� 6SRQWDQHRXV� HPLVVLRQ� HQKDQFHPHQW� IDFWRU� .� IRU� D� ODVHU� ZLWK� QR� +5�FRDWLQJ

� %3221 == RR ��DQG�IRU�D�ODVHU�ZLWK�+5�FRDWLQJ�� %901 =R ��YHUVXV�WKH�ORVV�RI�WKH�SDVVLYH

FDYLW\�

,I� WKH� YDULDWLRQV� GXULQJ� WKH� URXQG� WULS� GHOD\� Lτ � DUH� VPDOO�� RQH� PD\� XVH� WKH� UHODWLRQ

( ) ( )
dt

dS
tStS LL

#
## ττ =−+ �WR�REWDLQ�



7+(25(7,&$/�$1$/<6,6�2)�3+$6('�$55$<�08/7,�:$9(/(1*7+�/$6(56 ���

( ) ( ) ( )

( ) ( ) sp
a

pmsg

sppms
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KRtS
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L
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KRtSg
L

dt

tdS

+−−−Γ=

+−−−Γ=

#

#
#

v

2

ααα

ααα
τ ������

ZLWK� ( ) spagspLsp gnLLRR Γ== 2’ vτ �

7KH�DGGLWLRQDO�WHUP� ( )2LLa �DULVLQJ�LQ�WKLV�H[SUHVVLRQ��FRPSDUHG�WR�WKH�H[SUHVVLRQ�IRU�D�OD�

VHU�ZLWKRXW�H[WHUQDO�FDYLW\��PD\�EH�H[SODLQHG�DV�IROORZV��DV�DOUHDG\�PHQWLRQHG�DERYH�� spR

GHQRWHV�WKH�VSRQWDQHRXV�HPLVVLRQ�FRXSOHG�LQWR�D�VLQJOH�ORQJLWXGLQDO�PRGH���,Q�WKH�FDVH�RI�D

ODVHU�ZLWK�DQ�H[WHUQDO�FDYLW\��WKH�ODWWHU�DUH�VSDFHG�PXFK�FORVHU�WRJHWKHU�WKDQ�IRU�D�VWDQGDUG

ODVHU�� LLaapa =+ δνδν ��� �)XUWKHU�� WKH� OLJKW�SDVVHV�RQO\�GXULQJ�D� IUDFWLRQ� ( )LLa � WKURXJK

WKH�DFWLYH�SDUW�RI� WKH�FDYLW\�� �7KH� ODWWHU� LV�DOVR� WKH� UHDVRQ�ZK\� WKH�DGGLWLRQDO� WHUP� ( )LLa

DULVHV�LQ�WKH�ILUVW�WHUP�RI�WKH�ULJKW�SDUW�RI�HT���������

1H[W� WR� WKH� UDWH�HTXDWLRQ� IRU� WKH�SKRWRQ�QXPEHU��RQH�PD\�DOVR� VHW�XS�DQ�HTXDWLRQ� IRU� WKH

SKDVH��XVLQJ�WKH�UHODWLRQ�

( ) ( )( )[ ] ( ) ( )
( ) ( )tStS

tEtE
ttj

L

L
L ##

*
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τ
τφτφ
+

+=−+ ������
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−
∂
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2 ������

IRU�VPDOO�YDULDWLRQV�GXULQJ�WKH�URXQG�WULS�GHOD\� Lτ ��WKLV�UHODWLRQ�PD\�EH�DSSUR[LPDWHG�E\�

( ) ( )th
a

g NN
N

g

L

L

dt

td −
∂
∂= v

2

1αφ ������

7KH�ODWWHU�LV� LGHQWLFDO� WR� WKH�IDPLOLDU� IRUP�IRU�VKRUW�FDYLW\� ODVHUV��H[FHSW� IRU� WKH� WHUP� LLa

DULVLQJ�IURP�WKH�IDFW�WKDW�WKH�FDUULHU�GHQVLW\�PRGXODWLRQ�GRHV�RQO\�LQIOXHQFH�WKH�YDOXH�RI�WKH

UHIUDFWLYH�LQGH[�RI�WKH�DFWLYH�SDUW�RI�WKH�FDYLW\�DQG�OHDYHV�WKH�UHIUDFWLYH�LQGH[�RI�WKH�SDVVLYH

SDUW�XQFKDQJHG�

)LQDOO\��ZH�DOVR�QHHG�D�UDWH�HTXDWLRQ�IRU�WKH�FDUULHUV���,I�ZH�GHILQH� #N �DV�WKH�WRWDO�QXPEHU�RI

FDUULHUV�DQG� N �DV� WKH�FDUULHU�GHQVLW\��ZLWK� aNwdLN =# �� WKH�FDUULHU� UDWH�HTXDWLRQ� LV�JLYHQ

E\�



���� &+$37(5��

( ) ##
#

v gSNR
e

I

dt

dN
g Γ−−= ������

$OWHUQDWLYHO\��E\�GLYLGLQJ� �������E\� WKH�YROXPH�RI� WKH�DFWLYH� OD\HU� � aa wdLV = �� DQG�ZLWK�6

WKH� DYHUDJH�SKRWRQ�GHQVLW\� LQ� WKH� DFWLYH�SDUW� RI� WKH� FDYLW\� � #S
wdL

S
A

Γ= ��� WKH� FDUULHU� UDWH

HTXDWLRQ�PD\�EH�ZULWWHQ�DV�

( ) gSNR
eV

I

dt

dN
g

a

v−−= ������

ZKHUH

( ) 32 CNBNANNR ++= ������

ZLWK� A �� B � DQG� C � UHVSHFWLYHO\� WKH� PRQRPROHFXODU�� WKH� ELPROHFXODU� DQG� WKH� $XJHU�

UHFRPELQDWLRQ�FRHIILFLHQW�

2.2 Threshold current and output power

,Q�WKLV�SDUDJUDSK��ZH�ZLOO�GHULYH�WKH�WKUHVKROG�FXUUHQW��WKH�RXWSXW�SRZHU�DQG�WKH�GLIIHUHQWLDO

TXDQWXP�HIILFLHQF\� RI� D� ORQJ�FDYLW\� ODVHU� XQGHU� VWDWLF� RSHUDWLQJ� FRQGLWLRQV�� � )RU� WKDW� SXU�

SRVH��DOO�WLPH�GHULYDWLYHV�LQ�WKH�UDWH�HTXDWLRQV�REWDLQHG�LQ�WKH�SUHYLRXV�SDUDJUDSK�DUH�VHW�WR

]HUR�

)URP�WKH�FDUULHU�UDWH�HTXDWLRQ���������WKH�WKUHVKROG�FXUUHQW�PD\�EH�FDOFXODWHG�E\�VHWWLQJ�WKH

SKRWRQ�GHQVLW\�WR�]HUR��\LHOGLQJ�

( )thath NReVI = ������

ZLWK�WKH�WKUHVKROG�FDUULHU�GHQVLW\� thN �GHWHUPLQHG�IURP�WKH�WKUHVKROG�JDLQ� ( )thth Ng �� �6LQFH�

XQGHU� ODVHU� RSHUDWLRQ�� WKH� FDUULHU� GHQVLW\� UHPDLQV� FODPSHG� DW� LWV� WKUHVKROG� OHYHO�� UHODWLRQ

�������\LHOGV�DOVR�

athg eVgI

S

v

1=
∆
∆

������

6�LV�WKH�PHDQ�SKRWRQ�GHQVLW\�LQ�WKH�FDYLW\���8VLQJ�D�WUDYHOOLQJ�ZDYH�DPSOLILHU�PRGHO�WKH�LQ�

FUHPHQWDO�SRZHU�HPLWWHG�IURP�ERWK�IDFHWV�PD\�EH�HDVLO\�REWDLQHG��LI� 1S �DQG� 2S �GHQRWH�WKH

SKRWRQ� GHQVLW\� DW� WKH� EHJLQQLQJ� RI� WKH� DPSOLILHU� DVVRFLDWHG� UHVSHFWLYHO\�ZLWK� WKH� IRUZDUG

DQG�WKH�EDFNZDUG�WUDYHOOLQJ�ZDYH�DV�LQGLFDWHG�LQ�)LJ������� S �LV�JLYHQ�E\

( ) ( )[ ]∫ −Γ+=
aL

s
a

dxxg
L

SSS
0

21 exp
1 α ������

7KH�RXWSXW�SRZHU�DW�WKH�OHIW�DQG�WKH�ULJKW�IDFHW�LV�UHVSHFWLYHO\�JLYHQ�E\�
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)URP� �������������� FRPELQHG�ZLWK� ������ WR� HOLPLQDWH� WKH� JDLQ� thg �� WKH� H[WHUQDO� GLIIHUHQWLDO

TXDQWXP�HIILFLHQFLHV�DUH�FDOFXODWHG�DV�
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ZLWK� extη �GHILQHG�E\�

th

mp

mps

mp

i

ext

gΓ
+

=
++

+
=

αα
ααα

αα
η
η

������

iη ��LV�WKH�LQWHUQDO�GLIIHUHQWLDO�HIILFLHQF\�DQG�LQWURGXFHG�KHUH�WR�DFFRXQW�IRU�LQWHUQDO�OHDNDJH
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)LJ������D��'LIIHUHQWLDO�TXDQWXP�HIILFLHQF\� iext ηη 2, �IRU�D�ODVHU�ZLWK�D�����µP�ORQJ�DPSOL�

ILHU�YHUVXV�WKH�ORVV�LQ�WKH�SDVVLYH�FDYLW\���7KH�VROLG�FXUYHV�UHSUHVHQW�WKH�H[WHUQDO�ORVV�LQ�D

ODVHU�ZLWK�DQ�+5�FRDWLQJ�DSSOLHG�WR�RQH�IDFHW�ZKLOH�WKH�EURNHQ�OLQHV�DUH�IRU�D�ODVHU�ZLWK�

RXW�FRDWLQJ���,Q�ERWK�FDVHV��WKH�LQWHUQDO�ORVV�LV�YDULHG�IURP����FP�WR����FP���E��7KH�FRHIIL�

FLHQW� 2ξ �GHILQHG�LQ��������

7KHVH�HTXDWLRQV�PD\�DOVR�EH�REWDLQHG�IURP�WKH�VWDQGDUG�HTXDWLRQV�IRU�ODVHUV�ZLWKRXW�SDVVLYH

FDYLW\� �H�J�� VHH� HT�� ������� LQ� >�@�� E\� UHSODFLQJ� 2R � E\� DQ� HIIHFWLYH� UHIOHFWLRQ� FRHIILFLHQW
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2
2,2 fRR eff = �DQG�WDNLQJ�LQWR�DFFRXQW�WKDW�WKH�RXWSXW�SRZHU�LV�WDNHQ�DIWHU�KDYLQJ�SDVVHG�WKH

SDVVLYH�FDYLW\�RQFH���)LJ������VKRZV�WKH�H[WHUQDO�TXDQWXP�HIILFLHQF\� 2,extη �IRU�D�ODVHU�ZLWK�D

����µP�ORQJ�DPSOLILHU���7KH�LQWHUQDO�ORVV�DQG�WKH�UHIOHFWLYLW\�RI�RQH�IDFHW�ZHUH�YDULHG���,Q�RU�
GHU�WR�REWDLQ�WKH�H[WHUQDO�HIILFLHQF\�IRU�ODVHUV�ZLWK�RWKHU�DPSOLILHU�OHQJWKV��WKH�LQWHUQDO�ORVV

PXVW� EH� FKDQJHG� DFFRUGLQJO\�� WKH� FKDUDFWHULVWLF� REWDLQHG� IRU� D� ODVHU� ZLWK� mLa µ800= �

1000=sα � LV� LGHQWLFDO� WR� WKH�RQH�ZLWK� mLa µ400= �� 2000=sα �DV�PD\�EH�HDVLO\� VHHQ� IURP

�������DQG�WKH�GHILQLWLRQV�RI� mα �DQG� pα ���)LJ�����E�VKRZV�WKH�FRHIILFLHQW� 2ξ �GHILQHG�LQ��������

%RWK�SLFWXUHV�UHYHDO�WKDW�DQ�+5�FRDWLQJ�EHFRPHV�OHVV�LPSRUWDQW�ZLWK�LQFUHDVLQJ�FDYLW\�ORVV�

)LJ�� ���� VKRZV�D� FRPSDULVRQ�EHWZHHQ� WKH� VWDWLF� ODVHU� SDUDPHWHUV� FDOFXODWHG� XVLQJ� WKH� UDWH

HTXDWLRQV�GHULYHG�KHUH�DQG�XVLQJ�D� ULJRURXV� ODVHU�PRGHO� �&/$',66�� >�@��� �7R� FDOFXODWH� WKH

WKUHVKROG� JDLQ�ZH�XVHG� D� JDLQ� IXQFWLRQ� ( )Ng ��ZKLFK�ZDV� GHULYHG� IURP� WKH� JDLQ� IXQFWLRQ

( )λ,Ng �HPSOR\HG�LQ�&/$',66��IROORZLQJ�

( ) ( )( )

32
2

1

,max

aNaNa

NgNg

−+=

= λ
λ ������

ZLWK� =1a ����×�����P��� =2a ����×�����P��� =3a ����×���P���� � 7KLV� IXQFWLRQ� LV� VOLJKWO\� VXSHU�

OLQHDU���)RU�WKH�RWKHU�SDUDPHWHUV��ZH�XVHG�WKH�YDOXHV�LQGLFDWHG�LQ�7DEOH�����
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)LJ������&RPSDULVRQ�EHWZHHQ�WKH�WKUHVKROG�FXUUHQW��OHIW��DQG�WKH�RXWSXW�SRZHU�DW����P$

GULYH�FXUUHQW��ULJKW���FDOFXODWHG�XVLQJ�D�ULJRURXV�ODVHU�PRGHO��&/$',66����UHSUHVHQWHG�E\

WKH�FURVVHV���DQG�XVLQJ�WKH�DERYH�GHULYHG�UDWH�HTXDWLRQV��DV�IXQFWLRQ�RI�WKH�ORVV�LQ�WKH�SDV�

VLYH�FDYLW\��IRU�GLIIHUHQW�ODVHU�SDUDPHWHUV���7KLV�FDOFXODWLRQ�ZDV�FDUULHG�RXW�IRU�D�ODVHU�ZLWK

D�EXON�DFWLYH�OD\HU�ZLWK�WKLFNQHVV� =d ����QP�DQG� =d ����QP�

6RPH�JHQHUDO�WUHQGV�PD\�EH�VHHQ�IURP�WKHVH�SLFWXUHV�

•  7KH�WKUHVKROG�FXUUHQW�LQFUHDVHV�DQG�WKH�RXWSXW�SRZHU�GHFUHDVHV�VWURQJO\�ZLWK�LQFUHDVLQJ

FDYLW\�ORVV�

as cleaved

HR-coated

HR-coated as cleaved
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•  7KH� WKUHVKROG�FXUUHQW�GHFUHDVHV�DQG� WKH�RXWSXW�SRZHU� LQFUHDVHV�ZKHQ�DSSO\LQJ�D�+5�

FRDWLQJ�WR�RQH�IDFHW���+RZHYHU��DV�ZDV�DOUHDG\�VHHQ�IURP�)LJ�����D��WKH�HIIHFW�RQ�WKH�RXW�

SXW�SRZHU�EHFRPHV�PXFK�OHVV�LPSRUWDQW�ZKHQ�WKH�FDYLW\�ORVV�LQFUHDVHV�

•  )RU� ORZ� ORVV� FDYLWLHV�� WKH� WKUHVKROG� FXUUHQW� GHFUHDVHV� DQG� WKH� RXWSXW� SRZHU� LQFUHDVHV

ZKHQ�WKH�DFWLYH�OD\HU�WKLFNQHVV�LV�GHFUHDVHG�IURP�����QP�WR�����QP���+RZHYHU��ZKHQ�WKH

FDYLW\� ORVV� LQFUHDVHV�� WKH�GLIIHUHQFH�EHFRPHV� VPDOOHU� DQG� IRU� =pα ���G%�� WKH� WKUHVKROG

FXUUHQWV�DUH�DOPRVW�WKH�VDPH�

)URP�)LJ�����D��LW�LV�REYLRXV�WKDW�WKH�WKUHVKROG�FXUUHQW�FDOFXODWHG�XVLQJ�IRUPXOD��������DJUHHV

YHU\� ZHOO� ZLWK� WKH� YDOXH� REWDLQHG� IURP� &/$',66�� � 7KH� RXWSXW� SRZHU� DW� WKH� ULJKW� IDFHW

VKRZQ�LQ�)LJ�����E��ZDV�FDOFXODWHG�IROORZLQJ�

( )thext II
e

h
P −= 2,2 ην ������

ZLWK� 2,extη �IURP����������$V�FDQ�EH�VHHQ�IURP�)LJ�����E��WKH�RXWSXW�SRZHU�FDOFXODWHG�XVLQJ�WKH

ULJRURXV�PRGHO� LV�VRPHZKDW�VPDOOHU�WKDQ�WKH�YDOXH�REWDLQHG�IURP�WKH�UDWH�HTXDWLRQV�� �7KH

GLIIHUHQFH�EHFRPHV� ODUJHU�ZKHQ� WKH� ORVV� RI� WKH� SDVVLYH� FDYLW\� LQFUHDVHV� DQG�ZKHQ� D� KLJK�

UHIOHFWLYH� �+5��FRDWLQJ� LV�DSSOLHG� WR� WKH� OHIW� IDFHW�� � 7KLV�PD\�EH�XQGHUVWRRG� IURP�)LJ�� ����

7KLV�ILJXUH�VKRZV�WKH�IRUZDUG�DQG�EDFNZDUG�WUDYHOOLQJ�SRZHU��WKH�WRWDO�SRZHU�DQG�WKH�HOHF�

WURQ�GHQVLW\�DORQJ�WKH�DFWLYH�SDUW�RI�WKH�ODVHU�FDYLW\�IRU�WZR�GLIIHUHQW�ODVHUV��RQH�ZLWK�QR�+5�

FRDWLQJ�DSSOLHG�DQG�ZLWK�QR� ORVV� LQ� WKH�SDVVLYH�FDYLW\�� WKH�RWKHU�RQH�ZLWK�+5�FRDWLQJ�DQG

ZLWK�D�KLJK�ORVV�SDVVLYH�FDYLW\���$OO�WKH�FKDUDFWHULVWLFV�ZHUH�FDOFXODWHG�XVLQJ�&/$',66�H[FHSW

IRU�WKH�WRWDO�SRZHU��ZKLFK�ZDV�DOVR�FDOFXODWHG�XVLQJ�WKH�WUDYHOOLQJ�ZDYH�PRGHO�WKDW�ZDV�XVHG

WR�GHULYH����������:KHQ�GHULYLQJ�WKH�UDWH�HTXDWLRQV��ZH�DVVXPHG�D�XQLIRUP�HOHFWURQ�GHQVLW\

LQ�WKH�DFWLYH�SDUW�RI� WKH� ODVHU�FDYLW\�� �)URP�)LJ�����D��LW� LV�DSSDUHQW�WKDW� WKLV� LV�D�YHU\�JRRG

DSSUR[LPDWLRQ� IRU� D� ODVHU�ZLWK� D� ORZ�ORVV�SDVVLYH� FDYLW\�� �0RUHRYHU��ZH� VHH� WKDW� WKH� WRWDO

WUDYHOOLQJ�SRZHU�FDOFXODWHG�XVLQJ�WKH�UDWH�HTXDWLRQV�DQG�FDOFXODWHG�XVLQJ�WKH�ULJRURXV�PRGHO

LV�DOPRVW�LGHQWLFDO�LQ�WKLV�FDVH���+RZHYHU��IRU�WKH�ODVHU�LQ�)LJ�����E�WKLV�LV�QR�ORQJHU�WKH�FDVH�

GXH� WR� FDUULHU� GHSOHWLRQ�� WKHUH� LV� DQ� DV\PPHWU\� LQ� WKH� HOHFWURQ�GHQVLW\�� UHVXOWLQJ� LQ� D�QRQ

XQLIRUP�JDLQ�DQG�D�GLIIHUHQFH�EHWZHHQ�WKH�WUDFHV�UHSUHVHQWLQJ�WKH�WRWDO�SRZHU�DORQJ�WKH�FDY�

LW\��FDOFXODWHG�XVLQJ�&/$',66�DQG�FDOFXODWHG�XVLQJ�WKH�VLPSOH�PRGHO�

,Q�JHQHUDO�KRZHYHU��WKH�GLVFUHSDQF\�EHWZHHQ�WKH�ULJRURXV�DQG�WKH�VLPSOH�PRGHO�LV�VPDOO�DQG

WKH�JHQHUDO�WUHQGV�SUHGLFWHG�E\�RXU�ODVHU�PRGHO�DQG�&/$',66�DUH�WKH�VDPH���7KHUHIRUH��WKH

UDWH�HTXDWLRQ�DSSURDFK�ZLOO�EH�XVHIXO� WR�SUHGLFW� WKH� VWDWLF� ODVHU� FKDUDFWHULVWLFV� DQG� WR�RSWL�

PLVH�D�3$/�GHVLJQ�WRZDUGV�WKUHVKROG�FXUUHQW�RU�RXWSXW�SRZHU�
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)LJ������3RZHU�GHQVLW\�DQG�HOHFWURQ�GHQVLW\�DORQJ�WKH�DFWLYH�SDUW�RI�D�ODVHU�� �7KH�OHIW�SLF�

WXUH�LV�IRU�D�ODVHU�ZLWK�QR�ORVV�LQ�WKH�SDVVLYH�FDYLW\�DQG�ZLWK�QR�+5�FRDWLQJV�DSSOLHG���7KH

ULJKW�SLFWXUH�LV�IRU�D�ODVHU�ZLWK�D����G%�SDVVLYH�FDYLW\�ORVV�DQG�D������+5�FRDWLQJ�

$V�DQ�LOOXVWUDWLRQ��ZH�FDOFXODWHG�WKH�WKUHVKROG�FXUUHQW�DQG�WKH�WKUHVKROG�FXUUHQW�GHQVLW\�RI�D

ODVHU�DV�IXQFWLRQ�RI�WKH�OHQJWK�RI�WKH�DPSOLILHU��IRU�GLIIHUHQW�YDOXHV�RI�WKH�FDYLW\�ORVV���)RU�WKH

PRGDO�JDLQ�ZH�XVHG�WKH�UHODWLRQ�REWDLQHG�IURP�H[SHULPHQWDO�UHVXOWV�IRU�D�� mµ �ZLGH�ULGJH

ODVHU�ZLWK�WKH�VDPH�FURVV�VHFWLRQ�DV�WKH�DPSOLILHUV�WR�EH�XVHG�LQ�WKH�PRQROLWKLFDOO\�LQWHJUDWHG

3$/��VHH�FKDSWHU����VHFWLRQ��������7KH�UHVXOWV�DUH�GHSLFWHG�LQ�)LJ��������7KHVH�ZHUH�IRU�D�ODVHU

ZLWK�RQH�+5�FRDWHG�IDFHW�� 32.0/9.0 21 == RR ����,I�QR�+5�FRDWLQJ�LV�DSSOLHG��WKH�FDYLW\�ORVV�LV

LQFUHDVHG�E\�DSSUR[LPDWHO\�����G%���$OVR�IRU�WKH�LQWHUQDO�ORVV�� =sα ����FP����DQG�WKH�LQWHUQDO

HIILFLHQF\�� =iη �������ZH�XVHG�H[SHULPHQWDOO\�REWDLQHG�YDOXHV�

$V� VKRZQ� LQ� )LJ�� ����� WKH� JDLQ� VDWXUDWHV� ZLWK� LQFUHDVLQJ� FXUUHQW� GHQVLW\�� � 7KHUHIRUH�� WKH

WKUHVKROG� FRQGLWLRQ� FDQQRW� EH� REWDLQHG�ZKHQ� WKH� DPSOLILHU� LV� VKRUWHU� WKDQ� D� FHUWDLQ�PLQL�

PXP�OHQJWK��ZKLFK�GHSHQGV�RQ�WKH�WRWDO�FDYLW\�ORVV���)XUWKHU��)LJ������VKRZV�WKDW�WKH�RSWLPDO

DPSOLILHU� OHQJWK�IRU�PLQLPLVLQJ� WKH� WKUHVKROG�FXUUHQW� LQFUHDVHV� IURP���� mµ � IRU� WKH�FDYLW\

ZLWK�QR� ORVV� WR� ��� mµ � IRU� WKH� ��� G%� ORVV� FDYLW\�� �+RZHYHU�� RQH�PD\� DOVR� QRWLFH� WKDW� WKH

WKUHVKROG�FXUUHQW�LQFUHDVHV�RQO\�VOLJKWO\�ZLWK�LQFUHDVLQJ�DPSOLILHU�OHQJWK��ZKLOH�WKH�WKUHVK�

ROG�FXUUHQW�GHQVLW\�GHFUHDVHV�VWURQJO\���7KHUHIRUH��LW�PD\�EH�IDYRXUDEOH�WR�XVH�D�ORQJHU�DP�

SOLILHU�� WKHUHE\� UHGXFLQJ� WKH� SRVVLELOLW\� RI� DGGLWLRQDO� JDLQ� UHGXFWLRQ� GXH� WR� DFWLYH� OD\HU

KHDWLQJ�
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)LJ������7KUHVKROG�FXUUHQW�DQG�WKUHVKROG�FXUUHQW�GHQVLW\�DV�IXQFWLRQ�RI�FDYLW\�OHQJWK���7KH

ORVV�RI�WKH�SDVVLYH�FDYLW\�LV�YDULHG�EHWZHHQ���DQG����G%

:H�DOVR�FDOFXODWHG�WKH�FXUUHQW�DQG�WKH�FXUUHQW�GHQVLW\�QHHGHG�WR�REWDLQ�DQ�RXWSXW�SRZHU�RI��

P:�� � 7KHVH� DUH�GHSLFWHG� LQ� )LJ�� ����� � 6LQFH� WKH� LQWHUQDO� ORVV� LV� YHU\� VPDOO�� WKH�GLIIHUHQWLDO

TXDQWXP�HIILFLHQF\�LV�DOPRVW�LQGHSHQGHQW�RI�WKH�FDYLW\�OHQJWK��H�J��IRU�D���G%�ORVV�FDYLW\�ORVV�

2,extη � GHFUHDVHV� IURP� ������ WR� ����� �� IRU� WKH� DPSOLILHU� OHQJWK� LQFUHDVLQJ� IURP� ��� mµ � WR

���� mµ ����7KHUHIRUH��WKH�FXUYHV�LQ�)LJ������DUH�DOPRVW�LGHQWLFDO�WR�WKHVH�LQ�)LJ�������H[FHSW�IRU

D�VKLIW�GHSHQGLQJ�RQ�WKH�FDYLW\�ORVV�
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)LJ������&XUUHQW�DQG�FXUUHQW�GHQVLW\� IRU�DQ�RXWSXW�SRZHU�RI���P:�DV� IXQFWLRQ�RI� FDYLW\

OHQJWK���7KH�ORVV�RI�WKH�SDVVLYH�FDYLW\�LV�YDULHG�EHWZHHQ���DQG����G%

2.3 Side Mode Suppression Ratio

2.3.1 Multi-mode rate-equations

8QWLO�QRZ��WKH�UDWH�HTXDWLRQV�ZHUH�GHULYHG�IRU�D�VLQJOH�ODVLQJ�PRGH���,I�VHYHUDO�ODVLQJ�PRGHV

DUH�FRQVLGHUHG��D�UDWH�HTXDWLRQ�IRU�HDFK�PRGH�FDQ�EH�ZULWWHQ�GRZQ��\LHOGLQJ�
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1RWH�WKDW�WKH�ORVV�LQ�WKH�SDVVLYH�FDYLW\� if ��PD\�GHSHQG�RQ�WKH�PRGH�QXPEHU���)RU�QRQ�ODVLQJ

PRGHV��WKH�VSRQWDQHRXV�HPLVVLRQ�IDFWRU� iK � LV�VRPHZKDW�VPDOOHU�WKDQ�WKH�YDOXH�GHILQHG�E\

HT����������EXW�IRU�PRGHUDWH�FDYLW\�ORVVHV��WKLV�HIIHFW�LV�QHJOLJLEOH�

,I�ZH�UHVWULFW�RXUVHOYHV�WR�WKH�VWDWLRQDU\�EHKDYLRXU��WKH�SKRWRQ�QXPEHU�LQ�HDFK�ODVLQJ�PRGH

PD\�EH�FDOFXODWHG�E\�FRPELQLQJ��������ZLWK�HT����������ZKLFK�GHILQHV�WKH�VSRQWDQHRXV�HPLV�
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�������WRJHWKHU�ZLWK��������PD\�EH�XVHG�WR�HVWLPDWH�WKH�UHTXLUHG�JDLQ�GLIIHUHQFH� 0ggg i −=δ

WR�REWDLQ�D�JRRG�VLGH�PRGH�VXSSUHVVLRQ�UDWLR���,I�ZH�GHILQH�T �DV�WKH�UHTXLUHG�UDWLR�EHWZHHQ

WKH�RXWSXW�SRZHUV�� 1,20,210 PPSST == ��� gδ �LV�JLYHQ�E\�

( ) 20,
0,2

v ξαανδ mpg
spa

th h
P

Kn

L

L
Tgg += ������

)RU�D�JLYHQ�RXWSXW�SRZHU�DQG�D�JLYHQ�YDOXH�RI�T ��WKH�UHTXLUHG�JDLQ�GLIIHUHQFH� gδ �LQFUHDVHV

ZLWK�LQFUHDVLQJ�FDYLW\�ORVV���)XUWKHU��WKHUH�LV�D�KLGGHQ�GHSHQGHQFH�RQ� aL ��WKURXJK�WKH�WHUP

)( 0, mp αα + ���(T���������VHHPV�WR�LQGLFDWH�WKDW�WKHUH�LV�D�VWURQJ�GHSHQGHQFH�RQ�WKH�OHQJWK�RI

WKH�SDVVLYH�FDYLW\�WKURXJK�WKH�IDFWRU� LLa ���+RZHYHU��RQH�KDV�WR�WDNH�LQWR�DFFRXQW�WKDW�IRU�D

ORQJ�FDYLW\�ODVHU��WKH�DPRXQW�RI�PRGHV�ZLWKLQ�D�JLYHQ�ZDYHOHQJWK�LQWHUYDO�LQFUHDVHV�E\�WKH

LQYHUVH�RI�WKLV�IDFWRU�

,I�WKH�PRGHV�DUH�ORFDWHG�IDU�DZD\�IURP�HDFK�RWKHU��DV�LV�WKH�FDVH�IRU�PRGHV�LQ�GLIIHUHQW�SDVV�

EDQGV�RI�WKH�3KDVHG�$UUD\��WKH�UHTXLUHG�JDLQ�GLIIHUHQFH� gδ �WR�REWDLQ�VLQJOH�PRGH�RSHUDWLRQ

PXVW�DULVH�IURP�WKH�VSHFWUDO�GHSHQGHQFH�RI�WKH�JDLQ�RU�WKH�FDYLW\�ORVV���,Q�WKH�IROORZLQJ�SDUD�

JUDSK��ZH�XVH�WKLV�REVHUYDWLRQ�WR�FDOFXODWH�WKH�PLQLPXP�IUHH�VSHFWUDO�UDQJH��ZKLFK�LV�QHFHV�

VDU\�WR�DYRLG�PXOWL�SDVVEDQG�ODVLQJ���7KH�PRGHV�ZLWKLQ�D�VLQJOH�SDVVEDQG�KRZHYHU��H[SHUL�

HQFH�DQ�HQKDQFHG�VLQJOH�ORQJLWXGLQDO�PRGH�VWDELOLW\�GXH�WR�D�VWURQJ�QRQ�OLQHDU�ZDYH�PL[LQJ
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HIIHFW���7KLV�HIIHFW�LV�LPSRUWDQW�LQ�ORQJ�FDYLW\�ODVHUV�EHFDXVH�WKH�ORQJLWXGLQDO�PRGH�VSDFLQJ�LV

YHU\�QDUURZ�DQG�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�������

2.3.2 Required FSR to prevent multi-passband lasing.

3UDFWLFDO� GHPXOWLSOH[HUV� W\SLFDOO\� VKRZ� D� SHULRGLFDO� EHKDYLRXU�� ZLWK� D� IUHH� VSHFWUDO� UDQJH

FSRλ∆ ���)RU�ERWK�JUDWLQJ�DQG�3KDVHG�$UUD\�GHPXOWLSOH[HUV�WKH�)65�LV�JLYHQ�E\

mcFSR λλ =∆ ������

ZLWK� cλ �WKH�FHQWUDO�ZDYHOHQJWK�RI�WKH�GHPXOWLSOH[HU�DQG�P�WKH�JUDWLQJ�RUGHU
���,I�WKH�GLIIHU�

HQFH� LQ� JDLQ� H[SHULHQFHG� E\� WZR� PRGHV� LQ� D� GLIIHUHQW� SDVVEDQG� RI� WKH� GHPXOWLSOH[HU� LV

VPDOOHU� WKDQ� WKH� GLIIHUHQFH� UHTXLUHG� WR� REWDLQ� D� JRRG� 6065� DV� FDOFXODWHG� LQ� WKH� SUHYLRXV

SDUDJUDSK��PXOWL�SDVVEDQG�ODVLQJ��03%��ZLOO�RFFXU�

λλ1 λ
P

∆λ
err

λ
P’ λ1λ1 λΝ λ1λΝ

dGN

T( )λ

FSR

0-1 -1 0 1 1

)LJ������0XOWL�SDVVEDQG�ODVLQJ�PHFKDQLVP

7KLV� LV� LOOXVWUDWHG� LQ�)LJ������� �7KH�GLIIHUHQW�ZDYHOHQJWK�FKDQQHOV�DUH�GHQRWHG�DV� i
jλ �ZLWK� L

LQGLFDWLQJ�WKH�SDVVEDQG�QXPEHU�DQG�M�WKH�FKDQQHO�QXPEHU�ZLWKLQ�HDFK�SDVVEDQG��� =i ��GH�

QRWHV�WKH�FHQWUDO��GHVLUHG��SDVVEDQG�

,I�ZH�DVVXPH�WKDW�WKH�JDLQ�SHDN�� pλλ = ��FRLQFLGHV�ZLWK�WKH�FHQWUDO�ZDYHOHQJWK�RI�WKH�PXOWL�

SOH[HU��WKH�ZRUVW�6065�FRQGLWLRQ�RFFXUV�IRU�WKH�ZDYHOHQJWKV� 0
1λ �DQG� 0

Nλ �DW�WKH�RXWHU�HGJH�RI

WKH� SDVVEDQG�� � ,I�ZH� GHILQH� WKH� QRUPDOLVHG� JDLQ� DV� th
i
j

i
j ggG = �� ZLWK� thg � REWDLQHG� IURP

HT�������� WKHQ�� WR� SUHYHQW� 03%�� WKH� QRUPDOLVHG� JDLQ� GLIIHUHQFH� =NdG � ( ) ( )10 −− NN GG λλ
10 −−= NN GG �� KDV� WR�EH� ODUJHU� WKDQ� WKH� UHTXLUHG�PLQLPXP�JDLQ�GLIIHUHQFH� mindG WR� REWDLQ� D

JRRG�6065�

�����������������������������������������������������


� )RU�3KDVHG�$UUD\�GHPXOWLSOH[HUV�� WKH�JUDWLQJ�RUGHU� LV� LQ� IDFW� WKH�PRGLILHG�JUDWLQJ� RUGHU� JLYHQ�E\

eff

g

n

n
Mm = �VHH�FKDSWHU����VHFWLRQ�����
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min
10 dGGG NN +>

RU

mindGdGN >

������

ZLWK� thggdG minmin δ= �DQG� mingδ �REWDLQHG�IURP��������

$Q�DQDORJRXV�FRQGLWLRQ�PD\�EH�REWDLQHG�IRU� 1
1

0
11 GGdG −= �

,I�ZH��IRU�FRQYHQLHQFH��H[SDQG�WKH�JDLQ�VSHFWUXP�DURXQG�LWV�PD[LPXP�\LHOGLQJ�D�SDUDEROD�

G �PD\�EH�ZULWWHQ�DV

( ) 2

2 







∆Λ
−

−= p
pGG

λλ
������

)URP���������������DQG�XVLQJ� FSR
i
j

i
j λλλ ∆+=+1 �ZH�REWDLQ�WKH�IROORZLQJ�FRQGLWLRQ�IRU�REWDLQ�

LQJ�D�JRRG�6065�

( )
282

min
2

0 GFSR

FSR

FSR
cj

dG λλ
λ

λλλ ∆−∆=
∆

∆Λ−∆<− ������

LQGLFDWLQJ� WKDW� WKH� XVHIXO� UDQJH� RI� WKH� )65� LV� GHFUHDVHG� E\� DQ� DPRXQW

Gλ∆ ( ) FSRdG λ∆∆Λ= 4min
2 �

,Q�SUDFWLVH�KRZHYHU��GXH�WR�IDEULFDWLRQ�WROHUDQFHV
�� LW�ZLOO�EH�YHU\�GLIILFXOW� WR�IRUFH�WKH�JDLQ

SHDN�ZDYHOHQJWK�WR�FRLQFLGH�ZLWK�WKH�FHQWUDO�ZDYHOHQJWK�RI�WKH�GHPXOWLSOH[HU���,I�ZH�DVVXPH

WKDW� WKH� JDLQ� SHDN�ZDYHOHQJWK� LV� VKLIWHG� WR� D� YDOXH� ’pλ � ZLWK errcp λλλ ∆=−’ � DQG�ZDQW� WR

PDNH� VXUH� WKDW� WKH� JDLQ� IRU� FKDQQHO� 0
jλ � LV� ODUJHU� WKDQ� WKH� JDLQ� IRU� FKDQQHO� 1

jλ � LQ� WKH�QH[W

SDVVEDQG��WKH�IROORZLQJ�FRQGLWLRQ�LV�GHULYHG�IURP�)LJ������

Gpp λλλλλ ∆−−<− ’
1
1

0
1’ ������

ZLWK� Gλ∆ �DV�GHILQHG�LQ��������DGGHG�WR�JXDUDQWHH�D�JRRG�6065���$IWHU�VRPH�PDQLSXODWLRQ

WKLV�FRQGLWLRQ�PD\�EH�UHZULWWHQ�DV�

( )GCSFSRerr N λλλλ ∆−∆−∆<∆
2

1

RU��DV�D�FRQGLWLRQ�RQ�WKH�IUHH�VSHFWUDO�UDQJH�

GCSerrFSR N λλλλ ∆+∆+∆>∆ 2

������

�����������������������������������������������������


�7KLV�XQFHUWDLQW\�LV�GHWHUPLQHG�SULPDULO\�GXH�WR�WKH�XQFHUWDLQW\�RQ�WKH�DEVROXWH�PDWHULDO�SHDN�JDLQ

EXW�DOVR�GXH�WR�WKH�XQFHUWDLQW\�RQ�WKH�H[DFW�WKUHVKROG�FDUULHU�GHQVLW\��VLQFH��ZLWK�LQFUHDVLQJ�WKUHVKROG

JDLQ�DQG�FDUULHU�GHQVLW\��WKH�JDLQ�SHDN�ZDYHOHQJWK�VKLIWV�WRZDUGV�ORZHU�ZDYHOHQJWK�GXH�WR�EDQG�ILOO�

LQJ�HIIHFWV�
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$Q�XQFHUWDLQW\� ≈∆ errλ ���QP�VHHPV�XQDYRLGDEOH�� �2IWHQ�KRZHYHU�� WKH�XQFHUWDLQW\� LV� HYHQ

ODUJHU���&RQVHTXHQWO\��IURP��������LW�PD\�EH�VHHQ�WKDW�D�ODUJH�)65�PD\�EH�QHFHVVDU\�WR�SUH�

YHQW�03%�ODVLQJ�� � 6XFK�D� ODUJH�)65� FRQVLGHUDEO\� LQFUHDVHV� WKH� VL]H�RI� WKH�PXOWLSOH[HU� �VHH

FKDSWHU����VHFWLRQ��������)RU�WKDW�SXUSRVH��'RHUU�KDV�SURSRVHG�DQG�GHPRQVWUDWHG�WKH�XVH�RI�D

FKLUSHG�3KDVHG�$UUD\� WR� DYRLG�0%3�ODVLQJ� >��@�� �&KLUSLQJ� RI� WKH�PXOWLSOH[HU�GHVWUR\V� WKH

SHULRGLFLW\�RI� WKH� WUDQVIHU��E\� VXSSUHVVLQJ� WKH� WUDQVPLVVLRQ� WKURXJK� WKH�SDVVEDQGV�QH[W� WR

WKH�FHQWUDO�SDVVEDQG���7KLV�DGGV�RQO\�D�VPDOO�ORVV��GRHV�QRW�LQFUHDVH�WKH�VL]H�RI�WKH�ODVHU�DQG

UHTXLUHV�QR�DGGLWLRQDO�PDQXIDFWXULQJ� VWHSV�� � )XUWKHUPRUH�� E\� FKRRVLQJ� WKH�SRVLWLRQ�RI� WKH

FHQWUDO�SDVVEDQG�ZLWK�UHVSHFW�WR�WKH�JDLQ�SHDN��WKH�OLQHZLGWK�HQKDQFHPHQW�IDFWRU�α �PD\�EH

RSWLPLVHG�DV�LV�VRPHWLPHV�GRQH�IRU�')%�ODVHUV�

2.3.3 Single longitudinal mode stability

$V� GHPRQVWUDWHG� LQ� WKH� SUHYLRXV� SDUDJUDSK�� HT�� ������� LV� XVHIXO� WR� FDOFXODWH� WKH� 6065� RI

ODVLQJ�PRGHV�WKDW�DUH�VSDFHG�IDU�DZD\�IURP�HDFK�RWKHU�� �+RZHYHU��LW�FDQQRW�EH�XVHG�WR�H[�

SODLQ� WKH�H[SHULPHQWDOO\�REVHUYHG�VWURQJ�VLQJOH�PRGH� VWDELOLW\� LQ�PXOWL�ZDYHOHQJWK� ODVHUV�

'XH�WR�WKHLU� ORQJ�FDYLW\�� WKH�ORQJLWXGLQDO�PRGH�VSDFLQJ�LV�YHU\�QDUURZ��UDQJLQJ�IURP�RQO\

�����*+]�LQ�>�@�WR�����*+]�IRU�WKH�PRVW�FRPSDFW�GHYLFH�SXEOLVKHG�XS�WR�QRZ�>�@���6LQFH�WKH

W\SLFDO�ILOWHU�EDQGZLGWK�RI�WKH�PXOWLSOH[HU�LV�EHWZHHQ����*+]�DQG�����*+]��WKHUH�DUH�VHYHUDO

PRGHV�DURXQG�WKH�ILOWHU�SHDN�ZDYHOHQJWK�WKDW�VKRZ�RQO\�D�YHU\�VPDOO�QHW�JDLQ�GLIIHUHQFH�DQG

RQH�ZRXOG�H[SHFW� WKHVH� ODVHUV� WR�EH�PXOWL�PRGDO�� �+RZHYHU�� VLGH�PRGH�VXSSUHVVLRQ� UDWLRV

RYHU����G%�KDYH�EHHQ�REVHUYHG�H[SHULPHQWDOO\��H�J��VHH�>�@�RU�FKDSWHU������2ULJLQDOO\��LW�ZDV

WKRXJKW�WKDW�DGGLWLRQDO�ILOWHULQJ�DULVLQJ�IURP�)DEU\�3pURW�FDYLWLHV�FDXVHG�E\�LQWHUQDO�UHIOHF�

WLRQV�VHOHFWV�WKH�ORQJLWXGLQDO�PRGH�DW�ZKLFK�WKH�ODVHU�RVFLOODWHV�>��@���,Q�WKH�SDVW��VXFK�D�WKH�

RU\�ZDV� VXFFHVVIXOO\�XVHG� WR� H[SODLQ� WKH� VSHFWUDO� FKDUDFWHULVWLFV�RI� ODVHUV�ZLWK�GHOLEHUDWHO\

LQGXFHG�GDPDJH�FHQWUHV�DORQJ�WKH�FDYLW\�>��@�� �+RZHYHU��ZKLOH�IRU�PRUH�UHFHQW�GHYLFHV�WKH

LQWUD�FDYLW\� UHIOHFWLRQV� FRXOG�DOPRVW� FRPSOHWHO\�EH� UHPRYHG�E\�XVLQJ� DQ� LPSURYHG�PRQR�

OLWKLF�LQWHJUDWLRQ�WHFKQRORJ\�>�@��WKH\�HYHQ�VKRZ�D�EHWWHU�6065���,W�WXUQV�RXW�WKDW�QRW�WKHVH

UHIOHFWLRQV�EXW�WKH�FRPELQHG�HIIHFW�RI�D�VWURQJ�VHOI�LQGXFHG�FDUULHU�PRGXODWLRQ�DQG�WKH�LQWUD�

FDYLW\�ILOWHU�DUH�UHVSRQVLEOH�IRU�WKLV�H[FHOOHQW�6065��EHDWLQJ�RI�QHLJKERXULQJ�PRGHV�PRGX�

ODWHV�WKH�FDUULHU�GHQVLW\�DW�WKH�PRGH�VSDFLQJ�IUHTXHQF\�Ω ���6LQFH�WKH�PRGXODWLRQ�RI�WKH�FDU�

ULHU�GHQVLW\�DOVR�SURGXFHV�D�YDULDWLRQ�RI�WKH�GLHOHFWULF�FRQVWDQW��ERWK�D�G\QDPLF�JDLQ�ODWWLFH

DQG�D�G\QDPLF�SKDVH�ODWWLFH�ZLOO�EH�SURGXFHG�E\�WKH�ZDYH�EHDWLQJ�� �7KH�SKDVH�JUDWLQJ�ZLOO

VFDWWHU�ODVHU�UDGLDWLRQ�DW�D�IUHTXHQF\� 0ω �LQ�WKH�VDPH�GLUHFWLRQ��ZLWK�D�6WRNHV
�VKLIW�Ω ��DQG�DV

D�FRQVHTXHQFH�JHQHUDWHV�DQ�DV\PPHWULF�FRQWULEXWLRQ�WR�WKH�JDLQ�VSHFWUXP�VXFK�WKDW�WKH�JDLQ

LV� HQKDQFHG� IRU� PRGHV� O\LQJ� RQ� WKH� ORQJ�ZDYHOHQJWK� VLGH� EXW� UHGXFHG� IRU� WKH� VKRUWHU�

ZDYHOHQJWK�PRGHV�

7KLV�PRGHO�ZDV�SURSRVHG�E\�%RJDWRY� >��@� DQG� FRXOG� H[SODLQ�ZHOO� H[SHULPHQWDO� UHVXOWV� LQ

ODVHUV� DQG� WUDYHOOLQJ� ZDYH� DPSOLILHUV� ZLWK� DQ� LQWHU�PRGH� VSDFLQJ� OLPLWHG� WR� D� IHZ� *+]

>��@>��@>��@>��@>��@�� �7KH�VWUHQJWK�RI� WKLV� LQWHUEDQG�HIIHFW�GHFUHDVHV�UDSLGO\�ZKHQ�WKH�ORQJL�
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WXGLQDO�PRGH�VSDFLQJ�EHFRPHV�FRPSDUDEOH�WR�WKH�UHFLSURFDO�RI�WKH�FDUULHU�OLIHWLPH�� ≈eτ ��QV��
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7KH�VHFRQG�WHUP�ZLWKLQ�WKH�VTXDUH�EUDFNHWV�LPSOLHV�WKDW�WKH�KLJKHU�LQWHQVLW\�PRGH�UHFHLYHV
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DQG�WKH�VXSSUHVVLRQ�RI�WKH�RWKHU�PRGHV�
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)URP�D� VWDELOLW\�DQDO\VLV�RI� WKH�VLQJOH�PRGH�RSHUDWLRQ�RI�D� ORQJ�FDYLW\� ODVHU�ZLWK�DQ� LQWUD�

FDYLW\�ILOWHU��LW�ZDV�GHPRQVWUDWHG�WKDW�WKHUH�LV�D�VWDELOLW\�UHJLRQ�QHDU�WKH�SHDN�RI�WKH�ILOWHU�>��@

�VRPHZKDW�VKLIWHG�WR�WKH� ORZHU�IUHTXHQF\�VLGH��� �$V�ORQJ�DV�D� ODVLQJ�PRGH�VWD\V�LQ� WKLV� UH�

JLRQ�� DOO� RWKHU� PRGHV�ZLOO� EH� VXSSUHVVHG� HIIHFWLYHO\�� � +RZHYHU�� LI� WKH� RSHUDWLQJ� PRGH� LV

PRYHG�ZLWK�UHVSHFW�WR�WKH�ILOWHU�VXFK�WKDW�LW�H[LWV�WKLV�UHJLRQ��WKH�ODVLQJ�ZLOO�VZLWFK�WR�DQRWKHU

PRGH� VRPHZKHUH� HOVH� LQ� WKH� VWDELOLW\� UHJLRQ�� � 7KLV� PHFKDQLVP� SUHYHQWV� HIIHFWLYHO\� UDSLG

PRGH�KRSSLQJ�

(IIHFWV�QRW� LQFOXGHG� LQ� WKH�PRGHO��LQWUD�FDYLW\�UHIOHFWLRQV��PXOWL�WUDQVYHUVH�PRGLQJ��VSDWLDO

KROH�EXUQLQJ��ZLOO�GLVWRUW�WKH�VWDELOLW\�UHJLRQ���)RU�WKDW�UHDVRQ��LW�LV�LPSRUWDQW�WKDW�WKLV�UHJLRQ

LV�DV�ZLGH�DV�SRVVLEOH�� �7KLV�PD\�EH�REWDLQHG�E\�ERWK�GHFUHDVLQJ�WKH�FDYLW\�OHQJWK�DQG�GH�

FUHDVLQJ� WKH� ILOWHU�EDQGZLGWK�� �+RZHYHU�� IRU�SUDFWLFDO�PXOWLSOH[HUV�� WKHUH� LV� D� WUDGH�RII� EH�

WZHHQ� ERWK� FRQGLWLRQV�� GHFUHDVLQJ� WKH� ILOWHU� EDQGZLGWK� ZLOO� W\SLFDOO\� LQFUHDVH� WKH� FDYLW\

OHQJWK�FRQVLGHUDEO\�DQG�YLFH�YHUVD�DV�GHPRQVWUDWHG�DOUHDG\�LQ�FKDSWHU���� �)URP�WKH�DERYH�

PHQWLRQHG�PRGHO��LW�ZDV�HPSLULFDOO\�IRXQG�WKDW�PLQLPLVLQJ� dBL 3
3ω �PD[LPLVHV�WKH�VWDELOLW\

UHJLRQ���7KLV�UHODWLRQ�ZDV�XVHG�LQ�FKDSWHU���IRU�RSWLPLVLQJ�WKH�GHPXOWLSOH[HU�GHVLJQ�
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2.4 Linewidth
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2.5 Dynamic Properties
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7R�YHULI\�WKLV�PRGHO��ZH�FDOFXODWHG�WKH�VPDOO�VLJQDO�UHVSRQVH�RI�VRPH�ODVHUV�XVLQJ�D�ULJRURXV

ODVHU�PRGHO� �&/$',66�� >�@�� DQG� FRPSDUHG� WKH� UHVXOWV� ZLWK� WKRVH� REWDLQHG� IURP� WKH� UDWH�

HTXDWLRQ�PRGHO�� �)RU�WKH�GLIIHUHQWLDO�JDLQ��ZH�XVHG� =’g ���×�����P��� �)RU� WKH�UHFRPELQDWLRQ

FRHIILFLHQWV��ZH�XVHG�H[SHULPHQWDOO\�REWDLQHG�YDOXHV��FKDSWHU����7DEOH������ILUVW�FROXPQ����7KH

�����������������������������������������������������

∗ �,I�ZH�IRU�H[DPSOH�ZDQW� <Lωτ ����WKH�IUHTXHQF\�ν�KDV�WR�EH�VPDOOHU�WKDQ�����*+]�IRU�D�����µP�ORQJ

ODVHU�DQG�VPDOOHU�WKDQ����0+]�IRU�D�W\SLFDO�ORQJ�FDYLW\�ODVHU�ZLWK�D�OHQJWK�RI����PP
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JDLQ�FRPSUHVVLRQ�IDFWRU�ZDV�VHW� WR� =pκ ����:��� �RU� =sκ ����×�����P���DQG�WKH�RWKHU�YDOXHV

ZHUH� WDNHQ� IURP� 7DEOH� ����� � )LJ�� ����D� VKRZV� WKH� VPDOO� VLJQDO� UHVSRQVH� RI� D� ��� mµ � ORQJ

VKRUW�FDYLW\�ODVHU��QR�H[WHUQDO�FDYLW\��ZLWK�WKH�IDFHWV�DV�FOHDYHG�� =iR ��������7KH�FXUUHQW�ZDV

YDULHG�IURP����P$�WR����P$���7KH�RXWSXW�SRZHU�LQFUHDVHG�WKHUHE\�IURP�����P:�WR������P:�

7KHUH� LV�D�JRRG�DJUHHPHQW�EHWZHHQ� WKH�UHVXOWV�REWDLQHG�IURP�WKH�UDWH�HTXDWLRQV�DQG�WKRVH

REWDLQHG� IURP� &/$',66�� � )LJ�� ����E� VKRZV� DQDORJRXV� UHVXOWV� IRU� D� ORQJ�FDYLW\� ODVHU

� =aL ��� mµ �� =pL ���PP����7KH�ORVV�RI�WKH�SDVVLYH�FDYLW\�ZDV���G%�DQG�DQ�+5�FRDWLQJ�ZDV

DSSOLHG�WR�WKH�IDFHW�DW�WKH�DPSOLILHU�VLGH�� =1R ��������,Q�WKLV�FDVH��WKH�ELDV�FXUUHQW�ZDV�YDULHG

IURP����P$�WR�����P$��FRUUHVSRQGLQJ�ZLWK�DQ�RXWSXW�SRZHU� LQFUHDVH� IURP�����P:�WR����

P:�� �7KH�UHVXOWV�REWDLQHG�IURP�WKH�UDWH�HTXDWLRQV�ZHUH�VKLIWHG�GRZQ�E\����G%�IRU�FODULW\�

)URP�WKHVH�UHVXOWV��LW�LV�REYLRXV�WKDW�WKH�PRGXODWLRQ�IUHTXHQF\�GHFUHDVHV�FRQVLGHUDEO\�GXH�WR

WKH� ORQJ� FDYLW\� OHQJWK�� � )XUWKHU�� RQH� VHHV� WKDW� D� UHVRQDQFH� SHDN� DULVHV�� DW� D� IUHTXHQF\� DS�

SUR[LPDWHO\�HTXDO�WR�WKH�LQYHUVH�RI�WKH�FDYLW\�URXQGWULS�WLPH� LgL 2v1 =τ �� �7KLV�PD\�DOVR

EH�VHHQ�IURP�WKH�GHQRPLQDWRU�RI�HT����������ZKLFK�VKRZV�WKDW�WKH�UHVSRQVH�LV�VRPHZKDW�SHUL�

RGLF���$JDLQ��WKHUH�LV�D�JRRG�DJUHHPHQW�EHWZHHQ�WKH�UDWH�HTXDWLRQ�PRGHO�DQG�WKH�UHVXOWV�RE�

WDLQHG�IURP�&/$',66��DOWKRXJK�WKH�UDWH�HTXDWLRQ�PRGHO�VHHPV�WR�RYHUHVWLPDWH�WKH�GDPSLQJ

VRPHZKDW�DW�ORZHU�IUHTXHQFLHV�
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)LJ�������D��&DOFXODWHG�VPDOO�VLJQDO�UHVSRQVH�RI�D�VKRUW�FDYLW\�ODVHU�IRU�IRXU�GLIIHUHQW�ELDV�

FXUUHQWV���E��&DOFXODWHG�VPDOO�VLJQDO�UHVSRQVH�RI�D�ORQJ�FDYLW\�ODVHU�ZLWK�D���G%�ORVV�LQ�WKH

SDVVLYH�FDYLW\���)RU�FODULW\��WKH�UHVXOWV�REWDLQHG�IURP�WKH�UDWH�HTXDWLRQV�DUH�VKLIWHG�GRZQ

E\����G%�

)LJ������D�VKRZV�WKH�VPDOO�VLJQDO�UHVSRQVH�DV�IXQFWLRQ�RI�WKH�FDYLW\�OHQJWK�� =I ���P$����7KLV

ILJXUH�VKRZV�PRUH�FOHDUO\�WKH�SHULRGLFLW\�RI�WKH�UHVRQDQFH�SHDNV���)RU� =pL ���PP��WKH�ILUVW

SHDN�DULVHV�DOUHDG\�DW� ~ν ����*+]�DQG�WKH�VHFRQG�SHDN�IDOOV�WRJHWKHU�ZLWK�WKH�ILUVW�UHVRQDQFH

SHDN�RI� WKH� FKDUDFWHULVWLF� IRU� =pL ���PP�� �)LJ�� ����E� VKRZV� WKH� LQIOXHQFH�RI� WKH�GDPSLQJ

IDFWRU���7KLV�ILJXUH�VKRZV�WKDW�WKH�RYHUHVWLPDWLRQ�RI�WKH�GDPSLQJ�LQ�WKH�UDWH�HTXDWLRQ�PRGHO



���� &+$37(5��
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)LJ�������D��&DOFXODWHG�VPDOO�VLJQDO�UHVSRQVH�RI�D�ORQJ�FDYLW\�ODVHU�ZLWK�WKH�FDYLW\�OHQJWK

YDULHG�� =pε ����:����� �E��&DOFXODWHG�VPDOO�VLJQDO�UHVSRQVH�RI�D�ORQJ�FDYLW\� ODVHU�ZLWK� WKH

GDPSLQJ� IDFWRU� YDULHG� � pL  ��� PP��� � )RU� FODULW\�� WKH� UHVXOWV� REWDLQHG� IURP� WKH� UDWH�

HTXDWLRQV�DUH�VKLIWHG�GRZQ�E\����G%�

)LJ������D� VKRZV� WKH���G%�EDQGZLGWK�DV� IXQFWLRQ�RI� WKH�GULYH� FXUUHQW��ZLWK� WKH� ORVV�RI� WKH

SDVVLYH� FDYLW\� YDULHG� �FDOFXODWHG� XVLQJ�&/$',66��� � $V� H[SHFWHG�� WKH� EDQGZLGWK� LQFUHDVHV

ZLWK� LQFUHDVLQJ� GULYH� FXUUHQW� DQG� IRU� D� JLYHQ� GULYH� FXUUHQW�� ZLWK� GHFUHDVLQJ� FDYLW\� ORVV�

+RZHYHU��LI�ZH�GHSLFW�WKH�EDQGZLGWK�DV�IXQFWLRQ�RI�WKH�RXWSXW�SRZHU��WDNHQ�DW�WKH�SDVVLYH

IDFHW���WKH�EDQGZLGWK�LQFUHDVHV�VWURQJO\�ZLWK�LQFUHDVLQJ�FDYLW\�ORVV���7KLV�HIIHFW�VWHPV�IURP

WKH�PXFK�KLJKHU�SKRWRQ�GHQVLWLHV�LQ�WKH�KLJK�ORVV�FDYLWLHV�
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)LJ���������G%�EDQGZLGWK�REWDLQHG�IURP�&/$',66�IRU�GLIIHUHQW�YDOXHV�RI�WKH�FDYLW\�ORVV�

DV�IXQFWLRQ�RI�WKH�ELDV�FXUUHQW��OHIW��DQG�DV�IXQFWLRQ�RI�WKH�RXWSXW�SRZHU��ULJKW��
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3 Multi-wavelength lasers with common amplifier

3.1 Multi-channel rate equations

,Q� WKLV� VHFWLRQ�� WKH� UDWH� HTXDWLRQ� GHVFULSWLRQ� LV� H[WHQGHG� WR� GHVFULEH� WKH� IXOO� PXOWL�

ZDYHOHQJWK�VRXUFH�ZLWK�PXOWLSOH�DPSOLILHUV�DWWDFKHG�DW�WKH�LQSXW�VLGH�RI�WKH�PXOWLSOH[HU�DQG

D�ERRVWHU�DPSOLILHU�DW�WKH�FRPPRQ�RXWSXW�ZDYHJXLGH�DV�GHSLFWHG�LQ�)LJ�����D���$V�H[SODLQHG

DW�WKH�EHJLQQLQJ�RI�VHFWLRQ����VWXG\LQJ�WKLV�FRPSOHWH�VHW�RI�HTXDWLRQV�LV�RQO\�QHFHVVDU\�ZKHQ

D�FRPPRQ�RXWSXW�DPSOLILHU�LV�XVHG���:LWKRXW�WKH�ODWWHU��WKH�FRXSOLQJ�EHWZHHQ�WKH�FKDQQHOV�LV

QHJOLJLEOH�DQG�WKH�VLQJOH�FKDQQHO�UDWH�HTXDWLRQV�RI�VHFWLRQ�����DGHTXDWHO\�GHVFULEH�WKH�RSHU�

DWLQJ�FKDUDFWHULVWLFV�RI�WKH�ODVHU���+RZHYHU��LI�D�FRPPRQ�DPSOLILHU�LV�XVHG��DOO�FKDQQHOV�RSHU�

DWH�RQ�WKH�VDPH�FDUULHU�UHVHUYRLU�ZKHQ�WUDYHUVLQJ�WKLV�DPSOLILHU�DQG�ZH�KDYH�WR�FRQVLGHU�WKH

FRPSOHWH�VHW�RI�UDWH�HTXDWLRQV�GHVFULELQJ�DOO�VLJQDO�DPSOLILHUV�DQG�WKH�FRPPRQ�DPSOLILHU�

,Q� WKH� IROORZLQJ�� WKH� VXEVFULSWV� c � DQG� a � GHQRWH� SDUDPHWHUV� DQG� SURSHUWLHV� IRU� WKH� VLJQDO

DPSOLILHUV�DQG� IRU� WKH�FRPPRQ�DPSOLILHU� UHVSHFWLYHO\�� �7KH� VXEVFULSW� i �� UDQJLQJ� IURP��� WR

N ��GHQRWHV�WKH�FKDQQHO�QXPEHU��N �EHLQJ�WKH�WRWDO�QXPEHU�RI�FKDQQHOV�

7KH�SKRWRQ�QXPEHU�UDWH�HTXDWLRQV�DUH�JLYHQ�E\
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:LWK� icia SS ,, , � WKH�PHDQ�SKRWRQ�GHQVLWLHV�IRU�FKDQQHO� L�� LQ�WKH�FRPPRQ�DQG�VLJQDO�DPSOLILHU

UHVSHFWLYHO\���6LQFH� iaS , �DQG� icS , �DUH�HDVLO\�FDOFXODWHG�IURP�
#
iS ��WKH�WRWDO�SKRWRQ�QXPEHU�IRU

WKH� L�WK�FKDQQHO��HT�� �������DQG�������� UHSUHVHQW�D�VHW�RI��1���FRXSOHG�QRQ�OLQHDU�HTXDWLRQV

ZLWK��1���YDULDEOHV�
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DQG�VHWWLQJ�WKH�SKRWRQ�GHQVLWLHV�WR�]HUR�LQ��������� �$�VXLWDEOH�UHODWLRQ�EHWZHHQ�WKH�FXUUHQWV

DSSOLHG� WR� WKH� VLJQDO� FKDQQHOV� DQG� WKH�FXUUHQW� DSSOLHG� WR� WKH� FRPPRQ� DPSOLILHU�KDV� WR�EH

FKRVHQ���7\SLFDOO\�� aI �LV�VHW�WR�D�IL[HG�YDOXH�RU�HTXDO�WR�WKH�VLJQDO�FKDQQHO�FXUUHQW�

7R�SURYH�WKH�YDOLGLW\�RI�WKLV�PRGHO��ZH�VROYHG�WKH�HTXDWLRQV�IRU�D�ODVHU�FRQVLVWLQJ�RI�WZR����

µP�ORQJ�DPSOLILHUV�ZLWK�D�SDVVLYH�FDYLW\� LQ�EHWZHHQ��)LJ�������� �ODVHU������ �7KH� ORVV�RI� WKLV
SDVVLYH�FDYLW\�ZDV�YDULHG�EHWZHHQ���G%�DQG����G%�� �7KH�UHVXOWV�DUH�FRPSDUHG�ZLWK�YDOXHV

REWDLQHG�IURP�&/$',66�>�@��)LJ����������7KH�UHVXOWV�IRU�D�ODVHU�ZLWK�RQH�����µP�ORQJ�FDYLW\
�)LJ���������ODVHU�����DUH�DOVR�LQFOXGHG�

laser 1: LOSS

LOSS

Pout

laser 2:

50 mA 50 mA

100 mA

Pout
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)LJ�������D��7KUHVKROG�FXUUHQW�IRU�ODVHU���DQG�ODVHU����VKRZQ�LQ�)LJ���������FDOFXODWHG�XVLQJ�D

ULJRURXV�ODVHU�PRGHO��&/$',66��DQG�XVLQJ�WKH�UDWH�HTXDWLRQV���E��7KH�RXWSXW�SRZHU�ZKHQ

WKH�WRWDO�GULYH�FXUUHQW�LV�����P$�
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)LJ������D�VKRZV�WKDW�WKH�YDOXHV�IRU�WKH�WKUHVKROG�FXUUHQW�FDOFXODWHG�IURP�HTXDWLRQV��������

�������DUH�HTXDO�WR�WKH�YDOXHV�REWDLQHG�IURP�&/$',66���)XUWKHU��LW�VKRZV�WKDW�WKH�WKUHVKROG

FXUUHQWV�DUH�HTXDO�IRU�ERWK�ODVHU�W\SHV���)URP�)LJ������E��RQH�PD\�VHH�WKDW�&/$',66�SUHGLFWV

D� GHFUHDVLQJ� RXWSXW� SRZHU� ZLWK� LQFUHDVLQJ� FDYLW\� ORVV� DQG� WKLV� GHFUHDVH� DSSHDUV� WR� EH

VWURQJHU�IRU�WKH�VLQJOH�DPSOLILHU�ODVHU���ODVHU�����WKDQ�IRU�WKH�ODVHU�ZLWK�WZR�DPSOLILHUV���7KH

UDWH�HTXDWLRQ� PRGHO� SUHGLFWV� D� VLPLODU� EHKDYLRXU�� � +RZHYHU�� WKH� RXWSXW� SRZHU� LV� DJDLQ

VOLJKWO\�RYHUHVWLPDWHG�DV�ZDV�DOUHDG\�QRWLFHG�LQ�VHFWLRQ����H�J��VHH�)LJ���������6WLOO�ZH�EHOLHYH

WKDW�WKLV�PRGHO�PD\�EH�YHU\�XVHIXO�IRU�RSWLPLVLQJ�WKH�ODVHU�GHVLJQ�

)LJ������E�UHYHDOV�WKDW�D�FRPPRQ�DPSOLILHU�PD\�EH�YHU\�XVHIXO��ZLWK�WKH�VDPH�WRWDO�FXUUHQW

DSSOLHG�DQG�WKH�VDPH�WRWDO�DPSOLILHU�OHQJWK��WKH�WZR�VHFWLRQ�ODVHU�KDV�D�VLJQLILFDQWO\�KLJKHU

RXWSXW�SRZHU�WKDQ�WKH�VLQJOH�VHFWLRQ�ODVHU�ZKHQ�WKH�ORVV�LQ�WKH�SDVVLYH�FDYLW\�LQFUHDVHV���7KH

RULJLQ�RI�WKLV�EHKDYLRXU�PD\�EH�XQGHUVWRRG�DV�IROORZV��VLQFH�WKH�WRWDO�FDYLW\�ORVV�LV�LGHQWLFDO

IRU� ERWK� GHYLFHV�� DOVR� WKH� UHTXLUHG� WKUHVKROG� JDLQ� FDOFXODWHG� IURP� ������� DQG� WKH� FRUUH�

VSRQGLQJ�WKUHVKROG�FDUULHU�GHQVLW\�ZLOO�EH�WKH�VDPH���)URP�WKH�FDUULHU�UDWH�HTXDWLRQV��������

RQH�GHULYHV�HDVLO\�WKDW� LQ�VXFK�D�FDVH��ZLWK�WKH�VDPH�FXUUHQW�GHQVLW\�DSSOLHG�LQ�ERWK�FDVHV�

WKH�PHDQ�SKRWRQ�GHQVLW\�LQ�ERWK�ODVHUV�LV�DOVR�LGHQWLFDO���+RZHYHU��DV�VKRZQ�LQ�)LJ��������WR

REWDLQ�D�FRPSDUDEOH�RXWSXW�SRZHU� OHYHO� LQ� WKH�VLQJOH�DQG�WKH�GRXEOH�DPSOLILHU�GHVLJQ�� WKH

ILUVW�UHTXLUHV�D�PXFK�KLJKHU�PHDQ�SKRWRQ�GHQVLW\�OHYHO�
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)LJ�� ����� )RUZDUG� DQG� EDFNZDUG� WUDYHOOLQJ� SKRWRQ� GHQVLWLHV� LQ� D� WZR�DPSOLILHU� GHVLJQ

