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Per–lhyh

H s‘gqronh epoq† qarakthr–zetai apÏ thn dunatÏthta gia àmesh antallag† plhrofori∏n pou

dhmiourgo‘ntai e–te apÏ anjr∏pouc e–te apÏ mhqanËc. Aut† h plhrofor–a apojhke‘etai kai diaki-

ne–tai apÏ upologistikà kËntra ta opo–a suneq∏c prËpei na anabajm–zoun tic optikËc diasundËseic

touc gia na mporo‘n na antepexËrqontai sthn anàgkh gia megal‘tero e‘roc z∏nhc. OptikËc dia-

sundËseic 400 GbE †dh Ëqoun arq–sei na egkaj–stantai sta upologistikà kËntra, parÏla autà oi
prospàjeiec anàptuxhc tou epÏmenou prot‘pou sta 800 † kai 1600 Gb/s Ëqoun †dh xekin†sei.

H anàptuxh pompodekt∏n pou ja mporo‘n na metad–doun seriakà se taq‘thtec uyhlÏterec twn

50 Gbaud e–nai kleid– proc thn ep–teuxh auto‘ tou stÏqou kaj∏c h a‘xhsh thc qwrhtikÏthtac
mËsw thc a‘xhshc twn gramm∏n perior–zetai apÏ to mËgejoc tou pompodËkth. Ep–shc mellontikà

e–nai pol‘ pijanÏn na qrhsimopoio‘ntai se sunduasmÏ me touc hlektriko‘c diakÏptec, ki optiko–

diakÏptec pou ja bas–zontai sthn optik† metagwg† kukl∏matoc (OCS), gia thn pragmatopo–h-
sh ubridik∏n kai argÏtera –swc amig∏c optik∏n arqitektonik∏n. Oi kuriÏterec arqitektonikËc

upologistik∏n kËntrwn se efarmog† s†mera e–nai oi tri∏n epipËdwn (three-tier), fat-tree kai leaf-
spine, me thn teleuta–a na uiojete–tai apÏ touc megàlouc qr†stec (FaceBook, Microsoft) kaj∏c
prospaje– na metatrËyei Ëna ep–pedo d–ktuo axiopoi∏ntac thn orgànwsh twn exuphretht∏n se

mikro‘ megËjouc dexamenËc (pods) me kajorismËno kai stajerÏ arijmÏ apÏ server rack, ant– twn
megal‘terwn cluster.

H paro‘sa diatrib† estiàzei stic prospàjeiec pou Ëginan proc thn kate‘junsh thc anàptuxhc enÏc

pompo‘ 2⇥ 100 Gb/s, kai enÏc pompo‘ metablhto‘ m†kouc k‘matoc 100 Gb/s, pou ja bas–zontan
se Ëna nËo hlektro-optikÏ polumerËc ulikÏ gia thn kataskeu† twn pol‘ gr†gorwn diamorfwt∏n

kai ston sqediasmÏ nËwn fwtonik∏n dom∏n se autÏ to ulikÏ ∏ste na qrhsimopoihjo‘n san domikà

stoiqe–a stouc pompo‘c nËac geniàc.

Istorikà, h ep–teuxh uperhyul∏n taqut†twn se optik† metàdosh pragmatopoio‘tan me qr†sh o-

ptik†c poluplex–ac sto ped–o tou qrÏnou (OTDM), lÏgw thc Ëlleiyhc hlektronik∏n kai optoh-
lektronik∏n stoiqe–wn me megàlo e‘roc z∏nhc, Ïpwc hlektronikà kukl∏mata gËnnhshc palm∏n,

kukl∏mata en–squshc, optiko– diamorfwtËc, gia na uposthr–xoun mia alus–da exarthmàtwn ikan∏n

gia gËnnhsh shmàtwn apeuje–ac sta 100 Gb/s. Sthn OTDM to optikÏ s†ma xekino‘se apÏ qa-
mhlÏterh taq‘thta kai poluplekÏtan mËqri na ftàsei sto epijumhtÏ rujmÏ metàdoshc. H teqnik†

aut† qrhsimopoio‘tan sta d–ktua kormo‘ kai qrhsimopoio‘se palmo‘c RZ-OOK pou e–nai ste-
nÏteroi sto qrÏno gia na axiopoi†sei Ïlo to diajËsimo fàsma thc –nac. Sta shme–a diepaf†c tou

dikt‘ou kormo‘ me ta mhtropolitikà d–ktua, Ïpou se autà kuriarqe– h poluplex–a sthn suqnÏth-

ta (WDM), oi eure–c fasmatikà palmo– RZ-OOK prËpei na metatrapo‘n stouc apodotikÏterouc
apÏ àpoyh qr†shc fàsmatoc, NRZ-OOK. Gia ton skopÏ autÏ anapt‘qjhke Ënac amig∏c optikÏc
metatropËac basismËnoc se grammËc kajustËrhshc kataskeuasmËnec se oloklhrwmËno fwtonikÏ
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k‘klwma. O metatropËac melet†jhke me logismikÏ prosomo–wshc Ïpou epide–qjhke h kal† lei-

tourg–a tou me s†mata OOK, DPSK allà kai an∏terhc tàxhc 16-QAM. Peiramatikà epide–qjhke
h kal† leitourg–a thc RZ-DPSK se NRZ-DPSK metatrop†c se rujmÏ 40 Gb/s.

Ennalaktik† teqnik† gia thn ep–teuxh uyhl∏n taqut†twn e–nai h hlektronik† poluplex–a sto

qrÏno. Me aut†n thn teqnik†, Ëqoun epiteuqje– taq‘thtec 100 Gb/s paliÏtera, allà den up†rqan
diajËsima hlektronikà kukl∏mata od†ghshc kai gr†goroi optiko– diamorfwtËc basismËnoi se nËo

hlektro-optikÏ polumerËc ulikÏ. H diajesimÏthta hlektrik∏n drivers kai optik∏n diamorfwt∏n
me megàlo e‘roc z∏nhc epËtreye thn anàptuxh tou pr∏tou oloklhrwmËnou pompo‘ seiriak†c

metàdoshc sta 100 Gb/s.

H peraitËrw klimàkwsh tou pompo‘ sta 2 ⇥ 100 Gb/s qreiazÏtan thn anàptuxh nËwn pajhtik∏n
fwtonik∏n dom∏n sto hlektrooptikÏ polumerËc Ïpwc 1⇥2MMI suze‘ktec pou ja leitourgo‘san

wc diaqwristËc isq‘oc, gia na qwr–soun thn optik† isq‘ miac diÏdou DFB ston pompÏ se 2 –sa
mËrh trofodot∏ntac ant–stoiqouc diamorfwtËc. Oi domËc sqediàsthkan kai prosomoi∏jhkan se

katàllhlo logismikÏ me upologismËnec timËc apwlei∏n kàtw apÏ 1 dB kai anisorrop–a metax‘ twn
jur∏n kàtw apÏ 0.5 dB. Sthn sunËqeia kataskeuàsthkan se tsip kai qarakthr–sthkan wc proc tic
ap∏leiec kai thn anisorrop–a se katàllhlouc stajmo‘c ergas–ac, me tic metr†seic na epibebai∏noun

thn ep–teuxh twn zhto‘menwn tim∏n stouc 1 ⇥ 2 MMI se Ëna e‘roc z∏nhc megal‘tero apÏ 100

nm. Oi 1 ⇥ 2 domËc me thn kal‘terh apÏdosh qarakthr–sthkan kai me upËrujrh kàmera Ïpou

diakr–nontan kajarà duo rujmo–. AutËc oi domËc epilËqjhkan gia olokl†rwsh me mia sustoiq–a duo

optik∏n diamorfwt∏n gia thn dhmiourg–a tou optiko‘ uposunÏlou. Sthn sunËqeia Ëgine sunarmog†

tou optiko‘ uposunÏlou me ta hlektronikà kukl∏mata od†ghshc gia thn dhmiourg–a tou pompo‘

2 ⇥ 100 Gb/s. O pompÏc qarakthr–sthke wc proc ta statikà qarakthristikà twn sunart†sewn
metaforàc, epibebai∏jhke h kal† leitourg–a tou oloklhrwmËnou MMI kai ep–shc katagràfhke to

diamorfwmËno optikÏ fàsma sta 2 ⇥ 80 kai 2 ⇥ 100 Gb/s. H peiramatik† diàtaxh basizÏtan se
hlektronik† poluplex–a gia thn dhmiourg–a twn hlektrik∏n shmàtwn pou trofodoto‘ntan ston

pompÏ. Sunduàsthke me Ënan dËkth 4 ⇥ 100 Gb/s gia thn dhmiourg–a miac optik†c dias‘ndeshc
kai pragmatopoi†jhkan peiràmata metàdoshc sta 80 kai 100 Gb/s mËqri 1625 m metr∏ntac ton
rujmÏ laj∏n. O pompÏc e–qe error-free ep–dosh sta 80 kai sta 100 Gb/s mËqri ta 1000 m kai
BER qamhlÏtero apÏ 10�7 sta 1625 m. Se aut†n thn apÏstash h poiÏthta twn diagrammàtwn
ofjalmo‘ upobajmizÏtan shmantikà lÏgw tou fainomËnou thc diasporàc.

O pompÏc metablhto‘ m†kouc k‘matoc 100 Gb/s apotelo‘tan apÏ Ëna lËizer exwterik†c koilÏth-
tac, ton optikÏ diamorfwt† kai ta hlektronikà od†ghshc. To lËizer exwterik†c koilÏthtac apo-

telo‘ntan apÏ Ëna stoiqe–o kËrdouc suzeugmËno se Ëna oloklhrwmËno fwtonikÏ k‘klwma Bragg
grating to opo–o leitourge– wc hmi-peratÏc kajrËpthc sto Ëna àkro thc koilÏthtac. H dom† Bragg
grating sqediàsthke kai melet†jhke h leitourg–a thc me katàllhlo logismikÏ ∏ste na epiteuqje–
suntonismÏc sthn perioq† 1550 - 1570. Melet†jhkan kai kataskeuàsthkan perijlastikà fràgma-

ta 3hc kai 5hc tàxhc, me arijmÏ periÏdwn 100, 200, 400, 600, 800, 1000, me per–odo L 1.392, 1.406,

1.420, 2.32, 2.338, 2.343, 2.349, kai 2.366. Ep–shc up†rqan parallagËc sto mËgejoc aulàkwshc

apÏ 1.8 Ëwc 6.3 um me b†ma 0.5 um. Megal‘tero plàtoc suntonismo‘ epitugqànane ta fràgmata
me arijmÏ periÏdwn > 800 kai mËgejoc aulàkwshc > 5.3 um, opo–oc kumainÏtan apÏ 2 Ëwc 3 dBm.
Ta perijlastikà fràgmata Bragg, pou e–qan kataskeuaste– se memonwmËna tsip, me thn kal‘terh
apÏdosh epilËqjhkan gia na oloklhrwjo‘n ubridikà me Ëna stoiqe–o kËrdouc gia thn dhmiourg–a
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enÏc lËizer exwterik†c koilÏthtac. To m†koc k‘matoc ekpomp†c tou lËizer mporo‘se na metablh-

je– se Ëna e‘roc megal‘tero twn 17 nm me jermo-optikÏ trÏpo, dhlad† zesta–nontac to fràgma
me hlektrÏdio kai metabàllontac to m†koc k‘matoc suntonismo‘. H isq‘c pou qreiazÏtan gia thn

metabol† sto e‘roc autÏ †tan 800 mW. To e‘roc thc fasmatik†c gramm†c metr†jhke me Ïmodunh
kai eterÏdunh mËjodo kai brËjhke 1.5MHz, h opo–a mpore– na beltiwje– mei∏nontac thn fasmatik†
gramm† tou perijlastiko‘ fràgmatoc. To lËizer qrhsimopoi†jhke se pe–rama metàdoshc 40 Gb/s
kai sugkr–jhke me Ëna emporikÏ DFB lËizer sto –dio m†koc k‘matoc qwr–c na parathre–tai megàlh
diaforà Ïson aforà ta diagràmmata ofjalmo‘ kai tic timËc BER.

To Bragg grating pou e–qe epileqje– na oloklhrwje– monolijikà me ton optikÏ diamorfwt† (sto
hlektro-optikÏ polumerËc) den epËdeixe thn apaito‘menh apÏdosh, ki Ëtsi qrhsimopoi†jhke Ëna

lËizer exwterik†c koilÏthtac basismËno se Bragg grating pàli, allà oloklhrwmËno se pajhtikÏ
polumerËc ulikÏ. H metabol† sto m†koc k‘matoc pou mporo‘se na epiteuqje– †tan 22 nm en∏ h
optik† isq‘c sthn Ëxodo tou tsip me to stoiqe–o kËrdouc sta 120 mA †tan 3 dB. To lËizer sto
pajhtikÏ polumerËc oloklhr∏jhke sthn sunËqeia ubridikà me Ënan hlektro-optikÏ diamorfwt†

kataskeuasmËno sto hlektro-optikÏ polumerËc, Ïpwc ep–shc kai me ta hlektronikà kukl∏mata o-

d†ghshc kai Ëgine sunarmog† tou pompo‘ metablhto‘ m†kouc k‘matoc. Ta hlektronikà kukl∏mata

od†ghshc katanàlwnan 3.8 W gia thn leitourg–a thc hlektronik†c poluplex–ac kai en–squshc. O

pompÏc qarakthr–sthke wc proc thn statik† sunàrthsh metaforàc tou diamorfwt†, thn duna-

tÏthta metabol†c tou m†kouc k‘matoc kai apokt†jhkan qarakthristikà fàsmata diamorfwmËnou

s†matoc sta 100 Gb/s qrhsimopoi∏ntac thn –dia peiramatik† diàtaxh hlektronik†c poluplex–ac gia
thn gËnnhsh 50 Gb/s OOK shmàtwn. Qarakthr–sthke ep–shc se peiràmata metàdoshc mËqri 1625
m Ïpou epite‘qjhke alànjasth leitourg–a mËqri ta 1000 m kai tim† rujmo‘ metàdoshc laj∏n
(BER) 10�7 sta 1625 m. O pompÏc qrhsimopoi†jhke ep–shc se mia peiramatik† diàtaxh pou e–qe
skopÏ na prosomoi∏sei Ëna d–ktuo metagwg†c optiko‘ kukl∏matoc enÏc dikt‘ou upologistiko‘

kËntrou, kai epide–qjhke se rujmÏ leitourg–ac 100 Gb/s o trÏpoc me ton opo–o h dunatÏthta
metabol†c tou m†kouc k‘matoc mpore– na epil‘sei probl†mata s‘gkroushc kai na belti∏sei thn

euelix–a kai thn apÏdosh tou dikt‘ou.

Sumperasmatikà, h anàgkh twn upologistik∏n kËntrwn na diakino‘n plhrofor–a sto eswterikÏ

touc apÏ mhqànhma se mhqànhma s‘ntoma ja xeperàsei tic dunatÏthtec twn twrin∏n prot‘pwn

GbE pou bas–zontai se 4, 8, † akÏma 16 paràllhlec optikËc grammËc twn 25 † 50 Gbaud me
sq†mata diamÏrfwshc e–te NRZ e–te PAM-4 gia thn ep–teuxh thc telik†c qwrhtikÏthtac, kai ja
upàrxei anàgkh gia a‘xhsh thc taq‘thtac sta 100 Gbaud thc miac gramm†c. H anàgkh aut† ja
prok‘yei apÏ touc periorismo‘c pou ja sunant†sei h prospàjeia gia peraitËrw parallhlopo–hsh

twn optik∏n gramm∏n Ïpwc e–nai oi periorismËnec fusikËc diastàseic thc suskeuas–ac tou koutio‘,

to kÏstoc ton epiplËwn exarthmàtwn Ïpwc phg∏n lËizer, diamorfwt∏n, fwtodiÏdwn, to kÏstoc

twn epiplËon optik∏n in∏n kai to kÏstoc lÏgw poluplokÏthtac sth sunarmog† twn exarthmàtwn.

Prosegg–zontac to prÏblhma thc apÏdoshc twn dikt‘wn entÏc twn upologistik∏n kËntrwn apÏ

mia àllh merià, aut†c twn diakopt∏n, e–nai emfanËc Ïti oi twrino– hlektriko– diakÏptec basismËnoi

se metagwg† pakËtou Electrical Packet Switching - EPS Ëqoun touc diko‘c touc periorismo‘c.
Sthr–zontai sthn hlektro-optik† metatrop† tou s†matoc, katanal∏noun poll† enËrgeia, Ëwc kai

2500 W gia touc teleuta–ac geniàc diakÏptec qwrhtikÏthtac 51.2 Tb/s kai h apÏdosh touc exar-
tàtai apÏ thn CMOS teqnolog–a twn hlektronik∏n exarthmàtwn. Lambànontac autà upÏyh, ta
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amig∏c optikà d–ktua † ta ubridikà hlektrikà-optikà emfan–zoun endiafËron kaj∏c Ëqoun kàpoia

pleonekt†mata Ënanti twn EPS. Den pragmatopoio‘n hlektro-optik† metatrop† kai àra katana-
l∏noun ligÏterh enËrgeia, den ephreàzetai h apÏdosh touc apÏ to rujmÏ metàdoshc tou s†matoc

(transparent) kai to optikÏ s†ma den qreiàzetai apopoluplex–a sth j‘ra tou diakÏpth. Gia thn
pl†rh axiopo–hsh tËtoiou e–douc diakopt∏n qreiàzontai kai oi katàllhloi optiko– pompodËktec

uyhl†c qwrhtikÏthtac pou ja prosd–doun euelix–a.

To hlektro-optikÏ polumerËc Ëqei de–xei Ïti Ëqei antagwnistikÏ pleonËkthma san ulikÏ gia ka-

taskeu† diamorfwt∏n lÏgw tou megàlou e‘rouc z∏nhc tou (>64 GHz) kai e–nai katàllhlo gia
diamÏrfwsh apeuje–ac sta 100 Gbaud se Ëna m†koc k‘matoc kai mpore– na apotelËsei th bàsh gia
thn anàptuxh twn epÏmenhc geniàc pomp∏n gia qr†sh e–te se EPS, e–te se ubridikÏ, e–te mellontikà
se OCS d–ktuo. AutÏ pou Ëleipe apÏ to H-O polumerËc †tan h anàptuxh twn fwtonik∏n dom∏n
pou ja qrhsimopoio‘ntan san domikà stoiqe–a se auto‘c touc pompo‘c kai ja epËtrepe thn prag-

matopo–hsh touc. Gia autÏ to lÏgo, sqediàsthkan kai oloklhr∏jhkan 1⇥ 2 MMI me sustoiq–a 2

diamorfwt∏n gia thn pragmatopo–hsh tou pompo‘ 2⇥100 Gb/s,kaj∏c kai perijlastikà fràgmata
Bragg gia thn pragmatopo–hsh pompo‘ 100 Gb/s me dunatÏthta metabol†c tou m†kouc k‘matoc
ekpomp†c. O qarakthrismÏc tou 2 ⇥ 100 Gb/s kai h dunatÏthta metàdoshc se apostàseic Ëwc
1.6 km epibebai∏noun Ïti o sugkekrimËnoc pompÏc uyhl†c qwrhtikÏthtac sthn C-band mpore– na
leitourg†sei epituq∏c mËsa sta upologistikà kËntra me mÏno perioristikÏ paràgonta th diasporà

tou s†matoc O pompÏc 100 Gb/s me dunatÏthta metabol†c m†kouc k‘matoc apËdeixe Ïti mpore– na
prosdÏsei euelix–a se Ëna optikÏ d–ktuo metagwg†c kukl∏matoc basismËno se topolog–a daktul–ou

kai mpore– na sundËsei kÏmbouc tou dikt‘ou mËqri 1.6 km. Ep–shc de–qjhke Ïti to hlektro-optikÏ
polumerËc Ëqei thn dunatÏthta na pragmatopoi†sei ki àllec fwtonikËc domËc, emplout–zontac thn

ergaleioj†kh tou kai metatrËpontac thn sugkekrimËnh teqnolog–a, apÏ teqnolog–a apokleistikà

diamorfwt∏n, se teqnolog–a fwtonik†c olokl†rwshc genik†c qr†shc. 'Oson aforà to mËllon

twn optik∏n diasundËsewn, o odikÏc qàrthc tou Ethernet Ëqei san epÏmena orÏshma ta 800 kai
1600 GbE me ta 800G pijanÏn na apotelo‘n metabatikÏ stàdio. E–nai bËbaio pwc gia thn ep–teuxh
aut∏n twn oros†mwn ja qreiaste– taq‘thta 100 Gbaud se Ëna m†koc k‘matoc allà pijanÏn na mhn
arke– kai na qreiste– kai allag† parade–gmatoc Ïson aforà thn olokl†rwsh twn pompodekt∏n.

Oi pompodËktec ja qreiaste– na metaferjo‘n apÏ thn twrin† touc jËsh sto mprostinÏ pànel tou

diakÏpth kai na Ërjoun egg‘tera tou hlektroniko‘ ASIC efarmÏzontac teqnolog–a co-packaging
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Abstract

The modern age is characterized by direct exchange of information created either by humans or
by machines. This information is stored and circulated by data centers which must constantly
upgrade their optical interfaces in order to cope with the need for greater bandwidth. 400 GbE
optical interfaces have already begun to be installed in the data centers, however efforts to
develop the next model to 800 or even 1600 Gb/s have already begun.

The development of transceivers that can transmit serially at speeds higher than 50 Gbaud is
key to achieving this goal as the increase in capacity through the increase in lines is limited by
the size of the transceiver package. It is also very likely that in the future, in conjunction with
electrical switches, optical switches based on optical circuit switching (OCS) will be used, to
realize hybrid and later perhaps purely optical switching network architectures. The main data
center architectures in use today are three-tier, fat-tree and leaf-spine, with the latter being
adopted by large users (FaceBook, Microsoft) as it tries to flatten the network utilizing the
arrangement of servers into small pods with a fixed and defined number of server racks, instead
of larger clusters.

This dissertation focuses on efforts to develop a 2⇥100 Gb/s transmitter, and a 100 Gb/s variable
wavelength transmitter, based on a new electro-optical polymer material for the construction of
of fast modulators and in the design of new photonic structures in this material to be used as
building blocks in the new generation transmitters.

Historically, high-speed optical transmissions have been achieved using optical time division
multiplexing (OTDM) due to the lack of broadband electronic and optoelectronic components,
such as electronic pulse generating circuits, amplifiers, optical modulators to build a chain of
components capable of generating signals directly at 100 Gb/s. In OTDM optical signals at a
lower rates are generated and then multiplexed until the desired transmission rate is achieved.
This technique was used in core networks and used RZ-OOK pulses that are narrower in time to
utilize the entire available optical fiber bandwidth. At the interface points of the core network
with the metropolitan networks, where wavelength multiplexing (WDM) is mainly used, the
broad spectrum of the RZ-OOK pulses must be converted to the most efficient in terms of
spectrum use, NRZ-OOK. For this purpose, an all-optical format converter based on delay lines
fabricated in integrated photonic circuit was developed. The format converter was first simulated
in appropriate software and its good operation was demonstrated with OK, DPSK and more
advanced 16-QAM signals. Experiments demonstrated the good operation of the RZ-DPSK to
NRZ-DPSK conversion at a rate of 40 Gb/s.

An alternative technique for achieving high speeds is electronic time division multiplexing. With
this technique, speeds of 100 Gb/s have been achieved in the past, but no electronic driving
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circuits and high-speed optical modulators based on new electro-optical polymer material were
available. The availability of electric drivers and high-bandwidth optical modulators allowed the
development of the first integrated serial transmitter at 100 Gb/s.

Further scaling of the transmitter to 2x100 Gb/s required the development of new passive pho-
tonic structures in the electro-optical polymer such as 1x2 MMI couplers that would act as power
splitters to split the optical power of a DFB laser on the transmitter in 2 equal parts feeding
equal number of modulators. The structures were designed and simulated in appropriate simula-
tion software with targeted loss values below 1 dB and port imbalance below 0.5 dB. They were
then fabricated into PICs using the electro-optic polymer material and characterized in terms of
losses and imbalance in probe-stations, with the measurements confirming the targeted values
at the 1x2 MMIs were achieved in a bandwidth greater than 100 nm. The 1x2 structures with
the best performance were also characterized by an infrared camera where two beam profiles
were clearly formed on screen. These structures were selected for integration with an array of
two optical modulators to create the optical subassembly. The optical subassembly was then
integrated with the electronic driver circuits and packaged into the 2x100 Gb/s transmitter.
The transmitter characterization process involved static measurements of the transfer functions,
confirming the good operation of the integrated MMI and also the modulated optical spectrum
was recorded at 2x80 and 2x100 Gb/s. The experimental setup was based on electronic time
division multiplexing to generate the electrical signals that were sent to the transmitter. It was
combined with a 4x100 Gb/s receiver to create an optical interface and transmission experiments
were performed at 80 and 100 Gb/s up to 1625 m by measuring the error rate. The transmitter
had error free performance at 80 and 100 Gb/s up to 1000 m and BER lower than 10�7 at 1625
m. At this distance the eye diagram quality was significantly degraded due to dispersion in the
SMF.

The 100 Gb/s variable wavelength transmitter consisted of an external cavity laser, an optical
modulator and the driving electronics. The external cavity laser comprised a gain element
hybridly integrated to a Bragg grating structure on photonic integrated circuit which acts as a
semi-transparent mirror at one end of the cavity. Using appropriate software the Bragg grating
structure was designed and its operation was studied in order to achieve operation in the area
1550 - 1570. 3rd and 5th order diffraction gratings were studied and fabricated, with a number
of periods of 100, 200, 400, 600, 800, 1000, with period ⇤ 1.392, 1.406, 1.420, 2.32, 2.338, 2.343,
2.349, and 2.366. There were also variations in the corrugation size from 1.8 to 6.3 um with a
step of 0.5 um. Larger tuning amplitudes were achieved with gratings with a number of periods
of > 800 and a corrugation size of > 5.3 um, ranging from 2 to 3 dB. The Bragg gratings, were
fabricated on individual chips, and the best performing designs were selected to be integrated
hybridly with a gain element to create an external cavity laser. The emission wavelength of the
laser could be tuned in a range greater than 17 nm by thermo-optical effect, i.e. by heating
the grating structure with a heating electrode and shifting the Bragg wavelength. The power
required to achieve this tuning range was 800 mW. The linewidth of the laser was measured
using both homodyne and heterodyne methods and was found 1.5 MHz, which can be further
improved by making the Bragg grating filter response sharper. The laser was used in a 40 Gb/s
transmission experiment and was compared to a commercial DFB laser at the same wavelength
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with no significant difference in the obtained eye diagrams and BER values.

The Bragg grating design that was selected to be monolithically integrated with the optical
modulator (in the electro-optical polymer) did not show the required performance, so a different
Bragg grating based external cavity laser integrated in passive polymeric material was used as a
mitigation plan. The wavelength tunability that could be achieved was 22 nm while the output
optical power with the gain element at 120 mA was 3 dBm. The laser on the passive polymer
was then hybridly integrated with an optical modulator fabricated in the electro-optical polymer
material, the electrical driving circuits, and the tunable wavelength transmitter was packaged in
a gold box. The electronic driving circuits consumed 3.8 W for the operation of the electronic
multiplexing and amplification at 100 Gb/s. The transmitter was characterized in terms of the
static transfer function of the modulator, the wavelength tunability and modulated spectra at
the transmitter’s output were obtained at 100 Gb/s using the same experimental setup based on
electronic time division multiplexing for generating the 50 Gb/s OOK signals. It performance
was also assessed in transmission experiments up to 1625 m where an error-free operation of up
to 1000 m and a bit error rate (BER) value of 10�7 at 1625 m were achieved. The transmitter
was also used in an experimental setup intended to simulate an optical circuit switching (OCS)
network of an intra-data center network, and demonstrated at 100 Gb/s the way in which the
tunability can resolve contentions and improve the flexibility and the efficiency of the network.

In conclusion, the need for Data Centers to move information internally from machine to machine
will soon exceed the capabilities of current GbE standards based on 4, 8, or even 16 parallel
optical lines at 25 or 50 Gbaud, with either NRZ or PAM-4 modulation formats, to reach the
final capacity, and there will be a need to increase the serial speed to 100 Gbaud. This need
will arise from the barriers encountered in trying to further parallelize optical lines such as the
limited physical dimensions of the form factor, the cost of the additional components such as
laser sources, modulators, photodiodes, the cost of additional optical fibers and the cost due
to the complexity in assembly and packaging. Looking at the problem of network performance
within Data Centers from a different angle, that of the switches, it is clear that current Electrical
Packet Switching (EPS) switches have their own limitations. They rely on electro-optical signal
conversion, consume a lot of power, up to 2500 W for the latest generation switches with a
capacity of 51.2 Tb/s and their performance depends on the CMOS technology scaling of the
electronic components. With this in mind, all-optical networks or hybrid electrical-optical are of
interest as they have some advantages over EPS. They do not perform electro-optical conversion
and therefore consume less energy, their performance is not affected by the signal transmission
rate (transparent) and the optical signal does not need demultiplexing at the switch port. For the
full utilisation of such switches, the appropriate high-capacity optical transceivers are needed,
which will provide flexibility.

Electro-optical polymer has been shown to have a competitive advantage as a material for
modulators due to its high bandwidth (> 64 GHz) and is suitable for modulation directly at
100 Gbaud at a single wavelength and can be the basis for the development of next generation
transmitters for use in either EPS, hybrid or future OCS network.

What was missing from the E-O polymer was the development of photonic structures that would
be used as building blocks and enable these transmitters. For this reason, 1x2 MMIs were de-
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signed and integrated with an array of 2 modulators to realise the 2x100 Gb/s transmitter, as
well as Bragg gratings to realise a 100 Gb/s tunable transmitter with the ability to change the
emission wavelength within a 22 nm range in the C-band. The characterisation of the 2x100
Gb/s and the ability to transmit over distances up to 1.6 km confirm that this high-capacity
transmitter in the C-band can operate successfully in Data Centers, limited only signal dis-
persion. The 100 Gb/s transmitter with wavelength tunability has proven that it can provide
flexibility to optical circuit switching network based on ring topology and can connect network
nodes up to 1.6 km. It was also shown that the electro-optical polymer has the ability to realize
other photonic structures, enriching its toolbox of structures and transforming this technology,
from a technology exclusively for modulators, to a general-purpose photonic integration tech-
nology. As for the future of optical interfaces, the Ethernet roadmap has 800 and 1600 GbE as
the next milestones with 800G likely to be a short transition before 1600G. It is certain that
to achieve these milestones will require serial speed of 100 Gbaud, but this alone may not be
enough and a paradigm shift will be needed at the integration level of the transceivers. The
transceivers will need to be moved from their current position at the front panel of the switch
and come closer to the electronic ASIC realising a co-packaging methodology and integrating
the ASIC with the optical transceivers in the form of a multi-chip module, that lies at the heart
of the switch. This may be the subject of future research.

Keywords: optical interfaces, optical transceivers, 100 Gb/s serial transmission, 400 GbE, in-
tensity modulation, direct detection, integrated Bragg gratings, multi-mode interference (MMI)
couplers, hybrid integration, electro-optic polymer, electronic multiplexing
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Optical interfaces are the backbone of modern computing centers and the only technology that
allows them to grow seamlessly, as they are not affected by bandwidth limitations. This is
particularly important because, as we have seen, the volume of information moving through
Data Centers is increasing as a result of rapid technological developments at the level of appli-
cations that generate and manage information in almost real time. In terms of optical interface
technology, Data Center networks remain at their majority Electrical Packet Switching (EPS)
networks based on switches which rely on ASICs for the routing and switching. Pure Optical
Packet Switching networks have been demonstrated at the research level and there is still some
research interest, but no commercial purely optical switch product has been shown to be capable
of operating at the packet level. On the other hand, it is more common for purely optical inter-
faces, based on optical circuit switches (OCS), to operate in parallel with EPS switches to carry
slowly varying large volumes of data the so called elephant flows, bypassing the EPS switches, as
they can do it more efficiently. The advantages of these switches are that they are transparent
in the characteristics of the incoming signal, such as the modulation shape and the wavelength,
as well as they have practically inexhaustible bandwidth. The disadvantages are the expensive
purchase cost and the long switching time that make them unsuitable for managing data traffic
within Data Centers, as it consists primarily of highly dynamic data packets and not static flows
in a specific direction. The switching time depends on the switching technology (actuation) of
the optical switch and the integration material, and is usually based on the thermo-optical effect
with times of the order of tens of miliseconds. There is also the possibility for electro-optical
activation of the switch which is significantly faster (in the order of nanoseconds) but only in the
InP integration platform, which has the disadvantages of low performance in fabrication (low
yield), so it is not possible to make switches with a large number of ports (high radix switches),
the need for hermetic packaging and the high manufacturing cost of tablets that usually do not
exceed 4 inches.

Data Center architectures are divided into two broad categories depending on the standard
topology or networking technology. The first category includes hierarchical, recursive and rack-
to-rack standards, with the most distinctive and widely used architectures being the hierarchical
three-tier, fat-tree and leaf-spine. The second category includes optical, the SDN based and
wireless networking technologies, with a greater focus on hybrid optical networking technologies
as mentioned above. Although these networking technologies were beyond the scope of the
present dissertation, the serial transmission 100 Gbit/s tunable wavelength transceiver presented
in Chapter 4 could be applied to a purely optical or hybrid circuit switching network.

The transceivers presented in the dissertation can be applied in EPS Data Center networks with
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hierarchical topology like fat-tree and leaf-spine. Leaf-spine is preferable because compared to
the three levels - core, aggregation, edge - of the three-tier and fat-tree, it omits the core level
resulting in a flatter architecture, reducing the number of nodes a packet has to hop as well as
the bandwidth requirements of the machines at higher levels, and increasing the reliability in
the event of a node failure redundant routes to the same destination.

According to Ethernet Alliance, the speeds of the optical transceivers connected to the switches
have evolved in recent years from 100 Gbit/s in 2010, to 400 Gbit/s. The next standards will
be the 800G and the 1600G, with the 800G likely to come first but form a short transitional
stage before the 1600G, similar to the case of the 200G and 400G. The speeds achieved in single
lane are of particularly interesting, as 100G in a single lane is still under development. The
standard being developed is based on the use of a PAM-4 modulation format at 50 Gbaud which
requires a digital to analog converter (DAC) contributing to the complexity of the transceiver.
Achieving 100 Gbit/s at a wavelength (single lane) with OOK configuration without the use of
a DAC shows the way to simplifying and further scaling transceivers, in particular considering
the increase in the speeds of SerDes of ASICs from 50 Gbaud up to 100 Gbaud and to switch
capacities of 25.6T or even 51.2T. This fact also confirms the importance of the dissertation and
the prediction for the need to use serial transmission in the transmitter.

Laboratory equipment that directly generates 100 Gbit/s OOK electrical signal to modulate an
optical carrier at the same speed is not widespread and the cost of obtaining it is very high.
In this dissertation, two techniques for generating a 100 Gbit/s signal based on time domain
multiplexing of either an optical signal (OTDM) or an electrical signal (ETDM) are reported.
In the first case the lower speed optical signal RZ-OOK passes through a series of integrated
delay interferometers with an appropriate path delay and therefore free spectral range (FSR).
In the interferometer the optical signal is divided into two identical components that travel
along the two paths, with one component being delayed by half a period (T/2). At the exit
of the interferometer, they interfere in-phase such that the delayed component is multiplexed
with the other and the signal rate is doubled. The RZ-OOK modulation format is ideal for use
on networks and techniques OTDM, but has a wider spectral content than NRZ-OOK due to
narrower pulses, making it inefficient for use on WDM networks.

For more efficient networks with low cost and energy consumption it is necessary to develop a
subsystem that will be located at the interface of OTDM and WDM networks and will be able
to convert the configuration scheme from RZ-OOK to NRZ-OOK. In the present dissertation
such a method was developed based on the spectral shaping of the RZ-OOK signal using a delay
interferometer as a filter with the same FSR value as the signals bandwidth, so that the dips of
its transfer function suppress the harmonics of the RZ-OOK signal and convert it to NRZ-OOK.
The method was studied with simulation software and its correct operation was shown, not only
for the OOK signal, but also with other modulation formats such as PSK as well as for higher
order formats such as 16-QAM. The layout also included the OTDM stage of multiplexing for
rate multiplication, where an optical band-pass filter (OBPF) was used to filter out a fluctuation
in amplitude of the multiplexed signal.

The effect of various parameters that may affect the performance of the format converter, such
as the bandwidth of the OBPF, the different phase shift value between the two interferometer
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arms, the deviation of the interferometer delay value and the deviation of the central frequency
of the OBPF from the frequency of the input signal were also studied in order to determine the
tolerances of the conversion method under test. The results of the tolerance study showed that
the amplitude variation is improved using a narrower filter, while a phase shift greater than 20
degrees degrades the signal. More important, however, is the effect of different time delay that
the ideal one at the interferometer arms. A difference of greater than ±10% degrades the output
signal. The deviation of the central frequency of the filter from the optical carrier signal also
affects the output signal and should be less than 20 GHz.

The format conversion from RZ-DPSK to NRZ-DPSK, with a signal modulated at 40 Gbit/s,
and the achievement of error-free operation were also experimentally demonstrated. Comparing
the bit-error-ratio curves, with respect to the optical power at the receiver, of the incoming
RZ-PSK signal, the NRZ-PSK, and the converted NRZ-PSK after the experimental setup, it
was found that converted signal coming from the developed method required only 1.5 dB more
optical power on the receiver to achieve the same number of errors (10�10) with an original
NRZ-PSK signal.

Other methods of all-optical format conversion were studied in the literature, which were di-
vided into two categories, those that performed format conversion from RZ-OOK to NRZ-OOK,
and those that performed the reverse process. The first category shows devices using optical
signal locking techniques (injection locking) in Fabry-Perot laser diodes, devices that take ad-
vantage of nonlinearities in various components such as semiconductor optical amplifiers (SOAs)
, dispersion shifted fibres (DSF), photonic crystal fibres (PCF), LiNbO3 Mach-Zehnder optical
modulators, integrated micro-ring resonator circuits (MRRs) in Silicon. The second category
shows injection locking setups in laser diodes, setups that take advantage of the non-linearity
of semiconductor optical amplifiers, dispersion shifted fibres (DSFs), as well as fully passive
devices with interferometric elements such as MRRs, Delay Interferometers and properly pro-
cessed micro-loops of optical fiber. The method developed in this dissertation belongs to the
fully passive interferometric devices, which are superior to those that use active elements, in the
feasibility, applicability, very low power consumption and in the integration potential with other
elements in photonic platforms. In the present dissertation the possibility of format converting
phase coded signals PSK was experimentally demonstrated for the first time, and was shown
in simulation the feasibility for format conversion of 16-QAM signals. It is noted that previous
methods focused on amplitude modulated signals such as OOK.

The next technique for achieving 100 Gbit/s signals at a single wavelength involves the multiplex-
ing of electrical signals and more specificallyy eletrical time domain multiplexing (ETDM). Elec-
tronic multiplexing has been demonstrated in the literature using bulk components to achieve
high-speed signals at 100 Gbit/s which drove LiNbO3 Mach-Zehnder modulators with 30 GHz
bandwidth, necessitating the use of equalisation techniques to compensate the signal degrada-
tion due to bandwidth limitations. The technology for making fast electro-optical modulators
at 100 Gbit/s, ie with bandwidth >60 GHz was not yet available. The Photonics Communica-
tions Research Laboratory characterized for the first time an integrated serial transmitter at 100
Gbit/s OOK which combined a Mach-Zehnder modulator with 64 GHz bandwidth made from
innovative electro-optical polymer material, together with InP-DHBT 2:1 electronic multiplex-
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ing and amplification circuit (2:1 MUX-DRV) with a bandwidth >100 GHz that can provide >3
Vpp at its output . In this dissertation, the components of the transmitter are briefly presented
along with the simulation studies that were carried out. Parameters such as the effect of the
modulator bias point on the signal characteristics were studied as a function of the available
driving amplitude, in order to find each time, accordingly, the bias point that gave the best signal
quality depending on the available driving amplitude. The effect of the transmitter’s electro-
optical bandwidth on the signal quality was also studied. These two studies were important as
in the packaging process of the transmitter, the 2:1 MUX-DRV circuit electrical pads and the
modulator electrical pads could not come close due to the dies physical dimensions resulting in
wirebonds longer than the ideal length, which resulted in bandwidth loss and amplitude atten-
uation. Despite this shortcoming, the integrated transmitter was experimentally characterised
at 80 Gbit/s and 100 Gbit/s, exhibiting very good quality signals with wide-open eye-diagrams.
The experimental setup was based on commercial off-the-shelf electronic time devision multi-
plexing circuits to supply the 2:1 MUX-DRV transmitter with two PRBS from 7th to 31st order
at 50 Gbit/s (or 40 Gbit/s for final rate 80 Gbit/s) and a clock signal at 50 GHz (or 40 GHz for
final rate 80 Gbit/s).

The specific technology of the integrated 100 Gbit/s transmitter, ie the fast InP-DHBT elec-
tronics and the fast electro-optical polymer modulator, are the basic technology that will allow
the further scaling of the system in an efficient way and to realise transmitters with capacities of
400 Gbit/s, 800 Gbit/s and 1600 Gbit/s. The next logical step would be to design a transceiver
that would integrate an array of two or four 100 Gbit/s Mach-Zehnder modulators to scale its
capacity to 2x100 Gbit/s and 4x100 Gbit/s. Already some standards 400 GbE such as e.g. the
400GBASE-FR4 promote 4 lines of 100 Gbit/s as it employs fewer components to achieve the
same capacity.

In order to realise the transmitter with the array of modulators, it was required to design,
fabricate on the electro-optical polymeric platform, and monolithically integrate with the rest of
the elements, structures that would allow new functionalities, such as the separation of optical
power into two and four equal parts to feed the modulators (power splitting), but also diffraction
gratings (Bragg gratings) as filters for another functionality that will be described later on. The
power spitter was realised as a 1: 2 Multi-Mode Interference coupler (MMI) fabricated for the
first time in this polymer material. The 2x100 Gbit/s transmitter was based on the monolithic
integration of a 1:2 MMI with two Mach-Zehnder modulators in the E-O polymer, and the
hybrid integration (egde coupling) of the E-O polymer chip with an InP laser diode emitting
at 1553.4 nm. The light coupled in the polymer chip is split into two equal parts by the
1:2 MMI, which are fed to the MZ modulators and are modulated to NRZ-OOK. The signals
exits the transmitter from two optical fibers (SMFs) coupled to the output waveguides. The
geometry of the polymer waveguide is inverted ridge with propagation losses of 1.4 dB/cm, and
supports an optical mode that is strongly localized due to the rather large RI contrast of the
core and claddings. E-O polymer material has exhibited tolerance to temperatures up to 85
� C. A peculiarity of E-O polymer modulators from this material is that they modulate only
light at TM polarization. Since common laser diodes emit light with TE polarization, the signal
polarization had to be rotated before entering the modulators for successful modulation. The
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solution that was successfully tested is to turn the diode 90°during the hybrid integration of the
optical subassembly.

The monolithic integration of the MMI coupler in the electro-optical polymer chip together
with the two Mach-Zehnder modulators and the hybrid integration of the laser diode with the
polymer chip, indicate the ability of the EO polymer platform to support integration of complex
components, and evolve from a modulator specific technology, in a general-purpose integration
platform for Photonic Integrated Circuits (PICs).

The MMI was chosen over the Y-junction structures because on one hand they are long and
therefore would take up more space in the limited chip area, and on the other hand they required
a very sharp angle between them which made the fabrication of good performing structures
difficult due to constraints in the lithography process. The MMI structure is based on the self-
imaging principle, where images of the input mode are formed along the length of the multi-mode
waveguide at predefined positions due to the interference pattern of the guided modes. They
consist of a single-mode input waveguide, a multi-mode region that supports at least 3 modes,
and N output single-mode waveguides depending on the MMI structure. The MMI structures
designed were 1:2 and 1:4, ie they had 2 and 4 output waveguides, to separate the power into
2 and 4 equal parts to supply an equal number of modulators. They were designed in CAD
environment of the a photonics design software suite and solved electromagnetically with the
beam propagation method (BPM) of the software tool. The most important parameters were the
width and length of the multi-mode area of the MMI. As the width increased, the multi-mode
region supported more modes that interfered with each other resulting in better mode profiles
at the outputs. On the other hand greater width required longer length for the interference of
the corresponding modes and the appearance of the images of the modes. The target of the
simulation study was to find the width that gave the required images at the shortest possible
length, but at the same time to be coupled to the output waveguides with the lowest possible
losses and port imbalance (the difference of the power between the two output modes) in order
to be less than 1 dB and 0.5 dB, respectively.

For the 1: 2 MMI structures with width 12 um, 16 um, 20 um, 22 um, 24 um were designed,
and for each width different length values. The MMI with width 12 um gave the lowest losses
and lowest imbalance, which was below 0.1 dB and below 0.3 dB respectively. Widths of 16
um and above did not appear to offer lower imbalance, except for slightly increased loss due to
light scattering over the longer length of the structure. These structures were then fabricated
(including variants) into 6-inch wafers. The fabricated structures had output waveguides that
were extended with S-bends at a distance of 2.5 mm to be 500 um. After fabrication, the
structures were characterized in terms of losses and imbalance, using sweeping laser from 1500
nm - 1600 nm. The polarization was controlled by a polarization controller so that it is always
TM, with the TE polarization showing 1 dB more losses in a straight waveguide. Photonic
chips containing structures with 11.5 um, 12 um, 12.5 um, 20 um were measured. Out of the
structures with a width of 11.5 um, the lengths 135, 134 um met the criteria for IL <1dB and
IM < 0.5dB. Of the structures with 12 um, lengths 135 and 136 showed IL < 0.65dB and
IM < 0.1dB. Measurements in structures with a width of 20 um showed that they meet the
criterion for low imbalance, but show higher losses. The structure with 20 um width and 265 um
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length showed the best characteristics, as shown by the simulation. Due to the lower losses, the
structures with a width of 12 um were chosen to be integrated together with the modulators. The
structures were also measured with TE polarization where the losses increased 3 dB but without
a significant increase in the imbalance. The increased losses are due to the different effective
refractive index seen by the TE rhythm, which is directly related to the interference pattern and
the appearance of the images. In the majority of cases measured, the values of two quantities met
the targets and matched the values calculated by the simulation. Any discrepancies are due to
fabrication tolerances in the dimensions of the structure due to lithography, or to computational
errors in the simulation software that may have been due, for example, to the problem resolution
parameters (grid size) due to limited computing resources.

Measurements of the structure with 12 um width and 135 um length in the range 400 nm, from
1260 to 1630 nm, with sweeping laser showed that it shows the lowest losses and imbalances
(0.65 dB and 0.1 dB) in the C-band for which they were designed, but achieves value less than
2 dB IL and 0.5 dB IM for the other bands (O, E, S, L, U). Display of output modes with beam
profiling camera shows two clearly formed modes, the same as the input mode, which exhibits
the good operation of 1: 2 MMI.

The 1: 2 MMI with 12 um width and 135 um length, was integrated monolithically with two
optical modulators and the chips containing the structures were made. These chips were char-
acterized by placing them on a probestation, holding the polymer chip fixed on a vacuum-chuck
base, and approaching a laser diode on a micropositioner from one end. The other end was
approached by an optical fiber that was coupled to one of the two output waveguides spaced 250
um apart. Reference waveguides were also measured and 1.41 dB/cm propagation losses were
found. The laser diode was then aligned with the 1:2 MMI input with the aid of a camera. The
optical power on the two arms was found -17 dB and -19.2 dB. The power difference is due to
the MMI since a structure with a width of 20 um and a length of 260 um was used. A second
optical subset was assembled that integrated a structure with 12 um width and 125 um, with
the optical power values measured for the two paths having a difference of 2.8 dB due to the
different bias points of the MZMs, which could not be controlled as they were not electrically
connected.

The optical subassembly was then packaged with the 2:1 MUX-DRV electronic circuits. InP-
DHBT MUX-DRV achieves a maximum output width of 2⇥3V at 100 Gbit/s with a consumption
of 3.8 W in dimensions 1.5 ⇥ 3.6mm2. For the assembly of the circuit RF simulations were
performed for the design of the RF interposers that provide the transmission lines and connect
the GPPO connectors. The RF interposers included structures Micro Strip Line (MS), Coplanar
Waveguide (CPW), on a substrate Al2O3 250 um to achieve impedance 50 Ohms. Wirebonds
with a length of 18 um were used for small losses. One output of the MUX-DRV was terminated
to achieve single ended operation. The whole subset was placed in a box of KOVAR (FeNiCo).
A thermal study was carried out to select a suitable TEC solution, and to manage the heat
generated by the two drive circuits, due to the consumption of 3.8 W each MUX-DRV. The
output waveguides were coupled using lensed fibers for smaller losses. The value achieved was
1.5 dB. The total power consumption is a total of 10.9 W or 54.5 mW/Gbps including the
consumption of 0.25 mW of the laser, 7.6 W of the two MUX-DRV, 0.08 W of the two phase
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shifters and 3 W of TEC.

As it can be seen from the power consumption, 70 % is attributed to the driving circuits. If
a transmitter of 400 Gbit/s were to be implemented, the use of 4 MUX-DRV would require
4⇥ 3.8 = 15.2W of power exceeding the consumption limits set by the standards for pluggable
transceiver modules such as QSFP-DD or OSFP which define a maximum total consumption of
14-15 W. However, InP-DHBT MUX-DRV circuits with a power consumption of 2 W or 0.8 W
have also been shown which leave a large margin for the consumption of the remaining items.

In the framework of the European project ICT-POLYSYS two types of transmitter 4 ⇥ 100

Gbit/s were realized, consisting of an array of 4 InP PDs with a bandwidth greater than 100
GHz, with one formula completing a 4 InP-DHBT DEMUX array, while the other completes a
4 InP-DHBT TIA-DEMUX array that amplifies the photodiode signal prior to demultiplexing.
Two types of PDs were measured, with and without 50 Ohms termination. The terminated PDs
had a higher bandwidth (112-120 GHz) but a lower conversion gain (⇡ 13.5V/W ), compared to
the unterminated ones (80 - 90 GHz and ⇡ 27V/W ). The photodiodes with the demultiplexing
circuits were placed in a package to connect the input fiber array and to make the electrical
connections of the chips with each other as well as with the electrical lines that connect the
output connectors. Losses were measured with parameter S21 and found to be less than 1.25
dB at 50 GHz. The receiver needed 20 different supply voltages to operate, that were supplied
by a suitable power supply. The average consumption of all the components of the receiver was
about 5.5 W with a maximum of 8 W corresponding to 13.75 mW/Gbps.

Then simulation studies of the transmitter and receiver system were carried out to confirm the
operation of the system at short distances at 80 and 100 Gb/s, as well as study the effect of
dispersion on the quality of the transmitted optical signals. The studies were performed with
the VPITransmission Maker software. The electronic part of the transmitter consists of a PRBS
generator, a NRZ encoder, an electric amplifier, a low-pass filter that emulates the bandwidth
limitation in the driver circuit and the optical modulator. The PRBS order that was used
was 27 � 1 with the time window corresponding to 2048 bits at 100 Gb/s with the sequence
to fit within this time window. The optical section consisted of a laser diode at 1553.4 nm a
modulator Mach-Zehnder and an optical fiber section (SSMF) with variable length, dispersion
value 16ps/nm/km, dispersion slope 0.08ps/nm2/km. The filter bandwidth value was set to 65
GHz, the modulator V⇡ to 3.5 V, the modulator extinction ratio to 16 dB and the available width
in the drive circuit at 2Vpp. The simulated signals are detected by an ideal 70 GHz bandwidth
receiver which was also simulated with a LPF and no optical amplifier was used in the device
as we simulated a unamplified direct link such as those found inside Data Centers. The values
Q-factor, extinction ratio and timing jitter for distances from B2B to 2000 m with intervals
every 500 m for 80 and 100 Gb/s were studied. At both rates the Q-factor and the extinction
ratio decreased with increasing distance, while the value of timing jitter increased. At 80Gb/s
the values Q-factor, extinction ratio and timing jitter for the B2B case were 23.3 dB, 13.3 dB,
and 0.6 ps, while for 2000 m, 15.8 dB, 8.2 dB and 1.5 ps. At 100 the values Q-factor, extinction
ratio and timing jitter for the B2B case were 22.5 dB, 11.9 dB and 0.6 ps, while for the 2000 m
12.4 dB, 5.7 dB and 2.0 ps.

An electronic multiplexing (ETDM) experimental setup was developed for the experimental
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characterization of the transmitter 2 ⇥ 100 Gb/s. The device supplied each transmitter circuit
with two signals at 50 Gb/s (or 40 Gb/s) and one clock signal at 50 GHz (or 40 GHz) . A signal
at 25 GHz from a frequency generator is split into two consecutive 3-dB splitters into three
parts, the first passing through a frequency divider to generate the 12.5 GHz signal that drives
the PPG to 12.5 Gb/s. The second part is directed to the receiver, while the third is again
divided into two components. The first goes to the 4:1 MUX, while the second goes through a
frequency doubler to give birth to the 50 GHz clock that drives the MUX and DEMUX of the
transmitter and receiver. Suitable phase shifters make sure the phases of the data signals and
clocks are synchronized at the bit level. The output of the PPG is divided into four 12.5 Gb/s
tributaries and with suitable cable lengths are decorelated and multiplexed using a bulk MUX to
give the two signals 50 Gb/s. The two 50 Gb/s signals are then used as input signals inside the
2:1 MUX of the integrated transmitter. The PRBS order in PPG was selected to be 27 � 1 and
maintained its order after all multiplexing steps after the decoupling path lengths were properly
selected. The electrical data signals generated by the ETDM setup were of very good quality
with open eye diagrams. The electrical signals of the clock were also of good quality, although
the first harmonic of the requency doubler at 25 GHz was not completely suppressed in the signal
and was evident in the signal measurements in the electric spectrum analyser, nevertheless no
degradation of the operation of the multiplexers was observed.

At the transmitter output ,the signal at 1553.4 nm propagates through SSMF with a total
length of 1625 m and is then amplified by an EDFA and filtered by an OBPF. Part of the 100
(or 80) Gb/s signal is detected by a 70 GHz photodiode for eye-diagram measurements and the
remainder is detected by one channel of the 4⇥100 Gb/s receiver, which receives the optical signal
at 100 Gb/s and converts it to electrical at the PD. The twin-DEMUX circuit demultiplexes
the signal and outputs its two 50 Gb/s components, which are then further demultiplexed into
the four 12.5 Gb/s components. The 2 ⇥ 100 Gb/s transmitter and the 4 ⇥ 100 receiver were
static in terms of MZM transfer functions and photodiode responses. The transfer functions of
the MZMs show extinction ratios of 16 dB and 19.5 dB. The maxima of the two curves are at -9
dBm and at -8.5 dBm, only 0.5 dB difference which is confirmed by the low imbalance of MMI.
Power losses within the transmitter were calculated at 13 dB. The transfer functions differed
slightly due to temperature differences between the two MZMs and structural tolerances, which
were factors that determined slightly different operating points. The responses of the PDs were
measured 0.53, 0.49 and 0.47 A/W, for the PDs 2,3,4 respectively, since the PD 1 had a problem.

In the transmission experiments performed, the optical spectra show the typical harmonics
(tones) at 80 or 100 GHz on either side of the optical carrier. The signals were transmitted at a
maximum distance of 1625 m and eye-diagrams were obtained for the cases B2B, 500 m, 1000 m
and 1625 m from both MZM, which show the similar operation of the modulators. Obviously,
the quality of the signal deteriorates due to dispersion over longer distances, which is evident
from the closing of the eye diagram and the appearance of overshoots at the upper level of the
signal width. Deterioration is moderate at 1000 m, but becomes more severe at 1625 m. At
80 Gb/s the experimental extinction ratios were measured for B2B case 10.9 dB (MZM1), 10.5
dB (MZM2) and for 1625 m 8.5 text dB (MZM1 and MZM2). At 100 Gb/s the experimental
extinction ratios were measured for B2B case 9.5 dB (MZM1), 9.6 dB (MZM2) and for 1625 m
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7.5 dB (MZM1) and 7.2 dB (MZM2). The eight electrical signals obtained after twin-DEMUX
at 40 and 50 Gb/s had open eye diagrams and were measured for the values ER (dB), jitter
(rms), jitter pp (ps), rise time (ps), fall time (ps), eye S/N (dB), ER, eye width (ps), Vpp (mV),
which were similar in components, which indicates the good performance of all channels. Each
of the eight electrical signals then goes through another stage of external 1:4 DEMUX, and the
components at 10 and 12.5 Gb/s are evaluated for the BER. BER curves were obtained for each
combination of MZM modulator and photodiode channel (six combinations in total). For 80
Gb/s and for all combinations of MZM and receiver channel the curves can reach BER levels
down to 10�10. For 1625 m the curves start to show error floor which is lower than 10�8. For
100 Gb/s in all cases the achievable values BER for B2B are lower than 10�8, range from 61̇0�8

to 91̇0�9 and remain lower than 10�7 for transmission distances up to 1000 m. At 1625 m the
effect of color dispersion is significant and leads to BER 10�5, which allows reliable transmission
using FEC codes. The transmitter operated for a total of about 75 hours in total, without any
problems in the performance and reliability of the device.

Analysis of the optical power budget shows that the losses are mainly due to the inherent losses
of the transmitter (13 dB). Also the driving amplitude of the transmitter was lower than required
which contributed to the losses. For this purpose, the dependence of the configuration losses in
relation to the available amplitude and the bias point of the MZM were studied. If the bias point
is selected correctly to maximize ER, the measured losses correspond to a driving amplitude of
less than 2 V. The lower driving amplitude is due to losses in the MZM electrical connection and
internal MUX-DRV circuit. The low output power of the transmitter was improved by the use
of an optical amplifier EDFA to reach the sensitivity value of the receiver. The use of an optical
amplifier can be eliminated if both the transmitter and receiver are improved. On the transmitter
side, if the optical power of the laser output is increased, the device losses are reduced and the
modulation losses are reduced by improving the electrical connection, on the receiver side by
improving the receiver sensitivity. These improvements can close the optical power difference.
These improvements will have a relatively small impact on transmitter consumption which will
now be 11.2 W (or 56 mW/Gbps). On the receiver side the power consumption will increase by
2.4 W in addition to the four TWA with a total consumption of 7.9 W (or 19.75 mW/Gbps). For
the total transmitter-receiver transmission system without amplification the total consumption
is 75.75 mW/Gbps. This consumption is higher than the prices given by commercially available
transceivers, however it is of the same order of magnitude and can be improved. The transmitter
can be easily scaled for operation at 4 ⇥ 100 Gb/s for the standard 400 GbE using an array of
4 MZM modulators and a suitable interposer.

By retaining the basic elements of the transmitter and changing the laser source from a fixed
wavelength DFB to an external cavity laser, a transmitter with the ability to change the wave-
lengths that can be used in future switching networks OCS was implemented. For the first
time in this transmitter, a hybrid integration of three different photonin circuit platforms was
achieved, such as InP, PolyBoard, E-O polymer. The transmitter operates in an OOK mod-
ulation format and combines the desired features of technologies such as the flexibility of the
passive platform PolyBoard, the high bandwidth of the E-O polymer platform and the very fast
electronic circuits InP-DHBT.
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The components of the transmitter are the E-O polymeric MZM, the InP-DHBT MUX circuit
and the external cavity laser. The latter was implemented by hybridly combining an InP gain
chip with a diffraction barrier Bragg integrated in passive polymer technology PolyBoard. The
optical part of the variable wavelength transmitter is based on the combination of a passive
polymer chip and an E-O polymer chip. E-O integrates a monolithic MZM with 65 GHz band-
width, the passive polymer chip integrates a Bragg grating and enables the hybrid integration
of the gain chip, polarization control and hybrid integration with the E-O chip. Especially the
ability for on-chip handling of the polarization can not be done on the E-O platform due to
the relatively low tolerance to high temperature required by the BG, while the passive plat-
form has better performance in terms of thermo-optical actuation of the BG, time stability and
polarization control.

The passive polymer provides single-mode waveguides with propagation losses of 0.5 dB/cm
and thermo-optical coefficient �21̇0�4 � C�1 at 1550 nm and a set of passive structures can
be integrated either monolithically or hybridly. The E-O platform on the other hand is single-
mode with the capability for monolithic integration of MZM modulators with a large bandwidth
of 65 GHz. In the present dissertation passive structures such as 1:2 and 1:4 MMI and Bragg
gratings on the platform were designed and constructed for the first time. Propagation losses are
> 1dB/cm at 1550 nm. The passive structure is based on a channel waveguide with dimensions
3.2 um x 3.2 um with very little polarization dependence. The electrode for thermo-optical
actuation is placed either above the structure or sideways or below. E-O polymer has a more
complex cross-section and is based on a ridge waveguide with three layers of polymer. The
structure shows an active refractive index of 1.660 for the TM mode while its dimensions are
2.8 um x 4.6 um in the vertical and horizontal direction respectively. The E-O coefficient of
the material is 86 pm/V at 1550 nm and allows the efficient modulation of the transmitted
TM light. The traveling wave electrode is placed only on the active regions of the MZM. The
common material base of the two platforms makes them compatible for their physical integration
in a hybridly integrated system.

The waveguides of the two platforms can be efficiently coupled with a loss of just 0.6 dB using
taper width 4.7 um on the passive platform. Deviations up to ±0.5um give losses less than
1 dB. The E-O platform has desirable features for modulator applications, but 1:2 and 1:4
MMI structures, delay interferometers and Bragg gratings were designed and constructed. The
DI delay lines are designed as unbalanced MZ interferometers, which in addition to filters can
perform other functions such as PSK signal decoding. Delay lines were constructed with 160
and 200 GHz free spectral range. Electrodes above the waveguides can adjust the phase. The
delay lines were characterised and their proper operation was confirmed. A current of 85 mA
was required for pi phase shift. The length of 160 GHz DI is 12.95 mm, the inherent losses
< 6dB, the polarization losses < 0.3dB and the ER > 17dB.

Bragg gratings were also designed and fabricated on the E-O platform to function as the semi-
transparent mirror of the external cavity laser. In order to be able to fabricate the structures
due to lithographic constraints, 5th class structures were designed. To achieve �Bragg at 1550
nm the period was selected at 2.366 um while the number of periods and the magnitude of
the perturbation were varied to achieve high reflectivity keeping the length of the structure at
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reasonable values. Gold electrodes were placed on top of the structures and along them so that
they could change the �Bragg through the thermo-optical effect in the polymeri material. For
Bragg gratings of 5th class, with period ⇧= 2.366 um, number of periods N = 1000, disturbance
width W2 = 6.3 um fabriacated, gave resonance amplitude of 2.5 dB in its transfer function,
which corresponds to about 40 % reflectivity and allows the creation and maintenance of the
lasing effect in standard laser cavities.

In the framework of this dissertation, the operation of Bragg gratings of 3rd and 5th order in the
E-O polymeric platform were designed and simulated. The larger diffraction order allows the
fabrication of the perturbation to be easier since they have larger dimensions. The structures
were simulated with software that implements the methods EigenMode Expansion and Rigorous
Coupled Mode Theory. In conclusion, the study showed that the amplitude of the resonance
increases with the number of periods. In total, more than 500 3rd and 5th class structures were
built on chips. For the 3rd grade the structures had a period of 1.406 to 1.42 with grooves 4.8,
5.3, 5.8, 6.3 um and number of periods from 100 to 1000. For the 5th grade the structures had
a period from 2.32 to 2.366 with grooves 1.8, 2.3 , 2.8, 3.3, 3.8, 4.3, 4.8, 5.3, 5.8, 6.3 um and
number of periods from 100 to 1000.

After construction, the structures were sampled with sweeping laser for waveguide losses and
Bragg grating response. Structures with diffraction order 3 as well as structures with a pertur-
bation size of less than 4.8 um (for both classes) did not perform well and efforts were focused
on characterizing the rest. For a period of 2,343 um and increasing number of periods, increase
the amplitude of the filter transfer function. The rotation of the polarized state of light in a new
direction (not known) leads to a shift in the resonant wavelength of the Bragg grating and is
due to the change in the active refractive index neff of the propagated mode due to bifurcation,
and therefore of �Bragg.

The structures found to perform best were selected to be integrated with the InP gain chip and
to form the external cavity laser. Due to the limited number of gain chips, the selected structure
was 5th class with period ⇤ = 2.366, N = 1000 which gives resonance at 1574.3 nm. The gain
chip has only one fully reflective surface on the back, while the front is coupled on the edge of the
polymer chip. The Bragg grating with 40 % reflectivity acts as the second semi-reflective surface
for the realization of the outer laser cavity extending into the InP and the polymer section. The
coupling losses between InP gain chip and E-O polymer chip are about 2 dB due to the difference
in the waveguide mode profiles. The gain chip can compensate for these losses and provide a net
gain within the cavity. The emission wavelength can be in the range 17 nm by thermally altering
the resonant wavelength of the BG. The thermo-optical coefficient of E-O polymer is �1.410�4

� C�1, while the thermal power required to cover 17 nm is 800 mW. Electrode optimization
can lead to a reduction in consumption by half. The linewidth of the laser was measured by a
homogeneous and heterogeneous method and was found to be lower than 1.5 MHz within the
possible wavelength range. This value can be improved by reducing the spectral line of the Bragg
grating and the coupling losses of the InP gain chip and E-O polymer chip. The optical signal
from this outer cavity laser was amplified across different wavelengths, at 40 Gbps by MZM and
compared to the modulated CW of a standard DFB laser at the same wavelengths. Error rate
measurements of the optical power at the receiver showed a power penalty less than 0.5 dB.
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For the assembly of the transmitter, the external cavity laser made with the EO polymer chip was
not used, but rather an external cavity laser based on a passive polymer chip. The reason was
that the Bragg grating that were designed to be integrated monolithically with the MZM in the
EO platform did not exhibit the desired reflectivity and therefore the lasing function in the cavity
was not possible. Individual EO polymer chips with desired characteristics were not available as
they were damaged in the characterization process and also the chips were not fabricated to the
appropriate dimensions for their hybrid integration with another chip. Therefore, an external
cavity laser based on the passive polymer platform was hybridly integrated with the EO MZM
modulators.

This laser consisted of a gain chip that emitted at a TE rate, and was coupled to the passive
polymer chip that integrated a Bragg grating, which was designed as a side grating with a period
length of 1.6 um and fill-factor 50 %. A polarizing filter (half-wave plate) at the output of the
Bragg grating rotated the polarization to TM so that it could be modulated by the MZM. The
tuning of the transfer function of the reflected signal can be varied in a 22 nm range from 1544
to 1566 nm using a thermo-optical mechanism. With 120 mA injection current in the gain chip
the laser outputs a CW with 3 dBm optical power and > 40dB SMSR. The linewidth is of the
order of 300 kHz. The polarizing filter was in the form of a thin-flim element which was placed
in a thin slot of about 50 um in the polymer chip. Compared to the method of rotating the
laser diode that was used in the 2 ⇥ 100 Gb/s transmitter, the use of the polarizing filter has
the advantage of the simpler assembly process, as the diode must be powered during coupling
and it is not easy when it is rotated. Also the use of the filter is compatible with automatic
pick-and-place tools. The polarisation extinction ratio achieved by the filter is 15 dB.

At the output of the polymer chip, the TM mode is coupled to the EO polymer chip and
modulated by the MZM which requires approximately 3.5 V for single-ended operation. The
required electrical signals on the transmitter MUX-DRV are as before, two data signals at 50
Gb/s and one clock signal at 50 GHz. After MUX-DRV a DC-block is used to remove the DC
component. All transmitter components and the optical subassembly were mounted on brackets
of CuW together with a thermoelectric element for cooling and then in a gold box (Kovar).
Lensed optical fiber was used at the output of the MZM polymer chip for lower losses. The
optical power at the output of the modulator is -9.5 dBm while at the output of Bragg grating
it is +3.5 dBm, therefore there are 12.5 dB losses. This value includes propagation losses in
the passive and EO polymer chips and the lensed fiber. The power consumption of the device
is estimated at around 7.2 W, with MUX-DRV and TEC contributing most, 3.8 W and 3 W
respectively.

The tunable wavelength transmitter was evaluated through experimental measurements for its
static characteristics and through transmission experiments made with SMF fiber using a com-
plex experimental setup that simulated the transmitter operation within an Optical Circuit
Switched ring-based network.

The basic experimental setup for generating the high-speed signals and clocks to drive the
transmitter is based on the electronic multiplexing setup with bulk components which generates
4 signals at 12.5 (or 10) Gb/s, multiplexes them, and gives two signals at 50 (or 40) Gb/s
together with the corresponding clocks inside the MUX-DRV of the device. The PRBS used was
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7th order and the appropriate signal delays were used by the PPG to decoralate the components.
Other PRBS orders such as 11, 15 and 31 were tested without any significant change in the eye-
diagrams or BER measurements. In the final rate the order of PRBS is not maintained, but the
final bit sequence can be accurately calculated if the delays of the two multiplexing stages are
known.

The optical signal at the transmitter output is amplified by an EDFA, transmitted through
SMF length 1625 m and passed through OBPF before ending up in the measuring instruments.
Part of the signal is detected by a photodiode with a bandwidth of 70 GHz for eye-diagram
measurements, while the rest ends in a channel of 4 ⇥ 100 Gb/s receiver. The dual DEMUX
circuit receives the electrical signal from the photodiode and gives the 50 Gb/s component which
is synchronized with the 50 GHz clock signal. The component is further decoupled by the 1:4
external decoupler and the final components at 12.5 Gb/s are evaluated for their BER.

The basic static measurements made at the transmitter concerned the static transfer functions
of the MZM at three indicative wavelengths 1544.53, 1553.33, 1565.50 nm which give the optical
output power of the unmodulated signal as a function of the current flowing through the thermal
shifters. The three curves obtained have an optical extinction ratio of about 16 dB and a
maximum optical output power close to -9.5 dBm. The extinction ratio and optical output
power were also measured for a set of wavelengths corresponding to the ITU grid from 1544
- 1566 nm, keeping the laser diode current constant at 120 mA and device temperature at 23
degrees Celsius. The variance in the extinction ratio was measured at 0.50 dB while at the
optical power 0.25 dB. The emission wavelength could be set lower than 1544 nm, if the power
at the electrode of the phase shifter could be increased and achieve a tuning range greater than
30 nm.

In the same operating range 1544 - 1566 nm the spectra of the OOK modulated signals were
obtained at 100 Gb/s at the output of the device, which clearly show the harmonics at a spacing
of 100 GHz on both sides of the optical carrier. Transmission experiments were performed at
80 and 100 Gb/s via SMF fiber at a distance of 1625 m. Also the eye diagrams were obtained
at 1544.53, 1553.33 and 1565.50 nm in B2B connection of the transmitter and receiver, but also
after transmission of 500, 1000, and 1625 m of optical fiber. For all three wavelengths of the
transmitter operation the eye diagrams show similar behaviour and good quality up to 500 m.
After 1000 m they show the overshoots in the amplitude of 1 as a result of the dispersion. At
1625 m the eye-diagrams close and the quality deteriorates significantly.

The transmitter performance evaluation at 80 and 100 Gb/s was realised with the 4⇥ 100 Gb/s
receiver taking the BER measurements for 1544.53, 1553.33 and 1565.50 nm and for distances
up to 1625 m. Each of the BER curves presented in Chapter 4 in the corresponding subsection,
corresponds to the worst of the eight demultiplexed components of the received signal at 10
or 12.5 Gb/s. The main conclusions are (a) the confirmation of the uniform operation of the
transmitter in the range of 22 nm, (b) the achievement of a BER value lower than 10�10 at
80 Gb/s for all distances, (c) achieving a value BER lower than 10�9 for 100 Gb/s for B2B
and 500 m price range BER lower than 10�9 for 100 Gb/s up to 1000 m, (e) price range BER
close to 11̇0�7 for 100 Gb/s up to 1625 m, which although not error-free, remains significantly
lower than the FEC limit. Using FEC would require an overhead at the operating rate of about
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7 %, and therefore operating at 107 Gb/s, which could not be achieved due to limitations at
the maximum operating rate of the PPG and the BER tester. The MUX-DRV circuit of the
transmitter has been experimentally tested up to 111 Gb/s, as well as the 3-dB bandwidth of
the EO polymeric MZM at 65 GHz and 7-dB at 110 GHz. These data prove that the transmitter
can be operated at rates above 100 Gb/s.

The last part of the experimental evaluation concerns the operation of the transmitter in a net-
work scenario and specifically in a ring-based OCS, which allows the flexible interconnection of
DC pods. The experimental setup is shown in the corresponding subsection of Chapter 4. Each
pod represents a large set of computer and network resources such as servers, storage units,
switches, which are organised based on a topology e.g. fat-tree, leaf-spine etc, and a correspond-
ing switching hierarchy. At the top of the hierarchy are high-capacity switches equipped with
40 Gb/s and 100 Gb/s optical interfaces. These interfaces are located at the switches at the
top of the hierarchy within each pod. The nodes are based on the use of WSSs which allow the
addition and removal of optical channels from the WDM signal that is transmitted through the
ring and transfers the optical flows between the switches. The number of nodes and the distance
between them are design parameters and depend on the physical parameters of the DC and the
data traffic. For the experiment, each node was considered to be connected to adjacent nodes
through 500 of SMF fiber and a network segment with three nodes was considered. A scenario
with three snapshots was studied.

In the first instance, the 100 Gb/s signal from the variable length transmitter at Node 1 is
transmitted to �1, amplified and multiplied by the output WSS with 40 Gb/s signals coming
from from the previous nodes and have spectral spacing 200 GHz at �2 � �5. After 500 m �1

is dropped at node 2 from the input WSS and detected. In the second snapshot, the 40 Gb/s
signal that was in �2 is for some reason in �1 forcing the 100 Gb/s signal to change to another
wavelength, �6, to resolve the collision. The 100 Gb/s signal is also dropped at Node 2 and is
detected. In the third snapshot, the 100 Gb/s signal is back to �6 to resolve the conflict but has
a different destination. The signal passes through Node 2 along with �1 and �3 and is finally
dropped at Node 3 after propagation through 1000 m of fiber and four individual WSSs. In this
case the 100 Gb/s transmitter was used at Node 1 and from one channel of the 4 ⇥ 100 Gb/s
receiver at Nodes 2 and 3. A 1 ⇥ 9 flexible-grid WSS was also used at node 1 output, a 1 ⇥ 4

fixed-grid WSS as input WSS at node 2, and two variable OBPFs to emulate output WSS at
Node 2 and input WSS at Node 3. The bandwidth of the WSS channels was 300 GHz while in
the OBPFs it was 250 GHz. Visual spectra were obtained for all screenshots of the script. The
presence of small peaks next to the studied signals is due to a side mode of the transmitter that
survived the filtering.

The eye diagrams of the 100 Gb/s signal obtained at Node 2 for wavelengths �1 and �6, as well
as at Node 3 for wavelength �6, relating to transmission at 500 m are of very good quality and
open. Measurements BER measurements were obtained for the 100 Gb/s signal at �1 for B2B
and 500 m, and for �6 for B2B, 500 and 1000 m. At 1000 m the power penalty compared to
the B2B case was less than 2 dB. The results show that the use of optical amplifiers (EDFAs)
and optical filters does not significantly degrade the transmitter’s performance in transmitting
information. The transmitter wavelength adjustment was done thermo-optically manually and
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was in the order of tens ms. Speeds of the order of some ms are possible, with some compromise
in the adjustment range. The time of thermo-optical adjustment of the wavelength is similar to
the standard adjustment time of WSS elements and was not a limiting factor.

In the last subsection after the conclusions, suggestions are given for the use of the results and
for the continuation of the research activities in the topics that the dissertation started. The
research proposals are categorized into two groups, proposals for research at the level of the
photonic integration platforms and structures, and proposals for research at the transmission
system level.

The previous chapters of the dissertation presented the development work on very high speed
transceivers based on photonic integration technology and more specifically on the combination
of three photonic platforms, the EO polymer platform, the passive polymer platform (Poly-
Board) and the InP platform. In terms of functions, the only platform that has the ability for
autonomous and independent operation is InP as it allows the construction of laser diodes and
photodiodes, in addition to a number of passive photonic structures. The table shown in the
main text of this subsection (at the greek version of the dissertation) summarizes the features
that are possible on each platform, as well as their shortcomings.

From the aforementioned table it is obvious that the InP photonic platform enables monolithic
circuits as it can realise structures that perform the most important functions such as light
generation, amplification and detection, with the only disadvantage being the high fabrication
cost and the low yield for large circuits. PolyBoard on the other hand, has an advanced toolbox
with a number of passive structures for many functions, the ability to machine sections on the
chip with a dicing saw and insert thin films that act as filters or polarization control elements, as
well as the ability to fabricate circuits with more than one waveguiding layer (3D integration).
Its only drawbacks are, on the one hand, the inability to achieve lasing operation (i.e. generate
light) and detect light due to the intrinsic properties of the material, which makes it necessary to
hybridly integrate the required active components, and on the other hand, the lack of capability
for fast electro-optical modulation. Recent efforts by the HHI Institute in Berlin have shown
that electro-optical modulation is possible with the hybrid integration of graphene membranes
and the creation of optical electro-absorption modulators, albeit with low modulation speed
and low ER. Given the affinity of the two polymer materials, a research direction would be the
development of passive structures in the EO polymeric platform beyond the MMIs and Bragg
gratings, following the example of PolyBoard, so that a general purpose photonic integration
platform is formed, with a rich toolbox for telecom applications and beyond, and not limited
to optical modulation only. Examples of structures that could be studied and fabricated on the
EO polymer platform are AWGs, optical hybrids, polarization rotators and more. Etching of
slots and the introduction of thin films to extend the functions could also be investigated.

Regarding the reported structures that were fabricated on the EO platform, further studies could
focus on improving the performance of the electrodes for thermo-optical tuning of the Bragg
grating. The power consumption of the electrodes in the presented structures was close to 800
mW and can be reduced to half or even below with better design of the electrodes themselves, by
placing them closer to the waveguide reducing the thickness of the upper cladding or in another
position, by making slots on the side of the waveguide to fill with air and to act as insulation
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and more. Improving the efficiency would also result in an increase in the tuning range of the
Bragg grating and consequently an increase in the operating range of the variable wavelength
laser beyond 22 nm.

Regarding the suggestions at the system level, the Ethernet roadmap shown in the main text of
the dissertation at the last chapter, shows the increase in interface speeds and capacity as well
as the different applications each capacity targets. It is interesting that with the development
of technologies such as autonomous driving that requires the handling of large volumes of data
at speeds of 10 Gb/s are now necessary and 50 Gb/s in the future. Service providers (telephony
etc) as well as cloud service providers require the highest bandwidth for data transmission.
The current speed of one line (lane rate) is at 100 Gb/s with the next milestone at 200 Gb/s.
Increasing the single lane rate is the best way to increase the total capacity of the transceiver
without increasing its size, however it presents great technical challenges especially after 100
Gb/s as the operating frequencies required exceed 65 GHz. As for the total capacity of the
switches, it is now at 25.6 Tb/s with the next milestone at 51.2 Tb/s. The current standard is
400 GbE and the first optical transceivers became commercially available in 2020. According to
market research, in the years 2021 - 2022 it is expected for 400 Gb/s transceivers to roll out.
The 400 GbE standard was ratified in December 2017 and was available in various flavours. The
FR8 version relied on the physical level using 8 channels operating at 26.5 Gbaud each with
PAM-4 modulation for a total of 400 Gb/s (8⇥ 50) capacity, while DR4 in the use of 4 channels
operating at 53.125 Gbaud again with PAM-4 modulation format for 400 Gb/s (4⇥100) capacity.
The next milestones on the roadmap that have been highlighted as predominant are 800 GbE
and 1600 GbE, with the 800 standard becoming commercially available for the first time in the
period 2024 - 2026, while the 1600 becoming available before the end of the decade.

As the demands in Data Center traffic increase and as the dynamic nature of the data traffic
increases, such as the need to cover different distances with different data volumes and the need
for adaptability and network orchestration with the ultimate goal of more flexible and efficient
use of it. These requirements can be met with a new generation of 4M transceivers, from
the initials of the four functionalities Multi-rate, Multi-format, Multi-lane, Multi-reach, that
will provide great flexibility. More specifically in the framework of another research project,
transmitters were made that integrated hybridly two passive polymer chips with an array of fast
IQ-MZM text and with fast electronic circuits DAC with amplification capability power-DAC.
The final prototype targeted at the project is shown in a figure included in the main text of the
dissertation. It would have 6 tunable lasers sources, from the same technology as those presented
in the dissertation, and integrated optical switches that could control the direction of optical
signals on the chip, and an array of 4 IQ-MZM. So it could work with either 4 independent
streams at 64 Gbaud with a maximum modulation of 64-QAM for a data rate of 384 Gb/s at
each stream, or create two streams at 64 Gbaud with maximum modulation DP-64-QAM (with
polarization multiplexing) for data rate 768 Gb/s in each flow. In any case the total capacity was
intended to be 1.5 Tb/s which is state-of-the-art, is on the Ethernet roadmap and products with
such capacity have not been shown yet. To achieve the functionality of 64 Gbaud it is obvious
that the technology of EO polymeric modulators and the technology of electronics InP-DHBT is
necessary. Efforts in this direction, within the research project gave a series of prototypes that
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proved the possibility, but concluded before the final prototype which was the most complex. To
date no such transceiver has been constructed so a research effort could focus on the development
of such a device. The description of the prototypes and the experiments carried out, in which
the author was actively involved, are described in a number of publications.

Another research suggestion focuses on the simplification and automation of the optical transceivers’
assembly process. As mentioned above in this text, the 400 GbE standard is based on the use of
an array of laser sources and modulators to achieve the final capacitance. Traditionally, the tran-
sition to the next generation of transceivers involved either increasing the speed of each channel
or increasing the number of channels. This method works when the number of channels remains
relatively small (up to 8 channels, for example) and the whole circuit remains within reasonable
limits to fit the size of a pluggable transceiver. Increasing the rate to 100 Gb/s per channel is
necessary for the further smooth development of the capacity of the transceivers. But even with
these rates per line, the increase of lines to more than 8 can be achieved by following a different
packaging approach in the transmitter from pluggable form to midboard, ie transferring the
optical subassembly with the electronics from the front panel of the switch to its motherboard,
and closer to the ASIC. As the components to be integrated in the transceiver package increase
in number, and their size decreases, its packaging complexity increases, as a result of which the
assembly process, which was done by human labor, becomes more difficult and presents scaling
problems. It is generally accepted that in order for the next generation of transceivers to have
a commercial impact and find its place in the corresponding DC switches, it must be able to
be mass-produced at low cost, and this presupposes the automation of the assembly process of
the transceivers. In order for a transceiver to be compatible with mass production processes, it
must be designed to allow it. More specifically, the number of interfaces between its components
should be minimized, so that it can be assembled in fewer steps. It should be based on low-cost
photonic integration technology to achieve the same functions where possible and the use of a
photon platform with a rich toolbox. Aligning the optical fibers and gluing them to the optical
chip, called fiber-pigtailing, is also a time-consuming and costly process. The use of cost-effective
technologies in electronics is also important.

For the first issue of reducing the interfaces, the solution is ideally monolithic integration. Even
when it is not possible to do for the entire photonic chip of the transceiver, the integration of the
the most important functions such as light generation, its modulation and its amplification in
a single chip is an important step. Such chips have already been built on the InP platform InP
in the form of Externally Modulated Lasers (EMLs), ie Externally modulated lasers, which in
essence integrate in a chip a laser diode, an electro-absorbtion modulator and an semiconductor
optical amplifier (SOA). Also the use of arrays of laser diodes and photodiodes reduces the
number of assembly steps, since more components are connected in one step. The use of a low-
cost platform can be achieved by using the PolyBoard polymer platform which is low cost due to
its material. This platform has a rich toolbox and can be used to make optical multiplexers and
demultiplexers (in the form of AWGs) from a low cost material to replace more expensive ones
such as InP for the same function. It also has the advantage that active elements such as lasers
and photodiodes can be hybridly integrated in a straightforward way with edge coupling and low
coupling losses, as well as that mechanical slots (U-grooves) can be formed in the dimensions of
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optical fibers, aligned by design with the input waveguide, so that fiber-pigtailing is performed
simply by pushing the fiber into the U-groove.

At the time of writing, no automated process had been developed for the assembly of these
transceivers. Such a process would involve the development of specific mechanical (gripper)
arms capable of handling laser and photodiode arrays, optical fibre components, as well as optical
image processing algorithms to identify the elements and guide them to the correct locations to
perform the hybrid integration. A European research project coordinated by PCRL, TERIPHIC
is working in this direction, which in its three years aims to use the methodology described
above and to build next generation transceivers which will be compatible with mass production
processes. More specifically, the aim is to build pluggable transceivers with 8 channels and
operation at 50 Gbaud PAM-4 for 800 Gb/s total capacity, following the Ethernet roadmap
Ethernet and mid-board transceivers with 16 channels and operation at 50 Gbaud PAM-4 for
1600 Gb/s total capacity.

At another research front, it is expected that the optical transceivers will be integrated together
with the switch silicon (ASIC) as line speeds increase towards 100 Gbaud. As mentioned above,
the best way to increase the capacity of transceivers is to increase the operating frequency of the
transceiver components to achieve lane rates of 200 Gb/s. This speed is a technological challenge
for optical interfaces, both at the optical transceiver level and at the switch level. Starting at the
level of optical transceivers, it requires opto-electronic components such as EMLs, photodiodes,
electronic amplification circuits (drivers, transimpedance amplifiers) with a bandwidth greater
than 60 GHz, as well as electrical connections via wirebonds that must support these speeds.

On the switch side, the maximum capacity of an ASIC is determined by the speed and number
of serdes which consequently determine the size of the SoC chip. The current specifications
with 256 pins, ie outputs of serdes, and with a speed of 50 Gbaud give us a total capacity
of 25.6 Tb/s. Further scaling by increasing the outputs of the ASIC package would mean a
larger chip and solder stability problems (due to the warping of large PCB surfaces) when
mounted to the PCB. Increasing the speed would mean changing the lithographic technology
for the ASIC architecture at a tremendous cost, as well as too much attenuation and other
error and/or synchronization problems until the electrical signal travels through the backplane
to optical transceiver. This necessitates the use of additional signal conditioning chips such
as CDRs, DSPs for signal reconstruction and synchronization, resulting in increased costs and
consumption. To achieve 100 Gbaud on the transceiver you also need electronic multiplexers
that will receive two 50 Gbaud electrical signals and multiplex them before going to the opto-
electronic components of the transmitter. On the receiver side, the reverse process occurs with
electric demultiplexers.

The solution to the scaling problem is to move the optical transceivers from the front of the
switch (faceplate) closer to ASIC, and if possible integrate the optical transceivers into a common
PCB or in the form of satellite chips. Minimizing the length of signal transmission lines will
result in better signal fidelity and eliminate the need for signal conditioning chips. Microsoft and
FaceBook are already moving in this direction with the Co-packaged optics partnership, which
aims to standardize the next generation of switches for Data Centers, based on in this method
of integration. At European level, the project POETICS aims to develop transceivers with
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lane rates at 200 Gb/s, upgrading the speed from 50 to 100 Gbaud with PAM-4 configuration
scheme, utilizing electronic multiplexing in the transceiver, as mentioned above, targeting a total
capacity of 1600 Gb/s with only 8 lines. The transceivers will be deployed as satellite chips to
be integrated into the same PCB along with the central ASIC.

As it can be shown in the last picture of the main text in Chapter 5, the transceivers are
located closer to the central chip, resulting in better signal fidelity and contributing to lower
consumption due to reduced signal losses. These transceivers rely on a polymer PIC, external
laser arrays (EMLs) and high-bandwidth photodiode arrays, electronic circuits SiGe for signal
amplification and signal multiplexing to achieve 100 Gbaud.

The above suggestions for future research seem to have already been conceived as ideas and
their implementation has begun, however it is certain that they will remain relevant for a long
time. The challenges of implementing what has been mentioned as ideas are many, and it takes
a long time to come up with products.
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Euqarist–ec

ApÏ thn pr∏th mËra san upoy†fioc didàktorac sto Ergast†rio Fwtonik∏n Epikoinwni∏n thc

Sqol†c HlektrolÏgwn Mhqanik∏n kai Mhqanik∏n Upologist∏n mËqri kai thn olokl†rwsh thc

didaktorik†c diatrib†c, to tax–di mou sto Ergast†rio Fwtonik∏n Epikoinwni∏n †tan gemàto apÏ

poll† douleià ki endiafËrousec prokl†seic. Upàrqoun pollo– ànjrwpoi pou ja †jela na euqari-

st†sw, afo‘ qwr–c thn bo†jeia touc kai thn upost†rixh touc, to‘to to tax–di den ja mporo‘se

na Ëqei oloklhrwje–. H Sqol† HlektrolÏgwn Mhqanik∏n e–nai anamfisb†thta apÏ tic korufa–ec

se ekpa–deush kai sthn aiqm† thc Ëreunac, allà to shmantikÏtero e–nai Ïti mou Ëdwse thn eukair–a

na gnwr–sw exairetiko‘c anjr∏pouc kai epist†monec.

Ja †jela na xekin†sw euqarist∏ntac jermà ton Kajhght† Hrakl† AbramÏpoulo, epikefal† tou

Ergasthr–ou Fwtonik∏n Epikoinwni∏n, pou me empiste‘thke kai mou Ëdwse thn eukair–a na g–nw

mËloc thc omàdac tou. AkÏma jumàmai thn pr∏th sunànthsh sto grafe–o tou l–go metà thn

apofo–thsh mou apÏ to Tm†ma Fusik†c tou EKPA, pou qwr–c distagmÏ me parÏtrune na mpw sto

ergast†rio gia na dw zwntanà ta peiràmata, allà kai na gnwr–sw ta mËlh tou ergasthr–ou. H

projum–a tou na bohj†sei opoiad†pote stigm† kai h upost†rixh tou †tan anekt–mhtec kajÏlh thn

diàrkeia thc diatrib†c mou, Ïpwc ep–shc h dia–sjhsh tou kai to pàjoc tou gia thn epist†mh pou to

metËdide se kàje mac sunomil–a. Euqarist∏ ep–shc ta upÏloipa mËlh thc trimelo‘c sumbouleutik†c

epitrop†c, Kajhght† NikÏlao Ouzo‘noglou kai ton Kajhght† N–ko PlËro tou APJ.

Ja †jela ep–shc na euqarist†sw jermà ton Didàktora Qr†sto KouloumËnta gia thn amËristh bo-

†jeia kai thn pol‘timh kajod†ghsh tou katà thn diàrkeia thc diatrib†c mou, kaj∏c sunergàsthka

stenà maz– tou Ïla autà ta qrÏnia sto ergast†rio kai Ëmaja pollà, Ïpwc to p∏c na etoimàzetai

swstà Ëna pe–rama pou ja odhg†sei se mia àristh dhmos–eush. H episthmonik† tou katàrtish e–nai

axioja‘masth, Ïpwc ki h ergatikÏthta tou. Euqarist∏ pol‘ ton Bas–lh KatwpÏdh, pou t∏ra su-

neq–zei thn pore–a tou sthn IBM Ellàdac, basikÏ sunergàth sto ergast†rio kai f–lo, me ton opo–o

peràsame amËtrhtec ∏rec ston pàgko pale‘ontac na bgàloume ta peiràmata, moirast†kame thn ko-

‘rash allà kai thn qarà twn epituqi∏n. Ep–shc megàlo euqarist∏ stouc sunadËlfouc Qr†sto

Ts∏ko, LeutËrh Gounar–dh kai Adàm Raptàkh gia thn àyogh sunergas–a, thn allhlegg‘h kai ton

idr∏ta pou Ëqoume r–xei se peiràmata. Eidikà me ton Qr†sto Ts∏ko mac en∏noun pollà kaj∏c kai

oi duo megal∏same sthn –dia geitonià. ApÏ ta paliÏtera mËlh ja †jela na euqarist†sw ton Di-

dàktora Paraskeuà MpakÏpoulo gia thn kal† sunergas–a kai antallag† ide∏n se pollà jËmata,

touc Didàktorec Giànnh Gianno‘lh kai Kwst† Qristogiànnh gia tic endiafËrousec suzht†seic ep–

diafÏrwn jemàtwn kai thn sunadelfik† allhlegg‘h. Ta upÏloipa mËlh tou ergasthr–ou, palià

kai nËa, Mar–a Spuropo‘lou, Mar–a Massao‘th, Dhm†trh ApostolÏpoulo, Qàrh ZerbÏ, Giànnh

PoulÏpoulo, Giànnh Kanàkh, K∏sta TÏka, N–ko L‘ra, Dhm†trh Zabitsàno, Kwnstant–na Kantà,

Panagi∏th Toumàsh, Stàjh AndrianÏpoulo, Dhm†trh NikolaÚdh. H s‘stash tou ergasthr–ou
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den parËmeine stajer† Ïla autà ta qrÏnia, palià mËlh akolo‘jhsan xeqwristo‘c drÏmouc kai nËa

mËlh prostËjhkan, opÏte ja †jela na zht†sw suggn∏mh an parËleiya na anafËrw kàpoiouc.

Katà thn diàrkeia tou didaktoriko‘ e–qa thn t‘qh na ergast∏ san episkËpthc ereunht†c gia 6

m†nec sthn omàda Hybrid PICs tou instito‘to Fraunhofer Heinrich-Hertz sto Berol–no, kai na dw
teqnolog–a aiqm†c pou anaptusÏtan se Ëna apÏ ta kal‘tera ereunhtikà instito‘ta thc Eur∏phc

sto ped–o twn thlepikoinwni∏n. Euqarist∏ ton epikefal†c thc omàdac Norbert Keil gia thn
eukar–a na doulËyw sthn omàda tou, kaj∏c kai ton sunàdelfo David Felipe gia thn pol‘ kal†
sunergas–a kai fil–a pou kratàei Ëwc s†mera.

