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PERILHYH

To basikì antikeÐmeno thc diatrib c eÐnai h melèth perijlastik¸n suzeukt¸n me
thn mèjodo peperasmènwn diafor¸n sto pedÐo tou qrìnou (Finite-Difference Time
Domain: FDTD).

H FDTD anaptÔssetai me ton formalismì tou olikoÔ-skedazìmenou pedÐou (TF-
SF) kai me aporrofhtik� str¸mata (PML: Perfect Matching Layers). Epiplèon sto
Ðdio plaÐsio anaptÔssetai kai h FDTD qwrik� an¸terhc t�xhc (HO-FDTD), kai e-
farmìzontai teqnikèc beltÐwshc (omalopoÐhsh epitreptìthtac) thc akrÐbeiac gia thn
HO-FDTD all� kai gia thn FDTD.

To prìblhma skèdashc olografik¸n all� kai epifaneiak c diamìrfwshc peri-
jlastikwn fr�gmatwn peperasmènou m kouc me peperasmènh prospÐptousa dèsmh
epilÔetai me thn FDTD kai HO-FDTD kai ta apotelèsmata sugkrÐnontai me thn
FDFD (Finite-Difference Frequency Domain) gia ta olografik� fr�gmata kai me
thn BEM (Boundary Element Method) gia ta fr�gmata epifaneiak c diamìrfwshc.
EpÐshc ta FDTD apotelèsmata sugkrÐnontai me thn austhr  mèjodo twn suzeugmèn-
wn kum�twn (Rigorous Coupled Wave Analysis: RCWA) sto ìrio pou to m koc tou
fr�gmatoc kai to pl�toc thc dèsmhc aux�noun.

Me qr sh twn parap�nw FDTD mejìdwn analÔontai wc proc thn apìdosh kai thn
kateujuntikìthta olografikoÐ kai epifaneiak c diamìrfwshc perijlastikoÐ suzeÔk-
tec exìdou, kai ta apotelèsmata sugkrÐnontai me thn austhr  mèjodo twn suzeug-
mènwn kum�twn (RCWA) se sunduasmì me thn prosèggish tou diarrèontoc rujmoÔ
(Leaky Mode: LM). ParathreÐtai beltÐwsh twn FDTD apotelesm�twn me qr sh
teqnik¸n omalopoÐhshc thc epitreptìthtac.

H FDTD me omalopoÐhsh thc epitreptìthtac qrhsimopoieÐtai kai gia thn melèth
perijlastik¸n suzeukt¸n exìdou kai eisìdou protimhtèac t�xhc. Eidikìtera mele-
toÔntai olografikìc perijlastikìc suzeÔkthc (Volume Holographic Grating Cou-
pler: VHGC), keklimènoc perijlastikìc suzeÔkthc epifaneik c diamìrfwshc (Slanted
Surface Relief Grating Coupler: SSRGC), perijlastikìc suzeÔkthc epifaneiak c di-
amìrfwshc dipl c q�raxhc (Double Corrugated Surface Relief Grating Coupler: DC-
SRGC) kai perijlastikoÔ suzeÔkth me anaklast ra (Reflecting Stack Surface Releif
Grating Coupler: RSSRGC).

Tèloc h FDTD genikeÔetai gia mh grammik� ulik� kai ulik� me diaspor� me b�sh
ton GVADE: General Vector Auxiliary Differential Equation Method sta plaÐsia tou
TF-SF formalismoÔ me prosj kh aporrofhtik¸n strwm�twn CPML: Convolutional
Perfect Matching Layers). O nèoc algìrijmoc qrhsimopoieÐtai se di�fora paradeÐg-
mata di�doshc solitonÐwn.
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ABSTRACT

The main topic of this Thesis is the analysis of diffractive optical couplers by use
of the Finite-Difference Time Domain Method (FDTD).

The FDTD method is developed using the total-field scattered-field formalis-
m (TF-SF) in conjunction with perfect matching absorbing layers (PML). In the
same framework the spatially higher order FDTD (HO-FDTD) is developed and
techniques (permittivity smoothing) for improving the accuracy of the FDTD and
HO-FDTD are applied.

The scattering problem of holographic and surface-relief gratings of finite length
with finite-width incident beams is solved using the FDTD and HO-FDTD meth-
ods and the results are compared with the FDFD (Finite-Difference Frequency Do-
main Method) for the holographic gratings, and with the BEM (Boundary Element
Method) for the surface relief gratings. In addition the FDTD results are compared
with the RCWA (Rigorous Coupled Wave Analysis) method in the limit that the
grating length and the beam width increases.

Using the above FDTD methods holographic and surface-relief grating output
couplers are analyzed with respect to their performance and directivity and the
results are compared with the RCWA/LM (Rigorous Coupled Wave Analysis/Leaky-
Mode) method. Improved accuracy in the FDTD results is observed using the
permittivity smoothing methods.

The FDTD method with permittivity smoothing is also used for the study of
input and output preferential grating couplers. In particular the volume holographic
grating coupler: VHGC, the slanted surface relief grating coupler: SSRGC, the
double corrugated surface relief grating coupler: DCSRGC and the reflecting stack
surface relief grating coupler: RSSRGC are analyzed.

Finally the FDTD method is generalized for nonlinear materials with dispersion,
based on the GVADE (General Vector Auxiliary Differential Equation) algorithm
in conjunction with the TF-SF technique and the CPML (Convolutional Perfect
Matching Layers). Several test cases for soliton propagation of the new algorithm
propagation are presented.
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Kef�laio 1

Eisagwg 

EÐnai gnwstì ìti h beltÐwsh ston sqediasmì kuklwm�twn, oi exelÐxeic sthn epist mh
ulik¸n kai thc teqnologÐac kataskeu c (fabrication) diat�xewn mikrohlektronik c, è-
qoun odhg sei sth ragdaÐa meÐwsh twn diast�sewn twn oloklhrwmènwn kuklwm�twn
sto hlektronik� chips kai se aÔxhsh thc suqnìthtac leitourgÐac (Moore’s Law).
'Otan ìmwc o arijmìc twn stoiqei¸n (transistors) se èna chip aux�nei oi diasundèseic
touc paÐzoun ìlo kai pio shmantikì rìlo sthn apìdosh tou. Oi sun jeic hlektrikèc di-
asundèseic pou qrhsimopoioÔntai parousi�zoun poll� probl mata kaj¸c h suqnìth-
ta leitourgÐac kai o arijmìc twn transistorc aux�nei. Anaforik� parousi�zontai
fainìmena auxhmènou qrìnou apìkrishc (latency), qronik c kajustèrhshc (time de-
lay), hlektromagnhtik c parembol c (crosstalk), aÔxhshc katan�lwshc isqÔoc, ter-
matismìc prosarmog c (impedance matching), jermokrasiak c ex�rthshc. Oi op-
tikèc diasundèseic èqoun isqur� pleonekt mata sqetik� me tic hlektrikèc wc proc
ta parap�nw probl mata. H di�dosh tou fwtìc exart�tai kurÐwc apì ton deÐkth
di�jlashc kai ìqi apì tic diast�seic twn gramm¸n met�doshc kai ètsi ousiastik�
to fainìmeno latency den ephre�zei tic diat�xeic. To crosstalk den ufÐstatai diìti
praktik� (se sqèsh me ta hlektrìnia) ta fwtìnia den allhlepidroÔn metaxÔ touc.
To fwc stic optikèc diasundèseic diadÐdetai se dihlektrik� mèsa sqedìn mhdenik -
c agwgimìthtac kai ètsi to prìblhma katan�lwshc isqÔoc den up�rqei. EpÐshc h
mikr  ex�rthsh tou deÐkth di�jlashc apì thn jermokrasÐa parèqei stajer  di�dosh
gia meg�lo f�sma jermokrasi¸n. To meionèkthma twn optik¸n diasundèsewn  tan
oi meg�lec diast�seic touc, ìmwc h meg�lh exèlixh ston tomèa thc nanokataskeu c
(nanofabrication) èqei anoÐxei ton drìmo gia kataskeu  optik¸n diasundèsewn se polÔ
mikrìterh klÐmaka. Me b�sh ton trìpo di�doshc, oi optikèc diasundèseic qwrÐzontai
se eleÔjerou q¸rou (free space) kai kumatod ghshc (guided-wave) optikèc diasundè-
seic. Oi optikèc diasundèseic eleÔjerou q¸rou, qrhsimopoioÔn perijlastik� optik�
stoiqeÐa (Diffractive Optical Elements: DOEs)   kai mikrofakoÔc (microlenses) gia
na odhghjeÐ èna optikì s ma ston eleÔjero q¸ro   se k�poio mèso. H genik  morf 
free space optik¸n diasundèsewn pou ulopoioÔntai me olografik� fr�gmata rujmoÔ u-
postr¸matoc (substrate-mode holograms: SMH) faÐnetai sto Sq. 1.1, ìpou ta SMH
qrhsimopoioÔntai gia sÔzeuxh optik¸n shm�twn mèsa-èxw apì to upìstrwma ¸ste na
ulopoioÔntai di�forec sunart seic diasÔndeshc (chip-chip connection, bidirectional
connection, fan-in, fan-out).

'Ena shmantikì meionèkthma twn free-space optik¸n diasundèsewn eÐnai h euaisjh-
sÐa sth jèsh twn SMH. 'Etsi pio dhmofil  eÐnai oi guided-wave optikèc diasundèseic
ìpou to optikì s ma diadÐdetai se kumatodhgì kai h apìdosh touc den eÐnai tìso
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Sq ma 1.1: Genik  morf  optik c diasÔndeshc eleÔjerou q¸rou. Ta substrate-mode
holograms (SMHs) sqedi�zontai ¸ste na up�rqei sÔzeuxh thc prospÐptousac dèsmhc mèsa kai
èxw apì to upìstrwma (substrate), kai to s ma diadÐdetai me olik  an�klash sto upìstrwma
(substrate). Oi mikrofakoÐ qrhsimopoioÔntai gia estÐash kai parallhlismì thc dèsmhc.

euaÐsjhth sth jèsh twn DOEs. Mia tètoia di�taxh faÐnetai sto Sq. 1.2. S' autì to
sÔsthma to optikì s ma pou proèrqetai apì to laser suzeugnÔetai ston kumatodhgì
me thn qr sh suzeÔkth perijlastikoÔ fr�gmatoc (sto sq ma olografikoÔ, mporeÐ
na  tan kai epifaneÐac diamìrfwshc) eisìdou (input grating coupler), kai Ôstera
odhgeÐtai ston suzeÔkth perijlastikoÔ fr�gmatoc (sto sq ma olografikoÔ, mporeÐ
na  tan kai epifaneÐac diamìrfwshc) exìdou (output grating coupler) ìpou to s ma
perijl�tai proc ton aniqneut .