�OHIW��DQG�VLQJOH�DPSOLILHU��ULJKW��GHVLJQ�IRU�WKH�VDPH�RXWSXW�SRZHU�OHYHO���7KH�KRUL]RQWDO

OLQH�VKRZV�WKH�DYHUDJH�SKRWRQ�GHQVLW\��LQGLFDWLQJ�FOHDUO\�WKH�KLJKHU�DYHUDJH�SRZHU�GHQ�

VLW\�OHYHO�LQ�WKH�RQH�DPSOLILHU�GHVLJQ���ODVHU����

,Q�DQ�DFWXDO�WZR�DPSOLILHU�GHVLJQ��WKH�WRWDO�FDYLW\�ORVV�PD\�EH�KLJKHU�GXH�WR�WKH�DGGLWLRQDO

DFWLYH�SDVVLYH� LQWHUIDFH�� �+RZHYHU�� HYHQ� LQ� WKDW� FDVH� LW�PD\�EH� IDYRXUDEOH� WR�XVH� D� VHFRQG

DPSOLILHU�DV�VKRZQ�LQ�)LJ���������7KH�VROLG�OLQH�LQ�WKLV�ILJXUH�GHSLFWV�WKH�RXWSXW�SRZHU�RI�DQ

����µP�ORQJ�VLQJOH�DPSOLILHU�ODVHU���7KH�RWKHU�OLQHV�UHSUHVHQW�WKH�RXWSXW�SRZHU�RI�D�GRXEOH

DPSOLILHU� ODVHU�� WDNLQJ� LQWR�DFFRXQW�DQ� LQFUHDVLQJ�DFWLYH�SDVVLYH� WUDQVLWLRQ� ORVV� � =tf ��� ��� �

G%��� �)RU�DQ�DFWLYH�SDVVLYH� WUDQVLWLRQ� ORVV�RI� ��G%��ZKLFK� LV� W\SLFDO� IRU�PRQROLWKLFDOO\� LQWH�

JUDWHG�3,&V��WKH�GRXEOH�DPSOLILHU�GHVLJQ�LV�EHWWHU�DV�VRRQ�DV�WKH�SDVVLYH�FDYLW\�ORVV�VXUSDVVHV
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����G%��LQGLFDWHG�E\�WKH�ILUVW�DUURZ����+\EULGO\�LQWHJUDWHG�3,&V��ZLWK�D�W\SLFDO�WUDQVLWLRQ�ORVV

RI� �� G%� WR� �� G%��PD\� KDYH� YHU\� ORZ� DGGLWLRQDO� FDYLW\� ORVVHV� �HYHQ� EHORZ� ���� G%��� ZKLFK

PDNHV�WKDW�LW�LV�OHVV�REYLRXV�WKDW�D�VHFRQG�DPSOLILHU�LV�XVHIXO�
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)LJ�������7KH�VROLG�FXUYH�VKRZV�WKH�RXWSXW�SRZHU�IRU�D�ODVHU�FRQVLVWLQJ�RI�RQH�����µP�ORQJ
DPSOLILHU�DQG�D�SDVVLYH�FDYLW\�YHUVXV�WKH�ORVV�LQ�WKH�SDVVLYH�SDUW��LQFOXGLQJ�WKH�ORVV�RI�RQH

DFWLYH�SDVVLYH� WUDQVLWLRQ��� �7KH�RWKHU� FXUYHV� UHSUHVHQW� WKH�RXWSXW�SRZHU� IRU� D� ODVHU�ZLWK

WZR���� µP�ORQJ�DPSOLILHUV�DQG�D�SDVVLYH�FDYLW\� LQ�WKH�PLGGOH�� UHVSHFWLYHO\� LQ�WKH�FDVHV

ZKHUH�WKH�DFWLYH�SDVVLYH�WUDQVLWLRQ�ORVV� tf �LV�QHJOLJLEOH����G%�DQG���G%�

3.2 Signal distortion and crosstalk from carrier density changes in the

common amplifier

:KHQ�PXOWLSOH�FKDQQHOV�DUH�RSHUDWHG�VLPXOWDQHRXVO\��D�FKDQJH�LQ�WKH�SRZHU�OHYHO�RI�D�VLQJOH

FKDQQHO�UHVXOWV�LQ�D�FDUULHU�GHQVLW\�FKDQJH�LQ�WKH�FRPPRQ�DPSOLILHU�DV�FDQ�EH�VHHQ�GLUHFWO\

IURP�WKH�FRUUHVSRQGLQJ�UDWH�HTXDWLRQ�
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,Q�WKH�VHFRQG�HTXDWLRQ�� ∑= iaa SS , LV�WKH�WRWDO�SKRWRQ�GHQVLW\�LQ�WKH�FRPPRQ�DPSOLILHU�DQG

ZH�DVVXPHG�WKH�JDLQ�WR�EH�FRQVWDQW�IRU�DOO�FKDQQHOV�

7KH�FDUULHU�GHQVLW\�FKDQJH�LQ�WXUQ�ZLOO�DIIHFW�WKH�DPSOLILHU�JDLQ��UHVXOWLQJ�LQ�VLJQDO�GLVWRUWLRQ

DQG�FURVVWDON�EHWZHHQ�DOO�FKDQQHOV�

7R�LOOXVWUDWH�WKLV��)LJ�������VKRZV�WKH�SHU�FKDQQHO�RXWSXW�SRZHU�DV�IXQFWLRQ�RI�WKH�GULYH�FXU�

UHQW�RI� WKH�VLJQDO�DPSOLILHUV�� icI , ���ZKLFK�LV�DVVXPHG�WR�EH�HTXDO�IRU�DOO�FKDQQHOV�� �7KH�ELDV

FXUUHQW�RI�WKH�FRPPRQ�DPSOLILHU�� aI ��ZDV�NHSW�DW�D�FRQVWDQW�YDOXH��LQGLFDWHG�LQ�WKH�ILJXUHV�
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aL �GHQRWHV�WKH�OHQJWK�RI�WKH�FRPPRQ�DPSOLILHU�DQG�WKH�OHQJWK�RI�WKH�VLJQDO�DPSOLILHUV�ZDV

��� mµ ���7KH�ORVV�RI�WKH�SDVVLYH�FDYLW\�ZDV�VHW�DW���G%�DQG�N �LV�WKH�QXPEHU�RI�FKDQQHOV���7KH

RWKHU�SDUDPHWHUV�ZHUH�DV�LQGLFDWHG�LQ�7DEOH�������)URP�DOO�WKUHH�ILJXUHV��LW�LV�REYLRXV�WKDW�WKH

RXWSXW�SRZHU�GHFUHDVHV�FRQVLGHUDEO\�ZLWK�LQFUHDVLQJ�FKDQQHO�QXPEHU���7KH�QRQ�OLQHDULW\�LQ

WKH�FXUYHV�DULVHV�IURP�WKH�IDFW�WKDW�RQO\�WKH�WRWDO�JDLQ� ica gg ,+ �LV�FODPSHG���7KH�JDLQ�RI�WKH

LQGLYLGXDO�DPSOLILHUV�GHSHQGV�RQ�WKH�WRWDO�SKRWRQ�GHQVLW\�ZLWKLQ�WKH�UHVSHFWLYH�DPSOLILHUV�

7KH�YDULRXV�RSWLRQV�IRU�WKH�GULYH�FXUUHQW�FRPELQDWLRQV�PD\�EH�FRPSDUHG�E\�ORRNLQJ�DW�WKH

RXWSXW�SRZHU�IRU�D�FRQVWDQW�SHU�FKDQQHO�GULYH�FXUUHQW� NIII aicitot += ,, �� �)RU�H[DPSOH�� IRU

=N �� DQG� =itotI , ���P$��ZH� ILQG�� LQ� WKH� FDVH� RI� =aL ��� mµ �� aI  � ���P$�� =iP ,2 ���� P:

� =icI , �����P$��� �7KLV� LV� ORZHU� WKDQ� WKH�YDOXH�ZH� IRXQG� IRU� D� VLQJOH� DPSOLILHU�GHYLFH�ZLWK

=itotI , ��� P$� ������ P:�� VHH� )LJ�� ������ � ,Q� WKH� FDVH� RI� =aL ��� mµ �� aI  � ��� P$�� ZH� ILQG

=iP ,2 ����P:�� =icI , �����P$��
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)LJ�� ����� 3HU� FKDQQHO� RXWSXW� SRZHU� YHUVXV� VLJQDO� DPSOLILHU� FXUUHQW� IRU� D�PXOWL�FKDQQHO

ODVHU���7KH�ELDV�FXUUHQW�RI�WKH�FRPPRQ�DPSOLILHU�� aI ��ZDV�VHW�DW�D�IL[HG�YDOXH���7KH�OHQJWK

RI�WKH�VLJQDO�DPSOLILHUV�ZDV���� mµ ��� aL �GHQRWHV�WKH�OHQJWK�RI�WKH�FRPPRQ�DPSOLILHU�

7KH�FDUULHU�GHQVLW\�FKDQJH�LV�JRYHUQHG�E\�DQ�HIIHFWLYH�WLPH�FRQVWDQW
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ZKLFK��GHSHQGLQJ�RQ�WKH�FDUULHU�GHQVLW\�DQG�WKH�SRZHU�OHYHO��PD\�YDU\�IURP�D�IHZ�QDQRVHF�

RQGV�WR�YDOXHV�DV�ORZ�DV�����SV���7KHUHIRUH��WKH�JDLQ�IOXFWXDWLRQV�LQGXFHG�E\�SKRWRQ�GHQVLW\

FKDQJHV��ZLOO�DIIHFW�ERWK�WKH�VWDWLF�DQG�WKH�G\QDPLF�SURSHUWLHV�RI�WKH�PXOWL�ZDYHOHQJWK�ODVHU�

,Q�>��@��WKH�FKDQQHO�FURVVWDON�DQG�WKH�LQGXFHG�SRZHU�SHQDOW\�JHQHUDWHG�LQ�D�WUDYHOOLQJ�ZDYH

DPSOLILHU�IRU�LQWHQVLW\�PRGXODWHG�PXOWL�FKDQQHO�WUDQVPLVVLRQ�ZDV�WKHRUHWLFDOO\�LQYHVWLJDWHG�

,W�ZDV�VKRZQ�WKDW�WKH�SRZHU�SHQDOW\�GXH�WR�WKH�FKDQQHO�FURVVWDON�LQLWLDOO\�LQFUHDVHV�ZLWK�LQ�

FUHDVLQJ� QXPEHU� RI� FKDQQHOV�� �+RZHYHU�� ZKHQ� WKH� FKDQQHO� QXPEHU� LQFUHDVHV� IXUWKHU�� WKH
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SRZHU�SHQDOW\�GHFUHDVHV�DJDLQ�GXH�WR�WKH�IDFW�WKDW�WKH�FURVVWDON�GHSHQGV�RQ�WKH�WRWDO�SRZHU

OHYHO��FI��HT�����������ZKLFK�VKRZV�D�GHFUHDVLQJ�GHYLDWLRQ�SUREDELOLW\�ZLWK�LQFUHDVLQJ�FKDQQHO

QXPEHU�� � ,Q�D�PXOWL�ZDYHOHQJWK� ODVHU�� WKH�VDPH�HIIHFW�PD\�RFFXU��DW� OHDVW� LI� WKH�QXPEHU�RI

VLPXOWDQHRXVO\�RSHUDWHG�FKDQQHOV�LV�KLJK�HQRXJK�

1H[W�WR�WKH�FURVVWDON�GXH�WR�WKH�FDUULHU�GHQVLW\�YDULDWLRQ��JDLQ�QRQOLQHDULWLHV�ZLOO� LQGXFH�DQ

DGGLWLRQDO�SHQDOW\�� �:KHQ�PXOWLSOH�ZDYHOHQJWK�FKDQQHOV�DUH�SDVVLQJ� WKURXJK� WKH�FRPPRQ

DPSOLILHU��ZDYH�PL[LQJ�SURGXFWV�ZLOO�EH�JHQHUDWHG�� � 6LQFH� WKH�FKDQQHO� VSDFLQJ� LV� W\SLFDOO\

ODUJHU�WKDQ�RU�HTXDO�WR�����*+]��WKH�JDLQ�QRQOLQHDULWLHV�WKDW�DUH�UHOHYDQW�KHUH�DULVH�IURP�IDVW

LQWUDEDQG�HIIHFWV�DV�H[SODLQHG�LQ�SDUDJUDSK��������FRQWUDU\�WR�WKH�LQWHUEDQG�HIIHFWV��ZKLFK�DUH

LPSRUWDQW� IRU� REWDLQLQJ� VLQJOH� ORQJLWXGLQDO�PRGH� RSHUDWLRQ�EXW�ZRUN� RQO\� RQ� D� VKRUW� IUH�

TXHQF\�UDQJH�� � ,I�PRUH� WKDQ� WZR�FKDQQHOV�DUH�RSHUDWHG�VLPXOWDQHRXVO\�� WKHLU�ZDYH�PL[LQJ

SURGXFW�PD\�RYHUODS�ZLWK�RWKHU�FKDQQHOV�WKHUHE\�FDXVLQJ�FKDQQHO�SRZHU� IOXFWXDWLRQV� >��@�

7KHVH�PD\�RQO\�EH� DYRLGHG�E\� FKRRVLQJ�DQ�XQHTXDO� FKDQQHO� VSDFLQJ�RU�E\� FRPSOHWHO\� UH�

PRYLQJ�WKH�FRPPRQ�DPSOLILHU
�

,Q�WKH�QH[W�WZR�SDUDJUDSKV��ZH�GHVFULEH�WZR�PHWKRGV�WR�DYRLG�FURVVWDON�LQGXFHG�E\�WKH�FDU�

ULHU� GHQVLW\� VDWXUDWLRQ� LQ� WKH� FRPPRQ� DPSOLILHU�� RQH� EDVHG� RQ� DQ� HOHFWURQLF� IHHG� IRUZDUG

VFKHPH��ZKLFK�ZDV�DOUHDG\�GHVFULEHG�LQ�OLWHUDWXUH�DQG�RQH�QRYHO�PHWKRG��GHYHORSHG�LQ�WKH

FRQWH[W�RI�WKLV�ZRUN�

3.3 Electronic compensation

7R�DYRLG�FURVVWDON�DQG�VLJQDO�GLVWRUWLRQ�� WKH�FDUULHU�GHQVLW\�KDV� WR�EH�NHSW�FRQVWDQW�� � ,I� WKH

JDLQ�RI�WKH�DPSOLILHUV�LV�DSSUR[LPDWHG�E\
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ZLWK� 0N WKH�WUDQVSDUHQF\�FDUULHU�GHQVLW\�DQG� a �WKH�GLIIHUHQWLDO�JDLQ��D�FRQVWDQW�FDUULHU�GHQ�

VLW\� OHYHO�PD\�EH�REWDLQHG�E\�DGGLQJ�D�FXUUHQW�FRPSRQHQW�SURSRUWLRQDO� WR� WKH� WRWDO�SRZHU

OHYHO��WR�WKH�ELDV�FXUUHQW���,I
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�$FWXDOO\��HYHQ�LI�QR�FRPPRQ�DPSOLILHU�LV�XVHG��ZDYH�PL[LQJ�SURGXFWV�DUH�REVHUYHG�LQ�WKH�VSHFWUXP

RI�VLPXOWDQHRXVO\�RSHUDWHG�PXOWL�ZDYHOHQJWK�ODVHUV��H�J��VHH�>��@�RU�WKLV�ZRUN��FKDSWHUV���	������7KHVH

ZDYH�PL[LQJ� SURGXFWV� DUH� JHQHUDWHG� LQ� WKH� SDVVLYH� RXWSXW� ZDYHJXLGH� DQG� DUH�PXFK� VPDOOHU� WKDQ

WKRVH�DULVLQJ� IURP�D�FRPPRQ�DPSOLILHU�� �6KRUWHQLQJ� WKH� OHQJWK�RI� WKH�RXWSXW�ZDYHJXLGH�PD\�HDVLO\

UHGXFH�WKH�VWUHQJWK�RI�WKH�ZDYH�PL[LQJ�SURGXFWV�
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ZKLFK�LV�D�FRQVWDQW�

6HYHUDO�DXWKRUV�KDYH�SURSRVHG�WR�XVH�VXFK�D�FRPSHQVDWLRQ�WHFKQLTXH�>�@>�@>�@���,Q�>�@��D�IHHG�

EDFN�VFKHPH�LV�XVHG��WKH�WRWDO�RXWSXW�SRZHU�LV�PHDVXUHG�DQG�D�VXLWDEOH�FXUUHQW�FRPSRQHQW�

SURSRUWLRQDO� WR� WKLV� OHYHO�� LV� DGGHG� WR� WKH� DPSOLILHU� ELDV� FXUUHQW�� � ,Q� WKH� VDPH� DUWLFOH�� WKH

DXWKRUV� SURSRVH� WR�PHDVXUH� WKH� YROWDJH� DFURVV� WKH� DPSOLILHU� LQVWHDG� RI� WKH� RXWSXW� SRZHU

OHYHO�DV�DQ�LQGLFDWLRQ�IRU�WKH�FDUULHU�GHQVLW\�OHYHO�EXW�WKH\�GLG�QRW�FDUU\�RXW�VXFK�DQ�H[SHUL�

PHQW���,Q�>�@��D�IHHG�IRUZDUG�VFKHPH�ZDV�GHPRQVWUDWHG��D�VLJQDO�SURSRUWLRQDO�WR�WKH�VXP�RI

WKH�HOHFWULFDO�FKDQQHO�GULYH�FXUUHQWV�LV�DGGHG�WR�WKH�DPSOLILHU�ELDV�FXUUHQW���6LQFH�WKLV�VXP�LV

DSSUR[LPDWHO\�SURSRUWLRQDO�WR�WKH�WRWDO�SRZHU�GHQVLW\�LQ�WKH�FRPPRQ�DPSOLILHU��WKH�FDUULHU

GHQVLW\�FDQ�EH�NHSW�FRQVWDQW�� �%LW�HUURU�PHDVXUHPHQWV�SHUIRUPHG�RQ�D� IRXU� FKDQQHO�0:/�

PRGXODWHG�ZLWK�����0E�V�QRQ�FRUUHODWHG�VLJQDOV��VKRZHG�HUURU�IUHH�RSHUDWLRQ�IRU�WKH�HOHF�

WURQLF�FRPSHQVDWHG�GHYLFH��ZKLOH�WKH�QRQ�FRPSHQVDWHG�GHYLFH�KDG�KLJK�HUURU�IORRUV�IRU�HDFK

FKDQQHO�

3.4 Gain clamping mechanism

,QVWHDG�RI�XVLQJ�DQ�HOHFWURQLF�FRPSHQVDWLRQ�VFKHPH��ZH�SURSRVHG�D�QHZ�DSSURDFK�WR�FODPS

WKH� JDLQ� RI� WKH� FRPPRQ� DPSOLILHU�� WKHUHE\� DYRLGLQJ� WKH� FDUULHU� GHQVLW\� IOXFWXDWLRQV�� � 7KLV

PHWKRG�GRHV�QRW�UHTXLUH�DQ\�H[WHUQDO�HOHFWURQLF�HTXLSPHQW�DQG�QR�DOWHUDWLRQ�RI�WKH�IDEULFD�

WLRQ�SURFHVV���2QO\�D�PLQRU�PRGLILFDWLRQ�RI�WKH�GHYLFH�OD\RXW�LV�QHHGHG�
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Ti( )λ
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…
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$V�VKRZQ�LQ�)LJ��������RQH�RI�WKH�DPSOLILHUV�DW�WKH�LQSXW�VLGH�RI�WKH�PXOWLSOH[HU�LV�UHSODFHG�E\

D�SDVVLYH�ZDYHJXLGH���,I�WKH�FRPPRQ�DPSOLILHU�LV�SXPSHG�DQG�WKH�VLJQDO�DPSOLILHUV�DUH�OHIW

XQSXPSHG��ODVLQJ�ZLOO�RFFXU�RQ�WKH�FODPSLQJ�FKDQQHO�DV�VRRQ�DV�WKH�URXQG�WULS�JDLQ�IRU�WKLV

FKDQQHO�UHDFKHV�XQLW\���,I�WKH�FXUUHQW� aI �WR�WKH�DPSOLILHU�LV�IXUWKHU�LQFUHDVHG��WKH�SRZHU�LQ�WKH

FODPSLQJ�FKDQQHO�ZLOO� LQFUHDVH�EXW�WKH�JDLQ�DQG�WKH�FDUULHU�GHQVLW\� LQ� WKH�VKDUHG�DPSOLILHU

ZLOO�UHPDLQ�FODPSHG�DW�WKHLU�WKUHVKROG�OHYHO�JLYHQ�E\��FRPSDUH�WR�HT����������
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FODPSLQJ� FKDQQHO�� WKH� JDLQ� LQ� WKH� VKDUHG� DPSOLILHU�ZLOO� UHPDLQ� FRQVWDQW�� DQG�QR� FURVVWDON
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EHWZHHQ�WKH�FKDQQHOV�ZLOO�RFFXU���7KH�DPSOLILHU�JDLQ��UHTXLUHG�WR�IDFLOLWDWH�ODVHU�RSHUDWLRQ�RI

WKH�VLJQDO�FKDQQHOV��LV�JLYHQ�E\�
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)RU�WKH�VHFRQG�HTXDOLW\��ZH�DVVXPHG�WKDW�WKH�JDLQ�RI�WKH�FRPPRQ�DPSOLILHU�LV�DSSUR[LPDWHO\

FRQVWDQW�IRU�HYHU\�FKDQQHO�� iaa gg ,0, ≈ ����6LQFH�DOVR�WKH�WUDQVPLVVLRQ�ORVV�WKURXJK�WKH�PXOWL�

SOH[HU�LV�DOPRVW�FRQVWDQW�IRU�HYHU\�FKDQQHO�� iff ≈0 ���WKH�UHTXLUHG�WKUHVKROG�FXUUHQW�IRU�WKH

VLJQDO�FKDQQHOV�ZLOO�EH�RQO\�D�IHZ�P$�DERYH�WKH�WUDQVSDUHQF\�FXUUHQW�

)URP�WKH�FDUULHU�UDWH�HTXDWLRQV�IRU�WKH�VLJQDO�DPSOLILHUV���������ZH�REWDLQ�WKH�IROORZLQJ�UHOD�

WLRQ�EHWZHHQ�WKH�SKRWRQ�GHQVLW\�DQG�WKH�FXUUHQW�
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7KLV� LV� WKH�VDPH�UHODWLRQ�DV�IRU�D�VWDQGDUG��RQH�VHFWLRQ�ODVHU�� �+RZHYHU�VLQFH� WKH� WKUHVKROG

JDLQ� icg , �QRZ�LV�PXFK�ORZHU��FI��HT�� ��������� WKH�/,�FXUYH�ZLOO�EH�PXFK�VWHHSHU��RU�� LQ�RWKHU

ZRUGV�� WKH� H[WHUQDO�GLIIHUHQWLDO�TXDQWXP�HIILFLHQF\� LV�PXFK�KLJKHU�� � )URP� WKH� FDUULHU� UDWH�

HTXDWLRQ�IRU�WKH�FRPPRQ�DPSOLILHU��LW�LV�HDV\�WR�GHULYH�WKDW�WKLV�DPSOLILHU�UHPDLQV�FODPSHG�DV

ORQJ�DV�WKH�WRWDO�SRZHU�LQ�DOO�VLJQDO�FKDQQHOV�LV�VPDOOHU�WKDQ�WKH�SRZHU�LQ�WKH�JDLQ�FODPSLQJ

FKDQQHO�ZKHQ�QRQH�RI�WKH�VLJQDO�FKDQQHOV�LV�SXPSHG���7KHUHIRUH��LQ�SUDFWLFH�WKH�WRWDO�RXWSXW

SRZHU� RI� VXFK� D� GHYLFH� LV� OLPLWHG� WR� WKH�PD[LPXP� SRZHU� WKDW� PD\� EH� GHOLYHUHG� E\� RQH

FKDQQHO���$W�ILUVW�VLJKW��WKLV�LV�D�VHYHUH�OLPLWDWLRQ���+RZHYHU��LQ�SUDFWLFDO�GHYLFHV��GXH�WR�PX�

WXDO�KHDWLQJ�DQG�GXH�WR�VDWXUDWLRQ�RI�WKH�FRPPRQ�DPSOLILHU��WKH�PD[LPXP�SRZHU�REWDLQHG

XQGHU�VLPXOWDQHRXV�RSHUDWLRQ�LV�QHYHU�PXFK�KLJKHU�WKDQ�WKH�PD[LPXP�SRZHU�XQGHU�VLQJOH

FKDQQHO�RSHUDWLRQ�

)LJ�������LOOXVWUDWHV�WKH�JDLQ�FODPSLQJ�XQGHU�VWDWLF�RSHUDWLRQ���)RU�FODULW\��ZH�FRQVLGHU�D�ODVHU

ZLWK�RQO\�WZR�FKDQQHOV�� � ,Q�WKH�OHIW�FROXPQ��WKH�GULYH�FXUUHQWV�RI�UHVSHFWLYHO\�WKH�FRPPRQ

DPSOLILHU�DQG�WKH�WZR�VLJQDO�DPSOLILHUV�DUH�VKRZQ�ZKLOH�WKH�ULJKW�FROXPQ�GHSLFWV�WKH�FRUUH�

VSRQGLQJ�RXWSXW�SRZHUV��ZKLFK�ZHUH�FDOFXODWHG�XVLQJ�WKH�UDWH�HTXDWLRQ�PRGHO�GHVFULEHG�LQ

WKH�SUHYLRXV�SDUDJUDSKV���7KH�[�D[LV�LV�D�WLPH�VFDOH���,WV�XQLW�LV�LUUHOHYDQW�EXW�LW�LV�FRQVLGHUHG

WR�EH� ODUJH�HQRXJK�WR�DOORZ�QHJOHFWLQJ�WKH�WLPH�GHULYDWLYHV� LQ�WKH�HTXDWLRQV�GHVFULELQJ� WKH

EHKDYLRXU�RI�WKH�ODVHU�

•  ,Q�WKH�LQWHUYDO�W >����@��WKH�FXUUHQW�WR�WKH�FRPPRQ�DPSOLILHU�LV�LQFUHDVHG��XQWLO�WKH�RXW�
SXW�SRZHU�LQ�WKH�JDLQ�FODPSLQJ�FKDQQHO�UHDFKHV�D�YDOXH�RI���P:���)URP�QRZ�RQ��WKH
FXUUHQW�WR�WKH�FRPPRQ�DPSOLILHU�LV�NHSW�FRQVWDQW�

•  6WDUWLQJ�IURP�W ����WKH�ELDV�FXUUHQW�WR�WKH�ILUVW�VLJQDO�DPSOLILHU�LV�LQFUHDVHG�� �%HWZHHQ
W ���DQG�W �����WKH�SRZHU�LQ�WKH�JDLQ�FODPSLQJ�UHPDLQV�FRQVWDQW���+RZHYHU��DW�W ����
WKH�FXUUHQW�WR�WKH�VLJQDO�UHDFKHV�LWV�WKUHVKROG�YDOXH�DQG�WKH�SRZHU�LQ�WKH�VLJQDO�FKDQQHO
VWDUWV� WR� LQFUHDVH��ZKLOH�� DV�H[SHFWHG� IURP�HT�� �������� WKH�SRZHU� LQ� WKH�JDLQ�FODPSLQJ
FKDQQHOV�GHFUHDVHV�ZLWK�WKH�VDPH�DPRXQW�
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•  )URP�W ����RQ��WKH�FXUUHQW�WR�WKH�VHFRQG�VLJQDO�FKDQQHO�LV�ILUVW�LQFUHDVHG�PRQRWRQRXVO\
DQG�VXEVHTXHQWO\�PRGXODWHG�D�IHZ�WLPHV�DURXQG�WKH�YDOXH� =2,cI ��P$���$V�ORQJ�DV�WKLV

FXUUHQW� LV� VPDOOHU� WKDQ� LWV� WKUHVKROG� YDOXH�� WKH� RXWSXW� SRZHU� RI� WKH� JDLQ� FODPSLQJ
FKDQQHO�DQG�WKH�ILUVW�VLJQDO�FKDQQHO�UHPDLQ�FRQVWDQW���$V�VRRQ�DV�WKH�SRZHU�LQ�WKH�VHF�
RQG� FKDQQHO� VWDUWV� WR� LQFUHDVH�� WKH� SRZHU� LQ� WKH� JDLQ� FODPSLQJ� GHFUHDVHV� IXUWKHU�
+RZHYHU��WKH�SRZHU�LQ�WKH�ILUVW�VLJQDO�FKDQQHO�UHPDLQV�XQFKDQJHG��GXH�WR�WKH�IDFW�WKDW
WKH�RXWSXW�DPSOLILHU�JDLQ�LV�FODPSHG���1RWH�WKDW���DOWKRXJK� 2,cI �LV�RQO\�VOLJKWO\�PRGX�

ODWHG��WKLV�KDV�D�ODUJH�LPSDFW�RQ�WKH�RXWSXW�SRZHU�OHYHO�LQ�WKLV�FKDQQHO

•  )URP�W ����RQ��WKH�FXUUHQW�WR�WKH�ILUVW�VLJQDO�FKDQQHO�LV�PRGXODWHG�D�IHZ�WLPHV�DQG�IL�
QDOO\�LQFUHDVHG�IXUWKHU�WR� =1,cI ��P$��ZKLOH� 2,cI �LV�KHOG�FRQVWDQW���$W�W �����WKH�SRZHU

LQ� WKH� JDLQ� FODPSLQJ� FKDQQHO� IDOOV� WR� ]HUR� DQG� WKH� FRPPRQ� DPSOLILHU� LV� QR� ORQJHU
FODPSHG���7KH�ODWWHU�LV�FOHDUO\�YLVLEOH�IURP�WKH�SRZHU�LQ�WKH�VHFRQG�VLJQDO��ZKLFK�VWDUWV
WR�GHFUHDVH��DQG�IURP�WKH�GHFUHDVH�RI�WKH�H[WHUQDO�GLIIHUHQWLDO�HIILFLHQF\�RI�WKH�ILUVW�VLJ�
QDO�FKDQQHO�
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)LJ�������([DPSOH�LOOXVWUDWLQJ�WKH�FODPSLQJ�RI�WKH�JDLQ�RI�WKH�FRPPRQ�DPSOLILHU�

7R� LQYHVWLJDWH� WKH�JDLQ�FODPSLQJ�XQGHU�G\QDPLF� FRQGLWLRQV��ZH�DVVXPH�D� VLQJOH�DPSOLILHU

ORQJ�FDYLW\�ODVHU�LQ�ZKLFK�D�PRGXODWHG�VLJQDO� 1S �LV�LQMHFWHG���DV�VKRZQ�LQ�)LJ��������DQG�LQ�

YHVWLJDWH� WKH� FKDQJH� N∆ � RI� WKH� FDUULHU� GHQVLW\�XQGHU� LQIOXHQFH� RI� WKLV� VLJQDO�� � ,I� WKH� JDLQ

FODPSLQJ�SULQFLSOH�ZRUNV�DOVR�XQGHU�G\QDPLF�RSHUDWLRQ��WKLV�FKDQJH�VKRXOG�EH�YHU\�VPDOO�

�����������������������������������������������������

��)RU�RXU�VWXG\��LW�LV�QRW�LPSRUWDQW�ZKHWKHU�WKLV�VLJQDO�RULJLQDWHV�IURP�DQ�H[WHUQDO�VRXUFH�RU�IURP�DQ�

RWKHU�FKDQQHO�RI�WKH�PXOWL�ZDYHOHQJWK�ODVHU�
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%RWK� UHODWLRQV�DUH�GHSLFWHG� LQ�)LJ�� ����� WRJHWKHU�ZLWK� WKH�GHQRPLQDWRU�RI� ���������ZKLFK� LV

SURSRUWLRQDO�WR�WKH�SRZHU�GHQVLW\�YDULDWLRQ�XQGHU�LQIOXHQFH�RI�D�FXUUHQW�PRGXODWLRQ IS ∆∆ 0
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�VHH���������,W�LV�REYLRXV�WKDW�LQ�WKH�IUHTXHQF\�UHJLRQ�ZKHUH�WKH�VPDOO�VLJQDO�UHVSRQVH�RI�WKH

DPSOLILHU�LV�LPSRUWDQW��WKH�FDUULHU�GHQVLW\�YDULDWLRQ�RI�WKH�FODPSHG�DPSOLILHU�LV�VPDOOHU�WKDQ

WKDW�RI�WKH�XQFODPSHG�DPSOLILHU�
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)LJ�������0RGXODWLRQ�RI�WKH�FDUULHU�GHQVLW\� N∆ �LQ�D�FODPSHG�DQG�LQ�DQ�XQFODPSHG�ORQJ�

FDYLW\� ODVHU� ����PP�� XQGHU� LQIOXHQFH� RI� DQ� H[WHUQDO� VLJQDO� 1S∆ �� � )RU� UHIHUHQFH�� DOVR� WKH

PRGXODWLRQ�RI�WKH�SKRWRQ�GHQVLW\�RI�WKH�ODVHU� 0S∆ �XQGHU�LQIOXHQFH�RI�D�FXUUHQW�PRGXOD�

WLRQ� I∆ �LV�GHSLFWHG�

4 Conclusion and design rules

7R� FRQFOXGH� WKLV� FKDSWHU��ZH� VXPPDULVH� VRPH�GHVLJQ� UXOHV�� REWDLQHG� IURP� WKH� UHVXOWV� GH�

VFULEHG�DERYH���7KH�§RSWLPDO�GHVLJQ¨�KRZHYHU�GHSHQGV�VWURQJO\�RQ�WKH�H[DFW�DSSOLFDWLRQ�IRU

WKH�ODVHU�DQG�WKHUHIRUH� LW� LV� LPSRUWDQW�WR�GHILQH�WKH�HQYLVDJHG�RSHUDWLQJ�FLUFXPVWDQFHV�DQG

WKH�PLQLPXP�UHTXLUHPHQWV�EHIRUH�DFWXDOO\�LQLWLDWLQJ�WKH�GHVLJQ�SURFHVV�

&RPPRQ�DPSOLILHU

,I�WKH�ODVHU�LV�HPSOR\HG�DV�D�ZDYHOHQJWK�VHOHFWDEOH�VRXUFH�DQG�RQO\�RQH�FKDQQHO�LV�XVHG�DW�D

WLPH�� LW�PD\�EH� IDYRXUDEOH� WR� LQFOXGH�D�FRPPRQ�RXWSXW�DPSOLILHU�� � ,I� WKH�FDYLW\� ORVV� VWHPV

PDLQO\� IURP� WKH� WUDQVPLVVLRQ� WKURXJK� WKH�GHPXOWLSOH[HU� DQG� WKH� ORVV� DW� WKH� WUDQVLWLRQ� EH�

WZHHQ�WKH�DFWLYH�DQG�SDVVLYH�ZDYHJXLGHV�LV�VPDOO��D�VHFRQG�DPSOLILHU�PD\��IRU�D�JLYHQ�WRWDO

GULYH�FXUUHQW��JLYH�ULVH�WR�D�KLJKHU�RXWSXW�SRZHU��H�J�� VHH�)LJ��������� �7KH�VHFRQG�DPSOLILHU

FDQ�DOVR�EH�XVHG�WR�ORFDWH�WKH�ODVLQJ�PRGH�UHOLDEO\�LQ�WKH�FHQWUH�RI�WKH�VWDELOLW\�UHJLRQ�IRU�VLQ�

JOH� ORQJLWXGLQDO�PRGH�RSHUDWLRQ�QHDU� WKH�FHQWUH�RI� WKH� ILOWHU�SDVVEDQG�� �7KLV�GHFUHDVHV� WKH

FKDQFH�IRU�PRGH�KRSSLQJ�FRQVLGHUDEO\��VHH�������RU�>��@����)XUWKHU��LI�PXOWLSOH�FRPPRQ�DP�

SOLILHUV�DUH�DWWDFKHG�WR�WKH�RXWSXW�VLGH�RI�WKH�GHPXOWLSOH[HU��LW�LV�SRVVLEOH�WR�FKDQJH�WKH�FHQ�

WUDO�ZDYHOHQJWK�RI�WKH�GHYLFH�E\�WXUQLQJ�RQ�WKH�ULJKW�DPSOLILHU�� � ,I�QR�FRPPRQ�DPSOLILHU� LV

XVHG�RQ�WKH�RWKHU�KDQG��H[WUHPHO\�KLJK�VXSSUHVVLRQ�RI�WKH�$6(�QRLVH�LV�REWDLQHG�GXH�WR�WKH

ILOWHULQJ�RI�WKH�PXOWLSOH[HU�



���� &+$37(5��

,I�PXOWLSOH�FKDQQHOV�DUH�PRGXODWHG�WRJHWKHU��WKH�DGYDQWDJH�RI�WKH�FRPPRQ�DPSOLILHU�LV�OHVV

DSSDUHQW�� �%\� FKRRVLQJ� WKH�GULYH� FXUUHQWV� DGHTXDWHO\�� LW� LV� VWLOO�SRVVLEOH� WR�REWDLQ� D�KLJKHU

RXWSXW�SRZHU�SHU�FKDQQHO��IRU�D�JLYHQ�WRWDO�FXUUHQW�SHU�FKDQQHO����+RZHYHU��LI�WKH�FKDQQHOV

DUH�PRGXODWHG��JDLQ�FRPSUHVVLRQ�LQGXFHG�FURVVWDON�ZLOO�DULVH���7KLV�FURVVWDON�FDQ�EH�DYRLGHG

E\�FODPSLQJ�WKH�JDLQ�RI�WKH�FRPPRQ�DPSOLILHU�DV�ZDV�H[SODLQHG�LQ�SDUDJUDSK�������+RZHYHU�

DV�IRU�HYHU\�JDLQ�FODPSHG�DPSOLILHU��WKLV�OLPLWV�WKH�WRWDO�RXWSXW�SRZHU�RI�WKH�ODVHU���$QRWKHU

SRVVLELOLW\�ZRXOG�EH�WR�XVH�DQ�HOHFWURQLF�IHHG�IRUZDUG�VFKHPH��VHH�SDUDJUDSK��������7KLV�RS�

WLRQ�KDV�WKH�GUDZEDFN�RI�UHTXLULQJ�DGGLWLRQDO�HOHFWURQLFV�DQG�FDUHIXO�DGMXVWPHQW���$�IXUWKHU

SUREOHP�LV�WKDW�WKHUH�DUH�VWURQJ�ZDYH�PL[LQJ�SURGXFWV�JHQHUDWHG�LQ�WKH�FRPPRQ�DPSOLILHU�

7KHUHIRUH��ZH�EHOLHYH�WKDW�LQ�JHQHUDO�LW�LV�QRW�XVHIXO�WR�HPSOR\�D�ERRVWHU�DPSOLILHU�LI�PXOWLSOH

FKDQQHOV�DUH�RSHUDWHG�WRJHWKHU���7KLV�LV�LQ�SDUWLFXODU�WKH�FDVH�IRU�WKH�K\EULGO\�LQWHJUDWHG�GH�

YLFHV��ZKHUH�WKH�ORVV�RI�WKH�DFWLYH�SDVVLYH�WUDQVLWLRQ�LV�ODUJH�FRPSDUHG�WR�WKH�WRWDO�FDYLW\�ORVV�

&DYLW\�OHQJWK

7R�DOORZ�IRU�KLJK�VSHHG�RSHUDWLRQ��LW�LV�LPSRUWDQW�WR�VKRUWHQ�WKH�OHQJWK�RI�WKH�FDYLW\�DV�PXFK

DV�SRVVLEOH��VHH�SDUDJUDSK������� �7KH�DFFXUDF\�RQ�WKH�FKDQQHO�VSDFLQJ�RQ�WKH�RWKHU�KDQG�� LV

GHWHUPLQHG�E\�WKH�ORQJLWXGLQDO�PRGH�VSDFLQJ��VHH�DOVR�FKDSWHU����7DEOH��������)RU�D�����DFFX�

UDF\��LQ�D�����*+]�V\VWHP��WKH�PLQLPXP�FDYLW\�OHQJWK�LV�a����PP���,Q�D����*+]�V\VWHP��WKLV

DOUHDG\�EHFRPHV�����PP���$QRWKHU�GUDZEDFN�RI�PLQLPLVLQJ�WKH�FDYLW\�OHQJWK�LV�WKDW�WKH�FKLUS

XQGHU�PRGXODWLRQ�LQFUHDVHV�� �+RZHYHU�� IRU� WKH�FDYLW\� OHQJWKV��ZKLFK�DUH�SUDFWLFDOO\�DWWDLQ�

DEOH��WKH�FKLUS�LV�VWLOO�PXFK�ORZHU�WKDQ�WKDW�RI�D�VWDQGDUG�VKRUW�FDYLW\�VLQJOH�PRGH�ODVHU�

:KHQ�GHVLJQLQJ�WKH�3KDVHG�$UUD\�ODVHU��LW�LV�LQ�SDUWLFXODU�LPSRUWDQW�WR�PLQLPLVH�WKH�OHQJWK

RI� WKH�DFFHVV�ZDYHJXLGHV�� �7KLV� DOORZV�GHFUHDVLQJ� WKH� ILOWHU�EDQGZLGWK�FRQVLGHUDEO\�ZKLOH

NHHSLQJ�WKH�WRWDO�FDYLW\�OHQJWK�FRQVWDQW��VHH�DOVR�FKDSWHU����VHFWLRQ�������ZKLFK�ZLOO�HQVXUH�DQ

HQKDQFHG�VLQJOH�ORQJLWXGLQDO�PRGH�VWDELOLW\���7R�DYRLG�ZDYH�PL[LQJ�SURGXFWV�LQ�WKH�RVFLOOD�

WLRQ�VSHFWUXP��DOVR�WKH�OHQJWK�RI�WKH�SDVVLYH�RXWSXW�ZDYHJXLGH�VKRXOG�EH�PLQLPLVHG�

0XOWL�SDVVEDQG�ODVLQJ

&KLUSLQJ�RI�WKH�3KDVHG�$UUD\�LV�XQGRXEWHGO\�WKH�EHVW�ZD\�WR�SUHYHQW�PXOWL�SDVVEDQG�ODVLQJ

>��@���2WKHUZLVH��WKH�IUHH�VSHFWUDO�UDQJH�KDV�WR�EH�LQFUHDVHG�FRQVLGHUDEO\�VR�WKDW�WKH�VHOHFWLY�

LW\�RI�WKH�DPSOLILHU�JDLQ�SURILOH�LV�VXIILFLHQW�WR�FKRRVH�ODVLQJ�LQ�RQO\�RQH�SDVVEDQG��VHH�SDUD�

JUDSK� �������� � )XUWKHU�� LW� LV� DOVR� IDYRXUDEOH� WR� LQFUHDVH� WKH� OHQJWK� RI� WKH� DPSOLILHUV� �FI�� HT�

��������� � ,I�D� ODUJH�IUHH�VSHFWUDO�UDQJH�LV�XVHG��LW�PD\�EH�XVHIXO� WR�ILOO� WKH�FRPSOHWH�)65�XQL�

IRUPO\�ZLWK�FKDQQHOV�� �$IWHUZDUGV��RQH�PD\�VHOHFW�WKH�FKDQQHOV�WKDW�EHVW�PHHW�WKH�H[SHFWD�

WLRQV�ZLWK� UHVSHFW� WR�ZDYHOHQJWK�DQG�RSHUDWLQJ�FKDUDFWHULVWLFV�� � ,I� D�K\EULG� LQWHJUDWLRQ�DS�

SURDFK� LV�XVHG�� WKLV�VHOHFWLRQ�FDQ�EH�DFFRPSOLVKHG�E\�DWWDFKLQJ� WKH�DPSOLILHU�DUUD\� �ZLWK�D

OLPLWHG�QXPEHU�RI�DPSOLILHUV��WR�WKH�ULJKW�DFFHVV�ZDYHJXLGHV�

5HIOHFWLRQV

,QWUD�FDYLW\�UHIOHFWLRQV�PD\�GHVWUR\�WKH�JDLQ�FRPSUHVVLRQ�LQGXFHG�VLQJOH�ORQJLWXGLQDO�PRGH

VWDELOLW\�� �7KHUHIRUH�� WKH\�VKRXOG�EH�UHGXFHG�DV�PXFK�DV�SRVVLEOH�� �)XUWKHU��ZH�EHOLHYH�WKDW
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WKH�DQRPDORXV�EHKDYLRXU�RI�WKH�ODVHUV�LQ�VRPH�FLUFXPVWDQFHV��VHH�FKDSWHUV���	����ZDV�FDXVHG
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Chapter 4 

Design, fabrication and characterisation

of sub-components for the Phased-Array laser

$V�H[SODLQHG�LQ�FKDSWHU���� WKH�PRQROLWKLF�LQWHJUDWLRQ�VFKHPH�EDVHG�RQ�D�VHOHFWLYH�DUHD�HSL�

WD[LDO�JURZWK�SURFHVV�LQFRUSRUDWHV�DPSOLILHUV�ZLWK�D�ULGJH�W\SH�FURVV�VHFWLRQ��WR�IDFLOLWDWH�DQ

HDV\�FRXSOLQJ�ZLWK�WKH�ULGJH�W\SH�SDVVLYH�ZDYHJXLGHV�WR�EH�XVHG�IRU�WKH�3KDVHG�$UUD\�GH�

PXOWLSOH[HU�� �$OVR� WKH�DPSOLILHUV�SURYLGHG�E\�2SWRVSHHG�6$��XVHG�IRU� WKH�GHYHORSPHQW�RI

WKH�K\EULGO\�LQWHJUDWHG�3,&V��FKDSWHU���DQG�����ZHUH�RI�WKH�ULGJH�W\SH���7KHUHIRUH��VHFWLRQ���RI

WKLV�FKDSWHU�GLVFXVVHV�WKH�DGYDQWDJHV��GLVDGYDQWDJHV�DQG�JHQHUDO�RSHUDWLQJ�FKDUDFWHULVWLFV�RI

ULGJH�W\SH�ODVHUV�DQG�DPSOLILHUV���,Q�SDUDJUDSK������WKH�JHQHUDO�WKHRUHWLFDO�EDFNJURXQG�LV�SUH�

VHQWHG�� �3DUDJUDSKV�����	�����GHVFULEH�WKH�PRUH�VSHFLILF�DVSHFWV�FRQFHUQLQJ� WKH�GHVLJQ�DQG

WKH�FKDUDFWHULVDWLRQ�RI� UHVSHFWLYHO\� WKH�DPSOLILHUV�GHYHORSHG�IRU� WKH�PRQROLWKLF� LQWHJUDWLRQ

WHFKQRORJ\�DQG�WKH�RQHV�SURYLGHG�E\�2SWRVSHHG�LQ�PRUH�GHWDLO�

6HFWLRQ���GLVFXVVHV�WKH�GHVLJQ�DQG�FKDUDFWHULVDWLRQ�RI�WKH�SDVVLYH�ZDYHJXLGHV�HPSOR\HG�LQ

WKH�FRQWH[W�RI� WKLV�ZRUN�� �$JDLQ�� WKH�SDVVLYH�ZDYHJXLGHV�GHYHORSHG�IRU� WKH�PRQROLWKLFDOO\

LQWHJUDWHG�3KDVHG�$UUD\�ODVHU��SDUDJUDSK������DQG�WKH�RQHV�XVHG�IRU�WKH�K\EULGO\�LQWHJUDWHG

ODVHU��SDUDJUDSK�������DUH�SUHVHQWHG�VHSDUDWHO\�

,Q�VHFWLRQ����WKH�FRXSOLQJ�ORVV�DULVLQJ�IURP�K\EULGO\�LQWHJUDWLQJ�WZR�,Q3�FKLSV� LV�FDOFXODWHG

DQG�WKH�LQIOXHQFH�RI�PLVDOLJQPHQW�HUURUV�LV�GLVFXVVHG���)LQDOO\��VHFWLRQ���GHVFULEHV�VKRUWO\�WKH

WUDQVLWLRQ� EHWZHHQ� WKH� DFWLYH� DQG� WKH� SDVVLYH� ZDYHJXLGHV� LQ� WKH� PRQROLWKLF� LQWHJUDWLRQ

VFKHPH�

1 Ridge lasers

1.1 Theoretical description of ridge type lasers

)LJ������VKRZV�D�FURVV�VHFWLRQDO�YLHZ�RI�D�W\SLFDO�ULGJH�ODVHU���$Q�DFWLYH�OD\HU�ZLWK�WKLFNQHVV

at �LV�HPEHGGHG�LQ�EHWZHHQ�Q��DQG�S�GRSHG�FODGGLQJ�OD\HUV���6RPHWLPHV�DGGLWLRQDO�ILOP�OD\�

HUV�DUH�XVHG��DV� LQGLFDWHG�LQ�WKH�ILJXUH�� �%RWK�EXON�DQG�TXDQWXP�ZHOO�DFWLYH� OD\HUV�PD\�EH

HPSOR\HG�� � 7KH� ULGJH� SURYLGHV� DQ� HIIHFWLYH�� VHOI�DOLJQHG� ODWHUDO� FXUUHQW� FRQILQHPHQW� DQG

ZDYHJXLGLQJ���7KH�DSSDUHQW�DGYDQWDJH�RI�WKLV�ODVHU�VWUXFWXUH�FRPSDUHG�WR�RWKHUV�LV�LWV�HDVH

RI�IDEULFDWLRQ���2QO\�RQH�JURZWK�VWHS�DQG�QR�FXUUHQW�EORFNLQJ�OD\HUV�DUH�UHTXLUHG���+RZHYHU�

WKH�HWFKLQJ�GHSWK��ZKLFK�GHWHUPLQHV�WKH�ODWHUDO�LQGH[�FRQWUDVW��LV�D�YHU\�VHQVLWLYH�SDUDPHWHU�

,W�KDV�EHHQ� IRXQG� WKDW�D�PLQLPXP�HIIHFWLYH� LQGH[� VWHS� LV�QHFHVVDU\� WR� FRPSHQVDWH� IRU� WKH

UHIUDFWLYH� LQGH[� UHGXFWLRQ� LQ� WKH� FHQWUH� RI� WKH� ULGJH�� LQGXFHG� E\� WKH� FDUULHU� LQMHFWLRQ� >�@�

0RUHRYHU�� WKH�ZHDNHU� ODWHUDO� HOHFWULFDO� FRQILQHPHQW� FDXVHV� KLJKHU� WKUHVKROG� FXUUHQWV� DQG�
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ZKLOH� IRU�EXULHG� ODVHU� VWUXFWXUHV� WKH� DFWLYH� OD\HU� LV� VXUURXQGHG�E\� WUDQVSDUHQW� ,Q3�FXUUHQW

EORFNLQJ�OD\HUV��LQ�ULGJH�ODVHUV�WKH�WDLOV�RI�WKH�ODWHUDO�RSWLFDO�PRGH�SURILOH�H[WHQG�LQWR�WKH�DE�

VRUELQJ�DFWLYH�OD\HU�VWDFN�ZKDW�ZLOO�UHGXFH�WKH�PRGDO�JDLQ�

7KH�H[DFW�VROXWLRQ�RI�WKH�ODWHUDO�FXUUHQW�IORZ�DQG�WKH�FDUULHU�GLVWULEXWLRQ�LQ�WKH�DFWLYH� OD\HU

UHTXLUHV�VROYLQJ�WKH���'�FXUUHQW�FRQWLQXLW\�UHODWLRQV���7KLV�FDQ�RQO\�EH�GRQH�XVLQJ�QXPHULFDO

WRROV�� �+RZHYHU�� WR�JDLQ�VRPH� LQVLJKW� LQ� WKH�RSHUDWLRQ�RI�D� ULGJH�W\SH� ODVHU�DQG�IRU�GHVLJQ

SXUSRVHV��VHYHUDO�DSSUR[LPDWH�PRGHOV�ZHUH�GHYHORSHG�>�@>�@>�@���,Q�WKHVH�PRGHOV��WKH�HIIHF�

WLYH�LQGH[�PHWKRG�LV�XVHG�WR�UHGXFH�WKH��'�SUREOHP�WR�DQ�HTXLYDOHQW��'�RQH�� �7KLV�LV� MXVWL�

ILHG�E\�WKH�IDFW�WKDW�WKH�DFWLYH�OD\HU�WKLFNQHVV�LV�JHQHUDOO\�PXFK�VPDOOHU�WKDQ�WKH�ODWHUDO�GL�

PHQVLRQV���)XUWKHUPRUH��WKH�PRGHOV�PRVWO\�GR�QRW�WDNH�LQWR�DFFRXQW�WKH�LQIOXHQFH�RI�WKH�RS�

WLFDO�ILHOG�RQ�WKH�FDUULHU�GLVWULEXWLRQ�DQG�FRQVHTXHQWO\�WKH\�DUH�RQO\�VWULFWO\�YDOLG�LQ�WKH�VXE�

WKUHVKROG�UHJLPH���+RZHYHU��IRU�WUDGLWLRQDO�ODVHU�VWUXFWXUHV��WKH�PRGHOV�FDQ�DOVR�EH�XVHG�LQ

WKH�DERYH� WKUHVKROG�UHJLPH�VLQFH�WKH�HIIHFWV�RI�FDUULHU�GHQVLW\�VDWXUDWLRQ�ZLOO�EH� OLPLWHG�DV

ORQJ�DV�WKH�RXWSXW�SRZHU�LV�QRW�WRR�KLJK�

W
∆neff ∆n�eff

n (y)eff

N(y)
a) b) c)

)LJ�� ���� 6FKHPDWLF� YLHZ� RI� D�� EXLOW�LQ� HIIHFWLYH� LQGH[� SURILOH� )(yneff � E�� ,QMHFWHG� FDUULHU

GHQVLW\� )(yN �F��,QGXFHG�HIIHFWLYH�LQGH[�SURILOH� )(’ yn eff

)RU�D�W\SLFDO�ULGJH�ZDYHJXLGH�ZLWK�VWUDLJKW�ZDOOV��WKH�VKDSH�RI�WKH�HIIHFWLYH�LQGH[�SURILOH�LV

UHFWDQJXODU��DV�GHSLFWHG�LQ�)LJ�����D���,I�D�ELDV�FXUUHQW�LV�DSSOLHG��FDUULHUV�DUH�LQMHFWHG�LQ�WKH

DFWLYH�OD\HU�DQG�WKH�UHVXOWLQJ�ODWHUDO�GLVWULEXWLRQ�RI�WKH�FDUULHU�GHQVLW\�LV�PDLQO\�GHWHUPLQHG

E\�FDUULHU�RXWGLIIXVLRQ��)LJ�����E����'XH�WR�WKH�FDUULHU�LQMHFWLRQ��WKH�UHIUDFWLYH�LQGH[�LV�UHGXFHG

DQG�WKH�HIIHFWLYH�LQGH[�SURILOH�EHFRPHV�0�VKDSHG�DV�VKRZQ�LQ�)LJ�����F���7KHUHE\��WKH�EXLOW�

LQ�RSWLFDO�FRQWUDVW� effn∆ LV�UHGXFHG�WR�DQ�HIIHFWLYH�YDOXH effn’∆ ���'HSHQGLQJ�RQ�WKH�PDJQLWXGH

RI�WKH�RULJLQDO�EXLOW�LQ�LQGH[�FRQWUDVW�DQG�WKH�DQWL�JXLGLQJ�HIIHFW��WKH�HIIHFWLYH�LQGH[�FRQWUDVW
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effn’∆ �PD\� HYHQ� EHFRPH�QHJDWLYH�� UHVXOWLQJ� LQ� VWURQJ� UDGLDWLRQ� ORVVHV��ZKLFK� HQKDQFH� WKH

WKUHVKROG�FXUUHQW�DQG�UHGXFH�WKH�GLIIHUHQWLDO�HIILFLHQF\�

7R�HYDOXDWH�WKLV�DQWL�JXLGLQJ�HIIHFW��WKH�GLIIXVLRQ�HTXDWLRQ�IRU�WKH�FDUULHV�LQ�WKH�DFWLYH�OD\HU

KDV�WR�EH�VROYHG���7DNLQJ�LQWR�DFFRXQW�ELPROHFXODU�UHFRPELQDWLRQ�DQG�$XJHU�SURFHVVHV��WKH

ODWWHU�LV�JLYHQ�E\�
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effD LV�WKH�HIIHFWLYH�GLIIXVLRQ�FRHIILFLHQW��ZKLFK�HTXDOV�WZLFH�WKH�KROH�GLIIXVLRQ�FRHIILFLHQW� pD

>�@���7KH�JHQHUDWLRQ�UDWH� ( )yG LV�JLYHQ�E\

( ) ( )
aLqt

yI
yG

W
= �����

ZKHUH� L GHQRWHV� WKH� ODVHU� OHQJWK�DQG� at LV� WKH�DFWLYH� OD\HU� WKLFNQHVV�� �7KH�FXUUHQW� LQMHFWLRQ

( )yI �FDQ�EH�DSSUR[LPDWHG�ZHOO�E\�D�VWHS�IXQFWLRQ

( )




>
≤

=
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WyI
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7KLV�LV�MXVWLILHG�E\�WKH�IDFW�WKDW�WKH�ULGJH�HIIHFWLYHO\�FRQILQHV�WKH�FXUUHQW�LQ�ODWHUDO�GLUHFWLRQ�

0RUHRYHU��DV�DOUHDG\�PHQWLRQHG��WKH�WKLFNQHVV�RI�WKH�ILOP�OD\HU�DQG�WKH�DFWLYH�OD\HU�DUH�PXFK

VPDOOHU� WKDQ� WKH� ODWHUDO�GLPHQVLRQV�DQG� WKHVH� OD\HUV�DUH�QRW� LQWHQWLRQDOO\�GRSHG�ZKDW�ZLOO

OLPLW�WKH�FXUUHQW�VSUHDGLQJ�IXUWKHU�� �,Q�>��@��D�PRGHO�LV�SUHVHQWHG��ZKLFK�DOORZV�WDNLQJ�LQWR

DFFRXQW�WKH�FXUUHQW�VSUHDGLQJ�LQ�WKH�ILOP�OD\HUV�

,Q�>�@��������LV�VROYHG�E\�LQWURGXFLQJ�DQ�HIIHFWLYH�FDUULHU�OLIH�WLPH

21
CNBNA

eff

++=
τ

�����

ZKLFK�LV�DVVXPHG�WR�EH�FRQVWDQW�RYHU�WKH�ZKROH�DFWLYH�OD\HU���,Q�WKDW�FDVH��HTXDWLRQ�������PD\

EH�VROYHG�YHU\�HDVLO\���6XEVHTXHQWO\��WKH�FXUUHQW�LV�ZULWWHQ�DV�D�VXP�RI�D�ODWHUDO�FXUUHQW�UHS�

UHVHQWLQJ�WKH�DPRXQW�RI�FXUUHQW�HVFDSLQJ�IURP�WKH�UHJLRQ�EHQHDWK�WKH�ULGJH�DQG�WKH�UHFRP�

ELQDWLRQ�FXUUHQW��ZKLFK�HIIHFWLYHO\�FRQWULEXWHV� WR� WKH� ODVHU�DFWLRQ�� �7KLV�PRGHO� FDQ�JLYH� LQ�

VLJKW�LQ�WKH�HIIHFW�RI�WKH�OHDNDJH�FXUUHQWV�EXW�JLYHV�QR�LQIRUPDWLRQ�RYHU�WKH�PRGH�SURILOH�DQG

WKH�PLQLPXP�HIIHFWLYH�LQGH[�FRQWUDVW� effn∆ ��ZKLFK�LV�UHTXLUHG�WR�REWDLQ�ODVHU�RSHUDWLRQ�

,Q�>�@�WKH�FDUULHU�GLIIXVLRQ�SURILOH�LV�FDOFXODWHG�ZLWKRXW�PDNLQJ�WKH�DSSUR[LPDWLRQ��������XV�

LQJ�-DFRELDQ�HOOLSWLF�IXQFWLRQV���$OWKRXJK�WKLV�FDOFXODWLRQ�LV�PRUH�LQYROYHG�WKDQ�WKH�RQH�SUH�

VHQWHG� LQ� >�@�� LW�JLYHV�D�EHWWHU�HVWLPDWLRQ� IRU� WKH� WKUHVKROG�JDLQ�DQG�PRUH�SK\VLFDO� LQVLJKW�

)URP�WKH�VROXWLRQ�IRU�WKH�FDUULHU�GLIIXVLRQ�SURILOH� ( )yN �� WKH�UHVXOWLQJ�FRPSOH[�HIIHFWLYH� LQ�

GH[�SURILOH� ( )yn eff’ ��)LJ�����F��LV�REWDLQHG�
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( )yneff �LV�WKH�VTXDUH�EXLOW�LQ�HIIHFWLYH�LQGH[�SURILOH�DV�GHSLFWHG�LQ�)LJ�����D�� � Γ � LV�WKH�WUDQV�

YHUVH�FRQILQHPHQW�IDFWRU
�DQG� a �DQG� 0N �GHVFULEH�WKH�RSWLFDO�JDLQ�DV�IXQFWLRQ�RI�WKH�FDUULHU

GHQVLW\��LQ�WKH�XVXDO�OLQHDU�DSSUR[LPDWLRQ��� β �LV�WKH�DQWL�JXLGLQJ�SDUDPHWHU��ZKLFK�PD\�DOVR

EH� H[SUHVVHG� DV� IXQFWLRQ� RI� WKH� OLQHZLGWK� HQKDQFHPHQW� IDFWRU� α � DV�
02k

aαβ −= � �ZLWK

( ) ( )NnNn imre ∂∂∂∂−=α ��

2QFH�WKH�FDUULHU�LQGXFHG�HIIHFWLYH�LQGH[�SURILOH� ( )yn eff’ �KDV�EHHQ�IRXQG��WKH�HLJHQPRGHV�RI

WKH�ZDYHJXLGH�GHVFULEHG�E\�WKLV�SURILOH�KDYH�WR�EH�IRXQG���,I�WKH�LQGH[�SURILOH�LV�UHSODFHG�E\

D�VWDLUFDVH�DSSUR[LPDWLRQ��WKH\�PD\�EH�UHDGLO\�FDOFXODWHG�XVLQJ�D�FRPSOH[��'�PRGH�VROYHU

�VHH� FKDSWHU� ���� � 6XEVHTXHQWO\�� WKH� PRGDO� JDLQ� LV� REWDLQHG� IURP� WKH� FRPSOH[� SDUW� RI� WKH

SURSDJDWLRQ�FRHIILFLHQW�� ( )βIm2mod =g ���7KH�WKUHVKROG�FXUUHQW�LV�IRXQG�E\�HTXDWLQJ�WKH�PR�

GDO�JDLQ�DQG�WKH�WRWDO�FDYLW\�ORVV�

'HPHUOLHU� >�@�XVHG�D� VLPLODU�DSSURDFK�DV� WKH�RQH�RXWOLQHG�DERYH�� �+RZHYHU�� WR� REWDLQ� WKH

FDUULHU�GLIIXVLRQ�SURILOH�� HTXDWLRQ� ������ LV�QRW� VROYHG�DQDO\WLFDOO\� DV� LQ� >�@� EXW�QXPHULFDOO\�

ZKLFK�DOORZV�WR�LQFOXGH�DOVR�WKH�HIIHFWV�RI�VWLPXODWHG�UHFRPELQDWLRQ�LQ�WKH�DERYH�WKUHVKROG

UHJLPH���7KH�DOJRULWKP�WKDW�KH�GHYHORSHG�ZLOO�EH�XVHG�LQ�WKH�IROORZLQJ�SDUDJUDSKV�IRU�FRP�

SDULQJ�H[SHULPHQWDO�UHVXOWV�ZLWK�WKHRUHWLFDO�PRGHOOLQJ�DQG�IRU�SDUDPHWHU�H[WUDFWLRQ�

1.2 Ridge lasers developed for the monolithic integration technology

based on selective area growth

2IWHQ��WKH�WKLFNQHVV�RI�WKH�OD\HU�VWDFN�IRUPHG�E\�WKH�DFWLYH�OD\HU�DQG�WKH�ILOP�OD\HUV��FI��)LJ�

�����LV�FKRVHQ�WR�PD[LPLVH�WKH�WUDQVYHUVDO�FRQILQHPHQW�IDFWRU� aΓ �RI�WKH�DFWLYH�OD\HU���)RU�WKH

H[DPSOH�GHSLFWHG�LQ�)LJ������� WKLV�ZRXOG�OHDG�WR�D�WRWDO�DFWLYH�OD\HU�VWDFN� WKLFNQHVV�RI�a���

QP�� �+RZHYHU�� IURP�WKH�PRQROLWKLF� LQWHJUDWLRQ�VFKHPH�DV�RXWOLQHG� LQ�FKDSWHU���� LW�PD\�EH

VHHQ�WKDW�WKLV�OD\HU�VWDFN�DOVR�IRUPV�WKH�JXLGLQJ�OD\HU�IRU�WKH�SDVVLYH�ZDYHJXLGHV��EXW�ZLWK

WKH�WKLFNQHVV�UHGXFHG�E\�D�IDFWRU�����GXH�WR�WKH�VHOHFWLYH�DUHD�JURZWK�SURFHVV����7R�REWDLQ�ORZ

ORVV�SDVVLYH�GHYLFHV��LW�ZRXOG�EH�DGYDQWDJHRXV�WKDW�WKLV�JXLGLQJ�OD\HU�LV�DV�WKLFN�DV�SRVVLEOH

�WKLV�ZLOO�EH�H[SODLQHG�LQ�PRUH�GHWDLO�LQ�VHFWLRQ���RI�WKLV�FKDSWHU����)XUWKHUPRUH��LQ�>�@�LW�ZDV

QRWHG�WKDW�D�EURDGHQHG�DFWLYH�OD\HU�VWDFN��DOWKRXJK�LW�PD\�OHDG�WR�D�UHGXFHG�FRQILQHPHQW�LQ

WKH�DFWLYH�OD\HU��DOVR�UHGXFHV�WKH�FRQILQHPHQW�IDFWRU�LQ�WKH�FODGGLQJ�OD\HUV��H�J��VHH�)LJ�������

�����������������������������������������������������


� ,Q�JHQHUDO�� WKH�YDOXH�RI� Γ EHQHDWK� WKH� ULGJH�GLIIHUV� IURP� WKH�YDOXH�EHVLGHV� WKH� ULGJH�� �0RVWO\�� WKLV

HIIHFW�LV�QHJOHFWHG��KRZHYHU��WDNLQJ�LW�LQWR�DFFRXQW�WKXV�QRW�FRPSOLFDWH�WKH�DQDO\VLV�
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&RQVHTXHQWO\��WKH�LQWHUQDO�ODVHU�ORVV�RULJLQDWLQJ�IURP�IUHH�FDUULHU�DEVRUSWLRQ�LQ�WKH�FODGGLQJ

OD\HUV� GHFUHDVHV�� UHVXOWLQJ� LQ� DQ� LQFUHDVHG� H[WHUQDO� GLIIHUHQWLDO� HIILFLHQF\� DQG� LPSURYHG

RYHUDOO�ODVHU�FKDUDFWHULVWLFV�

)RU�WKHVH�UHDVRQV��ZH�LQYHVWLJDWHG�WKH�LQIOXHQFH�RI�WKH�ILOP�OD\HU�WKLFNQHVV�RQ�WKH�RSHUDWLQJ

FKDUDFWHULVWLFV�RI�ULGJH�W\SH�ODVHUV��ERWK�WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\
�
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)LJ������&RQILQHPHQW�IDFWRU�LQ�WKH�DFWLYH�OD\HU�����QP�TXDQWXP�ZHOO��DQG�FODGGLQJ�OD\HUV