Euqarist∏ apÏ kardiàc touc gone–c mou N–ko kai Gewrg–a gia tic jus–ec touc kai thn sumparàstash

touc Ïla autà ta qrÏnia. Me Ëmajan na epimËnw, na mhn ta paratàw kai na pale‘w gia Ïti piste‘w

Ïti ax–zei. Ton aderfÏ mou 'Aggelo gia thn jerm† sumparàstash kai tic stigmËc pou qalar∏name

kapn–zontac sto mpalkÏni. Thn Mar–a Pournarà, s‘ntrofo zw†c kai prÏsfata s‘zugo mou, gia

thn upomon† thc kai thn katanÏhsh thc gia tic amËtrhtec ∏rec pou qreiàsthke na peràsw sto

ergast†rio allà kai sto sp–ti doule‘ontac. Qwr–c thn upost†rixh thc, autÏ to pÏnhma ja erqÏtan

eic pËrac duskolÏtera. TËloc, thn xadËrfh mou Aggelik† pou pànta me ta kalà thc lÏgia Ëdine

kouràgio kai dustuq∏c Ëfuge pol‘ nwr–c. Touc afier∏nw aut† th diatrib†.

Panagi∏thc Gkro‘mac

Febrouàrioc 2021

Sthn oikogËneia mou

Sth Mar–a

Sthn Aggelik†
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AMI Alternate-Mark Inversion

AOC Active Optical Cable

ASIC Application Specific Integrated Circuit

AWG Arrayed Waveguide Grating

AWGR Arrayed Waveguide Grating Router

BER Bit-Error Rate

BG Bragg Grating

CDR Clock and Data Recovery

CFP C Form-factor Pluggable

CSRZ Carrier Suppressed Return-to-Zero

CW Continuous Wave

CWDM Coarse Wavelength Division Multiplexing

DAC Direct Attch Copper

DAC Digital to Analog Converter

DB DuoBinary

DC Data Center

DC Direct Current

DCF Dispersion Compensating Fiber

DCN Data Center Network

DEMUX Demultiplexer

DFB Distributed Feedback

DHBT Double Heterojunction Bipolar Transistor

DI Delay Interferometer
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DML Directly Modulated Laser

DMT Discrete MultTone

DPSK (Differential) Phase Shft Keying

DQPSK (Differential) Quadrature Phase Shift Keying

DSF Dispersion Shifted Fiber

DWDM Dense Wavelength Division Multiplexing

EAM ElectroAbsorption Modulator

EDF Erbuim Doped Fiber

EDFA Erbuim Doped Fiber Amplifier

EMI ElectroMagnetic Interference

EML Electroabsorption Modulated Laser

ER Extinction Ratio

ESD ElectroStatic Discharge

ETDM Electrical Time Division Multiplexing

F-P Fabry-Perot

FDM Frequency Division Multiplexing

FEC Forward Error Correction

FIR Finite Impulse Response

FSR Free Spectral Range

FWM Four Wave Mixing

IaaS Infrastracture as a Service

IL Inertion Loss

IM/DD Intensity Modulation/Direct Detection

IP Internet Protocol

IRZ Inverse Return to Zero

LiNbO3 Lithium Niobate

LR Long Range

MCM MultiCarrier Modulation
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MFD Mode-Field Diameter

MMF MultiMode Fiber

MMI Multimode Interference

MPO Multi-fiber Push On

MRR Micro Ring Resonator

MSA MultSource Agreement

MUX Multiplexer

MZI Mach-Zehnder Interferometer

MZM Mach-Zehnder Modulator

NRZ Non-return-to-zero

OBO On Board Optics

OBPF Optical Bandpass Filter

OCP OpenCompute Project

ODL Optical Delay Line

OEQ Optical Equalizer

OFDM Orthogonal Frequency Division Multiplexing

OOK On-Off Keying

OSA Optical SubAssembly

OSNR Optical Signal-to-Noise Ratio

OTDM Optical Time Division Multiplexing

OXC Optical Cross-Connect

PaaS Platform as a Service

PAM Pulse Amplitude Modulation

PCF Photonic Crystal Fiber

PIC Photonic Integrated Circuits

PM Phase Modulator

PMD Polarization Mode Dispersion

PMD Physical Medium Dependent
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PPG Pulse Pattern Generator

PRBS Pseudo-Random Bit Sequence

PSM Parallel Single Mode

QAM Quadrature Amplitude Modulation

QSFP Quad Small Form-factor Pluggable

RF Radio Frequency

RIE Riactive Ion Etching

RZ Return-to-zero

SaaS Software as a Service

SDH Synchronous Digital Hierarchy

SFP Small Form-factor Pluggable

SLA Semiconductor Laser Amplifier

SMF Single Mode Fiber

SMSR Side-Mode Suppration Ratio

SOA Semiconductor Optical Amplifier

SOC System On Chip

SOI Silicon on Insulator

SONET Synchronous Optical Networking

SR Short Range

SSMF Standard Single Mode Fiber

TEC Thermo-Electric Cooler

ToR Top of the Rack

TWA Travelling Wave Amplifier

TWEAM Travelling Wave ElectroAbsorption Moudulator

VSB Vestigial Side Band

WAN Wide Area Network

WC Wavelength Conversion

WDM Wavelength Division Multiplexing
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XGM Cross Gain Modulation

XPM Cross Phase Modulation
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5.1 (a) ExËlixh thc taq‘thtac mia gramm†c (single lane) enÏc pompodËkth sto qrÏno
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Eisagwg†: OptikËc diasundËseic gia thn a‘xhsh thc

qwrhtikÏthtac se d–ktua upologistik∏n kËntrwn

T
o parÏn eisagwgikÏ kefàlaio Ëqei skopÏ na jËsei to per–gramma mËsa sto opo–o ekpon†jhke

h diatrib†, na parousiàsei ta k–nhtra kai touc stÏqouc kai na perigràyei th dom† thc. Stic

epÏmenec duo enÏthtec parousiàzontai sunoptikà ta upologistikà kËntra wc s‘gqronec domËc

apoj†keushc kai diàjeshc plhrofor–ac mËsw efarmog∏n ki uphresi∏n, perigràfetai h ragda–a

anàptuxh pou autà bi∏noun ta teleuta–a qrÏnia, ki epakÏlouja, h anàgkh gia thn epËktash tou

e‘rouc z∏nhc twn diasundËsewn pou sqhmat–zoun to d–ktuo twn diasundedemËnwn egkatastàsew-

n/mhqanhmàtwn. 'Opwc ja perigrafe– kai sth sunËqeia analutikÏtera, aut† h epËktash mpore– na

pragmatopoihje– me bi∏simo trÏpo mÏno me th qr†sh fwtonik†c teqnolog–ac. Sthn sunËqeia peri-

gràfontai oi sunhjËsterec teqnolog–ec optik∏n diasundËsewn se d–ktua upologistik∏n kËntrwn,

kai sthn teleuta–a upoenÏthta perigràfetai to k–nhtro gia thn ekpÏnhsh thc diatrib†c, anal‘ontai

ta probl†mata sta opo–a epiqeire– na d∏sei l‘sh kai parousiàzetai h dom† thc.

1.1 Ta s‘gqrona upologistikà kËntra sto màti tou ku-

kl∏na

H shmerin† koinwn–a bas–zetai sthn gr†gorh kai axiÏpisth antallag† plhrofor–ac. ExeligmËna

thlepikoinwniakà sust†mata uposthr–zoun thn leitourg–a twn biomhqani∏n, epiqeir†sewn kai tra-

pez∏n, oqhmàtwn kai twn metafor∏n genikÏtera, oikiak∏n suskeu∏n yuqagwg–ac, kaj∏c kai thn

pagkÏsmia ro† enhmËrwshc kai gn∏shc. H dunatÏthta metàdoshc uyhl†c poiÏthtac b–nteo se

pragmatikÏ qrÏno sqedÏn katarge– thn anàgkh gia apostol† fusik∏n eggràfwn kai anjr∏pwn,

elaqistopoi∏ntac Ëtsi thn spatàlh enËrgeiac kai suneisfËrontac sthn diat†rhsh tou peribàllo-

ntoc. H anàgkh gia thlepikoinwniakà d–ktua uyhl∏n qwrhtikot†twn odhge–tai katà k‘rio lÏgo

apÏ tic pollËc anaduÏmenec efarmogËc ki uphres–ec, Ïpwc gia paràdeigma h thle-iatrik† pou e-

pitrËpei apomakrusmËnh diàgnwsh kai jerape–a, h dias‘ndesh autokin†twn kai h plo†ghsh touc,

oikiakÏc automatismÏc - Ëxupna sp–tia, sust†mata asfale–ac me parakolo‘jhsh b–nteo, yhfiak†

thleÏrash, oikiak† yuqagwg–a, Ïpwc ep–shc kai to 'Internet twn Pàntwn (Internet of Everything -
IoE ) pou upÏsqetai Ënan pl†rwc diasundedemËno kÏsmo gemàto aisjht†rec, suskeuËc kai mhqanËc
(Machine-to-Machine - M2M ) pou allhlepidro‘n [1]. To sq†ma 1.1 de–qnei endeiktikà efarmogËc
pou ja qrhsimopoio‘ntai se mia mellontik† Ëxupnh kaj∏c kai ton Ïgko dedomËnwn pou ja genno‘n.

4



1.1. Ta s‘gqrona upologistikà kËntra sto màti tou kukl∏na 5

Sq†ma 1.1: EfarmogËc pou ja gennàne megàlo Ïgko dedomËnwn (Big Data) se mia mellontik† Ëxupnh
pÏlh.

Mia pÏlh 1 ekat. anjr∏pwn to 2020 ja gennàei 200 ekat. Gigabyte dedomËnwn kàje mËra.

ProsjËtontac sto prohgo‘meno stoiqe–o kai anal‘ontac peraitËrw, to 2015, o arijmÏc twn qrh-

st∏n tou Diadikt‘ou kai twn sundedemËnwn suskeu∏n †tan: 288 ekat. qr†stec kai 2.2 disekat.

suskeuËc sthn BÏreia Amerik†, 515 ekat. qr†stec (70 % eur. plhjusmo‘) kai 3.2 disekat. su-

skeuËc sthn Eur∏ph, 116 ekat. qr†stec kai 727 ekat. suskeuËc sthn Iapwn–a, 1330 ekat. qr†stec

kai 5.8 disek. suskeuËc sthn perioq† As–ac-Eirhniko‘ [2]. Ta mËsa koinwnik†c dikt‘wshc, dhmo-

file–c uphres–ec b–nteo kai cloud storage Ïpwc Facebook, Twitter, Instagram, Youtube, Netflix,
Dropbox suneisfËroun ep–shc se megàlo bajmÏ sthn Ëkrhxh thc k–nhshc IP lÏgw tou perieqomËnou
pou dhmiourgo‘n ki anebàzoun stouc exuphrethtËc. San paràdeigma anafËroume Ïti to 2016 to

Facebook e–qe 1.94 disekat. energo‘c qr†stec, Ïtan 10 qrÏnia nwr–tera, to 2006, arijmo‘se mÏno
12 ekat. qr†stec. Sto Youtube to 2016 kàje leptÏ anËbainan 300 ∏rec b–nteo, en∏ kàje mËra
parakoloujo‘ntan sqedÏn 5 disekat. b–nteo. MelËtec de–qnoun pwc h et†sia pagkÏsmia k–nhsh

dedomËnwn IP ja xeperàsei to zettabyte (ZB)1 kat∏fli Ëwc to tËloc tou 2016 kai problËpetai na
fjàsei ta 2.3 ZB mËqri to 2020 [3].

'Oson aforà thn pagkÏsmia k–nhsh IP, anamËnetai na g–nei triplàsia ta epÏmena 5 qrÏnia. Genikà,
h k–nhsh IP ja auxànetai me Ënan s‘njeto et†sio rujmÏ (compound anual growth rate - CAGR) 22
% apÏ to 2015 Ëwc to 2020. H katà kefal†n mhnia–a k–nhsh ja fjàsei ta 25 GB to 2020, apÏ 10
GB to 2015. Ep–shc h k–nhsh dedomËnwn apÏ ta Ëxupna thlËfwna (smartphones) ja xeperàsei thn
k–nhsh apÏ touc proswpiko‘c upologistËc mËqri to 2020. To 2015 h k–nhsh apÏ touc proswpiko‘c

upologistËc antipros∏peue to 53 % thc pagkÏsmiac k–nhshc IP, to 2020 Ïmwc ja antiproswpe‘ei
mÏno to 29 %. ApÏ thn àllh, sta Ëxupna thlËfwna ja analoge– to 30 % thc pagkÏsmiac k–nhshc

IP to 2020, apÏ 8 % to 2015. H k–nhsh dedomËnwn proerqÏmenh apÏ touc proswpiko‘c upologistËc
ja auxhje– me CAGR 8 %, en∏ h k–nhsh apÏ thleoràseic, tamplËtec, Ëxupna thlËfwna kai M2M
suskeuËc ja auxhje– ant–stoiqa katà 17 %, 39 %, 58 % kai 44 %. EndiafËron e–nai ep–shc Ïti h

k–nhsh apÏ tic as‘rmatec kai forhtËc suskeuËc ja antiproswpe‘ei to 66 % thc sunolik†c k–nhshc

dedomËnwn mËqri to 2020, Ïtan to 2015 oi ens‘rmatec suskeuËc antipros∏peuan to 52 %. Oi

11 ZB = 1000 exabytes (EB), 1 EB = 1000000 terrabyte (TB)
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sundedemËnec suskeuËc se IP d–ktua ja xeperàsoun 3 forËc ston arijmÏ ton pagkÏsmio plhjusmÏ
mËqri to 2020. Pio sugkekrimËna gia kàje ànjrwpo ja antistoiqo‘n 3.4 sundedemËnec suskeuËc,

apÏ 2.2 to 2015, to opo–o metafràzetai se 26.3 disekat. suskeuËc to 2020 apÏ 16.3 disekat. to

2015.

Sq†ma 1.2: To s‘gqrono oikos‘sthma Ethernet (aristerà), ta upologistikà kËntra sto màti tou
kukl∏na (dexià). phg†: 400 Gigabit Ethernet call for interest consensus, Orlando, FL, Mar 2013

To basikÏtero stoiqe–o Ïmwc e–nai pwc mËqri to 2020 to 66 % thc pagkÏsmiac k–nhshc dedomËnwn

tou Diadikt‘ou ja pernàei mËsa apÏ ta D–ktua Paroq†c PerieqomËnou (Content Delivery Netw-
orks - CDNs), apÏ 45 % to 2015. Ta CDNs, bas–zontai se upologistikà kËntra, epomËnwc h
p–esh gia a‘xhsh tou Ïgkou dedomËnwn metafËretai kai se autà. Ta upologistikà kËntra s†mera

mporo‘me na po‘me Ïti br–skontai sto màti tou kukl∏na, deqÏmena p–esh apÏ Ïlec tic kateu-

j‘nseic, Ïpwc fa–netai kai sto sq†ma 1.2. ApÏ ton Borrà upàrqei h apa–thsh gia upost†rixh

perissÏterwn qrhst∏n, suskeu∏n, efarmog∏n kai epomËnwc gia megal‘tero e‘roc z∏nhc. ApÏ

ton NÏto upàrqei h apa–thsh gia perissÏtero kai grhgorÏtero apojhkeutikÏ q∏ro, perissÏterouc

kai grhgorÏterouc exuphrethtËc. Paràllhla, sthn kate‘junsh Anatol†/D‘sh upàrqei h k–nhsh

metax‘ twn exuphretht∏n pou br–skontai stic –diec egkatastàseic ki odhge–tai apÏ nËec efarmogËc,

bàseic dedomËnwn, arqitektonikËc gia upologistikà kËntra.

(α) (β)

Sq†ma 1.3: (a) ArijmÏc egkatesthmËnwn hyperscale upologistik∏n kËntrwn kai san posostÏ ep– tou
s‘nolou twn upologistik∏n kËntrwn, (b) rujmÏc anàptuxhc thc k–nhshc IP sta upologistikà kËntra se
pagkÏsmio ep–pedo.

DedomËnhc thc anàgkhc gia suneq† epËktash twn upologistik∏n kËntrwn - qwr–c tautÏqronh a-

‘xhsh thc poluplokÏthtac diaqe–rishc touc - o arqikÏc sqediasmÏc ki egkatàstash g–nontai me

gn∏mona autÏ to krit†rio, dhlad† na mporo‘n na klimak∏nontai qwr–c periorismo‘c aplà pro-
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sjËtontac nËo exoplismÏ. Gia autÏ to lÏgo anad‘jhke h idËa thc arqitektonik†c twn ’uper-

klimako‘menwn’ upologistik∏n kËntrwn (hyperscale data centers). H Ënnoia thc uper-klimàkwshc
e–nai sthn ous–a h ikanÏthta thc arqitektonik†c na klimak∏netai katàllhla me thn z†thsh, dhlad†

parËqei thn dunatÏthta gia prosj†kh pÏrwn, Ïpwc upologistik† isq‘c, mn†mh, apoj†keush kai

qwrhtikÏthta dikt‘ou, se sugkekrimËno tm†ma † tm†mata tou upologistiko‘ kËntrou me adiàlei-

pto trÏpo. 'Opwc fa–netai sto sq†ma 1.3, h arqitektonik† aut† ja kuriarq†sei sto mËllon me

sqedÏn ta misà egkatesthmËna upologistikà kËntra mËqri to 2020 na e–nai hyperscale. Ep–shc h
k–nhsh dedomËnwn pou ja aforà ta upologistikà kËntra parousiàzei et†sio rujmÏ anàptuxhc 27

% fjànontac ta 15.3 zettabytes/qrÏno to 2020 [4].

H k–nhsh dedomËnwn pou gennàtai apÏ katanalwtËc kai etair–ec, kai pou diarrËei Ëna upologistikÏ

kËntro mpore– na kathgoriopoihje– se treic megàlec kathgor–ec anàloga me ton proorismÏ thc.

• Thn k–nhsh pou paramËnei mËsa sto upologistikÏ kËntro (machine to
machine), Ïpwc gia paràdeigma eggrafËc dedomËnwn se apojhkeutikËc monàdec.

• Thn k–nhsh pou rËei apÏ upologistikÏ kËntro se upologistikÏ kËntro,
gia paràdeigma metak–nhsh dedomËnwn metax‘ twn ’s‘nnefwn’ (clouds) † thn dhmiourg–a a-
ntigràfwn se pollà kËntra dedomËnwn wc mËroc enÏc dikt‘ou paroq†c perieqomËnou.

• Thn k–nhsh pou rËei apÏ to kËntro dedomËnwn stouc teliko‘c qr†stec dia
mËsou tou Diadikt‘ou † IP WAN (machine to user), gia paràdeigma h metàdosh
(streaming) b–nteo se mia forht† suskeu† † proswpikÏ upologist†.

Sq†ma 1.4: PagkÏsmia k–nhsh dedomËnwn sta upologistikà kËntra anà proorismÏ.

To sq†ma 1.4 de–qnei se gràfhma to posostÏ ep– thc sunolik†c k–nhshc pou antistoiqe– se kàje

kathgor–a proorismo‘. To posostÏ k–nhshc pou paramËnei mËsa sto upologistikÏ kËntro ja pa-

rame–nei stajerÏ Ëwc to 2020, antistoiq∏ntac sto 77 % thc sunolik†c (1.3b). AutÏ to posostÏ

den perilambànei thn k–nhsh topikà se Ëna rack tou exuphretht†, dhlad† k–nhsh pou paramËnei sto
–dio rack . Aut† h topik† k–nhsh upolog–zetai na e–nai per–pou diplàsia se Ïgko apÏ thn k–nhsh
mËsa sto kËntro dedomËnwn. H k–nhsh apÏ upologistikÏ kËntro se upologistikÏ kËntro auxànetai

grhgorÏtera apÏ tic duo àllec kathgor–ec kai ja antistoiqe– sto 9 % to 2020. O uyhlÏc rujmÏc
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anàptuxhc ofe–letai sthn megal‘terh epikràthsh twn dikt‘wn paroq†c perieqomËnou, ton pol-

laplasiasmÏ twn uphresi∏n cloud kai thn anàgkh gia metak–nhsh dedomËnwn metax‘ twn clouds,
kai ton auxanÏmeno Ïgko dedomËnwn pou prËpei na antigràfetai sta upologistikà kËntra. Su-

gkentrwtikà, h k–nhsh Anatol†c/D‘shc (k–nhsh mËsa sto upologistikÏ kËntro kai k–nhsh metax‘

upologistik∏n kËntrwn) ja antiproswpe‘ei to 86 % thc pagkÏsmiac mËqri to 2020, kai h k–nhsh

Borà/NÏtou (h k–nhsh pou exËrqetai proc to Diad–ktuo † to WAN) ja e–nai mÏno to 14 % thc
k–nhshc pou sqet–zetai me upologistikà kËntra.

α) β)

Sq†ma 1.5: a) antistoiq–a tou fusiko‘ ep–pedou me to logikÏ se paradosiakÏ exuphretht†, b) h
antistoiq–a aut† pa‘ei na upàrqei se exuphretht† me epimerismËnouc pÏrouc.

EktÏc apÏ thn suneqÏmena auxanÏmenh k–nhsh pou odhge– thn anàgkh gia prosj†kh nËwn pÏrwn

sta upologistikà kËntra, Ëna akÏma prÏblhma e–nai h qamhl† axiopo–hsh twn pÏrwn, lÏgw tou

fainomËnou katakermàtishc pou prokale–tai apÏ ta diaforetikà prof–l twn efarmog∏n pou ekte-

lo‘ntai (compute-intensive, memory-intensive, networking-intensive). To hardware, dhlad† ta
fusikà exart†mata pou upàrqoun sto sas– enÏc exuphretht† (physical layer), antistoiqe– austhrà
sto s‘sthma pou ektele–tai se autÏ (logical layer). EpomËnwc oi exuphrethtËc Ëqoun ametàblhtec
paramËtrouc leitourg–ac kai e–nai exairetikà d‘skolo na prosarmosto‘n se diaforetikËc efarmo-

gËc, kaj∏c to hardware sto sas– tou exuphretht† prosarmÏzetai exarq†c gia to sugkekrimËno
prof–l efarmog†c pou ja trËqei. Gia thn antimet∏pish auto‘ tou probl†matoc, h tàsh sta s‘gqro-

na cloud upologistikà kËntra e–nai h eikonikopo–hsh (virtualisation) twn pÏrwn [5] Ïpwc fa–netai
sto sq†ma 1.5. Me autÏn ton trÏpo oi pÏroi axiopoio‘ntai kal‘tera kai prosfËretai megal‘terh

euelix–a stouc qr†stec afo‘ Ëqoun th dunatÏthta na qrhsimopoio‘n/agoràzoun pÏrouc anàloga

me tic anàgkec touc.

'Oson aforà to fÏrto ergas–ac twn upologistik∏n kËntrwn, autÏc mpore– na qwriste– se treic

kathgor–ec uphresi∏n cloud pou parËqontai, tic SaaS, PaaS, IaaS [4, 6] Ïpwc fa–netai kai sto
sq†ma 1.6. Sthn pr∏th kathgor–a SaaS - Software as a Service, d–netai h dunatÏthta ston pelàth
na qrhsimopoi†sei tic efarmogËc tou pàroqou pou trËqoun se cloud upodom†. Oi efarmogËc e–nai
prosbàsimec apÏ touc qr†stec mËsa apÏ kàpoia thin-client diepaf†. O pelàthc den diaqeir–zetai
o‘te elËgqei thn upoke–menh cloud upodom†, sumperilambanomËnwn twn dikt‘wn, exuphretht∏n,
leitourgik∏n susthmàtwn, apojhkeutik∏n mËswn † kai twn dunatot†twn xeqwrist∏n efarmog∏n.

'Ena paràdeigma thc sugkekrimËnhc kathgor–ac apotelo‘n oi uphres–ec email.

Sthn PaaS - Platform as a Service, d–netai h dunatÏthta ston pelàth na egkatast†sei sthn cloud
upodom† dikËc tou efarmogËc pou dhmiourg†jhkan me gl∏ssec programmatismo‘, biblioj†kec kai
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Sq†ma 1.6: Kathgor–ec uphresi∏n cloud.

ergale–a pou uposthr–zontai apÏ ton pàroqo. O pelàthc den diaqeir–zetai o‘te elËgqei thn cloud
upodom†, allà elËgqei tic egkatesthmËnec efarmogËc kai pijanÏn paramËtrouc tou peribàllontoc

filoxen–ac twn efarmog∏n.

Sthn IaaS - Infrastructure as a Service, d–netai h dunatÏthta ston pelàth na promhje‘etai epexer-
gastiko‘c, apojhkeutiko‘c, diktuako‘c kai àllouc basiko‘c pÏrouc, stouc opo–ouc e–nai ikanÏc

na egkajistà kai na ektele– opoiod†pote logismikÏ, to opo–o mpore– na perilambànei leitourgikà

sust†mata kai efarmogËc. O pelàthc den diaqeir–zetai o‘te elËgqei thn cloud upodom†, allà
elËgqei ta leitourgikà sust†mata, apojhkeutikà mËsa kai tic egkatesthmËnec efarmogËc.

1.2 ArqitektonikËc upologistik∏n kËntrwn

H prohgo‘menh enÏthta periËgraye tic tàseic pou odhgo‘n thn anàptuxh kai anàgkh gia epËktash

twn upologistik∏n kËntrwn. Oi tàseic autËc epitàssoun thn exËlixh twn arqitektonik∏n DC
kai thn metàbash touc se nËec pou mporo‘n na uposthr–xoun kainotÏmec teqnolog–ec Ïpwc to

virtualisation kai disaggregation, qrhsimopoi∏ntac qamhlo‘ kÏstouc emporikà diajËsima proÏnta
dikt‘wshc.

H arqitektonik† twn upologistik∏n kËntrwn sun–statai sthn orgànwsh (ston q∏ro) twn stoiqe–wn

tou dikt‘ou kai sthn epilog† twn teqnologi∏n dikt‘wshc. Aut† sun†jwc efarmÏzetai se d‘o

kateuj‘nseic, pr∏ton proc to sqediasmÏ nËac topolog–ac pou epitrËpei to qt–simo enÏc apodotiko‘

dikt‘ou gia thn epËktash tou upologistiko‘ kËntrou, de‘teron proc thn anàptuxh teqnologi∏n

dikt‘wshc sthn upàrqousa topolog–a o‘twc ∏ste na antimetwpisto‘n †dh upàrqousec prokl†seic

[7]. To sq†ma 1.7 parousiàzei tic shmantikÏterec arqitektonikËc upologistik∏n kËntrwn pou

Ëqoun deiqje– sthn bibliograf–a, qwrismËnec se duo megàlec kathgor–ec anàloga me to prÏtupo

topolog–ac dikt‘ou † thn teqnolog–a dikt‘wshc. Sto ierarqikÏ prÏtupo, oi metagwge–c (switches)
organ∏nontai se pollaplà ep–peda. To pio diadedomËno prÏtupo sta upàrqonta d–ktua e–nai to

ierarqikÏ pou bas–zetai sth dom† dËntrou ki sugkekrimËna h topolog–a tri∏n epipËdwn (three-
tier). Se Ëna three-tier d–ktuo oi metagwge–c qwr–zontai sta ep–peda core, aggregation, edge, me
to core ep–pedo na br–sketai sthn r–za tou dËntrou, to aggregation ep–pedo sth mËsh kai to edge
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Sq†ma 1.7: ArqitektonikËc upologistik∏n kËntrwn.

ep–pedo sta f‘lla tou dËntrou, ta opo–a apotelo‘n oi exuphrethtËc (servers).

Sq†ma 1.8: Arqitektonik† DCN tri∏n epipËdwn (three-tier).

Mia omàda exuphretht∏n, sun†jwc 16 † 32 ston arijmÏ, sundËontai se Ënan metagwgËa pou

br–sketai sthn koruf† tou rafio‘ (rack) kai onomàzetai Top of Rack - ToR metagwgËac. Auto–
oi ToR metagwge–c sunisto‘n to edge ep–pedo thc ierarqik†c dom†c dËntrou. O arijmÏc twn
exuphretht∏n se mia tËtoia dom† perior–zetai mÏno apÏ ton arijmÏ twn jur∏n twn metagwgËwn.

Ta core kai aggregation ep–peda qrhsimopoio‘n uyhl∏n apodÏsewn kai àra akribo‘c metagwge–c
oi opo–oi ajro–zoun thn k–nhsh pou proËrqetai apÏ ta qamhlÏtera ep–peda. Kàje core metagwgËac
sundËetai diadoqikà me Ïlouc touc aggregate, Ïpwc fa–netai kai sto sq†ma 1.8. H dromolÏghsh
epitugqànetai diasq–zontac proc ta pànw to dËntro mËqri ton qamhlÏtero koinÏ metagwgËa kai

‘stera pàli proc ta kàtw to dËntro mËqri ton telikÏ proorismÏ. Upàrqoun parapànw apÏ Ëna

monopàtia metax‘ duo exuphretht∏n gia na leitourg†soun efedrikà sthn per–ptwsh astoqi∏n

stouc metagwge–c [8]. Oi exuphrethtËc sundËontai me toucToR metagwge–c me hlektrikËc sundËseic
1GbE, en∏ oi ToR sundËontai me touc core kai aggregation metagwge–c me hlektrikËc sundËseic
10GbE.

Oi uyhl†c apÏdoshc, akribo– metagwge–c pou sun†jwc qrhsimopoio‘ntai sta core kai aggregation
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ep–peda, kajisto‘n thn three-tier arqitektonik† exairetikà dapanhr†, energobÏra [9], Ïpwc kai
euàlwth se per–ptwsh pou astoq†sei Ënac metagwgËac sta uyhlà ep–peda. Ep–shc gia na meiwje– to

kÏstoc egkatàstashc exoplismo‘, ta d–ktua sqediàzontai me kàpoio lÏgo uperkàluyhc n : 1 (over-
subscription ratio). AutÏ praktikà shma–nei, pwc anà pàsa stigm† mÏno 1/n ⇥ 100%2 posostÏ

tou pl†rouc e‘rouc z∏nhc e–nai diajËsimo stouc exuphrethtËc gia metaforà dedomËnwn. An kai

d–ktua me lÏgo uperkàluyhc 1:1 e–nai efiktÏ na sqediasto‘n, to kÏstoc touc e–nai apagoreutikÏ

akÏma kai gia mËtriou megËjouc upologistikà kËntra.

Sq†ma 1.9: Arqitektonik† DCN fat-tree.

H Fat-tree3 arqitektonik† sqediàsthke wc mia apodotik† l‘sh sto prÏblhma tou meiwmËnou e-
‘rouc z∏nhc lÏgw over-subscription, me skopÏ na prosfËrei pl†rec e‘roc z∏nhc (lÏgoc 1:1).
To diakritikÏ qarakthristikÏ thc e–nai Ïti gia opoiod†pote metagwgËa, o arijmÏc twn sundËsewn

pou phga–nei kàtw proc touc ’adelfo‘c’ metagwge–c † exuphrethtËc (siblings) e–nai –dioc me ton
arijmÏ pou phga–nei pànw proc ton ’gonikÏ’ metagwgËa (parent). 'Etsi, oi sundËseic g–nontai pio
’qontrËc’ (fatter) proc th r–za tou dËntrou me ton core metagwgËa na Ëqei ton megal‘tero arijmÏ
sundËsewn sugkritikà me touc metagwge–c apÏ kàtw tou. Epeid† sta d–ktua etairi∏n qrhsimo-

poio‘ntai emporikà diajËsimoi metagwge–c pou Ëqoun kajorismËno kai stajerÏ arijmÏ jur∏n, h

arqitektonik† sthn opo–a o arijmÏc twn jur∏n den paramËnei stajerÏc den e–nai pol‘ apodotik†.

PrËpei na tropopoihje– o‘twc ∏ste na mpore– na qrhsimopoi†sei qamhlo‘ kÏstouc emporikà dia-

jËsimouc metagwge–c me stajerÏ arijmÏ jur∏n.4 Se mia parallag† thc Fat-tree arqitektonik†c,
oi metagwge–c sta aggregation kai edge ep–peda (àra kai oi exuphrethtËc) e–nai organwmËnoi se
’dexamenËc’ (pods), Ïpwc fa–netai sto sq†ma 1.9 Ïpou to kàje pod dromologe– eswterikà apÏ
àkrh se àkrh thn epikoinwn–a anàmesa sta mhqan†mata tou. Oi metagwge–c sto core ep–pedo aplà
sundËoun touc metagwge–c exÏdou (egress) tou kàje pod me apotËlesma th me–wsh tou fÏrtou
k–nhshc dedomËnwn sto core ep–pedo. Me autÏn ton trÏpo h arqitektonik† g–netai pio ’ep–pedh’ kai
den qreiàzontai megàlec allagËc se diktuakÏ ulikÏ gia thn epËktash tou upologistiko‘ kËntrou.

2
Gia paràdeigma, lÏgoc uperkàluyhc 5:1 shma–nei pwc to diajËsimo e‘roc z∏nhc e–nai 20%. Tupiko– lÏgoi

uperkàluyhc e–nai anàmesa se 1.5:1 kai 8:1
3
H Fat-tree arqitektonik† efeurËjhke to 1985 apÏ ton Charles Leiserson. Mpore– na jewrhje– mia eidik†

per–ptwsh thc topolog–ac Clos.
4
Endeiktikà, to kÏstoc enÏc metagwgËa 48 jur∏n GbE e–nai $7000, en∏ enÏc metagwgËa 128 jur∏n 10GbE

$700.000 qwr–c na upolog–zetai to kÏstoc twn kalwd–wn.
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Se mia Fat-tree arqitektonik† k-tàxhc, kàje dexamen† apotele–te apÏ (k/2)2 exuphrethtËc kai apÏ
k/2 metagwge–c twn k jur∏n se 2 ep–peda. Kàje edge metagwgËac sundËetai me k/2 exuphrethtËc
kai k/2 aggregation metagwge–c. Kàje aggregation metagwgËac sundËetai me k/2 edge kai me k/2
core metagwge–c. Oi core metagwge–c e–nai (k/2)2 kai kaje–c sundËetai me k dexamenËc.

Sq†ma 1.10: Arqitektonik† DCN leaf-spine.
phg†: Introducing data center fabric, the next-generation Facebook data center network [10].

Mia àllh arqitektonik† pou arq–zei na efarmÏzetai sta s‘gqrona upologistikà kËntra, kai thn Ëqei

uiojet†sei †dh h Facebook e–nai h leaf-spine. SkopÏc aut†c thc arqitektonik†c e–nai na metatrËyei
olÏklhro to upologistikÏ kËntro se Ëna ep–pedo d–ktuo axiopoi∏ntac kai ed∏ thn orgànwsh

twn exuphretht∏n se mikro‘ megËjouc dexamenËc (pods) me kajorismËno kai stajerÏ arijmÏ apÏ
server rack , ant– twn megal‘terwn cluster5. Kàje pod apotele–tai apÏ 48 ToR metagwge–c me
kàje metagwgËa na Ëqei 4 ⇥ 40 GbE uplinks, prosfËrontac sunolik† qwrhtikÏthta 160 G gia
rack pou ta mhqan†mata tou sundËontai me 10G sundËseic [8, 11]. Kàje Ënac apÏ touc ToR
sundËetai me 4 metagwge–c pou onomàzontai fabric switches. O mikrÏteroc arijmÏc jur∏n shma–nei
Ïti qreiàzontai mesa–ou megËjouc metagwge–c gia thn àjroish (aggregation) twn ToR, oi opo–oi
e–nai e‘kola diajËsimoi apÏ pollËc phgËc. Gia thn pragmatopo–hsh pl†rouc sundesimÏthtàc,

ulopoi†jhkan 4 anexàrthta ’ep–peda’ (planes) apÏ spine metagwge–c, pou to kajËna mpore– na
sumperilàbei mËqri 48 anexàrthta mhqan†mata. Kàje Ënac apÏ touc fabric metagwge–c enÏc pod
sundËetai me kàje Ënan apÏ touc spine, sto ant–stoiqo ’ep–pedo’. H s‘ndesh me to d–ktuo kormo‘
epitugqànetai me th qr†sh edge pods me to kajËna na parËqei sunolikÏ e‘roc z∏nhc 7.68 Tbps.
To pleonËkthma aut†c thc arqitektonik†c e–nai Ïti ta pods kai planes sunisto‘n mia ’arjrwt†’
(modular) topolog–a ikan† na epekte–netai se ekatontàdec qiliàdec mhqan†mata me 10G sundËseic.

5
Kàje cluster apotele–tai apÏ pollà racks, to kajËna apÏ ta opo–a Ëqei to dikÏ tou rack switch me 44 j‘rec

10GbE downlink kai 4 uplink (10:1 uperkàluyh), gia kàje Ëna apÏ ta 4 cluster switches. Ta server racks me ta
rack switches kai ta cluster switchs apotelo‘n to cluster
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An ki h ierarqik† three-tier arqitektonik† e–nai h pio eurËwc qrhsimopoio‘menh sta DCN, e–dame
Ïti parousiàzei probl†mata klimàkwshc ta opo–a prok‘ptoun Ïtan o arijmÏc twn sundedemËnwn

mhqanhmàtwn g–netai pol‘ megàloc (ekatontàdec qiliàdec servers). ProsjËtontac se autÏ, to
e‘roc z∏nhc auxànetai shmantikà sthn koruf† thc topolog–ac (r–za tou dËntrou) Ïpou h egka-

tàstash uyhl∏n epidÏsewn diktuako‘ exoplismo‘ g–netai apara–thth kai sumbàlei sthn a‘xhsh

tou kÏstouc kai thc katanàlwshc isq‘oc. AkÏma ki an qrhsimopoihjo‘n uyhl∏n epidÏsewn meta-

gwge–c, h klimàkwsh perior–zetai apÏ ton peperasmËno arijmÏ jur∏n. 'Allo meionekt†ma sunistà

to gegonÏc pwc oi kÏmboi pou br–skontai qamhlÏtera sthn ierarq–a e–nai euàlwtoi se ap∏leia

s‘ndeshc an astoq†sei kàpoioc metagwgËac pou br–sketai yhlÏtera sthn ierarq–a. Ep–shc au-

t† h arqitektonik† Ëqei emfan–zei eggen∏c prÏblhma katamerismo‘ tou fÏrtou (load-balancing).
Kàpoia apÏ ta probl†mata antimetwp–zontai me tic enallaktikËc arqitektonikËc pou anafËrjhkan,

ento‘toic to shmantikÏtero prÏblhma thc klimàkwshc kai tou e‘rouc z∏nhc paramËnei. Oi 10G
sundËseic mËsa sto rack ja qreiaste– na anabajmisto‘n se 25G, me ta 50G na Ëpontai. Metax‘
twn rack oi 40G sundËseic ja g–noun s‘ntoma 100G kai mellontikà –swc 200G † akÏma kai 400G.
Gia to eur‘tero d–ktuo metax‘ upologistik∏n kËntrwn (intra-data center) 100G sundËseic egka-
j–stantai mËqri t∏ra, en∏ to 400GE prwtÏkollo br–sketai se diadikas–a protupopo–hshc. To ti
ja akolouj†sei den e–nai akÏma gnwstÏ. PijanÏn 800GE, 1TE † 1.6TE [12]. AutËc oi taq‘thtec
mporo‘n na epiteuqjo‘n mÏno me th qr†sh fwtonik∏n pompodekt∏n, Ïpwc kai mÏno optikËc diasun-

dËseic mporo‘n na antepexËljoun sthn apa–thsh gia qamhl† katanàlwsh kai uiojËthsh euËliktwn

ep–pedwn (two-tier) arqitektonik∏n.

1.3 OptikËc diasundËseic uyhl∏n taqut†twn 100Gb/s kai

pànw se upologistikà kËntra

Proc to parÏn, h optik† teqnolog–a qrhsimopoie–tai sta upologistikà kËntra gia thn ep–teuxh

sundËsewn apÏ shme–o se shme–o (point to point links), me ton –dio trÏpo pou oi optikËc point
to point sundËseic qrhsimopoio‘ntan palaiÏtera sta optikà thlepikoinwniakà d–ktua (opaque ne-
tworks). AutËc oi sundËseic bas–zontai se qamhlo‘ kÏstouc polurujmikËc optikËc –nec (MMF)
qrhsimopoi∏ntac diÏdouc VCSEL me aplà sq†mata diamÏrfwshc plàtouc NRZ-OOK kai àme-
sh f∏rash qwr–c teqnikËc epexergas–a s†matoc, apotel∏ntac mia apodotik† l‘sh gia kontinËc

apostàseic lÏgw aplÏthtac kai qamhl†c katanàlwshc enËrgeiac. AutËc oi ze‘xeic sundËoun me-

tagwge–c qrhsimopoi∏ntac Small Form-factor Pluggable pompodËktec6 gia na antikatast†soun
tic ze‘xeic qalko‘. GrhgorÏteroi pompodËktec me e‘roc z∏nhc 40 Gbps † kai 100 Gbps Ëqoun
†dh arq–sei na egkaj–stantai7. Ta k‘ria meionekt†mata thc sugkekrimËnhc teqnolog–ac e–nai h

energobÏra metatrop† tou s†matoc apÏ hlektrikÏ se optikÏ kai ant–strofa kaj∏c h metagw-

g† pragmatopoie–tai me hlektriko‘c metagwge–c pakËtou, kaj∏c kai h adunam–a diamÏrfwshc twn

diÏdwn VCSEL se uyhlËc taq‘thtec (>25 Gbaud). H l‘sh ja †tan h metatrop† twn dikt‘wn
se diafan† (transparent), Ïpou h metagwg† ja pragmatopoio‘tan amig∏c sto optikÏ ped–o, me
diakritÏthta (granularity) pakËtou † sqedÏn pakËtou (burst), qwr–c na qreiàzetai hlektrik† me-
tagwg† pakËtou † optik† metagwg† kukl∏matoc. H metàbash se amig∏c optikËc arqitektonikËc

6SFP gia 1 Gbps kai SFP+ gia 10 Gbps
7
p.q. 4 ⇥ 10 Gbps QFSP monàdec me tËssera 10 Gbps paràllhla optikà kanàlia kai CXP monàdec me 12

paràllhla 10 Gbps optikà kanàlia.
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Ïmwc apaite– thn anàptuxh nËwn domik∏n stoiqe–wn Ïpwc amig∏c optik∏n metagwgËwn pakËtwn, h

parous–ash twn opo–wn den ja mac apasqol†sei sthn paro‘sa diatrib†.

Anàmesa stic amig∏c optikËc kai stic amig∏c hlektrikËc arqitektonikËc, Ëqoun protaje– diàforec

intra- kai inter- DCN arqitektonikËc pou bas–zontai se optik† metagwg† kukl∏matoc kai ja mpo-
ro‘san na qarakthristo‘n ubridikËc hlektrikËc/optikËc. H optik† metagwg† kukl∏matoc (optical
circuit switching) kai h poluplex–a dia–reshc m†kouc k‘matoc ja mporo‘san na prosfËroun eue-
lix–a ston katamerismÏ e‘rouc z∏nhc mËsa sto upologistikÏ kËntro. 'Ena optikÏ kal∏dio mpore–

na metafËrei pollaplËc sundËseic twn 10 Gbps, proÙpojËtontac Ïti h k–nhsh ode‘ei ston –dio
proorismÏ. O perioristikÏc paràgontac e–nai o qrÏnoc metagwg†c thc tàxhc twn dekàdwn ms, ka-
jist∏ntac anedafik† thn qr†sh aut†c thc teqnolog–ac kontà stouc exuphrethtËc, h taq‘thta twn

opo–wn den xepernà ta 10 Gbps. Ento‘toic, h orgànwsh tou upologistiko‘ kËntrou se pods eunoe–
thn apodotik† axiopo–hsh thc optik†c metagwg†c exait–ac twn stajerÏterwn, megal‘terwn ro∏n,

proerqÏmenwn apÏ thn àjroish k–nhshc se ep–pedo pod . ApÏ thn àllh Ïmwc, den ja mporo‘se
na efarmoste– gia thn exuphrËthsh ekrhktik†c ro†c metax‘ diaforetik∏n zeugari∏n pods, kaj∏c
o arijmÏc twn kuklwmàtwn pou apaito‘ntai e–nai apagoreutikÏc. TËtoiou e–douc ekrhktikËc roËc

exuphreto‘ntai kal‘tera apÏ thn hlektrik† metagwg† pakËtou. 'Etsi, sthn bibliograf–a parou-

siàsthkan ubridikËc arqitektonikËc Ïpwc [13, 14] oi opo–ec qrhsimopoio‘n apodotikà kai tic duo

teqnolog–ec, apod–dontac to –dio me Ëna ant–stoiqo d–ktuo metagwg†c pakËtwn allà me ligÏtero

kÏstoc, ligÏtera kal∏dia, mikrÏtero mËgejoc kai mikrÏterh katanàlwsh enËrgeiac.

Sq†ma 1.11: Ubridik† hlektrik†/optik† DCN arqitektonik† Helios

Sta sq†mata 1.11, 1.12 parousiàzontai duo apÏ tic proanaferje–sec arqitektonikËc, oi c-through
kai Helios. Sthn c-through [14], oi ToR metagwge–c sundËontai tautÏqrona se Ëna hlektrikÏ
d–ktuo metagwg†c pakËtwn (p.q. Ethernet) kai se Ëna optikÏ d–ktuo metagwg†c kukl∏matoc. Oi
optiko– metagwge–c rujm–zontai o‘twc ∏ste ta racks me uyhlËc apait†seic se e‘roc z∏nhc na sun-
dËontai dia mËsou aut∏n. Fusikà upàrqei katàllhlo s‘sthma ep–bleyhc pou topojete–tai stouc

upologistËc tou dikt‘ou kai katagràfei tic apait†seic touc se e‘roc z∏nhc Ïtan sundËontai me

touc àllouc upologistËc, oi opo–ec metr†seic sthn sunËqeia sugkentr∏nontai apÏ Ëna prÏgramma

diaqeirist† pou rujm–zei touc optiko‘c metagwge–c anàloga me tic anàgkec. H Helios [13] e–nai
parÏmoia me thn c-through mÏno pou bas–zetai se WDM ze‘xeic. Akolouje– mia 2-layer arqite-
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Sq†ma 1.12: Ubridik† hlektrik†/optik† DCN arqitektonik† c-through

ktonik† ki apotele–tai apÏ ToR kai core metagwge–c. Oi ToR e–nai hlektriko– metagwge–c pakËtou,
en∏ oi core mpore– na e–nai e–te hlektriko– metagwge–c pakËtou e–te optiko– metagwge–c kukl∏ma-
toc. Oi hlektriko– metagwge–c qrhsimopoio‘ntai gia epikoinwn–a ’Ïlwn-proc-Ïla’ Ïson aforà ta

pods, en∏ oi optiko– metagwge–c qrhsimopoio‘ntai gia uyhlo‘ e‘rouc z∏nhc, argà metaballÏmenh
epikoinwn–a metax‘ twn pods. G–netai fanerÏ Ïti oi ubridikËc arqitektonikËc prospajo‘n na sun-
duàsoun ta kal‘tera stoiqe–a twn hlektrik∏n kai optik∏n dikt‘wn, basizÏmenec se †dh diajËsima

optikà exart†mata.

'Oson aforà to optikÏ kommàti thc dikt‘wshc twn parapànw ubridik∏n arqitektonik∏n, aut† den

akolouje– katanàgkh kàpoio prÏtupo Ïpwc to Ethernet. EktÏc apÏ thn metaforà dedomËnwn
mËsw optik∏n metagwgËwn kukl∏matoc qwr–c thn qr†sh Ethernet prÏtupou (stic ubridikËc arqi-
tektonikËc), oi optikËc –nec arq–zoun na antikajisto‘n kai ta sunhjismËna qàlkina kal∏dia stouc

hlektriko‘c metagwge–c Ethernet lÏgw thc anàgkhc gia metaforà oloËna ki megal‘terou Ïgkou
dedomËnwn, oloËna kai se makr‘terh apÏstash. O trÏpoc pou kur–wc g–netai autÏ e–nai me opti-

ko‘c pompodËktec, se diaforetikà megËjh (Form-factors) kai taq‘thtec, pou egkaj–stantai stic
j‘rec tou metagwgËa metatrËpontac ta hlektrikà s†mata dedomËnwn se fwc pou sth sunËqeia

diad–detai mËsw –nac. Kàje monàda optiko‘ pompodËkth apotele–tai apÏ duo mËrh, ton pompÏ kai

ton dËkth. E–nai profanËc Ïti Ëqoun sundËsmouc optik†c –nac stic àkrec touc, parËqontac shme–a

àmeshc s‘ndeshc kalwd–ou, parÏmoia me thn teqnolog–a Direct Attach Copper - DAC, me th mÏnh
diaforà Ïti ant– gia qalkÏ qrhsimopoie–tai –na. Oi optiko– pompodËktec thro‘n † summorf∏nontai

me kàpoio prÏtupo ∏ste na exasfal–zetai h dialeitourgikÏthta (interoperability) me ant–stoiqa
proÏnta àllwn etairi∏n.

Ta Form-factors te–noun na mikra–noun me thn pàrodo tou qrÏnou, o‘twc ∏ste, telikà perissÏterec
monàdec (modules) optik∏n pompodekt∏n na qwràne se Ëna sas– metagwgËa kai na auxànetai h
puknÏthta twn egkatesthmËnwn pompodekt∏n se Ëna rack . Ep–shc, oi auxhmËnec suqnÏthtec
leitourg–ac twn optik∏n pompodekt∏n wjo‘n ta optikà stoiqe–a na Ërqontai Ïlo kai pio kontà me

ta hlektronikà gia periorismÏ twn apwlei∏n. Se aut†n thn kate‘junsh Ëqei protaje– h l‘sh thc

topojËthshc twn optik∏n stoiqe–wn pànw sthn plakËta (On Board Optics - OBO).

Sto sq†ma 1.13 parousiàzontai se sqËdio ta diàfora prÏtupa CFP, QSFP, OBO me ta megËjh
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Sq†ma 1.13: SqhmatikÏ pou de–qnei ta megËjh optik∏n pompodekt∏n diaforetik∏n Form-factors
Ïpwc CFP, QSFP, OBO
Phg†: Ethernet Alliance

touc na faner∏noun thn tàsh gia sm–krunsh twn monàdwn. Ston p–naka 1.1 parousiàzontai su-

gkentrwtikà ta prÏtupa gia Gigabit Ethernet. O p–nakac de–qnei Ïti Ïla ta prÏtupa thc IEEE
kai ta MSA sthr–zontai sthn qrhsimopo–hsh paràllhlwn gramm∏n se qamhlÏterh taq‘thta ∏ste
na epit‘qoun ajroistikà qwrhtikÏthtec 100 Gbps, 200 Gbps kai 400 Gbps. Ta kanàlia autà me-
tad–dontai e–te se diaforetikËc optikËc –nec qrhsimopoi∏ntac phgËc lËizer sto –dio m†koc k‘matoc

p.q sta 1310 nm † 850 nm, e–te sto –dio fusikÏ mËso (optik† –na) me phgËc lËizer se diaforetikà
m†kh k‘matoc ekpomp†c ulopoi∏ntac Ëna e–doc poluplex–ac me dia–resh m†kouc k‘matoc. Ep–shc h

mËjodoc diamÏrfwshc pou akolouje–tai e–nai h apeuje–ac diamÏrfwsh plàtouc kai àmesh f∏rash

(Intensity Modulation/Direct Detection - IM/DD lÏgw thc aplÏthtac thc kaj∏c den qreiàzetai
exwteriko‘c diamorfwtËc ston pompÏ kai pol‘ploka optikà kai hlektronikà stoiqe–a sto dËkth

gia thn apodiamÏrfwsh tou s†matoc. To fusikÏ mËso diàdoshc pou epilËgetai e–nai h poluruj-

mik† optik† –na (MMF) lÏgw twn kontin∏n apostàsewn pou stoqe‘oun autà ta prÏtupa kai tou
qamhlÏterou kÏstouc.

ApÏ thn àllh merià, kaj∏c h epËktash twn DCN g–netai kai sto q∏ro me kaino‘rgia mhqan†mata
na egkaj–stantai sunËqeia, oi pompodËktec ja qrhsimopoio‘n mÏno SMF lÏgw twn apostàsewn
twn mhqanhmàtwn pou ja e–nai pànw apÏ merikËc ekatonàdec mËtra, me tic MMF na apos‘rontai.
'Opwc anafËrjhke pio pànw oi optiko– pompodËktec apotelo‘ntai apÏ diakrità mËrh, me to fusikÏ

mËso diàdoshc na sundËei ton pompÏ kai to dËkth stic àkrec tou. To basikÏtero meionËkthma aut†c

thc sqed–ashc, ektÏc apÏ to xeqwristÏ interface thc optik†c –nac me ton pompÏ kai to dËkth stouc
sundËsmouc, e–nai h anàgkh gia summÏrfwsh me kàpoio GbE prÏtupo gia thn ep–teuxh mËgisthc
sumbatÏthtac anàmesa stouc kataskeuastËc. Aut† h anagkaiÏthta perior–zei touc sqediastËc

sthn teqnolog–a metàdoshc kai sta exart†mata pou mporo‘n na qrhsimopoi†soun mËsa sta koutià

tou pompo‘ kai tou dËkth.

'Etsi Ëkanan thn emfànish touc ta Energà Optikà Kal∏dia (Active Optical Cables - AOC ), ta
opo–a prosfËroun Ethernet dikt‘wsh se taq‘thtec pollaplàsiec twn 10 Gbps, me embËleia me-
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gal‘terh apÏ ta 100 mËtra twn apl∏n qàlkinwn kalwd–wn, me qamhlÏterh katanàlwsh isq‘oc

sugkritikà me Ëna module pompodËkth, qwr–c na ephreàzontai apÏ hlektromagnhtikËc parembolËc
(EMI) qwr–c thn anàgkh na kajar–zontai ta optikà kal∏dia. Ep–shc to mikrÏtero mËgejoc kalw-
d–wn exoikonome– q∏ro kai bàroc sto rack. 'Ena energÏ optikÏ kal∏dio apotele–tai apÏ Ëna kommàti
polurujmik†c † monorujmik†c optik†c –nac stic àkrec tou opo–ou br–skontai Ëna pompÏc kai Ënac

dËkthc me ta ant–stoiqa optikà kai hlektronikà kukl∏mata touc. Ston pompÏ qrhsimopoio‘ntai

sun†jwc VCSEL phgËc lËhzer oi opo–ec diamorf∏nontai apeuje–ac, e–nai qamhlo‘ kÏstouc, allà
den e–nai axiÏpista gia taq‘thtec diamÏrfwshc pànw apÏ 20 GHz [15, 16]. To ereunhtikÏ endia-
fËron se autÏn ton tomËa e–nai megàlo, parÏla autà mÏno ergasthriakà Ëqoun deiqje– phgËc pou

mporo‘n na xeperàsoun ta 20 GHz e‘roc z∏nhc kai mporo‘n na uposthr–xoun rujmo‘c metàdoshc
megal‘terouc twn 40 Gbps [17]. Sth bibliograf–a Ëqoun epiteuqje– e‘rh z∏nhc diamÏrfwshc Ëwc
kai 50 GHz [18], qrhsimopoi∏ntac Ïmwc teqnikËc Ïpwc injection locking kai Ïqi apeuje–ac dia-
mÏrfwsh pou e–nai h pio apl† ki axiÏpisth teqnik†. H apeuje–ac diamÏrfwsh qrhsimopoie–tai apÏ

Ïlec tic emporikà diajËsimec ulopoi†seic, oi opo–ec Ïmwc den xeperno‘n to e‘roc z∏nhc twn 20

GHz. 'Ena AOC sundËetai mÏno hlektrikà stic àkrec tou. EpomËnwc ta dedomËna proc metàdosh
e–nai Ëna hlektrikÏ s†ma pou metatrËpetai se optikÏ, diad–detai mËsw thc optik†c –nac, kai ston

dËkth metatrËpetai pàli se hlektrikÏ. Aut† h diadikas–a e–nai ¨diàfanhc’ gia touc metagwge–c,

oi opo–oi to mÏno pou blËpoun e–nai hlektrikà dedomËna na metafËrontai. H Ëlleiyh prot‘pou

dikt‘wshc parËqei stouc sqediastËc thn eleujer–a na qrhsimopoio‘n ta qamhlÏterou kÏstouc

ulikà kai sqËdia optiko‘ pompodËkth, allà kai na epilËgoun ta exart†mata pou jËloun ∏ste na

epit‘qoun to bËltisto apotËlesma, Ëqontac na ikanopoi†soun mÏno thn anàgkh gia sumbatÏthta

me ta hlektrikà s†mata kai to form-factor [19] .

1.4 K–nhtro kai dom† diatrib†c

H anàgkh gia megal‘tero e‘roc z∏nhc sta DCN Ëqei †dh arq–sei na wje– sta Ïria tic sundËseic
100 Gbps twn metagwgËwn sta an∏tera ep–peda kai s‘ntoma den ja eparko‘n. 'Hdh to 400GbE
prÏtupo IEEE 802.3bs anamËnetai na oristikopoihje– kai na arq–soun na g–nontai emporikà dia-
jËsimoi 400GBASE optiko– pompodËktec. Ep–shc, Ïson aforà tic ubridikËc arqitektonikËc pou
parousiàsthkan pio pànw, g–netai ep–shc fanerÏ Ïti oi ulopoi†seic me paràllhlec grammËc den

e–nai sumbatËc me thn optik† metagwg† kukl∏matoc, an e–nai na diathrhje– o telikÏc rujmÏc me-

tàdoshc kai h akeraiÏthta twn dedomËnwn. Ta AOCs prosfËroun mia euelix–a sth sqed–ash thc
dias‘ndeshc kai arketà pleonekt†mata sugkritikà me touc aplo‘c optiko‘c pompodËktec, allà

den pa‘oun ki autà na qrhsimopoio‘n paràllhlec grammËc me sustoiq–ec pomp∏n kai dekt∏n gia

thn ep–teuxh uyhl∏n telik∏n taqut†twn. H apeuje–ac diamÏrfwsh phg∏n VCSEL den mpore– na
epit‘qei taq‘thtec pànw apÏ 25Gbps me aplà sq†mata diamÏrfwshc. Oi ulopoi†seic me DFB
phgËc kai exwteriko‘c diamorfwtËc teqnolog–ac purit–ou emfan–zoun meionekt†mata anàloga me

ton t‘po tou diamorfwt† sthn platfÏrma SOI, lÏgw auxhmËnwn apwlei∏n. Oi diamorfwtËc t‘pou
Mach-Zehnder Ëqoun m†koc merik∏n mm ki wc ek to‘tou megàlh katanàlwsh, to m†koc k‘matoc
leitourg–ac stouc diamorfwtËc daktul–ou exartàtai pol‘ apÏ tic kataskeuastikËc anoqËc, en∏ oi

SiGe diamorfwtËc hlektroaporÏfhshc Ëqoun bËltisto m†koc k‘matoc leitourg–ac kontà ta àkra
thc C-band sta 1600nm per–pou [20].
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H qr†sh thc hlektronik†c poluplex–ac mpore– na epitrËyei taq‘thtec megal‘terec kai apÏ 100

Gbaud [21] me sugkekrimËnec teqnolog–ec Ïpwc h InP-DHBT qwr–c thn anàgkh qr†shc paràl-
lhlwn gramm∏n. ParÏla autà apaito‘ntai optohelktronikà stoiqe–a Ïpwc optiko– diamorfwtËc,

fwtod–odoi kai hlektronikà kukl∏mata od†ghshc me pol‘ megàlo e‘roc z∏nhc. Gia ta teleuta-

–a, eqoun deiqje–, ereunhtikà toulàqiston, kukl∏mata od†ghshc me e‘roc z∏nhc megal‘tero twn

100 GHz [22]. E–nai fanerÏ Ïti mia teqnologik† platfÏrma pou mpore– na sunduàsei Ïlec tic
leitourg–ec kai na xeperàsei ta 100 Gbps ano–gontac drÏmo gia taq‘thtec 200 † kai 400 Gbps
qrhsimopoi∏ntac Ëna m†koc k‘matoc kai ligÏterec apÏ 4 grammËc, ki h opo–a ja †tan sumbat†

me tic ubridikËc arqitektonikËc den Ëqei g–nei akÏma diajËsimh. E–nai emfanËc Ïti upàrqei Ëna ke-

nÏ. Mia pijan† l‘sh e–nai h qr†sh diaforetik∏n teqnologik∏n platform∏n gia tic diaforetikËc

leitourg–ec Ïpwc paragwg† fwtÏc, gr†gorh (>100Gbps) diamÏrfwsh tou s†matoc, epexergas–a
hlektrik∏n shmàtwn kai h ubridik† olokl†rwsh touc se Ëna optikÏ upos‘nolo (Optical SubAs-
sembly - OSA), sunduàzontac Ëtsi ta kal‘tera stoiqe–a touc. To k–nhtro gia thn paro‘sa diatrib†
†tan h prospàjeia gia kàluyh tou keno‘ anapt‘ssontac duo exeligmËnec morfËc pomp∏n uyhl†c

qwrhtikÏthtac seiriak†c metàdoshc, kaj∏c kai h anàptuxh twn apara–thtwn fwtonik∏n dom∏n

sthn polumerik† hlektroptik† platfÏrma pou ja anabàjmizan thn leitourgikÏthta touc kai ja

epËtrepan thn pragmatopo–hsh twn pomp∏n aut∏n. Oi pompo– sunduàsthkan me pol‘ gr†gorouc

dËktec gia na sqhmat–soun oloklhrwmËnec optikËc diasundËseic gia kontinËc apostàseic, pou ja

br–skoun efarmog† se optikËc diasundËseic entÏc twn kËntrwn dedomËnwn se apostàseic ewc 2

km. Akolouj∏ntac mia tËtoia ¨apÏ pànw proc ta kàtw’ prosËggish, afo‘ or–sthkan oi apait†seic
tou sust†matoc kai twn exarthmàtwn, sthn sunËqeia anagnwr–sthkan oi teqnologikËc platfÏrmec

gia tic apaito‘menec leitourg–ec. To epÏmeno b†ma †tan na sunduasto‘n se suskeuËc auxhmËnhc

leitourgikÏthtac. Gia touc pompo‘c, h diamÏrfwsh tou fwtÏc bas–sthke se pol‘ gr†gorouc

Mach-Zehnder diamorfwtËc kataskeuasmËnouc se hlektrooptik† polumerik† platfÏrma, h polu-
plex–a twn hlektrik∏n shmàtwn ston telikÏ rujmÏ gia thn od†ghsh twn diamorfwt∏n bas–sthke

se kukl∏mata InP-DHBT kai ta DFB lËizer se InP. Me autà ta sustatikà mËrh sqediàsthkan
Ënac pompÏc pou Ëfere duo paràllhlouc diamorfwtËc Mach-Zehnder kai àlla stoiqe–a pou olo-
klhr∏jhkan gia pr∏th forà se hlektrooptik† platfÏrma [23, 24], gia sunolik† qwrhtikÏthta

⇥100 Gbps [25, 26], kaj∏c kai Ënac pompÏc seiriak†c metàdoshc 100 Gbps me dunatÏthta me-
tabol†c tou m†kouc k‘matoc se Ïlh th C-band. EidikÏtera gia ton pompÏ metablhto‘ m†kouc
k‘matoc, bas–sthke ston –dio gr†goro diamorfwt†, kai qrhsimopoi†jhke Ëna lËizer exwterik†c

koilÏthtac to opo–o apotelo‘tan apÏ Ëna InP-gain chip kai Ëna perijlastikÏ fràgma Bragg ka-
taskeuasmËno se polumerikÏ tsip, to opo–o leitourgo‘se san thn de‘terh anaklastik† epifàneia

thc koilÏthtac lËizer [23, 27, 28]. To polumerikÏ tsip †tan oloklhrwmËno ubridikà me to tsip tou

diamorfwt† sqhmat–zontac to upos‘nolo twn optik∏n stoiqe–wn, pou me th seirà tou plaisiw-

nÏtan apÏ ta gr†gora hlektronikà gia thn od†ghsh twn diamorfwt∏n kai th leitourg–a tou pompo‘

[29, 30]. To k–nhtro p–sw apÏ thn s‘llhyh tou sugkekrimËnou pompo‘ metablhto‘ m†kouc k‘matoc

e–nai h anàgkh gia anàptuxh enÏc pompo‘ uyhl†c qwrhtikÏthtac se Ëna kanàli (Ëna m†koc k‘ma-

toc ekpomp†c) pou ja mporo‘se na qrhsimopoihje– me optiko‘c metagwge–c kukl∏matoc (OCS).
Oi diakÏptec OCS Ëqoun protaje– san enallaktik† gia na antikatastas†soun mellontikà touc
hlektriko‘c diakÏptec pou suneq∏c piËzontai apÏ àpoyh taq‘thtac kai qwrhtikÏthtac. H qw-

rhtikÏthta tou kentriko‘ ASIC enÏc hlektrkiko‘ diakÏpth aut† th stigm† e–nai sta 12.5 Tb/s
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me epÏmeno stajmÏ ta 25 Tb/s, allà me allag† sthn teqnolog–a thc lijograf–ac se mikrÏtero
mËgejoc tranz–stor, to opo–o fa–netai afiktÏ, allà prokale– megàlh prÏklhsh h klimàkwsh pËra

apÏ ta 25 Tb/s. Oi optiko– diakÏptec, kaj∏c metàgoun se ep–pedo optiko‘ kukl∏matoc e–nai agnw-
stiko– wc proc to rujmÏ metàdoshc tou kanalio‘, uposthr–zontac e‘kola taq‘thtec gramm†c kai

sunolik† qwrhtikÏthta pollaplàsiec apÏ Ïti Ënac hlektrikÏc diakÏpthc. ApÏ thn àllh, to k‘rio

meionËkthma twn OCS diakopt∏n mËqri s†mera pou Ëqei anabàlei thn emporik† exàplwsh touc e–nai
oi sqetikà argo– qrÏnoi metagwg†c, dhlad† thc allag†c katàstashc apÏ Ënan optikÏ drÏmo se

Ënan nËo mËsa sto optikÏ k‘klwma. Paràllhla, anapt‘qjhke mia mËjodoc metasqhmatismo‘ tou

sq†matoc diamÏrfwshc enÏc s†matoc RZ se NRZ, me amig∏c optikÏ trÏpo, basismËnh se olo-
klhrwmËno fwtonikÏ k‘klwma. To k‘klwma autÏ mpore– na br–sketai sthn diepaf† enÏc k‘riou

tm†matoc optiko‘ dikt‘ou Ïpou epikrate– h poluplex–a sto ped–o tou qrÏnou qrhsimopoi∏ntac

steno‘c optiko‘c palmo‘c RZ, me to tm†ma tou mhtropolitiko‘ dikt‘ou † d–ktuou prÏsbashc sto
opo–o to sq†ma diamÏrfwshc prËpei na metatrape– sto pio fasmatikà apodotikÏ NRZ lÏgw qr†shc
poluplex–ac sto ped–o thc suqnÏthtac.

PËra apÏ to parÏn eisagwgikÏ kefàlaio, to upÏloipo thc paro‘sac diatrib†c qwr–zetai se tËs-

sera kefàlaia. Sto de‘tero kefàlaio parousiàzontai teqnolog–ec gia ep–teuxh taqut†twn 100

Gb/s se optikà d–ktua axiopoi∏ntac poluplex–a ston qrÏno, g–netai mia bibliografik† anaskÏph-
sh twn amig∏c optik∏n mejÏdwn metatrop†c sq†matoc diamÏrfwshc RZ se NRZ, kai perigraf†
thc mejÏdou metasqhmatismo‘ RZ-DPSK se NRZ-DPSK pou anapt‘qjhke. Parousiàzontai a-
potelËsmata prosomo–wshc thc leitourg–ac thc mejÏdou se logismikÏ, h peiramatik† diàtaxh gia

thn axiolÏghsh thc mejÏdou kai apotelËsmata metàdoshc twn metasqhmatismËnwn shmàtwn me

axiolÏghsh laj∏n. Perigràfetai ep–shc h hlektronik† poluplex–a wc paràllhloc drÏmoc sthn e-

p–teuxh taqut†twn 100 Gb/s kai pànw. Sto tr–to kefàlaio parousiàzetai o oloklhrwmËnoc pompÏc
2 ⇥ 100 Gb/s, g–netai perigraf† tou kukl∏matoc tou pompo‘, estiàzontac sthn hlektrooptik†
polumerik† platfÏrma kai stic kaino‘rigec domËc. Perigràfetai analutikà o sqediasmÏc twn do-

m∏n Multi-mode interference couplers sthn platfÏrma kai ta apotelËsmata twn prosomoi∏sewn,
parousiàzontai oi domËc pou kataskeuàsthkan kai ta apotelËsmata apÏ ton peiramatikÏ qarakth-

rismÏ touc. Sthn sunËqeia perigràfetai h kataskeu† tou optiko‘ uposunÏlou tou pompo‘ kai h

diadikas–a sunarmog†c tou pompo‘. G–netai sunoptik† perigraf† tou dËkth 4⇥ 100 Gb/s pou ja
sunudaste– me ton pompÏ gia na epiteuqje– mia oloklhrwmËnh optik† dias‘ndesh. Parousiàzontai

apotelËsmata prosomo–wshc tou pompo‘ se ep–pedo optik†c ze‘xhc me ton pompÏ kai ton dËkth.

TËloc perigràfetai h peiramatik† diàtaxh pou anapt‘qjhke gia ton qarakthrismÏ thc 2⇥100 Gb/s
optik†c dias‘ndeshc kai apotelËsmata apÏ ta peiràmata metàdoshc se taq‘thtec 2⇥100 Gb/s kai
2⇥ 80 Gb/s. Sto tËtarto kefàlaio perigràfetai o oloklhrwmËnoc pompÏc 100 Gb/s metablhto‘
m†kouc k‘matoc. Perigràfetai h idËa thc ubridik†c olokl†rwshc duo fwtonik∏n platform∏n me

bàsh thn sumplhrwmatikÏthta touc, perigràfetai o sqediasmÏc twn perijlastik∏n fragmàtwn

Bragg sthn platfÏrma kai ta apotelËsmata prosomoi∏sewn, parousiàzetai to lËizer exwteri-
k†c koilÏthtac pou proËkuye apÏ thn ubridik† olokl†rwsh twn fragmàtwn Bragg me stoiqe–a
kËrdouc kai perigràfetai to k‘klwma tou pompo‘. Sthn sunËqeia parousiàzontai h peiramatik†

diàtaxh pou anapt‘qjhke gia ton qarakthrismÏ tou pompo‘ metablhto‘ m†kouc k‘matoc kai apo-

telËsmata apÏ tic metr†seic kai peiràmata metàdoshc. Ep–shc perigràfetai h peiramatik† diàtaxh

pou anapt‘qjhke gia thn prosomo–wsh enÏc optiko‘ dikt‘ou metagwg†c kukl∏matoc (OCS). To



1.4. K–nhtro kai dom† diatrib†c 21

teleuta–o kefàlaio thc diatrib†c parousiàzei ta sumperàsmata kai tic protàseic gia mellontik†

Ëreuna, Ïpou parat–jontai kàpoiec kateuj‘nseic gia to pou ja Ëprepe na strafo‘n oi mellontikËc

ereunhtikËc prospàjeiec, katà thn àpoyh tou suggrafËa, lambànontac upÏyh kai ta twrinà àluta

probl†mata sto ped–o thc fwtonik†c gia optiko‘c pompodËktec.



22 KEFALAIO 1

AnaforËc

[1] E. Agrell, M. Karlsson, A. R. Chraplyvy, D. J. Richardson, P. M. Krummrich, P. Winzer, K. Roberts,
J. K. Fischer, S. J. Savory, B. J. Eggleton, M. Secondini, F. R. Kschischang, A. Lord, J. Prat,
I. Tomkos, J. E. Bowers, S. Srinivasan, M. Brandt-Pearce, and N. Gisin, “Roadmap of optical
communications,” Journal of Optics, vol. 18, no. 6, p. 063002, 2016.

[2] D. O. Juniper, “The Bandwidth Explosion,” in IEEE 802.3 Working Group, pp. 1–4, March 19 2013.

[3] Cisco, “The Zettabyte Era: Trends and Analysis,” Visual networking index, Jun 2016.

[4] Cisco, “Forecast and Methodology, 2015 - 2020,” Global Cloud Index, Jun 2016.

[5] Ericsson, “Hyperscale Cloud - reimagining data centers from hardware to applications,” Ericsson
white paper, May 2016.

[6] H. Qi, M. Shiraz, J.-y. Liu, A. Gani, Z. Abdul Rahman, and T. A. Altameem, “Data center network
architecture in cloud computing: review, taxonomy, and open research issues,” Journal of Zhejiang
University SCIENCE C, vol. 15, no. 9, pp. 776–793, 2014.

[7] B. Wang, Z. Qi, R. Ma, H. Guan, and A. V. Vasilakos, “A survey on data center networking for
cloud computing,” Computer Networks, vol. 91, pp. 528 – 547, 2015.

[8] B. Lebiednik, A. Mangal, and N. Tiwari, “A Survey and Evaluation of Data Center Network Topolo-
gies,” CoRR, vol. abs/1605.01701, 2016.

[9] K. Bilal, S. U. Khan, L. Zhang, H. Li, K. Hayat, S. A. Madani, N. Min-Allah, L. Wang, D. Chen,
M. Iqbal, C.-Z. Xu, and A. Y. Zomaya, “Quantitative comparisons of the state-of-the-art data center
architectures,” Concurrency and Computation: Practice and Experience, vol. 25, no. 12, pp. 1771–
1783, 2013.

[10] “Introducing data center fabric, the next-generation Facebook data center network.”
https://code.facebook.com/posts/360346274145943/introducing-data-center-fabric-
the-next-generation-facebook-data-center-network/. Available online; accessed April 2017.

[11] N. Farrington and A. Andreyev, “Facebook’s data center network architecture,” in 2013 Optical
Interconnects Conference, pp. 49–50, May 2013.

[12] C. Urricariet, “Latest Trends in Optical Interconnects,” in 2016 North American Network Operators’
Group 66, pp. 1–33, February 2016.

[13] N. Farrington, G. Porter, S. Radhakrishnan, H. H. Bazzaz, V. Subramanya, Y. Fainman, G. Papen,
and A. Vahdat, “Helios: A Hybrid Electrical/Optical Switch Architecture for Modular Data Cen-
ters,” in Proceedings of the ACM SIGCOMM 2010 Conference, SIGCOMM ’10, (New York, NY,
USA), pp. 339–350, ACM, 2010.

[14] G. Wang, D. G. Andersen, M. Kaminsky, K. Papagiannaki, T. E. Ng, M. Kozuch, and M. Ryan,
“c-through: part-time optics in data centers,” SIGCOMM Comput. Commun. Rev., vol. 41, pp. –,
Aug. 2010.

[15] A. Kasukawa, “VCSEL Technology for Green Optical Interconnects,” IEEE Photonics Journal,
vol. 4, pp. 642–646, April 2012.

[16] L. Chrostowski, “Optical Interconnects using injection-locked VCSELs,” in Frontiers in Optics
2007/Laser Science XXIII/Organic Materials and Devices for Displays and Energy Conversion,
p. FThH2, Optical Society of America, 2007.

[17] S. Spiga, A. Andrejew, G. B. m, and M. C. Amann, “Single-mode 1.5-um VCSELs with small-
signal bandwidth beyond 20 GHz,” in 2016 18th International Conference on Transparent Optical
Networks (ICTON), pp. 1–4, July 2016.



AnaforËc 23

[18] L. Chrostowski, X. Zhao, C. J. Chang-Hasnain, R. Shau, M. Ortsiefer, and M. C. Amann, “50-
GHz optically injection-locked 1.55- um VCSELs,” IEEE Photonics Technology Letters, vol. 18,
pp. 367–369, Jan 2006.

[19] “AOCs – Active Optical Cables Why are 2 transceivers and fibers priced less than one connectorized
transceiver?.” http://www.mellanox.com/blog/2016/12/aocs-active-optical-cables-why-
are-2-transceivers-and-fibers-priced-less-than-one-connectorized-transceiver/.
Available online; accessed December 2017.

[20] D. Feng, S. Liao, H. Liang, J. Fong, B. Bijlani, R. Shafiiha, B. J. Luff, Y. Luo, J. Cunningham,
A. V. Krishnamoorthy, and M. Asghari, “High speed gesi electro-absorption modulator at 1550 nm
wavelength on soi waveguide,” Opt. Express, vol. 20, pp. 22224–22232, Sep 2012.

[21] H. Mardoyan, F. Jorge, O. Ozolins, J. M. Estaran, A. Udalcovs, A. Konczykowska, M. Riet, B. Duval,
V. Nodjiadjim, J.-Y. Dupuy, X. Pang, U. Westergren, J. Chen, S. Popov, and S. Bigo, “204-gbaud
on-off keying transmitter for inter-data center communications,” in Optical Fiber Communication
Conference Postdeadline Papers, p. Th4A.4, Optical Society of America, 2018.

[22] J. M. Estarán, H. Mardoyan, F. Jorge, O. Ozolins, A. Udalcovs, A. Konczykowska, M. Riet, B. Duval,
V. Nodjiadjim, J. Dupuy, X. Pang, U. Westergren, J. Chen, S. Popov, and S. Bigo, “140/180/204-
gbaud ook transceiver for inter- and intra-data center connectivity,” Journal of Lightwave Technol-
ogy, vol. 37, no. 1, pp. 178–187, 2019.

[23] P. Groumas, Z. Zhang, V. Katopodis, C. Kouloumentas, D. de Felipe, R. Dinu, E. Miller, J. Mal-
lari, G. Cangini, N. Keil, H. Avramopoulos, and N. Grote, “Complex monolithic and inp hybrid
integration on high bandwidth electro-optic polymer platform,” Opt. Lett., vol. 37, pp. 3465–3467,
Aug 2012.

[24] P. Groumas, Z. Zhang, D. de Felipe, V. Katopodis, C. Kouloumentas, R. Dinu, E. Miller, J. Mallari,
G. Cangini, N. Keil, H. Avramopoulos, and N. Grote, “Novel photonic integration platform based
on electro-optic polymers,” in European Conference and Exhibition on Optical Communication,
p. P2.05, Optical Society of America, 2012.

[25] V. Katopodis, P. Groumas, Z. Zhang, J. Y. Dupuy, E. Miller, A. Beretta, L. Gounaridis, J. H. Choi,
D. Pech, F. Jorge, V. Nodjiadjim, R. Dinu, G. Cangini, A. Dede, A. Vannucci, A. Konczykowska,
N. Keil, H. G. Bach, N. Grote, C. Kouloumentas, and H. Avramopoulos, “2⇥ 100 -gb/s NRZ-OOK
Integrated Transmitter for Intradata Center Connectivity,” IEEE Photonics Technology Letters,
vol. 26, pp. 2078–2081, Oct 2014.

[26] P. Groumas, V. Katopodis, J. H. Choi, H.-G. Bach, J.-Y. Dupuy, A. Konczykowska, Z. Zhang,
P. Harati, E. Miller, A. Beretta, L. Gounaridis, F. Jorge, V. Nodjiadjim, A. Dede, A. Vannucci,
G. Cangini, R. Dinu, N. Keil, N. Grote, H. Avramopoulos, and C. Kouloumentas, “Multi-100 GbE
and 400 GbE Interfaces for Intra-Data Center Networks Based on Arrayed Transceivers with Serial
100 Gb/s Operation,” J. Lightwave Technol., vol. 33, pp. 943–954, Feb 2015.

[27] D. D. Felipe, Z. Zhang, F. Soares, W. Rehbein, W. Brinker, H. Klein, C. Zawadzki, M. Moehrle,
N. Keil, N. Grote, and P. Groumas, “Widely-tunable polymer waveguide grating laser,” in 16th
European Conference on Integrated Optics (ECIO), 2012.

[28] N. Grote, Z. Zhang, H. Klein, D. D. Felipe, W. Rehbein, W. Brinker, C. Zawadzki, N. Keil,
P. Groumas, C. Kouloumentas, R. Dinu, and E. Miller, “Thermo-optically tunable polymer-based
waveguide bragg-grating lasers for the c-band domain,” in Latin America Optics and Photonics
Conference, p. LS4A.2, Optical Society of America, 2012.

[29] P. Groumas, Z. Zhang, V. Katopodis, A. Konczykowska, J. Y. Dupuy, A. Beretta, A. Dede, J. H.
Choi, P. Harati, F. Jorge, V. Nodjiadjim, M. Riet, R. Dinu, G. Cangini, E. Miller, A. Vannucci,
N. Keil, H. G. Bach, N. Grote, M. Spyropoulou, H. Avramopoulos, and C. Kouloumentas, “Tunable
100 gbaud transmitter based on hybrid polymer-to-polymer integration for flexible optical intercon-
nects,” Journal of Lightwave Technology, vol. 34, pp. 407–418, Jan 2016.



24 KEFALAIO 1

[30] V. Katopodis, Z. Zhang, P. Groumas, A. Konczykowska, J. Y. Dupuy, A. Beretta, A. Dede, E. Miller,
J. H. Choi, P. Harati, F. Jorge, V. Nodjiadjim, R. Dinu, G. Cangini, A. Vannucci, N. Keil, H. G.
Bach, N. Grote, H. Avramopoulos, and C. Kouloumentas, “Tunable transmitter for serial 100 gb/s
connectivity inside flexible data centers using hybrid polymer integration,” in 2015 Optical Fiber
Communications Conference and Exhibition (OFC), pp. 1–3, March 2015.



AnaforËc 25



26 KEFALAIO 1



AnaforËc 27



KEFALAIO 2

Teqnolog–ec gia ep–teuxh taqut†twn 100Gb/s se optikà d–ktua

T
o prohgo‘meno kefàlaio periËgraye ta k–nhtra pou wjo‘n thn anàgkh gia a‘xhsh thc qw-

rhtikÏthtac stic diasundËseic twn upologistik∏n kËntrwn, Ïpwc ep–shc kai teqnolog–ec

optik∏n diasundËsewn uyhl∏n rujm∏n metàdoshc. 'Omwc, rujmo– metàdoshc thc tàxhc twn 100

Gbit/s e–nai d‘skolo na epiteuqjo‘n apÏ ta hlektronikà kukl∏mata lÏgw tou pol‘ megàlou
e‘rouc z∏nhc pou apaite–tai (–diac tàxhc se GHz) kai wje– thn kataskeuastik† teqnolog–a (lijo-
graf–a) sta àkra. Oi pr∏tec ergasthriakËc diatàxeic seiriak†c metàdoshc 100 Gbit/s qrhsimopoi-
∏ntac hlektronik† poluplex–a me dia–resh qrÏnou (ETDM) emfan–sthkan to 2006-7 [1, 2] , allà
qrhsimopoio‘san exwterikà kukl∏mata hlektronik†c poluplex–ac ston pompÏ. MÏlic to 2012 pa-

rousiàsthke o pr∏toc pompÏc seiriak†c metàdoshc 100 Gbit/s me ton hlektronikÏ poluplËkth
mËsa sto –dio kout– me ton diamorfwt† kai thn phg† lËizer [3]. Gr†goroi dËktec me e‘roc z∏nhc

100 GHz) [4], kukl∏mata apopoluplex–ac sta 100 Gbit/s [5] allà kai dËktec me hlektronikÏ apo-
poluplËkth sto –dio kout– gia l†yh sta 100 Gbit/s [6] e–qan parousiaste– ep–shc thn –dia per–pou
qronik† per–odo. H –dia teqnik† poluplex–ac sto optikÏ ped–o (OTDM) e–qe qrhsimopoihje– arke-
tà nwr–tera, afo‘ autÏc †tan Ënac trÏpoc na xeperasto‘n ta probl†mata e‘rouc z∏nhc twn arg∏n

hlektronik∏n stoiqe–wn, pou th dekaet–a tou '90 den xeperno‘san se taq‘thta ta 10 Gbit/s, kai
na auxhje– o rujmÏc metàdoshc enÏc kanalio‘. Me autÏn ton trÏpo, diatàxeic rujmo‘ metàdoshc

100 Gbit/s e–qan deiqje– †dh apÏ to 1993 qrhsimopoi∏ntac Ënan pompÏ sten∏n palm∏n me basikÏ
rujmÏ metàdoshc 6.3 Gbit/s kai Ënan pajhtikÏ optikÏ 16⇥ poluplËkth [7]. Me aut† thn teqnik†
Ëqoun ep–shc deiqje– megal‘teroi rujmo– metàdoshc 160 Gbit/s [8] Ëwc kai 400 Gbit/s [9] se Ëna
m†koc k‘matoc (kanàli). H dom† tou upÏloipou kefala–ou e–nai wc ex†c: sthn sunËqeia d–netai mia

perigraf† thc teqnik†c OTDM gia thn a‘xhsh thc qwrhtikÏthtac enÏc kanalio‘, perigràfontai
s‘ntoma ta domikà stoiqe–a miac OTDM ze‘xhc, ep–shc perigràfetai h ulopo–hsh kai peiramatik†
melËth enÏc prwtÏtupou kukl∏matoc metatrop†c sq†matoc diamÏrfwshc pou ja mporo‘se na brei

efarmog† sta shme–a dias‘ndeshc meikt∏n dikt‘wn WDM kai OTDM. TËloc perigràfontai 100
Gbit/s ETDM pompo– exwterik†c poluplex–ac wc prÏdromoi oloklhrwmËnwn pomp∏n seiriak†c
metàdoshc 100 Gbit/s.

28
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Sq†ma 2.1: (a) Sqediàgramma leitourg–ac thc poluplex–ac OTDM n kanali∏n, (b) sqediàgramma efar-
mog†c thc hlektronik†c (ETDM) kai optik†c (OTDM) poluplex–ac se Ëna optikÏ s‘sthma epikoinwni∏n.

2.1 Optik† poluplex–a me dia–resh qrÏnou gia 100Gb/s ruj-

mo‘c metàdoshc

Oi teqnikËc poluplex–ac e–nai pol‘ diadedomËnec kai qrhsimopoio‘ntai se thlepikoiwniakà su-

st†mata gia na aux†soun th qwrhtikÏthta touc. H poluplex–a me dia–resh qrÏnou (TDM) ki h
poluplex–a me dia–resh suqnÏthtac (FDM † WDM gia ta optikà sust†mata) e–nai duo apÏ tic
sunhjËsterec teqnikËc pou efarmÏzontai, me thn de‘terh teqnik† na mh mac apasqole– ston par∏n

kefàlaio. H poluplex–a TDM sta pr∏ima optikà thlepikoinwniakà s‘sthma (Synchronous Opti-
cal Networking - SONET/Synchronous Digital Hierarchy - SDH) 1 efarmozÏtan sta hlektrikà
s†mata sqhmat–zontac tic yhfiakËc ierarq–ec pou diad–dontan se autà. To sq†ma 2.1a parousi-

àzei ton trÏpo leitourg–ac thc poluplex–ac me dia–resh qrÏnou. Aut† bas–zetai ston sunduasmÏ

poll∏n kanali∏n me basikÏ rujmÏ metàdoshc B pou antistoiqe– se qronik† apÏstash metax‘ twn

palm∏n 1/B kai twn opo–wn oi palmo– Ëqoun diàrkeia T pol‘ mikrÏterh apÏ 1/B gia thn apofug†

diakanalik∏n parembol∏n, eidikÏtera se uyhlo‘c rujmo‘c metàdoshc. TÏte oi eiserqÏmenec ston

poluplËkth roËc dif‘wn, mporo‘n na metatopisto‘n qronikà h mia apÏ thn àllh, katà mia tim†

kajustËrhshc D. Ta dedomËna kwdikopoio‘ntai se kàje palmoseirà prin ton sunduasmÏ touc,
opÏte en gËnei meriko– palmo– mpore– na Ëqoun mhdenikÏ plàtoc. WstÏso sto sq†ma fa–nontai

Ïloi san ”1” gia lÏgouc eukr–neiac. E–nai profanËc pwc gia na prok‘yei mËgistoc rujmÏ apÏ thn

poluplex–a prËpei kàje palmÏc sthn poluplegmËnh palmoseirà mÏlic na akoumpàei ton diplanÏ

tou. Se aut†n thn per–ptwsh to D=T kai o rujmÏc metàdoshc e–nai 1/T. 'Etsi me palmo‘c diàr-
keiac 10 ps, o rujmÏc mpore– na ftàsei ta 100 Gbit/s. To sq†ma 2.1b parousiàzei tic omoiÏthtec
kai diaforËc metax‘ enÏc sust†matoc hlektronik†c kai enÏc optik†c poluplex–ac. Sto pr∏to

s‘sthma, h leitourg–a thc poluplex–ac lambànei q∏ra sta hlektrikà s†mata prin thn metatrop†

apÏ hlektrikÏ-se-optikÏ ped–o (H/O). H apopoluplex–a sumba–nei metà thn metatrop† apÏ optikÏ-

se-hlektrikÏ ped–o (O/H). Gia n kanàlia se basikÏ rujmÏ B, o poluplegmËnoc rujmÏc e–nai nB.
Epeid† o H/O metatropËac ston poluplËkth allà ki o O/H metatropËac ston apopoluplËkth

1
H pleioyhf–a twn optik∏n dikt‘wn thn dekaet–a tou

090 †tan dakt‘lioi SONET/SDH . H anàptuxh thc
teqnolog–ac twn optik∏n diakopt∏n (optical cross-connects - OXC) ki h suneq†c egkatàstash DWDM dikt‘wn thn
pr∏th dekaet–a tou 21

ou
ai∏na od†ghse tou thlepikoinwniako‘c pàroqouc na antikatast†soun tic arqitektonikËc

daktul–wn SONET, me arqitektonikËc plËgmatoc (mesh)[10].
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prËpei na leitourgo‘n ston mËgisto rujmÏ metàdoshc nB, autÏ mpore– na odhg†sei se sumfÏrhsh
lÏgw periorism∏n sto e‘roc z∏nhc twn hlektronik∏n kuklwmàtwn, periorism∏n sthn taq‘thta

twn enisqut∏n pou odhgo‘n tic phgËc lËizer kai touc diamorfwtËc sta kukl∏mata H/O kai O/H

metatrop†c, kai periorism∏n sto diajËsimo e‘roc z∏nhc diamÏrfwshc phg∏n lËizer kai diamor-

fwt∏n [11]. Se Ëna (OTDM) s‘sthma autÏc o periorismÏc a–retai metakin∏ntac touc H/O kai
O/H metatrope–c sta kanàlia basik†c z∏nhc (baseband). H (apo)poluplex–a lambànei q∏ra metà
tic H/O kai O/H metatropËc. Me autÏn ton trÏpo Ïla ta hlektronikà pou emplËkontai sthn

epexergas–a twn shmàtwn doule‘oun sto rujmÏ metàdoshc basik†c z∏nhc. Gia thn apopoluplex–a

qreiàzetai Ëna epiplËon s†ma elËgqou pou mpore– na e–nai e–te optikÏ e–te hlektrikÏ.

2.1.1 Domikà stoiqe–a optik†c poluplex–ac me dia–resh qrÏnou

Mia ze‘xh optik∏n in∏n sthn genikÏterh thc morf† perilambànei ton pompÏ, o opo–oc e–nai upe‘ju-

noc gia thn gËnnhsh kai diamÏrfwsh tou s†matoc, Ëna kommàti optik†c –nac dia mËsou tou opo–ou

diad–detai to s†ma, kai tËloc ton dËkth ston opo–o katal†gei to optikÏ s†ma, to metatrËpei se

hlektrikÏ ki analambànei na to apokwdikopoi†sei/apodiamorf∏sei antl∏ntac ta dedomËna. Endi-

àmesa se pompÏ kai dËkth pijanÏn na parembàllontai ki Ënac oi perissÏteroi enisqutËc EDFA,
anàloga me to m†koc thc ze‘xhc, gia thn en–sqush tou s†matoc [12]. Sthn per–ptwsh sust†matoc

OTDM, basikËc teqnolog–ec gia th ze‘xh apotelo‘n h gËnnhsh/diamÏrfwsh pol‘ s‘ntomwn o-
ptik∏n palm∏n, h amig∏c optik† poluplex–a/apopoluplex–a, grammik† † mh grammik† (soliton–wn)

optik† metàdosh, amig∏c optik† anametàdosh/anagËnnhsh, amig∏c optik† apopoluplex–a [13–15].

Se autÏ to upokefàlaio ja perigrafo‘n teqnolog–ec pou aforo‘n mÏno ton pompÏ kai dËkth, esti-

àzontac kur–wc ston pompÏ. To pr∏to basikÏ sustatikÏ tou pompo‘ apotele– h phg† lËizer. To

e‘roc twn palm∏n kajor–zei to ànw Ïrio tou rujmo‘ metàdoshc, epomËnwc prËpei na e–nai arketà

stenÏ, thc tàxhc twn picosecond, ki mikrÏtero tou qroniko‘ paràjurou tou dif‘ou (bitslot) gia
ton sugkekrimËno rujmÏ metàdoshc. E–nai profanËc Ïti oi palmo– prËpei na e–nai diamorfwmËnoi

katà RZ-OOK. Ep–shc kaj∏c to fasmatikÏ perieqÏmeno tou optiko‘ s†matoc kajor–zei thn a-
pÏstash metàdoshc, lÏgw twn fainomËnwn diasporàc sthn –na, autÏ prËpei na e–nai to mikrÏtero

dunatÏ gia to sugkekrimËno e‘roc palmo‘. Palmo– oi opo–oi e–nai transform limited ikanopoio‘n
aut†n anàgkh. 'Allo proapaito‘meno e–nai o sugqronismÏc twn kanali∏n proc poluplex–a se Ëna

k‘rio rolÏi o‘twc ∏ste na dhmiourghjo‘n yhfiakËc ierarq–ec. Parakàtw parat–jentai teqnikËc

gËnnhshc tËtoiwn palm∏n kaj∏c kai ta meionekt†mata touc:

GËnnhsh pol‘ sten∏n optik∏n palm∏n

Enallag† kËrdouc2 DFB phg†c lËizer. 'Enac megàlou plàtouc kai sqetikà steno‘ e‘rouc
(<100 ps) hlektrikÏc palmÏc efarmÏzetai sto re‘ma pÏlwshc thc diÏdou lËizer ki autÏc paràgei
mia sten† palmoseirà (<30 ps) lÏgw thc talàntwshc qalàrwshc (relaxation oscillation) thc di-
Ïdou. StenÏteroi palmo–  10 ps mporo‘n na epiteuqjo‘n me teqnikËc antistàjmishc tou chirp
[16]. An kai apl† teqnik† pou qrhsimopoie– monoqrwmatik† phg†, ta meionekt†mata thc e–nai Ïti to

optikÏ fàsma twn palm∏n e–nai arketà fard‘ (@⌫@t > 1), epomËnwc qreiàzetai epiplËon filtràri-

sma gia apÏkthsh transform limited palm∏n, ki Ïpwc †dh anafËrjhke, h epiplËon epexergas–a tou

2
AgglikÏc Ïroc: Gain-switching
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s†matoc gia apÏkthsh sten∏n palm∏n.

HlektronikÏc periorismÏc3 s†matoc CW apÏ diamorfwt† hlektroaporrÏfhshc (EAM).
'Ena s†ma CW diamorf∏netai apÏ Ënan exwterikÏ EAM o opo–oc odhge–tai apÏ Ëna hmitonoeidËc
hlektrikÏ s†ma. LÏgw tou fainomËnou sump–eshc twn palm∏n pou ofe–letai sth mh grammik† exa-

sjËnish tou hlektriko‘ s†matoc, mporo‘n na gennhjo‘n sqedÏn transform limited optiko– palmo–
[17]. H d–odoc pou ekpËmpei to CW s†ma kai o diamorfwt†c ja mporo‘san na oloklhrwjo‘n maz–

se Ëna exàrthma me auxhmËnh leitourgikÏthta. MeionËkthma aut†c thc teqnik†c e–nai pwc gia thn

ep–teuxh palm∏n e‘rouc <10 ps gia 100 Gb/s metàdosh, apaito‘ntai epiplËon teqnikËc sump–eshc
palm∏n.