Kai gia ta 2 eÐdh optik¸n diasundèsewn, h qr sh DOEs eÐnai shmantik  teqnologÐ-
a gia thn an�ptuxh optik¸n diasundèsewn gia olokl rwsh. Ta DOEs mporeÐ na
eÐnai perijlastikoÐ kajrèptec (diffractive mirrors), diffractive lenses (perijlastikoÐ
fakoÐ), perijlastik� fr�gmata epifaneiak c diamìrfwshc (surface relief gratings)  
olografik� perijlastik� fr�gmata (volume holographic gratings). Ta DOEs lìgw
tou trìpou kataskeu c touc èqoun dom  me dianemhmèna qarakthristik�, gegonìc
pou dieukolÔnei ton èlegqo thc sumperifor�c touc se mikrìterec diast�seic kai
par�llhla up�rqei sqetik  anoq  thc sumperifor�c se kataskeuastikèc atèleiec,
kai �ra sumb�loun shmantik� sthn olokl rwsh twn optik¸n diasundèsewn. Ei-
dikìtera s' aut n thn ergasÐa meletoÔme olografik� kai epifaneiak c diamìrfwshc
perijlastik� fr�gmata pou eÐnai basik� stoiqeÐa twn optik¸n diasundèsewn lìgw
thc fasmatik c epilektikìthtac touc kai thc dunatìthtac rÔjmishc thc leitourgÐ-
a touc mèsw thc periìdou touc, idiìthtec me tic opoÐec pragmatopoieÐtai sÔzeuxh
se prokajorismènec dieujÔnseic kai ètsi parèqontai isqurèc kai cross-talk free op-
tikèc diasundèseic. Sthn pr�xh ta perijlastik� fr�gmata eÐnai peperasmènou m kouc
kai fwtÐzontai apì dèsmec peperasmènou qwrikoÔ eÔrouc, se antÐjesh me tic sun-
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Sq ma 1.2: Genik  morf  optik c diasÔndeshc kumatod ghshc. Oi olografikoÐ (mporeÐ
na  tan kai diamìrfwshc epifaneÐac) perijlastikoÐ suzeÔktec sqedi�zontai gia sÔzeuxh thc
prospÐptousac dèsmhc mèsa kai èxw apì ton kumatodhgì .

hjismènec upojèseic gia thn melèth touc ìpou tìso to m koc tou fr�gmatoc ìso
kai h prospÐptousa dèsmh jewroÔntai �peirec. 'Etsi s' aut n thn ergasÐa gia thn
melèth twn perijlastik¸n diat�xewn qrhsimopoieÐtai h mèjodoc twn peperasmènwn
diafor¸n sto pedÐo tou qrìnou (Finite-Difference-Time-Domain: FDTD) h opoÐ-
a eÐnai akrib c, epilÔei tic Ex. Maxwell sto pedÐo tou qrìnou, me tic pragmatikèc
sunj kec kai qwrÐc proseggÐseic gia thn upì melèth dom . Sunoptik� sto Kef. 2
perigr�fontai oi basikèc FDTD teqnikèc pou qrhsimopoioÔntai s' aut n thn melèth.
Sto Kef.3 parousi�zetai h FDTD an�lush olografik¸n kai epifaneiak c diamìrfw-
shc perijlastik¸n fragm�twn peperasmènhc periìdou kai gÐnetai sÔgkrish me �llec
mejìdouc ìpwc twn peperasmènwn diafor¸n sto pedÐo tou qrìnou, gia ta olografik�
fr�gmata, kai thn mèjodo twn stoiqeÐwn epifaneÐac gia ta fr�gmata epifaneiak c di-
amìrfwshc. EpÐshc gÐnetai kai sÔgkrish thc FDTD mejìdou me thn austhr  an�lush
suzeugmènwn kum�twn (Rigorous Coupled Wave Analysis: RCWA) kaj¸c o arijmìc
twn periìdwn fr�gmatoc aux�nei, gia thn perÐptwsh olografik¸n kai epifaneiak c
diamìrfwshc fragm�twn. Sto Kef. 4 parousi�zetai h FDTD an�lush perijlastik¸n
olografik¸n kai epifaneiak c diamìrfwshc suzeukt¸n exìdou kumatod ghshc. Ta
apotelèsmata sugkrÐnontai me thn RCWA mèjodo se sunduasmì me thn prosèggish
diarrèontoc rujmoÔ Leaky Mode. EpÐshc efarmìzontai eidikèc teqnikèc el�ttwsh-
c twn arijmhtik¸n sfalm�twn thc FDTD kai epiplèon efarmìzetai kai h FDTD
an¸terhc t�xhc me an�logec teqnikèc beltÐwshc. Sto Kef. 5 h FDTD se sund-
uasmì me ton TF-SF formalismì, CPML aporrofhtik� str¸mata kai me teqnikèc
beltÐwshc thc akrÐbeiac thc qrhsimopoieÐtai gia thn an�lush suzeukt¸n exìdou pro-
timhtèac t�xhc. JewroÔntai 4 eÐdh suzeukt¸n, olografikìc perijlastikìc suzeÔkthc
(Volume Holographic Grating Coupler: VHGC), keklimènoc perijlastikìc suzeÔk-
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thc epifaneik c diamìrfwshc (Slanted Surface Relief Grating Coupler: SSRGC),
perijlastikìc suzeÔkthc epifaneiak c diamìrfwshc dipl c q�raxhc (Double Corru-
gated Surface Relief Grating Coupler: DCSRGC) kai (Reflecting Stack Surface Relief
Grating Coupler: RSSRGC) kai sugkrÐnontai metaxÔ touc wc proc thn apìdosh kai
thn kateujuntikìthta touc. Epiplèon melet�tai h euaisjhsÐa touc sthn metabol  twn
basik¸n sqediastik¸n paramètrwn touc kai sthn metabol  tou m kouc kÔmatoc kai ta
FDTD apotelèsmata gia k�je perÐptwsh sugkrÐnontai me thn RCWA/LM:Rigorous
Coupled Wave Analysis/Leaky Mode. Sto Kef. 6 analÔontai ta perijlastik� fr�g-
mata tou Kef. 5 me ta Ðdia sqediastik� qarakthristik� all� se leitourgÐa suzeukt¸n
eisìdou, dhlad  upologÐzetai h apìdosh touc wc proc thn sÔzeuxh prospÐptousac
gkaousian c dèsmhc me touc rujmoÔc kumatod ghshc kai sugkrÐnontai metaxÔ touc.
Sto Kef. 7 parousi�zetai o GVADE: General Vector Auxiliary Differential Equa-
tion algìrijmoc gia ulik� me mh-grammikìthta kai diaspor�, se sunduasmì me CPML
aporrofhtik� str¸mata kai ton TF-SF formalismì. O nèoc algìrijmoc qrhsimopoieÐ-
tai se di�fora paradeÐgmata di�doshc solitonÐwn. Sto par�rthma A' parousi�zetai o
upologismìc thc apìdoshc sÔzeuxhc kai thc kateujuntikìthtac twn suzeukt¸n sÔm-
fwna me thn RCWA/LM mèjodo. Sto par�rthma B' parousi�zetai h mèjodoc pÐnaka
metafor�c me thn opoÐa upologÐzontai oi rujmoÐ kumatod ghshc gia kumatodhgoÔc
dihlektrik c stoÐbac kai allhlepidroÔn me ta perijlastik� fr�gmata. Sto par�rth-
ma G' parousÐazetai h mèjodoc probol c thc isqÔoc stouc uposthrizìmenouc rujmoÔ
kumatod ghshc pou qrhsimeÔei sthn melèth thc apìdoshc twn suzeukt¸n eisìdou
tou Kef. 6. Tèloc sto par�rthma D' parousi�zetai oi exagwg  twn sqediastik¸n
paramètrwn (gwnÐa klÐshc perijlastikoÔ fr�gmatoc kai perÐodoc) gia VHGC suzeÔk-
th ¸ste na epitugq�netai epijumht  gwnÐa sÔzeuxhc eisìdou-exìdou. 'Omoia gÐnetai
kai o sqediasmìc gia touc suzeÔktec epifaneiak c diamìrfwshc.
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Kef�laio 2

EpÐlush Exis¸sewn Maxwell me
Peperasmènec Diaforèc sto
PedÐo tou Qrìnou (FDTD)

H mèjodoc twn peperasmènwn diafìrwn sto pedÐo tou qrìnou (Finite Difference Time
Domain: FDTD) eÐnai apì tic pio dhmofileÐc mejìdouc ston upologistikì hlektro-
magnhtismì. OfeÐlei thn eurÔthta thc apodoq c thc sto ìti eÐnai sqetik� apl  sthn
ulopoÐhsh thc, kai akrib c. EpÐshc oi arijmhtikèc idiìthtec thc mejìdou, ta sf�lmata
kai h eust�jeia thc eÐnai kal� melethmènec. H FDTD epilÔei tic dunamikèc exis¸seic
Maxwell (ex. Ampere, Faraday), se 3D gewmetrÐec, proseggÐzontac tic qwrikèc kai
qronikèc parag¸gouc me kentrikèc peperasmènec diaforèc, parèqontac ta hlektrik�
kai magnhtik� pedÐa ston q¸ro kai ton qrìno. Ta hlektrik� kai magnhtik� pedÐa
orÐzontai se diaforetik� shmeÐa ston q¸ro kai ston qrìno (staggered in space-time),
gegonìc pou dieukolÔnei thn epibol  oriak¸n sunjhk¸n kai ton orismì ton fusik¸n
idiot twn twn upì melèth dom¸n. Me thn FDTD o orismìc thc upì melèthc dom c
an�getai se prìblhma gèneshc plègmatoc, en antijèsei me �llec mejìdouc pou a-
paitoÔn polÔplokec oloklhrwtikèc ekfr�seic   ton upologismì sunart sewn Green
exart¸menec apì thn upì melèth dom . H FDTD eÐnai teqnik  pou douleÔei sto pedÐo
tou qrìnou, �ra mÐa FDTD prosomoÐwsh parèqei thn apìkrish tou sust matoc se
polufasmatik  diègersh. EpÐshc to staggering twn pedÐwn se sunduasmì me tic ken-
trikèc peperasmènec diaforèc, epib�loun èmmesa kai touc dÔo nìmouc Gauss. K�je
qronik  stigm  parèqontai �mesa (explicit scheme) ta pedÐa, qrhsimopoi¸ntac gn¸sh
twn pedÐwn mìno thn prohgoÔmenh qronik  stigm , kai qwrÐc thn an�gkh epÐlushc
grammik¸n susthm�twn, mia diadikasÐac pou mporeÐ na eÐnai exairetik� qronobìra, kai
sumbaÐnei se �llec mejìdouc tou upologistikoÔ hlektromagnhtismoÔ ìpwc sthn mè-
jodo twn peperasmènwn stoiqeÐwn (finite element method)   thc mejìdou stoiqeÐwn
epifaneÐac (boundary element method). EpÐshc h qronik  ananèwsh twn pedÐwn gÐne-
tai qwrÐc ap¸leiec, dhlad  to kÔma pou diadÐdetai sto plègma den fjÐnei teqnht� lìgw
thc arijmhtik c qronik c ananèwshc. Parak�tw parousi�zetai h FDTD mèjodoc gi-
a 2D probl mata pou eÐnai to antikeÐmeno melèthc twn Kef. 2, 3. O formalismìc
pou anaptÔssetai perilamb�nei ta aporrofhtik� str¸mata (PML: Perfect Matching
Layers) kai eidikìtera tic pio nèec ulopoi seic touc, ta UPML (Uniaxial-Perfect-
Matching-Layers)[29] kai CPML (Convolutional-Perfect-Matching Layers)[90]. Ta
PML aporrofoÔn sqedìn tèleia ta eiserqìmena proc aut� kÔmata, qwrÐc anakl�seic,
kai ètsi eÐnai dunatìn h prosomoÐwsh anoiqtoÔ q¸rou, gegonìc aparaÐthto gia thn
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melèth twn perijlastik¸n optik¸n diat�xewn ìpwc aut¸n pou ja melethjoÔn se aut 
th diatrib .