RI� D� ODVHU� DV� IXQFWLRQ�RI� WKH� WRWDO� WKLFNQHVV�RI� WKH�DFWLYH� OD\HU� VWDFN�� �7KH� OD\HU� VWDFN� LV

IRUPHG�E\�D�����QP�4�����OD\HU�ZLWK�DQ�HPEHGGHG�TXDQWXP�ZHOO�DQG�VXUURXQGHG�ZLWK

4����OD\HUV���7KH�ZLGWK�RI�WKH�ODWWHU�ZDV�YDULHG�EHWZHHQ����QP�DQG�����QP���7KH�FDOFXOD�

WLRQ�ZDV�SHUIRUPHG�XVLQJ�D��'�PRGH�VROYHU�DQG�WKH�HWFKLQJ�GHSWK�ZDV�FKRVHQ�LQ�VXFK�D

ZD\�WKDW�WKH�ODWHUDO�LQGH[�FRQWUDVW�UHPDLQHG�FRQVWDQW�DW� =∆ effn ������

1.2.1 Experimental results

6WDUWLQJ�IURP�WKH�OD\HU�VWUXFWXUH�GHSLFWHG�LQ�7DEOH������ODVHUV�ZLWK�GLIIHUHQW�ZLGWKV������������

��DQG��� mµ ��DQG�GLIIHUHQW�HWFK�GHSWK�ZHUH�IDEULFDWHG�

7KH�PRVW� UHOHYDQW�UHVXOWV�DUH�VXPPDULVHG� LQ�7DEOH������ �$V�XVXDO�� WKH�HWFKLQJ�GHSWK� LV�GH�

QRWHG�ZLWK�UHVSHFW�WR�WKH�WRS�RI�WKH�ILUVW�ILOP�OD\HU���7KH�OHQJWK�RI�DOO�ODVHUV�ZDV���� mµ �

�����������������������������������������������������


�7KH�ODVHUV�ZHUH�IDEULFDWHG�E\�7��9DQ�&DHQHJHP���+H�DOVR�PHDVXUHG�WKH�/,�FKDUDFWHULVWLFV�IRU�REWDLQ�

LQJ�WKH�GDWD�VXPPDULVHG�LQ�7DEOH�������7KH�JDLQ�PHDVXUHPHQWV�GHSLFWHG�LQ�)LJ������	�7DEOH�����ZHUH

SHUIRUPHG�E\�XV�
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HWFK�GHSWK
effn∆ :

thI extη

����QP ����� DOO�ZLGWKV QR�ODVHU�RSHUDWLRQ�REWDLQHG
����QP ����� ��� mµ QR�ODVHU�RSHUDWLRQ�REWDLQHG

� mµ ���P$ ����

� mµ ���P$ ����

�����QP ����� ��� mµ ���P$ ����

� mµ ���P$ ����

� mµ ���P$ ����

���� ����� ��� mµ ���P$ ����

� mµ ���P$ ����

7DEOH�����0DLQ�UHVXOWV�REWDLQHG�IURP�ODVHUV�IDEULFDWHG�IRU�YHULI\LQJ�WKH�WKLFN�ZDYHJXLGH

OD\HU�FRQFHSW���7KH�GLIIHUHQWLDO�H[WHUQDO�HIILFLHQFLHV�DUH�VLQJOH�VLGHG�YDOXHV�

7KH�EHVW�RSHUDWLRQ�FKDUDFWHULVWLFV�DUH�REWDLQHG�IRU�WKH�ODVHUV�ZLWK effn∆  �������HWFKHG�����QP

LQWR�WKH�TXDWHUQDU\�OD\HU���ZKLFK�VKRZ�YHU\�KLJK�GLIIHUHQWLDO�H[WHUQDO�HIILFLHQFLHV�DQG�UDWKHU

ORZ�WKUHVKROG�FXUUHQWV���7KH�ODVHUV�ZLWK�ORZHU�RSWLFDO�FRQWUDVW�VKRZHG�QR�ODVHU�RSHUDWLRQ�DW

DOO�� effn∆  �������RU�RQO\�IRU�WKH�EURDGHU�VWUXFWXUHV�� effn∆  ���������7KLV�PD\�EH�H[SODLQHG�E\

WKH�DQWL�JXLGLQJ� HIIHFW�GHVFULEHG� LQ�SDUDJUDSK������ �7KH�GHHSHU� HWFKHG� ODVHUV� � effn∆  ������

VKRZHG�ODVHU�RSHUDWLRQ�EXW�ZLWK�DQ�LQFUHDVHG�WKUHVKROG�FXUUHQW�DQG�ORZHU�H[WHUQDO�GLIIHUHQ�

WLDO�HIILFLHQF\���)URP�PHDVXULQJ�WKH�VSHFWUDO�JDLQ��VHH�EHORZ���ZH�EHOLHYH�WKDW�WKLV�VWHPV�IURP

DQ�HQKDQFHG�LQWHUQDO�ORVV���6HYHUDO�UHDVRQV�PD\�EH�UHVSRQVLEOH�IRU�WKLV���7KH�PRVW�OLNHO\�DUH

DQ�LQFUHDVHG�VFDWWHULQJ�ORVV�DW�WKH�ZDYHJXLGH�SRO\LPLGH�LQWHUIDFH�RU�GDPDJH�WR�WKH�TXDQWXP

WKLFNQHVV�>QP@ OD\HU >FP��@ OD\HU

��� ,Q*D$V S�� ��FRQWDFW�OD\HU
���� S�,Q3 �[����

�� S�,Q3 ���[����

�� ,Q3 Q�L�G�
��WRS�FODGGLQJ�OD\HU

��� 4��� Q�L�G�
�� 4���� Q�L�G�

��WRS�ILOP�OD\HU

��� ��,Q*D$V�4:V
�4����EDUULHUV


Q�L�G�
��DFWLYH�OD\HU

�� 4���� Q�L�G�
��� 4��� Q�L�G�

��ERWWRP�ILOP�OD\HU

�� ,Q3 Q�L�G�
Q�,Q3 Q�

��VXEVWUDWH


�7KH�4:V�ZHUH���QP�WKLFN��WKH�EDUULHUV����QP

7DEOH�����/D\HU�VWUXFWXUH�RI�WKH�ODVHUV�IDEULFDWHG�IRU�YHULI\LQJ�WKH�WKLFN�ZDYHJXLGH

OD\HU�FRQFHSW�
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ZHOO� OD\HUV� GXH� WR� WKH� HWFKLQJ� SURFHVV�� �2WKHU� SRVVLEOH� FDXVHV� IRU� WKH� UHGXFHG� GLIIHUHQWLDO

HIILFLHQF\� RI� WKH� GHHSHU� HWFKHG� ODVHUV� DUH� DQ� LQFUHDVHG� FRQILQHPHQW� LQ� WKH� DEVRUELQJ� WRS�

FODGGLQJ�OD\HU�RU�WKH�IDFW�WKDW�WKH\�DUH�QR�ORQJHU�RSHUDWLQJ�LQ�D�VLQJOH�WUDQVYHUVDO�PRGH�

)RU�VRPH�RI�WKH�ODVHUV�RI�7DEOH������ZH�GHWHUPLQHG�WKH�JDLQ�VSHFWUXP�IURP�WKH�UHVRQDQFHV�LQ

WKH�VSRQWDQHRXV�HPLVVLRQ�VSHFWUXP��XVLQJ�WKH�+DNNL�3DROL�PHWKRG�>�@�
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gnet λ �����

)(λrr = � LV� WKH� SHDN� WR� YDOOH\� UDWLR� RI� WKH� PHDVXUHG� )DEU\�3pURW� UHVRQDQFHV�

intmod α−= ggnet �LV�WKH�QHW�JDLQ��ZKLFK�LV�HTXDO�WR�WKH�GLVWULEXWHG�PLUURU�ORVV� ( )RLm 1ln1=α

DW�WKUHVKROG��IRU� R  �����DQG mL µ500= �� ≈mα ���FP������ modg �LV�WKH�PRGDO�JDLQ��ZKLFK�FDQ

EH�DFFXUDWHO\�GHVFULEHG�E\� matgg Γ=mod � LQ�EXULHG�ODVHU�VWUXFWXUHV�� �)RU�WKH�ULGJH�ODVHUV�GH�

VFULEHG�KHUH��WKLV�LV�RQO\�D�URXJK�DSSUR[LPDWLRQ�DQG�LW�LV�EHWWHU�WR�FDOFXODWH�WKH�PRGDO�JDLQ

GLUHFWO\� IURP� WKH�PRGLILHG� HIIHFWLYH� LQGH[� SURILOH� DV� GHVFULEHG� LQ� SDUDJUDSK� ����� � )LJ�� ���

VKRZV� WKH� JDLQ� VSHFWUXP� IRU� D� � mµ �ZLGH� ODVHU� � effn∆  �������� � 7KH� WKUHVKROG� FXUUHQW� DQG

H[WHUQDO�GLIIHUHQWLDO�HIILFLHQF\�RI�WKLV�ODVHU�ZHUH�UHVSHFWLYHO\����P$�DQG�������,Q�WKH�UHJLRQ

IDU�DERYH� WKH�ODVLQJ�ZDYHOHQJWK� �WKH�EHORZ�EDQGJDS�UHJLRQ��� WKH�PDWHULDO�JDLQ�LV�]HUR�DQG

WKH�QHW�JDLQ�LV�HTXDO�WR�WKH�LQWHUQDO�ORVV� intα �� �)RU�WKLV�SDUWLFXODU� ODVHU�WKH� LQWHUQDO� ORVV�ZDV

YHU\�ORZ��a����FP����

,Q�WRWDO�ILYH�ODVHUV�ZHUH�FKDUDFWHULVHG�LQ�WKLV�ZD\�DQG�WKH�UHVXOWV�DUH�VXPPDULVHG�LQ�7DEOH����

DQG�)LJ������� �,Q�)LJ�����D�WKH�SHDN�JDLQ�DV�IXQFWLRQ�RI�WKH�ELDV�FXUUHQW� LV�JLYHQ�IRU�WKH�IRXU

ODVHUV�ZLWK� effn∆  ��������7KH�JDLQ�LV�OLPLWHG�E\�WKH�WKUHVKROG�YDOXH� -1cm23≈netg ���,Q�7DEOH

�����WKH�SDUDPHWHUV� A �DQG� 0I �DUH�JLYHQ��ZKLFK�ZHUH�REWDLQHG�IURP�ILWWLQJ�WKH�OLQHDU�SDUW�RI

WKH�FXUYHV�LQ�)LJ�����D�WR�D�IXQFWLRQ� ( )0max IIAg −= �� �7KH�ODVW�FROXPQ�VKRZV�WKH� WUDQVSDU�

HQF\� FXUUHQW� IRU� WKH�PRGDO� JDLQ� AII int00’ α−= �� � )LJ�� ���E�GHSLFWV� WKH�ZDYHOHQJWK� RI� WKH

JDLQ�PD[LPXP�

7KH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�WKH�ODVHUV�ZHUH�QRW�XQLIRUP���)RU�H[DPSOH��ODVHU����LV�LGHQWL�

FDO�WR�ODVHU����EXW�LWV�WKUHVKROG�FXUUHQW�LV�PXFK�KLJKHU���7KLV�LV�UHIOHFWHG�LQ�D�KLJKHU�LQWHUQDO

ORVV�DQG�D�ORZHU�YDOXH�IRU� A ���$OVR�WKH�WKUHVKROG�FXUUHQW�IRU�ODVHU��������P$��LV�KLJKHU�WKDQ

IRU�WKH�EHVW�ODVHUV�ZLWK�WKLV�ULGJH�ZLGWK��ZKLFK�ZDV����P$��VHH�7DEOH�������ZKLFK�DJDLQ�PD\

RFFXU�IURP�DQ�LQFUHDVHG�LQWHUQDO�ORVV�IRU�WKLV�ODVHU�� �/DVHUV�������	���DUH�FRPSDUDEOH�WR�WKH

EHVW� LQ� WKHLU� VHULHV�� � 7KH� LQWHUQDO� ORVV� IRU� ODVHUV� ��� DQG� ��� LV� YHU\� ORZ� �DV� H[SHFWHG�� LW� LV

VRPHZKDW�ORZHU�IRU�WKH�EURDGHU�ODVHU��� �$V�GHQRWHG�DOUHDG\�DERYH��WKH�LQWHUQDO�ORVV�IRU�WKH

GHHSHU�HWFKHG�ODVHU������LV�VRPHZKDW�KLJKHU�DJDLQ�
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)LJ�� ���� 2SWLFDO� JDLQ� VSHFWUXP� RI� D� � mµ ZLGH� ODVHU� � effn∆  �������� PHDVXUHG� XVLQJ� WKH
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�
effn∆ W
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1.2.2 Calculation of modal gain

8VLQJ�WKH�PRGHO�GHVFULEHG�LQ�SDUDJUDSK�����RI�WKLV�FKDSWHU��ZH�FDOFXODWHG�WKH�PRGDO�JDLQ�RI

D���� mµ �ORQJ�ODVHU�GLRGH�ZLWK�WKH�OD\HU�VWUXFWXUH�RI�7DEOH�������%\�ILWWLQJ�WKH�PHDVXUHG�JDLQ

SDUDPHWHUV�IRU�ODVHU����RI�7DEOH������ =A ����FP��P$���� =0’I ����P$��WR�WKH�VLPXODWHG�FXUYH�

ZH�REWDLQHG�YDOXHV�IRU�WKH�GLIIHUHQWLDO�JDLQ�� =a ����×������FP����DQG�WKH�WUDQVSDUHQF\�FDUULHU

GHQVLW\� � =0N ���×������ FP���� RI� WKH� TXDQWXP�ZHOO� OD\HUV� WKDW� DUH� FRPSDUDEOH� WR� YDOXHV� UH�

SRUWHG�LQ�OLWHUDWXUH���8VLQJ�WKHVH�YDOXHV��ZH�FDOFXODWHG�WKH�PRGDO�JDLQ�IRU�D�� mµ ZLGH�ODVHU�

ZKLFK�LV�DOVR�VKRZQ�LQ�)LJ�����D���)URP�WKLV�FXUYH��WKH�WUDQVSDUHQF\�DQG�WKUHVKROG�FXUUHQW�IRU

WKLV�ODVHU�DUH�HVWLPDWHG�WR�EH�UHVSHFWLYHO\� =’
0I ���P$�DQG� =thI ���P$��ZKLFK�DJUHH�UHDVRQD�

EO\�ZHOO�ZLWK�WKH�H[SHULPHQWDOO\�REWDLQHG�YDOXHV�VKRZQ�LQ�7DEOH�����IRU�ODVHU����

7R�LQYHVWLJDWH�WKH� LQIOXHQFH�RI� WKH� ODWHUDO�RSWLFDO�LQGH[�FRQWUDVW�RQ� WKH� ODVHU�FKDUDFWHULVWLFV�

ZH� FDOFXODWHG� WKH� PRGDO� JDLQ� DV� IXQFWLRQ� RI� WKH� GULYH� FXUUHQW�� � effn∆ � ZDV� YDULHG� IURP

effn∆  ������WR� effn∆  ������DV�LQ�7DEOH�������7KH�UHVXOWV�DUH�GHSLFWHG�LQ�)LJ�����E���7R�REWDLQ�D

PRGDO�JDLQ�RI� =modg ���FP����WKH�WKUHVKROG�JDLQ�IRU�D���� mµ ODVHU�ZLWK� =R �����DQG� =intα �

FP�����WKH�UHTXLUHG�FXUUHQW�LQFUHDVHV�IURP����P$�IRU�WKH�GHYLFH�ZLWK�WKH�KLJKHVW�ODWHUDO�LQGH[

FRQWUDVW�WR����P$�IRU�WKH�RQH�ZLWK� =∆ effn ��������7KLV�GLIIHUHQFH�LV�OHVV�WKDQ�H[SHFWHG�IURP

WKH�REVHUYDWLRQ�WKDW�QRQH�RI�WKH�GHYLFHV�ZLWK�WKH�ORZHVW�ODWHUDO�LQGH[�FRQWUDVW�VKRZHG�ODVHU

RSHUDWLRQ���3UREDEO\�WKLV�LV�FDXVHG�E\�WKH�IDFW�WKDW�ZH�XVHG�D�OLQHDU�JDLQ�PRGHO�IRU�WKH�4:V�

6XFK�D�PRGHO�LV�RQO\�YDOLG�LQ�D�OLPLWHG�UDQJH���$�ORJDULWKPLF�PRGHO�GHVFULEHV�WKH�JDLQ�DFFX�

UDWHO\�RYHU� D�ZLGHU� UDQJH�DQG�ZLOO� JLYH� ULVH� WR� DQ� DGGLWLRQDO� VDWXUDWLRQ� RI� WKH�PRGDO� JDLQ
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)LJ�� ���� 6LPXODWHG�PRGDO� JDLQ� DV� IXQFWLRQ� RI� ELDV� FXUUHQW� IRU� D� ��� mµ ORQJ� ODVHU� GLRGH

ZLWK�WKH�OD\HU�VWUXFWXUH�RI�7DEOH�������,Q�WKH�OHIW�ILJXUH�WKH�ZLGWK�LV�YDULHG�IRU�D�IL[HG�FRQ�

WUDVW�� =∆ effn �������ZKLOH�LQ�WKH�ULJKW�ILJXUH�WKH�FRQWUDVW�LV�YDULHG�IRU�IL[HG�ZLGWK��� mµ ��
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1.2.3 Use of etch stop layer

)URP�WKH�H[SHULPHQWDO�DQG�WKHRUHWLFDO�UHVXOWV�GLVFXVVHG�LQ�WKH�SUHYLRXV�SDUDJUDSKV��LW�LV�RE�

YLRXV�WKDW�WKH�HWFKLQJ�GHSWK�LV�D�YHU\�FULWLFDO�GHYLFH�SDUDPHWHU�� �7KHUHIRUH��LW�ZRXOG�EH�DG�

YDQWDJHRXV�LI�WKH�XSSHU�ILOP�OD\HU�FRXOG�EH�XVHG�DV�D�VWRS�OD\HU�IRU�D�VHOHFWLYH�HWFK�SURFHVV�

ZKLOH�PDLQWDLQLQJ�WKH�RSWLPDO�ODWHUDO�LQGH[�FRQWUDVW�� effn∆  �������DV�LW�ZDV�IRXQG�IURP�WKH

PHDVXUHPHQWV�GHVFULEHG�LQ�SDUDJUDSK���������7KLV�PLJKW�EH�REWDLQHG�E\�UHGXFLQJ�WKH�WKLFN�

QHVV�RI� WKH�JXLGLQJ�OD\HU�VRPHZKDW�DV�LOOXVWUDWHG�LQ�)LJ������� �)RU�WKLV� ILJXUH�ZH�FDOFXODWHG

WKH�ODWHUDO�RSWLFDO�LQGH[�FRQWUDVW�DV�IXQFWLRQ�RI�WKH�HWFKLQJ�GHSWK�IRU�D�ODVHU�VWUXFWXUH�LGHQWL�

FDO�WR�WKH�RQH�RI�7DEOH�����EXW�ZLWK�YDU\LQJ�WKLFNQHVV� ft �RI�WKH�4����ILOP�OD\HUV���7KH�RSWLPDO

OD\HU�WKLFNQHVV�IRU�WKH�4����OD\HU�DSSHDUV�WR�EH�a����QP��UHVXOWLQJ�LQ�D�WRWDO�OD\HU�WKLFNQHVV

RI� ���� QP�� � )RU� WKLV� OD\HU� WKLFNQHVV�� WKH� ODWHUDO� LQGH[� FRQWUDVW� effn∆  ������ LV� REWDLQHG� E\

VWRSSLQJ�WKH�HWFKLQJ�SURFHVV�XSRQ�WKH�XSSHU�ILOP�OD\HU�� �$V�PD\�EH�VHHQ�IURP�)LJ�������UH�

GXFLQJ�WKH�WKLFNQHVV�RI�WKH�ILOP�OD\HUV�UHVXOWV�LQ�D�VRPHZKDW�LQFUHDVHG�FRQILQHPHQW�IDFWRU�LQ

WKH� DEVRUELQJ� FODGGLQJ� OD\HUV�� �+RZHYHU�� VLQFH� DOVR� WKH� FRQILQHPHQW� IDFWRU� RI� WKH�4:V� LV

VOLJKWO\�LQFUHDVHG��ZH�EHOLHYH�WKDW�WKLV�ZLOO�QRW�DIIHFW�WKH�ODVHU�FKDUDFWHULVWLFV�FRQVLGHUDEO\�
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GHSWK��ZLWK�WKH�WKLFNQHVV�RI�WKH�4����ILOP�OD\HUV�YDULHG�IURP�����QP�WR�����QP���7KH�KRUL�

]RQWDO�OLQH�LQGLFDWHV�WKH�RSWLPDO�RSWLFDO�LQGH[�FRQWUDVW�� effn∆  ������

1.3 Semiconductor amplifiers for hybrid integration

)RU�UHDOLVLQJ�WKH�K\EULGO\�LQWHJUDWHG�3,&V��VHH�FKDSWHUV���	�����UHIOHFWLYH�VHPLFRQGXFWRU�DP�

SOLILHUV��562$��DUH�QHHGHG���7KHVH�DUH�DPSOLILHUV��ZKLFK�KDYH�RQH�KLJKO\�UHIOHFWLQJ�IDFHW�DQG

RQH�IDFHW�ZLWK�QHJOLJLEOH�UHIOHFWLRQ���7KH�ODWWHU�LV�REWDLQHG�E\�DQJOLQJ�WKH�ZDYHJXLGH�WRZDUGV

WKH�IDFHW�DQG�E\�DSSO\LQJ�DQ�$5�FRDWLQJ���:H�GHVLJQHG�WKH�562$V�LQ�FR�RSHUDWLRQ�ZLWK�2S�

WRVSHHG�6$�>�@>�@��ZKLFK�DOVR� IDEULFDWHG� WKHP�� �7KH�GHVLJQ�DQG�RSHUDWLQJ�FKDUDFWHULVWLFV�RI

WKHVH�GHYLFHV�LV�RXWOLQHG�LQ�WKH�QH[W�SDUDJUDSK�����������:H�PDGH�VLPLODU�DPSOLILHU�DQG�ODVHU
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DUUD\V�LQ�RXU�RZQ�IDFLOLWLHV���7KHVH�ZHUH�XVHG�IRU�WHVWLQJ�WKH�SHUPDQHQW�ERQGLQJ�SURFHGXUH

GHYHORSHG�IRU�WKH�K\EULG�LQWHJUDWLRQ�SURFHVV��FKDSWHU����� �7KH� IDEULFDWLRQ�DQG�FKDUDFWHULVD�

WLRQ�RI�WKHVH�DPSOLILHUV�LV�GLVFXVVHG�LQ�SDUDJUDSK�������

1.3.1 Design and operating characteristics of the RSOA-arrays fabricated by

Optospeed SA

7KH�WUDQVYHUVDO�FURVV�VHFWLRQ�RI�WKH�DPSOLILHUV�IDEULFDWHG�E\�2SWRVSHHG�6$��FRXOG�QRW�EH�FKR�

VHQ� IUHHO\� VLQFH� WKH�DUUD\V�ZHUH�SDUW�RI�D� ODUJHU�EDWFK�� FRQWDLQLQJ�DOVR� DPSOLILHUV� IRU�RWKHU

FXVWRPHUV���$V�VKRZQ�LQ�)LJ�������D�4�����EXON�DFWLYH�OD\HU�SURYLGHV�WKH�UHTXLUHG�JDLQ���7KH

4�����ILOP�OD\HU�RQ�WRS��ZLWK�WKLFNQHVV� ft ��VHUYHV�DV�DQ�HWFK�VWRS�OD\HU���7ZR�GLIIHUHQW�VHULHV

RI�DPSOLILHUV�ZHUH� IDEULFDWHG��RQH�ZLWK�DQ�DFWLYH� OD\HU� WKLFNQHVV� =at ����QP�DQG�RQH�ZLWK

=at ����QP�� �$Q�$5�FRDWLQJ�ZDV�DSSOLHG� WR� WKH� VODQWHG� IDFHW�� WKH� RSSRVLWH� IDFHW�ZDV�+5�

FRDWHG�
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)URP�SUHOLPLQDU\�H[SHULPHQWV��VHH�FKDSWHU�����LW�ZDV�IRXQG�WKDW�VODQWLQJ�WKH�ZDYHJXLGH�E\��

GHJUHHV�FRXOG�QRW�FRPSOHWHO\�UHGXFH�UHVLGXDO�UHIOHFWLRQV�DW�WKH�DPSOLILHU�IDFHW���)RU�WKDW�UHD�

VRQ��ZH�FKRRVH� DQ�DQJOH�RI� ���GHJUHHV� IRU� WKH� ILQDO�GHVLJQ�� �7KH� VODQWLQJ�ZDV�REWDLQHG�E\
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




−=

L

zH
z

L

H
zh π

π
sin)( �����

z �LV�WKH�GLVWDQFH�DORQJ�WKH�D[LV�� h LV�WKH�KHLJKW�RI�WKH�FXUYH�ZLWK�UHVSHFW�WR�WKH�D[LV�� L LV�WKH

OHQJWK�RI�WKH�DPSOLILHU�DQG�H LV�GHWHUPLQHG�E\�WKH�DQJOH�DW�WKH�IDFHW�IROORZLQJ�

( )αtan
2

L
H = �����

,Q�WKLV�ZD\�WKH�EHQG�UDGLXV�LV�DGLDEDWLFDOO\�LQFUHDVHG�WR�LWV�PD[LPXP�YDOXH�DW� 2L DQG�DJDLQ

GHFUHDVHG���7KH�DSSDUHQW�DGYDQWDJH�RI�WKLV�VWUXFWXUH�FRPSDUHG�WR�D�FXUYH�ZLWK�FRQVWDQW�UD�

GLXV�FRPELQHG�ZLWK�D�VLQJOH�VWUDLJKW�ZDYHJXLGH��LV�WKDW�QR�RIIVHWV�DUH�UHTXLUHG��ZKLFK�ZRXOG

EH�GLIILFXOW�WR�LPSOHPHQW�LQ�DQ�DFWLYH�VWULSH�
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7KH�VWULSH�LV�WDSHUHG�IURP�� mµ �DW�WKH�+5�FRDWHG�IDFHW�WR�� mµ DW�WKH�VODQWHG�IDFHW���7KLV�UH�

OD[HV�WKH�FRXSOLQJ�WROHUDQFHV�VRPHZKDW�DQG�UHGXFHV�IXUWKHU�WKH�UHVLGXDO�UHIOHFWLRQV�DV�PD\

EH�VHHQ�IURP�)LJ��������7KLV�ILJXUH�GHSLFWV�WKH�FDOFXODWHG�UHIOHFWLRQ�IRU�WKH�DPSOLILHU�DV�IXQF�

WLRQ�RI�WKH�DQJOH�ZLWK�WKH�IDFHW�� �7KH�HIIHFW�RI� WKH�$5�FRDWLQJ�LV�QRW�LQFOXGHG�LQ�WKLV�ILJXUH�

2QH�PD\�VHH�WKDW�WKH�UHVLGXDO�UHIOHFWLRQ�RI�WKH�ILUVW�RUGHU�PRGH�LV�UHODWLYHO\�KLJK�IRU�WKH�HP�

SOR\HG�DQJOH���+RZHYHU��LQ�WKH�VPDOOHVW�SDUW�RI�WKH�562$��WKH�PRGDO�JDLQ�RI�WKH�ILUVW�RUGHU

PRGH� LV�PXFK�VPDOOHU� WKDQ� WKDW�RI� WKH�]HURWK�RUGHU�PRGH��VR�ZH�EHOLHYH� WKDW� WKLV�ZLOO�QRW

FRPSURPLVH�WKH�RSHUDWLRQ�RI�WKH�3,&V�EXLOW�IURP�WKHVH�DPSOLILHUV�
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IRU�ERWK� mW µ2= �DQG� mW µ3= � =at ����QP��

(DFK� DUUD\� FRQWDLQHG� ��� 562$V�� WKHUHE\� SURYLGLQJ� VRPH� UHGXQGDQF\� DJDLQVW� IDEULFDWLRQ

HUURUV�VLQFH�RQO\���ZRUNLQJ�DPSOLILHUV�DUH�UHTXLUHG�IRU�WKH�UHDOLVDWLRQ�RI�WKH�K\EULG�3KDVHG�
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FXUUHQW�E\�RSHUDWLQJ�WKH�62$�DV�D�GHWHFWRU�>�@>�@�� �&KRSSHG�OLJKW�IURP�D�WXQDEOH� ODVHU�ZDV

LQMHFWHG�LQ�WKH�ZDYHJXLGH���,I�WKH�ELDV�FXUUHQW�RI�WKH�GLRGH�LV�EHORZ�WKH�WUDQVSDUHQF\�FXUUHQW�

WKH�GHWHFWLRQ�RI�WKH�VLJQDO�DULVHV�IURP�DEVRUSWLRQ�RI�LQMHFWHG�HOHFWURQV���$W�D�ELDV�DERYH�WKH

PDWHULDO�WUDQVSDUHQF\�SRLQW��WKH�GHWHFWLRQ�DULVHV�IURP�VWLPXODWHG�HPLVVLRQ��ZKLOH�DW�WKH�SRLQW

RI�WUDQVSDUHQF\��WKH�GHWHFWHG�VLJQDO�EHFRPHV�]HUR�DQG�FKDQJHV�LWV�SRODULW\�

)LJ�� ����� VKRZV� WKH� VSRQWDQHRXV� HPLVVLRQ� VSHFWUXP��PHDVXUHG� IRU� GLIIHUHQW� YDOXHV� RI� WKH

ELDV�FXUUHQW���7KH�SHDN�RI�WKH�QRLVH�VSHFWUXP�VKLIWV�IURP������QP�WRZDUGV������QP�ZLWK�LQ�

FUHDVLQJ� FXUUHQW�� �7KH�DFWXDO� JDLQ�SHDN�PD\�EH� H[SHFWHG� WR�EH� ORFDWHG� VRPHZKDW� WRZDUGV

KLJKHU� ZDYHOHQJWKV� EXW� ZLOO� VKRZ� WKH� VDPH� EHKDYLRXU
�� � )URP� WKH� ULSSOH� LQ� WKH� $6(�

VSHFWUXP��ZH�HVWLPDWH�WKH�UHVLGXDO�UHIOHFWLRQ�RI�WKH�VODQWHG�IDFHW�WR�EH�ORZHU�WKDQ����G%�
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)LJ�������6SRQWDQHRXV�HPLVVLRQ�VSHFWUXP�RI�562$V

:H�DOVR�PHDVXUHG�WKH�VPDOO�VLJQDO�UHVSRQVH�RI�WKH�DPSOLILHUV���)LJ������D�VKRZV�WKH�VFKHPH

RI� WKH�PHDVXUHPHQW� VHWXS�� � $� VWDQGDUG� FXUUHQW� VRXUFH� ���� SURYLGHV� WKH� ELDV� FXUUHQW� biasI �

7KLV� FXUUHQW� LV� FRPELQHG�ZLWK�D� VLJQDO� FRPLQJ� IURP�D� VLJQDO� JHQHUDWRU� �5RGH�	� 6FKZDUW]

607�� ��N+]�a���*+]���XVLQJ�D� VXLWDEOH� ELDV� WHH� ���� DQG� DSSOLHG� WR� WKH� 62$�XVLQJ� D�KLJK�

IUHTXHQF\�SUREH�ZLWK�D�EXLOW�LQ����2KP�VHULHV�UHVLVWRU�� extR ����7KH�LQWHUQDO�VHULHV�UHVLVWDQFH�RI

WKH� 62$�ZDV�DSSUR[LPDWHO\� ��2KP�� � 7KH� DPSOLWXGH� RI� WKH� DSSOLHG� VLJQDO�ZDV� YDULHG� EH�

WZHHQ����P9�DQG�����P9��KRZHYHU� WKLV�KDG�QR� LQIOXHQFH�RQ� WKH�PHDVXUHG�UHVSRQVH�� �7KH

PHDVXUHPHQW�UHVXOWV�DUH�VXPPDULVHG�LQ�)LJ������E��F��	�G�

)LJ������E�VKRZV�WKH�VPDOO�VLJQDO�UHVSRQVH�RI�DQ�562$�PRXQWHG�RQ�D�6LOLFRQ�VXEVWUDWH��IRU

GLIIHUHQW�ELDV�FXUUHQWV�� �7KH�VROLG�OLQHV�ZHUH�ILWWHG�XVLQJ�D���SROH�WUDQVIHU�IXQFWLRQ�� � ,Q�)LJ�

����F��WKH���G%�EDQGZLGWK�LV�VKRZQ�DV�IXQFWLRQ�RI�WKH�ELDV�FXUUHQW���$OVR��WKH�HIIHFWLYH�FDUULHU

�����������������������������������������������������


� 7KLV� LV� YHULILHG� E\� WKH� IDFW� WKDW� WKH� RSHUDWLQJ� ZDYHOHQJWK� RI� WKH� EHVW� K\EULGO\� LQWHJUDWHG� GHYLFHV

� thI a���P$�� LV� DURXQG� ����� QP� DQG� IRU� KLJKHU� ORVV� GHYLFHV� VKLIWV� JUDGXDOO\� WRZDUGV� ORZHU�ZDYH�

OHQJWK��VHH�FKDSWHUV���	���
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OLIHWLPH� effτ � )2(1 3dBπν= �� LV� VKRZQ� LQ� WKLV� ILJXUH�� � %\� ILWWLQJ� WKH� ODWWHU� WR� WKH� GHILQLWLRQ

=effτ1 � 232 CNBNA ++ � �VHH� FKDSWHU� ��
� DQG� WDNLQJ� LQWR� DFFRXQW� WKH� UHODWLRQ�EHWZHHQ� WKH

ELDV�FXUUHQW�DQG�WKH�FDUULHU�GHQVLW\�� )(NReVI a = �ZLWK� 32)( CNBNANNR ++= ���ZH�RE�

WDLQHG�YDOXHV�IRU�WKH�PRQR�PROHFXODU�� WKH�ELPROHFXODU�DQG�WKH�DXJHU�UHFRPELQDWLRQ�FRHIIL�

FLHQWV�$��%�	�&��ZKLFK�DJUHH�UHDVRQDEO\�ZHOO�ZLWK�YDOXHV�UHSRUWHG�LQ� OLWHUDWXUH�� �+RZHYHU�

GXH�WR�WKH�IDFW� WKDW� WKH�DPSOLILHUV�KDV�D�ULGJH�W\SH�FURVV�VHFWLRQ�� LW� LV�GLIILFXOW� WR�GHWHUPLQH

WKH�HIIHFWLYH�ZLGWK�WKDW�KDV�WR�EH�XVHG�WR�FDOFXODWH�WKH�DFWLYH�OD\HU�YROXPH� aV ���$V�GHSLFWHG

LQ�7DEOH������WKH�ODWWHU�KDV�D�VWURQJ�LQIOXHQFH�RQ�WKH�YDOXHV�RI�WKH�UHFRPELQDWLRQ�FRHIILFLHQWV

VR�WKHUH�UHPDLQV�VRPH�XQFHUWDLQW\�DERXW�WKHLU�H[DFW�PDJQLWXGH�

,Q�)LJ������G�� WKH�VPDOO�VLJQDO� UHVSRQVH�RI� WKH�562$�LV�FRPSDUHG�ZLWK� WKH�VPDOO�VLJQDO� UH�

VSRQVH� RI� D� FRPSDUDEOH� 562$� PRXQWHG� RQ� D� JODVV� VXEVWUDWH�� � ,W� DSSHDUV� WKDW� WKH� KLJK�

IUHTXHQF\�UROO�RII�LV�VRPHZKDW�VWHHSHU�IRU�WKH�562$�RQ�WKH�VLOLFRQ�VXEVWUDWH���7KLV�PD\�VWHP

IURP�D�SDUDVLWLF�FDSDFLWDQFH�WR�WKH�FRQGXFWLYH�VLOLFRQ�VXEVWUDWH��� �+RZHYHU��LW�FRXOG�DV�ZHOO

EH�FDXVHG�E\�WKH�VOLJKWO\�GLIIHUHQW�LQWHUFRQQHFWLRQ�SDWWHUQ���'XH�WR�WKH�ORZ�WKHUPDO�FRQGXF�

WLYLW\�� WKH� RXWSXW�SRZHU� RI� WKH� DPSOLILHUV�PRXQWHG� RQ� WKH� JODVV� FDUULHUV�ZDV� FRQVLGHUDEO\

ORZHU�FRPSDUHG�WR�WKDW�VKRZQ�LQ�)LJ�������IRU�WKH�DPSOLILHUV�RQ�D�VLOLFRQ�VXEVWUDWH�� �7KHUH�

IRUH��WKH�DPSOLILHUV�RQ�WKH�JODVV�FDUULHUV�ZHUH�QR�ORQJHU�XVHG�

R

I

R

hν
V

2

4

5

1

3 ext

bias

int

-100

-90

-80

-70

-60

-50

100 1000

S
m

al
l s

ig
na

l r
es

po
ns

e 
[d

B
m

]

Frequency [MHz]

Ibias=30mA

Ibias=50mA

Ibias=60mA

)LJ�������D��6HWXS�IRU�PHDVXULQJ�VPDOO�VLJQDO�UHVSRQVH���E��6PDOO�VLJQDO�UHVSRQVH�RI�562$

IRU�GLIIHUHQW�ELDV�FXUUHQWV�

�����������������������������������������������������


�:H�WKHUHE\�QHJOHFWHG� WKH� LQIOXHQFH�RI� WKH� WHUP� gSgv �ZKDW� LV� MXVWLILHG�E\� WKH� IDFW� WKDW� WKH�RXWSXW

SRZHU�LV�ORZ�

��7KH�VXEVWUDWH�ZDV�FRYHUHG�ZLWK�D�GLHOHFWULF�OD\HU�6L1������QP��DQG�D�JROG�LQWHUFRQQHFWLRQ�SDWWHUQ�
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)LJ�������F����G%�EDQGZLGWK�DQG�HIIHFWLYH�FDUULHU�OLIHWLPH��DV�IXQFWLRQ�RI�ELDV�FXUUHQW���7KH

GDVKHG�OLQH�LV�D�OHDVW�VTXDUHV�ILW�WR�WKH���G%�EDQGZLGWK�� �7KH�VROLG�OLQH�ZDV�REWDLQHG�E\

ILWWLQJ�D�FDOFXODWHG�FXUYH�WR�WKH�PHDVXUHG�UHVXOWV�IRU� effτ �IURP�ZKLFK�ZH�REWDLQHG�WKH�YDO�

XHV�IRU�$��%�	�&�LQ�WKH�ILUVW�FROXPQ�LQ�7DEOH������ �G��&RPSDULVRQ�EHWZHHQ�VPDOO� VLJQDO

UHVSRQVH�IURP�562$�PRXQWHG�RQ�D�6LOLFRQ�VXEVWUDWH��FORVHG�V\PEROV��DQG�RQ�D�JODVV�VXE�

VWUDWH��RSHQ�V\PEROV�

nmd

mW

120

5.2

=
= µ

nmd

mW

120

0.3

=
= µ

nmd

mW

100

5.2

=
= µ

$������V�� ��� ��� ���
%�������P�V�� ��� ��� ���
&�������P�V�� ���� ���� ����

7DEOH� ����9DOXHV� IRU� WKH�PRQRPROHFXODU�� WKH� ELPROHFXODU� DQG� WKH� DXJHU� UHFRPELQDWLRQ

FRHIILFLHQWV��REWDLQHG�IURP�ILWWLQJ�D�FDOFXODWHG�FXUYH�WR� WKH�H[SHULPHQWDOO\�REWDLQHG�YDO�

XHV�IRU� effτ ��VKRZQ�LQ�)LJ������F�

1.3.2 Design and operating characteristics of the RSOA-arrays fabricated at

INTEC

)RU�WHVWLQJ�WKH�SHUPDQHQW�ERQGLQJ�SURFHGXUH�IRU�K\EULGO\�LQWHJUDWHG�3,&V��FKDSWHU�����PDQ\

GHYLFHV�ZHUH�QHFHVVDU\�� � 7KHUHIRUH��ZH�GHYHORSHG� D�PDVN� VHW� VXLWDEOH� IRU� IDEULFDWLQJ� ERWK

562$�DUUD\V�DQG�ODVHU�DUUD\V���7KH�GHVLJQ�RI�WKH�562$�DUUD\V�ZDV�VLPLODU�WR�WKH�GHVLJQ�GH�

VFULEHG�LQ�WKH�SUHYLRXV�SDUDJUDSK���+RZHYHU��ERWK�WKH�ZLGWK�RI�WKH�ZDYHJXLGH�DW�WKH�KLJKO\

UHIOHFWLQJ�IDFHW�������������������� mµ ��DQG�DW�WKH�VODQWHG�IDFHW�������������������� mµ ��ZHUH�YDULHG�

1H[W�WR�WKH�562$V��WKH�PDVN�FRQWDLQHG�DOVR�ODVHU�DUUD\V�ZLWK�YDU\LQJ�ULGJH�ZLGWK�����������

������������������ mµ ��

6HYHUDO�EDWFKHV�RI�WKHVH�DPSOLILHUV�DQG�ODVHUV�ZHUH�PDQXIDFWXUHG���7KH�IDEULFDWLRQ�SURFHGXUH

LV�GHVFULEHG� LQ�PRUH�GHWDLO� LQ�DSSHQGL[���RI� WKLV� FKDSWHU�� �7KH�FURVV�VHFWLRQ�ZDV� VLPLODU� WR

WKDW�GHSLFWHG�LQ�)LJ��������7KH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�WKH�ILUVW�ODVHUV�WKDW�ZHUH�IDEULFDWHG

ZHUH�QRW�YHU\�JRRG���)RU�WKDW�UHDVRQ�ZH�PHDVXUHG�WKH�RSWLFDO�JDLQ�VSHFWUXP��IURP�ZKLFK�WKH
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LQWHUQDO�ORVV�ZDV�H[WUDFWHG��FI��SDUDJUDSK����������7KH�UHVXOW�LV�VKRZQ�LQ�)LJ������D���7KH�/,�

FXUYH�RI�WKLV�ODVHU�� mW µ3= �� mL µ600= ��LV�VKRZQ�LQ�)LJ������E�� �7KH�SHDN�JDLQ�LQFUHDVHV

DJDLQ�OLQHDU� ( )0max IIAg −= �ZLWK� =A �������P$�FP����DQG� =0I ���P$�
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)LJ�������1HW�JDLQ�YHUVXV�ZDYHOHQJWK�IRU�GLIIHUHQW�ELDV�FXUUHQWV��OHIW��DQG�/,�FXUYH��ULJKW�

RI�ODVHU�ZLWK�EXON�DFWLYH�OD\HU�� mW µ3= �� mL µ600= �

7KH�PHDVXUHG� LQWHUQDO� ORVV� LQFUHDVHV�VOLJKWO\�IURP����FP���DW� =biasI ���P$�WR����FP���DW���

P$���8VLQJ�WKH�VDPH�DSSURDFK�DV�RXWOLQHG�LQ�SDUDJUDSK��������ZH�HVWLPDWHG�WKH�GLIIHUHQWLDO

JDLQ� � =a ����[�����FP���� DQG� WKH� WUDQVSDUHQF\� FDUULHU� GHQVLW\� � =0N �����[�����FP���� RI� WKH

EXON�DFWLYH�OD\HU�� �6LPLODU�YDOXHV�ZHUH�REWDLQHG�IURP�WKH�UHVXOWV�SUHVHQWHG�LQ�)LJ�������DQG

)LJ���������$V�H[SHFWHG��WKH�GLIIHUHQWLDO�JDLQ�REWDLQHG�KHUH���IRU�D�EXON�DFWLYH�OD\HU���LV�ORZHU

WKDQ�WKH�YDOXH�REWDLQHG�IRU�WKH�4:V�RI�SDUDJUDSK�����

7KH�KLJK�LQWHUQDO�ORVV�DQG�WKH�ORZ�GLIIHUHQWLDO�JDLQ�PD\�H[SODLQ�WKH�UHODWLYHO\�KLJK�WKUHVKROG

FXUUHQW�DQG�WKH� ORZ�H[WHUQDO�GLIIHUHQWLDO� HIILFLHQF\�� �+RZHYHU�� IURP� ILWWLQJ� WKH� IRUPXOD� IRU

WKH�H[WHUQDO�GLIIHUHQWLDO�HIILFLHQF\� ( )mext ααηη intint 1+= �WR�WKH�PHDVXUHG�YDOXH�� =extη ����

ZLWK� =R �����ZH�EHOLHYH�WKDW�DOVR�WKH�LQWHUQDO�GLIIHUHQWLDO�HIILFLHQF\�LV�ORZ���������

)RU� IDEULFDWLQJ� WKHVH� ODVHUV�� D�ZDIHU�ZLWK�DQ� ,Q3�WRS�FODGGLQJ� OD\HU�RI� RQO\� � mµ �ZDV� HP�

SOR\HG���,Q�)LJ�������WKH�FDOFXODWHG�DEVRUSWLRQ�LQ�WKLV�WRS�FODGGLQJ�OD\HU�YHUVXV�LWV�WKLFNQHVV

LV� GHSLFWHG� �WKH� H[DFW� OD\HU� VWUXFWXUH� RI� WKHVH� DPSOLILHUV� DQG� WKH�PDWHULDO� SDUDPHWHUV� WKDW

ZHUH�XVHG�IRU�WKH�VLPXODWLRQ�PD\�EH�IRXQG�LQ�7DEOH��������)RU�REWDLQLQJ�WKH�XSSHU�FXUYH��DOVR

WKH�ORVV�GXH�WR�WKH�7LWDQLXP�FRQWDFW�ZDV�WDNHQ�LQWR�DFFRXQW���7LWDQLXP�KDV�D�ODUJH�UHDO�SDUW�RI

WKH� UHIUDFWLYH� LQGH[�� DOORZLQJ� WKH� RSWLFDO�PRGH� SURILOH� WR� H[WHQG� IDU� LQWR� WKLV� VWURQJO\� DE�

VRUELQJ�OD\HU
���7KH�ORZHU�FXUYH�LV�WKH�FDOFXODWHG�ORVV�IRU�WKH�FDVH�ZKHUH�WKH�7LWDQLXP�FRQWDFW

OD\HU�LV�UHSODFHG�E\�DQ�LGHDO�PHWDO�OD\HU���,I�DOVR�WKH�DEVRUELQJ�,Q*D$V�OD\HU�LV�RPLWWHG��WKH

�����������������������������������������������������


� n �7L�� �������M������H�J��FRPSDUH�WR�JROG�� n �$X�� ��������M�������>��@
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DEVRUSWLRQ�ORVV�LQ�WKH�FODGGLQJ�OD\HUV�VWD\V�DOPRVW�FRQVWDQW�DW���FP����WKH�YDOXH�WR�ZKLFK�ERWK

FXUYHV�LQ�)LJ�������VDWXUDWH�

7KH�LQVHW�RI�)LJ�������VKRZV�WKH�PRVW�UHOHYDQW�SDUW�RI�WKH�FXUYHV�LQ�PRUH�GHWDLO���7KH�FDOFX�

ODWHG�DEVRUSWLRQ�GHFUHDVHV�IURP���FP��� WR���FP���ZKHQ� LQFUHDVLQJ� WKH� WKLFNQHVV�RI� WKH�FODG�

GLQJ�OD\HU�IURP� =cld ��� mµ �WR� =cld ��� mµ ���7KH�GLSV�LQ�WKH�FDOFXODWHG�FXUYHV�KDYH�D�SHULRG

RI� ( )cln20λ �DQG�DUH�FDXVHG�E\�D�UHVRQDQFH�HIIHFW�LQ�WKH�WRS�FODGGLQJ�OD\HU�

WKLFNQHVV�>QP@ OD\HU >FP��@ α >FP��@

�� 7L � ������
��� ,Q*D$V S�� ����
GFO S�,Q3 �[���� ��
�� S�,Q3 ���[���� ��
�� ,Q3 Q�L�G� �
�� 4���� Q�L�G� �
��� 4���� Q�L�G� �
���� ,Q3 Q �

7DEOH�����/D\HU�VWUXFWXUH�RI�562$�DPSOLILHUV�IDEULFDWHG�DW�,17(&�� cld �ZDV�� mµ �IRU�WKH

ILUVW�ZDIHU�DQG���� mµ IRU�IROORZLQJ�ZDIHUV��
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)LJ�������,QWHUQDO� ORVV�YHUVXV� WKH� WRS� FODGGLQJ� OD\HU� WKLFNQHVV� IRU� WKH� ODVHU� VWUXFWXUH�GH�

SLFWHG�LQ�7DEOH�����ZLWK� =W � mµ �

$OWKRXJK� WKH� FDOFXODWHG� ORVV� LQ� WKH� WRS�FODGGLQJ� OD\HU� FDQQRW� FRPSOHWHO\� H[SODLQ� WKH�KLJK

YDOXH�RI�WKH�PHDVXUHG�LQWHUQDO�ORVV��D�QHZ�ZDIHU�ZLWK�D�WKLFNHU�FODGGLQJ�OD\HU�ZDV�JURZQ�

5HVXOWV�RI�WKH�FKDUDFWHULVDWLRQ�RI�D�VHULHV�RI� ODVHUV�IDEULFDWHG�XVLQJ�WKLV�ZDIHU�� =at ����QP�

=ft ���QP��DUH�SUHVHQWHG�LQ�)LJ�������DQG�)LJ���������7KH�ILUVW�ILJXUH�VKRZV�WKH�WKUHVKROG�FXU�

UHQW�DQG�WKH�WKUHVKROG�FXUUHQW�GHQVLW\�IRU�ODVHUV�ZLWK�YDU\LQJ�VWULSH�ZLGWK�DQG�FDYLW\�OHQJWK

XQGHU�&:�RSHUDWLRQ��7 ��R&����,Q�)LJ��������WKH�WKUHVKROG�FXUUHQW�DQG�WKUHVKROG�FXUUHQW�GHQ�
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VLW\�RI�WKH���� mµ �ORQJ�ODVHUV�XQGHU�SXOVHG�RSHUDWLRQ�DUH�JLYHQ��SXOVH�GXUDWLRQ���� sµ ��GXW\

F\FOH������� � ,W� LV�DSSDUHQW�WKDW��GXH�WR�WKH�KHDWLQJ�RI�WKH�DFWLYH� OD\HU�� WKH�WKUHVKROG�FXUUHQW

LQFUHDVHV�FRQVLGHUDEO\�XQGHU�&:�RSHUDWLRQ�� �:H�DOVR�PHDVXUHG�WKH�WKUHVKROG�FXUUHQW�GHQ�

VLW\�RI�EURDG�DUHD� ODVHUV�XQGHU�SXOVHG�RSHUDWLRQ�� � )RU� ��� mµ � DQG���� mµ � ORQJ� ODVHUV��ZH

IRXQG� UHVSHFWLYHO\� 21365 cmAJth = DQG� 21090 cmAJth = �� � 7KH� ILUVW� YDOXH� LV� LQGLFDWHG� LQ

)LJ������E�E\�WKH�KRUL]RQWDO�OLQH��ZKLFK�VKRZV�WKDW�LQ�WKH�ULGJH�ODVHUV�D�FRQVLGHUDEOH�SDUW�RI

WKH�FXUUHQW�LV�ORVW�GXH�WR�WKH�DQWL�JXLGLQJ�HIIHFW�GHVFULEHG�LQ�SDUDJUDSK�������$V�H[SHFWHG�WKLV

HIIHFW�LV�PRUH�LPSRUWDQW�IRU�WKH�VPDOOHU�ULGJHV�
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)LJ�������7KUHVKROG�FXUUHQW��D��DQG�WKUHVKROG�FXUUHQW�GHQVLW\��E��DV�IXQFWLRQ�RI�ZDYHJXLGH

ZLGWK�IRU�ODVHUV�XQGHU�SXOVHG�DQG�&:�RSHUDWLRQ��FDYLW\�OHQJWK� mL µ400= ����7KH�KRUL]RQ�

WDO�OLQH�LQ�WKH�ULJKW�SLFWXUH�GHQRWHV�WKH�WKUHVKROG�FXUUHQW�GHQVLW\�RI�EURDG�DUHD�ODVHUV�ZLWK

WKH�VDPH�FDYLW\�OHQJWK��SXOVHG��
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$OWKRXJK�WKH�WKUHVKROG�FXUUHQWV�IRU�WKHVH�ODVHUV�ZHUH�UHDVRQDEOH�JRRG��WKH�H[WHUQDO�GLIIHUHQ�

WLDO�HIILFLHQF\
�ZDV�YHU\�ORZ���������UHVXOWLQJ�LQ�D�PD[LPXP�RXWSXW�SRZHU�EHWZHHQ���P:

DQG���P:��FRPSDUH�ZLWK�)LJ������D��ZKLFK�VKRZV�WKH�$6(�HPLWWHG�IURP�WKH�DPSOLILHUV�IDEUL�

FDWHG�E\�2SWRVSHHG����7KH���� mµ ORQJ�ODVHUV�VKRZHG�D�WKHUPDO�UROORYHU�EHKDYLRXU�DW�RXWSXW

SRZHUV�EHORZ���P:�� �8QGHU�SXOVHG�RSHUDWLRQ�� WKLV� WKHUPDO� UROORYHU�ZDV�QRW� VHHQ�EXW� WKH

H[WHUQDO� GLIIHUHQWLDO� HIILFLHQF\� UHPDLQHG� ORZ� �������� �:H� WULHG� WR� H[WUDFW� WKH� LQWHUQDO� ORVV

IURP�WKH�YDOXHV�IRU�WKH�H[WHUQDO�GLIIHUHQWLDO�HIILFLHQF\�IRU�GLIIHUHQW�OHQJWKV���+RZHYHU��GXH�WR

WKH�ODUJH�VFDWWHU�RI�WKH�YDOXHV��WKLV�ZDV�QRW�SRVVLEOH���:H�EHOLHYH�WKDW�WKH�LQWHUQDO�ORVV�LV�KLJK

EXW� WKLV�FDQQRW�FRPSOHWHO\�H[SODLQ� WKH�H[WUHPHO\� ORZ�H[WHUQDO�GLIIHUHQWLDO� HIILFLHQF\�� �$OVR

WKH� LQWHUQDO� GLIIHUHQWLDO� HIILFLHQF\�PXVW� EH� ORZ�� � ,W� LV� QRW� \HW� FOHDU� KRZ� WKLV� KDV� WR� EH� H[�

SODLQHG�� �1RWH�WKDW�WKH�WKUHVKROG�FXUUHQW�GHQVLW\�IRU�WKH�EURDG�DUHD�ODVHUV�KDV�D�UDWKHU�QRU�

PDO�YDOXH�

2 Design and characterisation of passive waveguides

3DVVLYH�ZDYHJXLGHV�ZHUH�VWXGLHG�LQ� WKH�FRQWH[W�RI�ERWK� WKH�PRQROLWKLF� LQWHJUDWLRQ�VFKHPH

DQG�WKH�K\EULG�LQWHJUDWLRQ�VFKHPH�� �7KH�ZDYHJXLGHV�HPSOR\HG�IRU�WKH�PRQROLWKLFDOO\� LQWH�

JUDWHG�3$/�KDG�GRSHG�FODGGLQJ�OD\HUV��ZKLFK�PD\�LQFUHDVH�WKH�SURSDJDWLRQ�ORVV���7KLV�HIIHFW

ZDV� LQYHVWLJDWHG� H[SHULPHQWDOO\� DQG� WKHRUHWLFDOO\� �SDUDJUDSK� ������ � 7KH� ZDYHJXLGHV� HP�

SOR\HG� IRU� UHDOLVLQJ� WKH� SDVVLYH� ,Q3�� FKLSV� IRU� WKH� K\EULGO\� LQWHJUDWHG� 3,&V� KDG� D� FURVV�

VHFWLRQ� DOUHDG\� H[WHQVLYHO\� GHVFULEHG� LQ� OLWHUDWXUH�� � 7KHUHIRUH�� ZH� ZLOO� RQO\� SUHVHQW� VRPH

W\SLFDO�PHDVXUHPHQW�UHVXOWV�KHUH��SDUDJUDSK������

$OO� WKH� ORVVHV�� ZKLFK� DUH� UHSRUWHG� LQ� WKLV� VHFWLRQ�� ZHUH� PHDVXUHG� XVLQJ� WKH� )DEU\�3pURW

PHWKRG�>��@�� �7KLV�PHWKRG�JLYHV�UHOLDEOH�YDOXHV�IRU� ORVVHV� LQ� WKH�UDQJH�����G%�a���G%�� �7KH

UHSURGXFLELOLW\�RI� LQGHSHQGHQW�PHDVXUHPHQWV�RI� WKH� VDPH�ZDYHJXLGH� LV�DERXW� ����G%�FP�

2Q�VHYHUDO�RFFDVLRQV��ZH�DOVR�FRPSDUHG�PHDVXUHPHQWV�SHUIRUPHG�E\�XV�DQG�SHUIRUPHG�DW

WKH�'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\���7KHVH�VKRZHG�DOPRVW�WKH�VDPH�UHSURGXFLELOLW\��H�J��VHH

)LJ�������RU�>��@����7KH�PDLQ�XQFHUWDLQW\�LV�WKH�YDOXH�RI�WKH�IDFHW�UHIOHFWLRQ�FRHIILFLHQW���,Q�PRVW

FDVHV��ZH�XVHG�WKH�YDOXHV� =TER ����DQG� =TMR ����IRU�UHVSHFWLYHO\�7(�DQG�70�SRODULVHG

OLJKW����)XUWKHU��IRU�ZLGHU��PXOWL�PRGDO�ZDYHJXLGHV��WKH�XQFHUWDLQW\�LV�ODUJHU�VLQFH�WKH�PHDV�

XUHG�YDOXH�PD\�GHSHQGHQW�RQ� WKH�SUHFLVH�H[FLWDWLRQ�RI� WKH�PRGHV�� � ,Q�PRVW� FDVHV�RQO\� WKH

ORVVHV�IRU�7(�SRODULVHG�OLJKW�ZHUH�PHDVXUHG�VLQFH�WKLV�LV�WKH�SRODULVDWLRQ�WKDW�LV�UHOHYDQW�IRU

ERWK�WKH�PRQROLWKLFDOO\�DQG�K\EULGO\�LQWHJUDWHG�ODVHUV�

�����������������������������������������������������


�$OO�H[WHUQDO�GLIIHUHQWLDO�HIILFLHQFLHV�DUH�VLQJOH�VLGHG�YDOXHV

��&KDQJLQJ�WKH�YDOXH�IRU�R �IURP�����WR������FKDQJHV�WKH�H[WUDFWHG�SURSDJDWLRQ�ORVV�E\�����G%
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2.1 Passive waveguides for the monolithically integrated Phased-Array

laser

$V�H[SODLQHG�DOUHDG\�LQ�FKDSWHU���DQG�LQ�SDUDJUDSK�����RI�WKH�FXUUHQW�FKDSWHU��WKH�OD\HU�VWDFN

IRUPLQJ�WKH�JXLGLQJ�OD\HU�IRU�WKH�SDVVLYH�ZDYHJXLGHV�RI�WKH�PRQROLWKLFDOO\�LQWHJUDWHG�3,&V

LV�LGHQWLFDO�WR�WKH�ILOP�OD\HU�LQ�WKH�DFWLYH�SDUW��H[FHSW�IRU�D�UHGXFWLRQ�RI�WKH�OD\HU�WKLFNQHVV�E\

D�IDFWRU�������)RU�WKDW�UHDVRQ��D�OD\HU�VWUXFWXUH�DV�GHSLFWHG�LQ�7DEOH�����ZDV�IDEULFDWHG���7KLV

OD\HU�VWDFN�LV�DOPRVW�LGHQWLFDO�WR�WKH�RQH�XVHG�IRU�WKH�ODVHUV�GHVFULEHG�LQ�SDUDJUDSK��������FI�

7DEOH�������H[FHSW� IRU�D� UHGXFHG� WRS�FODGGLQJ�KHLJKW�DQG��RI�FRXUVH�� IRU� WKH�GHFUHDVH�RI� WKH

WKLFNQHVV�RI�DOO�OD\HUV�

WKLFNQHVV�>QP@ OD\HU >FP��@ α >FP��@

��� S�,Q3 �[���� ��
�� S�,Q3 ���[���� ��
�� ,Q3 Q�L�G� �
��� 4��� Q�L�G� �
�� 4���� Q�L�G� �
��� ��,Q*D$V�4:V

�4����EDUULHUV

Q�L�G� �

�� 4���� Q�L�G� �
��� 4��� Q�L�G� �
�� ,Q3 Q�L�G� �

Q�,Q3 Q �


�,Q�WKLV�FDVH��WKH�4:V�ZHUH�RQO\�����QP�WKLFN�DQG�WUDQVSDUHQW�DW� mµλ 55.1= �

7DEOH� ����/D\HU� VWUXFWXUH�RI� WKH�SDVVLYH�ZDYHJXLGHV� RULJLQDOO\� HPSOR\HG� IRU� WKH�PRQR�

OLWKLF�LQWHJUDWLRQ�SURFHVV�

7KH�PHDVXUHPHQW�UHVXOWV�IRU�VWUDLJKW�ZDYHJXLGHV�ZLWK�GLIIHUHQW�VWULSH�ZLGWKV�DUH�VKRZQ�LQ

)LJ�������� �:DYHJXLGHV�ZLWK�WZR�GLIIHUHQW�HWFKLQJ�GHSWKV��UHV������QP�DQG�����QP�LQWR�WKH

TXDWHUQDU\� OD\HU��ZHUH� IDEULFDWHG
�� � 7KH� ODUJH� VFDWWHU� LV� FDXVHG�E\�GXVW�SDUWLFOHV� WKDW�ZHUH

DOUHDG\�RQ� WKH�ZDIHU�EHIRUH� WKH� VWDUW�RI� WKH�SURFHVVLQJ�� �7KH�KLJK� ORVV�ZDYHJXLGHV� DOO�KDG

GHIHFWV���&RQVHTXHQWO\��ZH�EHOLHYH�WKDW�RQO\�WKH�ZDYHJXLGHV�ZLWK�WKH�ORZHVW�ORVVHV�DUH�UHOH�

YDQW�KHUH�

8VXDOO\�� GXH� WR� WKH� LQFUHDVLQJ� VFDWWHULQJ� ORVV�� RQH� H[SHFWV� WKH�ZDYHJXLGH� ORVV� WR� LQFUHDVH

VWURQJO\�ZLWK�GHFUHDVLQJ�ZDYHJXLGH�ZLGWK�� �7KLV� LV� LQGHHG� WKH�FDVH� IRU� WKH�ZDYHJXLGHV�RI

)LJ������E��KRZHYHU�� IRU�WKH�ZDYHJXLGHV�RI�)LJ������D�WKH�ORVV�RI� WKH�EHVW�ZDYHJXLGHV� LV�DO�

PRVW�FRQVWDQW�DURXQG�����G%�FP��LQGHSHQGHQWO\�RI�WKH�ZDYHJXLGH�ZLGWK���3UREDEO\��WKLV�LV

FDXVHG�E\�WKH�DEVRUSWLRQ�ORVV�LQ�WKH�S�GRSHG�FODGGLQJ�OD\HU���:H�FDOFXODWHG�WKLV�DEVRUSWLRQ

ORVV�XVLQJ�D��'�FRPSOH[�PRGH�VROYHU�DQG�WKH�UHVXOWV�DUH�VKRZQ�LQ�)LJ���������7KH�WKUHH�FXUYHV

�����������������������������������������������������


� 7KHVH�ZDYHJXLGHV�ZHUH� IDEULFDWHG� DW� ,17(&� �HSLWD[LDO� JURZWK���5,(�� E\� 7�� 9DQ�&DHQHJHP�� � 7KH

PHDVXUHPHQWV�ZHUH�SDUWO\�SHUIRUPHG�E\�XV�DQG�SDUWO\�E\�79&�
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UHVSHFWLYHO\�GHQRWH�WKH�DEVRUSWLRQ�LQ�WKH�S�GRSHG�WRS�FODGGLQJ�� WKH�Q�GRSHG�VXEVWUDWH�DQG

WKH�WRWDO�DEVRUSWLRQ���)RU�WKH�IUHH�FDUULHU�DEVRUSWLRQ�LQ�WKH�S�GRSHG�FODGGLQJ�OD\HU��ZH�XVHG

WKH�YDOXHV�SUHVHQWHG�LQ�SDUDJUDSK�����RI�FKDSWHU�����9DOXHV�IRU�WKH�DEVRUSWLRQ�RI�Q�GRSHG�,Q3

OD\HUV�DUH�OHVV�ZHOO�NQRZQ��EXW�LW�LV�JHQHUDOO\�DFFHSWHG�WKDW�WKH\�DUH�PXFK�ORZHU�WKDQ�IRU�S�

GRSHG�OD\HUV���+HUH�ZH�FKRRVH�UDWKHU�DUELWUDULO\� =α ��FP���IRU�WKH�Q�GRSHG�OD\HUV��VHH�7DEOH

�����

$V�RQH�PD\�VHH�IURP�WKH�OHIW�SLFWXUH��WKH�DEVRUSWLRQ�ORVV�IRU�WKH�VKDOORZHU�HWFKHG�ZDYHJXLGH

LQFUHDVHV�VWURQJO\�ZLWK� LQFUHDVLQJ�ZDYHJXLGH�ZLGWK�� �7KLV� LV� FDXVHG�E\�DQ� LQFUHDVLQJ�FRQ�

ILQHPHQW� LQ� WKH� DEVRUELQJ� WRS�FODGGLQJ� OD\HU�� �$SSDUHQWO\�� WKLV� HIIHFW� FRPSHQVDWHV� IRU� WKH

GHFUHDVLQJ� VFDWWHULQJ� ORVV�� UHVXOWLQJ� LQ� DQ� RYHUDOO� PRUH� RU� OHVV� FRQVWDQW� SURSDJDWLRQ� ORVV�

1RWH�WKDW��DOWKRXJK�WKHLU�LQWULQVLF�ORVV�LV�PXFK�ORZHU�FRPSDUHG�WR�WKDW�IRU�WKH�S�GRSHG�OD\�

HUV��WKH�Q�GRSHG�OD\HUV�PD\�DFFRXQW�FRQVLGHUDEO\�WR�WKH�WRWDO�ORVV���7KLV�RULJLQDWHV�IURP�WKH

PXFK� ODUJHU� FRQILQHPHQW� RI� WKH� RSWLFDO� PRGH� LQ� WKH� VXEVWUDWH�� � )RU� WKH� GHHSHU� HWFKHG

ZDYHJXLGHV� �)LJ�� ����E��� DOPRVW� WKH� VDPH� HIIHFW� LV� VHHQ� IRU� WKH� DEVRUSWLRQ� LQ� WKH� S�GRSHG

FODGGLQJ�� �+RZHYHU��ZKHQ�WDNLQJ�DOVR�LQWR�DFFRXQW�DOVR�WKH�VXEVWUDWH�ORVV��WKH�WRWDO� ORVV�UH�

PDLQV�DOPRVW�FRQVWDQW�DV�IXQFWLRQ�RI�WKH�ZDYHJXLGH�ZLGWK�LQ�WKLV�FDVH�

$OWKRXJK�WKH�UHVXOWV�RI�)LJ�������PD\�TXDOLWDWLYHO\�H[SODLQ�WKH�H[SHULPHQWDOO\�REWDLQHG�ORVV

YDOXHV�� WKH� FDOFXODWHG�YDOXHV� DUH�PXFK�KLJKHU� WKDQ� WKH�PHDVXUHG� YDOXHV
�� � 7KH� YDOXHV�ZH

XVHG� IRU� WKH� DEVRUSWLRQ� FRHIILFLHQW� RI� WKH�S�GRSHG� FODGGLQJ� OD\HUV�� KDYH� EHHQ� UHSRUWHG�E\

VHYHUDO�DXWKRUV��VHH�FKDSWHU������7KLV�FRXOG�LQGLFDWH�WKDW�WKH�DFWXDO�GRSLQJ�OHYHOV�ZHUH�ORZHU

WKDQ�WKH�RQHV�LQGLFDWHG�LQ�7DEOH�����
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)LJ�� �����0HDVXUHG�SURSDJDWLRQ� ORVVHV� IRU�ZDYHJXLGHV� HWFKHG� ����QP� �OHIW�� DQG� ���� QP