EnergÏc egkle–dwsh rujm∏n4 diÏdou lËizer e–nai mia shmantik† mËjodoc pou mpore–
na paràgei s‘gqronouc, pol‘ steno‘c (<1 ps), transform limited palmo‘c se megàlh suqnÏthta
apÏ mia d–odo mÏno [18]. Se aut† th mËjodo, h suqnÏthta † to plàtoc tou optiko‘ ped–ou se mia

koilÏthta lËizer diamorf∏netai se suqnÏthta fm, h opo–a e–nai –sh † pollaplàsia thc apÏstashc

�⌫ twn rujm∏n tou lËizer [19]. To s†ma diamÏrfwshc gennàei pleurikËc suqnÏthtec (rujmo‘c)

kai o sugqronismÏc (egkle–dwsh) twn diaforetik∏n rujm∏n sumba–nei exait–ac thc allhloepikàlu-

yhc twn pleurik∏n rujm∏n me kàje rujmÏ tou lËizer. Meionekt†mata aut†c thc teqnik†c e–nai

afenÏc to auxhmËno kÏstoc twn diÏdwn me aut† thn ikanÏthta, afetËrou h adunam–a r‘jmishc thc

suqnÏthtac ekpomp†c twn palm∏n.

Armonik† egkle–dwsh rujm∏n lËizer daktul–ou –nac Erb–ou.5 Mporo‘n na epiteu-
qjo‘n transform limited palmo– <10 ps qwr–c epiplËon epexergas–a. Apart–zetai apÏ –na Erb–ou,
exwterikÏ diamorfwt† kai Ëna optikÏ f–ltro mËsa sthn koilÏthta gia na rujm–zei to kentrikÏ

m†koc k‘matoc ekpomp†c. LËizer auto‘ tou t‘pou apaito‘n megàlo m†koc koilÏthtac (>10 m)
kai kle–dwma se uyhlËc armonikËc, pou Ëqei san apotËlesma duskol–a sthn ep–teuxh stajerÏthtac

lÏgw tou antagwnismo‘ poll∏n rujm∏n mËsa sthn koilÏthta kaj∏c kai lÏgw diakumànsewn sthn

polwtik† katàstash allà kai to m†koc thc koilÏthtac [20].

MËjodoi optik†c poluplex–ac

Sq†ma 2.2: Diatàxeic poluplex–ac me dia–resh qrÏnou (a) seiriako‘ t‘pou diàtaxh (b) paràllhlou
t‘pou.

3
AgglikÏc Ïroc: Gating
4
AgglikÏc Ïroc: Active mode-locking
5
AgglikÏc Ïroc: Harmonic mode-locking of Erbium doped fiber ring laser
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'Oson aforà thn efarmog† thc poluplex–ac se Ëna k‘klwma, aut† mpore– na g–nei sun†jwc me duo

trÏpouc Ïpwc fa–netai kai sto sq†ma 2.2. Sthn seiriako‘ t‘pou poluplex–a (2.2a), Ëna gr†goro

s†ma optiko‘ rologio‘ ki Ëna optikÏ s†ma dedomËnwn eisËrqontai se Ënan optikÏ diamorfwt†,

ta dedomËna diamorf∏noun amig∏c optikà to s†ma rologio‘, me apotËlesma Ëna diamorfwmËno

s†ma sto rujmÏ tou gr†gorou rologio‘. Epanalambànontac diadoqikà th diadikas–a mporo‘n na

diamorfwjo‘n Ïla ta kanàlia, allàzontac mÏno thn sqetik† kajustËrhsh metax‘ twn kanali∏n.

Me aut†n thn teqnik† mia palmoseirà sta 100 GHz mpore– na diamorfwje– amig∏c optikà apÏ
s†mata qamhlÏterou rujmo‘ sta 10 Gb/s gia thn s‘njesh enÏc poluplegmËnou OTDM s†matoc.
Sthn paràllhlou t‘pou poluplex–a (2.2b), to optikÏ s†ma CW qwr–zetai se roËc, me thn kàje

ro† na pernàei apÏ Ënan hlektro-optikÏ diamorfwt† o opo–oc th diamorf∏nei me ta hlektrikà

dedomËna tou. Sth sunËqeia eisàgetai sqetik† kajustËrhsh se kàje kanàli kai sunduàzontai gia

na prok‘yei to telikÏ s†ma ston gr†goro rujmÏ metàdoshc. Aut† h teqnik† e–nai e‘kolh sthn

ulopo–hsh kaj∏c qrhsimopoie– pajhtikà exart†mata. Enallaktikà apantàtai sthn bibliograf–a

ki wc split-shift-and-recombine mËjodoc. Ta oloklhrwmËna kukl∏mata MUX pou qrhsimopoio‘n
aut† th mËjodo, bas–zontai se sumbolometrikko‘ t‘pou poluplËktec me pollËc bajm–dec, pou

sqhmat–zontai apÏ 2⇥2 suze‘ktec kai optikËc grammËc kajustËrhshc. Pio aplà, to s†ma qwr–zetai

se duo roËc sto suze‘kth eisÏdou tou oloklhrwmËnou k‘klwmatoc, h mia ro† diad–detai apÏ

makr‘tero kumatodhgÏ kai sunduàzontai pàli sto suze‘kth exÏdou. SundËontac diadoqikà tËtoia

kukl∏mata allàzwntac tic sqetikËc kajuster†seic, mporo‘me na epit‘qoume 2n poluplex–a, Ïpou

n = 1, 2, 3, .... H kajustËrhsh thc nth bajm–dac antistoiqe– se 1.5 forËc th qronik† apÏstash

twn eiserqÏmenwn palm∏n sthn nth bajm–da (3T/2n Ïpou T to arqikÏ qronikÏ paràjuro). An

kai autà ta kukl∏mata den e–nai pragmatiko– poluplËktec, kaj∏c den poluplËkoun diaforetikà

kanàlia, ento‘toic e–nai qr†sima sthn gËnnhsh uyhl∏n shmàtwn dokim†c gia thn axiolÏghsh amig∏c

optik∏n kuklwmàtwn kai OTDM susthmàtwn.

MËjodoi optik†c apopoluplex–ac

'Ena basikÏ sustatikÏ sthn pleurà tou dËkth apotele– to k‘klwma apopoluplex–ac pou ektele–

thn ant–strofh diadikas–a ∏ste na prok‘youn pàli ta xeqwristà kanàlia kai bas–zetai sthn amig∏c

optik† metagwg†. Ta qarakthristikà pou prËpei na Ëqei Ëna tËtoio k‘klwma e–nai stajer† leitour-

g–a me qamhl†c isq‘oc s†mata elËgqou, ∏ste na mporo‘n na qrhsimopoihjo‘n koinËc d–odoi lËizer,

anaisjhs–a sthn pÏlwsh kai pollaplËc exÏdouc gia pl†rh leitourg–a apopoluplex–ac. TËtoia ku-

kl∏mata Ëqoun deiqte– qrhsimopoi∏ntac teqnikËc Ïpwc optik† metagwg† fainomËnou Kerr se –na,
m–xh tessàrwn fwton–wn se –na † SOA, metagwg† basismËnh se XPM [21]. To pio sunhjismËno
k‘klwma e–nai to nonlinear optical loop mirror - NOLM † sumbolÏmetro Sagnac, h leitourg–a tou
opo–ou bas–zetai, Ïpwc ja do‘me kai parakàtw, sth diaforàc fàshc metax‘ duo panomoiÏtupwn

shmàtwn dedomËnwn pou diad–dontai se ant–jetec kateuj‘nseic mËsa sto sumbolÏmetro, h opo–a

prokale–tai apÏ thn eisagwg† enÏc s†matoc elËgqou pou allhlepidrà assumetrikà me ta s†mata.

TËloc, mia akÏma hmiag∏gimh suskeu† pou qrhsimopoie–tai wc exàrthma gia thn apopoluplex–a

e–nai o EAM.

Mia akÏma shmantik† leitourg–a pou prËpei na ektele– h pleurà tou dËkth (allà ki Ïla ta ku-

kl∏mata pou parembàllontai Ïpwc epanal†ptec ktl) e–nai h exagwg† tou s†matoc rologio‘ tou

poluplegmËnou s†matoc gia tic anàgkec sugqronismo‘ tou kukl∏matoc apopoluplex–ac. H lei-
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tourg–a prËpei na epitugqànetai se gr†gorouc rujmo‘c me qamhlÏ jÏrubo fàshc kai <1 ps jitter
gia 100 Gb/s apopoluplex–a. SunhjismËna kukl∏mata gia auto‘ tou e–douc th leitourg–a apote-
lo‘n oi brÏqoi kleidwmËnhc fàshc (phase-locked loops - PLLs).

2.1.2 Diatàxeic optik†c poluplex–ac gia 100 Gb/s metàdosh

H pr∏th epituq†c ep–deixh 100 Gb/s OTDM s†matoc †tan to 1993 apÏ ton S. Kawanishi et al.
se duo peiràmata [7, 22] Ïpou mia palmoseirà sta 6.3 GHz ki e‘rouc <5 ps proerqÏmenh apÏ Ëna
modelocked EDF lËizer, diamorf∏netai exwterikà ki sth sunËqeia poluplËketai me th bo†jeia
enÏc 16:1 oloklhrwmËnou poluplËkth mËqri ton telikÏ rujmÏ metàdoshc. O poluplËkthc bas–ze-

tai sth leitourg–a split-shift-and-recombine apotele–tai apÏ tËsseric bajm–dec. H apopoluplex–a
pragmatopoie–tai me th qr†sh NOLM kai enÏc PLL gia exagwg† tou rologio‘ me akr–beia. Pa-
rÏmoia teqnik† qrhsimopoi†jhke se akÏma duo peiràmata apÏ thn –dia omàda gia ep–teuxh 100 Gb/s
rujmo‘ metàdoshc se apostàseic mËqri 100 km [23, 24] † 500 km qrhsimopoi∏ntac enisqutËc [25].

'Oson aforà th seiriako‘ t‘pou poluplex–a Ëqoun deiqte– diatàxeic pou qrhsimopoio‘n duo dia-

doqiko‘c FWM poluplËktec basismËnouc e–te se mh grammik† –na e–te se SLA, Ïpou Ëna s†ma
rologio‘ sta 100 GHz diamorf∏netai amig∏c optikà apÏ duo s†mata sta 6.3 Gb/s [26] † sta 10
Gb/s [27] se diaforetikà qronikà paràjura gia na dhmiourg†soun Ëna 100 Gb/s s†ma se diafo-
retikÏ m†koc k‘matoc lÏgw thc mh grammikÏthtac tou fainomËnou FWM. ParÏmoia teqnik† me
FWM Ïpou Ëna 100 GHz rolÏi diamorf∏netai amig∏c optikà apÏ s†mata 10 Gb/s Ëqei deiqte–
ep–shc qrhsimopoi∏ntac LiNbO3 kumatodhgo‘c gia mh grammikÏ mËso [28]. EktÏc apÏ amig∏c

optik† diamÏrfwsh Ëqei deiqte– kai seiriako‘ t‘pou poluplex–a pou qrhsimopoie– duo diadoqiko‘c

textitMach-Zehnderhlektrooptiko‘c diamorfwtËc gia thn dhmiourg–a IRZ palm∏n † alli∏c sko-
tein∏n solitwn–wn apÏ Ëna CW s†ma [29]. Kàje diamorfwt†c odhge–tai apÏ Ëna 50 Gb/s hlektrikÏ
s†ma dedomËnwn apÏ Ënan PPG, me ta duo kanàlia na Ëqoun sqetik† kajustËrhsh metax‘ touc.
H apopoluplex–a pragmatopoie–tai ep–shc me th qr†sh enÏc MZM.

Pio kàtw ja do‘me diatàxeic oi opo–ec prosfËroun Ëna akÏma stàdio epexergas–ac metà thn a-

popoluplex–a tou s†matoc to opo–o qrhsime‘ei sta shme–a dias‘ndeshc enÏc OTDM kai WDM
dikt‘ou. Aut† h epexergas–a e–nai h metatrop† sq†matoc diamÏrfwshc RZ se NRZ. Paradosiakà
ta sust†mata metàdoshc qrhsimopoio‘san to aplÏ OOK sq†ma. Ta nËa sust†mata arq–zoun
na qrhsimopoio‘n an∏tera sq†mata diamÏrfwshc kaj∏c autà prosfËroun kal‘terh fasmatik†

apÏdosh [30]. Sth sunËqeia parousiàzontai diatàxeic metatrop†c sq†matoc OOK kai metà mia
prwtÏtuph diàtaxh pou anapt‘qjhke sta pla–sia aut†c thc diatrib†c gia metatrop† an∏terwn

sqhmàtwn diamÏrfwshc.

2.2 Diatàxeic metatrop†c sq†matoc diamÏrfwshc RZ-OOK

kai NRZ-OOK

'Opwc e–dame, ta d–ktua pou ulopoio‘n optik† poluplex–a sto ped–o tou qrÏnou, qrhsimopoio‘n

to sq†ma diafÏrfwshc RZ6, diÏti parousiàzei megal‘terh anoq† sto fainÏmeno thc diasporàc
6
Sq†ma diamÏrfwshc RZ or–zetai eke–no to opo–o o palmÏc gia to dif‘o ”1” epistrËfei sto mhdËn katà th

diàrkeia tou qroniko‘ paraj‘rou tou dif‘ou, se ant–jesh me to NRZ pou paramËnei sto –dio plàtoc kaj Ïlh th
diàrkeia tou.
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trÏpwn pÏlwshc, PMD, to opo–o apotele– perioristikÏ paràgonta gia thn embËleia metàdoshc
tou s†matoc stouc uyhlo‘c rujmo‘c metàdoshc ànw twn 10 Gb/s. Ep–shc emfan–zei megal‘terh
anoq† stic mh grammikÏthtec tic –nac kai megal‘terh anoq† gia metàdosh se d–ktua me mh bËltistouc

qàrtec diasporàc sugkritikà me thn NRZ diamÏrfwsh. H NRZ diamÏrfwsh e–nai apodotikÏterh
fasmatikà, me megal‘terh anoq† sthn qronik† paramÏrfwsh (timing jitter), àra pio katàllhlh
gia qr†sh se DWDM d–ktua prÏsbashc sta opo–a oi apostàseic metàdoshc e–nai mikrÏterec, oi
rujmo– metàdoshc ep–shc, kai to mikrÏ fasmatikÏ e‘roc epitrËpei thn topojËthsh twn geitonik∏n

kanali∏n plhsiËstera metax‘ touc [31]. Oi anàgkec twn optik∏n dikt‘wn allàzoun diark∏c,

odhgo‘menec kur–wc apÏ thn anàptuxh nËwn efarmog∏n gia touc teliko‘c qr†stec, oi opo–ec

qrhsimopoio‘n oloËna megal‘tero e‘roc z∏nhc, kai thn apa–thsh twn qrhst∏n gia adiàleipth

sundesimÏthta qwr–c gewgrafiko‘c periorismo‘c. LÏgw aut†c thc suneqo‘c exËlixhc, e–nai pol‘

pijanÏ sto mËllon ta d–ktua epikoinwni∏n optik∏n in∏n na uiojet†soun Ëna ubridikÏ montËlo,

qrhsimopoi∏ntac kai tic duo teqnikËc gia na sunduàsoun ta ofËlh touc [14]. G–netai e‘kola

antilhptÏ Ïti sta shme–a pou ta OTDM d–ktua megàlhc qwrhtikÏthtac kai megàlwn apostàsewn
ja diasundËontai me ta DWDM d–ktua prÏsbashc, upàrqei h anàgkh gia Ëna k‘klwma pou ja

metatrËpei to sq†ma diamÏrfwshc apÏ RZ se NRZ ki ant–strofa, me amig∏c optikÏ trÏpo gia
megal‘terh diafàneia (transparency). 'Etsi, s†mata RZ me taq‘thtec megal‘terec twn 40Gb/s,
ja apo-poluplËkontai sto ped–o tou qrÏnou kai metà ja metatrËpetai to sq†ma diamÏrfwshc touc

gia ta topikà DWDM d–ktua prÏsbashc.

2.2.1 Kathgor–ec diatàxewn metatrop†c sq†matoc diamÏrfwshc

Oi diatàxeic kai oi teqnikËc metatrop†c sq†matoc diamÏrfwshc mporo‘n na diakrijo‘n se duo me-

gàlec kathgor–ec: a) diatàxeic kai teqnikËc gia metatrop† apÏ NRZ se RZ kai b) diatàxeic kai
teqnikËc gia metatrop† apÏ RZ se NRZ. Sthn pr∏th kathgor–a Ëqoun deiqte– sth bibliograf–a dia-
tàxeic pou kànoun qr†sh teqnik†c egkle–dwshc koilÏthtac me Ëgqush s†matoc (injection-locking)
se F-P diÏdouc lËizer [32–34], diatàxeic pou ekmetalle‘ontai thn mh grammikÏthta hmiag∏gimwn
optik∏n enisqut∏n (SOA) [35–39], diatàxeic pou ekmetalle‘ontai thn uyhl† mh grammikÏthta opti-
k∏n in∏n metatopismËnhc diasporàc, DSF, † optik∏n in∏n fwtonik∏n krustàllwn, PCF, [40–42],
th mh grammikÏthta LiNbO3 Mach-Zehnder diamorfwt∏n [43], kaj∏c kai th mh grammikÏthta tou
purit–ou se oloklhrwmËna kukl∏mata mikro-daktul–wn suntonismo‘, MRR [44].

Diatàxeic metatrop†c NRZ-OOK se RZ-OOK

Oi diatàxeic egkle–dwshc koilÏthtac me Ëgqush s†matoc bas–zontai katà k‘rio lÏgo sth qr†sh

F-P lËizer to opo–o e–nai kleidwmËno injection locked apÏ Ëna àllo lËizer àntlhshc �p kai to

opo–o ekpËmpei palmo‘c optiko‘ rologio‘ (sq†ma 2.3a). An auto– oi palmo– sugqronisto‘n me

to proc metatrop† NRZ s†ma �s pou ja eisaqje– sthn F-P koilÏthta, autÏ ja odhg†sei sthn
elàttwsh tou katwfl–ou ekpomp†c tou F-P lËizer gia to �s kai autÏ ja allàxei to kajest∏c

egkel–dwshc sto lËizer tou s†matoc �s. E–nai profanËc Ïti ektÏc apÏ metatrop† sq†matoc, ja

pragmatopoihje– kai metatrop† m†kouc k‘matoc ekpomp†c (wavelength conversion). Enallaktikà
sto F-P lËizer mpore– na efarmoste– pol‘ qamhlÏDC re‘ma od†ghshc maz– me Ëna megàlou plàtouc
RF hmitonoeidËc s†ma, o‘twc ∏ste na polwje– l–go qamhlÏtera apÏ to kat∏fli ekpomp†c (sq†ma
2.3b). 'Otan to proc metatrop† s†ma NRZ eisaqje– sth F-P koilÏthta, aut† ja kleid∏sei sto
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Sq†ma 2.3: Diatàxeic metatrop†c sq†matoc diamÏrfwshc NRZ-OOK se RZ-OOK me qr†sh (a)-(b)
teqnik∏n egkle–dwshc koilÏthtac, (g) sumbolÏmetrou Sagnac kai SOA, (d) sumbolÏmetrouMach-Zehnder
kai SOA.

m†koc k‘matoc tou s†matoc kai to energÏ kat∏fli ekpomp†c ja meiwje– tic qronikËc stigmËc pou

upàrqei optik† isq‘c, dhlad† ”1”. San apotËlesma ta eiserqÏmena difuÚa tou s†matoc me tim† ”1”

ja prokalËsoun enallag† kËrdouc (gain-switching) sth F-P d–odo lËizer, kai ja làbei q∏ra h
metatrop† sq†matoc diamÏrfwshc. Ta difuÚa tou s†matoc me tim† ”0”, den ja prokalËsoun kam–a

allag†. Oi diatàxeic autËc, ektÏc apÏ auxhmËno arijmÏ energ∏n stoiqe–wn pou sumbàlloun sthn

poluplokÏthta, perior–zontai se pol‘ qamhlo‘c rujmo‘c metàdoshc <10Gb/s lÏgw thc anàgkhc
gia apeuje–ac diamÏrfwsh twn diÏdwn, parousiàzoun exàrthsh apÏ th pÏlwsh twn shmàtwn kai

apaito‘n kalÏ Ëlegqo sunjhk∏n leitourg–ac thc F-P koilÏthtac tou lËizer.

H metatrop† sq†matoc diamÏrfwshc me qr†sh SOA bas–zetai sun†jwc se sumbolometrikËc dia-
tàxeic metagwg†c Ïpwc to sumbolÏmetro Sagnac (sq†ma 2.3g) kai to sumbolÏmetroMach-Zehnder
me SOA (sq†ma 2.3d), qwr–c Ïmwc na le–poun kai diatàxeic apl†c diàdoshc. KoinÏ gn∏risma aut∏n
twn diatàxewn, e–nai o Ëlegqoc thc fàshc kai tou kËrdouc twn emplekÏmenwn shmàtwn mËsw twn

SOA, se sunduasmÏ me th sumbolometrik† f‘sh twn kuklwmàtwn gia ep–teuxh thc metatrop†c.
O Ëlegqoc thc fàshc kai touc kËrdouc epitugqànetai me ekmetàlleush twn fainomËnwn eterodia-

mÏrfwshc fàshc (XPM) kai etodiamÏrfwshc kËrdouc (XGM), ta opo–a emfan–zoun eggen∏c oi
hmiag∏gimoi optiko– enisqutËc. Stic sumbolometrikËc diatàxeic me Sagnac o SOA topojete–tai sthn
diàtaxh asummetrikà wc proc ta s†mata pou prok‘ptoun apÏ ton diaqwrismÏ tou s†matoc eisÏdou,

ta opo–a diad–dontai me wrologiak† (clockwise - cw) ki antiwrologiak† forà (counterclockwise -
ccw), kai sun†jwc epilËgetai na br–sketai pio kontà sto s†ma me thn wrologiak† forà diàdoshc.
To proc metatrop† NRZ s†ma x(t) mpore– na eisaqje– e–te wc s†ma elËgqou e–te wc s†ma eisÏdou
sto k‘klwma maz– me Ëna kajarÏ s†ma suneqo‘c k‘matouc, CW. To s†ma elËgqou diad–detai me
thn cw forà.

Sthn pr∏th per–ptwsh pou eisËrqetai wc s†ma elËgqou, o SOA topojete–tai katàllhla ∏ste h
qronik† diaforà me thn opo–a eisËrqontai ston SOA ta duo ant–jeta diadidomËna shmàta na e–nai
–sh me th qronik† diàrkeia tou dif‘ou (T ). To proc metatrop† NRZ s†ma, pern∏ntac apÏ ton SOA
prokale– ol–sjhsh fàshc p stic duo sunist∏sec tou kajaro‘ s†matoc tic qronikËc stigmËc twn

”1”, me thn ol–sjhsh na emfan–zetai me qronik† kajustËrhsh enÏc dif‘ou T sth ccw sunist∏sa
lÏgw thc jËshc tou SOA). H optik† isq‘c sthn Ëxodo tou sumbolÏmetrou, ja e–nai mhdËn gia



36 KEFALAIO 2

tic qronikËc stigmËc pou oi sunist∏sec ja Ëqoun thn –dia sqetik† fàsh, kai mh mhdenik† pou

antistoiqe– se ”1”, an Ëqoun diaforetik†. Me àlla lÏgia, h Ëxodoc leitourge– san mia p‘lh XOR
anàmesa sto proc metatrop† s†ma x(t) kai thc kajusterhmËnhc ekdoq†c tou x(t+T), me to s†ma
sthn Ëxodo pa–rnei th morf† RZ.

Sthn de‘terh per–ptwsh to proc metatrop† s†ma NRZ eisËrqetai apÏ thn e–sodo tou kukl∏matoc,
en∏ apÏ th j‘ra elËgqou eisËrqontai Ëna kajarÏ s†ma CW maz– me Ëna s†ma rologio‘, to opo–o

Ëqei ton misÏ rujmÏ metàdoshc apÏ to s†ma NRZ kai hmitonoeid† morf†. To CW s†ma qrhsime‘ei
afenÏc men ston Ëlegqo tou koresmo‘ tou SOA kai epomËnwc tou bàjouc diamÏrfwshc fàshc,
afetËrou de sth me–wsh tou energo‘ qrÏnou zw†c twn forËwn tou. O SOA e–nai ki ed∏ topoje-
thmËnoc asummetrikà ∏ste na katafjànei pr∏to to s†ma cw me qronik† diaforà (T ), –sh me thn
per–odo enÏc dif‘ou, apÏ to s†ma ccw . EpiplËon, sth j‘ra elËgqou upàrqei mia metablht† optik†
gramm† kajustËrhshc (tunable optical delay line), o‘twc ∏ste to s†ma rologio‘ na sugqron–ze-
tai kai na sump–ptei me to bitslot tou s†matoc NRZ, prokal∏ntac Ëtsi mia periodik† diamÏrfwsh
fàshc sta duo s†mata me qronik† per–odo T , thc opo–ac h tim† enallàssetai metax‘ 0 kai p gia
diplanà dif‘a. Sthn Ëxodo tou kukl∏matoc aut† h diamÏrfwsh fàshc metatrËpetai se diamÏr-

fwsh plàtouc lÏgw thc sumbol†c twn cw kai ccw shmàtwn, epitugqànontac Ëtsi th metatrop†
sq†matoc diamÏrfwshc. H mËjodoc aut† e–nai duo bhmàtwn kaj∏c metatrËpei to eiserqÏmeno NRZ
s†ma pr∏ta se CSRZ. Gia metatrop† se RZ sq†ma qreiàzetai epanàlhyh thc diadikas–ac me to
CSRZ s†ma wc s†ma eisÏdou.

Stic sumbolometrikËc diatàxeic Mach-Zehnder me SOA, h arq† leitourg–ac e–nai –dia. To proc
metatrop† s†ma NRZ eisËrqetai apÏ th j‘ra elËgqou, en∏ Ëna s†ma rologio‘ RZ wc s†ma eisÏdou.
H isq‘c tou s†matoc elËgqou rujm–zetai katàllhla ∏ste na prokale– allag† sth fàshc p sto

Ëna tm†ma tou sumbolÏmetrou kai na emfan–zetai anairetik† † prosjetik† sumbol† sthn Ëxodo

tou, h opo–a ja d∏sei to epijumhtÏ s†ma RZ.

Stic diatàxeic apl†c diàdoshc, to proc metatrop† s†ma NRZ, sunduàzetai kai sugqron–zetai me Ëna
s†ma rologio‘ ston –dio rujmÏ metàdoshc, pou qrhsime‘ei wc s†ma elËgqou, kai eisËrqetai ston

SOA. H arq† leitourg–ac e–nai parÏmoia me th metatrop† m†kouc k‘matoc (WC). Oi steno– palmo–
tou s†matoc rologio‘, thc tàxhc 2-10 ps, prokalo‘n fasmatik† die‘runsh tou s†matoc NRZ lÏgw
XPM, ki Ëpeita Ëna zwnoperatÏ optikÏ f–ltro me kentrikÏ m†koc metatopismËno elàqista se sqËsh
me tou s†matoc �s+��, filtràrei thn pleurik† sunist∏sa tou fàsmatoc. Me àlla lÏgia to NRZ
s†ma ja prokalËsei metatÏpish thc suqnÏthtac gia Ïso qrÏno diarke– to s†ma elËgqou, kai to

optikÏ f–ltro ja metad∏sei mÏno to metatopismËno sth suqnÏthta fàsma lÏgw XPM.

H metatrop† sq†matoc diamÏrfwshc me qr†sh optik∏n in∏n pou emfan–zoun uyhl† mh grammikÏth-

ta, bas–zetai kur–wc se diatàxeic apl†c diàdoshc kai ekmetalle‘ontai to fainÏmeno thc fasmatik†c

die‘runshc tou s†matoc lÏgw XPM. Gia na epiteuqje– fasmatik† die‘runsh sto s†ma pou fËrei
ta dedomËna, qreiàzetai na sundiadoje– sthn mh grammik† –na me Ëna akÏma isqurÏ s†ma elËgqou.

'Etsi, to NRZ s†ma suzeugn‘etai me mia sten† palmoseirà ston –dio rujmÏ metàdoshc, h opo-
–a qrhsime‘ei wc s†ma elËgqou, kai prok‘ptei sumpiËzontac thn arqik† palmoseirà me teqnikËc

sump–eshc palm∏n. Gia thn ep–teuxh ikanopoihtik†c fasmatik†c die‘runshc, h palmoseirà Ëqei

prohgoumËnwc enisquje– se arketà uyhl† stàjmh isq‘oc, pern∏ntac apÏ optikÏ enisqut† –nac Er-

b–ou (EDFA). Ta duo s†mata sugqron–zontai qrhsimopoi∏ntac katàllhlh gramm† kajustËrhshc,
kai eisËrqontai sthn PCF † DSF –na. Pol‘ pijanÏn h –na PCF na qreiàzetai na Ëqei rujmismËnh
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th diasporà thc kataskeuastikà, o‘twc ∏ste na Ëqei mhdenik† kl–sh se Ïlo to e‘roc thc C-band
kai na epitrËpei sta s†mata na epikal‘ptontai kaj Ïlh to m†koc diàdoshc, ki ep–shc oi pol∏seic

touc na qreiàzontai eujugràmmish qrhsimopoi∏ntac elegktËc pÏlwshc, ∏ste na megistopoihje–

peraitËrw h apÏdosh tou fainomËnou XPM. Qrhsimopoi∏ntac katàllhlo zwnoperatÏ f–ltro sthn
Ëxodo thc –nac pa–rnoume th red-chirped † blue-chirped pleurik† sunist∏sa tou s†matoc, to opo–o
e–nai to metasqhmatismËno RZ s†ma, apokÏptwntac to s†ma elËgqou, kai tic upÏloipec chirped
kai unchirped sunist∏sec tou s†matoc. Qrhsimopoi∏ntac duo † kai parapànw optikà zwnopera-
tà f–ltra se diaforetikà m†kh k‘matoc, e–nai dunatÏn na pàroume perissÏtera metasqhmatismËna

s†mata, axiopoi∏ntac kai tic sunist∏sec pou prok‘ptoun apÏ to fainÏmeno m–xhc tessàrwn fw-

ton–wn (FWM), ulopoi∏ntac Ëtsi metàdosh se parapànw apÏ Ëna proorismo‘c (multicasting).

'Oson aforà th metatrop† sq†matoc diamÏrfwshc me qr†sh mikrodaktul–wn suntonismo‘, bas–ze-

tai se diatàxeic allhlouq–ac mikrodaktul–wn. H sunàrthsh metaforàc thc allhlouq–ac (me arijmÏ

mikrodaktul–wn megal‘tero apÏ 2) Ëqei morf† tetragwnik†, Ïmoia me th sunàrthsh p‘lhc (gate
function). 'Otan Ëna s†ma megàlhc isq‘oc eisaqje– sthn diàtaxh, h sunàrthsh metaforàc ja me-
tatopiste– se megal‘tera m†kh k‘matoc (red-shift) lÏgw tou mh grammiko‘ fainomËnou Kerr . H
metatÏpish e–nai anàlogh thc isq‘oc tou optiko‘ s†matoc. To proc metatrop† s†ma NRZ eni-
sq‘etai pr∏ta kai eisËrqetai sth diàtaxh maz– me mia asjeno‘c isq‘oc palmoseirà RZ. Ta m†kh
k‘matoc twn shmàtwn Ëqoun epileqje– na sump–ptoun me touc suntonismo‘c twn mikrodaktul–wn,

o‘twc ∏ste h s‘zeuxh twn shmàtwn na e–nai h mËgisth dunat†. An h palmoseirà e–nai arketà asje-

n†c, h metatÏpish thc sunàrthshc metaforàc ja exartàtai mÏno apÏ thn isq‘ tou NRZ s†matoc.
'Etsi, tic qronikËc stigmËc pou sto s†ma NRZ upàrqoun ”0”, h sunàrthsh metaforàc ja metato-
pisje– anepa–sjhta. Tic qronikËc stigmËc twn ”1”, h metatÏpish ja e–nai megàlh kai ja odhg†sei

to s†ma RZ ektÏc suntonismo‘, me apotËlesma na mhn suzeugn‘etai s†ma stouc mikrodaktul–ouc
kai Ïlh isq‘c na metad–detai sthn Ëxodo thc diàtaxhc.

Diatàxeic metatrop†c RZ-OOK se NRZ-OOK

Sq†ma 2.4: Diatàxeic metatrop†c sq†matoc diamÏrfwshc RZ-OOK se NRZ-OOK me qr†sh (a)
teqnik∏n egkle–dwshc koilÏthtac, (b) sumbolÏmetrou Sagnac kai SOA, (g) sumbolÏmetrouMach-Zehnder
kai SOA, (d) optik†c gramm†c kajustËrhshc (pajhtik† diàtaxh).

Me tic prohgo‘menec paragràfouc oloklhr∏same thn perigraf† twn diatàxewn kai teqnik∏n me-

tatrop†c sq†matoc diamÏrfwshc apÏ NRZ se RZ. Suneq–zoume me thn epÏmenh megàlh kathgor–a,
h opo–a e–nai twn diatàxewn kai teqnik∏n gia metatrop† apÏ RZ se NRZ. ArketËc diatàxeic kai
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teqnikËc e–nai parÏmoiec me autËc pou perigràyame prohgoumËnwc kaj∏c bas–zontai stic –diec ar-

qËc. 'Etsi, Ëqoun deiqte– diatàxeic egkle–dwshc koilÏthtac me Ëgqush s†matoc se diÏdouc lËizer

(sq†ma 2.4a) [45], diatàxeic pou ekmetalle‘ontai thn mh grammikÏthta twn SOA (sq†ma 2.4b-g)
[37, 39], diatàxeic me mh grammikËc –nec DSF [46, 47], kaj∏c kai tele–wc pajhtikËc diatàxeic me
sumbolometrikà stoiqe–a Ïpwc mikrodakt‘liouc suntonismo‘ [48], optikËc grammËc kajustËrhshc

(DIs) (sq†ma 2.4d) [49, 50] kai mikro-brÏqouc apÏ optik† –na [51].

Sth diàtaxh egkle–dwshc Ëgqushc forËwn, to proc metatrop† s†ma RZ pernàei pr∏ta apÏ mia
diàtaxh diplasiasmo‘ twn palm∏n, h opo–a e–nai ousiastikà mia gramm† kajustËrhshc miso‘ dif‘ou

kai dhmiourge– ant–grafa twn palm∏n mËsa sto –dio qronikÏ paràjuro tou dif‘ou, me apotËlesma

na megal∏nei o energÏc qrÏnoc tou dif‘ou. 'Epeita eisËrqetai se mia F-P koilÏthta lËizer h
opo–a e–nai kleidwmËnh apÏ Ëna s†ma CW se diaforetikÏ m†koc k‘matoc. Eàn kàpoioc apÏ touc

rujmo‘c thc koilÏthtac sump–ptei me to m†koc k‘matoc tou s†matoc RZ, autÏ ja bohj†sei sthn
elàttwsh tou katwfl–ou ekpomp†c gia to sugkekrimËno m†koc k‘matoc. Sthn per–ptwsh pou to

kat∏fli ekpomp†c pËsei qamhlÏtera apÏ autÏ tou CW, ja allàxei to kajest∏c egkle–dwshc thc
koilÏthtac kai ja kleidwje– plËon sto RZ.

Stic diatàxeic metatrop†c me qr†sh SOAs, sunantàme tic sumbolometrikËc diatàxeic me Sagnac †
Mach-Zehnder pou perigràyame prin kai pou ekmetalle‘ontai to fainÏmeno XPM. 'Opwc kai prin,
to proc metatrop† s†ma NRZ eisàgetai sth diàtaxh wc s†ma elËgqou, maz– me Ëna kajarÏ s†ma
CW. Stic diatàxeic me Sagnac, o SOA topojete–tai ep–shc asummetrikà wc proc ta duo ant–jeta
diadidÏmena s†mata, me to s†ma pou diad–detai wrologiakà na ftànei pr∏to, mÏno pou h qronik†

diaforà rujm–zetai Ëtsi ∏ste e–nai mikrÏterh apÏ th diàrkeia enÏc dif‘ou (bitslot). Katà th diàr-
keia twn ”1” tou s†matoc elËgqou RZ, kai pio sugkekrimËna katà to qrÏno anÏdou tou palmo‘,
prokale–tai ol–sjhshc fàshc sta duo ant–jeta diadidÏmena s†mata, me apotËlesma na emfan–zetai

isq‘c sthn Ëxodo tou Sagnac. LÏgw thc qronik†c kajustËrhshc pou e–nai mikrÏterh thc qronik†c
diàrkeiac tou bitslot , h isq‘c ja exËljei diadoqikà mËsa sto bitslot , katalambànontac to, kai apo-
kt∏ntac thn morf† NRZ palm∏n. Oi sumbolometrikËc diatàxeic Mach-Zehnder sthr–zontai sthn
–dia arq†. To s†ma eisËrqetai apÏ th j‘ra elËgqou kai pern∏ntac apÏ ton SOA prokale– allag†
sth fàsh enÏc s†matoc CW, h opo–a metatrËpetai se allag† sto plàtoc apÏ to sumbolÏmetro
kai Ëqei san apotËlesma na emfan–zetai isq‘c sthn Ëxodo. Epeid† h qronik† diàrkeia twn RZ
palm∏n tou s†matoc e–nai mikrÏterh tou bitslot, ja e–qe san apotËlesma oi palmo– sthn Ëxodo na
epistrËfoun sto mhdËn prin to tËloc thc diàrkeiac tou bit. Gia na epiluje– to prÏblhma kai oi
palmo– sthn Ëxodo na katalambànoun Ïlh th diàrkeia tou bit, to s†ma elËgqou diËrqetai pr∏ta
apÏ mia † perissÏterec grammËc kajustËrhshc enÏc klàsmatoc tou bit (p.q. T/2,T/4), oi opo–ec
dhmiourgo‘n ant–grafa twn palm∏n tou s†matoc sta –dia bitslot, kai en suneqe–a eisËrqetai sth
j‘ra elËgqou.

H metatrop† me qr†sh mh grammik∏n in∏n sthr–zetai ep–shc ston –dio mhqanismÏ, axiopoi∏ntac to

fainÏmeno XPM se Ëna sumbolÏmetro Sagnac, tou opo–ou to mh grammikÏ stoiqe–o e–nai oi –diec oi
–nec, gia na metatrËyoun th diaforà sth fàsh pou prokale–tai apÏ to s†ma elËgqou, se palmo‘c

NRZ sthn Ëxodo thc diàtaxhc.

Sthn bibliograf–a apant∏ntai ep–shc mia seirà diatàxewn pou ekmetalle‘ontai thn periodik† su-

nàrthsh metaforàc sumbolometrik∏n stoiqe–wn. Pio sugkekrimËna, ekmetalle‘ontai ta elàqista

pou emfan–zontai stic sunart†seic metaforàc me periodikÏthta (fasmatik† apÏstash) –sh me thn
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ele‘jerh fasmatik† perioq† (FSR), h opo–a me th seirà thc exartàtai apÏ to m†koc k‘matoc lei-
tourg–ac kai thn kataskeuastik† asummetr–a tou sumbolÏmetrou. Aut† h idËa proËkuye apÏ thn

parat†rhsh Ïti to fàsma enÏc RZ s†matoc Ëqei pol‘ isqurËc pr∏tec armonikËc, opÏte qrhsimo-
poi∏ntac Ëna periodikÏ f–ltro gia na katapiesto‘n, to fàsma mpore– na metasqhmatiste– kai na

prosegg–sei tou NRZ. BasikËc proÙpojËseic gia epituqhmËnh metatrop† sq†matoc e–nai to FSR
na e–nai diplàsio tou rujmo‘ metàdoshc kai ta elàqista thc sunàrthshc metaforàc na sump–ptoun

me tic pr∏tec armonikËc gia na tic katapiËsoun. Gia s†mata RZ me mikrÏ k‘klo ergas–ac < 50%

oi armonikËc e–nai isqurÏterec ki e–nai anagka–a h qr†sh enÏc epiplËon optiko‘ zwnoperato‘ f–l-

trou gia thn peraitËrw katap–esh touc ki exomàlunsh kumat∏sewn pou eidàllwc ja up†rqan sthn

stàjmh twn ”1” tou s†matoc NRZ. Aut† h mËjodoc Ëqei deiqte– me mikrodakt‘liouc suntonismo-
‘, oi opo–oi emfan–zoun thn epijumht† sunàrthsh metaforàc sthn j‘ra pass († through) kaj∏c
ta m†kh k‘matoc pou sump–ptoun me touc suntonismo‘c thc koilÏthtac tou mikrodaktul–ou su-

zeugn‘ontai sthn koilÏthta kai Ëtsi h sunàrthsh metaforàc sthn Ëxodo thc diàtaxhc emfan–zei

elàqista sta sugkekrimËna shme–a tou fàsmatoc. Oi mikro-brÏqoi apÏ optik† –na Ëqoun thn –dia

arq† leitourg–ac me touc mikrodaktul–ouc kaj∏c oi diatàxeic e–nai sthn ous–a –diec. Oi optikËc

grammËc kajustËrhshc eisàgoun diaforà drÏmou sto Ëna skËloc touc, h opo–a metafràzetai se

diaforà fàshc metax‘ twn duo sunistws∏n touc s†matoc. Aut† exartàtai apÏ to m†koc k‘matoc

kai thn kataskeu†, me apotËlesma gia ta m†kh k‘matoc pou oi duo sunist∏sec katal†goun na

Ëqoun diaforà fàshc p, autËc anairo‘ntai ki h sunàrthsh metaforàc emfan–zei elàqista.

Oi diatàxeic pou perigràfhkan pio pànw parousiàzoun praktikà probl†mata Ïtan jewro‘me thn

anàptuxh ki egkatàstash touc se pragmatikà d–ktua, Ïpou apaito‘ntai oloklhrwmËna fwtonikà

kukl∏mata (PICs) mikro‘ megËjouc kai auxhmËnhc leitourgikÏthtac. Oi diatàxeic egkle–dwshc
koilÏthtac perior–zontai se qamhlo‘c rujmo‘c metàdoshc lÏgw thc apeuje–ac diamÏrfwshc twn

diÏdwn. Ep–shc, gia thn apofug† anepij‘mhtwn anaklàsewn pou mpore– na diataràxoun to kle-

–dwma thc koilÏthtac g–netai anagka–a h qr†sh ogkwd∏n stoiqe–wn Ïpwc apomonwt∏n (isolators)
kai kukloforht∏n (circulatos), kajist∏ntac pol‘plokh kai praktikà ad‘nath thn olokl†rwsh
touc se fwtonik† platfÏrma. To –dio prÏblhma Ëqoun kai oi diatàxeic pou qrhsimopoio‘n megàla

m†kh apÏ optikËc –nec, e–te aplËc Ïpwc sto sumbolÏmetro Sagnac e–te mh grammikËc. EpiplËon, oi
sumbolometrikËc diatàxeic me –na apaito‘n Ëlegqo kai stajeropo–hsh twn fàsewn twn shmàtwn,

oi mh grammikËc –nec apaito‘n s†mata megàlhc optik†c isq‘oc pou odhgo‘n sth qr†sh epiplËon

enisqutik∏n diatàxewn, Ïpwc ep–shc kai kalÏ Ëlegqo thc polwtik†c katàstashc twn shmàtwn me

exwteriko‘c elegktËc pol∏sewc. Oi SOAs Ëqoun megal‘terh dunatÏthta olokl†rwshc se dia-
tàxeic, allà apotelo‘n energà stoiqe–a ta opo–a katanal∏noun isq‘, eisàgoun jÏrubo sto s†ma

kai h taq‘thta touc perior–zetai apÏ ton genikà megàlo qrÏno anàkamyhc twn forËwn (carrier
recovery liftetime). Oi mikrodakt‘lioi suntonismo‘ an kai mporo‘n na oloklhrwjo‘n se diafore-
tikËc fwtonikËc platfÏrmec, ento‘toic gia na apod∏soun swstà, e–nai anagka–o na Ëqoun megàlo

paràgonta Q, kàti pou epitugqànetai mÏno se platfÏrmec me megàlo lÏgo ant–jeshc stouc de–ktec
diàjlashc. Oi sumbolometrikËc optikËc grammËc kajustËrhshc apÏ thn àllh, parousiàzoun pol‘

kal† dunatÏthta olokl†rwshc se Ïlec tic fwtonikËc platfÏrmec me qamhlÏtero kÏstoc kai mh-

denik† katanàlwsh. Ep–shc apallàssontai apÏ epiplËon jÏrubo kai periorismo‘c sthn taq‘thta

lÏgw thc tele–wc pajhtik†c leitourg–ac touc, sunduàzontac ta kal‘tera sustatikà gia mia diàta-

xh metatrop†c sq†matoc diamÏrfwshc. ParÏla autà, oi parapànw diatàxeic doule‘oun me to aplÏ
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sq†ma diamÏrfwshc OOK Ïpou kwdikopoie–tai mÏno to plàtoc, en∏ ta mellontikà optikà d–ktua
e–nai pol‘ pijanÏn na qrhsimopoio‘n kai sq†mata diamÏrfwshc an∏terhc tàxhc [30, 52] me kwdiko-

po–hsh sth fàsh † kai sto plàtoc, ektÏc apÏ ubridik† poluplex–a OTDM/DWDM. E–nai emfan†c
h anàgkh gia mia tele–wc pajhtik† diàtaxh pou den ja perior–zetai sto sq†ma diamÏrfwshc, allà

ja mpore– na doule‘ei kai me sq†mata an∏terhc tàxhc.

2.3 Peiramatik† melËth diàtaxhc metatrop†c RZ se NRZ

sqhmàtwn an∏terhc tàxhc

Sta pla–sia thc paro‘sac diatrib†c sqediàsthke kai epiqeir†jhke peiramatikà, gia pr∏th forà,

diàtaxh h opo–a ja mpore– na metatrËpei apÏ RZ se NRZ s†mata kwdikopoihmËna me sq†mata dia-
mÏrfwshc an∏terhc tàxhc, ta opo–a ekmetalle‘ontai th fàsh kai to plàtoc gia na metad∏soun thn

plhrofor–a pio apodotikà. H sugkekrimËnh diàtaxh e–nai tele–wc pajhtik†, opÏte sunduàzei ta ple-

onekt†mata pou anafËrjhkan pio pànw, kai pio sugkekrimËna axiopoie– Ëna oloklhrwmËno k‘klwma

sumbolometrik†c optik†c gramm†c kajustËrhshc ki Ëna optikÏ zwnoperatÏ f–ltro (OBPF) gia
thn ep–teuxh thc metatrop†c. H kal† leitourg–a kai h apodotikÏthta thc diàtaxhc epibebai∏jhkan

arqikà apÏ apotelËsmata prosomoi∏sewn gia taq‘thtec Ëwc 40 GBaud me sq†mata diamÏrfwshc
DPSK, DQPSK, 16-QAM, kai peiramatikà gia taq‘thta 40 Gb/s me sq†ma diamÏrfwshc DPSK
me mÏno 1.5 dB poin† isq‘oc (power penalty) se sqËsh me to back-to-back s†ma. Stic epÏmenec
paragràfouc parousiàzetai h diàtaxh, perigràfetai h arq† leitourg–ac thc kai parousiàzontai ta

apotelËsmata prosomo–wshc kai peiràmatoc.

2.3.1 Arq† leitourg–ac diàtaxhc

Sq†ma 2.5: K‘klwma kai leitourg–a metatrop†c sq†matoc diamÏrfwshc gia DPSK s†ma

Se ant–jesh me thn kwdikopo–hsh OOK Ïpou oi palmo– enÏc s†matoc antiproswpe‘oun uyhl†
”1” kai qamhl† ”0” stàjmh isq‘oc, oi palmo– enÏc DPSK s†matoc e–nai stajero– sto plàtoc
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me mh mhdenik† isq‘ kai antiproswpe‘oun 0 † p rad fàsh. To aristerÏ tm†ma tou sq†matoc
2.5 parousiàzei thn diàtaxh kai thn arq† leitourg–ac thc. Oi palmo– RZ-DPSK mpa–noun se
Ëna sumbolÏmetro DI kai diaqwr–zontai se duo sunist∏sec pou pernàne apÏ ta duo skËlh tou
sumbolÏmetrou, me to Ëna skËloc na eisàgei qronik† kajustËrhsh –sh me th mis† diàrkeia tou

palmo‘ (sumbÏlou). To sumbolÏmetro prËpei na Ëqei FSR diplàsio tou rujmo‘ metàdoshc twn
sumbÏlwn gia na eisàgei aut†n thn kajustËrhsh. H arqik† sunist∏sa kai h kajusterhmËnh ekdoq†

thc sumbàloun se fàsh sthn Ëxodo tou sumbolÏmetrou, en∏ sthn sunËqeia to s†ma pernàei mËsa

apÏ Ëna OBPF prin thn telik† Ëxodo thc diàtaxhc (shme–o D). Sto dex– tm†ma tou sq†matoc 2.5
parousiàzontai oi sqetikËc jËseic twn shmàtwn sto qrÏno gia ta diaforetikà shme–a thc diàtaxhc

∏ste na g–nei pio katanohtÏc o mhqanismÏc metatrop†c. Ep–shc, Ëqei lhfje– upÏyh h strof† fàshc

p/2 pou eisàgetai stouc palmo‘c apÏ to suze‘kth sthn Ëxodo tou sumbolÏmetrou (shme–o C). Gia
realistikËc timËc k‘klou ergas–ac tou s†matoc, oi arqiko– palmo– kai h kajusterhmËnh sunist∏sa

touc epikal‘ptontai sto qrÏno, sumbàlloun se fàsh kai megal∏noun ton k‘klo ergas–ac ∏ste

to uyhlÏ ep–pedo isq‘oc na diathre–tai kaj Ïlh th diàrkeia tou sumbÏlou. Sthn per–ptwsh pou

ta diadoqikà s‘mbola Ëqoun thn –dia fàsh, oi epikaluptÏmenoi palmo– sumbàlloun prosjetikà

kai diathro‘n to uyhlÏ ep–pedo isq‘oc kaj Ïlh th diàrkeia tou sumbÏlou, Ïpwc anafËrjhke

kai pio pànw. Sthn ant–jeth per–ptwsh pou Ëqoun fàseic 0 kai p sumbàlloun anairetikà kai

san apotËlesma sta shme–a eke–na h isq‘c e–nai elàqisth, Ïpwc diakr–nontai sth dexià merià tou

sq†matoc 2.5. Oi diakumànseic sto plàtoc twn palm∏n pou fa–nontai sto –dio sq†ma exart∏ntai

apÏ to sq†ma kai ton k‘klo ergas–ac twn eiserqÏmenwn sthn diàtaxh palm∏n.

2.3.2 Prosomo–wsh leitourg–ac me sq†mata diamÏrfwshc an∏terhc
tàxhc DPSK, DQPSK kai 16-QAM

Sq†ma 2.6: H diàtaxh pou ulopoi†jhke gia thn melËth tou metatropËa me to logismikÏ prosomo-
–wshc. Pànw apÏ th diàtaxh fa–netai endeiktikà Ëna s†ma eisÏdou RZ-DQPSK p∏c metasqhmat–zetai
kaj∏c pernàei apÏ ta ant–stoiqa shme–a thc mËqri na g–nei NRZ-DQPSK.
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Sq†ma 2.7: ApotelËsmata prosomoi∏sewn (diagràmmata ofjalmo‘) gia metatrop† sq†matoc dia-
mÏrfwshc sta 40 Gbaud me (a)-(b) eiserqÏmeno RZ- kai metasqhmatismËno NRZ-DPSK s†ma, (c)-(d)
eiserqÏmeno RZ- kai metasqhmatismËno NRZ-DQPSK s†ma, kai (e)-(f) eiserqÏmeno RZ- kai metasqh-
matismËno NRZ-16-QAM s†ma. O k‘kloc ergas–ac Ïlwn twn eiserqÏmenwn shmàtwn e–nai 33%.

H diàtaxh metatrop†c sq†matoc diamÏrfwshc pou anafËroume melet†jhke wc proc thn apÏdo-

sh thc gia ta sq†mata diamÏrfwshc DPSK, DQPSK kai 16-QAM qrhsimopoi∏ntac katàllhlo
logismikÏ prosomo–wshc [53]. Sto sq†ma 2.6 fa–netai h diàtaxh pou ulopoi†jhke sto ergale–o

prosomoi∏sewn VPITransmissionMaker gia na melethje– o metatropËac, kaj∏c kai endeiktikà Ëna
s†ma eisÏdou RZ-DPSK, to metasqhmatismËno s†ma metà to DI me emfan† th diak‘mansh sthn
uyhl† stàjmh tou plàtouc pou ofe–letai sthn tim† tou k‘klou ergas–ac, kai tËloc to s†ma sthn

Ëxodo thc diàtaxhc metà to OBPF me thn diak‘mansh na Ëqei exomalunje–. Ta apotelËsmata twn
prosomoi∏sewn kai h epibeba–wsh thc kal†c leitourg–ac thc diàtaxhc fa–nontai sugkentrwtikà

sto sq†ma 2.7. SugkekrimËna sto sq†ma 2.7(a) fa–netai to eiserqÏmeno RZ-DPSK s†ma sta 40
Gb/s me Gkaousian†c morf†c plamo‘c kai 33% k‘klo ergas–ac, en∏ sto sq†ma 2.7(b) fa–netai
to prok‘ptwn NRZ-DPSK s†ma metà to 80 GHz DI kai Ëna OBPF e‘rouc 0.6 nm (75 GHz),
to opo–o kai sumfwne– me thn anàlush pou parousiàsthke pio pànw. Ta sq†mata 2.7(c) kai (d)
parousiàzoun ta ant–stoiqa prosomoiwmËna diagràmmata ofjalmo‘ gia Ëna 40 Gbaud RZ-DQPSK
s†ma eisÏdou me Gkaousian†c morf†c plamo‘c kai 33% k‘klo ergas–ac, ep–shc. H epiplËon stàj-

mh sto shme–o pou upàrqei to elàqisto sthn isq‘ sto diàgramma ofjalmo‘ exÏdou antistoiqe–
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se metabàseic parake–menwn sumbÏlwn me ±90o diaforà fàshc. TËloc, ta sq†mata 2.7(e) kai (f)
parousiàzoun ta ant–stoiqa diagràmmata ofjalmo‘ gia Ëna 40 Gbaud RZ-16-QAM s†ma eisÏdou
me thn –dia morf† palm∏n kai k‘klo ergas–ac Ïpwc prohgoumËnwc. Eidikà gia thn teleuta–a pe-

r–ptwsh, parà tic epiplËon stàjmec lÏgw twn pollapl∏n sunduasm∏n fàsewn kai plat∏n twn

parake–menwn sumbÏlwn, to diàgramma ofjalmo‘ tou metasqhmatismËnou s†matoc paramËnei ka-

jarÏ ki anoiqtÏ katadeikn‘ontac thn apodotikÏthta thc mejÏdou. H parous–ash ki anàlush tou

metatropËa g–netai sto ped–o tou qrÏnou, h metaforà thc anàlushc sto ped–o twn suqnot†twn

Ïpou h qr†sh twn ennoi∏n twn sunart†sewn metaforàc ende–knutai kai to DI e–nai Ëna periodikÏ
f–ltro, anadeikn‘ei ton mhqanismÏ metasqhmatismo‘ tou fàsmatoc pou anafËrame pio pànw, allà

kai thn grammikÏthta thc mejÏdou mac afo‘ h jËsh twn duo f–ltrwn (DI kai OBPF) mpore– na
antimetateje– qwr–c na ephreaste– h apÏdosh.

Paràgontec pou mpore– na ephreàzoun thn apÏdosh tou metatropËa apotelo‘n to e‘roc z∏nhc tou

OBPF, h diaforetik† tim† thc ol–sjhshc fàshc metax‘ twn duo braqiÏnwn tou sumbolÏmetrou,
h apÏklish thc qronik†c tim†c kajustËrhshc tou sumbolÏmetrou, kaj∏c kai h apÏklish thc

kentrik†c suqnÏthtac tou OBPF se sqËsh me thn suqnÏthta tou s†matoc eisÏdou. H exàrthsh
thc apÏdoshc tou metatropËa apÏ autËc tic paramËtrouc diereun†jhke mËsa apÏ prosomoi∏seic,

qrhsimopoi∏ntac thn –dia diàtaxh sto ergale–o prosomoi∏sewn. O trÏpoc me ton opo–o epidrà

sthn apÏdosh tou metatropËa h kàje paràmetroc, kaj∏c kai ta apotelËsmata twn prosomoi∏sewn

parousiàzontai parakàtw.

Ep–drash tou e‘rouc z∏nhc tou OBPF

To sq†ma 2.8 anafËretai sthn per–ptwsh rujmo‘ metàdoshc 40 Gb/s me sq†ma diamÏrfwshc
DPSK, de–qnontac thn exàrthsh tou qrÏnou metàbashc tou s†matoc apÏ to 10% sto 90% thc
isq‘oc kai thn exàrthsh thc diak‘manshc tou plàtouc tou metasqhmatismËnou s†matoc apÏ to

e‘roc z∏nhc tou OBPF. Oi metrikËc autËc or–zontai sto sq†ma 2.7(b). To f–ltro kajor–zei
to e‘roc z∏nhc tou metatropËa, ki apÏ to sq†ma fa–netai Ïti megàlo e‘roc f–ltrou Ëqei san

apotËlesma gr†gorouc qrÏnouc anÏdou-kajÏdou, allà me megal‘terh diak‘mansh sto plàtoc kai

ant–jeta, katal†gontac se sumbibasmÏ metax‘ twn duo megej∏n. Sto sq†ma oi timËc tou qrÏnou

kai tou e‘rouc z∏nhc tou f–ltrou e–nai kanonikopoihmËnec gia na mporo‘n e‘kola na klimakwjo‘n

kai se àllouc rujmo‘c metàdoshc.

Ep–drash thc diaforetik†c ol–sjhshc fàshc metax‘ twn braqiÏnwn

To sq†ma 2.9 de–qnei to DI pou apotele– mËroc tou metatropËa. O metatropËac gia na leitourg†sei
swstà apaite– h diaforà fàshc metax‘ twn braqiÏnwn tou na e–nai 0o, enno∏ntac Ïti oi arqiko–

palmo– pou Ërqontai apÏ ton kàtw braq–ona me thn kajusterhmËnh ekdoq† touc pou proËrqetai apÏ

ton pànw braq–wna prËpei na sumbàlloun se fàsh sthn Ëxodo (shme–o C). Aut† h sunj†kh prËpei
pànta na isq‘ei, Ïqi mÏno gia leitourg–a me s†mata DPSK, allà kai gia s†mata DQPSK, M-QAM
Opoiad†pote apÏklish sthn ol–sjhsh fàshc, praktikà antistoiqe– se metatÏpish thc periodik†c

sunàrthshc metaforàc tou DI, me apotËlesma thn kak† eujugràmmish tou mËgistou shme–ou thc kai
thc suqnÏthtac tou fËrontoc tou s†matoc eisÏdou. Sthn pràxh h eujugràmmish pou ikanopoie– thn

apa–thsh gia 0o diaforà fàshc epitugqànetai me thn topojËthsh enÏc stoiqe–ou ol–sjhshc fàshc
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Sq†ma 2.8: TimËc qrÏnwn anÏdou/kajÏdou (10% - 90%) twn shme–wn pou h isq‘c elaqistopoie–tai
kai timËc diak‘manshc plàtouc tou metasqhmatismËnou NRZ-DPSK s†matoc wc sunàrthsh tou OBPF.
KanonikopoihmËnec timËc qrhsimopoio‘ntai gia tic timËc tou qrÏnou anÏdou/kajÏdou kai gia to e‘roc z∏nhc
tou f–ltrou.

(phase-shifter se Ënan apÏ touc duo braq–onec tou sumbolÏmetrou. Sthn peiramatik† diàtaxh Ïpwc
ja do‘me parakàtw, to oloklhrwmËno sumbolÏmetro Ëfere Ëna jermÏ-optikÏ olisjht† fàshc se

Ënan apÏ touc braq–onec gia thn akrib† r‘jmish thc ol–sjhshc fàshc. Sthn per–ptwsh pou h

ol–sjhsh fàshc apokl–nei apÏ thn idanik† tim† 0o, h apÏdosh tou metatropËa kai h poiÏthta tou

s†matoc exÏdou qeirotere‘oun. H ep–drash thc aporr‘jmishc thc tim†c thc ol–sjhshc fàshc

posotikopoi†jhke pragmatopoi∏ntac epiplËon melËth.

To sq†ma 2.10 de–qnei ta diagràmmata ofjalmo‘ sthn Ëxodo tou metatropËa gia leitourg–a me

DPSK, DQPSK kai 16-QAM s†mata. Oi paràmetroi twn shmàtwn, tou DI, kai tou OBPF e-
–nai Ïpwc perigràfhkan pio pànw. Gia kàje sq†ma diamÏrfwshc jewr†same treic timËc gia thn

ol–sjhsh fàshc metax‘ twn duo drÏmwn diàdoshc tou DI: 0o, 20o kai 40o. 'Opwc mpore– ka-
ne–c na parathr†sei, h qeirotËreush kai gia ta tr–a sq†mata diamÏrfwshc paramËnei mËtria kai

se anektà ep–peda akÏma kai sthn per–ptwsh twn 40o apÏklishc sth fàsh twn braqiÏnwn. H

qeirotËreush emfan–zetai me th morf† auxhmËnwn diakumànsewn sto plàtoc, ligÏtero anoiqto‘

diagràmmatoc ofjalmo‘ (sthn per–ptwsh tou 16-QAM s†matoc) kai meiwmËnhc isq‘oc exÏdou.

EpiplËon, prÏsjetec metabàseic/stàjmec sto plàtoc emfan–zontai sta shme–a twn elaq–stwn,

to opo–o e–nai emfanËstero sthn per–ptwsh tou DQPSK s†matoc, Ïpou ta arqik∏c tr–a ep–peda
plàtouc Ëginan tËssera lÏgw thc mh mhdenik†c tim†c thc ol–sjhshc fàshc. Gia na epibebai∏soume
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Sq†ma 2.9: Sqhmatik† perigraf† tou sumbolÏmetrou DI wc mËrouc tou metatropËa RZ-to-NRZ.

Ïti aut† h epiplËon stàjmh sto shme–o metabàsewn tou metasqhmatismËnou DQPSK s†matoc den
epidrà praktikà sthn poiÏthta tou s†matoc, diexagàgame epiplËon melËth apokwdikopoi∏ntac to

metasqhmatismËno DQPSK s†ma me th qr†sh 40 GHz DIs kai isorrophmËnwn dekt∏n (balanced
receivers), ektim∏ntac thn poiÏthta twn apokwdikopoihmËnwn diagrammàtwn ofjalmo‘. To sq†ma
2.11 parousiàzei ta diagràmmata ofjalmo‘ twn apokwdikopoihmËnwn I kai Q sunistws∏n stic
peript∏seic 0o, 20o kai 40o apÏklishc sth tim† thc ol–sjhshc fàshc tou metatropËa, ki epibe-

bai∏nei Ïti h qeirotËreush thc apÏdoshc e–nai periorismËnh kai mia apÏklish thc tàxhc twn 40o

e–nai kalà anekt† apÏ ton metatropËa. To sumpËrasma autÏ mpore– na genikeute– gia an∏tera

sq†mata diamÏrfwshc. DedomËnhc thc diajesimÏthtac megàlhc akr–beiac olisjht∏n fàshc mËsa

sto pragmatikÏ DI, h apÏklish thc ol–sjhshc fàshc apÏ thn idanik† tim† thc, den anamËnetai na
parousiàsei praktikËc epiplokËc sthn mËjodo.

Ep–drash thc apÏklishc thc qronik†c tim†c kajustËrhshc

H qronik† kajustËrhsh († isod‘nama to ele‘jero fasmatikÏ e‘roc FSR) tou DI kajor–zei ton
sqetikÏ qronismÏ twn arqik∏n palm∏n kai thc kajusterhmËnhc ekdoq†c touc sthn koin† ro† sthn

Ëxodo tou DI. Eàn h qronik† kajustËrhsh e–nai akrib∏c –sh me to misÏ thc diàrkeiac enÏc sumbÏlou,
tÏte h kajusterhmËnh ekdoq† ja topojethje– akrib∏c metax‘ twn arqik∏n palm∏n. Se ant–jeth

per–ptwsh, an h qronik† kajustËrhsh den e–nai –sh me to misÏ thc diàrkeiac tou sumbÏlou, mia

qronik† asummetr–a emfan–zetai sto s†ma exÏdou. Gia ekt–mhsh thc ep–drashc thc sthn apÏdosh

allà kai gia na ektim†soume thn apÏklish pou mpore– na aneqje– o metatropËac, pragmatopoi†same

melËth me to logismikÏ prosomo–wshc. To sq†ma 2.12 parousiàzei ta diagràmmata ofjalmo‘ twn

metasqhmatismËnwn NRZ-DPSK, NRZ-DQPSK kai NRZ-16-QAM shmàtwn gia thn idanik† tim†
kajustËrhshc (12.25 ps † 80 GHz FSR), gia 11.25 ps (�10% apÏ thn idanik† tim†) kai 13.75 ps
(+10% apÏ thn idanik† tim†). An kai apÏklish apÏ thn idanik† qronik† kajustËrhsh Ëqei san

apotËlesma isqurÏterec diakumànseic sto plàtoc, en to‘toic timËc anàmesa sthn perioq† ±10%

thc idanik†c mporo‘n na aneqjo‘n ikanopoihtikà. San genikÏc kanÏnac, timËc pou e–nai mikrÏterec

thc idanik†c te–noun na af†noun th diadikas–a metasqhmatismo‘ atel†, en∏ timËc megal‘terec apÏ

thn idanik† Ëqoun san apotËlesma diagràmmata ofjalmo‘ ta opo–a e–nai ligÏtero anoiqtà (autÏ

e–nai emfanËc sthn per–ptwsh tou 16-QAM s†matoc).
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Sq†ma 2.10: Diagràmmata ofjalmo‘ twn metasqhmatismËnwn NRZ-DPSK, NRZ-DQPSK kai
NRZ-16-QAM shmàtwn sthn Ëxodo tou metatropËa stic peript∏seic 0o, 20o kai 40o apÏklish sth
tim† thc fàshc metax‘ twn duo braqiÏnwn tou DI.

Ep–drash thc apÏklishc tou OBPF apÏ thn kentrik† suqnÏthta tou s†matoc

DedomËnou Ïti to DI e–nai fasmatikà eujugrammismËno me to eiserqÏmeno RZ-DPSK s†ma, h a-
pÏdosh tou metatropËa e–nai bËltisth Ïtan kai to OBPF e–nai eujugrammismËno me to eiserqÏmeno
s†ma. Opoiad†pote apÏklish metax‘ thc kentrik†c suqnÏthtac tou f–ltrou kai thc suqnÏthtac

tou fËrontoc epidein∏nei thn apÏdosh tou metatropËa kai upobajm–zei thn poiÏthta tou s†matoc

exÏdou. O trÏpoc me ton opo–o h poiÏthta tou metasqhmatismËnou s†matoc upobajm–zetai e–nai

parÏmoioc me thn per–ptwsh thc apÏklishc thc tim†c ol–sjhshc fàshc metax‘ twn braqiÏnwn tou

DI. AutÏ anamËnetai kaj∏c ki h diaforetik† tim† ol–sjhshc fàshc kai h apÏklish thc kentrik†c
suqnÏthtac tou OBPF anafËrontai se kak† eujugràmmish sto m†koc k‘matoc metax‘ tou fËrontoc
tou s†matoc eisÏdou kai twn stoiqe–wn me leitourg–a f–ltrou mËsa ston metatropËa. Gia na axio-

log†soume thn epide–nwsh sthn per–ptwsh kak†c eujugràmmishc sto m†koc k‘matoc tou OBPF,
pragmatopoi†same melËth, h opo–a parousiàzetai sto sq†ma 2.13. Se autÏ to sq†ma, parousi-

àzontai diagràmmata ofjalmo‘ sthn Ëxodo tou metatropËa gia leitourg–a me DPSK, DQPSK kai
16-QAM s†mata. To 3dB e‘roc z∏nhc tou OBPF e–nai Ïpwc kai prin 0.6nm † 75 GHz. Gia kàje
per–ptwsh sq†matoc diamÏrfwshc jewr†same treic timËc apÏklishc suqnÏthtac: 0 GHz, 20 GHz
kai 40 GHz. 'Opwc e–nai emfanËc, shmantik† epide–nwsh parathre–tai mÏno gia thn per–ptwsh 40
GHz apÏklishc (apÏklish pou iso‘tai me 100% tou rujmo‘ metàdoshc sumbÏlwn † 50% tou 3 dB
e‘roc z∏nhc). H epide–nwsh emfan–zetai kur–wc me th morf† isqurÏterwn diakumànsewn plàtouc,

pio kleisto‘ diagràmmatoc ofjalmo‘ (gia thn per–ptwsh 16-QAM s†matoc) kai meiwmËnhc isq‘oc
exÏdou. San genikÏ sumpËrasma, h ep–drash thc apÏklishc thc suqnÏthtac tou OBPF mËqri 20
GHz e–nai mikr† kai mpore– na aneqje– apÏ ton metatropËa. Sthn pràxh gia rujmo‘c metàdoshc
40 Gbaud anamËnontai apokl–seic pol‘ mikrÏterec twn 20 GHz ki àra pol‘ kalà anektËc apÏ
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Sq†ma 2.11: Diagràmmata ofjalmo‘ twn I kai Q sunistws∏n pou antistoiqo‘n sto RZ-to-NRZ
metasqhmatismËno DQPSK s†ma stic peript∏seic 0o, 20o kai 40o apÏklishc sth tim† thc fàshc
metax‘ twn duo braqiÏnwn tou 80 GHz DI.

ton metatropËa. Oi parapànw paràgrafoi Ëkleisan thn jewrhtik† perigraf† ki anàlush thc di-

àtaxhc mËsw prosomoi∏sewn. H epÏmenh paràgrafoc parousiàzei thn peiramatik† diàtaxh kai ta

apotelËsmata pou apokt†jhkan me ton metatropËa.

2.3.3 Peiramatik† diàtaxh kai apotelËsmata sta 40 Gb/s me RZ-DPSK
sq†ma diamÏrfwshc

O metatropËac epiqeir†jhke peiramatikà kai ektim†jhke h leitourg–a tou me 40 Gb/s PSK s†mata
ulopoi∏ntac thn diàtaxh pou fa–netai sto sq†ma 2.14. To s†ma exÏdou enÏc lËizer katanemhmËnhc

anàdrashc (distributed feedback - DFB) sta 1557.9 nm eis†qjh se Ëna diamorfwt† hlektro-
aporÏfhshc (electro-absorption modulator - EAM) gia th dhmiourg–a optiko‘ rologio‘ apÏ kÏyi-
mo twn palm∏n (pulse carving) sta 40 GHz. To optikÏ rolÏi me e‘roc palmo‘ 8.5 ps (~v33% k‘kloc
ergas–ac) pernàei mËsa apÏ mia optik† gramm† kajustËrhshc (optical delay line - ODL) gia na ka-
tal†xei ston diamorfwt† fàshc (phase modulator - PM), o opo–oc odhge–tai apÏ mia yeudotuqa–a
akolouj–a dif‘wn (pseudo-random bit sequence - PRBS) tàxhc 231 � 1. To 40 Gb/s RZ-PSK
s†ma eisËrqetai ston metatropËa o opo–oc apotele–tai apÏ Ëna oloklhrwmËno 80 GHz DI kai Ëna
0.6 nm OBPF. To DI e–nai oloklhrwmËno se teqnolog–a SOI apÏ thn CIP photonics [54] ki e–qe
sqediaste– ∏ste na mhn ephreàzetai apÏ allagËc sthn polwtik† katàstash tou s†matoc. ParÏla

autà h euaisjhs–a sthn pÏlwsh den e–qe exaleifje– pl†rwc lÏgw thc enapomËnousac diplojla-

stikÏthtac sthn platfÏrma SOI pou kataske‘asthke. Gi autÏ to lÏgo qreiazÏtan Ënac elegkt†c
pÏlwshc sthn e–sodo tou DI gia na beltistopoie– ton lÏgo diaqwrismo‘ twn suzeukt∏n tou DI,
ki Ëtsi thn apÏdosh tou DI kai tou metatropËa. H swst† fàsh twn diadoqik∏n dif‘wn ∏ste na
sumbàlloun swstà exasfal–zetai apÏ Ënan jermo-optikÏ phase shifter sto kàtw àkro tou DI. Oi
eggene–c ap∏leiec (insertion loss) olÏklhrhc thc diàtaxhc tou metatropËa e–nai 12.5 dB, kur–wc
lÏgw twn 11 dB apwlei∏n pou eis†gage to oloklhrwmËno DI. Metà thn metatrop†, to NRZ-PSK
s†ma proqwràei ston dËkth gia tic diadikas–ec thc f∏rashc kai axiolÏghshc. O optikÏc exa-

sjenht†c (attenuator) qrhsimopoie–tai gia na rujm–zei ton optikÏ shmatojorubikÏ lÏgo (OSNR)
tou lambanÏmenou s†matoc. To s†ma pernàei apÏ mia proenisqutik† kai mia enisqutik† bajm–da
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Sq†ma 2.12: Diagràmmata ofjalmo‘ twn metasqhmatismËnwn NRZ-DPSK, NRZ-DQPSK kai
NRZ-16-QAM shmàtwn sthn Ëxodo tou metatropËa gia qronik† kajustËrhsh t –sh me 11.25 ps, 12.25
ps (idanik† tim† gia 80 GHz DI kai 13.75 ps).

gia na eisaqje– sthn sunËqeia sto 40 GHz DI gia apokwdikopo–hsh. Oi duo sumplhrwmatikËc
OOK sunist∏sec odhgo‘ntai ston isostajmismËno dËkth (balanced receiver) me isq‘ -1 dBm. To
hlektrikÏ s†ma pou prok‘ptei apÏ thn f∏rash, apopoluplËketai 1 : 4 kai axiologe–tai mËsw thc

diadikas–ac mËtrhshc tou rujmo‘ twn laj∏n sth l†yh (bit-error rate measurements - BER). Ta
diagràmmata ofjalmo‘ twn kwdikopoihmËnwn katà fàsh kai twn apokwdikopoihmËnwn shmàtwn

apeikon–zontai me th qr†sh enÏc optiko‘ dËkth mon†c eisÏdou (single-ended photoreceiver).

To sq†ma 2.15 de–qnei sugkentrwtikà ta apotelËsmata. Ta sq†mata 2.15a kai 2.15b apeikon–zoun
to s†ma eisÏdou RZ-PSK kai to metasqhmatismËno s†ma NRZ-PSK. Ta sq†mata 2.15c kai 2.15d
apeikon–zoun ta AMI kai DB s†mata sthn Ëxodo tou 40 GHz DI metà thn apokwdikopo–hsh tou
metasqhmatismËnou s†matoc. Ta diagràmata ofjalmo‘ twn duo shmàtwn e–nai kajarà kai anoiktà

upodeikn‘wntac thn uyhl† poiÏthta tou NRZ-PSK s†matoc kai thn apodotikÏthta thc teqnik†c.

To sq†ma 2.16 parousiàzei ta tic kamp‘lec mËtrhshc tou rujmo‘ laj∏n BER curves gia to s†ma
eisÏdou RZ-PSK, to metasqhmatismËno s†ma NRZ-PSK kai to back-to-back s†ma NRZ-PSK sta
40 Gb/s. Kàje kamp‘lh antistoiqe– sth qeirÏterh apÏ tic tËsseric 10 Gb/s sunist∏sec tou kàje
s†matoc. WstÏso, oi diaforËc anàmesa stic tËsseric sunist∏sec †tan amelhtËec, lÏgw thc te-

le–wc pajhtik†c leitourg–ac tou metatropËa, Ïpwc ep–shc ki h apous–a anepij‘mhtwn fainomËnwn

sqhmatofÏrfwshc (pattering effects). Leitourg–a metatrop†c sq†matoc diamÏrfwshc qwr–c làjh
(error-free) epibebai∏jhke me ligÏtera apÏ 5 dB poin† isq‘oc sugkrinÏmenh me thn kamp‘lh tou
RZ-PSK s†matoc eisÏdou. Pio sugkekrimËna h tim† tou BER †tan mikrÏterh apÏ 5 ⇥ 10�11, h

opo–a prok‘ptei lambànontac upÏyh Ïti sto qronikÏ paràjuro twn 2 sec pou diarko‘se h mËtrhsh,
o arijmÏc twn elegmËnwn dif‘wn †tan 2 ⇥ 1010 gia rujmÏ metàdoshc 10 Gb/s. Den qrhsimopoi-
†jhke megal‘tero qronikÏ paràjuro kaj∏c h tim† BER mpore– na jewrhje– arketà qamhl† gia
praktikËc efarmogËc dikt‘wn kormo‘ kai mhtropolitik∏n dikt‘wn. ShmeiwtËon de, aut† h poi-
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Sq†ma 2.13: Diagràmmata ofjalmo‘ twn metasqhmatismËnwn NRZ-DPSK, NRZ-DQPSK kai
NRZ-16-QAM shmàtwn sthn Ëxodo tou metatropËa gia apÏklish 0GHz, 20GHz kai 40GHz metax‘
thc kentrik†c suqnÏthtac tou OBPF kai tou fËrontoc tou s†matoc.

n† isq‘oc ofe–letai kur–wc sthn diaforetik† tim† mËshc mËgisthc isq‘oc pou Ëqoun ta sq†mata

RZ kai NRZ lÏgw thc qronik†c diàrkeiac touc sto textitbitslot. H ant–stoiqh poin† isq‘oc tou
metasqhmatismËnou s†matoc sugkrinÏmenh me thn back-to-back 7 per–ptwsh †tan mikrÏterh tou
1.5 dB upodeikn‘ontac Ïti h paramÏrfwsh pou prokale–tai sto s†ma apÏ to metatropËa e–nai
elàqisth. Gia aut†n thn s‘gkrish jewr†same wc back-to-back, to 40 Gb/s s†ma sthn Ëxodo
tou –diou diamorfwt† fàshc, Ïtan autÏc leitourge– me Ëna optikÏ s†ma suneqo‘c k‘matoc (CW)
sta 1557.9 nm. AnamËnoume Ïti h poin† isq‘oc 1.5 dB mpore– na g–nei akÏma mikrÏterh eàn o
k‘kloc ergas–ac tou RZ-PSK s†matoc eisÏdou e–nai megal‘teroc apÏ 33%. AutÏ exhge–tai apÏ
thn a‘xhsh thc epikàluyhc twn palm∏n sto qrÏno sthn Ëxodo tou DI metax‘ twn arqik∏n palm∏n
kai thc kajusterhmËnhc sunist∏sac touc, Ïtan auxànetai o k‘kloc ergas–ac twn eiserqÏmenwn

RZ-PSK palm∏n, h opo–a Ëqei san apotËlesma ligÏterh diak‘mansh sto plàtoc Ïtan sunduàzontai
ta s†mata sto shme–o exÏdou. Sunep∏c oi megal‘teroi k‘kloi ergas–ac eunoo‘n thn leitourg–a

tou metatropËa. AutÏ mpore– na g–nei kai diaisjhtikà katanohtÏ kaj∏c oi eiserqÏmenoi RZ palmo–
uyhlÏterou k‘klou ergas–ac e–nai pio kontà stouc teliko‘c NRZ Ïson aforà ton qrÏno allà kai
to fàsma. AutÏ uposthr–zetai ki apÏ eur†mata prohgo‘menwn sqetik∏n melet∏n gia thn per–ptw-

sh RZ-OOK se NRZ-OOK metatrop†c sq†matoc diamÏrfwshc qrhsimopoi∏ntac thn –dia teqnik†
[49].

7
'Ena k‘klwma se diamÏrfwsh back-to-back or–zetai eke–no tou opo–ou o pompÏc Ëqei sundeje– apeuje–ac ston

dËkth qwr–c thn parembol† àllwn stoiqe–wn endiàmesa, exairoumËnou enÏc mikro‘ kommatio‘ –nac.
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Sq†ma 2.14: Peiramatik† diàtaxh gia axiolÏghsh tou metatropËa RZ-to-NRZ me s†mata DPSK
sta 40Gb/s

2.3.4 KanÏnec klimàkwshc gia epËktash leitourg–ac tou kukl∏matoc
uyhlÏterouc rujmo‘c metàdoshc

ProhgoumËnwc epide–qjhke h leitourg–a tou kukl∏matoc sta 40 Gb/s. H euelix–a tou kukl∏ma-
toc metatrop†c sq†matoc diamÏrfwshc pou ulopoi†jhke gia th metatrop† shmàtwn RZ-PSK se
NRZ-PSK bas–zetai sto Ïti perilambànei mÏno Ëna stàdio metatrop†c me Ëna kur–wc stoiqe–o,
epomËnwc mpore– na klimakwje– eujËwc Ïson aforà thn ele‘jerh fasmatik† perioq† tou DI gia
leitourg–a me s†mata uyhlÏterou rujmo‘ metàdoshc. O p–nakac 2.1 sunoy–zei thn apaito‘menh e-

K‘kloc ergas–ac 40 Gb/s 50 Gb/s 80 Gb/s 100 Gb/s

33%
12.5 ps
(80 GHz)

10 ps
(100 GHz)

6.25 ps
(160 GHz)

5 ps
(200 GHz)

50%
12.5 ps
(80 GHz)

10 ps
(100 GHz)

6.25 ps
(160 GHz)

5 ps
(200 GHz)

66%
12.5 ps
(80 GHz)

10 ps
(100 GHz)

6.25 ps
(160 GHz)

5 ps
(200 GHz)

P–nakac 2.1: EndeiktikËc timËc apaito‘menhc qronik†c kajustËrhshc se ps tou DI gia thn metatrop†
sq†matoc diamÏrfwshc se rujmo‘c metàdoshc mËqri 100 Gb/s. Se parËnjesh h ele‘jerh fasmatik†
perioq† pou antistoiqe– se kàje tim† qronik†c kajustËrhshc.

le‘jerh fasmatik† perioq† tou sumbolÏmetrou (DI) gia thn metatrop† sq†matoc diamÏrfwshc se
rujmo‘c metàdoshc mËqri 100 Gb/s. Oi timËc Ëqoun upologiste– lambànontac upÏyh thn qronik†
diàrkeia tou bitslot kai thn fasmatik† apÏstash twn pr∏twn isqur∏n armonik∏n enÏc s†matoc
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Sq†ma 2.15: Peiramatikà apotelËsmata. Diagràmmata ofjalmo‘ (a) s†ma eisÏdou RZ-PSK, (b)
metasqhmatismËno s†ma NRZ-PSK kai (c)-(d) ant–stoiqec apokwdikopoihmËnec sunist∏sec

RZ-PSK gia touc diaforetiko‘c rujmo‘c metàdoshc. 'Opwc parathre–tai ston parapànw p–naka,
metatrop† sq†matoc diamÏrfwshc mpore– na epiteuqje– e‘kola, anexart†tou k‘klouc ergas–ac

tou s†matoc, aplà qrhsimopoi∏ntac Ëna sumbolÏmetro me diaforetik† tim† kajustËrhshc metax‘

twn duo drÏmwn. H dunatÏthta kataskeu†c oloklhrwmËnwn sumbolÏmetrwn me pol‘ mikrËc timËc

kajustËrhshc [55] epitrËpei thn epËktash thc leitourg–ac tou kukl∏matoc kai pËra apÏ ta 100

Gb/s, me mÏno Ïrio to hlektrikÏ e‘roc z∏nhc ki àra thn taq‘thta tou pompo‘. H tim† thc dia-
foràc m†kouc twn duo diadrom∏n tou sumbolÏmetrou exartàtai apÏ ton energÏ de–kth diàjlashc

tou kumatodhgo‘ tou sumbolÏmetrou ki epakÏlouja apÏ thn gewmetr–a kai to ulikÏ kataskeu†c

tou, epomËnwc den anafËroume endeiktikËc timËc.

2.4 Hlektronik† poluplex–a me dia–resh qrÏnou gia 100

Gb/s rujmo‘c metàdoshc

MÏlic prin kàpoia qrÏnia (to 2006 per–pou) Ëginan emporikà diajËsima ki àrqisan na egkaj–stantai

ta pr∏ta 40 Gb/s sust†mata metàdoshc basismËna se hlektronik† poluplex–a me dia–resh qrÏnou
(ETDM), kai àrqisan ta pr∏ta 100 Gb/s peiràmata, en∏ Ïpwc e–dame rujmo– metàdoshc 100 Gb/s
me OTDM e–qan †dh deiqje– apÏ to 1993. ParÏla autà problËpetai Ïti sto mËllon h ETDM
ja xeperàsei thn OTDM gia rujmo‘c 100 Gb/s [56]. AutÏ ofe–letai se qarakthristikà pou
kànoun thn OTDM pol‘plokh praktikà, Ïpwc h anàgkh gia sugqronismÏ, h akrib†c exagwg† tou
rologio‘ apÏ ta dedomËna eidikà gia uyhlo‘c rujmo‘c metàdoshc ki h anàgkh gia pol‘ steno‘c

palmo‘c pou apaite– qr†sh s‘njetwn phg∏n lËizer se sunduasmÏ pollËc forËc me epiplËon stàdia

epexergas–ac s†matoc. ApÏ thn pleurà thc metàdoshc oi uyhlÏteroi rujmo– e–nai pio euàlwtoi sto

fainÏmeno thc qrwmatik†c diasporàc kai diasporàc trÏpwn pÏlwshc. ParÏla autà ja parame–nei

mia teqnolog–a pou ja bohjàei sthn exere‘nhsh twn or–wn thc taq‘thtac pou mpore– na epiteuqje–

se Ëna m†koc k‘matoc ki thc anàptuxhc teqnik∏n amig∏c optik†c epexergas–ac s†matoc se autËc

tic taq‘thtec.
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Sq†ma 2.16: PeiramatikËc kamp‘lec mËtrhshc rujmo‘ laj∏n gia to s†ma eisÏdou RZ-PSK, to
metasqhmatismËno s†ma NRZ-PSK kai to back-to-back s†ma NRZ-PSK sta 40 Gb/s

2.4.1 Diatàxeic hlektronik†c poluplex–ac gia 100 Gb/s metàdosh

'Opwc e–dame h seiriak† metàdosh e–nai protimÏterh apÏ thn paràllhlh metàdosh qamhlÏterou

rujmo‘ kanali∏n lÏgw twn pleonekthmàtwn pou prosfËrei. Se autà sugkatalËgontai to qamh-

lÏtero kÏstoc metàdoshc, h anàgkh gia ligÏtera diajËsima gr†gora exart†mata, to mikrÏtero

mËgejoc tou pompodËkth, ligÏtera exart†mata pou mpore– na pàjoun blàbh ki h kal‘terh diaqe–ri-

sh tou optiko‘ fàsmatoc lÏgw qr†shc enÏc kanalio‘. To pr∏to pe–rama me qr†sh hlektronik†c

poluplex–ac sta 107 Gb/s se Ëna mÏno m†koc k‘matoc (seiriak† metàdosh), upolog–zontac ruj-
mÏ metàdoshc dedomËnwn100 Gb/s kai 7 % epiplËon gia FEC, de–qjhke to 2006 [1]. Se eke–no
to pe–rama duo 231 � 1 tàxhc PRBSs apÏ Ënan PPG sta 53.5 Gb/s poluplËqjhkan hlektronikà
qrhsimopoi∏ntac Ënan bulk SiGe 2:1 poluplËkth, afo‘ pr∏ta eis†qjh katàllhlh kajustËrhsh
∏ste oi duo sunist∏sec na aposusqetisto‘n. To hlektrikÏ s†ma sth sunËqeia od†ghse Ënan

LiNbO3 optikÏ diamorfwt† me 35 GHz diajËsimo 3 dB e‘roc z∏nhc kai Vp = 4.8 V, o opo–oc
†tan katàllhloc gia 40 Gb/s qr†sh. H qamhl† tàsh tou hlektriko‘ poluplegmËnou s†matoc den
eparko‘se gia thn od†ghsh tou diamorfwt† me apotËlesma auxhmËnec ap∏leiec diamÏrfwshc. To

periorismËno e‘roc z∏nhc tou diamorfwt† de, e–qe san apotËlesma thn leitourg–a tou diamorfwt†

san qamhloperatÏ f–ltro kai wc mËso gia th gËnnhsh duobinary optik∏n palm∏n. Ep–shc, en∏ to
sq†ma diamÏrfwshc †tan NRZ to diàgramma ofjalmo‘ †tan tele–wc kleistÏ ki Ëmoiaze perissÏte-
ro gia duobinary . Gia thn antimet∏pish tou periorismËnou e‘rouc z∏nhc qrhsimopoi†jhke Ënac
OEQ (optikÏc isostajmist†c) ulopoihmËnoc se oloklhrwmËno fwtonikÏ k‘klwma. O OEQ apo-
telo‘tan apÏ sustoiq–a Mach-Zehnder dom∏n pou r‘jmizan thn fàsh kai to plàtoc tou s†matoc
ulopoi∏ntac Ëtsi FIR f–ltro. Ston dËkth, kaj∏c den up†rqe diajËsimoc 107 Gb/s hlektrikÏc
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apopoluplËkthc, h 1:2 apopoluplex–a pragmatopoi†jhke sto optikÏ ped–o (OTDM) me qr†sh enÏc
MZM diamorfwt† polwmËnou sto qamhlÏtero shme–o thc sunàrthshc metaforàc ki odhgo‘menou
apÏ 26.75 GHz s†ma.

Ed∏ na shmei∏soume Ïti an kai up†rqan diajËsimoi oloklhrwmËnoi dËktec basismËnoi se InP (III-
V) ulikà me e‘roc z∏nhc 100 GHz, dhlad† ikano– gia l†yh 100 Gb/s s†matoc [4], ento‘toic o
pr∏toc (ubridikà) oloklhrwmËnoc dËkthc pou na sunduàzei 100 GHz fwtod–odo kai 1:2 hlektrikÏ
apopoluplËkth (DEMUX) de–qjhke l–go argÏtera [6, 57]. H olokl†rwsh thc fwtodiÏdou kai tou
DEMUX se Ëna kout–, prosËfere pleonekt†mata sugkrinÏmenh me thn apÏdosh xeqwrist∏n stoi-
qe–wn, Ïpwc: ligÏtera mikrokumatikà parasitikà fainÏmena kai qamhlÏterec ap∏leiec stic grammËc

metaforàc afo‘ katargo‘ntan ta makrià omoaxonikà kal∏dia kai oi asunËqeiec pou anapÏfeukta

eis†gagan sto s†ma. Ep–shc oi akribo– RF s‘ndesmoi (connectors) sta koutià thc fwtodiÏdou kai
tou DEMUX den e–nai anagka–oi. TËloc ta hlektrikà s†mata rologio‘ kai dedomËnwn qreiàzetai
na trËqoun sto misÏ rujmÏ metàdoshc elatt∏nontac tic apait†seic twn exwterik∏n hlektroni-

k∏n. Se parÏmoio pe–rama metàdoshc Ïpou okt∏ hlektrikà s†mata 13.175 Gb/s poluplËkontai
4:1 kai 2:1 gia na d∏soun 107 Gb/s s†ma se Ënan LiNbO3 MZM, Ëgine epituq†c l†yh tou optiko‘
s†matoc kai 1:2 apopoluplex–a se B2B diàtaxh qrhsimopoi∏ntac ton oloklhrwmËno dËkth, en∏
akolo‘jhse akÏma Ëna stàdio 1:4 apopoluplex–ac gia na katal†xoun sto basikÏ rujmÏ twn arqi-

k∏n sunistws∏n kai na pragmatopoihje– axiolÏghsh laj∏n. Ta probl†mata lÏgw periorismËnou

hlektriko‘ e‘rouc z∏nhc ston diamorfwt† tou pompo‘ Ëkanan anagka–a th qr†sh OEQ.