Mia endiafèrousa enallaktik  arijmhtik  teqnik  pou ja mporoÔse na efarmosteÐ
sta probl mata aut c thc diatrib c, kai na sugkrijeÐ me thn FDTD, eÐnai h mèjo-
doc twn peperasmènwn diafor¸n sto pedÐo thc suqnìthtac (FDFD) ulopoihmènh sto
staggered plègma thc FDTD (Yee) [1] me ìla ta pleonekt mata pou èqoun proanafer-
jeÐ. 'Omwc eÐnai èmmesh (implicit) mèjodoc kai apaiteÐ epÐlush meg�lwn grammik¸n
susthm�twn, kai ètsi endèqetai na parousi�zei uyhlìterouc qrìnouc prosomoÐwshc
se sqèsh me thn FDTD. EpÐshc efarmìzetai se probl mata monoqrwmatik c diègersh-
c, kai den mporeÐ na qrhsimopoihjeÐ sthn melèth twn perijlastik¸n diat�xewn aut c
thc ergasÐac me polufasmatik  diègers , gegonìc efiktì apì thn pleur� thc FDTD
mejìdou.

2.1 H FDTD Mèjodoc

H disdi�stath (2D) FDTD mèjodoc epilÔei tic exis¸seic Maxwell jewr¸ntac ìti ta
pedÐa orÐzontai se orjog¸nio plègma megèjouc ∆x×∆y ètsi ¸ste ta magnhtik� kai
hlektrik� pedÐa eÐnai metatopismèna ston q¸ro kat� ∆x/2, ∆y/2 stic x, y dieujÔn-
seic antÐstoiqa, kai kat� ∆t/2 ston qrìno. Sta Sq. 2.1, 2.2 faÐnetai h di�taxh twn
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Sq ma 2.1: 2D FDTD plègma, TE pìlwsh (gia di�dosh kat� y).

hlektrik¸n kai magnhtik¸n kìmbwn gia th TE (Ez, Hx, Hy) kai TM (Hz, Ex, Ey)
pìlwsh. SÔmfwna me thn parap�nw topojèthsh twn pedÐwn ston q¸ro kai ton qrìno,
oi exis¸seic Maxwell lÔnontai proseggÐzontac tic qwrikèc kai qronikèc parag¸gouc
me peperasmènec diaforèc deutèrac t�xhc. Autìc eÐnai o algìrijmoc tou Yee, pou
apoteleÐ thn klassik  morf  thc FDTD. Basik  phg  sfalm�twn thc FDTD eÐnai
h arijmhtik  diaspor� (numerical dispersion) dhlad  to gegonìc h sqèsh diaspor�c
pou akoloujeÐ kÔma pou diadÐdetai sto plègma thc FDTD den eÐnai h jewrhtik  sqèsh
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Sq ma 2.2: 2D FDTD plègma, TM pìlwsh (gia di�dosh kat� y).

diaspor�c. Parìla aut� e�n oi qwrikèc par�gwgoi proseggistoÔn me peperasmènec
diaforèc an¸terhc t�xhc tìte dhmiourgeÐtai h qwrik� an¸terhc t�xhc FDTD h opoÐa
apodeiknÔetai ìti sumperifèretai kalÔtera apì thn klassik  FDTD wc proc nu-
merical dispersion sf�lmata [102], [88]. EÐnai epÐshc dunatì na proseggistoÔn kai
qronikèc par�gwgoi me peperasmènec diaforèc an¸terhc t�xhc belti¸nontac akìma
perissìtero thn akrÐbeia thc mejìdou. E�n h akrÐbeia ston qrìno eÐnai K-t�xhc kai h
akrÐbeia proc ton q¸ro eÐnai M-t�xhc, orÐzetai h FDTD(K,M) ulopoÐhsh thc FDTD.
Shmei¸netai ìti pio shmantik  eÐnai h prosèggish an¸terhc t�xhc wc proc ton q¸ro
diìti prosèggish an¸terhc t�xhc wc proc ton qrìno mporeÐ na epiteuqjeÐ me meÐwsh
tou qronikoÔ b matoc ∆t pou aux�nei apl¸c grammik� ton upologistikì fìrto, qwrÐc
na aux�nei tic apait seic sthn mn mh k�ti pou den isqÔei e�n mikrÔnei to mègejoc twn
keli¸n. Parak�tw qrhsimopoieÐtai o klassikìc algìrijmoc Yee [FDTD(2, 2)]kai
h FDTD(2,4) ulopoÐhsh gia beltiwmènh akrÐbeia. H FDTD ìpwc anafèrjhke pi-
o p�nw eÐnai eustaj c mèjodoc. To krit rio eust�jeiac (Courant stability limit)
gia thn 2D FDTD(2,2) eÐnai ìti to qronikì b ma ∆t prèpei na eÐnai toul�qiston
1/(c

√
∆x−2 +∆y−2) kai gia thn FDTD(2,4) to qronikì b ma ∆t prèpei na eÐnai

toul�qiston 6/(7c
√
∆x−2 +∆y−2). EpÐshc ulopoi seic an¸terhc t�xhc mporoÔn na

qrhsimopoihjoÔn. Parak�tw parousi�zontai sunoptik� oi exis¸seic twn FDTD(2,2)
kai FDTD(2,4) mejìdwn, gia thn TE pìlwsh ston UPML formalismì. Oi exis¸seic
gia thn TM pìlwsh par�gontai ìmoia. Sto UPML to mèso eÐnai anisotropikì kai
perigr�fetai apì ton adi�stato diag¸nio tanust  s̄:

s̄ =

 syszs
−1
x 0 0

0 sxszs
−1
y 0

0 0 sxsys
−1
z

 , (2.1)
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ìpou sw = κw + σw/(jωε) (w=x,y,z), σw eÐnai h agwgimìthta kat� thn w dieÔjunsh
kai κw eÐnai mia adi�stath metablht  pou exart�tai apì thn w dieÔjunsh kai qrhsimeÔei
gia thn enÐsqush thc apìsbeshc tou UMPL. Ta σw kai κw metab�llontai poluwnu-
mik� san sun�rthsh tou w mèsa sto UPML, en¸ ektìc eÐnai σw = 0, κw = 1. Gia na
eÐnai to UPML tèleia aporrofhtikì, o anisotropikìc tanust c s̄ qrhsimopoieÐtai sthn

qronik�-armonik  morf  twn ∇⃗ × ⃗̃E = −jωµs̄ ⃗̃H, ∇⃗ × ⃗̃H = jωεs̄ ⃗̃E, ( ⃗̃E, ⃗̃H eÐnai fasi-
jètec) ìpou ϵ, µ eÐnai h epitreptìthta kai magnhtik  diaperatìthta antÐstoiqa. Gia thn
TE pìlwsh (2D) up�rqoun mìno ta pedÐa Ẽz(x, y), H̃x(x, y), H̃y(x, y). Qrhsimopoi¸n-
tac tic bohjhtikèc metablhtèc D̃z = εsyẼz/sz, B̃x = µszH̃x/sx, B̃y = µsxH̃y/sx, oi
dunamikèc exis¸seic tou Maxwell paÐrnoun thn morf :

∂H̃y

∂x
− ∂H̃x

∂y
= jωκxD̃z +

σx
ε
D̃z, (2.2)

−∂Ẽz

∂y
= jωκyB̃x +

σy
ε
B̃x, (2.3)

∂Ẽz

∂x
= jωκzB̃y +

σz
ε
B̃y. (2.4)

Qrhsimopoi¸ntac ton antÐstrofo metasqhmatismì Fourier stic Ex. (2.2, 2.3, 2.4) kai
kentrikèc diaforèc deutèrac t�xhc gia tic qronikèc parag¸gouc pou prokÔptoun oi
dunamikèc exis¸seic Maxwell gÐnontai:

Dz |n+1/2
i−1/2,j+1/2 =

2εκx −∆tσx
2εκx +∆tσx

Dz |n−1/2
i−1/2,j+1/2 +

2ε∆t

2εκx +∆tσx

(
∂Hn

y

∂x
− ∂Hn

x

∂y

)∣∣∣∣
i−1/2,j+1/2

, (2.5)

Bx |n+1
i−1/2,j+1 =

2εκy −∆tσy
2εκy +∆tσy

Bx |ni−1/2,j+1 +

2ε∆t

2εκy +∆tσy

(
−∂Ez

∂y

)∣∣∣∣
i−1/2,j+1

, (2.6)

By |n+1
i,j+1/2 =

2εκz −∆tσz
2εκz +∆tσz

By |ni,j+1/2 +
2ε∆t

2εκz +∆tσz

(
∂Ez

∂x

)∣∣∣∣
i,j+1/2

. (2.7)

Oi parap�nw exis¸seic (2.5-2.7) mazÐ me tic D̃z = ϵsyẼz/sz, B̃x = µszH̃x/sx, B̃y =
µsxH̃y/sy , eÐnai oi exis¸seic FDTD ston UPML formalismì. Epiplèon èqei ulopoi-
hjeÐ kai o formalismìc CPML (Convolutional Perfect Matching Layer [102, 90]. To
CPML sugkritik� me to UPML èqei kalÔterec aporrofhtikèc idiìthtec, upologistik�
eÐnai pio apodotikì kai genikeÔetai polÔ eÔkola gia ulik� me mh-grammikìthtec, dias-
por�,   kai anisotropÐa. H basik  diaforopoÐhsh tou CPML se sqèsh me to UPML
eÐnai ìti oi suntelestèc sw eÐnai: sw = κw + σw/(jωϵ0 + aw), ìpou h par�metroc aw
[102, 90] metab�letai poluwnumik� san sun�rthsh tou w mèsa sto CPML (eÐnai mhdèn
ektìc), kai enisqÔei thn apìdosh tou CPML se aposbènonta (evanescent) kÔmata kai
se kÔmata qamhl¸n suqnot twn. Akolouj¸ntac tic anaf. [102, 90] par�gontai oi
exis¸seic tou CPML. Eidikìtera oi CPML exis¸seic gia thn qronik  ananèwsh (up-
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date) tou Ez pedÐou (ìlec oi �llec sunist¸sec èqoun entel¸c ìmoia updates) eÐnai:

ϵi−1/2,j+1/2

(
Ez |n+1/2

i−1/2,j+1/2 −Ez |n−1/2
i−1/2,j+1/2

∆t

)
=

(
∂Hn

y

κx∂x
− ∂Hn

x

κy∂y

)∣∣∣∣
i−1/2,j+1/2

+

ΨEz,x |ni−1/2,j+1/2 − ΨEz,y |ni−1/2,j+1/2 (2.8)

ΨEz,x |ni−1/2,j+1/2 = bxi−1/2
ΨEz,x |n−1

i−1/2,j+1/2 +

cxi−1/2

∂Hn
y

∂x
(2.9)

ΨEz,y |ni−1/2,j+1/2 = byj+1/2
ΨEz,y |n−1

i−1/2,j+1/2 +

cyj+1/2

∂Hn
x

∂y
(2.10)