�ULJKW��LQWR�WKH�JXLGLQJ�OD\HU

�����������������������������������������������������


�7KH�PHDVXUHG�YDOXHV�ZHUH�GHQRWHG�LQ�G%�FP��WKH�FDOFXODWHG�RQHV�LQ���FP�
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)LJ�������6LPXODWHG�DEVRUSWLRQ�ORVV�IRU�D�ZDYHJXLGH�ZLWK�WKH�OD\HU�VWUXFWXUH�RI�7DEOH�����

HWFKHG�����QP��OHIW��DQG�����QP��ULJKW��LQWR�WKH�JXLGLQJ�OD\HU�YHUVXV�WKH�ZDYHJXLGH�ZLGWK�

%\�FRPSDULQJ�WKH�PHDVXUHPHQWV�IURP�)LJ������D�DQG�)LJ������E�ZH�VHH�WKDW��DV�H[SHFWHG��WKH

VFDWWHULQJ�ORVVHV�DUH�VRPHZKDW�KLJKHU�IRU�WKH�GHHSO\�HWFKHG�ZDYHJXLGHV���+RZHYHU��RYHUDOO

WKH�ORVVHV�DUH�YHU\�ORZ�DQG�WKLV�ZDYHJXLGHV�DUH�FRQVLGHUHG�VXLWDEOH�IRU�XVH�LQ�D�FRPSOH[�3,&�

:H�DOVR�PHDVXUHG�WKH�ORVVHV�RI�FXUYHG�ZDYHJXLGHV��RQO\�IRU�WKH�ZDYHJXLGHV�HWFKHG�����QP

LQWR�WKH�TXDWHUQDU\�OD\HU����%HQGV�ZLWK�UDGLXV� mR µ500= VKRZHG�QHJOLJLEOH�UDGLDWLRQ�ORVVHV�

%HQGV� ZLWK� UDGLXV� mR µ250= � VKRZHG� H[FHVV� ORVVHV� RI� ���� G%� � mW µ3= �� WR� ���� G%

� mW µ4.1= ��

$V�H[SODLQHG�LQ�SDUDJUDSK��������LW�ZRXOG�EH�DGYDQWDJHRXV�LI�WKH�WKLFNQHVV�RI�WKH�4����ILOP
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)LJ�� ����� &DOFXODWHG� DEVRUSWLRQ� ORVV� LQ� WKH� S�GRSHG� FODGGLQJ� OD\HU� RI� WKH� SDVVLYH

ZDYHJXLGH�IRU�WKH�PRQROLWKLFDOO\�LQWHJUDWHG�3$/��DV�IXQFWLRQ�RI�WKH�ILOP�OD\HU�WKLFNQHVV�

7KH� HWFKLQJ� GHSWK� LV� YDULHG� WR� NHHS� WKH� ODWHUDO� LQGH[� FRQWUDVW� FRQVWDQW� �WKH� FXUYHG� OLQH

UHSUHVHQWV�WKH�HWFKLQJ�GHSWK�QHHGHG�WR�REWDLQ�WKLV��WKH�VWUDLJKW�OLQH�UHSUHVHQWV�WKH�YDOXH

WKDW�ZDV�DFWXDOO\�XVHG�IRU�WKH�FDOFXODWLRQ��
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OD\HUV�FRXOG�EH�UHGXFHG�VRPHZKDW�VR�WKDW� WKH�WRS�RI� WKH�XSSHU�ILOP�OD\HU�FDQ�EH�XVHG�DV�D

VHOHFWLYH�HWFK�VWRS�OD\HU� LQ�WKH�DFWLYH�UHJLRQ�� �$V�H[SODLQHG�WKHUH�� WKH�RSWLPDO� WKLFNQHVV�IRU

WKH�ILOP�OD\HUV�LQ�YLHZ�RI�WKH�ULGJH�ODVHU�IDEULFDWLRQ�SURFHGXUH�ZRXOG�EH�DURXQG� ~ft ����QP

�LQ�WKH�DFWLYH�SDUW��RU� ~ft ����QP��LQ�WKH�SDVVLYH�SDUW����'XH�WR�WKH�UHGXFWLRQ�RI�WKH�RYHUDOO

ILOP�OD\HU� WKLFNQHVV��ZH�H[SHFW� WKDW� WKH�FRQILQHPHQW�RI� WKH�RSWLFDO�PRGHV� LQ� WKH�DEVRUELQJ

FODGGLQJ�OD\HUV�DQG�KHQFH�WKH�SURSDJDWLRQ�ORVVHV�ZLOO� LQFUHDVH�� �7R�TXDQWLI\�WKLV��ZH�VLPX�

ODWHG�WKH�DEVRUSWLRQ�ORVV�LQ�WKH�FODGGLQJ�OD\HUV�RI�D�� mµ ZLGH�ZDYHJXLGH��DV�IXQFWLRQ�RI�WKH

WKLFNQHVV� RI� WKH�4���� ILOP� OD\HUV�� � 7KH� HWFKLQJ�GHSWK�ZDV� YDULHG� WR� NHHS� WKH� ODWHUDO� LQGH[

FRQWUDVW�FRQVWDQW���)LJ�������VKRZV�WKDW�WKH�HVWLPDWHG�DEVRUSWLRQ�ORVV�LQFUHDVHV�IURP������FP��

IRU� ~ft ����QP��WKH�YDOXH� IRU�ZKLFK� WKH� UHVXOWV�RI�)LJ�� �����ZHUH�REWDLQHG�� WR� ���� FP��� IRU

~ft ����QP�

)LJ�������GHSLFWV�WKH�PLQLPXP�EHQG�UDGLXV�IRU�D��� mµ �ZLGH�ZDYHJXLGH�ZLWK�WKH�VWUXFWXUH

GHSLFWHG�LQ�7DEOH������DV�IXQFWLRQ�RI� WKH�HWFKLQJ�GHSWK�� �7KH�WKLFNQHVV� fd �RI� WKH� ILOP�OD\HU

ZDV�YDULHG�IURP����QP�WR�����QP���7KH�EHQG�ORVV�ZDV�FDOFXODWHG�XVLQJ�WKH�IRUPXOD�GHULYHG

LQ�FKDSWHU����VHFWLRQ��������WDNLQJ� =α �����G%�����DV�WKH�PD[LPXP�WROHUDEOH�YDOXH���)RU�WKH

UHOHYDQW�WKLFNQHVV� =fd ���QP��LQGLFDWHG�LQ�EROG�LQ�)LJ���������WKH�UHTXLUHG�HWFKLQJ�GHSWK�WR

DOORZ�IRU�D���� mµ EHQG�UDGLXV�LV�a���QP�
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)LJ�������0LQLPXP�EHQG�UDGLXV�IRU�WKH�ZDYHJXLGH�VWUXFWXUH�GHSLFWHG�LQ�7DEOH�����DV�IXQF�

WLRQ�RI�WKH�HWFKLQJ�GHSWK���7KH�WKLFNQHVV� fd �RI�WKH�ILOP�OD\HU�LV�YDULHG�

2.2 Characterisation of passive waveguides for hybridly integrated PICs

)RU� WKH� SDVVLYH� ZDYHJXLGH� FKLSV� WKDW� ZHUH� XVHG� WR� EXLOG� WKH� K\EULGO\� LQWHJUDWHG� 3,&V

�FKDSWHUV���	�����LQ�PRVW�FDVHV�D�ZDYHJXLGH�VWUXFWXUH�VLPLODU�WR�WKH�RQH�GHSLFWHG�LQ�)LJ������RI

FKDSWHU���ZDV�HPSOR\HG�� �7KH�ZDYHJXLGHV�ZHUH�IDEULFDWHG�DW� WKH�'HOIW�8QLYHUVLW\�RI�7HFK�

QRORJ\��XVLQJ�D�UHDFWLYH�LRQ�HWFKLQJ�SURFHVV���)RU�GHWDLOV�RQ�WKH�PDQXIDFWXULQJ�SURFHGXUH��ZH
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UHIHU�WR�>��@���7KH�FKDUDFWHULVWLFV�RI�WKLV�ZDYHJXLGH�VWUXFWXUH�ZHUH�DOUHDG\�GHVFULEHG�E\�VHY�

HUDO�DXWKRUV��H�J��VHH�>��@>��@��DQG�LQ�FKDSWHU���RI� WKLV�ZRUN�VRPH�RI� LWV�SURSHUWLHV�ZHUH�DO�

UHDG\�GLVFXVVHG���7KH�ZDYHJXLGHV�HPSOR\HG�E\�XV�KDG�D�ZLGWK�RI�� mµ ���7KH�PRVW�UHOHYDQW

UHPDLQLQJ�SDUDPHWHU�LV� WKH�HWFKLQJ�GHSWK��ZKLFK�GHWHUPLQHV� WKH�PLQLPXP�EHQGLQJ�UDGLXV

WKDW�FDQ�EH�XVHG���)RU�WKH�3KDVHG�$UUD\�GHPXOWLSOH[HUV��W\SLFDOO\�D�PLQLPXP�EHQG�UDGLXV�RI

��� mµ �ZDV�HPSOR\HG���7KHUHIRUH��DV�PD\�EH�VHHQ�IURP�)LJ������D�ZLWK� ( )=10log Rnk �������DQ

HWFKLQJ�GHSWK�EHWZHHQ����QP�DQG�����QP�LV�UHTXLUHG�

)LJ�������VKRZV�WKH�PHDVXUHG�ZDYHJXLGH�ORVVHV�RI�UHIHUHQFH�ZDYHJXLGHV�RQ�D�FKLS��XVHG�IRU

UHDOLVLQJ�WKH�JDLQ�FODPSHG�3KDVHG�$UUD\�ODVHU��VHH�FKDSWHU����� �5HVXOWV�RI� WZR�LQGHSHQGHQW

PHDVXUHPHQWV�SHUIRUPHG�E\�XV�DQG�RQH�PHDVXUHPHQW�SHUIRUPHG�DW�WKH�'HOIW�8QLYHUVLW\�RI

7HFKQRORJ\��DUH�SUHVHQWHG���7KH�SURSDJDWLRQ�ORVV�RI�WKH�VWUDLJKW�ZDYHJXLGHV�ZDV�H[WUHPHO\

ORZ��a����G%�FP����)URP�WKH�UHVXOWV�IRU�WKH�FXUYHG�ZDYHJXLGHV��LW�LV�REYLRXV�WKDW�WKH�EHQGV

ZLWK�UDGLXV���� mµ ��ZKLFK�ZDV�DOVR�WKH�PLQLPXP�EHQG�UDGLXV�DSSOLHG�IRU�WKH�3KDVHG�$UUD\

RQ�WKLV�PDVN��ZLOO�H[KLELW�QHJOLJLEOH�H[FHVV�ORVVHV�
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)LJ�������0HDVXUHG�ZDYHJXLGH�ORVVHV�RI�FXUYHG�DQG�VWUDLJKW�ZDYHJXLGHV�ZLWK�FURVV�VHFWLRQ

DV�LQ�)LJ������� mW µ2= ����7KH�VROLG�OLQH�ZDV�FDOFXODWHG�DV�H[SODLQHG�LQ�FKDSWHU����WDNLQJ

LQWR�DFFRXQW�D�VFDWWHULQJ�ORVV�RI��G%�

3 Hybrid coupling

,Q�WKH�K\EULG�FRXSOLQJ�VFKHPH��WKH�562$�ZLWK�WKH�FURVV�VHFWLRQ�VKRZQ�LQ�)LJ������DQG�D�SDV�

VLYH�ZDYHJXLGH�DV�GHVFULEHG�LQ�SDUDJUDSK�����KDYH�WR�EH�FRXSOHG���7R�HVWLPDWH�WKH�UHTXLUHG

DOLJQPHQW�DFFXUDF\��ZH�PRGHOOHG�WKH�WUDQVPLVVLRQ�HIILFLHQF\�EHWZHHQ�WKHVH�WZR�ZDYHJXLGHV

XVLQJ�)LPPSURS�'��FI��FKDSWHU����

%RWK�ZDYHJXLGHV�ZHUH�WDSHUHG�WR�� mµ DW�WKH�IDFHW�DQG�WKH\�KDG�DQ�$5�FRDWLQJ�DSSOLHG�� �,I

WKH� DOLJQPHQW� LV� RSWLPLVHG�� WKH� FRXSOLQJ� HIILFLHQF\�EHWZHHQ�ERWK�ZDYHJXLGHV� LV�YHU\�KLJK

������� �)LJ������� VKRZV� WKH� WUDQVPLVVLRQ�HIILFLHQF\�DV� IXQFWLRQ�RI� WKH� ORQJLWXGLQDO�GLVWDQFH
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EHWZHHQ�ERWK�ZDYHJXLGHV���7KH�HIIHFWLYH�LQGH[�RI�WKH�PHGLXP�LQ�EHWZHHQ�ERWK�ZDYHJXLGHV

ZDV� FKRVHQ� WR� EH� =n �� DQG� =n ����� WKH� ODWWHU� VLPXODWLQJ� WKH� FDVH�ZKHUH� HSR[\� LV� DSSOLHG

EHWZHHQ�ERWK�ZDYHJXLGHV���)RU�WKLV�FDOFXODWLRQ��WKH�QHDU�ILHOG�LV�H[SDQGHG�LQ�LWV�SODQH�ZDYH

FRPSRQHQWV��ZKLFK�DUH�VXFFHVVLYHO\�SURSDJDWHG�WKURXJK�WKH�JDS�DQG�UHFRPELQHG�DW�WKH�LQ�

WHUIDFH�ZLWK� WKH� VHFRQG�ZDYHJXLGH�� � )LPPSURS�'�GRHV� QRW� DOORZ� WKH� XVH� RI� DEVRUELQJ� RU

WUDQVSDUHQW�ERXQGDULHV��VR�WKH�SRZHU�UHDFKLQJ�WKH�ZDOOV�LV�UHIOHFWHG�EDFN�LQWR�WKH�FDOFXODWLRQ

ZLQGRZ���7KLV�PD\�EH�VHHQ�IURP�WKH�VPDOO�ULSSOH�LQ�WKH�FXUYHV�RI�)LJ�������IRU�WKH�ODUJHU�JDS

ZLGWKV��IRU�WKLV�FDOFXODWLRQ��WKH�ZLQGRZ�ZDV�DSSUR[LPDWHO\��� mµ ×��� mµ ��

)URP�WKHVH�FDOFXODWLRQV��LW�LV�DSSDUHQW�WKDW�DSSO\LQJ�WKH�HSR[\�PD\�FRQVLGHUDEO\�HQKDQFH�WKH

FRXSOLQJ�HIILFLHQF\�� �)XUWKHUPRUH�� WKLV�HIIHFW�EHFRPHV�PRUH� LPSRUWDQW�ZLWK� LQFUHDVLQJ�GLV�

WDQFH�EHWZHHQ�ERWK�FKLSV���7KLV�KDV�EHHQ�H[SHULPHQWDOO\�YHULILHG���)URP�YLVXDO�LQVSHFWLRQ��ZH

HVWLPDWHG�WKH�GLVWDQFH�EHWZHHQ�WZR�K\EULGO\�FRXSOHG�FKLSV�WR�EH�OHVV�WKDQ��� mµ ���1RWH�WKDW

LQ� WKH� FDVH�ZLWK� WKH� HSR[\� DSSOLHG� EHWZHHQ� ERWK� FKLSV�� WKH� DFWXDO� GLVWDQFH� EHWZHHQ� ERWK

ZDYHJXLGHV� LV� VRPHZKDW� VKRUWHU� FRPSDUHG� WR� WKH� FDVH�ZLWKRXW� WKH� HSR[\�� GXH� WR� WKH� UH�

GXFHG�DQJOH�RI�WKH�ODVHU�EHDP�LQ�WKH�IUHH�VSDFH�UHJLRQ�ZLWK�UHVSHFW�WR�WKH�RSWLFDO�D[LV�
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)LJ�������7UDQVPLVVLRQ�HIILFLHQF\�EHWZHHQ�ERWK�ZDYHJXLGHV�DV�IXQFWLRQ�RI�WKH�ORQJLWXGL�

QDO� GLVSODFHPHQW� gapd �� ZLWK� WKH� UHIUDFWLYH� LQGH[� RI� WKH� PHGLXP� LQ� EHWZHHQ� ERWK

ZDYHJXLGHV�HTXDO�WR� =n ��DQG� =n ����

)LJ�� ����� VKRZV� WKH� WUDQVPLVVLRQ� HIILFLHQF\� DV� IXQFWLRQ� RI� WKH� ODWHUDO� GLVSODFHPHQW�� � )RU

=gapd ���ZH�ILQG�D���G%�GRZQ�WROHUDQFH�RI� mµ6.0± �DQG� mµ22.0± �LQ�KRUL]RQWDO�DQG�YHUWLFDO

GLUHFWLRQ�UHVSHFWLYHO\�
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Horizontal offset [µm]

dgap=0, 2, 5, 10 µm

)LJ�������7UDQVPLVVLRQ�HIILFLHQF\�DV�IXQFWLRQ�RI�ODWHUDO�GLVSODFHPHQW�LQ�YHUWLFDO��OHIW��DQG

KRUL]RQWDO��ULJKW��GLUHFWLRQ���7KH�GLVWDQFH�EHWZHHQ�ERWK�FKLSV�� gapd ��LV�YDULHG�

,Q�)LJ������D�WKH�UHVXOWV�IURP�)LJ�������DUH�VXPPDULVHG���7KLV�ILJXUH�VKRZV�WKDW��DOWKRXJK�WKH

YHUWLFDO�DOLJQPHQW�LV�PXFK�PRUH�FULWLFDO�DW�]HUR�GLVWDQFH�EHWZHHQ�ERWK�FKLSV��LWV�):+0�IRU

WKH�VPDOOHVW�JDSV�WKDW�FDQ�EH�REWDLQHG�LQ�SUDFWLFH����WR�� mµ ��LV�DOPRVW�WKH�VDPH�DV�WKDW�IRU

WKH�DOLJQPHQW�LQ�KRUL]RQWDO�GLUHFWLRQ���7KLV�HIIHFW�RULJLQDWHV�IURP�WKH�PXFK�ZLGHU�IDU�ILHOG�LQ

WKH�YHUWLFDO�GLUHFWLRQ�FRPSDUHG�WR�WKDW�LQ�WKH�KRUL]RQWDO�GLUHFWLRQ�IRU�ERWK�ZDYHJXLGHV
�DQG

ZDV�DOVR�VHHQ�IURP�H[SHULPHQWDO�UHVXOWV��VHH�FKDSWHU������)LJ������E�VKRZV�WKH�WUDQVPLVVLRQ�DV

IXQFWLRQ�RI�DQ�DQJXODU�PLVDOLJQPHQW���2QH�VHHV�WKDW�WKH�SHQDOW\�DULVLQJ�IURP�D�PLVDOLJQPHQW

DURXQG�WKH�KRUL]RQWDO�D[LV�LV�UDWKHU�VPDOO���([SHULPHQWDOO\��LW�KDV�EHHQ�VHHQ�WKDW�D�VPDOO�PLV�

�����������������������������������������������������


�:H�FDOFXODWHG� =Hθ ����DQG� =Vθ ���� IRU� WKH�):+0�RI�WKH�IDU�ILHOG�RI� WKH�DPSOLILHU�ZDYHJXLGH�LQ

UHVSHFWLYHO\�KRUL]RQWDO� DQG�YHUWLFDO�GLUHFWLRQ�� � �)RU� WKH�SDVVLYH�ZDYHJXLGH��ZH� IRXQG� =Hθ ���� DQG

=Vθ ����
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)LJ�������D��6XPPDU\�RI�VLPXODWLRQV�VKRZQ�LQ�)LJ�������� �E��7UDQVPLVVLRQ�DV�IXQFWLRQ�RI

WKH�DQJOH�DURXQG�D�YHUWLFDO�DQG�KRUL]RQWDO�D[LV�
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DOLJQPHQW� �a��GHJUHH��RI�ERWK� FKLSV� LQ� WKH�XSZDUGV�GLUHFWLRQ�PD\�HYHQ� LPSURYH� WKH� FRX�

SOLQJ�HIILFLHQF\��SUREDEO\�EHFDXVH�WKLV�DOORZV�WR�EULQJ�ERWK�ZDYHJXLGH�HQGV�FORVHU�WRJHWKHU

ZKLOH�WKH�PLVDOLJQPHQW�SHQDOW\�UHPDLQV�VPDOO��VHH�DOVR�FKDSWHU����

)RU� FRPSDULVRQ�� ZH� FDOFXODWHG� WKH� FRXSOLQJ� ORVV� EHWZHHQ� WZR� W\SLFDO� ORZ� FRQWUDVW

ZDYHJXLGHV��KDYLQJ�D� �[� 2mµ � VTXDUH� FRUH�ZLWK� UHIUDFWLYH� LQGH[� =con ������� HPEHGGHG� LQ

XQLIRUP� FODGGLQJ� OD\HUV� ZLWK� =cln ������� � 7KH� UHVXOWV� DUH� VXPPDULVHG� LQ� )LJ�� ������ � )RU

=gapd � mµ ��ZH�ILQG�D���G%�GRZQ�WROHUDQFH�RI� mµ8.1± �IRU�D�PLVDOLJQPHQW�LQ�KRUL]RQWDO�RU

YHUWLFDO� GLUHFWLRQ�� � 0RUH� LPSRUWDQWO\�� HYHQ� IRU� D� GLVWDQFH� =gapd �� mµ � EHWZHHQ� ERWK

ZDYHJXLGHV��WKH�WUDQVPLVVLRQ�HIILFLHQF\�GHFUHDVHV�E\�OHVV�WKDQ�����G%�� �)RU�FRPSDULVRQ��IRU

WKH�KLJK�FRQWUDVW�ZDYHJXLGHV�ZH�HPSOR\HG��WKH�JDS�DOORZHG�IRU�D�UHGXFWLRQ�LQ�WUDQVPLVVLRQ

SRZHU�OHVV�WKDQ���G%��LV���� mµ �

7KH�PRVW�VWUDLJKWIRUZDUG�RSWLRQ�WR�UHOD[�WKH�FRXSOLQJ�WROHUDQFHV�EHWZHHQ�K\EULGO\�FRXSOHG

,Q3�FKLSV� LV� REYLRXVO\� WR� LQFRUSRUDWH� VSRW�VL]H� FRQYHUWHUV� LQ� ERWK� WKH� DFWLYH� DQG� SDVVLYH

ZDYHJXLGHV�� � +RZHYHU�� WKHVH� PD\� DOVR� FRPSOLFDWH� WKH� SURFHVVLQJ� VFKHPH� FRQVLGHUDEO\�

7KHUHIRUH��DV�DQ�LQWHUPHGLDWH�RSWLRQ��RQH�PD\�WU\�WR�UHGXFH�WKH�ZLGWK�RI�WKH�IDU�ILHOG�LQ�WKH

YHUWLFDO�GLUHFWLRQ��WKH�IDU�ILHOG�LQ�WKH�KRUL]RQWDO�GLUHFWLRQ�LV�DOUHDG\�UHDVRQDEOH�VPDOO����7KLV

PD\� EH� DFFRPSOLVKHG� E\� UHGXFLQJ� WKH� UHIUDFWLYH� LQGH[� RI� WKH� JXLGLQJ� OD\HU� RI� WKH

ZDYHJXLGHV���,I�WKH�4����ILOP�OD\HU��Q �������RI�WKH�SDVVLYH�ZDYHJXLGHV�LV�UHSODFHG�E\�D�4���

OD\HU��Q �������WKH�IDU�ILHOG�ZLGWK�UHGXFHV�IURP� =Vθ ����WR� =Vθ �����LQ�YHUWLFDO�GLUHFWLRQ��DQG

WKH�FRXSOLQJ�ORVV�GHFUHDVHV�IURP���G%�WR���G%��IRU�DQ�DLU�JDS�RI�� mµ ����%\�UHGXFLQJ�WKH�UH�

IUDFWLYH� LQGH[� RI� WKH� ILOP� OD\HU� WR� Q ������ ZKLFK� PD\� EH� REWDLQHG� E\� XVLQJ� GLOXWHG

ZDYHJXLGHV�DV�SURSRVHG�LQ�>��@��WKH�IDU�ILHOG�ZLGWK�DQG�WKH�FRXSOLQJ�ORVV�GHFUHDVH�IXUWKHU�WR

=Vθ ����DQG���G%�UHVSHFWLYHO\���+RZHYHU��ZKLOH�IRU�WKH�ZDYHJXLGH�ZLWK�WKH�4����ILOP�OD\HU�LW
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)LJ�������D��7UDQVPLVVLRQ�HIILFLHQF\�DV�IXQFWLRQ�RI�WKH�GLVWDQFH� gapd �EHWZHHQ�WZR�LGHQWLFDO

ORZ�FRQWUDVW�ZDYHJXLGHV���E��7UDQVPLVVLRQ�HIILFLHQF\�DV�IXQFWLRQ�RI�WKH�ODWHUDO�RIIVHW�EH�

WZHHQ�ERWK�ZDYHJXLGHV�
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LV�VWLOO�SRVVLEOH� WR�HPSOR\�D�PLQLPXP�EHQG�UDGLXV�RI����� mµ �� WKLV�ZLOO�EH�GLIILFXOW� IRU� WKH

ZDYHJXLGH�ZLWK�Q ������GXH�WR�WKH�VPDOO�RSWLFDO�FRQWUDVW�ZLWK�WKH�VXEVWUDWH���$QRWKHU�ZD\�WR

UHGXFH�WKH�IDU�ILHOG�ZLGWK�RI�WKH�ZDYHJXLGHV�LV�WR�XVH�D�JUDGHG�LQGH[�FRUH�OD\HU���7KH�W\SH�RI

ZDYHJXLGH� WKDW� LV� XVHG� IRU� WKH�PRQROLWKLF� LQWHJUDWLRQ� LV� D� ILUVW� VWHS� LQ� WKDW� GLUHFWLRQ�� WKLV

ZDYHJXLGH� KDV� D� FHQWUDO� 4����� OD\HU� VXUURXQGHG� E\� 4���� OD\HUV�� � ,WV� IDU� ILHOG� ZLGWK� LV

=Vθ ����

4 Transition between active and passive waveguides in the mono-
lithic integration scheme

,Q�WKH�PRQROLWKLF�LQWHJUDWLRQ�VFKHPH�DV� LW�ZDV�RXWOLQHG�LQ�VHFWLRQ���RI�FKDSWHU���� WKH�DFWLYH

ZDYHJXLGHV�DUH�GHILQHG�XVLQJ�D�ZHW�FKHPLFDO�HWFKLQJ�SURFHVV��ZKLOH�WKH�SDVVLYH�ZDYHJXLGHV

IRU�WKH�GHPXOWLSOH[HU�DUH�GHILQHG�E\�D�UHDFWLYH�LRQ�HWFKLQJ�SURFHVV��GU\�HWFKLQJ����'XULQJ�WKH

HWFKLQJ�RI�RQH�W\SH�RI�ZDYHJXLGHV��WKH�RWKHU�W\SH�LV�FRYHUHG�XVLQJ�D�VXLWDEOH�PDVNLQJ�OD\HU�

7KH�WUDQVLWLRQ�LV�PDGH�LQ�WKH�SODQDUO\�JURZQ�UHJLRQ�� �SDVVLYH�UHJLRQ����,Q�SUDFWLFH�KRZHYHU�

LW� LV�QRW�SRVVLEOH� WR�SHUIHFWO\�DOLJQ�ERWK�PDVNV�� � ,I� WKHUH� LV�D�JDS�EHWZHHQ�ERWK�PDVNV� �)LJ�

����D���WKH�ZDYHJXLGHV�ZLOO�EH�HWFKHG�WZLFH�DV�GHHS�LQ�WKH�WUDQVLWLRQ�UHJLRQ�� �,I�ERWK�PDVNV

RYHUODS��DV�VKRZQ�LQ�)LJ������E��QR�ZDYHJXLGHV�ZLOO�EH�GHILQHG�LQ�WKH�WUDQVLWLRQ�UHJLRQ�

Towards
multiplexer

Towards
multiplexer

Towards
amplifiers

Towards
amplifiers

overlap of both masks:
waveguides not defined

gap between both masks:
waveguides deeply etched

wet
etched

wet
etched

dry
etched

dry
etched

)LJ�� ����� 7UDQVLWLRQ� EHWZHHQ� ZHW� DQG� GU\� HWFKHG� UHJLRQ� LQ� WKH� PRQROLWKLF� LQWHJUDWLRQ

VFKHPH�

7R�PRGHO�WKH�ORVV�DULVLQJ�IURP�WKLV�PDVN�PLVDOLJQPHQW��ZH�XVHG�DQ�HLJHQPRGH�SURSDJDWLRQ

H[SDQVLRQ�PHWKRG�IRU�WKH�FDVH�RI�)LJ������D��GHHSHU�HWFKHG�ZDYHJXLGHV��DQG�D�%30�VROYHU

IRU�WKH�FDVH�RI�)LJ������E��VKRUW�IUHH�VSDFH�SURSDJDWLRQ����7KH�UHVXOWV�DUH�GHSLFWHG�LQ�)LJ������D

	�E�IRU�UHVSHFWLYHO\�D�� mµ �ZLGH�ZDYHJXLGH�DQG�D�� mµ �ZLGH�ZDYHJXLGH���)URP�WKHVH�RQH

PD\�VHH�WKDW�IRU�VPDOO�PLVDOLJQPHQW�HUURUV��WKH�HUURU�DULVLQJ�IURP�D�VKRUW�IUHH�VSDFH�SURSD�

JDWLRQ�VHFWLRQ�LV�OHVV�VHYHUH�WKDQ�WKH�RQH�DULVLQJ�IURP�D�GHHSHU�HWFKHG�ZDYHJXLGH���)XUWKHU�

ZH�EHOLHYH� WKDW� WKH� ODWWHU�DOVR�ZLOO� JLYH� ULVH� WR�DQ� LQFUHDVHG�EDFN� UHIOHFWLRQ��ZKLFK�PD\�EH

GLVDGYDQWDJHRXV� IRU� WKH� VLQJOH�PRGH�VWDELOLW\�DV�ZDV�H[SODLQHG� LQ�FKDSWHU���� �7KHUHIRUH�� LW

ZDV�GHFLGHG�WR�PLVDOLJQ�ERWK�PDVNV�LQWHQWLRQDOO\�E\�D�VPDOO�DPRXQW�WR�PDNH�WKHP�RYHUODS

DV�VKRZQ�LQ�)LJ������E�
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)XUWKHU��LW�PD\�EH�VHHQ�IURP�WKH�FDOFXODWHG�UHVXOWV�LQ�)LJ�������WKDW�LW�LV�DGYDQWDJHRXV�WR�XVH�D

ZLGHU�ZDYHJXLGH�LQ�WKH�WUDQVLWLRQ�UHJLRQ���7KH�ODWWHU�LV�D�UDWKHU�JHQHUDO�FRQFOXVLRQ�WKDW�DS�

SOLHV�WR�D�ZLGH�UDQJH�RI�GLIIHUHQW�W\SHV�RI�GLVFRQWLQXLWLHV�EHWZHHQ�ZDYHJXLGHV�VXFK�DV�D�ODW�

HUDO�RIIVHW��ZDYHJXLGH�LQWHUVHFWLRQV�RU�D�FKLS�WR�FKLS�FRXSOLQJ�EHWZHHQ�WZR�ZDYHJXLGHV�DQG

VWHPV�IURP�WKH�IDFW�WKDW�WKH�EURDGHU�ZDYHJXLGHV�KDYH�D�VPDOOHU�IDU�ILHOG�ZLGWK���,Q�WKH�SDU�

WLFXODU�FDVH�RI�)LJ��������WKH�WUDQVLWLRQ�ORVV�LV�UHGXFHG�E\�DOPRVW�D�IDFWRU�RI�WKUHH�E\�WDSHULQJ

WKH�ZDYHJXLGHV�IURP���WR�� mµ �LQ�WKH�WUDQVLWLRQ�UHJLRQ�
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)LJ�������/RVV�DULVLQJ�IURP�WKH�WUDQVLWLRQ�EHWZHHQ�WKH�ZHW�DQG�GU\�HWFKHG�UHJLRQ�YHUVXV�WKH

PLVDOLJQPHQW� HUURU� EHWZHHQ� ERWK�PDVNV� IRU� D� � mµ � ZLGH�ZDYHJXLGH� �OHIW�� DQG� D� � mµ
ZLGH�ZDYHJXLGH��ULJKW��
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OLWKLFDO�,QWHJUDWLRQ�LQ�5LGJH�:DYHJXLGH�%XON�,Q*D$V3�,Q3¨��'LVV��(7+�1R�������������

 >�@ *�(��6KWHQJHO��'�$��$FNHUPDQ��§,QWHUQDO�RSWLFDO� ORVV�PHDVXUHPHQWV� LQ����XP�,Q*D$V3

ODVHUV¨��(O��/HWW���9RO����������������������

 >�@ 3��$��$QGUHNVRQ��1��$��2OVVRQ�� 7�� 7DQEXQ�(N�� 5��$�� /RJDQ��'�� &REOHQW]��+�� 7HPNLQ�

§1RYHO� WHFKQLTXH�IRU�GHWHUPLQLQJ� LQWHUQDO� ORVV�RI� LQGLYLGXDO� VHPLFRQGXFWRU� ODVHUV¨��(O�

/HWW���9RO��������������������

 >��@ *�� 0RUWKLHU�� 3�� 9DQNZLNHOEHUJH�� §+DQGERRN� RI� GLVWULEXWHG� IHHGEDFN� ODVHU� GLRGHV¨�

$UWHFK�+RXVH��,QF���%RVWRQ������

 >��@ )��9HUPDHUNH��§2QWZHUS�HQ�UHDOLVDWLH�YDQ�KRRJSHUIRUPDQWH�,Q*D$V�$O*D$V�KDOIJHOHL�

GHU�ODVHUGLRGHV¨��3K��'��7KHVLV��8QYHUVLW\�RI�*HQW��%HOJLXP������

 >��@ 0��$��2UGDO��/��/�� /RQJ��5�� -�� %HOO�� 6�� (�� %HOO�� 5�5�� %HOO�� 5��:��$OH[DQGHU��&��$��:DUG�

§2SWLFDO�SURSHUWLHV�RI�WKH�PHWDOV�$O��&R��&X��)H��3E��1L��3G��3W��$J��7L�DQG�:�LQ�WKH�LQIUD�

UHG�DQG�IDU�LQIUDUHG¨��$SSO��2SWLFV��9RO������SS�����������������

 >��@ 0��5��$PHUVIRRW��§3KDVHG�$UUD\�ZDYHOHQJWK�GHPXOWLSOH[HUV�DQG�WKHLU�LQWHJUDWLRQ�ZLWK

SKRWRGHWHFWRUV¨��3K'��7KHVLV��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��7KH�1HWKHUODQGV������

 >��@ /��+�� 6SLHNPDQ�� §&RPSDFW� ,QWHJUDWHG� RSWLFDO� FRPSRQHQWV� IRU� WHOHFRPPXQLFDWLRQ� QHW�

ZRUNV¨��3K'��7KHVLV��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��7KH�1HWKHUODQGV������

 >��@ <��6��2HL��/��+��6SLHNPDQ��)��+��*URHQ��,��0RHUPDQ��(��*��0HWDDO��-��:��3HGHUVHQ��§1RYHO

5,(�SURFHVV� IRU�KLJK�TXDOLW\� ,Q3�EDVHG�ZDYHJXLGH� VWUXFWXUHV¨��3URF���WK�(XU��&RQI��2Q

,QWHJU��2SW���(&,2
�����$SULO������������'HOIW��7KH�1HWKHUODQGV��SS��������

 >��@ *��:DONHU��§6LPSOH�DQG�DFFXUDWH�ORVV�PHDVXUHPHQW�WHFKQLTXH�IRU�VHPLFRQGXFWRU�RSWLFDO

ZDYHJXLGHV¨��(O��/HWW���9RO��������������������

 >��@ )��*RXVVDHUW�� -�� 9HOGHPDQ�� §3KDVHG�$UUD\� ODVHU� YRRU�:'0�WRHSDVVLQJHQ�� RQWZHUS� HQ

UHDOLVDWLH�YDQ�WHVWVWUXFWXUHQ¨��$IVWXGHHUZHUN�8QLYHUVLWHLW�*HQW�����������

 >��@ $��5LJQ\��&�5DPXV��$��%UXQR��<��5DIOH��+��6LN��*��3RVW��0��&DUUH��$��&DUHQFR��§7DSHU�

DVVLVWHG� SRODULVDWLRQ� FRPSHQVDWLRQ� LQ� HIILFLHQWO\� ILEUH�FRXSOHG� ,Q3� GHPXOWLSOH[HU¨�� (O�

/HWW���9RO����������������������
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Appendix 1: Ridge laser fabrication procedure

,Q�WKLV�VHFWLRQ��ZH�VKRUWO\�LQWURGXFH�WKH�SURFHVVLQJ�VFKHPH�WKDW�ZDV�HPSOR\HG�IRU�IDEULFDW�

LQJ�WKH�ULGJH�W\SH�ODVHUV�DQG�DPSOLILHUV���)RU�PRUH�GHWDLOHG�LQIRUPDWLRQ�ZH�UHIHU�WR�>��@�

6WHS��

(SLWD[LDO� JURZWK� RI� OD\HU� VWUXFWXUH� XVLQJ� D� PHWDO� RUJDQLF� YDSRXU� GHSRVLWLRQ� SURFHVV

�0293(��

6WHS��

'HILQLWLRQ�RI�D�6L2��SDWWHUQ�GHILQLQJ�WKH�ULGJHV���7KH�ODWWHU�DUH�VXEVHTXHQWO\�HWFKHG�XVLQJ�D

FRPELQDWLRQ�RI�D�UHDFWLYH�LRQ�HWFKLQJ�SURFHVV��5,(��DQG�D�ZHW�VHOHFWLYH�HWFK��ZKLFK�DOORZV�WR

GHWHUPLQH�H[DFWO\�WKH�HWFK�GHSWK�

6WHS��

$Q� LVRODWLQJ� SRO\LPLGH� OD\HU� LV� GHSRVLWHG� RYHU� WKH�ZKROH�ZDIHU� DQG� VXEVHTXHQWO\� HWFKHG

RSHQ� DERYH� WKH� ULGJHV� XVLQJ� D� SKRWR�UHVLVW�PDVN�� � 7KH� RSHQLQJ� LQ� WKH� SRO\LPLGH� LV� � mµ
VPDOOHU�WKDQ�WKH�ULGJHV���7KLV�UHTXLUHV�D�YHU\�FULWLFDO�SKRWR�OLWKRJUDSKLF�VWHS�

6WHS��

'HSRVLWLRQ�RI� WKH�7L�$X� WRS� FRQWDFW� DQG�HOHFWUR�SODWLQJ�� � )RU� REWDLQLQJ� D� JRRG� FRQWDFW� WKH

ZDIHU�W\SLFDOO\�KDV�D�KLJKO\�GRSHG�����QP�,Q*D$6�FRQWDFW�OD\HU�

6WHS��

(WFKLQJ�DZD\�SRO\LPLGH�WKDW�LV�QRW�FRYHUHG�ZLWK�D�PHWDO�FRQWDFW��WR�IDFLOLWDWH�FOHDYLQJ�

6WHS��

6XEVWUDWH�WKLQQLQJ��WR���� mµ ��DQG�SROLVKLQJ�

$SSO\LQJ�RI�ERWWRP�FRQWDFW

6WHS��

&OHDYDJH�RI�DUUD\V
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Chapter 5 

Development of

hybridly coupled Phased-Array

multi-wavelength lasers

1 Introduction

'XULQJ� WKH� ODVW� GHFDGH�� WKH�PDWXULQJ� RI�ZDYHOHQJWK� GLYLVLRQ�PXOWLSOH[HG� FRPPXQLFDWLRQ

V\VWHPV�KDV�FUHDWHG�D�VWURQJO\�LQFUHDVLQJ�GHPDQG�IRU�FRPSOH[�SKRWRQLF� LQWHJUDWHG�FLUFXLWV

WKDW� FDQ� SURYLGH�PXOWLSOH� RSWLFDO� IXQFWLRQV� LQ� RQH� FRPSDFW� ILEUH� FRQQHFWHG�PRGXOH�� � )RU

\HDUV�RQH�EHOLHYHG� WKDW�RQO\� IXOO\�PRQROLWKLFDOO\� LQWHJUDWHG�SKRWRQLF�FLUFXLWV� LQ� ,Q3�ZRXOG

\LHOG�WKH�ODUJH�YHUVDWLOLW\�LQ�GHYLFH�GHVLJQ�DQG�IXQFWLRQDOLW\�WKDW�LV�QHHGHG�WR�IDEULFDWH�VXFK�D

SKRWRQLF�LQWHJUDWHG�FLUFXLW��3,&��� �,Q3�FKLSV�FDQ�SURYLGH�RSWLFDO�JDLQ��DEVRUSWLRQ�DQG�D�IDVW

UHIUDFWLYH� LQGH[� FKDQJH�� DOO� LQ� D� YHU\� FRPSDFW� VL]H�� �0RUHRYHU�� GXH� WR� WKHLU� VXLWDELOLW\� IRU

PDVV�SURGXFWLRQ��PRQROLWKLFDOO\� LQWHJUDWHG�3,&V�SURPLVH� WR�EH�FKHDS�� �+RZHYHU��DOWKRXJK

WKHUH� KDYH� EHHQ� QXPHURXV� ODERUDWRU\� GHPRQVWUDWLRQV� RI� PRQROLWKLFDOO\� LQWHJUDWHG� 3,&V�

HYHQ� �VLPSOH��GHYLFHV�� VXFK�DV�D� ODVHU� LQWHJUDWHG�ZLWK�D�PRQLWRU�GLRGH��KDYH�SURYHG� WR�EH

XQDWWUDFWLYH� IRU� H[SORLWDWLRQ
�� � 7KH� UHDVRQ� LV� WKH� FRPSOH[� HSLWD[LDO� JURZWK� DQG� SURFHVVLQJ

UHTXLUHG��ZKLFK�PDNHV�LW�YHU\�GLIILFXOW�WR�DFKLHYH�KLJK�\LHOG��JRRG�XQLIRUPLW\�DQG�UHOLDELOLW\

LQ�PRQROLWKLF�GHYLFHV���0RUHRYHU��PRQROLWKLF�LQWHJUDWLRQ�GRHV�QRW�SURYLGH�D�VROXWLRQ�IRU�WKH

ILEUH� DOLJQPHQW� DQG� DWWDFKPHQW� SUREOHP� DOWKRXJK� WKLV�PD\� DFFRXQW� IRU� RYHU� ����� RI� WKH

FRPSRQHQW�FRVW�

,Q� WKH�PHDQ� WLPH�� GXH� WR� WKH� JURZWK� RI� WKH� RSWLFDO� QHWZRUN� DQG� WKH� VWURQJHU� FRPSHWLWLRQ

EHWZHHQ�WKH�FDUULHUV��WKH�GHPDQG�IRU�FKHDSHU�DQG�PRUH�UHOLDEOH�RSWRHOHFWURQLF�FRPSRQHQWV

KDV� H[SORGHG�� � 7KHUHIRUH�� DV� DQ� DOWHUQDWLYH� IRU� WKH�PRQROLWKLFDOO\� LQWHJUDWHG� 3,&V�� VHYHUDO

FRPSDQLHV�GHYHORSHG�D�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\���6WDUWLQJ�IURP�ZHOO�HVWDEOLVKHG�WHFK�

QRORJLHV�VXFK�DV�VLOLFD�ZDYHJXLGH�IDEULFDWLRQ��9�JURRYH�HWFKLQJ�DQG�VSRW�VL]H�FRQYHUWHG�ODVHU

GLRGHV��FRPSOH[�K\EULGO\� LQWHJUDWHG�FRPSRQHQWV�FRXOG�EH�PDGH�FRPPHUFLDOO\�DYDLODEOH� LQ

RQO\�D�IHZ�\HDUV�DQG�DW�WKH�PRPHQW�LW�VHHPV�WKDW�DW�OHDVW�IRU�WKH�FRPLQJ�\HDUV��RQO\�WKLV�W\SH

RI�FRPSRQHQWV�ZLOO�EH�DEOH�WR�IXOILO�WKH�GHPDQG�IRU�RSWR�HOHFWURQLF�LQWHJUDWHG�FLUFXLWV�

)RU�WKH�GHYHORSPHQW�RI�WKH�3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHU�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN�

DQ�DQDORJRXV�HYROXWLRQ�KDV�EHHQ�VHHQ�� �:KLOH�RULJLQDOO\� WKH�SODQ�ZDV� WR� IDEULFDWH�D�PRQR�

OLWKLFDOO\� LQWHJUDWHG�3$/�� WKDW�RSWLRQ�VRRQ�SURYHG� WR�EH�PRUH�GLIILFXOW� WKDQ�H[SHFWHG�� � )RU

�����������������������������������������������������


�$W� WKLV�PRPHQW�� WKH�')%�ODVHU�ZLWK� HOHFWUR�DEVRUSWLRQ�PRGXODWRU� VHHPV� WR� EH� WKH� RQO\� LQWHJUDWHG

FRPSRQHQW�WKDW�LV�ZLGHO\�H[SORLWHG���2QO\�YHU\�UHFHQWO\�DOVR�WKH�'%5�ODVHU��ZKLFK�PD\�EH�FRQVLGHUHG

DV�DQ�DPSOLILHU�LQWHJUDWHG�ZLWK�WZR�SDVVLYH�JUDWLQJ�VHFWLRQV��KDV�EHFRPH�FRPPHUFLDOO\�DYDLODEOH�
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WKDW� UHDVRQ��ZH�GHYHORSHG�DQ�DOWHUQDWLYH��K\EULG� LQWHJUDWLRQ� WHFKQRORJ\��EDVHG�RQ� WKH�EXWW

FRXSOLQJ�RI�DQ�,Q3�DPSOLILHU�DUUD\�DQG�DQ�,Q3�ZDYHJXLGH�FKLS�� �7R�DYRLG�UHIOHFWLRQV�DW� WKH

FKLS�WR�FKLS�LQWHUIDFH��WKH�ZDYHJXLGHV�DUH�VODQWHG�WRZDUGV�WKH�IDFHW�� �7KLV�DSSURDFK�GLIIHUV

FRQVLGHUDEO\� IURP� PRVW� RWKHU� K\EULG� LQWHJUDWLRQ� WHFKQRORJLHV�� ZKLFK� DUH� FXUUHQWO\� HP�

SOR\HG��GXH�WR�WKH�IDFW�WKDW�RQO\�,Q3�EDVHG�FKLSV�DUH�HPSOR\HG���)XUWKHU��RQO\�VWDQGDUG�FRP�

SRQHQWV��ZKLFK�UHTXLUH�QR�FRPSOLFDWHG�SURFHVVLQJ��RU�FRPSRQHQWV��ZKLFK�DUH�FRPPHUFLDOO\

DYDLODEOH�� DUH�XVHG�� �$W� WKLV�PRPHQW�� VSRW�VL]H� FRQYHUWHG� ODVHU�GLRGHV� DUH�QR�VXFK�FRPSR�

QHQWV�VR�WKH\�ZHUH�QRW�XVHG��LQ�D�ODWHU�VWDJH��WKH\�PD\�REYLRXVO\�EH�LQFRUSRUDWHG�LQ�WKH�FRX�

SOLQJ�VFKHPH����)XUWKHUPRUH��WKH�PRGXOHV�UHDOLVHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN�ZHUH�RQO\�LQ�

WHQGHG�IRU�ODERUDWRU\�XVH�DQG�IRU�XVH�LQ�D�V\VWHP�GHPRQVWUDWRU���7KHUHIRUH��WKH�PRUH�FRPSOL�

FDWHG�SURFHVVLQJ�DQG�WKH�LQFUHDVHG�ORVV�DVVRFLDWHG�ZLWK�SDVVLYH�DOLJQPHQW�WHFKQLTXHV�DUH�QRW

SDLG�RI�E\�ODUJH�YROXPHV�KHUH�DQG�ZH�GHFLGHG�WR�XVH�DQ�DFWLYH�DOLJQPHQW�DSSURDFK�

)URP�WKHVH�UHVWULFWLRQV��RQH�PD\�KDYH�WKH�LPSUHVVLRQ�WKDW�RXU�JRDO�ZDV�QRW�YHU\�FKDOOHQJLQJ

DQG�WKDW�WKLV�FRXSOLQJ�DSSURDFK�ZLOO�KDYH�RQO\�D�OLPLWHG�DSSOLFDELOLW\���+RZHYHU��ZH�EHOLHYH

WKDW��DW�WKH�GHYHORSPHQW�VWDJH��WKHUH�LV�D�JUHDW�QHHG�IRU�D�WHFKQRORJ\��ZKLFK�FLUFXPYHQWV�WKH

YHU\�WLPH�FRQVXPLQJ�DQG�H[SHQVLYH�SURFHVVLQJ�DVVRFLDWHG�ZLWK�PRQROLWKLF�LQWHJUDWLRQ�WHFK�

QRORJLHV�� �$QG�DOWKRXJK� WKH�DSSURDFK�ZDV� LQLWLDOO\�RQO\� LQWHQGHG� WR�GHOLYHU� VRPH� ILUVW� H[�

SHULPHQWDO� UHVXOWV�� PHDQZKLOH� VRPH� YHU\� SHUIRUPDQW� PRGXOHV� KDYH� EHHQ� UHDOLVHG� DQG� D

SHUPDQHQW� ERQGLQJ� WHFKQLTXH� IRU� WKH� FKLSV�ZDV�GHYHORSHG� �VHH� FKDSWHU� ���� � &XUUHQWO\�ZH

EHOLHYH� WKDW� WKLV� WHFKQRORJ\� PD\� EH� GHYHORSHG� IXUWKHU� VXFK� WKDW� LW� FDQ� EH� XVHG� IRU� IDVW

SURWRW\SLQJ� RI� FRPSOH[� 3,&V� DQG� IRU� WKH� UHDOLVDWLRQ� RI� FRPSOHWH�PRGXOHV�� ZKLFK�PD\� EH

XVHG�LQ�D�GHPRQVWUDWRU�VHWXS�RU�HYHQ�IRU�FRPPHUFLDO�DSSOLFDWLRQV�

,Q�WKH�IROORZLQJ�VHFWLRQ��D�UHYLHZ�RI�WKH�FXUUHQWO\�GHSOR\HG�K\EULG�LQWHJUDWLRQ�WHFKQRORJLHV

ZLOO�EH�JLYHQ���,Q�VHFWLRQ����RXU�RZQ�K\EULG�FRXSOLQJ�WHFKQRORJ\�LV�GLVFXVVHG�DQG�LQ�VHFWLRQ��

H[SHULPHQWDO� UHVXOWV� IRU� WKH� K\EULGO\� FRXSOHG� 3KDVHG�$UUD\� ODVHU� DUH� SUHVHQWHG�� � 7KH� H[�

SHULPHQWDO� YHULILFDWLRQ� RI� WKH� JDLQ�FODPSLQJ� SULQFLSOH� IRU� PXOWL�ZDYHOHQJWK� ODVHUV�� ZKLFK

ZDV�SURSRVHG�IRU� WKH� ILUVW� WLPH� LQ� WKH�FRQWH[W�RI� WKLV�ZRUN�DQG�DOUHDG\� WKHRUHWLFDOO\� LQWUR�

GXFHG�LQ�FKDSWHU����LV�GLVFXVVHG�LQ�VHFWLRQ���

:KLOH�WKH�K\EULG�FRXSOLQJ�DSSURDFK�ZDV�GHYHORSHG�KDYLQJ�3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK

ODVHUV� LQ�PLQG��QHYHUWKHOHVV�WKH� WHFKQLTXH� LV�GLUHFWO\�DSSOLFDEOH� WR�RWKHU� VLWXDWLRQV�DV�ZHOO�

7KLV�LV�LOOXVWUDWHG�LQ�VHFWLRQ���ZKHUH�ZH�IRU�WKH�ILUVW�WLPH�SUHVHQW�H[SHULPHQWDO�UHVXOWV�IRU�D

GLJLWDOO\�WXQDEOH�ODVHU�XVLQJ�D�ULQJ�UHVRQDWRU�DV�WKH�ZDYHOHQJWK�VHOHFWLYH�HOHPHQW�

2 Overview of currently deployed hybrid integration technologies

7KH� WHUP��K\EULG�RSWLFDO� LQWHJUDWLRQ�� VSDQV�D� UDQJH�RI� WHFKQLTXHV� WR� FRSDFNDJH�DFWLYH� DQG

SDVVLYH�RSWLFDO�HOHPHQWV�DQG�WKH�QHFHVVDU\�HOHFWURQLF�GULYHU�FLUFXLWU\��RQ�D�VLQJOH�VXEVWUDWH�

&RQYHQWLRQDOO\��WUDQVPLWWHUV�DQG�UHFHLYHUV�DUH�KRXVHG�LQ�PHWDO�SDFNDJHV�DQG�DVVHPEOHG�XV�

LQJ�PXOWLSOH�FHUDPLF�RU�GLDPRQG�SLHFH�SDUWV�WKDW�DUH�DFWLYHO\�DOLJQHG�DQG�ODVHU�ZHOGHG���$V

ORQJ�DV� WKH�YROXPHV�ZHUH� ORZ�� WKH� UHOLDELOLW\�RI� WKH� FRPSRQHQWV�ZDV� UHJDUGHG� WR�EH�PRUH
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LPSRUWDQW�WKDQ�D�ORZ�SULFH���+RZHYHU��ZLWK�WKH�LQFUHDVLQJ�GHPDQG�RI�RSWRHOHFWURQLF�FRPSR�

QHQWV��ORZHU�FRVW�DVVHPEO\�WHFKQLTXHV�DUH�EHFRPLQJ�HVVHQWLDO���2QH�ZD\�WR�REWDLQ�WKLV�JRDO��LV

WR�UHSODFH�WKH�H[SHQVLYH�GLDPRQG�VXEVWUDWHV�E\�FKHDSHU�RQHV�� �3DUDJUDSK�����H[SODLQV�ZK\

VLOLFRQ�FRXOG�EH�WKH�SUHIHUUHG�DOWHUQDWLYH���$QRWKHU�ZD\�WR�UHDOLVH�FKHDSHU�PRGXOHV�LV�WR�HP�

SOR\�SDVVLYH�DOLJQPHQW�WHFKQLTXHV�DV�GLVFXVVHG�LQ�SDUDJUDSK�����RU�QRQ�KHUPHWLFDOO\�VHDOHG

SDFNDJHV��SDUDJUDSK��������3DUDJUDSK�����VXPPDULVHV�VRPH�RI�WKH�UHPDLQLQJ�GLIILFXOWLHV�DQG

LQ� SDUDJUDSK� ���� VRPH� W\SLFDO� H[DPSOHV� RI� FXUUHQWO\� GHSOR\HG� KHWHURJHQHRXV� LQWHJUDWLRQ

WHFKQRORJLHV�DUH�SUHVHQWHG�

2.1 Silicon as the preferred optical bench

6HYHUDO�PDWHULDOV�KDYH�EHHQ�XVHG�DV� D� VXEVWUDWH� IRU� RSWRHOHFWURQLF� FRPSRQHQWV�� � 7KH�PRVW

ZLGHVSUHDG�H[DPSOHV�DUH�GLDPRQG��VLOLFRQ�DQG�VLOLFRQ�FDUELGH��DOXPLQD��$O�2���DQG�DOXPL�

QXP�QLWULGH��$O1����'LDPRQG�����:�FP.��DQG�VLOLFRQ�FDUELGH������:�FP.��KDYH�WKH�KLJKHVW

WKHUPDO�FRQGXFWLYLW\���+RZHYHU��WKHVH�PDWHULDOV�DUH�H[SHQVLYH�DQG�QRW�YHU\�VXLWDEOH�IRU�DF�

FXUDWH�PLFUR�PDFKLQLQJ���$OXPLQD�DQG�DOXPLQXP�QLWULGH�DUH�WKH�FKHDSHVW�PDWHULDOV�EXW�WKH\

KDYH�D�PXFK� ORZHU� WKHUPDO�FRQGXFWLYLW\� ������ UHV�� ����:�FP.��DQG� WKH\�DUH� DOVR�QRW�YHU\

DPHQDEOH� IRU� KLJK�SUHFLVLRQ� PDQXIDFWXULQJ� WHFKQLTXHV�� � )RU� VLOLFRQ� RQ� WKH� RWKHU� KDQG�� D

EURDG�UDQJH�RI�YHU\�DFFXUDWH�SURFHVVLQJ�WHFKQRORJLHV�LV�DYDLODEOH���:LWK�WKH�GHYHORSPHQW�RI

ODVHUV��ZKLFK�DUH�DEOH�WR�RSHUDWH�UHOLDEO\�DW�KLJK�WHPSHUDWXUHV�ZLWKRXW�FRROLQJ�DQG�ZLWK�UH�

GXFHG�WKUHVKROG�FXUUHQW��WKH�OLPLWHG�WKHUPDO�FRQGXFWLYLW\�RI�VLOLFRQ�������:�FP.��IRUPV�QR

ORQJHU�D�SUREOHP���0RUHRYHU��LWV�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW������[����.����LV�LQWHUPHGLDWH

WR�WKDW�RI�,Q3�����[����.����DQG�VLOLFD������[����.����VR�WKDW�WKH�VWUHVVHV�GXH�WR�WKHUPDO�H[SDQ�

VLRQ�ZLOO�EH�VKDUHG�E\�WKH�DFWLYH��W\SLFDOO\�,Q3��DQG�WKH�SDVVLYH��W\SLFDOO\�6LOLFD��FRPSRQHQWV�

'XH�WR�LWV�XVH�LQ�WKH�VHPLFRQGXFWRU�LQGXVWU\��VLOLFRQ�ZDIHUV�FDQ�EH�HDVLO\�REWDLQHG�DQG�WKH\

DUH� UHODWLYHO\� FKHDS� DQG� UREXVW�� � 7KH\� DUH� DOVR�ZHOO� FKDUDFWHULVHG� DQG� WKH�PDQXIDFWXULQJ

HTXLSPHQW�LV�ZLGHO\�DYDLODEOH�

7KHVH� WKUHH� IDFWRUV� �� VDWLVIDFWRU\� WKHUPDO� SURSHUWLHV�� H[FHOOHQW� PLFURPDFKLQLQJ� SRVVLELOLW\

DQG�ZLGHVSUHDG�PDWHULDO�DYDLODELOLW\�DQG�NQRZOHGJH����KDYH�PDGH�VLOLFRQ�WKH�SUHIHUUHG�PD�

WHULDO�IRU�RSWLFDO�K\EULGV���7KH�DGGLWLRQDO�DGYDQWDJH�WKDW�VLOLFRQ�LV�DOVR�DQ�H[FHOOHQW�VXEVWUDWH

PDWHULDO�IRU�WKH�IDEULFDWLRQ�RI�KLJKO\�SHUIRUPDQW�SDVVLYH�ZDYHJXLGHV�FRXOG�RQO\�IXUWKHU�HQ�

KDQFH�WKH�VXFFHVV�RI�WKH�VLOLFRQ�RSWLFDO�EHQFK�WHFKQRORJ\�

2.2 Passive optical alignment

7KH�FRVW�DVVRFLDWHG�ZLWK�DFWLYH�RSWLFDO�DOLJQPHQW�LV�EHOLHYHG�WR�GRPLQDWH�WKH�FRVW�RI�RSWRH�

OHFWURQLF� FRPSRQHQWV� >�@�� � $OWKRXJK� D� K\EULG� LQWHJUDWLRQ� WHFKQRORJ\� IDFLOLWDWLQJ� SDVVLYH

DOLJQPHQW�PD\�UHTXLUH�PRUH�FRPSOH[�VXEVWUDWH�DQG�GHYLFH�SURFHVVLQJ�� WKH� LQFUHDVH� LQ�FRVW

LQFXUUHG�DW�ZDIHU�SURFHVVLQJ�LV��LQ�ODUJH�YROXPHV��JUHDWO\�RXWZHLJKHG�E\�WKH�UHGXFWLRQ�LQ�WKH

ILQDO�DVVHPEO\�FRVW��UHVXOWLQJ�LQ�D�QHW�ORZHULQJ�RI�WKH�FRPSRQHQW�SULFH�>��@���,Q�JHQHUDO��VHY�

HUDO�WHFKQLTXHV�DUH�FRPELQHG�WR�IDFLOLWDWH�SDVVLYH�RSWLFDO�DOLJQPHQW�
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• $QLVRWURSLF�HWFKLQJ�� WKH�DQLVRWURSLF�HWFKLQJ�SURSHUWLHV�RI�VLOLFRQ�DUH�FRPPRQO\�XVHG�WR
IDEULFDWH�SUHFLVLRQ�9�JURRYHV���7KHVH�DOORZ�IRU�DFFXUDWH�DOLJQPHQW�RI�D�ILEUH��RU�D�ILEUH
DUUD\��ZLWK�DQ�RSWRHOHFWURQLF�FRPSRQHQW���6RPHWLPHV��WKH�9�JURRYH�WHFKQLTXH�LV�FRP�
ELQHG�ZLWK�DOLJQPHQW�IHDWXUHV�RQ�WKH�RSWRHOHFWURQLF�FRPSRQHQW�WR�FRPSHQVDWH�IRU�WKH
VWDWLVWLFDO�YDULDWLRQ�LQ�WKH�9�JURRYH�ZLGWK��>�@��VHH�DOVR�WKH�H[DPSOHV�GHVFULEHG�DW� WKH
HQG� RI� WKLV� VHFWLRQ��� �1H[W� WR� IDEULFDWLQJ�9�JURRYHV�� WKH� HWFKLQJ� SURSHUWLHV� RI� VLOLFRQ
PD\�DOVR�EH�XVHG�WR�SODFH�EDOO�OHQVHV�ZLWK�YHU\�KLJK�SUHFLVLRQ�>��@�DQG�IRU�HWFKLQJ�PLU�
URUV��ZKLFK� IDFLOLWDWH� D� VLPSOH� DOLJQPHQW�RI� D�SKRWR�GLRGH� DQG� DQ� RSWLFDO� ILEUH� RU� DQ
RSWRHOHFWURQLF�FRPSRQHQW�>�@�

• )OLS� FKLS�PRXQWLQJ�� IRU� WKH� DFFXUDWH� YHUWLFDO� DOLJQPHQW� RI� RSWRHOHFWURQLF� FRPSRQHQWV�
IOLS�FKLS� WHFKQRORJ\�KDV�SURYHQ� WR�EH� LQGLVSHQVDEOH�� �0RUHRYHU��GXH� WR� WKHLU� VPDOOHU
SK\VLFDO�VL]H�DQG�WKH�YHU\�ORZ�LQGXFWDQFH��VROGHU�EXPSV�KDYH�DQ�LQKHUHQW�DGYDQWDJH
FRPSDUHG� WR�ZLUH�ERQGV�� � )RU� WKH� ODWHUDO� DOLJQPHQW�� RQH�PD\� DJDLQ� UHO\� RQ� WKH� VHOI�
DOLJQLQJ�SURSHUWLHV�RI�WKH�VROGHU�EXPSV���+RZHYHU��DOVR�RWKHU�WHFKQLTXHV�ZHUH�GHYHO�
RSHG��VXFK�DV�SUHFLVLRQ�PLFURPDFKLQLQJ��LQ�RUGHU�WR�ILW�SDUWV�WRJHWKHU�SUHFLVHO\�>��@��RU
RSWLFDO�PHWKRGV� >��@�� � 7KH� ODWWHU� DUH� VLPLODU� WR� WKH�PHWKRG� RI� DOLJQLQJ� SKRWR�PDVNV
GXULQJ�SKRWROLWKRJUDSK\�LQ�WKDW� WKH\�XVH�YLVXDO�DOLJQPHQW�SDWWHUQV� IRU� UHIHUHQFH�DQG
DQ�H[SHQVLYH�SUHFLVLRQ�VWDJH�IRU�WKH�DOLJQPHQW��EXW�GR�QRW�UHTXLUH�SUHFLVH�RSWLFDO�SURF�
HVVLQJ��

• 6SRW�VL]H�FRQYHUWHUV��E\�WKH�GHYHORSPHQW�RI�ODVHUV�DPSOLILHUV�ZLWK�LQWHJUDWHG�EHDP�VL]H
H[SDQGHUV��WKH�UHTXLUHG�DOLJQPHQW�WROHUDQFHV�FDQ�EH�UHGXFHG�VLJQLILFDQWO\��ERWK�LQ�ODW�
HUDO�DQG�LQ�ORQJLWXGLQDO�GLUHFWLRQ��GXH�WR�WKH�EHWWHU�FRQILQHPHQW�RI�WKH�EHDP��DQG�DG�
GLWLRQDO� OHQVHV�LQ�WKH�RSWLFDO� WUDLQ�>��@�DUH�QR�ORQJHU�UHTXLUHG�� �7KH� WROHUDQFHV� IRU� WKH
DOLJQPHQW�RI�D�VWDQGDUG�ODVHU�GLRGH�DQG�D�OHQVHG�ILEUH�PD\�EH�EHORZ�����µP���&XUUHQW
WROHUDQFHV�IRU�WKH�DOLJQPHQW�RI�62$V�LQWHJUDWHG�ZLWK�VSRW�VL]H�FRQYHUWHUV����G%�UHGXF�
WLRQ�LQ�WUDQVPLVVLRQ��DUH�EHWWHU�WKDQ�±���µP�LQ�KRUL]RQWDO�DQG�YHUWLFDO�GLUHFWLRQV�DQG���
µP�LQ�D[LDO�GLUHFWLRQ�>��@��VHH�DOVR�FKDSWHU����VHFWLRQ����

2.3 Non-hermetic packaging

'HYLFHV�LQ�D�SODVWLF�SDFNDJH�PD\�EH�H[WUHPHO\�FKHDS�FRPSDUHG�WR�WKHLU�KHUPHWLFDOO\�VHDOHG

PHWDO�FRXQWHUSDUWV��VLQFH�WKH�DVVHPEO\�PD\�EH�DXWRPDWHG�DQG�WKH�UDZ�PDWHULDOV�DUH�FKHDS

>��@���+RZHYHU��QRQ�KHUPHWLFDOO\�SDFNDJLQJ�WHFKQLTXHV�UHTXLUH�WKH�ZKROH�FRPSRQHQW�WR�EH

HQFDSVXODWHG�LQ�VLOLFRQH�RU�D�VLPLODU�PDWHULDO� WR�SUHYHQW�ZDWHU�FRQGHQVDWLRQ� >��@�� � ,I� OHQVHV

KDYH�WR�EH�XVHG�LQ�WKH�RSWLFDO�WUDLQ�>��@��WKLV�LV�QRW�SRVVLEOH�GXH�WR�WKH�LQGH[�PDWFKLQJ�HIIHFW

RI�WKH�VLOLFRQH���:LWK�WKH�DGYHQW�RI�JRRG�TXDOLW\�EHDP�H[SDQGHG�ODVHU�GLRGHV�DQG�DPSOLILHUV�

WKHVH�OHQVHV�DUH�QR�ORQJHU�QHHGHG��WKHUHE\�RSHQLQJ�WKH�ZD\�WR�QRQ�KHUPHWLFDOO\�SDFNDJLQJ

WHFKQLTXHV�

2.4 Remaining difficulties

)LJ������SUHVHQWV�DQ�RYHUYLHZ�RI�WKH�SUHYLRXV�SDUDJUDSKV���$OWKRXJK�VHYHUDO�YHU\�VXFFHVVIXO

K\EULGO\�LQWHJUDWHG�PRGXOHV�KDYH�EHHQ�GHPRQVWUDWHG��VRPH�GLIILFXOWLHV�UHPDLQ�WR�EH�VROYHG�

7KH�PRVW�DSSDUHQW�RQH�UHODWHV�WR�WKH�WLJKW�WROHUDQFHV�UHTXLUHG�ZKHQ�SURFHVVLQJ�WKH�FRPSR�

QHQWV�IRU�WKH�K\EULG�3,&V���$OWKRXJK�WKH�EDVLF�EXLOGLQJ�EORFNV��VXFK�DV�WKH�9�JURRYHV�IRU�WKH
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ILEUH�DOLJQPHQW��DUH�DQ�RUGHU�RI�PDJQLWXGH�ODUJHU�WKDQ�WKRVH�RI�HOHFWURQLF�,&ªV��D�VLPLODU�IDE�

ULFDWLRQ�DFFXUDF\��������µP��PXVW�EH�REWDLQHG�� �,Q�SDUWLFXODU�WKH�KLJK�SUHFLVLRQ�OLWKRJUDSK\
PD\�EH�FRPSURPLVHG�E\�KH�ODUJH�IHDWXUHV�

$QRWKHU� HVVHQWLDO� TXHVWLRQ� LV� KRZ� WR� LQWHJUDWH� WKH� HOHFWULFDO� LQWHUFRQQHFW� SDWWHUQ�ZLWK� WKH

VLOLFRQ�PRWKHUERDUG���'XH�WR�LWV�FRQGXFWLYLW\��VLOLFRQ�FDQQRW�EH�XVHG�DV�WKH�GLHOHFWULF�PDWHULDO

IRU�PLFURVWULS�OLQH�VWUXFWXUHV���7KH�HDVLHVW�DOWHUQDWLYH�LV�WR�FRYHU�WKH�VLOLFRQ�ZLWK�D�GLHOHFWULF

DQG�WR�XVH�FRSODQDU�ZDYHJXLGHV�>��@���+RZHYHU��ZKHQ�D�PRUH�GHQVH�LQWHUFRQQHFW�SDWWHUQ�LV

UHTXLUHG�RU� IRU� OLQH�UDWHV�RYHU�����*ELW�V��PLFURVWULS� OLQHV�DUH� LQGLVSHQVDEOH�� �)RU� WKDW�SXU�

SRVH�� FRPSOHWH�PLFURVWULS� VWUXFWXUHV� �JURXQG�SODQH��GLHOHFWULF� DQG�VLJQDO�SODQH��KDYH�EHHQ

IRUPHG�RQ�WKH�VLOLFRQ�PRWKHUERDUG�� �$QRWKHU�ZD\�WR�FLUFXPYHQW�WKH�SUREOHP�LV�WR�SRVLWLRQ

WKH�VPDOO�RSWLFDO�VLOLFRQ�K\EULG�RQ�D�ODUJHU�PRWKHUERDUG��FRQWDLQLQJ�WKH�HOHFWURQLF�FLUFXLWU\

>�@>�@�

$V�D�ODVW�SUREOHP��ZH�ZDQW�WR�PHQWLRQ�WKH�VR�FDOOHG��VWDWLVWLFDO�\LHOG�OLPLW����6HYHUDO�FRPSR�

QHQWV�DQG�SURFHVVHV�FDQQRW�EH�GHILQHG�ZLWK�DEVROXWH�DFFXUDF\���([DPSOHV�DUH�WKH�GLPHQVLRQV

RI� WKH� DPSOLILHU� DQG� WKH� ODVHU� GLRGH� FKLSV��ZKLFK� DUH� GHWHUPLQHG� E\� WKH� FOHDYDJH� SURFHVV

�W\SLFDO� YDULDWLRQ� � mµ SHU� IDFHW��� WKH� DEVROXWH� ILEUH� GLDPHWHU� DQG� LWV� FRQFHQWULFLW\��ZKLFK�

HYHQ�IRU�ZHOO�FRQWUROOHG�SURFHVVHV��PD\�YDU\�RYHU�VHYHUDO�KXQGUHG�QDQRPHWUHV��WKH�GHSWK�RI

WKH�9�JURRYHV�DQG�WKH�IOLS�FKLS�PRXQWLQJ�� �$OO�WKHVH�SURFHVVHV� LQWURGXFH�D�VWDWLVWLFDO�YDULD�

WLRQ�RI�WKH�DOLJQPHQW�DFFXUDF\���&RQVHTXHQWO\��WKH�GHYLFH�SHUIRUPDQFH�ZLOO�YDU\�LQ�D�VWDWLVWL�

FDO�ZD\�DOVR�

Optical bench : Silicon
• widely available
• robust, well characterised
• processing equipment widely available
• satisfactory thermal conductivity and

expansion coefficients

Enabling Technologies
• V-groove etching
• Flip-chip mounting
• Beam expanded lasers and amplifiers
• Less temperature sensitive lasers and

amplifiers
• high performance, SiO2 based optical

waveguide technology

Cheaper components required
• non hermetic packages
• cheaper submounts
• passive alignment

Challenges
• tolerances < 1 um  <> components > 100 um
• integration of different well known

technologies in one component

)LJ������6XPPDU\�RI�GULYHV�DQG�FKDOOHQJHV�IRU�6LOLFRQ�EHQFK�WHFKQRORJLHV
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2.5 Examples

D� )LEUH�$UUD\�$OLJQPHQW�3URFHGXUH��(7+�=XULFK�

'XH�WR�VPDOO�SURFHVV�YDULDWLRQV��WKH�H[DFW�ZLGWK�RI�D�9�JURRYH��ZKLFK�LV�XVHG�IRU�SDVVLYHO\

DOLJQLQJ�DQ�RSWLFDO�ILEUH�ZLWK�DQ�RSWRHOHFWURQLF�FKLS��PD\�YDU\���6LQFH�WKH�KHLJKW�RI�WKH�FRUH

RI� WKH�RSWLFDO� ILEUH�ZLWK�UHVSHFW� WR� WKH�VXUIDFH�RI� WKH�VLOLFRQ�VXEVWUDWH� LV�GHWHUPLQHG�E\� WKH

ZLGWK�RI�WKH�JURRYH��WKHVH�SURFHVV�YDULDWLRQV�JHQHUDOO\�LPSO\�D�YDULDWLRQ�RI�WKH�RSWLFDO�FRX�

SOLQJ� HIILFLHQF\�� � +XQ]LNHU� >�@� KDV� SURSRVHG� DQ� LQWHUHVWLQJ� DSSURDFK� WR� FLUFXPYHQW� WKLV

SUREOHP���7KH�LGHD�LV�LOOXVWUDWHG�LQ�)LJ��������7KH�RSWLFDO�VHOI�DOLJQPHQW�LV�EDVHG�RQ�DQ�HWFKHG

LQGHQWDWLRQ�RQ�WKH�RSWRHOHFWURQLF�FKLS��ZKLFK�ILWV� LQ�WKH�VDPH�VLOLFRQ�9�JURRYH�DV�WKH�ILEUH�

7KH� DOLJQPHQW� LQ� ERWK�KRUL]RQWDO� DQG�YHUWLFDO� GLUHFWLRQ� LV� WKHUHE\�GHILQHG� E\� D� VLQJOH� SD�

UDPHWHU�'�� WKH� GLVWDQFH� EHWZHHQ� WKH�ZDYHJXLGH� FHQWUH� DQG� WKH� DOLJQPHQW� HGJH�� � 7KLV� DS�

SURDFK�KDV�EHHQ�VXFFHVVIXOO\�DSSOLHG�WR�DPSOLILHU�DUUD\V�ZLWK�VWDQGDUG�DPSOLILHUV�DQG�ZLWK

DQJOHG�DPSOLILHUV�

)LJ������3ULQFLSOH�RI�VHOI�DOLJQHG�IOLS�FKLS�SDFNDJLQJ��IURP�>�@�

E� 2SWLFDO�WUDQVPLWWHU�PRGXOH��1RUWHO�

)LJ������VKRZV�D�6(0�SLFWXUH�RI�D�W\SLFDO�K\EULG�WUDQVPLWWHU�PRGXOH�DV�LW�LV�ZLGHO\�DSSOLHG

DQG� FRPPHUFLDOO\� H[SORLWHG� WRGD\� >�@�� � ,W� FRQWDLQV� D� ULGJH�ZDYHJXLGH� ODVHU� DQG� D�PRQLWRU

GLRGH�SDVVLYHO\�DOLJQHG�RQ�D�VLOLFRQ�RSWLFDO�EHQFK���7KH�ODVHU�LQFRUSRUDWHV�D�SDWWHUQHG�PHWDO�

OLVDWLRQ��ZKLFK�PDWFKHV� WKDW� RQ� WKH� VLOLFRQ� EHQFK�� �$� IOLS� FKLS� ERQGLQJ� SURFHVV� LV� XVHG� WR

PRXQW�WKH�ODVHU�GLRGH�WR�WKH�RSWLFDO�EHQFK���7KLV�SRVLWLRQV�LW�UHODWLYH�WR�WKH�HWFKHG�9�JURRYH

)LJ������2SWLFDO�WUDQVPLWWHU�PRGXOH��IURP�>�@�
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LQ�IURQW�RI�WKH�ODVHU���7KLV�9�JURRYH�LV�XVHG�IRU�ORFDWLRQ�RI�D�OHQVHG�VLQJOH�PRGH�ILEUH���7R�WKH

UHDU�RI�WKH�WUDQVPLWWHU��DQRWKHU�JURRYH�LV�HWFKHG��ZKLFK�UHIOHFW�WKH�OLJKW�H[LWLQJ�WKH�EDFN�IDFHW

RI�WKH�WUDQVPLWWHU�RQWR�WKH�SKRWR�GLRGH���$IWHU�FRPSOHWLQJ�WKH�DVVHPEO\��WKH�ZKROH�PRGXOH�LV

SXW�LQWR�D�FHUDPLF�SDFNDJH�

7KLV�DOLJQPHQW�SURFHGXUH�KDV�EHHQ�VXFFHVVIXOO\�LPSOHPHQWHG�LQ�D�YROXPH�SURGXFWLRQ�HQYL�

URQPHQW�DQG�IRUPV�WKH�EDVLV�RI�D�FRPPHUFLDOO\�DYDLODEOH��ORZ�FRVW�RSWLFDO�WUDQVPLWWHU���5HOL�

DELOLW\�WHVWV�XVLQJ�GHYLFHV�ZLWKRXW�DQ\�SUH�VFUHHQLQJ�KDYH�GHPRQVWUDWHG�DQ�H[FHOOHQW�VWDELO�

LW\�GXULQJ�VWRUDJH�DW�H[WUHPH�WHPSHUDWXUHV�DQG�XS�WR������WHPSHUDWXUH�F\FOHV�� �6LPLODU�DS�

SURDFKHV�IRU�ERWK�WUDQVPLWWHU�DQG�UHFHLYHU�PRGXOHV�ZHUH�GHPRQVWUDWHG�E\�RWKHU�PDQXIDF�

WXUHUV�>�@>��@>��@>��@>��@>��@�

$Q�LPSRUWDQW�DVSHFW�RI�WKH�IDEULFDWLRQ�RI�WKLV�W\SH�RI�PRGXOHV�LV�WKDW�SDUW�RI�WKH�RSWLFDO�DV�

VHPEO\� DQG� WKH� FKDUDFWHULVDWLRQ� FDQ� EH� GRQH� EHIRUH� GLFLQJ� WKH� VLOLFRQ� ZDIHU� �H�J�� WKH� GLH

ERQGLQJ�RI�ODVHU�DQG�GHWHFWRU����7KLV�PHDQV�WKDW�ILEUH�RSWLF�PRGXOHV�FDQ�EH�PDGH�OHYHUDJLQJ

RQ�PHWKRGV�GHYHORSHG�IRU�HOHFWURQLFV���,Q�>�@��D�PDQXIDFWXULQJ�SURFHVV�DOORZLQJ�PDNLQJ�DS�

SUR[LPDWHO\�����PRGXOHV�RQ�D�EDWFK�FRPSULVHG�RI�D�VLQJOH�ZDIHU�LV�SUHVHQWHG���7KH�FKLSV�DUH

EXUQHG�LQ�ZKLOH�VWLOO�LQ�WKH�ZKROH�ZDIHU�DQG�WKH\�FDQ�EH�WHVWHG�DQG�VFUHHQHG�SULRU�WR�IXUWKHU

DVVHPEO\�WR�UHGXFH�WKH�FRVW�

F� +\EULG�RSWLFDO�EHQFK�LQFRUSRUDWLQJ�SDVVLYH�ZDYHJXLGHV��177�

2QH�RI�WKH�PRVW�SURPLQHQW�DQG�PRVW�FRPSOHWH�K\EULG�LQWHJUDWLRQ�VFKHPHV�LV�WKH�K\EULG�SOD�

QDU� OLJKWZDYH� FLUFXLW� �3/&��SODWIRUP�GHYHORSHG�E\�177� >��@>��@>��@>��@>��@>��@>��@� DQG� LO�

OXVWUDWHG� LQ�)LJ������� � ,QVWHDG�RI�DQ�RUGLQDU\� VXEVWUDWH�� D� VLOLFRQ�VXEVWUDWH�ZLWK� WHUUDFHG� UH�

JLRQV� LV� XVHG�� � 7KH� RSWLFDO�ZDYHJXLGH�ZLWK� D� FRUH� HPEHGGHG� LQ� D� WKLFN� FODGGLQJ� OD\HU� LV

IRUPHG�RQO\�RQ� WKH�JURXQG�SODQH�RI� WKH� VXEVWUDWH�� �7KH� WHUUDFHG� VXUIDFH�DFWV� DV� DQ�RSWLFDO

EHQFK�DQG�DV�D�KHDW�VLQN�IRU�WKH�DFWLYH�GHYLFHV��DPSOLILHUV��ODVHU�GLRGHV�DQG�ZDYHJXLGH�GH�

WHFWRUV����7KH�ODWHUDO�DOLJQPHQW�RI�WKH�RSWRHOHFWURQLF�GHYLFHV�LV�DFKLHYHG�E\�LQGH[�DOLJQPHQW�

PDUNV�DUH�IRUPHG�RQ�ERWK�WKH�VLOLFRQ�WHUUDFH�DQG�WKH�DFWLYH�GHYLFH�DQG�WKH�SODFLQJ�RI�WKH�FKLS

LV�FDUULHG�RXW�DV�VKRZQ�LQ�)LJ�������DFFXUDF\�±���µP����6LQFH�WKH�KHLJKW�IURP�WKH�VXUIDFH�WR�WKH
ZDYHJXLGH�FRUH�FHQWUH�LV�GHVLJQHG�WR�EH�LGHQWLFDO�WR�WKH�KHLJKW�RI�WKH�DFWLYH�OD\HU�RI�DQ�DFWLYH

GHYLFH��WKH�DOLJQPHQW�LQ�YHUWLFDO�GLUHFWLRQ��DFFXUDF\�±�����µP��LV�FDUULHG�RXW�VLPSO\�E\�SODF�
LQJ� WKH� FKLS�RQ� WKH� VROGHU� VXUIDFH�� � 7KH� DPSOLILHUV� DQG� ODVHUV� HPSOR\� VSRW� VL]H� FRQYHUWHUV

>��@��NHHSLQJ�WKH�DYHUDJH�FRXSOLQJ�ORVV�EHORZ���G%���7KLV�LV�D�FRPELQHG�HIIHFW�IURP�GLIIHUHQW

DOLJQPHQW�HUURUV��PLVDOLJQPHQW�RI� WKH�PDUNV�RQ�ERWK� WKH�RSWLFDO�EHQFK�DQG� WKH�RSWLFDO�GH�

YLFHV�� PLVDOLJQPHQW� RI� WKH� PDUNV� ZLWK� UHVSHFW� WR� HDFK� RWKHU�� YHUWLFDO� PLVDOLJQPHQW� DQG

YDULDWLRQ�RQ�WKH�OHQJWK�RI�WKH�FKLSV�GXH�WR�FOHDYLQJ�LQDFFXUDF\�>��@�

6LQFH�WKH�SDVVLYH�RSWLFDO�ZDYHJXLGHV�HQG�LQ�WKH�PLGGOH�RI�WKH�FKLS��$5�FRDWLQJ�RI�WKHLU�IDFHWV

LV�GLIILFXOW���7KHUHIRUH��WKH\�DUH�DQJOHG�DV�PD\�EH�VHHQ�IURP�)LJ��������$�VSHFLDO�VDZ�WRRWKHG

VWUXFWXUH�LV�QHFHVVDU\�EHFDXVH�WKH�DFWLYH�GHYLFHV�KDYH�QR�DQJOHG�ZDYHJXLGHV�DQG�HPLW�SHU�

SHQGLFXODU�WR�WKHLU�IDFHW�>��@���(OHFWURQLF�FLUFXLWV�DUH�IRUPHG�E\�FRSODQDU�ZDYHJXLGHV�RQ�WKH
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RYHUFODGGLQJ�OD\HU�RI�WKH�SDVVLYH�ZDYHJXLGHV���7KH\�DUH�FRQQHFWHG�WR�HOHFWURGHV�RQ�WKH�VLOL�

FRQ�WHUUDFH�ZLWK�JROG�ZLUHV�>��@�

8VLQJ� WKLV�3/&�SODWIRUP� WHFKQRORJ\�� WUDQVFHLYHU� FKLSV� LQFRUSRUDWLQJ� D� ����������GHPX[�� D

UHFHLYHU�DQG�D�ODVHU�GLRGH��LQWHQGHG�IRU�XVH�LQ�)77+�DSSOLFDWLRQV��ILEUH�WR�WKH�KRPH���KDYH

EHHQ�PDGH�FRPPHUFLDOO\�DYDLODEOH��)LJ�����D����,Q�DGGLWLRQ��JDWH�VZLWFKHV�ZLWK�WZR�DUUD\V�RI

IRXU�62$�JDWHV�DUH�DYDLODEOH��)LJ�����E��E\�QRZ�>��@�

)LJ�� ���� D�� 3ODVWLF�PRGXOH� IRU� D�6SRW�VL]H� FRQYHUWHG� ODVHU� GLRGH� �66�/'�� DQG�ZDYHJXLGH

SKRWR�GLRGHV�PRXQWHG�RQ�D�3/&�SODWIRUP��IURP�>��@����E��2SWLFDO�JDWH�DUUD\��IURP�>��@��

2QH�RI� WKH�PRVW� LPSRUWDQW� DGYDQWDJHV� RI�PRQROLWKLFDOO\� LQWHJUDWHG� ,Q3�3,&V� FRPSDUHG� WR

6LOLFD�EDVHG�WHFKQRORJLHV�LV�WKDW��GXH�WR�WKH�KLJKHU�LQGH[�FRQWUDVW��D�ORW�PRUH�GHYLFHV�PD\�EH

IDEULFDWHG�RQ�D�VLQJOH�VXEVWUDWH�� �6LOLFD�EDVHG�WHFKQRORJLHV�ZHUH�UHJDUGHG�WR�EH�QRW�VXLWDEOH

IRU� UHDOLVLQJ�3,&V� LQWHJUDWLQJ�D� ODUJH�QXPEHU� RI� GLIIHUHQW� RSWLFDO� IXQFWLRQV�� �+RZHYHU� WKLV

SUREOHP� KDV� EHHQ� FLUFXPYHQWHG� UHFHQWO\�� E\� WKH� GHYHORSPHQW� RI� D� 3/&� WR� 3/&� GLUHFW� DW�

WDFKPHQW�WHFKQLTXH���8VLQJ�WKLV�DSSURDFK��DQ�HLJKW�FKDQQHO�ZDYHOHQJWK�VHOHFWRU�PRGXOH�ZDV

)LJ������+\EULG�3/&�SODWIRUP�GHYHORSHG�IRU�LQWHJUDWLQJ�ORZ�FRQWUDVW�SDVVLYH�ZDYHJXLGHV

�VLOLFD�RQ�VLOLFRQ��ZLWK�,Q3�RSWLFDO�DFWLYH�GHYLFHV��IURP�>��@��
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IDEULFDWHG��E\�FRQQHFWLQJ�WZR�FRQYHQWLRQDO�3/&V��HDFK�FRQWDLQLQJ�D�3KDVHG�$UUD\�GHPXOWL�

SOH[HU��RQ�HLWKHU�VLGH�RI�DQ�RSWLFDO�JDWH�DUUD\��LGHQWLFDO�WR�WKH�RQH�RI�)LJ�����E���XVLQJ�D�89

FXUDEOH�DGKHVLYH�>��@�

)LJ������'LUHFW�3/&�WR�3/&�DWWDFKPHQW�WHFKQLTXH��IURP�>��@��

3 Our approach

7KLV�VHFWLRQ�GHVFULEHV�WKH�K\EULG�FRXSOLQJ�WHFKQRORJ\�DV�LW�ZDV�GHYHORSHG�LQ�WKH�FRQWH[W�RI

WKLV�ZRUN���)LJ������GHPRQVWUDWHV�KRZ�D�K\EULG�3,&�LV�UHDOLVHG�LQ�SUDFWLFH���$Q�DPSOLILHU�DUUD\

LV� EXWW� FRXSOHG�ZLWK� DQ� ,Q3�EDVHG� SDVVLYH� RSWLFDO� FKLS� XVLQJ� SUHFLVLRQ� WUDQVODWLRQ� VWDJHV�

7KH�FRXSOLQJ�LV�FDUULHG�RXW�E\�ORRNLQJ�DW�WKH�JDS�EHWZHHQ�ERWK�FKLSV�WKURXJK�D�PLFURVFRSH

�����������
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)LJ�����D�6HWXS�IRU�K\EULGO\�FRXSOLQJ�DQ�DPSOLILHU�DUUD\�DQG�D�SDVVLYH�ZDYHJXLGH�FKLS
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DQG�E\�PRQLWRULQJ�WKH�RXWSXW�SRZHU�XVLQJ�DQ�LQIUDUHG�FDPHUD�DQG�D�SRZHU�PHWHU���7KH�ILUVW

WUDQVODWLRQ�VWDJH� LV� HTXLSSHG�ZLWK� WKUHH�HOHFWURVWULFWLYHO\�FRQWUROOHG�DFWXDWRUV� WKDW�SRVLWLRQ

WKH�VWDJH�DORQJ�WKH�[���\��DQG�]�D[HV���7KUHH�RWKHU�DFWXDWRUV�DOORZ�FKDQJLQJ�WKH�DQJXODU�SRVL�

WLRQ�RI� WKH�GHYLFH�DORQJ�WKH�WKUHH�URWDWLRQDO�D[HV�� �6LPLODU�WR�VWDQGDUG�ZDYHJXLGH�FRXSOLQJ

H[SHULPHQWV��WKH�/OR\G�LQWHUIHUHQFH�IULQJHV�PD\�EH�XVHG�WR�DGMXVW� WKH�KHLJKW�RI�ERWK�FKLSV�

7KH�ODWHUDO�DOLJQPHQW�RI�WKH�ZDYHJXLGHV�LV�FDUULHG�RXW�E\�YLVXDO�LQVSHFWLRQ�DQG�WKHQ�IXUWKHU

RSWLPLVHG�E\�LQVSHFWLQJ�WKH�RXWSXW�SRZHU���7R�RSWLPLVH�WKH�FRXSOLQJ�LQ�WKH�ORQJLWXGLQDO�GL�

UHFWLRQ��WKH�FKLSV�DUH�EURXJKW�LQ�SK\VLFDO�FRQWDFW���7KLV�DOVR�DXWRPDWLFDOO\�RSWLPLVHV�WKH��DQ�

JXODU�� DOLJQPHQW� DURXQG� WKH� YHUWLFDO� D[LV� DV� VNHWFKHG� LQ� )LJ�� ����� � 7KH� DQJXODU� DOLJQPHQW

DURXQG�WKH�KRUL]RQWDO�D[HV�LV�PRUH�GLIILFXOW���,I�RQO\�RQH�ZDYHJXLGH�KDV�WR�EH�FRQQHFWHG��WKH

RSWLPLVDWLRQ�RI� WKH�DOLJQPHQW�DURXQG�WKH�D[LV�SDUDOOHO� WR� WKH�ZDYHJXLGHV�PD\�EH� VNLSSHG�

+RZHYHU�� LI�PXOWLSOH� FKDQQHOV�KDYH� WR� EH� FRXSOHG�� WKH� DOLJQPHQW� DURXQG� WKLV� D[LV� LV� YHU\

FULWLFDO� DQG� LV� FDUULHG� RXW� E\�PRQLWRULQJ� WKH� RXWSXW� SRZHU� IURP�ZDYHJXLGHV� DW� WKH� RXWHU

HGJHV�RI�WKH�FKLS���$�GUDZEDFN�RI�WKH�VHWXS�XVHG�LV�WKDW�WKH�URWDWLRQ�FHQWUH�RI�WKH�WKUHH�URWD�

WLRQDO�D[HV�GRHV�QRW�FRLQFLGH�ZLWK�WKH�SRVLWLRQ�RI�WKH�DPSOLILHU�IDFHW��ZKLFK�PHDQV�WKDW�IRO�

ORZLQJ�HYHU\�DGMXVWPHQW�RI�RQH�RI� WKH�DQJXODU�SRVLWLRQV��DOO� WKH�RWKHU�SRVLWLRQV�KDYH� WR�EH

UHDGMXVWHG���7KH�RSWLPLVDWLRQ�DURXQG�WKH�KRUL]RQWDO�URWDWLRQDO�D[LV�SHUSHQGLFXODU�WR�WKH�RSWL�

FDO�D[LV�LV�WKH�PRVW�WLPH�FRQVXPLQJ�SURFHVV�DQG�LV�FDUULHG�RXW�E\�FKDQJLQJ�WKH�DQJOH�DURXQG

WKLV�D[LV�LQ�VPDOO�VWHSV���)RU�HYHU\�VWHS��WKH�SRVLWLRQV�ZLWK�UHVSHFW�WR�DOO�RWKHU�D[HV�KDYH�WR�EH

RSWLPLVHG�DJDLQ���)LJ�����E�VKRZV�D�SKRWRJUDSK�RI�WKH�PHDVXUHPHQW�VHWXS�

,W� LV�GLIILFXOW� WR�HVWLPDWH�WKH�WLPH�QHHGHG�IRU�FRPSOHWLQJ� WKH�ZKROH�FRXSOLQJ�SURFHVV��KRZ�

HYHU�ZKHQ�VWDUWLQJ� IURP�D�PRUH�RU� OHVV�SUH�DOLJQHG�VHWXS
�� RQH� W\SLFDOO\�QHHGV�EHWZHHQ���

�����������������������������������������������������


�7KH�SUH�DOLJQPHQW�PD\�EH�FDUULHG�RXW�E\�YLVXDO� LQVSHFWLRQ�RU�XVLQJ� VLPSOH�PHDQV� VXFK�DV�D� VSLULW

OHYHO�

)LJ�����E�3KRWRJUDSK�RI�WKH�RSWLFDO�EHQFK�XVHG�IRU�WKH�K\EULG�FRXSOLQJ�RI�WZR�FKLSV
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PLQXWHV�DQG�KDOI�DQ�KRXU�IRU�FRXSOLQJ�RQH�FKDQQHO���,I�PXOWLSOH�FKDQQHOV�KDYH�WR�EH�FRXSOHG

VLPXOWDQHRXVO\�� WKH� WLPH� WR� REWDLQ� D� UHDVRQDEOH� WUDQVPLVVLRQ� HIILFLHQF\� LQFUHDVHV� UDSLGO\�

VRPHWLPHV� WR�VHYHUDO�KRXUV�� �7KLV� LV�SDUWO\�FDXVHG�E\� WKH� IDFW� WKDW� WKH�K\VWHUHVLV�RI� WKH�DF�

WXDWRU�FRQWUROOLQJ� WKH�DQJXODU�DOLJQPHQW�DURXQG�WKH�RSWLFDO�D[LV�ZDV�PXFK� ODUJHU� WKDQ� WKH

DFFXUDF\�QHHGHG��ZKLFK�PDGH� WKH�FRXSOLQJ� UDWKHU�D� UDQGRP�WULDO�DQG�HUURU�SURFHVV� WKDQ�D

GLUHFWHG�RSWLPLVDWLRQ�� � ,Q�SULQFLSOH�� WKH�ZKROH�SURFHGXUH�PLJKW�EH�DXWRPDWHG�ZKDW�ZRXOG

DOOHYLDWH�WKH�FRXSOLQJ�SURFHVV�FRQVLGHUDEO\�

6LQFH�ERWK�FKLSV�DUH�LQ�SK\VLFDO�FRQWDFW�ZLWK�HDFK�RWKHU�DQG��DV�VKRZQ�LQ�)LJ�������SDUW�RI�WKH

DOLJQPHQW�LV�REWDLQHG�GXH�WR�WKLV�FRQWDFW��WKH�IDFHWV�RI�ERWK�FKLSV�KDYH�WR�EH�FRPSOHWHO\�IODW�

6PDOO�GXVW�SDUWLFOHV�PD\�LQKLELW�D�VXFFHVVIXO�FRXSOLQJ���0RUH�LPSRUWDQW�LV�WKH�TXDOLW\�RI�WKH

FOHDYH�LWVHOI�� IRU�GHWHUPLQLQJ�WKH�FOHDYDJH�SODQH��D�VPDOO�VFUDWFK� LV�DOZD\V�UHTXLUHG�� �+RZ�

HYHU��DW�WKDW�SODFH��WKH�FOHDYDJH�SODQH�ZLOO�EH�FRUUXJDWHG�DQG�WKLV�FRUUXJDWLRQ�ZLOO�LQKLELW�WKH

FKLS�WR�FKLS�EXWW�FRXSOLQJ���7R�DYRLG�WKLV�SUREOHP��WKH�VFUDWFK�KDV�WR�EH�PDGH�DV�IDU�DV�SRVVL�

EOH�IRUP�WKH�ZDYHJXLGH�UHJLRQ�DQG�WKLV�]RQH�KDV�WR�EH�UHPRYHG�IURP�WKH�FKLS�E\�D�VHFRQG

FOHDYH��SHUSHQGLFXODU�WR�WKH�ILUVW�RQH���2EYLRXVO\��DOVR�RWKHU�IDFHW�FRUUXJDWLRQ�RFFXUULQJ�IURP

WKH�FOHDYDJH�SURFHVV�VKRXOG�EH�DYRLGHG�

)RU�PRVW�DSSOLFDWLRQV��UHIOHFWLRQV�DW�WKH�LQWHUIDFH�EHWZHHQ�ERWK�FKLSV�KDYH�WR�EH�PLQLPLVHG�DV

PXFK� DV� SRVVLEOH�� � 7DNLQJ� LQWR� DFFRXQW� D

VLQJOH� SDVV� ORVV� RI� �� G%� IRU� WKH� SDVVLYH

ZDYHJXLGH� FKLS�� D� �� G%� ORVV� DW� WKH� RXWHU

IDFHW�RI�WKH�SDVVLYH�ZDYHJXLGH�FKLS�DQG�D��

G%�ORVV�DULVLQJ�IURP�WKH�WUDQVLWLRQ�EHWZHHQ

ERWK� FKLSV�� WKH�PD[LPXP� IHHGEDFN� WR� WKH

DPSOLILHU� IURP� WKH� SDVVLYH� ZDYHJXLGH� LV

OLPLWHG�WR�����G%��VHH�DOVR�)LJ���������7KHUH�

IRUH��WKH�UHVLGXDO�UHIOHFWLRQ�IURP�WKH�DPSOL�

ILHU� IDFHW��EDFN� LQWR� WKH�DPSOLILHU�ZLOO�KDYH

WR� EH�PXFK� ORZHU� WKDQ� WKLV� YDOXH�� � 6XFK� ORZ�YDOXHV�PD\�EH� REWDLQHG� E\� DSSO\LQJ� D� KLJK

)LJ������$QJXODU�DOLJQPHQW���D��E\�EULQJLQJ�ERWK�FKLSV�LQ�SK\VLFDO�FRQWDFW��WKH\�ZLOO�DOLJQ

WKHPVHOYHV� DXWRPDWLFDOO\�� � �E�� ,Q� VRPH� FDVHV� KRZHYHU�� IRU� H[DPSOH� ZKHQ� WKH� DFFHVV

ZDYHJXLGHV�DUH�ORFDWHG�DW�WKH�HGJH�RI�D�ODUJH�ZDYHJXLGH�FKLS��FRPSOHWH�PLVDOLJQPHQW�ZLOO

IROORZ�XSRQ�SXVKLQJ�ERWK�FKLSV�WRJHWKHU�

Output
Power

HR AR

AR

Loss

Unwanted
Reflection
back into
laser cavity

R=32%

Loss

Amplifier Passive Waveguide

)LJ������/RVVHV�RFFXUULQJ�LQ�K\EULGO\�FRX�

SOHG�3,&�
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TXDOLW\�DQWL�UHIOHFWLRQ� �$5�� FRDWLQJ�� �+RZHYHU�� WKH�GHSRVLWLRQ� RI� VXFK� D� FRDWLQJ� UHTXLUHV� D

YHU\�WLJKW��LQ�VLWX�FRQWURO�RI�WKH�OD\HU�WKLFNQHVV�DQG�WKH�UHIUDFWLYH�LQGH[�>��@���7KLV�GRHV�QRW

FRUUHVSRQG�ZLWK�RXU�DLP�WR�VLPSOLI\�WKH�SURFHVVLQJ�DV�PXFK�DV�SRVVLEOH���7KHUHIRUH��D�PRUH

VLPSOH�$5�FRDWLQJ�LV�XVHG��KDYLQJ�W\SLFDO�UHIOHFWLRQ�YDOXHV�YDU\LQJ�EHWZHHQ�������DQG�����

7R�UHGXFH�WKH�UHIOHFWLRQ�IXUWKHU��WKH�ZDYHJXLGHV�DUH�VODQWHG�WRZDUGV�WKH�IDFHW��E\���GHJUHHV

IRU�WKH�ILUVW�H[SHULPHQWV��E\����GHJUHHV�IRU�ODWHU�H[SHULPHQWV����7KLV�JXDUDQWHHV�WKDW�WKH�ODUJ�

HVW�SDUW�RI�WKH�OLJKW�UHIOHFWHG�DW�WKH�IDFHW�ZLOO�QRW�EH�JXLGHG�EDFN�LQWR�WKH�JXLGH�EXW�ZLOO�EH

ORVW�LQ�WKH�VXEVWUDWH�

$V�DOUHDG\�PHQWLRQHG��QR�YHUWLFDO�EHDP�H[SDQGHUV�ZHUH�XVHG��WR�NHHS�WKH�GHYLFH�SURFHVVLQJ

VLPSOH���&RQVHTXHQWO\��WKH�YHUWLFDO�DOLJQPHQW�WROHUDQFHV�DUH�H[WUHPHO\�WLJKW��VHH�DOVR�FKDSWHU

���VHFWLRQ������(YHQ�D�VPDOO�WKHUPDO�H[SDQVLRQ�RI�RQH�RI�ERWK�FKLSV�ZLOO�UHVXOW�LQ�D�FKDQJH�RI

WKH�FRXSOLQJ�HIILFLHQF\�DV� ORQJ�DV�ERWK�FKLSV�DUH�QRW�SHUPDQHQWO\�ERQGHG�� �6XFK�D�WKHUPDO

H[SDQVLRQ�PD\��IRU�H[DPSOH��RULJLQDWH�IURP�FKDQJLQJ�RQH�RI�WKH�GULYH�FXUUHQWV���,Q�SUDFWLFH�

LW�KDV�EHHQ�VHHQ�WKDW�WKH��QRQ�SHUPDQHQWO\�IL[HG��K\EULG�FRXSOLQJ�LV�VWDEOH�HQRXJK�WR�GR�VHY�

HUDO� H[SHULPHQWV� DW� D� FRQVWDQW� FXUUHQW� �PHDVXUHPHQW� RI� RSWLFDO� VSHFWUXP�� VPDOO�VLJQDO

PRGXODWLRQ�UHVSRQVH��ODVHU�OLQHZLGWK������+RZHYHU��ZKHQ�WKH�FXUUHQW�LV�FKDQJHG�RYHU�PRUH

WKDQ����P$��WKH�FRXSOLQJ�HIILFLHQF\�LV�VRPHWLPHV�VHHQ�WR�FKDQJH���0RUHRYHU��LQ�VXFK�FDVHV�LW

LV�RIWHQ�GLIILFXOW� WR�GLVWLQJXLVK�EHWZHHQ�HIIHFWV� FDXVHG�E\� WKH� FKDQJLQJ� FRXSOLQJ� HIILFLHQF\

DQG�HIIHFWV�LQKHUHQW�WR�WKH�GHYLFH�LWVHOI�

5HDOLVLQJ�D�QRYHO�3,&��XVLQJ�WKH�FRXSOLQJ�SURFHGXUH�RXWOLQHG�DERYH��UHTXLUHV�VLPSO\�WKH�IDE�

ULFDWLRQ� RI� D� QHZ� SDVVLYH� RSWLFDO�ZDYHJXLGH� FKLS� IRU�ZKLFK� RQO\� RQH� OLWKRJUDSKLF� VWHS� LV

QHHGHG���7KH�DPSOLILHU�DUUD\V�DUH�VWDQGDUGLVHG�DQG�PD\�EH�IDEULFDWHG�LQ�ODUJH�TXDQWLWLHV�RU

DUH�FRPPHUFLDOO\�DYDLODEOH���7KHUHIRUH��RQO\�RQH�PDVN�OHYHO�KDV�WR�EH�GHVLJQHG�DQG�LW�LV�REYL�

RXV�WKDW�WKH�K\EULG�FRXSOLQJ�DOORZV�IRU�D�YHU\�IDVW�GHYHORSPHQW�F\FOH�

4 Realisation of a hybridly coupled Phased-Array laser

4.1 Demonstration of the feasibility of the hybridly coupling approach

7R�GHPRQVWUDWH�WKH�IHDVLELOLW\�RI�WKH�DSSURDFK��DUUD\V�ZLWK�IRXU�EXULHG�KHWHURVWUXFWXUH�DP�

SOLILHUV��VODQWHG�E\���GHJUHHV�DW�WKH�IDFHW�ZHUH�IDEULFDWHG���7KH�DFWLYH�OD\HU�FRQVLVWHG�RI�IRXU

,Q*D$V�4XDQWXP�:HOO�OD\HUV�VXUURXQGHG�E\�4����PDWHULDO���$PSOLILHUV�ZLWK�YDU\LQJ�ZLGWK

���� mµ ����� mµ ����� mµ ��ZHUH�PDQXIDFWXUHG�DQG�WKH�EHQG�UDGLXV�DSSOLHG�ZDV����� mµ ���)RU

WKH�H[SHULPHQWV�GHVFULEHG�KHUH��DQ�DUUD\�ZLWK����� mµ ORQJ�DQG���� mµ EURDG�DPSOLILHUV�ZDV

HPSOR\HG� �WDSHUHG� WR� ��� mµ DW� WKH� IDFHW��� � 7KH� IDFHWV� ZHUH� FRDWHG� EXW� IURP� )DEU\�3pURW

PHDVXUHPHQWV�RQ�ZDYHJXLGHV�FRDWHG�DW�WKH�VDPH�WLPH��WKH�IDFHW�UHIOHFWLRQ�RI�VWUDLJKW�JXLGHV

ZDV�HVWLPDWHG�WR�EH�VWLOO�DURXQG����

)RU� D� ILUVW� H[SHULPHQW�� WKH� DPSOLILHU� DUUD\� ZDV� FRXSOHG� ZLWK� D� VLPLODU� DUUD\� RI� SDVVLYH

ZDYHJXLGHV�� �7KH�ZDYHJXLGHV�ZHUH�GHILQHG�XVLQJ� WKH� VDPH�PDVN�DV�XVHG�IRU�GHILQLQJ� WKH

DPSOLILHU�ULGJHV�DQG�ZHW�HWFKHG�LQWR�D�TXDWHUQDU\�JXLGLQJ�OD\HU�ZLWK�D�EDQGJDS�ZDYHOHQJWK
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RI���� mµ ���7KH�ORVV�ZDV�DSSUR[LPDWHO\���G%�PP��ZKLFK�LV�WRR�KLJK�IRU�JRRG�SDVVLYH�GHYLFHV

EXW� ZDV� VXLWDEOH� IRU� WKLV� H[SHULPHQW� VLQFH� RQO\� YHU\� VKRUW� ZDYHJXLGHV� ZHUH� XVHG�� � 7KH

PLQLPXP�WKUHVKROG�FXUUHQW�REWDLQHG�IRU�WKH�FRXSOHG�FDYLW\�FRQVLVWLQJ�RI�DQ�DPSOLILHU�DQG�D

SDVVLYH�ZDYHJXLGH�ZDV����P$�� WKH�FRUUHVSRQGLQJ�RXWSXW�SRZHU�DW�����P$�ZDV������P:�

7KLV�RXWSXW�SRZHU�LV�QRW�VR�PXFK�KLJKHU�WKDQ�WKH�DPSOLILHG�VSRQWDQHRXV�HPLVVLRQ�REWDLQHG

IURP�WKH�DPSOLILHU�DW�WKDW�FXUUHQW��EXW�IURP�WKH�RSWLFDO�VSHFWUXP�DQG�WKH�/,�FKDUDFWHULVWLFV�LW

ZDV� REYLRXV� WKDW� ODVHU� RSHUDWLRQ� EHWZHHQ� WKH� RXWHU� IDFHWV� RI� WKH� FRXSOHG� FDYLW\� ZDV� RE�

WDLQHG�

6XEVHTXHQWO\��WKH�VDPH�DPSOLILHU�DUUD\�ZDV�FRXSOHG�ZLWK�D�3KDVHG�$UUD\�GHPXOWLSOH[HU��DV

VKRZQ�LQ�WKH�SKRWRJUDSK�RI�)LJ���������7KH�SDVVLYH�ZDYHJXLGHV�IRU�WKH�PXOWLSOH[HU�ZHUH�GH�

ILQHG�E\�UHDFWLYH�LRQ�HWFKLQJ��5,(��DQG�KDG�WKH�FURVV�VHFWLRQ�DOUHDG\�GHVFULEHG�LQ�FKDSWHUV��

	� �� ����� QP�4���� JXLGLQJ� OD\HU�� ,Q3� WRS� FODGGLQJ� OD\HU�� HWFKHG� ���� QP� LQWR� WKH� JXLGLQJ

OD\HU����7KH�3KDVHG�$UUD\�GHPXOWLSOH[HU�KDG�IRXU�FKDQQHOV�ZLWK�D�IUHTXHQF\�VSDFLQJ�RI����

*+]�� �7KH�H[FHVV� ORVV� FRPSDUHG� WR�D� VWUDLJKW�ZDYHJXLGH�ZDV�����G%�� UHVXOWLQJ� LQWR�D� WRWDO

LQVHUWLRQ�ORVV�RI���G%�IRU�WKH�PXOWLSOH[HU�

7KH�PLQLPXP�WKUHVKROG�FXUUHQW�IRU�WKH�3KDVHG�$UUD\�ODVHU�UHDOLVHG�HPSOR\LQJ�WKLV�SDVVLYH

ZDYHJXLGH�FKLS�ZDV����P$��WKH�PD[LPXP�RXWSXW�SRZHU������P:��DW�����P$��� �/DVHU�RS�

HUDWLRQ� LQ� DOO� IRXU� FKDQQHOV�ZDV� REWDLQHG� DQG� LW�ZDV� SRVVLEOH� WR� VZLWFK� EHWZHHQ� GLIIHUHQW

FKDQQHOV�ZLWKRXW�FKDQJLQJ�WKH�RSWLFDO�DOLJQPHQW���+RZHYHU��GXH�WR�KHDWLQJ�RI�WKH�DPSOLILHUV�

VLPXOWDQHRXV�RSHUDWLRQ�RI�PXOWLSOH�FKDQQHOV�FRXOG�QRW�EH�REWDLQHG�� �7KH�VXSHULPSRVHG�RV�

FLOODWLRQ�VSHFWUD�IURP�WZR�FKDQQHOV�DUH�VKRZQ�LQ�)LJ������D�

)LJ�������3KRWRJUDSK�RI�ILUVW�K\EULGO\�FRXSOHG�3$/�ODVHU��DPSOLILHUV�VODQWHG�E\���GHJUHHV

DW�WKH�IDFHW��

11 mm

amplifier

array Phased-Array chip

λ1, λ2, λ3, λ4

output

waveguide
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)LJ��������D��6XSHULPSRVHG�RVFLOODWLRQ�VSHFWUD�RI�ILUVW�K\EULG�3$/����E��&DOFXODWHG�UHVLGXDO

UHIOHFWLRQ� DW� DPSOLILHU�ZDYHJXLGH� LQWHUIDFH� DV� IXQFWLRQ� RI� WKH� DQJOH� EHWZHHQ� WKH

ZDYHJXLGH�D[LV�DQG�WKH�IDFHW�

7KH�ORQJLWXGLQDO�PRGHV�IURP�WKH�0:/�LWVHOI�� ~ν∆ ��*+]��DUH�QRW�YLVLEOH�LQ�WKLV�ILJXUH�GXH

WR�WKH�OLPLWHG�UHVROXWLRQ������QP��RI�WKH�VSHFWUXP�DQDO\VHU���7KH�IULQJHV�WKDW�DUH�YLVLEOH�LQ�WKH

RVFLOODWLRQ�VSHFWUD�DUH�FDXVHG�E\�WKH�UHVLGXDO�UHIOHFWLRQ�DW�WKH�DPSOLILHU�ZDYHJXLGH�LQWHUIDFH
�

7KLV�LQGLFDWHV�WKDW�WKH�UHVLGXDO�UHIOHFWLRQ�LV�VWLOO�UDWKHU�KLJK���)LJ������E�VKRZV�WKDW�WKH�UHVLG�

XDO�UHIOHFWLRQ�LQWR�WKH�DPSOLILHU�IURP�WKH�]HURWK�RUGHU�PRGH�WR�LWVHOI�VKRXOG�EH�ORZ�HQRXJK�DW

WKH�GHVLJQ�YDOXH�RI���GHJUHHV�� �+RZHYHU��WKH�UHIOHFWLRQV�IURP�WKH�]HURWK�RUGHU�PRGH�WR�WKH

ILUVW�RUGHU�PRGH�DQG�IURP�WKH�ILUVW�RUGHU�PRGH�WR�LWVHOI�DUH�PXFK�KLJKHU��LQGLFDWLQJ�WKDW�WKHVH

PD\�EH�UHVSRQVLEOH�IRU�WKH�ULSSOH�LQ�WKH�RVFLOODWLRQ�VSHFWUD�RI�)LJ���������0RUHRYHU��GXH�WR�WKH

GLS�DW���GHJUHHV��LW�LV�REYLRXV�WKDW�WKH�H[DFW�YDOXH�RI�WKH�UHVLGXDO�UHIOHFWLRQ�RI�WKH�]HURWK�RU�

GHU�PRGH�ZLOO�EH�YHU\�VHQVLWLYH�WR�SURFHVV�YDULDWLRQV�

)URP�WKH�DERYH�GHVFULEHG�H[SHULPHQWV��LQYROYLQJ�DPSOLILHUV�VODQWHG�E\���GHJUHHV��ZH�FRXOG

GHPRQVWUDWH� WKH� IHDVLELOLW\�RI� WKH�K\EULG�FRXSOLQJ�DSSURDFK� IRU� UHDOLVLQJ� FRPSOH[�GHYLFHV�

+RZHYHU��IURP�WKH�RVFLOODWLRQ�VSHFWUD��LW�EHFDPH�DSSDUHQW�WKDW�WKH�UHVLGXDO�UHIOHFWLRQ�DW�WKH

LQWHUIDFH�EHWZHHQ�ERWK�FKLSV�LV�VWLOO�WRR�KLJK���7KHUHIRUH��ZH�GHFLGHG�WR�LQFUHDVH�WKH�VODQWLQJ

DQJOH�IURP���WR����GHJUHHV�

4.2 Phased Array Laser realised by hybrid coupling

$V�GHVFULEHG� LQ� WKH�SUHYLRXV�SDUDJUDSK�� VODQWLQJ�RI� WKH�ZDYHJXLGHV�E\���GHJUHHV�ZDV�QRW

HQRXJK� WR� VXSSUHVV� WKH� UHVLGXDO� UHIOHFWLRQ�EDFN� LQWR� WKH� DPSOLILHUV� FRPSOHWHO\�� �7KHUHIRUH�

ZH�GHFLGHG�WR�GHVLJQ�D�QHZ�DPSOLILHU�DUUD\�LQFRUSRUDWLQJ�JDLQ�VHFWLRQV�VODQWHG�E\����GHJUHHV

WRZDUGV�WKH�IDFHW���7KH�DUUD\�ZDV�GHVLJQHG�LQ�FORVH�FR�RSHUDWLRQ�ZLWK�DQG�IDEULFDWHG�E\�2S�

WRVSHHG� 6$� >��@�� �$OWKRXJK� RQO\� HLJKW�ZRUNLQJ� DPSOLILHUV� SHU� DUUD\�ZHUH� QHFHVVDU\�� HDFK

FKLS� FRQWDLQV� WHQ� DPSOLILHUV�� WKXV� SURYLGLQJ� VRPH� UHGXQGDQF\� DJDLQVW� SURFHVVLQJ� HUURUV�

�����������������������������������������������������


�7KLV�PD\�EH� FRQFOXGHG� IURP� WKH�GLVWDQFH�EHWZHHQ� WKH� IULQJHV� WKDW� DJUHHV�ZHOO�ZLWK� D� )DEU\�3pURW

FDYLW\�ZLWK�WKH�VDPH�OHQJWK�DV�WKH�DPSOLILHU�
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7KH�GLVWDQFH�EHWZHHQ�HDFK�DPSOLILHU�LV���� mµ �DQG�WKH\�DUH�WDSHUHG�IURP���WR�� mµ �DW� WKH

DQJOHG�IDFHW���7KH�EDFN�IDFHW�LV�+5�FRDWHG��WKH�IDFHW�WKDW�IRUPV�WKH�LQWHUIDFH�ZLWK�WKH�SDVVLYH

FKLS� LV�$5�FRDWHG�� �7KH�JDLQ� LV�SURYLGHG�E\�D�EXON� ,Q*D$V3�DFWLYH� OD\HU� DQG�KDV� LWV�SHDN

EHWZHHQ������DQG������QP��GHSHQGLQJ�RQ� WKH�FDUULHU�GHQVLW\� �GHVLJQ�YDOXH�ZDV������QP��

7KH�EDVLF�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�WKHVH�DPSOLILHUV�ZHUH�DOUHDG\�GHVFULEHG�LQ�FKDSWHU���

7KH�ILUVW�VHULHV�RI�DPSOLILHUV�ZHUH�PRXQWHG�RQ�DQ�DOXPLQD�FDUULHU�XVLQJ�D�FRQGXFWLYH�HSR[\�

$V�DOUHDG\�PHQWLRQHG�LQ�SDUDJUDSK�����RI�WKH�FXUUHQW�FKDSWHU��WKLV�NLQG�RI�FHUDPLF�VXEVWUDWH

KDV�D� VPDOO� WKHUPDO� FRQGXFWLYLW\�� �0RUHRYHU�� WKH� VHWXS��ZKLFK�ZDV�XVHG� IRU� WKH� LQLWLDO� H[�

SHULPHQWV��KDG�QR�WHPSHUDWXUH�FRQWUROOHG�GHYLFH�KROGHU���)RU�ODWHU�H[SHULPHQWV��WKH�DOXPLQD

FDUULHU�ZDV�UHSODFHG�E\�D�6LOLFRQ�VXEVWUDWH�DQG�WKH�SRVVLELOLW\�WR�FRQWURO�WKH�GHYLFH�WHPSHUD�

WXUH�ZDV�DGGHG�WR�WKH�VHWXS���0RVW�H[SHULPHQWV�UHSRUWHG�KHUH�ZHUH�REWDLQHG�XVLQJ�WKH�FKLSV

PRXQWHG�RQ�WKH�6LOLFRQ�VXEVWUDWH���7KH�HDUOLHU�UHVXOWV�PD\�EH�IRXQG�LQ�>��@>��@>��@�

7R� IDFLOLWDWH� WKH�EXWW�FRXSOLQJ�ZLWK�D�SDVVLYH�ZDYHJXLGH�� WKH� DPSOLILHUV� DUH�PRXQWHG�ZLWK

WKHLU� VODQWHG� HQG�SURWUXGLQJ� DERXW� ��� mµ EH\RQG� WKH� FDUULHU� HGJH�� DV� VKRZQ� LQ� WKH� VFKH�

PDWLF�GUDZLQJ�RI�)LJ��������)RU�ERWK�WKH�DOXPLQD�DQG�WKH�VLOLFRQ�FDUULHUV��WKH�FKLSV�ZHUH�ZLUH�

ERQGHG�WR�ERQG�SDGV�RQ�WKH�VXEVWUDWH���7KHVH�ERQG�SDGV�LQ�WXUQ��ZHUH�FRQQHFWHG�ZLWK�ODUJHU

JROG�SDGV�WKHUHE\�DOORZLQJ�IRU�HDV\�SURELQJ�

7KH� SDVVLYH�ZDYHJXLGH� FKLSV�ZHUH� IDEULFDWHG� DW� WKH� 'HOIW� 7HFKQLFDO� 8QLYHUVLW\�� EDVHG� RQ

HSLWD[LDO�OD\HU�VWUXFWXUHV�JURZQ�LQ�*HQW���$�VXLWDEOH�PDVN��)LJ��������ZDV�GHVLJQHG��FRQWDLQ�

LQJ�D� VHULHV�RI� WHVW�ZDYHJXLGHV�DQG�IRXU�3KDVHG�$UUD\�GHPXOWLSOH[HUV��ZKLFK�DUH� LGHQWLFDO

WZR�E\�WZR���(DFK�3KDVHG�$UUD\�LQFRUSRUDWHV���DFFHVV�ZDYHJXLGHV�DQJOHG�E\����GHJUHHV�WR�

ZDUGV�WKH�IDFHW�� �7KH�FKDUDFWHULVWLFV�RI� WKH�3KDVHG�$UUD\V�DUH�VXPPDULVHG�LQ�WKH�IROORZLQJ

WDEOH��WKH�ODUJHVW�3KDVHG�$UUD\V�LQ�)LJ�������DUH�WKH�RQHV�ZLWK�WKH�����*+]�FKDQQHO�VSDFLQJ��

7\SH�� 7\SH��

FKDQQHO�VSDFLQJ ����*+] ����*+]

):+0 ����*+] ���*+]

)65 ���QP �����QP

��ZDYHJXLGHV a��� a���

PLQLPXP�EHQG�UDGLXV ����µP ����µP

ZDYHJXLGH�ZLGWK ��µP ��µP

VSDFLQJ�DW�VWDU�FRXSOHU ����µP ����µP

LQSXW�ZDYHJXLGH�VSDFLQJ ��µP ��µP

7DEOH�����&KDUDFWHULVWLFV�RI�3KDVHG�$UUD\V�RQ�K\EULG�3$/�PDVN

7KH�ZDYHJXLGHV�ZHUH�GHILQHG�LQ�D�OD\HU�VWDFN�IRUPHG�E\�D�����QP�WKLFN�4����ILOP�OD\HU�DQG�D

����QP�,Q3� WRS� OD\HU�XVLQJ�D� UHDFWLYH� LRQ� HWFKLQJ�SURFHVV�� �'LIIHUHQW� FKLSV�ZHUH�PDQXIDF�

WXUHG��ZLWK�HWFKLQJ�GHSWK�YDU\LQJ�EHWZHHQ����QP�DQG�����QP�LQWR�WKH�TXDWHUQDU\�ILOP�OD\HU�

7KH�ZDYHJXLGH�ORVV�IRU�D�� mµ ZLGH�VWUDLJKW�ZDYHJXLGH�YDULHG�EHWZHHQ�����DQG�����G%�FP
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�VHH�FKDSWHU������'XH�WR�WKH�YDU\LQJ�HWFKLQJ�GHSWK��DOVR�WKH�FHQWUDO�ZDYHOHQJWK�RI�WKH�GLIIHU�

HQW�FKLSV�YDULHG�IURP�FKLS�WR�FKLS���)LJ�������VKRZV�D�SKRWRJUDSK�RI�D�K\EULGO\�FRXSOHG�3$/�

)LJ�������3DVVLYH�ZDYHJXLGH�PDVN

4.2.1 Transition loss and coupling tolerances

%\�FRPSDULQJ�WKH�$6(�HPLWWHG�E\�DQ�DPSOLILHU�RQ�LWV�RZQ�DQG�E\�WKH�VDPH�DPSOLILHU�FRXSOHG

ZLWK�D�ZDYHJXLGH�DQJOHG�E\����GHJUHHV�RYHU�WKH�ZKROH�OHQJWK�RI�WKH�SDVVLYH�ZDYHJXLGH�FKLS

�)LJ������D���WKH�WUDQVLWLRQ�ORVV�ZDV�HVWLPDWHG�WR�EH�EHWZHHQ���DQG���G%���)RU�ODVHUV�IRUPHG�E\

DQ�DPSOLILHU�DQG�D�ZDYHJXLGH�VODQWHG�DW�RQH�IDFHW��)LJ������E��H[WHUQDO�GLIIHUHQWLDO�HIILFLHQ�

FLHV�EHWZHHQ�����DQG������ZHUH�PHDVXUHG��WRJHWKHU�ZLWK�PLQLPXP�WKUHVKROG�FXUUHQW�YDOXHV

RI����P$��)LJ��������� �7DNLQJ� LQWR�DFFRXQW� WKH�DERYH�PHQWLRQHG� WUDQVLWLRQ� ORVV�DQG�D� ��G%

)LJ�������3KRWRJUDSK�RI�K\EULGO\�FRXSOHG�3$/�

λ1, ... , λ8

4.5mm

5.5mm

amplifier

chip
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ZDYHJXLGH� ORVV
�� WKH� H[SHULPHQWDO�YDOXHV� IRU� WKH� H[WHUQDO� GLIIHUHQWLDO� HIILFLHQF\� DJUHH�ZLWK

WKH�YDOXHV�SUHGLFWHG�IURP�WKHRU\��)LJ������LQ�FKDSWHU����
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Current [mA]

amplifier + straight waveguide

)LJ�������/,�FXUYH�IRU�DQ�DPSOLILHU�FRXSOHG�ZLWK�D�VWUDLJKW�ZDYHJXLGH

$JDLQ�XVLQJ�D�ZDYHJXLGH�FKLS�ZLWK�ZDYHJXLGHV�DQJOHG�RYHU� WKH�ZKROH� OHQJWK�RI� WKH� FKLS

�OHIW�SLFWXUH�LQ�)LJ���������WKH�WROHUDQFHV�IRU�DQ�DOLJQPHQW�HUURU�ZHUH�GHWHUPLQHG���)LJ������D

VKRZV� WKH�PLVDOLJQPHQW� WROHUDQFH� IRU� D�GLVSODFHPHQW� LQ� WKH�KRUL]RQWDO�SODQH�� IRU�GLIIHUHQW

ZLGWKV�RI�WKH�JDS�EHWZHHQ�ERWK�FKLSV���7KH�DQJOLQJ�RI�WKH�ZDYHJXLGHV�LV�UHVSRQVLEOH�IRU�WKH

DV\PPHWU\�RI�WKH�FXUYHV���)LJ������E�VKRZV�WKH�LQIOXHQFH�RQ�WKH�FRXSOLQJ�HIILFLHQF\�RI�D�YHU�

WLFDO�GLVSODFHPHQW���)LJ������G�VXPPDULVHV�WKH�UHVXOWV�IURP�)LJ������D�DQG�)LJ������E��,Q�)LJ�

����F� WKH�PD[LPXP� RXWSXW� SRZHU� DV� IXQFWLRQ� RI� D� GLVSODFHPHQW� DORQJ� WKH� RSWLFDO� D[LV� LV

VKRZQ���7KH�VROLG�OLQH�LQ�WKLV�ILJXUH�UHSUHVHQWV�WKH�FDOFXODWHG�WUDQVPLVVLRQ�DOUHDG\�SUHVHQWHG

LQ�FKDSWHU����VHFWLRQ����

�����������������������������������������������������


�7KH�OHQJWK�RI�WKH�ZDYHJXLGHV�ZDV�DSSUR[LPDWHO\���PP�

)LJ�������6FKHPDWLF�YLHZ�RI�DQ�DPSOLILHU�DUUD\�FRXSOHG�ZLWK�ZDYHJXLGHV�DQJOHG�RYHU�WKH

ZKROH�OHQJWK�RI� WKH�SDVVLYH�ZDYHJXLGH�FKLS� �OHIW��DQG�ZLWK�ZDYHJXLGHV�DQJOHG�RQO\� WR�

ZDUGV�WKH�LQQHU�IDFHW��WKHUHE\�FUHDWLQJ�D�ODVHU�FDYLW\��ULJKW��
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Transversal offset [µm]
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)LJ�������0LVDOLJQPHQW� WROHUDQFHV�IRU�D�GLVSODFHPHQW�LQ� ODWHUDO� �D��DQG� WUDQVYHUVDO�GLUHF�

WLRQ��E����7KH�GLIIHUHQW�FXUYHV�DUH�IRU�LQFUHDVLQJ�GLVWDQFH��]��EHWZHHQ�ERWK�FKLSV�
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)LJ�� ����� F�� 0D[LPXP� WUDQVPLVVLRQ� DV� IXQFWLRQ� RI� WKH� ORQJLWXGLQDO� GLVSODFHPHQW�� � G�

6XPPDU\�RI�)LJ������D�	�E����G%�WROHUDQFHV�IRU�D�PLVDOLJQPHQW�LQ�ODWHUDO�DQG�WUDQVYHUVDO

GLUHFWLRQ���7KH�YDOXHV�DW�]HUR�ORQJLWXGLQDO�RIIVHW�DUH�VLPXODWHG��WKH�RWKHU�YDOXHV�DUH�FDOFX�

ODWHG�IURP�WKH�PHDVXUHG�UHVXOWV�VKRZQ�LQ�ILJXUHV�)LJ������D�	�E�

:H�EHOLHYH�WKDW�WKH�PLQLPXP�GLVWDQFH�WKDW�FDQ�EH�REWDLQHG�EHWZHHQ�ERWK�FKLSV�LV�EHWZHHQ��

DQG�� mµ �� � )URP� WKH� UHVXOWV� LQ�)LJ�� ������ RQH�PD\�EHOLHYH� WKDW� WKH�FRXSOLQJ� WROHUDQFHV� DUH

TXLWH�KLJK���+RZHYHU��RQH�KDV�WR�WDNH�LQWR�DFFRXQW�WKDW�DQ�DGGLWLRQDO�FRXSOLQJ�ORVV�RI���G%

KDV� VHYHUH� FRQVHTXHQFHV� IRU� WKH� RSHUDWLQJ� FKDUDFWHULVWLFV� RI� WKH� GHYLFH�� � ,Q� SUDFWLFH�� DQ

DOLJQPHQW�DFFXUDF\�PXFK�EHWWHU�WKDQ�� mµ LV�UHTXLUHG�

4.2.2 Threshold current and output power of hybrid PAL

)LJ������D�VKRZV�VXSHULPSRVHG�/,�FXUYHV�RI���FKDQQHOV�RI�WKH�K\EULG�3$/�VKRZQ�LQ�)LJ������

�PHDVXUHG�DW�URRP�WHPSHUDWXUH��� �7KH�WKUHVKROG�FXUUHQWV�YDU\�EHWZHHQ����P$�DQG����P$�

WKH� RXWSXW�SRZHU� LV� DURXQG� ����P:� �DW� ����P$��� � 6HYHUDO� RI� WKHVH� /,�FXUYHV� KDYH� RQH� RU

PRUH�NLQNV���,Q�PRVW�FDVHV��WKHVH�NLQNV�DUH�UHODWLYHO\�VPDOO�EXW�DOVR�RXWSXW�SRZHU�YDULDWLRQV

DV� ODUJH�DV�����P:�ZHUH�PHDVXUHG��H�J�� VHH�FKDQQHO����� �2ULJLQDOO\��ZH�EHOLHYHG� WKDW� WKHVH
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LUUHJXODULWLHV�ZHUH�FDXVHG�E\�YDULDWLRQV�RI�WKH�FRXSOLQJ�HIILFLHQF\�GXH�WR�D�FKDQJH�RI�WKH�DP�

SOLILHU� WHPSHUDWXUH�ZLWK� LQFUHDVLQJ�FXUUHQW�� �+RZHYHU��ZKHQ� FKDUDFWHULVLQJ�D�SHUPDQHQWO\

ERQGHG�K\EULG�3$/��VHH�FKDSWHU�����WKH�VDPH�VRUW�RI�LUUHJXODULWLHV�ZHUH�VHHQ��DOEHLW�RIWHQ�LQ�D

OHVV�SURQRXQFHG�IRUP���,Q�WKDW�FDVH��ZH�FRXOG�UHODWH�WKH�GLVFRQWLQXLWLHV�LQ�WKH�/,�FXUYHV�ZLWK

GLVFRQWLQXLWLHV�LQ�WKH�ZDYHOHQJWK��PRGH�KRSV����)RU�PRUH�LQIRUPDWLRQ��ZH�UHIHU�WR�SDUDJUDSK

����RI�FKDSWHU�����,Q�FRQFOXVLRQ��ZH�EHOLHYH�WKDW�WKH�GLVFRQWLQXLWLHV�LQ�WKH�/,�FXUYHV�IURP�)LJ�

����D�DUH� FDXVHG�E\�PRGH�KRSSLQJ�DV�ZHOO� DV�E\� FKDQJHV� LQ� WKH� FRXSOLQJ� HIILFLHQF\�� �7KLV

PDNHV�LW�GLIILFXOW�WR�GUDZ�FRQFOXVLRQV�IURP�H[SHULPHQWV�LQYROYLQJ�D�FXUUHQW�VZHHS��DV�ORQJ

DV�WKH�FRXSOLQJ�EHWZHHQ�ERWK�FKLSV�LV�QRW�SHUPDQHQWO\�IL[HG�
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Current [mA]

amplifiers
on silicon

)LJ�������D��6XSHULPSRVHG�/,�FXUYHV�RI�D�3$/�IRUPHG�E\�K\EULGO\�FRXSOLQJ�DQ�DPSOLILHU

DUUD\�PRXQWHG�RQ�D�DOXPLQD�VXEVWUDWH�DQG�D�3KDVHG�$UUD\�ZLWK�D�����*+]�FKDQQHO�VSDF�

LQJ�� �E��/,�FXUYH�RI�D�3$/�IRUPHG�E\� FRXSOLQJ�DQ�DPSOLILHU� DUUD\�PRXQWHG�RQ� D� VLOLFRQ

VXEVWUDWH�DQG�WKH�VDPH�SDVVLYH�ZDYHJXLGH�FKLS�DV�XVHG�IRU�WKH�OHIW�ILJXUH�

)LJ������E�VKRZV�DQ�/,�FXUYH�PHDVXUHG�IURP�D�3$/�IRUPHG�E\�K\EULGO\�FRXSOLQJ�DQ�DPSOL�

ILHU�DUUD\�PRXQWHG�RQ�D�VLOLFRQ�VXEVWUDWH�DQG�WKH�VDPH�3KDVHG�$UUD\�DV�XVHG�IRU�REWDLQLQJ

)LJ������D��PHDVXUHG�DW���R&����'XH�WR�WKH�EHWWHU�WKHUPDO�FRQGXFWLYLW\�RI�WKH�VLOLFRQ�VXEVWUDWH

FRPSDUHG�WR�WKH�DOXPLQD�VXEVWUDWH��WKH�RXWSXW�SRZHU�LQFUHDVHG�WR�����P:��IUHH�VSDFH��DQG

WKH� WKUHVKROG� FXUUHQW� GHFUHDVHG� WR� ���P$�� � %\� FRROLQJ� WR� ��R&�� WKH� WKUHVKROG� FXUUHQW� GH�

FUHDVHG� HYHQ� IXUWKHU�� GRZQ� WR� ���P$�� � 6LPXOWDQHRXV� RSHUDWLRQ� RI� IRXU� FKDQQHOV� FRXOG� EH

REWDLQHG
����7KH�PD[LPXP�RXWSXW�SRZHU�REWDLQHG�LQ�WKDW�FDVH�ZDV�����P:��HDFK�FKDQQHO�DW

����P$��� �7KHVH�YDOXHV�DUH�E\� IDU� WKH�EHVW� UHSRUWHG�XQWLO�QRZ�IRU�3$/�ODVHUV�HPSOR\LQJ�D

EXON�DFWLYH� OD\HU�>��@>��@�� � ,Q� >��@�D�GHYLFH�HPSOR\LQJ�D�TXDQWXP�ZHOO�DFWLYH� OD\HU�ZDV� UH�

SRUWHG��H[KLELWLQJ�ORZHU�WKUHVKROG�FXUUHQW�YDOXHV����������P$��EXW�ZLWK�FRPSDUDEOH�RXWSXW

SRZHU�DV�WKH�GHYLFH�UHSRUWHG�KHUH��DW�����P$��

�����������������������������������������������������


�:LWK�WKH�QXPEHU�RI�FKDQQHOV�OLPLWHG�E\�WKH�QXPEHU�RI�DYDLODEOH�FXUUHQW�VRXUFHV�

��:LWK�WKH�DPSOLILHU�DUUD\�PRXQWHG�RQ�DQ�DOXPLQD�FDUULHU��VLPXOWDQHRXV�RSHUDWLRQ�RI�RQO\�WKUHH�FKDQ�

QHOV�FRXOG�EH�REWDLQHG�
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4.2.3 Spectral characteristics