Sunduàzontac duo PRBSs sta 53.5 Gb/s se Ëna hlektronikÏ 2:1 poluplËkth, oi opo–ec Ëqoun
pr∏ta aposusqetiste– eisàgontac katàllhlh kajustËrhsh, gia thn ep–teuxh hlektriko‘ s†matoc

107 Gb/s kai odhg∏ntac me autÏ to s†ma Ënan 30 GHz MZM, de–qjhke metàdosh optiko‘ NRZ
s†matoc sta 107 Gb/s diamËsou 160 km egkatesthmËnou dikt‘ou optik∏n in∏n [58]. To periori-
smËno e‘roc z∏nhc tou diamorfwt† kai se autÏ to pe–rama kajisto‘se anagka–a th qr†sh OEQ
me th morf† 6 tap feed forward FIR. Ep–shc qrhsimopoi†jhke VSB f–ltro metà ton diamorfwt†
kÏbontac fàsma apÏ to s†ma, Ïpwc kai DCF me tim† �40ps/nm prin th metàdosh gia antistàjmish

(pre-compensation) thc diasporàc. Ston dËkth, to hlektrikÏ s†ma pou prok‘ptei, odhge–tai se
Ëna k‘klwma pou sunduàzei 1:2 apopoluplex–a kai CDR kai sth sunËqeia sto k‘klwma BER.

To empÏdio tou qamhlo‘ e‘rouc z∏nhc 30GHz twn Mach-Zehnder diamorfwt∏n pou kajistà
anagka–a thn qr†sh mejÏdwn optik†c isostàjmishc (OEQ) kai optik∏n f–ltrwn e–nai profanËc
kai prËpei na xeperaste– gia thn ep–teuxh uyhl†c poiÏthtac 100 Gb/s shmàtwn. H proexËqousa
l‘sh se autÏ to prÏblhma e–nai h anàptuxh ki h qr†sh gr†gorwn oloklhrwmËnwn pomp∏n kai

dekt∏n pou diajËtoun to apaito‘meno uyhlÏ e‘roc z∏nhc gia leitourg–a sta 100 Gb/s. Proc
se aut† thn kate‘junsh, epite‘qjhke rujmÏc metàdoshc 112 Gb/s qwr–c qr†sh OEQ me Ënan
oloklhrwmËno pompÏ pou sund‘aze DFB lËizer kai diamorfwt† hlektroaporrÏfhshc ode‘ontoc
k‘matoc (travelling wave electroabsorption modulator - TWEAM ) me 90 GHz 3 dB e‘roc z∏nhc
[59]. Gia thn od†ghsh tou pompo‘, duo pol‘ gr†gorec PRBSs apÏ ton –dio PPG poluplËqjhkan se
Ënan InP-DHBT 2:1 hlektrikÏ poluplËkth kai sth sunËqeia to s†ma enisq‘jhke apÏ Ënan enisqut†
ode‘ontoc k‘matoc (TWA). O dËkthc apotelo‘tan apÏ mia fwtod–odo 100 GHz sundedemËnh me Ëna
k‘klwma anàkthshc rologio‘ kai 1:2 hlektrik†c apopoluplex–ac. Prin to dËkth up†rqe enisqut†c

EDFA gia na belti∏sei to plàtoc tou hlektriko‘ s†matoc pou prok‘ptei apÏ th fwtod–odo. To
s†ma metadÏjhke mËsa apÏ 42 km optik†c –nac qrhsimopoi∏ntac Ïmwc kai pàli –nec DCF gia thn
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antimet∏pish thc diasporàc.

H teqnolog–a InP-DHBT epitrËpei thn kataskeu† hlektronik∏n stoiqe–wn (apopoluplekt∏n, e-
nisqut∏n ktl.) me e‘roc z∏nhc megal‘tero twn 50 GHz an kai me megàlo kÏstoc. 'Oson aforà
optohlektronikà stoiqe–a Ïpwc diamorfwtËc, Ëqei deiqte– diamorfwt†c basismËnoc se hlektroo-

ptikà polumerikà ulikà me e‘roc z∏nhc >65 GHz katàllhloc gia 100 Gb/s metàdosh, allà pàli
me uyhlÏ kÏstoc. H taq‘thta twn domik∏n stoiqe–wn e–nai s–gouro Ïti ja auxànetai me ton kairÏ,

Ïso wrimàzoun oi teqnolog–ec allà me to anàlogo kÏstoc. MËqri ta exart†mata gia 100 Gb/s
na g–noun oikonomikà apodotikà Ëqoun deiqje– peiràmata pou epitugqànoun 100 Gb/s metàdosh,
qrhsimopoi∏ntac 40G stoiqe–a gia oikonomikà apodotikËc ze‘xeic kontin∏n apostàsewn gia upo-
logistikà kËntra Ïpwc sto [60]. Se autÏ to pe–rama, duo s†mata sta 25.78 Gb/s apÏ Ënan PPG
poluplËkontai apÏ 2:1 InP-DHBT poluplËkth gia na epiteuqje– hlektrikÏ s†ma sta 51.56 Gb/s.
Pa–rnontac ta duo s†mata apÏ tic duo exÏdouc tou pr∏tou poluplËkth kai trofodÏntac Ëna de‘te-

ro 2:1 MUX epitugqànetai 103.12 Gb/s OOK telikÏ s†ma, to opo–o odhge– Ënan MZM me 30 GHz
e‘roc z∏nhc. To s†ma diadÏjhke mËsa apÏ 1 km –nac. To periorismËno e‘roc z∏nhc tou s†matoc
dhmiourgo‘se Ëna diàgramma ofjalmo‘ 3 epipËdwn pou Ëmoiaze perissÏtero me duobinary. An kai
h l†yh tou s†matoc Ëgine me arg† fwtod–odo, gia thn apokwdikopo–hsh tou apait†jhke off-line
epexergas–a, deigmatolhpt∏ntac kai apojhke‘ontac to se Ënan palmogràfo. O upologismÏc twn

laj∏n ep–shc Ëgine proseggistikà lÏgw adunam–ac apoj†keushc megàlou arijmo‘ deigmàtwn ston

palmogràfo. Praktikà den epide–qthke pragmatikÏc dËkthc.

2.5 OloklhrwmËnoi pompo– 100 Gb/s seiriako‘ rujmo‘ me-

tàdoshc

ApÏ ta parapànw e–nai profanËc, Ïti stoiqe–a pou den diajËtoun to apaito‘meno e‘roc z∏nhc,

den prÏkeitai potË na apod∏soun Ïpwc stoiqe–a sqediasmËna gia 100 Gb/s OOK metàdosh me
eparkËc e‘roc z∏nhc, toulàqiston Ïson aforà diamÏrfwsh plàtouc kai àmesh l†yh (IM/DD).
To periorismËno e‘roc z∏nhc ja kànei anagka–a th qr†sh kuklwmàtwn optik∏n isostajmist∏n

kai f–ltrwn ston pompÏ. S†mata sta 100 Gb/s den mporo‘n na lhfjo‘n me mËjodo àmeshc l†yhc
apÏ argËc fwtodiÏdouc, kaj∏c to s†ma den ja moiàzei me OOK, to diàgramma ofjalmo‘ den
ja Ëqei diakritËc stàjmec plàtouc kai ja e–nai anagka–a h ek twn ustËrwn epexergas–a off-line
me qr†sh exeidikeumËnwn diagnwstik∏n mhqanhmàtwn Ïpwc palmogràfouc pragmatiko‘ qrÏnou.

AkÏma ki an qrhsimopoihjo‘n stoiqe–a me megàlo e‘roc z∏nhc, h qr†sh exwterik∏n kuklwmàtwn

poluplex–ac kai hlektrik∏n enisqutik∏n bajm–dwn odhge– se pol‘ploka sust†mata metàdoshc, me

ta probl†mata pou anafËrame †dh pio pànw (auxhmËnec ap∏leiec lÏgw kalwd–wn kai sundËsmwn,

parasitikËc qwrhtikÏthtec, auxhmËno kÏstoc lÏgw twn poll∏n xeqwrist∏n packages ktl.). E–nai
profanËc pwc h olokl†rwsh Ïlwn twn domik∏n stoiqe–wn se Ëna mÏno kout– e–nai o monadikÏc

trÏpoc gia thn ep–lush aut∏n twn problhmàtwn kai thn anàptuxh pompodekt∏n pou plhro‘n tic

proÙpojËseic klimàkwshc, prosfËrontac anempÏdisth anàptuxh twn mellontik∏n optik∏n dikt‘wn.



2.5. OloklhrwmËnoi pompo– 100 Gb/s seiriako‘ rujmo‘ metàdoshc 55

2.5.1 Hlektronik† poluplex–a ston pompÏ kai qr†sh hletkrooptik†c
polumerik†c platfÏrmac

ErgazÏmenoi proc thn kate‘junsh thc anàptuxhc enÏc oloklhrwmËnou kukl∏matoc pompo‘ seiria-

k†c metàdoshc 100 Gb/s pou ja sunduàzei gr†gora hlektrikà kai optohlektronikà stoiqe–a mËsa
sto –dio kout–, de–xame to 2012 sta pla–sia tou eurwpako‘ Ërgou ICT-POLYSYS [61] ton pr∏to
oloklhrwmËno pompÏ metàdoshc 100 Gb/s se Ëna m†koc k‘matoc [3]. Oi efarmogËc pou stÏqeu-
e o pompÏc †tan diasundËseic chip-to-chip, diasundËseic rack-to-rack mËsa se Ëna upologistikÏ
kËntro † metax‘ diaforetik∏n upologistik∏n kËntrwn, kaj∏c kai ta mellontikà (ta opo–a Ëqoun

g–nei t∏ra pragmatikÏthta) 100 GbE d–ktua. Gia autÏ ton lÏgo anapt‘qjhkan ep–shc gr†goroi
dËktec me dunatÏthta l†yhc 4 kanali∏n sta 100 Gb/s to kajËna. Sta pla–sia tou –diou Ërgou
anapt‘qjhkan ektÏc apÏ apÏ ton 100 Gb/s pompÏ kai àlloi duo pompo– me auxhmËnh leitourgi-
kÏthta, Ënac me qwrhtikÏthta 2 ⇥ 100Gb/s kai Ënac sta 100 Gb/s me dunatÏthta r‘jmishc tou
m†kouc k‘matoc ekpomp†c, oi opo–oi maz– me ton peiramatikÏ qarakthrismÏ touc apotelo‘n antike-

–mena twn epÏmenwn kefala–wn. O 100 Gb/s prwtoporiakÏc pompÏc sund‘aze Ënan pol‘ gr†goro
polumerikÏ hlektro-optikÏ diamorfwt† Mach-Zehnder [62] me 3 dB e‘roc z∏nhc >65 GHz pou
odhge–tai apÏ Ëna 100 Gb/s hlektrikÏ s†ma proerqÏmeno apÏ Ëna 2:1 k‘klwma poluplex–ac apÏ ta
50 Gb/s sta 100 Gb/s ki enisqut† me dunatÏthta plàtouc exÏdou 2.5 textlatinV, kataskeuasmËno
se teqnolog–a 0.7 um InP-DHBT [63].

Sq†ma 2.17: (a) Fwtograf–a apÏ to kout– tou oloklhrwmËnou pompo‘ 100 Gb/s, qwr–c to kàlumma,
pou sunduàzei ta gr†gora stoiqe–a se Ëna monadikÏ kout–, (b) hlektro-optikÏc diamorfwt†c 100 Gb/s
basismËnoc se polumerik† platfÏrma olokl†rwshc, (g) mikrofwtograf–a tou hlektroniko‘ 2:1 MUX-
Driver kukl∏matoc kataskeuasmËnou se InP-DHBT teqnolog–a.

O hlektrooptikÏc diamorfwt†c, to hlektronikÏ k‘klwma poluplex–ac ki o oloklhrwmËnoc pompÏc

fa–nontai sto sq†ma 2.17.

Wc phg† fwtÏc qrhsimopoi†jhke Ëna aplÏ DFB lËizer. Mia idiaiterÏthta tou hlektrooptiko‘
polumeriko‘ diamorfwt† e–nai Ïti diamorf∏nei fwc me TM pÏlwsh, lÏgw tou trÏpou pou Ëqoun
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prosanatoliste– oi qrwmofÏrec tou katà thn pÏlwsh tou uliko‘. Exait–ac aut†c thc idiaiterÏthtac,

to DFB lËizer to opo–o ekpËmpei fwc se TE pÏlwsh, Ëprepe na strafe– 90o kai na topojethje– se
xeqwristÏ uposthriktikÏ pla–sio prin eujugrammiste– me ton kumatodhgÏ tou diamorfwt†. 'Oson

aforà ta stoiqe–a xeqwristà, h isq‘c exÏdou tou lËizer e–nai per–pou 5 mW † +6 dBm me re‘ma
Ëgqushc 100-mA kai e‘roc fasmatik†c gramm†c (linewidth) 50-MHz † <0.0005 nm.

O hlektrooptikÏc diamorfwt†c Ïpwc anafËrjhke kai pio pànw e–naiMach-Zehnder me e‘roc z∏nhc
> 65 GHz gia 100 Gb/s metàdosh, kataskeuasmËnoc sthn polumerik† platfÏrma thc GigOptix
me dunatÏthta na diamorf∏nei se Ïlh th C-band 1530 - 1610 nm, optical ER (optikÏc lÏgoc
sbËshc) 13 dB, optical IL (optik† ap∏leia eisagwg†c) 6.5 dB kai to m†koc tou e–nai 11 mm.
H hlektrooptik† stajerà tou uliko‘ e–nai 65 pm/V ki oi ap∏leiec diàdoshc tou uliko‘ e–nai 1
dB/cm. Gia thn od†ghsh tou qreiàzetai Ëna hlektrikÏ s†ma 3.5 Vpp (single ended operation) kai
to re‘ma pÏlwshc gia to shme–o leitourg–ac tou MZM (DC bias) e–nai 60 mA.

O MUX-Driver e–nai kataskeuasmËnoc sthn teqnolog–a 0.7-um InP-DHBT twn III-V labs kai
dËqetai wc eisÏdouc duo 50 Gb/s s†mata pou prËpei na Ëqoun plàtoc 200 - 300 mV, kai Ëna s†ma
rologio‘ ston –dio rujmÏ (50 Gb/s) me 400 mV plàtoc. To k‘klwma katanal∏nei isq‘ 2 W,
Ëqei diastàseic 1.5⇥ 1.2mm2 kai d–nei san Ëxodo duo diaforikà s†mata sta 100 Gb/s me mËgisto
plàtoc 2⇥ 2.5 V to kajËna.

Sto –dio sq†ma fa–netai kai h sundesmolog–a twn exarthmàtwn mËsa sto FeNiCo kout–. GrammËc
metaforàc me empËdhsh 50 Ohm kataskeuasmËnec se Alumina upÏstrwma sundËoun touc GPPO
sundËsmouc sto k‘klwma MUX-DRV, kai wirebonds me m†koc 150 mm sundËoun thn Ëxodo tou
MUX-DRV ston MZM diamorfwt†. Oi DC sundËseic pou fa–nontai sth fwtograf–a qrhsime‘oun
gia thn leitourg–a tou DFB lËizer, twn jermik∏n olisjht∏n fàshc pou kajor–zoun to shme–o
leitourg–ac (pÏlwshc) tou diamorfwt† kai tou jermohlektriko‘ mhqanismo‘ y‘xhc (TEC) tou
pompo‘. Gia thn s‘zeuxh tou diamorfwmËnou s†matoc apÏ ton polumerikÏ kumatodhgÏ qrhsimo-

poi†jhke fakoeid†c optik† –na me ap∏leiec 1.5 dB. Oi sunolikËc optikËc ap∏leiec mËsa sto kout–
anËrqontai se 8.5 dB sumperilambànontac kai tic ap∏leiec tou diamorfwt†, kai Ëqoun san apo-
tËlesma 0.8 dBm optik† isq‘ exÏdou se s†ma CW sthn mËgisth tim† thc sunàrthshc metaforàc

tou diamorfwt†, Ïtan h d–odoc lËizer leitourge– me 120 mA re‘ma Ëgqushc.

To packaging miac tËtoiac suskeu†c pou leitourge– me s†mata pol‘ uyhl†c suqnÏthtac e–nai
pol‘plokh diadikas–a ki apaite– kalÏ sqediasmÏ sthn dias‘ndesh twn exarthmàtwn, Ïpwc gia pa-

ràdeigma pol‘ kontà wirebonds gia thn apofug† apwlei∏n kai parasitik∏n qwrhtikot†twn, kal†
prosarmog† emped†sewn (impedance matching) metax‘ tou diamorfwt† kai tou poluplËkth gia
thn apofug† anepij‘mhtwn anaklàsewn, allà kai thn sqed–ash ki enswmàtwsh enÏc mplok ter-

matismo‘ gia thn de‘terh Ëxodo tou MUX-DRV pou den qrhsimopoie–tai. Gia thn diere‘nhsh thc
apÏdoshc tou pompo‘ me tÏso uyhlà s†mata, ki eidikÏtera thn ep–drash twn gramm∏n metaforàc

sthn poiÏthta twn hlektrik∏n shmàtwn, thn ep–drash tou qamhlÏterou diajËsimou plàtouc tou

s†matoc od†ghshc ston diamorfwt†, kaj∏c kai thn ep–drash tou kanalio‘ metaforàc thc plhro-

for–ac, dhlad† thc optik†c –nac, sthn mËgisth apÏstash metàdoshc, pragmatopoi†jhkan melËtec

qrhsimopoi∏ntac to logismikÏ prosomoi∏sewn VPITransmissionMaker.

H diàtaxh pou dhmiourg†jhke sto logismikÏ prosomo–wshc fa–netai sto sq†ma 2.18. Apotele–tai

apÏ 4 kur–wc domikà stoiqe–a, to tm†ma pou gennàei ta 50 Gb/s s†mata, to tm†ma pou gennàei
to 50 GHz s†ma rologio‘, o hlektrikÏc 2:1 poluplËkthc me ton RF-driver kai o single-ended
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Sq†ma 2.18: Basik† diàtaxh sto VPITransmissionMaker gia thn prosomo–wsh tou 100-Gb/s
pompo‘.

driven diamorfwt†c. Ta duo 50 Gb/s s†mata apotelo‘ntai apÏ 29-1 PRBSs kai odhgo‘ntai ston
poluplËkth. Eke– o poluplËkthc pou odhge–tai apÏ to 50-GHz s†ma rologio‘ e–nai upe‘junoc gia
th gËnnhsh tou teliko‘ 100 Gb/s s†matoc to opo–o diathre– thn –dia PRBS me tic duo sunist∏sec.
EpiprÏsjeta sth diàtaxh Ëqoun topojethje– mia monàda pou epitrËpei thn eisagwg† jor‘bou jittter
sto s†ma rologio‘ † sta duo s†mata 50 Gb/s, kai Ëna qamhloperatÏ hlektrikÏ f–ltro metax‘
tou RF-driver kai tou diamorfwt† gia thn exomo–wsh tou qamhlo‘ diajËsimou hlektriko‘ e‘rouc
z∏nhc twn hlektrik∏n stoiqe–wn (RF-driver, 2:1 MUX ). Parakàtw perigràfontai me leptomËreia
oi melËtec pou pragmatopoi†jhkan kaj∏c kai ta basikà sumperàsmata touc.

Ep–drash tou shme–ou pÏlwshc tou diamorfwt† kai tou s†matoc od†ghshc

Sq†ma 2.19: (a) Sunàrthsh metaforàc tou polumeriko‘ diamorfwt† kai bËltisto shme–o pÏlwshc
gia 3.5 V diajËsimo plàtoc s†matoc od†ghshc, (b) nËo shme–o pÏlwshc tou diamorfwt† sthn per–ptwsh
2.5 V diajËsimou plàtouc. UyhlÏc lÏgoc sbËshc ER tou optiko‘ s†matoc e–nai efiktÏc me kÏstoc
mikrÏterh isq‘ exÏdou kai (g) jewrhtikà bËltista shme–a pÏlwshc gia diaforetikà diajËsima plàth tou
s†matoc od†ghshc.

'Opwc e–dame to diajËsimo plàtoc tou s†matoc od†ghshc pou exËrqetai tou enisqut† e–nai qamh-

lÏtero tou apaito‘menou Vp gia pl†rh strof† fàshc tou diamorfwt†, to opo–o e–nai 3.5 Vpp. Gia

to lÏgo autÏ melet†jhke h ep–drash aut†c thc anantistoiq–ac sthn poiÏthta tou optiko‘ s†matoc

exÏdou. To shme–o pÏlwshc en gËnei epilËgetai na br–sketai sth mËsh thc sunàrthshc metaforàc

tou diamorfwt† o‘twc ∏ste autÏc na leitourge– sth grammik† perioq† thc sunàrthshc metaforàc

kai na prokale–tai elàqisth paramÏrfwsh. EpomËnwc gia diajËsimo plàtoc Vp = 3.5, to shme–o



58 KEFALAIO 2

Sq†ma 2.20: Diagràmmata ofjalmo‘ gia (a) 3.5 V plàtoc od†ghshc kai 1.75 V shme–o pÏlwshc,
(b) 2.5 V plàtoc od†ghshc kai 1.75 V shme–o pÏlwshc kai (g) 2.5 V plàtoc od†ghshc kai 2.25 V shme–o
pÏlwshc.

epilËgetai na e–nai 3.5/2=1.75 V. 'Otan to diajËsimo plàtoc mei∏netai, to shme–o pÏlwshc prËpei
na metakinhje– proc uyhlÏterec timËc ∏ste na diathrhje– qamhl† h optik† isq‘c sth stàjmh tou

shme–ou pou antistoiqe– sto mhdËn kai h tim† tou lÏgou sbËshc gia to optikÏ s†ma na parame–nei se

uyhlËc timËc. AutÏ Ëqei san apotËlesma Ïmwc o diamorfwt†c na odhge–tai kontà sth mh grammik†

perioq† thc sunàrthshc metaforàc kai na perior–zetai h optik† isq‘c sthn Ëxodo tou diamorfwt†.

S‘mfwna me ta parapànw, to shme–o pÏlwshc prËpei na metakinhje– apÏ thn idanik† tim† 1.75

V, sthn tim† 2.25 V gia diajËsimo 2.5 V s†ma od†ghshc. Ta sq†mata 2.19(a)-(b) de–qnoun ta
shme–a pÏlwshc pànw sthn sunàrthsh metaforàc, en∏ to sq†ma 2.19(g) parousiàzei ta jewrhtikà

bËltista shme–a pÏlwshc gia diaforetikà diajËsima plàth tou s†matoc od†ghshc.

H ep–drash tou shme–ou pÏlwshc sto diàgramma ofjalmo‘ tou optiko‘ s†matoc fa–netai sto sq†ma
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Sq†ma 2.21: MËsh tim† thc optik†c isq‘c exÏdou apÏ ton diamorfwt† sunart†sei tou diajËsimou
plàtouc od†ghshc kai tou shme–ou pÏlwshc.

2.20. Oi timËc 3.5 V plàtoc kai 1.75 V shme–o pÏlwshc Ëqoun san apotËlesma arketà uyhlÏ lÏgo
sbËshc kai shme–o diasta‘rwshc sto 50% (sq†ma 2.20(a». 'Otan to plàtoc od†ghshc pËsei sta

2.5 V, diathr∏ntac to shme–o pÏlwshc sta 1.75 V kratàei stajerÏ to shme–o diasta‘rwshc sto
50% allà mei∏nei to lÏgo sbËshc (sq†ma 2.20(b»8. Metakin∏ntac to shme–o pÏlwshc sta 2.25

V, o lÏgoc sbËshc apokaj–statai allà to shme–o diasta‘rwshc metakine–tai qamhlÏtera sto 35%
qwr–c wstÏso na ephreàzei thn poiÏthta tou s†matoc (sq†ma 2.20(g».

TËloc to sq†ma 2.21 parousiàzei ta apotelËsmata apÏ th melËth gia thn ep–drash tou diajËsimou

plàtouc od†ghshc sthn optik† isq‘ tou diamorfwmËnou s†matoc. Me k‘klo shmei∏netai to bËl-

tisto shme–o pÏlwshc gia kàje diajËsimo plàtoc tou s†matoc od†ghshc, dhlad† to shme–o eke–no

pou megistopoie– to lÏgo sbËshc tou optiko‘ s†matoc. ApÏ to sq†ma e–nai emfan†c h me–wsh

thc optik†c isq‘oc exÏdou me th me–wsh tou diajËsimou plàtouc od†ghshc kaj∏c o diamorfwt†c

leitourge– sthn qamhlÏterh mh grammik† perioq† thc sunàrthshc metaforàc tou. S‘mfwna me th

melËth, h metak–nhsh tou shme–ou pÏlwshc ja Ëqei san apotËlesma qamhlÏterh optik† isq‘ exÏdou

katà 1 dB, h opo–a mpore– na antistajmiste– auxànontac to re‘ma Ëgqushc thc diÏdou lËizer DFB.

Ep–drash tou hlektro-optiko‘ e‘rouc z∏nhc tou pompo‘

H epÏmenh melËth est–ase sthn ep–drash tou peperasmËnou e‘rouc z∏nhc twn hlektrik∏n stoi-

qe–wn sth apÏdosh tou pompo‘ kai thn poiÏthta tou optiko‘ s†matoc. Aut† h melËth e–nai

shmantik† giat– o pompÏc doule‘ei se suqnÏthtec pol‘ uyhlËc >65-GHz kai autÏ to apaito‘meno
e‘roc z∏nhc den e–nai diajËsimo apÏ pollà hlektronikà exart†mata, allà kai e–nai d‘skolo na epi-

8
Parathr∏ntac proseqtikÏtera to sq†ma fa–netai pwc sto diàgramma ofjalmo‘ to ep–pedo tou s†matoc pou

antistoiqe– sto s‘mbolo 0, e–nai mh mhdenikÏ. Praktikà autÏ shma–nei Ïti ekpËmpetai isq‘c katà th diàrkeia tou

sumbÏlou 0 en∏ kanonikà o pompÏc ja Ëprepe na e–nai sbhstÏc.
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Sq†ma 2.22: Diagràmmata ofjalmo‘ tou hlektriko‘ s†matoc od†ghshc gia (a) 50 GHz, (b) 65 GHz,
(g) 85 GHz, (d)100 GHz e‘roc z∏nhc tou f–ltrou, kai (e) - (h) diagràmmata ofjalmo‘ tou lambanÏmenou
s†matoc se idanik† fwtod–odo gia tic ant–stoiqec timËc e‘rouc z∏nhc.

teuqjo‘n grammËc metaforàc (wirebonds) pou na to uposthr–zoun, odhg∏ntac Ëtsi se auxhmËnec
ap∏leiec se autËc tic suqnÏthtec. Oi periorismo– sto diajËsimo hlektrikÏ e‘roc z∏nhc anamËne-

tai na ephreàsoun touc qrÏnouc anÏdou kai kajÏdou tou hlektriko‘ s†matoc pou odhge– ton

diamorfwt†. O periorismÏc sto diajËsimo e‘roc z∏nhc exomoi∏jhke sth diàtaxh prosomo–wshc

topojet∏ntac Ëna qamhloperatÏ hlektrikÏ f–ltro Bessel 3hc tàxhc prin apÏ ton diamorfwt†. To
sq†ma 2.22 parousiàzei ta diagràmmata ofjalmo‘ gia diaforetikËc timËc tou hlektriko‘ f–ltrou

pou prosomoi∏nei to periorismËno e‘roc z∏nhc twn hlektrik∏n exarthmàtwn (sq†mata a-d) ka-

j∏c kai ta diagràmmata ofjalmo‘ tou lambanÏmenou s†matoc se mia idanik† fwtod–odo (sq†mata

e-h). ApÏ ta sq†mata e–nai emfanËc Ïti oi qrÏnoi anÏdou-kajÏdou belti∏nontai (mei∏nontai) Ïso

to e‘roc z∏nhc auxànei kàti pou e–nai logikÏ giat– perilambànontai sto fasmatikÏ perieqÏmeno

tou s†matoc uyhlËc armonikËc pou suneisfËroun stic gr†gorec metabàseic. ApÏ ta diagràmmata

ofjalmo‘ tou lambanÏmenou s†matoc sumpera–netai Ïti diajËsimo e‘roc z∏nhc 65 GHz Ëqei san
apotËlesma ikanopoihtik†c poiÏthtac s†mata.
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Endeiktikà apotelËsmata leitourg–ac tou pompo‘

Ta exart†mata pou anafËrjhkan pio pànw paradÏjhkan sthn etair–a Linkra s.r.l., h opo–a anËlabe
thn olokl†rwsh twn exarthmàtwn sto kout– kai thn dhmiourg–a tou pompo‘. Metà thn d‘skolh

diadikas–a olokl†rwshc, h suskeu† paradÏjhke sto Ergast†rio Fwtonik∏n Epikoinwni∏n gia ton

peiramatikÏ qarakthrismÏ thc me uy–rrujma s†mata. H diadikas–a tou qarakthrismo‘ di†rkhse

3 m†nec kai ta pol‘ kalà apotelËsmata estàlhsan se ergas–a sto diejnËc sunËdrio European
Conference on Optical Communication kai epilËqjhkan na parousiasto‘n sthn enÏthta post-
deadline [64], allà kai se mia ergas–a sto periodikÏ Optics Express h opo–a perie–qe perissÏtera
apotelËsmata apÏ ton peiramatikÏ qarakthrismÏ [3].

Sq†ma 2.23: (a) Diàgramma ofjalmo‘, (b) optikÏ fàsma tou 80 Gb/s optiko‘ s†matoc, kai (st)
diàgramma ofjalmo‘ tou hlektriko‘ apopoluplegmËnou s†matoc 40 Gb/s. (d) Diàgramma ofjalmo‘,
(e) optikÏ fàsma tou 100 Gb/s optiko‘ s†matoc, kai (st) diàgramma ofjalmo‘ tou hlektriko‘ apopo-
luplegmËnou s†matoc 50 Gb/s.

H peiramatik† diàtaxh apotelo‘ntan apÏ mia RF phg† pou genno‘se Ëna s†ma 12.5 GB/s, to opo–o
odhgo‘se Ëna PPG. O PPG genno‘se mia yeudotuqa–a akolouj–a 231 � 1 tàxhc, h opo–a diaqwri-

zÏtan se 4 sunist∏sec qrhsimopoi∏ntac allhlouq–a 1:2 diaqwrist∏n. Stic sunist∏sec eisagÏtan

katàllhlh kajustËrhsh mËsw diaforetik∏n mhk∏n kalwd–wn ∏ste na aposusqetisto‘n metax‘

touc, prin katal†xoun stic 4 eisÏdouc enÏc 4:1 poluplËkth, o opo–oc Ëdine stic exÏdouc tou to
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50 Gb/s s†ma kai to ant–jeto tou. Oi grammËc kajustËrhshc (ta m†kh twn kalwd–wn) e–qan
upologiste– me tËtoio trÏpo ∏ste na Ëqoun san apotËlesma sqetik† kajustËrhsh twn shmàtwn

sto qrÏno T, 3T/4, T/2, T/4. Oi sunist∏sec sugqron–zontai se ep–pedo dif‘ou prin mpoun ston

poluplËkth me th bo†jeia hlektrik∏n olisjht∏n fàshc. Sthn sunËqeia, h –dia diadikas–a akolou-

je–tai kai gia tic duo Ëxodouc sta 50 Gb/s. Ta s†mata aposusqet–zontai me katàllhlec grammËc
kajustËrhshc kai eisËrqontai san e–sodoi ston poluplËkth tou pompo‘. Sthn Ëxodo tou pompo‘

to optikÏ s†ma sta 1551.3 nm enisq‘etai kai filtràretai. MËroc tou optiko‘ s†matoc lambànetai
apÏ mia gr†gorh fwtod–odo gia melËth tou diagràmmatoc ofjalmo‘, en∏ to upÏloipo prowje–tai

ston dËkth gia anàlush laj∏n kai metr†seic BER. O dËkthc apotele–tai apÏ mia pin-photodiode
me diajËsimo e‘roc z∏nhc 100 GHz, suntelest† apÏkrishc 0.5 A/W kai Ëna hlektrikÏ apopolu-

plËkth 1:2 kataskeuasmËno se InP-DHBT teqnolog–a. O apopoluplËkthc dËqetai to s†ma apÏ
thn fwtod–odo kai d–nei tic 50 Gb/s sunist∏sec sthn Ëxodo. O pompÏc qarakthr–sthke ep–shc
kai me s†mata sta 80 Gb/s. To sq†ma 2.23 de–qnei ta diagràmmata ofjalmo‘ gia ta 80 Gb/s kai
ta 100 Gb/s, ta ant–stoiqa fàsmata apÏ ton analut† fàsmatoc kai ta ant–stoiqa diagràmmata
ofjalmo‘ tou apopoluplegmËnou hlektriko‘ s†matoc. Oi metr†seic laj∏n pou pragmatopoi†jh-

kan kai stic 8 sunist∏sec (4 gia kàje kanàli) tou s†matoc, Ëdeixan leitourg–a qwr–c làjh me tim†

BER 10�10 gia leitourg–a sta 80 Gb/s kai sta 100 Gb/s. H apaito‘menh optik† isq‘c sto dËkth
gia leitourg–a qwr–c làjh e–nai katà prosËggish 8 dBm gia ta 80 kai 10.3 dBm gia ta 100 Gb/s.
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KEFALAIO 3

OloklhrwmËnoc pompÏdËkthc seiriako‘ rujmo‘ metàdoshc

N ⇥ 100Gb/s gia sust†mata 400Gb/s

S
to prohgo‘meno kefàlaio e–dame Ïti h prÏodoc sthn teqnolog–a twn hlektronik∏n stoiqe-

–wn Ïpwc poluplekt∏n kai apopoluplekt∏n Ëkane dunat† thn ep–teuxh seiriako‘ 100 Gb/s
s†matoc me th mËjodo ETDM, apait∏ntac wstÏso optohlektronikà stoiqe–a anàlogou e‘rouc
z∏nhc. O epituqhmËnoc sunduasmÏc twn hlektronik∏n kai optohlektronik∏n stoiqe–wn od†ghse

sthn anàptuxh enÏc pompo‘ metàdoshc 100 Gbps se mia gramm† (lane) kai qrhsimopoi∏ntac Ëna
m†koc k‘matoc. AutÏ to ep–teugma e–nai shmantikÏ an analogiste– kane–c Ïti prin, gia na ulo-

poihjo‘n diasundËseic me taq‘thtec 100Gb/s sto d–ktuo enÏc upologistiko‘ kËntrou, Ëprepe na
basisto‘n se mia apÏ treic ulopoi†seic.

H pr∏th e–nai h 100GBASE-SR10 pou qrhsimopoie– 10 phgËc lËizer kai 10 grammËc MMF gia
na parËqei rujmÏ metàdoshc 10 Gbaud anà gramm†, en∏ h de‘terh e–nai h 100GBASE-SR4 pou
bas–zetai se 4 lËizer kai 4 grammËcMMF gia rujmÏ metàdoshc 25Gbaud anà gramm† [1, 2]. H tr–th
ulopo–hsh e–nai h 100GBASE-LR4 kai parËqei embËleia mËqri 10 km me qr†sh miac optik†c –nac
SMF kai 4 DFB phg∏n lËizer g‘rw apÏ ta 1300nm [3]. Ta k‘ria pleonekt†mata thc ulopo–hshc
aut†c e–nai h qrhsimopo–hsh miac optik†c –nac kai h megàlh embËleia, h opo–a parÏla autà e–nai

pol‘ megal‘terh apÏ thn apaito‘menh mËsa sta upologistikà kËntra. Ta meionekt†mata e–nai

h poluplokÏthta thc WDM mejÏdou kai h leitourg–a sta 1300 nm pou prosjËtei kÏstoc kai
duskol–a, eidikà an prËpei na doulËyei mËsa se d–ktuo optik†c metagwg†c kukl∏matoc.

EpiplËon prospàjeiec apÏ meriàc biomhqan–ac gia na kal‘youn to kenÏ metax‘ twn 500 m kai
twn 2 km anapt‘ssontac Ëna bËltisto 100 GbE prÏtupo, Ëqoun odhg†sei sth s‘nayh sumfwni∏n
anàmesa stouc kataskeuastËc (MultiSource Agreements - MSAs) Ïpwc to 100G CLR4 MSA [4],
mia seirà WDM ulopoi†sewn gia diaforetikËc apostàseic Ïpwc h 100G CWDM4 MSA gia apo-
stàseic Ëwc 2 km [5], h 100G CWDM4 OCP gia apostàseic Ëwc 500m [6], h 100G SWDM4 MSA
me VCSEL sta 850nm gia apostàseic Ëwc 150 m [6], h 100G PSM4 MSA [7] kai h OpenOptics
MSA. Upàrqei kai h ulopo–hsh 100GBASE-SR2 ep–shc gia kontinËc apostàseic 100 m me phgËc
VCSEL sta Gbaud qrhsimopoi∏ntac sq†ma diamÏrfwshc PAM4 pou Ëqei th diplàsia fasmatik†
apÏdosh apÏ to NRZ mei∏nontac ton arijmÏ twn paràllhlwn gramm∏n apÏ 4 se 2 [8].

'Oson aforà tic sundËseic me taq‘thta 200 Gb/s, autËc mporo‘n na ulopoihjo‘n gia kontinËc apo-
stàseic 100m qrhsimopoi∏ntac phgËc VCSEL sta 850 nm kai PAM4 diamÏrfwsh sta 26.5 Gbaud
me 4 grammËc se isàrijma kal∏dia optik∏n in∏n, Ïpwc sthn 200GBASE-SR4 [9]. H 200GBASE-
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SR4 apotele– tropopo–hsh thc ant–stoiqhc ulopo–hshc 100GBASE-SR4 me àllo sq†ma diamÏrfw-
shc gia epËktash thc qwrhtikÏthtac sta 200Gb/s. Gia megal‘terec apostàseic, h 200GBASE-
DR4 stoqe‘ei sta 500 m metad–dontac 26.5 Gbaud PAM4 s†ma se kàje Ëna apÏ 4 SMF kal∏dia
gia sunolikÏ rujmÏ 200 Gb/s [10]. Oi 200GBASE-FR4 kai 200GBASE-LR4 [11, 12] sqediàsthkan
gia embËleiec 2 km kai 10 km ant–stoiqa, qrhsimopoi∏ntac DMLs/EMLs me PAM4 diamÏrfwsh
sta 26.5 Gbaud mËsa apÏ Ëna ze‘goc SMF –n∏n, sumbatËc me ta duplex kal∏dia in∏n pou upàr-
qoun †dh mÏnima san domhmËnh kalwd–wsh stic egkatastàseic tou upologistiko‘ kËntrou. 'Ena

duplex kal∏dio apotele–tai apÏ duo tm†mata –nac Ëna gia ton dËkth kai Ëna ton pompÏ.

Oi sundËseic sta 400 Gb/s akoloujo‘n parÏmoio mot–bo. Stic apostàseic mËqri 100 m g–netai
qr†sh VCSEL sta 850 nm kai NRZ diamÏrfwsh sta 26.5 Gbaud me 16 paràllhlec grammËc
kai 16 kal∏dia Ïpwc sthn 400GBASE-SR16 [13]. Sthn ous–a apotele–tai apÏ 4 pompodËktec
100GBASE-SR4 sto –dio kout–, kaj∏c †tan o pio aplÏc trÏpoc gia a‘xhsh thc qwrhtikÏthtac
qrhsimopoi∏ntac ta –dia stoiqe–a. H epÏmenh ulopo–hsh 400GBASE-DR4 [14] gia ta 500 m
qrhsimopoie– 4 kal∏dia kai 4 grammËc me DMLs/EMLs pou ekpËmpoun sta 1300 nm kai PAM4
diamÏrfwsh sta 53 Gbaud gia ep–teuxh rujmo‘ metàdoshc 100 Gb/s anà gramm†, mei∏nontac Ëtsi
ton arijmÏ twn kalwd–wn kai àra to kÏstoc egkatàstashc. Sta 2 km kai 10 km oi ulopoi†seic
400GBASE-FR8 kai 400GBASE-LR8 [15, 16] ant–stoiqa, qrhsimopoio‘n mia –na anà kate‘junsh
(duplex ), h opo–a fËrei 8 optikËc grammËc se isàrijma m†kh k‘matoc apÏ DMLs/EMLs phgËc
g‘rw apÏ ta 1300 nm, axiopoi∏ntac PAM4 diamÏrfwsh sta 26.5 Gbaud gia sunolik† metàdosh
8 ⇥ 50 Gb/s. E–nai profanËc Ïti h idanik† ulopo–hsh gia ta 400 Gb/s, Ïpwc kai h l‘sh gia
makroprÏjesmh (long term) epËktash sta 800 Gb/s kai pànw apÏ 1 Tb/s, ja †tan mËsw thc
qr†shc 4x100 Gb/s sundËsewn, an pr∏ta †tan diajËsimec sundËseic sta 100 Gb/s se Ëna m†koc
k‘matoc kai se mia gramm†. O anagn∏sthc mpore– na brei tic ulopoi†seic pou anal‘jhkan stic

prohgo‘menec paragràfouc, sugkentrwmËnec kai parousiasmËnec me sunoptikÏ trÏpo ston p–naka

1.1 pou br–sketai sto pr∏to kefàlaio thc paro‘sac diatrib†c.

Ta meionekt†mata twn ulopoi†sewn me paràllhlec grammËc, ta opo–a Ëqoume anafËrei kai sto

pr∏to kefàlaio, e–nai afenÏc h asumbatÏthta me thn optik† metagwg† pakËtou (OCS) stic ubridi-
kËc arqitektonikËc DC dikt‘wn, kai afetËrou h qr†sh qamhlo‘ e‘rouc z∏nhc phg∏n VCSEL sta
850 nm kai MMF pou perior–zei thn embËleia se ligÏtero apÏ 500 m [17]. H qr†sh DMLs/EMLs
upertere– sugkritikà me ta VCSEL kaj∏c auxànei thn taq‘thta sta 25 Gbaud, wstÏso den d–nei
l‘sh sto prÏblhma twn paràllhlwn gramm∏n pou odhge– sth qr†sh perissÏterwn stoiqe–wn, sthn

a‘xhsh thc poluplokÏthtac, thc katanàlwshc kai tou kÏstouc. Sth bibliograf–a Ëqoun deiqje–

kai ulopoi†seic me s‘mfwnh f∏rash pou parËqoun pol‘ megal‘terh embËleia [18, 19] allà tairi-

àzoun kal‘tera se mhtropolitikà d–ktua, afo‘ h qr†sh thc s‘mfwnhc f∏rashc den e–nai praktik†

gia d–ktua upologistik∏n kËntrwn.

Oi prospàjeiec gia na breje– l‘sh se autÏ to jemeli∏dec meionËkthma akoloujo‘n treic kateuj‘n-

seic, merikËc apÏ tic opo–ec perigràfhkan †dh sthn anàlush twn ulopoi†sewn pio pànw, wstÏso

qwr–c na tonisto‘n. H pr∏th kate‘junsh aforà thn qr†sh an∏terwn sqhmàtwn diamÏrfwshc

ston pompÏ o‘twc ∏ste na stËlnontai perissÏtera bit anà metadidÏmeno s‘mbolo, Ïpwc gia pa-
ràdeigma sth PAM4 diamÏrfwsh pou diplasiàzei th metaferÏmenh plhrofor–a se sqËsh me thn
NRZ, afo‘ metafËrei 2 bits anà s‘mbolo [20]. H PAM4 wstÏso auxànei thn poluplokÏthta
tou dËkth kaj∏c qreiàzetai DAC me thn anàlogh anàlush (resolution) se bits kai grammiko‘c
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enisqutËc gia omoiÏmorfh en–sqush twn stajm∏n tou plàtouc, Ïpwc kai tou pompo‘ giat– ki eke–

qreiàzetai pol‘ploka hlektronikà kukl∏mata gia thn pist† l†yh tou s†matoc.

H de‘terh kate‘junsh aforà thn qr†sh teqnolog–ac Discrete Multitone - DMT kai àmesh f∏ra-
sh (direct detection). H DMT1 teqnolog–a qwr–zei to diajËsimo e‘roc z∏nhc se pollà fËronta
s†mata me mikrÏtero e‘roc z∏nhc (subcarriers), ta opo–a diamorf∏nontai xeqwristà me kàpoio
sq†ma diamÏrfwshc, sun†jwc QAM ki e–nai orjog∏nia metax‘ touc. OrjogwniÏthta shma–nei Ïti
gia kàje Ëna fËron s†ma, h isq‘c twn diplan∏n fËrontwn mËsa sto e‘roc z∏nhc tou e–nai mhdenik†,

me apotËlesma na mhn upàrqoun parembolËc. O trÏpoc pou epitugqànetai e–nai mËsw thc katàl-

lhlhc epilog†c thc apÏstashc twn suqnot†twn twn ferÏntwn2. H DMT de–qnei na Ëqei kal‘terh
apÏdosh sugkritikà me tic ulopoi†seic pou bas–zontai se PAM4 [21], allà h poluplokÏthta twn
hlektronik∏n ston pompÏ e–nai akÏma megal‘terh kai h embËleia periorismËnh se ligÏtero apÏ 2

km.

H tr–th kate‘junsh bas–zetai sthn hlektronik† poluplex–a dia–reshc qrÏnou ETDM mËqri ruj-
mo‘c 100 Gbaud kai seiriak† diamÏrfwsh me NRZ-OOK sta 100 Gb/s. H ulopo–hsh aut† e–nai
h aplo‘sterh kai mpore– na g–nei h pio oikonomik† Ïson aforà ton arijmÏ twn exarthmàtwn, thn

katanàlwsh enËrgeiac, to mËgejoc kai to kÏstoc, allà Ïmwc e–nai ki h pio apaithtik† apÏ àpoyh

e‘rouc z∏nhc gia ton diamorfwt†, th fwtod–odo kai ta hlektronikà exart†mata. Sqetikà prÏsfa-

ta (to 2014) parousiàsthkan sth bibliograf–a datacom sundËseic sta 100 Gb/s qrhsimopoi∏ntac
emporikà diajËsimo Mach-Zehnder diamorfwt† kai emporikà diajËsimh fwtodiÏdo, me to diamor-
fwt† na odhge–tai apÏ ETDM s†ma sta 100 Gb/s. To periorismËno e‘roc z∏nhc twn exarthmàtwn
Ëkane anagka–a thn qr†sh enÏc palmogràfou pragmatiko‘ qrÏnou gia thn apoj†keush kai offline
epexergas–a tou lambanÏmenou optiko‘ s†matoc metà th fwtod–odo, afo‘ h paramÏrfwsh e–qe

odhg†sei sthn emfànish kai tr–thc stàjmhc plàtouc stic †dh duo thc NRZ-OOK diamÏrfwshc.
Parà thn anàgkh gia offline epexergas–a tou s†matoc, h sugkekrimËnh ulopo–hsh pËtuqe BER
qamhlÏtero apÏ 10�5 metà apÏ metàdosh se 1 km SSMF [22].

Akolouj∏ntac thn –dia (tr–th) kate‘junsh, allà estiàzontac sthn anàptuxh exarthmàtwn pou

mporo‘n na exale–youn ton periorismÏ sto e‘roc z∏nhc sth seiriak† metàdosh kai l†yh 100

Gb/s shmàtwn gia datacom sundËseic, e–qe deiqte– sto pareljÏn Ënac oloklhrwmËnoc pompÏc

100 Gb/s NRZ-OOK [23, 24]. O pompÏc, o opo–oc Ëqei perigrafe– kai sto Kefàlaio 2 thc
paro‘sac diatrib†c, apotele–tai apÏ Ënan pol‘ gr†goro polumerikÏ hlektro-optikÏ diamorfwt†

Mach-Zehnder (MZM) ubridikà oloklhrwmËno me mia InP d–odo lËizer sta 1550 nm kai me Ëna
hlektronikÏ k‘klwma poluplex–ac kai en–squshc (MUX-DRV) kataskeuasmËno se teqnolog–a
InP dipoliko‘ tranz–stor dipl†c eteroexàrthshc (Double Heterojunction Bipolar Transistor -
DHBT ). Sunduàzontac ton pompÏ autÏ me Ënan oloklhrwmËno dËkth apotelo‘meno apÏ mia pol‘
gr†gorh InP pin-fwtod–odo ki Ëna InP-DHBT k‘klwma apopoluplex–ac (DEMUX) [25], de–qthke
leitourg–a sta 80 Gb/s kai 100 Gb/s qwr–c apoj†keush kai qr†sh epexergas–ac s†matoc, dhlad†

1
H teqnolog–a aut† Ëqei pollà koinà me thn Orthogonal Frequency Division Multiplexing - OFDM kaj∏c e–nai

kai oi duo teqnolog–ec epikoinwni∏n pou diamorf∏noun pollaplà ferÏnta (Multi-carrier modulation - MCM ). H

DMT anafËretai se ens‘rmatec kai baseband multi-carrier epikoinwn–ec, en∏ h OFDM se as‘rmatec bandpass

multi-carrier epikoinwn–ec. Mia akÏma diaforà e–nai pwc h DMT lÏgw thc argà metaballÏmenhc f‘shc tou dia‘lou
epitrËpei spectral shaping mËsw bit loading axiopoi∏ntac ta metrhmËna ki àra gnwstà qarakthristikà tou dia‘lou.

2
To krit†rio thc orjogwniÏthtac apaite– h apÏstash metax‘ twn ferÏntwn na e–nai �f = k

TU
Hertz, Ïpou TU

se seconds e–nai h diàrkeia tou sumbÏlou kai k Ënac jetikÏc akËraioc sun†jwc –soc me 1. 'Etsi, me N fËronta, to

sunolikÏ e‘roc z∏nhc ja e–nai B ⇡ N ·�f(Hz)
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se pragmatikÏ qrÏno, epitugqànontac BER qamhlÏtero apÏ 10�9 se back-to-back topolog–a [23].

Sto parÏn kefàlaio, ja parousiàsoume to epÏmeno b†ma sthn exËlixh auto‘ tou pompo‘, dhlad†

Ënan 2 ⇥ 100Gb/s pompÏ san mia sumpag† l‘sh gia pollaplËc sundËseic twn 100 Gb/s kai san
endiàmeso b†ma gia tic sundËseic twn 400 Gb/s. Ep–shc ja parousiàsoume ki Ënan 4 ⇥ 100Gb/s

dËkth, Ïpwc kai ta peiràmata metàdoshc pou Ëginan sunduàzontac autà ta duo basikà exart†mata

maz–, gia na axiologhje– apÏdosh touc gia mellontikà 400 Gb/s sust†mata gia DCN. O pompÏc
bas–zetai sthn monolijik† olokl†rwsh enÏc suze‘kth poll∏n rujm∏n (Multi-Mode Interference
Coupler - MMI ) me duoMZMs se Ëna hlektro-optikÏ polumerikÏ tsip kai thn ubridik† olokl†rw-
sh auto‘ tou tsip me mia d–odo lËizer kai duo kukl∏mata MUX-DRV. O dËkthc bas–zetai sthn
ubridik† olokl†rwsh miac sustoiq–ac tessàrwn pol‘ gr†gorwn InP pin-fwtodiÏdwn me sustoiq–a
kuklwmàtwn DEMUX kai parËqei okt∏ apopoluplegmËna hlektrikà s†mata sta 50 Gb/s.

Sthn epÏmenh enÏthta akolouje– h analutik† perigraf† tou kukl∏matoc tou 2⇥100Gb/s pompo‘,

d–nontac leptomËreiec gia Ïla ta ep– mËrouc stoiqe–a tou. Akolouje– h enÏthta pou perigràfei

ton sqediasmÏ, thn prosomo–wsh kai ta apotelËsmata qarakthrismo‘ twn pajhtik∏n dom∏n sthn

hlektro-optik† polumerik† platfÏrma, sugkekrimËna twn 1⇥ 2 MMI pou qrhsimopoi†jhkan sto
k‘klwma tou pompo‘, kaj∏c kai twn 1⇥4 MMI pou ja oloklhr∏nontan me tËsseric paràllhlouc
MZMs sthn 4⇥ 100Gb/s Ëkdosh tou pompo‘. Sthn epÏmenh enÏthta g–netai analutik† perigraf†

tou dËkth kai twn stoiqe–wn pou ton apart–zoun. Akolouje– h prosomo–wsh thc leitourg–ac

tou sust†matoc metàdoshc pou apart–zoun o pompÏc kai o dËkthc maz– se Ëna d–ktuo me optik†

–na qrhsimopoi∏ntac logismikÏ prosomo–wshc VPI , kai metà parousiàzontai ta apotelËsmata
peiramatiko‘ qarakthrismo‘ tou sust†matoc se metàdosh mËsa apÏ –na. To kefàlaio kle–nei me

thn parous–ash kanÏnwn klimàkwshc tou pompo‘ gia leitourg–a sta 400 Gb/s Ëwc 1600 Gb/s.

3.1 Pompoc 2⇥ 100 Gb/s

3.1.1 Perigraf† kukl∏matoc pompo‘.

(α) (β) (γ)

PGHH���������

Sq†ma 3.1: (a) Sqediàgramma tou 2x100 Gb/s pompo‘ kai (b) egkàrsia diatom† thc hlektro-optik†c
polumerik†c platfÏrmac me plhrofor–ec gia touc de–ktec diàjlashc (RI) kai tic diastàseic tou pànw
mand‘a, tou pur†na kai tou kàtw mand‘a, (g) egkàrsio prof–l tou TM rujmo‘ ston kumatodhgÏ (kai
energÏc de–kthc diàjlashc).

O pompÏc me qwrhtikÏthta 2x100 Gb/s anapt‘qjhke sta pla–sia tou ereunhtiko‘ Ërgou FP7 ICT-
POLYSYS [26] kai to sqediàgramma tou parousiàzetai sto sq†ma 3.1(a). H suskeu† bas–zetai
sthn ubridik† olokl†rwsh enÏc hlektro-optiko‘ polumeriko‘ tsip me mia InP d–odo lËizer kai duo
hlektrikà kukl∏mata poluplex–ac kai en–squshc (MUX-DRV) kataskeuasmËna se InP-DHBT
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teqnolog–a. To fwc apÏ thn Ëxodo thc diÏdou lËizer, h opo–a ekpËmpei sta 1553.4 nm, eisËrqetai
sto polumerikÏ tsip apÏ thn àkrh tou (edge-coupling) kai qwr–zetai se duo –sa mËrh apÏ ton
1:2 MMI suze‘kth. Autà ta duo mËrh sunisto‘n ta s†mata eisÏdou gia touc duo paràllhlouc
diamorfwtËcMach-Zehnder , kai diamorf∏nontai me sq†ma NRZ-OOK se taq‘thtec Ëwc 100 Gb/s
apÏ duo anexàrthta hlektrikà s†mata dedomËnwn pou parËqoun ta duo kukl∏mata MUX-DRV. Ta
duo diamorfwmËna s†mata exËrqontai apÏ th suskeu† me th qr†sh duo optik∏n in∏n SMF suzeug-
mËnwn stouc kumatodhgo‘c exÏdou tou polumeriko‘ tsip. To sq†ma 3.1(b) de–qnei thn egkàrsia

diatom† thc hlektro-optik†c polumerik†c platfÏrmac pou qrhsimopoi†jhke gia thn monolijik†

olokl†rwsh tou MMI suze‘kth kai twn duo diamorfwt∏n Mach-Zehnder . H platfÏrma uposth-
r–zei mÏno Ëna rujmÏ diàdoshc kai Ïpwc Ëqei anaferje– sto kefàlaio 2, lÏgw thc kate‘junshc

pou e–nai polwmËnec oi qrwmof∏rec sto polumerikÏ ulikÏ, mpore– na diamofr∏sei fwc to opo–o

e–nai polwmËno katà TM mÏno kai Ïqi gia TE [27]. O energÏc de–kthc diàjlashc tou TM rujmo‘
e–nai 1.6603, h diàmetroc tou prof–l tou rujmo‘ e–nai 2.8 mm sthn kàjeth die‘junsh kai 4.6 mm
sthn orizÏntia, me tic ap∏leiec diàdoshc na e–nai 1.4 dB/cm sta 1550 nm. O rujmÏc, o opo–oc
fa–netai sto sq†ma 3.1(g), e–nai isqurà entopismËnoc mËsa ston kumatodhgÏ kai se sunduasmÏ me

ton uyhlÏ hlektro-optikÏ suntelest† pou apoktà o pur†nac metà thn pÏlwsh tou polumero‘c

(0.65 pm/V sta 1550 nm), epitrËpoun thn emfànish isquro‘ hlektro-optiko‘ fainomËnou kai th
leitourg–a tou diamorfwt† se uyhlo‘c rujmo‘c metàdoshc me e‘roc z∏nhc pou xepernà ta 65

GHz [28, 29]. Ax–zei na anaferje– Ïti ta optikà kukl∏mata kataskeuàsthkan me thn de‘terh
genià thc hlektro-optik†c polumerik†c platfÏrmac (M3) pou apodedeigmËna e–nai stajerÏterh se

jermokras–ec Ëwc 85o C gia megàla qronikà diast†mata. Oi ap∏leiec kumatod†ghshc Ïmwc e–nai
l–go megal‘terec apÏ thn pr∏th genià (M1).

H monolijik† olokl†rwsh tou MMI suze‘kth sto hlektro-optikÏ polumerikÏ tsip maz– me touc
duo diamorfwtËc Mach-Zehnder kai h ubridik† olokl†rwsh thc diÏdou lËizer me to polumerikÏ
tsip, upodeikn‘oun th dunatÏthta thc EO polumerik†c platfÏrmac na uposthr–xei thn olokl†rwsh
s‘njetwn dom∏n, kai na exeliqje– apÏ mia teqnolog–a eidikà gia diamorfwtËc, se mia genik†c qr†shc

platfÏrma olokl†rwshc gia Fwtonikà OloklhrwmËna Kukl∏mata (PICs) [30, 31].

3.1.2 SqediasmÏc, kataskeu† kai qarakthrismÏc pajhtik∏n optik∏n
dom∏n sthn polumerik† platfÏrma

'Opwc anafËrjhke pio pànw o pompÏc Ëqei mÏno mia d–odo lËizer CW sta 1553.4 nm, h opo–a
prËpei na trofodot†sei touc duo paràllhlouc diamorfwtËc. To optikÏ s†ma thc diÏdou prËpei

na qwriste– se duo –sa mËrh pànw sto tsip me th bo†jeia miac dom†c pou ja ektele– to skopÏ

autÏ. 'Eprepe na sqediaste– kai na kataskeuaste– mia dom† pou ja leitourgo‘se san diaqwrist†c

optik†c isq‘oc me eggene–c ap∏leiec (insertion loss) mikrÏterec apÏ 1 dB kai anisorrop–a isq‘oc
stic exÏdouc tou (power imbalance) mikrÏterh apÏ 0.25 dB.

Oi duo pio diadedomËnec optikËc domËc gia aut† th leitourg–a, oi opo–ec apant∏ntai se pollËc dia-

foretikËc platfÏrmec olokl†rwshc, e–nai o Y-splitter † alli∏c Y-junction kai o MMI suze‘kthc
[32]. O diaqwrismÏc tou s†matoc se duo mËrh stic Y-junction domËc g–netai me apl† diaklàdwsh
tou kumatodhgo‘ pou taxide‘ei to fwc se duo Ïmoiouc kumatodhgo‘c. An kai apl† sth leitourg–a

thc, h gwn–a metax‘ twn kumatodhg∏n diaklàdwshc prËpei na e–nai pol‘ mikr† (1o) gia na epiteu-

qjo‘n qamhlËc ap∏leiec (1 dB). AutÏ Ëqei san apotËlesma to m†koc thc dom†c na g–netai pol‘
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megàlo gia na apomakrunjo‘n oi kumatodhgo– apÏstash 250 um [33], mia asfal† apÏstash gia
na mhn allhlepidro‘n oi kumatodhgo–.

LÏgw twn apwlei∏n diàdoshc sto polumerËc, Ïpwc kai thc periorismËnhc epifàneiac sthn opo–a

Ëprepe na kataskeuasto‘n ta tsip, h l‘sh tou Y-junction den ja †tan praktikÏ na ulopoihje–.
'Etsi straf†kame sth l‘sh tou MMI suze‘kth pou mpore– na epit‘qei 3 dB diaqwrismÏ me mikrÏ
m†koc dom†c. Sta pla–sia thc paro‘sac diatrib†c, sqediàsthkan gia pr∏th forà sthn hlektro-

optik† polumerik† platfÏrma MMI suze‘ktec wc diaqwristËc optik†c isq‘oc 1:2 kai 1:4, me
qamhlËc ap∏leiec kai qamhlÏ imbalance metax‘ twn kumatodhg∏n exÏdou. Ax–zei na shmeiwje– Ïti
h sqed–ash twn dom∏n pragmatopoi†jhke apÏ ton suggrafËa sthn omàda Polumerik∏n ulik∏n tou

Fraunhofer Heinrich Hertz Institute sto Berol–no, Ïpou o suggrafËac ergàsthke san episkËpthc
epist†monac katà th diàrkeia tou didaktoriko‘ tou. Oi domËc kataskeuàsthkan apÏ thn etair–a

GigOptix kai qarakthr–sthkan apÏ ton suggrafËa sto Ergast†rio Fwtonik∏n Epikoinwni∏n,
Ïpwc kai sto ergast†rio metr†sewn thc omàdac Polumerik∏n ulik∏n tou Fraunhofer Heinrich
Hertz Institute.

H arq† leitourg–ac enÏc MMI suze‘kth bas–zetai sthn auto-apeikÏnish (self-imaging principle),
h opo–a mpore– na orisje– wc akolo‘jwc:

H auto-apeikÏnish e–nai mia idiÏthta twn polurujmik∏n kumatodhg∏n katà thn opo–a Ëna eiser-

qÏmeno prof–l ped–ou anaparàgetai se mia † pollaplËc apeikon–seic se periodikà diast†mata katà

m†koc thc kate‘junshc diàdoshc.

Basik† dom† se Ënan MMI suze‘kth e–nai Ënac kumatodhgÏc pou mpore– na uposthr–xei megàlo
arijmÏ apÏ rujmo‘c (>3). Gia na eisËljei kai na exËljei fwc apÏ ton polurujmikÏ kumatodhgÏ

qrhsimopoio‘ntai kumatodhgo– eisÏdou kai exÏdou pou e–nai sun†jwc monorujmiko– kai topoje-

to‘ntai sthn arq† kai to tËloc ant–stoiqa. TËtoioi MMI suze‘ktec anafËrontai wc N ⇥ M

suze‘ktec, Ïpou N kai M o arijmÏc twn eisÏdwn kai twn exÏdwn ant–stoiqa. Oi domËc pou

qrhsimopoio‘ntai gia diaqwristËc isq‘oc Ëqoun sun†jwc mÏno Ënan kumatodhgÏ eisÏdou, me ton

arijmÏ twn kumatodhg∏n exÏdou na e–nai –so me ton arijmÏ pou jËloun na diaqwr–soun to s†ma

kai anafËrontai wc 1⇥M suze‘ktec. Sthn per–ptwsh tou 200 Gb/s pompo‘ M = 2.

H jewrhtik† perigraf† thc dom†c aut†c mpore– na g–nei periektikà qrhsimopoi∏ntac san ergale–o

thn anàlush diàdoshc pl†rwn rujm∏n (full modal propagation analysis) Ïpwc ep–shc 3. O rujmÏc
pou Ërqetai apÏ ton kumatodhgÏ eisÏdou, diege–rei touc rujmo‘c thc polurujmik†c perioq†c (a-

nàloga me th jËsh pou br–sketai sto e‘roc thc polurujmik†c perioq†c) kai auto– diad–dontai katà

m†koc thc. Oi rujmo– sumbàloun metax‘ touc kai anà periodikà diast†mata oi fàseic touc eunoo‘n

thn emfànish twn auto-apeikon–sewn mËsa sthn polurujmik† perioq†. EpilËgontac katàllhla to

m†koc thc polurujmik†c perioq†c, mporo‘me na Ëqoume ton arijmÏ twn auto-apeikon–sewn pou

jËloume, kai sth sunËqeia topojet∏ntac touc kumatodhgo‘c exÏdou na touc qwr–soume kai na

touc odhg†soume sto upÏloipo k‘klwma.

Sthn pio kàtw eikÏna fa–netai to diàgramma sumbol†c kai oi auto-apeikon–seic se periodikà dia-

st†mata katà m†koc thc polurujmik†c perioq†c gia thn per–ptwsh enÏc MMI suze‘kth, Ïpwc

upolog–sthke apÏ prÏgramma prosomo–wshc se hlektronikÏ upologist† qrhsimopoi∏ntac thn a-

3
H jewrhtik† anàlush twn MMI suzeukt∏n me th mËjodo aut† parousiàzetai sunoptikà sto paràrthma thc

diatrib†c
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rijmhtik† mËjodo beam propagation method4 [34, 35]. H summetr–a tou arijmo‘ twn self-images
wc proc ton kàjeto àxona sto mËso thc polurujmik†c perioq†c e–nai emfan†c.

Sq†ma 3.2: Diagràmma sumbol†c twn rujm∏n katà m†koc enÏc 1⇥ 1 MMI suze‘kth me plàtoc 40
um kai m†koc 2100 um (Ïqi sthn polumerik† platfÏrma). Ta self-images e–nai emfan† anà periodikà
diast†mata (2D prosomo–wsh).

Sqediàzontac mia tËtoia dom†, arqikà prËpei na lhfje– upÏyh h efarmog† pou ja qrhsimopoih-

je–, afo‘ aut† or–zei ta basikà qarakthristikà Ïpwc e–nai o arijmÏc twn kumatodhg∏n eisÏdou

kai exÏdou kai h jËsh touc sta àkra thc polurujmik†c perioq†c. EktÏc apÏ thn efarmog† gia

diaqwrismÏ thc optik†c isq‘oc (optical splitter) pou anafËrjhke pio pànw, Ënac MMI mpore– na
qrhsimopoihje– gia paràdeigma, kai san optikÏ ubr–dio (optical hybrid) mprostà apÏ Ëna dËkth gia
to diaqwrismÏ twn I kai Q sunistws∏n enÏc QAM optiko‘ s†matoc [36], opÏte allàzei o arijmÏc
kai h jËsh twn kumatodhg∏n.

W (πλάτος ΜΜΙ)

L (μήκος ΜΜΙ)

W (πλάτος ΜΜΙ)

L (μήκος ΜΜΙ)

1x2 MMI συζεύκτης 1x4 MMI συζεύκτης

In

Out 1

Out 2

In

Out 1

Out 2

Out 3

Out 4

Sq†ma 3.3: Sq†ma enÏc 1⇥ 2 MMI (aristerà) kai enÏc 1⇥ 4 MMI (dexià) optical splitter

Oi shmantikÏteroi paràmetroi e–nai to plàtoc kai to m†koc thc polurujmik†c perioq†c, Ïpwc

fa–nontai sto sq†ma 3.3. 'Enac basikÏc kanÏnac lËei pwc megal∏nontac to plàtoc thc perio-

q†c uposthr–zontai perissÏteroi rujmo– diàdoshc kai ta self-images emfan–zontai se megal‘tero
4
Stoiqe–a apÏ th jewr–a thc mejÏdou aut†c parousiàzontai ep–shc sto paràrthma thc diatrib†c
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m†koc sugkritikà me mia stenÏterh perioq†. ApÏ thn àllh merià, perissÏteroi rujmo– odhgo‘n

se kajarÏtera diagràmmata sumbol†c kai self-images. ShmantikÏ e–nai na brei kane–c th qrus†
tom† metax‘ m†kouc kai plàtouc. Sth sunËqeia, oi kumatodhgo– exÏdou prËpei na topojethjo‘n

me akr–beia sto katàllhlo m†koc kai sthn katàllhlh jËsh gia na elaqistopoihjo‘n ap∏leiec

(imbalance) lÏgw skËdashc fwtÏc apÏ ta planà toiq∏mata kai gia na elaqistopoihje– h diaforà
isq‘oc metax‘ twn kumatodhg∏n (imbalance) exÏdou. H tim† tou imbalance or–zetai wc o lÏgoc
thc mËgisthc proc thn elàqisth optik† isq‘ gia Ïlec tic exÏdouc, ekfrasmËnh se dB, kai d–netai
apÏ th sqËsh

Imbalance = 10log

 
Pout,max

Pout,min

!

(3.1)

Stouc MMI pou leitourgo‘n san optiko– diakladwtËc isq‘oc h jËsh tou kumatodhgo‘ eisÏdou

sto kËntro thc polurujmik†c perioq†c, kai sthn pleioyhf–a twn peript∏sewn to summetrikÏ (Gka-

ousianÏ) prof–l tou eiserqÏmenou rujmo‘, den odhge– sthn diËgersh Ïlwn twn uposthrizÏmenwn

rujm∏n allà mÏno twn àrtiwn summetrik∏n rujm∏n. AutÏ Ëqei san apotËlesma o polurujmikÏc

kumatodhgÏc na e–nai tËsseric forËc kont‘teroc gia 1 se N optiko‘c diakladwtËc isq‘oc. H

sqËsh pou upolog–zei to m†koc tou MMI gia na epiteuqjo‘n N eikÏnec tou eiserqÏmenou ped–ou

e–nai

L =
p

N

✓
3L⇡

4

◆
, p = 0, 1, 2, ... (3.2)

Ïpou p e–nai h per–odoc thc emfànishc (dhlad† pÏsec forËc sunantàme to zhto‘meno sunduasmÏ
eikÏnwn katà m†koc tou MMI), me tic N eikÏnec na br–skontai summetrikà katà plàtoc tou MMI

se –sec apostàseic We/N .

To We to energÏ plàtoc tou MMI, to opo–o d–netai apÏ th sqËsh

We = WM +
✓
�0

⇡

◆✓
nc

nr

◆2�

(n2
r � n2

c)
�(1/2) (3.3)

Ïpou � = 0 gia TE kai � = 1 gia TM, WM to plàtoc tou kumatodhgo‘ MMI, l0 to m†koc

k‘matoc tou fwtÏc ston ele‘jero q∏ro kai nr o de–kthc diàjlashc tou uliko‘ tou MMI, nc o

de–kthc diàjlashc tou uliko‘ tou mand‘a. Gia thn ep–teuxh tËleiwn eikÏnwn apaite–tai oi stajerËc

diàdoshc na akoloujo‘n parabolik† sqËsh

��m = �0 � �1 =
m(m+ 2)⇡

3⇤pi
(3.4)

Ïpou m o teleuta–oc rujmÏc kai to L⇡ e–nai to m†koc tou diakrot†matoc twn duo qamhlÏterhc

tàxhc rujm∏n pou d–netai apÏ

L⇡(�) =
⇡

�0 � �1
=

�

2 · (neff,0(�)� neff,1(�))
' 4nrW 2

e

3�0
(3.5)

me b0 kai b1 tic stajerËc diàdoshc twn rujm∏n ant–stoiqa, l0 to m†koc k‘matoc tou fwtÏc

ston ele‘jero q∏ro kai nr o de–kthc diàjlashc tou uliko‘ tou MMI. Oi parapànw exis∏seic
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upolog–zoun me ikanopoihtik† akr–beia ta m†kh pou emfan–zontai oi eikÏnec sthn per–ptwsh pou to

We mpore– na upologiste–. AutÏ isq‘ei Ïtan h diaforà twn deikt∏n diàjlashc thc polurujmik†c

perioq†c kai tou mand‘a e–nai megàlh kai oi rujmo– paramËnoun entopismËnoi sthn polurujmik†

perioq† qwr–c na eisqwro‘n sto mand‘a, epomËnwc We ⇡ W . Se diaforetik† per–ptwsh prËpei na

qrhsimopoihjo‘n prosegg–seic.

'Otan qreiàzetai megàlh akr–beia kai Ïtan to prÏblhma den e–nai aplÏ (dhlad† h gewmetr–a tou ku-

matodhgo‘), † qreiàzetai na pragmatopoihje– kàpoia melËth twn paramËtrwn me skopÏ th beltisto-

po–hsh, h dom† sqediàzetai se eidikÏ logismikÏ to opo–o analambànei thn ep–lush tou probl†matoc

thc diàdoshc efarmÏzontac kàpoia arijmhtik† mËjodo. Aut† th mejodolog–a akolouj†same gia to

sqediasmÏ twn dom∏n sthn hlektro-optik† polumerik† platfÏrma. To logismikÏ pou qrhsimopoi-

†jhke gia thn sqed–ash kai melËth thc dom†c †tan to RSoft Photonic Component Design Suite,
mia sullog† ergale–wn thc etair–ac Synopsys [37]. Pio sugkekrimËna oi domËc sqediàsthkan sto
sqediastikÏ peribàllon RSoft CAD environment kai epil‘jhkan me to logismikÏ BeamPROP
pou efarmÏzei thn Beam Propagation Method.

Sqed–ash 1x2 MMI optik∏n diakladwt∏n isq‘oc

Oi domËc autËc sqediàsthkan qrhsimopoi∏ntac th gewmetr–a kumatodhgo‘ pou fa–netai sto sq†ma

3.1(b). Lambànontac upÏyh thn anàgkh gia mikrËc se mËgejoc domËc, Ëgine prospàjeia to plàtoc

twn MMI na krathje– Ïso to dunatÏn mikrÏtero. EpomËnwc sqediàsthkan domËc me plàth 12 um,
16 um, 20 um, 22 um, 24 um kai me diaforetikËc timËc m†kouc h kàje mia. Sth sunËqeia parou-
siàzontai p–nakec me tic upologismËnec timËc twn apwlei∏n (Insertion Loss - IL) kai anisorrop–ac
isq‘oc stic j‘rec exÏdou (Imbalance - I ) gia kàje dom† kai gia diaforetikËc timËc m†kouc.

'Enac genikÏc kanÏnac lËei pwc gia thn ep–teuxh kal†c isorrop–ac diaqwrismo‘ apÏ 1 se N j‘rec,

o polurujmikÏc kumatodhgÏc prËpei na uposthr–zei toulàqiston m = N+1 rujmo‘c. O 1x2 MMI
Ïntac apÏ tic aplo‘sterec domËc, qreiàzetai mÏno 2 summetriko‘c rujmo‘c.

ApÏ touc p–nakec fa–netai Ïti o MMI gia plàtoc 12 mm Ëqei thn kal‘terh apÏdosh Ïson aforà tic
ap∏leiec kàti pou ofe–letai sto sumpagËc mËgejoc tou, allà ep–shc Ëqei pol‘ qamhl† anisorrop–a

kàti pou epibebai∏netai kai apÏ ton peiramatikÏ qarakthrismÏ twn kataskeuasmËnwn dom∏n Ïpwc

ja do‘me kai pio kàtw. Mia àllh parat†rhsh e–nai pwc gia timËc plàtouc megal‘terec apÏ 16 mm h
anisorrop–a den de–qnei na belti∏netai drastikà, kàti pou shma–nei pwc oi perissÏteroi rujmo– pou

sumbàlloun den suneisfËroun sthn belt–wsh tic eikÏnac-ant–grafou, en∏ oi ap∏leiec de–qnoun

na auxànontai elàqista lÏgw skËdashc sta megal‘terou m†kouc toiq∏mata. ParÏla autà gia

kàje plàtoc kai m†koc †tan efiktÏ na epit‘qoume touc stÏqouc gia ap∏leiec kàtw apÏ 1 dB kai
anissorop–a mikrÏterh apÏ 0.5 dB. Ep–shc, apÏ touc p–nakec 3.1 kai 3.2 blËpoume Ïti oi apait†seic
mac wc proc to insertion loss kai to imbalance ikanopoio‘ntai apÏ parapànw apÏ Ëna m†kh, d–nontac
mac Ëna e‘roc mhk∏n mËsa sta opo–a ja mporo‘se na leitourg†sei o 1x2 MMI gia kàje plàtoc.
AutÏ faner∏nei thn anoq† thc dom†c se kataskeuastikËc apokl–seic.

To sq†ma 3.4 parousiàzei tic timËc twn pinàkwn se graf†mata gia eukolÏterh kai grhgorÏterh

exagwg† sumperasmàtwn.

To sq†ma 3.5 parousiàzei ta contour plots stouc àxonec QZ thc isq‘oc twn diaforetik∏n MMI
Ïpwc prok‘ptoun apÏ to logismikÏ BeamPROP. Sta sq†mata fa–netai o rujmÏc eisÏdou na dia-
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P–nakac 3.1: P–nakac upologismËnwn tim∏n Insertion Loss kai Imbalance se 1x2 MMI gia plàth 12
mm, 16 mm, 20 mm kai gia diaforetikà m†kh gia kàje plàtoc.

Plàtoc 12 mm Plàtoc 16 mm Plàtoc 20 mm
M†koc IL (dB) I (dB) M†koc IL (dB) I (dB) M†koc IL (dB) I (dB)
106 0.10 0.20 155 0.25 0.65 225 0.33 0.67
110 0.07 0.16 160 0.19 0.53 230 0.26 0.57
114 0.07 0.16 165 0.15 0.42 235 0.20 0.48
118 0.07 0.16 170 0.14 0.36 240 0.16 0.41
122 0.08 0.14 175 0.13 0.33 245 0.16 0.37
126 0.08 0.13 180 0.13 0.32 250 0.17 0.32
130 0.09 0.15 185 0.13 0.32 255 0.16 0.30
134 0.09 0.22 190 0.13 0.32 260 0.17 0.30
138 0.13 0.30 195 0.17 0.40 265 0.16 0.28

200 0.22 0.49 270 0.18 0.35
275 0.20 0.35

*oi timËc m†kouc e–nai se mm 280 0.24 0.39

P–nakac 3.2: P–nakac upologismËnwn tim∏n Insertion Loss kai Imbalance se 1x2 MMI gia plàth 22
mm, 24 mm kai gia diaforetikà m†kh gia kàje plàtoc.

Plàtoc 22 mm Plàtoc 24 mm
M†koc (mm) IL (dB) I (dB) M†koc (mm) IL (dB) I (dB)
280 0.34 0.54 325 0.34 0.58
285 0.27 0.46 330 0.27 0.51
290 0.22 0.40 335 0.22 0.43
295 0.19 0.36 340 0.19 0.38
300 0.18 0.34 345 0.18 0.33
305 0.18 0.32 350 0.18 0.32
310 0.18 0.32 355 0.18 0.29
315 0.18 0.32 360 0.18 0.29
320 0.18 0.34 365 0.19 0.28
325 0.18 0.36 370 0.19 0.29
330 0.20 0.38 375 0.19 0.30
335 0.22 0.43 380 0.21 0.31
340 0.26 0.49 385 0.24 0.34

d–detai mËsa sthn polurujmik† perioq† diege–rontac kai an∏terhc tàxhc rujmo‘c kai ta diagràmma-

ta sumbol†c pou sqhmat–zontai d–nontac touc duo rujmo‘c-ant–grafa. Ta diagràmmata sumbol†c

parousiàzontai kajarà, kàti pou apodeikn‘ei to pl†joc twn sumballÏmenwn rujm∏n sthn perioq†

kai thn kal† leitourg–a twn dom∏n pou sqediàsthkan. Aristerà sto –dio sq†ma, fa–nontai gia

kàje plàtoc to prof–l twn kumatod†gwn exÏdou sto tËloc tou m†kouc touc, dhlad† metà 50 mm
m†koc diàdoshc. Oi kumatodhgo– exÏdou Ëqoun topojethje– summetrikà stic jËseic [3, - 3] mm
gia plàtoc 12 mm, [4, - 4] mm gia plàtoc 16 mm, [5, -5] mm gia plàtoc 20 mm, [5.5, -5.5] mm gia
plàtoc 22 mm kai [6, -6] mm gia plàtoc 24 mm.

Pa–rnontac thn ex–swsh 3.2 ki eisàgontac tic timËc twn paramËtrwn gia kàje per–ptwsh plàtouc

1x2 MMI mporo‘me na upolog–soume me mia de‘terh mËjodo tic timËc m†kouc kai sugkr–nontac
tec na epalhje‘soume an briskÏmaste sth swst† tim†. O parakàtw p–nakac d–nei tic timËc twn

paramËtrwn kai tic timËc m†kouc pou prok‘ptoun apÏ thn ex–swsh 3.2.
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Sq†ma 3.4: TimËc Insertion Loss kai Imbalance se 1x2 MMI me plàtoc 12 um gia diaforetikà m†kh.

Sthn teleuta–a st†lh tou p–naka, d–nontai ta e‘rh tim∏n gia to m†koc tou MMI se kàje tim†

plàtouc Ïpwc proËkuyan apÏ touc p–nakec 3.1 kai 3.2. BlËpoume Ïti oi timËc pou upolog–zei h

ex–swsh 3.2 pou prok‘ptei apÏ th mËjodo guided mode analysis e–nai pol‘ kontà se autËc pou
upolog–sthkan me to logismikÏ BPM, kai gia ta plàth 20 kai 24 e–nai mËsa sto e‘roc mhk∏n
pou Ëdwse to logismikÏ. Oi mikrËc apokl–seic merik∏n dekàdwn mm ofe–lontai sth diaforà thc
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(α)

(β)

(γ)

W12, L126

W16, L180

W20, L265

(δ)

(ε)

W22, L310

W24, L365

Sq†ma 3.5: Per–gramma thc isq‘oc stic QZ diastàseic (tom† sto U=0.5 mm) Ïpwc prok‘ptei apÏ
to diàgramma sumbol†c tou MMI gia (a) 12 mm plàtoc - 126 mm m†koc, (b) 16 mm plàtoc - 180 mm
m†koc, (g) 20 mm plàtoc - 265 mm m†koc, (d) 22 mm plàtoc - 310 mm m†koc, (e) 24 mm plàtoc - 365
mm m†koc. Dexià: prof–l twn rujm∏n stouc duo kumatodhgo‘c exÏdou.

gewmetr–ac tou kumatodhgo‘ thc hlektro-optik†c platfÏrmac apÏ thn gewmetr–a pou g–netai h

jewrhtik† anàlush sthn [32]. Oi timËc plàtouc MMI pou anafËrjhkan pio pànw aforo‘n to

plàtoc tou ridge tm†matoc, en∏ Ïpwc mpore– na parathr†sei kane–c apÏ to sq†ma 3.1(g) upàrqei
kai slab tm†ma me apotËlesma o rujmÏc na apl∏nei sthn orizÏntia die‘junsh. Aut† h asummetr–a
metafËretai kai se megal‘tera plàth, Ïpwc autà thc polurujmik†c perioq†c, me apotËlesma na
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P–nakac 3.3: P–nakac upologismËnwn tim∏n m†kouc MMI me mËjodo guided mode analysis (ex–swsh
3.2).

Paràmetroi WM We L⇡ Lmmi We,upd
Lmmi

(upd.)
Lmmi

apÏ BPM

�0 = 1.55 mm 12 12.55 226.44 84.9 15 121.3 106 - 138
nc = 1.505 16 16.55 393.78 147.7 18 174.7 155 - 200
nr = 1.671 20 20.55 607.11 227.7 22 260.9 225 - 280

p = 1 22 22.55 731.04 274.1 24 310.5 280 - 340
images N = 2 24 24.55 866.46 324.9 26 364.4 325 - 385
pÏlwsh TM

*Ïlec oi timËc plàtouc kai m†kouc e–nai se mm.

suneisfËrei sto energÏ plàtoc qwr–c na mpore– na lhfje– upÏyh apÏ thn ex–swsh 3.3. Lambàno-

ntac upÏyh aut† thn asumetr–a, to energÏ plàtoc megal∏nei 2 mm per–pou, me tic nËec timËc na
fa–nontai sth st†lh We,upd tou p–naka 3.3, en∏ to nËo m†koc pou fa–netai sth diplan† st†lh e–nai

mËsa sto e‘roc mhk∏n kai eidikÏtera pol‘ kontà (mÏlic 5 mm diaforà gia ta plàth 12, 16 kai 20
mm) stic timËc m†kouc pou upolog–sthkan Ïti d–noun tic qamhlÏterec timËc gia ap∏leiec ki anisor-
rop–a jur∏n Ïpwc upolog–sthkan apÏ to logismikÏ. Me autÏ ton trÏpo epibebai∏noume kai thn

orjÏthta twn prosomoi∏sewn mac. Sthn sunËqeia akolouje– h kataskeu† kai o qarakthrismÏc

twn pajhtik∏n aut∏n dom∏n.

Kataskeu† kai qarakthrismÏc 1x2 MMI optik∏n diakladwt∏n isq‘oc

Sth sunËqeia domËc me ta sugkekrimËna qarakthristikà allà kai me mikrËc diaforopoi†seic stic

timËc plàtouc kai m†kouc, ∏ste na antimetwpisto‘n tuqÏn apokl–seic metax‘ prosomo–wshc kai

kataskeu†c, sqediàsthkan se mia màska 6 ints∏n kai kataskeuàsthkan me thn diadikas–a ka-

taskeu†c thc hlektro-optik†c (EO) polumerik†c platfÏrmac. H diadikas–a kataskeu†c e–nai h

sun†jhc gia polumer† ulikà ki Ëqei wc ex†c5:

• Spin coating tou str∏matoc tou kàtw mand‘a (ulikÏ UV-15LV) epànw sto kàtw upÏstrwma
purit–ou.

• Wr–mansh tou kàtw mand‘a me UV fwc.

• SqhmatismÏc kumatodhg∏n ston kàtw mand‘a me qr†sh fwtolijograf–ac kai oxygen plasma
RIE.

• Spin coating tou uliko‘ tou EO polumero‘c tou pur†na.

• Spin coating tou str∏matoc tou pànw mand‘a (ulikÏ LP33) epànw sto str∏ma tou EO
polumero‘c.

• Wr–mansh tou pànw mand‘a me UV fwc.
5
H diadikas–a pou perigràfetai aforà thn unpoled hlektro-optik† polumerik† platfÏrma. H diaforà me thn

poled e–nai pwc den periËqei tic qrwmofÏrec sto polumerËc ulikÏ tou pur†na, kai kat epËktash den Ëqei hlektrÏdia

pànw apÏ to upÏstrwma purit–ou.



84 KEFALAIO 3

H s‘njesh tou EO uliko‘ tou pur†na, Ïpwc kai en gËnei kai ta ulikà twn mandu∏n, mpore– na

allàzoun apÏ genià se genià thc platfÏrmac. Oi allagËc sun†jwc aposkopo‘n sthn belt–wsh

twn periballontologik∏n antoq∏n tou polumero‘c (p.q. ugras–a, jermokras–a) gia pio axiÏpisth

leitourg–a. Sthn per–ptwsh mac duo geniËc EO ulik∏n qrhsimopoi†jhkan gia thn kataskeu† twn

1x2 MMI dom∏n, oi M1 kai M3. Oi diastàseic tou kumatodhgo‘ àllaxan elàqista apÏ 3.8 mm
se 3.7 sto plàtoc, kàti pou den e–qe idia–terh ep–drash ston kumatodhgo‘meno rujmÏ. To M3

ulikÏ parËqei makroqrÏnia jermik† stajerÏthta stouc 85oC [38], en∏ h sunist∏menh jermokras–a

leitourg–ac gia to M1 e–nai kàtw apÏ 55oC.

(a˛)

(b˛)

Οπτική ίνα εξόδου
Οπτική ίνα
 εισόδου

(g˛)

Sq†ma 3.6: (a) StigmiÏtupo enÏc 1x2 MMI me P12 mm kai M135 mm apÏ th màska, (b) kataskeua-
smËno tsip kàtw apÏ mikroskÏpio me tic domËc na fa–nontai sth seirà, (g) fwtograf–a apÏ th diadikas–a
mËtrhshc.

Sto sq†ma 3.6a˛ fa–netai h dom† sqediasmËnh gia na apotupwje– se màska fwtolijograf–ac.

Oi kumatodhgo– exÏdou apomakr‘nontai me S-bends gia na ftàsoun metà apÏ per–pou 2500 mm se
apÏstash 500 mm h opo–a e–nai arketà megàlh gia na mhn upàrqei allhlep–drash. Gia kàje plàtoc,
sqediàzontai apÏ 5 Ëwc 10 parallagËc sto m†koc me b†ma 5 mm ekatËrwjen thc tim†c m†kouc pou
upolog–sthke apÏ to logismikÏ. Oi domËc topojeto‘ntai sth màska se seirà me tic parallagËc se

m†koc na trËqoun kàjeta th màska, en∏ oi domËc me diaforetikÏ plàtoc na trËqoun orizÏntia. H

kataskeu† Ëgine se wafer 6 ints∏n kai metà thn kop† dicing proËkuyan pànw apÏ 30 optikà tsip,
ta opo–a sth sunËqeia metr†jhkan kai qarakthr–sthkan wc proc tic paramËtrouc Insertion Loss -
IL kai Imbalance. Mia fwtograf–a apÏ mikroskÏpio apÏ Ëna tËtoio tsip fa–netai sto sq†ma 3.6b˛
me tic domËc na diakr–nontai.

Stic àkrec tou tsip e–nai kollhmËna plak–dia gualio‘ ston pànw mand‘a polumero‘c, ∏ste na

prostate‘oun to ulikÏ kai touc kumatodhgo‘c apÏ zhmiËc katà th diàrkeia tou dicing . Sthn
fwtograf–a mpore– na touc diakr–nei kane–c apÏ to skalopàti pou fa–netai. To sq†ma 3.6g˛ de–qnei

fwtograf–a apÏ mikroskÏpio apÏ th diadikas–a thc mËtrhshc twn tsip se Ëna stajmÏ ergas–ac, o

opo–oc apotele–tai apÏ Ëna sfigkt†ra keno‘ (vacuum chuck), Ëna mikroskÏpio kai duo mikroruj-
mistËc jËshc (micropositioners) ekatËrwjen tou vacuum chuck pou Ëqoun pànw touc sterewmËna
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tm†mata optik†c –nac. H diàtaxh sumplhr∏netai apÏ mia phg† lËizer CW sta 1543 nm kai Ënan
metrht† optik†c isq‘oc pou e–nai sundedemËnoi me ta tm†mata optik∏n in∏n gia na mporo‘n na

bàzoun fwc apÏ ton kumatodhgÏ eisÏdou tou tsip kai na metràne thn optik† isq‘ sthn Ëxodo.

To tsip stere∏netai sto vacuum chuck kai me touc micropositioners oi –nec Ërqontai kontà stouc
kumatodhgo‘c kai eujugramm–zontai Ïso to dunatÏn kal‘tera, ∏ste na mhn exasjene–tai h optik†

isq‘c tou lËizer (Plaser). H pr∏th eujugràmmish kai mËtrhsh g–netai mÏno me tic –nec, qwr–c na

parembàlletai to tsip gia na qarakthristo‘n oi ap∏leiec –nac-me-–na, oi opo–ec e–nai < 1dB. Sth

sunËqeia parembàlletai to tsip, allà metràtai Ënac euj‘c kumatodhgÏc pou br–sketai sun†jwc se

kàje optikÏ tsip gia skopo‘c anaforàc. Metr∏ntac thn optik† isq‘ pou lambànoume sthn Ëxodo

tou kai gnwr–zontac to m†koc tou tsip (L) kai tic ap∏leiec diàdoshc thc platfÏrmac (dB/L)

mporo‘me na exàgoume thn tim† gia tic ap∏leiec s‘zeuxhc thc –nac me ton kumatodhgÏ (coupling
loss/facet). Gia thn EO platfÏrma oi ap∏leiec diàdoshc e–nai 1.4 dB/cm kai oi ap∏leiec s‘zeuxhc
optik†c –nac-kumatodhgo‘ 5.3 dB. O 1x2 MMI eisàgei kai ap∏leiec 3 dB lÏgw thc diaq∏rishc
isq‘oc katà to †misu se kàje Ëxodo. Oi parapànw ap∏leiec sunupolog–zontai gia na katal†xoume

sthn tim† tou Insertion Loss thc dom†c, pou mpore– na ekfraste– majhmatikà me thn parakàtw
sqËsh:

IL(dB) = Po � ↵f�f � ↵p · L� 2 · ↵facet � ↵split � Pm (3.6)

Ïpou Po h isq‘c tou lËizer, ↵f�f oi ap∏leiec –na-–na, ↵p oi ap∏leiec diàdoshc, ↵facet oi ap∏leiec

s‘zeuxhc –nac-kumatodhgo‘, ↵split oi ap∏leiec lÏgw splitting kai Pm h metro‘menh isq‘c metà th

dom†. Ep–shc oi domËc metr†jhkan kai me lËizer metaballÏmenou m†kouc k‘matoc (sweeping laser)
apÏ ta 1500 nm - 1600 nm gia na diapistwje– Ïti h apÏdosh touc den exartàtai apÏ to m†koc
k‘matoc, kaj∏c kai me TE pÏlwsh, parembàllontac Ënan elegkt† pÏlwshc metà thn phg†, gia na

melethje– h ep–drash thc strof†c pÏlwshc. Se aplà (euje–a) tm†mata kumatodhg∏n, h strof†

thc pÏlwshc odhgo‘se sthn a‘xhsh twn apwlei∏n katà 1 dB.

Metr†jhkan diàfora tsip pànw sta opo–a e–qan kataskeuaste– domËc me m†kh 11.5 mm (tsip E11
kai E17), 12 mm (tsip E12, E13, C18), 12.5 mm (tsip E15) kai 20 mm (tsip E14). Ta apotelËsmata
twn metr†sewn parousiàzontai ston p–naka 3.4. H phg† lËizer exËpempe fwc sta 1543 nm to opo–o
e–nai diaforetikÏ m†koc k‘matoc apÏ ta 1550 nm gia ta opo–a sqediàsthkan oi domËc kai autÏ ja
Ëqei arnhtik† ep–drash stic ap∏leiec Ïpwc ja fane– kajarÏtera pio kàtw sta graf†mata.

To sq†ma 3.7 parousiàzei ta apotelËsmata qarakthrismo‘ gia ta tsip E17, E11, C18 kai E13 se
gràfhmata. Ta plàth twn dom∏n gia kàje tsip Ëqoun anaferje– pio pànw. ApÏ ta graf†mata

blËpoume pwc oi domËc me plàtoc 11.5 mm pou br–skontai sta tsip E17, E11, ikanopoio‘n ta
krit†ria gia Insertion Loss < 1dB kai Imbalance < 0.5dB gia timËc m†kouc 135 mm kai 134 mm
ant–stoiqa. MelËth wc proc to m†koc gia domËc plàtouc 11.5 mm den e–qe pragmatopoihje– kaj∏c
h tim† aut† proËkuye san parallag† thc dom†c me plàtoc 12 mm.