ìpou bw = e−(σw/ϵ0κw+aw/ϵ0)∆t, cw = [bw−1]σw/ (σwκw + κ2waw), me bw = 1 kai cw = 0
ektìc tou CPML, diìti σw = αw = 0, κw = 1, èxw apì to CPML. Oi posìthtec
ψEz,x , ψEz,y èqoun diast�seic reum�twn pìlwshc, kai metab�llontai qronik� (Ex. 2.9,
2.10) me apotèlesma h aktinobolÐa touc na akur¸nei ta kÔmata pou eisèrqontai sto
CPML. EpÐshc me b�sh tic Ex. (2.9, 2.10) oi ψEz,x , ψEz,y eÐnai mh mhdenikèc mìno
mèsa sto CPML gegonìc pou enisqÔei thn upologistik  apìdosh tou CPML. Oi
qwrikèc par�gwgoi stic Ex. (2.5-2.10) se tuqaÐo jèsh l ≡ (i, j) ≡ (i∆x,∆y) kai
qrìno t = n∆t proseggÐzontai me kentrikèc diaforèc pou eÐnai M -t�xhc sÔmfwna me
[51]:

∂f

∂w

∣∣∣∣n
l

∼=
1

∆w

M/2∑
s=1

Cs[f |nl+(2s−1) −f |nl−(2s−1)], (w = x, y) , (2.11)

ìpou f = Ez, Hx, Hy kai

Cs =
(−1)s+1 (M − 1) !!2

2M−2 (M/2 + s− 1) ! (M/2− s) ! (2s− 1)2
. (2.12)

E�n qrhsimopoihjeÐ h Ex. 2.12 gia M = 2, par�getai h FDTD(2,2) mèjodoc, en¸
gia M = 4 h FDTD(2,4). Jewr jhke kai mia pio akrib c morf  thc FDTD(2,4)
ìpou qrhsimopoi jhke mia mèjodoc beltistopoÐhshc [120]. Eidikìtera oi arijmhtikoÐ
qwrikoÐ kai qronikoÐ telestèc beltistopoioÔntai me thn eisagwg  paramètrwn A, Cw1,
Cw2:

∂f

∂w

∣∣∣∣n
l

≃

[
Cw1

(
fn
l+/2 − fn

l−1/2

)
+ Cw2

(
fn
l+3/2 − fn

l−3/2

)]
∆w

, (2.13)

∂f

∂t

∣∣∣∣n
l

≃ A
f
n+1/2
l − f

n−1/2
l

∆t
, (2.14)

¸ste oi parap�nw telestèc na proseggÐzoun me b�sh thn mèjodo elaqÐstwn tetrag¸n-
wn tou antÐstoiqouc suneqeÐc telestèc ìtan epidroÔn se epÐpedo kÔma. Aut  h mèjo-
doc eÐnai bèltisth gia monoqrwmatik  diègersh. Gia 2D gewmetrÐec kai gia TE   TM
pìlwsh, oi bèltistoi par�metroi eÐnai A = (ω∆t)/(2 sin(ω∆t/2)) kai oi par�metroi
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Cw1, Cw2 upologÐzontai apì thn lÔsh tou sust matoc [120]:[
1− J0 (k∆w) J0 (k∆w)− J0 (2k∆w)

J0 (k∆w)− J0 (2k∆w) 1− J0 (3k∆w)

] [
Cw1

Cw2

]
=

[
J1
(
k∆w
2

)
J1
(
3k∆w

2

) ] k∆w,
(2.15)

ìpou w = x, y kai k eÐnai o kumat�rijmoc sthn perioq  tou plègmatoc kai J0, J1
eÐnai sunart seic Bessel pr¸tou eÐdouc, mhdenik c kai pr¸thc t�xhc antÐstoiqa. Gia
akribèstera apotelèsmata, h FDTD(2,4) èqei ulopoihjeÐ gia thn perÐptwsh twn olo-
grafik¸n fragm�twn tou Kef. 2, qrhsimopoi¸ntac monopleurikoÔc telestèc [119]
peperasmènwn diafor¸n gia thn qronik  ananèwsh twn pedÐwn se kìmbouc pou an k-
oun se diaqwristikèc epif�neiec epitreptìthtac. S' aut n thn mèjodo oi telestèc
peperasmènwn diafor¸n qrhsimopoioÔn dedomèna mìno apì mÐa pleur� thc diaqwris-
tik c epif�neiac. Gia par�deigma, gia thn perÐptwsh TE pìlwshc (ìmoia kai gia TM
pìlwsh), e�n upotejeÐ ìti h diaqwristik  epif�neia epitreptìthtac eÐnai par�llhlh
ston y-�xona kai pern�ei apì kìmbo Ez (h Dz ston UPML formalismì) sthn jèsh
i = i0−1/2 sto x-�xona, tìte h qronik  ananèwsh touEz kìmbou sth jèsh i = i0−1/2
apaiteÐ ton upologismì thc parag¸gou (∂Hy/∂x)|i0−1/2,j+1/2 tou magnhtikoÔ pedÐou
diamèsou thc diaqwristik c epif�neiac epitreptìthtac. Gia na upologisteÐ aut  h
par�gwgoc, pr¸ta to Hy pedÐo upologÐzetai sthn jèsh i = i0 − 1/2 (afoÔ to Hy

pedÐo den orÐzetai sth jèsh i = i0−1/2, sÔmfwna me thn topologÐa tou plègmatoc Y-
ee), qrhsimopoi¸ntac extrapolation pèmpthc t�xhc apì dedomèna apì mìno mÐa pleur�
thc diaqwristik c epif�neiac [119]:

Hy|i0−1/2,j =
315

128
Hy|i0−1,j −

105

32
Hy|i0−2,j +

189

64
Hy|i0−3,j

−45

32
Hy|i0−4,j +

35

128
Hy|i0−5,j, (2.16)

telik� h ∂Hy|i0−1/2,j/∂x upologÐzetai qrhsimopoi¸ntac dedomèna apì thn �llh pleur�
thc diaqwristik c epif�neiac epitreptìthtac sÔmfwna me:

∂Hy|i0−1/2,j

∂x
=

(
−1126

315
Hy|i0−1/2,j +

315

64
Hy|i0,j −

35

16
Hy|i0+1,j

+
189

160
Hy|i0+2,j −

45

112
Hy|i0+3,j +

35

576
Hy|i0+4,j

)
/∆x. (2.17)

Aut  h teqnik  den èqei efarmosteÐ gia fr�gmata epifaneiak c diamìrfwshc lìgw
thc poluplokìthtac aut¸n twn dom¸n pou aux�nei thn poluplokìthta ulopoÐhshc
kai endèqetai na parousi�sei probl mata eust�jeiac. Mia enallaktik  mèjodoc eÐnai
h qr sh monopleurik¸n telest¸n peperasmènwn diafor¸n me b�rh [51], mÐa teqnik 
poÔ eÐnai upì diereÔnhsh. Mia �llh teqnik  pou qrhsimopoieÐtai s' aut n thn ergasÐ-
a eÐnai h TF-SF (total field-scattered field: olikoÔ-skedazìmenou pedÐou). Aut  h
mèjodoc diaqwrÐzei to upologistikì qwriì se 2 perioqèc thn perioq  tou skedazìme-
nou pedÐou kai thn perioq  tou olikoÔ pedÐou (skedazìmeno + prospÐpton), kai oi
opoÐec diaqwrÐzontai apì thn TF-SF epif�neia. H TF-SF epif�neia qrhsimopoieÐtai
gia thn eisagwg  thc diègershc sto plègma, kai o diaqwrismìc tou q¸rou se olik -
skedazìmenh perioq  epitrèpei sthn diègersh na eis�getai qwrÐc na allhlepidr� me to
anakl¸meno kÔma. Epiplèon eÐnai upologistik� polÔ apodotik  giatÐ apaiteÐ gn¸sh
tou prospÐptontoc kÔmatoc mìno se mia mikr  perioq  gÔrw apì thn TF-SF epif�neia.
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H diègersh eis�getai sto plègma me thn TF-SF mèjodo, me thn diìrjwsh twn ex-
is¸sewn qronik c ananèwshc twn pedÐwn 1 me tètoio trìpo ¸ste ta pedÐo sthn mia
pleur� na eÐnai to olikì pedÐo kai sthn �llh pleur� na eÐnai to skedazìmeno pedÐo. Gia
thn efarmog  aut¸n twn diorj¸sewn, to prospÐpton kÔma to polÔ se èna   dÔo keli�
(gia thn FDTD(2,2), FDTD(2,4) antÐstoiqa) apì k�je pleur� thc TF-SF epif�neiac
prèpei na eÐnai gnwstì. E�n upotejeÐ ìti h TF-SF epif�neia eÐnai kat� m koc tou
y-�xona (Sq. 2.1) sthn jèsh i = i0 − 1/2 (xi = (i0 − 1/2)∆x) kai brÐsketai se Ez

kìmbouc kai to pedÐo ekeÐ eÐnai olikì, tìte h TF-SF diìrjwsh eÐnai:

Ez|n+1
i0,j

=
{
Ez|n+1

i0,j

}
− ∆t

ε0∆x
Hy,inc|n+1/2

i0−1/2,j . (2.18)

Gia thn FDTD(2,4) lamb�nontac upìyh ìti oi qwrikèc par�gwgoi sÔmfwna me thn
(2.11) apaitoÔn dedomèna pio apomakrusmèna apì to shmeÐo pou upologÐzetai h par�g-
wgoc se sqèsh me thn FDTD(2,2), oi antÐstoiqh TF-SF diìrjwsh eÐnai:

Ez|n+1
i0,j

=
{
Ez|n+1

i0,j

}
− ∆t

ε0∆x
C1Hy,inc|n+1/2

i0−1/2,j −
∆t

ε0∆x
C2Hy,inc|n+1/2

i0−3/2,j ,(2.19)

Ez|n+1
i0+1,j =

{
Ez|n+1

i0+1,j

}
− ∆t

ε0∆x
C2Hy,inc|n+1/2

i0−1/2,j , (2.20)

Ez|n+1
i0−1,j =

{
Ez|n+1

i0−1,j

}
− ∆t

ε0∆x
C2Hy,inc|n+1/2

i0+1/2,j , (2.21)

ìpou oi suntelestèc C1, C2 dÐnontai apì thn (2.12) gia M = 4 kai oi ìroi {Ez}
antistoiqoÔn se lanjasmènec timèc diìti oi FDTD qronikèc anane¸seic qrhsimopoioÔn
pedÐa kai apì tic duo pleurèc thc TF-SF epif�neiac. Gia na anaparistoÔntai mìno
skedazìmena   mìno olik� pedÐa stic (2.18-2.21), eis�gontai diorjwtikoÐ ìroi pou
perièqoun to prospÐpton magnhtikì pedÐo Hy,inc stouc antÐstoiqouc kìmbouc. Oi
timèc tou pedÐou parèqontai jewr¸ntac èna bohjhtikì plègma ìpou mìno h zhtoÔmenh
diègersh eÐnai paroÔsa kai h di�dosh thc opoÐac me thn FDTD parèqei thc timèc tou
prospÐptontoc pedÐou pou apaitoÔntai stic TF-SF diorj¸seic (2.18-2.21). Autèc oi
diorj¸seic apaitoÔn timèc prospÐptontoc pedÐou mìno 1   2 kelÐa apì k�je pleur� thc
TF-SF epif�neiac, kai �ra to bohjhtikì plègma pou perièqei autèc tic timèc mporeÐ
na èqei polÔ mikrì mègejoc kat� thn dieÔjunsh di�doshc thc diègershc.