)LJ������D�VKRZV�WKH�VXSHULPSRVHG�RVFLOODWLRQ�VSHFWUD�RI�IRXU�FKDQQHOV�VSDFHG�E\�����*+]�

HDFK�RI�WKHP�LQGLYLGXDOO\�RSHUDWHG��DPSOLILHUV�PRXQWHG�RQ�VLOLFRQ�����P$�GULYH�FXUUHQW�SHU

FKDQQHO��� �7KH� VSHFWUD�ZHUH�PHDVXUHG�XVLQJ�D�GRXEOH�SDVV� VSHFWUXP�DQDO\VHU�ZLWK�����QP

UHVROXWLRQ�EDQGZLGWK��+3���������'XH�WR�WKH�DGGLWLRQDO�ILOWHULQJ�HIIHFW�RI�WKH�PXOWLSOH[HU��WKH

$6(�QRLVH�RULJLQDWLQJ�IURP�WKH�DPSOLILHUV�LV�VXSSUHVVHG�E\�PRUH�WKDQ����G%���$W�WKH�OHIW�VLGH

RI� WKH� RVFLOODWLRQ� VSHFWUD�� DSSUR[LPDWHO\� ��� QP� DZD\� IURP� WKH� PDLQ� SHDN�� VPDOO� SHDNV

FDXVHG�E\�WUDQVPLVVLRQ�RI�WKH�$6(�WKURXJK�WKH�ORZHU�SDVVEDQG�RI�WKH�PXOWLSOH[HU�DUH�YLVLEOH�

7KHVH�DUH�VXSSUHVVHG�E\����G%
���)LJ������E�VKRZV�WKH�RVFLOODWLRQ�VSHFWUXP�RI�WKH�VDPH�GHYLFH

ZLWK� IRXU� FKDQQHOV� RSHUDWHG� VLPXOWDQHRXVO\�� � 7KH� VDPH� IHDWXUHV� DV� IRU� WKH� VSHFWUD� RI� )LJ�

����D� FDQ� EH�QRWLFHG�� �+RZHYHU�� VPDOO� DGGLWLRQDO� SHDNV�QH[W� WR� WKH�PDLQ� OLQHV� DUH� YLVLEOH�

7KHVH�DUH�FDXVHG�E\�LQWUD�FDYLW\�ZDYH�PL[LQJ���7KLV�ZDYH�PL[LQJ�RFFXUV�LQ�WKH�SDVVLYH�RXW�

SXW�ZDYHJXLGH�>��@>��@�� �7KLV�ZDV�DOUHDG\�PHQWLRQHG�LQ�FKDSWHU���DQG�ZLOO�EH�H[SODLQHG�LQ

PRUH�GHWDLO�LQ�WKH�QH[W�FKDSWHU����)LJ������F�VKRZV�WKH�VDPH�RVFLOODWLRQ�VSHFWUXP�LQ�PRUH�GH�

WDLO�DQG�)LJ������G�GHSLFWV�WKH�WRWDO�RXWSXW�SRZHU�YHUVXV�WKH�SHU�FKDQQHO�FXUUHQW�IRU���FKDQ�

QHOV�RSHUDWHG�VLPXOWDQHRXVO\�
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)LJ�� ����� D�� 6XSHULPSRVHG� RVFLOODWLRQ� VSHFWUD� RI� IRXU� LQGLYLGXDOO\� RSHUDWHG� FKDQQHOV� RI

K\EULGO\�FRXSOHG�3$/���E��2VFLOODWLRQ�VSHFWUXP�RI�IRXU�VLPXOWDQHRXVO\�RSHUDWHG�FKDQQHOV�

)LJ�������VKRZV�WKH�RVFLOODWLRQ�VSHFWUD�IRU�D�K\EULG�3$/��PHDVXUHG�LQ�LGHQWLFDO�FLUFXPVWDQFHV

DV�WKH�RQH�VKRZQ�LQ�)LJ������E��EXW�ZLWK�WKH�GULYH�FXUUHQWV�YDULHG�IURP����P$�WR����P$��SHU

FKDQQHO��� �7KHVH� ILJXUHV� VKRZ� WKDW� WKH�VLGH�PRGH�VXSSUHVVLRQ� UDWLR� �6065�� UHPDLQV�EHWWHU

WKDQ����G%��HYHQ�IRU�GULYH�FXUUHQWV�MXVW�DERYH�WKUHVKROG���+RZHYHU��WKH�RVFLOODWLRQ�VSHFWUD�LQ

)LJ�������VKRZ�WKDW�WKLV�LV�QRW�DOZD\V�WKH�FDVH���)RU�REWDLQLQJ�WKHVH�VSHFWUD��WKH�PHDVXUHPHQW

�����������������������������������������������������


� 7KH� WUDQVPLVVLRQ� WKURXJK� WKH� KLJKHU� RUGHU� SDVVEDQG� �QRW� YLVLEOH� LQ� )LJ�� ������ LV� VXSSUHVVHG� HYHQ

PRUH�

��2QH�PLJKW�EHOLHYH�WKDW�WKHVH�VPDOO�SHDNV�RULJLQDWH�IURP�VLGH�OREHV�RI�WKH�LQWUD�FDYLW\�ILOWHU���7KH\�GR

QRW�� RWKHUZLVH� WKH� SHDNV�ZRXOG� DOVR� EH� YLVLEOH� LQ� WKH� RVFLOODWLRQ� VSHFWUD� RI� WKH� LQGLYLGXDOO\� GULYHQ

FKDQQHOV��)LJ������D��
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FRQGLWLRQV�ZHUH�RQO\�VOLJKWO\�FKDQJHG
�EXW�WKLV�KDG�DOUHDG\�D�GHWULPHQWDO�HIIHFW�RQ�WKH�6065

ZLWK�UHVSHFW�WR�WKH�ORZHU�SDVVEDQG�PRGHV���)RU�VRPH�YDOXHV�RI�WKH�GULYH�FXUUHQW��WKH�ODVLQJ

LQ� WKH� WKLUG� DQG� IRXUWK� FKDQQHO� HYHQ� VZLWFKHG� FRPSOHWHO\� WR� WKH� ORZHU� SDVVEDQG�� �$V� GH�

VFULEHG�LQ�FKDSWHU����WKLV�LV�FDXVHG�E\�WKH�IDFW�WKDW�WKH�JDLQ�SHDN�RI�WKH�DPSOLILHUV�LV�ORFDWHG�LQ

EHWZHHQ�ERWK�SDVVEDQGV� RI� WKH�PXOWLSOH[HU�� � 6LQFH� WKH� H[DFW� SRVLWLRQ� RI� WKH� JDLQ�SHDN�GH�

SHQGV� RQ� WKH� WKUHVKROG� FDUULHU� GHQVLW\�� D� VOLJKW� FKDQJH� LQ� WKH� FRXSOLQJ� HIILFLHQF\� EHWZHHQ

ERWK�FKLSV�PD\�VKLIW�WKH�ODVLQJ�ZDYHOHQJWK�IURP�RQH�SDVVEDQG�WR�DQRWKHU���1RWH�WKDW�WKH�RV�

FLOODWLRQ�VSHFWUD�VKRZQ�LQ�)LJ�������ZHUH�PHDVXUHG�XVLQJ�D�GRXEOH�SDVV�VSHFWUXP�DQDO\VHU�

ZKLOH�WKHVH�IURP�)LJ�������ZHUH�PHDVXUHG�XVLQJ�D�VLQJOH�SDVV�VSHFWUXP�DQDO\VHU�� �7KLV�H[�

SODLQV�WKH�GLIIHUHQW�IRUP�RI�WKH�FXUYHV�IRU�ORZ�RSWLFDO�SRZHUV�

0RUH�LQ�JHQHUDO��DOVR�IRU�PRQROLWKLFDOO\� LQWHJUDWHG�GHYLFHV��GXH�WR�SURFHVV�YDULDWLRQV� LQIOX�

HQFLQJ�WKH�H[DFW�ORFDWLRQ�RI�WKH�JDLQ�SHDN�DQG�WKH�ORVV�LQ�WKH�SDVVLYH�SDUW��LW�ZLOO�EH�YHU\�GLI�

ILFXOW� WR� IRUFH� WKH� ODVHU� WR� RSHUDWH� LQ� RQH� SDUWLFXODU� SDVVEDQG�� LI� QR� VSHFLDO� PHDVXUHV� DUH

�����������������������������������������������������


�:H�VOLJKWO\�UHDOLJQHG�ERWK�FKLSV�ZLWK�UHVSHFW�WR�HDFK�RWKHU�
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SUHVVLRQ�RI�ORZHU�SDVVEDQG�PRGHV�
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WDNHQ���7KH�HDVLHVW�ZD\�WR�FLUFXPYHQW�WKH�SUREOHP�LV�WR�HQODUJH�WKH�)UHH�6SHFWUDO�5DQJH�RI�WKH

3KDVHG�$UUD\�� � +RZHYHU�� WKLV� PD\� FRQVLGHUDEO\� HQODUJH� WKH� GLPHQVLRQV� RI� WKH� GHYLFH�

7KHUHIRUH��D�PRUH�HOHJDQW�RSWLRQ�LV� WR�FKLUS�WKH�3KDVHG�$UUD\��ZKLFK�VXSSUHVVHV�WKH�WUDQV�

PLVVLRQ� WKURXJK�WKH�SDVVEDQGV�QHLJKERXULQJ� WKH�FHQWUDO�SDVVEDQG��VHH�DOVR�FKDSWHU���� VHF�

WLRQ��������
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)LJ�� ����� 2VFLOODWLRQ� VSHFWUD� RI� K\EULG� 3$/� DW� GLIIHUHQW� GULYH� FXUUHQWV� VKRZLQJ� PXOWL�

SDVVEDQG�ODVLQJ

4.2.4 Longitudinal mode stability

)RU�GHWHUPLQLQJ�WKH�ORQJLWXGLQDO�PRGH�VWDELOLW\�RI�ERWK�WKH�����*+]�3$/�DQG�WKH�����*+]

3$/��ZH�XVHG�D�)DEU\�3pURW�LQWHUIHURPHWHU�LQ�FRPELQDWLRQ�ZLWK�D�EDQG�SDVV�ILOWHU���7KH�IUHH

VSHFWUDO� UDQJH� RI� WKH� )DEU\�3pURW� LQWHUIHURPHWHU�ZDV� VHW� DW� ���� QP�� WKH� EDQGZLGWK� RI� WKH

EDQG�SDVV�ILOWHU
�DW�����QP���7KH�ILQHVVH�RI�WKH�)DEU\�3pURW�LQWHUIHURPHWHU�ZDV�����PLUURU�UH�

IOHFWLYLW\�5 �������)LJ�������VKRZV�VSHFWUD�REWDLQHG�LQ�WKLV�ZD\�IRU�UHVSHFWLYHO\�D�ODVHU�RSHU�

DWLQJ�LQ�D�VLQJOH�ORQJLWXGLQDO�PRGH�DQG�IRU�D�ODVHU�VKRZLQJ�PXOWLSOH�ORQJLWXGLQDO�PRGH�RS�

HUDWLRQ�

([SHULPHQWV�SHUIRUPHG�XQGHU�GLIIHUHQW�RSHUDWLQJ�FRQGLWLRQV�UHYHDOHG�WKDW�WKH�3KDVHG�$UUD\

ODVHU�ZLWK�����*+]�FKDQQHO�VSDFLQJ�LV�PRVWO\�RSHUDWLQJ�LQ�D�VLQJOH�ORQJLWXGLQDO�PRGH���6RPH

RI�WKH�FKDQQHOV�KRZHYHU�VKRZ�D�PRGH�KRS�DW�FHUWDLQ�FXUUHQW�YDOXHV�� �)LJ������D�VKRZV� WKH

IUHTXHQF\�FXUUHQW�FKDUDFWHULVWLF�IRU�WZR�FKDQQHOV�RI�WKH�0:/���7KH�FKDUDFWHULVWLF�IRU�FKDQQHO

IRXU�VKRZV�QR�GLVFRQWLQXLWLHV���7KH�RWKHU�FKDQQHO�KRZHYHU��KRSV�WR�D�QHLJKERXULQJ�ORQJLWX�

�����������������������������������������������������


�)RU�WKH�EDQG�SDVV�ILOWHU�ZH�XVHG�WKH�PRQRFKURPDWRU�RI�D�VSHFWUXP�DQDO\VHU
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GLQDO�PRGH�DURXQG����P$���7KHVH�FKDUDFWHULVWLFV�VKRZ�IXUWKHU�WKDW�WKH�IUHTXHQF\�GHFUHDVHV

ZLWK�LQFUHDVLQJ�FXUUHQW��±����0+]�P$����6LQFH�D�IUHTXHQF\�GHFUHDVH�PD\�EH�FRUUHODWHG�ZLWK

DQ�LQFUHDVLQJ�FDYLW\�OHQJWK��WKH�VKLIW�RI�WKH�RSHUDWLQJ�ZDYHOHQJWK�PD\�EH�DWWULEXWHG�WR�WHP�

SHUDWXUH�HIIHFWV��WKH�H[SHULPHQWV�ZHUH�SHUIRUPHG�DW�URRP�WHPSHUDWXUH�DQG�ZLWK�WKH�DPSOLIL�

HUV�PRXQWHG�RQ�DQ�DOXPLQD�VXEVWUDWH��

$V�ZDV�H[SODLQHG�LQ�FKDSWHU���� WKH� ODVLQJ�IUHTXHQF\� LV� IRUFHG� WRZDUGV� WKH� ORZHU� IUHTXHQF\

VLGH�RI�WKH�LQWUD�FDYLW\�ILOWHU��GXH�WR�WKH�FDUULHU�LQGXFHG�PRGDO�LQWHUPRGXODWLRQ�HIIHFW�LQ�WKH

VHPLFRQGXFWRU�DPSOLILHU�� �7KLV�PD\�DOVR�EH�VHHQ�IURP�)LJ������D��ZKLFK�VKRZV�WKDW�WKH�IUH�

TXHQF\� MXPSV� RYHU� DSSUR[LPDWHO\� �� *+]� �WZR� ORQJLWXGLQDO�PRGHV�� MXVW� DERYH� WKUHVKROG�

:KHQ�WKH�FXUUHQW�LV�IXUWKHU�LQFUHDVHG��WKH�ODVLQJ�IUHTXHQF\�LV�IRUFHG�IXUWKHU�WR�ORZHU�YDOXHV

GXH�WR�WKH�WHPSHUDWXUH�LQFUHDVH�RI�WKH�DPSOLILHUV���$W�D�FHUWDLQ�PRPHQW��WKH�ODVLQJ�PRGH�PD\

OHDYH�LWV�VWDELOLW\�UHJLRQ��WKH�ZDYH�PL[LQJ�LV�QR�ORQJHU�VWURQJ�HQRXJK�WR�VXSSUHVV�WKH�ODVLQJ
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)LJ�������D��'HYLDWLRQ�RI�WKUHVKROG�YDOXH���E��0RGH�KRS�PHFKDQLVP���7KH�SHDN�RI�WKH�LQWUD�

FDYLW\� ILOWHU� LV� SODFHG�� VRPHZKDW� DUELWUDULO\�� DW� WKH� IUHTXHQF\� RI� WKH� OLJKW� HPLVVLRQ� MXVW

EHORZ�WKUHVKROG���+RZHYHU��ZH�EHOLHYH�WKDW�WKH�H[DFW�SRVLWLRQ�RI�WKH�LQWUD�FDYLW\�ILOWHU�ZLOO

GHYLDWH�OHVV�WKDQ�KDOI�WKH�ORQJLWXGLQDO�PRGH�VSDFLQJ����*+]��IURP�WKLV�YDOXH�
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DW�WKH�FHQWUH�RI�WKH�ILOWHU�DQG�D�QHZ�PRGH�ZLOO�DSSHDU���7KLV�PHFKDQLVP�LV�LOOXVWUDWHG�LQ�)LJ�

����E�� � )RU� FXUUHQWV� XS� WR� ���P$�� WKH� ODVLQJ�PRGH� VKLIWV� JUDGXDOO\� IXUWKHU� WR� WKH� ORZ� IUH�

TXHQF\�VLGH�RI�WKH�LQWUD�FDYLW\�ILOWHU���$W����P$��WKH�ZDYH�PL[LQJ�HIIHFW�LV�QR�ORQJHU�VWURQJ

HQRXJK� WR� VXSSUHVV� WKH� ORQJLWXGLQDO�PRGHV� DW� WKH� FHQWUH� RI� WKH� LQWUD�FDYLW\� ILOWHU� DQG� WKH

ODVLQJ�VKLIWV�E\�WZR�ORQJLWXGLQDO�PRGHV�WRZDUGV�KLJKHU�IUHTXHQFLHV���)LQDOO\��DW�����P$��WKH

ODVLQJ�VWDELOLVHV�DW�D�IUHTXHQF\��VHSDUDWHG�E\�RQH�ORQJLWXGLQDO�PRGH�IURP�WKH�RULJLQDO�RQH�

:H�DOVR�GHWHUPLQHG�WKH� ORQJLWXGLQDO�PRGH�VSHFWUXP�RI� WKH�K\EULG�PXOWL�ZDYHOHQJWK� ODVHU

ZLWK�����*+]�FKDQQHO�VSDFLQJ�� � ,Q�WKDW�FDVH��PXOWL�ORQJLWXGLQDO�PRGH�ODVLQJ�ZDV�REVHUYHG

IRU�VHYHUDO�RSHUDWLRQ�FRQGLWLRQV���7KLV�PD\�EH�H[SODLQHG�E\�WKH�LQFUHDVHG�EDQGZLGWK�RI�WKH

����*+]�3KDVHG�$UUD\�GHPXOWLSOH[HU� �):+0� �����*+]��FRPSDUHG� WR� WKH�EDQGZLGWK�RI

WKH�����*+]�3KDVHG�$UUD\��):+0� ����*+]��� �$V�PD\�EH�VHHQ�IURP�)LJ�������� WKH�ZDYH�

PL[LQJ�HIIHFW� LV�QRW�VWURQJ�HQRXJK�WR�VXSSUHVV�WKH� ODVLQJ�DW� IUHTXHQFLHV�IXUWKHU�DZD\�IURP

WKH�PDLQ�ODVLQJ�IUHTXHQF\�DQG�FRQWUDU\�WR�WKH�FDVH�VKRZQ�LQ�)LJ��������WKHVH�DUH�DOVR�QRW�VXS�

SUHVVHG�E\�WKH�LQWUD�FDYLW\�ILOWHU�

Frequency [GHz]

)LJ�������6SHFWUD�IURP�����*+]�3KDVHG�$UUD\�ODVHU�PHDVXUHG�XVLQJ�D�)DEU\�3pURW�LQWHUIHU�

RPHWHU���7KH�ORZHVW�WUDFH�LV�PHDVXUHG�DW�WKH�WKUHVKROG�FXUUHQW�DQG�WKLV�SHDN�LQGLFDWHV�WKH

FHQWUH�RI�WKH�LQWUD�FDYLW\�ILOWHU���2QH�PD\�QRWLFH�WKDW�ZLWK�LQFUHDVLQJ�FXUUHQW��WKH�RSHUDWLQJ

ZDYHOHQJWK�VKLIWV�WR�ORZHU�IUHTXHQFLHV�EXW�WKH�ZDYH�PL[LQJ�HIIHFW�LV�QRW�VWURQJ�HQRXJK�WR

VXSSUHVV�WKH�KLJKHU�IUHTXHQF\�ORQJLWXGLQDO�PRGHV�

7DEOH� ���� VXPPDULVHV� WKH� UHVXOWV� IURP� WKHVH� H[SHULPHQWV�� �7KH� ORQJLWXGLQDO�PRGH� VSDFLQJ

DOORZV�HVWLPDWLQJ�WKH�FDYLW\�OHQJWK���7KH�GLIIHUHQFH�LQ�FDYLW\�OHQJWK�IRU�FKDQQHO���FRPSDUHG

WR�FKDQQHO����ERWK�IRU�WKH�����*+]�DQG�����*+]�3$/���PD\�EH�H[SODLQHG�E\�WKH�GLIIHUHQFH�LQ

OHQJWK�RI�WKH�UHVSHFWLYH�DFFHVV�ZDYHJXLGHV�WR�WKH�PXOWLSOH[HU�
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4.2.5 Dynamic measurements

:H�PHDVXUHG� WKH� VPDOO� VLJQDO� UHVSRQVH� RI� WKH� 3$/�� XVLQJ� D� KLJK� IUHTXHQF\� SUREH�ZLWK� D

EXLOW�LQ����2KP�PDWFKLQJ�UHVLVWRU���7KH�PHDVXUHPHQW�VHWXS�ZDV�DOUHDG\�VKRZQ�LQ�FKDSWHU��

�)LJ�������� �)LJ�������VKRZV�WKH�PHDVXUHG�UHVSRQVH�IRU�GLIIHUHQW�YDOXHV�RI� WKH�GULYH�FXUUHQW�

7KH�YHUWLFDO�VFDOH�LV�LQ�HOHFWULFDO�G%����ORJ>[@����1R�LVRODWRU�ZDV�XVHG��ZKLFK�H[SODLQV�WKH�LU�

UHJXODU�IRUP�RI�WKH�FXUYHV���7KH���G%�EDQGZLGWK�YDULHV�IURP�����0+]�MXVW�DERYH�WKUHVKROG

� =biasI ���P$���XS�WR������0+]�DW�D�ELDV�FXUUHQW�RI����P$���7KH�FRUUHVSRQGLQJ�RXWSXW�SRZHU

YDOXHV�ZHUH�����P:�DQG�����P:�UHVSHFWLYHO\�
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)URP�WKH�UHVXOWV�VKRZQ�LQ�)LJ��������ZH�EHOLHYH�WKDW�WKLV�GHYLFH�VKRXOG�DOORZ�IRU�ODUJH�VLJQDO

PRGXODWLRQ�DW� ����0ELW�V�� �+RZHYHU�� H\H�GLDJUDPV�PHDVXUHG� IRU� D� VLQJOH� FKDQQHO�PRGX�

ODWHG�ZLWK�D�����0ELW�V�RU�D�����0ELW�V�SVHXGR�UDQGRP�VLJQDO�ZHUH�FRPSOHWHO\�FORVHG�� �,Q

)LJ��������WKH�UHVSRQVH�RI�WKH�ODVHU�IRU�D�SXOVH�VLJQDO�LV�SUHVHQWHG���,Q�PRVW�FDVHV��WKH�VWURQJO\

GDPSHG�ZDYHIRUP�RI�WKH�OHIW�SLFWXUH�ZDV�PHDVXUHG���+RZHYHU��LQ�VRPH�FDVHV��WKH�ODVHU�H[�

KLELWHG� ODUJH� UHOD[DWLRQ� RVFLOODWLRQV�� DV� VKRZQ� LQ� WKH� VHFRQG�SLFWXUH��ZKLFK�ZDV�PHDVXUHG

XQGHU�TXDVL�LGHQWLFDO�FLUFXPVWDQFHV�DV�WKH�ILUVW�SLFWXUH���:H�EHOLHYH�WKDW�WKLV��VHHPLQJO\�UDQ�

GRPO\�RFFXUULQJ��UHGXFWLRQ�RI� WKH�GDPSLQJ�LV�UHVSRQVLEOH�IRU�WKH�FORVXUH�RI� WKH�H\H�� �)URP

CSν∆ >*+]@ dB3ν∆ >*+]@ FKDQ� ν∆ >*+]@ /�>PP@
 I∆∆ν 

 cλ >QP@

��� �� � ��� ���� ��� ����

��� �� � ��� ��� ��� ����

��� ��� � ��� ��� ��� ������
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�7KH�JURXS�LQGH[�ZDV�HVWLPDWHG�WR�EH� =gn ��� 
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7DEOH�����6XPPDU\�RI�)3�LQWHUIHURPHWHU�PHDVXUHPHQWV
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)LJ������D��RQH�PD\�VHH�WKDW��QHDU�WKUHVKROG��LW�WDNHV�VRPH�WLPH�IRU�WKH�ODVHU�WR�GHFLGH�ZKLFK

ORQJLWXGLQDO�PRGH�WR�RSHUDWH�DW���7KLV�ZDV�DOVR�QRWLFHG�LQ�>��@�DQG�PD\�SUREDEO\�H[SODLQ�WKLV

HIIHFW���$QRWKHU�UHDVRQ�FRXOG�WKH�VZLWFKLQJ�RI�WKH�ODVHU�IUHTXHQF\�WR�D�ORZHU�SDVVEDQG�RI�WKH

PXOWLSOH[HU���,Q�)LJ������D�DQG�)LJ������E��RVFLOODWLRQ�VSHFWUD�RI�WKH�K\EULGO\�FRXSOHG�3$/�DUH

SUHVHQWHG��ZKLFK�ZHUH�PHDVXUHG�UHVSHFWLYHO\�ZLWKRXW�DQG�ZLWK�DSSO\LQJ�D�GDWD�VLJQDO���)LJ�

����E�VKRZV� WKDW� LQGHHG�VRPH�RI� WKH�SRZHU�VKLIWV� WR� WKH� ORZHU�SDVVEDQG�ZKHQ�WKH� ODVHU� LV

PRGXODWHG�� � )RU�PRUH� LQIRUPDWLRQ� RQ� WKH� ODUJH�VLJQDO�PRGXODWLRQ� RI� WKH�3$/�ZH� UHIHU� WR

FKDSWHU����ZKHUH�PHDVXUHPHQW�UHVXOWV�REWDLQHG�IURP�D�SHUPDQHQWO\�ERQGHG�K\EULG�3$/�DUH

SUHVHQWHG���7KLV�ODVHU�VKRZHG�QR�PXOWL�SDVVEDQG�ODVLQJ�DQG�WKH�PHDVXUHG�H\H�GLDJUDPV�DUH

D�ORW�EHWWHU���,Q�WKDW�FDVH��ZH�DOVR�GHWHUPLQHG�WKH�DPRXQW�RI�H\H�FORVXUH�DV�IXQFWLRQ�RI�WKH�RQ�

RII�UDWLR�

)LJ�������5HVSRQVH�RI�K\EULGO\�FRXSOHG�PXOWL�ZDYHOHQJWK�ODVHU�WR�VTXDUH�ZDYHIRUP�PHDV�

XUHG�XQGHU�LGHQWLFDO�RSHUDWLQJ�FRQGLWLRQV�� VWURQJO\�GDPSHG��OHIW��DQG�ZLWK� ODUJH� UHOD[D�

WLRQ�RVFLOODWLRQV��ULJKW��

)LJ������F�VKRZV� WKH� ULJKW�SHDN�RI� WKH�RVFLOODWLRQ�VSHFWUXP� LQ�PRUH�GHWDLO�� �$� FRQVLGHUDEOH

EURDGHQLQJ�RI�WKH�OLQHZLGWK�LV�QRWLFHG�GXH�WR�WKH�PRGXODWLRQ�
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)LJ�� ����� D��2VFLOODWLRQ� VSHFWUXP�RI�3$/�FKDQQHO�ZLWKRXW�PRGXODWLRQ�� � E��:LWK�SVHXGR�

UDQGRP� GDWD� VLJQDO�VLJQDO� �DPSOLWXGH� ���� 9�� DSSOLHG�� � F�� %URDGHQLQJ� RI� WKH� RVFLOODWLRQ

VSHFWUXP�XQGHU�PRGXODWLRQ�FRQGLWLRQV���7KH�VPDOOHVW�SHDN�LV�PHDVXUHG�XQGHU�VWDWLF�FRQ�

GLWLRQV��WKH�RWKHUV�ZLWK�UHVSHFWLYHO\�D�����9ROW�DQG�����9ROW�3%56�VLJQDO�DSSOLHG�
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5 Realisation of hybridly coupled Phased-Array laser with gain
clamped common amplifier

$V�DOUHDG\�QRWHG�LQ�FKDSWHU����LQ�VRPH�FDVHV�LW�PD\�EH�EHQHILFLDO�WR�XVH�D�FRPPRQ�DPSOLILHU

DW�WKH�RXWSXW�VLGH�RI�WKH�GHYLFH���)RU�H[DPSOH��ZKHQ�WKH�DPSOLILHUV�ZHUH�PRXQWHG�RQ�DQ�DOX�

PLQD�VXEVWUDWH��GXH�WR�WKHUPDO�FURVVWDON��ZH�FRXOG�QRW�REWDLQ�VLPXOWDQHRXV�ODVHU�RSHUDWLRQ�LQ

PRUH�WKDQ�WKUHH�FKDQQHOV���%\�DGGLQJ�DQ�RXWSXW�DPSOLILHU��WKLV�FRXOG�EH�VROYHG��EHFDXVH�WKLV

DPSOLILHU�DOORZV�UHGXFLQJ�WKH�GULYH�FXUUHQW�UHTXLUHG�IRU�HDFK�FKDQQHO��WKHUHE\�DOVR�UHGXFLQJ

WKH� WKHUPDO�FURVVWDON�� �+RZHYHU��ZKHQ�D�FRPPRQ�DPSOLILHU� LV�XVHG�DQG�PXOWLSOH� FKDQQHOV

DUH�RSHUDWHG�WRJHWKHU��JDLQ�YDULDWLRQV�LQ�WKLV�DPSOLILHU�FDQ�JLYH�ULVH�WR�FURVVWDON�EHWZHHQ�WKH

FKDQQHOV���,Q�RUGHU�WR�SUHYHQW�WKDW��ZH�SURSRVHG�WR�FODPS�WKH�JDLQ�RI�WKLV�DPSOLILHU�E\�DGG�

LQJ�DQ�DGGLWLRQDO�SDVVLYH�ZDYHJXLGH�DW�WKH�LQSXW�VLGH�RI�WKH�PXOWLSOH[HU��&KDSWHU����)LJ������

7KH�ODVLQJ�DFWLRQ�RQ�WKH�FKDQQHO�IRUPHG�E\�WKLV�ZDYHJXLGH�DQG�WKH�FRPPRQ�DPSOLILHU���WKH

JDLQ�FODPSLQJ� FKDQQHO��� FODPSV� WKH� JDLQ� RI� WKH� ODWWHU�� � &RQVHTXHQWO\�� D� YDULDWLRQ� RI� WKH

SRZHU�LQ�RQH�RI�WKH�VLJQDO�FKDQQHOV�ZLOO�LQGXFH�D�VLPLODU�YDULDWLRQ�RI�WKH�SRZHU�LQ�WKH�JDLQ�

FODPSLQJ�FKDQQHO��EXW�WKH�RWKHU�VLJQDO�FKDQQHOV�ZLOO�QRW�EH�LQIOXHQFHG�

7R� YHULI\� WKLV� LGHD� H[SHULPHQWDOO\�� D� QHZ� SDVVLYH� ZDYHJXLGH� FKLS� ZDV� GHYHORSHG�� LQ� FR�

RSHUDWLRQ�ZLWK�'HOIW�7HFKQLFDO�8QLYHUVLW\�� �)LJ�������VKRZV� WKH�GHYLFH� OD\RXW�� �7KH� ODVHU� LV

DJDLQ� UHDOLVHG�XVLQJ� WKH� K\EULG� FRXSOLQJ� DSSURDFK�� VR� DOO� WKH�ZDYHJXLGHV� WKDW� KDYH� WR� EH

FRQQHFWHG�ZLWK�D�JDLQ�VHFWLRQ�DUH�ORFDWHG�DW�RQH�VLGH�RI�WKH�SDVVLYH�ZDYHJXLGH�FKLS�DQG�DQ�

JOHG�E\����GHJUHHV���7KH�XSSHU�VHYHQ�ZDYHJXLGHV�DUH�IRU�WKH�VLJQDO�FKDQQHOV��WKH�ORZHVW�RQH

LV�IRU�WKH�FRPPRQ�DPSOLILHU���)RU�FKDUDFWHULVLQJ�WKH�GHYLFH��D�������00,�FRXSOHU�LV�LQFRUSR�

UDWHG�LQ�WKLV�FKDQQHO��DOORZLQJ�VSOLWWLQJ�RII�VRPH�SRZHU�WR�WKH�OHIW�IDFHW
���7KLV�ZDYHJXLGH�LV

DQJOHG�E\����GHJUHHV�WR�DYRLG�UHIOHFWLRQV�EDFN�LQWR�WKH�ODVHU�FDYLW\���7KH�ZDYHJXLGH��ZKLFK

VWDUWV�DW�WKH�XSSHU�VWDU�FRXSOHU�RI�WKH�3KDVHG�$UUD\�DQG�HQGV�SHUSHQGLFXODU�WR�WKH�OHIW�IDFHW�

LV� WKH� SDVVLYH� ZDYHJXLGH� WKDW� IRUPV� �� WRJHWKHU� ZLWK� WKH� FRPPRQ� DPSOLILHU� �� WKH� JDLQ�

FODPSLQJ� FKDQQHO�� � 7KH�3KDVHG�$UUD\� LV� LGHQWLFDO� WR� WKH� ����*+]�GHYLFH� RQ� WKH�PDVN� GH�

VFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��)LJ���������7DEOH��������$Q�LGHQWLFDO�OD\HU�VWUXFWXUH�DV�EHIRUH

ZDV�XVHG������QP�4����JXLGLQJ�OD\HU������QP�,Q3�FODGGLQJ�OD\HU��DQG�WKH�ZDYHJXLGHV�ZHUH

GHILQHG�E\�5,(� �HWFKHG�DSSUR[LPDWHO\�����QP� LQWR� WKH� TXDWHUQDU\� OD\HU���� � ([WUHPHO\� ORZ

ZDYHJXLGH�ORVVHV�ZHUH�REWDLQHG��a�����G%�FP��VHH�DOVR�FKDSWHU����SDUDJUDSK�������UHVXOWLQJ�LQ

DQ�HVWLPDWHG�RQ�FKLS�ORVV�RI� OHVV� WKDQ���G%��LQFOXGLQJ� WKH�00,�FRXSOHU� ORVVHV��� �7KH�PLQL�

PXP�EHQG�UDGLXV�DSSOLHG�ZDV���� mµ �DQG�WKH�WRWDO�GHYLFH�VL]H���[���PP��

�����������������������������������������������������


�,W�LV�QRW�SRVVLEOH�WR�FKDUDFWHULVH�WKH�GHYLFH�E\�GLUHFWO\�PHDVXULQJ�WKH�RXWSXW�SRZHU�H[LWLQJ�WKH�DPSOL�

ILHUV��ERWK�EHFDXVH�RI� WKH�+5�FRDWLQJ�DSSOLHG�WR�WKHLU�EDFN�IDFHW�DQG�EHFDXVH�RI� WKH�ERQG�ZLUHV�FRQ�

QHFWLQJ�WKHP�ZLWK�WKH�VXEVWUDWH

��7KH�OD\HU�VWUXFWXUH�ZDV�JURZQ�LQ�*HQW�E\�02&9'��WKH�ZDYHJXLGHV�ZHUH�HWFKHG�DW�WKH�8QLYHUVLW\�RI

'HOIW
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8VLQJ�WKLV�SDVVLYH�ZDYHJXLGH�FKLS��ZH�UHDOLVHG�D�3KDVHG�$UUD\�ODVHU�ZLWK�FRPPRQ�RXWSXW

ZDYHJXLGH���7KH�WKUHVKROG�FXUUHQW�IRU�WKH�JDLQ�FODPSLQJ�FKDQQHO�ZDV�DSSUR[LPDWHO\����P$

�7 ���&��� �7KLV� LV�FRPSDUDEOH�ZLWK�WKH����P$�REWDLQHG�IRU�WKH�3KDVHG�$UUD\�ODVHU�ZLWKRXW

FRPPRQ�DPSOLILHU�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WDNLQJ�LQWR�DFFRXQW�WKH�DGGLWLRQDO�ORVV

RI�WKH�00,�FRXSOHU���7KH�WKUHVKROG�FXUUHQW�PHDVXUHG�IRU�WKH�VLJQDO�FKDQQHOV�ZDV�EHWZHHQ���

P$�DQG����P$��JDLQ�FODPSHG�RSHUDWLRQ���ZKLFK�LV�RQO\�D�IHZ�P$�KLJKHU�WKDQ�WKH�PHDVXUHG

WUDQVSDUHQF\�FXUUHQW�DW� WKH�RSHUDWLQJ�ZDYHOHQJWK� �VHH�FKDSWHU����� �6LPXOWDQHRXV��&:�ODVHU

RSHUDWLRQ�RI�IRXU�VLJQDO�FKDQQHOV�DQG�WKH�JDLQ�FODPSLQJ�FKDQQHO�ZDV�REWDLQHG���7KH�RVFLOOD�

WLRQ�VSHFWUXP�LV�VKRZQ�LQ�)LJ���������)RU�WKLV�ILJXUH��WKH�FXUUHQW�WR�WKH�FRPPRQ�DPSOLILHU�ZDV

���P$�� WKH�FXUUHQWV� IRU� WKH� RWKHU� FKDQQHOV� �����P$� �H[FHSW� IRU� WKH� FKDQQHO� QHDUHVW� WR� WKH

FRPPRQ�DPSOLILHU��ZKLFK�ZDV�SXPSHG�DW����P$����7KH�JDLQ�FODPSLQJ�FKDQQHO�LV�RSHUDWLQJ

LQ�D�ORZHU�SDVVEDQG�RI�WKH�3KDVHG�$UUD\�GXH�WR�WKH�VKLIW�RI�WKH�DPSOLILHU�JDLQ�WRZDUGV�ORZHU

����������

)LJ�������/D\RXW�RI�WKH�JDLQ�FODPSHG�ODVHU�
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ZDYHOHQJWKV�ZLWK�LQFUHDVLQJ�FXUUHQW�� �1R�PXOWL�SDVVEDQG�ODVLQJ�ZDV�REVHUYHG�LQ� WKLV�FDVH�

7KH�$6(�QRLVH�LV�VXSSUHVVHG�E\�PRUH�WKDQ����G%��UHVROXWLRQ�EDQGZLGWK� �����QP����)RU�WKH

3$/�ZLWKRXW� FRPPRQ� DPSOLILHU�� ZH� PHDVXUHG� YDOXHV� EHWWHU� WKDQ� ��� G%�� � 7KH� GLIIHUHQFH

RULJLQDWHV�IURP�WKH�IDFW�WKDW�WKH�$6(�QRLVH�RI�WKH�FRPPRQ�DPSOLILHU�LV�QRW�VXSSUHVVHG�E\�WKH

LQWUD�FDYLW\�ILOWHU�KHUH�

7R� GHPRQVWUDWH� WKH� JDLQ� FODPSLQJ�� ZH� FKDQJHG� WKH� SRZHU� LQ� RQH� RI� WKH� VLJQDO� FKDQQHOV

ZKLOH�NHHSLQJ� WKH�RWKHU�GULYH�FXUUHQWV� FRQVWDQW�� �7R�GHWHUPLQH� WKH�SRZHU� LQ� HDFK� FKDQQHO

VHSDUDWHO\��D�VSHFWUXP�DQDO\VHU�ZDV�XVHG�

)LJ������D�UHSUHVHQWV�D�PHDVXUHPHQW�ZKHUH�RQO\�WKH�FRPPRQ�DPSOLILHU�����P$��DQG�RQH�RI

WKH�VLJQDO�DPSOLILHUV�ZHUH�GULYHQ���7KH�WKUHVKROG�FXUUHQW�IRU�WKH�VLJQDO�FKDQQHO�ZDV����P$�LQ

WKLV� FDVH�� �$V� H[SHFWHG�� WKH�SRZHU� LQ� WKH� VLJQDO� FKDQQHO� LQFUHDVHV� OLQHDUO\�ZLWK� LQFUHDVLQJ

GULYH�FXUUHQW��ZKLOH�WKH�SRZHU�LQ�WKH�JDLQ�FODPSLQJ�FKDQQHO�GHFUHDVHV���$W����P$��WKH�SRZHU

LQ�WKH�JDLQ�FODPSLQJ�FKDQQHO�IDOOV�FRPSOHWHO\�WR�]HUR��LPSO\LQJ�WKDW�WKH�JDLQ�RI�WKH�FRPPRQ

DPSOLILHU�LV�QR�ORQJHU�FODPSHG�DQG�VWDUWV�WR�VDWXUDWH���7KLV�LV�LPPHGLDWHO\�YLVLEOH�LQ�WKH�/,�

FXUYH�IRU�WKH�VLJQDO�FKDQQHO��ZKLFK�VKRZV�D�VXEOLQHDU�EHKDYLRXU�IURP�WKLV�SRLQW�RQ���7KHUH�

IRUH�� E\�YDU\LQJ� WKH�GULYH�FXUUHQW�RI� WKH� VLJQDO� DPSOLILHU�E\�RQO\� ��P$�� WKH�SRZHU� LQ� WKLV

FKDQQHO�FDQ�EH�FKDQJHG�IURP�]HUR�WR�WKH�SRZHU�WKDW�RULJLQDOO\�ZDV�DYDLODEOH�LQ�WKH�FODPSLQJ�

FKDQQHO�

)RU�REWDLQLQJ�)LJ������E�� WKH�FRPPRQ�DPSOLILHU�DQG�RQH�VLJQDO�DPSOLILHU��VLJQDO�FKDQQHO���

ZHUH� GULYHQ� DW� D� FRQVWDQW� FXUUHQW�� ZKLOH� WKH� FXUUHQW� WR� D� VHFRQG� VLJQDO� DPSOLILHU� �VLJQDO

FKDQQHO����ZDV�FKDQJHG���$�KLJKHU�ORVV�SDVVLYH�ZDYHJXLGH�FKLS�ZDV�XVHG��ZKLFK�H[SODLQV�WKH

KLJKHU�WKUHVKROG�FXUUHQW�IRU�WKH�VLJQDO�FKDQQHO���,W�LV�REYLRXV�WKDW�WKH�SRZHU�LQ�FKDQQHO�WZR

LV�QRW�LQIOXHQFHG�E\�WKH�FKDQJH�LQ�SRZHU�LQ�WKH�RWKHU�VLJQDO�FKDQQHO��ZKLFK�LQGLFDWHV�WKDW�WKH

JDLQ�RI�WKH�FRPPRQ�DPSOLILHU�LV�FODPSHG�LQGHHG�
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)LJ�������([SHULPHQWDO�YHULILFDWLRQ�RI�WKH�JDLQ�FODPSLQJ����D��2QO\�RQH�VLJQDO�FKDQQHO�DQG

WKH�JDLQ�FODPSLQJ�FKDQQHO�DUH�GULYHQ����E��,Q�DGGLWLRQ��D�VHFRQG�VLJQDO�FKDQQHO�LV�GULYHQ�

$OWKRXJK� WKH� DERYH� WZR� SLFWXUHV� LOOXVWUDWH� WKH� JDLQ� FODPSLQJ� FRQYLQFLQJO\�� ZH� DOVR� SHU�

IRUPHG�VHYHUDO�PHDVXUHPHQWV��ZKLFK�ZHUH�QRW� WKDW�REYLRXV�� �)LJ������� LOOXVWUDWHV� WZR�VXFK
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H[SHULPHQWV���,Q�WKH�OHIW�SLFWXUH��DJDLQ�WKH�GULYH�FXUUHQW�RI�RQH�RI�WKH�VLJQDO�DPSOLILHUV�LV�LQ�

FUHDVHG�ZKLOH�WKH�GULYH�FXUUHQW�IRU�D�VHFRQG�VLJQDO�FKDQQHO� LV�KHOG�FRQVWDQW�� �$OWKRXJK�ZH

H[SHFWHG� WKH� SRZHU� LQ� WKH� ODWWHU� WR� VWD\� FRQVWDQW�� LQ� FRQWUDU\� LW� GHFUHDVHV� PRQRWRQRXVO\�

+RZHYHU�� WKH� HIIHFW� RI� WKH� JDLQ�FODPSLQJ� LV� VWLOO� YLVLEOH�� DW� ���P$�� WKH� SRZHU� LQ� WKH� JDLQ�

FODPSLQJ�FKDQQHO�EHFRPHV�YHU\�ORZ�DQG�WKHUH�LV�D�FOHDU�GLVFRQWLQXLW\�YLVLEOH�LQ�WKH�GLUHFWLRQ

RI�WKH�/,�FXUYHV�RI�ERWK�VLJQDO�FKDQQHOV�DW�WKDW�SRLQW���%HFDXVH�WKH�SRZHU�LQ�WKH�VHFRQG�VLJQDO

FKDQQHO� �IURP�ZKLFK� WKH�GULYH�FXUUHQW� LV�KHOG�FRQVWDQW��GHFUHDVHV�DOUHDG\�EHIRUH� WKH�GULYH

FXUUHQW�RI� WKH�ILUVW�FKDQQHO�UHDFKHV� LWV� WKUHVKROG�YDOXH��ZH�EHOLHYH� WKDW� WKHUPDO�FURVVWDON� LV

UHVSRQVLEOH�IRU�WKH�SRZHU�GHFUHDVH�LQ�WKH�VHFRQG�FKDQQHO�� �7KH�GDVKHG�FXUYHV�LQ�WKH�ILJXUH

UHSUHVHQW�WKH�SRZHU�LQ�WKH�FODPSHG�VLJQDO�FKDQQHO�DQG�LQ�WKH�FODPSLQJ�FKDQQHO�DIWHU�ILOWHU�

LQJ�RXW�WKH�WKHUPDO�HIIHFW���)URP�WKHVH�FXUYHV��WKH�JDLQ�FODPSLQJ�LV�PXFK�PRUH�REYLRXV�
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)LJ�������([SHULPHQWDO�YHULILFDWLRQ�RI�WKH�JDLQ�FODPSLQJ����D��7ZR�VLJQDO�FKDQQHOV�DQG�WKH

JDLQ�FODPSLQJ� FKDQQHO� DUH� GULYHQ�� WKHUPDO� FURVVWDON� VHHPV� WR� FRPSURPLVH� WKH� JDLQ�

FODPSHG�RSHUDWLRQ��E��7KUHH�VLJQDO�FKDQQHOV�DQG�WKH�FRPPRQ�DPSOLILHU�DUH�GULYHQ�� �7KH

SRZHU� LQ� WKH� WKLUG� VLJQDO� FKDQQHO� VWD\V� FRQVWDQW� EXW� WKH� SRZHU� LQ� WKH� VHFRQG� FKDQQHO

VWDUWV�WR�GHFUHDVH�DV�VRRQ�DV�WKH�SRZHU�LQ�WKH�ILUVW�FKDQQHO�LQFUHDVHV�

)LJ������E�VKRZV�D�PHDVXUHPHQW�ZKHUH�WKUHH�VLJQDO�DPSOLILHUV�ZHUH�GULYHQ��FKDQQHOV���DQG��

KHOG�FRQVWDQW����$OWKRXJK�WKH�SRZHU�LQ�WKH�VHFRQG�FKDQQHO�VWD\V�UDWKHU�FRQVWDQW��WKLV�LV�QRW

WKH�FDVH�IRU�WKH�WKLUG�FKDQQHO���0RUHRYHU��FRQWUDU\�WR�WKH�FDVH�RI�)LJ������D��LW�LV�QRW�REYLRXV

WKDW�WKLV�GHFUHDVH�PD\�EH�DWWULEXWHG�WR�WKHUPDO�FURVVWDON���6HYHUDO�RWKHU�H[SHULPHQWV��RQH�RU

PRUH�FKDQQHOV�KHOG�FRQVWDQW��ZHUH�SHUIRUPHG�WKDW�GLG�QRW�GHPRQVWUDWH� WKH�JDLQ�FODPSLQJ

HLWKHU���7KHUH�DUH�GLIIHUHQW�SRVVLEOH�UHDVRQV�IRU�WKLV�DQRPDORXV�EHKDYLRXU�

• 7KHUPDO�FURVVWDON�EHWZHHQ�WKH�DPSOLILHUV�

• &KDQJH�RI�WKH�FRXSOLQJ�HIILFLHQF\�GXH�WR�WKH�LQFUHDVH�RI�WKH�GULYH�FXUUHQW�WR�RQH�RI�WKH
DPSOLILHUV

• 7KH� SRZHU� SHU� FKDQQHO�ZDV� GHWHUPLQHG� IURP� DQ� RVFLOODWLRQ� VSHFWUXP�PHDVXUHG� IRU
HDFK� FXUUHQW� FRPELQDWLRQ�� XVLQJ� DQ� RSWLFDO� VSHFWUXP� DQDO\VHU�� � 6XFK� DQ� DSSURDFK� LV
YHU\�VHQVLWLYH�WR�HQYLURQPHQWDO�LQVWDELOLWLHV���,W�ZRXOG�EH�EHWWHU�WR�XVH�D�EDQGSDVV�ILOWHU
DQG�D�SRZHU�PHWHU�
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• 7KH�3KDVHG�$UUD\�KDG�D�����*+]�FKDQQHO�VSDFLQJ�DQG�����*+]���G%�EDQGZLGWK���:H
KDYH� DOUHDG\� GHPRQVWUDWHG� �VHH� SDUDJUDSK� ������� WKDW� WKLV� EDQGZLGWK� LV� WR� ZLGH� WR
IRUFH�WKH�ODVHU�WR�RVFLOODWH�DW�D�VLQJOH�ORQJLWXGLQDO�PRGH�DQG�LW� LV�YHU\�OLNHO\�WKDW�DOVR
WKH�JDLQ�FODPSHG�ODVHU�H[KLELWV�PXOWLSOH�ORQJLWXGLQDO�PRGH�RSHUDWLRQ���7KLV�HIIHFW�PD\
EH�UHVSRQVLEOH�IRU�DGGLWLRQDO�LQVWDELOLWLHV�LQ�WKH�/,�FXUYHV�

:H�FRXOG�QRW�\HW�GHWHUPLQH� WKH�PRVW� LPSRUWDQW� UHDVRQ�IRU� WKH� IDFW� WKDW� WKH�JDLQ�FODPSLQJ

VRPHWLPHV�EUHDNV�GRZQ���$OVR�WKH�G\QDPLF�SURSHUWLHV�RI�WKH�JDLQ�FODPSHG�ODVHU�DUH�QRW�\HW

LQYHVWLJDWHG�� �:H�EHOLHYH�WKDW�E\�SHUPDQHQWO\�ERQGLQJ�ERWK�FKLSV��DSSO\LQJ�WKH�SURFHGXUH

RXWOLQHG�LQ�WKH�IROORZLQJ�FKDSWHU�� LW�ZLOO�EH�SRVVLEOH�WR�REWDLQ�PRUH�FRQFOXVLYH�UHVXOWV�FRQ�

FHUQLQJ�WKH�IHDVLELOLW\�RI�WKH�JDLQ�FODPSLQJ�DSSURDFK�

6 Realisation of a hybridly coupled tunable laser

7R�GHPRQVWUDWH�WKDW�WKH�K\EULG�FRXSOLQJ�DSSURDFK�FDQQRW�RQO\�EH�XVHG�IRU�UHDOLVLQJ�3KDVHG�

$UUD\� ODVHUV��ZH�XVHG� WKH� WHFKQLTXH�DOVR� IRU� UHDOLVLQJ� D� FRPSOHWHO\�GLIIHUHQW� W\SH� RI� ODVHU�

)LJ������D�LOOXVWUDWHV�WKH�GHYLFH�SULQFLSOH��WKH�ODVHU�FDYLW\�LV�IRUPHG�E\�D�JDLQ�VHFWLRQ��D�ULQJ

UHVRQDWRU�DQG�D�WXQDEOH�0DFK�=HKQGHU�LQWHUIHURPHWHU�� WRJHWKHU�IRUPLQJ�D�GLJLWDOO\�WXQDEOH

ODVHU���7KH�RSHUDWLQJ�SULQFLSOH�LV�H[SODLQHG�DV�IROORZV�

7KH�ULQJ�UHVRQDWRU�KDV�D�IL[HG�WUDQVPLVVLRQ�IXQFWLRQ�FRQVLVWLQJ�RI�D�VHULHV�RI�QDUURZ�SHDNV�DV

GHSLFWHG� LQ� )LJ�� ����E�� � 7KH� UDGLXV� RI� WKH� ULQJ� GHWHUPLQHV� WKH� IUHH�VSHFWUDO� UDQJH� DQG� WKH

ZLGWK�RI�WKH�SHDNV�LV�IXQFWLRQ�RI�WKH�ZDYHJXLGH�ORVV�DQG�WKH�FRXSOLQJ�UDWLR�EHWZHHQ�VWUDLJKW

ZDYHJXLGHV�DQG�WKH�ULQJ���7KH�UHIOHFWLYH�0DFK�=HKQGHU�LQWHUIHURPHWHU��0=,��LV�IRUPHG�E\�D

�G%�FRXSOHU�DQG�WZR�DUPV�HDFK�FRQWDLQLQJ�D�UHIOHFWLYH�62$���7KH�IUHH�VSHFWUDO�UDQJH�RI�WKH

0=,�LV�GHWHUPLQHG�E\�WKH�RSWLFDO�SDWK�OHQJWK�GLIIHUHQFH�EHWZHHQ�ERWK�DUPV�DQG�LV�FKRVHQ�WR

EH�PXFK�ODUJHU�WKDQ�WKH�IUHH�VSHFWUDO�RI� WKH�ULQJ�UHVRQDWRU�� �%\�FKDQJLQJ�WKH�FXUUHQW�WR�WKH

JDLQ�VHFWLRQV�LQ�WKH�0=,�DUPV��LWV�FHQWUDO�ZDYHOHQJWK�PD\�EH�FKDQJHG���,I�WKH�JDLQ�VHFWLRQ�LV

SXPSHG�DQG� WKH�FHQWUH�RI� WKH�0=,� LV� DOLJQHG�ZLWK�RQH�RI� WKH�SHDNV�RI� WKH� ULQJ� UHVRQDWRU�

Mach-Zehnder
Interferometer

Ring
resonator

laser
output

Gain
section

Amplifier
array

Passive waveguide chip

fixed transfer
ring resonator

l

tunable transfer MZI
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ODVHU�RSHUDWLRQ�DW�WKLV�ZDYHOHQJWK�PD\�RFFXU���%\�VKLIWLQJ�WKH�WUDQVPLVVLRQ�ZDYHOHQJWK�RI�WKH

0=,�WR�D�QHLJKERXULQJ�SHDN��WKH�RSHUDWLQJ�ZDYHOHQJWK�LV�WXQHG�LQ�D�GLJLWDO�ZD\�

7KH�WXQDEOH�ULQJ�ODVHU�ZDV�SURSRVHG�DQG�WKHRUHWLFDOO\� LQYHVWLJDWHG� LQ� >��@�� �:H�YHULILHG� LWV

RSHUDWLRQ�H[SHULPHQWDOO\��XVLQJ�WKH�K\EULG�FRXSOLQJ�WHFKQLTXH���7KH�SDVVLYH�ZDYHJXLGH�FKLS

ZDV�DJDLQ� IDEULFDWHG�E\� HWFKLQJ� ULGJH�ZDYHJXLGHV� LQWR�D� ����QP� WKLFN�4���� JXLGLQJ� OD\HU

FRYHUHG�ZLWK� D� ����QP� WKLFN� ,Q3� FODGGLQJ� OD\HU�� �+RZHYHU�� WR� DOORZ� IRU� D� EHQG� UDGLXV� RI

��� mµ ��WKH�ZDYHJXLGHV�ZHUH�HWFKHG�GHHSHU�WKDQ�IRU�WKH�ZDYHJXLGHV�UHSRUWHG�LQ�WKH�SUHYL�

RXV�SDUDJUDSKV������QP�LQWR�WKH�TXDWHUQDU\�OD\HU����7KH�PHDVXUHG�WUDQVIHU�WKURXJK�WKH�ULQJ

UHVRQDWRU�LV�GHSLFWHG�LQ�)LJ������D�	�E��IRU�70�	�7(�SRODULVHG�OLJKW�UHVSHFWLYHO\�� �7KH�VROLG

OLQHV�ZHUH�ILWWHG�XVLQJ�D�VXLWDEOH�PRGHO��VHH�>��@����7KH�PXFK�KLJKHU�ILQHVVH�DQG�4�IDFWRU�IRU

WKH�70�FDVH�RULJLQDWH�IURP�WKH�IDFW�WKDW�ERWK�WKH�UDGLDWLRQ�ORVV�LQ�WKH�ULQJ�DQG�WKH�FRXSOLQJ

UDWLR�DUH�ORZHU�IRU�70�SRODULVHG�OLJKW���7KLV�ZDV�YHULILHG�H[SHULPHQWDOO\�DQG�E\�VLPXODWLRQV�

$Q�DPSOLILHU� DUUD\� VLPLODU� WR� WKH�RQH�GHVFULEHG� LQ� WKH�SUHYLRXV� VHFWLRQ�ZDV� HPSOR\HG�� �$

PLQLPXP�WKUHVKROG�FXUUHQW�RI����P$�ZDV�REWDLQHG��ZLWK�ERWK�DPSOLILHUV�RI� WKH�0=,�DW���

P$����$OWKRXJK�WKH�FDYLW\�ORVV�ZDV�VPDOOHU�IRU�70�SRODULVHG�OLJKW��VHH�)LJ���������WKH�ODVHU�LV

RSHUDWLQJ�LQ�D�7(�PRGH���:H�PHDVXUHG�DQ�RXWSXW�SRZHU�RI�����P:
���)LJ�������VKRZV����VX�

SHULPSRVHG�RVFLOODWLRQ�VSHFWUD�RI�WKLV�ODVHU���)RU�REWDLQLQJ�WKHVH��WKH�JDLQ�VHFWLRQ�DQG�RQH�RI

WKH�DPSOLILHUV� LQ� WKH�0=,�ZHUH�GULYHQ�ZLWK�D� FRQVWDQW�ELDV� FXUUHQW� ����P$�DQG����P$�UH�

VSHFWLYHO\����7KH�ELDV�FXUUHQW�RI�WKH�RWKHU�DPSOLILHU�LQ�WKH�0=,�ZDV�YDULHG�IURP����P$�WR���

P$���7KH�ODUJH�YDULDWLRQ�LQ�WKH�RXWSXW�SRZHU�OHYHO�VWHPV�IURP�WKH�IDFW�WKDW�QR�DWWHPSW�ZDV

PDGH�IRU�RSWLPLVLQJ�WKH�FXUUHQW�VHWWLQJV���1HYHUWKHOHVV��ODVHU�RSHUDWLRQ�LQ����VHSDUDWH�FKDQ�

QHOV�ZDV�REWDLQHG��RQ�D�JULG�GHWHUPLQHG�E\�WKH�IUHH�VSHFWUDO�UDQJH�RI�WKH�ULQJ�UHVRQDWRU��a���

QP����)RU�WKH�EHVW�FKDQQHOV��D�VLGH�PRGH�VXSSUHVVLRQ�UDWLR�EHWWHU�WKDQ����G%�ZDV�PHDVXUHG�

7KH�ODVHU�SUHVHQWHG�KHUH�LV�RQO\�WXQDEOH�RYHU�D�OLPLWHG�ZDYHOHQJWK�LQWHUYDO���%\�PDNLQJ�WKH

ULQJ�UHVRQDWRU�WXQDEOH�DQG�UHSODFLQJ�WKH�0=,�ILOWHU�ZLWK�D�VHFRQG�ULQJ�UHVRQDWRU��LW�VKRXOG�EH

SRVVLEOH��PDNLQJ�XVH�RI�WKH�YHUQLHU�HIIHFW��WR�UHDOLVH�D�YHU\�EURDGO\�WXQDEOH�ODVHU���6XFK�D�ODVHU

�����������������������������������������������������


�7KLV�RXWSXW�SRZHU�ZDV�PHDVXUHG�IURP�DQ�DQJOHG�RXWSXW�ZDYHJXLGH�XVLQJ�DQ�REMHFWLYH��1$ ������

WKHUHIRUH�ZH�EHOLHYH�WKDW�WKH�DFWXDO�RXWSXW�SRZHU�PD\�EH�XS�WR���RU���WLPHV�KLJKHU�
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PD\�SRVVLEO\�EH�PRUH�FRPSDFW�DQG�HDVLHU� WR� IDEULFDWH� WKDQ�PRUH� FODVVLFDO� EURDGO\� WXQDEOH

ODVHUV�EDVHG�RQ�%UDJJ�JUDWLQJV�

$QRWKHU� RSWLRQ� FRXOG� EH� WR� LQWHJUDWH� DQ� DPSOLILHU� DUUD\� ZLWK� D� UHVRQDWRU�EDVHG� GHPXOWL�

SOH[HU�DV�VKRZQ�LQ�)LJ���������6XFK�D�GHPXOWLSOH[HU�ZDV�GHPRQVWUDWHG�LQ�>��@�DQG�LV�EXLOW�E\

FRPELQLQJ�ULQJ�UHVRQDWRUV�ZLWK�D�VOLJKWO\�LQFUHDVLQJ�UDGLXV���,Q�WKDW�ZD\�LW�FRXOG�EH�SRVVLEOH

WR�UHDOLVH�DQ�H[WUHPHO\�FRPSDFW�PXOWL�ZDYHOHQJWK�ODVHU��WKH�UHVRQDWRUV�HPSOR\HG�LQ�>��@�KDG

D�UDGLXV�RI�RQO\��� mµ ��

out
1 2 3 4 Pl l l l

)LJ�������0XOWL�ZDYHOHQJWK�ODVHU�E\�LQWHJUDWLQJ�DPSOLILHU�DUUD\�ZLWK�ULQJ�UHVRQDWRU�EDVHG

GHPXOWLSOH[HU�
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Chapter 6 

Development of

a hybrid integration technology

for multi-wavelength Phased-Array lasers

1 Introduction

7KH�H[SHULPHQWDO�UHVXOWV�SUHVHQWHG�LQ�WKH�SUHYLRXV�FKDSWHU��SURRI�WKDW� WKH�K\EULG�FRXSOLQJ

DSSURDFK�LV�XVHIXO�IRU�EXLOGLQJ�FRPSOH[�SKRWRQLF�,&V���+RZHYHU��VRPHWLPHV�LW�LV�GLIILFXOW�WR

NHHS�WKH�FRXSOLQJ�HIILFLHQF\�EHWZHHQ�ERWK�FKLSV�FRQVWDQW�RYHU�ORQJHU�WLPH�LQWHUYDOV�RU�ZKHQ

WKH�FXUUHQW�FKDQJHV���0RUHRYHU��DV�ORQJ�DV�WKH�FKLSV�DUH�RQO\�WHPSRUDULO\�FRXSOHG�RQ�DQ�RSWL�

FDO�EHQFK��LW�LV�QRW�SRVVLEOH�WR�XVH�WKHP�LQ�RSWLFDO�QHWZRUNV�

7KHUHIRUH��ZH�GHYHORSHG�D�SHUPDQHQW�DWWDFKPHQW�WHFKQLTXH�IRU�WKH�K\EULGO\�FRXSOHG�FKLSV��

7KH�SURFHGXUH�LV�VLPLODU�WR�WKDW�XVHG�IRU�DWWDFKLQJ�ILEUH�DUUD\V�WR�SRO\PHULF�RU�VLOLFD�SDVVLYH

ZDYHJXLGH�FKLSV���,Q�VXFK�D�FDVH��WKH�ILEUHV�DUH�DUUDQJHG�LQ�D�ILEUH�DUUD\��ZKLFK�FRQVLVWV�RI�D

6LOLFRQ�9�JURRYH�SDUW�DQG�WZR�UHLQIRUFHPHQW�SDUWV���7KH�ILEUHV�DUH�IL[HG�LQ�WKH�JURRYHV�E\�D

VXLWDEOH� DGKHVLYH�� � 6XEVHTXHQWO\�� WKH� ILEUH� DUUD\� DQG� WKH�ZDYHJXLGH� DUUD\� DUH� DWWDFKHG� WR

HDFK�RWKHU�XVLQJ�D�89�FXUDEOH�DGKHVLYH�� � ,Q�RUGHU� WR�REWDLQ�D�VWURQJHU�ERQG�DQG� WR�REWDLQ

KLJK�TXDOLW\�HQG�IDFHV��W\SLFDOO\��WKH�VXUIDFH�RI�WKH�ERQG�LV�HQODUJHG�E\�DGGLQJ�WRS�DQG�ERW�

WRP�SODWHV�>�@�� �,Q�RXU�FDVH��WKH�OD\HU�VWDFN�KROGLQJ�WKH�ILEUHV�LV�UHSODFHG�E\�WKH�ZDYHJXLGH

FKLS�� �2EYLRXVO\�� WKH�PXFK�VPDOOHU�GLPHQVLRQV�RI� WKH� ,Q3�ZDYHJXLGHV�ZLOO� FRPSOLFDWH� WKH

IL[DWLRQ�FRQVLGHUDEO\��QRW�RQO\�GXH� WR� WKH�VPDOOHU�DOLJQPHQW� WROHUDQFHV�EXW�DOVR�EHFDXVH�RI

WKH�IDFW�WKDW�WKH�VPDOOHU�VXUIDFH�RI�WKH�IDFHWV�ZLOO�OLPLW�WKH�VWUHQJWK�RI�WKH�ERQG���0RUHRYHU�

XQOLNH�WKH�JODVV�SODWHV�XVHG�WR�KROG�WKH�ILEUH�DUUD\��WKH�,Q3�FKLSV�DUH�QRW�WUDQVSDUHQW�IRU�89�

OLJKW��

,Q�VHFWLRQ���RI�WKLV�FKDSWHU��WKH�SURFHGXUH�WKDW�ZH�GHYHORSHG�IRU�ERQGLQJ�WZR�K\EULGO\�FRX�

SOHG�,Q3�FKLSV�LV�GHVFULEHG���7KH�XOWLPDWH�JRDO�ZDV�WR�DVVHPEOH�D�PRGXOH��ZKLFK�FDQ�EH�XVHG

LQ�WKH�WHVWEHG�VHWXS�EXLOW�IRU�WKH�$&76�SURMHFW�$3(;�>�@���7KHUHIRUH��WKH�SHUPDQHQW�IL[DWLRQ

RI�ERWK�FKLSV�ZDV�QRW�WKH�RQO\�DVSHFW�WKDW�KDG�WR�EH�LQYHVWLJDWHG���,Q�DGGLWLRQ��D�VWDEOH�ILEUH�

FKLS�FRXSOLQJ�DQG�HOHFWULFDO�FRQQHFWLRQV�KDG�WR�EH�SURYLGHG���7KH�ODWWHU�DVSHFWV�KRZHYHU�DUH

�����������������������������������������������������

��7KH�ZRUN�GHVFULEHG�LQ�WKLV�FKDSWHU�ZDV�SHUIRUPHG�LQ�VWURQJ�FROODERUDWLRQ�ZLWK�$��9DQ�+RYH�� �)RU

PRUH�GHWDLOHG�LQIRUPDWLRQ�DERXW�WKH�FKRLFH�RI�WKH�HSR[LHV�DQG�WKH�FXULQJ�SURFHVV��ZH�UHIHU�WR�>�@�

��)RU�FXULQJ�WKH�HSR[\�89�OLJKW�ZLWK�λ� �����QP�a�����QP�LV�XVHG���,Q�WKLV�ZDYHOHQJWK�UDQJH�WKH�DE�
VRUSWLRQ�FRHIILFLHQW�RI�,Q3�LV�DSSUR[LPDWHO\����µP���
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QRW� VSHFLILF� IRU�K\EULGO\� LQWHJUDWHG�3,&V�DQG� WKH� VROXWLRQ�ZH�GHYHORSHG�DQG�ZKLFK� LV�GLV�

FXVVHG�LQ�VHFWLRQ���RI�WKLV�FKDSWHU��FDQ�EH�XVHG�IRU�PRQROLWKLFDOO\�LQWHJUDWHG�3,&V�DV�ZHOO�

6HFWLRQ���VXPPDULVHV�WKH�ZKROH�SDFNDJLQJ�SURFHGXUH�DQG�LQ�VHFWLRQ����H[SHULPHQWDO�UHVXOWV

IRU�D�IXOO\�SDFNDJHG�K\EULG�3$/�DUH�SUHVHQWHG���6RPH�FRQFOXVLRQV�DUH�JLYHQ�LQ�WKH�ODVW�VHF�

WLRQ�

2 Permanent bonding of two hybridly coupled chips

2.1 Bonding procedure

7KH�JHQHUDO�SURFHGXUH�LV�RXWOLQHG�LQ�)LJ�����D�	�E���%HIRUH�VWDUWLQJ�WKH�DOLJQPHQW�SURFHVV��WKH

DPSOLILHU�DUUD\�FKLS�LV�PRXQWHG�RQ�D�VLOLFRQ�VXEVWUDWH��ZLWK�WKH�VODQWHG�HQG�SURWUXGLQJ�DS�

SUR[LPDWHO\���� mµ EH\RQG�WKH�HGJH�RI�WKH�VLOLFRQ�VXEVWUDWH���7KLV�VXEVWUDWH�LQ�WXUQ�LV�SODFHG

RQ�D�FDUULHU��ZKLFK�KDV�D�8�VKDSHG�LQGHQWDWLRQ�DW�WKH�IURQW�VLGH���)RU�WKH�LQLWLDO�WHVWV��WKLV�FDU�

ULHU�ZDV�PDGH�RXW�RI�FRSSHU���7KH�FDUULHU�XVHG�LQ�WKH�ILQDO�PRGXOH�LV�PDGH�RXW�RI�DOXPLQXP�

7KH�ZDYHJXLGH�FKLS�LV�KHOG�E\�D�YDFXXP�QHHGOH��ZKLFK�ILWV�LQ�WKH�LQGHQWDWLRQ�DW�WKH�IURQW�RI

WKH�FDUULHU���,Q�WKDW�ZD\�WKH�DPSOLILHU�FKLS�DQG�WKH�ZDYHJXLGH�FKLS�PD\�EH�DOLJQHG�IROORZLQJ

D�SURFHGXUH�VLPLODU�WR�WKH�RQH�RXWOLQHG�LQ�FKDSWHU����DFWLYH�DOLJQPHQW�E\�PRQLWRULQJ�RXWSXW

SRZHU�IURP�SDVVLYH�ZDYHJXLGH�FKLS��

)ROORZLQJ�WKLV�DOLJQPHQW�VWHS��WKH�JDS�EHWZHHQ�ERWK�FKLSV�LV�ZLGHQHG�DJDLQ���6XEVHTXHQWO\�

D�89�FXUDEOH�HSR[\���HSR[\�����LV�DSSOLHG��)LJ�����E���XVLQJ�DQ�RSWLFDO�ILEUH�WLS�PRXQWHG�LQ�D

SUHFLVLRQ�WUDQVODWLRQ�VWDJH��DQG�GLVWULEXWHG�RYHU�WKH�IDFHWV�E\�FDSLOODU\�IRUFHV���$IWHU�UHDOLJQ�

PHQW�RI�ERWK�FKLSV�DQG�RSWLPLVDWLRQ�RI� WKH�RXWSXW�SRZHU�� WKH�HSR[\� LV� FXUHG�XVLQJ�D�89�

metal carrieramplifier
array chip waveguide

chip (InP)

silicon
substrate

precision
translation
stage

vacuum
needle on
translation
stage

)LJ�����D�7KLV�SLFWXUH�VKRZV�WKH�DPSOLILHU�VXE�DVVHPEO\��FRQVLVWLQJ�RI�WKH�DPSOLILHU�DUUD\

LWVHOI�� WKH� VLOLFRQ� VXEVWUDWH� DQG� WKH�8�VKDSHG� FDUULHU�� � 7KH�ZDYHJXLGH� FKLS� LV� KHOG� E\� D

YDFXXP�QHHGOH��ILWWLQJ�LQ�EHWZHHQ�WKH�OHJV�RI�WKH�FDUULHU�
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VRXUFH�ZLWK�D�IOH[LEOH�OLJKW�JXLGH���)LQDOO\��D�VHFRQG�HSR[\���HSR[\�����LV�DSSOLHG�EHWZHHQ�WKH

ZDYHJXLGH�FKLS�DQG�WKH�DGDSWHU�SODWH�WR�VWDELOLVH�WKH�3,&�

:KLOH�WKH�HSR[\�DSSOLHG�LQ�EHWZHHQ�ERWK�FKLSV���HSR[\�����KDV�WR�SURYLGH�D�YHU\�ULJLG�DQG

WKHUPDOO\� VWDEOH� ERQG�� WKH� HSR[\� XVHG� WR� VWDELOLVH� WKH� 3,&� ��HSR[\� ���� KDV� WR� EH� IOH[LEOH

HQRXJK� WR� WDNH� XS� GLVSODFHPHQWV� EHWZHHQ� WKH�PHWDO� FDUULHU� DQG� WKH� ,Q3�ZDYHJXLGH� FKLS�

7KHUHIRUH�� LW� LV�REYLRXV�WKDW� WZR�GLIIHUHQW�NLQGV�RI�HSR[\�QHHG� WR�EH�XVHG�� �7KHLU�PRVW� LP�

SRUWDQW�SURSHUWLHV�DUH�VXPPDULVHG�EHORZ�

�(SR[\���

• 2SWLFDOO\�WUDQVSDUHQW�LQ�WKH�ZDYHOHQJWK�UDQJH�DURXQG������QP

• +LJK�JODVV�WUDQVLWLRQ�WHPSHUDWXUH�� gT ����7KLV�HQVXUHV�WKDW�WKH�PHFKDQLFDO�SURSHUWLHV�RI

WKH�DGKHVLYH�UHPDLQ�FRQVWDQW�LQ�WKH�RSHUDWLRQDO�WHPSHUDWXUH�UDQJHV��

• /RZ�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW

• /RZ�VKULQNDJH�GXULQJ�FXULQJ

• /RZ�HODVWLFLW\

• *RRG�DGKHVLRQ�WR�WKH�FKLS�IDFHWV��ZKLFK�DUH�FRDWHG�

• $W�WKH�WUDQVLWLRQ�EHWZHHQ�WKH�DPSOLILHU�DQG�WKH�ZDYHJXLGH��WKH�HQHUJ\�GHQVLW\�LV�YHU\
KLJK����7KLV�VKRXOG�QRW�FKDQJH�WKH�SURSHUWLHV�RI�WKH�HSR[\�

�����������������������������������������������������

��$ERYH�WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��WKH�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�PD\�LQFUHDVH�FRQVLGHUDEO\

ZKLOH� WKH� HODVWLFLW\�PRGXOXV�PD\�GURS� RYHU� VHYHUDO� GHFDGHV�� �*HQHUDOO\�� LW� LV� VWDWHG� WKDW� WKH� JODVV�

WUDQVLWLRQ�WHPSHUDWXUH�VKRXOG�EH�ODUJHU���R&�>�@�

��,I�ZH�WDNH�LQWR�DFFRXQW�DQ�RXWSXW�SRZHU� =outP ��P:��D�SDVVLYH�ZDYHJXLGH�ORVV�RI���G%�DQG�D�FKLS�

WR�FKLS�FRXSOLQJ�ORVV�RI���G%��WKH�SRZHU�H[LWLQJ�WKH�DPSOLILHU�LV�DSSUR[LPDWHO\� =ampP �����P:���)RU

DQ�DFWLYH�FURVV�VHFWLRQ�RI��� 2mµ ��WKLV�\LHOGV�D�SRZHU�GHQVLW\�RI�����×���:�FP����)RU�WKH�PRGXOH�SUH�

VHQWHG� LQ� WKLV� FKDSWHU�� WKH� WUDQVLWLRQ� ORVV�ZDV�PXFK�KLJKHU� �a��� G%��� \LHOGLQJ�� IRU� WKH� VDPH� RXWSXW

Epoxy 1

Epoxy 2

)LJ�����E�7KLV�SLFWXUH�LOOXVWUDWHV�WKH�ORFDWLRQ�RI�HSR[\����ZKLFK�KROGV�ERWK�FKLSV�WRJHWKHU�

DQG�HSR[\����ZKLFK�VWDELOLVHV�WKH�SDVVLYH�ZDYHJXLGH�FKLS�
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• 7KH�HSR[\�LV�GLVWULEXWHG�RYHU�WKH�IDFHWV�E\�FDSLOODU\�IRUFHV���,I�WKH�YLVFRVLW\�RI�WKH�HSR[\
LV�WRR�ORZ��WKH�HSR[\�ZLOO�OHDN�RII�WKH�IDFHWV���2Q�WKH�RWKHU�KDQG��LI�WKH�YLVFRVLW\�LV�WRR
KLJK��WKH�HSR[\�ZLOO�QRW�EH�HYHQO\�GLVWULEXWHG�RYHU�WKH�ZKROH�IDFHW�

• 6LQFH�WKH�FRXSOLQJ�HIILFLHQF\�FDQ�EH�NHSW�FRQVWDQW�RYHU�RQO\�OLPLWHG�WLPH�LQWHUYDOV��WKH
FXULQJ�KDV�WR�EH�IDVW���7KLV�PHDQV�WKDW�RQO\�89�FXULQJ�HSR[LHV�DUH�DSSOLFDEOH��VHH�DOVR
SDUDJUDSK�������

�(SR[\��

• +LJK�HODVWLFLW\

• 6LQFH�WKLV�HSR[\�KDV�WR�ILOO�WKH�JDS�EHWZHHQ�ERWK�FKLSV�����WR��� mµ ���LWV�YLVFRVLW\�KDV�WR

EH�UDWKHU�KLJK�

• *RRG�WKHUPDO�FRQGXFWLYLW\��WKH�FHQWUDO�ZDYHOHQJWK�RI�WKH�3KDVHG�$UUD\�ODVHU�KDV�WR�EH
DGMXVWHG�E\�FKDQJLQJ� WKH� WHPSHUDWXUH�RI� WKH�SDVVLYH�ZDYHJXLGH�FKLS�� �+RZHYHU�� WKH
RQO\�GLUHFW�FRQWDFW�EHWZHHQ�WKLV�FKLS�DQG�WKH�WKHUPRHOHFWULF�FRROHU�LV�WKURXJK�WKLV�HS�
R[\�

1RWH�WKDW��DV�VKRZQ�LQ�)LJ�������WKH�VWDFN�IRUPHG�E\�WKH�DPSOLILHU�FKLS��WKH�VLOLFRQ�VXEVWUDWH

DQG�WKH�HSR[\��ZKLFK�LV�XVHG�WR�KROG�WKHP�LQ�SODFH�� LV����WR��� mµ WKLFNHU�WKDQ�WKH�SDVVLYH

ZDYHJXLGH�FKLS��OHDYLQJ�VRPH�SODFH�IRU�PDQLSXODWLRQ���+RZHYHU��VLQFH�WKH�ZDYHJXLGH�FKLS

LV�DSSUR[LPDWHO\���[���PP��ODUJH��WKH�DQJXODU�PLVDOLJQPHQW�EHWZHHQ�WKH�ODWWHU�DQG�WKH�PHWDO

FDUULHU�PD\�QRW�EH�ODUJHU�WKDQ������GHJUHHV�WR�DYRLG�FRQWDFW�EHWZHHQ�ERWK�FKLSV�

2.2 Practical realisation

)ROORZLQJ� VRPH� VXFFHVVIXO� LQLWLDO� WHVWV�� WKH� HSR[\� �9LWUDOLW� ������ �3DQDFRO�(ORVRO�� ZDV� VH�

OHFWHG�IRU�ERQGLQJ�ERWK�FKLSV�WRJHWKHU���(SR[\�������7KH�HSR[LHV�RI�WKH�9LWUDOLW�SURGXFW�UDQJH

KDYH�D�ORZ�VKULQNDJH��D�KLJK�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��7J��DQG�D�KLJK�FKHPLFDO�DQG�WHP�

SHUDWXUH�UHVLVWLELOLW\���7KHLU�FXULQJ�LV�LQLWLDWHG�E\�89�OLJKW���)RU�VRPH�HSR[LHV�RI�WKH��9LWUDOLW�

SURGXFW�UDQJH��WKH�FXULQJ�FRQWLQXHV�HYHQ�DIWHU�UHPRYLQJ�WKH�89�VRXUFH��GDUN�FXUH����+RZ�

���������������������������������������������������������������������������������������������������������������������������������������������������������������������

SRZHU�� =ampP �����P:�RU�D�ORFDO�SRZHU�GHQVLW\�RI�����×���:�FP����1RWH�WKDW�PRVW�RI�WKLV�SRZHU�LV

GLVVLSDWHG�LQ�WKH�WUDQVLWLRQ�UHJLRQ�

waveguide
chip (InP)

metal carrier

amplifier
array chip

maximum
angular
misalignment

silicon
substrate

vacuum needle

)LJ������6LGH�YLHZ�RI�K\EULG�FRXSOLQJ�DVVHPEO\�
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HYHU��IRU�WKH�HSR[\�ZH�XVHG��WKLV�LV�QRW�WKH�FDVH���7KH�SURSHUWLHV�RI�WKH��9LWUDOLW��������HSR[\

DUH�VXPPDULVHG�EHORZ�

• 9LVFRVLW\�������FSV

• 7J������R&

• 7HPSHUDWXUH�UDQJH�����R&��������R&

• 6WUHQJWK�'�����+G

• &XULQJ��89�OLJKW������������QP�

• 1R�WHPSHUDWXUH�FXULQJ���QR�GDUN�FXUH

• 2SWLFDOO\�WUDQVSDUHQW��UHIUDFWLYH�LQGH[� =n ������

• 7KHUPDO�H[SDQVLRQ�FRHIILFLHQW�EHORZ� gT ����������SSP�.

• $SSOLFDELOLW\���*ODVV��PHWDO

• 0D[LPXP�FXULQJ�GHSWK�����PP

• &XULQJ�WLPH����V��OD\HU�WKLFNQHVV�����PP�����P:�FP��

7R�WHVW�WKH�ERQGLQJ�SURFHGXUH�DQ�H[WHQVLYH�VHULHV�RI�H[SHULPHQWV�ZDV�FDUULHG�RXW���)RU�WKHVH�

ZH�XVHG�HLWKHU�GXPP\�FKLSV�RU�DPSOLILHU�DUUD\V�DQG�SDVVLYH�ZDYHJXLGH�FKLSV�VSHFLDOO\�IDE�

ULFDWHG�IRU�WKLV�SXUSRVH���7KH�PRVW�LPSRUWDQW�REVHUYDWLRQV�UHJDUGLQJ�WKH�ERQGLQJ�SURFHGXUH

DQG�WKH�SURSHUWLHV�RI� WKH�HPSOR\HG�HSR[LHV�DUH� VXPPDULVHG�EHORZ�� �)RU�PRUH�GHWDLOHG� LQ�

IRUPDWLRQ�DERXW�WKH�ERQGLQJ�SURFHGXUH�DQG�WKH�HSR[LHV�DSSOLHG�ZH�UHIHU�WR�>�@�

2.2.1 Application of epoxy in between both chips

$V�DOUHDG\�PHQWLRQHG�LQ�SDUDJUDSK������WKH�HSR[\�LV�DSSOLHG�XVLQJ�D�ILEUH�WLS��PRXQWHG�LQ�D

WUDQVODWLRQ�VWDJH��ZKLFK�ZDV�RULJLQDOO\�GHVLJQHG�IRU�ODVHU�SURELQJ����8VXDOO\�WZR�GRWV�RI�HS�

R[\�DUH�XVHG��RQH�DW�ERWK�HQGV�RI�WKH�DPSOLILHU�DUUD\�� �%\�EULQJLQJ�ERWK�FKLSV�WRJHWKHU�� WKH

HSR[\� LV�GLYLGHG�RYHU�ERWK� IDFHWV�E\�FDSLOODU\� IRUFHV�� �7KH�YLVFRVLW\�RI� WKH� HSR[\�ZH�XVHG

�����FSV�� VHHPV� WR�EH� LGHDO� IRU� WKLV�SURFHGXUH��KLJKHU�YLVFRVLW\�HSR[LHV�KDYH� WR�EH�GLYLGHG

RYHU�WKH�IDFHW�PDQXDOO\��ORZHU�YLVFRVLW\�HSR[LHV�GR�QRW�VWLFN�WR�WKH�IDFHWV���0RUHRYHU��ZKHQ

GLSSLQJ�WKH�ILEUH�WLS�LQ�DQ�DPRXQW�RI�WKH�HSR[\�RQ�D�JODVV�SODWH��D�VPDOO�GURS�UHVWV�DW�WKH�HQG

RI�WKH�ILEUH�VR�WKDW�SK\VLFDO�FRQWDFW�EHWZHHQ� WKH�ILEUH�DQG�WKH�FKLSV�PD\�EH�DYRLGHG�ZKHQ

GHSRVLWLQJ�WKH�HSR[\�RQ�WRS�RI�WKH�ODWWHU�

2.2.2 Adhesion

)URP�H[SHULPHQWV�XVLQJ�GXPP\�FKLSV��ZH�OHDUQHG�WKDW�WKH�DGKHVLRQ�RI�WKH�HSR[\�WR�WKH�FKLS

IDFHWV� ZDV� YHU\� JRRG�� � :KHQ� DSSO\LQJ� IRUFH� WR� ERQGHG� FKLSV� ZLWK� D� ODUJH� IDFHW� VXUIDFH

���� mµ ×���PP���RIWHQ�RQH�RI�WKH�FKLSV�EUHDNV�LQVWHDG�RI�WKH�HSR[\�ERQG�LWVHOI�

7KH�IDFHW�VXUIDFH�RI�WKH�562$�FKLS�XVHG�IRU�DVVHPEOLQJ�WKH�PXOWL�ZDYHOHQJWK�ODVHU��LV�PXFK

VPDOOHU����� mµ ×�����PP��ZKDW�GHFUHDVHV�WKH�JOREDO�VWUHQJWK�RI�WKH�ERQG�
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2.2.3 Index matching effect

2Q�VHYHUDO�RFFDVLRQV��ZH�QRWLFHG�WKDW�WKH�FRXSOLQJ�HIILFLHQF\�LQFUHDVHG�FRQVLGHUDEO\�E\�DS�

SO\LQJ�WKH�HSR[\�LQ�EHWZHHQ�ERWK�FKLSV���7KLV�HIIHFW�ZDV�PRVW�DSSDUHQW�LQ�WKRVH�FDVHV�ZKHUH

WKH�FRXSOLQJ�HIILFLHQF\�EHIRUH�DSSO\LQJ�WKH�HSR[\�ZDV�ORZ��GXH�WR�D�ODUJH�JDS�EHWZHHQ�ERWK

FKLSV����7KH�HQKDQFHPHQW�RI�WKH�FRXSOLQJ�HIILFLHQF\�PD\�EH�XQGHUVWRRG�IURP�WKH�IDFW�WKDW�WKH

IDU�ILHOG�ZLGWK�RI� WKH�ZDYHJXLGHV� LV� LQYHUVHO\�SURSRUWLRQDO�ZLWK�WKH�UHIUDFWLYH� LQGH[�RI� WKH

PHGLXP�LQ�EHWZHHQ�ERWK�FKLSV��H�J��HT�������RI�FKDSWHU������,Q�VHFWLRQ���RI�FKDSWHU����WKLV�RE�

VHUYDWLRQ�ZDV� WKHRUHWLFDOO\�YHULILHG�XVLQJ�DQ�HLJHQPRGH�H[SDQVLRQ�SURSDJDWLRQ�DOJRULWKP�

)URP� WKH� UHVXOWV�SUHVHQWHG� WKHUH��RQH�PD\�QRWLFH� WKDW� WKH�HIIHFW� LQGHHG�EHFRPHV�PRUH� LP�

SRUWDQW�IRU�DQ�LQFUHDVLQJ�JDS�ZLGWK���,Q�WKH�OLPLW��IRU�DQ�LQILQLWHVLPDO�VPDOO�JDS��WKH�FRXSOLQJ

HIILFLHQF\�VKRXOG�EHFRPH�HTXDO�IRU�ERWK�FDVHV��ZLWK�DQG�ZLWKRXW�HSR[\��

2.2.4 Distance and angle between both chips

7HVWV�LQYROYLQJ�GXPP\�FKLSV�RU�XVLQJ�WKH�DPSOLILHU�FKLSV�IDEULFDWHG�LQ�KRXVH�VKRZHG�D�KLJK

\LHOG���+RZHYHU�ZKHQ�ZH�WULHG�WR�ERQG�WKH�DPSOLILHUV�SURYLGHG�E\�2SWRVSHHG�6$�WR�DQRWKHU

FKLS��ZKLOH�IROORZLQJ�D�SURFHGXUH�LGHQWLFDO�WR�WKDW�XVHG�IRU�WKH�WHVW�FKLSV�� LW�RIWHQ�RFFXUUHG

WKDW� WKH�HSR[\�EHWZHHQ� WKH�FKLS� IDFHWV�ZDV�QRW� FXUHG�DW�DOO�� HYHQ�DIWHU�YHU\� ORQJ�89�OLJKW

H[SRVXUH�� �:H� EHOLHYH� WKDW� WKLV� FDQ� EH� H[SODLQHG� E\� D� GLIIHUHQFH� LQ� WKH� JDS� ZLGWK�� � 7KH

GXPP\�FKLSV�ZHUH�FOHDYHG�PDQXDOO\�DQG�WKH�DPSOLILHU�FKLSV�ZH�XVHG�IRU�WKH�WHVWV�VKRZHG

RIWHQ�WKH��VFUDWFK��SUREOHP�GHVFULEHG�LQ�VHFWLRQ���RI�FKDSWHU�����7KH�JDS�EHWZHHQ�VXFK�FKLSV

LV��ZKLOH�EHLQJ�RQO\�D�IHZ�PLFURPHWHU��ZLGHU�WKDQ�WKH�JDS�EHWZHHQ�WKH�FKLSV�XVHG�IRU�UHDOLV�

LQJ�WKH�3$/�LWVHOI���7KH�H[WUHPHO\�QDUURZ�JDS�LQ�WKH�ODWWHU�FDVH�PD\�EH�WKH�UHDVRQ�WKDW��HYHQ

ZKHQ�LQFUHDVLQJ�WKH�H[SRVXUH�WLPHV�GUDVWLFDOO\��QRW�HQRXJK�89�OLJKW�UHDFKHV�WKH�HSR[\�EH�

WZHHQ�ERWK�FKLSV�WR�LQLWLDWH�WKH�FXULQJ�SURFHVV�

7KHUHIRUH��ZH�WULHG�WR�LQFUHDVH�WKH�JDS�EHWZHHQ�ERWK�FKLSV�LQ�D�FRQWUROOHG�PDQQHU���7KLV�RE�

YLRXVO\� GHFUHDVHV� WKH� FRXSOLQJ� HIILFLHQF\� EXW� LW� PD\� LQFUHDVH� WKH� FXULQJ� \LHOG� HQRXJK� WR

FRPSHQVDWH�IRU�WKDW���+RZHYHU��IRU�VXFK�DQ�DSSURDFK�LW�LV�QRW�SRVVLEOH�WR�UHO\�RQ�WKH�WUDQVOD�

WLRQ�VWDJHV�KROGLQJ�WKH�FKLSV�� WR�ZLGHQ�WKH�JDS�� �:KHQ�WKH�FKLSV�DUH�EURXJKW� WR�D�GLVWDQFH

FORVH�HQRXJK�WR�EH�D�JRRG�FRPSURPLVH�EHWZHHQ�LQFUHDVHG�\LHOG�DQG�GHFUHDVHG�FRXSOLQJ�HIIL�

FLHQF\��WKH�FDSLOODU\�IRUFHV�RULJLQDWLQJ�IURP�WKH�HSR[\�LQ�EHWZHHQ�ERWK�IDFHWV��DUH�EHFRPLQJ

PXFK�VWURQJHU� WKDQ� WKH� IRUFH�DSSOLHG�RQ� WKH�ZDYHJXLGH�FKLS�E\� WKH�YDFXXP�QHHGOH�� �$V�D

UHVXOW��ERWK�FKLSV�DUH�SXOOHG�WRJHWKHU�DQG�WKH�JDS�EHWZHHQ�ERWK�FKLSV�LV�DXWRPDWLFDOO\�PLQL�

PLVHG�

7R�FLUFXPYHQW�WKLV�SUREOHP��ZH�WULHG�WR�FRUUXJDWH�WKH�IDFHW�GHOLEHUDWHO\���%\�ODVHU�DEODWLRQ�>�@

VPDOO�JURRYHV��ZLGWK�a��� mµ ��GHSWK���WR�� mµ ��ZHUH�IRUPHG�RQ�WKH�IDFHW�RI�WKH�ZDYHJXLGH

FKLS�� �2ULJLQDOO\��WKH�LGHD�ZDV�WKDW�WKH� ODUJHU�DFFHVVLELOLW\�IRU�WKH�OLJKW�WR� WKH�HSR[\�ZLWKLQ

�����������������������������������������������������

��7KLV�ODUJH�JDS�LQ�WXUQ��PD\�EH�FDXVHG�E\�IDFHW�GDPDJH��GXVW�SDUWLFOHV� LQ�EHWZHHQ�ERWK�FKLSV�RU�E\

ODVHU�DEODWLRQ�DSSOLHG�WR�WKH�SDVVLYH�ZDYHJXLGH�IDFHW��DV�GLVFXVVHG�LQ�SDUDJUDSK�������
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WKH�JURRYHV� WKHPVHOYHV� FRXOG�SURYLGH�DQ� LQFUHDVHG�ERQGLQJ�VWUHQJWK�� �+RZHYHU�� LW� WXUQHG

RXW�WKDW�WKH�GHEULV�IRUPHG�DW�WKH�HGJHV�RI�WKH�JURRYHV�E\�WKH�DEODWLRQ�NHHSV�WKH�JDS�EHWZHHQ

ERWK�FKLSV�DW�D�JRRG�YDOXH��UHVXOWLQJ�LQ�DQ�LPSURYHG�ERQGLQJ�\LHOG�DQG�D�WROHUDEOH�WUDQVPLV�

VLRQ�SHQDOW\�� �7KLV�DSSURDFK�ZDV�XVHG�IRU�WKH�PRGXOH�GHVFULEHG�LQ�VHFWLRQ���RI� WKH�FXUUHQW

FKDSWHU�

$�UHODWHG�SUREOHP�FRQFHUQV�WKH�DQJOH�EHWZHHQ�ERWK�FKLSV���,W�KDV�EHHQ�VHHQ�WKDW�D�VPDOO�XS�

ZDUGV�DQJOH������GHJUHH��EHWZHHQ�ERWK�FKLSV��DV�VKRZQ�LQ�)LJ�����E��PD\�LPSURYH�WKH�WUDQV�

PLVVLRQ�HIILFLHQF\�� �7KLV�PD\�EH�FDXVHG�E\� WKH� IDFW� WKDW� LQ� WKLV�ZD\� WKH�JDS�EHWZHHQ�ERWK

FKLSV�LV�UHGXFHG�ZKLOH�WKH�QHJDWLYH�HIIHFW�IURP�WKH�DQJXODU�PLVDOLJQPHQW�LV�VWLOO�YHU\�VPDOO

�VHH�DOVR�FKDSWHU����VHFWLRQ������+RZHYHU��LW�KDV�EHHQ�VHHQ�WKDW�LQ�VXFK�FDVHV�DOO�RI�WKH�HSR[\�LV

IRUFHG�WR�WKH�UHJLRQ�EHORZ�WKH�HGJH�RI�WKH�FKLSV��ZKLFK�FDQQRW�EH�UHDFKHG�E\�WKH�89�OLJKW�

DQG�WKH�FXULQJ�LV�LQKLELWHG���,OOXPLQDWLQJ�WKH�FKLSV�IURP�EHORZ�VROYHG�WKLV��EXW�FRPSOLFDWHV

WKH�VHWXS�FRQVLGHUDEO\���,Q�WKH�VLWXDWLRQ�VKRZQ�LQ�)LJ�����F��WKH�FXULQJ�LV�HDV\��EXW�WKH�SHQDOW\

RQ�WKH�WUDQVPLVVLRQ�HIILFLHQF\�LV�YHU\�KLJK����7KHUHIRUH��ZH�EHOLHYH�WKDW�DQ�DQJXODU�PLVDOLJQ�

PHQW�EHWZHHQ�ERWK�FKLSV�VKRXOG�EH�DYRLGHG�DV�PXFK�DV�SRVVLEOH�

a) b) c)

)LJ������,QIOXHQFH�RI�DQJOH�RQ�89�OLJKW�H[SRVXUH

2.2.5 Radiation intensity

7KH�DPRXQW�RI�89�OLJKW� UHDFKLQJ� WKH� FKLS� VXUIDFH� LV� REYLRXVO\� RQH� RI� WKH�PRVW� LPSRUWDQW

SDUDPHWHUV�RI� WKH�ERQGLQJ�SURFHVV�� �7KH�89�VRXUFH��ZKLFK�ZDV�HPSOR\HG��()26�8OWUDFXUH

���66���KDG�D�IOH[LEOH�OLJKW�JXLGH�ZLWK�D�GLDPHWHU�RI���PP���,WV�RXWSXW�SRZHU�PD\�EH�YDULHG

FRQWLQXRXVO\� XS� WR� DSSUR[LPDWHO\� ���:DWW�FP��� � 7KH� HQHUJ\� UHDFKLQJ� WKH� HSR[\� LV� GHWHU�

PLQHG�E\�WKH�RXWSXW�SRZHU�RI�WKH�OLJKW�JXLGH�DQG�E\�LWV�KHLJKW�ZLWK�UHVSHFW�WR�WKH�FKLS�VXU�

IDFH���7KLV�KHLJKW�ZDV�NHSW�DW�DSSUR[LPDWHO\����FP�IRU�WKH�ILUVW�H[SHULPHQWV���+RZHYHU��ZKHQ

WKH�GLVWDQFH�EHWZHHQ�WKH�JXLGH�DQG�WKH�VXUIDFH�LQFUHDVHV��WKH�VSRW�XQLIRUPLW\�GHFUHDVHV��HV�

SHFLDOO\� LQ� WKH�PLGGOH�� � 7KHUHIRUH��ZH�GHFUHDVHG� WKH� GLVWDQFH� WR� D� IHZ� FHQWLPHWUHV� IRU� WKH

ODWHU�H[SHULPHQWV�

:KHQ�H[SRVLQJ�WKH�FKLSV�WR�WKH�89�OLJKW��DQ�LPSRUWDQW�KHDWLQJ�PD\�RFFXU�GXH�WR�WKH�LQWHU�

DFWLRQ�RI�WKH�UDGLDWLRQ�DQG�WKH�,Q3�FKLSV���7KLV�PD\�FKDQJH�WKH�UHODWLYH�SRVLWLRQ�RI�ERWK�FKLSV

GXULQJ�WKH�H[SRVXUH��ILQDOO\�UHVXOWLQJ�LQ�D�GHFUHDVHG�RU�WRWDOO\�ORVW�WUDQVPLVVLRQ���7KHUHIRUH�

�����������������������������������������������������

��$Q�DQJOH�RI���GHJUHH�LPSOLHV�DQ�LQFUHDVH�RI�WKH�JDS�E\���� mµ ��IRU�DQ�DPSOLILHU�WKLFNQHVV�RI���� mµ ��
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WKH�FXULQJ�SURFHVV� LV�VWDUWHG�DW� ORZ�UDGLDWLRQ� LQWHQVLW\� ���:DWW�RU� ORZHU��DQG�VXEVHTXHQWO\

WKH�SRZHU�LV�JUDGXDOO\�LQFUHDVHG���7KH�FXULQJ�LV�FDUULHG�RXW�LQ�VKRUW�WLPH�LQWHUYDOV��a����VHF�

RQGV���OHWWLQJ�WKH�FKLSV�FRRO�GRZQ�EHWZHHQ�HDFK�H[SRVXUH���7\SLFDOO\��VL[�WLPH�LQWHUYDOV�ZHUH

QHFHVVDU\� WR�REWDLQ�D�JRRG�ERQGLQJ� VWUHQJWK�� �+RZHYHU�� DOVR�PXFK� ORQJHU� H[SRVXUH� WLPHV

ZHUH�DSSOLHG��HVSHFLDOO\�LQ�WKRVH�FDVHV�ZHUH�WKH�QDUURZ�JDS�EHWZHHQ�ERWK�FKLSV�LQKLELWHG�WKH

FXULQJ�SURFHVV��VHH�SDUDJUDSK��������

2.2.6 Temperature curing epoxies

$V�GHVFULEHG� LQ� WKH�SUHYLRXV�SDUDJUDSKV�� WKH�PDLQ�SUREOHP�ZLWK� WKH�ERQGLQJ�RI� WKH�FKLSV

DSSHDUV�WR�EH�WKH�DFFHVVLELOLW\�RI�WKH�HSR[\�LQ�EHWZHHQ�ERWK�FKLSV�IRU�WKH�89�UDGLDWLRQ���7KLV

SUREOHP�ZRXOG�EH�DYRLGHG�LI�D�URRP�WHPSHUDWXUH�FXULQJ�HSR[\�FRXOG�EH�XVHG���6XFK�DQ�HS�

R[\�FRQVLVWV�RI�WZR�FRPSRQHQWV��ZKLFK�IRUP�D�VWDEOH�ERQG�ZKHQ�EURXJKW�WRJHWKHU���8QIRUWX�

QDWHO\��LW� W\SLFDOO\�WDNHV����KRXUV�EHIRUH�WKH�FXULQJ�LV�FRPSOHWH��� �6LQFH�LW� LV�QRW�SRVVLEOH�WR

NHHS� WKH� FRXSOLQJ�EHWZHHQ�ERWK�FKLSV� FRQVWDQW�RYHU� VXFK�D� ORQJ�SHULRG��ZH� UHJDUGHG� WKLV

W\SH�RI�HSR[\�LPSUDFWLFDO�IRU�WKH�FKLS�IL[DWLRQ���1HYHUWKHOHVV��WZR�H[SHULPHQWV�ZHUH�FDUULHG

RXW��ZKLFK�PD\�VROYH�WKLV�LVVXH�

7KH� ILUVW� RI� WKHVH� H[SHULPHQWV� LQYROYHG� D� WHPSHUDWXUH� FXULQJ� HSR[\� �(32� ���� IURP� (SR�

WHN�����KRXUV���ZLWK�D�YLVFRVLW\��a����FSV��DSSUR[LPDWHO\�HTXDO�WR�WKDW�RI�WKH�89�FXULQJ�HS�

R[\�XVHG�IRU�WKH�H[SHULPHQWV�GHVFULEHG�LQ�WKH�SUHYLRXV�SDUDJUDSKV���7KLV�HSR[\�ZDV�DSSOLHG

WR� WKH� FKLSV�DQG�GLYLGHG�RYHU� WKH� IDFHWV�E\� FDSLOODU\� IRUFHV�� MXVW� DV�EHIRUH�� �7KH�GLIIHUHQFH

ZLWK� WKH� SUHYLRXVO\� GHVFULEHG� SURFHGXUH� OLHV� LQ� WKH� IDFW� WKDW�� DIWHU� EULQJLQJ� WKH� FKLSV� WR�

JHWKHU��D�VHFRQG��89�FXUDEOH��HSR[\�LV�DSSOLHG�RQ�WRS�RI�ERWK�FKLSV��2*�����IURP�1RUODQG��

7KLV�HSR[\�KDV�D�YHU\�KLJK�YLVFRVLW\��a������FSV��ZKDW�DYRLGV�LWV�PL[WXUH�ZLWK�WKH�ILUVW�HSR[\

DQG�LW�LV�LPPHGLDWHO\�FXUHG�E\�89�OLJKW�H[SRVXUH���,Q�WKLV�ZD\��WKH�FKLS�FRXSOLQJ�FDQ�EH�KHOG

FRQVWDQW�ZKLOH�WKH�HSR[\�LQ�EHWZHHQ�ERWK�FKLSV�UHDFKHV�LWV�XOWLPDWH�VWUHQJWK���2QO\�RQH�VXFK

H[SHULPHQW� ZDV� FDUULHG� RXW� XQWLO� QRZ�� � +RZHYHU�� DOWKRXJK� WKH� SRZHU� GURSSHG� E\� �� G%

RYHUQLJKW��ZH�EHOLHYH�WKDW�WKLV�SURFHGXUH�PD\�IRUP�D�JRRG�DOWHUQDWLYH�IRU�WKH�SURFHGXUH�LQ�

YROYLQJ�RQO\�WKH�89�FXUDEOH�HSR[\��SURYLGLQJ�WKDW�WKH�URRP�WHPSHUDWXUH�FDQ�EH�NHSW�FRQ�

VWDQW�RYHU�D�ORQJ�HQRXJK�WLPH�SHULRG�

)RU�WKH�VHFRQG�H[SHULPHQW��ZH�XVHG�DQ�HSR[\�WKDW�UHDFKHV�DOUHDG\�D�UHODWLYHO\�JRRG�ERQGLQJ

VWUHQJWK�ZLWKLQ�RQH�KRXU��(32�����IURP�(SRWHN����7KLV�PD\�EH�D�UHDVRQDEOH�SHULRG�WR�NHHS

WKH�FKLS�FRXSOLQJ�FRQVWDQW���$OVR�WKLV�H[SHULPHQW�ZDV�VXFFHVVIXO���7KH�GUDZEDFN�LV�WKDW�WKLV

VSHFLILF�HSR[\�KDG�D�KLJK�YLVFRVLW\�������FSV��DQG�LW�KDG�WR�EH�GLYLGHG�RYHU�WKH�IDFHW�PDQX�

DOO\���,Q�DGGLWLRQ��DOWKRXJK�D�UHDVRQDEOH�ERQGLQJ�VWUHQJWK�LV�UHDFKHG�ZLWKLQ�RQH�KRXU��LW�WDNHV

PXFK�PRUH�WLPH�EHIRUH�WKH�FXULQJ�LV�FRPSOHWH�

�����������������������������������������������������

��$OWHUQDWLYHO\��KHDWLQJ�WKH�HSR[\�PD\�DFFHOHUDWH�WKH�FXULQJ���+RZHYHU��LW�LV�REYLRXVO\�QRW�SRVVLEOH�WR

SODFH�WKH�FRPSOHWH�RSWLFDO�EHQFK�LQWR�DQ�RYHQ�
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2.3 Results from experiments, illustrating the bonding procedure

)RU� LOOXVWUDWLQJ�VRPH�RI� WKH�SURSHUWLHV�RI� WKH�ERQGLQJ�SURFHGXUH� DV� LW�ZDV�RXWOLQHG�DERYH�

WKLV� SDUDJUDSK� SUHVHQWV� WKH� UHVXOWV� RI� WZR� H[SHULPHQWV� LQYROYLQJ� GXPP\� FKLSV�� � 7KH� H[�

SHULPHQWDO� UHVXOWV� IURP� WKH�K\EULGO\� LQWHJUDWHG� DQG�SDFNDJHG�3KDVHG�$UUD\� ODVHU� DUH�GLV�

FXVVHG�LQ�VHFWLRQ�����

)RU�WKH�ILUVW�WHVW��ZH�XVHG�WKH�DPSOLILHUV�DQJOHG�E\���GHJUHHV�GHVFULEHG�LQ�SDUDJUDSK�����RI

FKDSWHU� ���K\EULGO\� FRXSOHG�ZLWK� D�SDVVLYH�ZDYHJXLGH� FKLS� LQFRUSRUDWLQJ� D� 3KDVHG�$UUD\

GHPXOWLSOH[HU���%HIRUH�DSSO\LQJ�WKH�HSR[\�LQ�EHWZHHQ�ERWK�FKLSV��WKH�WKUHVKROG�FXUUHQW�DQG

WKH�RXWSXW�SRZHU�RI�WKH�ODVHU�ZHUH�UHVSHFWLYHO\����P$�DQG���� Wµ ��DW�����P$����$IWHU�DS�

SO\LQJ� WKH� HSR[\� DQG�EHIRUH� FXULQJ� LW�� WKH� RXWSXW�SRZHU� LQFUHDVHG� WR� ��� Wµ �� GXH� WR� WKH

LQGH[� PDWFKLQJ� HIIHFW� RI� WKH� HSR[\� �VHH� SDUDJUDSK� �������� � 6XEVHTXHQWO\�� GXH� WR� WKH� 89�

FXULQJ�WKH�FRXSOLQJ�HIILFLHQF\�GHFUHDVHG�VRPHZKDW��EXW�LW�VWD\HG�EHWWHU�WKDQ�EHIRUH�DSSO\LQJ

WKH�HSR[\�� thI  ����P$�� outP  ���� Wµ ��)LJ������� WUDFH�$��� �)RU� WKLV�H[SHULPHQW�� WKH� IOH[LEOH

HSR[\�IRU�VWDELOLVLQJ�WKH�3,&���HSR[\�����VHH�)LJ�����E��ZDV�QRW�\HW�DSSOLHG��VR�ZKHQ�UHPRY�

LQJ� WKH�YDFXXP�QHHGOH�� WKH�FRXSOLQJ�HIILFLHQF\�GHFUHDVHG� IXUWKHU� �)LJ������� WUDFH�%��� �+RZ�

HYHU��E\�VHWWLQJ�EDFN�WKH�QHHGOH��WKH�FRXSOLQJ�HIILFLHQF\�FRXOG�EH�LQFUHDVHG�DJDLQ�WR�LWV�RULJL�

QDO�YDOXH��)LJ�������WUDFH�&��
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)LJ�� ���� 3RZHU� YHUVXV� FXUUHQW� FKDUDFWHULVWLFV� IURP�SHUPDQHQWO\� IL[HG� K\EULG� 3$/� ��� GH�

JUHHV���DIWHU�FXULQJ�

)RU�D�GLIIHUHQW�H[SHULPHQW�� DQ�DUUD\�RI�HLJKW�DPSOLILHUV� �DQJOHG�E\����GHJUHHV�DW� WKH� IDFHW�

DQG� D� FRUUHVSRQGLQJ� DUUD\�ZLWK� VWUDLJKW�ZDYHJXLGHV�ZDV� HPSOR\HG�� � ,Q� WKLV� FDVH��ZH� GLG

DSSO\�WKH�VWDELOLVLQJ�HSR[\�EHWZHHQ�WKH�PHWDO�FDUULHU��FRSSHU��DQG�WKH�ZDYHJXLGH�FKLS��§HS�

R[\��¨����)LJ�����D�VKRZV�WKH�/,�FXUYHV�IRU�DOO���FKDQQHOV�VXSHULPSRVHG��DV�PHDVXUHG�LPPH�

GLDWHO\�IROORZLQJ�WKH�ILQDOLVDWLRQ�RI�WKH�FRPSOHWH�ERQGLQJ�SURFHGXUH���%HIRUH�DSSO\LQJ�HSR[\

EHWZHHQ� ERWK� FKLSV�� WKH� WKUHVKROG� FXUUHQWV�ZHUH� DSSUR[LPDWHO\� ���P$�KLJKHU�� � )URP� WKH

GLIIHUHQFH�EHWZHHQ�WKH�/,�FXUYHV�IRU�FKDQQHOV�����DQG�IRU�FKDQQHOV������ZH�EHOLHYH� WKDW� WKH

DQJXODU�DOLJQPHQW�DURXQG�WKH�RSWLFDO�D[LV�ZDV�QRW�SHUIHFW�� �7KH�DPSOLILHU�RI�FKDQQHO���ZDV

GDPDJHG���:H�PHDVXUHG�WKH�WKUHVKROG�FXUUHQW�DQG�WKH�H[WHUQDO�HIILFLHQF\�RI�IRXU�FKDQQHOV�RI
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WKLV�PRGXOH�VHYHUDO�WLPHV�GXULQJ�D���PRQWKV�SHULRG�IROORZLQJ�WKH�FRPSOHWLRQ�RI�WKH�PRGXOH�

$V�PD\�EH�VHHQ�IURP�)LJ�����E��WKH�FKDUDFWHULVWLFV�RI�WKH�PRGXOH�GLG�QRW�FKDQJH�FRQVLGHUDEO\

GXULQJ�WKLV�SHULRG���)RU�FRPSDULVRQ��WKH�WKUHVKROG�FXUUHQW�RI�D�ODVHU�ZLWK�DQ�LGHQWLFDO�GHYLFH

VWUXFWXUH�DQG�ZLWK�WKH�VDPH�OHQJWK����� mµ ��DV�WKH�DPSOLILHUV�XVHG�IRU�WKLV�H[SHULPHQW�ZDV
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)LJ������5HVXOWV�RI�DQ���FKDQQHO�WHVW�PRGXOH�� �7KH�OHIW�SLFWXUH�VKRZV�/,�FXUYHV�PHDVXUHG

LPPHGLDWHO\�IROORZLQJ�WKH�FRPSOHWLRQ�RI�WKH�IL[DWLRQ�SURFHGXUH���7KH�ULJKW�SLFWXUH�VKRZV

WKH�WKUHVKROG�FXUUHQW��RSHQ�V\PEROV��DQG�WKH�H[WHUQDO�GLIIHUHQWLDO�HIILFLHQF\��FORVHG�V\P�

EROV���PHDVXUHG�RYHU�D���PRQWKV�WLPH�LQWHUYDO��WKH�ILUVW���VHWV�RI�PHDVXUHPHQWV�ZHUH�SHU�

IRUPHG� LQ� WKH� GD\V� LPPHGLDWHO\� IROORZLQJ� WKH� ERQGLQJ�� WKH� ODVW� WKUHH� VHWV� ZHUH� HDFK

PHDVXUHG�ZLWK�D���PRQWKV�WLPH�LQWHUYDO��

3 Fibre-chip coupling and electronic connection

7R�EH�DEOH�WR�HPSOR\�WKH�ODVHU�LQ�WKH�$3(;�WHVWEHG��WKH�DVVHPEOHG�PRGXOH�QHHGV�WR�EH�SDFN�

DJHG�IXUWKHU� WR�IDFLOLWDWH�DQ�HDV\�RSWLFDO�DQG�HOHFWURQLF�DFFHVV��DV�DOUHDG\�PHQWLRQHG�LQ�WKH

LQWURGXFWLRQ���)RU�WKDW�SXUSRVH��ZH�XVHG�WKH�.$3���ODVHU�SDFNDJH�IURP�5DGLDQV�,QQRYD�>�@�

7KLV�PRGXOH�FRQWDLQV�D�WKHUPR�HOHFWULF�FRROHU�DQG�D�WUDQVODWLRQ�VWDJH�KROGLQJ�WKH�RSWLFDO�IL�

EUH�DQG�D�FRXSOLQJ�OHQV���7KH�3,&�LWVHOI�PXVW�EH�PRXQWHG�RQ�D�VXLWDEOH�DGDSWHU�SODWH��ZKLFK

LV�DOVR�DYDLODEOH�IURP�5DGLDQV�,QQRYD���+RZHYHU��QRQH�RI�WKH�VWDQGDUG�IRUPDWV�ZDV�FRQYHQ�

LHQW� IRU�PRXQWLQJ� RXU� VSHFLILF� GHYLFH�� VR�ZH� KDG� WR� GHVLJQ� DQG�PDQXIDFWXUH� RQH� E\� RXU�

VHOYHV�

$OWKRXJK� WKH� .$3���PRGXOH� VROYHV� WKH� RSWLFDO� FRXSOLQJ� SUREOHP�� ZH� VWLOO� KDG� WR� ILQG� D

PHDQV� WR� SURYLGH� WKH� HOHFWURQLF� VLJQDOV� WR� WKH� PXOWL�ZDYHOHQJWK� ODVHU�� � $V� DOUHDG\� PHQ�

WLRQHG��WKH�ODVHU�ZDV�LQWHQGHG�IRU�XVH�LQ�WKH�$3(;�WHVWEHG�VHWXS�>�@���7KHUHIRUH��VHH�FKDSWHU

��� VHFWLRQ� ������ ZH� KDG� WR� EH� DEOH� WR� SURYLGH� IRXU� ���� 0ELW�V� GDWD� VLJQDOV� WR� WKH� PXOWL�

ZDYHOHQJWK�ODVHU�� �)RU�WKDW�SXUSRVH�� WKH�DPSOLILHUV�ZHUH�ZLUH�ERQGHG�WR�ERQG�SDGV�RQ� WKH

VLOLFRQ�VXEVWUDWH���7KHVH�ERQG�SDGV�LQ�WXUQ�DUH�FRQQHFWHG�ZLWK�D�ODUJHU�JROG�SDG�WR�ZKLFK�D

VHPL�ULJLG�FRD[LDO�FDEOH�LV�DWWDFKHG���7KHVH�DUH�WHUPLQDWHG�ZLWK�DQ�60$�FRQQHFWRU�DQG�WKH\

DUH�IL[HG�WR�WKH�VXEVWUDWH�XVLQJ�D�FRQGXFWLYH�HSR[\�� �$OWKRXJK�VROGHUHG�FRQQHFWLRQV�ZRXOG
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SURYLGH� D�PRUH� UHOLDEOH� FRQQHFWLRQ�� WKH\� DUH�PRUH� GLIILFXOW� WR� UHDOLVH� DQG� UHTXLUH� D� PRUH

FRPSOLFDWHG�VXEVWUDWH�SURFHVVLQJ���7KHUHIRUH��ZH�EHOLHYH�WKDW�WKH�XVH�RI�HSR[\�LV�PRUH�LQ�DF�

FRUGDQFH�ZLWK�WKH�LGHD�RI�GHYHORSLQJ�D�WHFKQRORJ\�XVHIXO�IRU�UDSLG�GHYLFH�WHVWLQJ�

2QH�RI� WKH�GUDZEDFNV�RI� WKH�.$3���� ODVHU�PRGXOH� LV� WKDW� LW� FDQQRW�EH�KHUPHWLFDOO\� VHDOHG�

7KLV�PDNHV�WKDW�WKH�ODVHU�FDQQRW�EH�FRROHG�EHORZ�D�PLQLPXP�WHPSHUDWXUH��GHSHQGLQJ�RQ�WKH

HQYLURQPHQWDO� FLUFXPVWDQFHV�� WR�DYRLG�ZDWHU� FRQGHQVDWLRQ�� �7KLV�PD\�EH� D�SUREOHP�ZKHQ

XVLQJ�WKH�GHYLFH�WHPSHUDWXUH�WR�DOLJQ�WKH�RSHUDWLQJ�ZDYHOHQJWK�ZLWK�WKH�GHVLUHG�IUHTXHQF\

JULG�

4 Summary of packaging procedure

7KLV�VHFWLRQ�VXPPDULVHV�WKH�FRPSOHWH�SDFNDJLQJ�SURFHGXUH�DV�LW�ZDV�RXWOLQHG�LQ�WKH�SUHYL�

RXV�SDUDJUDSKV

'HYLFH�OD\RXW�DQG�GLPHQVLRQV

a b

c

d

6
m

m
6

m
m

5
m

m
5

m
m

2
1

m
m

2
1

m
m

25 mm25 mm

10 mm10 mm 5 mm5 mm

)LJ������6XPPDU\�RI�OD\RXW�DQG�GLPHQVLRQV�RI�SDUWV�XVHG�WR�DVVHPEOH�D�K\EULGO\�FRXSOHG

3,&�

)LJ�� ���� VKRZV� WKH�SDUWV��ZKLFK�KDYH� WR�EH� DVVHPEOHG� WR� IRUP� WKH�PXOWL�ZDYHOHQJWK� ODVHU�

3DUWV��D����E��DQG��F��DUH�GUDZQ�WR�VFDOH������SDUW��G��WR�VFDOH�����

• �D���WKH�VLOLFRQ�VXEVWUDWH��ZKLFK�LV�FRYHUHG�ZLWK�D�GLHOHFWULF�OD\HU��6LOLFRQ�1LWULGH��DQG�D
JROG�LQWHUFRQQHFWLRQ�SDWWHUQ����'LPHQVLRQV����[����[�������PP�����7KH�SDWWHUQ�DOVR�FRQ�
WDLQV�DOLJQPHQW�VWUXFWXUHV�IRU�PDNLQJ�WKH�DPSOLILHU�PRXQWLQJ�HDVLHU�

• �E��� WKH� ,Q3� SDVVLYH�ZDYHJXLGH� FKLS�ZLWK� DQ� ��FKDQQHO� 3KDVHG�$UUD\� GHPXOWLSOH[HU�
�'LPHQVLRQV�����[���[�������PP��

• �F���WKH�,Q3�DPSOLILHU�FKLS���'LPHQVLRQV�������[�������[��������PP���

• �G��� WKH� DOXPLQXP�DGDSWHU�SODWH�� � 7KH�8�VKDSHG� LQGHQWDWLRQ� LV� XVHG� IRU� WKH� YDFXXP
QHHGOH�WKDW�KROGV�WKH�ZDYHJXLGH�FKLS�� �7KH�VKDGHG�UHJLRQ�LQ�WKH�PLGGOH� LV�H[DFWO\�DV
ZLGH�DV�WKH�VLOLFRQ�VXEVWUDWH�WKHUHE\�DOORZLQJ�IRU�DQ�HDV\�DOLJQPHQW�RI� WKLV�VXEVWUDWH
ZLWK�UHVSHFW� WR� WKH�RSWLFDO�D[LV�� �7KH� WZR�ODUJHVW�KROHV�DUH�XVHG� WR�VFUHZ�WKH�DGDSWHU
SODWH�RQWR�WKH�WKHUPR�HOHFWURQLF�HOHPHQW�LQWR�WKH�.$3���ODVHU�PRGXOH���7KH�RWKHU�KROHV
DUH�XVHG�WR�WLJKWHQ�WKH�VHPL�ULJLG�FRD[LDO�FDEOHV�WR�WKH�DGDSWHU�SODWH�
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)LUVW�VWHS��SUHSDUDWLRQ�RI�DPSOLILHU�VXE�DVVHPEO\

clamp

semi-rigid
coaxial cables

silicon
substrate
+ amplifier

adapter
plate

�� 7KH� DPSOLILHU� DUUD\� LV� PRXQWHG� RQ� WKH� VLOLFRQ
VXEVWUDWH�� XVLQJ� D� FRQGXFWLYH� HSR[\� �WKH�PRVW
UHFHQW� GHYLFHV� ZHUH� ERQGHG� XVLQJ� ,QGLXP�
VROGHU�

�� :LUH�ERQGLQJ�IURP�DPSOLILHU�DUUD\�WR�VXEVWUDWH

�� 6XEVWUDWH�LV�PRXQWHG�LQ�WKH�DGDSWHU�SODWH��XVLQJ
FRQGXFWLYH�HSR[\

�� 7KH�VHPL�ULJLG�FRD[LDO�FDEOHV�DUH�DWWDFKHG�WR�WKH
VXEVWUDWH�XVLQJ�FRQGXFWLYH�HSR[\�DQG� IDVWHQHG
WR�WKH�DGDSWHU�SODWH��XVLQJ�VPDOO�FODPS�SODWHV�

6HFRQG�VWHS��FKLS�DOLJQPHQW�DQG�ERQGLQJ

epoxy 1

epoxy 2

�� 7KH�ZDYHJXLGH�FKLS��KHOG�E\�D�YDFXXP�QHHGOH�
LV�DOLJQHG�ZLWK�WKH�DPSOLILHU�FKLS�� �7KH�RSWLPL�
VDWLRQ� LV� FDUULHG� RXW� E\�PRQLWRULQJ� WKH� RXWSXW
SRZHU�

�� �(SR[\����LV�DSSOLHG�DQG�FXUHG

�� �(SR[\����LV�DSSOLHG�DQG�FXUHG

�� 7KH�YDFXXP�QHHGOH�LV�UHPRYHG

)LQDO�VWHS��LQVHUWLRQ�LQWR�WKH�.$3����ODVHU�PRGXOH

)LQDOO\��WKH�DGDSWHU�SODWH�ZLWK�WKH�K\EULG�3,&�LV�LQVHUWHG�LQ�WKH�.$3����ODVHU�PRGXOH�DQG�WKH

RSWLFDO�ILEUH�LV�DOLJQHG�ZLWK�WKH�RXWSXW�ZDYHJXLGH�RI�WKH�3,&���$�W\SLFDO�ILEUH�FKLS�ORVV�RI���

G%�LV�REWDLQHG���7KLV�LV�WKH�VDPH�YDOXH�DV�SUHGLFWHG�E\�WKH�PDQXIDFWXUHU�RI�WKH�PRGXOH���)LJ�

����VKRZV�D�SKRWRJUDSK�RI�WKH�FRPSOHWHG�PRGXOH�
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)LJ�����D��3KRWRJUDSK�RI�K\EULG�3,&�LQ�.$3����ODVHU�PRGXOH

)LJ�����E�'HWDLO�RI�SDFNDJHG�K\EULG�3,&

)LJ�����F�&ORVH�XS�RI�WUDQVLWLRQ�EHWZHHQ�ERWK�FKLSV���7KH�ZLGWK�RI�WKH�SDVVLYH�ZDYHJXLGH

�OHIW�SDUW��LV�� mµ

translation stage

adapter plate

with PIC

coupling lens

waveguide chip
amplifier

array chip
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5  Experimental results

5.1 Introduction

,Q�WKLV�VHFWLRQ��ZH�GLVFXVV�WKH�RSHUDWLRQ�FKDUDFWHULVWLFV�RI�D�FRPSOHWH�ODVHU�PRGXOH�DV�VKRZQ

LQ�)LJ�����D�	�E����)RU�UHDOLVLQJ�WKH�PRGXOH��ZH�XVHG�WKH�VDPH�FKLSV�DV�WKRVH�ZKLFK�ZHUH�XVHG

IRU�REWDLQLQJ�WKH�UHVXOWV�GHVFULEHG�LQ�SDUDJUDSK�����RI�FKDSWHU����WKH�QRQ�SHUPDQHQWO\�FRX�

SOHG�K\EULG�3$/��� �7KH�DPSOLILHUV�ZHUH�PRXQWHG�RQ�D� VLOLFRQ� VXEVWUDWH�� �7KH�PRGXOH�ZDV

DVVHPEOHG�DV�GHVFULEHG�LQ�WKH�SUHYLRXV�SDUDJUDSKV���7ZR�VPDOO�JURRYHV�ZHUH�IRUPHG�RQ�WKH

IDFHW�RI�WKH�ZDYHJXLGH�FKLS�E\�ODVHU�DEODWLRQ�>�@���$V�GHVFULEHG�LQ�SDUDJUDSK��������WKH�GHEULV

IRUPHG�DW�WKH�HGJH�RI�WKHVH�JURRYHV�PD\�EH�XVHG�WR�FRQWURO�WKH�ZLGWK�RI�WKH�JDS�LQ�EHWZHHQ

ERWK�FKLSV���$�ZLGHU�JDS�LPSURYHV�WKH�DFFHVVLELOLW\�WR�WKH�HSR[\�EHWZHHQ�ERWK�FKLSV�IRU�WKH

89�OLJKW��EXW�DW� WKH� VDPH�WLPH� UHGXFHV� WKH�FRXSOLQJ�HIILFLHQF\�� � ,Q� WKLV�SDUWLFXODU� FDVH�� WKH

WKUHVKROG� LQFUHDVHG� IURP� WKH�YDOXHV� UHSRUWHG� LQ� WKH�SUHYLRXV�FKDSWHU� ��� ���P$�� WR� YDOXHV

RYHU����P$�IRU�WKH�EHVW�FKDQQHOV���+RZHYHU��E\�DSSO\LQJ�HSR[\�LQ�EHWZHHQ�ERWK�FKLSV��WKH

WKUHVKROG�FXUUHQW�GHFUHDVHG�DJDLQ��GRZQ�WR����P$�IRU�WKH�EHVW�FKDQQHO���)RU�FXULQJ�WKH�HS�

R[\��WKH�OLJKW�JXLGH�ZDV�SODFHG���FP�DERYH�WKH�VDPSOH�DQG�WKH�RXWSXW�LQWHQVLW\�ZDV�VHW�DW��

:DWW���$OWKRXJK�ZH�EHOLHYH�WKDW�WKH�FXULQJ�ZDV�FRPSOHWH�DIWHU�DSSUR[LPDWHO\�HLJKW�WLPH�LQ�

WHUYDOV��WKH�89�UDGLDWLRQ�ZDV�VHW�IXUWKHU�IRU�D�WRWDO�RI�WZHQW\�WLPH�LQWHUYDOV�����V�LQWHUYDO��

)RU�VWDELOLVLQJ�WKH�PRGXOH���HSR[\�����VHH�)LJ�����E���DOVR�D�89�FXULQJ�HSR[\�ZDV�HPSOR\HG

�89�12$�IURP�1RUODQG����7KH�DVVHPEO\�WRRN�SODFH�DW�URRP�WHPSHUDWXUH����R&�

)ROORZLQJ�WKH�FRPSOHWLRQ�RI�WKH�DVVHPEO\��RQO\�WKUHH�RI�WKH�HLJKW�FKDQQHOV�VKRZHG�ODVHU�RS�

HUDWLRQ��FKDQQHOV������DQG������6XEVHTXHQWO\��WKH�ODVHU�ZDV�LQWHQVLYHO\�FKDUDFWHULVHG���8QIRU�

WXQDWHO\��GXULQJ�RQH�RI� WKH�H[SHULPHQWV��FKDQQHO���ZDV�GHVWUR\HG�� � ,Q�DQ�DWWHPSW� WR�UHSDLU

WKLV�FKDQQHO��DQ�DGGLWLRQDO�DPRXQW�RI�HSR[\�ZDV�DSSOLHG�RQ�WRS�RI�WKH�LQWHUIDFH�EHWZHHQ�WKH

DPSOLILHU� FKLS�DQG� WKH�ZDYHJXLGH�FKLS�� �7KLV�GLG�QRW� UHVXOW� LQ� D� UHFRYHU\�RI� WKH�GDPDJHG

FKDQQHO���+RZHYHU��GXH�WR�WKH�DGGLWLRQDO�HSR[\��ZH�QRWLFHG�D�FRQVLGHUDEOH�LPSURYHPHQW�RI

WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�FKDQQHOV���DQG�����0RUHRYHU��DOVR�ODVHU�RSHUDWLRQ�RQ�FKDQQHOV

�� WR� �� FRXOG� EH� REWDLQHG� QRZ�� �:H� EHOLHYH� WKDW� WKLV� LPSURYHPHQW� LV� GXH� WR� D� EHWWHU� KHDW

VSUHDGLQJ��SURYLGHG�E\�WKH�DGGLWLRQDO�HSR[\�

7KH�QH[W�SDUDJUDSKV�GHVFULEH�WKH�VWDWLF�DQG�G\QDPLF�FKDUDFWHULVWLFV�RI�WKLV�GHYLFH���6RPH�RI

WKH�FKDUDFWHULVWLFV�ZHUH�PHDVXUHG�EHIRUH��DQG�VRPH�DIWHU�DSSO\LQJ�WKH�DGGLWLRQDO�HSR[\�RQ

WKH�IDFHW���7KLV�ZLOO�EH�PHQWLRQHG�ZKHUH�QHFHVVDU\�

5.2 Threshold current and output power

)LJ�����D�VKRZV�/,�FXUYHV�IRU�FKDQQHOV���WR����EHIRUH�WKH�DGGLWLRQDO�HSR[\�ZDV�DSSOLHG���%RWK

WKH� IUHH� VSDFH� DQG� WKH� ILEUH�FRXSOHG� SRZHU�ZHUH�PHDVXUHG� �UHVSHFWLYHO\� EHIRUH� DQG� DIWHU

�����������������������������������������������������

�� )ROORZLQJ� WKH� FRPSOHWLRQ� RI� WKLV� WKHVLV�� D� QHZ�PRGXOH� ZDV� DVVHPEOHG�ZLWK� LPSURYHG� RSHUDWLQJ

FKDUDFWHULVWLFV���7KH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI�WKLV�PRGXOH�DUH�GHVFULEHG�LQ�DQ�DSSHQGL[�
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HQWHULQJ� WKH�3,&� LQ� WKH�.$3���ODVHU�PRGXOH��� �$� ILEUH� FRXSOLQJ� HIILFLHQF\� RI� ������G%�ZDV

REWDLQHG�ZKDW�LV�LQ�DJUHHPHQW�ZLWK�WKH�YDOXH�SUHGLFWHG�E\�WKH�PDQXIDFWXUHU�RI�WKH�PRGXOH�

)LJ�����E�VKRZV�WKH�/,�FXUYHV�PHDVXUHG�DIWHU�DSSO\LQJ�WKH�DGGLWLRQDO�HSR[\�
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)LJ�� ����/,�FXUYHV� RI�SHUPDQHQWO\�K\EULGO\� FRXSOHG�0:/��EHIRUH� �OHIW�� DQG� DIWHU� �ULJKW�

DSSO\LQJ�DGGLWLRQDO�HSR[\�RQ�WKH�FKLS�LQWHUIDFH�

)LJ������VKRZV�WKDW�D�ILEUH�FRXSOHG�SRZHU�RI���� Wµ RU�DSSUR[LPDWHO\����G%P�LV�REWDLQHG�IRU

FKDQQHO�����7KLV�LV�HQRXJK�IRU�WKH�$3(;�WHVWEHG�VHWXS��D�YDOXH�RI�����G%P�ZDV�VSHFLILHG��VHH

FKDSWHU����SDUDJUDSK��������+RZHYHU��IRU�PRVW�DSSOLFDWLRQV�D�KLJKHU�RXWSXW�SRZHU�LV�UHTXLUHG

ZKDW�PD\�EH�UHDOLVHG�E\�LPSURYLQJ�WKH�FRXSOLQJ�WR�RSWLFDO�ILEUH���9DOXHV�DURXQG�����G%�DUH

FRPPRQO\�REWDLQHG�E\�XVLQJ�D�OHQVHG�ILEUH���2EYLRXVO\��DOVR�WKH�RXWSXW�SRZHU�IURP�WKH�3,&

LWVHOI�LV�ORZ���%\�LPSURYLQJ�WKH�FRXSOLQJ�HIILFLHQF\�EHWZHHQ�ERWK�FKLSV��LW�VKRXOG�EH�SRVVLEOH

WR� UHDFK� WKH� VDPH� RXWSXW� SRZHU� DV� IRU� WKH� QRQ�SHUPDQHQWO\� SDFNDJHG� 3$/� GHVFULEHG� LQ

FKDSWHU����!���P:����%\�LQFUHDVLQJ�WKH�OHQJWK�RI�WKH�DPSOLILHUV��WKH�PD[LPXP�RXWSXW�SRZHU

FRXOG�EH�IXUWKHU�LQFUHDVHG�

-XVW�DERYH�WKUHVKROG��WKH�PD[LPXP�H[WHUQDO�HIILFLHQF\�LV�DURXQG���������$V�PD\�EH�VHHQ�IURP

)LJ������LQ�FKDSWHU����VXFK�D�YDOXH�FRUUHVSRQGV�ZLWK�D�WRWDO�ORVV�LQ�WKH�SDVVLYH�VHFWLRQ�RI�WKH

ODVHU�RI�DSSUR[LPDWHO\����G%���7DNLQJ�LQWR�DFFRXQW�D���G%�ORVV�IRU�WKH�WUDQVPLVVLRQ�WKURXJK

WKH� 3KDVHG�$UUD\�� WKH� FKLS� WR� FKLS� FRXSOLQJ� ORVV� LV� HVWLPDWHG� WR� EH� ��� G%��ZKLFK� LV� �� G%

KLJKHU�WKDQ�WKH�HVWLPDWHG�YDOXH�IRU�WKH�QRQ�SHUPDQHQWO\�SDFNDJHG�3$/���7KLV�KLJK�FRXSOLQJ

ORVV�PD\�EH�DWWULEXWHG�PDLQO\�WR�WKH�LQFUHDVHG�JDS�ZLGWK�EHWZHHQ�ERWK�FKLSV���)URP�)LJ������

LQ�FKDSWHU����ZKLFK�VKRZV�WKH�PHDVXUHG�WUDQVPLVVLRQ�DV�IXQFWLRQ�RI�WKH�ORQJLWXGLQDO�GLVWDQFH

EHWZHHQ�ERWK�FKLSV��RQH�PD\�VHH�WKDW�D���G%�SHQDOW\�FRXOG�EH�H[SODLQHG�E\�DQ�LQFUHDVH�RI�WKH

GLVWDQFH�EHWZHHQ�ERWK�FKLSV�WR����� mµ ���)URP�WKH�FDOFXODWHG�UHVXOWV�LQ�FKDSWHU����VHFWLRQ����

DOPRVW�WKH�VDPH�YDOXH�LV�REWDLQHG�

5.3 Spectral characteristics

)LJ�����D�VKRZV�WKH�RVFLOODWLRQ�VSHFWUXP�RI�WKH�K\EULGO\�LQWHJUDWHG�DQG�SDFNDJHG�3$/�ZLWK

FKDQQHOV���WR���RSHUDWHG�VLPXOWDQHRXVO\���&KDQQHO���ZDV�GULYHQ�DW����P$��WKH�RWKHU�FKDQQHOV
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DW�����P$�� � ,Q�JHQHUDO�� WKH� VDPH� IHDWXUHV�RFFXU� DV� IRU� WKH�QRQ�SHUPDQHQWO\� FRXSOHG� ODVHU�

+RZHYHU�� GXH� WR� WKH� LQFUHDVHG� WKUHVKROG� FXUUHQW�� WKH� JDLQ� SHDN� VKLIWHG� WRZDUGV� D� ORZHU

ZDYHOHQJWK�DQG�FRPSDUHG� WR� WKH�VSHFWUD�GHSLFWHG� LQ�)LJ�������RI� WKH�SUHYLRXV�FKDSWHU�� WKH

SDFNDJHG�3$/�RSHUDWHV�LQ�D�ORZHU�SDVVEDQG�RI�WKH�PXOWLSOH[HU���'XH�WR�WKH�UHGXFHG�RXWSXW

SRZHU�� WKH�VLGH�PRGH�VXSSUHVVLRQ�UDWLR�LV�UHGXFHG�VRPHZKDW�EXW� LV�VWLOO�EHWWHU� WKDQ����G%�

&KDQQHOV���WR���RSHUDWH�UHOLDEO\�LQ�D�VLQJOH�SDVVEDQG�RI�WKH�3KDVHG�$UUD\�

)LJ�����E�VKRZV�VXSHULPSRVHG�VSHFWUD�RI���FKDQQHOV��VSDFHG�E\�����*+]��� �&RQWUDU\�WR�WKH

ILUVW�WKUHH�FKDQQHOV��FKDQQHOV�����VKRZ�PXOWL�SDVVEDQG�ODVLQJ�XQGHU�VRPH�RSHUDWLRQ�FRQGL�

WLRQV���7KHLU�6065�LV�DOVR�IXUWKHU�UHGXFHG�
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)LJ������D��2VFLOODWLRQ�VSHFWUXP�RI�FKDQQHOV�����RSHUDWHG�VLPXOWDQHRXVO\��PHDVXUHG�EHIRUH

DSSO\LQJ�DGGLWLRQDO�HSR[\��� �E��6XSHULPSRVHG�RVFLOODWLRQ�VSHFWUD�RI� FKDQQHOV� ���� �PHDV�

XUHG�DIWHU�DSSO\LQJ�WKH�DGGLWLRQDO�HSR[\��H[FHSW�IRU�FKDQQHO����

)LJ�������VKRZV�D�VHW�RI�RVFLOODWLRQ�VSHFWUD��ZKLFK�LOOXVWUDWH�WKH�ZDYH�PL[LQJ�LQ�WKH�FRPPRQ

�SDVVLYH��RXWSXW�ZDYHJXLGH���)RU�REWDLQLQJ�WKH�ILUVW�WZR�VSHFWUD��FKDQQHOV���DQG���ZHUH�RSHU�

DWHG�VLPXOWDQHRXVO\��IRU�WKH�RWKHU�WZR�VSHFWUD��FKDQQHO���ZDV�GULYHQ�LQVWHDG�RI�FKDQQHO�����$V

RQH�PD\�VHH��FRQWUDU\�WR�WKH�FDVH�RI�ZDYH�PL[LQJ�LQ�DQ�DPSOLILHU��WKH�VWUHQJWK�RI�WKH�HIIHFW�LV

LQGHSHQGHQW�RI�WKH�GLVWDQFH�EHWZHHQ�WKH�PRGHV�DQG�LW�LV�V\PPHWULF���7DEOH�����VXPPDULVHV

WKH�UHVXOWV�
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)LJ�������2VFLOODWLRQ�VSHFWUD�IURP�WKH�SDFNDJHG�3$/��LOOXVWUDWLQJ�WKH�ZDYH�PL[LQJ�HIIHFW�
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7DEOH����� 2P �UHSUHVHQWV�WKH�SRZHU�LQ�FKDQQHO���� 4/3P �UHSUHVHQWV�WKH�SRZHU�LQ�FKDQQHO���RU

FKDQQHO����GHSHQGLQJ�RQ�ZKLFK�FKDQQHO�ZDV�GULYHQ��� −P �DQG� +P �GHVLJQDWH�WKH�SRZHU�LQ

WKH� ZDYH�PL[LQJ�PRGH� UHVSHFWLYHO\� DW� WKH� ORZHU� DQG� WKH� KLJKHU�ZDYHOHQJWK� VLGH�� � $OO

SRZHUV�DUH�GHQRWHG�LQ�G%P�
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7KH� ODVW� WZR�FROXPQV�RI�7DEOH�����DUH�SURSRUWLRQDO� WR� WKH� WHUP�LQ�EUDFNHWV�RI� HTXDWLRQ� ����

7KH�PHDQ�YDOXH�LV��������:LWK�WKH�HIIHFWLYH�FURVV�VHFWLRQ�RI�WKH�PRGH� =effA ����[���� 2mµ ��WKH

OHQJWK� RI� WKH� SDVVLYH� ZDYHJXLGH� =l ���� PP�� DQG� WKH� SRZHU� LQ� WKH� RXWSXW� ZDYHJXLGH

≈2P ����P:��ZH�ILQG� ≈2n ���×������FP��:���,Q�>�@�D�YDOXH� ≈2n ���×������FP��:�LV�UHSRUWHG�

REWDLQHG�IURP�D�VLPLODU�H[SHULPHQW���,W�KDV�EHHQ�IRXQG�WKDW�WKH�ZDYH�PL[LQJ�SURGXFWV�PD\

JLYH�ULVH�WR�LQVWDELOLWLHV�LQ�WKH�RXWSXW�SRZHU�LI�WKH\�IDOO�LQWR�D�ODVLQJ�PRGH�>�@���:H�KDYH�QRW

VHHQ�WKLV�HIIHFW�XQWLO�QRZ��KRZHYHU��E\�VKRUWHQLQJ�WKH�OHQJWK�RI� WKH�RXWSXW�ZDYHJXLGH�� WKH

SRZHU�LQ�WKH�ZDYH�PL[LQJ�PRGHV�PD\�HDVLO\�EH�UHGXFHG�WR�DFFHSWDEOH�OHYHOV�

5.4 Longitudinal mode stability and tunability

$OEHLW� LQ� D� OHVV� SURQRXQFHG�ZD\� WKDQ� IRU� WKH� QRQ�SHUPDQHQWO\� FRXSOHG� 3$/�� NLQNV�ZHUH

VRPHWLPHV�DOVR�REVHUYHG�LQ�WKH�/,�FXUYHV�RI�WKH�SDFNDJHG�PRGXOH���7R�LQYHVWLJDWH�WKH�RULJLQ

RI�WKRVH�GLVFRQWLQXLWLHV��ZH�PHDVXUHG�WKH�RSHUDWLQJ�IUHTXHQF\�XVLQJ�D�KLJK�SUHFLVLRQ�ZDYH�

OHQJWK�PHWHU��+3������%�PXOWL�ZDYHOHQJWK�PHWHU���ZKLOH�VFDQQLQJ�WKH�FXUUHQW�

)LJ�� ����D� VKRZV� VXFK�D�PHDVXUHPHQW� IRU� FKDQQHO� �� �DW� URRP� WHPSHUDWXUH��� �$OWKRXJK� WKH

RSHUDWLQJ�ZDYHOHQJWK�FKDQJHV�FRQVLGHUDEO\��QHLWKHU�WKH�/,�FXUYH��QRU�WKH�ZDYHOHQJWK�YHUVXV

FXUUHQW�FXUYH�VKRZ�GLVFRQWLQXLWLHV�� �2QO\�LQ�WKH�UHJLRQ� MXVW�DERYH� WKUHVKROG�� LW� WDNHV� VRPH

WLPH�WR�FKRRVH�WKH�PRGH�LQ�ZKLFK�WR�ODVH���,Q�WKLV�UHJLRQ��VRPH�DPRXQW�RI�WKH�SRZHU�FDQ�DOVR

EH�IRXQG�LQ�ORZHU�SDVVEDQG�PRGHV��� Wµ RQ�D�WRWDO�RI��� Wµ ����,Q�WKH�FXUUHQW�LQWHUYDO�IURP

���P$�WR�����P$��WKH�RSHUDWLQJ�ZDYHOHQJWK�FKDQJHV�E\������QP���FRUUHVSRQGLQJ�ZLWK�D�IUH�

�����������������������������������������������������

��7KH� ORQJLWXGLQDO�PRGH� VSDFLQJ� LV�a���*+]�RU������QP�� VR� WKH� RSHUDWLQJ�ZDYHOHQJWK�FKDQJHV� RYHU

PXOWLSOH�PRGHV�VSDFLQJV�ZLWKRXW�KRSSLQJ�LQ�WKLV�FDVH�
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TXHQF\�FKDQJH�RI�����0+]�P$���7KLV�YDOXH�LV�DSSUR[LPDWHO\���WLPHV�DV�ODUJH�DV�WKH�YDOXH

IRXQG� IRU� WKH� QRQ�SHUPDQHQWO\� SDFNDJHG� 3$/�� XVLQJ� D� )DEU\�3pURW� LQWHUIHURPHWHU� �VHH

FKDSWHU������3UREDEO\��WKH�KLJKHU�ORVV�LQ�WKH�FRXSOLQJ�UHJLRQ�LV�UHVSRQVLEOH�IRU�D�KHDWLQJ�RI�WKH

SDVVLYH�FKLS���%\�FRROLQJ�WKH�PRGXOH�WR���R&��WKH�ZDYHOHQJWK�FKDQJH�ZDV�VOLJKWO\�UHGXFHG��WR

����0+]�P$���8QGHU�DOO�FRQGLWLRQV��VLQJOH�ORQJLWXGLQDO�PRGH�RSHUDWLRQ�LV�REWDLQHG�

)LJ������E�SUHVHQWV� VLPLODU� UHVXOWV�� WDNHQ�IURP�FKDQQHO���� �+RZHYHU�� LQ� WKLV� FDVH�� WKHUH� LV� D

ODUJH�GLVFRQWLQXLW\�LQ�WKH�RXWSXW�SRZHU�DW����P$�DQG�D�VPDOOHU�RQH�DW����P$���%\�LQVSHFWLQJ

WKH�ZDYHOHQJWK�VFDQ��ZH�VHH�DJDLQ�WKH�PRGH�LQVWDELOLW\�MXVW�DERYH�WKUHVKROG��FRPSDUDEOH�WR

WKDW�RI�FKDQQHO���� �+RZHYHU��WZR�DGGLWLRQDO�PRGH�KRSV�DOVR�DSSHDU��H[DFWO\�FRUUHVSRQGLQJ

ZLWK�WKH�ORFDWLRQ�RI�WKH�GLVFRQWLQXLWLHV�LQ�WKH�/,�FXUYH���,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW��DOWKRXJK

IRU�ERWK�PRGH�KRSV�WKH�IUHTXHQF\�FKDQJHV�E\�DSSUR[LPDWHO\�WKH�VDPH�DPRXQW��WKH�HIIHFW�RQ

WKH�/,�FXUYH�LV�PXFK�PRUH�SURQRXQFHG�IRU�WKH�ILUVW�RQH�FRPSDUHG�WR�WKH�VHFRQG�RQH�

:KHQ� WKH� GHYLFH� WHPSHUDWXUH� ZDV� FKDQJHG�� WKH� ORFDWLRQ� DQG� WKH� DPSOLWXGH� RI� WKH� NLQNV

FKDQJHG�DV�ZHOO���$JDLQ��VLQJOH�ORQJLWXGLQDO�PRGH�RSHUDWLRQ�LV�REWDLQHG�IRU�PRVW�RSHUDWLQJ

FRQGLWLRQV�
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)LJ�������2XWSXW�SRZHU�DQG�RSHUDWLQJ�ZDYHOHQJWK�PHDVXUHG�DV�IXQFWLRQ�RI�GULYH�FXUUHQW

IRU�FKDQQHO����OHIW�SLFWXUH��DQG�IRU�FKDQQHO����ULJKW�SLFWXUH�

%HIRUH�WKH�DGGLWLRQDO�HSR[\�ZDV�DSSOLHG��FKDQQHO���VKRZHG�WKH�VDPH�W\SH�RI�GLVFRQWLQXLWLHV

DQG�PRGH� KRSV� DV� FKDQQHO� ��� �+RZHYHU��ZLWK� WKH� HSR[\�� WKLV� FKDQQHO� EHKDYHG�PRUH� OLNH

FKDQQHO���� �7KH�GLIIHUHQFH�PD\�SRVVLEO\�EH�H[SODLQHG�E\�WKH�FKDQJH�LQ�RXWSXW�SRZHU�� �7KH

VWUHQJWK�RI� WKH�ZDYH�PL[LQJ�HIIHFW��ZKLFK�VXSSUHVVHV� ODVLQJ� LQ� ORQJLWXGLQDO�PRGHV�QH[W� WR

WKH�PDLQ�PRGH��GHSHQGV�VWURQJO\�RQ�WKH�SKRWRQ�GHQVLW\�LQ�WKH�FDYLW\�

5.5 Temperature tuning

,Q�:'0�V\VWHPV�� WKH�RSHUDWLQJ�ZDYHOHQJWK�RI� WKH�WUDQVPLWWHU�KDV�WR�FRLQFLGH�H[DFWO\�ZLWK

WKDW�RI�WKH�RWKHU�HPSOR\HG�QHWZRUN�HOHPHQWV���6PDOO�GHYLDWLRQV�PD\�DOUHDG\�JLYH�ULVH�WR�VH�

YHUH�SHQDOWLHV�DW�WKH�UHFHLYHU�VLGH���,Q�SUDFWLVH�KRZHYHU��GXH�WR�SURFHVV�YDULDWLRQV��LW�LV�GLIIL�
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FXOW� WR�REWDLQ� WKH� UHTXLUHG�DFFXUDF\�DQG�RQH�QHHGV� WR�XVH� WKH�GHYLFH� WHPSHUDWXUH� IRU� ILQH�

WXQLQJ�

7R� LQYHVWLJDWH� WKH� WXQDELOLW\� RI� WKH� 3$/�ODVHU�� ZH� PHDVXUHG� LWV� ZDYHOHQJWK� DQG� RXWSXW

SRZHU�ZKLOH�FKDQJLQJ�WKH�WHPSHUDWXUH���$JDLQ��D�ZDYHOHQJWK�PHWHU�ZDV�XVHG�WR�GHWHUPLQH

WKH�RSHUDWLQJ�IUHTXHQF\�DQG�WKH�EXLOW�LQ�WKHUPR�HOHFWULF�FRQWUROOHU�RI�WKH�.$3���ODVHU�PRG�

XOH�ZDV�XVHG�WR�FKDQJH�WKH�WHPSHUDWXUH���7KH�UHVXOWV�DUH�LOOXVWUDWHG�LQ�)LJ���������)RU�REWDLQ�

LQJ� WKH� OHIW� SLFWXUH�� FKDQQHO� ��ZDV� GULYHQ� DW� ����P$�ZKLOH� WKH� WHPSHUDWXUH�ZDV� FKDQJHG

IURP����&�WR����&�DQG�EDFN�GRZQ�WR�WKH�RULJLQDO�WHPSHUDWXUH���2SSRVLWH�WR�ZKDW�RQH�ZRXOG

H[SHFW��WKH�RXWSXW�SRZHU�LQFUHDVHV�ZLWK�LQFUHDVLQJ�WHPSHUDWXUHV�DQG�UHDFKHV�D�PD[LPXP�DW

DSSUR[LPDWHO\����&���7KH�VDPH�EHKDYLRXU�LV�VHHQ�IRU�GLIIHUHQW�ELDV�FXUUHQWV�DQG�IRU�WKH�RWKHU

FKDQQHOV�� �:H�EHOLHYH� WKDW� WKH� FRXSOLQJ� HIILFLHQF\� EHWZHHQ�ERWK� FKLSV� FKDQJHV� GXULQJ� WKH

WHPSHUDWXUH�VFDQ�GXH� WR�PHFKDQLFDO�VWUHVVHV�� �7KH�PD[LPXP�DW����&�PD\�EH�H[SODLQHG�E\

WKH�IDFW�WKDW�WKH�PRGXOH�ZDV�DVVHPEOHG�DQG�FXUHG�DW�WKLV�WHPSHUDWXUH���$QRWKHU�UHDVRQ�FRXOG

EH�WKDW�WKH�FRXSOLQJ�HIILFLHQF\�WR�WKH�RSWLFDO�ILEUH�FKDQJHV�ZKHQ�WKH�WHPSHUDWXUH�LV�FKDQJHG�

'XULQJ�WKH�WHPSHUDWXUH�VFDQ��WKH�RSHUDWLQJ�ZDYHOHQJWK�FKDQJHV�E\�a������QP�.��ZKLFK�LV

W\SLFDO�IRU�WKLV�VRUW�RI�GHYLFH���$W�����R&��LQFUHDVLQJ�WHPSHUDWXUH���WKH�RSHUDWLQJ�ZDYHOHQJWK

VKLIWV� WR�D�QHLJKERXULQJ� ORQJLWXGLQDO�PRGH�ZKDW� LV�DOVR�YLVLEOH�IURP�D�GLVFRQWLQXLW\� LQ� WKH

FXUYH�UHSUHVHQWLQJ� WKH�RXWSXW�SRZHU�� � ,Q�DGGLWLRQ��DW����&��ZKLOH� WKH�GLUHFWLRQ�RI� WKH� WHP�

SHUDWXUH�VZHHS�ZDV�FKDQJHG��D�PRGH�KRS�RFFXUUHG�� �7KH�ODWWHU�SUREDEO\�H[SODLQV� WKH�K\V�

WHUHVLV�REVHUYHG�LQ�WKH�SRZHU�YHUVXV�WHPSHUDWXUH�FKDUDFWHULVWLF�

)LJ������E�ZDV�PHDVXUHG�IURP�FKDQQHO��� �DW����P$��� �$OPRVW� WKH� VDPH�ZDYHOHQJWK� WXQLQJ

������QP�.��LV�REWDLQHG�DV�IRU�FKDQQHO���DQG�WKH�RXWSXW�SRZHU�DJDLQ�UHDFKHV�LWV�PD[LPXP

DURXQG� ��R&�� �+RZHYHU�� VLPLODU� WR� WKH� FDVH� RI� WKH� /,�FXUYHV� VKRZQ� LQ� WKH� SUHYLRXV� SDUD�
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)LJ�� �����2XWSXW�SRZHU�DQG�RSHUDWLQJ�ZDYHOHQJWK�PHDVXUHG� DV� IXQFWLRQ�RI� WHPSHUDWXUH

IRU�FKDQQHO����OHIW�SLFWXUH��DQG�IRU�FKDQQHO����ULJKW�SLFWXUH����7KH�DUURZV�LQGLFDWH�ZKHWKHU

WKH�WHPSHUDWXUH�LV�LQFUHDVHG�RU�GHFUHDVHG�
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JUDSK�� D� ORW�PRUH�GLVFRQWLQXLWLHV� RFFXU� IRU� FKDQQHO� �� FRPSDUHG� WR� FKDQQHO� ���� � 7KH�ZDYH�

OHQJWK�VFDQ�VKRZV�WKDW�DJDLQ�PRVW�RI�WKHVH�GLVFRQWLQXLWLHV�PD\�EH�FRUUHODWHG�ZLWK�ORQJLWXGL�

QDO�PRGH�KRSV�

,Q� )LJ�� ������ WKH� FKDQJH� RI� WKH� MXQFWLRQ� YROWDJH� GXULQJ� WKH� WHPSHUDWXUH� VFDQ� LV� GHSLFWHG�

VKRZLQJ�DJDLQ�WKH�VDPH�GLVFRQWLQXLWLHV�� �(DFK�WLPH�WKH�RSHUDWLQJ�ZDYHOHQJWK�MXPSV�WR�DQ�

RWKHU�ORQJLWXGLQDO�PRGH��WKH�MXQFWLRQ�YROWDJH�GURSV�E\�DSSUR[LPDWHO\���P9���7KLV�DJDLQ�LO�

OXVWUDWHV�WKH�IDFW�WKDW�WKH�3$/�ODVHU�GRHV�QRW�DOZD\V�RSHUDWH�LQ�WKH�ORQJLWXGLQDO�PRGH�ZLWK

WKH�ORZHVW�WKUHVKROG�FDUULHU�GHQVLW\���,QVWHDG��GXH�WR�WKH�FDUULHU�LQGXFHG�PRGDO�LQWHUPRGXOD�

WLRQ��WKHUH�LV�D�VWDELOLW\�UHJLRQ�DURXQG�WKH�FHQWUH�RI�WKH�LQWUD�FDYLW\�ILOWHU�IRU�HDFK�ORQJLWXGLQDO

PRGH�WR�RSHUDWH�LQ���2QO\��ZKHQ�WKH�ODVLQJ�PRGH�LV�PRYHG�IDU�DZD\�IURP�WKH�FHQWUH�RI�WKH

ILOWHU�DQG�OHDYHV�WKH�VWDELOLW\�UHJLRQ��D�PRGH�KRS�ZLOO�RFFXU���7KLV�EHKDYLRXU�DOVR�H[SODLQV�WKH

K\VWHUHVLV�QRWLFHG�EHWZHHQ�WKH�PRGH�KRSV�
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)LJ�� �����0HDVXUHPHQW�RI�ZDYHOHQJWK�DQG� MXQFWLRQ�YROWDJH�ZKLOH� WKH� WHPSHUDWXUH� LV� LQ�

FUHDVHG��OHIW��DQG�GHFUHDVHG��ULJKW�

)URP�WKH�H[SHULPHQWV�LOOXVWUDWHG�LQ�)LJ�������LW�LV�REYLRXV�WKDW�WKH�SRZHU�YHUVXV�WHPSHUDWXUH

FKDUDFWHULVWLF�LV�GHWHUPLQHG�E\�WKH�PHFKDQLFDO�FKDUDFWHULVWLFV�RI�WKH�PRGXOH��UDWKHU�WKDQ�E\

WKH�LQWULQVLF�EHKDYLRXU�RI�WKH�ODVHU���,I�D�FKDQJLQJ�ILEUH�FKLS�FRXSOLQJ�LV�UHVSRQVLEOH�IRU�WKLV

HIIHFW�� WKH�VROXWLRQ�LV� WULYLDO��RQH�VLPSO\�KDV�WR�RSWLPLVH�WKH�FRXSOLQJ�DW� WKH�RSHUDWLQJ� WHP�

SHUDWXUH�� �+RZHYHU��DQRWKHU� UHDVRQ� FRXOG�EH� WKDW�PHFKDQLFDO� VWUHVVHV� LQ� WKH�PRGXOH� LWVHOI

FKDQJH�WKH�FRXSOLQJ�HIILFLHQF\�EHWZHHQ�ERWK�FKLSV���$�SRVVLEOH�RULJLQ�RI�WKHVH�VWUHVVHV�LV�WKH

GLIIHUHQFH�LQ�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�EHWZHHQ�WKH�OD\HU�VWDFN�IRUPHG�E\�WKH�,Q3�DPSOL�

ILHUV�DQG�WKH�VLOLFRQ�VXEVWUDWH�DQG�WKH�HSR[\�EHWZHHQ�WKH�,Q3�ZDYHJXLGH�FKLS�DQG�WKH�DOX�

PLQLXP�FDUULHU����$OWKRXJK�WKLV�HSR[\�ZDV�VHOHFWHG�EHFDXVH�RI�LWV�IOH[LELOLW\��GXH�WR�WKH�ORQJ

�����������������������������������������������������

��7KHVH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�EHIRUH� WKH�DGGLWLRQDO�HSR[\�ZDV�DSSOLHG� WR� WKH� LQWHUIDFH�EH�

WZHHQ�ERWK�FKLSV���$SSO\LQJ�WKH�HSR[\�FRQVLGHUDEO\�LPSURYHG�WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�

�� 7KH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV� IRU� 6LOLFRQ� DQG� ,Q3� DUH� UHVSHFWLYHO\� ���×����.��� DQG� ���×����.���

)RU�HSR[\��W\SLFDO�YDOXHV�EHWZHHQ���×����.���DQG���×����.���DUH�REWDLQHG�
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OHYHU�� WKH� DQJXODU�PRPHQWXP�DURXQG� WKH� D[LV� SDUDOOHO� WR� WKH� DPSOLILHU� IDFHW�PD\�EH� ODUJH

HQRXJK�WR�LQGXFH�D�VPDOO�URWDWLRQ�DURXQG�WKLV�D[LV�

5.6 Linewidth

:H� PHDVXUHG� WKH� OLQHZLGWK� RI� WKH� ODVHU�� XVLQJ� D� GHOD\HG� VHOI�KRPRG\QH� VFKHPH� ZLWK� D

��� sµ � GHOD\� OLQH�� � 7KLV� PHWKRG� LV� H[SHFWHG� WR� JLYH� UHVXOWV� ZLWK� DQ� DFFXUDF\� RI� ��� �� IRU

OLQHZLGWKV�GRZQ� WR� ���� N+]�� � )RU� VPDOOHU� OLQHZLGWKV�� WKH� ODVHU� FRKHUHQFH� OHQJWK� EHFRPHV

ORQJHU�WKDQ�WKH�GHOD\�OLQH�DQG�WKH�PHDVXUHPHQW�HUURU�LQFUHDVHV�UDSLGO\������DW�����N+]��

)LJ������D�VKRZV�WKH�OLQHZLGWK�DV�IXQFWLRQ�RI�WKH�GULYH�FXUUHQW���7KH�REVHUYHG�VFDWWHU�LV�ODUJHU

WKDQ�WKH�PHDVXUHPHQW�HUURU��ZKLFK�PD\�EH�FDXVHG�E\�D�KRS�RI�WKH�RSHUDWLQJ�IUHTXHQF\�WR�D

QHLJKERXULQJ�PRGH� RU� E\� H[WHUQDO� UHIOHFWLRQV�� � )LJ�� ����E� VKRZV� WKDW� WKH� OLQHZLGWK� LV� LQ�

YHUVHO\�SURSRUWLRQDO�WR�WKH�RXWSXW�SRZHU�DV�SUHGLFWHG�WKHRUHWLFDOO\��H�J��FKDSWHU����
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)LJ�������D��/LQHZLGWK�DV�IXQFWLRQ�RI�GULYH�FXUUHQW�IRU�FKDQQHOV���DQG���� �E��/LQHZLGWK�DV

IXQFWLRQ�RI�WKH�LQYHUVH�RI�WKH�RXWSXW�SRZHU�

7KH� OLQHV� LQ� )LJ�� ����� ZHUH� FDOFXODWHG� XVLQJ� WKH� IRUPXOD� REWDLQHG� LQ� FKDSWHU� ��� XVLQJ

=aL ��� mµ �� =L ���PP�� =Γ ������� =gn �����DQG� =spn �������7KH�ORVV�RI�WKH�SDVVLYH�SDUW�ZDV

HVWLPDWHG�WR�EH����G%�DQG�WKH�OLQHZLGWK�HQKDQFHPHQW�IDFWRU�α �ZDV�YDULHG�EHWZHHQ���DQG��

DV�LQGLFDWHG�LQ�WKH�ILJXUH���8VLQJ�D�OHDVW�VTXDUHV�ILW��D�YDOXH�RI�����LV�REWDLQHG�IRU�α ���7KLV�LV�D

UDWKHU�ORZ�YDOXH��KRZHYHU�LW�LV�QRW�XQUHDOLVWLF�WDNLQJ�LQWR�DFFRXQW�WKH�KLJK�LQMHFWLRQ�OHYHO�DQG

WKH�IDFW�WKDW�WKH�GHYLFH�LV�RSHUDWLQJ�DW�WKH�ORZ�ZDYHOHQJWK�VLGH�RI�WKH�JDLQ�SHDN���,I�WKH�ORVV�LQ

WKH�SDVVLYH�SDUW�LV�HVWLPDWHG�WR�EH����G%�����G%��LQVWHDG�RI�WKH����G%�XVHG�IRU�)LJ��������WKH

ILWWHG�YDOXH�IRU�WKH�OLQHZLGWK�HQKDQFHPHQW�IDFWRU�LQFUHDVHV��GHFUHDVHV��WR�����������

�����������������������������������������������������

�� spn � LV� WKH� SRSXODWLRQ� LQYHUVLRQ� IDFWRU��ZKLFK� KDV� D� YDOXH� EHWZHHQ� ���� DQG� ���� IRU� D� W\SLFDO� ODVHU�

+HUH�ZH�FKRRVH� =spn ����EHFDXVH�RI�WKH�KLJK�LQMHFWLRQ�UDWH��)RU�WRWDO�LQYHUVLRQ�� =spn ����
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5.7 Small-Signal response

:H�PHDVXUHG�WKH�VPDOO�VLJQDO�UHVSRQVH�RI�WKH�SDFNDJHG�PRGXOH�WZR�WLPHV��VHH�)LJ�������IRU

WKH�PHDVXUHPHQW�VHWXS��

• 7KH�ILUVW�WLPH�IURP�FKDQQHO����ZKLFK�ZDV�FRQQHFWHG�ZLWK�D�ELDV�WHH�WKURXJK�WKH�VHPL�
ULJLG�FRD[LDO�FDEOH��DWWDFKHG�WR�D�ERQG�SDG�RQ� WKH�VLOLFRQ�VXEVWUDWH�� �1R�PDWFKLQJ�UH�
VLVWRU� ZDV� HPSOR\HG�� � 7KLV� PHDVXUHPHQW� ZDV� SHUIRUPHG� EHIRUH� DSSO\LQJ� WKH� DGGL�
WLRQDO�HSR[\�� VR� WKH�RXWSXW�SRZHU�ZDV� UHODWLYHO\� ORZ�� �7KH� UHVXOWV� DUH� VKRZQ� LQ�)LJ�
����D�

• 7KH�VPDOO�VLJQDO�UHVSRQVH�ZDV�DOVR�PHDVXUHG�IURP�FKDQQHO����XVLQJ�D�KLJK�IUHTXHQF\
SUREH�ZLWK�D����2KP�UHVLVWRU�LQFRUSRUDWHG�LQ�WKH�SUREH�KHDG���7KLV�PHDVXUHPHQW�ZDV
SHUIRUPHG�DIWHU�KDYLQJ�DSSOLHG�WKH�DGGLWLRQDO�HSR[\��)LJ������E��
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)LJ�������E��6PDOO�VLJQDO�UHVSRQVH�IURP�FKDQQHO����XVLQJ�KLJK�IUHTXHQF\�SUREH�
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7KH�VROLG�FXUYHV�LQ�)LJ������E�DUH�ILWWHG�WR�WKH�PHDVXUHG�GDWD�XVLQJ�D�FRQYHQWLRQDO�WZR�SROH

WUDQVIHU�IXQFWLRQ�IRU�WKH�VPDOO�VLJQDO�PRGXODWLRQ�UHVSRQVH�RI�D�VHPLFRQGXFWRU�ODVHU�
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7KH�ILWWHG�YDOXHV�IRU�WKH�UHVRQDQFH�IUHTXHQF\� rν �DQG�WKH�GDPSLQJ�IUHTXHQF\� dν �DUH�VKRZQ

LQ� )LJ�� ������ � 1RW� WDNLQJ� LQWR� DFFRXQW� WKH�PHDVXUHPHQW� DW� , ����P$�� ZKLFK� VHHPV� WR� EH

DQRPDORXV��RQH�VHHV� WKDW�ERWK� WKH�GDPSLQJ� IUHTXHQF\�DQG� WKH���G%�IUHTXHQF\�DUH�SURSRU�

WLRQDO�ZLWK�WKH�GULYH�FXUUHQW��DQG�WKH�RXWSXW�SRZHU����)RU�VPDOO�FXUUHQWV��WKLV�LV�DOVR�WKH�FDVH

IRU� WKH� UHVRQDQFH� IUHTXHQF\�� � )RU� ODUJHU� FXUUHQW� YDOXHV�� WKH� UHVRQDQFH� IUHTXHQF\� LQFUHDVHV

VXEOLQHDUO\���1RWH�WKDW�WKHUH�LV�D�YHU\�JRRG�DJUHHPHQW�ZLWK�WKH�VLPXODWHG�UHVXOWV�SUHVHQWHG

LQ�FKDSWHU����)LJ��������
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)LJ�������)LWWHG�YDOXHV�IRU�WKH�UHVRQDQFH�IUHTXHQF\��WKH�GDPSLQJ�IUHTXHQF\�DQG�WKH��G%�

IUHTXHQF\� REWDLQHG� IURP� ILWWLQJ� HT�� ���� WR� WKH� VPDOO� VLJQDO� UHVSRQVH� REWDLQHG� IURP� WKH

SDFNDJHG�PRGXOH�

)LJ�� ����D� VKRZV� WKH� VPDOO� VLJQDO� UHVSRQVH� IURP� WKH� SDFNDJHG� 3$/� PHDVXUHG� ZLWKRXW

PDWFKLQJ�UHVLVWRU���7KHVH�DUH�REYLRXVO\�QRW�DV�JRRG�DV�WKRVH�VKRZQ�LQ�)LJ������E���7KH�UHVR�

QDQFH�IUHTXHQF\�LV�ORZHU��ZKLFK�PD\�EH�H[SODLQHG�E\�WKH�OLPLWHG�RXWSXW�SRZHU�IURP�FKDQ�

QHO����DQG�WKH�KLJK�IUHTXHQF\�UROO�RII�LV�VWHHSHU��LQGLFDWLQJ�D�SDUDVLWLF�HIIHFW�IURP�WKH�HOHFWULFDO

FLUFXLW�� �7KH�UHVSRQVH�IRU�D�ELDV�FXUUHQW�RI�����P$�ZDV�PHDVXUHG�WZR�WLPHV�� LQ�VLPLODU�FLU�

FXPVWDQFHV�� �1HYHUWKHOHVV��FXUYH� �E���)LJ������D��VKRZV�D�VWURQJO\�UHGXFHG�GDPSLQJ�DW� WKH

UHVRQDQFH�IUHTXHQF\���3RVVLEO\��WKLV�HIIHFW�PD\�EH�DJDLQ�DWWULEXWHG�WR�D�VKLIW�RI�WKH�RSHUDWLQJ

ZDYHOHQJWK� WR�D�QHLJKERXULQJ� ORQJLWXGLQDO�PRGH�� �$V�QRWHG�EHIRUH�� WKLV�PD\�FRQVLGHUDEO\

LQIOXHQFH�WKH�RSHUDWLQJ�FKDUDFWHULVWLFV�RI� WKH� ODVHU�� �6LQFH�QR�LVRODWRU�ZDV�XVHG��EDFN�UHIOHF�

WLRQ�PD\�EH�DQRWKHU�FDXVH�IRU�WKH�GLVWRUWLRQ�RI�WKH�ODVHU�RSHUDWLRQ���8QIRUWXQDWHO\��WKLV�FKDQ�
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QHO� EURNH� GRZQ� LPPHGLDWHO\� DIWHU� KDYLQJ� SHUIRUPHG� WKLV� PHDVXUHPHQW� VR� ZH� FRXOG� QRW

IXUWKHU�LQYHVWLJDWH�WKLV��QRU�WKH�SDUDVLWLF�HIIHFW�RI�WKH�FRD[LDO�FDEOH�

5.8 Large signal response

)URP�WKH�VPDOO�VLJQDO�UHVSRQVH�VKRZQ�LQ�)LJ������E��ZH�EHOLHYH�WKDW�WKLV�3KDVHG�$UUD\�PXOWL�

ZDYHOHQJWK�ODVHU�VKRXOG�DOORZ�IRU�PRGXODWLRQ�ZLWK�D�����0ELW�V�GDWD�VLJQDO���7R�YHULI\�WKLV�

FKDQQHO���ZDV�PRGXODWHG�ZLWK�D�SVHXGR�UDQGRP�GDWD�VLJQDO�XVLQJ�D�KLJK�IUHTXHQF\�SUREH

��������7KH�RSWLFDO�HOHFWULFDO�FRQYHUVLRQ�ZDV�SHUIRUPHG�WKURXJK�D�����*+]�GHWHFWRU���)LJ������

VKRZV�H\H�GLDJUDPV�REWDLQHG�IURP�D�KLJK�IUHTXHQF\�RVFLOORVFRSH���7KH�RSHUDWLQJ�FRQGLWLRQV

DUH�GHQRWHG�EHORZ�WKH�ILJXUHV���7KH�VPDOO�DUURZV�DW�WKH�OHIW�VLGH�RI�WKH�GLDJUDP�LQGLFDWH�WKH

RII�OHYHO�

I� �����0+]���,ELDV� ����P$
V∆  ���9ROW��� offon PP  ����G%

I� �����0+]���,ELDV� ����P$
V∆  ���9ROW��� offon PP  ����G%

I� �����*+]���,ELDV� ����P$
V∆  ���9ROW��� offon PP  ����G%

I� ������*+]���,ELDV� ����P$
V∆  ���9ROW��� offon PP  ���G%

I� ������*+]���,ELDV� �����P$
V∆  ��9ROW��� offon PP  ����G%

I� �����*+]���,ELDV� �����P$
V∆  ��9ROW��� offon PP  ����G%

)LJ�� ����� (\H�GLDJUDPV�PHDVXUHG� IURP� SDFNDJHG� 3$/�� FKDQQHO� ��� XVLQJ� KLJK� IUHTXHQF\

SUREH�

7KH� ILUVW� H\H� GLDJUDP��PHDVXUHG� IRU� D� ����0ELW�V� GDWD�VLJQDO�� VKRZV� D� QHJOLJLEOH� WXUQ�RQ

MLWWHU���)LJ������E�ZDV�PHDVXUHG�DW�����0+]��ZLWK�D�KLJK�RQ�RII�UDWLR�����G%���DQG�DQ�RII�OHYHO

�����������������������������������������������������

��)RU�670���WUDQVPLVVLRQ��DQ�RQ�RII�UDWLR�RI����G%�LV�UHFRPPHQGHG�
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YHU\�FORVH�WR�WKH�WKUHVKROG�OHYHO�� =offI ���P$�� =thI ���P$��� � ,Q�WKLV�FDVH�� WKH�WXUQ�RQ�MLWWHU

RFFXSLHV�DQ� LPSRUWDQW�SDUW�RI� WKH�FHQWUH�RI� WKH�H\H�DQG� LW� LV� OLNHO\� WKDW� WKLV�ZLOO� UHVXOW� LQ�D

SHQDOW\�RQ�WKH�ELW�HUURU�UDWH���:H�EHOLHYH�WKDW�WKH�WXUQ�RQ�MLWWHU�LV�FDXVHG�E\�WKH�PRGH�LQVWD�

ELOLW\�MXVW�DERYH�WKUHVKROG��ZKLFK�ZH�KDYH�QRWLFHG�WR�RFFXU�IRU�DOO�FKDQQHOV��VHH�SDUDJUDSK

�����)LJ��������� �$OVR� LQ� >�@�� LW�ZDV�QRWHG� WKDW� LW� WDNHV� VRPH� WLPH� IRU� WKH�0:/� WR�GHFLGH� LQ

ZKLFK� ORQJLWXGLQDO�PRGH� WR� ODVH�� �7KH�DSSHDUDQFH� RI� WKH� WXUQ�RQ� MLWWHU� LV� UDWKHU�GLJLWDO�� DV

VRRQ� DV� WKH� RII�OHYHO� UHDFKHV� D� FHUWDLQ� PLQLPXP� OHYHO�� LW� GLVDSSHDUV� FRPSOHWHO\�� � 7KLV� LV

VKRZQ�LQ�)LJ������F��ZKLFK�ZDV�PHDVXUHG�IRU�D�UHGXFHG�RQ�RII�UDWLR����G%����,Q�>�@��WKH�GLUHFW

PRGXODWLRQ�RI�D����FKDQQHO�PXOWL�ZDYHOHQJWK�ODVHU�ZDV�GHPRQVWUDWHG���$OVR�LQ�WKDW�FDVH��WKH

PD[LPXP�RQ�RII�UDWLR�ZDV�RQO\���G%�

7KH� ORZHU� URZ� RI� )LJ�� ����� UHSUHVHQWV� H\H�GLDJUDPV�PHDVXUHG� DW� KLJKHU� GDWD�VSHHGV� DQG

ZLWK�YDU\LQJ�RQ�RII�UDWLR���5HPDUN�WKH�VHFRQG�ILJXUH�LQ�WKLV�URZ��WDNHQ�IRU������*+]�PRGXOD�

WLRQ��ZKLFK�KDV�D�UHDVRQDEOH�RQ�RII�UDWLR�DQG�D�ORZ�WXUQ�RII�MLWWHU�

6 Conclusion and discussion

8VLQJ� WKH� K\EULG� LQWHJUDWLRQ� WHFKQRORJ\�� ZH� FRXOG� UHDOLVH� YHU\� SHUIRUPDQW� 3KDVHG�$UUD\

PXOWL�ZDYHOHQJWK� ODVHUV�� � 7KH� QRQ�SHUPDQHQWO\� FRXSOHG� GHYLFHV� �FKDSWHU� ��� H[KLELWHG� WKH

ORZHVW�WKUHVKROG�FXUUHQWV�UHSRUWHG�XQWLO�QRZ�IRU�GHYLFHV�HPSOR\LQJ�D�EXON�DFWLYH�OD\HU�DQG

KDG�D�KLJK�RXWSXW�SRZHU��!�����P:�DW�����P$��IRU�VLQJOH�FKDQQHO�RSHUDWLRQ��!�����P:�IRU

IRXU�FKDQQHO�RSHUDWLRQ��

7KH�SHUPDQHQWO\� LQWHJUDWHG�PRGXOH�GLVFXVVHG� LQ�FKDSWHU���KDG�D�KLJKHU� WKUHVKROG�FXUUHQW

EXW�WKH�EHVW�FKDQQHOV�ZHUH�RVFLOODWLQJ�UHOLDEO\�LQ�D�VLQJOH�SDVVEDQG�RI�WKH�3KDVHG�$UUD\�DQG

LQ�D� VLQJOH� ORQJLWXGLQDO�PRGH�� �0RUHRYHU��ZH�PHDVXUHG� DQ� �����0+]��G%�EDQGZLGWK� IRU

VPDOO�VLJQDO�PRGXODWLRQ��ZKLFK�LV��WR�RXU�NQRZOHGJH��WKH�EHVW�UHSRUWHG�XQWLO�QRZ���7KH�ODVHU

OLQHZLGWK�ZDV�EHORZ���0+]�DQG��IRU�PRGHUDWH�RQ�RII�OHYHOV����G%���JRRG�H\H�GLDJUDPV�ZHUH

REWDLQHG�DW�GDWD�UDWHV�RI�����0ELW�V�DQG������*ELW�V���7KH�FHQWUDO�ZDYHOHQJWK�RI�WKH�ODVHU�LV

WXQDEOH�E\�FKDQJLQJ�WKH�GHYLFH�WHPSHUDWXUH��a�����QP�.��

,Q�WKH�LQWURGXFWLRQ�RI�FKDSWHU����ZH�KDYH�VKRZQ�WKDW�K\EULG�LQWHJUDWLRQ�WHFKQRORJLHV�DUH�EH�

FRPLQJ� LQFUHDVLQJO\� LPSRUWDQW� RQ� ZRUOG�VFDOH�� � +RZHYHU�� IRU� DSSOLFDWLRQV� VXFK� DV� WKH

3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHU��WKH�ZLGHO\�DSSOLHG�VLOLFRQ�EHQFK�K\EULGV�DUH�QRW�XVH�

IXO�GXH�WR�WKH�ODUJH�VL]H�RI�WKH�GHYLFHV�IDEULFDWHG�LQ�VLOLFD�RQ�VLOLFRQ�ZDYHJXLGH�WHFKQRORJLHV�

7KHUHIRUH�� WKH� LQWHJUDWLRQ� WHFKQRORJ\� ZH� GHYHORSHG� LQFRUSRUDWHV� RQO\� KLJK�FRQWUDVW� ,Q3�

EDVHG�FRPSRQHQWV�� �)XUWKHU��RQO\�VWDQGDUG�GHYLFHV��VXFK�DV�WKH�SDVVLYH�ZDYHJXLGH�FKLS�RU

GHYLFHV�WKDW�DUH�FRPPHUFLDOO\�DYDLODEOH��VXFK�DV�WKH�DPSOLILHU�DUUD\��ZHUH�XVHG���7KLV�DOORZV

IRU�YHU\�IDVW�SURWRW\SLQJ�DQG�D�VKRUW�GHYHORSPHQW�F\FOH���7KH�UHVXOWV�UHSRUWHG�LQ�FKDSWHUV��

	���DQG�VXPPDULVHG�DERYH��SURRI�WKDW�WKLV�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�LV�LQGHHG�D�SRZHU�

IXO�WRRO�IRU�UHDOLVLQJ�FRPSOH[�SKRWRQLF�,&V���%\�DQJOLQJ�WKH�ZDYHJXLGHV�WRZDUGV�WKH�IDFHW��ZH

FRXOG� HIIHFWLYHO\� UHGXFH� WKH� UHIOHFWLRQV� DW� WKH� LQWHUIDFH� EHWZHHQ� ERWK� FKLSV� WR� D� QHJOLJLEOH

OHYHO���7KH�PDLQ�SUREOHP�ZLWK�WKH�GHYLFHV�DV�WKH\�ZHUH�XVHG�LQ�WKH�FRQWH[W�RI�WKLV�ZRUN��LV
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WKH�VPDOO�WROHUDQFH�IRU�PLVDOLJQPHQW�HUURUV�EHWZHHQ�ERWK�FKLSV���,Q�SDUWLFXODU��WKH�WROHUDQFH

LQ� ORQJLWXGLQDO�GLUHFWLRQ� LV�YHU\� WLJKW� DQG�RQO\�E\�EULQJLQJ�ERWK� FKLSV� H[WUHPHO\� FORVH� WR�

JHWKHU�WKH�WUDQVLWLRQ�ORVV� LV�UHGXFHG�WR�DQ�DFFHSWDEOH� OHYHO�� �+RZHYHU�� WKLV�PD\�EH�GLIILFXOW

EHFDXVH� RI� IDFHW� FRUUXJDWLRQV�� � )XUWKHU�� WKH�QDUURZ� JDS� EHWZHHQ� ERWK� FKLSV�PD\� LQKLELW� D

VXFFHVVIXO� FXULQJ� RI� WKH�89�HSR[\� WKDW� LV� XVHG� IRU� ERQGLQJ� WKHP� WRJHWKHU� �VHH� FKDSWHU� ��

SDUDJUDSK��������� �7KH�PRVW�REYLRXV�ZD\�WR� LQFUHDVH�WKH�FRXSOLQJ�WROHUDQFHV� LV� WR�XVH�VSRW�

VL]H�FRQYHUWHUV�� �+RZHYHU�� LQFRUSRUDWLQJ� WKHP�LQ� WKH�FRXSOLQJ�VFKHPH�PD\�FRPSOLFDWH� WKH

IDEULFDWLRQ�RI�WKH�GHYLFHV���$V�DQ�LQWHUPHGLDWH�RSWLRQ��RQH�FRXOG�WU\�WR�GHFUHDVH�WKH�YHUWLFDO

IDU�ILHOG�ZLGWK�RI�WKH�ZDYHJXLGHV�E\�XVLQJ�D�JXLGLQJ�OD\HU�ZLWK�D�ORZHU�UHIUDFWLYH�LQGH[�RU

ZLWK�D�JUDGHG�LQGH[�SURILOH�DV�ZDV�H[SODLQHG�LQ�VHFWLRQ���RI�FKDSWHU���

7KH� ODVHU�PRGXOH��ZKLFK� LV�XVHG� WR�SURYLGH� WKH� FRXSOLQJ�ZLWK�DQ�RSWLFDO� ILEUH�� SURYLGHV� D

YHU\� IOH[LEOH�ZD\� IRU� FKDUDFWHULVLQJ� WKH�3,&V�� �$�GHYLFH�RQ�D� VXLWDEOH� DGDSWHU�SODWH� FDQ�EH

PRXQWHG�LQ�WKH�PRGXOH�DQG�DOLJQHG�ZLWK�WKH�ILEUH�LQ�RQO\�D�IHZ�PLQXWHV�� �6RPH�DVSHFWV�RI

WKH�SDFNDJLQJ�VFKHPH��VXFK�DV�WKH�HOHFWULFDO�LQWHUFRQQHFWLRQ�DQG�WKH�WKHUPDO�SURSHUWLHV�KRZ�

HYHU�KDYH�WR�EH�LQYHVWLJDWHG�IXUWKHU���3RVVLEO\��LW�ZRXOG�EH�XVHIXO�WR�ERQG�WKH�DPSOLILHUV�RQ

WKH�VXEVWUDWH�XVLQJ�D�IOLS�FKLS�WHFKQRORJ\���7KLV�ZLOO�QRW�RQO\�DOORZ�SRVLWLRQLQJ�WKH�DPSOLILHUV

PRUH� DFFXUDWHO\� EXW� ZLOO� DOVR� SURYLGH� D� EHWWHU� FRROLQJ� DQG� WKHUHE\� UHGXFH� WKH� WKHUPDO

FURVVWDON�EHWZHHQ�WKH�DPSOLILHUV���)RU�LPSURYLQJ�WKH�\LHOG��LW�ZRXOG�SRVVLEO\�EH�EHWWHU�WR�XVH

VPDOOHU�DPSOLILHU�DUUD\V��FRQWDLQLQJ�IRU�H[DPSOH�RQO\�IRXU�DPSOLILHUV���7KLV�ZLOO�QRW�RQO\�LQ�

FUHDVH� WKH�\LHOG�RI� WKH�DPSOLILHU�DUUD\V� WKHPVHOYHV�EXW��EHFDXVH� LW� LV�GLIILFXOW� WR�DOLJQ�HLJKW

DPSOLILHUV�VLPXOWDQHRXVO\��DOVR�WKH�\LHOG�RI�WKH�ERQGLQJ�SURFHVV�
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Appendix 1: 7-channel permanently integrated hybrid Phased-Array
laser module

)ROORZLQJ�WKH�FRPSOHWLRQ�RI�WKH�WKHVLV��D�QHZ�PRGXOH�ZDV�DVVHPEOHG�ZLWK�LPSURYHG�RSHU�

DWLQJ�FKDUDFWHULVWLFV��ZKLFK�DUH�UHSRUWHG�KHUH�

)RU�WKLV�PRGXOH��WKH�FRUUXJDWLRQ�RI�WKH�IDFHW�RI�WKH�SDVVLYH�ZDYHJXLGH�FKLS�E\�ODVHU�DEODWLRQ

DV�LW�ZDV�GHVFULEHG�LQ�SDUDJUDSK��������ZDV�RPLWWHG���,QVWHDG��D�FRQVLGHUDEOH�DPRXQW�RI�HSR[\

ZDV�DSSOLHG�RQ�WRS�RI�ERWK�FKLSV���7KLV�HSR[\�LV�FXUHG�YHU\�IDVW�DQG�NHHSV�ERWK�FKLSV�FRQ�

QHFWHG�ZKLOH�WKH�HSR[\�LQ�EHWZHHQ�WKH�FKLSV�LV�FXUHG���GXULQJ�D�PXFK�ORQJHU�WLPH���7KLV�SUR�

FHGXUH� UHVXOWHG� LQ� D� FRQVLGHUDEO\� GHFUHDVHG� WKUHVKROG� FXUUHQW� DQG� DQ� LQFUHDVHG� RXWSXW

SRZHU�ZLWK�UHVSHFW�WR�SUHYLRXV�PRGXOHV��VHH�)LJ������D��
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)LJ�������/,�FXUYHV��OHIW��DQG�ZDYHOHQJWK�YHUVXV�FXUUHQW��ULJKW��IRU�LPSURYHG�PRGXOH

/DVHU�RSHUDWLRQ�IRU���RXW�RI���FKDQQHOV�FRXOG�EH�REWDLQHG���6LQFH�WKH��QRQ�RSHUDWLQJ��FKDQQHO

��ZDV�ORFDWHG�LPPHGLDWHO\�QH[W�WR�WKH�EHVW�FKDQQHO�DQG�WKH�FRUUHVSRQGLQJ�DPSOLILHU�ZRUNV

ZHOO��ZH�EHOLHYH�WKDW�WKH�SDVVLYH�ZDYHJXLGH�RI�WKLV�FKDQQHO�LV�GHIHFWLYH�

)RXU�FKDQQHOV� �����������������ZHUH� WHUPLQDWHG�ZLWK�60$�FRQQHFWRUV�� �2QH�RI� WKHVH� LV� WKH

GHIHFWLYH�FKDQQHO�����7KH�IUHTXHQF\�VSDFLQJ�RI�WKH�RWKHU�HOHFWULFDOO\�FRQQHFWHG�FKDQQHOV�LV����

*+]���7KH�DEVROXWH�ZDYHOHQJWK�DV�IXQFWLRQ�RI�WKH�GULYH�FXUUHQW�LV�VKRZQ�LQ�)LJ������E��PHDV�

XUHG�DW�URRP�WHPSHUDWXUH��XVLQJ�D�+3������%�ZDYHOHQJWK�PHWHU����7KH�IUHTXHQF\�FKDQJHV�E\

����0+]�P$����SP�P$����1R�PXOWLSDVVEDQG�ODVLQJ�KDV�EHHQ�REVHUYHG�





Chapter 7 

Summary and conclusions
7KH� LQFUHDVLQJ� FRPSOH[LW\� RI� RSWLFDO� WHOHFRPPXQLFDWLRQ� QHWZRUNV� KDV� FUHDWHG� D� QHHG� IRU

PRUH�IOH[LEOH�ODVHU�VRXUFHV��VXFK�DV�WKH�3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHUV�WKDW�ZHUH�LQ�

YHVWLJDWHG�LQ�WKH�FRQWH[W�RI�WKLV�WKHVLV���$W�WKH�PRPHQW�WKLV�ZRUN�ZDV�LQLWLDWHG��LW�ZDV�QRW�\HW

REYLRXV� LI� VXFK� VRXUFHV�ZRXOG� EH� SUDFWLFDO� IRU� XVH� LQ� UHDO�ZRUOG� FRPPXQLFDWLRQ� V\VWHPV�

7KHUHIRUH��ZH�LQYHVWLJDWHG�WKHLU�SURSHUWLHV�ERWK�WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\�

,Q� FKDSWHU� ��� D� UHYLHZ� RI� WKH� RSHUDWLQJ� FKDUDFWHULVWLFV� RI� FXUUHQW� VWDWH�RI�WKH�DUW� PXOWL�

ZDYHOHQJWK� ODVHUV�ZDV�JLYHQ�� �)URP� WKLV� VWXG\�� WKH�PRVW� LPSRUWDQW�DGYDQWDJHV�RI�3KDVHG�

$UUD\� PXOWL�ZDYHOHQJWK� ODVHUV� DSSHDU� WR� EH� WKH� DFFXUDWH� FKDQQHO� VSDFLQJ�� WKH� VLPSOLILHG

FKDUDFWHULVDWLRQ�DQG�SDFNDJLQJ�SURFHGXUH�� WKH� OLPLWHG�QHHG� IRU� FRQWURO� HTXLSPHQW� DQG� WKH

KLJK�VLGH�PRGH�VXSSUHVVLRQ�UDWLR���7KH�RXWSXW�SRZHU�RQ�WKH�RWKHU�KDQG�LV�VWLOO�FRQVLGHUHG�WR

ORZ�IRU�SUDFWLFDO�DSSOLFDWLRQV�DQG�GH�\LHOG�PD\�EH�VPDOO�GXH�WR�WKH�ODUJH�FKLS�VXUIDFH���7KH

IDEULFDWLRQ� LWVHOI� KRZHYHU� LV� VLPSOH� VLQFH� QR� ILQH�JULG� JUDWLQJV� DUH� UHTXLUHG� DQG� RQH� ILEUH

SLJWDLO�LV�VKDUHG�E\�PXOWLSOH�FKDQQHOV���7KH�PDLQ�GLVDGYDQWDJH�DW�WKLV�PRPHQW��LV�WKH�PRGX�

ODWLRQ� EDQGZLGWK��ZKLFK� LV� OLPLWHG� GXH� WR� WKH� ORQJ� FDYLW\� OHQJWK�� � $V� DQ� DOWHUQDWLYH�� RQH

FRXOG� FRQVLGHU� H[WHUQDO�PRGXODWLRQ�� � $OWKRXJK� WKLV� UHTXLUHV� WKDW� WKH� VLJQDOV� DUH� GHPXOWL�

SOH[HG�DJDLQ��VWLOO�WKH�XVH�RI�D�PXOWL�ZDYHOHQJWK�ODVHU�PD\�OHDG�WR�D�QHW�ORZHULQJ�RI�WKH�WRWDO

QXPEHU�RI�GHYLFHV�UHTXLUHG�

,Q� FKDSWHU� ��� WKH�PHWKRGV�ZH�XVHG� IRU� DQDO\VLQJ� WKH�ZDYHJXLGH� VWUXFWXUHV� DQG� ODVHUV� WKDW

ZHUH� VWXGLHG� LQ� WKH� FRQWH[W�RI� WKLV�ZRUN�ZHUH� LQWURGXFHG�� � )XUWKHU��ZH�DOVR�GLVFXVVHG� WKH

V\QWKHVLV�RI�FRPSOH[�SKRWRQLF�,&ªV�DQG�SRLQWHG�RXW�VRPH�RI�WKH�ZHDNQHVVHV�RI�WKH�PHWKRGV

WKDW� DUH� FXUUHQWO\� DYDLODEOH� IRU� WKDW�SXUSRVH�� �:H�DOVR�SURSRVHG�DQ�DOWHUQDWLYH� NQRZOHGJH

GULYHQ� DSSURDFK�� ZKLFK� IRFXVHV� PRUH� RQ� WKH� PDQLSXODWLRQ� RI� SUHYLRXVO\� REWDLQHG� GDWD�

UDWKHU�WKDQ�RQ�ILHOG�FDOFXODWLRQ�DV�VXFK���7KLV�ZDV�LOOXVWUDWHG��XVLQJ�WKH�GHVLJQ�RI�D�3KDVHG�

$UUD\�ODVHU�DV�DQ�H[DPSOH���$W�WKH�HQG�RI�FKDSWHU����ZH�DOVR�VKRUWO\�LQWURGXFHG�WKH�RSHUDWLQJ

SULQFLSOH�RI�3KDVHG�$UUD\�PXOWLSOH[HUV�DQG�GLVFXVVHG�WKHLU�GHVLJQ���:H�WKHUHE\�IRFXVVHG�RQ

WKH�WUDGH�RII�DULVLQJ�IURP�WKH�IDFW�WKDW�IRU�REWDLQLQJ�D�PD[LPDOO\�VWDEOH�ODVHU�RSHUDWLRQ��ERWK

WKH�FDYLW\�OHQJWK�DQG�WKH�ILOWHU�EDQGZLGWK�VKRXOG�EH�PLQLPLVHG�

,Q�FKDSWHU����ZH�WKHRUHWLFDOO\�LQYHVWLJDWHG�ORQJ�FDYLW\�ODVHUV�VXFK�DV�WKH�3KDVHG�$UUD\�ODVHU�

,Q�D�ILUVW�SDUW��UDWH�HTXDWLRQV�IRU�WKH�SKRWRQ�DQG�WKH�HOHFWURQ�GHQVLW\�ZHUH�HVWDEOLVKHG���1H[W�

WKRVH�ZHUH�XVHG�WR�LQYHVWLJDWH�WKH�VWDWLF�FKDUDFWHULVWLFV��WKH�ORQJLWXGLQDO�PRGH�VWDELOLW\�DQG

WKH� G\QDPLF� FKDUDFWHULVWLFV�� �:H� DOVR� LQYHVWLJDWHG� WKH� HIIHFW� RI� JDLQ�VXSSUHVVLRQ� LQGXFHG

FURVVWDON�LQ�WKH�FRPPRQ�DPSOLILHU�RI�VXFK�D�ODVHU�DQG�SURSRVHG�D�QHZ�DSSURDFK�WR�FODPS�WKH

JDLQ� RI� WKLV� DPSOLILHU� WKHUHE\� SUHYHQWLQJ� WKLV� VRUW� RI� FURVVWDON�� � ,Q� DGGLWLRQ�� VRPH� JHQHUDO

GHVLJQ�UXOHV�IRU�3KDVHG�$UUD\�PXOWL�ZDYHOHQJWK�ODVHUV�ZHUH�JLYHQ�
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,Q� FKDSWHU� ��� WKH� VXEFRPSRQHQWV� RI� WKH� 3KDVHG�$UUD\� ODVHU� �� DPSOLILHUV� DQG� SDVVLYH

ZDYHJXLGHV���ZHUH� LQYHVWLJDWHG�� �%\�FRPSDULQJ� WKHRUHWLFDO� UHVXOWV�ZLWK�H[SHULPHQWDOO\�RE�

WDLQHG�RQHV��ZH�FRXOG�GHULYH�VHYHUDO�LQWULQVLF�PDWHULDO�SDUDPHWHUV�WKDW�ZHUH�XVHG�IRU�PRGHO�

OLQJ� WKH� FRPSOHWH�PXOWL�ZDYHOHQJWK� ODVHU�� � ,Q� WKLV� FKDSWHU�� ZH� DOVR� VWXGLHG� WKH� WUDQVLWLRQ

EHWZHHQ�WKH�DFWLYH�DQG�WKH�SDVVLYH�ZDYHJXLGHV�IRU�ERWK�WKH�PRQROLWKLFDOO\�DQG�WKH�K\EULGO\

LQWHJUDWHG�GHYLFHV�

7R�EH�DEOH�WR�YHULI\�WKH�UHVXOWV�IURP�WKH�WKHRUHWLFDO�DQDO\VLV�GHVFULEHG�LQ�FKDSWHU���ZLWK�H[�

SHULPHQWDO�UHVXOWV��ZH�GHYHORSHG�D�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�WKDW�DOORZHG�WR�EXLOW�FRP�

SOH[� SKRWRQLF� ,&ªV�� VWDUWLQJ� IURP� VWDQGDUG� FRPSRQHQWV� VXFK� DV� 62$�DUUD\V� DQG� SDVVLYH

ZDYHJXLGH�FKLSV���2ULJLQDOO\��WKH�FKLSV�ZHUH�RQO\�WHPSRUDULO\�FRXSOHG�RQ�DQ�RSWLFDO�EHQFK�

,Q�WKDW�ZD\�ZH�FRXOG�UHDOLVH�VRPH�YHU\�SHUIRUPDQW�3KDVHG�$UUD\�ODVHUV��KDYLQJ�WKH�ORZHVW

WKUHVKROG�FXUUHQW�DQG�KLJKHVW�RXWSXW�SRZHU�UHSRUWHG�XQWLO�QRZ�IRU�GHYLFHV�ZLWK�D�EXON�DF�

WLYH� OD\HU�� �/DWHU�� WR� LPSURYH� WKH�VWDELOLW\�RI� WKH�3,&V�DQG�WR�PDNH� WKHLU�XVH� LQ�RSWLFDO�QHW�

ZRUNV� SRVVLEOH�� ZH� GHYHORSHG� D� SHUPDQHQW� ERQGLQJ� WHFKQLTXH� IRU� WKH� K\EULGO\� FRXSOHG

FKLSV��XVLQJ�D�89�FXULQJ�HSR[\�� �7KLV�DOORZHG�XV�WR�UHDOLVH�D�IXOO\�SDFNDJHG�3KDVHG�$UUD\

ODVHU��ZLWK�VOLJKWO\�KLJKHU�WKUHVKROG�FXUUHQW�EXW�DOVR�ZLWK�WKH�KLJKHVW�PRGXODWLRQ�EDQGZLGWK

UHSRUWHG�XQWLO�QRZ�IRU�WKLV�VRUW�RI�GHYLFH�������0+]����7KH�OLQHZLGWK�ZDV�EHORZ���0+]�DQG

FRPSOHWHO\�RSHQ� H\H�GLDJUDPV�ZHUH�PHDVXUHG� DW� D� GDWD� UDWH� RI� �����*ELW�V� DQG�DQ� RQ�RII

UDWLR�RI���G%�

,Q�RXU�RSLQLRQ��WKHVH�UHVXOWV�SURRI�WKDW�D�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\��DV�LW�ZDV�SUHVHQWHG

LQ�WKLV�ZRUN�DQG�SRVVLEO\�ZLWK�WKH�DGDSWDWLRQV�GLVFXVVHG�DW�WKH�HQG�RI�FKDSWHU����PD\�EH�YHU\

XVHIXO�� �$W�D�ODERUDWRU\�OHYHO�� LW� LV�LPSRUWDQW�WR�KDYH�D�WHFKQRORJ\�WKDW�PDNHV� LW�SRVVLEOH�WR

UHDOLVH�QHZ�GHYLFH�LGHDV��ZLWKRXW�QHHGLQJ�WKH�FRPSOLFDWHG�SURFHVVLQJ�LQYROYHG�ZLWK�PRQR�

OLWKLF�LQWHJUDWLRQ�WHFKQRORJLHV���)RU�VXFK�DSSOLFDWLRQV�LW�LV�PDLQO\�LPSRUWDQW�WR�NHHS�WKH�GH�

YLFHV�DV� VLPSOH�DV�SRVVLEOH�� �7KH�DGGLWLRQDO�SURFHVVLQJ� UHTXLUHG� IRU�SDVVLYH�DOLJQPHQW� DQG

WKH�DGGLWLRQDO�ORVV�LQYROYHG�PDNH�WKDW�DFWLYH�DOLJQPHQW�WHFKQLTXHV�DUH�DQ�REYLRXV�RSWLRQ�

)RU�GHFLGLQJ�LI�D�K\EULG�LQWHJUDWLRQ�WHFKQRORJ\�HPSOR\LQJ�RQO\�,Q3�EDVHG�FKLSV�ZLOO�DOVR�EH

XVHIXO�IRU�FRPPHUFLDO�DSSOLFDWLRQV��D�FRPSOHWH�\LHOG�DQG�FRVW�DQDO\VLV�LQFRUSRUDWLQJ�DOO�SRV�

VLEOH�WHFKQRORJLHV�ZLOO�EH�UHTXLUHG���+RZHYHU��EDVHG�RQ�WKH�FXUUHQW�VXFFHVV�RI�6LOLFRQ�EHQFK

K\EULGV��ZH�EHOLHYH�WKDW�LW�LV�QRW�LPSRVVLEOH�WKDW�DOVR�WKH�NLQG�RI�K\EULG�LQWHJUDWLRQ�WHFKQRO�

RJ\�GLVFXVVHG�KHUH�ZLOO�EH�PRUH�VXFFHVVIXO� WKDQ�PRQROLWKLFDOO\�LQWHJUDWHG�WHFKQRORJLHV�� � ,Q

RXU�RSLQLRQ��VSRW�VL]H�FRQYHUWHUV�DQG�SDVVLYH�DOLJQPHQW�WHFKQLTXHV�ZLOO�EH�LQGLVSHQVDEOH�IRU

VXFK�DSSOLFDWLRQV�
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