Sta duo epÏmena tsip pou metr†jhkan domËc me plàtoc 12 mm (tsip E13, C18) oi qamhlÏterec
timËc Insertion Loss kai Imbalance epite‘qjhkan gia domËc me m†koc 135 mm kai 136 mm, Ïpou oi
timËc †tan kàtw apÏ 0.65 dB kai kàtw apÏ 0.1 dB ant–stoiqa gia to tsip C18, en∏ gia to tsip
E13 †tan kàtw apÏ 0.65 dB kai kàtw apÏ 0.4 dB. AutËc oi domËc epilËqjhkan na oloklhrwjo‘n
sthn EO polumerik† platfÏrma maz– me touc optiko‘c diamorfwtËc Ïpwc ja parousiaste– stic
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Sq†ma 3.7: MetrhmËnec timËc Insertion Loss kai Imbalance stic 1x2 MMI domËc gia diaforetikà
plàth kai m†kh gia ta tsip E17, E11, C18 kai E13.
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P–nakac 3.4: ApotelËsmata qarakthrismo‘ twn kataskeuasmËnwn dom∏n 1x2 MMI.

E17 - 11.5 mm E11 - 11.5 mm E12 - 12 mm E13 - 12 mm
M†koc IL I IL I IL(TE) I(TE) IL I IL I
130 1.49 0.91 0.55 1.88 3.44 1.82 2.13 0.70 6.93 2.10
132 1.38 0.52 0.70 1.38 3.48 0.45 1.68 0.20 2.43 0.90
134 1.58 0.30 0.99 0.31 3.41 1.28 0.13 0.10 0.93 0.45
135 1.08 0.24 1.13 0.68 3.14 0.30 0.99 0.60 0.64 0.39
136 1.21 0.35 0.82 0.87 3.04 0.50
138 1.34 0.69 1.07 1.07 3.29 0.92
140 3.08 2.00 0.56 1.46 2.64 1.30

C18 - 12 mm E15 - 12.5 mm C16 - 20 mm
M†koc IL I M†koc IL I IL(TE) I(TE) M†koc IL I
105 3.84 1.40 130 1.28 0.36 4.66 0.74 240 2.87 0.21
110 2.25 0.43 132 1.89 0.22 5.25 1.51 245 1.92 0.36
115 2.61 0.11 134 0.76 0.35 3.91 1.25 250 1.52 0.20
120 1.95 0.49 135 1.46 0.64 4.59 0.19 255 6.28 2.84
125 1.92 0.52 136 0.51 0.52 3.29 0.40 260 2.28 2.06
130 1.11 0.43 138 0.90 0.35 3.90 0.64 265 0.18 0.14
135 0.61 0.07 140 5.03 1.30 8.99 2.28 270 0.71 0.29
140 1.80 0.64 275 4.31 4.79
145 8.67 0.41 E14 - 20 mm 280 7.34 2.02

M†koc IL I IL(TE) I(TE)
260 0.35 0.41 0.22 0.01
265 0.34 0.37 0.95 0.15
270 0.61 0.46 2.43 2.90

Oi timËc m†kouc e–nai se mm, oi timËc IL, I se dB

parakàtw enÏthtec.

To pànw aristerà sq†ma pou anafËretai sto tsip E11, de–qnei tic metr†seic twn megej∏n aut∏n

kai gia TE rujmo‘c gia na melethje– h ep–drash thc strof†c pÏlwshc. An kai s†mata me pÏlwsh

TE den prÏkeitai na eisaqjo‘n stic domËc lÏgw thc sugkekrimËnhc pÏlwshc TM pou ja ekpËmpei

h d–odoc lËizer, ento‘toic oi domËc metr†jhkan kai me aut† thn pÏlwsh gia mia pio oloklhrwmËnh

eikÏna thc sumperiforàc touc. H strËyh thc pÏlwshc e–qe san apotËlesma thn a‘xhsh twn

apwlei∏n katà 3 dB, qwr–c megàlh ep–drash sthn anisorrop–a. AutÏ mpore– na exhghje– apÏ to
gegonÏc Ïti o kumatodhgÏc blËpei diaforetikÏ energÏ de–kth diàjlashc gia ton TE rujmÏ, me

apotËlesma allàzoun oi stajerËc diàdoshc twn rujm∏n àra kai to L⇡ pou sqet–zetai àmesa me to

m†koc tou MMI.

Oi stÏqoi gia tic timËc twn apwlei∏n kai thc anisorrop–ac epite‘qjhkan thn pleionÏthta twn

peript∏sewn. Oi domËc pou epilËqjhkan Ëqoun timËc gia to m†koc pou apokl–noun 10 mm per–pou
apÏ tic upologismËnec timËc kai autÏ ofe–letai sto krit†rio epilog†c pou †tan o sunduasmÏc kai

twn duo tim∏n, kai Ïqi aplà to qamhlÏtero Imbalance, afo‘ elàqisto Imbalance epitugqàname
kai se mikrÏtera m†kh MMI. Ep–shc oi domËc metr†jhkan me phg† m†kouc k‘matoc 1543 nm lÏgw
mh diajËsimhc phg†c sta 1550 nm gia ta opo–a e–qe sqediaste– h dom†, kàti pou suneisfËrei sthn
apÏklish giat– h apÏstash diàdoshc, dhlad† to m†koc tou MMI sto opo–o sqhmat–zontai oi eikÏnec

(† e–dola) e–nai anàlogo tou m†kouc diakrot†matoc L⇡, to opo–o exartàtai eggen∏c apÏ to m†koc
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Sq†ma 3.8: MetrhmËnec timËc Insertion Loss kai Imbalance stic 1x2 MMI domËc, se m†koc k‘matoc
1550 nm gia diaforetikà plàth kai m†kh gia ta tsip E12, E15, C16 kai E14.

k‘matoc.

'Allec ait–ec gia tic apokl–seic mporo‘n na e–nai e–te kataskeuastikËc anoqËc stic diastàseic kai

sqhmatismÏ thc dom†c lÏgw lijograf–ac eidikà stic gwn–ec, e–te se apokl–seic stic paramËtrouc

pou tËjhkan sto logismikÏ prosomo–wshc Ïpwc gia paràdeigma to mËgejoc thc diakritopo–hshc tou

probl†matoc (grid size) lÏgw peperasmËnwn upologistik∏n pÏrwn. 'Oson aforà tic metr†seic sta
tsip E12, E15, C16, E14 pou fa–nontai sto sq†ma 3.8, gia plàtoc 12 mm ta krit†ria epitugqànontai
gia m†koc 134 mm Ïpwc kai sta prohgo‘mena tsip me ant–stoiqo plàtoc. Gia plàtoc 12.5 mm oi
qamhlÏterec timËc metr†jhkan gia 136 kai 138 mm. To sugkekrimËno tsip metr†jhke kai me
pÏlwsh TE Ïpou parathr†jhkan auxhmËnec ap∏leiec Ïpwc kai parapànw. Sto tsip C16 me 20 mm
an kai metr†jhke Imbalance qamhlÏtero tou 0.5 dB gia arketËc timËc m†kouc, oi ap∏leiec pou
metr†jhkan †tan auxhmËnec. Ep–shc oi stajerËc diàdoshc metax‘ twn an∏terhc tàxhc rujm∏n, pou

upàrqoun eggen∏c se megal‘tera plàth polurujmik∏n perioq∏n, parekkl–noun apÏ thn idanik†

parabolik† sqËsh, kàti pou ephreàzei to sqhmatismÏ twn eikÏnwn [39]. ParÏla autà, h qamhlÏterh
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Sq†ma 3.9: EikÏna twn duo rujm∏n apÏ tic exÏdouc tou 1 ⇥ 2 MMI Ïpwc katagràfhkan me beam
profiling camera

tim† apwlei∏n kai Imbalance metr†jhke gia m†koc 265 mm Ïso e–qe ektimhje– kai upologistikà.

Oi timËc pou metr†jhkan gia m†koc 255 mm e–nai emfan∏c pio auxhmËnec kai ofe–lontai pijanÏtata
se katestrammËnh epifàneia (Ëdra) tou tsip sto shme–o twn kumatodhgo‘c eisÏdou/exÏdou pou

pro†lje katà thn diadikas–a paragwg†c twn tsip. AutÏ e–nai pijanÏ na sumbe– lÏgw tou epiplËon

guàlinou mplok pànw apÏ to shme–o pou ja ginÏtan o temaqismÏc, kaj∏c up†rqan j‘lakec aËra pou

empÏdizan thn swst† efarmog† tou (fa–netai sto sq†ma 3.6b˛ kai 3.6g˛). Sto tsip E14 metr†jhkan

treic domËc oi opo–ec Ëdwsan timËc gia ap∏leiec kai Imbalance kàtw apÏ 1 dB kai kàtw apÏ 0.5
dB ant–stoiqa.
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Sq†ma 3.10: Insertion Loss gia kàje mia apÏ tic duo exÏdouc tou MMI metrhmËno gia m†kh k‘matoc
1260 nm - 1630 nm gia ta tsip C18. (a1) arqikËc metr†seic, (a2) oi metr†seic metà apÏ IIR f–ltro gia
thn afa–resh tou jor‘bou thc mËtrhshc.

Sto sq†ma 3.10 fa–nontai oi timËc apwlei∏n pou metr†jhkan se Ëna e‘roc 400 nm per–pou apÏ
ta 1260 nm Ëwc ta 1630 nm qrhsimopoi∏ntac Ëna sweeping laser . O skopÏc †tan na melethje–
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o trÏpoc pou metabàllontai oi ap∏leiec allà kai h diaforà metax‘ twn duo exÏdwn thc dom†c se

Ëna megàlo e‘roc leitourg–ac Ïson aforà ta m†kh k‘matoc twn optik∏n shmàtwn. Oi qamhlÏterec

timËc epitugqànontai sta m†kh k‘matoc pou antistoiqo‘n sthn C-band Ïpou oi ap∏leiec ki h
anisorrop–a e–nai mikrÏterec apÏ 0.65 dB kai 0.1 dB ant–stoiqa. Sto sq†ma ep–shc fa–netai pwc
h dom† epitugqànei ap∏leiec mikrÏterec apÏ 2 dB kai Imbalance 0.5 dB kai gia mpàntec optik∏n
epikoinwni∏n ektÏc thc C-band (oi mpàntec optik∏n epikoinwni∏n e–nai oi O, E, S, C, L, U), gia thn
opo–a sqediàsthke. Sto sq†ma 3.10a1 de–qnei ta apotelËsmata twn metr†sewn metà thn efarmog†

enÏc IIR f–ltrou gia afa–resh tou jor‘bou.

To sq†ma 3.9 parousiàzei ta prof–l twn duo rujm∏n pou prok‘ptoun sthn Ëxodo tou 1 ⇥ 2

MMI kai katagràfhkan me beam profiling camera qrhsimopoi∏ntac katàllhlo logismikÏ. Oi
duo rujmo– fa–nontai kajaro– kai kalosqhmatismËnoi, me thn –dia Ëntash kàti pou apodeikn‘ei thn

swst† leitourg–a thc dom†c me qamhl† tim† Imbalance. Oi rujmo– pou fa–nontai sthn eikÏna e–nai
kajaro– TM rujmo–, kaj∏c to TE perieqÏmeno tou s†matoc sthn e–sodo tou MMI e–qe aporrifje–

qrhsimopoi∏ntac polwtikÏ f–ltro.

To sq†ma 3.11 parousiàzei metr†seic gia to Insertion Loss gia domËc MMI me plàtoc 20 mm
(tsip C16) gia diaforetikà m†kh. Oi domËc me m†kh 240, 250, 265, 270 mm parousiàzoun to
qamhlÏtero Imbalance, se Ïlec tic mpàntec, allà oi ap∏leiec metabàllontai me rujmÏ 1 dB /100
nm ki aneba–noun pànw apÏ to Ïrio tou 1 dB phga–nontac proc kont‘terec mpàntec.

3.1.3 Ubridik† olokl†rwsh lËizer diÏdou sto polumerikÏ tsip - kata-
skeu† optiko‘ uposunÏlou

O q∏roc pou katalambànane oi parapànw domËc sthn màska †tan megàloc kai den up†rqe h duna-

tÏthta na qwrËsoun sqËdia pou ja e–qan Ïlec autËc tic domËc oloklhrwmËnec me diamorfwtËc. Gia

autÏ to lÏgo, mÏno ta sqËdia twn MMI me tic kal‘terec epidÏseic epilËqjhkan na oloklhrwjo‘n

me touc 100 Gb/s diamorfwtËc. Sto sq†ma 3.12a˛ pànw, fa–netai h diàtaxh twn diamorfwt∏n sth
màska (stigmiÏtupo apÏ to GDS arqe–o) tou diplo‘ 2 ⇥ 100 Gb/s diamorfwt†. To polumerikÏ
tsip Ëqei 16.0 mm m†koc kai 2.42 mm plàtoc. EkatËrwjen twn diamorfwt∏n kai se apÏsta-
sh 250 mmm br–skontai duo kumatodhgo– anaforàc, o‘twc ∏ste na dieukol‘noun thn diadikas–a
s‘zeuxhc me optikËc –nec kai energà stoiqe–a. Ed∏ na shmei∏soume pàli Ïti mÏno s†mata me TM

pÏlwsh mporo‘n na diamorfwjo‘n lÏgw twn idiot†twn tou polumeriko‘ uliko‘ twn polumerik∏n

optik∏n diamorfwt∏n. Oi diamorfwtËc kataskeuàzontai me th diadikas–a pou perigràyame sthn

upo-enÏthta 3.1.2, prosjËtontac ta stàdia thc epimetàllwshc (metallization) gia to sqhmatismÏ
twn hlektrod–wn kai tou temaqismo‘. Sto –dio sq†ma sth mËsh kai kàtw fa–nontai fwtograf–ec

apÏ duo tsipàkia dipl∏n diamorfwt∏n monolijikà oloklhrwmËnwn me 1⇥ 2 MMI me plàtoc 12 mm
- m†koc (mËsh) kai 20 mm (kàtw), Ïpwc proËkuyan apÏ th diadikas–a tou temaqismo‘ tou wafer .
Stic fwtograf–ec fa–netai xekàjara o kumatodhgÏc eisÏdou kai h diaklàdwsh pou kànei sthn

sunËqeia kai spàei se duo kmatodhgo‘c katal†gwntac stouc diamorfwtËc. To kàje tsip Ëqei duo

kumatodhgo‘c exÏdou apÏ Ïpou bga–nei to diamorfwmËno fwc.

Kàje Ëna apÏ ta parapànw tsip ja prËpei na oloklhrwjo‘n ubridikà me diÏdouc lËizer, ∏ste na

prok‘youn ta optikà upos‘nola pou sth sunËqeia ja sunduasto‘n me ta hlektronikà stoiqe-

–a kai ja paketaristo‘n. Prin th diadikas–a aut† e–nai shmantikÏ na pragmatopoihjo‘n kàpoiec

metr†seic anaforàc gia na brejo‘n oi timËc diàforwn paramËtrwn. SugkekrimËna prËpei na qara-
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Sq†ma 3.11: Insertion Loss gia kàje mia apÏ tic duo exÏdouc twn MMI dom∏n gia
plàtoc 20 mm, metaballÏmena m†kh apÏ 240 - 280 mm gia m†kh k‘matoc 1260 nm - 1630
nm gia to tsip C16.

kthristo‘n oi ap∏leiec s‘zeuxhc optik†c –nac me ton polumerikÏ kumatodhgÏ, oi ap∏leiec diàdoshc

tou polumeriko‘ kumatodhgo‘, h optik† isq‘c kai to fàsma thc diÏdou lËizer Ïtan odhge–tai me

50 mA re‘ma. ApÏ prohgo‘menec metr†seic, oi ap∏leiec s‘zeuxhc optik†c –nac ston polumerikÏ
kumatodhgÏ (qwr–c thn qr†sh ladio‘ prosarmog†c d.d.) Ëqoun breje– 5.3 dB/Ëdra kai oi ap∏leiec
diàdoshc ston polumerikÏ kumatodhgÏ e–nai 1.4 dB/cm.

Sto sq†ma 3.12b˛ parousiàzetai se fwtograf–a apÏ mikroskÏpio h d–odoc lËizer pou ja qrhsh-
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Sq†ma 3.12: Màska twn duo diamorfwt∏n kai tou 1⇥2MMI (pànw), duo EO diamorfwtËc monolijikà
oloklhrwmËnoi se polumerikÏ tsip me 1⇥2 MMI me plàtoc 12 mm (mËsh) kai 20 mm (kàtw), (b) D–odoc
lËizer me tic ak–dec trofodos–ac, (g) Fàsma thc diÏdou, isq‘c -2

mopoihje– gia thn dhmiourg–a tou uposunÏlou. Oi mikrËc diastàseic thc diÏdou epitàssoun thn

topojËthsh thc pànw se Ëna upost†rigma pou ja prosfËrei megal‘terec epifàneiec gia thn a-

sfal† topojËthsh twn akrodekt∏n pou ja parËqoun hlektrikÏ re‘ma sth d–odo, allà kai thn

metËpeita eukolÏterh s‘ndesh thc me ta upÏloipa exart†mata qrhsimopoi∏ntac wire bonds . To
gràfhma 3.12g˛ parousiàzei to fàsma thc diÏdou Ïpwc metr†jhke me optikÏ fasmatogràfo sto

e‘roc apÏ 1555 nm Ëwc 1565 nm qrhsimopoi∏ntac optik† –na sthn Ëxodo. H pol‘ kal† poiÏthta
tou s†matoc e–nai e–nai emfan†c me to shmatojorubikÏ lÏgo na xepernàei ta 50 dB.

Gia to qarakthrismÏ twn parapànw paramËtrwn, Ëprepe to fwc apÏ thn d–odo lËizer na eisËljei

sto tsip tou diamorfwt† kai sth sunËqeia me mia optik† –na ston kumatodhgÏ exÏdou na odhghje–

dia mËsou enÏc optiko‘ diaqwrist† isq‘oc 50:50 proc ton optikÏ metrht† isq‘oc kai ston analut†

optiko‘ fàsmatoc. Gi autÏ to lÏgo o optikÏc diamorfwt†c topojet†jhke se rujmizÏmenh bàsh me

stajeropoiht† keno‘ kai h d–odoc se rujmizÏmenh bàsh me ak–dec na thn trofodoto‘n me re‘ma.
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Sq†ma 3.13: (pànw) SqhmatikÏ tou stajmo‘ ergas–ac pou qrhsimopoi†jhke gia thn eujugràmmish
tou diamorfwt† kai thc phg†c lËizer.(mËsh) o polumerikÏc diamorfwt†c topojethmËnoc sto stajmÏ
ergas–ac. H d–odoc lËizer fa–netai apÏ ta dexià me tic ak–dec pou thn trofodoto‘n me re‘ma, en∏ apÏ
aristerà ston kumatodhgÏ exÏdou Ëqei plhsiàsei optik† –na. (kàtw aristerà) prof–l tou rujmo‘ tou
kumatodhgo‘ anaforàc, (kàtw dexià) to fàsma thc diÏdou lËizer apÏ touc duo kumatodhgo‘c anaforàc
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Sq†ma 3.14: (a) prof–l twn duo rujm∏n apÏ tic exÏdouc twn MZM diamorfwt∏n (b) ta fàsmata
thc diÏdou lËizer apÏ touc duo kumatodhgo‘c twn MZM sto tsip me MMI plàtouc 12 um kai m†kouc 260
um. Sto Ënjeto fa–netai to optikÏ upos‘nolo tou pompo‘.

ApÏ th arister† merià optik† –na briskÏtan ep–shc se rujmizÏmenh bàsh kai sundedemËnh me optikÏ

metrht† isq‘oc gia na mporo‘me na elËgqoume thn eujugràmmish tou diamorfwt† kai thc diÏdou

kai na posotikopoi†soume tic ap∏leiec s‘zeuxhc. H diàtaxh fa–netai sto sq†ma 3.13. Gia thn

arqik† eujugràmmish diÏdou - diamorfwt† qrhsimopoi†jhke h beam profiling camera exale–fontac
thn abebaiÏthta sthn eujugràmmish thc optik†c –nac exÏdou pou ja ephrËaze to apotËlesma. H

diadikas–a thc eujugràmmishc xek–nhse apÏ ton kumatodhgÏ anaforàc pou br–sketai 250 um pànw
apÏ ton MZM diamorfwt†. Oi anoqËc sthn eujugràmmish e–nai pio kr–simec sthn kàjeth kate‘jun-

sh, Ïpou mia anantistoiq–a ±0.5 um ja e–qe san apotËlesma 1 dB ap∏leiec. Sthn per–ptwsh mac
oi rujmizÏmenec bàseic prosËferan akr–beia eujugràmmishc 100 nm. Mikrorujm–zontac thn jËsh
thc diÏdou kai tou polumeriko‘ tsip, Ëna fwteinÏ shme–o emfan–zetai sthn kàmera upodeikn‘ontac

th jËsh tou kumatodhgo‘ anaforàc. To prof–l tou rujmo‘ tou kumatodhgo‘ exÏdou Ïpwc kata-

gràfhke apÏ thn kàmera fa–netai sto sq†ma 3.13 (kàtw aristerà). 'Otan h jËsh tou kumatodhgo‘

eisÏdou breje–, h optik† –na exÏdou eujugramm–zetai mËqri h mËgisth optik† isq‘c -8.91 dBm.
To m†koc k‘matoc ekpomp†c kai stic duo peript∏seic Ëqei olisj†sei merikà nanÏmetra lÏgw thc

apous–ac mËsou stajeropo–hshc thc jermokras–ac katà th diàrkeia thc mËtrhshc. Sth sunËqeia

metr†jhke kai o kàtw kumatodhgÏc anaforàc, me thn –dia diadikas–a kai katagràfhke to fàsma

tou. H optik† isq‘c pou metr†jhke †tan -8.71 dBm. H sunolik† ap∏leia isq‘oc e–nai 11.8 dB,
Ïpou lambànontac upÏyh tic ap∏leiec s‘zeuxhc –nac kumatodhgo‘ 5.3 dB, tic ap∏leiec diàdoshc
ston kumatodhgÏ 2.3 dB (1.6cm⇥ 1.41dB/cm), oi ap∏leiec s‘zeuxhc gia ton TM rujmÏ metax‘

thc strammËnhc katà 90 mo–rec diÏdou kai tou polumeriko‘ kumatodhgo‘ upolog–zontai se 4.2 dB.
Ta fàsma mËsa kai apÏ touc duo kumatodhgo‘c anaforàc fa–nontai ep–shc sto –dio sq†ma6.

Afo‘ qarakthr–sthkan oi kumatodhgo– anaforàc, h d–odoc eujugramm–sthke me thn e–sodo tou

1⇥ 2 MMI. H eujugràmmish thc diÏdou g–netai me th bo†jeia thc kàmerac kai tou antikeimeniko‘

fako‘ mËqri na g–noun emfan† duo diakrità shme–a sthn ojÏnh. Sthn sunËqeia oi optikËc –nec

topojet†jhkan pàli gia na metrhje– h optik† isq‘c sthn Ëxodo kàje diamorfwt†. Metà apÏ

eujugràmmish metr†jhkan -17 dBm kai -19.2 dBm apÏ touc ànw kai kàtw diamorfwtËc ant–stoiqa.

6
Gia na apofeuqje– h strËyh thc TE lËizer diÏdou katà 90 mo–rec, ja mporo‘san enallaktikà e–te na qrhsi-

mopoihjo‘n leptà f–ltra thin film elements se mia sqism† ston kumatodhgÏ pou ja leitourgo‘san wc strofe–c

pÏlwshc katà l/2 metatrËpontac ton TE rujmÏ se TM, e–te na qrhsimopoihjo‘n d–odoi lËizer ston pompÏ pou

ekpËmpoun se TM.
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Sq†ma 3.15: Fasmata thc diÏdou lËizer apÏ touc duo kumatodhgo‘c twn MZM gia to tsip me MMI
plàtouc 12 um kai m†kouc 125 um. Sto Ënjeto fa–netai to optikÏ upos‘nolo tou de‘terou pompo‘.

H diaforà isq‘oc 2.2 dB ofe–letai apÏ to imbalance tou 1 ⇥ 2 MMI, kaj∏c Ïpwc fa–netai apÏ

to sq†ma 3.8 gia to plàtoc 20 um kai m†koc 260 um o MMI emfan–zei per–pou 2 dB imbalance.
ApÏ thn àllh h mikr† diaforà sta idanikà shme–a leitourg–ac twn diamorfwt∏n mpore– ep–shc na

epidrà sthn anisorrop–a. Oi uyhlËc ap∏leiec apod–dontai sthn apous–a tàshc pÏlwshc stouc

diamorfwtËc me apotËlesma oi sunart†seic metaforàc touc na br–skontai se tuqa–a shme–a kai

Ïqi apara–thta sto shme–o mËgisthc metàdoshc gia to m†koc k‘matoc thc diÏdou. ParÏla autà h

mËjodoc pou akolouj†jhke br–skei me asfàleia thn jËsh twn kumatodhg∏n exÏdou gia bËltisth

s‘zeuxh me tic optikËc –nec. To prof–l twn rujm∏n twn MZM kumatodhg∏n fa–netai sto sq†ma

3.14(a), en∏ sto 3.14(b) d–nontai ta fàsmata apÏ th diÏdo stic exÏdouc twn MZM. ApÏ to sq†ma

fa–netai pwc an kai h mËgisth fasmatik† puknÏthta isq‘oc Ëqei meiwje– arketà, ento‘toic to lËizer

diathre– ton lÏgo koruf†c proc pleurik∏n lob∏n arketà uyhlÏ > 40 dB (SMSR). Metà thn
diadikas–a eujugràmmishc kai afo‘ breje– h bËltisth jËsh gia th s‘zeuxh, h d–odoc koll†jhke me

epoxik† kÏlla katàllhlou de–kth diàjlashc gia na sqhmat–sei to upos‘nolo tou optiko‘ pompo‘

2⇥100 Gb/s qrhsimopoi∏ntac to tsip M20. Sto Ënjeto thc –diac eikÏnac fa–netai mia fwtograf–a
tou optiko‘ uposunÏlou.

Gia na epiteuqje– qwrhtikÏthta 4⇥ 100 Gb/s, Ëna de‘tero upos‘nolo Ëprepe na sunarmologhje–,
akolouj∏ntac thn –dia diadikas–a Ïpwc pio pànw. Oi optikËc isq‘ec pou metr†jhkan me ton optikÏ

fasmatogràfo e–nai - 30.9 dBm kai -33.7 dBm apÏ tic exÏdouc tou ànw kai kàtw MZM ant–stoiqa.
'Opwc fa–netai sto sq†ma 3.7 o MMI me plàtoc 12 um kai m†koc 125 um d–nei 0.5 dB imbalance. H
diaforà stic isq‘ec katà 2.8 dB ofe–letai sta diaforetikà shme–a leitourg–ac twn MZM. H eikÏna
3.15 de–qnei ta fàsmata twn duo kumatodhg∏n exÏdou twn MZM apÏ th diadikas–a eujugràmmishc

kaj∏c kai to sunarmologhmËno optikÏ upos‘nolo me thn d–odo kollhmËnh pànw sto tsip tou

diamorfwt†. Sth sunËqeia ta upos‘nola twn pomp∏n ja topojeto‘ntan se kout– apÏ kovar7 maz–
me InP-DHBT hlektronikà kai ja sundËontan me wirebonds metax‘ touc allà kai me katàllhlouc
akrodËktec gia na apokt†soun pl†rh leitourgikÏthta kai dunatÏthta s‘ndeshc me ergasthriakÏ

7
to ulikÏ kovar qrhsimopoie–tai gia ta gold box packages giat– Ëqei ton –dio suntelest† jermik†c diastol†c me

to gual– kàti pou e–nai idia–tera qr†simo sto na exasfal–zei pwc h optik† –na exÏdou den ja qàsei thn eujugràmmish

me ton kumatodhgÏ exÏdou. 'Eqei Ïmwc qamhlÏ suntelest† jermik†c agwgimÏthtac
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Sq†ma 3.16: (a) SqhmatikÏ diàgramma tou MUX-DRV pou de–qnei ta sustatikà stoiqe–a tou, (b)
mikro-fwtograf–a tou MUX-DRV kataskeuasmËnou oloklhrwmËnou kukl∏matoc, diagràmmata ofjal-
mo‘ tou hlektriko‘ s†matoc exÏdou sta (g) 100 Gb/s kai (d) 112 Gb/s.

exoplismÏ.

3.1.4 Sunarmog† tou optiko‘ uposunÏlou me ta hlektronikà kukl∏ma-
ta

Se aut† thn upoenÏthta ja perigrafo‘n ta hlektronikà kukl∏mata tou pompo‘ pou ja parËqoun

tic leitourg–ec thc poluplex–ac kai en–squshc ∏ste na mporËsei na odhghje– o MZM diamorfwt†c

me 100 Gb/s s†ma katàllhlhc stàjmhc. O MUX-DRV apÏ ta III-V Lab kai dËqetai stic eisÏdouc
tou duo s†mata sta 50 Gb/s, Ëna s†ma rologio‘ sta 50 GHz, ta opo–a poluplËkei kai enisq‘ei
d–nontac duo diaforikËc exÏdouc sta 100 Gb/s me plàtoc Ëwc 2 ⇥ 3Vpp. Pio sugkekrimËna o

MUX-DRV bas–zetai se teqnolog–a InP-DHBT 0.7 um h opo–a prosfËrei suqnÏthta leitourg–ac
tranz–stor FT /Fmax = 350GHz kai uyhlÏ breakdown voltage > 4.5Vpp [40, 41]. O enisqut†c

prosfËrei kËrdoc re‘matoc 30. To sq†ma 3.16(a) parousiàzei to sqhmatikÏ leitourg–ac tou ku-

kl∏matoc, pou apart–zetai apÏ duo basikà stoiqe–a: to k‘klwma poluplex–ac kai to k‘klwma

en–squshc. To k‘klwma poluplex–ac Ëqei duo single-ended e–sodouc gia ta s†mata dedomËnwn
kai mia single-ended e–sodo gia to s†ma rologio‘. Ta s†mata dedomËnwn kai rologio‘, ta opo–a
prËpei na Ëqoun elàqisto plàtoc 200mVpp kai to misÏ rujmÏ apÏ ton telikÏ dhlad† 50 Gb/s, me-
tatrËpontai se diaforikà s†mata mËsw twn data kai clock buffers o‘twc ∏ste na trofodot†soun
ton pur†na tou poluplËkth pou apotele–tai apÏ Ëna Gilbert cell [42]. Sth sunËqeia, to polu-
plegmËno s†ma eniq‘etai kai anadiamorf∏netai (reshaped) se Ënan lupmed power buffer me 2Vpp

plàtoc. Sto tËloc, Ënac diaforikÏc katanamhmËnoc enisqut†c (differential distributed amplifier)
qrhsimopoie–tai gia na odhg†sei se megàla plàth kai taq‘thtec to s†ma. O katanemhmËnoc enisqu-

t†c apotele–tai apÏ okt∏ kelià kai br–sketai sto –dio tsip me ton lupmed . Oi teqnhtËc grammËc
metaforàc gia th bàsh kai to sullËkth tou enisqut† sqhmat–zontai se xeqwristÏ ep–pedo metal-
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lopo–hshc Ïson aforà thn teqnolog–a. H swst† epilog† twn paramËtrwn twn gramm∏n metaforàc

kai h ulopo–hsh e–nai jemeli∏douc shmas–ac gia thn ep–teuxh leitourg–ac sta 100 Gb/s. To sq†ma
3.16(b) parousiàzei mia mikro-fwtograf–a tou kataskeuasmËnou kukl∏matoc poluplËkth-eniqut†.

Ta uyhl†c suqnÏthtac s†mata eisÏdou kai exÏdou sundËontai me to tsip me grammËc metaforàc

50 W. To mËgejoc tou tsip e–nai 1.5 ⇥ 3.6mm2 kai h katanàlwsh tou e–nai 3.8 W gia mËgisto

plàtoc exÏdou 2⇥ 3V . Sta sq†mata 3.16(g)-(d) fa–nontai ta diagràmmata ofjalmo‘ twn exÏdwn

tou kukl∏matoc gia taq‘thtec 100 Gb/s kai 112 Gb/s ant–stoiqa, ta opo–a metr†jhkan on wafer ,
qrhsimopoi∏ntac kal∏dia me V-connectors, DC blocks kai akrodËktec. Gia th mËtrhsh twn dia-
forik∏n diagrammàtwn ofjalmo‘, qrhsimopoi†jhkan oi kefalËc 86118A-H01 thc Agilent . Me to
k‘klwma rujmismËno gia mËgisto plàtoc kai katanàlwsh, to plàtoc twn diagrammàtwn ofjalmo‘

metr†jhke 6.24 V kai 5.92 V, to SNR 7.2 dB kai 5.66 dB kai to rms jitter 379 fs kai 494 fs gia
ta 100 kai 112 Gb/s ant–stoiqa.

Gia thn sunarmog† (packaging) tou kukl∏matoc maz– me to optikÏ s‘nolo, pr∏ta pragmatopoi-
†jhkan RF prosomoi∏seic kai sqediasmÏc twn stoiqe–wn Ïpwc oi RF interposers pou parËqoun
tic grammËc metaforàc kai sundËoun to tsip me touc GPPO conectors tou package. Gia touc
RF interposers qrhsimopoi†jhke katàllhlec domËc Micro Strip Line (MS) Coplanar Waveguide
(CPW), oi opo–ec sqediàsthkan pànw se Ëna upÏstrwma Al2O3 pàqouc 250 um ∏ste na epiteu-
qje– empËdhsh 50 W. Oi RF grammËc metaforàc sundËontai me to tsip me Au wirebonds m†kouc
18 um. Oi domËc sqediàsthkan me to logismikÏ ANSYS HFSS. Gia na epiteuqje– leitourg–a sta
100 GHz qreiàzetai Ëna DC block metax‘ tou kukl∏matoc od†ghshc kai tou diamorfwt† me 100
GHz e‘roc z∏nhc, to opo–o pro†lje apÏ thn Presidio Compoenents kai metr†jhke apÏ to III-V
Lab mËqri aut† th suqnÏthta gia na epibebaiwje– h leitourg–a tou. Ta apotelËsmata apÏ tic S
parameters epibebai∏noun Ïti to exàrthma e–nai katàllhlo gia qr†sh se aut† th suqnÏthta. Gia
single ended leitourg–a, h sumplhrwmatik† Ëxodoc tou kukl∏matoc sundËjhke me Ënan euruzwnikÏ
exasjenht† 10 dB me 50 W empËdhsh.

To kout– tou pompo‘ kataskeuàsthke se KOVAR (FeNiCo) me ta hlektronikà kai optikà exar-
t†mata na e–nai topojethmËna se katàllhla uposthr–gmata apÏ CuW. To upost†rigma sqedi-
àsthke gia na kratà to tsip tou diamorfwt† sth jËsh tou kai na dra wc mhqanik† upost†rixh

gia ta optikà stoiqe–a Ïpwc h optik† –na. Ep–shc DC hlektrikà kukl∏mata se Al2O3 l†fjhkan

upÏyh gia thn trofodos–a tou TEC kai tou kukl∏matoc od†ghshc. Oi DC sundËseic br–skontai
stic kàjetec pleurËc tou koutio‘. O sqediasmÏc ubridik∏n kuklwmàtwn se Alumina upostr∏mata
e–nai h katallhlÏterh prosËggish.

H jermik† melËth kai diaqe–rish e–nai shmantik† gia ton pompÏ lÏgw thc megàlhc katanàlwshc

twn duo kuklwmàtwn od†ghshc pou plhsiàzei ta 4 W to kajËna. Jermik† anàlush diexàqjhke

me logismikÏ 3D peperasmËnwn stoiqe–wn kai epibebai∏jhke h katallhlÏthta tou koutio‘ na

diaqeiriste– ta jermikà fort–a. H sunarmog† tou 2⇥ 100 Gb/s pompo‘ parousiàzetai sto sq†ma
3.17 kai perielàmbane ta ex†c b†mata:

(a˛) sunarmog† twn kuklwmàtwn od†ghshc (SEL-DDA), tou AC kukl∏matoc kai tou DC alu-
mina upostr∏matoc pànw sto CuW forËa

(b˛) s‘ndesh tou MZM kai tou SEL-DDA me wire-bonds

(g˛) sunarmog† twn GPPO akrodekt∏n, twn DC kai HF alumina upostrwmàtwn, tou TEC kai
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Sq†ma 3.17: Diàgramma e‘rouc z∏nhc gia tic S paramËtrouc (i) S11 kai (ii) S21. (a) SEL-DDA
k‘klwma kai pajhtikà kukl∏mata sto CuW forËa, (b) megËjunsh sto DC block kai sto 50 W termatismÏ,
(g) leptomËreiec apÏ ta wire-bonds tou kukl∏matoc tou SEL-DDA, (d) sunarmologhmËnoc MZM me
hlektronikà kai –nec exÏdou pànw sto CuW forËa, (e)-(st) megËjunsh sta wire-bonds tou MZM me to
DC block kai to chip resistor, (z) kout– me ta DC, HF alumina upostr∏mata kai TEC, (h) leptomËreiec
apÏ thn eujugràmmish twn in∏n exÏdou.

(α) (β)

Sq†ma 3.18: (a) LeptomËreia apÏ thn eujugràmmish tou DFB lËizer me to MZM tsip, (b) sunar-
mologhmËnoc pompÏc 2⇥ 100G sto kovar kout– tou.

twn sundËsewn

(d˛) eujugràmmish kai stajeropo–hsh thc optik†c –nac exÏdou sto MZM tsip

(e˛) eujugràmmish thc katà 90 mo–rec strammËnhc DFB diÏdou lËizer me thn e–sodo tou MZM
tsip.

H eujugràmmish kai h mikror‘jmish sumba–nei mËsa sto package. Gia thn eujugràmmish twn e-
xÏdwn tou MZM tsip me tic fakoeide–c optikËc –nec qrhsimopoi†jhke Ënac fakÏc sthn e–sodo tou
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MZM tsip kai oi optikËc –nec se kàje Ëxodo rujm–sthkan me akr–beia nanomËtrou qrhsimopoi∏ntac

piezohlektrikËc bàseic eujugràmmishc. Katà th diàrkeia aut†c thc diadikas–ac h tàsh pÏlwshc

tou MZM rujmizÏtan gia ep–teuxh mËgisthc metàdoshc sthn sunàrthsh metaforàc touM MZM.

Oi ap∏leiec gia kàje Ëxodo e–nai 10.5 kai 10.3 dB, en∏ o lÏgoc sbËshc twn sunart†sewn meta-
foràc e–nai 24.7 kai 20.6 dB, ant–stoiqa. TËloc o sunarmologhmËnoc pompÏc mËsa sto package
tou fa–netai sto sq†ma 3.18. Sunolikà oi optikËc ap∏leiec mËsa sto package e–nai 13 dB kai
sumperilambànoun 3.5 dB ap∏leiec ze‘xhc thc diÏdou lËizer, 1 dB ap∏leiec MMI, tic ap∏leiec
kumatod†ghshc, tic ap∏leiec twn S-bends kai tou MZM 7 dB kaj∏c kai tic ap∏leiec s‘zeuxhc
thc optik†c –nac 1.5 dB. Xekin∏ntac apÏ +7 dBm sthn Ëxodo tou lËizer gia 120 mA re‘ma Ëg-
qushc, kai lambànontac upÏyh ta 3 dB tou MMI, katal†goume se -9 dBm sthn Ëxodo kàje –nac
Ïtan leitourge– sto mËgisto thc sunàrthshc metaforàc tou MZM. H katanàlwsh enËrgeiac e–nai

sunolikà 10.9 W † 54.5 mW/Gbps kai sumperilambànei thn katanàlwsh enËrgeiac thc diÏdou
lËizer 0.25W, twn SEL-DDA 2⇥ 3.8W , twn jermik∏n olisjht∏n fàshc 2⇥ 0.04W kai tou TEC
3 W. To prwtÏtupo apotele–tai ton polumerikÏ MZM apÏ thn GigOptix , to DFB lËizer kai ton
SEL-DDA apÏ ta III-V Lab. Se epÏmenh enÏthta ja deiqjo‘n analutikà apotelËsmata apÏ ton
peiramatikÏ qarakthrismÏ tou sto Ergast†rio Fwtonik∏n Epikoinwni∏n.

3.2 DËkthc 4⇥ 100 Gb/s

3.2.1 Perigraf† kukl∏matoc dËkth

O 4 ⇥ 100 Gb/s dËkthc bas–zetai se dokimasmËna optohlektronikà kai hlektronikà kukl∏mata
enÏc kanalio‘, ta opo–a sqhmat–zontac sustoiq–ec tessàrwn stoiqe–wn epekte–noun ton arijmÏ

twn kanali∏n se 4 gia na aux†soun thn qwrhtikÏthta sta 400 Gb/s. O dËkthc oloklhr∏nei
mia sustoiq–a tessàrwn uyhlo‘ e‘rouc z∏nhc InP pin fwtodiÏdwn me duo InP-DHBT hlektro-
nikà kukl∏mata apopoluplex–ac uyhl†c taq‘thtac, kai deqÏmenoc 4 s†mata sta 100 Gb/s kai 4
s†mata rologio‘ sta 50 GHz, apod–dei stic exÏdouc tou 8 s†mata twn 50 Gb/s. Oi fwtod–odoi
kataskeuàsthkan sto HHI en∏ ta kukl∏mata apopoluplex–ac sto III-V Lab. H mejodolog–a thc
olokl†rwshc twn uyhl†c taq‘thtac hlektronik∏n kai twn fwtodiÏdwn maz– sto –dio package epi-
trËpei thn me–wsh twn apwlei∏n, oi opo–ec sta 100 GHz upolog–zontai per–pou sta 2 dB gia kàje
s‘ndesh kai 2 dB gia kàje k‘klwma pÏlwshc (Bias-T ) to opo–o suqnà qreiàzetai na paremblhje–
anàmesa apÏ ta exart†mata. H s‘ndesh twn fwtodiÏdwn kai twn kuklwmàtwn apopoluplex–ac me

pollaplà wirebonds †tan h monadik† kr–simh dias‘ndesh sto k‘klwma tou dËkth pou Ëprepe na
uposthr–xei 100 GHz. Oi 50 Gb/s Ëxodoi tou apopoluplËkth sundËontai me GPPO akrodËktec dia
mËsou quartz-based combined coplanar gramm∏n, oi opo–ec Ëqoun kai vias gei∏sewn gia exàleiyh
twn an∏terhc tàxhc rujm∏n. Ep–shc mËsw GPPO parËqontai ta s†mata rologio‘ pou qreiàzo-
ntai gia th leitourg–a twn apopoluplekt∏n. Mia sustoiq–a 4 optik∏n in∏n me apÏstash 1 mm
qrhsimopoie–tai gia thn s‘ndesh twn fwtodiÏdwn.

3.2.2 Sustoiq–a 4⇥ 100 GHz InP-pin fwtodiÏdwn.

To sq†ma 3.19(a) de–qnei to sqediàgramma tou dËkth, Ïpwc autÏc perigràfhke kai sthn prohgo‘me-

nh upo-enÏthta. To fwc apÏ tic optikËc –nec eisÏdou diad–detai stouc monorujmiko‘c kumatodhgo‘c
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(α) (β) (γ) (δ)

(ε)

Photodiode 1 Photodiode 2

Photodiode 3 Photodiode 4

Sq†ma 3.19: (a) Sqediàgramma tou 4 ⇥ 100Gbps dËkth, (b) sqhmatikÏ twn diaforetik∏n energ∏n
strwmàtwn pou apotele–tai o dËkthc, (g) fwtograf–a sustoiq–ac 4 fwtodiÏdwn, (d) kontin† fwtograf–a
2 fwtodiÏdwn, (e) metrhmËno e‘roc z∏nhc on wafer gia kàje mia apÏ tic fwtodiÏdouc qwr–c termatismÏ
me thn eterÏdunh mËjodo.

kai suzeugn‘etai me to diafe‘gwn ped–o sto InGaAs str∏ma twn fwtodiÏdwn kai eke– aniqne‘etai.
To sqËdio me th s‘zeuxh tou diafe‘gontoc ped–ou parousiàzetai sto sq†ma 3.19(b). To fwc

apÏ Ënan kumatodhgÏ me diastàseic 2 um suzeugn‘etai dia mËsou enÏc eswteriko‘ str∏matoc
prosarmog†c, to opo–o qrhsime‘ei tautÏqrona kai san n-contact se mia perioq† aporrÏfhshc In-
GaAs me 350 nm pàqoc. Mia t‘pou p heterostructure contact layer stack qrhsime‘ei gia mikr†
wmik† epaf† me thn pin d–odo kai e–nai beltistopoihmËnh gia qamhlËc timËc PDL. To mËgejoc
tou tsip miac fwtodiÏdou e–nai 2000 ⇥ 600 um2. O kumatodhgÏc eisÏdou Ëqei kwnodeidËc tm†ma

gia na tairiàzei me thn diatom† twn optik∏n in∏n, en∏ to tm†ma autÏ mpore– na paralhfje– sthn

per–ptwsh thc s‘zeuxhc me polumerikÏ kumatodhgÏ lÏgw mikrÏterhc diatom†c. To e‘roc z∏nhc

thc fwtodiÏdou sta 130 GHz mpore– na epiteuqje– mÏno gia mikrÏ mËgejoc thc energo‘ perioq†c
4 ⇥ 15 um2 sumperilambanomËnou termatismo‘ 50 W. Se aut†n thn per–ptwsh to RF kËrdoc me-
tatrop†c (RF conversion gain) sto exwterikÏ fort–o 50 W e–nai: responsivity⇥ 50/2 Ohm, àra

0.5 A/W⇥25 Ohm = 12.5 V/W . To elàqisto e‘roc z∏nhc gia ETDM diamÏrfwsh sta 112 Gbps
apaite– to 75 % tou rujmo‘ metàdoshc, †toi 112 Gbps⇥75% = 84 GHz. Gia egguhmËnh apÏdosh,

to e‘roc z∏nhc epilËqjhke na fjànei kai na xepernà ta 90 GHz. Oi qamhlÏterec apait†seic se
e‘roc z∏nhc d–noun thn euqËreia gia na sqediasto‘n fwtod–odoi me kai qwr–c 50 W termatismÏ.

Oi fwtod–odoi apËqoun 1 mm h mia apÏ thn àllh kai kataskeuàzontai se mpàrec twn 16 stoiqe–wn,
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P–nakac 3.5: Ektim∏mena qarakthristikà fwtodiÏdwn me kai qwr–c termatismÏ

Qarakthristikà Me R50 termatismÏ* qwr–c R50 termatismÏ**
MËgejoc perioq†c 5⇥ 20 µm2 4⇥ 15 µm2

ApÏkrish (responsivity) ⇠0.65A/W ⇠0.53A/W
E‘roc z∏nhc ⇠100 GHz ⇠85� 90 GHz
KËrdoc metatrop†c (conversion gain) ⇠16 V/W ⇠26 V/W

*R50 prosfËrei kal† prosarmog† sthn e–sodo tou DEMUX
**paràleiyh tou R50 proÙpojËtei kal† S11 tou DEMUX

P–nakac 3.6: MetrhmËna qarakthristikà fwtodiÏdwn me kai qwr–c termatismÏ

Qarakthristikà Me R50 termatismÏ qwr–c R50 termatismÏ
ApÏkrish (responsivity) ⇠0.54A/W ⇠0.54A/W
E‘roc z∏nhc ⇠112� 120 GHz ⇠80� 90 GHz
KËrdoc metatrop†c (conversion gain) ⇠13.5 V/W ⇠27 V/W
PDL 0.3 dB 0.25 dB

apÏ tic opo–ec epilËgontai sustoiq–ec 4 fwtodiÏdwn. Mia tËtoia sustoiq–a apÏ 4 fwtodiÏdouc

fa–netai sto sq†ma 3.19(g) en∏ sto sq†ma 3.19(d) fa–netai mia kontinÏterh fwtograf–a duo fw-

todiÏdwn. H pÏlwsh (trofodos–a) twn kajÏdwn ode‘jhke kàjeta stouc kumatodhgo‘c ∏ste na

e–nai eukolÏterh h parat†rhsh tou fwtore‘matoc twn akrian∏n stoiqe–wn katà th diadikas–a thc

eujugràmmishc twn optik∏n in∏n kai katà sunËpeia eukolÏterh Ïlh h diadikas–a. To diàsthma

tou 1 mm ektÏc apÏ to na bohjàei sto na g–netai h s‘zeuxh me sustoiq–ec optik∏n in∏n, boh-
jàei kai sthn s‘zeuxh twn DEMUX sustoiqi∏n pou akoloujo‘n to –dio mot–bo sthn apÏstash
metax‘ touc, epitrËpontac ta kukl∏mata na sundejo‘n me pol‘ mikro‘ m†kouc wirebonds. Metà
thn kataskeu† touc, oi fwtod–odoi qarakthr–sthkan kai gia tic fwtod–odouc me 50W termatismÏ

oi timËc gia thn apÏkrish, to PDL kai to kËrdoc †tan 0.54 A/W, 0.3 dB kai 13.5 V/W, en∏
gia tic fwtod–odouc qwr–c termatismÏ oi timËc †tan 0.54 A/W, 0.25 dB kai 27 V/W, ant–stoiqa.
'Oson aforà to e‘roc z∏nhc, autÏ metr†jhke me eterÏdunh mËjodo pànw sto wafer kai brËjhkan
timËc 112-120 GHz gia tic fwtodiÏdouc me termatismÏ kai 80-90 GHz qwr–c, oi opo–ec sumbad–zoun
me tic timËc twn prosomoi∏sewn me to PSPICE. Kàpoia abebaiÏthta upàrqei lÏgw tou etching
thc mesa perioq†c katà 0.5 um ligÏtero apÏ thn onomastik† perioq†. Ep–shc jewr†jhke sth
montelopo–hsh me–wsh thc energo‘ perioq†c katà 50 nm, sta 300 nm apÏ 350 nm pou prokale–tai
apÏ diàqush Zn.

To sq†ma 3.19(e) parousiàzei to metrhmËno 3-dB e‘roc z∏nhc on wafer me thn eterÏdunh mËjodo
gia kàje mia apÏ tic 4 fwtodiÏdouc. Ta tria diaforetikà qr∏mata stic kamp‘lec antistoiqo‘n se

treic diaforetikËc metr†seic pànw sthn –dia fwtod–odo me Ënan metrht† isq‘oc kai 3 diaforetikËc

kefalËc metr†sewn o‘twc ∏ste na kalufje– to e‘roc z∏nhc apÏ 5 - 110 GHz stic perioqËc 5 -
50 GHz, 50 - 75 GHz (V-band) kai 75 - 110 GHz (W-band). H qr†sh twn diaforetik∏n kefal∏n
odhge– kai se diaforetikà qarakthristikà jor‘bou mËsa stic perioqËc autËc. Pio sugkekrimËna

sthn qamhlÏterh perioq† suqnot†twn h kefal† tou metrht† isq‘oc e–qe V-connectors, en∏ stic
duo epÏmenec perioqËc uyhlÏterwn suqnot†twn oi kefalËc e–qan 1 mm connectors kai kumato-
dhgo‘c gia touc jermiko‘c aisjht†rec. Katà sunËpeia stic duo uyhlÏterec perioqËc suqnot†twn

den up†rqe anàgkh gia na qrhsimopoihjo‘n prosarmoge–c apÏ touc 1 mm stouc V-connectors kai
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mporo‘se na epiteuqje– uyhlÏtero SNR. An ki oi treic perioqËc bajmonom†jhkan memonwmËna,
mÏno mikrËc diorj∏seic (< 0.5 dB) †tan anagka–ec gia na prosarmoste– h qamhl†c suqnÏthtac

RF mËtrhsh stic timËc thc metrhmËnhc DC apÏkrishc. To sunolikÏ s‘sthma bajmonom†jhke mËsa
se ±0.5 dB. H metrhmËnh apÏkrish suqnÏthtac emfan–zei mia gr†gorh exasjËnish per–pou 1.5 dB
mËqri ta 30 GHz kai metà mia stajerÏthta sthn kamp‘lh mËqri ta 90 GHz. Oi metr†seic autËc
sumbad–zoun me ta montËla kai pio sugkekrimËna h apÏkrish sth mesa–a perioq† apod–detai se mia

mh-tËleia t‘pou p epaf†. H t‘pou p epaf† se autËc tic fwtodiÏdouc apotele–tai apÏ kajar† wmik†
ant–stash se seirà ⇠5 Ohm kai mia all-p-type ntoparismËnh stoibàda GaInAs/GaInAsP/GaInAs
pou sqhmat–zei mia allhlouq–a isÏtupwn eterosundËsewn t‘pou p (isotype p-type heterojunction
sequence). Aut† h eteros‘ndesh sumperifËretai sto isod‘namo k‘klwma san mia s‘njeth agwgi-
mÏthta se seirà, h opo–a apotele–tai apÏ mia paràllhlh ant–stash kai mia paràllhlh qwrhtikÏthta.

S‘mfwna me to PSPICE montËlo, autÏ to isod‘namo k‘klwma emfan–zei exasjËnhsh stic qamhlËc
suqnÏthtec, epeid† h sunolik† energ† ant–stash se seirà sthn p t‘pou epaf† odhge– se qamh-
lÏterh suqnÏthta apokop†c. ParÏla autà stic uyhlËc suqnÏthtec h qwrhtikÏthta thc p-isotype
heterojunction epitrËpei sthn pin d–odo na emfan–zei thn uyhlÏterh suqnÏthta apokop†c lÏgw
thc metàbashc kai thc mikr†c RC paramËtrou [43]. Se kàje per–ptwsh to 3-dB e‘roc z∏nhc e–nai
megal‘tero twn 86 GHz.

3.2.3 Sustoiq–a kuklwmàtwn en–squshc ki apopoluplex–ac

Gia na auxhje– h euaisjhs–a tou dËkth kai gia na beltiwje– o proÙpologismÏc thc optik†c isq‘oc

thc ze‘xhc, qrhsimopoi†jhkan kukl∏mata TIA-DEMUX, kataskeuasmËna se teqnolog–a InP-
DHBT, ta opo–a en–squan kai apopol‘plekan ta s†mata pou proËrqontan apÏ tic fwtodiÏdouc.
To k‘klwma apart–zetai apÏ mia mia perioq† endiàmeshc apoj†keushc (buffer) tou TIA, akolou-
jo‘menh apÏ duo kukl∏mata apopoluplex–ac ki apÏfashc. To k‘klwma apÏfashc leitourge– me

Ëna exwterikÏ rolÏi suqnÏthtac 50 GHz, en∏ to k‘klwma apopoluplex–ac pa–rnei to eiserqÏmeno
s†ma dedomËnwn sta 100 Gb/s kai Ëna 50 GHz s†ma rologio‘ kai d–nei duo s†mata dedomËnwn sta
50 Gb/s. H leitourg–a aut† pragmatopoie–tai me th qr†sh D flip-flops (DFFs) ta opo–a leitour-
go‘n metax‘ twn shmàtwn dedomËnwn kai twn shmàtwn rologio‘. Sqediàsthkan duo kukl∏mata

enisuqt∏n di-empËdhshc (transimpedance mono‘ s†matoc exÏdou kai diaforiko‘ s†matoc exÏdou.
To k‘klwma mon†c exÏdou e–qe uyhlÏtero kËrdoc en∏ to àllo k‘klwma e–qe uyhlÏtero e‘roc

z∏nhc. To k‘klwma apart–zetai apÏ Ënan TIA tessàrwn bajm–dwn kai Ënan brÏqo antistàjmishc

tou Ïfset sthn tàsh, sunduàzontac Ëna qamhloperatÏ f–ltro kai Ënan diaforikÏ enisqut†. Pio

sugkekrimËna ta k‘ria stoiqe–a tou TIA e–nai8:

• Single-ended resistive shunt feedback input amplifier TIA

• Cheery-Hooper intermediate amplifier

• Differential amplifier with inductive peaking

• Differential 50 ⌦ output buffer amplifier

To sq†ma 3.20(a) parousiàzei thn arqitektonik† tou kukl∏matoc apo-poluplex–ac se leitourgikÏ

diàgramma Ïpou fa–nontai kai ta sustatikà mËrh pou to apart–zoun, sto sq†ma sq†ma 3.20(b)
8
H orolog–a d–netai sta Agglikà kaj∏c den upàrqoun dÏkimoi Ïroi gia akrib† metàfrash sta Ellhnikà.
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Είσοδος
100 Gb/s

DC τροφοδοσία

DC τροφοδοσία

D1 50 Gb/s

D2 50 Gb/s

Clock 
50 GHz

DC τροφοδοσία

DC τροφοδοσία

(α)

(β)

(γ) (δ)

(ε)
Σήμα εισόδου 100 Gb/s

Σήματα εξόδου 50 Gb/s

Sq†ma 3.20: (a) Arqitektonik† tou kukl∏matoc 1:2 apopoluplex–ac sta 100 Gb/s me emfane–c tic
bajm–dec apÏ tic opo–ec apart–zetai, (b) mikro-fwtograf–a tou kukl∏matoc apopoluplex–ac Ïpou fa–nontai
h diaforik† Ëxodoc twn dedomËnwn kai h e–sodoc tou s†matoc rologio‘, (g) mikro-fwtograf–a duo d–dumwn
apopoluplËktwn, kàje tsip Ëqei duo Ïmoia kukl∏mata, (d) hlektrikÏ s†ma eisÏdou NRZ-OOK sta 100
Gb/s, (e) apopoluplegmËna hlektrikà s†mata sta 50 Gb/s.

fa–netai mia mikro-fwtograf–a tou ulopoihmËnou kukl∏matoc Ïpou diakr–nontai h j‘ra eisÏdou

tou s†matoc dedomËnwn, h j‘ra eisÏdou tou rologio‘ kai oi duo apo-poluplegmËnec Ëxodoi sta 50

Gb/s. H tim† tou diaforiko‘ kËrdouc e–nai per–pou 54 dB⌦ me 3-dB e‘roc z∏nhc kontà sta 65
GHz. To k‘klwma katanal∏nei 2.15 W kai Ëqei diastàseic 2.22 mm⇥ 1.77 mm.

Gia ton qarakthrismÏ tou kukl∏matoc qrhsimopoi†jhke Ëna s†ma dedomËnwn NRZ-OOK sta 100
Gb/s kai Ëna s†ma rologio‘ sta 50 GHz. Ta s†mata metr†jhkan se Ënan palmogràfo me 70 GHz
kefalËc kai V-connectors. To sq†ma 3.20(d) parousiàzei to diàgramma ofjalmo‘ tou exasje-
nhmËnou hlektriko‘ s†matoc dedomËnwn NRZ-OOK sta 100 Gb/s plàtouc 52 mV, metà apÏ to
DC-block pou qrhsimopoi†jhke san e–sodoc sto k‘klwma, en∏ sto sq†ma 3.20(e) d–nontai ta duo
apo-poluplegmËna s†mata exÏdou. H euaisjhs–a tou kukl∏matoc e–nai pol‘ kal† kaj∏c katàfere

me epituq–a na apopoluplËxei s†ma 100 Gb/s me plàtoc eisÏdou mÏno 52 mV.

O dËkthc Ëqei tËssera kanàlia kai lambànei isàrijma optikà s†mata ta opo–a afo‘ metatrapo‘n se

hlektrikà sthn Ëxodo twn gr†gorwn fwtodiÏdwn prËpei na apolupleqjo‘n apÏ ta kukl∏mata apo-

poluplex–ac. H apl† l‘sh na qrhsimopoihjo‘n tËssera kukl∏mata apopoluplËkth ja odhgo‘se

se auxhmËnh epifàneia kai poluplokÏthta katà thn sunarmog† afo‘ ja Ëprepe na topojethjo‘n

diadoqikà sto package kai na sundejo‘n hlektrikà. Gia autÏ to lÏgo to basikÏ k‘klwma apo-
poluplËkth antigràfthke kai sqediàsthke se sustoiq–a duo kuklwmàtwn sto –dio tsip, ki Ëtsi

mei∏jhke o arijmÏc twn stoiqe–wn sto misÏ. O lÏgoc pou den kataskeuàsthkan tËssera ku-

kl∏mata sto –dio tsip, o‘twc ∏ste na qreiaste– mÏno Ëna, ofe–letai sto gegonÏc pwc to yield gia
thn platfÏrma InP mei∏netai Ïso auxànetai h epifàneia tou tsip. O sunduasmÏc duo kuklwmàtwn
sto –dio tsip †tan o sumbibasmÏc metax‘ epitrepto‘ yield kai arijmo‘ kuklwmàtwn. To sq†ma
3.20(g) parousiàzei mikrofwtograf–ec duo tsip dipl∏n apo-poluplekt∏n. H katanàlwsh isq‘oc

kàje diplo‘ kukl∏matoc e–nai 2.8W en∏ oi diastàseic e–nai 1.77 mm⇥2.4 mm. Oi akrodËktec gia

thn DC trofodos–a e–nai topojethmËnoi stic exwterikËc meriËc twn tsip gia eukolÏterh prÏsbash.
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(α) (β)

(γ) (δ)

(ζ)

(στ)

(ε)

Sq†ma 3.21: (a) SqËdio twn coplanar kumatodhg∏n kai oi kataskeuasmËnoi kumatodhgo–, (b) me-
tr†seic Insertion Loss kai Group Delay, (g) fwtograf–a tou kataskeuasmËnou koutio‘, (d) kukl∏ma
pÏlwshc twn fwtod–odwn kai twn apo-poluplket∏n, (e) trisdiàstato sqhmatikÏ tou sunarmologhmËnou
dËkth, (z) fwtograf–a tou dËkth me to s‘sthma y‘xhc tou, (st) fwtograf–a sunarmologhmËnou dËkth
me to kout– tou.

3.2.4 Sunarmog† twn InP kuklwmàtwn sto kout–

Oi fwtod–odoi maz– me ta kukl∏mata apopoluplex–ac prËpei na mpoun sto kout– kai na sundejo‘n

hlektrikà metax‘ touc, allà kai na topojethjo‘n oi optikËc –nec pou ja fËrnoun to fwc stic

fwtodiÏdouc kai oi konnËktorec pou ja d–noun ta apopoluplegmËna s†mata exÏdou kai to s†ma

rologio‘. Gia tic optikËc –nec eisÏdou qrhsimopoi†jhke sustoiq–a optik∏n in∏n (fiber array) me
apÏstash metax‘ touc pou tairiàzei to pitch twn fwtodiÏdwn sto 1 mm. H sustoiq–a twn in∏n
e–qe kataskeuaste– me akr–beia 0.5 um. Ta tsip twn fwtodiÏdwn kai twn apopoluplekt∏n topo-
jet†jhkan pànw se katàllhlh y‘ktra mËsa sto kout– gia thn swst† apagwg† thc jermÏthtac.

H apÏstash tou 1 mm thr†jhke kai gia ta kukl∏mata apopuleplex–ac pou akoloujo‘n. H to-
pojËthsh twn kuklwmàtwn pol‘ kontà kai diadoqikà exasfàlize thn s‘ndesh twn fwtodiÏdwn

kai twn yhfiak∏n kuklwmàtwn me pol‘ kontà wire bonds gia thn ep–teuxh kal†c euaisjhs–ac
kai e‘rouc z∏nhc. 'Ena quartz substrate me 12 coplanar kumatodhgo‘c odhge– ta 8 hlektrikà
apopolupegmËna s†mata stouc konnËktorec exÏdou, oi upÏloipoi 4 kumatodhgo– qrhsime‘oun gia

thn e–sodo twn shmàtwn rologio‘. H ekten†c qr†sh ground-via holes kontà sth s‘ndesh twn
kumatodhg∏n kai twn GPPO konËktorwn bohjàei sthn katap–esh twn anepij‘mhtwn paràllhlwn
rujm∏n. Gia thn epibeba–wsh thc kal†c ge–wshc Ëginan metr†seic hlektrik†c sunËqeiac metax‘ tou

metalliko‘ sas– kai tou ep–pedou ge–wshc. To upÏstrwma Ëqei sq†ma hmikukl–ou kai fa–netai sto

sq†ma 3.21(a). To sq†ma 3.21(b) parousiàzei tic metr†seic twn apwlei∏n kai thc kajustËrhshc

omàdac se sunàrthsh thc suqnÏthtac. Oi ap∏leiec (S21) e–nai mikrÏterec apÏ ta 1.25 dB sta 50
GHz, en∏ oi timËc kajustËrhsh omàdac apokl–noun mÏno katà 5 ps mËsa se 30 GHz kai gia tic 12
grammËc, pou shma–nei aproblhmàtisth diàdosh gia ta s†mata twn 50 Gb/s. Sto sq†ma 3.21(g)
fa–netai fwtograf–a tou koutio‘ tou dËkth me tic jËseic gia touc 12 GPPO konËktorec se sq†ma
hmikukl–ou. MËroc tou kukl∏matoc pÏlwshc twn hlektrwnik∏n stoiqe–wn tou dËkth to opo–o

parËqei kai prostas–a apÏ upertàseic kai apÏ ESD stic 20 diaforetikËc tàseic pou qreiàzetai
gia na leitourg†sei, fa–netai sto sq†ma 3.21(d). Trisdiàstath apeikÏnish tou sunarmologhmËnou
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Sq†ma 3.22: SqhmatikÏ thc diàtaxhc prosomo–wshc thc ze‘xhc.

dËkth fa–netai sto sq†ma 3.21(e). Sto sq†ma 3.21(z) fa–netai to s‘sthma y‘xhc tou dËkth. H

mËsh katanàlwsh Ïlwn twn stoiqe–wn tou dËkth †tan per–pou 5.5 W me mËgisth 8 W , h opo-

–a an metatrape– se katanàlwsh anà Gbps d–nei 13.75 mW/Gbps. TËloc o sunarmologhmËnoc

4⇥ 100 Gb/s dËkthc fa–netai sth fwtograf–a tou sq†matoc 3.21(st).

3.3 Prosomo–wsh leitourg–ac pompo‘ 2⇥100 Gb/s se optikÏ

d–ktuo

Oi melËtec prosomo–wshc se autÏ to upokefàlaio Ëqoun skopÏ na upode–xoun thn dunatÏthta

twn shmàtwn sta 80 Gb/s kai 100 Gb/s na taxidËyoun se kontinËc apostàseic mËsa apÏ SSMF
kai na uposthr–xoun ta peiramatikà apotelËsmata pou parousiàzontai sto epÏmeno upo-kefàlaio.

Pragmatopoi†jhkan me to ergale–o logismiko‘ VPItransmission Maker™ [44] kai epikentr∏jhkan
sthn ep–drash thc qrwmatik†c diasporàc sto sq†ma kai thn poiÏthta twn metadidÏmenwn optik∏n

shmàtwn.

To sq†ma 3.22 parousiàzei th diàtaxh prosomo–wshc sto logismikÏ pou qrhsimopoi†jhke gia tic

melËtec. To hlektronikÏ tm†ma tou apotele–tai apÏ mia genn†tria yeudotuqa–ac akolouj–ac di-

f‘wn (PRBS generator), Ënan kwdikopoiht† NRZ (NRZ encoder) pou leitourge– apeuje–ac sta 80
Gb/s † 100 Gb/s, Ënan hlektronikÏ enisqut† (driver) me metablhtÏ plàtoc exÏdou, metablhtÏ DC
offset kai metablhtà qarakthristikà jor‘bou, Ëna qamhloperatÏ f–ltro (LPF) pou prosomoi∏nei
ton periorismÏ sto e‘roc z∏nhc pou upàrqei sto pragmatikÏ k‘klwma od†ghshc kai ston optikÏ

diamorfwt†. H tàxh thc yeudotuqa–ac akoloj–ac pou qrhsimopoi†jhke gia th melËth prosomo-

–wshc e–nai 27 � 1, en∏ to qronikÏ paràjuro antistoiqo‘se se 2048 dif‘a sta 100 Gb/s me thn
akolouj–a na qwràei akribw'c mËsa se autÏ to paràjuro. To optikÏ tm†ma tou apotele–tai apÏ mia

d–odo lËizer (LD) pou ekpËmpei sta 1553.4 nm, Ënan single drive diamorfwt† Mach-Zehnder kai
Ëna tm†ma optik†c –nac (SSMF ) me metablhtÏ m†koc, tim† qrwmatik†c diasporàc 16 ps/nm/km

kai tim† gia thn kl–sh thc kamp‘lhc diasporàc 0.08 ps/nm2/km sto sugkekrimËno m†koc k‘matoc.

K‘rioi paràmetroi gia thn prosomo–wsh, oi opo–ec kai tairiàzoun me ta qarakthristikà twn exar-

thmàtwn tou 2 ⇥ 100 Gb/s pompo‘ † ta peiramatikà apotelËsmata, sumperilambànoun to 3 � dB

e‘roc z∏nhc tou qamhloperato‘ f–ltrou (65 GHz), to plàtoc hm–siou k‘matoc V⇡ tou diamorfw-

t† (3.5 V ), o mËgistoc lÏgoc sbËshc tou diamorfwt† (16 dB), kai to plàtoc od†ghshc pou e–nai

diajËsimo apÏ ton enisqut† (2 Vpp). Ax–zei na shmeiwje– ep–shc Ïti sth diàtaxh ta optikà s†mata

aniqne‘ontai apÏ idanikÏ dËkth me e‘roc z∏nhc 70 GHz, to opo–o prosomoi∏jhke ep–shc me LPF,
kai Ïti den qrhsimopoi†jhke optikÏc enisqut†c sth diàtaxh.
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Sq†ma 3.23: Diagràmmata ofjalmo‘ Ïpwc proËkuyan apÏ to ergale–o prosomo–wshc gia 80 Gb/s
kai 100 Gb/s kai apostàseic apÏ B2B Ëwc 2 km.

P–nakac 3.7: Sunoptikà apotelËsmata prosomoi∏sewn metàdoshc sta 80 kai 100 Gb/s

RujmÏc metàdoshc
(Gb/s)

M†koc diàdoshc
(m)

Q-factor
(dB)

LÏgoc sbËshc
(dB)

rms timing jitter
(ps)

80 B2B 23.3 13.3 0.6
80 500 21.7 12.9 0.7
80 1000 19.2 11.5 1.0
80 1625 17.0 9.6 1.2
80 2000 15.8 8.2 1.5
100 B2B 22.5 11.9 0.6
100 500 21.5 11.7 0.8
100 1000 19.9 10.0 1.3
100 1625 16.4 6.9 1.6
100 2000 12.4 5.7 2.0

To sq†ma 3.23 parousiàzei ta diagràmmata ofjalmo‘ twn 80 Gb/s kai 100 Gb/s optik∏n shmàtwn
metà thn Ëxodo tou MZM kaj∏c kai metà apÏ 500, 1000, 1625 kai 2000 m. Sto rujmÏ metàdoshc
80 Gb/s h ep–drash thc qrwmatik†c diasporàc e–nai emfan†c metà ta 1000 m, allà ta diagràmmata
ofjalmo‘ paramËnoun anoiqtà akÏma kai metà apÏ 2000 m. Sta 100 Gb/s h ep–drash thc qrw-
matik†c diasporàc e–nai entonÏterh kai Ëqei san apotËlesma touc qarakthristiko‘c lÏfouc pànw

sta diagràmmata ofjalmo‘ †dh metà ta 1000 m. ParÏla autà, me katàllhlh r‘jmish tou shme–ou
leitourg–ac kai metabol† tou shme–ou pÏlwshc apÏ to elàqisto thc sunàrthshc metaforàc proc

to quadrature tou MZM, h upobàjmish thc poiÏthtac tou 100 Gb/s s†matoc mpore– na exel–sse-
tai argà kai ta diagràmmata ofjalmo‘ na paramËnoun anoiqtà akÏma kai metà apÏ 2000 m me to
kÏstoc enÏc stadiakà qamhlÏterou lÏgou sbËshc (ER). O p–nakac 3.7 sunoy–zei tic timËc gia to
suntelest† Q (Q-factor) kai to lÏgo sbËshc (ER) gia ta 80 kai 100 Gb/s diagràmmata ofjalmo‘
gia diaforetikËc apostàseic metàdoshc, epishma–nontac th genikÏterh tàsh gia thn epilog† tou

shme–ou leitourg–ac. Ax–zei na shmeiwje– Ïti oi sugkekrimËnec timËc antistoiqo‘n ston orismÏ tou

Q-factor wc
Q� factor = 20⇥ log10

µ1 � µ0

�1 � �0
, (3.7)
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Γεννήτρια σηµάτων
25 GHz Δ Δ

Δ

ΟΦ

ΔΣ Δ ΟΦ

ΔΣ

12.5 Gb/s
PPG Δ

Δ

Δ

ΟΦ 4:1 MUX
ΟΦ
ΟΦ

Clk in

Δ ΟΦ

Προς δέκτη
Προς δέκτη

Τ/4
0

Τ/2
3Τ/4

Σήµα ρολογιού 50 GHz

Σήµα δεδοµένων 50 Gb/s

Τ/2 Σήµα δεδοµένων 50 Gb/s

Δ: διαχωριστής ισχύος 3-dB
ΟΦ: ολισθητής φάσης
ΔΣ: διπλασιαστής συχότητας
PPG: Pulse Pattern Generator

Sq†ma 3.24: Basik† peiramatik† diàtaxh hlektronik†c poluplex–ac gia thn gËnnhsh shmàtwn de-
domËnwn sta 50 Gb/s kai rologio‘ sta 50 GHz.

Ïpou µ1 kai µ0 oi mËsec timËc plàtouc sta shme–a tou àssou kai tou mhdËn, en∏ �1 kai �0
antistoiqo‘n stic timËc tupik∏n apokl–sewn ant–stoiqa.

3.4 PeiramatikÏc qarakthrismÏc 2 ⇥ 100 Gb/s pompo‘ kai

4⇥ 100 Gb/s dËkth

Se aut†n thn enÏthta ja perigràyoume ton peiramatikÏ qarakhrismÏ tou optiko‘ pompo‘ 2⇥ 100

Gb/s kai tou optiko‘ dËkth 4⇥ 100 Gb/s mËsa apÏ statikËc metr†seic kai susthmikËc metr†seic.
H enÏthta xekinàei me thn ekten† perigraf† thc peiramatik†c diàtaxhc pou qrhsime‘oun sthn

leitourg–a twn suskeu∏n kai thn axiolÏghsh thc apÏdoshc sthn metàdosh tou s†matoc mËsa apÏ

SSMF. Sth sunËqeia parousiàzontai oi statikËc metr†seic pou pragmatopoi†jhkan sto dËkth kai
ton pompÏ, en∏ akolouje– h parous–ash twn apotelesmàtwn apÏ thn peiràmata metàdoshc sta

80 Gb/s kai 100 Gb/s. H enÏthta kle–nei me thn anàlush gia to budget thc optik†c isq‘oc thc
ze‘xhc metàdoshc kai perigràfontai trÏpoi belt–wshc tou.

3.4.1 Peiramatik† diàtaxh

Gia ton peiramatikÏ qarakthrismÏ tou optiko‘ pompo‘ 2⇥100 Gb/s kai tou optiko‘ dËkth 4⇥100

Gb/s, anapt‘qjhke peiramatik† diàtaxh hlektronik†c poluplex–ac sto qrÏno (ETDM) sto Erga-
st†rio Fwtonik∏n Epikoinwni∏n qrhsimopoi∏ntac pl†joc hlektronik∏n orgànwn kai exarthmàtwn.

Bas–zetai sth diàtaxh pou anapt‘qjhke gia ton qarakthrismÏ tou pompo‘ 100 Gb/s, h opo–a sqe-
diàsthke kai anapt‘qjhke me k‘ria qarakthristikà thc, thn paroq† duo uyhl†c poiÏthtac shmàtwn

dedomËnwn sta 50 Gb/s kai enÏc uyhl†c poiÏthtac hlektriko‘ s†matoc rologio‘ sta 50 GHz.

K‘rio sustatikÏ mËroc thc diàtaxhc, h opo–a fa–netai kai sto sq†ma 3.24, apotele– h genn†tria

shmàtwn pou leitourge– sta 25 GHz. To 25 GHz s†ma qwr–zetai me duo diadoqiko‘c diaqwristËc
3-dB (splitters) se tr–a mËrh, to pr∏to pernàei apÏ ton diairËth suqnot†twn (frequency divider)
gia na gennhje– to 12.5 GHz s†ma pou odhge– thn genn†tria akolouj–ac palm∏n (Pulse Pattern
Generator - PPG) sta 12.5 Gb/s. To de‘tero mËroc kateuj‘netai ston dËkth, en∏ to tr–to
qwr–zetai ek nËou se duo drÏmouc. Ston pr∏to drÏmo, to s†ma odhge–tai proc ton 4:1 MUX
gia na ton odhg†sei, en∏ ston de‘tero drÏmo to s†ma pernàei mËsa apÏ Ënan diplasiast† su-
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qnÏthtac (f-doubler) gia na genn†sei Ëna 50 GHz s†ma. AutÏ qrhsimopoie–tai gia na odhg†sei
ta MUX kai DEMUX stoiqe–a tou pompo‘ kai tou dËkth. Katàllhloi olisjhtËc fàshc (phase
shifters) qrhsimopoio‘ntai se diaforetiko‘c drÏmouc gia na kajuster†soun ta s†mata rologio‘
kai na ta sugqron–soun se ep–pedo dif‘ou me ta hlektrikà s†mata dedomËnwn sta diaforetikà

exart†mata Ïpwc o 4:1 MUX, o eswterikÏc 2:1 MUX tou POLYSYS pompo‘ kai o 1:2 DEMUX
tou POLYSYS dËkth. H Ëxodoc tou PPG qwr–zetai me th qr†sh triwn diaqorist∏n se duo diado-
qikà stàdia o‘twc ∏ste na sqhmatisto‘n tËssera ant–grafa tou 12.5 Gb/s s†matoc dedomËnwn.
Qrhsimopoi∏ntac grammËc metaforàc, oi opo–ec e–nai omoaxonikà kal∏dia diaforetik∏n mhk∏n ka-

j∏c kai olisjhtËc fàshc, mporo‘san na efarmosto‘n katàllhlec kajuster†seic sta ant–grafa

twn shmàtwn dedomËnwn gia ton sugqronismÏ touc se ep–pedo dif‘ou ∏ste na trofodot†soun ton

4:1 exwterikÏ poluplËkth. To 50 Gb/s s†ma exÏdou qwr–zetai xanà se duo mËrh, efarmÏzontac
katàllhlec kajuster†seic gia na qrhsimopoihjo‘n wc s†mata eisÏdou ston 2:1 poluplËkth tou

POLYSYS pomo‘. To plàtoc twn duo shmàtwn e–nai per–pou 200 mVpp kai 260 mVpp lÏgw tou
epiplËon olisjht† fàshc sth diadrom† tou s†matoc.

H telik† akolouj–a tou 100 Gb/s s†matoc pou odhge– ton diamorfwt† exartàtai apÏ mia seirà
paramËtrwn Ïpwc apÏ thn akolouj–a pou d–nei sthn Ëxodo tou o PPG, apÏ thn diaforà drÏmwn twn
gramm∏n metaforàc pou trofodoto‘n ton 4:1 exwterikÏ poluplËkth kaj∏c kai apÏ thn diaforà

drÏmwn twn gramm∏n metaforàc tou 2:1 poluplËkth tou pompo‘.O PPG e–qe thn dunatÏthta na
genn†sei akolouj–ec diaoforetik∏n tàxewn sumperilambanomËnwn twn 231 � 1 kai 27 � 1. Sthn

pr∏th per–ptwsh oi diaforËc drÏmwn stic grammËc metaforàc ja eparko‘n gia aposusqËtish

(decorrelation) twn shmàtwn pou poluplËkontai kai stouc duo poluplËktec, parÏla autà h telik†
akolouj–a den ja e–nai mia yeudotuqa–a akolouj–a tàxhc 231 � 1. Sthn per–ptwsh thc 27 �
1 h akolouj–a pou ja prok‘yei metà apÏ ta duo diaforetikà stàdia poluplex–ac ja diathre–

thn tàxh thc afo‘ oi diaforËc drÏmwn twn gramm∏n metaforàc epilËqjhkan katàllhla ∏ste na

antistoiqo‘n, sthn per–ptwsh tou 4:1 poluplËkth, se kajuster†seic T/4, T/2, 3T/4 metax‘ thc

de‘terhc, tr–thc kai tËtarthc diadrom†c se sqËsh me thn pr∏th, Ïpou T h per–odoc thc 27�1 PRBS
sta 12.5 Gb/s (10.160 ns). H –dia mejodolog–a qrhsimopoi†jhke kai gia thn apossqËtish twn
shmàtwn apÏ ta 50 sta 100 Gb/s, Ïpou h diaforà †tan T'/2, Ïpou T' h per–odoc thc akolouj–ac
Ëbdomhc tàxhc sta 50 Gb/s (2.54 ns). AutËc oi diaforËc drÏmou sta duo stàdia poluplex–ac
exasfal–zoun thn diat†rhsh thc arqik†c tàxhc thc akolouj–ac. Katà thn peiramatik† diadikas–a,

h mejodolog–a epibebai∏jhke allàzontac thn leitourg–a tou PPG metx‘ aut∏n twn duo tàxewn
qwr–c na parathre–tai sto optikÏ s†ma fainÏmena patterming .

Gia ton peiramatikÏ qarakthrismÏ tou 2 ⇥ 100 Gb/s h basik† diàtaxh Ëprepe na tropopoihje–
∏ste na mpore– na gennàei ta apara–thta s†mata gia touc duo hlektroniko‘c poluplËktec kai na

odhghjo‘n oi duo MZM diamorfwtËc thc suskeu†c. Sunolikà Ëprepe na paràgei tËssera s†mata

sta 50 Gb/s kai duo s†mata rologio‘ twn 50 GHz.

H anabajmismËnh diàtaxh fa–netai sto sq†ma 3.25. H genn†tria shmàtwn paràgei Ëna hm–tono sta

25 GHz to opo–o spàei se duo drÏmouc. Ston kàtw drÏmo, to s†ma ja peràsei apÏ Ënan diairËth
suqnot†twn (frequency divider) pou ja metatrËyei th suqnÏthta sta 12.5 GHz kai sth sunËqeia
ja spàsei se duo mËrh gia na trofodothje– o PPG me to Ëna mËroc, en∏ to àllo na suneq–sei proc
to k‘klwma tou dËkth Ïpou ja xanaspàsei gia na eisaqje– san s†ma rologio‘ ston BER tester
kai ston palmogràfo (Oscilloscope). Ston pànw drÏmo to 25 GHz s†ma ja xanaspàsei se duo
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Sq†ma 3.25: Peiramatik† diàtaxh gia thn gËnnhsh twn shmàtwn dedomËnwn 50 Gb/s kai rologio‘
sta 50 GHz, gia to qarakthrismÏ tou 2⇥ 100 Gb/s pompo‘ kai 4⇥ 100 Gb/s dËkth. Oi suqnÏthtec pou
anagràfontai antistoiqo‘n se 2⇥ 100 Gb/s leitourg–a kai prËpei na klimakwjo‘n anàloga gia leitourg–a
2⇥ 80 Gb/s.

sunist∏sec me thn kàtw sunist∏sa na diaqwr–zetai se duo –sa s†mata pou ja qrhsimopoihjo‘n san

s†mata rologio‘, me katàllhlh r‘jmish tou sugqronismo‘ apÏ touc olisjhtËc fàshc (PS), stouc
exwteriko‘c 4:1 poluplËkth (MUX) kai ston 1:4 apo-poluplËkth (DEMUX). H pànw sunist∏sa
ja diplasiàsei thn suqnÏthta thc sta 50 GHz kai afo‘ enisquje– ja diaqwriste– se tËssera
–sa mËrh, ek twn opo–wn ta tr–a ja qrhsimopoihjo‘n san 50 GHz s†mata rologio‘ gia ta duo
kukl∏mata MUX-DRV tou pompo‘ kai gia to k‘klwma twin-DEMUX tou dËkth.

O PPG gennàei mia yeudotuqa–a akolouj–a dif‘wn tàxhc 27�1 sta 12.5 Gb/s, opo–a ja spàsei se
tËsseric –sec sunist∏sec pern∏ntac diadoqikà apÏ treic 3-dB diaqwristËc. Oi diaforËc sta m†kh
twn gramm∏n metaforàc twn sunistws∏n Ëqoun epilege– katàllhla gia thn swst† aposuqËtish

touc, en∏ olisjhtËc fàseic qrhsimopoio‘ntai se kàje gramm† gia ton katàllhlo sugqronismÏ se

ep–pedo dif‘ou twn shmàtwn pou ja trofodot†soun ton exwterikÏ 4:1 MUX. O MUX d–nei sthn
Ëxodo tou duo s†mata, to 50 Gb/s poluplegmËno s†ma kai to sumplhrwmatikÏ tou, ta opo–a afo‘
enisqujo‘n spàne to kajËna se duo s†mata pou trofodoto‘n, metà apÏ katàllhlh aposusqËtish

kai sugqronismÏ, ta kukl∏mataMUX-DRV tou pompo‘. Shmei∏netai Ïti kai se aut† th diàtaxh oi
grammËc kajustËrhshc kai sta duo stàdia poluplex–ac e–qan sqediaste– na diathro‘n thn ebdÏmhc

tàxhc PRBS sta 100 Gb/s, allà mporo‘n na aposusqet–soun ikanopoihtikà kai an∏terhc tàxhc
PRBS katà th diadikas–a thc poluplex–ac.

Ta sq†mata 3.26(a)-(b) parousiàzoun ta s†mata rologio‘ sta 40 kai 50 GHz pou genno‘ntai
apÏ ton k‘klwma diplasiasmo‘ suqnÏthtac gia touc MUX-DRVs kai to twin-DEMUX stouc
duo rujmo‘c leitourg–ac (2⇥ 80 kai 2⇥ 100 Gb/s) kai faner∏noun thn ‘parxh thc jemeli∏douc
armonik†c twn 20 kai 25 GHz sto s†ma kai stic duo peript∏seic. AutÏ fa–netai sto sq†ma 3.27 pou
d–nei stigmiÏtupa apÏ to hlektrikÏ fàsma exÏdou tou tou rologio‘ sto diplasiast† suqnÏthtac

gia s†ma eisÏdou 20 GHz kai Ëxodo 40 GHz, kaj∏c kai gia s†ma eisÏdou 25 GHz kai 50 GHz
ant–stoiqa. Ta hlektrikà fàsmata metr†jhkan me Ënan analut† fàsmatoc HP 8565E me 50 GHz
diajËsimo e‘roc z∏nhc. Ta sq†mata 3.26(g)-(d) parousiàzoun endeiktikà diagràmmata ofjalmo‘

twn 40 kai 50 Gb/s shmàtwn dedomËnwn pou genno‘ntai apÏ th diàtaxh gia th leitourg–a twn
MUX-DRVs stic duo peript∏seic leitourg–ac.

Sthn Ëxodo tou pompo‘, to upÏ axiolÏghsh optikÏ s†ma sta 1553.4 nm metad–detai dia mËsou
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(α) (β)

(γ) (δ)

Sq†ma 3.26: Hlektrikà s†mata rologio‘ sta (a) 40 GHz kai (b) sta 50 GHz gia thn leitourg–a
twn MUX-DRV ston pompÏ kai tou twin-DEMUX sto dËkth. Diagràmmata ofjalmo‘ twn hlektrik∏n
shmàtwn dedomËnwn gia (g) 40 Gb/s kai (d) 50 Gb/s gia thn leitourg–a twn MUX-DRV ston pompÏ.

Sq†ma 3.27: (aristerà) Fàsma exÏdou tou hlektriko‘ s†matoc rologio‘ ston diplasiast† suqnÏth-
tac gia e–sodo sta 20 GHz kai Ëxodo sta 40 GHz. (dexià) Fàsma exÏdou gia e–sodo 25 GHz kai Ëxodo 50
GHz.

tmhmàtwn SSMF me 16.6 ps/nm/km mËsh tim† diasporàc kai sunolikÏ diajËsimo m†koc 1625 m
kai en suneqe–a enisq‘etai apÏ Ënan optikÏ enisqut† –nac erb–ou (EDFA) kai filtràretai apÏ Ëna
optikÏ zwnoperatÏ f–ltro (OBPF). MËroc tou s†matoc aniqne‘etai apÏ mia 70 GHz fwtod–odo
gia metr†seic diagrammàtwn ofjalmo‘, en∏ mËroc tou apÏ to sugkekrimËno kanàli tou 4 ⇥ 100

Gb/s dËkth pou e–nai upÏ qarakthrismÏ ki axiolÏghsh. To ant–stoiqo k‘klwma apopoluplex–ac
ston twin-DEMUX lambànei to hlektrikÏ s†ma apÏ thn pin fwtod–odo kai parad–dei thn 50 Gb/s
sunist∏sa pou e–nai sugqronismËnh me to 50 GHz s†ma rologio‘. Aut† h sunist∏sa apopolu-
plËketai pàli sthn sunËqeia apÏ ton exwterikÏ 1:4 DEMUX, kai ta telikà s†mata sta 12.5 Gb/s
axiologo‘ntai apÏ ton metrht† BER. Ta peiràmata pou perigràfontai stic epÏmenec upoenÏthtec
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Sq†ma 3.28: (a) Exàrthsh twn fwtoreumàtwn apÏ thn optik† isq‘ eisÏdou pou de–qnei thn apÏkrish
(responsivity) twn pin fwtodiÏdwn tou 4 ⇥ 100 Gb/s dËkth. H pr∏th fwtod–odoc katastràfhke katà
th diadikas–a sunarmog†c (b) StatikËc sunart†seic metaforàc twn MZM1 kai MZM2 sta 1553.4 nm
sunart†sei tou re‘matoc pÏlwshc twn jermo-optik∏n olisjht∏n.

pragmatopoi†jhkan qrhsimopoi∏ntac thn 27 � 1 kai thn 231 � 1 akolouj–a san Ëxodo apÏ ton

PPG. 'Opwc anafËrjhke kai pio pànw, sthn pr∏th per–ptwsh h tàxh thc akolouj–ac mporo‘se na
diathrhje– sta 100 Gb/s lÏgw thc proseqtik†c epilog†c twn mhk∏n twn gramm∏n kajustËrhshc
sta duo stàdia poluplex–ac. Sthn de‘terh per–ptwsh, h tàxh thc akolouj–ac den mporo‘se na

diathrhje–, allà oi grammËc kajustËrhshc mporo‘san na aposusqet–soun ta s†mata ikanopoih-

tikà kai na epitrËyoun th gËnnhsh miac nteterministik†c seiràc dif‘wn sta 100 Gb/s me makriËc
akolouj–ec diadoqik∏n ’1’ kai ’0’. Ta diagràmmata ofjalmo‘ kai oi metr†seic BER pou parousi-
àzontai stic epÏmenec paragràfouc antistoiqo‘n sthn de‘terh per–ptwsh. Shmei∏netai wstÏso

Ïti den parathr†jhkan axioshme–wtec allagËc sthn poiÏthta twn diagrammàtwn ofjalmo‘ kai

twn metr†sewn BER allàzontac apÏ th mia leitourg–a sthn àllh apodeikn‘ontac thn anoq† tou
sust†matoc mac Ïson aforà fainÏmena patterning . Gia thn epibeba–wsh thc pio pànw upÏjeshc
anapt‘qjhke Ënac k∏dikac se gl∏ssa MATLAB pou mpore– na upolog–sei thn telik† akolouj–a
dif‘wn sta 100 Gb/s gia opoiad†pote tàxh thc arqik†c 12.5 Gb/s PRBS kai o opo–oc parat–jetai
sto paràrthma thc paro‘sac diatrib†c. Qrhsimopoi∏ntac autÏn ton k∏dika e–nai e‘kolo na epibe-

baiwje– Ïti oi arijmo– twn ¨1’ kai ¨0’ sthn telik† akolouj–a e–nai akrib∏c –dioi me thn ant–stoiqh

PRBS. EpiplËon diapist∏netai e‘kola Ïti h telik† akolouj–a periËqei proodeutikà megal‘terec
akolouj–ec apÏ diadoqikà ¨1’ kai '0’ auxànomenhc thc tàxh thc arqik†c 12.5 Gb/s PRBS, kai mpore–
na katapon†sei thn leitourg–a tou sust†matoc mac.

3.4.2 StatikÏc qarakthrismÏc tou 2⇥ 100 Gb/s pompo‘ kai 4⇥ 100 Gb/s
dËkth

Prin thn ektËlesh twn peiramàtwn metàdoshc sthn optik† ze‘xh, o sugkekrimËnoc pompÏc kai

dËkthc qarakthr–sthkan wc proc thn statik† leitourg–a touc. 'Oson aforà ton pompÏ 2 ⇥ 100

Gb/s arqikà qartograf†jhke h optik† isq‘c sthn Ëxodo tou MZM wc sunàrthsh tou efarmo-
zÏmenou re‘matoc ston jermikÏ olisjht† fàshc. Gia thn pragmatopo–hsh thc qartogràfhshc h

optik† Ëxodoc isq‘oc thc diÏdou lËizer suneqo‘c k‘matoc (CW) sta 1553.4 nm metro‘ntan kaj∏c
àllaze to re‘ma pÏlwshc twn olisjht∏n. To re‘ma Ëgqushc thc diÏdou †tan rujmismËno sta 120

mA, to opo–o antistoiqe– se per–pou 7 dBm optik†c isq‘oc sthn Ëxodo thc diÏdou s‘mfwna me
prohgo‘menec metr†seic.
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To apotËlesma aut†c thc qartogràfhshc fa–netai sto sq†ma 3.28(a). Oi duo kamp‘lec emfan–zoun

lÏgo sbËshc pou kuma–netai apÏ 16 dB sthn per–ptwsh tou MZM1 Ëwc 19.5 dB sthn per–ptwsh
tou MZM2. Ta mËgista twn duo kampul∏n br–skontai sto -9 dBm gia to MZM1 kai -8.5 dBm
gia to MZM2 dhlad† Ëqoun mÏno 0.5 dB diaforà, to opo–o e‘rhma epibebai∏nei kai to qamhlÏ
imbalance tou MMI suze‘kth se sumfwn–a me ta apotelËsmata metr†sewn twn dom∏n pou parou-
siàsthkan nwr–tera. H mËgisth tim† optik†c isq‘oc -9 dBm se sunduasmÏ me thn parous–a tou
MMI upodeikn‘ei sunolikËc ap∏leiec (insertion loss) 13 dB mËsa ston pompÏ. Leptomer†c anàlu-
sh twn apwlei∏n aut∏n, kaj∏c kai anàlush tou proÙpologismo‘ optik†c isq‘oc gia th metàdosh

mËsa apÏ th ze‘xh parat–jetai sth sunËqeia tou kefala–ou.