2.2 Mèjodoi BeltÐwshc thc FDTD

'Ena basikì prìblhma thc FDTD mejìdou eÐnai ìti orÐzetai se orjog¸nio plègma
kai eÐnai dunatìn oi epif�neiec dom¸n me polÔplokh gewmetrÐa na mhn sumpèsoun me
touc kìmbouc tou plègmatoc. Autì to gegonìc odhgeÐ se shmantik� sf�lmata kai
epÐshc mei¸nei to rujmì sÔgklishc thc mejìdou dhlad  ta apotelèsmata thc FDTD
den sugklÐnoun me ton anamenìmeno rujmì (2hc, 4hc t�xhc gia thn FDTD(2,2), FDT-
D(2,4) antÐstoiqa) kaj¸c to mègejoc twn keli¸n mikraÐnei. Akìma kai sthn idanik 
perÐptwsh ìpou oi epif�neiec thc upì melèthc dom c sumpèsoun me tou kìmbouc tou
plègmatoc, h sÔgklish thc mejìdou paramènei meiwmènh lìgw thc apìtomhc metabol -
c twn fusik¸n idiot twn (asunèqeia thc epitreptìthtac   kai thc diaperatìthtac),
pou ep�gei apìtomec metabolèc twn pedÐwn kai pou h diakritopoÐhsh tou plègmatoc
den eÐnai sun jwc arket  gia na tic anaparast sei swst�. S' aut n thn enìthta
parousi�zontai teqnikèc antimet¸pishc twn parap�nw problhm�twn.
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2.2.1 Mèjodoi BeltÐwshc thc FDTD(2,2)

Sthn perÐptwsh thc FDTD(2,2) gia thn antimet¸pish twn parap�nw sfalm�twn,
efarmìzetai h teqnik  omalopoÐhshc thc epitreptìthtac [44] (effective permittivity  
average permittivity method). E�n upojèsoume ìti epif�neia S diaqwrÐzei ton q¸ro
se perioqèc epireptìthtac ϵ1, ϵ2, s' aut n thn teqnik  orÐzetai mia omalopoihmènh
epitreptìthta ϵ∗ se kìmbouc hlektrikoÔ pedÐou pou eÐnai kontÔtera apì misì mègejoc
kelioÔ apì thn epif�neia S, sÔmfwna me:

ϵ∗ =

(
1

2
+ d

)
ϵ1 +

(
1

2
− d

)
ϵ2, gi� E⃗ ∥ S (2.22)

1

ϵ∗
=

d

ϵ1
+

1− d

ϵ2
, gi� E⃗ ⊥ S (2.23)

ìpou d eÐnai h apìstash thc S apì ton kontinìtero kìmbo hlektrikoÔ pedÐou pou
eÐnai par�llhloc sthn S, kai d eÐnai kanonikopoimènh sto mègejoc tou kelioÔ kat�
thn dieÔjunsh k�jeth sthn S. Stic Ex. (2.22) kai (2.23) èqei jewrhjeÐ ìti o kìmboc

pou omalopoieÐtai brÐsketai se perioq  epitreptìthtac ϵ1 kai E⃗ ∥
(
E⃗ ⊥

)
gia kìmbouc

par�llhlouc (k�jetouc) sthn S. Mia parìmoia teqnik  omalopoÐhshc pou genikeÔetai
kai se diaqwristik  epif�neia epitreptìthtac S pou ìmwc tèmnei ta keli� upì klÐsh
perigr�fetai sthn anafor� [47]. Eidikìtera e�n to hlektrikì pedÐo se èna kìmbo
(to kelÐ tou opoÐou tèmnetai apì thn S), eÐnai k�jeto (par�llhlo) sthn S h opoÐa
qwrÐzei to kelÐ tou hlektrikoÔ kìmbou se perioqèc epitreptìthtac ϵ1, ϵ2, h k�jeth
ϵ∗⊥ (par�llhlh ϵ∗∥) omalopoihmènh epitreptìthta orÐzetai wc:

ϵ∗⊥ =

[
f

ϵ2
+

1− f

ϵ1

]−1

(2.24)

ϵ∗∥ = fϵ2 + (1− f) ϵ1 (2.25)

ìpou f eÐnai o lìgoc tou embadoÔ thc epif�neiac tou kelioÔ me epitreptìthta ϵ2
proc thn olik  epif�neia tou kelioÔ, kai mporeÐ eÔkola na upologisteÐ apì gnw-
stoÔc tÔpouc embadoÔ polug¸nou. Sthn perÐptwsh pou h k�jetoc thc epif�neiac S
dhmiourgeÐ gwnÐa θ ∈ [0, π/2] me to hlektrikì pedÐo tou kìmbou h epitreptìthta tou
opoÐou omalopoieÐtai , h omalopoihmènh epitreptìthta eÐnai:

ϵ∗ = ϵ∥ cos
2 θ + ϵ⊥

(
1− cos2 θ

)
(2.26)

Oi parap�nw teqnikèc apokajistoÔn thn akrÐbeia 2hc t�xhc thc FDTD h opoÐa lìgw
thn epifanei¸n epitreptìthtac mei¸netai se 1ης t�xhc.

2.2.2 Mèjodoi BeltÐwshc thc FDTD(2,4)

Sthn perÐptwsh thc FDTD(2,4) oi parap�nw teqnikèc omalopoÐhshc thc FDTD(2,2)
den efarmìzontai diìti oi qwrikèc par�gwgoi thc FDTD(2,4) ekteÐnontai kai èxw apì
to kelÐ tou kìmbou ston opoÐo upologÐzontai. Gia thn FDTD(2,4) qrhsimopoieÐtai h
teqnik  thc topik c omalopoÐhshc thc epitreptìthtac (local regularization method)
[4], [52], kai h teqnik  thc energ c epitreptìthtac 3ης t�xhc (third-order effective
permittivity method) [41], [40].

H local permittivity mèjodoc antikajist� thn asuneq  epitreptìthta sthn di-
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aqwristik  epif�neia metaxÔ duo perioq¸n me epitreptìthta ϵ1, ϵ2 me mÐa suneq 
sun�rthsh (èna polu¸numo 5ης t�xhc), ϵ∗ (x), (−δ/2 ≤ x ≤ δ/2) sÔmfwna me:

ϵ∗ (x) =
1

2
(ϵ1 + ϵ2)+

45

16
(ϵ1 − ϵ2)

(x
δ

)
−25

2
(ϵ1 − ϵ2)

(x
δ

)3
+21 (ϵ1 − ϵ2)

(x
δ

)5
(2.27)

ìpou ϵ∗ (−δ/2) = ϵ1, ϵ∗ (δ/2) = ϵ2. Aut  h omalopoÐhsh thc epitreptìthtac, mei¸nei
ta arijmhtik� sf�lmata. Parìla aut� o arijmìc twn keli¸n pou qrhsimopoieÐ aut 
h mèjodoc eÐnai krÐsimoc gia thn apìdosh thc mejìdou, kai o bèltistoc arijmìc
prosdiorÐzetai peiramatik� ¸ste na epiteuqjeÐ o kalÔteroc rujmìc sÔgklishc kai
akrÐbeiac.

Sq ma 2.3: Efarmog  thc third-order effective permittivity mejìdou se 2D FDTD plèg-
ma, TM pìlwsh (sq ma apì thn anaf. [40])

Sthn third-order effective permittivity mèjodo anatÐjentai energèc epitreptìthtec
se kìmbouc kont� se epif�neiec epitreptìthtac ètsi ¸ste o arijmhtikìc suntelest -
c an�klashc kai dièleushc epÐpedou kÔmatoc pou prospÐptei me tuqaÐa gwnÐa sthn
epif�neia, na eÐnai kont� (me akrÐbeia 4ης t�xhc wc proc to m koc tou kelioÔ) stic
antÐstoiqec jewrhtikèc timèc. Oi energèc epitreptìthtec parèqontai sthn [41] gia thn
TE (Ez, Hx, Hy) pìlwsh kai sthn [40] gia thn TM (Hz, Ex, Ey) pìlwsh. Eidikìtera
gia thn TE pìlwsh oi energèc epitreptìthtec ϵ∗1, ϵ

∗
2, ϵ

∗
3 pou anatÐjentai se kìmbouc

Ez kont� sthn epif�neia epitreptìthtac (upojètontac ìti h epif�neia epitreptìthtac
qwrÐzei ton q¸ro se perioqèc me epitreptìthta ϵ1, ϵ2) dÐnontai apì tic:

ϵ∗1 = ϵ1 (2.28)

ϵ∗3 = ϵ∗1 −
(13− 6d2) (ϵ1 − ϵ2)

12
(2.29)

ϵ∗2 =
3 ((1 + 2d/3) ϵ1 (1− 2d/3) ϵ2)

2
− ϵ∗1 − ϵ∗2 (2.30)

ìpou oi kìmboi me ϵ∗1, ϵ
∗
2 eÐnai sthn perioq  ϵ1 kai o kìmboc me ϵ∗3 eÐnai sthn perioq 

ϵ2. Epiplèon o ϵ∗2 kìmboc apèqei d∆ apì thn epif�neia epitreptìthtac, (me d ≤ 0.5
kai ∆ to m koc tou kelioÔ kat� dieÔjunsh k�jeth sthn epif�neia epitreptìthtac),
kai oi ϵ∗3, ϵ

∗
1 kìmboi apèqoun (1− d)∆ kai (1 + d)∆ apì thn epif�neia epitreptìthtac

antÐstoiqa.
Eidikìtera gia thn TM(Hz, Ex, Ey) pìlwsh proteÐnontai 2 mèjodoi gia thn efar-
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mog  thc third-order effective permittivity mejìdou. H EP1 kai EP2 mèjodoi an�loga
e�n   par�metroc −0.5 ≤ d ≤ 0.1   0.1 ≤ d ≤ 0.5 antÐstoiqa, ìpou h par�metroc d
faÐnetai sto Sq. 2.3.

Sthn EP1 orÐzontai oi parak�tw energèc epitreptìthtec, oi jèseic twn opoÐwn
faÐnontai sto Sq. 2.3.

ϵp,−1/2 = ϵ1 + (ϵ2 − ϵ1)
(
1− 12d + 12d2

)
/24, (2.31)

ϵp,1/2 = ϵ2 + (ϵ2 − ϵ1)
(
1 + 12d + 12d2

)
/24, (2.32)

ϵo,−1 = ϵ1L/M, (2.33)

ϵo,0 =
1

(3/2 + d) /ϵ1 + (1/2 + d)− 1/ϵo,−1

, (2.34)

L = 24
(
−6 +

√
42
)
ϵ2{6 (ϵ1 − ϵ2) d

2 +
√
42 (ϵ2 − ϵ1) d−(

7 +
√
42
)
− ϵ2 −

(
6 +

√
42
)
ϵ1}, (2.35)

M = −72 (ϵ2 − ϵ1)
2 d3 + {

(
864− 138

√
42
)
ϵ2 + 6

√
42ϵ1} (ϵ2 − ϵ1) d

2 +

{
(
1038− 144

√
42
)
ϵ2 − 30ϵ1} (ϵ2 − ϵ1) d +

(
144− 25

√
42
)
ϵ22 −

−144ϵ1ϵ2 +
√
42ϵ21. (2.36)

Sthn EP2 orÐzontai oi parak�tw energèc epitreptìthtec, oi jèseic twn opoÐwn faÐ-
nontai sto Sq. 2.3.

ϵp,1/2 = ϵ1 + (ϵ2 − ϵ1)
(
25− 36d + 12d2

)
/24, (2.37)

ϵp,3/2 = ϵ2 + (ϵ2 − ϵ1)
(
23 + 12d− 12d2

)
/24, (2.38)

ϵo,−1 = N/O (2.39)

ϵo,0 =
1

(3/2 + d) /ϵ1 + (1/2 + d)− 1/ϵo,−1

, (2.40)

N = 24
(
−6 +

√
42
)
ϵ2{6 (ϵ1 − ϵ2) d

2 +
(
12 +

√
42
)
(ϵ2 − ϵ1) d−(

7 +
√
42
)
ϵ2 −

(
168 + 26

√
42
)
ϵ1}, (2.41)

O = −72 (ϵ2 − ϵ1)
2 d3 + {

(
1008− 138

√
42
)
ϵ2 +

(
864 + 150

√
42
)
ϵ1} (ϵ2 − ϵ1) d

2 +

{
(
−762 + 144

√
42
)
ϵ2 + 42ϵ1} (ϵ2 − ϵ1) d−

(
42 + 31

√
42
)
ϵ22 −(

2100 + 300
√
42
)
ϵ1ϵ2 +

(
126 + 19

√
42
)
ϵ21. (2.42)

SÔmfwna me thn mèqri t¸ra gn¸sh mac den up�rqei jewrÐa gia ton prosdiorismì
thc energoÔc epitreptìthtac sthn perioq  gwnÐac epitreptìthtac gia thn FDTD(2,4)
mèjodo. Gia thn perÐptwsh twn perijlastik¸n fragm�twn diamìrfwshc epifaneÐac,
ìpou up�rqoun asunèqeiec lìgw gwni¸n epitreptìthtac, kai oi dÔo parap�nw mè-
jodoi efarmìzontai me tètoio trìpo ¸ste oi kìmboi kont� se gwnÐec epitreptìthtac
na omalopoioÔntai kai kat� tic dÔo orjog¸niec dieujÔnseic kai touc anatÐjentai o
arijmhtikìc mèsoc ìroc thc omalopoihmènhc epitreptìthtac apì k�je dieÔjunsh. Oi
kìmboi pou metab�llontai kai kat� tic duo dieujÔnseic eÐnai polÔ lÐgoi afoÔ kai
oi dÔo mèjodoi efarmìzontai to polÔ se dÔo keli� apì k�je pleur� thc epif�neiac
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epitreptìthtac.
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Kef�laio 3

FDTD An�lush Olografik¸n
kai Epifaneiak c-Diamìrfwshc
Perijlastik¸n Fragm�twn
Peperasmènhc Periìdou

O formalismìc tou olikoÔ-skedazìmenou pedÐou (TF-SF) thc FDTD qrhsimopoieÐ-
tai gia thn an�lush thc perÐjlashc peperasmènou arijmoÔ periìdwn olografik¸n
kai epifaneiak c diamìrfwshc perijlastik¸n fragm�twn apì peperasmènh prospÐp-
tousa dèsmh. GÐnetai qr sh thc FDTD deÔterhc all� kai tètarthc t�xhc me di�forec
teqnikèc diìrjwshc twn asuneqei¸n thc epitreptìthtac tou mèsou kai gÐnetai mia sug-
kritik  melèth me enallaktikèc arijmhtikèc teqnikèc. UpologÐzetai h perijlastik 
apìdosh sÔzeuxhc gia perijlastik� fr�gmata peperasmènwn periìdwn kai prospÐp-
tousac dèsmhc diafìrwn megej¸n, gia TE all� kai gia TM pìlwsh, kai ta FDT-
D apotelèsmata sugkrÐnontai me thn mèjodo peperasmènwn diafor¸n sto pedÐo thc
suqnìthtac (FDFD) gia thn perÐptwsh olografik¸n perijlastik¸n fragm�twn, all�
kai me thn mèjodo peperasmènwn stoiqeÐwn epifaneÐac (Boundary Element Method:
BEM) gia thn perÐptwsh fragm�twn epifaneiak c diamìrfwshc. Epiplèon diereun�tai
h sÔgklish twn apotelesm�twn thc FDTD, sta apotelèsmata th RCWA kaj¸c o ar-
ijmìc twn periìdwn twn perijlastik¸n fragm�twn all� kai to qwrikì mègejoc thc
prospÐptousac dèsmhc aux�netai.

3.1 Eisagwg 

Pollèc praktikèc perijlastikèc suskeuèc eÐnai periodikèc all� qwrik� eÐnai peperas-
mènec kai perièqoun sqetik� mikrì arijmì periìdwn. Sun jwc sthn an�lush peri-
jlastik¸n diat�xewn, h RCWA [28], [75], [76], eÐnai h sunhjèsterh mèjodoc gia thn
melèth perijlastik¸n fragm�twn (olografik¸n h epifaneiak c diamìrfwshc) �peirou
arijmoÔ periìdwn (INP: Infinite Number of Periods) ta opoÐa fwtÐzontai me epÐpedo
kÔma (dhl. dèsmh apeÐrou pl�touc). 'Omwc se praktikèc efarmogèc ta perijlastik�
fr�gmata eÐnai peperasmènou megèjouc kai fwtÐzontai apì dèsmec peperasmènou pl�-
touc. 'Etsi o sqediasmìc kai h an�lush perijlastik¸n fragm�twn (olografik¸n
  /kai epifaneiak c diamìrfwshc) eÐnai aparaÐthth gia thn dhmiourgÐa optik¸n dia-
sundèsewn pou qrhsimopoioÔn perijlastik� stoiqeÐa all� kai gia �llec perijlastikèc
efarmogèc.
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Ta apotèlesmata peperasmènhc dèsmhc prospÐptousac se periodik  metallik 
epÐpedh ojình èqei melethjeÐ apì touc Kriezis et al. [60] me qr sh an�lushc gkaou-
sian c dèsmhc se epÐpeda kÔmata se sunduasmì me thn mèjodo twn rop¸n. Oi Ben-
dickson et al. [10] qrhsimopoÐhsan thn RCWA gia peperasmènec dèsmec gia na mon-
telopoi soun peperasmènh dèsmh prospÐptousa se INP perijlastikì fr�gma. EpÐsh-
c sthn ergasÐa tou Kok [56] qrhsimopoi jhke mÐa mèjodoc prosarmog c rujm¸n
(mode- matching) kai sthn ergasÐa twn Mata-Mendez kai Sumaya-Martinez [71]
qrhsimopoi jhke jewrÐa rujm¸n modal theory gia na upologisteÐ to skedazìmeno
pedÐo epÐpedou kÔmatoc prospÐpton se peperasmèno arijmì orjog¸niwn egkop¸n
(grooves) se metallik  epif�neia. Oi Pelosi et al. [86] qrhsimopoÐhsan èna sun-
telest  perÐjlashc gia na analÔsoun thn skèdash epÐpedou kÔmatoc apì metallik 
lwrÐda perijlastikoÔ fr�gmatoc peperasmènhc di�stashc. Epiplèon oi Hirayama et
al. [39], [38] qrhsimopoÐhsan thn mèjodo stoiqeÐwn epifaneÐac (boundary element
method: BEM) gia thn melèth twn qarakthristik¸n perijlastik¸n fak¸n peperas-
mènou megèjouc, kai peperasmènou arijmoÔ periìdwn (Finite Number of Periods:
FNP) dihlektrik¸n/metallik¸n perijlastik¸n fragm�twn epifaneiak c diamìrfwsh-
c me orjog¸niec egkopèc. Prìsfata, orismènec ereunhtikèc om�dec èqoun arqÐsei na
lamb�noun up' ìyh thn epÐdrash tou peperasmènou arijmoÔ periìdwn kai tautìqrona
thc peperasmènhc dèsmhc, se perijlastik� stoiqeÐa. Oi Mata-Mendez kai Chavez-
Rivas [72] qrhsimopoÐhsan thn jewrÐa Rayleigh-Sommerfeld gia na melet soun thn
perÐjlash gkaousian c (Gaussian) kai Hermite-Gaussian dèsmhc me peperasmèno per-
ijlastikì fr�gma me orjog¸niec egkopèc sto ìrio thc bajmwt c perÐjlashc (scalar
diffraction). Oi Bendickson et al. [10], anèptuxan mia polustrwmatik  BEM mèjo-
do gia thn an�lush tou apotelèsmatoc FNP perijlastik¸n fragm�twn kai desm¸n
peperasmènou pl�touc se perijlastik� fr�gmata suntonismoÔ, kumatodhgoÔmenou
rujmoÔ. Oi Wu kai Glytsis [117] melèthsan FNP olografik�, slanted (me klÐsh)
kai unslanted (qwrÐc klÐsh), perijlastik� fr�gmata me dèsmec peperasmènou pl�-
touc, qrhsimopoi¸ntac thn mèjodo peperasmènwn diafor¸n sto pedÐo thc suqnìthtac
FDFD. Oi Wang et al. [110], [112] ef�rmosan thn FDTD mèjodo gia thn an�lush
kai sqediasmì keklimènwn parallhlepÐpedwn perijlastik¸n fragm�twn epifaneiak c
diamìrfwshc, gia sÔzeuxh optik¸n in¸n me epÐpedouc kumatodhgoÔc gia TE pìlwsh.
Oi Banerjee et al. [9] qrhsimopoÐhsan thn standard kai nonstandard FDTD mejìdou
gia thn an�lush FNP metallik¸n perijlastik¸n fragm�twn gia TE, TM pìlwsh.