H diaforà twn 15 mA sta re‘mata twn olisjht∏n gia thn ep–teuxh twn elaq–stwn shme–wn sthn
sunàrthsh metaforàc twn MZM pou fa–nontai sto sq†ma 3.28 (a) mpore– na apodoje– se treic

lÏgouc. O pr∏toc lÏgoc sqet–zetai me ta elafr∏c diaforetikà qarakthristikà Ïpwc m†koc, wmik†

ant–stash pou Ëqoun oi jermiko– olisjhtËc gia thn r‘jmish thc fàshc kàje MZM. O de‘teroc

sqet–zetai me thn pol‘ mikr† diaforà pou anamËnetai metax‘ twn topik∏n jermokrasi∏n kontà se

kàje MZM. Aut† h diaforà pijanÏn na phgàzei apÏ ta diaforetikà jermikà fort–a pou paràgontai

apÏ ta duo MUX-DRV kukl∏mata, touc elafrà diaforetiko‘c drÏmouc diàqushc thc jermÏthtac
apÏ ta duo kukl∏mata autà kai thn elafrà diaforetik† ep–drash pou mpore– na Ëqei to TEC
stouc duo MZM. Aut† h diaforà stic topikËc jermokras–ec fËrnei touc duo MZM se elafr∏c

diaforetikà shme–a leitourg–ac. TËloc o tr–toc lÏgoc sqet–zetai me thn mikr† diaforà stouc

tËsseric braq–onec twn MZM (duo gia kàje MZM) pou ja perimËname lÏgw kataskeuastik∏n

anoq∏n gia MZM domËc me m†koc kontà sto 1 cm. E–nai exairetikà d‘skolo na ektim†sei kàpoioc
th sqetik† suneisforà kàje paràgonta, allà mporo‘me na upojËsoume me sqetikà kal† bebaiÏthta

Ïti kai oi treic paràgontec suneisfËroun sthn parathro‘menh diaforà stic sunart†seic metaforàc

twn MZM.

To sq†ma 3.28 (b) parousiàzei apotelËsmata apÏ ton qarakthrismÏ twn pin fwtodiÏdwn tou dËkth
Ïson aforà thn euaisjhs–a sta 1553.4 nm, qrhsimopoi∏ntac thn d–odo lËizer tou pompo‘ kai mia
katàllhlh enisqutik† bajm–da. O qarakthrismÏc bas–sthke sthn mËtrhsh tou paragÏmenou, apÏ

kàje fwtod–odo, fwtore‘matoc sunart†sei thc prosp–ptousac optik†c isq‘oc kai ton upologismÏ

thc kl–shc thc prosarmosmËnhc gramm†c. 'Opwc parathre–tai h apÏkrish kuma–netai apÏ 0.47 A/W
gia fwtod–odo 4, Ëwc 0.53 A/W gia fwtod–odo 2 kai br–sketai se kal† sumfwn–a me tic arqikËc

on-wafer metr†seic. H sugkekrimËnh diadikas–a qarakthrismo‘ upËdeixe Ëna prÏblhma me thn
leitourg–a thc fwtodiÏdou lÏgw pijan†c zhmiàc katà th diàrkeia thc diadikas–ac sunarmog†c tou

4⇥ 100 Gb/s dËkth.

3.4.3 ApotelËsmata peiramàtwn metàdoshc sta 2⇥ 80 kai 2⇥ 100 Gb/s

Katà th diàrkeia aut∏n twn peiramàtwn to TEC tou pompo‘ †tan rujmismËno stouc 23 oC kai h

jermokras–a tou q∏rou †tan tupikà sthn perioq† 21 - 25 oC

To sq†ma 3.29 parousiàzei ta fàsmata sthn Ëxodo twn duo diamorfwt∏n MZM gia leitourg–a

sta 2⇥80 kai 2⇥100 Gb/s. Oi tupikËc korufËc (tÏnoi) sto fàsma e–nai emfane–c ekatËrwjen thc
koruf†c tou optiko‘ fËrontoc me 80 GHz (0.64 nm) † 100 GHz (0.8 nm) apÏstash analÏgwc to
rujmÏ metàdoshc, en∏ se Ïlec tic peript∏seic to optikÏ fËrwn e–nai sto kËntro kai sta 1553.4 nm.
Ta fàsmata apokt†jhkan trofodot∏ntac touc diamorfwtËc me poluplegmËna hlektrikà s†mata
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Sq†ma 3.29: Optikà fàsmata tou diamorfwmËnou s†matoc apÏ kàje MZM gia 80 Gb/s kai 100 Gb/s.

sta 80 kai 100 Gb/s sthn diàtaxh pou Ëqei parousiaste– sthn arq† thc enÏthtac (sq†ma 3.25),
enisq‘ontac ta optikà s†mata twn duo MZM apÏ duo enisqutËc –nac Erb–ou kai katagràfontac ta

s†mata diadoqikà me Ënan analut† optiko‘ fàsmatoc.

To sq†ma 3.30(aristerà) parousiàzei ta diagràmmata ofjalmo‘ apÏ thn 2 ⇥ 80 Gb/s leitourg–a
tou pompo‘ Ïpwc proËkuyan apÏ thn peiramatik† diadikas–a. Ta diagràmmata ofjalmo‘ anti-

stoiqo‘n sta optikà s†mata akrib∏c sthn Ëxodo twn duo MZM kai metà apÏ apÏstash 500 m,
1000 m kai 1625 m SSMF kai aniqne‘jhkan me th bo†jeia enÏc fwtoaniqneut† me 70 GHz e‘roc
z∏nhc. H omoiÏthta metax‘ twn diagrammàtwn ofjalmo‘ twn duo MZM upodeikn‘ei thn parÏmoia

sumperiforà twn duo metadidÏmenwn kanali∏n kai thn omoiogËneia thc sustoiq–ac pomp∏n sth

suskeu†. EpiprÏsjeta, h morf†, to ànoigma tou ofjalmo‘ e–nai se sumfwn–a me ta apotelËsmata

twn prosomoi∏sewn pou parousiàsthkan sthn upoenÏthta 3.3 kai ston ant–stoiqo p–naka. Pio

sugkekrimËna, h poiÏthta twn peiramatik∏n diagrammàtwn ofjalmo‘ diathre–tai gia ta pr∏ta 1000

m allà upobibàzetai sta akÏlouja 625 m lÏgw tou fainomËnou thc qrwmatik†c diasporàc. Oi
’lof–skoi’ pou parathro‘ntai sta prosomoiwmËna diagràmmata ofjalmo‘ sta 1625 m kai pou su-
node‘ontai me me–wsh sto ànoigma tou diagràmmatoc ofjalmo‘, br–skontai parÏnta kai sta duo

peiramatikà diagràmmata ofjalmo‘ me parÏmoia me–wsh sto ànoigma. To sq†ma 3.30(dexià) parou-

siàzei ta diagràmmata ofjalmo‘ apÏ thn 2 ⇥ 100 Gb/s leitourg–a tou pompo‘. H omoiÏthta twn
diagrammàtwn ofjalmo‘ twn duo MZM e–nai Ëkdhlh kai se aut†n thn per–ptwsh kai ta peiramati-

kà apotelËsmata sumbad–zoun me ta apotelËsmata prosomoi∏sewn. H poiÏthta tou s†matoc e–nai

kal† gia metàdosh mËqri 500 m kai emfan–zei mËtria epide–nwsh sta 1000 m. O upobibasmÏc tou
s†matoc g–netai drim‘teroc sta 1625 m kai ekdhl∏netai me th morf† lof–skwn sto pànw mËroc twn
diagrammàtwn ofjalmo‘ kai drime–a me–wsh sthn kajarÏthta kai sto ànoigma tou diagràmmatoc

ofjalmo‘.
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80 Gb/sCh. 1: B2B 80 Gb/sCh. 2: B2B

80 Gb/sCh. 1: 500 m 80 Gb/sCh. 2: 500 m

80 Gb/sCh. 1: 1000 m 80 Gb/sCh. 2: 1000 m

80 Gb/sCh. 1: 1625 m 80 Gb/sCh. 2: 1625 m

100 Gb/sCh. 2: B2B100 Gb/sCh. 1: B2B

100 Gb/sCh. 2: 500 m100 Gb/sCh. 1: 500 m

100 Gb/sCh. 2: 1000 m100 Gb/sCh. 1: 1000 m

100 Gb/sCh. 2: 1625 m100 Gb/sCh. 1: 1625 m

Sq†ma 3.30: Peiramatikà diagràmmata ofjalmo‘ twn diamorfwmËnwn optik∏n shmàtwn apÏ kàje
MZM gia (aristerà) 80 Gb/s kai (dexià) 100 Gb/s.

P–nakac 3.8: TimËc lÏgou sbËshc gia s†mata 80 Gb/s kai 100 Gb/s (Peiramatikà dedomËna).

80 Gb/s 100 Gb/s
Diamorfwt†c
(MZM 1/2)

M†koc diàdoshc
(m)

’PragmatikÏ’
ER (dB)

EnergÏ
ER (dB)

’PragmatikÏ’
ER (dB)

EnergÏ
ER (dB)

MZM 1 0 (B2B case) 10.9 10.7 9.5 8.9
MZM 1 500 10.3 9.2 9.4 8.9
MZM 1 1000 9.6 9.0 8.6 7.8
MZM 1 1625 8.5 6.9 7.5 5.5 (ekt–mhsh)
MZM 2 0 (B2B case) 11.0 10.9 9.6 9.0
MZM 2 500 10.5 9.5 9.5 9.2
MZM 2 1000 9.8 9.1 8.7 8.3
MZM 2 1625 8.5 7.0 7.2 5.5 (ekt–mhsh)
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Sq†ma 3.31: Diagràmmata ofjalmo‘ twn duo apopoluplegmËnwn sunistws∏n sta 40 Gb/s apÏ to
de‘tero kanàli tou dËkth gia optikÏ s†ma apÏ ton MZM 1 (a)-(b) kai apÏ ton MZM 2 (g)-(d).

O p–nakac 3.8 sunoy–zei tic timËc twn lÏgwn sbËshc (ER) gia ta 80 Gb/s kai 100 Gb/s s†ma-
ta, parousiàzontac kai to ’pragmatikÏ’ (ER) sthn arq† thc metàdoshc, Ïpwc autÏ rujm–sthke
me to shme–o pÏlwshc tou diamorfwt†, kai tic timËc tou energo‘ lÏgou sbËshc sto tËloc thc

metàdoshc, kaj∏c autËc ephreàsthkan apÏ thn epiplËon upob–bash tou lÏgou sbËshc lÏgw tou

fainomËnou thc diasumbolik†c parembol†c (inter-symbol interference). Shmei∏netai pwc gia ta
100 Gb/s s†mata metà ta 1625 m, den †tan dunatÏn na metrhje– o energÏc lÏgoc sbËshc me to
automatopoihmËno upologismÏ tou logismiko‘ tou yhfiako‘ analut† (digital communications a-
nalyzer) lÏgw thc qamhl†c poiÏthtac aut∏n twn shmàtwn. ParÏla autà mpore– na ektimhje– Ïti o
energÏc lÏgoc sbËshc se aut†n thn per–ptwsh e–nai per–pou 5.5 dB. O peiramatikÏc upologismÏc
tou ’pragmatiko‘’ lÏgou sbËshc pragmatopoi†jhke se kàje optikÏ s†ma prin apÏ to xek–nhma

thc metàdoshc sto pragmatikÏ rujmÏ metàdoshc. Gia autÏn ton upologismÏ qrhsimopoi†same ta

diagràmmata ofjalmo‘ allà kai tm†mata tou –qnouc (traces) twn optik∏n shmàtwn (gia tic qamh-
lÏterhc tàxhc PRBS) me makriËc allhlouq–ec ’1’ kai ’0’ o‘twc ∏ste na apokle–soume fainÏmena
proerqÏmena apÏ periorismo‘c sto e‘roc zwnhc. To energÏ upolog–sthke xanà metà th metàdosh

tou s†matoc apÏ ta diagràmmata ofjalmo‘. To pËnaltu lÏgw diasumbolik†c parembol†c mpore–

na exaqje– sugkr–nontac to ’pragmatikÏ’ ER me to ’energÏ ER.

H pragmatik† axiolÏghsh twn optik∏n shmàtwn sta 80 Gb/s kai 100 Gb/s bas–zetai sth qr†sh
tou 4 ⇥ 100 Gb/s dËkth. 'Opwc Ëqei †dh perigrafe– kai pio pànw, to eiserqÏmeno optikÏ s†ma
aniqne‘etai apÏ mia fwtod–odo kai apopoluplËketai se duo hlektrikà s†mata (sunist∏sec), e-

–te 40 Gb/s e–te 50 Gb/s anàloga me ton arqikÏ rujmÏ metàdoshc, apÏ thn ant–stoiqh monàda
apopoluplex–ac tou diplo‘ DEMUX kukl∏matoc.
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Sq†ma 3.32: Diagràmmata ofjalmo‘ twn duo apopoluplegmËnwn sunistws∏n sta 50 Gb/s apÏ to
de‘tero kanàli tou dËkth gia optikÏ s†ma apÏ ton MZM 1 (a)-(b) kai apÏ ton MZM 2 (g)-(d).

40 Gb/s 40 Gb/s

PD 3 – D5 (upper) PD 3 – D5 (upper)

40 Gb/s

PD 3 – D6 (lower)

(α) (β)

40 Gb/s

PD 3 – D6 (lower)

MZM 1

(γ) (δ)

10 ps/div

10 ps/divMZM 1

MZM 2

MZM 2

10 ps/div

10 ps/div

Sq†ma 3.33: Diagràmmata ofjalmo‘ twn duo apopoluplegmËnwn sunistws∏n sta 40 Gb/s apÏ to
tr–to kanàli tou dËkth gia optikÏ s†ma apÏ ton MZM 1 (a)-(b) kai apÏ ton MZM 2 (g)-(d).
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50 Gb/s 50 Gb/s
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MZM 1 10 ps/div

10 ps/divMZM 1

MZM 2

MZM 2
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(α) (β)

(γ) (δ)

Sq†ma 3.34: Diagràmmata ofjalmo‘ twn duo apopoluplegmËnwn sunistws∏n sta 50 Gb/s apÏ to
tr–to kanàli tou dËkth gia optikÏ s†ma apÏ ton MZM 1 (a)-(b) kai apÏ ton MZM 2 (g)-(d).

40 Gb/s 40 Gb/s

PD 4 – D7 (upper) PD 4 – D7 (upper)

40 Gb/s
PD 4 – D8 (lower)

40 Gb/s

PD 4 – D8 (lower)

MZM 1 MZM 210 ps/div

MZM 1

(α) (β)

(γ) (δ)
10 ps/div MZM 2

10 ps/div

10 ps/div

Sq†ma 3.35: Diagràmmata ofjalmo‘ twn duo apopoluplegmËnwn sunistws∏n sta 40 Gb/s apÏ to
tËtarto kanàli tou dËkth gia optikÏ s†ma apÏ ton MZM 1 (a)-(b) kai apÏ ton MZM 2 (g)-(d).
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50 Gb/s 50 Gb/s

PD 4 – D7 (upper) PD 4 – D7 (upper)
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PD 4 – D8 (lower)
50Gb/s

PD 4 – D8 (lower)

MZM 2MZM 1

MZM 1

(α) (β)

(γ) (δ)
MZM 2

10 ps/div

10 ps/div

10 ps/div

10 ps/div

Sq†ma 3.36: Diagràmmata ofjalmo‘ twn duo apopoluplegmËnwn sunistws∏n sta 50 Gb/s apÏ to
tËtarto kanàli tou dËkth gia optikÏ s†ma apÏ ton MZM 1 (a)-(b) kai apÏ ton MZM 2 (g)-(d).

P–nakac 3.9: Metr†seic plàtouc kai qronismo‘ gia hlektrikà s†mata 40 Gb/s metà apÏ kàje Ëxodo
tou 4⇥ 100 Gb/s dËkth

J‘ra ER (dB) Jitter
rms (fs)

Jitter
p-p (ps)

Rise
time (ps)

Fall
time (ps)

eye
S/N (dB)

eye
width (ps)

Vpp
(mV)

D3 8.13 534 2.67 10.44 9.33 11.29 23.22 263.12
D4 7.72 607 3.33 10.22 9.56 11.55 21.74 255.67
D5 7.29 586 2.89 9.56 18.89 10.95 21.15 225.13
D6 7.06 663 3.56 4.67 14.44 10.23 21.29 228.35
D7 7.18 773 3.78 15.11 14.22 8.78 20.59 243.42
D8 - - - - - - - -

Sta sq†mata 3.31 Ëwc 3.36 parousiàzontai ta diagràmmata ofjalmo‘ apÏ thn 2 ⇥ 80 Gb/s kai
2 ⇥ 100 Gb/s leitourg–a tou pompo‘ metà thn an–qneush tou optiko‘ s†matoc apÏ ta kanàlia 2,
3 kai 4 tou dËkth se B2B s‘ndesh. To kanàli 1 (pr∏th fwtod–odoc) den do‘leue lÏgw blàbhc.
ApÏ ta diagràmmata fa–netai h kal† leitourg–a tou kukl∏matoc. Sthn tËtarth fwtod–odo, h D8
Ëxodoc tou kukl∏matoc apopoluplex–ac den Ëdine s†ma sthn Ëxodo pijanÏn lÏgw blàbhc. Sta

diagràmmata ofjalmo‘ metr†jhkan kai oi timËc ER (dB), jitter (rms), jitter p-p (ps), rise time
(ps), fall time (ps), eye S/N (dB), eye width (ps), Vpp (mV), oi opo–ec d–nontai stouc parakàtw
p–nakec.

'Opwc fa–netai apÏ touc p–nakec 3.9 kai 3.10 Ïla ta kanàlia tou emfànisan kal† apÏdosh. Metà

apÏ autÏ to stàdio apopoluplex–ac, to kànali ki pio sugkekrimËna h sunist∏sa tou kanalio‘ pou

exetàzetai eke–nh th stigm† pernà apÏ Ëna akÏma stàdio apopoluplex–ac apÏ ton exwterikÏ 1:4

apoluplËkth thc peiramatik†c diàtaxhc kai oi sunist∏sec sta 10Gb/s kai 12.5Gb/s kateuj‘nontai
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P–nakac 3.10: Metr†seic plàtouc kai qronismo‘ gia hlektrikà s†mata 50 Gb/s metà apÏ kàje Ëxodo
tou 4⇥ 100 Gb/s dËkth

J‘ra ER (dB) Jitter
rms (fs)

Jitter
p-p (ps)

Rise
time (ps)

Fall
time (ps)

eye S/N
S/N (dB)

eye
width (ps)

Vpp
(mV)

D3 8.35 418 2.44 9.78 10.67 11.36 17.54 277.63
D4 7.64 358 1.78 9.11 10.44 11.83 17.58 272.03
D5 7.67 556 2.89 12.89 8.89 10.57 15.89 258.56
D6 7.45 573 3.11 12.89 8.00 11.13 17.42 210.28
D7 7.34 455 2.67 18.22 16.89 7.76 17.20 303.24
D8 - - - - - - - -

proc to k‘klwma axiolÏghshc laj∏n BER Ïpwc fa–netai kai sthn peiramatik† diàtaxh sto sq†ma
3.25.

Gia na axiologhje– h apÏdosh kàje kanalio‘ tou dËkth kai h omoiogËneia tou 4⇥ 100 Gb/s dËkth
sunolikà, qarakthr–sthkan oi Ëxi pijano– sunduasmo– twn MZM diamorfwt∏n kai twn kanali∏n.

Oi kamp‘lec mËtrhshc tou rujmo‘ twn laj∏n (BER curves) gia touc duo diamorfwtËc MZM kai
qrhsimopoi∏ntac Ïla ta kanàlia (fwtodiÏdouc) tou 4 ⇥ 100 Gb/s dËkth diadoqikà, gia rujmÏ
metàdoshc 80 Gb/s parousiàzontai sto sq†ma 3.37. Oi kamp‘lec BER apokt†jhkan gia diafore-
tikËc apostàseic metàdoshc, xekin∏ntac apÏ apeuje–ac s‘ndesh pompo‘-dËkth (B2B), ‘stera gia
500 m, 1000 m Ëwc ta 1625 m. Se kàje gràfhma gia kàje apÏstash parousiàzetai h kamp‘lh
BER thc qeirÏterhc apÏ tic oqt∏ apopoluplegmËnec sunist∏sec sta 10 Gb/s. H omoiÏthta twn
kampul∏n gia tic –diec apostàseic metàdoshc sta Ëxi diagràmmata upodeikn‘ei thn omoiogËneia tou

2 ⇥ 100 Gb/s pompo‘ kai tou 4 ⇥ 100 Gb/s dËkth. EpiprÏsjeta, parousiàzetai sqedÏn 3 dB
belt–wsh aut∏n twn kampul∏n sugkritikà me tic ant–stoiqec kamp‘lec sth anaforà [45] Ïpou e–qe

deiqte– o –dioc pompÏc allà me prohgo‘menhc geniàc 100 Gb/s pin-DEMUX dËkth enÏc kanalio‘.
AutÏ de–qnei ep–shc ta b†mata belt–wshc pou Ëginan se Ënan †dh teleuta–ac teqnolog–ac dËkth,

lambànontac ep–shc upÏyh thn morf† sustoiq–ac tou dËkth kai to shmantikà qamhlÏtero plàtoc

Vpp (per–pou 700 mVpp) tou s†matoc rologio‘ sthn e–sodo thc suskeu†c. Gia Ïlouc touc sun-
duasmo‘c kanalio‘ dËkth kai MZM oi kamp‘lec gia apostàseic mËqri 1000 m mporo‘n na ftàsoun
ep–peda BER mËqri 10�10. Gia ta 1625 m oi kamp‘lec arq–zoun na emfan–zoun Ëna elàqisto fràgma
(error floor) to opo–o e–nai qamhlÏtero apÏ 10�8 (sq†ma 3.37).

To sq†ma 3.38 parousiàzei tic ant–stoiqec kamp‘lec mËtrhshc laj∏n gia rujmÏ metàdoshc 100

Gb/s. H omoiogËneia thc apÏdoshc tou 2 ⇥ 100 Gb/s pompo‘ kai tou 4 ⇥ 100 Gb/s dËkth epi-
bebai∏nontai ep–shc gia autÏn ton rujmÏ metàdoshc apÏ tic kamp‘lec twn Ëxi diagrammàtwn tou

sq†matoc. Se Ïlec tic peript∏seic oi epite‘ximec timËc BER gia tic B2B e–nai qamhlÏterec apÏ
10�8, kuma–nontai apÏ 6 · 10�8 Ëwc 9 · 10�9 kai paramËnoun qamhlÏterec apÏ 10�7 gia apostàseic

metàdoshc mËqri 1000 m. Sta 1625 m h ep–drash thc qrwmatik†c diasporàc e–nai shmantik† kai
odhge– se timËc BER thc tàxhc 10�5. Ax–zei na shmeiwje– Ïti autÏ to ep–pedo BER epitrËpei shma-
ntikà qamhlo‘c rujmo‘c laj∏n kai axiÏpisth metàdosh metax‘ sundËsewn upologistik∏n kËntrwn

qrhsimopoi∏ntac katàllhla sq†mata diÏrjwshc laj∏n (forward error correction - FEC) Ïpwc
autà pou perigràfontai sto prÏtupo IEEE P802.3bj gia s†mata rujm∏n metàdoshc 100 Gb/s dia
mËsou backplanes kai qàlkinwn kalwd–wn [46]. Kle–nontac thn upoenÏthta shmei∏noume Ïti den
parathr†jhkan jËmata sqetikà me thn axiopist–a kai apÏdosh thc polumerik†c suskeu†c katà

th diàrkeia thc peiramatik†c diadikas–ac, h opo–a di†rkese sqedÏn 75 ∏rec leitourg–ac sunolikà.
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Sq†ma 3.37: Kamp‘lec BER gia kàje Ënan apÏ touc duo MZM kai gia tr–a kanàlia tou dËkth gia
rujmÏ metàdoshc 80 Gb/s.
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Sq†ma 3.38: Kamp‘lec BER gia kàje Ënan apÏ touc duo MZM kai gia tr–a kanàlia tou dËkth gia
rujmÏ metàdoshc 100 Gb/s.
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Sq†ma 3.39: Exàrthsh twn apwlei∏n diamÏrfwshc se sqËsh me to diajËsimo plàtoc tou s†matoc
od†ghshc kai tou shme–ou pÏlwshc tou diamorfwt† MZM. Ta kuklwmËna shme–a de–qnoun ta bËltista
shme–a leitourg–ac pou exasfal–zoun uyhlÏ lÏgo sbËshc gia kàje tim† plàtouc.

AutÏ e–nai se sumfwn–a me ta eur†mata kai ta sumperàsmata miac melËthc gia thn axiopist–a thc

EO polumerik†c platfÏrmac [38].

3.4.4 Anàlush thc euaisjhs–ac tou sust†matoc kai tou proÙpologi-
smo‘ thc optik†c isq‘oc

ApÏ ta diagràmmata sta sq†mata 3.37 kai 3.38 thc prohgo‘menhc upoenÏthtac g–netai fanerÏ Ïti

h apaito‘menh optik† isq‘c sto dËkth e–nai per–pou 10 dBm. ParÏla autà h optik† isq‘c twn
diamorfwmËnwn shmàtwn sthn Ëxodo kàje MZM †tan per–pou -15 dBm, af†nontac Ëtsi Ëna kenÏ
25 dBm pou Ëprepe na kalufje– stic melËtec mac apÏ to kËrdoc enÏc enisqut† –nac erb–ou (EDFA).
H optik† isq‘c exÏdou (-15 dBm) prok‘ptei upolog–zontac thn optik† isq‘ exÏdou thc diÏdou
lËizer (+7 dBm), tic eggene–c ap∏leiec tou pompo‘ (13 dB), tic ap∏leiec lÏgo splitting tou MMI
suze‘kth (3 dBm) kai tic ap∏leiec diamÏrfwshc kàje MZM (sqedÏn 6 dB). H teleuta–a tim†
sumperilambànei ta 3 dB apwlei∏n lÏgw thc kwdikopo–hshc twn '1' twn dedomËnwn me pijanÏthta
50% kai epiplËon ap∏leiec lÏgw tou ellipo‘c diajËsimou plàtouc od†ghshc ston diamorfwt†

sugkritikà me to apaito‘meno. 'Opwc Ëqei anaferje– o diamorfwt†c apaite– plàtoc V⇡ = 3.5 V ,

en∏ to diajËsimo plàtoc †tan shmantikà qamhlÏtero.

To sq†ma 3.39 parousiàzei thn exàrthsh twn apwlei∏n diamÏrfwshc se sqËsh me to diajËsimo

plàtoc od†ghshc kai to shme–o pÏlwshc tou MZM, kai de–qnei pwc an to shme–o pÏlwshc Ëqei

epilege– katàllhla ∏ste na megistopoie– ton lÏgo sbËshc (Ïpwc sthn per–ptwsh twn B2B me-

tr†sewn), oi ap∏leiec diamÏrfwshc antistoiqo‘n se mia tim† plàtouc od†ghshc qamhlÏterh apÏ 2

V. ApÏ to sq†ma fa–netai ep–shc pwc Ïso qamhlÏtero e–nai to plàtoc od†ghshc, tÏso auxànontai
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Sq†ma 3.40: Exàrthsh tou lÏgou sbËshc (aristerà) kai tou shme–ou diasta‘rwshc tou diagràmmatoc
ofjalmo‘ (dexià) se sqËsh me to diajËsimo plàtoc tou s†matoc od†ghshc kai tou shme–ou pÏlwshc tou
diamorfwt† MZM

oi ap∏leiec diamÏrfwshc akÏma ki an to shme–o pÏlwshc epilege– arketà qamhlà sthn sunàrthsh

metaforàc tou diamorfwt† (dhlad† se timËc tàshc pou plhsiàzoun to Vpi) pou exasfal–zoun ika-
nopoihtikÏ lÏgo sbËshc. H sunàrthsh metaforàc tou diamorfwt† kai to idanikÏ shme–o pÏlwshc

pou br–sketai sto mËson thc sunàrthshc metaforàc (quadrature point) kai thc grammik† perio-
q†c, fa–nontai sto Ënjeto tou –diou sq†matoc. H megistopo–hsh tou lÏgou sbËshc akÏma kai

me qamhlÏtero diajËsimo plàtoc epitugqànetai metakin∏ntac to shme–o pÏlwshc kontà sthn tim†

Vpi pou h sunàrthsh metaforàc Ëqei thn elàqisth tim†. Me autÏn ton trÏpo exasfal–zetai pwc
to hlektrikÏ s†ma ja 'sb†nei' ikanopoihtikà ton pompÏ katà th diàrkeia twn 'mhden' kai den ja

exËrqetai optik† isq‘c apÏ ton pompÏ.

To sq†ma 3.39(aristerà) de–qnei thn exàrthsh tou lÏgou sbËshc tou s†matoc pou exËrqetai apÏ

ton pompÏ se sqËsh me to shme–o pÏlwshc kai to diajËsimo plàtoc od†ghshc. 'Opwc anafËrjhke

kai pio prin akÏma kai gia qamhlà plàth od†ghshc, upàrqei shme–o pÏlwshc tËtoio ∏ste h tim† tou

lÏgou sbËshc na megistopoie–tai allà kai na prosfËrei ikanopoihtikÏ lÏgo sbËshc. ParÏla autà

h mËgisth tim† tou lÏgou sbËshc pou mpore– na epiteuqje– mei∏netai Ïso mei∏netai to diajËsimo

plàtoc od†ghshc. AutÏ exhge–tai giat– an kai h metak–nhsh tou shme–ou pÏlwshc bohjàei sto na

'sb†nei' ikanopoihtikà o pompÏc sto 'mhdËn', parÏla autà den Ëqei arketÏ plàtoc gia na fjàsei

yhlà sthn sunàrthsh metaforàc kai na àno–xei' ton pompÏ katà th diàrkeia tou 'àssou'.

To sq†ma 3.39(dexià) de–qnei thn exàrthsh tou shme–ou diasta‘rwshc tou diagràmmatoc ofjalmo‘

tou s†matoc pou exËrqetai apÏ ton pompÏ se sqËsh me to shme–o pÏlwshc kai to diajËsimo plàtoc

od†ghshc. To sq†ma de–qnei Ïti h metak–nhsh tou shme–ou pÏlwshc gia Ïlec tic timËc plàtouc

od†ghshc odhge– se ragda–a me–wsh thc tim†c tou shme–ou diasta‘rwshc makrià apÏ thn idanik†
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50%.

Ta parapànw diagràmmata Ëdwsan eikÏna gia thn ep–drash tou qamhlÏterou diajËsimou plàtouc

od†ghshc se mia seirà apÏ shmantikËc paramËtrouc, me thn shmantikÏterh na e–nai oi ap∏leiec

diamÏrfwshc. 'Oson aforà thn apÏklish tou onomastiko‘ plàtouc od†ghshc pou to k‘klwma

MUX-DRV mpore– na apod∏sei (3 V) aut† apod–detai sthn parous–a tou DC-block kai tic geni-
kÏterec ap∏leiec thc hlektrik†c s‘ndeshc metax‘ tou MUX-DRV kukl∏matoc kai tou MZM.

ApÏ ta parapànw e–nai fanerÏ pwc upàrqei kai megàlh diaforà metax‘ thc tim†c thc optik†c

isq‘oc sthn Ëxodo tou pompo‘ kai thc apaito‘menhc optik†c isq‘oc sthn e–sodo tou dËkth. Oi

drÏmoi pou mpore– na akolouj†sei kane–c gia thn exàleiyh thc anàgkhc gia optik† en–sqush e–nai

duo. O pr∏toc sqet–zetai me thn belt–wsh tou proÙpologismo‘ thc optik†c isq‘oc sth merià

tou dËkth mËsw thc a‘xhshc sthn isq‘ exÏdou thc diÏdou lËizer apÏ 7 dBm se 12 dBm, thn
me–wsh twn apwlei∏n (insertion loss) thc suskeu†c apÏ 13 dB se 8 dB, kai thn me–wsh twn
apwlei∏n diamÏrfwshc apÏ 6 dB se 3.5 dB dia mËsou thc belt–wshc thc hlektrik†c s‘ndeshc tou
MUX-DRV kukl∏matoc kai tou MZM . H upÏloiph diaforà mpore– na kalufje– me belt–wsh thc
euaisjhs–ac tou dËkth kai aforà ston de‘tero drÏmo.

H belt–wsh thc euaisjhs–ac tou dËkth katà 12.5 dB, o‘twc ∏ste na epiteuqje– euaisjhs–a kontà
sta 0 dBm, e–nai efikt† an kai Ïqi apl† akolouj∏ntac kai ed∏ duo diakrità monopàtia. To pr∏to
sqet–zetai me thn belt–wsh thc euaisjhs–ac tou diplo‘ DEMUX kukl∏matoc, pou qarakthr–zei to
elàqisto plàtoc tou hlektriko‘ s†matoc eisÏdou gia swst† apopoluplex–a kai telik∏c kajor–zei

thn sunolik† euaisjhs–a tou dËkth. Aut† h euaisjhs–a e–nai t∏ra per–pou 60 mV gia 100 Gb/s
s†mata eisÏdou, allà mpore– na beltiwje– peraitËrw (pijanÏn mËqri ta 40 mV) mËsw belti∏sewn
sto sqËdio tou kukl∏matoc kai thc apÏdoshc thc basik†c InP-DHBT teqnolog–ac tranz–stor.
To de‘tero monopàti e–nai pio drastikÏ kai sqet–zetai me thn belt–wsh tou mprostino‘ mËrouc

(front-end) tou dËkth pou aniqne‘ei to optikÏ s†ma kai parËqei to hlektrikÏ s†ma sto diplÏ
DEMUX k‘klwma dia mËsou miac proseqtikà sqediasmËnhc hlektrik†c s‘ndeshc. AutÏ to front-
end sthn 4⇥ 100 pin-DEMUX suskeu† bas–zetai se atermàtistec pin fwtodiÏdouc qwr–c kanËna
trÏpo hlektrik†c en–squshc kai upot–jetai Ïti parËqoun uyhlÏ kËrdoc metatrop†c (conversion
gain) 26 V/W pou or–zetai wc to phl–ko tou plàtoc tou pareqÏmenou hlektriko‘ s†matoc proc

to plàtoc tou diamorfwmËnou optiko‘ s†matoc pou aniqne‘etai. KajÏson h hlektrik† s‘ndesh

metax‘ twn atermàtistwn fwtodiÏdwn kai twn DEMUX kuklwmàtwn den Ëqei beltistopoihje–
akÏma, to energÏ kËrdoc metatrop†c g–netai arketà mikrÏtero (per–pou 10 V/W). MËsa se autÏ
to pla–sio, to sugkekrimËno monopàti belt–wshc perilambànei thn olokl†rwsh TWAs metà apÏ
tic fwtodiÏdouc gia hlektrik† en–sqush twn shmàtwn kai thn beltistopo–hsh thc hlektrik†c

s‘ndeshc tou front-end kai tou DEMUX. Prosomoi∏seic pou Ëqoun g–nei sta pla–sia tou Ërgou,
Ëqoun de–xei thn dunatÏthta gia kËrdoc metatrop†c mËqri 150 V/W kai ta pr∏ta apotelËsmata

qarakthrismo‘ tËtoiwn dom∏n e–nai enjarruntikà. To beltiwmËno kËrdoc metatrop†c se sunduasmÏ

me to beltiwmËno sqediasmÏ thc hlektrik†c s‘ndeshc (per–pou 11 dB) kai thn belt–wsh sthn
euaisjhs–a tou kukl∏matoc DEMUX (> 1.5 dB) e–nai efikt† mia sunolik† belt–wsh megal‘terh

apÏ 12.5 dB. Shmei∏netai Ïti h prosj†kh twn TWAs ja prokalËsei kai megal‘terh katanàlwsh
isq‘oc Ïpwc kai perigràfetai stic akÏloujec paragràfouc analutikÏtera.

ApÏ tic proteinÏmenec belti∏seic sth merià tou pompo‘ mÏno h a‘xhsh thc optik†c isq‘oc exÏdou

thc diÏdou lËizer endËqetai na Ëqei ant–ktupo sthn katanàlwsh tou pompo‘, kaj∏c oi upÏloipec
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aforo‘n elàttwsh twn apwlei∏n. H a‘xhsh thc katanàlwshc den anamËnetai na e–nai megàlh se

apÏlutouc rujmo‘c krat∏ntac thn katanàlwsh tou lËizer kàtw apÏ to 0.5 W (gia 7 dBm e–nai
t∏ra 0.25 W). AutÏ Ëqei san apotËlesma sunolik† katanàlwsh pompo‘ sta 11.2 W († 56 mW-
/Gbps). Ta pràgmata diafËroun sthn merià tou dËkth afo‘ to megal‘tero mËroc thc belt–wshc
anamËnetai na proËljei apÏ Ënan mhqanismÏ en–squshc tou s†matoc metax‘ twn fwtodiÏdwn kai

twn kuklwmàtwn DEMUX, pijanÏn sth morf† enisqut† diadidÏmenou k‘matoc (travelling wave
amplifier - TWA). H katanàlwsh isq‘oc kàje TWA mpore– na ektimhje– Ïti e–nai uyhl† mËqri 0.6
W me apotËlesma thn a‘xhsh thc sunolik†c katanàlwshc katà 4 ⇥ 0.6 = 2.4 W . AutÏ me th

seirà tou anebàzei thn katanàlwsh isq‘oc sta 5.5 + 2.4 = 7.9 W († 19.75 mW/Gbps). Gia to
sunolikÏ s‘sthma metàdoshc qwr–c en–sqush perilambànontac kai ton pompÏ kai ton dËkth, autËc

oi timËc odhgo‘n se sunolik† katanàlwsh 75.75 mW/Gbps.

Se genikà pla–sia, h s‘gkrish kai o sqoliasmÏc twn apait†sewn se ep–pedo sust†matoc Ïson aforà

thn katanàlwsh isq‘oc twn 100 GbE kaimulti-100 GbE susthmàtwn se efarmogËc upologistik∏n
kËntrwn e–nai d‘skolo na g–nei, kaj∏c den e–nai pànta diajËsima san emporikà proÏnta, ki akÏma

ki an e–nai, den e–nai diajËsimec Ïlec oi timËc twn qarakthristik∏n. 'Enac àlloc paràgontac e–nai oi

diaforetikËc prosdok–ec apÏ kàje diaforetik† arqitektonik† dikt‘ou tou upologistiko‘ kËntrou

kai o trÏpoc me ton opo–o jËloun na egkajisto‘n ta nËa proÏnta se autËc tic arqitektonikËc

oi upe‘junoi gia thn arqitektonik† twn dikt‘wn. 'Enac kalÏc odhgÏc Ïmwc mpore– na e–nai oi

timËc katanàlwshc stic opo–ec stoqe‘oun oi teleuta–ec prospàjeiec thc biomhqan–ac pou aforo‘n

paràllhla prÏtupa.

Pio sugkekrimËna, to prÏtupo9 100G CLR4 MSA odhge–tai apÏ megàlouc biomhqaniko‘c pa–qtec
Ïpwc h Intel, Arista, Fujitsu, Oracle, Ciena ki àllouc kai stoqe‘oun se sunolik† katanàlwsh
enËrgeiac 35 mW/Gbps [47]. Sthn per–ptwsh mac h katanàlwsh e–nai uyhlÏterh, parÏla autà
e–nai thc –diac tàxhc megËjouc kai h teqnolog–a pou qrhsimopoi†jhke mpore– na prosfËrei dunhtikà

àlla pleonekt†mata Ïson aforà ton arijmÏ exarthmàtwn proc olokl†rwsh, thn aplÏthta sthn

sunarmog† kai àra sto kÏstoc, to mËgejoc kai thn klimàkwsh. TrÏpoi na meiwje– h katanàlwsh

enËrgeiac kai na prosegg–sei tic timËc pou stoqe‘oun àlla biomhqanikà prÏtupa e–nai efikto– kai

perilambànoun thn me–wsh sthn katanàlwsh twn kur–wc InP-DHBT kuklwmàtwn MUX-DRVs,
twin-DEMUX kai beltistopo–hsh thc jermik†c diaqe–rishc ston pompÏ o‘twc ∏ste na meiwje– h
katanàlwsh isq‘oc pou sqet–zetai me to TEC.

3.5 Sumperàsmata - Klimàkwsh tou pompo‘ gia leitourg–a

4⇥ 100 Gb/s

Sto parÏn kefàlaio parousiàsthke h anàptuxh kai peiramatik† axiolÏghsh enÏc kainotÏmou po-

mpo‘ 2 ⇥ 100 Gb/s kai enÏc kainotÏmou dËkth 4 ⇥ 100 Gb/s. Parousiàsthkan analutikà Ïla ta
sustatikà mËrh tou pompo‘ kai leptomËreiec apÏ th sqed–ash touc, Ïpwc tou 1 se 2 suze‘kth

MMI, twn InP-DHBT kuklwmàtwn od†ghshc, tou EO diamorfwt† kai h diadikas–a olokl†rwshc,
kaj∏c ep–shc kai leptomËreiec apÏ ta sustatikà mËrh tou dËkth, Ïpwc oi fwtod–odoi, ta InP-

9
taMSA (Multi-source agreement den apotelo‘n akrib∏c prÏtupa kaj∏c den proËkuyan apÏ kàpoio organismÏ

protupopo–hshc, allà apotelo‘n sumfwn–a metax‘ poll∏n promhjeut∏n Ïson aforà ta leitourgikà qarakthri-

stikà enÏc proÏntoc ∏ste na upàrqei dia-leitourgikÏthta kai enallaximÏthta sta anaptussÏmena proÏnta.
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P–nakac 3.11: Klimàkwsh pompo‘ gia leitourg–a 4⇥ 100 Gb/s.

Exàrthma pompo‘ 2⇥ 100 Gb/s 4⇥ 100 Gb/s Ep–ptwsh

MMI 1⇥ 2 1⇥ 4
epiplËon ap∏leiec 3 dB
lÏgw splitting

MUX-DRV 2 4
epiplËon katanàlwsh

isq‘oc 6 W

EO MZM 2 4
qr†sh interposer

gia tic hlektrikËc sundËseic
OptikËc –nec exÏdou 2 4 kam–a ep–ptwsh (qr†sh sustoiq–ac)

DHBT kukl∏mata apopoluplex–ac. Oi suskeuËc autËc uposthr–zoun seiriak† leitourg–a sta 80
Gb/s kai 100 Gb/s me sunolik† katanàlwsh isq‘oc 68.25mW/Gbps, apÏ ta opo–a 54.5mW/Gbps
ston pompÏ kai 13.75 mW/Gbps ston dËkth, kai parousiàzoun mia bi∏simh l‘sh gia thn ulopo–hsh
paràllhlwn 100 GbE kai twn epÏmenhc geneiàc 400 GbE optik∏n jur∏n gia sundesimÏthta mËsa
se upologistikà kËntra.

SugkekrimËna o pompÏc bas–zetai sthn monolijik† olokl†rwsh enÏc 1 se 2 MMI suze‘kth me duo

MZM diamorfwtËc se mia EO polumerik† platfÏrma kai thn ubridik† olokl†rwsh auto‘ tou tsip

me mia InP d–odo lËizer kai duo kukl∏mata od†ghshc ulopoihmËna sthn InP-DHBT teqnologik†
platfÏrma. ApÏ thn àllh o dËkthc bas–zetai sthn ubridik† olokl†rwsh miac sustoiq–ac tes-

sàrwn InP pin fwtodiÏdwn me duo InP-DHBT twin-DEMUX kukl∏mata. Sunduàzontac autËc
tic suskeuËc, axiolog†same thn apÏdosh metàdoshc dia mËsou tmhmàtwn SSMF kai epit‘qame BER
timËc 10�10 metà apÏ metàdosh 1000 m kai BER qamhlÏtero 10�8 metà apÏ 1625 m gia leitourg–a
sta 2 ⇥ 80 Gb/s, Ïpwc ep–shc BER qamhlÏtero apÏ 10�7 metà apÏ 1000 m gia leitourg–a sta
2⇥ 100 Gb/s.

Sthn paro‘sa tou morf† o pompÏc upole–petai se qwrhtikÏthta akÏma 2⇥100 Gb/s gia na mpore–
me ton dËkth na prosfËrei qwrhtikÏthta 400 Gb/s pou ja ton Ëkane katàllhlo gia ta prÏtupa
400 GbE apostàsewn Ëwc 2 km kai ta opo–a bas–zontai sthn qr†sh e–te paràllhlwn kalwd–wn,
Ïpwc ta 8⇥ 50 Gb/s † WDM mejÏdwn mËsa apÏ duplex –nec. Ta ofËlh apÏ thn klimàkwsh tou
pompo‘ gia leitourg–a 4⇥ 100 Gb/s e–nai profan† Ïson aforà ton arijmÏ twn kalwd–wn optik∏n
in∏n pou apaito‘ntai kai ton arijmÏ twn stoiqe–wn tou sust†matoc (ligÏteroi diamorfwtËc, ku-

kl∏mata od†ghshc, fwtod–odoi, kukl∏mata apopoluplex–ac). H epituq†c klimàkwsh tou pompo‘

sta 400 Gb/s e–nai en gËnei apl† kai bas–zetai sthn antikatàstash tou 1 ⇥ 2 MMI suze‘kth me

Ënan 1⇥ 4 pànw sto oloklhrwmËno EO stip, to opo–o ja fËrei sustoiq–a 4 diamorfwt∏n MZM,

tËssera kukl∏mata od†ghshc kai tËsseric –nec exÏdou. H kataskeu† enÏc tËtoiou kukl∏matoc

e–nai efikt† kai to EO polumerikÏ tsip pou oloklhr∏nei ton MMI kai touc diamorfwtËc Ëqei †dh

kataskeuaste–. To duskolÏtero mËroc thc kataskeu†c tou pompo‘ e–nai oi hlektrikËc sundËseic

apÏ touc MUX-DRVs proc touc diamorfwtËc kaj∏c ta s†mata e–nai pol‘ yhlà se suqnÏthta (100
Gb/s) kàti pou den epitrËpei th qr†sh makri∏n wirebonds. L‘sh se autÏ d–netai me thn sqed–ash
katàllhlwn kumatodhg∏n pànw se interposer kai qr†sh tou gia thn s‘ndesh twn d‘skola pro-
sbàsimwn diamorfwt∏n. H topojËthsh perissÏterwn optik∏n in∏n exÏdou mpore– na g–nei e‘kola

qrhsimopoi∏ntac sustoiq–a kaj∏c o trÏpoc s‘zeuxhc me touc kumatodhgo‘c paramËnei butt cou-
pling . O p–nakac 3.11 d–nei sugkentrwtikà ta stoiqe–a pou klimak∏nontai kai thn ep–ptwsh pou
ja Ëqei kàje forà h allag†.
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KEFALAIO 4

OloklhrwmËnoc pompÏc seiriako‘ rujmo‘ metàdoshc 100Gb/s
metablhto‘ m†kouc k‘matoc ekpomp†c

T
o parÏn kefàlaio parousiàzei thn anàptuxh, sunarmog† kai ton pl†rh qarakthrismÏ enÏc po-

mpo‘ seiriak†c metàdoshc 100Gb/s me dunatÏthta metabol†c tou m†kouc k‘matouc ekpomp†c
gia efarmog† se euËliktec optikËc diasundËseic, san mia exeligmËnh parallag† tou pompo‘ 2⇥100

Gb/s pou parousiàsthke prohgoumËnwc. Krat∏ntac ta basikà stoiqe–a tou pompo‘, dhlad† ton
gr†goro diamorfwt† Mach-Zehnder sthn hlektro-optik† polumerik† platfÏrma, ta gr†gora hle-
ktronikà InP-DHBT kai sunduàzontac ta me mia phg† lËizer exwterik†c koilÏthtac, ulopoie–tai
Ënac pompÏc me exeligmËnec dunatÏthtec gia qr†sh se mellontikà optikà d–ktua metagwg†c ku-

kl∏matoc (OCS). O pompÏc e–nai monadikÏc sto e–doc tou, kaj∏c gia pr∏th forà epitugqànetai
ubridik† olokl†rwsh tri∏n diaforetik∏n teqnologi∏n fwtwnik∏n kuklwmàtwn, †toi Fwsf–dio tou

Ind–ou (InP), pajhtik†c polumerik†c platfÏrmac (PolyBoard) kai thc hlektro-optik†c polumeri-
k†c platfÏrmac. 'Opwc Ëqei †dh anaferje–, oi optikËc diasundËseic pou leitourgo‘n sta 100 Gb/s
Ëqoun th dunatÏthta na xeperàsoun touc periorismo‘c Ïson aforà thn metaforà dedomËnwn kai

thn puknÏthta egkatesthmËnwn mhqanhmàtwn (line cards) pou emfan–zoun ta proÏnta twn 10 Gb/s
kai 40 Gb/s emfan–zoun sta s‘gqrona intra-data center d–ktua, dhlad† ta d–ktua pou br–skontai
egkatesthmËna mËsa se Ëna upologistikÏ kËntro [1]. DiasundËseic sta 100 Gb/s Ëqoun †dh brei
to drÏmo touc sthn agorà kai anamËnetai na egkatastajo‘n eurËwc sto proseqËc mËllon, diasun-

dËontac diakÏptec ( switches) sta uyhlÏtera ep–peda tou hlektriko‘ dikt‘ou metagwg†c pakËtou
(Electrical Packet Switched -EPS) † diakÏptec pou ja br–skontai sta àkra tou optiko‘ dikt‘ou
megagwg†c kukl∏matoc (Optical Circuit Switched - (OCS) tou katà ta àlla EPS dikt‘ou kai
ja parËqoun sundËseic se apostàseic Ëwc 2 km [2]. Katà k‘rio lÏgo, oi trËqousec ulopoi†seic
bas–zontai se 4 grammËc metàdoshc me 4 kanàlia twn 25 Gb/s paràllhla, dhlad† se 4 diafore-
tikËc optikËc –nec. H prospàjeia gia anàptuxh proÏntwn basizÏmena se mia gramm† metaforàc

e–nai entatik†, lÏgw twn prosdok∏menwn pleonekthmàtwn aut∏n twn proÏntwn sugkritikà me ta

4 ⇥ 25 Gb/s proÏnta, Ïson aforà twn arijmÏ twn exarthmàtwn, katanàlwsh isq‘oc, mËgejoc,
euelix–a sundesimÏthtac mËsa se OCS d–ktua, kai dunatÏthta gia parallhlopo–hsh kai klimàkwsh
proc tic epÏmenhc geniàc diasundËseic [2]. Oi prospàjeiec autËc bas–zontai sugkekrimËna sthn

qr†sh qamhlÏterhc taq‘thtac shmàtwn rologi∏n kai an∏terhc tàxhc sqhmàtwn diamÏrfwshc Ïpwc

gia paràdeigma pulse amplitude modulation-4 (PAM-4) [3–5], PAM-8 [6–8], discrete multi-tone
(DMT) diamÏrfwsh [9, 10] † multi band carrierless amplitude phase (MultiCAP) diamÏrfwsh
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[11–13] se sunduasmÏ me apeuje–ac f∏rash kai teqnikËc yhfiak†c epexergas–ac s†matoc.

Akolouj∏ntac mia diaforetik† prosËggish, h opo–a bas–zetai se seiriak† leitourg–a non-return-
to-zero on-off keying (OOK) apeuje–ac sta 100 Gb/s, de–xame pompo‘c se diàtaxh monàdac allà
kai sustoiq–ac gia 100 Gb/s kai 2 ⇥ 100 Gb/s diasundËseic mËsa se upologistikà kËntra [14,
15], oi opo–oi pompo– parousiàsthkan leptomer∏c sta prohgo‘mena duo prohgo‘mena kefàlaia.

Sugkritikà me thn qr†sh sqhmàtwn diamÏrfwshc an∏terhc tàxhc, h seiriak† OOK metàdosh e–nai

aplo‘sterh kai Ëqei th dunatÏthta na e–nai kai h oikonomikÏterh apÏ pleuràc arijmo‘ exarthmàtwn,

megËjouc, qrÏnou kajustËrhshc, katanàlwshc enËrgeiac kai kÏstouc, me thn proÙpÏjesh Ïti e–nai

diajËsimoi optiko– diamorfwtËc kai hlektronikà kukl∏mata od†ghshc pou plhro‘n tic apait†seic

gia leitourg–a me uyhlÏ e‘roc z∏nhc kai mporo‘n na uposthr–xoun leitourg–a sta 100 Gbaud.

AnatrËqontac sto pareljÏn, h pr∏th prospàjeia pou sqetizÏtan me Ëna s‘sthma 100 Gbaud
e–qe pragmatopoihje– to 2006 sta pla–sia efarmog∏n metàdoshc gia megàlec apostàseic, kai pe-

rielàmbane Ëna OOK s‘sthma sta 107 Gb/s basismËno se Ënan lithium niobate Mach-Zehnder
diamorfwt† kai silicon germanium hlektronikà kukl∏mata od†ghshc ston pompÏ [16]. O pe-
riorismÏc apÏ to qamhlÏ e‘roc z∏nhc †tan gegonÏc kai mporo‘se na xeperaste– en mËrei mÏno

me th qr†sh optical duobinary diamÏrfwshc † th qr†sh optik†c isostàjmishc sthn per–ptwsh
sumbatik†c non-return-to-zero diamÏrfwshc. Oi metËpeita prospàjeiec apÏ episthmonikËc omàdec
pragmatopoi†jhkan sto –dio pla–sio gia efarmogËc metàdoshc megàlwn apostàsewn, qrhsimopoi-

∏ntac diakrità exart†mata ston pompÏ kai bas–zontan sthn beltistopo–hsh tou sqed–ou optik†c

isostàjmishc. Oi prospàjeiec autËc epËdeixan epituq∏c metàdosh OOK sta 107 Gb/s dia mËsou
optik∏n ze‘xewn pou e–qan antistajmiste– gia diasporà (dispersion compensated) [17, 18] kai
metàdosh dual polarization quadrature phase-shift-keying (DP-QPSK) sta 107 Gbaud [19] kai
128.8 Gbaud [20] mËsa apÏ ze‘xeic qwr–c antistàjmish thc diasporàc qrhsimopoi∏ntac teqnikËc
s‘mfwnhc f∏rashc kai yhfiak† epexergas–a s†matoc pou pragmatopoie–tai ek twn ustËrwn (off-
line). ApÏ thn àllh, shmantikËc prospàjeiec gia thn a‘xhsh tou e‘rouc z∏nhc tou pompo‘ kai gia
thn exàleiyh thc anàgkhc gia optik† isostàjmish sta 100 Gb/s OOK sust†mata sthr–qjhkan
sthn anàptuxh lËizer diÏdwn me diamorfwtËc hlektroaporrÏfhshc ode‘ontoc k‘matoc (travelling
wave electroabsorption modulated laser - EML) kai thn olokl†rwsh touc me ta hlektronikà
kukl∏mata od†ghshc se mia suskeu† [21]. Qrhsimopoi∏ntac aut†n th suskeu† epËdeixan OOK

metàdosh sta 112 Gb/s qwr–c optik† isostàjmish, allà me sqetikà Ëntona fainÏmena patterning
sqetizÏmena me to periorismËno e‘roc z∏nhc.

TËloc, oi prospàjeiec gia efarmogËc kontin∏n apostàsewn, oi opo–ec e–nai kai pio sqetikËc me

thn douleià pou ja parousiaste– sto par∏n kefàlaio, perilambànoun thn ep–deixh enÏc seiriako‘

OOK sust†matoc sta 103.125 Gb/s kai metàdosh mËsa apÏ Ëna qiliÏmetro stàntar monorujmik†c
optik†c –nac (SSMF) [22] . Sto sugkekrimËno pe–rama lÏgw tou shmantikà periorismËnou e‘rouc
z∏nhc thc peiramatik†c diàtaxhc, to OOK s†ma metasqhmat–sthke se duobinary kànontac ana-
gka–a thn qr†sh enÏc duobinary dËkth. Oi prospàjeiec mac na xeperasto‘n oi duskol–ec pou
perigràfontai pio pànw kai na auxhje– h apÏdosh enÏc sust†matoc katàllhlou gia efarmogËc

kontin∏n apostàsewn, bas–zontai sthn qr†sh taq‘tatwn hlektro-optik∏n polumerik∏n diamor-

fwt∏n MZM kai InP-DHBT hlektronik∏n kuklwmàtwn, kai thn olokl†rwsh touc se pompÏ pou
mpore– na leitourg†sei apeuje–ac sta 100 Gbaud qwr–c thn qr†sh mejÏdwn optik†c † hlektro-
nik†c isostàjmishc. Oi pragmatikËc dunatÏthtec aut∏n twn pompodekt∏n gia leitourg–a mËsa
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se d–ktua upologistik∏n kËntrwn epibebai∏jhke peiramatikà me peiràmata metàdoshc dia mËsou

optik†c –nac sunoliko‘ m†kouc pou xeperno‘se ta 1.6 qiliÏmetra, kai ta opo–a parousiàsthkan

sto prohgo‘meno kefàlaio. Ston 2⇥ 100 Gb/s pompÏ, to optikÏ mËroc basizÏtan sthn ubridik†
olokl†rwsh miac InP diÏdou lËizer me to EO polumerikÏ tsip epitrËpontac leitourg–a mÏno se
Ëna m†koc k‘matoc g‘rw apÏ ta 1550 nm.

AutÏ eparke– Ïtan oi 100Gb/s diasundËseic qrhsimopoio‘ntai sta pla–sia hlektronik†c metagwg†c
pakËtou (EPS) sta DC d–ktua † Ïtan qrhsimopoio‘ntai se d–ktua optik†c metagwg†c kukl∏matoc
(OCS) Ïpou h metagwg† twn optik∏n ro∏n bas–zetai se qwriko‘c diakÏptec [23]. Ta pràgmata
allàzoun Ïtan autËc oi diasundËseic qrhsimopoio‘ntai gia thn gia thn dias‘ndesh diakopt∏n mËsa

se kainotÏmec OCS arqitektonikËc, Ïpou h leitourg–a thc metagwg†c pragmatopoie–tai me bàsh
to m†koc k‘matoc thc optik†c ro†c kai pragmatopoie–tai apÏ metagwge–c epilektiko‘c se m†koc

k‘matoc (wavelength selective switches), sustoiq–ec perijlastik∏n fragmàtwn (arrayed wavegui-
de gratings), † arrayed waveguide grating router [24–26]. Se autËc tic arqitektonikËc, h apous–a
r‘jmishc tou m†kouc k‘matouc stouc pompo‘c mpore– na apotelËsei ton kuriÏtero perioristikÏ

paràgonta gia thn euelix–a kai thn apÏdosh tou dikt‘ou kai gia autÏ to lÏgo den e–nai apodekt†.

Sthn paro‘sa enÏthta, parousiàzoume Ënan seiriakÏ pompÏ 100 Gb/s me dunatÏthta r‘jmishc
tou m†kouc k‘matoc ekpomp†c sth C mpànta, o opo–oc mpore– na prosd∏sei euelix–a, epil‘ontac
sumfor†seic kai epitrËpontac thn apodotik† qr†sh twn pÏrwn mËsa se Ëna OCS d–ktuo upologi-
stiko‘ kËntrou. H r‘jmish sto m†koc k‘matoc pragmatopoie–tai apÏ th qr†sh enÏc rujmizÏmenou

perijlastiko‘ fràgmatoc Bragg pànw se pajhtikÏ polumerikÏ tsip, to opo–o dra wc Ënac hmipe-
ratÏc kajrËpthc epilektikÏc wc proc to m†koc k‘matoc, kai o opo–oc sunduazÏmenoc me Ëna InP
stoiqe–o kËrdouc sqhmat–zei mia exwterik† koilÏthta lËizer me eure–a dunatÏthta epilog†c m†kouc

k‘matouc. AutÏ to lËizer metablhto‘ m†kouc k‘matouc, oloklhr∏netai me Ëna EO polumerikÏ

tsip me Ënan MZM pou epitrËpei seiriak† OOK diamÏrfwsh sta 100 Gb/s. PËra apÏ thn pro-
fan† prÏodo pou sqet–zetai me thn eisagwg† thc dunatÏthtac r‘jmishc sto m†koc k‘matoc kai

thn ep–deixh gia pr∏th forà enÏc seiriako‘ pompo‘ 100 Gb/s mËsa se Ëna OCS d–ktuo me tupik†
apÏstash 500 mËtrwn metax‘ twn kÏmbwn kai senària dikt‘ou, h paro‘sa douleià emperiËqei kai

Ëna pol‘ shmantikÏ stoiqe–o to opo–o sqet–zetai me thn eisagwg†, gia pr∏th forà, thc kainotÏmou

idËac/mejÏdou tou sunduasmo‘ thc pajhtik†c kai thc EO polumerik†c platfÏrmac. SugkrinÏme-

nh me tic monolijikËc † ubridikËc mejÏdouc olokl†rwshc gia euËliktouc kai uyhl†c taq‘thtac

optiko‘c pompo‘c, h paro‘sa mpore– na Ëqei shmatnikà pleonekt†mata tÏso sto pajhtikÏ mËroc,

Ïso kai sto EO mËroc tou fwtoniko‘ kukl∏matoc, lÏgw thc megàlhc euelix–ac thc pajhtik†c

platfÏrmac [27] kai tou uyhlo‘ e‘rouc z∏nhc thc EO platfÏrmac [28]

Sto upÏloipo kefàlaio oi enÏthtec parousiàzontai wc ex†c: sthn sunËqeia parousiàzontai ana-

lutikà h idËa thc ubridik†c olokl†rwshc twn duo polumerik∏n platform∏n kai perigràfetai h

suskeu† tou pompo‘. Akoloujo‘n apotelËsmata prosomo–wshc dom∏n Bragg se dom† tou EO ku-
matodhgo‘ me katàllhlo logismikÏ gia thn qr†sh wc f–ltra metaballÏmenou m†kouc k‘matoc pou

pragmatopoi†jhkan sto Ergast†rio Fwtwnik∏n Epikoinwni∏n (EFE) allà kai sto Fraunhofer
Heinrich Hertz Institute tou Berol–nou apÏ ton suggrafËa. Sthn akÏloujh enÏthta perigràfetai
analutikà h peiramatik† diàtaxh pou anapt‘qjhke sto EFE gia thn axiolÏghsh thc ep–doshc tou

pompo‘ kai parat–jentai apotelËsmata tou statikÏ qarakthrismÏ thc suskeu†c Ïson aforà th

metablhtÏthta tou m†kouc k‘matoc, thn ep–dosh tou se peiràmata metàdoshc kai thn axiolÏghsh
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Sq†ma 4.1: SqhmatikÏ tou 100 Gb/s pompo‘ metablhto‘ m†kouc k‘matoc pou bas–zetai sthn ubridik†
olokl†rwsh enÏc pajhtiko‘ kai enÏc EO polumeriko‘ tsip. To lËizer apart–zetai apÏ mia exwterik† koi-
lÏthta pou sqhmat–zetai metax‘ tou InP stoiqe–ou kËrdouc kai tou pajhtiko‘ polumero‘c. H dunatÏthta
r‘jmishc d–netai apÏ to perijlastikÏ fràgma Bragg sto polumerikÏ tsip.

thc euelix–ac mËsa se Ëna OCS d–ktuo topolog–ac daktul–ou sto opo–o sunupàrqoun 40 Gb/s kai
100 Gb/s optikËc diasundËseic. 'Opwc ja deiqje–, epete‘qjh dunatÏthta r‘jmishc tou m†kouc
k‘matoc gia 22 nm mËsa sthn C mpànta, metadÏjhke plhrofor–a sta 80 Gb/s se apÏstash 1625
m me rujmÏ sfalmàtwn qamhlÏtero apÏ 10�10, metàdosh sta 100 Gb/s se apÏstash 1000 m me
rujmÏ sfalmàtwn qamhlÏtero apÏ 10�9 kai qamhlÏtero apÏ 10�7 metà apÏ 1625 m. Ep–shc para-
t–jentai apotelËsmata apÏ thn axiolÏghsh thc suskeu†c se mia peiramatik† diàtaxh pou st†jhke

gia na prosomoi∏nei Ëna intra-DC d–ktuo metagwg†c optiko‘ kukl∏matoc (OCS) topolog–ac da-
ktul–ou, ulopoi∏ntac Ëna senàrio apofug†c sugkro‘sewn † sumfor†sewn. To kefàlaio kle–nei

me sumperàsmata gia tic epidÏseic tou pompo‘.

4.1 Perigraf† kukl∏matoc pompo‘ 100Gb/s metablhto‘

m†kouc k‘matouc

O pompÏc metablhto‘ m†kouc k‘matoc parousiàzetai sto sq†ma 4.1. To optikÏ tou mËroc bas–ze-

tai ston sunduasmÏ, gia pr∏th forà, enÏc pajhtikou polumeriko‘ tsip kai enÏc EO poumeriko‘

tsip. To EO polumerikÏ tsip oloklhr∏nei monolijikà Ënan MZM me 65 GHz e‘roc z∏nhc kai
parËqei thn dunatÏthta gia gr†gorh diamÏrfwsh. ApÏ thn àllh, to pajhtikÏ polumerikÏ tsip

parËqei thn dunatÏthta gia ubridik† olokl†rwsh tou InP stoiqe–ou kËrdouc, thn ekpomp† fwtÏc
se diaforetikà m†kh k‘matoc, ton Ëlegqo thc polwtik†c katàstashc tou kai telikà thn Ïdeu-

sh tou sto diamorfwt† MZM. H ubridik† olokl†rwsh enÏc stoiqe–ou kËrdouc me Ëna metablhtÏ

parijlastikÏ fràgma Bragg (BG) e–qe pragmatopoihje– sto pareljÏn kai sthn EO polumerik†
platfÏrma epitrËpontac thn anàptuxh enÏc lËizer exwterik†c koilÏthtac me e‘roc metabol†c tou

m†koc k‘matoc 17 nm [29]. ParÏla autà, peraitËrw a‘xhsh tou e‘rouc metabol†c tou m†kouc
k‘matoc kai ulopo–hsh thc leitourg–ac gia strËyh thc pÏlwshc tou fwtÏc sthn EO platfÏr-

ma den pragmatopoio‘ntai e‘kola lÏgw twn eggen∏n qarakthristik∏n tou uliko‘ (p.q. sqetikà

mikr† anoq† sthn uyhl† jermÏthta pou apaite–tai gia r‘jmish tou BG) kai sthn diadikas–a ka-
taskeu†c. H pajhtik† polumerik† platfÏrma Ëqei thn dunatÏthta na parËqei lËizer metablhto‘

m†kouc k‘matoc me megàlo e‘roc, megàlh apÏdosh Ïson aforà thn jermÏthta pou apaite–tai gia

thn metabol†, stajerÏthta sto qrÏno kai apodotikÏ Ëlegqo thc polwtik†c katàstashc [30–32].

Gia autÏ to lÏgo, eisàgoume thn olokl†rwsh polumero‘c-polumero‘c san thn teqnolog–a kleid–

kai parousiàzoume sthn epÏmenh upoenÏthta tic basikËc paramËtrouc aut†c thc diadikas–ac prin
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P–nakac 4.1: BasikËc idiÏthtec thc pajhtik†c polumerik†c kai hlektro-optik†c polumerik†c plat-
fÏrmac

Pajhtik† polumerik†
platfÏrma

Hlektro-optik† polumerik†
platfÏrma

Ap∏leiec diàdoshc sta 1550 nm
(dB/cm) 0.5 1.4

Gr†gorh optik† diamÏrfwsh 'Oqi1 Nai

Olokl†rwsh f–ltrwn
Nai/apl† diadikas–a

Bas, AWGs,DLIs, thin films
Nai/s‘njeth diadikas–a

Bas, DLIs

Olokl†rwsh suzeukt∏n
Nai/apl† diadikas–a
(splitters, MMI)

Nai/s‘njeth diadikas–a
(splitters, MMI)

Olokl†rwsh àllwn euËliktwn
pajhtik∏n dom∏n

Nai
(TOSs, VOAs, 90o hybrids 'Oqi

Olokl†rwsh stoiqe–wn elËgqou
polwtik†c katàstashc

Nai
(PRs, PBSs) 'Oqi

Olokl†rwsh stoiqe–wn InP
Nai

apl† diadikas–a
qamhlËc ap∏leiec

Nai
s‘njeth diadikas–a
uyhlËc ap∏leiec

proqwr†soume sthn perigraf† tou pompo‘.

4.1.1 Ubridik† olokl†rwshc duo polumerik∏n platform∏n

O p–nakac 4.1 sunoy–zei tic k‘riec idiÏthtec kai leitourg–ec twn duo polumerik∏n platform∏n

upodeikn‘ontac thn sumplhrwmatikÏthta touc. To pajhtikÏ polumerËc apotele– mia monorujmik†

fwtonik† platfÏrma me qamhlËc ap∏leiec diàdoshc (0.5 dB/cm sta 1550 nm) sthn opo–a mporo‘n
me eukol–a na oloklhrwjo‘n monolijikà plhj∏ra apÏ domËc, sumperilambanomËnwn diaqwrist∏n,

suzeukt∏n parembol†c poll∏n rujm∏n, perijlastik∏n fragmàtwn Bragg, arrayed wavguide gra-
tings, sumbolÏmetra gramm∏n kajustËrhshc kai 90o optikà ubridikà [32]. Axiopoi∏ntac ton uyhlÏ
jermo-optikÏ suntelest† tou polumero‘c uliko‘ (�2 ·10�4 oC�1 sta 1500 nm), mporo‘n na sqe-
diasto‘n rujmizÏmenec ekd∏seic twn sugkekrimËnwn dom∏n kai na leitourg†soun wc metablhtà

f–ltra, metablhto– optiko– diakÏptec kai metablhto– optiko– exasjenhtËc me megàlo dunamikÏ e-

‘roc kai mikro‘c qrÏnouc anas‘njeshc (<1 ms). EpiprÏsjeta, qrhsimopoi∏ntac thn platfÏrma
san Ënan euËlikto pàgko olokl†rwshc, mporo‘n na enswmatwjo‘n sthn morf† f–ltrwn lept∏n

umen–wn, topojet∏ntac ta se stenËc (50 um) sqismËc pànw sthn platfÏrma, uyhl†c poiÏthtac
zwnoperatà f–ltra, stoiqe–a strËyhc thc pÏlwshc, kai stoiqe–a diaqwrsmo‘ thc pÏlwshc. Ep–shc

h pajhtik† polumerik† platfÏrma mpore– na dieukol‘nei thn ubridik† olokl†rwsh InP stoiqe–wn
Ïpwc diÏdwn lËizer kai kËrdouc kai na ta sunduàsei me pajhtikËc domËc pànw sto polumerikÏ tsip.

Optik† diamÏrfwsh parËqetai apÏ thn mËjodo apeuje–ac diamÏrfwshc twn InP stoiqe–wn, ta o-
po–a Ïmwc parËqoun periorismËno e‘roc z∏nhc (<20 GHz). Th stigm† pou grafÏtan h diatrib†
up†rqan Ëntonec prospàjeiec gia anàptuxh diamorfwt∏n hlektroaporrÏfhshc, enswmat∏nontac

f‘lla grafen–ou sth pajhtik† polumerik† platfÏrma, uperkeràzontac Ëtsi thn ap∏leia leitour-

g–ac diamÏrfwshc. Oi prospàjeiec e–qan katafËrei na de–xoun leitourg–a diamÏrfwshc, se pol‘

qamhl† Ïmwc taq‘thta, h opo–a den xeperno‘se to 1 Gb/s kai me qamhlÏ lÏgw sbËshc (3 dB) [33].
E–nai profanËc Ïti h anàptuxh diamorfwt∏n hlektroaporrÏfhshc grafen–ou katàllhlouc gia me-

gàlec taq‘thtec kai me kalà qarakthristikà Ëqei akÏma megàlo ereunhtikÏ drÏmo mprostà thc. H

EO platfÏrma apÏ thn àllh merià, e–nai mia monorujmik† platfÏrma me monadik† dunatÏthta gia



138 KEFALAIO 4

(α) (β)

Sq†ma 4.2: Diatom† (a) thc pajhtik†c polumerik†c platfÏrmac me Ëna kumatodhgÏ t‘pou channel
kai Ëna jermikÏ hlektrÏdio sto kàtw mËroc gia thn r‘jmish twn pajhtik∏n dom∏n, kai (b) thc EO polu-
merik†c platfÏrmac me Ënan kumatodhgÏ t‘pou ridge kai duo hlektrÏdia gia thn pÏlwsh tou polumero‘c
uliko‘ tou pur†na.

monolijik† olokl†rwsh diamorfwt∏n fàshc kai MZM me megàlo e‘roc z∏nhc pou xepernàei ta 65

GHz gia diamÏrfwsh se pol‘ uyhlo‘c rujmo‘c metàdoshc. 'Eqoun g–nei prospàjeiec gia na exe-
liqje– h sugkekrimËnh platfÏrma se pio genik†c qr†shc, oi opo–ec Ëqoun katal†xei sthn ep–deixh

monolijik∏n MMI suzeukt∏n kai metablht∏n perijlastik∏n fragmàtwn Bragg [29]. Oi uyhlËc
ap∏leiec diàdoshc (>1 dB/cm) kai h mikrÏterh euelix–a sth sqed–ash kai kataskeu† pajhtik∏n
dom∏n e–nai oi lÏgoi gia touc opo–ouc h platfÏrma paramËnei mia fwtonik† platfÏrma eidikà gia

diamorfwtËc.

To sq†ma 4.2 parousiàzei tic diatomËc twn duo platform∏n. H pajhtik† bas–zetai se Ënan channel
kumatodhgÏ me sqetikà mikr† tim† ant–jeshc twn deikt∏n diàjlashc (RI contrast) kai 3.2 um x 3.2
um tetragwnik† diatom†, to opo–o shma–nei mhdenik† exàrthsh apÏ thn polwtik† katàstash gia
euje–c kumatodhgo‘c. To jermikÏ hlektrÏdio pou qrhsimopoie–tai gia thn r‘jmish twn pajhtik∏n

dom∏n mpore– na topojethje– e–te apÏ pànw, e–te sto plài, † kàtw apÏ ton kumatodhgÏ, Ïpwc

fa–netai kai sto sq†ma 4.2(a), h jËsh tou opo–ou exartàtai apÏ to trÏpo diàqushc thc jermÏthtac

pou prËpei na efarmoste–. H diatom† tou EO polumero‘c e–nai pio s‘njeth, kaj∏c bas–zetai se

Ënan ridge kumatodhgÏ me tr–a str∏mata polumero‘c kai fa–netai sto sq†ma 4.2(b). Oi katàllhlec
diastàseic tou ridge kumatodhgo‘ se sunduasmÏ me touc de–ktec diàjlashc gia ta tr–a str∏mata,
Ëqoun san apotËlesma h dom† na emfan–zei energÏ de–kth diàjlashc gia ton egkàrsio (TM) rujmÏ

–so me 1.660, en∏ oi diastàseic tou rujmo‘ e–nai 2.8 um kai 4.6 um sthn kàjeth kai orizÏntia
die‘junsh, ant–stoiqa [28]. O isqurÏc entopismÏc tou ped–ou mËsa ston kumatodhgÏ se sunduasmÏ

me ton uyhlÏ EO suntelest† pou emfan–zei to ulikÏ Ïtan polwje–, 86 pm/V sta 1550 nm,
epitrËpei thn emfànish isquro‘ EO fainomËnou kai apodotik† diamÏrfwsh tou TM diadidÏmenou

fwtÏc se uper-uyhlËc taq‘thtec. To kàtw hlektrÏdio e–nai mËroc thc platfÏrmac, en∏ to ànw

hlektrÏdio topojete–tai mÏno stic energËc perioqËc twn MZM gia thn epilektik† pÏlwsh touc

katà th diàrkeia thc diadikas–ac stajeropo–hshc tou uliko‘.

Parà tic shmantikËc diaforËc, e–nai profanËc Ïti h bàsh tou uliko‘ twn duo platform∏n e–nai koi-

n†, kaj∏c apotelo‘ntai apÏ polumerËc ulikÏ, sunep∏c emfan–zoun suggËneiec wc proc tic qhmikËc

kai fusikËc idiÏthtec touc pou tic kànei sumbatËc gia thn fusik† olokl†rwsh touc se Ëna ubri-

dikà oloklhrwmËno s‘sthma. H kataskeu† kai twn duo platform∏n perilambànei Ëna upÏstrwma

purit–ou (silicon substrate) kai mia stoibàda apÏ polumer† me parÏmoia pàqh kai idiÏthtec, Ïson
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(α) (β)

Sq†ma 4.3: ProsomoiwmËna prof–l kai diastàseic twn TM rujm∏n gia (a) thn pajhtik† polumerik†
platfÏrma, kai (b) thn EO polumerik† platfÏrma.

(α) (β)

Sq†ma 4.4: ProsomoiwmËnec timËc apwlei∏n s‘zeuxhc metax‘ twn duo platform∏n se sunàrthsh
(a) me to plàtoc (WT ) tou orizÏntiou tapered tm†matoc sto pajhtikÏ polumerikÏ tsip, kai (b) me thn
eujugràmmish twn duo kumatodhg∏n ston orizÏntio kai kàjeto àxona (gia thn bËltisth tim† WT )

.

aforà touc de–ktec diàjlashc, tic mhqanikËc anoqËc, tic jermikËc idiÏthtec kai touc suntelestËc

jermik†c diastol†c. EpiprÏsjeta, parà touc diaforetiko‘c t‘pouc kumatodhg∏n, oi diastàseic

twn prof–l twn rujm∏n (mode-filed diameters - MFD) e–nai pol‘ kontà gia thn leitourg–a me TM
rujmÏ, Ïpwc fa–netai kai sto sqhma 4.3, epitrËpontac megal‘terh epikàluyh (mode overlap) twn
rujm∏n kai qamhlËc ap∏leiec s‘zeuxhc katà thn butt-end s‘zeuxh.

To sq†ma 4.4(a) parousiàzei tic prosomoiwmËnec timËc apwlei∏n s‘zeuxhc metax‘ twn duo polume-

rik∏n tsip sunart†sei tou teliko‘ plàtouc, WT , tou pajhtiko‘ tsip, Ïtan sqhmat–zetai Ëna aplÏ

2D kwnikÏ tm†ma sthn orizÏntia diàstash tou kumatodhgo‘. Gia plàtocWT –so me 4.7 um, h tim†
twn apwlei∏n g–netai elàqisth kai kàtw apÏ 0.6 dB. To sq†ma 4.4(b) parousiàzei epiplËon thn
exàrthsh twn apwlei∏n s‘zeuxhc apÏ thn apÏklish twn duo kumatodhg∏n Ïtan e–nai makrià apÏ th

bËltisth jËsh eujugràmmishc, mia paràmetroc pou sqet–zetai àmesa me tic anoqËc thc diadikas–ac

sunarmog†c, kai sunep∏c sqet–zetai kai me thn apaito‘menh poluplokÏthta thc diadikas–ac. 'Opwc

parousiàzetai, akÏma kai megàlec apokl–seic, Ëwc ±0.5 um se opoiond†pote àxona, mporo‘n na
g–noun kalà anektËc, kaj∏c Ëqoun san apotËlesma ap∏leiec qamhlÏterec apÏ 1 dB.
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P–nakac 4.2: SugkritikÏ prÏtupo thc polumerik†c-polumerik†c platfÏrmac me tic k‘riec ubridikËc
platfÏrmec olokl†rwshc

Silica-LiNbO3 Silica-InP Polymer-Polymer
SumbatÏthta ulik∏n Mesa–a Qamhl† Uyhl†
PuknÏthta olokl†rwshc Qamhl† Qamhl† Mesa–a
Ap∏leiec diàdoshc Pol‘ qamhlËc Pol‘ qamhlËc QamhlËc
LeitourgikÏthta sto
pajhtikÏ mËroc

Qamhl† Qamhl† Uyhl†

'Elegqoc pÏlwshc
pànw sto tsip

'Oqi 'Oqi Nai

Ubridik† olokl†rwsh
energ∏n stoiqe–wn

S‘njeth S‘njeth Apl† kai apodotik†

E‘roc z∏nhc
diamÏrfwshc (GHz) < 40 < 50 > 65

DedomËnwn twn sumplhrwmatik∏n idiot†twn twn duo polumerik∏n platform∏n kai thc aplÏthtac

thc diadikas–ac olokl†rwshc Ïpwc exhg†jhke pio pànw, h idËa thc polumerik†c se polumerik† olo-

kl†rwshc pou eisàgame gia pr∏th forà, Ëqei thn dunamik† na fËrei shmantikà pleonekt†mata sto

ped–o thc ubridik†c fwtonik†c olokl†rwshc kai na suneisfËrei se mia nËa genià oloklhrwmËnwn

pompodekt∏n pou ja epideikn‘oun megal‘terh euelix–a kai pol‘ uyhlÏterh taq‘thta leitourg–ac.

O p–nakac 4.2 parousiàzei sunoptikà mia poiotik† s‘gkrish thc ubridik†c platfÏrmac mac, me duo

àllec ubridikËc platfÏrmec pou apotelo‘n thn aiqm† thc teqnolog–ac s†mera. H pr∏th bas–zetai

se silica-on-silicon gia to pajhtikÏ mËroc kai se lithium niobate LiNbO3 gia to hlektro-optikÏ

mËroc tou kukl∏matoc, kai e–qe qrhsimopoihje– eurËoc sto prÏsfato pareljÏn gia thn anàptu-

xh euËliktwn suskeu∏n [34, 35]. H de‘terh bas–zetai pàli se silica-on-silicon gia to pajhtikÏ
mËroc kai se InP gia to hlektro-optikÏ mËroc, o‘twc ∏ste na uposthr–zei uyhlÏterouc rujmo‘c
diamÏrfwshc [36]. 'Opwc fa–netai ston p–naka 4.2, h polumerik† platfÏrma mac Ëqei shmantikà

pleonekt†mata Ïson aforà to EO mËroc, lÏgw tou pol‘ uyhlÏterou e‘rouc z∏nhc twn polumer∏n

sugkrinÏmeno me to LiNbO3 † to InP . EpiprÏsjeta, h platfÏrma mac mpore– na Ëqei shmantikà
pleonekt†mata kai sto pajhtikÏ mËroc tou kukl∏matoc, lÏgw thc puknÏterhc olokl†rwshc pou

mporo‘n na prosfËroun ta polumer† sugkrinÏmena me to silica-on-silicon (gual–), thn uyhlÏterh
euelix–a sto sqediasmÏ kai sthn kataskeu† rujmizÏmenwn stoiqe–wn pànw sto tsip, ton uyh-

lÏtero jermo-optikÏ suntelest† gia thn r‘jmish twn stoiqe–wn, thn dunatÏthta gia apodotikÏ

Ëlegqo thc pÏlwshc ep–shc pànw sto tsip kai thn dunatÏthta gia e‘kolh olokl†rwsh energ∏n

InP stoiqe–wn qrhsimopoi∏ntac thn teqnik† s‘zeuxhc butt-end.

4.1.2 EpËktash leitourgi∏n thc EO polumerik†c platfÏrmac

H EO polumerik† platfÏrma e–dame pwc e–nai kur–wc gia efarmogËc diamorfwt∏n. AutÏ Ïmwc den

shma–nei pwc den Ëqoun g–nei prospàjeiec gia thn sqed–ash kai anàptuxh kai àllwn dom∏n sthn

EO platfÏrma me skopÏ na oloklhr∏nontan se Ëna b†ma me touc diamorfwtËc, o‘twc ∏ste na

epektaje– h leitourgikÏthta thc kai na anabajmiste– se mia platfÏrma genik†c qr†shc Ïpwc h

pajhtik† polumerik†. Sthn kate‘junsh aut† Ëqoun sqediaste– domËc Ïpwc oi suze‘ktec parem-

bol†c poll∏n rujm∏n, grammËc kajustËrhshc, perijlastikà fràgmata Bragg (BG), Ïpwc ep–shc
Ëqei pragmatopoihje– ubridik† olokl†rwsh stoiqe–wn kËrdouc (gain chips) me ta BG sthn EO



4.1. Perigraf† kukl∏matoc pompo‘ 100Gb/s metablhto‘ m†kouc k‘matouc 141

(a˛)

1540 1542 1544 1546 1548 1550 1552 1554 1556
-30

-25

-20

-15

-10

-5

0

Po
we

r (
dB

m)

Wavelength (nm)

 0mA
 85mA

(b˛)

Sq†ma 4.5: (a) fwtofraf–a twn DIs, (b) sunàrthsh metaforàc enÏc 160 GHz DI me dunatÏthta
ol–sjhshc fàshc p, elËgqontac to re‘ma pou diarrËei to hlektrÏdio.

polumerik† gia thn anàptuxh, gia pr∏th forà, enÏc lËizer exwterik†c koilÏthtac pou ekpËmpei

se TM rujmÏ kai me dunatÏthta metabol†c tou m†kouc k‘matoc gia 17 nm. H sqed–ash kai ka-
taskeu† 1 ⇥ 2 kai 1 ⇥ 4 suze‘ktwn parembol†c poll∏n rujm∏n sthn EO platfÏrma gia qr†sh

wc diaqwristËc optik†c isq‘oc, perigràfthkan me leptomËreia sthn ant–stoiqh upoenÏthta tou

prohgo‘menou kefala–ou.

Oi grammËc kajustËrhshc pragmatopoi†jhkan sthn EO platfÏrma wc unbalanced Mach-Zehnder
sumbolÏmetra. EktÏc tou Ïti mporo‘n na leitourg†soun san f–ltra, oi grammËc kajustËrhshc

mporo‘n na epitelËsoun kai àllec leitourg–ec Ïpwc apokwdikopo–hsh shmàtwn diamorfwmËnwn

katà fàsh [37] kai metatrop† sq†matoc diamÏrfwshc [38]. Sthn EO polumerik† platfÏrma sqe-

diàsthkan kai kataskeuàsthkan duo eid∏n grammËc kajustËrhshc pou e–qan 160 GHz kai 200
GHz ele‘jerh fasmatik† perioq†. Metallikà hlektrÏdia prostËjhkan pànw apÏ ta tsip gia na
mporo‘n na metabàlloun thn fàsh kaj∏c diarrËontai apÏ re‘ma kai zesta–nontai leitourg∏ntac

Ëtsi wc jermiko– olisjhtËc fàshc. Fwtograf–ec apÏ mikroskÏpio twn kataskeuasmËnwn gramm∏n

kajustËrhshc fa–nontai sto sq†ma 4.5(a). H sunàrthsh metaforàc enÏc 160 GHz DI fa–netai sto
sq†ma 4.5(b) gia timËc re‘matoc 0 mA kai 85 mA, Ïpou e–nai emfan†c h dunatÏthta gia ol–sjh-
sh thc fàshc katà p. To m†koc tou 160 GHz DI e–nai 12.95 mm, to insertion loss qamhlÏtero
apÏ 6 dB, oi ap∏leiec sqetizÏmenec me thn pÏlwsh qamhlÏterec apÏ 0.3 dB kai o lÏgoc sbËshc
uyhlÏteroc apÏ 17 dB.

Ta fràgmata per–jlashc Bragg (BG)e–nai domËc pou parousiàzoun mia periodik† † mia sqedÏn
periodik† diataraq† ston energÏ de–kth diàjlashc enÏc kumatodhgo‘ kai leitourgo‘n wc optikà

f–ltra. 'Enac apodotikÏc trÏpoc gia na pragmatopoihje– Ëna fràgma per–jlashc ston kumatodh-

gÏ thc hlektro-optik†c polumerik†c platfÏrmac e–nai na sqhmatisto‘n oi diataraqËc sto ridge
kommàti tou pur†na, o‘twc ∏ste na sqhmatiste– Ëna fràgma per–jlashc t‘pou side grating. Gia
na xeperasto‘n oi duskol–ec sthn kataskeu†, oi opo–ec sqet–zontai me thn sumbatik† i-line2 fw-
tolijograf–a, sqediàsthkan domËc 5hc tàxhc s‘mfwna me thn parakàtw sqËsh:

m · �B = 2 · ne · ⇤ (4.1)

Ïpou m e–nai h tàxh tou oloklhrwmËnou perijlastiko‘ fràgmatoc, �B to m†koc k‘matoc Bragg,
2
H sugkekrimËnh teqnolog–a fwtolijograf–ac qrhsimopoie– fwc apÏ mia làmpa Hg udrarg‘rou kai sugkekri-

mËna th fasmatik† gramm† i-line me m†koc k‘matoc 365 nm.
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(a˛) (b˛)

Sq†ma 4.6: (a) Sqediàgramma tou oloklhrwmËnou fràgmatoc per–jlashc Bragg t‘pou side gra-
ting. P: per–odoc, D: k‘kloc ergas–ac kai fwtofraf–a tou kataskeuasmËnou fràgmatoc per–jlashc apÏ
mikroskÏpio, (b) polumerikÏ tsip me pollËc domËc BG diaforetiko‘ m†kouc. ApÏ pànw fa–nontai ta
hlektrÏdia
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Sq†ma 4.7: Fasmatogràfhma me lËizer sàrwshc tou BG pou de–qnei to fàsma metàdoshc

ne o energÏc de–kthc diàjlashc tou kumatodhgo‘menou rujmo‘, kai L h per–odoc tou fràgmatoc

per–jlashc. Gia na epit‘qoume �B kontà sthn perioq† twn 1550 nm, h per–odoc tou fràgmatoc
epilËqjhke sta 2.366 mm, en∏ o arijmÏc twn periÏdwn kai to mËgejoc tou ’dontio‘’ thc diataraq†c
metabàllontan katà th sqed–ash o‘twc ∏ste na epit‘qoume uyhl† anaklastikÏthta krat∏ntac

tautÏqrona to m†koc thc dom†c se logikËc timËc. Sthn eikÏna 4.6(a) fa–netai mia fwtograf–a apÏ

mikroskÏpio tou kataskeuasmËnou fràgmatoc ston pur†na tou kumatodhgo‘ se Ëna endiàmeso

stàdio thc diadikas–ac kataskeu†c, kaj∏c kai Ëna sqediàgramma pou de–qnei to sqËdio tou fràg-

matoc me tic diaforetikËc paramËtrouc tou. H eikÏna 4.6(b) de–qnei fwtograf–a tou polumeriko‘

tsip pou olokl†rwne pollËc domËc BG diaforetiko‘ m†kouc. 'Opwc diakr–netai kai sthn eikÏna,
metallikà hlektrÏdia qruso‘ topojet†jhkan pànw apÏ tic domËc kai katà m†koc touc, ∏ste na

parËqoun th dunatÏthta gia metabol† tou �B mËsw tou jermo-optiko‘ fainomËnou sto polumerËc

ulikÏ.

Parà thn periorismËnh diakritikÏthta thc kataskeuastik†c mejÏdou, mporo‘same na diakr–noume

apodotik† leitourg–a gia perijlastikà fràgmata me megàlo arijmÏ periÏdwn (apÏ 800 periÏdouc

† 1874.4 mm m†koc) kai megàlo mËgejoc ’dontio‘’ diataraq†c (w1 = 3.8 mm kai w2 = 6.3 mm).
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W1: 3.8 um, W2: 2.3 um, 5th order grating, NP: 550 W1: 3.8 um, W2: 2.3 um, 5th order grating, NP: 650 

Sq†ma 4.8: ProsomoiwmËnh apÏkrish duo fragmàtwn per–jlashc me ta –dia gewmetrikà qarakthri-
stikà allà arijmÏ periÏdwn 550 (aristerà) kai 650 (dexià).

Pa–rnontac thn sqËsh 4.1 gia m = 5, neff = 1.66 kai ⇤ = 2.366, mac d–nei san apotËlesma gia

to m†koc k‘matoc Bragg �B = 1571nm. Sto sq†ma 4.8, fa–netai to fàsma enÏc perijlastiko‘

fràgmatoc me ta anaferjËnta qarakthristikà pou apokt†jhke me sàrwsh sto m†koc k‘matoc apÏ

Ëna katàllhlo lËizer. Sto fàsma diakr–netai xekàjara Ëna b‘jisma sto shme–o kontà sta 1574 nm
pou upodeikn‘ei to m†koc k‘matoc anàklashc tou BG to opo–o e–nai pol‘ kontà sthn jewrhtik†
tim†, me thn mikr† apÏklish na ofe–letai sthn abebaiÏthta wc proc thn tim† tou energo‘ de–kth

diàjlashc lÏgw jermokrasiak∏n metabol∏n kai akr–beiac prosomoi∏sewn. To plàtoc tou e–nai

2.5 dB pou antistoiqe– se per–pou 40% anaklastikÏthta. H tim† aut† epitrËpei th dhmiourg–a kai
diat†rhsh tou fainomËnou lasing se tupikËc koilÏthtec lËizer.

Prosome–wsh kai kataskeu† fragmàtwn per–jlashc Bragg sthn EO polume-
rik† platfÏrma

Sta pla–sia thc diatrib†c sqediàsthkan, prosomei∏jhke h leitourg–a twn dom∏n me katàllhlo

logismikÏ kai en suneqe–a kataskeuàsthkan se EO polumerËc ulikÏ fràgmata per–jlashc Bragg
3hc kai 5hc tàxhc me diaforopo–hsh ston arijmÏ twn periÏdwn kai sto m†koc thc periÏdou. O lÏgoc

pou epilËqjhke megal‘terh tàxh per–jlashc e–nai h eukol–a sthn kataskeu† kaj∏c epitrËpoun

domËc me megal‘tero m†koc periÏdou pou mporo‘n na sqhmatopoihjo‘n me stàntar lijograf–a.

'Ena fràgma pr∏thc tàxhc gia leitourg–a sta 1.5mm me energÏ de–kth diàjlashc 1.66 , ja apaito‘se
s‘mfwna me thn 4.1 per–odo 451 nm kai àra anàgkh na sqhmatiste– aulàkwsh me to †misu thc
periÏdou, se ant–jesh me Ëna fràgma 3hc † 5hc tàxhc Ïpou h per–odoc ja e–nai 1.35 mm kai 2.259
mm ant–stoiqa.