Ap' ìso eÐnai gnwstì den èqei gÐnei susthmatik  kai sugkritik  melèth twn austhr¸n
arijmhtik¸n mejìdwn gia thn an�lush FNP olografik¸n kai epifaneiak c diamìrfw-
shc perijlastik¸n fragm�twn me prospÐptousec dèsmec peperasmènou pl�touc. S'
autì to kef�laio h FDTD [102] se sunduasmì me thn TF-SF teqnik  qrhsimopoieÐ-
tai gia thn an�lush twn FNP perijlastik¸n fragm�twn me peperasmènou pl�touc
dèsmec gia olografik� (slanded kai unslanted) kai epifaneiak c diamìrfwshc (dÔo
kai pollapl¸n epipèdwn) perijlastik¸n fragm�twn, gia TE kai TM pìlwsh thc
prospÐptousac. QrhsimopoioÔntai oi FDTD mèjodoi deÔterhc kai tètarthc t�xhc (wc
proc tic qwrikèc suntetagmènec) kai sugkrÐnontai metaxÔ touc. DÐnetai prosoq  stic
epifaneiakèc asunèqeiec ìpou di�forec teqnikèc efarmìzontai kai sugkrÐnontai metaxÔ
touc, ìpwc h teqnik  averaging twn kìmbwn stic epif�neiec asunèqeiac, kai oi teqnik 
thc omalopoÐhshc thc epitreptìthtac (permittivity regularization sthn perioq  gÔr-
w apì tic asunèqeiec. Sthn par. 3.2 perigr�fetai h gewmetrÐa thc perijlastik c
di�taxhc kai tou upologistikoÔ qwrÐou.Sthn par. 3.3 parousi�zetai h teqnik  up-
ologismoÔ thc perijlastik c apìdoshc twn fragm�twn. Sthn par. 3.4, suzhtioÔn-
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tai ta apotelèsmata sthn perijlastik  apìdosh twn FNP slanted kai unslanted
olografik¸n perijlastik¸n fragm�twn me prospÐptousa dèsmh peperasmènou pl�-
touc, kai sugkrÐnontai me tic perijlastikèc apodìseic upologismènec me thn FDFD
mèjodo, kai me thn RCWA mèjodo sto ìrio meg�lou arijmoÔ periìdwn. Epiplèon
suzhtioÔntai ta apotelèsmata sthn perijlastik  apìdosh twn FNP perijlastik¸n
fragm�twn epifaneiak c diamìrfwshc dÔo kai pollapl¸n epipèdwn me prospÐptousa
dèsmh peperasmènou pl�touc, kai sugkrÐnontai me tic perijlastikèc apodìseic upol-
ogismènec me thn BEM kai thn RCWA mèjodo sto ìrio meg�lou arijmoÔ periìdwn.
H melèth gÐnetai gia TE kai TM pìlwsh thc prospÐptousac dèsmhc. Telik� ta
apotelèsmata parousi�zontai sunoptik� kai suzhtioÔntai sthn par. 3.5.

3.2 GewmetrÐa Perijlastik c Di�taxhc kai Up-

ologistikoÔ QwrÐou

H gewmetrÐa thc perijlastik c di�taxhc kai tou upologistikoÔ qwrÐou faÐnetai sto
Sq. 3.1. O diaqwrismìc tou q¸rou stic perioqèc pou faÐnontai sto Sq. 3.1 gÐnetai

Sq ma 3.1: GewmetrÐa thc perijlastik c dom c kai to pl rec (pragmatikì+UPML) up-
ologistikì qwrÐo gia thn FDTD an�lush. To perib�llwn UPML qrhsimopoieÐtai gia thn
ex�leiyh k�je anakl¸menou kÔmatoc pou eisèrqetai sto pragmatikì upologistikì qwrÐo.
EpÐshc faÐnontai to TF-SF epÐpedo sÔnoro kaj¸c kai h prospÐptousa dèsmh.

¸ste se k�je perioq  h epitreptìthta èqei thn Ðdia sunarthsiak  morf . EpÐshc o
upologistikìc q¸roc perib�lletai apì UPML ¸ste na mhn up�rqei an�klash twn
exerqìmenwn kum�twn apì to sÔnoro tou plègmatoc. To peperasmènou arijmoÔ per-
iìdwn (Finite Number of Periods: FNP) perijlastikì fr�gma p�qouc d kat� ton
�xona x kai m kouc L kat� ton �xona y mporeÐ na eÐnai olografikì   epifaneiak c
diamìrfwshc. S' aut n thn ergasÐa melet jhkan olografik� perijlastik� fr�gmata
me   qwrÐc klÐsh (slanted-unslanted) kai perijlastik� fr�gmata epifaneiak c diamìr-
fwshc dÔo   okt¸ epipèdwn. Sto Sq. 3.2 faÐnontai leptomer¸c merikèc perÐodoi twn
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Sq ma 3.2: TÔpoi perijlastik¸n fragm�twn: (a) èna genikì slanted olografikì peri-
jlastikì fr�gma, (b) èna perijlastikì fr�gma epifaneiak c diamìrfwshc 2-epipèdwn, (g)
èna asummetrikì perijlastikì fr�gma epifaneiak c diamìrfwshc 8-epipèdwn.

perijlastik¸n fragm�twn pou analÔontai kaj¸c kai oi basikèc tou par�metroi. Gia
thn genik  perÐptwsh slanted olografikoÔ perijlastikoÔ fr�gmatoc [Sq. 3.2(a)] to

�nusma perijlastikoÔ fr�gmatoc K⃗ orÐzetai wc K⃗ = (2π/Λ) (x̂ cosϕ+ ŷ sinϕ) ìpou
ϕ eÐnai h gwnÐa klÐshc, Λ eÐnai h perijlastik  perÐodoc (perÐodoc tou perijlastikoÔ
fr�gmatoc), x̂ kai , ŷ eÐnai monadiaÐa dianÔsmata kat� tic x, y dieujÔnseic antÐstoiqa.
H epitreptìthta tou olografikoÔ perijlastikoÔ fr�gmatoc sthn genik  perÐptwsh
ekfr�zetai apì thn parak�tw seir� Fourier:

ϵ = ϵavg. +
∞∑
p=1

ϵcp cos
(
pK⃗ · r⃗

)
+

∞∑
p=1

ϵsp sin
(
pK⃗ · r⃗

)
(3.1)

ìpou ϵavg. eÐnai h mèsh epitreptìthta, ϵcp(ϵ
s
p), eÐnai h p-t�xhc armonik  sunhmÐtonou

(hmitìnou) kai r⃗ = xx̂+ yŷ eÐnai to �nusma jèshc. Sto Sq. 3.2(b) faÐnetai èna per-
ijlastikì fr�gma epifaneiak c q�raxhc 2-epipèdwn periìdou Λ = Λy, filling factor
F kai deÐkth di�jlashc n1, n2 gia ta grooves kai ridges antÐstoiqa. H prospÐp-
tousa dèsmh peperasmènou pl�touc pou faÐnetai sto Sq. 3.3 perigr�fetai apì thn
sun�rthsh parajÔrou epÐpedou tetragwnikoÔ sunhmÐtonou (flat cosine-squared win-
dow) g(y′):

g(y′) =



1, 0 ≤ |y′| ≤ W
2
,

cos2

[
|y′| − W

2

2(D −W )
π

]
, W

2
≤ |y′| ≤ D − W

2
,

0, D − W
2
≤ |y′| ≤ ∞.

(3.2)
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inc

Sq ma 3.3: Morf  peperasmènhc prospÐptousac dèsmhc epÐpedou pl�touc W kai olikoÔ
pl�touc (2D −W ).
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ìpou W eÐnai to stajerì pl�toc thc dèsmhc, (2D −W ) eÐnai to sunolikì m koc thc
dèsmhc, θinc eÐnai h gwnÐa prìsptwshc, kai y′ = y cos(θinc).H prospÐptousa dèsmh
peperasmènou pl�touc sto pedÐo tou qrìnou orÐzetai apì:

U⃗inc = ẑg(y′)Re{exp
(
−jk⃗ · r⃗

)
exp (jωt)} (3.3)

ìpou U⃗inc anaparist� to hlektrikì   to magnhtikì �nusma gia TE   TM pìlwsh

thc prospÐptousac aktinobolÐac antÐstoiqa. EpÐshc k⃗ = k0n1 (x̂ cos θinc + ŷ sin θinc),
k0 = 2π/λ0, λ0 eÐnai to m koc kÔmatoc tou kenoÔ kai ω = 2π/λ0 ìpou c eÐnai h
taqÔthta tou fwtìc sto kenì. H sunarthsiak  morf  thc prospÐptousac dèsmhc
pou perigr�fetai apì thn Ex. (3.3) epilèqjhke ¸ste h dèsmh na teÐnei se epÐpedo
kÔma kaj¸c to pl�toc aux�nei se sqèsh me to m koc kÔmatoc. Sthn perÐptwsh pou
h dèsmh teÐnei se epÐpedo kÔma eÐnai dunatìn na sugkrijoÔn ta FDTD apotelèsmata
me ta apotelèsmata thc RCWA.

3.3 Upologismìc Perijlastik c Apìdoshc

Gia thn an�lush thc epÐdoshc twn FNP perijlastik¸n fragm�twn, upologÐzetai h
perijlastik  apìdosh (DE) sugkekrimènhc perijlastik c t�xhc. H perijlastik 
apìdosh kajorÐzetai apì tic timèc twn pedÐwn se kat�stash isorropÐac (ìpou qronik 
ex�rthsh twn pedÐwn eÐnai: ejωt). H FDTD prosomoÐwsh prèpei na diarkèsei epark 
arijmì qronik¸n bhm�twn mèqri na aposbestoÔn ta metabatik� pedÐa (transient field-
s). To sÔnhjec krit rio eÐnai [102] ìti o mègistoc arijmìc qronik¸n bhm�twn thc
prosomoÐwshc eÐnai 2-5 forèc o arijmìc twn qronik¸n bhm�twn pou apaiteÐtai ¸ste h
prospÐptousa dèsmh na diasqÐsei th mègisth gewmetrik  di�stash tou perijlastikoÔ
fr�gmatoc. 'Otan h kat�stash isorropÐac èqei epiteuqjeÐ (me diègersh dèsmhc ìpwc
sto Sq. 3.3), k�je kìmboc tou plègmatoc èqei qronik� armonik  metabol  me thn
suqnìthta diègershc kai me pl�toc kai f�sh qwrik� exart¸menh. San par�deigma to
Ez pedÐo sthn TE pìlwsh, ston kìmbo (i, j),

(
Ez|si,j

)
ss
, ja eÐnai:(

Ez|si,j
)
ss
= A|i,j cos (ωn∆t+ ϕ|i,j) (3.4)

H FDTD prosomoÐwsh parèqei thn qronoseir� tim¸n tou pedÐou Ez|si,j to ìpoio se
kat�stash isorropÐac prèpei na èqei thn morf  ìpwc h (3.4). To pedÐo apojhkeÔetai
thn teleutaÐa qronik  perÐodo thc prosomoÐwshc kai to pl�toc A|i,j kai ϕ|i,j h f�sh
thc apìkrishc tou pedÐou Ez sthn kat�stash isorropÐac ston kìmbo ex�getai apì
thn elaqistopoÐhsh thc sun�rthshc fi,j:

fi,j (A|i,j, ϕ|i,j) =
∑
n

∣∣∣E|ni,j − (E|ni,j)ss∣∣∣2 (3.5)

wc proc tic A|i,j , ϕ|i,j (mèjodoc elaqÐstwn tetrag¸nwn). M' aut  thn mèjodo pros-
diorÐzetai o fasijèthc Ez ston kìmbo (i, j) . Akolouj¸ntac thn Ðdia diadikasÐa, gia
thn TM pìlwsh, prosdiorÐzetai o fasijèthc tou pedÐou Hz. Sta parak�tw o fasi-
jèthc se TE   TM pìlwsh sumbolÐzetai wc Ũ . Gia ton upologismì thc perijlastik c
apìdoshc DE, pr¸ta to gwniakì f�sma Fi tou pedÐou sthn perioq  i (i = 1   i = 4
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sto Sq. 3.1), prosdiorÐzetai, qrhsimopoi¸ntac ton metasqhmatismì Fourier [117]:

Fi (kym) =
N−1∑
q=0

Ũ (x = xi, q∆y) exp [jkym (q∆y)] (3.6)

ìpou N eÐnai o arijmìc shmeÐwn deigmatolhyÐac tou pedÐou, kym = 2mπ/ (N∆y) kai
x = xi orÐzei to epÐpedo par�llhlo ston y-�xona pou lamb�nontai ta deÐgmata tou
pedÐou. H perijlastik  isqÔc sugkekrimènhc perijlastik c t�xhc p sthn perioq  i (
i = 1 gia opÐsjia-backward enno¸ntac ìti xi eÐnai sthn perioq  1   4 gia emprìsjia-
forward enno¸ntac ìti xi eÐnai sthn perioq  4 sto Sq. 3.1 antÐstoiqa) gia TE kai
TM pìlwsh, dÐnetai apì [39], [38]:

P TE
i,p =

∆y

2N

k1,y−(p−1/2)Ky∑
m=k1,y−(p+1/2)Ky

|Fi (kym)|2Re
(
k∗i,xm
η∗i k

∗
i

)
, (3.7)

P TM
i,p =

∆y

2N

k1,y−(p−1/2)Ky∑
m=k1,y−(p+1/2)Ky

|Fi (kym)|2Re
(
ki,xmηi
ki

)
, (3.8)

ìpou ki = (2π/λ0)ni eÐnai to pl�toc tou kumatanÔsmatoc sthn perioq  i, ki,xm =
(k2i − k2ym)

1/2, ηi = (µi/ϵi)
1/2, Re eÐnai to pragmatikì mèroc tou migadikoÔ arijmoÔ,

kai ∗ eÐnai to migadikì suzugèc. EpÐshc k1,y = k0n1 sin (θinc) kai Ky = |K⃗| sinϕ.
'Etsi oi perijlastikèc apodìseic thc p-ost c emprìsjias-opÐsjiac t�xhc orÐzontai
wc DEf

p = P TE
4,p /Pinc, DEb

p = P TE
1,p /Pinc antÐstoiqa. Oi perijlastikèc apodìseic gia

thn TM pìlwsh orÐzontai antÐstoiqa.