Gia thn prosomo–wsh twn fragmàtwn qrhsimopoi†jhkan ta gewmetrikà qarakthristikà pou fa–no-

ntai sthn pio pànw eikÏna kai prosomoi∏jhkan diaforetikËc parallagËc thc sugkekrimËnhc dom†c

Ïson aforà ta plàth twn aulak∏sewn kai twn arijmÏ twn periÏdwn. Oi domËc prosomoi∏jhkan

se emporikÏ logismikÏ pou ulopoie– tic arijmhtikËc mejÏdouc EigenMode Expansion kai Rigo-
rous Coupled Mode Theory. H eikÏna pou akolouje– parousiàzei thn apÏkrish duo fragmàtwn
per–jlashc pou sqediàsthkan gia m†koc k‘matoc 1.55 me ta –dia gewmetrikà qarakthristikà allà

550 periÏdouc sthn mia per–ptwsh kai 650 sthn àllh. ApÏ ta graf†mata fa–netai Ïti to plàtoc

thc apÏkrishc auxànei me ton arijmÏ twn periÏdwn.
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P–nakac 4.3: SugkentrwtikÏc p–nakac twn diaforetik∏n fragmàtwn per–jlashc pou kataskeuàsth-
kan

Tàxh per–jlashc
m

Per–odoc
L (mm)

MËgejoc
aulàkwshc W2 (mm)

ArijmÏc periÏdwn
NP

3 1.392 4.8, 5.3, 5.8, 6.3 100, 200, 400, 600, 800, 1000
3 1.406 4.8, 5.3, 5.8, 6.3 100, 200, 400, 600, 800, 1000
3 1.420 4.8, 5.3, 5.8, 6.3 100, 200, 400, 600, 800, 1000

5 2.32
1.8, 2.3, 2.8, 3.3, 3.8,
4.3, 4.8, 5.3, 5.8, 6.3

100, 200, 400, 600, 800, 1000

5 2.338
1.8, 2.3, 2.8, 3.3, 3.8,
4.3, 4.8, 5.3, 5.8, 6.3

450, 550, 650, 800, 1000

5 2.343
1.8, 2.3, 2.8, 3.3, 3.8,
4.3, 4.8, 5.3, 5.8, 6.3

100, 200, 400, 600, 800, 1000

5 2.349
1.8, 2.3, 2.8, 3.3, 3.8,
4.3, 4.8, 5.3, 5.8, 6.3

450, 550, 650, 800, 1000

5 2.366
1.8, 2.3, 2.8, 3.3, 3.8,
4.3, 4.8, 5.3, 5.8, 6.3

100, 200, 400, 600, 800, 1000

Sq†ma 4.9: Fwtograf–ec twn kataskeuasmËnwn dom∏n BG apÏ duo diaforetikà tsip (tr–th fwtÏ)
kai se megËjunsh (aristerËc).

Den sumperilambànontai ta upÏloipa apotelËsmata twn prosomoi∏sewn gia oikonom–a q∏rou. Me

bàsh ta apotelËsmata twn prosomoi∏sewn sqediàsthkan oi domËc sthn màska, sumperilambàno-

ntac kai pollËc parallagËc gia na kalufjo‘n oi kataskeuastikËc anoqËc kai tuqÏn apokl–seic

apÏ tic prosomoi∏seic. Genikà topojet†jhkan se màska domËc me tàxh per–jlashc 3 kai 5. Gia

thn tàxh 3 oi domËc e–qan per–odo 1.406 Ëwc 1.42 me aulak∏seic 4.8, 5.3, 5.8, 6.3 mm kai arijmÏ
periÏdwn apÏ 100 Ëwc 1000. Gia thn tàxh 5, oi domËc e–qan per–odo apÏ 2.32 Ëwc 2.366 me aula-

k∏seic 1.8, 2.3, 2.8, 3.3, 3.8, 4.3, 4.8, 5.3, 5.8, 6.3 mm kai arijmÏ periÏdwn apÏ 100 Ëwc 1000.
Ta qarakthristikà twn fragmàtwn per–jlashc pou kataskeuàsthkan fa–nontai ston p–naka 4.3.

Fwtograf–ec apÏ tic domËc pou kataskeuàsthkan parousiàzontai sto sq†ma 4.9.

Metà thn kataskeu† touc, oi domËc metr†jhkan kai qarakthr–sthkan wc proc tic ap∏leiec kuma-

tod†ghshc kai thn apÏkrish tou perijlastiko‘ fràgmatoc qrhsimopoi∏ntac Ëna lËizer sàrwshc

(sweeping laser). Sunolikà kataskeuàsthkan pànw apÏ 500 domËc. DeigmatolhptikÏc qarakthri-
smÏc pou pragmatopoi†jhke arqikà Ëdeixe Ïti oi domËc me tàxh per–jlashc 3 kaj∏c kai oi domËc me

mËgejoc aulàkwshc mikrÏtero apÏ 4.8 mm (kai gia tic duo tàxeic) den e–qan ikanopoihtik† apÏdo-
sh kai Ëtsi oi prospàjeiec epikentr∏jhkan ston qarakthrismÏ twn upolo–pwn. ApotelËsmata

apÏ ton qarakthrismÏ twn dom∏n me to lËizer sàrwshc parousiàzontai parakàtw. E–nai fanerÏ
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pwc gia thn per–odo 2.343 mm kai gia auxanÏmeno arijmÏ periÏdwn, megal∏nei to plàtoc thc su-
nàrthshc metaforàc tou f–ltrou. An strËyoume thn polwtik† katàstash tou fwtÏc se mia nËa

die‘junsh (h opo–a den e–nai apÏluta gnwst†) autÏ pou ja parathr†soume e–nai metatÏpish sto

m†koc k‘matoc pou sunton–zei to perijlastikÏ fràgma. H metatÏpish ofe–letai sthn allag† tou

energo‘ de–kth diàjlashc neff tou rujmo‘ diàdoshc lÏgw diplojlastikÏthtac kai apÏ thn sqËsh

4.1 prok‘ptei kai allag† sto m†koc k‘matoc Bragg. H kamp‘lh thc isq‘oc wc proc to m†koc
k‘matoc emfan–zei arketËc puknËc kai mikrËc kumat∏seic sto plàtoc kai se merikà graf†mata kai

pio araiËc kumat∏seic. Oi pio araiËc kumat∏seic ofe–lontai se anaklàseic tou fwtÏc sthn epaf†

thc optik†c –nac.
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Sq†ma 4.10: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 400. O
suntonismÏc parousiàzetai sta 1554.5 nm

4.1.3 Perigraf† tou pompo‘ 100 Gb/s metablhto‘ m†kouc k‘matoc

LËizer exwterik†c koilÏthtac

Oi domËc pou brËjhkan na apod–doun kal‘tera metà ton qarakthrismÏ touc, epilËqjhkan wc u-

poy†fiec gia na oloklhrwjo‘n me to stoiqe–o kËrdouc kai na sqhmat–soun Ëna lËizer exwterik†c

koilÏthtac. LÏgw tou periorismËnou arijmo‘ diÏdwn, epilËqjhke h dom† 5hc tàxhc me L=2.366,

arijmÏ periÏdwn 1000 pou d–nei suntonismÏ sta 1574.3 nm (sq†ma 4.18). To stoiqe–o kËrdouc e–nai
mia d–odoc pou Ëqei mÏno mia pl†rwc anaklastik† epifàneia sthn p–sw merià thc, en∏ h mprostin†

koll†jhke sthn àkrh tou polumeriko‘ tsip. To fràgma Bragg me anaklastikÏthta pànw apÏ 40%
leitourge– wc mia hmi-anaklastik† epifàneia, o‘twc ∏ste o sunduasmÏc twn duo na leitourg†sei

wc Ëna lËizer exwterik†c koilÏthtac pou ekte–netai kai sto InP kai sto polumerikÏ tm†ma. To
lËizer autÏ Ëqei thn dunatÏthta metabol†c tou m†kouc k‘matoc ekpomp†c kai apotele– Ëna apÏ ta

domikà sustatikà tou pompo‘ metablhto‘ m†kouc k‘matoc.

To sq†ma 4.19 de–qnei to lËizer na leitourge– ekpËmpontac TE rujmÏ. Oi ap∏leiec s‘zeuxhc sthn

diepaf† InP/Polymer e–nai per–pou 2 dB lÏgw thc diaforàc twn prof–l twn kumatodhgo‘menwn
rujm∏n stouc InP kai polumeriko‘c kumatodhgo‘c. To stoiqe–o kËrdouc mpore– na antistajm–sei
autËc tic ap∏leiec kai na paràsqei kajarÏ kËrdoc mËsa sthn koilÏthta. To m†koc k‘matoc

ekpomp†c mpore– na kumanje– se e‘roc megal‘tero twn 17 nm, metabàlontac me jermikÏ trÏpo
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Sq†ma 4.11: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 600. O
suntonismÏc parousiàzetai sta 1554.5 nm
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Sq†ma 4.12: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 800. O
suntonismÏc parousiàzetai sta 1554.6 nm
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Sq†ma 4.13: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 1000. O
suntonismÏc parousiàzetai sta 1554.7 nm
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Sq†ma 4.14: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 600. O
suntonismÏc parousiàzetai sta 1559.41 nm lÏgw diaforetik†c polwtik†c katàstashc
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Sq†ma 4.15: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 800. O
suntonismÏc parousiàzetai sta 1559.5 nm lÏgw diaforetik†c polwtik†c katàstashc
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Sq†ma 4.16: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 1000. O
suntonismÏc parousiàzetai sta 1559.4 nm lÏgw diaforetik†c polwtik†c katàstashc
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Sq†ma 4.17: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.343 kai arijmÏ periÏdwn 1000. O
suntonismÏc parousiàzetai se diaforetikÏ m†koc k‘matoc sta 1545.7 nm
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Sq†ma 4.18: ApÏkrish kataskeuasmËnou BG 5hc tàxhc, L=2.366 kai arijmÏ periÏdwn 1000. O
suntonismÏc parousiàzetai se diaforetikÏ m†koc k‘matoc sta 1574.3 nm

to m†koc k‘matoc suntonismo‘ tou BG . O jermo-optikÏc suntelest†c tou polumero‘c e–nai
�1.41̇0�4oC�1,en∏ h jermik† isq‘c pou apaite–tai gia na kal‘yei ta 17 nm e–nai 800mW. Ento‘toic
beltistopo–hsh tou sqediasmo‘ tou hlektrod–ou Ïson aforà thn jËsh, to pàqoc kai to ulikÏ mpore–

na odhg†sei se me–wsh thc katanàlwshc sto misÏ toulàqiston. To e‘roc gramm†c (linewidth) tou
lËizer metr†jhke me omÏdunh kai eterÏdunh mËjodo kai brËjhke na e–nai qamhlÏtero apÏ 1.5 MHz
mËsa sto dunatÏ e‘roc mhk∏n kumàtwn ekpomp†c. H tim† mpore– na beltiwje– mei∏nontac ki àllo th

fasmatik† gramm† tou perijlastiko‘ fràgmatoc. H exÏdoc tou lËizer diamorf∏jhke katà plàtoc

se diàfora m†kh k‘matoc, qrhsimopoi∏ntac Ënan LiNbO3 diamorfwt† sta 40 Gb/s kai sugkr–jhke
me to diamorfwmËno cw enÏc tupiko‘ DFB lËizer sta –dia m†kh k‘matoc. Endeiktikà sto sq†ma
fa–nontai apotelËsmata apÏ th s‘gkrish sta 1566 nm kai de–qnei mËsa apÏ kamp‘lec BER kai
diagràmmata ofjalmo‘ thn apodotikÏthta tou BG polymer lËizer exwterik†c koilÏthtac.

OptikÏ upos‘nolo kai hlektronikà

Sth sunËqeia, h sunarmog† tou pompo‘ bas–sthke sto sqhmatikÏ thc suskeu†c pou parousiàsthke

sto sq†ma 4.1. Gia thn sunarmog† tou pompo‘ dustuq∏c den qrhsimopoi†jhke to lËizer exwterik†c
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Sq†ma 4.19: (a) LËizer basismËno se polumerikÏ BG f–ltro, (b) metatÏpish tou m†kouc k‘matoc
ekpomp†c sunart†sei jermokras–ac, (g) kamp‘lec BER shmàtwn diamorfwmËnwn sta 40 Gb/s qrhsimo-
poi∏ntac s†ma cw apÏ to lËizer exwterik†c koilÏthtac sto polumerËc ulikÏ † Ëna koinÏ DFB sta 1566
nm. Ta ant–stoiqa diagràmmata ofjalmo‘ de–qnontai stic Ënjetec eikÏnec.

koilÏthtac pou e–qe ftaqte– me to EO polumerikÏ tsip, allà Ëna lËizer exwterik†c koilÏthtac

basismËno se pajhtikÏ polumerikÏ tsip. O lÏgoc †tan pwc ta perijlastikà fràgmata pou e–qan

sqediaste– na oloklhrwjo‘n monolijikà me touc MZM sthn EO platfÏrma den e–qan tic swstËc

timËc periÏdou kai m†kouc, me apotËlesma na mhn parousiàzoun thn epijumht† anaklastikÏthta

kai kat epËktash na mhn e–nai dunat† h epilog† enÏc rujmo‘ (m†kouc k‘matoc) exanagkasmËnhc

ekpomp†c sthn koilÏthta, lÏgw thc asjeno‘c anatrofodÏthshc tou stoiqe–ou kËrdouc.

Ta memonomËna EO polumerikà tsip me perijlastikà fràgmata, pou e–qan epijumhtà qarakthri-

stikà kai pou ja mporo‘san na oloklhrwjo‘n me Ëna stoiqe–o kËrdouc, e–qan †dh qrhsimopoihje–

gia na ftiàxoun optikà upos‘nola lËizer ta opo–a den †tan plËon leitourgikà lÏgw thc ekteno‘c

diadikas–ac qarakthrismo‘ pou ta wjo‘se sta Ïria touc, katastrËfontac ta sto tËloc thc diadi-

kas–ac. 'Opwc Ëqei perigrafe–, to perijlastikÏ fràgma BG leitourge– wc hmiperatÏc kajrËpthc
miac exwterik†c koilÏthtac pou ekte–netai sthn diadrom† apÏ to stoiqe–o kËrdouc GC mËqri to
polumerikÏ tsip. Akolo‘jwc, to polwtikÏ f–ltro hm–siou k‘matoc (half-wave plate) strËfei thn
pÏlwsh katà 90 mo–rec kai metatrËpei ton TE rujmÏ tou lËizer se TM, afo‘ autÏn ton rujmÏ

mpore– na diamorf∏sei o diamorfwt†c MZM sthn EO polumerik† platfÏrma, lÏgw twn eggen∏n

idiot†twn tou sugkekrimËnou uliko‘ [28].

Afo‘ peristrafe– h polwtik† tou katàstash, to fwc eisËrqetai se Ënan MZM kai diamorf∏netai

katà OOK apÏ to hlektrikÏ s†ma pou parËqei to InP-DHBT k‘klwma od†ghshc me rujmÏ dedo-
mËnwn mËqri 100 Gb/s. To k‘klwma dËqetai duo hlektrikà s†mata eisÏdou D1 kai D2, kai Ëna
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(α)

(β)

Sq†ma 4.20: (a) Fwtograf–a tou optiko‘ uposunÏlou tou lËizer exwterik†c koilÏthtac, oloklhrw-
mËno me to EO polumerikÏ MZM. D–nontai kai oi diastàseic twn tsip. (b) Optikà fàsmata apÏ thn
Ëxodo tou lËizer pou de–qnei th dunatÏthta kal†c leitourg–ac se e‘roc 22 nm me uyhlÏ SMSR

(α) (β)

(γ) (δ) (ε)

Sq†ma 4.21: (a) Fwtograf–a tou kukl∏matoc InP-DHBT MUX-DRV, (b) diàgramma ofjalmo‘ tou
diaforiko‘ hlektriko‘ s†matoc exÏdou sta 100 Gb/s. Metr†jhkan kai oi duo Ëxodoi tou kukl∏matoc kai
afairËjhkan qrhsimopoi∏ntac thn leitourg–a math tou palmogràfou. (g) fwtograf–a thc hlektrik†c
s‘ndeshc tou MUX-DRV me ton MZM, Ïpou fa–netai kai to DC-block k‘klwma kai o termatismÏc 50
Ohm (d) kontin† fwtograf–a thc hlektrik†c s‘ndeshc, (e) fwtograf–a tou sunarmologhmËnou pompo‘.

s†ma rologio‘ sto misÏ tou teliko‘ rujmo‘, kai parËqei, metà apÏ 2:1 poluplex–a sto qrÏno kai

en–sqush tou s†matoc (leitourg–aMUX-DRV) to telikÏ s†ma od†ghshc ston MZM, to opo–o e–nai
single-ended. O ektim∏menoc paràgontac chirp e–nai -0.022 s‘mfwna me prohgo‘menec metr†seic
thc sugkekrimËnhc paramËtrou [39].

To sq†ma 4.21 de–qnei mia kontin† Ïyh tou optiko‘ uposunÏlou tou pompo‘ d–nontac kai mia eikÏna

gia tic sqetikËc diastàseic twn tri∏n diaforetik∏n tsip (InP GC, passive polymer, EO polymer
chips). To InP GC †tan suzeugmËno sthn orizÏntia diàstash (butt-coupled) me to polumerikÏ
tsip kai o kumatodhgÏc tou e–qe kl–sh 9 moir∏n gia thn apofug† anepij‘mhtwn anaklàsewn, kai

eujugramm–sthke me akr–beia mikrÏterh tou mikrÏmetrou.

To BG sqediàsthke kai oloklhr∏jhke monolijikà sto pajhtikÏ polumerikÏ tsip san Ëna plàgio
perijlastikÏ fràgma (side-grating) me periodik† diatàraxh thc orizÏntiac diàstashc tou channel
kumatodhgo‘ [30]. To m†koc thc periÏdou e–nai per–pou 1.6 mm kai o paràgontac pl†rwshc (fill-
factor) thc diatàraxhc 50%. H koruf† thc sunàrthshc metaforàc tou anakl∏menou s†matoc
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tou BG mpore– na rujmiste– me asfàleia se Ëna e‘roc 22 nm (1544-1566 nm) me jermikÏ trÏpo,
epitrËpontac Ëtsi thn r‘jmish kai tou m†kouc k‘matoc ekpomp†c tou lËizer sto –dio e‘roc.

'Otan to stoiqe–o kËrdouc leitourge– me 120 mA re‘ma egq‘shc, to lËizer metablhto‘ m†kouc
k†matoc d–nei stajerÏ s†ma exÏdou me uyhlÏ lÏgo katap–eshc pleurik∏n rujm∏n (side-mode
suppration ratio - SMSR) >40 dB kai uyhl† optik† isq‘ exÏdou (ektim∏menh isq‘c 3 dBm sthn
Ëxodo tou BG) pou mpore– me eukol–a na kal‘yei to e‘roc 1544-1566 nm Ïpwc fa–netai sto sq†ma
4.20. To e‘roc thc fasmatik†c gramm†c (linewidth) tou s†matoc exÏdou mpore– na e–nai 300 kHz
† kai qamhlÏtero anàloga me to sqËdio tou BG [30].

To polwtikÏ f–ltro hm–siou k‘matoc (half-wave plate) ulopoi†jhke eisàgontac Ëna f–ltro le-
pto‘ umen–ou (thin-film element) mËsa me mia lept† sqism† per–pou 50 mm, pou qaràqjhke sto
polumerËc tsip qrhsimopoi∏ntac teqnikËc mikro-mhqanik†c katergas–ac. Me autÏn ton aplÏ kai

apodotikÏ trÏpo, h pÏlwsh tou s†matoc strËfetai 90 mo–rec epitrËpontac thn diamÏrfwsh tou

apÏ to EO polumerikÏ diamorfwt†. SugkrinÏmeno me to optikÏ upos‘nolo tou pompo‘ 2 ⇥ 100

Gb/s pou parousiàsthke sto prohgo‘meno kefàlaio kai den qrhsimopoio‘se to polwtikÏ f–ltro
allà sthrizÏtan sthn strËyh thc diÏdou lËizer katà 90 mo–rec gia na parËqei ton TM rujmÏ

ston MZM, h eisagwg† tou f–ltrou apotele– Ëna shmantikÏ b†ma proc mia pio apl† kai gr†gorh

diadikas–a sunarmog†c.

O lÏgoc e–nai Ïti h strËyh thc diÏdou kata 90 mo–rec auxànei th duskol–a eujugràmmishc kai

ep–teuxhc kal†c s‘zeuxhc me to polumerikÏ kumatodhgÏ. H twrin† diadikas–a pËra apÏ apl† kai

apodotik†, e–nai ep–shc sumbat† me mejÏdouc sunarmog†c megàlhc kl–makac, Ïpou katàllhla erga-

le–a pick-and-place ja ektelo‘san thn diadikas–a sunarmog†c autÏmata se mia gramm† paragwg†c.
H isq‘c exÏdou tou exerqÏmenou fwtÏc apÏ ton kumatodhgÏ tou polumeriko‘ tsip metr†jhke, ka-

tà th diadikas–a sunarmog†c, me polwtikÏ f–ltro pou epËtrepe kàje fÏra mÏno ton TE † mÏno

ton TM rujmÏ na peràsei. O TE rujmÏc metr†jhke 15 dB lqamhlÏtera apÏ ton TM, gegonÏc
pou upodeikn‘ei thn apodotikÏthta tou oloklhrwmËnou f–ltrou hm–siou k‘matoc.

Sthn Ëxodo tou polumeriko‘ tsip, o TM rujmÏc suzeugn‘etai sto EO polumerikÏ tsip kai dia-

morf∏netai apÏ ton MZM. O MZM Ëqei paràmetro V⇡ gia 100 Gb/s leitourg–a, per–pou 3.5 V
gia single-ended leitourg–a.

Sto sq†ma 4.21 fa–netai to k‘klwma MUX-DRV me diastàseic 1.5mm ⇥ 3.6mm pou parËqei to

uyhlo‘ rujmo‘ s†ma od†ghshc kai odhge– ton diamorfwt† [40]. Sthn arister† merià, to k‘klwma

Ëqei treic single-ended eisÏdouc gia ta s†mata dedomËnwn (D1 kai D2 ) kai to rolÏi Clk. Ta tria
s†mata Ëqoun ton misÏ apÏ ton telikÏ rujmÏ, elàqisto plàtoc 200 mVpp kai e–nai sugqronismËna

se ep–pedo bit gia thn katàllhlh leitourg–a tou MUX-DRV.

Sto pr∏to stàdio tou kukl∏matoc , ta s†mata D1 kai D2 metatrËpontai se diaforikà s†mata
kai poluplËkontai se Ëna mËroc tou kukl∏matoc basismËno se Gilbert cell [41]. Sto epÏmeno
stàdio, g–netai anas‘stash tou poluplegmËnou s†matoc kai enisq‘etai apÏ enisqutik† bajm–da

pou sunduàzei katanemhmËnh (distributed ) kai sugkentrwmËnh (lumped) arqitektonik† sto –dio
tsip. To k‘klwma katanal∏nei 3.8 W kai parËqei diaforikÏ s†ma exÏdou ston telikÏ rujmÏ me

kumainÏmeno plàtoc, pou d‘natai na e–nai mËqri per–pou 2⇥ 3 = 6V sta 100 Gb/s Ïtan afaire–tai
h sunist∏sa Out/b apÏ thn Out. Sto sq†ma 4.21(b) fa–netai endeiktikà to hlektrikÏ diàgramma
ofjalmo‘ apÏ tic on-wafer metr†seic thc diaforik†c exÏdou sta 100 Gb/s kai apodeikn‘ei thn
kal† poiÏthta tou s†matoc.
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Sq†ma 4.22: (a) Peiramatik† diàtaxh gia thn leitourg–a tou pompo‘ metablhto‘ m†kouc k‘matoc kai
thn axiolÏghsh thc ep–doshc tou sta 80 kai 100 Gb/s. Oi rujmo– dedomËnwn kai oi suqnÏthtec twn rolo-
gi∏n pou anafËrontai sto sqhmatikÏ antistoiqo‘n se leitourg–a 100 Gb/s kai prËpei na meiwjo‘n anàloga
gia thn leioturg–a sta 80 Gb/s (b) SqhmatikÏ tou 4 ⇥ 100Gpin-DEMUX dËkth pou qrhsimopoi†jhke
sta peiràmata thc paro‘sac douleiàc kai (g) Fwtograf–a tou 4⇥ 100Gpin-DEMUX dËkth

To –dio sq†ma parousiàzei ep–shc leptomËreiec apÏ thn ubridik† olokl†rwsh tou MUX-DRV
kukl∏matoc me ton MZM sto EO polumerikÏ tsip. Pio sugkekrimËna sto sq†ma 4.21(g) kai

(d) fa–netai o trÏpoc me ton opo–o h pr∏th Ëxodoc tou MUX-DRV sundËetai AC-coupled sto
hlektrÏdio ode‘ontoc k‘matoc (travelling-wave) tou MZM. H s‘ndesh pragmatopoie–tai me Ëna
uyhlo‘ e‘rouc z∏nhc DC-block pou afaire– thn DC sunist∏sa tou s†matoc. H de‘terh Ëxodoc
tou kukl∏matoc termat–zetai, afo‘ o MZM e–nai kataskeuasmËnoc gia single-ended leitourg–a. H
diplan† eikÏna (d) d–nei mia pio kontin† matià stic hlektrikËc sundËseic tou MUX-DRV kukl∏ma-
toc, tou DC-block kai tou 50 Ohm termatismo‘, oi opoiËc bas–zontai se wirebonds pol‘ mikro‘
m†kouc. To sq†ma 4.21(e) parousiàzei ton sunarmologhmËno pompÏ metablhto‘ m†kouc k‘matoc

sthn telik† tou morf†. H diadikas–a kai ta ulikà thc sunarmog†c tou pompo‘ perilambànoun

epiqruswmËna uposthr–gmata apÏ CuW ta opo–a parËqoun mhqanik† upost†rixh gia ta optikà kai
hlektronikà stoiqe–a, upostr∏mata gia DC kai RF s†mata, energ† y‘xh me jermo-hlektrikÏ stoi-
qe–o (TEC), kai fakoeid† optik† –na gia thn s‘zeuxh tou diamorfwmËnou s†matoc kai metaforà
tou ektÏc thc j†khc.

H optik† isq‘c cw sthn Ëxodo tou BG e–nai +3 dBm, en∏ sthn Ëxodo tou diamorfwt† -9.5 dBm
Ïtan autÏc leitourge– sthn koruf† thc sunàrthshc metaforàc. ApÏ tic timËc sumpera–netai Ïti

oi ap∏leiec metax‘ tou BG kai thc fakoeido‘c –nac e–nai per–pou 12.5 dB. H tim† aut† sumperi-
lambànei tic ap∏leiec diàdoshc sto pajhtikÏ kai sto EO polumerikÏ tsip kai thn fakoeid† –na.

H katanàlwsh isq‘oc thc suskeu†c upolog–zetai per–pou sta 7.2 W lambànontac upÏyh thn ka-

tanàlwsh tou lËizer metablhto‘ m†kouc (0.25 W gia to GC kai 0.06 W gia ta hlektrÏdia pou

jerma–noun to BG), tou MUX-DRV kukl∏matoc (3.8 W), touc jermiko‘c olisjhtËc fàshc gia
thn pÏlwsh tou MZM (0.04 W) kai tou jermo-hlektrkiko‘ stoiqe–ou (per–pou 3 W).

4.2 PeiramatikÏc qarakthrismÏc pompo‘ metablhto‘ m†kouc

k‘matouc

Sthn paro‘sa enÏthta, parousiàzetai h axiolÏghsh thc ep–doshc tou pompo‘ metablhto‘ m†kouc

k‘matoc mËsa apÏ basikËc peiramatikËc metr†seic (Ïpwc statikËc metr†seic kai test metabo-
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l†c/r‘jmishc tou m†kouc k‘matoc ekpomp†c), mËsa apÏ peiràmata metàdoshc dia mËsou SSMF
–nac, kaj∏c kai mia s‘njeth peiramatik† ep–deixh qr†shc tou sust†matoc mËsa se Ëna d–ktuo O-

piko‘ Kuklwmatoc Metagwg†c basismËno se topolog–a daktul–ou (ring- based OCS domain). H
pr∏th upoenÏthta, perigràfei th basik† peiramatik† diàtaxh gia thn leitourg–a thc suskeu†c kai

thn peiramatik† axiolÏghsh thc ep–doshc thc se metàdosh dedomËnwn. Sthn de‘terh upoenÏth-

ta perigràfontai ta apotelËsmata apÏ tic basikËc metr†seic kai ta peiràmata metàdoshc sta 80

kai 100 Gb/s. TËloc, sthn tr–th upoenÏthta parousiàzetai to senàrio qr†shc tou pompo‘ mËsa
se d–ktuo kai ta k‘ria apotelËsmata apÏ thn peiramatik† ep–deixh tou pompo‘ mËsa sto OptikÏ

K‘klwma Metagwg†c.

4.2.1 Peiramatik† diàtaxh

To sq†ma 4.22(a) parousiàzei thn basik† peiramatik† diàtaxh gia thn leitourg–a tou pompo‘ me-

tablhto‘ m†kouc k‘matoc sta 80 kai 100 Gb/s, thn metàdosh twn shmàtwn dia mËsou tupik†c
monorujmik†c optik†c –nac (SSMF) kai thn an–qneush touc apÏ Ënan dËkth 4⇥ 100 Gb/s, o opo-
–oc bas–zetai se mia tetrapl† sustoiq–a fwtodiÏdwn kai se duo diplà kukl∏mata apopoluplex–ac

(twin-DEMUX) kataskeuasmËna se teqnolog–a InP-DHBT [42, 43]. H diàtaxh kai fwtograf–a
thc suskeu†c fa–nontai sta sq†mata 4.22(b) kai (g) ant–stoiqa. Oi suqnÏthtec twn rologi∏n

kai oi rujmo– dedomËnwn pou anafËrontai sto sq†ma antistoiqo‘n se leitourg–a 100 Gb/s kai
prËpei na meiwjo‘n anàloga gia leitourg–a sta 80 Gb/s. H genn†tria suqnot†twn leitourge– sta
25 GHz kai se sunduasmÏ me Ënan diairËth suqnÏthtac (f-divider), Ënan diplasiast† suqnÏthtac
(f-doubler) kai mia seirà apÏ RF diaqwristËc isq‘oc, parËqei (S) ta s†mata rologio‘ gia thn gen-
n†tria palmoseir∏n (pulse pattern generator - PPG) sta 12.5 GHz, ton exwterikÏ 4:1 poluplËkth
(MUX) sta 25 GHz, to k‘klwma MUX-DRV tou pompo‘ sta 50 GHz, to k‘klwma twn dipl∏n
twin-DEMUX tou dËkth sta 50 GHz, ton exwterikÏ 1:4 apopoluplËkth (DEMUX) sta 25 GHz,
ton yhfiakÏ analut†/palmogràfo (DCA) sta 12.5 GHz kai ton aparijmht† rujmo‘ laj∏n (BER)
sta 12.5 GHz.

H genn†tria palmoseir∏n (PPG) gennàei mia yeudotuqa–a akolouj–a diadik∏n yhf–wn (PRBS) sta
12.5 Gb/s, h opo–a qwr–zetai se tËssera mËrh. Autà odhgo‘ntai ston 4:1 poluplËkth (MUX) dia
mËsou paràllhlwn gramm∏n kajustËrhshc (delay lines-DL) kai olisjht∏n fàshc (phase shifters-
PS) pou epitrËpoun thn ant–stoiqa thn aposusqËtish thc akolouj–ac kai ton sugqonismÏ thc se
ep–pedo dif‘ou. Upenjum–zoume Ïti gia thn swst† aposusqËtish twn tessàrwn diaforetik∏n ro∏n

dedomËnwn, oi grammËc kajustËrhshc prËpei na eisàgoun kajustËrhsh –sh me T/4, T/2, 3T/4 stic

ant–stoiqec diadromËc twn shmàtwn prin ton poluplËkth, Ïpou T h per–odoc thc 27� 1 PRBS sta
12.5 Gb/s. H per–odoc aut† mpore– na upologiste– e‘kola pwc e–nai 10.16 ns. Pio sugkekrimËna,
oi kajuster†seic pou Ëprepe na eisaqjo‘n †tan 2.54 ns, 5.08 ns kai 7.62 ns kai antistoiqo‘san
se kal∏dia m†kouc 0.5 m, 1.0 m kai 1.5 m. H kajustËrhsh thc gramm†c prin ton 2:1 poluplËkth
†tan mÏlic 1.27 ns kai antistoiqo‘se se T/2, Ïpou T †tan h per–odoc thc –diac akolouj–ac sta 50
Gb/s. Gia thn aposusqËtish twn dedomËnwn me megal‘terh tàxhc PRBS Ïpwc h 31, ja apaito‘se
pol‘ megàlo m†koc kalwd–wn3, kajist∏ntac ad‘nath thn peiramatik† axiologhsh. Enallaktik†

l‘sh se autÏ to prÏblhma ja Ëdine h qr†sh diaforetik∏n poluwn‘mwn gia kàje mia apÏ tic roËc

3
Endeiktikà, gia ton –dio rujmÏ mia 231 � 1 PRBS qreiàzetai per–pou 8000 km kal∏diou gia na eisàgei kaju-

stËrhsh T/4 –sh me 43 ms
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dedomËnwn [44], allà o PPG pare–qe mÏno Ëna kanàli kai den Ëdine aut†n thn dunatÏthta.

Ed∏ prËpei na toniste– katà thn leitourg–a tou pompo‘ sta 100Gb/s, †tan dunatÏ na allàxei
h tàxh thc yeudotuqa–ac akolouj–ac tou arqiko‘ s†matoc kai na diereunhje– h ep–drash aut†c

thc allag†c sta diagràmmata ofjalmo‘ kai sto sunolikÏ rujmÏ laj∏n (BER) tou sust†matoc.
H tàxh thc akolouj–ac allàqthke apÏ thn 27 � 1 Ëwc kai thn 231 � 1, pern∏ntac kai apÏ tic

endiàmesec tàxeic 29 � 1 , 211 � 1 , 215 � 1 kai den parathr†jhke kam–a ousi∏dhc allag† e–te sta

diagràmmata ofjalmo‘ † stic metr†seic rujmo‘ laj∏n. Ta diagràmmata ofjalmo‘ kai oi metr†seic

BER pou parousiàzontai se aut†n kai sthn epÏmenh enÏthta apokt†jhkan qrhsimopoi∏ntac thn
231 � 1 PRBS sto arqikÏ 12.5 Gb/s s†ma. An kai h tàxh thc PRBS den mpore– na diathrhje–
ston telikÏ rujmÏ, h telik† akolouj–a dif‘wn mpore– na upologiste– me akr–beia efÏson e–nai

gnwstËc oi kajuster†seic twn duo stad–wn poluplex–ac. Kàpoiec apÏ tic idiÏthtec thc 231 � 1

PRBS mpore– na qajo‘n, afo‘ h telik† akolouj–a den upako‘ei pistà ton orismÏ thc PRBS.
ParÏla autà apÏ tic parathr†seic Ïti h allag† thc tàxhc apÏ 27 � 1 PRBS4 se 231 � 1 PRBS,
den prokàlese ousi∏dh allag† stic metr†seic, piste‘oume Ïti to s‘sthma mpore– na apotrËyei

fainÏmena sqhmatopo–hshc (patterning) kai oi metr†seic rujmo‘ laj∏n ja †tan pol‘ Ïmoia eàn
e–qame thn teqnik† dunatÏthta na leitourg†sei me 231 � 1 PRBS sta 100 Gb/s. H parapànw
anàlush isq‘ei kai gia rujmÏ dedomËnwn 80 Gb/s.

EpistrËfontac sthn perigraf† thc peiramatik†c diàtaxhc, sthn Ëxodo tou pompo‘, to optikÏ s†ma

enisq‘etai apÏ Ëna optikÏ enisqut† –nac Erb–ou (EDFA), metad–detai dia mËsou SSMF optik†c –nac,
me 16.6 ps/nm/km mËsh tim† qrwmatik†c diasporàc, sunoliko‘ diajËsimou m†kouc 1625 m, kai
pernàei mËsa apÏ zwnoperatÏ optikÏ f–ltro (OBPF) prin katal†xei sta metrhtikà Ïrgana. MËroc
tou s†matoc aniqne‘etai apÏ mia fwtod–odo me e‘roc z∏nhc 70 GHz gia metr†seic thc poiÏthtac tou
s†matoc mËsw diagrammàtwn ofjalmo‘, kai mËroc thc apÏ ton 4⇥ 100Gb/s dËkth. To ant–stoiqo
k‘klwma diplo‘ DEMUX dËqetai to hlektrikÏ s†ma apÏ thn p-i-n fwtod–odo kai parad–dei thn
50 Gb/s sunist∏sa pou e–nai sugqronismËnh me to 50 GHz s†ma rologio‘. Aut† h sunist∏sa sth
sunËqeia apopoluplËketai pereta–rw apÏ to exwterikÏ 1:4 k‘klwma apopoluplex–ac, kai ta telikà

kanàlia sta 12.5 Gb/s axiologo‘ntai apÏ to Ïrgano apar–jmhshc rujmo‘ laj∏n (BER tester).

4.2.2 Metr†seic kai peiràmata metàdoshc

H paro‘sa upoenÏthta perigràfei tic basikËc metr†seic twn qarakthristik∏n tou pompo‘ kai ta

peiràmata metàdoshc pou pragmatopoi†jhkan sto ergast†rio. To sq†ma 4.23(a) parousiàzei tic

statikËc sunart†seic metaforàc se tr–a endeiktikà m†kh k‘matoc (1544.53, 1553.33 kai 1565.50

nm), oi opo–ec d–noun thn optik† isq‘ exÏdou tou adiamÏrfwtou s†matoc sunart†sei tou re‘matoc
pou diarrËei touc jermiko‘c olisjhtËc fàshc tou MZM. Oi treic kamp‘lec Ëqoun optikÏ lÏgo

sbËshc (ER) kontà sta 16 dB kai mËgisth optik† isq‘ exÏdou kontà ta -9.5 dBm. Gia na mele-
thje– me megal‘terh leptomËreia thn exàrthsh thc sunàrthshc metaforàc me to m†koc k‘matoc

leitourg–ac, epanal†fjhke h diadikas–a anàkthshc thc sunàrthshc metaforàc pou perigràyame

pio pànw, metr∏ntac kàje forà ton lÏgo sbËshc ER kai thn optik† isq‘ exÏdou, gia Ëna s‘nolo
mhk∏n kumàtwn pou antistoiqo‘n sto plËgma ITU (ITU grid) kai kal‘ptoun thn perioq† 1544
- 1566 nm. Se Ïlec tic peript∏seic to re‘ma Ëgqushc sto InP stoiqe–o kËrdouc †tan sta 120
mA, to jermo-hlektrikÏ stoiqe–o y‘xhc (TEC) †tan orismËno stouc 23oC kai h jermokras–a

4
sthn opo–a tàxh to s‘sthma mpore– na qarakthriste– sta 100 Gb/s me pragmatik† 27 � 1 PRBS
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(α) (β)

Sq†ma 4.23: (a) EndeiktikËc sunart†seic metaforàc tou diamorfwt† MZM gia tr–a m†kh k‘ma-
toc (1544, 1553, 1565 nm) pou kal‘ptoun to e‘roc leitourg–ac tou pompo‘ (b) apaito‘menh isq‘c sto
hlektrÏdio tou BG f–ltrou gia thn metabol† tou m†kouc k‘matoc sthn perioq† 1544-1566 nm, kai sta-
tikËc metr†seic pou de–qnoun thn exàrthsh thc mËgisthc optik†c isq‘oc kai tou ER thc sunàrthshc
metaforàc tou MZM apÏ to m†koc k‘matoc

peribàllontoc †tan se tupikËc timËc apÏ 21oC Ëwc 25oC. Ta apotelËsmata twn metr†sewn aut∏n

parousiàzontai sto sq†ma 4.23(b) maz– me timËc katanàlwshc isq‘oc tou hlektrod–ou jËrmanshc

tou BG gia thn r‘jmish tou m†kouc k‘matoc mËsa se aut†n thn perioq†. 'Opwc parathre–tai,
h diak‘mansh tou lÏgou sbËshc (ER) kai h diak‘mansh thc mËgisthc optik†c isq‘oc e–nai pol‘
mikrËc, ±0.5dB kai ±0.25dB antisto–qwc, apodeikn‘ontac thn mikr† exàrthsh twn qarakthristi-

k∏n tou pompo‘ apÏ to m†koc k‘matoc leitourg–ac. Ed∏ prËpei na toniste–, Ïti ep– thc arq†c

e–nai dunatÏn na auxhje– h isq‘c pou katanal∏nei to hlektrÏdio jËrmanshc tou BG, ∏ste na
epektaje– to m†koc k‘matoc ekpomp†c tou pompo‘ qamhlÏtera apÏ ta 1544 nm kai na epiteuqje–
sunolikÏ e‘roc leitourg–ac megal‘tero apÏ 30 nm. Aut† h dunatÏthta den ereun†jhke pl†rwc
se aut† th melËth o‘twc ∏ste na mhn riyokindune‘sei na katastrafe– h suskeu†. To sq†ma 4.24

parousiàzei Ëna s‘nolo apÏ fàsmata shmàtwn diamorfwmËnwn kata OOK sta 100 Gb/s, ta opo–a
apokt†jhkan kateuje–an apÏ thn Ëxodo thc suskeu†c, kai apodeikn‘oun thn dunatÏthta tou po-

mpo‘ gia metabol† tou m†kouc k‘matoc leitourg–ac tou, praktikà, me suneq† trÏpo, dhlad† qwr–c

kenà diast†mata, mËsa sthn perioq† 1544 - 1566 nm. Oi tupikËc armonikËc thc OOK diamÏrfwshc
mporo‘n na parathrhjo‘n amf–pleura twn fËrontwn shmàtwn kai se apÏstash 100 GHz (0.8 nm).
ParÏmoia fàsmata apokt†jhkan kai ereun†jhkan sthn per–ptwsh shmàtwn diamorfwmËnwn sta 80

Gb/s.

H ep–dosh tou pompo‘ ereun†jhke kai axiolog†jhke me peiràmata metàdoshc plhrofor–ac se ruj-

mo‘c 80 kai 100 Gb/s dia mËsou SSMF optik†c –nac me sunolikÏ m†koc 1625 m. Se Ïlec tic
peript∏seic, to shme–o leitourg–ac tou MZM e–qe epileqje– sthn merià thc sunàrthshc metafo-

ràc me arnhtik† kl–sh. To sq†ma 4.25(a) parousiàzei endeiktikà diagràmmata ofjalmo‘ apÏ thn

leitourg–a tou pompo‘ sta 80 Gb/s se tr–a m†kh k‘matoc 1544.53, 1553.33 kai 1565.50 nm. Ta
diagràmmata ofjalmo‘ antistoiqo‘n sthn apeuje–ac s‘ndesh tou pompo‘ me ton dËkth (back-to-
back † B2B), afo‘ Ëqei prohghje– katàllhlh en–sqush kai filtràrisma tou optiko‘ s†matoc,
kaj∏c kai metà apÏ metàdosh dia mËsou 500, 1000 kai 1625 mËtrwn tupik†c optik†c –nac (SSMF).
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Sq†ma 4.24: Fàsmata twn 100 Gb/s OOK shmàtwn sthn Ëxodo tou pompo‘ gia thn perioq† leitour-
g–ac 1544 - 1566 nm

'Opwc parathre–tai, h poiÏthta twn optik∏n shmàtwn gia ta tr–a diaforetikà m†kh k‘matoc e–nai

pol‘ parÏmoia, kai paramËnei gia tic treic peript∏seic sqedÏn –dia gia ta pr∏ta 1000 mËtra metàdo-

shc. Metà apÏ 1625 m, ta diagràmmata ofjalmo‘ paramËnoun arketà anoiqtà, allà h upobàjmish
thc poiÏthtac lÏgw thc ep–drashc thc qrwmatik†c diasporàc g–netai faner† apÏ thn upËrbash

(overshoot) sto plàtoc tou shme–ou '1' tou diagràmmatoc ofjalmo‘. To sq†ma 4.25(b) parousi-
àzei ta ant–stoiqa diagràmmata ofjalmo‘ sta 100 Gb/s kai gia ta –dia m†kh k‘matoc leitourg–ac
tou pompo‘. Se aut†n thn per–ptwsh ep–shc, h omoiÏthta twn diagrammàtwn ofjalmo‘ kai gia ta

tr–a m†kh k‘matoc epibebai∏nei thn omoiÏmorfh leitourg–a tou pompo‘ mËsa sthn perioq† 1544 -

1566 nm. H poiÏthta twn diagrammàtwn ofjalmo‘ metà apÏ metàdosh 500 m paramËnei parÏmoia
me thn back-to-back per–ptwsh kai se autÏn to rujmÏ metàdoshc. Metà ta 1000 m, ta diagràmmata
ofjalmo‘ parousiàzoun tic uperbàseic sto plàtoc tou shme–ou '1' pou de–qnoun thn ep–ptwsh thc

qrwmatik†c diasporàc. TËloc, gia ta 1625 m, oi uperbàseic g–nontai megal‘terec kai to ànoigma
twn diagrammàtwn ofjalmo‘ kle–nei, epideikn‘ontac thn shmantik† ep–drash tou –diou fainomËnou.

H ousiastik† axiolÏghsh thc ep–doshc metàdoshc tou pompo‘ sta 80 kai 100 Gb/s pragmato-
poi†jhke qrhsimopoi∏ntac ton 4⇥ 100 Gb/s dËkth, kai Ïpwc †dh perigràfhke, aparijm∏ntac ton
rujmÏ laj∏n (BER measurements) stic basikËc sunist∏sec twn 10 kai 12.5 Gb/s twn lhfjËntwn
shmàtwn metà ta duo stàdia apopoluplex–ac (eswterikà tou pompo‘ 1:2 kai exwterikà tou pompo‘

1:4).

To sq†ma 4.26 d–nei sugkentrwtikà tic metr†seic rujmo‘ laj∏n (BER) gia thn leitourg–a sta 80
kai 100Gb/s sta m†kh k‘matoc 1544.53, 1553.33 kai 1565.50 nm, kai gia apostàseic metàdoshc Ëwc
1625 m tupik†c optik†c –nac (SSMF). PrËpei na toniste– Ïti kàje mia apÏ tic kamp‘lec BER sta
graf†mata, antistoiqe– sthn qeirÏterh apÏ tic oqt∏ apopoluplegmËnec sunist∏sec tou lhfjËntoc

s†matoc sta 10 † sta 12.5 Gb/s. Oi kuriÏterec parathr†seic kai ta kuriÏtera sumperàsmata
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(α) (β)

Sq†ma 4.25: Diagràmmata ofjalmo‘ OOK shmàtwn (a) sta 80 Gb/s kai (b) sta 100 Gb/s gia B2B
leitourg–a kai metà apÏ metàdosh 500, 1000 kai 1625 m tupik†c optik†c –nac gia tr–a m†kh k‘matoc
leitourg–ac (1544, 1552, 1565 nm) tou pompo‘.

apÏ autà ta apotelËsmata sumperilambànoun: a) thn epibeba–wsh thc omoiÏmorfhc ep–doshc tou

pompo‘ mËsa sthn perioq† leitourg–ac 22 nm, b)thn ep–teuxh tim†c BER qamhlÏterhc apÏ 10�10

sta 80 Gb/s gia Ïlec tic apostàseic pou ereun†jhkan, g) thn ep–teuxh tim†c BER qamhlÏterhc
apÏ 10�10 sta 100 Gb/s gia thn B2B per–ptwsh kai metàdosh mËqri ta 500 m, d) thn ep–teuxh
tim†c BER qamhlÏterhc apÏ 10�9 sta 100 Gb/s gia metàdosh mËqri 1000 m kai e) thn ep–teuxh
tim†c BER kontà sto 1 · 10�7 sta 100 Gb/s gia metàdosh mËqri ta 1625 m. Parà to gegonÏc
pwc h tim† BER metà apÏ 1000 kai 1625 m den upodhl∏nei alànjasth leitourg–a (error-free)5,
h tim† BER e–nai shmantikà qamhlÏterh apÏ tic timËc pou epite‘qjhkan apÏ seiriakËc optikËc
diasundËseic sta 100 Gb/s pou br–skontai stic anaforËc auto‘ tou kefala–ou. AutÏ me thn
seirà tou shma–nei Ïti h anàgkh gia egafmog† k∏dika diÏrjwshc laj∏n (forward-error correction
- FEC), gia na epit‘qei pragmatik† alànjasth leitourg–a, ja e–nai qamhlÏterh sugkritikà me ta
qarakthristikà twn FEC [45] pou suzhto‘ntai, me profan† ofËlh Ïson aforà thn aplÏthta, thn
kajustËrhsh, thn katanàlwsh isq‘oc kai to kÏstoc. H qr†sh FEC sto s‘sthma mac ja apaito‘se
thn leitourg–a se uyhlÏterouc rujmo‘c metàdoshc apÏ ta 100 Gb/s, Ïpwc gia paràdeigma sta 107
Gb/s gia hard decision FEC. Periorismo– ston mËgisto rujmÏ leitourg–ac tou PPG kai ston BER
tester, den epËtreyan na elegqje– h leitourg–a thc suskeu†c se uyhlÏterouc rujmo‘c. ParÏla
autà to k‘klwma MUX-DRV Ëqei elegqje– memonwmËna kai Ëqei epide–xei anoiqtà diagrammàta
ofjalmo‘ sta 111 Gb/s, Ïpwc ep–shc Ëqei elegqje– kai o EO polumerikÏc MZM kai Ëqei epide–xei
S21 kamp‘lec me 65 GHz hm–sio e‘roc z∏nhc (3-dB bandwidth) kai 110 GHz 7-dB bandwidth.
Ta stoiqe–a autà apodeikn‘oun Ïti h leitourg–a tou pompo‘ se rujmo‘c pànw apÏ 100 Gb/s e–nai
efikt†.

5
H tim† BER pou or–zetai san kat∏fli gia ton qarakthrismÏ enÏc sust†matoc error-free apotele– tupikà h

10�12
. ApÏ aut† thn tim† kai kàtw, to s‘sthma mpore– na jewrhje– Ïti metad–dei kai lambànei thn plhrofor–a

qwr–c làjh. To kat∏fli fusikà exartàtai kai apÏ thn efarmog† pou proor–zetai to s‘sthma, dhlad† to pÏsa

làjh mpore– na aneqte– prin autà prokalËsoun prÏblhma. Gia pio anjektikËc efarmogËc to kat∏fli mpore– na

anËbei sthn tim† 10�10



158 KEFALAIO 4

0 2 4 6 8 10 12

Optical Power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

80Gb/s 1544nm B2B

500m

1000m

1625m

2 4 6 8 10 12 14

Optical Power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

100Gb/s 1544nm B2B

500m

1000m

1625m

0 2 4 6 8 10 12

Optical Power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

80Gb/s 1553nm B2B

500m

1000m

1625m

2 4 6 8 10 12 14

Optical Power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

100Gb/s 1553nm B2B

500m

1000m

1625m

0 2 4 6 8 10 12

Optical Power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

80Gb/s 1565nm B2B

500m

1000m

1625m

2 4 6 8 10 12 14

Optical Power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

100Gb/s 1565nm B2B

500m

1000m

1625m

Sq†ma 4.26: Kamp‘lec BER gia leitourg–a sta 80 kai 100 Gb/s gia ta tr–a m†kh k‘matoc 1544.53,
1553.33, 1565.50 nm). Kàje kamp‘lh antistoiqe– sth qeirÏterh apÏ tic oqt∏ kamp‘lec pou apoqt†jhkan
gia tic 10 kai 12.5 Gb/s apopoluplegmËnec sunist∏sec twn 80 kai 100 Gb/s shmàtwn ant–stoiqa.
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Sq†ma 4.27: SqËdio tou optiko‘ dikt‘ou kai peiramatik† diàtaxh gia thn qr†sh tou 100 Gb/s pompo‘
mËsa se Ëna intra-DC d–ktuo metagwg†c optiko‘ kukl∏matoc basismËno se topolog–a daktul–ou ring-
based OCS. To d–ktuo daktul–ou diasundËei touc yhfiako‘c diakÏptec pou br–skontai sthn koruf† twn
memonwmËnwn DC pods pou qrhsimopoio‘n 40 kai 100 Gb/s pompo‘c metablhto‘ m†kouc k‘matoc.

4.2.3 AxiolÏghsh thc ep–doshc tou pompo‘ mËsa se Ëna euËlikto opti-
kÏ d–ktuo metagwg†c kukl∏matoc (OCS)

To sq†ma 4.27 perigràfei to diktuakÏ senàrio kai parousiàzei thn peiramatik† diàtaxh gia thn

qr†sh tou pompo‘ mËsa se Ëna optikÏ d–ktuo metagwg†c kukl∏matoc basismËno se topolog–a

daktul–ou (ring-based OCS), to opo–o epitrËpei thn euËlikth dias‘ndesh twn DC pods. Kàje
pod6 antiproswpe‘ei Ëna megàlo set apÏ DC pÏrouc sthn morf† twn server, monàdwn apoj†keu-
shc kai diakopt∏n, ta opo–a organ∏nontai bàsh kàpoiac sugkekrimËnhc topolog–ac (p.q. fat-tree,
leaf-spine) kai ant–stoiqhc ierarq–ac metagwg†c (switching hierarchy). Sthn koruf† thc ierarq–ac
br–skontai megàlhc qwrhtikÏthtac diakÏptec pou e–nai exoplismËnoi me optikËc diasundËseic twn

40 kai 100 Gb/s kai br–skontai mËsa stouc kÏmbouc tou OCS dikt‘ou. O Ïroc 'kÏmboc' anafËre-
tai ston optikÏ kÏmbo tou OCS dikt‘ou. Kàje kÏmboc apotele–tai apÏ duo stoiqe–a diakopt∏n
epilog†c m†kouc k‘matoc (wavelength selective switches - WSSs) kai Ënan arijmÏ apÏ optikËc
diasundËseic sta 40 kai 100 Gb/s. AutËc oi optikËc diasundËseic Ëqoun fusik† parous–a stouc
diakÏptec pou br–skontai sthn koruf† thc ierarq–ac metagwg†c mËsa se kàje pod. O orismÏc
twn duo aut∏n ennoi∏n exhge–tai kal‘tera apÏ to sq†ma 4.27 . 'Opwc anafËrjhke †dh, auto– oi

kÏmboi bas–zontai sthn qr†sh WSS, oi opo–oi epitrËpoun thn prosj†kh kai thn afa–resh (adding

6
To pod apotele– mia domik† monàda enÏc s‘gqronou upologistiko‘ kËntrou pou epitrËpei thn epËktash tou

anàloga me tic anàgkec kai me aplÏ trÏpo. Sthn ous–a, ta pods e–nai kontËinerc pou to kajËna periËqei meriko‘c
qiliàdec exuphrethtËc (servers), sundedemËnouc me touc ToR diakÏptec touc se Ëna upod–ktuo pou e–nai Ëtoimo na
enswmatwje– se Ëna megalutero. H idËa tou proËkuye san mia prospàjeia gia l‘sh sto shmantikÏ prÏblhma thc

klimàkwshc pou antimetwp–zoun ta DCs Ïtan megal∏noun se mËgejoc
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Sq†ma 4.28: Optikà fàsmata twn poluplegmËnwn katà WDM shmàtwn lhfjËnta se diaforetikà
shme–a (A-E) tou optiko‘ dikt‘ou daktul–ou se tr–a diaforetikà stigmiÏtupa tou diktuako‘ senar–ou.

and dropping) optik∏n kanali∏n apÏ to poluplegmËno me WDM s†ma pou diad–detai mËsa ston
dakt‘lio kai metafËrei tic optikËc roËc pou antallàssontai apÏ touc diakÏptec. O arijmÏc twn

kÏmbwn kai h apÏstash metax‘ twn parake–menwn kÏmbwn e–nai sqediastiko– paràmetroi pou exar-

t∏ntai apÏ tic fusikËc paramËtrouc tou DC kai ta qarakthristikà thc k–nhshc tou DC dikt‘ou.
Gia tic anàgkec tou peiràmatoc, jewro‘me Ïti kàje kÏmboc sundËetai me parake–menouc kÏmbouc dia

mËsou tmhmàtwn SSMF m†kouc 500 m, kai perior–zoume thn peiramatik† melËth mac se tm†ma tou
OCS dikt‘ou me 3 kÏmbouc. To senàrio pou jewro‘me apotele–tai apÏ tr–a qronikà stigmiÏtupa.

Sto pr∏to stigmiÏtupo , to 100 Gb/s s†ma apÏ Ënan pompÏ metablhto‘ m†kouc k‘matoc ston
KOMBO 1 (NODE 1) ekpËmpetai sto m†koc k‘matoc �1, enisq‘etai kai poluplËketai me th bo-
†jeia tou WSS exÏdou me 40 Gb/s s†mata pou proËrqontai apÏ touc prohgo‘menouc kÏmbouc
kai apËqoun fasmatikà 200 GHz sta m†kh k‘matoc �2 � �5. Metà apÏ 500 m, to 100 Gb/s
s†ma afaire–tai ston KOMBO 2 me th bo†jeia tou WSS eisÏdou kai aniqne‘etai. Sto de‘tero
stigmiÏtupo, to 40 Gb/s s†ma pou arqikà †tan sto �2, br–sketai gia ton opoiod†pote lÏgo sto

�1 kànontac anagka–a thn metabol† tou 100 Gb/s pompo‘ se Ëna àllo m†koc k‘matoc �6 gia na
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Sq†ma 4.29: OptikÏ fàsma tou s†matoc exÏdou tou pompo‘ pou de–qnei thn parous–a tou pleuriko‘
lobo‘.

epil‘sei thn s‘gkroush. To 100 Gb/s s†ma afaire–tai ep–shc ston KOMBO 2 kai aniqne‘etai.
Sto tr–to stigmiÏtupo, to 100 Gb/s s†ma ekpËmpetai xanà sto �6 gia na epil‘sei th s‘gkroush
allà Ëqei diaforetikÏ proorismÏ. Se aut†n thn per–ptwsh, to s†ma pernàei apÏ ton KOMBO 2

maz– me ta duo s†mata sta �1 kai �3, kai telikà afaire–tai ston KOMBO 3 metà apÏ diàdosh

mËsa apÏ sunolikà 1000 m –nac kai tessàrwn memonwmËnwn WSS. Gia thn axiolÏghsh auto‘ tou
senar–ou, qrhsimopoi†same ton 100 Gb/s pompÏ ston KOMBO 1 kai axiopoi†same duo kanàlia apÏ
ton 4⇥ 100 Gb/s dËkth, san duo memonwmËnouc 100 Gb/s dËktec stouc KOMBO 2 kai KOMBO
3. TËloc, axiopoi†same Ëna 1 ⇥ 9 WSS me flexible grid san WSS exÏdou ston KOMBO 1, Ëna
1 ⇥ 4 WSS me stajerÏ 100 GHz grid san to WSS eisÏdou ston KOMBO 2, kai duo metablhtà
zwnoperatà optikà f–ltra gia na qrhsimopoihjo‘n san WSS exÏdou ston KOMBO 2 kai WSS
eisÏdou ston KOMBO 3. To fasmatikÏ e‘roc thc z∏nhc pou e–qe kataqwrhje– gia thn epexerga-

s–a (p.q. dropping) tou 100 Gb/s s†matoc kai sto 1⇥ 9 kai sto 1⇥ 4 WSS †tan 300 GHz, en∏
to e‘roc z∏nhc twn rujmizÏmenwn optik∏n f–ltrwn †tan per–pou 250 GHz.

To sq†ma 4.28 d–nei thn plhrofor–a gia thn katanom† twn mhk∏n kumàtwn �1 � �6, parousiàzei

endeiktikà fàsmata touWDM s†matoc pou antistoiqo‘n se diaforetikà shme–a tou OCS dikt‘ou
kai se diaforetikà stigmiÏtupa tou diktuako‘ senar–ou, kai exhge– ton trÏpo me ton opo–o h

dunatÏthta metabol†c tou m†kouc k‘matoc tou 100 epil‘ei thn pijan† s‘gkroush kai belti∏nei thn

apÏdosh tou optiko‘ dikt‘ou metagwg†c kukl∏matoc ( OCS). Oi mikrËc korufËc pou emfan–zontai
se merikà fàsmata d–pla sto 100 Gb/s s†ma se 3.5 nm megal‘tero m†koc k‘matoc, ofe–lontai
se Ënan pleurikÏ rujmÏ tou pompo‘. AutÏc o pleurikÏc rujmÏc epËzhse metà apÏ to filtràrisma

apÏ ta WSS, lÏgw thc peperasmËnhc ikanÏthtac apokop†c (< 40dB) twnWSS, kaj∏c kai apÏ
to gegonÏc Ïti se toulàqiston mia per–stash (p.q. stigmiÏtupo 1 - shme–o C), to kanàli tou
de‘terouWSS pou antistoiqe– ston sugkekrimËno pleurikÏ rujmÏ den e–qe mplokariste– mËsa apÏ
tic rujm–seic tou. San apotËlesma, o pleurikÏc rujmÏc mpÏrese na diadoje– mËsa apÏ to WSS me
sqetikà mikr† exasjËnish (< 10dB) kai na emfaniste– sthn j‘ra exÏdou maz– me to pragmatikÏ

s†ma.

To sq†ma 4.30 parousiàzei endeiktikà diagràmmata ofjalmo‘ tou 100 Gb/s s†matoc katà thn
exËlixh tou diktuako‘ senar–ou. To sq†ma 4.30 (a) parousiàzei to diàgramma ofjalmo‘ tou

s†matoc sto �1 metà apÏ 500 m (ston KOMBO 2 kai stigmiÏtupo 1), to 4.30 (b) de–qnei to



162 KEFALAIO 4

Sq†ma 4.30: Optikà diagràmmata ofjalmo‘ tou 100 Gb/s s†matoc stouc duo kÏmbouc (shme–a C
kaiE) gia ta tr–a stigmiÏtupa tou diktuako‘ senar–ou.

2 4 6 8 10 12 14 16

Optical power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

wavelength �1 1548.52nm
B2B

500m

2 4 6 8 10 12 14 16

Optical power (dBm)

3

4

6

8

10
12

-lo
g(

B
E

R
)

wavelength �6 1553.33nm
B2B

500m

1000m

Sq†ma 4.31: Kamp‘lec BER twn 100 Gb/s shmàtwn sta m†kh k‘matoc l1 kai l6 pou metad–dontai
apÏ ton KOMBO 1 kai lambànontai stouc KOMBO 2 kai KOMBO 3 sta tr–a stigmiÏtupa tou diktuako‘
DC senar–ou, maz– me tic ant–stoiqec B2B metr†seic.

diàgramma ofjalmo‘ sto �6 metà apÏ 500 m (ston KOMBO 2 kai stigmiÏtupo 2), kai to 4.30 (g)
de–qnei to diàgramma ofjalmo‘ sto �6 metà apÏ 1000 m (ston KOMBO 3 kai stigmiÏtupo 3).

To sq†ma 4.31 apÏ thn àllh, parousiàzei tic ant–stoiqec metr†seic BER maz– me tic kamp‘lec gia
thn B2B per–ptwsh. Ta apotelËsmata e–nai parÏmoia me autà pou apokt†jhkan katà thn axiolÏgh-
sh thc ep–doshc metàdoshc tou pompo‘ (blËpe ant–stoiqo sq†ma 4.26), gegonÏc pou upodeikn‘ei

Ïti h qr†sh tou pompo‘ mËsa sto OCS senàrio, h qr†sh epiplËon optik∏n enisqut∏n EDFA kai
h qr†sh optik∏n f–ltrwn se seirà den upobajm–zoun shmantikà thn apÏdosh tou pompo‘ sthn

metàdosh plhrofor–ac. H r‘jmish tou m†kouc k‘matoc tou pompo‘ se autà ta peiràmata †tan

qeirok–nhth kai arg†. Gia to sugkekrimËno lËizer metablhto‘ m†kouc k‘matoc, o qrÏnoc r‘jmi-

shc exartàtai apÏ ton sqediasmÏ thc koilÏthtac kai prohgo‘menec melËtec Ëqoun de–xei Ïti timËc

merik∏n qiliost∏n tou deuterolËptou e–nai efiktËc , pijanÏn me kàpoion sumbibasmÏ sto e‘roc r‘j-

mishc tou lËizer [46], [47]. Se Ëna telikÏ proÏn, h stajeropo–hsh tou m†kouc k‘matoc tou lËizer

ja perilambànei Ënan egkleidwt† m†kouc k‘matoc (wavelength locker) kai epiplËon hlektronikà
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gia thn stajeropo–hsh tou m†kouc k‘matoc, ta opo–a mpore– na eisàgoun kajustËrhsh ston qrÏno

r‘jmishc tou lËizer. ParÏla autà se Ëna pragmatikÏ diktuakÏ peribàllon me automatopoihmËno

ep–pedo elËgqou, h r‘jmish tou m†kouc k‘matoc gia thn ep–lush pijan∏n sugkro‘sewn ja g–ne-

tai se diàsthma merik∏n qiliost∏n tou deuterolËptou, lÏgw thc jermik†c f‘shc tou mhqanismo‘

r‘jmishc, pou e–nai parÏmoio me ton tupikÏ qrÏno r‘jmishc twn WSS stoiqe–wn.
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KEFALAIO 5

Sumperàsmata - Protàseic gia mellontik† Ëreuna

5.1 Sumperàsmata

O
i optikËc diasundËseic apotelo‘n th raqokokalià twn s‘gqronwn upologistik∏n kËntrwn

kai thn monadik† teqnolog–a pou epitrËpei thn aprÏskopth anàptuxh touc, kaj∏c den e-

phreàzontai apÏ periorismo‘c sto e‘roc z∏nhc. AutÏ e–nai idia–tera shmantikÏ giat– Ïpwc e–dame

o Ïgkoc thc plhrofor–ac pou kine–tai dia mËsou twn upologistik∏n kËntrwn oloËna auxànetai

wc apÏrroia twn ragda–wn teqnologik∏n exel–xewn se ep–pedo efarmog∏n pou genno‘n kai dia-

qeir–zontai plhrofor–ec se sqedÏn pragmatikÏ qrÏno. 'Oson aforà thn teqnolog–a twn optik∏n

diasundËsewn, ta d–ktua twn upologistik∏n kËntrwn paramËnoun sthn suntriptik† pleioyhf–a

touc1 d–ktua metagwg†c hlektriko‘ pakËtou (EPS) basismËna se diakÏptec (switches) oi opo–oi
ston pur†na touc Ëqoun oloklhrwmËna kukl∏mata (ASICs) gia thn pragmatopo–hsh thc metagw-
g†c. Amig∏c optikà d–ktua metagwg†c pakËtou Ëqoun deiqje– se ereunhtikÏ ep–pedo kai upàrqei

akÏma kàpoio ereunhtikÏ endiafËron, allà den Ëqei deiqte– kàpoio emporikÏ proÏn amig∏c optiko‘

diakÏpth pou na mpore– na leitourg†sei se ep–pedo pakËtou. AfetËrou, e–nai sunhjËstero amig∏c

optikËc diasundËseic, basizÏmenec se diakÏptec metagwg†c optiko‘ kukl∏matoc (optical circuit
switching - OCS), na leitourgo‘n epikourikà me touc diakÏptec EPS o‘twc ∏ste na analambànoun
na metafËroun megàlec se Ïgko kai diàrkeia roËc dedomËnwn, parakàmptwntac touc EPS diakÏptec,
afo‘ mporo‘n na to kànoun apodotikÏtera. Ta pleonekt†mata aut∏n twn diakopt∏n e–nai h dia-

fàneia (transparency) sta qarakthristikà tou eiserqÏmenou s†matoc, Ïpwc to sq†ma diamÏrfwshc
kai to m†koc k‘matoc, kaj∏c kai to praktikà anexàntlhto e‘roc z∏nhc. Meionekt†mata e–nai to

akribÏ kÏstoc kt†shc kai o megàloc qrÏnoc metagwg†c pou ta kajistà akatàllhla gia th diaqe–ri-

sh k–nhshc dedomËnwn mËsa se upologistikà kËntra, afo‘ aut† apotele–tai katexoq†n apÏ pakËta

dedomËnwn me Ëntonh dunamikÏthta kai oqi statikËc roËc proc mia sugkekrimËnh kate‘junsh. O

qrÏnoc metagwg†c exartàtai apÏ thn teqnolog–a energopo–hshc (actuation) tou optiko‘ diakÏpth
kai to ulikÏ olokl†rwshc, kai sun†jwc bas–zetai sto jermo-optikÏ fainÏmeno me qrÏnouc thc

tàxhc twn dekàdwn ms. Upàrqei kai h dunatÏthta gia hlektro-optik† energopo–hsh tou diakÏpth
pou e–nai shmantikà pio gr†gorh (thc tàxhc twn ns) allà mÏno se ulikÏ olokl†rwshc InP, to
opo–o Ëqei meionekt†mata Ïmwc thn qamhl† apÏdosh sthn olokl†rwsh (low yield), opÏte den e-
–nai efikt† h pragmatopoi†sh diakopt∏n me megàlo arijmÏ apÏ j‘rec (high radix switches), thn
anàgkh gia ermhtikÏ packaging kai to megàlo kÏstoc kataskeu†c twn disk–wn pou sun†jwc den

1
Ton kairÏ pou grafÏtan eto‘th h diatrib†.
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(α) (β)

Sq†ma 5.1: (a) ExËlixh thc taq‘thtac mia gramm†c (single lane) enÏc pompodËkth sto qrÏno kai
mellontik† prÏbleyh, (b) exËlixh twn prot‘pwn Ethernet sto qrÏno de–qnontac Ïla ta prÏtupa mËqri
to 2020 kai ta mellontikà problepÏmena. Phg†: Ethernet Alliance (https://ethernetalliance.org/)

xepernàne tic 4 in. Oi arqitektonikËc twn upologistik∏n kËntrwn qwr–zontai se duo megàlec
kathgor–ec anàloga me to prÏtupo topolog–ac † thn teqnolog–a dikt‘wshc. H pr∏th kathgor–a

perilambànei ta ierarqikà, anadromikà kai rack-to-rack prÏtupa, me pio diakekrimËna kai eurËwc
qr†shc ta ierarqikà three tier, fat tree kai leaf-spine. H de‘terh kathgor–a perilambànei tic opti-
kËc, tic basismËnec se SDN kai tic as‘rmatec teqnolog–ec dikt‘wshc, me megal‘tero endiafËron
na epikentr∏netai stic ubridikËc optikËc teqnolog–ec dikt‘wshc Ïpwc anafËrjhke kai pio pànw.

An kai autËc oi teqnolog–ec dikt‘wshc †tan ektÏc tou atnikeimËnou thc paro‘sac diatrib†c, o

pompodËkthc metablhto‘ m†kouc k‘matoc seiriak†c metàdoshc 100 Gbit/s pou parousiàsthke sto
tËtarto kefàlaio ja mporo‘se na brei efarmog† se Ëna amig∏c optikÏ † ubridikÏ d–ktuo metagw-

g†c kukl∏matoc. Oi pomodËktec pou parousiàsthkan sthn diatrib† mporo‘n na broun efarmog†

se EPS d–ktua upologistik∏n kËntrwn me ierarqik† topolog–a fat-tree kai leaf-spine. H leaf-spine
e–nai protimhtËa giat– sugkrinÏmenh me ta tria ep–peda core, aggregation, edge, twn three-tier kai
fat-tree, katarge– to core ep–pedo katal†gontac se mia pio ep–pedh arqitektonik†, mei∏nontac twn
arijmÏ twn kÏmbwn pou prËpei na diasq–sei Ëna pakËto kaj∏c kai tic apait†seic se e‘roc z∏nhc

twn mhqanhmàtwn sta an∏tera ep–peda, kai auxànontac thn axiopist–a se per–ptwsh blàbhc enÏc

kÏmbou, afo‘ upàrqoun pleonàzousec diadromËc gia ton –dio proorismÏ.

'Opwc fa–netai sto parapànw sq†ma 5.1(a), oi taq‘thtec twn optik∏n pompodekt∏n pou sundËontai

pànw stouc diakÏptec Ëqoun exeliqje– ta teleuta–a qrÏnia apÏ ta 100 Gbit/s to 2010, sta 400
Gbit/s2 to 2017. Ta epÏmena prÏtupa ja e–nai ta 800G kai ta 1600G, me ta 800 pijanÏn na
Ërjoun pr∏ta allà na apotelËsoun Ëna s‘ntomo metabatikÏ stàdio prin ta 1600G, Ïmoia me thn
per–ptwsh twn 200G kai 400G. EndiafËron parousiàzoun oi taq‘thtec pou Ëqoun epiteuqje– se
single lane, kaj∏c to 100G br–sketai akÏma upÏ anàptuxh. To prÏtupo pou anapt‘setai Ëqei
san bàsh thn qr†sh PAM-4 sq†matoc diamÏrfwshc sta 50 Gbaud kàti pou apaite– yhfiakÏ se
analogikÏ metatropËa (DAC) sumbàllontac sthn poluplokÏthta tou pompodËkth. H ep–teuxh
100Gbit/s se Ëna m†koc k‘matoc (single lane) me OOK diamÏrfwsh qwr–c thn qr†sh DAC de–qnei
ton drÏmo proc thn aplopo–hsh twn pompodekt∏n kai thn peraitËrw klimàkwsh twn taqut†twn

twn pompodekt∏n, eidikÏtera Ëqontac kata nou thn a‘xhsh twn taqut†twn twn SerDes twn ASICs
apÏ 50Gbaud se ewc kai 100 Gbaud kai se qwrhtikÏthtec diakopt∏n 25.6T † akÏma kai 51.2T

2
H IEEE epishmopo–hse to prÏtupo 802.3bs gia ta 200G kai 400G stic 6 Dekembr–ou 2017
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[1]. Ep–shc to gegonÏc autÏ epibebai∏nei thn shmas–a thc diatrib†c kai thn prÏbleyh gia anàgkh

qr†shc seiriak†c metàdoshc ston pompÏ.

ErgasthriakÏc exoplismÏc pou na paràgei apeuje–ac 100Gbit/s OOK hlektrikÏ s†ma gia thn dia-
mÏrfwsh enÏc optiko‘ fËrontoc sthn –dia taq‘thta den e–nai eurËoc diadedomËnoc kai to kÏstoc

apÏkthshc tou e–nai pol‘ megàlo. Sthn paro‘sa diatribh anafËrjhkan duo teqnikËc gia thn a-

pÏkthsh enÏc s†matoc 100Gbit/s basizÏmenec sthn poluplex–a sto ped–o tou qrÏnou e–te enÏc
optiko‘ s†matoc (OTDM) e–te enÏc hlektriko‘ s†matoc (ETDM). Sthn pr∏th per–ptwsh to opti-
kÏ s†ma RZ-OOK qamhlÏterhc taq‘thtac pernàei apÏ mia seirà oloklhromËnwn sumbolomËtrwn
kajustËrhshc me katàllhlo m†koc drÏmou kajustËrhshc kai àra ele‘ejerh fasmatik† perioq†

(FSR). Sto sumbolÏmetro to optikÏ s†ma qwr–zetai se duo –diec sunist∏sec pou taxide‘oun kata
m†koc twn duo diadrom∏n, me thn mia sunist∏sa na kajustere–tai katà mis† per–odo. Sto tËloc

tou sumbolÏmetrou, sumbàloun me apotËlesma oi kajusterhmËnh sunist∏sa na poluplËketai me

thn àllh kai na diplasiàzetai o rujmÏc tou s†matoc. To sq†ma diamÏrfwshc RZ-OOK e–nai idani-
kÏ gia qr†sh se d–ktua kai teqnikËc OTDM, allà Ëqei megal‘tero fasmatikÏ perieqÏmeno apÏ to
NRZ-OOK lÏgw twn stenÏterwn palm∏n, kàti pou to kajistà mh apodotikÏ gia qr†sh seWDM
d–ktua.

Gia apodotikÏtera d–ktua me qamhlÏ kÏstoc kai katanàlwsh enËrgeiac e–nai anagka–a h anàptu-

xh enÏc uposust†matoc pou ja br–sketai sthn diepaf† twn OTDM kai WDM dikt‘wn kai ja

mpore– na metatrËpei to sq†ma diamÏrfwshc apÏ RZ-OOK se NRZ-OOK. Sthn paro‘sa diatrib†
anapt‘qjhke mia tËtoia mËjodoc basizÏmenh sthn fasmatik† diamÏrfwsh (spectral shaping) tou
RZ-OOK s†matoc qrhsimopoi∏ntac Ëna sumbolÏmetro kajustËrhshc san f–ltro me –dia tim† FSR
me to s†ma, o‘twc ∏ste ta buj‘smata thc sunàrthsh metaforàc tou na katapiËsoun tic armonikËc

tou RZ-OOK s†matoc kai na to metatrËyoun se NRZ-OOK. H mejodoc melet†jhke me progràmma
prosomo–wshc kai de–qjhke h swst† leitourg–a thc, Ïqi mÏno me s†ma OOK, allà kai gia sq†mata
diamÏrfwshc PSK kaj∏c kai gia sq†mata an∏terhc tàxhc Ïpwc 16-QAM [2]. H diàtaxh perie-
làmbane kai to stàdio thc OTDM poluplex–ac gia pollaplasiasmÏ tou rujmo‘, Ïpou eke– Ëgine
qr†sh enÏc OBPF gia thn exomàlunsh miac diak‘manshc sto platoc tou poluplegmËnou s†matoc.

Melet†jhkan ep–shc h ep–drash diàforwn parag∏ntwn pou mpore– na ephreàzoun thn apÏdosh

tou metatropËa, Ïpwc to e‘roc tou OBPF, h diaforetik† tim† thc ol–sjhshc fàshc metax‘ twn
duo braqiÏnwn tou sumbolÏmetrou, h apÏklish thc qronik†c tim†c kajustËrhshc tou sumbolÏme-

trou kaj∏c kai h apÏklish thc kentrik†c suqnÏthtac tou OBPF apÏ thn suqnÏthta tou s†matoc
eisÏdou. Ta apotelËsmata thc melËthc Ëdeixan Ïti h diak‘mansh tou plàtouc belti∏netai qrhsimo-

poi∏ntac stenÏtero f–ltro, en∏ ol–sjhsh fàshc megal‘terh apÏ 20 mo–rec upobajm–zei to s†ma.

ShmontikÏterh Ïmwc e–nai h ep–drash thc diaforetik†c qronik†c kajustËrhshc stouc braq–onec

tou sumbolÏmetrou apÏ thn idanik†. Mia diaforà thc tàxhc ±10% upobajm–zei shmantikà to s†ma

exÏdou. H apÏklish thc kentrik†c suqnÏthtac tou f–ltrou ephreàzei ep–shc to s†ma exÏdou kai

ja prËpei na e–nai mikrÏterh twn 20GHz.

Ep–shc epide–qjhke peiramatikà h metatrop† apÏ RZ-DPSK se NRZ-DPSK, me s†ma diamorfwmËno
sta 40 Gbit/s, kai h ep–teuxh alànjasthc leitourg–ac (error-free). Sugkr–nontac tic kamp‘lec
laj∏n wc proc thn optik† isq‘ sto dËkth, tou eiserqÏmenou s†matoc RZ-PSK, enÏc NRZ-PSK, kai
tou metasqhmatismËnou NRZ-PSK metà thn diàtaxh, diapist∏jhke Ïti h mËjodoc pou anapt‘qjhke
qreiàzetai mÏno 1.5 dB perissÏterh optik† isq‘ sto dËkth gia thn ep–teuxh tou –diou arijmo‘ laj∏n
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(10�10) me Ëna kajarÏ NRZ-PSK s†ma.

Melet†jhkan bibliografikà kai àllec mËjodoi metatrop†c sq†matoc diamÏrfwshc, oi opo–ec qw-

r–zontan se duo kathgor–ec, autËc pou pragmatopoio‘san metatrop† apÏ RZ-OOK se NRZ-OOK
kai autËc pou pragmatopoio‘san thn ant–strof† diadikas–a. Sthn pr∏th kathgor–a Ëqoun dei-

qje– diatàxeic pou qrhsimopoio‘n teqnikËc egkle–dwshc koilÏthtac me Ëgqush optiko‘ s†matoc

(injection locking) se F-P diÏdouc, diatàxeic pou ekmetale‘ontai mh grammikÏthtec se diàfora
stoiqe–a Ïpwc hmiag∏gimouc optiko‘c enisqutËc (SOAs), optikËc –nec metatopismËnhc diaspo-
ràc (DSF), optikËc –nec fwtonik∏n krustàllwn (PCF), optiko‘c diamorfwtËc LiNbO3 Mach-
Zehnder, oloklhrwmËna kukl∏mata mikro-daktul–wn suntonismo‘ (MRR) se pur–tio. Sthn de-
‘terh kathgor–a Ëqoun deiqje– diatàxeic egkle–dwshc koilÏthtac se diÏdouc lËizer , diatàxeic pou

ekmetale‘ontai th mh grammhkÏthta hmiag∏gimwn optik∏n enisqut∏n, diatàxeic me –nec DSF, kaj∏c
kai tele–wc pajhtikËc diatàxeic me sumbolometrikà stoiqe–a Ïpwc MRRs, grammËc kajustËrhshc
DIs kai mikro-brÏqouc apÏ optik† –na katàllhla epexergasmËnh. H mËjodoc pou anapt‘qjhke se
aut†n thn diatrib† an†kei stic pl†rwc pajhtikËc sumbolometrikËc diatàxeic, pou uperËqoun Ëna-

nti aut∏n pou qrhsimopoio‘n energà stoiqe–a, se aplÏthta efarmog†c, pol‘ qamhl† katanàlwsh

isq‘oc kai se dunatÏthta olokl†rwshc maz– me àlla stoiqe–a se fwtonikËc platfÏrmec. Sthn

paro‘sa diatrib† de–qjhke peiramatikà gia pr∏th forà h dunatÏthta metatrop†c shmàtwn kwdiko-

poihmËnwn katà fàsh PSK, kai se prosomo–wsh h dunatÏthta gia s†mata 16-QAMafo‘ oi mËqri
tÏte diatàxeic est–azan se kwdikopoihmËna s†mata katà platoc (OOK).

H epÏmenh teqnik† gia ep–teuxh shmàtwn 100Gbit/s se Ëna m†koc k‘matoc aforà thn poluplex–a h-
lektrik∏n shmàtwn (ETDM). Hlektronik† poluplex–a Ëqei deiqje– bibliografikà qrhsimopoi∏ntac
diakrità stoiqe–a gia thn ep–teuxh shmàtwn uyhl∏n rujm∏n sta 100Gbit/s pou trofodoto‘san
LiNbO3 Mach-Zehnder diamorfwtËc me e‘roc z∏nhc sta 30 GHz pou apaito‘san thn qr†sh i-
sostajmist∏n gia na a–roun thn upobàjmish tou s†matoc lÏgw tou periorismËnou e‘rouc z∏nhc.

H teqnolog–a gia thn kataskeu† gr†gorwn hlektro-optik∏n diamorfwt∏n sta 100Gbit/s dhlad†
me e‘roc z∏nhc >60 GHz den †tan akÏma diajËsimh. Sto Ergast†rio Fwtonik∏n Epikoinwni∏n
qarakthr–sthke gia pr∏th forà oloklhrwmËnoc pompÏc seiriak†c metàdoshc sta 100 Gbit/s O-
OK o opo–oc sund‘aze Ënan diamorfwt† me e‘roc z∏nhc 64 GHz kataskeuasmËno se kainotÏmo
hlektro-optikÏ polumerËc ulikÏ, maz– me InP-DHBT hlektronikÏ k‘klwma 2:1 poluplex–ac kai
en–squshc (2:1 MUX-DRV) me e‘roc z∏nhc >100 GHz pou mpore– na d∏sei plàtoc >3 Vpp sthn

Ëxodo tou. Sunoptikà parousiàsthkan ta sustatikà mËrh tou pompo‘ sthn paro‘sa diatrib† maz–

me tic melËtec prosomoi∏sewn pou pragmatopoi†jhkan. Melet†jhkan paràmetroi Ïpwc h ep–drash

tou shme–ou pÏlwshc tou diamorfwt† sta qarakthristikà tou s†matoc, sunart†sei tou diajËsi-

mou plàtouc od†ghshc ∏ste na upodeiqje– kàje forà anàloga me to diajËsimo plàtoc od†ghshc

to shme–o pÏlwshc pou Ëdine thn kal‘terh poiÏthta s†matoc. Ep–shc melet†jhke kai h ep–drash

tou hlektro-optiko‘ e‘rouc z∏nhc tou pompo‘ sthn poiÏthta tou s†matoc. AutËc oi duo melËtec

†tan shmantikËc kaj∏c sthn diadikas–a packaging tou pompo‘, to k‘klwma 2:1 MUX-DRV me ton
diamorfwt† den mporo‘san na Ërjoun kontà lÏgw fusik∏n diastàsewn me apotËlesma ta wire-
bonds na Ëqoun m†koc megal‘tero tou endedeigmËnou kai na odhg†soun se ap∏leiec e‘rouc z∏nhc
kai exasjËnhshc plàtouc. Parà thn dusqËreia aut†, o oloklhrwmËnoc pompÏc qarakthr–sthke

peiramatikà sta 80 Gbit/s kai 100 Gbit/s apod–dontac pol‘ kal†c poiÏthtac s†mata me anoiqtà
diagràmmata ofjalmo‘ [3]. H peiramatik† diàtaxh bas–sthke se exwterikà kukl∏mata hlektroni-
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k†c poluplex–ac gia na trofodot†soun ton 2:1 MUX-DRV tou pompo‘ me duo PRBS 7hc Ëwc kai
31hc tàxhc sta 50 Gbit/s (40 Gbit/s gia telikÏ rujmÏ 80 Gbit/s) kai Ëna s†ma rologio‘ sta 50
GHz (40 GHz gia telikÏ rujmÏ 80 Gbit/s).

H sugkekrimËnh teqnolog–a tou oloklhrwmËnou 100 Gbit/s pompo‘, dhlad† ta gr†gora InP-
DHBT hlektronikà kai ton gr†goro hlektro-optikÏ polumerikÏ diamorfwt†, apotelo‘n thn ba-
sik† teqnolog–a pou ja epitrËyei thn peraitËrw klimàkwsh tou sust†matoc me apodotikÏ trÏpo,

∏ste na epiteuqjo‘n pompo– me qwrhtikÏthtec 400 Gbit/s, 800 Gbit/s kai 1600 Gbit/s. To e-
pÏmeno logikÏ b†ma ja †tan na sqediaste– Ënac pompodËkthc pou ja olokl†rwne mia sustoiq–a

duo kai tessàrwn diamorfwt∏n 100Gbit/s ∏ste na klimakwje– h qwrhtikÏthta tou sta 2 ⇥ 100

Gbit/s kai 4⇥ 100 Gbit/s. 'Hdh kàpoia prÏtupa 400GbE Ïpwc p.q. to 400GBASE-FR4 prowjo-
‘n 4 grammËc apÏ 100 Gbit/s kaj∏c qrhsimopoie– ligÏtera exart†mata gia thn ep–teuxh thc –diac
qwrhtikÏthtac.

H Ëkdosh tou pompo‘ me thn sustoiq–a twn diamorfwt∏n proÙpËjete ton sqediasmÏ kai kataskeu†

sthn hlektro-optik† polumerik† platfÏrma, monolijikà me ta upÏloipa stoiqe–a, dom∏n pou ja

tic epËtrepan nËec leitourg–ec Ïpwc o diaqwrismÏc optik†c isq‘oc se duo kai se tËssera –sa mËrh

∏ste na trofodot†soun touc diamorfwtËc, allà kai perijlastikà fràgmata san f–ltra gia àllh

leitourg–a pou ja perigrafe– pio kàtw sto parÏn kefàlaio. O diaqwrist†c isq‘oc pragmatopoi-

†jhke san Ënac suze‘kthc parembol†c poll∏n rujm∏n 1:2 (MMI), h opo–a dom† kataskeuazÏtan
gia pr∏th forà sto sugkekrimËno polumerËc ulikÏ. O pompÏc 2 ⇥ 100 Gbit/s basizÏtan sthn
monolijik† olokl†rwsh enÏc 1:2 MMI me duo Mach-Zehnder diamorfwtËc sto H-O polumerËc,
kai sthn ubridik† olokl†rwsh me egde coupling tou H-O polumeriko‘ tsip me mia InP d–odo lËizer
pou ekpËmpei sta 1553.4 nm. To fwc pou eisËrqetai sto polumerikÏ tsip, qwr–zetai se duo –sa
mËrh apÏ ton 1:2 MMI, ta opo–a odhgo‘ntai stouc MZ diamorfwtËc kai diamorf∏nontai me sq†ma
NRZ-OOK. Ta s†mata exËrqontai tou pompo‘ apÏ duo optikËc –nec SMF suzeugmËnec stouc kuma-
todhgo‘c exÏdou. H dom† tou polumeriko‘ kumatodhgo‘ e–nai inverted ridge me ap∏leiec diàdoshc
1.4 dB/cm, kai uposthr–zei Ënan rujmÏ pou e–nai isqurà entopismËnoc lÏgw thc arketà megàlhc
ant–jeshc twn RI pur†na kai mandu∏n. To H-O polumerËc ulikÏ Ëqei apodeiqte– anjektikÏ se
jermokras–ec Ëwc 85 �C C Mia idiaiterÏthta twn H-O polumerik∏n diamorfwt∏n apÏ autÏ to
ulikÏ e–nai Ïti diamorf∏noun mÏno fwc se pÏlwsh TM. Kaj∏c oi d–odoi lËizer ek kataskeu†c

ekpËmpoun fwc me pÏlwsh TE, Ëprepe na strafe– h polws† tou s†matoc prin touc diamorfwtËc,

gia thn epituq† diamÏrfwsh. H l‘sh pou dokimàsthke me epituq–a e–nai h strËyh thc diÏdou katà

90°katà thn ubridik† olokl†rwsh.

H monolijik† olokl†rwsh tou MMI suze‘kth sto hlektro-optikÏ polumerikÏ tsip maz– me touc

duo diamorfwtËc Mach-Zehnder kai h ubridik† olokl†rwsh thc diÏdou lËizer me to polumerikÏ

tsip, upodeikn‘oun th dunatÏthta thc EO polumerik†c platfÏrmac na uposthr–xei thn olokl†rwsh

s‘njetwn dom∏n, kai na exeliqje– apÏ mia teqnolog–a eidikà gia diamorfwtËc, se mia genik†c qr†shc

platfÏrma olokl†rwshc gia Fwtonikà OloklhrwmËna Kukl∏mata PICs.

O MMI epilËqjhke Ënanti twn dom∏n Y-junctions giat– afenÏc autËc Ëqoun megàlo m†koc kai àra
ja katalàmbanan megal‘terh epifàneia sto periorismËnhc epifàneiac tsip, kai afetËrou apaito‘san

pol‘ mikr† gwn–a metax‘ touc pou dusqËrene thn ax–opisth kataskeu† touc lÏgw lijograf–ac.

Mia tËtoia dom† bas–zetai sthn arq† tou self-imaging, Ïpou ant–grafa tou rujmo‘ eisÏdou sqh-
mat–zontai katà m†koc thc polurujmik†c perioq†c se prokajorismËna shme–a lÏgw thc sumbol†c
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twn diadidÏmenwn rujm∏n. Apotele–tai apÏ Ënan monorujmikÏ kumatodhgÏ eisÏdou, mia poluruj-

mik† perioq† pou uposthr–zei toulàqiston 3 rujmo‘c, kai N kumatodhgo‘c exÏdou anàloga me ton

t‘po MMI. Oi domËc MMI pou sqediàsthkan †tan 1:2 kai 1:4, dhlad† e–qan 2 kai 4 kumatodhgo‘c

exÏdou, gia ton diaqwrismÏ isq‘oc se 2 kai 4 –sa mËrh gia na trofodot†soun isàrijmouc diamorfw-

tËc. Sqediàsthkan se CAD prÏgramma fwtonik∏n dom∏n thc sou–tac logismiko‘ RSoft Photonic
device tools kai epil‘jhkan hlektromagnhtikà me thn mËjodo diàdoshc dËsmhc (Beam Propagation
Method) [4] tou ergale–ou thc sou–tac. Oi shmantikÏteroi paràmetroi †tan to plàtoc kai m†koc
thc polurjmik†c perioq†c tou MMI. Megal∏nontac to plàtoc h polurujmik† perioq† upost†rize

perissÏterouc rujmo‘c pou sunËbalan metax‘ touc me apotËlesma na belti∏nontai ta prof–l twn

rujm∏n exÏdou. ApÏ thn àllh megl‘tero plàtoc apaito‘se megal‘tero m†koc gia thn sumbol†

twn katàllhlwn rujm∏n kai thn emfànish twn antigràfwn twn rujm∏n. SkopÏc thc melËthc pro-

somo–wshc †tan na breje– to plàtoc pou ed–ne ta ant–grafa sto mikrÏtero dunatÏ m†koc, allà

paràllhla na suzeuqjo‘n stouc kumatodhgo‘c exÏdou me tic mikrÏterec dunatËc ap∏leiec kai

anissorop–a (port imbalance) sthn isq‘ metax‘ twn rujm∏n, me stÏqo na e–nai se kàje per–ptwsh
mikrÏterec apÏ 1 dB kai 0.5 dB ant–stoiqa.

Gia ton 1:2 MMI sqediàsthkan domËcme plàth 12 um, 16 um, 20 um, 22 um, 24 um me dia-
foterikËc timËc m†kouc h kàje mia. H tim† plàtouc 12 um Ëdine tic qamhl∏terec ap∏leiec kai
anissorop–a, pou †tan kàtw apÏ 0.1 dB kai kàtw apÏ 0.3 dB se kàje per–ptwsh. TimËc plàtouc
16 um kai pànw den Ëdeiqnan na prosfËroun qamhlÏterh anissorop–a, parà mÏno elàqista au-
xhmËnec ap∏leiec lÏgw skËdashc tou fwtÏc sto megal‘tero m†koc thc dom†c. Oi domËc autËc

sthn sunËqeia kataskeuàsthkan (sumperilambànontac kai parallagËc) se disk–a twn 6 ints∏n.

Oi kataskeuasmËnec domËc e–qan kumatodhgo‘c exÏdou pou apomakr‘nontan me S-bends se mia
apÏstash 2.5 mm ∏ste na apËqoun 500 um. Metà thn kataskeu† oi domËc qarakthr–sthkan wc
proc tic ap∏leiec kai to imbalance, qrhsimopoi∏ntac sweeping laser apÏ ta 1500 nm - 1600 nm. H
pÏlwsh elegqÏtan apÏ elegkt† pÏlwshc ∏ste na e–nai pànta TM, me thn TE pÏlwsh na emfan–zei

1 dB perissÏterec ap∏leiec se euje–o kumatodhgÏ. Metr†jhkan tsip pou perie–qan domËc me 11.5
um, 12 um, 12.5 um, 20 um. ApÏ tic domËc me plàtoc 11.5 um, ta m†kh 135, 134 um plhro‘san ta
krit†ria IL < 1dB kai IM < 0.5dB. ApÏ tic domËc me 12 um, ta m†kh 135 kai 136 parousiàsan IL
< 0.65dB kai IM < 0.1dB. Metr†seic stic domËc me plàtoc 20 um Ëdeixan Ïti plhro‘n to krit†rio
gia qamhlh anisorrop–a, emfan–zoun Ïmwc uyhlÏterec ap∏leiec. H dom† me 20 um plàtoc kai 265
um m†koc emfànise ta kalutËra qarakthristhkà, Ïpwc Ëqei de–xei kai oi prosomo–wsh. LÏgw twn
qamhl∏terwn apwlei∏n, oi domËc me plàtoc 12 um epilËqjhkan na oloklhrwjo‘n maz– me touc
diamorfwtËc. Pragmatopoi†jhke ep–shc mËtrhsh twn dom∏n me pÏlwsh TE Ïpou parathr†jhke

a‘xhsh twn apwlei∏n katà 3 dB qwr–c shmantik† a‘xhsh thc anisorrop–ac. Oi auxhmËnec ap∏leiec
ofe–lontai sto diaforetikÏ energÏ de–kth diàjlashc pou blËpei o TE rujmÏc, kai pou Ëqei àmesh

sqËsh me to m†koc tou diakrot†matoc kai thn emfànish twn antigràfwn. Sthn pleionÏthta twn pe-

ript∏sewn pou metr†jhkan, oi timËc twn duo megej∏n plhro‘san touc stÏqouc kai sumfwno‘san

me tic upologismËnec apÏ thn prosome–wsh timËc. TuqÏn apokl–seic ofe–lontai se kataskeua-

stikËc anoqËc stic diastàseic thc dom†c lÏgw lijograf–ac, e–te se upologistikà sfàlmata tou

logismiko‘ prosomo–wshc pou –swc ofe–lontan gia paràdeigma oi paràmetroi diakritopo–hshc tou

probl†matoc (grid size) lÏgw periorismËnwn pÏrwn.

Metr†seic thc dom†c me 12 um plàtoc kai 135 um m†koc se e‘roc 400 nm, apÏ ta 1260 Ëwc ta
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1630 nm, me sweeping laser Ëdeixan Ïti emfan–zei tic qamhl∏terec ap∏leiec kai anisorrop–a (0.65
dB kai 0.1 dB) sthn C-band gia thn opo–a kai sqediàsthkan, allà epitugqànei timËc mikrÏterec
apÏ 2 dB IL kai 0.5 dB IM gia tic upÏloipec mpàntec (O, E, S, L, U). ApeikÏnish twn rujm∏n
exÏdou me beam profiling camera de–qnei duo kajarà sqhmatismËnouc rujmo‘c, –diouc me ton rujmÏ
eisÏdou kàti pou marturàei thn kal† leitourg–a tou 1:2 MMI.

O 1:2 MMI me 12 um plàtoc kai 135 um m†koc, oloklhr∏jhke monolijikà me duo optiko‘c dia-
morfwtËc kai kataskeuàsthkan ta tsip pou perie–qan tic domËc. Autà ta tsip qarakthr–sthkan,

topojet∏ntac ta pànw se stajmÏ ergas–ac, krat∏ntac to polumerikÏ tsip stajerÏ se mia bàsh me

stajeropo–hsh keno‘ kai prosegg–zontac mia d–odo lËizer pànw se Ënanmicropositioner apÏ to Ëna
àkro. To àllo àkro to prosËggize mia optik† –na pou suzeugnuÏtan se Ënan apÏ touc duo kumato-

dhgo‘c exÏdou pou e–qan 250 um apÏstash metax‘ touc. Metr†jhkan ep–shc kai oi kumatodhgo–
anaforàc kai brËjhkan ap∏leiec diàdoshc 1.41 dB/cm. H d–odoc lËizer metà eujugramm–sthke me
thn e–sodo tou 1:2 MMI me thn bo†jeia kàmerac. H optik† isq‘ stouc duo braq–onec brËjhke -17

dB kai -19.2 dB. H diaforà isq‘oc ofe–letai ston MMI afo‘ qrhsimopoi†jhke dom† me plàtoc
20 um kai m†koc 260 um. Pragmatopoi†jhke sunarmog† kai de‘terou optiko‘ uposunÏlou pou
olokl†rwne dom† me 12 um plàtoc kai m†koc 125 um, me tic timËc optik†c isq‘oc pou metr†jhkan
gia tic duo diadromËc na Ëqoun 2.8 dB diaforà lÏgw twn diaforetik∏n shme–wn leitourg–ac twn
MZM, ta opo–a den †tan dunatÏn na elegqjo‘n kaj∏c den e–qan sundeje– hlektrikà.

Sthn sunËqeia, to optikÏ upos‘nolo oloklhr∏jhke me ta hlektronikà kukl∏mata 2:1MUX-DRV.
O InP-DHBT MUX-DRV epitugqànei mËgisto plàtoc exÏdou 2⇥3V sta 100 Gbit/s me katanàlw-
sh 3.8 W se diastàseic 1.5 ⇥ 3.6mm2. Gia thn sunarmog† tou kukl∏matoc pragmatopoi†jhkan

RF prosomoi∏seic kai sqediasmÏc twn RF interposers pou parËqoun tic grammËc metaforàc kai
sundËeoun touc GPPO s‘ndesmouc. Oi RF interposers perielàmbanan domËc Micro Strip Line
(MS) Coplanar Waveguide (CPW), pànw se upÏstrwma Al2O3 pàqouc 250 um gia na epiteuqje–
empËdhsh 50 W. Wirebonds me m†koc 18 um qrhsimopoi†jhkan gia mikrËc ap∏leiec. H mia Ëxodoc
tou MUX-DRV termat–sthke gia na epiteuqje– single ended leitourg–a. OlÏklhro to upos‘nolo
topojet†jhke se kout– apÏ KOVAR (FeNiCo). Pragmatopoi†jhke jermik† melËth gia thn epilo-
g† katàllhlhc TEC l‘shc, kai diaqe–rhsh thc parag∏menhc jermÏthtac, apÏ ta duo kukl∏mata
od†ghshc, lÏgw thc katanàlwshc 3.8 W kàje MUX-DRV. H s‘zeuxh twn kumatodhg∏n exÏdou
pragmatopoi†jhke me qr†sh fakoeid∏n optik∏n in∏n gia mikrÏterec ap∏leiec. H tim† pou epe-

te‘qjh †tan 1.5 dB. H sunolik† katanàlwsh enËrgeiac e–nai sunolikà 10.9 W † 54.5 mW/Gbps
sumperilambanomËnhc thc katanàlwshc 0.25 mW tou lËizer, 7.6 W twn duo MUX-DRV, 0.08 W
twn duo olisjht∏n fàshc kai 3 W tou TEC.

'Opwc fa–netai apÏ tic tic katanal∏seic to 70% apod–detai sta kukl∏mata od†ghshc. Sthn pe-

r–ptwsh pou ja ulopoio‘tan pompÏc 400 Gbit/s, h qr†sh 4 MUX-DRV ja apaito‘se 4 ⇥ 3.8 =

15.2W isq‘oc pou xepernàei ta Ïria twn katanal∏sewn pou jËtoun ta prÏtupa gia pluggable
transceiver modules Ïpwc to QSFP-DD[5] † to OSFP[6] ta opo–a or–zoun mËgisth sunolik† ka-
tanàlwsh 14-15 W. 'Eqoun deiqje– Ïmwc kai kukl∏mata InP-DHBT MUX-DRV me katanàlwsh
isq‘oc 2 W † kai 0.8 W [7–9], ta opo–a af†noun megàlo perij∏rio gia tic katanal∏seic twn

upolo–pwn stoiqe–wn.

Sta pla–sia tou eurwpako‘ Ërgou ICT-POLYSYS pragmatopoi†jhkan kai duo t‘poi pompo‘
4⇥ 100 Gbit/s pou apotelo‘ntan apÏ sustoiq–a 4 InP PDs me e‘roc z∏nhc megal‘tero apÏ 100
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GHz, me ton Ëna t‘po na olklhr∏nei sustoiq–a 4 InP-DHBT DEMUX, en∏ o àlloc oloklhr∏nei
sustoiq–a 4 InP-DHBT TIA-DEMUX pou enisq‘ei to s†ma twn fwtodiÏdwn prin thn apopo-
luplex–a. Duo t‘poi fwtodiÏdwn metr†jhkan, me kai qwr–c termatismÏ 50 W. Oi termatismËnec

fwtod–odoi parous–azan megal‘tero e‘roc z∏nhc (112-120GHz ) allà qamhlÏtero kËrdoc meta-
trop†c (⇡ 13.5V/W ), sugkritikà me tic atermàtistec (80-90GHz kai ⇡ 27V/W ). Oi fwtod–odoi

me ta kukl∏mata apopoluplex–ac topojet†jhkan se kout– ∏ste na sundejo‘n h sustoiq–a optik∏n

in∏n eisÏdou kai na pragmatopoihjo‘n oi hlektrikËc sundËseic twn tsip metax‘ touc allà kai me

tic hlektrikËc grammËc pou sundËoun touc konnËktorec exÏdou. Oi ap∏leiec metr†jhkan me thn

paràmetro S21 kai brËjhkan mikrÏterec apÏ 1.25 dB sta 50 GHz. O dËkthc qreiazÏtan 20 diafo-
retikËc tàseic trofodos–ac gia na leitourg†sei pou parËqontan apÏ Ëna katàllhlo trofodotikÏ.

H mËsh katanàlwsh Ïlwn twn stoiqe–wn tou dËkth †tan per–pou 5.5 W me mËgisth ta 8 W pou

antistoiqe– se 13.75 mW/Gbps.

Sthn sunËqeia pragmatopoi†jhkan melËtec prosomo–wshc tou sust†matoc pompo‘ kai dËkth ∏ste

na bebaiwje– h leitourg–a tou sust†matoc se kontinËc apostàseic sta 80 kai 100 Gb/s, kaj∏c
kai h ep–drash thc qrwmatik†c diasporàc sthn poiÏthta twn metadidÏmenwn optik∏n shmàtwn. Oi

melËtec pragmatopoi†jhkan me to logismikÏ VPITransmission Maker. To hlektronikÏ tm†ma tou
pompo‘ apotele–tai apÏ Ënan PRBS generator, Ënan kwdikopoiht† NRZ, Ënan hlektrikÏ enisqut†,
Ëna qamhloperatÏ f–ltro pou prosomoi∏nei ton periorismÏ sto e‘roc z∏nhc sto k‘klwma od†gh-

shc kai ston optikÏ diamorfwt†. H tàxh PRBS pou qrhsimopoi†jhke †tan 27 � 1 me to qronikÏ

paràjuro na antistoiqo‘se se 2048 bits sta 100 Gb/s me thn akolouj–a na qwràei mËsa se autÏ to
qronikÏ paràjuro. To optikÏ tm†ma apotele–to apÏ mia d–odo lËizer sta 1553.4 nm Ënan diamor-
fwt†Mach-Zehnder kai tm†ma optik†c –nac SSMF me metablhtÏ m†koc, tim† qrwmatik†c diasporàc
16ps/nm/km, kl–sh kamp‘lhc diasporàc 0.08ps/nm2/km. H tim† tou e‘rouc z∏nhc tou f–ltrou

kajor–sthke sta 65 GHz, to V⇡ tou diamorfwt† sta 3.5 V, o lÏgoc sbËshc tou diamorfwt† sta
16 dB kai to diajËsimo plàtoc sto k‘klwma od†ghshc sta 2 Vpp. Ta s†mata aniqne‘ontai sthn

prosomo–wsh apÏ idanikÏ dËkth e‘rouc z∏nhc 70 GHz pou prosomoi∏jhke ep–shc me LPF kai den
qrhsimopoi†jhke optikÏc enisqut†c sthn diàtaxh kaj∏c prosomoi∏name Ëna unamplified direct
link Ïpwc autà pou upàrqoun entÏc twn upologistik∏n kËntrwn. Melet†jhkan oi timËc Q-factor,
lÏgoc sbËshc kai timing jitter gia apostàseic apÏ B2B mËqri 2000 m me diast†mata kàje 500 m
gia ta 80 kai ta 100 Gb/s. Kai stouc duo rujmo‘c to Q-factor kai o lÏgoc sbËshc meiwn∏tan
me auxanÏmenh thn apÏstash, en∏ h tim† tou timing jitter auxanÏtan. Sta 80 oi timËc Q-factor,
lÏgou sbËshc kai timing jitter gia thn B2B per–ptwsh †tan 23.3 dB, 13.3 dB, kai 0.6 ps, en∏ gia
ta 2000 m 15.8 dB, 8.2 dB kai 1.5 ps. Sta 100 oi timËc Q-factor, lÏgou sbËshc kai timing jitter
gia thn B2B per–ptwsh †tan 22.5 dB, 11.9 dB kai 0.6 ps, en∏ gia ta 2000 m 12.4 dB, 5.7 dB kai
2.0 ps.

Gia ton peiramatikÏ qarakthrismÏ tou pompo‘ 2 ⇥ 100 Gb/s anapt‘qjhke diàtaxh hlektronik†c
poluplex–ac sto qrÏno (ETDM). H diàtaxh trofodoto‘se kàje k‘klwma tou pompo‘ me duo
s†mata sta 50 Gb/s († 40 Gb/s) kai Ëna s†ma rologio‘ sta 50 GHz († 40 GHz). 'Ena s†ma sta
25 GHz apÏ genn†tria suqnot†twn qwr–zetai me duo diadoqiko‘c 3-dB splitters se tria mËrh, to
pr∏to pernàei apo frequency divider gia na gennhje– to 12.5 GHz s†ma pou odhge– ton PPG sta
12.5 Gb/s. To de‘tero mËroc kateuj‘netai ston dËkth, en∏ to tr–to qwr–zetai ek nËou se duo
sunist∏sec. H pr∏th odhge–tai proc ton 4:1 MUX, en∏ h de‘terh pernàei apÏ Ënan frequency
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doubler gia na genn†sei to 50 GHz rolÏi pou odhge– toucMUX kai DEMUX tou pompo‘ kai dËkth.
Katàllhloi phase shifters front–zoun oi fàseic twn shmàtwn dedomËnwn kai twn rologi∏n na e–nai
sugqronismËnec se ep–pedo bit. H exÏdoc tou PPG qwr–zetai se tËsseric sunist∏sec 12.5 Gb/s
kai me katàllhla m†kh kalwd–wn aposusqet–zontai kai poluplËkontai ston exwterikÏ MUX gia
na d∏sei ta duo s†mata 50 Gb/s. Ta duo 50 Gb/s s†mata akolo‘jwc qrhsimopoio‘ntai wc s†mata
eisÏdou ston eswterikÏ 2:1 MUX tou oloklhrwmËnou pompo‘. H tàxh thc akolouj–ac ston PPG
e–qe epileqje– na e–nai 27�1 kai diathro‘se thn tàxh thc metà apÏ Ïla ta stàdia poluplex–ac afo‘

oi drÏmoi aposusqËtishc e–qan epilege– katàllhla. Ta hlektrikà s†mata dedomËnwn pou genno‘se

h diàtaxh ETDM †tan pol‘ kal†c poiÏthtac me anoiqtà diagràmmata ofjalmo‘. Ta hlektrikà

s†mata rologio‘ e–qan ep–shc kal† poiÏthta, an kai h pr∏th armonik† tou frequency doubler
sta 25 GHz den e–qe katapieste– pl†rwc sto s†ma kai †tan emfan†c se metr†seic tou s†matoc
ston hlektrikÏ fasmatogràfo, parÏla autà den parathr†jhke upobàjmish thc leitourg–ac twn

poluplekt∏n.

Sthn Ëxodo tou pompo‘ to s†ma sta 1553.4 nm diad–detai dia mËsou SSMF me sunolikÏ m†koc
1625 m kai en suneqe–a enisq‘etai apÏ Ënan EDFA kai filtràretai apÏ Ëna OBPF. MËroc tou
100 († 80) Gb/s s†matoc aniqe‘etai apÏ mia 70 GHz fwtod–odo gia metr†seic eye-diagrams kai to
upÏloipo aniqne‘etai apÏ ena kanàli tou 4⇥100 Gb/s dËkth, to opo–o lambànei to optikÏ s†ma sta
100 Gb/s to metatrËpei se hlektrikÏ sth fwtod–odo. To k‘klwma twin-DEMUX apo-poluplËkei
to s†ma kai d–nei tic duo 50 Gb/s sunist∏sec tou, oi opo–ec sthn sunËqeia apopoluplËkontai
pereta–rw stic tËsseric 12.5 Gb/s sunist∏sec. O 2 ⇥ 100 Gb/s pompÏc kai o 4 ⇥ 100 dËkthc

qarakthr–sthkan statikà Ïson aforà tic sunart†seic metaforàc twn MZM kai tic apokr–seic twn

fwtodiÏdwn. Oi sunart†seic metaforàc twn MZM emfan–zoun lÏgouc sbËshc 16 dB kai 19.5 dB.
Ta mËgista twn duo kampul∏n br–skontai sto -9 dBm kai sto -8.5 dBm, mÏno 0.5 dB diaforà
pou epibebai∏nei kai to qamhlÏ imbalance tou MMI. Oi ap∏leiec isq‘oc mËsa ston pompÏ upolo-
g–sthkan 13 dB. Oi sunart†seic metaforàc diafËran elàqista lÏgw diaforàc jermokras–ac stouc
duo MZM kai kataskeuastik∏n anoq∏n, oi opo–oi paràgontec kajÏrizan elaq–stwc diaforetikà

shme–a leitourg–ac. Oi apokr–seic twn fwtodiÏdwn metr†jhkan 0.53, 0.49 kai 0.47 A/W gia tic

fwtodiÏdouc 2,3,4 ant–stoiqa, afo‘ h fwtod–odoc 1 e–qe prÏblhma.

Sta peiràmata metàdoshc pou pragmatopoi†jhkan, ta optikà fàsmata de–qnoun tic tupikËc ko-

rufËc (tÏnouc) sta 80 † 100 GHz ekatËrojen thc koruf†c tou optiko‘ fËrontoc. Ta s†mata
metadÏjhkan se mËgisth apÏstash 1625 m kai l†fjhkan eye-diagrams gia tic peript∏seic B2B,
500 m, 1000 m kai 1625 m kai apÏ touc duo MZM, ta opo–a de–qnoun thn Ïmoia leitourg–a twn dia-
morfwt∏n. 'Opwc e–nai logikÏ h poiÏthta tou s†matoc upobajm–zetai lÏgo qrwmatik†c diasporàc

stic megal‘terec apostàseic, kàti pou g–netai emfanËc apÏ to kle–simo tou eye diagram kai thn
emfànish overshoots sthn ànw stàjmh tou platoc tou s†matoc. H epide–nwsh e–nai mËtria sta 1000
m, Ïmwc g–netai drim‘terh sta 1625 m. Sta 80 Gb/s oi peiramatiko– lÏgoi sbËshc metr†jhkan
gia thn B2B per–ptwsh 10.9 dB (MZM1), 10.5 dB (MZM2) kai gia ta 1625 m 8.5 dB (MZM1
kai MZM2). Sta 100 Gb/s oi peiramatiko– lÏgoi sbËshc metr†jhkan gia thn B2B per–ptwsh 9.5
dB (MZM1), 9.6 dB (MZM2) kai gia ta 1625 m 7.5 dB (MZM1) kai 7.2 dB (MZM2). Ta okt∏
hlektrikà s†mata pou apokt†jhkan metà touc twin-DEMUX sta 40 kai 50 Gb/s e–qan anoiqtà
diagràmmata ofjalmo‘ kai metr†jhkan wc proc tic timËc ER (dB), jitter (rms), jitter p-p (ps),
rise time (ps), fall time (ps), eye S/N (dB), ER, eye width (ps), Vpp (mV), oi opo–ec †tan pa-
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rÏmoiec metax‘ twn sunistws∏n kàti pou faner∏nei thn kal† apÏdosh Ïlwn twn kanali∏n. Kàje

Ëna apÏ ta okt∏ hlektrikà s†mata sth sunËqeia pernàei apÏ Ëna akÏma stàdio apopoluplex–ac

apÏ ton exwterikÏ 1:4 DEMUX, kai oi sunist∏sec sta 10 kai 12.5 Gb/s axiologo‘ntai wc proc
ton rujmÏ laj∏n BER. El†fjhsan kamp‘lec BER gia kàje sunduasmÏ MZM diamorfwt† kai
kanalio‘ fwtodiÏdou (sunolikà Ëxi sunduasmo–). Gia ta 80 Gb/s kai gia Ïlouc touc sunduasmo‘c
MZM kai kanalio‘ dËkth oi kamp‘lec mporo‘n na ftàsoun ep–peda BER mËqri 10�10. Gia ta 1625

m oi kamp‘lec arq–zoun na emfan–zoun error floor to opo–o e–nai qamhlÏtero apÏ 10�8. Gia ta

100 Gb/s se Ïlec tic peript∏seic oi epite‘ximec timËc BER gia tic B2B e–nai qamhlÏterec apÏ
10�8, kuma–nontai apÏ 61̇0�8 Ëwc 91̇0�9 kai paramËnoun qamhlÏterec apÏ 10�7 gia apostàseic

metàdoshc mËqri 1000 m. Sta 1625 m h ep–drash thc qrwmatik†c diasporàc e–nai shmantik† kai
odhge– se BER 10�5, pou epitrËpei axiÏpisth metàdosh qrhsimopoi∏ntac FEC k∏dikec. O pompÏc
leito‘rghse sunolikà gia per–pou 75 ∏rec sunolikà, qwr–c na parousiasto‘n probl†mata sthn

apÏdosh kai thn axiopist–a thc suskeu†c.

Anàlush tou proÙpologismo‘ thc optik†c isq‘oc de–qnei Ïti oi ap∏leiec ofe–lontai kur–wc stic

eggene–c ap∏leiec tou pompo‘ (13 dB). Ep–shc to plàtoc od†ghshc tou pompo‘ †tan qamhlÏtero
apÏ to apaito‘meno kàti pou suneisËfere stic ap∏leiec. Gia autÏn ton skopÏ melet†jhke h

exàrthsh twn apwlei∏n diamÏrfwshc se sqËsh me to diajËsimo plàtoc od†ghshc kai to shme–o

pÏlwshc tou MZM. Ean to shme–o pÏlwshc Ëqei epilege– swstà ∏ste na megistopoie– to ER, oi
ap∏leiec pou metr†jhkan antistoiqo‘n se plàtoc od†ghshc qamhlÏtero apÏ 2 V. To qamhlÏtero
plàtoc od†shc ofe–letai se ap∏leiec sthn hlektrik† s‘ndesh MZM kai eswteriko‘ MUX-DRV
kukl∏matoc. H qamhl† optik† isq‘c exÏdou tou pompo‘ enisq‘jhke me thn qr†sh optiko‘ enisqut†

EDFA gia na ftàsei thn tim† thc euaiasjhs–ac tou dËkth. H qr†sh optiko‘ enisqut† mpore– na
exalhfje– an beltiwjo‘n kai pompÏc kai dËkthc. Sthn merià tou pompo‘ an auxhje– h optik† isq‘c

exÏdou tou lËizer, meiwjo‘n oi ap∏leiec thc suskeu†c kai meiwjo‘n oi ap∏leiec diamÏrfwshc apÏ

thn belt–wsh thc hlektrik†c s‘ndeshc, sthn merià tou dËkth apÏ thn belt–wsh thc euaisjhs–ac

tou dËkth. Oi betli∏seic autËc mporo‘n na odhg†soun sthn kàluyh thc diaforàc optik†c isq‘oc.

Oi belti∏seic autËc ja Ëqoun sqetikà mikrÏ ant–ktupo sthn katanàlwsh tou pompo‘ pou ja e–nai

11.2 W († 56 mW/Gbps) plËon. Sthn merià tou dËkth h katanàlwsh isq‘oc ja auxhje– katà
2.4 W epiplËon gia touc tËsseric TWA me sunolik† katanàlwsh 7.9 W († 19.75 mW/Gbps).
Gia to sunolikÏ s‘sthma metàdoshc pompo‘ - dËkth qwr–c en–sqush h sunolik† katanàlwsh e–nai

75.75 mW/Gbps. H sugkekrimËnh katanàlwsh e–nai uyhlÏterh apÏ tic timËc pou d–noun emporikà
diajËsimoi pompodËktec, parÏla autà e–nai thc –diac tàxhc megËjouc kai mpore– na beltiwje–. O

pompÏc mpore– e‘kola na klimakwje– gia leitourg–a sta 4 ⇥ 100 Gb/s gia to prÏtupo 400 GbE
qrhsimopoi∏ntac sustoiq–a 4 MZM diamorfwt∏n kai katàllhlou interposer.

Krat∏ntac ta basikà stoiqe–a tou pompo‘ kai allàzontac thn phg† lËizer apÏ Ëna DFB sta-
jero‘ m†kouc k‘matoc me ena lËizer exwterik†c koilÏthtac, ulopoi†jhke pompÏc me dunatÏthta

metabol†c touc m†kouc k‘matoc pou mpore– na qrhsimopoihje– mellontikà se d–kuta metagwg†c

kukl∏matoc (OCS). Gia pr∏th forà ston sugkekrimËno pompÏ epite‘qjh ubridik† olokl†rwsh
triwn diaforetik∏n teqnologi∏n fwtonik∏n kuklwmàtwn Ïpwc to InP, PolyBoard, E-O polymer.
O pompÏc leitourge– me sq†ma diamÏrfwshc OOK kai sund‘azei ta epijumhtà qarakthristikà twn

teqnologi∏n Ïpwc thn euelix–a thc pajhtik†c platfÏrmac PolyBoard, to uyhlÏ e‘roc z∏nhc thc
E-O polumerik†c platfÏrmac kai ta pol‘ gr†gora hlektronikà kukl∏mata InP-DHBT.
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Ta sustatikà mËrh tou pompo‘ e–nai o E-O polumerikÏc MZM, to k‘klwma InP-DHBT MUX kai
to lËizer exwterik†c koilÏthtac. To teleuta–o ulopoi†jhke sunduàzontac ubridikà Ëna InP gain
chip maz– me Ëna fràgma per–jlashc Bragg oloklhrwmËno sthn pajhtik† polumerik† teqnolog–a
PolyBoard. To optikÏ mËroc tou pompo‘ metablhto‘c m†kouc k‘matoc bas–zetai ston sunduasmÏ
enÏc pajhtiko‘ polumeriko‘ tsip kai enÏc E-O polumeriko‘ tsip. To E-O oloklhr∏nei monolijikà

Ënan MZM me 65 GHz e‘roc z∏nhc, to pajhtikÏ polumerikÏ tsip oloklhr∏nei Ëna perijlastikÏ
fràgma Bragg kai d–nei th dunatÏthta gia thn ubridik† olokl†rwsh tou stoiqe–ou kËrdouc, ton
Ëlegqo thc polwtik†c katàstashc kai thn ubridik† olokl†rwsh me to E-O tsip. Eidikà h du-

natÏthta gia Ëlegqo thc pÏlwshc pànw sto tsip den e–nai dunatÏ na pragmatopoihje– sthn E-O

platfÏrma lÏgw thc sqetikà mikr†c anoq†c sthn uyhl† jermÏthta pou apaite– to BG, en∏ h pa-
jhtik† Ëqei kal‘terh apÏdosh Ïson aforà thn jermo-optik† r‘jmish tou BG, stajerÏthta sto
qrÏno kai Ëlegqo thc polwtik†c katàstashc.

To pajhtikÏ polumerËc parËqei monorujmiko‘c kumatodhgo‘c me ap∏leiec diàdwshc 0.5 dB/cm
kai jermo-optikÏ suntelest† �21̇0�4 � C�1 sta 1550 nm kai mporo‘n na oloklhrwjo‘n ubridikà
plhj∏ra pajhtik∏n dom∏n. H E-O platfÏrma apÏ thn àllh merià e–nai monorujmik† me dunatÏthta

gia monolijik† olokl†rwsh diamorfwt∏n MZM me megàlo e‘roc z∏nhc 65 GHz. Sthn paro‘sa
diatrib† sqediàsthkan kai kataskeuàsthkan gia pr∏th forà pajhtikËc domËc Ïpwc 1:2 kai 1:4

MMI kai perijlastikà fràgmata Bragg sthn platfÏrma. Oi ap∏leiec diàdoshc e–nai > 1dB/cm

sta sta 1550 nm. H pajhtik† dom† bas–zetai se Ënan channel kumatodhgÏ diastàsewn 3.2 um
x 3.2 um me polu mikr† exàrthsh apÏ thn pÏlwsh. To hlektrÏdio gia jermo-optik† r‘jmish
topojete–tai e–te pànw apÏ thn dom† e–te plài † kàtw. To E-O polumerËc Ëqei pio s‘njeth diatom†

kai bas–zetai se Ënan ridge kumatodhgÏ me tria str∏mata polumero‘c. H dom† emfan–zei energÏ
de–kth diàjlashc 1.660 gia ton TM rujmÏ en∏ oi diastàseic tou e–nai 2.8 um x 4.6 um sthn kàjeth
kai orizÏntia die‘junsh ant–qtoiqa. O E-O suntelest†c tou uliko‘ e–nai 86 pm/V sta 1550 nm
kai epitrËpei thn apodotik† diamÏrfwsh tou TM diadidÏmenou fwtÏc. To hlektrÏdio ode‘ontoc

k‘matoc topojete–tai mÏno stic energËc perioqËc twn MZM. H koin† bàsh tou uliko‘ twn duo

platform∏n tic kànei sumbatËc gia thn fusik† olokl†rwsh touc se Ëna ubridikà oloklhrwmËno

s‘sthma.

Oi kumatodhgo– twn duo platform∏n mporo‘n na suzeuqjo‘n apodotikà me ap∏leia mÏlic 0.6 dB
me qr†sh taper plàtouc 4.7 um sthn pajhtik† platfÏrma. Apokl–seic mËqri kai ±0.5um d–noun

ap∏leiec mrikrÏterec apÏ 1 dB. H E-O platfÏrma Ëqei epijumhtà qarakthristikà gia efarmogËc
diamorfwt∏n, allà sqediàsthkan kai kataskeuàsthkan domËc 1:2 kai 1:4 MMI, sumbolÏmetra

kajustËrhshc kai perijlastikà fràgmata Bragg. Oi grammËc kajustËrhshc DI sqediàsthkan san
unbalanced MZ sumbolÏmetra, pou ektÏc apÏ f–ltra mporo‘n na epitelËsoun kai àllec leitourg–ec
Ïpwc apokwdikopo–hsh PSK shmàtwn. Kataskeuàsthkan grammËc kajustËrhshc me 160 kai 200
GHz ele‘jerh fasmatik† perioq†. HlektrÏdia pànw apo touc kumatodhgo‘c mporo‘n na rujm–soun
th fàsh. Oi grammËc kajustËrhshc qarakthr–sthkan kai epibebai∏jhke h kal† leitourg–a touc .

Gia thn ol–sjhsh fàshc katà p, apait†jhke re‘ma 85 mA. To m†koc tou 160 GHz DI e–nai 12.95
mm, oi eggene–c ap∏leiec < 6dB, oi ap∏leiec lÏgw pÏlwshc < 0.3dB kai to ER > 17dB.

Ep–shc sqediàsthkan kai kataskeuàsthkan fràgmata per–jlashc Bragg sthn E-O platfÏrma gia
na leitourg†soun wc o hmiperatÏc kajrËpthc thc exwterik†c koilÏthtac lËizer. Gia na mporo‘n

na kataskeuasto‘n oi domËc lÏgw lijograf–ac, sqediàsthkan domËc 5hc tàxhc. Gia na epiteuqje–



182 KEFALAIO 5

�Bragg sta 1550 nm h per–odoc epilËqjhke sta 2.366 um en∏ o arijmÏc twn periÏdwn kai to mËge-
joc thc diataraq†c metaballÏtan o‘twc ∏ste na epiteuqje– uyhl† anaklastikÏthta krat∏ntac to

m†koc thc dom†c se logikËc timËc. HlektrÏdia apÏ qrusÏ topojet†jhkan pànw apÏ tic domËc kai

katà m†koc touc ∏ste na mporo‘n na metabàlloun to �Bragg mËsw tou jermo-optiko‘ fainomËnou

sto polumerËc ulikÏ. Gia fràgma per–jlashc Bragg 5hc tàxhc, me per–odo P=2.366 um, arijmÏ
periÏdwn N=1000, plàtoc diataraq†c W2 = 6.3 um pou kataskeuàsthke, Ëdwse plàtoc sunto-
nismo‘ 2.5 dB sthn sunàrthsh metaforàc tou, pou antistoiqe– se per–pou 40% anaklastikÏthta
kai epitrËpei thn dhmiourg–a kai diat†rhsh tou fainomËnou lasing se tupikËc koilÏthtec lËizer.

Sta pla–sia thc diatrib†c sqediàsthkan kai prosomoi∏jhke h leitourg–a fragmàtwn per–jlashc

Bragg 3hc kai 5hc tàxhc sth E-O polumerik† platfÏrma. H megal‘terh perijlastik† tàxh epi-
trËpei thn pio e‘kolh kataskeu† twn diataraq∏n afo‘ Ëqoun megal‘terec diastàseic. Oi domËc

prosomoi∏jhkan me logismikÏ pou ulopoie– tic mejÏdouc EigenMode Expansion kai Rigorous
Coupled Mode Theory. Sumperasmatikà h melËth Ëdeixe Ïti to plàtoc tou suntonismo‘ auxànei
me ton arimÏ twn periÏdwn. Sunolikà kataskeuàsthkan se tsip pànw apÏ 500 domËc 3hc kai 5hc

tàxhc. Gia thn 3hc tàxhc oi domËc e–qan per–odo 1.406 Ëwc 1.42 me aulak∏seic 4.8, 5.3, 5.8, 6.3

um kai arijmÏ periÏdwn apÏ 100 Ëwc 1000. Gia thn 5hc tàxhc oi domËc e–qan per–odo apÏ 2.32 Ëwc
2.366 me aulak∏seic 1.8, 2.3, 2.8, 3.3, 3.8, 4.3, 4.8, 5.3, 5.8, 6.3 um kai arijmÏ periÏdwn apÏ 100
Ëwc 1000.

Metà thn kataskeu† touc oi domËc qarakthr–sthkan deigmatolhptikà me sweeping laser wc proc
tic ap∏leiec kumatod†ghshc kai thn apÏkrish tou Bragg grating. Oi domËc me tàxh per–jlashc 3
kaj∏c kai domËc me mËgejoc diataraq†c mikrÏtero apÏ 4.8 um (kai gia tic duo tàxeic) den e–qan
ikanopoihtik† apÏdosh kai oi prospàjeiec epikentr∏jhkan ston qarakthrismÏ twn upolo–pwn. Gia

per–odo 2.343 um kai auxanÏmeno arijmÏ periÏdwn, auxànei to plàtoc thc sunàrthshc metaforàc
tou f–ltrou. H strËyh thc polwtik†c katàstashc tou fwtÏc se nËa die‘junsh (Ïqi gnwst†)

odhge– sthn metatÏpish tou m†kouc k‘matoc suntonismo‘ tou Bragg grating kai ofe–letai sthn
allag† tou energo‘ de–kth diàjlashc neff tou rujmo‘ diàdoshc lÏgw diplojlastikÏthtac kai àra

kai tou �Bragg.

Oi domËc pou brËjhkan na apod–doun kal‘tera epilËqjhkan na oloklhrwjo‘n me to InP gain chip
kai na sqhmat–soun to lËizer exwterik†c koilÏthtac. LÏgw tou periorismËnou arijmo‘ gain chip,
h dom† pou epilËqjhke †tan 5hc tàxhc me periÏdo L=2.366, N=1000 pou d–nei suntonismÏ sta

1574.3 nm. To gain chip Ëqei mia mÏno pl†rwc anaklastik† epifàneia sthn p–sw merià tou, en∏
h mprostin† koll†jhke sthn àkrh tou polumeriko‘ tsip. To Bragg grating me anaklastikÏthta
40 % leitourge– wc h de‘terh hmi-anaklastik† epifàneia gia thn pragmatopo–hsh thc exwterik†c

koilÏthtac lËizer pou ekte–netai sto InP kai sto polumerikÏ tm†ma. Oi ap∏leiec s‘zeuxhc metax‘
InP gain chip kai E-O polumeriko‘ tsip e–nai per–pou 2 dB lÏgw diaforàc twn prof–l twn kuma-
todhgo‘menwn rujm∏n. To gain chip mpore– na antistajm–sei autËc tic ap∏leiec kai na paràsqei
kajarÏ kËrdoc mËsa sthn koilÏthta. To m†koc k‘matoc ekpomp†c mpore– na kumanje– se e‘roc

17 nm metabàllontac me jermikÏ trÏpo to m†koc k‘matoc suntonismo‘ tou BG. O jermo-optikÏc
suntelest†c tou E-O polumero‘c e–nai �1.410�4 � C�1, en∏ h jermik† isq‘c pou apaite–tai gia na

kal‘yei ta 17 nm e–nai 800 mW. Beltistopo–hsh tou hlektrod–ou mpore– na odhg†sei se me–wsh
thc katanàlwshc sto misÏ. To linewidth tou lËizer metr†jhke me omÏdunh kai eterÏdunh mËjodo
kai brËjhke qamhlÏtero apÏ 1.5 MHz mËsa sto dunatÏ e‘roc mhk∏n kumàtwn. H tim† aut† mpore–
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na beltiwje– mei∏nontac th fasmatik† gramm† tou Bragg grating kai tic ap∏leiec s‘zeuxhc InP
gain chip kai E-O polumeriko‘ tsip. To optikÏ s†ma apÏ to sugkekrimËno lËizer exwterik†c
koilÏthtac diamorf∏jhke katà plàtoc se diàfora m†kh k‘matoc, sta 40 Gbps apÏ MZM kai su-
gkr–jhke me to diamorfwmËno cw enÏc tupiko‘ DFB lËizer sta –dia m†kh k‘matoc. Metr†seic
rujmo‘ sfalmàtwn wc proc thn lambanÏmenh isq‘ sto dËkth Ëdeixe power penalty ligÏtero apÏ
0.5 dB.

Gia thn sunarmog† tou pompo‘ den qrhsimopoi†jhke to lËizer exwterik†c koilÏthtac pou e–qe ka-

taskeuaste– me to EO polumerikÏ tsip, allà Ëna lËizer exwterik†c koilÏthtac basismËno se pajh-

tikÏ polumerikÏ tsip. O lÏgoc †tan pwc ta Bragg grating pou e–qan sqediaste– na oloklhrwjo‘n
monolijikà me touc MZM sthn EO platfÏrma den parous–azan thn epijumht† anaklastikÏthta

kai sunep∏c den †tan dunat† h leitourg–a lasing sthn koilÏthta. MemonomËna EO polumerikà tsip
me epijumhtà qarakthristikà den †tan diajËsima kaj∏c e–qan katastrafe– sthn diadikas–a qara-

kthrismo‘ kai ep–shc ta tsip den e–qan kataskeuaste– stic katàllhlec diastàseic gia thn ubridik†

olokl†rwsh touc me àllo tsip. Sunep∏c oloklhr∏jhke ubridikà me touc EO MZM diamorfwtËc

Ëna lËizer exwterik†c koilÏthtac basismËno sthn pajhtik† polumerik† platfÏrma.

To lËizer autÏ apotele–to apÏ Ëna gain chip pou exËpempe se rujmo TE, kai suzeugnuÏtan me to
pajhtikÏ polumerikÏ tsip pou olokl†rwne Ëna Bragg grating, to opo–o e–qe sqediaste– san side
grating me m†koc periÏdou 1.6 um kai fill-factor 50%. To 'Ena polwtikÏ f–ltro half-wave plate
sthn Ëxodo tou Bragg grating Ëstrefe thn pÏlwsh se TM gia na mpore– na diamorfwje– apÏ ton
MZM. O suntonismÏc thc sunàrthshc metaforàc tou anakl∏menou s†matoc mpore– na metablhje–

se e‘roc 22 nm apÏ ta 1544 Ëwc ta 1566 nm me jermo-optikÏ trÏpo. Me 120 mA re‘ma Ëgqushc
sto gain chip to lËizer d–nei cw me optik† isq‘ 3 dBm kai SMSR > 40dB. To linewidth e–nai thc
tàxhc twn 300 kHz. To polwtikÏ f–ltro †tan thc morf†c thin-flim element pou topojet†jhke
mËsa se mia lept† sqism† per–pou 50 um sto polumerikÏ tsip. SugkrinÏmeno me thn mËjodo thc
strËyhc thc diÏdou lËizer pou qrhsimopoi†jhke ston 2⇥100 Gb/s pompÏ, h qr†sh tou polwtiko‘
f–ltrou Ëqei to pleonËkthma thc aplo‘sterhc diadikas–ac sunarmog†c, kaj∏c h d–odoc prËpei na

trofodote–tai me re‘ma katà thn s‘zuxh kai den e–nai e‘kolo Ïtan e–nai strammËnh. Ep–shc h

qr†sh tou f–ltrou e–nai sumbat† me autÏmata ergale–a pick-and-place. O lÏgoc sbËshc twn duo
polwtik∏n katastàsewn pou epitugqànei to f–ltro e–nai 15 dB.

Sthn Ëxodo tou polumeriko‘ tsip, o TM rujmÏc suzeugn‘etai sto EO polumerikÏ tsip kai diamor-

f∏netai apÏ ton MZM pou qreiàzetai per–pou 3.5 V gia single-ended leitourg–a. Ta apaito‘mena
hlektrikà s†mata ston MUX-DRV tou pompo‘ e–nai Ïpwc prin, duo s†mata dedomËnwn sta 50
Gb/s kai Ëna s†ma rologio‘ sta 50 GHz. Metà ton MUX-DRV qrhsimopoie–tai DC-block gia
afa–resh thc DC sunist∏sac. 'Ola ta exart†mata tou pompo‘ kai to optikÏ upos‘nolo topo-
jet†jhkan se uposthr–gmata apÏ CuW maz– me jermo-hlektrikÏ stoiqe–o gia y‘xh kai metà se

kout– Kovar. Sthn Ëxodo tou MZM polumeriko‘ tsip qrhsimopoi†jhke fakoeid†c optik† –na gia
qamhlÏterec ap∏leiec. H optik† isq‘c sthn Ëxodo tou diamorfwt† e–nai -9.5 dBm en∏ sthn Ëxodo
tou Bragg grating e–nai +3.5 dBm, sunep∏c upàrqoun 12.5 dB ap∏leiec. H tim† aut† perilambànei
ap∏leiec diàdoshc sto pajhtikÏ kai sto EO polumerikÏ tsip kai thn fakoeid† –na. H katanàlwsh

isq‘oc thc suskeu†c upolog–zetai per–pou sta 7.2W, me ton MUX-DRV kai to stoiqe–o TEC na
suneisfËroun to megal‘tero mËroc, 3.8 W kai 3 W ant–stoiqa.

O pompÏc metablhto‘ m†kouc k‘matoc axiolog†jhke mËsa apÏ peiramatikËc metr†seic gia ta sta-
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tikà qarakthristikà tou kai mËsa apÏ peiràmata metàdoshc apÏ SMF –na qrhsimopoiÏntac mia
s‘njeth peiramatik† diàtaxh pou prosomo–wne thn leitourg–a tou pompo‘ mËsa se Ëna Optical
Circuit Switched d–ktuo topolog–ac daktul–ou.

H basik† peiramatik† diàtaxh gia thn gËnnhsh twn shmàtwn kai rologi∏n uyhl†c taq‘thtac gia

thn od†ghsh tou pompo‘ bas–zetai sto k‘klwma hlektronik†c poluplex–ac me bulk exart†mata
pou dËqetai 4 s†mata sta 12.5 († 10) Gb/s, ta poluplËkei, kai d–nei duo s†mata sta 50 († 40)
Gb/s maz– me ta ant–stoiqa rolÏgia ston eswterikÏ MUX-DRV thc suskeu†c. H PRBS pou
qrhsimopoi†jhke †tan 7hc tàxhc kai qrhsimopoi†jhkan oi katàllhlec kajuster†seic sta s†mata

apÏ ton PPG gia thn aposusqËtish twn sunistws∏n. Dokimàsthkan kai àllec tàxeic PRBS Ïpwc
11, 15 kai 31 qwr–c na parathre–tai kàpoia ousi∏dhc allag† sta diagràmmata ofjalmo‘ † stic

metr†seic BER. Ston telikÏ rujmÏ h tàxh thc PRBS den diathre–tai, allà mpore– na upologiste–
me akr–beia h telik† akolouj–a dif‘wn efÏson e–nai gnwstËc oi kajuster†seic twn duo stad–wn

poluplex–ac.

To optikÏ s†ma sthn Ëxodo tou pompo‘ enisq‘etai apÏ EDFA, metad–detai mËsa apÏ SMF m†kouc
1625m kai pernàei mËsa apÏ OBPF prin katal†xei sta metrhtikà Ïrgana. MËroc tou s†matoc
aniqne‘etai apÏ fwtod–odo me e‘roc z∏nhc 70 GHz gia metr†seic diagrammàtwn ofjalmo‘, en∏ to
upÏloipo katal†gei se Ëna kanàli tou 4⇥ 100 Gb/s dËkth. To k‘klwma diplo‘ DEMUX dËqetai
to hlektrikÏ s†ma apÏ thn fwtod–odo kai d–nei thn 50 Gb/s sunist∏sa pou e–nai sugqrinismËnh
me to 50 GHz s†ma rologio‘. H sunist∏sa apopoluplËketai pereta–rw apÏ ton 1:4 exwterikÏ
apopoluplËkth kai oi telikËc sunist∏sec sta 12.5 Gb/s axiologo‘ntai wc proc to BER touc.

Oi basikËc statikËc metr†seic pou Ëginan ston pompÏ aforo‘san tic statikËc sunart†seic meta-

foràc tou MZM se tr–a endeiktikà m†kh k‘matoc 1544.53, 1553.33, 1565.50 nm pou d–noun thn
optik† isq‘ exÏdou tou adiamÏrfwtou s†matoc sunart†sei tou re‘matoc pou diarrËei tou thermal
phase shifters. Oi treic kamp‘lec pou apokt†jhkan Ëqoun optikÏ lÏgo sbËshc per–pou 16 dB kai
mËgisth optik† isq‘ exÏdou kontà sta -9.5 dBm. Ep–shc metr†jhke o lÏgoc sbËshc kai h optik†
isq‘c exÏdou gia Ëna s‘nolo mhk∏n kumàtwn pou antistoiqo‘n sto plËgma ITU apÏ 1544 - 1566
nm, krat∏ntac to re‘ma thc diÏdou lËizer stajerÏ sta 120 mA kai thn jermokras–a thc suskeu†c
stouc 23 bajmo‘c kels–ou. H diak‘mansh sto lÏgo sbËshc metr†jhke 0.50 dB en∏ sthn optik†
isq‘ 0.25 dB. To m†koc k‘matoc ekpomp†c ja mporo‘se na rujmiste– qamhlÏtera apÏ ta 1544
nm, an mporo‘se na auxhje– h isq‘c sto hlektrÏdio tou phase shifter3, kai na epiteuqje– e‘roc
r‘jmishc megal‘tero apÏ 30 nm.

Sthn –dia perioq† leitourg–ac 1544 - 1566 nm apokt†jhkan ta fàsmata twn diamorfwmËnwn katà
OOK shmàtwn sta 100 Gb/s sthn Ëxodo thc suskeu†c, sta opo–a fa–nontai xekàjara oi armo-
nikËc se apÏstash 100 GHz amfiple‘rwc tou fËrontoc s†matoc. Pragmatopoi†jhkan peiràmata
metàdoshc sta 80 kai 100 Gb/s dia mËsou SMF –nac se apÏstash 1625 m. Ep–shc apokt†jhkan
ta diagràmmata ofjalmo‘ sta 1544.53, 1553.33 kai 1565.50 nm se B2B s‘ndesh tou pompo‘ kai
dËkth, allà kai metà apÏ metàdosh 500, 1000, kai 1625m optik†c –nac. Kai gia ta tr–a m†kh
k‘matoc leirourg–ac tou pompo‘ ta diagràmata ofjalmo‘ parousiàzoun Ïmoia sumperiforà kai h

poiÏthta touc e–nai kal† mËqri ta 500 m. Metà ta 1000 m parousiàzoun tic uperbàseic sto plàtoc
tou shme–ou 1 san apotËlesma thc qrwmatik†c diasporàc. Sta 1625 m ta diagràmmata ofjalmo‘

3
Upenjum–zoume Ïti lÏgo tou arnhtiko‘ jermo-optiko‘ suntelest† tou polumero‘c sthn platfÏrma PolyBoard,

Ïtan auxànetai h jermokras–a tou uliko‘, h metabol† ston de–kth diàjlashc Ëqei san apotËlesma to perijlastikÏ

fràgma Bragg na sunton–zei se mikrÏtera m†kh k‘matoc
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kle–noun kai h poiÏthta upobajm–zetai shmantikà.

H axiolÏghsh thc ep–doshc metàdoshc tou pompo‘ sta 80 kai 100 Gb/s pragmatopoi†jhke me ton
4⇥100 Gb/s dËkth lambànontac tic metr†seic BER gia ta 1544.53, 1553.33 kai 1565.50 nm kai gia
apostàseic Ëwc 1625m. Kàje mia apÏ tic kamp‘lec BER pou parousiàsthkan sto kefàlaio 4 sthn
ant–stoiqh upoenÏthta antistoiqe– sthn qeirÏterh apÏ tic oqt∏ apopoluplegmËnec sunist∏sec tou

lhfjËntoc s†matoc sta 10 † 12.5 Gb/s. Ta kuriÏtera sumperàsmata e–nai (a) h epibeba–wsh thc
omoiÏmorfhc leitourg–ac tou pompo‘ sto e‘roc twn 22 nm, (b) h ep–teuxh tim†c BER qamhlÏterhc
apÏ 10�10 sta 80 Gb/s gia Ïlec tic apostàseic, (g) h ep–teuxh tim†c BER qamhlÏterhc apÏ 10�9

sta 100 Gb/s gia B2B kai 500 m, (d) h ep–teuxh tim†c BER qamhlÏterhc apÏ 10�9 sta 100 Gb/s
mËqri 1000 m, (e) h ep–teuxh tim†c BER kontà sto 11̇0�7 sta 100 Gb/s mËqri ta 1625 m, h opo–a
an kai Ïqi alànjasth, paramËnei shmatnikà qamhlÏterh apÏ to FEC limit. H qr†sh FEC ja
apaito‘se Ëna overhead sto rujmÏ leitourg–ac per–pou 7%, kai àra leitourg–a sta 107 Gb/s, h
opo–a den †tan dunatÏ na epiteuqje– lÏgw periorism∏n sto mËgisto rujmÏ leitourg–ac tou PPG
kai tou BER tester. To k‘klwma MUX-DRV tou pompo‘ Ëqei elegqje– peiramatikà mËqri ta 111
Gb/s, Ïpwc ep–shc Ëqei metrhje– to 3-dB e‘roc z∏nhc tou EO polumeriko‘ MZM sta 65 GHz kai
to 7-dB sta 110 GHz. Ta stoiqe–a autà apodeikn‘oun Ïti h leitourg–a tou pompo‘ se rujmo‘c
pànw apÏ 100 Gb/s e–nai dunat†.

To teleuta–o skËloc thc peiramatik†c axiolÏghshc aforà thn leitourg–a tou pompo‘ se Ëna diktua-

kÏ senàrio kai sugkekrimËna se Ëna ring-based OCS, to opo–o epitrËpei thn euËlikth dias‘ndesh
twn DC pods. H peiramatik† diàtaxh fa–netai sthn ant–stoiqh upoenÏthta tou kefala–ou 4. Kàje
pod antiproswpe‘ei Ëna megàlo set apÏ upologistiko‘c kai diktuako‘c pÏrouc Ïpwc servers,
monàdec apoj†keushc, diakÏptec, ta opo–a organ∏nontai bàsh kàpoiac topolog–ac p.q. fat-tree,
leaf-spine ktl, kai ant–stoiqhc ierarq–ac metagwg†c (switching hierarchy). Sthn koruf† thc ierar-
q–ac br–skontai megàlhc qwrhtikÏthtac diakÏptec pou e–nai exoplismËnoi me optikËc diasundËseic

twn 40 kai 100 Gb/s. AutËc oi diasundËseic br–skontai stouc diakÏptec pou br–skontai sthn ko-
ruf† thc ierarq–ac mËsa se kàje pod. Oi kÏmboi bas–zontai sthn qr†sh WSS pou epitrËpoun thn
prosj†kh kai afa–resh optik∏n kanali∏n apÏ toWDM s†ma pou metad–detai mËsa ston dakt‘lio
kai metafËrei tic optikËc roËc metax‘ twn diakopt∏n. O arijmÏc twn kÏmbwn kai h apÏstash

metax‘ touc e–nai sqediastikËc paràmetroi kai exart∏ntai apÏ tic fusikËc paramËtrouc tou DC
kai thn k–nhsh dedomËnwn. Gia to pe–rama jewr†jhke Ïti kàje kÏmboc sundËetai me parake–menouc

me tm†mata SMF –nac m†kouc 500 m kai jewr†jhke melËth mËrouc tou dikt‘ou me treic kÏmbouc.
Melet†jhke senàrio me tria stigmiÏtupa.

Sto pr∏to stigmiÏtupo, to 100 Gb/s s†ma apÏ ton pompÏ metablhto‘ m†kouc ston kÏmbo 1
ekpËmpetai sto l1, enisq‘etai kai poluplËketai apÏ to WSS exÏdou me s†mata sta 40 Gb/s pou
proËrqontai apÏ touc prohgo‘menouc kÏmbouc kai apËqoun fasmatikà 200 GHz sta l2 - l5. Metà
apÏ 500 m to l1 afaire–tai ston kÏmbo 2 apÏ to WSS eisÏdou kai aniqne‘etai. Sto de‘tero
stigmiÏtupo, to 40 Gb/s s†ma pou †tan sto l2 br–sketai gia kàpoio lÏgo sto l1 anagkàzontac to
100 Gb/s s†ma na metablhje– se àllo m†koc k‘matoc, l6, gia na epiluje– h s‘gkroush. To 100
Gb/s s†ma afaire–tai ep–shc ston kÏmbo 2 kai aniqne‘etai. Sto tr–to stigmiÏtupo, to 100 Gb/s
s†ma e–nai pàli sto l6 gia na epil‘sei th s‘gkroush allà Ëqei diaforetikÏ proorismÏ. To s†ma

pernàei apÏ ton kÏmbo 2 maz– me ta l1 kai l3 kai telikà afaire–tai ston kÏmbo 3 metà apÏ diàdosh

se 1000 m –nac kai tessàrwn memonomËnwnWSS. Se aut†n thn pËriptwsh qrhsimopoi†jhke o 100
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Gb/s pompÏc ston kÏmbo 1 kai apÏ Ëna kanàli tou 4 ⇥ 100 Gb/s dËkth stouc kÏmbouc 2 kai 3.
Ep–shc qrhsimopoi†jhke Ëna 1⇥9 flexible-grid WSS sthn Ëxodo tou kÏmbou 1, Ëna 1⇥4 fixed-grid
WSS san WSS eisÏdou ston kÏmbo 2, kai duo metablhtà OBPF gia na prosomoi∏soun ta WSS
exÏdou ston kÏmbo 2 kai eisÏdou ston kÏmbo 3. To e‘roc z∏nhc sta WSS †tan 300 GHz en∏
sta OBPF †tan 250 GHz. Gia Ïla ta stigmiÏtupa tou senar–ou apokt†jhkan optikà fàsmata. H
parous–a mikr∏n koruf∏n d–pla apÏ ta meleto‘mena s†mata, ofe–lontai se Ënan pleurikÏ rujmÏ

tou pompo‘ pou epËzhse apÏ to filtràrisma.

Ta diagràmmata ofjalmo‘ tou 100 Gb/s s†matoc pou apokt†jhkan ston kombo 2 gia m†kh k‘matoc
l1 kai l6, kaj∏c kai ston kÏmbo 3 gia m†koc k‘matoc l6, pou aforo‘n metàdosh se 500 m e–nai
pol‘ kal†c poiÏthtac kai anoiqtà. Metr†seic BER apokt†jhkan gia to 100 Gb/s s†ma sto l1 gia
B2B kai 500 m, kai gia to l6 gia B2B, 500 kai 1000 m. Sta 1000 m to pËnaltu isq‘oc se s‘gkrish
me thn B2B per–ptwsh †tan ligÏtero apÏ 2 dB. Ta apotelËsmata de–qnoun Ïti h qr†sh optik∏n
enisqut∏n EDFA kai optik∏n f–ltrwn den upobajm–zoun shmantikà thn apÏdosh tou pompo‘ sthn
metàdosh plhrofor–ac. H r‘jmish tou m†kouc k‘matoc tou pompo‘ pragmatopoio‘tan me jermo-

optikÏ trÏpo qeirok–nhta kai †tan thc tàxhc twn dekàdwn ms. Taq‘thtec thc tàxhc twn merik∏n
ms e–nai efiktËc, me kàpoio sumbibasmÏ sto e‘roc r‘jmishc. O qrÏnoc thc jermo-optik†c r‘jmishc
tou m†kouc k‘matoc e–nai parÏmoioc me ton tupikÏ qrÏno r‘jmishc twn WSS stoiqe–wn kai den
apotelo‘se perioristikÏ paràgonta.

5.2 Protàseic gia mellontik† Ëreuna

Sthn paro‘sa upoenÏthta parousiàzontai protàseic gia thn axiopo–hsh twn apotelesmàtwn kai

gia thn sunËqeia twn ereunhtik∏n drasthriot†twn sta jËmata pou katapiàsthke h diatrib†. Oi

protàseic kathgoriopoio‘ntai se duo omàdec, stic protàseic gia Ëreuna se ep–pedo fwtonik†c

platfÏrmac kai dom∏n, kai stic protàseic gia Ëreuna se ep–pedo sust†matoc metàdoshc.

5.2.1 Se ep–pedo fwtonik†c platfÏrmac kai dom∏n

Ta prohgo‘mena kefàlaia parous–asan pompodËktec pol‘ uyhl∏n taqut†twn basismËnwn sth

fwtonik† teqnolog–a kai pio sugkekrimËna ston sunduasmÏ tri∏n fwtonik∏n platform∏n, thc

EO polumerik†c platfÏrmac, thc pajhtik†c polumerik†c platfÏrmac (PolyBoard) kai thc InP
platfÏrmac. ApÏ àpoyh leitourgi∏n, h monadik† platfÏrma pou Ëqei thn dunatÏthta gia autÏnomh

kai anexàrthth leitourg–a e–nai h InP kaj∏c epitrËpei thn kataskeu† diÏdwn lËizer kai fwtodiÏdwn,
pËra apÏ pl†joc pajhtik∏n fwtonik∏n dom∏n. O parakàtw p–nakac d–nei sunoptikà tic leitourg–ec

pou e–nai dunatËc se kàje platfÏrma, kaj∏c kai tic elle–yeic touc.

ApÏ ton p–naka 5.1 e–nai fanerÏ pwc h InP fwtonik† platfÏrma d–nei th dunatÏthta gia monolijikà
kukl∏mata kaj∏c epitrËpei domËc pou epitelo‘n tic shmantikÏterec leitourg–ec, me monadikÏ meio-

nËkthma to uyhlÏ kÏstoc kataskeu†c kai to qamhlÏ yield gia megàla kukl∏mata. To PolyBoard
apÏ thn àllh, Ëqei aneptugmËnh ergaleioj†kh me pl†joc pajhtik∏n dom∏n gia pollËc leitourg–ec,

thn dunatÏthta qàraxhc tom∏n sto tsip kai eisagwg† lept∏n umen–wn pou leitourgo‘n san f–ltra

† san stoiqe–a elËgqou pÏlwshc, kaj∏c kai thn dunatÏthta gia kataskeu† kuklwmàtwn me para-

pànw aÏ Ëna ep–pedo kumatod†ghshc (3D olokl†rwsh) [10]. Monadikà meionekt†mata tou e–nai,

afenÏc, h adunam–a lasing kai an–qneushc fwtÏc lÏgw uliko‘, kàti pou kànei anagka–a thn ubridi-
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P–nakac 5.1: S‘gkrish leitourgi∏n thc EO polumerik†c platfÏrmac, thc PolyBoard kai thc InP

Leitourg–a EO Polymer PolyBoard InP
Ekpomp† fwtÏc lËizer - -
An–qneush fwtÏc - -
DiamÏrfwsh fwtÏc
(hlektro-optikà)
E‘roc z∏nhc

diamÏrfwshc (GHz) > 65 < 5 > 40

DiamÏrfwsh fwtÏc
(jermo-optikà)
'Elegqoc pÏlwshc
pànw sto tsip

- -

DiaqwristËc isq‘oc
(MMIs)

Optical Hybrids
MMIs

Pijanà
Den Ëqoun deiqje–

AWGs
MMIs

Pijanà
Den Ëqoun deiqje–

MRRs - -
F–ltra lepto‘ umen–ou

TFEs
Pijanà

Den Ëqoun deiqje–
-

DunatÏthta
3D olokl†rwshc

Pijan†
Den Ëqei deiqje–

-

k† olokl†rwsh twn apaito‘menwn stoiqe–wn, kai afetËrou, h Ëlleiyh duntatÏthtac gia gr†gorh

hlektro-optik† diamÏrfwsh. Teleuta–ec prospàjeiec apÏ to instito‘to HHI, Ëdeixan Ïti h ep–teu-

xh hlektro-optik†c diamÏrfwshc e–nai efikt† me thn ubridik† olokl†rwsh membran∏n grafen–ou

kai thn dhmiourg–a optik∏n diamorfwt∏n hlektroaporrÏfhshc [11], parÏla autà me qamhl† ta-

q‘thta diamÏrfwshc kai qamhlÏ ER. DedomËnhc thc suggËneiac twn duo polumer∏n ulik∏n, mia
ereunhtik† kate‘junsh ja †tan h anàptuxh pajhtikwn dom∏n sthn EO polumerik† platfÏrma

pËran twn MMI kai fragmàtwn per–jlash Bragg, akolouj∏ntac to paràdeigma tou PolyBoard,
o‘twc ∏ste na kataste– h EO polumerik† platfÏrma mia platfÏrma genik†c qr†shc me plo‘sia

ergaleioj†kh gia tic thlepikoinwniakËc efarmogËc, kai na xef‘gei apÏ thn leitourg–a thc optik†c

diamÏrfwshc mÏno. Parade–gmata dom∏n pou ja mporo‘san na melethjo‘n kai na kataskeuasto‘n

sthn EO polumerik† platfÏrma e–nai AWGs, optical hybrids, strofe–c pÏlwshc kai àlla. Ep–shc
ja mporo‘se na diereunhje– h qàraxh tom∏n kai h eisagwg† lept∏n umen–wn gia thn epËktash twn

leitourgi∏n.

'Oson aforà tic domËc kajeautËc pou kataskeuàsthkan sthn EO platfÏrma, peraitËrw melËth ja

mporo‘se na estiàsei sthn belt–wsh thc apÏdoshc twn hlektrod–wn gia thn jermÏ-optik† r‘jmish

tou perijlastiko‘ fràgmatoc Bragg. H katanàlwsh twn hlektrod–wn stic domËc pou parousi-
àsthkan plhs–aze ta 800 mW kai mpore– na meiwje– sto misÏ kai pio kàtw me kal‘tero sqediasmÏ

twn –diwn twn hlektrod–wn, me topojËthsh touc plhsiËstera ston kumatodhgÏ mei∏nontac to

pàqoc tou pànw mand‘a, † se àllh jËsh, me qàraxh tom∏n sto plài tou kumatodhgo‘ ∏ste na

paremblhje– aËrac kai na leitourg†sei monwtikà kai àlla. H belt–wsh thc apÏdoshc ja e–qe san

apotËlesma kai thn a‘xhsh tou e‘rouc suntonismo‘ tou fràgmatoc per–jlashc kai kat' epËktash
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Sq†ma 5.2: OdikÏc qàrthc twn Ethernet prot‘pwn, kai kathgor–ec efarmog∏n anàloga me thn
taq‘thta.

tou e‘rouc leitourg–ac tou lËizer metablhto‘ m†kouc k‘matoc pËra apÏ ta 22 nm.

5.2.2 Se ep–pedo sust†matoc

O odikÏc qàrthc tou Ethernet (5.2) de–qnei thn a‘xhsh thc taq‘thtac twn diasundËsewn kai tic
antistoiq–a me tic anàgkec se qwrhtikÏthta me tic diaforetikËc efarmogËc. EndiafËron parousi-

àzei Ïti me thn exËlixh twn teqnologi∏n Ïpwc h autÏnomh od†ghsh pou apaite– diak–nhsh megàlou

Ïgkou dedomËnwn me taq‘thtec 10 Gb/s na e–nai t∏ra anagka–ec kai 50 Gb/s mellontikà. Oi pàro-
qoi uphresi∏n (thlefwn–ac ktl) kaj∏c kai oi pàroqoi uphresi∏n cloud qreiàzontai to megal‘tero
e‘roc z∏nhc metàdoshc dedomËnwn. H trËqousa taq‘thta mia gramm†c (to lane rate) e–nai sta
100 Gb/s me to epÏmeno orÏshmo sta 200 Gb/s. H a‘xhsh tou lane rate apotele– ton bËltisto
trÏpo gia thn a‘xhsh thc sunolik†c qwrhtikÏthtac tou pompodËkth qwr–c na auxànetai to mËge-

joc tou, parÏla autà parousiàzei megàlec teqnikËc prokl†seic eidikà metà ta 100 Gb/s kaj∏c oi
suqnÏthtec leitourg–ac pou apaito‘ntai uperba–noun ta 65 GHz 'Oson aforà thn sunolik† qwrh-
tikÏthta twn diakopt∏n, aut† br–sketai t∏ra sta 25.6 Tb/s me to epÏmeno orÏshmosta 51.2 Tb/s.
To trËqwn prÏtupo e–nai 400 GbE me touc pr∏touc optiko‘c pompodËktec na g–nontai emporikà
diajËsimoi to 2020. S‘mfwna me Ëreunec thc agoràc ta Ëth 2021 - 2022 anamËnetai shmantik†

a‘xhsh sto arijmÏ twn 400 Gb/s pompodekt∏n pou ja pwlhjo‘n. To 400GbE prÏtupo oristi-
kopoi†jhke ton DekËmbrio tou 2017 kai up†rqe se diàforec ekdÏseic. H Ëkdosh FR8 sthrizÏtan
sto fusikÏ ep–pedo sthn qr†sh 8 kanali∏n pou leitourgo‘san sta 26.5 Gbaud me PAM-4 sq†ma
diamÏrfwshc gia sunolikà 400 Gb/s (8 ⇥ 50) qwrhtikÏthta, en∏ h DR4 sthn qr†sh 4 kanali∏n
pou leitourgo‘san sta 53.125 Gbaud pàli me PAM-4 sq†ma diamÏrfwshc gia 400 Gb/s (4⇥ 100)

qwrhtikÏthta. Oi epÏmenoi stajmo– ston odikÏ qàrth pou Ëqoun epishmanje– san epikratËsteroi

e–nai to 800 GbE kai to 1600 GbE, me to 800 prÏtupo na g–netai emporikà diajËsimo gia pr∏th
forà sto diàsthma 2024 - 2026, en∏ to 1600 na g–netai diajËsimo prin to tËloc thc dekaet–ac.
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(α) (β)

Sq†ma 5.3: (a) EmprÏsjio polumerikÏ tsip me ta perijlastikà fràgmata (Bragg) kai touc jermo-
optiko‘c diakÏptec, kai op–sjio polumerikÏ tsip me ta leptà umËnia (TFE) gia ton Ëlegqo thc pÏlwshc.
D–pla fa–netai kai to polumerikÏ tsip me ta optical hybrids kai thn exwterik† koilÏthta tou topiko‘
talantwt† gia ton dËkth. (b) Ta pajhtika polumerikà tsip oloklhrwmËna me thn sustoiq–a apÏ EO
polumeriko‘c diamorfwtËc kai InP-DHBT hlektronikà.

PompodËktec pollapl∏n leitourgi∏n

'Oso megal∏noun oi apait†seic se k–nhsh dedomËnwn sta upologistikà kËntra kaj∏c kai Ïso

auxànei h dunamikÏthta thc k–nhshc twn dedomËnwn, Ïpwc gia paràdeigma h anàgkh gia kàluyh

diaforetik∏n apostàsewn me diaforetikÏ Ïgko dedomËnwn kai h anàgkh gia prosarmostikÏthta

kai enorq†strwsh tou dikt‘ou me ap∏tero skopÏ thn pio euËlikth kai apodotik† qr†sh tou. Au-

tËc oi apait†seic mporo‘n na kalufjo‘n me mia nea genià pompodekt∏n pou ja Ëqoun leitourg–a

4M, apÏ ta arqikà twn tessàrwn leitourgi∏n Multi-rate, Multi-format, Multi-lane, Multi-reach,
[12, 13] pou ja prosd–doun megàlh prosarmostikÏthta. Pio sugkekrimËna sto eurwpaikÏ Ërgo

ICT-PANTHER [14], kataskeuàsthkan pompo– pou olokl†rwnan ubridikà duo pajhtikà polume-
rikà tsip (kataskeuasmËna apÏ to HHI) me sustoiq–a gr†gorwn IQ-MZM diamorfwt∏n InP (apÏ
to HHI) kai me gr†rora hlektronikà kukl∏mata DAC me dunatÏthta en–squshc (power-DAC)
apÏ to III-V lab. To telikÏ prwtÏtupo pou stoqeuÏtan sto Ërgo fa–netai se grafikÏ sqËdio
sto sq†ma 5.3. Ja e–qe 6 phgËc lËizer metablhto‘ m†kouc k‘matoc, –diac teqnolog–ac me autà

pou parousiàsthkan sth diatrib†, kai optiko‘c diakÏptec pou ja mporo‘san na elËgxoun thn

Ïdeush twn optik∏n shmàtwn pànw sto tsip, kai mia sustoiq–a 4 IQ-MZM. 'Etsi ja mporo‘se na
leitourg†sei e–te me 4 anexàrthtec roËc sta 64 Gbaud me mËgisto sq†ma diamÏrfwshc 64-QAM
gia rujmÏ dedomËnwn 384 Gb/s h kàje mia ro†, e–te na dhmiourg†sei duo roËc sta 64 Gbaud me
mËgisto sq†ma diamÏrfwshc DP-64-QAM (me poluplex–a sthn pÏlwsh) gia rujmÏ dedomËnwn 768
Gb/s se kàje ro†. Se kàje per–ptwsh h sunolik† qwrhtikÏthta stoqeuÏtan na e–nai 1.5 Tb/s
pou e–nai upers‘gqronh, e–nai ston odikÏ qàrth tou Ethernet kai proiÏnta me tËtoia qwrhtikÏthta
den Ëqoun deiqte– akÏma. Gia thn ep–teuxh thc leitourg–ac sta 64 Gbaud e–nai profanËc pwc h
teqnolog–a twn EO polumerik∏n diamorfwt∏n kai h teqnolog–a hlektronik∏n InP-DHBT e–nai
apara–thth. Oi prospàjeiec pou Ëqoun g–nei proc aut†n thn kate‘junsh, sta pla–sia tou Ërgou

ICT-PANTHER Ëdwsan mia seirà apÏ prwtÏtupa pou apode–knuan thn dunatÏthta, allà stamàth-
san prin to telikÏ protÏtupo pou †tan kai to pio s‘njeto. MËqri s†mera den Ëqei kataskeuaste–

tËtoioc pompodËkthc epomËnwc mia ereunhtikËc prospàjeiec ja mporo‘san na estiàsoun sthn a-

nàptuxh tou. H perigraf† twn prwtot‘pwn kai twn peiramàtwn pou pragmatopoi†jhkan, kai sta

opo–a o suggrafËac e–qe energ† summetoq†, perigràfontai se mia seirà apÏ dhmosie‘seic [15–18].
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Aplopo–hsh kai automatopo–hsh kataskeu†c pompodekt∏n

'Opwc anafËrjhke kai pio pànw sto par∏n kefàlaio to prÏtupo 400GbE sthr–zetai sthn qr†sh
sustoiq–ac phg∏n lËizer kai diamorfwt∏n gia thn ep–teuxh thc telik†c qwrhtikÏthtac. Parado-

siakà, h metàbash sthn epÏmenh genià pompodekt∏n perielàmbane e–te thn a‘xhsh thc taq‘thtac

kàje kanalio‘ † thn a‘xhsh tou arijmo‘ twn kanali∏n. Aut† h mËjodoc doule‘ei Ïtan o arijmÏc

twn kanali∏n paramËnei sqetikà mikrÏc (Ëwc p.q. 8 kanàlia) kai to Ïlo k‘klwma paramËnei se

logikà pla–sia gia na qwrËsei sto mËgejoc enÏc pluggable pompodËkth. H a‘xhsh tou rujmo‘
proc ta 100 Gb/s anà kanàli e–nai anagka–a gia thn peraitËrw omal† anàptuxh thc qwrhtikÏthtac
twn pompodekt∏n. AkÏma Ïmwc kai me auto‘c touc rujmo‘c ana gramm†, h a‘xhsh twn gramm∏n

se perissÏterec apÏ 8 mpore– na epiteuqje– akolouj∏ntac diaforetikÏ packaging ston pompÏ a-
pÏ pluggable se midboard, dhlad† metafËrontac to optikÏ upos‘nolo me ta hlektronikà apÏ to
front panel tou diakÏpth pànw sthn mhtrik† plakËta tou, kai kontà sto ASIC. 'Oso auxànontai ta
stoiqe–a pou prËpei na oloklhrwjo‘n sto kout– enÏc pompodËkth, kai mikra–nei to mËgejoc touc,

auxànetai h poluplokÏthta tou, me apotËlesma h diadikas–a sunarmog†c pou ginÏtan me anjr∏pinh

ergas–a, na g–netai duskolÏterh kai na parousiàzei probl†mata klimàkwshc. E–nai koinà apodektÏ

Ïti gia na mporËsei h epÏmenh genià pompodekt∏n na Ëqei emporik† ap†qhsh kai na brei thn jËsh

thc stouc ant–stoiqouc diakÏptec twn DC, ja prËpei na mpore– na paraqje– mazikà me qamhlÏ
kÏstoc, kai autÏ proÙpojËtei thn automatopo–hsh thc diadikas–ac sunarmog†c twn pompodekt∏n.

Gia na mporËsei Ënac pompodËkthc na e–nai sumbatÏc me diadikas–ec mazik†c paragwg†c ja prËpei

o sqediasmÏc tou na e–nai tËtoioc ∏ste na to epitrËpei. Pio sugkekrimËna, ja prËpei o arijmÏc

twn interfaces metax‘ twn exarthmàtwn tou na elaqistopoihje–, o‘twc ∏ste h sunarmog† tou
na pragmatopoie–tai se ligÏtera b†mata. Ja prËpei na bas–zetai se qamhlo‘ kÏstouc fwtonik†

teqnolog–a olokl†rwshc gia thn ep–teuxh twn –diwn leitourgi∏n Ïpou e–nai dunatÏn kai thn qr†sh

fwtonik†c platfÏrmac me plo‘sia ergaleioj†kh. H eujugràmmish twn optik∏n in∏n kai h kÏllhsh

touc me to optikÏ tsip, to legÏmeno fiber-pigtailing e–nai ep–shc mia qeirok–nhth, qronobÏra kai
dapanhr† diadikas–a. H qrhsimopo–hsh oikonomikà apodotik∏n teqnologi∏n kai sta hlektronikà

e–nai shmantik†.

Gia to pr∏to z†thma thc me–wshc twn interfaces, h l‘sh idanikà e–nai h monolijik† olokl†rwsh.
AkÏma ki Ïtan den e–nai efiktÏ na g–nei gia Ïlo to fwtonikÏ tsip tou pompodËkth, h olokl†rwsh

twn shmantikÏterwn leitourgi∏n Ïpwc h gËnnhsh tou fwtÏc, h diamÏrfwsh tou kai h en–sqush

tou, se Ëna mÏno tsip apotele– shmantikÏ b†ma. 'Hdh tËtoia tsip Ëqoun kataskeuaste– sthn plat-

fÏrma InP sthn morf† Externally Modulated Lasers - EMLs dhlad† Exwterikà diamorfwmËnwn
lËizer, pou sthn ous–a oloklhr∏noun se Ëna tsip mia d–odo lËizer, Ënan diamorfwt† hlektro-

aporrÏfhshc kai Ënan hmiag∏gimo optikÏ enisqut† (SOA ). Ep–shc h qr†sh sustoiqei∏n apÏ
diÏdouc lËizer kai fwtodiÏdouc mei∏nei ton arijmÏ twn bhmàtwn sunarmog†c, afo‘ se Ëna b†ma

sundËontai perissÏtera stoiqe–a. H qr†sh mia qamhlo‘ kÏstouc platfÏrmac mpore– na epiteuqje–

qrhsimopoi∏ntac thn polumerik† platfÏrma PolyBoard pou e–nai qamhlo‘ kÏstouc lÏgw tou u-
liko‘ thc. H platfÏrma aut† Ëqei plo‘sia ergaleioj†kh kai mpore– na qrhsimopoieije– gia thn

kataskeu† optik∏n poluplekt∏n kai apo-poluplekt∏n (sth morf† AWGs) kai na antikatast†sei
gia thn –dia leitourg–a akribÏterec Ïpwc to InP. Ep–shc Ëqei to pleonËkthma Ïti energà stoiqe–a
Ïpwc lËizer kai fwtod–odoi mporo‘n na oloklhrwjo‘n ubridikà me aplÏ trÏpo me edge coupling kai
qamhlËc ap∏leiec s‘zeuxhc, kaj∏c kai Ïti mporo‘n na sqhmatisto‘n mhqanikËc tomËc (U-grooves)



5.2. Protàseic gia mellontik† Ëreuna 191

stic diastàseic thc optik†c –nac, eujugrammismËnec ek kataskeu†c me ton kumatodhgÏ eisÏdou,

o‘twc ∏ste to fiber-pigtailing na pragmatopoie–tai spr∏qnwntac aplà thn –na mËsa sthn tom†.

Aut† th stigm† pou grafÏtan h diatrib† den e–qe anaptuqje– automatopoihmËnh diadikas–a gia thn

sunarmog† twn sugkekrimËnwn pompodekt∏n. Mia tËtoia diadikas–a ja perielàmbane thn anàptuxh

sugkekrimËnwn mhqanik∏n braqiÏnwn, ikan∏n na qeir–zontai tic sustoiq–ec lËizer kai fwtodiÏdwn

kai ta kommàtia optik†c –nac, Ïpwc ep–shc kai optik∏n algor–jmwn epexergas–ac eikÏnac gia thn

anagn∏rish twn stoiqe–wn kai thn kajod†ghsh touc sta swstà shme–a gia na pragmatopoije– h

ubridik† olokl†rwsh. Proc aut†n thn kate‘junsh doule‘ei Ëna eurwpakÏ ereunhtikÏ Ërgo pou

sunton–zei to EFE, to ICT-TERIPHIC [19], to opo–o sthn triet† diàrkeia tou Ëqei wc stÏqo
na qrhsimopoi†sei thn mejodolog–a pou perigràfhke parapànw kai na kataskeuàsei pompodËktec

epÏmenhc geniàc pou ja e–nai sumbato– me diadikas–ec mazik†c paragwg†c. Pio sugkekrimËna, sko-

pÏc e–nai na kataskeuasto‘n pluggable pompodËktec me 8 kanàlia kai leitourg–a sta 50 Gbaud
PAM-4 gia 800 Gb/s sunolik† qwrhtikÏthta, akolouj∏ntac ton odikÏ qàrth tou Ethernet kai
mid-board pompodËktec me 16 kanàlia kai leitourg–a sta 50 Gbaud PAM-4 gia 1600 Gb/s suno-
lik† qwrhtikÏthta.

Co-packaging twn optik∏n pompodekt∏n maz– me to ASIC tou diakÏpth

'Opwc anafËrjhke pio pànw o bËltistoc trÏpoc gia thn a‘xhsh thc qwrhtikÏthtac twn pompode-

kt∏n apotele– h a‘xhsh thc suqnÏthtac leitourg–ac twn stoiqe–wn twn pompodekt∏n gia ep–teuxh

lane rate sta 200 Gb/s. H taq‘thta aut† apotele– mia teqnologik† prÏklhsh gia tic optikËc dia-
sundËseic, tÏso se ep–pedo optik∏n pompodekt∏n, Ïso kai se ep–pedo diakÏpth. Xekin∏ntac apÏ

to ep–pedo twn optik∏n pompodekt∏n, apaite– opto-hlektronikà exart†mata Ïpwc EMLs, fwto-
diÏdouc, hlektronikà kukl∏mata en–squshc (drivers, transimpedance amplifiers) me e‘roc z∏nhc
megal‘tero apÏ 60 GHz, kaj∏c kai hlektrikËc sundËseic mËsw wirebonds pou prËpei na uposth-
r–zoun autËc tic taq‘thtec.

Sthn merià tou diakÏpth, h mËgisth qwrhtikÏthta enÏc ASIC kajor–zetai apÏ thn taq‘thta kai
to pl†joc twn serdes tou pou kata sunËpeia or–zoun kai to mËgejoc tou SoC tsip. Oi twrinËc
prodiagrafËc me 256 pins, dhlad† exÏdouc twn serdes, kai me taq‘thta 50 Gbaud mac d–noun su-
nolik† qwrhtikÏthta 25 Tb/s. PeraitËrw klimàkwsh me a‘xhsh twn exÏdwn tou ASIC package
ja s†maine megalutero tsip kai probl†mata stajerÏthtac (lÏgw strËblwshc thc episfàneiac)

katà thn sunarmog† tou me to PCB. A‘xhsh thc taq‘thtac ja s†maine allag† teqnolog–ac li-
jograf–ac gia thn arqitektonik† tou ASIC me tromerà megàlo kÏstoc, Ïpwc ep–shc pol‘ megàlh
exasjËnhsh kai àlla probl†mata laj∏n †/kai sugqronismo‘ mËqri na taxidËyei to hlektrikÏ s†ma

dia mËsou tou backplane ston optikÏ pompodËkth. AutÏ kànei anagka–a th qr†sh epiplËon signal
conditioning chips Ïpwc CDRs, DSPs gia thn anas‘stash kai sugqronismÏ tou s†matoc, me apo-
tËlesma auxhmËno kÏstoc kai katanàlwsh. Gia thn ep–teuxh 100 Gbaud pànw ston pompodËkth
qreiàzontai ep–shc hlektroniko– poluplËktec pou ja pa–rnoun duo hlektrikà s†mata 50 Gbaud kai
ja ta poluplËkoun prin pàne sta opto-hlektronikà stoiqe–a tou pompo‘. Sthn merià tou dËkth,

sumba–nei h ant–jeth diadikas–a me hlektriko‘c apo-poluplËktec.

H l‘sh sto prÏblhma thc klimàkwshc e–nai h metaforà twn optik∏n pompodekt∏n apÏ thn mpro-

stin† merià tou diakÏpth (faceplate) pio kontà sto ASIC, kai an e–nai dunatÏn h olokl†rwsh twn
optik∏n pompodekt∏n se Ëna koinÏ PCB me thn morf† tsip-dorufÏrwn. H elaqistopo–hsh tou
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(α) (β)

(γ)

Sq†ma 5.4: (a) PompodËkthc 1.6 Tb/s me morf† tsip-dorufÏrou pou fa–nontai ta diaforetikà exar-
t†mata tou kai me exÏdouc paràllhlec –nec (b) o –dioc pompodËkthc me exeligmËno 3D PIC pou uposthr–zei
MCFs kai (g) to sunolikÏ Multi-chip module me ta tsip-dorufÏrouc kai to ASIC gia qwrhtikÏthtec
diakopt∏n –sec kai megal‘terec apÏ 12.5 Tb/s

m†kouc twn gramm∏n metaforàc tou s†matoc ja Ëqei san apotËlesma kal‘terh pistÏthta s†matoc

kai exàleiyh thc anàgkhc gia signal conditioning chips. 'Hdh proc thn kate‘junsh aut† kino‘ntai
h Microsoft kai h FaceBook me thn s‘mpraxh Co-packaged optics [20] pou Ëqei wc skopÏ thn
protupopo–hsh thc epÏmenhc geniàc diakopt∏n gia upologistikà kËntra, basismËnwn se aut† thn

mËjdodo olokl†rwshc. Se eurwpakÏ epipËdo, to Ërgo POETICS [21] Ëqei skopÏ thn anàptu-
xh pompodekt∏n me lane rate 200 Gb/s, anabajm–zontac thn taq‘thta apÏ 50 se 100 Gbaud me
PAM-4 sq†ma diamÏrfwshc, axiopoiÏntac hlektronik† poluplex–a ston pompodËkth, Ïpwc proa-
nafËrjhke, stoqe‘ontac sunolik† qwrhtikÏthta 1600 Gb/s me mÏno 8 grammËc. Oi pompodËktec
ja anaptuqjo‘n wc tsip dorufÏroi gia na oloklhrwjo‘n sto –dio PCB maz– me to kentrikÏ ASIC.

'Opwc fa–netai kai sthn eikÏna 5.4 oi pompodËktec br–skontai egg‘tera tou kentriko‘ tsip, me

apotËlesma kal‘terh pistÏthta s†matoc kai sumbàllontac kai se qamhlÏterh katanàlwsh lÏgw

twn meiwmËnwn apwle–∏n twn shmàtwn. Oi pompodËktec auto– sthr–zontai se Ëna polumerikÏ

PIC, se sustoiq–ec exwterikà diamorfwmËnwn lËizer (EMLs) kai sustoiq–ec fwtod–odwn me uyhlÏ
e‘roc z∏nhc, hlektronikà kukl∏mata SiGe gia thn en–sqush twn shmàtwn kai thn hlektronik†
poluplex–a gia ep–teuxh twn 100 Gbaud.

Oi parapànw protàseic gia mellontik† Ëreuna fa–nontai na †dh Ëqoun sullhfje– san idËec kai na

Ëqei xekin†sei h ulopo–hsh touc, parÏla autà s–gouro e–nai pwc ja paramËnoun ep–kairec gia pol‘

kairÏ. Oi prokl†seic gia thn ulopo–hsh Ïswn anafËrjhkan wc ide∏n e–nai pollËc kai qreiàzetai

arketÏc kairÏc mËqri na katal†xoun se proÏnta.
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PARARTHMA A˛

K∏dikac gia melËth qarakthristik∏n PRBS

K∏dikac seMATLAB gia thn gËnnhsh kai melËth thc akolouj–ac dif‘wn sta 100 Gb/s xekin∏ntac
apÏ mia yeudotuqa–a akolouj–a opoiasd†pote tàxhc sthn Ëxodo tou PPG kai lambànontac upÏyh
Ïti oi grammËc kajustËrhshc sta duo stàdia poluplex–ac Ëqoun epilege– gia swst† poluplex–a thc

27�1 akolouj–ac. O k∏dikac perigràfei mia genn†tria yeudotuqa–ac akolouj–ac
basismËnh se kataqwrht† ol–sjhshc me anàdrash.

Listing A.1: Main code for the generation of the PRBS based on a feedback shift register

1 % Matlab code for the generation of the bit�sequence at 100 Gb/s according to the

experimental restrictions.

2 % The initial sequence at 12.5 Gb/s is a PRBS, multiplexed up to 100 Gb/s with 2

mux stages that can retain the order of a PRBS�7.
3
4 %Create the initial PRBS at 12.5 GHz

5 register = [1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];

6 % The length of the register is equal to the PRBS order

7 % The initial value of the register can be any value

8 polu=[31 28]; % Describes the bits of the register that are xor�ed
9 A=prbs(register,polu);

10 %��������������������������������������������������������������������������
11
12 % Prepare the 4:1 multiplexing from 12.5 to 50 Gb/s by generating an augmented

sequence with 3 zeros after each initial bit

13 A_augmented=zeros(1,4*length(A));

14 for i=1:length(A_augmented)

15 if mod(i,4)==1

16 A_augmented(i)=A(floor(i/4)+1);

17 else A_augmented(i)=0;

18 end

19 end

20
21 % Generate 4 replicas (equivalent to split function)

22 B = A_augmented;C = A_augmented;D = A_augmented;
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23
24 % Shift the 4 replicas

25 % T = length(A_augmented); % Shift that could preserve the order

of the input PRBS

26 T = 508; % Shift corresponding to the PRBS�7 (

applied to any input according to the experiment)

27
28 A_shifted = circshift(A_augmented,[0 0]); %(No shift for the first replica)

29 B_shifted = circshift(B,[0 T/4]); %(Shift for the second replica)

30 C_shifted = circshift(C,[0 2*T/4]); %(Shift for the third replica)

31 D_shifted = circshift(D,[0 3*T/4]); %(Shift for the fourth replica)

32
33 % Add the 4 shifted replicas (equivalent to ?recombine? function)

34 A_50 = A_shifted+B_shifted+C_shifted+D_shifted;

35 %�������������������������������������������������������������������������
36
37 % 2:1 multiplexing from 50 to 100 Gb/s

38 % Prepare the 2:1 multiplexing from 50 to 100 Gb/s by generating an augmented

sequence with a zero after each initial bit A_50_augmented=zeros(1,2*length(

A_50));

39 for i=1:length(A_50_augmented)

40 if mod(i,2)==1

41 A_50_augmented(i)=A_50(floor(i/2)+1);

42 else A_50_augmented(i)=0;

43 end

44 end

45
46 % Generate 2 replicas (equivalent to split function)

47 B_50 = A_50_augmented;

48
49 % Shift the 2 replicas

50 % T_50 = length(A_50_augmented); % Shift that could preserve the

order of the input PRBS

51 T_50 = 1016; % Shift corresponding to the

PRBS�7 (applied to any input according to the experiment)

52
53 A_50_shifted = circshift(A_50_augmented,[0 0]); %(No shift for the first

replica)

54 B_50_shifted = circshift(B_50,[0 T_50/8]); %(Shift for the second replica)

55
56 % Add the 4 shifted replicas (equivalent to ?recombine? function)

57 A_100 = A_50_shifted+B_50_shifted;
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58 %�������������������������������������������������������������������������
59
60 % Analysis of the final 100 Gb/s sequence � Number of 1s and 0s

61 k = 0; %number of 1s

62 l = 0; %number of 0s

63 for i=1:length(A_100)

64 if A_100(i)==1

65 k=k+1;

66 else l=l+1;

67 end

68 end

69
70 %Analysis of the final 100 Gb/s sequence � Number of maximum consecutive ones

71 m_max = 0; %maximum number of consecutive 1s. For the true PRBS�31 this number

should be 31

72 m = 0;

73 n_max = 0; %maximum number of consecutive 0s. For the true PRBS�31 this number

should be 30

74 n = 0;

75 for i=1:length(A_100)

76 if A_100(i)==1

77 n = 0;

78 m=m+1;

79 if m>m_max

80 m_max = m;

81 end

82 else

83 m=0;

84 n=n+1;

85 if n>n_max

86 n_max = n;

87 end

88 end

89 end

H akÏloujh sunàrthsh gennà thn PRBS kai prËpei na br–sketai apojhkeumËnh ston –dio fàkelo
o‘twc ∏ste na kale–tai epituq∏c apÏ to kur–wc prÏgramma.

Listing A.2: Function declaration which calls the PRBS code

1 function z=prbs(init,g)

2
3 z=init;

4 n=length(init);
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5 for i=(n+1):(2^n�1)
6 q=z(i�g(1));
7 for j=2:length(g)

8 q=xor(q,z(i�g(j)));
9 end

10 z=[z q];

11 end

P–nakac A˛.1: Tàxh kai polu∏numo gia thn ektËlesh tou k∏dika

Tàxh poly Tàxh poly Tàxh poly
7 [7 6] 15 [15 14] 20 [20 17]
9 [9 5] 17 [17 14] 23 [23 18]
11 [11 9] 18 [18 11] 31 [31 28]

Ektel∏ntac ton k∏dika gia 231 � 1 † akÏma kai 223 � 1 arqikËc PRBS mpore– na arg†sei pol‘.
ParÏla autà, qr†sima sumperàsmata mporo‘n na exaqjo‘n trËqontac ton k∏dika (qreiàzetai me-

rikà deuterÏlepta mÏno) gia qamhlÏterhc tàxhc akolouj–ec Ïpwc 29� 1 , 211� 1, 215� 1, 217� 1,

218 � 1 kai 220 � 1. Se Ïlec autËc tic peript∏seic o sunolikÏc arijmÏc 1 kai 0 sthn telik† ako-

louj–a e–nai akrib∏c –dioc me thn pragmatik† PRBS. EpiplËon, o mËgistoc arijmÏc diadoqik∏n 1
kai diadoqik∏n 0 sthn telik† akolouj–a e–nai thc –diac tàxhc megËjouc (kai sun†jwc megal‘teroc)

Ïpwc sthn pragmatik† PRBS. To polu∏numo poly pou antistoiqe– se kàje tàxh PRBS gia thn
ektËlesh tou k∏dika d–netai ston p–naka A˛.1
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