3.4 FDTD Apotelèsmata

Lìgw aplìthtac èqei melethjeÐ mìno h perÐptwsh k�jeta prospÐptousac dèsmhc
(θinc = 0) gia TE, TM pìlwsh kai gia ìlec ta perijlastik� fr�gmata upì melèth.
EpÐshc, se ìlec tic peript¸seic jewreÐtai ìti to m koc L kat� m koc tou y-�xona twn
fragm�twn (Sq. 3.1) eÐnai Ðso me thn par�metro D [Ex. (3.2)] thc prospÐptousac
dèsmhc. H ex�rthsh thc perijlastik c apìdoshc twn perijlastik¸n fragm�twn ìtan
to epÐpedo eÔrocW thc prospÐptousac dèsmhc [Ex. (2.2)] metab�lletai wc proc m koc
L tou perijlastikoÔ fr�gmatoc èqei melethjeÐ [117] qrhsimopoi¸ntac thn FDFD mè-
jodo. Gi' autì s' aut  thn ergasÐa èqei jewrhjeÐ ìti D = L kai gÐnetai sÔgkrish
twn apotelesm�twn me tic di�forec FDTD mejìdouc kai me ta apotelèsmata [117],
[38]. Gia thn melèth thc sÔgklishc thc perijlastik c apìdoshc sta apotelèsmata
thc RCWA gia perijlastik� fr�gmata �peirou arijmoÔ periìdwn, to m koc twn per-
ijlastik¸n fragm�twn L metab�lletai apì 5 wc 30Λy se b mata twn 5Λy. To m koc
kÔmatoc thc diègershc sto kenì eÐnai λ0 = 1µm gia ìlec tic peript¸seic. O deÐkthc
di�jlashc twn perioq¸n pou perib�lloun to perijlastikì fr�gma eÐnai n1 = n4 = 1
gia thn perÐptwsh tou FNP olografikoÔ fr�gmatoc kai n1 = 1, n2 = 1.5 gia ta
fr�gmata epifaneiak c diamìrfwshc. Gia ìla ta fr�gmata oi deÐktec di�jlashc stic
perioqèc 2, 3 eÐnai n2 = n3 = 1.5. To olografikì perijlastikì fr�gma èqei mèsh
epitreptìthta ϵavg. = 2.25ϵ0 kai par�metro diamìrfwshc ϵc1 = 0.06ϵ0, ìpou ϵ0 eÐnai h
epitreptìthta tou kenoÔ, kai èqei jewrhjeÐ ìti ìlec oi �llec par�metroi diamìrfwshc
sthn Ex. 3.1 eÐnai mhdèn. Oi parap�nw par�metroi antistoiqoÔn sto DuPont pho-
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topolymer HRF600X15. SÔmfwna me to sumbolismì sta Sq. 3.2(b), 3.2(g), o deÐk-
thc di�jlashc twn perijlastik¸n fragm�twn diamìrfwshc epifaneÐac eÐnai n1 = 1,
n2 = 1.5. H isqÔc dièleushc (an�klashc) upologÐzetai apì ta FDTD dedomèna twn
olik¸n (skedazìmenwn) pedÐwn se sugkekrimèno epÐpedo, sto x = xi, thc perioq c
i = (1, 4). Me ta parap�nw FDTD dedomèna oi fasijètec upologÐzontai, kai oi en
suneqeÐa upologÐzetai h perijlastik  apìdosh dedomènhc perijlastik c t�xhc sÔm-
fwna me tic exis¸seic thc paragr�fou 3.2. H puknìthta twn FDTD keli¸n eÐnai 20
kelÐa an� el�qisto m koc kÔmatoc. To qronikì b ma ∆t gia thn FDTD(2,2) mèjo-
do epilèqjhke kont� sto ìrio eust�jeiac Courant (∆t = min{∆x,∆y}/ (2c)) [102]
kai gia thn FDTD(2, 4) mèjodo to qronikì b ma eÐnai [102] (6/7)∆t. To UPML
apoteleÐtai apì 10 keli� me paramètrouc, kw = 1, R (θ = 0 deg.) = exp (−16) kai
m = 4. H TF-SF epif�neia eÐnai mia gramm  sthn perioq  1 sto Sq. 3.1, par�llhlh
ston y-�xona qwrÐc na eisèrqetai sthn perioq  tou UPML. To bohjhtikì plègma
pou parèqei ta pediak� dedomèna gia thn prospÐptousa dèsmh pou qrei�zontai gia tic
TF-SF diorj¸seic, perib�lletai apì to Ðdio UPML kai èqei to Ðdio m koc kat� ton
y-�xona ìpwc to kurÐwc upologistikì plègma, ìmwc perièqei mìno 10 keli� kat� ton
x-�xona. Gia ìlec tic peript¸seic sta parak�tw, o arijmìc twn perijlastik¸n t�xewn
pou qrhsimopoi jhkan sthn RCWA  tan metaxÔ 15 kai 33 gia TE all� kai gia TM
pìlwsh, me ta perijlastik� fr�gmata epifaneiak c diamìrfwshc na qrei�zontai ton
megalÔtero arijmì perijlastik¸n t�xewn gia sÔgklish. Epiplèon qrhsimopoi jhke
gia kalÔterh sÔgklish h RCWA me fast Fourier factorization [62], [67].

3.4.1 Olografik� Perijlastik� Fr�gmata

Ed¸ parousi�zontai slanted kai unslanted FNP olografik� perijlastik� fr�gma-
ta. O sqediasmìc touc eÐnai Ðdioc ìpwc sthn [117] ¸ste na sugkrijoÔn oi FDTD
kai FDFD mèjodoi gia autèc tic domèc. Gia ta unlsanted perijlastik� fr�gmata
h perijlastik  perÐodoc eÐnai Λ = 2.5µm kai to p�qoc eÐnai d = 8.0µm . Sthn
[117] h puknìthta twn keli¸n eÐnai 20 kai 25 kelÐa an� el�qisto m koc kÔmatoc gi-
a TE kai TM pìlwsh antÐstoiqa. 'Eqoun efarmosteÐ kentrikèc diaforèc deutèrhc
t�xhc kai teqnikèc antimet¸pishc twn asuneqei¸n epitreptìthtac den èqoun ulopoi-
hjeÐ. To p�qoc tou UPML eÐnai 2µm, h t�xh thc poluwnumik c diamìrfwshc thc
agwgimìthtac eÐnai m = 3, kai h mègisth agwgimìthta eÐnai σmax = 6.5 × 104S/m.
UpologÐzontai oi perijlastikèc apodìseic, DEf

±1, ±1 twn emprìsjiac perijlastik c
t�xhc (pou antistoiqoÔn se gwnÐa perÐjlashc ±23.58deg.) gia TE kai gia TM pìlw-
sh. H èntash tou hlektrikoÔ pedÐou |Ez|2 thc TE pìlwshc se kat�stash isorropÐac
faÐnetai sto Sq. 3.4 (gia ìlo to upologistikì qwrÐo ektìc tou UPML). ParathreÐtai
diafor� sthn periodikìthta thc èntashc lìgw thc diamìrfwshc tou deÐkth di�jlash-
c. San par�deigma, stic perioqèc 1 kai 4 ìpou o deÐkthc di�jlashc eÐnai n = 1, h
periodikìthta thc dom c tou st�simou kÔmatoc eÐnai ∼ λ0/2 = 0.5µm, en¸ mèsa sth-
n perioq  tou perijlastikoÔ fr�gmatoc (perioq  3, n = 1.5) h periodikìthta eÐnai
λ0/2n = 0.333µm . Sto Sq. 3.5 h ±1 emprìsjia perijlastik  apìdosh DEf

±1

parousi�zetai san sun�rthsh tou m kouc tou fr�gmatoc (ekfrasmènh se arijmì per-
iìdwn) gia TE pìlwsh kai gia puknìthta 20 keli¸n an� el�qisto m koc kÔmatoc.
H akrÐbeia thc perijlastik c apìdoshc upologismènh me thn FDTD(2,2), aux�nei
kaj¸c to mègejoc tou kelioÔ mei¸netai. Autì parathreÐtai sto Sq. 3.5 apì thn
diafor� metaxÔ twn kampul¸n FDTD(2,2) kai FDTD(2,2) (λmin), ìpou h teleu-
taÐa eÐnai me uyhlìterh puknìthta keli¸n. KalÔtera apotelèsmata lamb�nontai e�n
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Sq ma 3.5: ±1 emprìsjia perijlastik  apìdosh gia to unslanted olografikì perijlastikì
fr�gma san sun�rthsh tou m kouc tou fr�gmatoc gia TE pìlwsh. sumbolÐzei uyhlìterh
puknìthta keli¸n, dhl. 25 kelÐa an� el�qisto m koc kÔmatoc, en¸ ìlec oi �llec peript¸seic
eÐnai gia 20 kelÐa an� el�qisto m koc kÔmatoc.
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h mèjodoc omalopoÐhshc thc epitreptìthtac (Ex. 2.22, 2.23) qrhsimopoihjeÐ sth-
n FDTD(2,2) akìma kai e�n h puknìthta twn keli¸n parameÐnei sta 20 keli� an�
el�qisto m koc kÔmatoc. Ta kalÔtera apotelèsmata lamb�nontai me thn FDTD(2,4)
mèjodo ìpou h topik  mèjodoc omalopoÐhshc èqei efarmosteÐ gia thn Ðdia puknìth-
ta keli¸n. Epiplèon sto Sq. 3.5, parathreÐtai h sÔgklish proc to apotèlesma
thc RCWA mejìdou kaj¸c o arijmìc twn periìdwn tou fr�gmatoc aux�nei. Akì-
ma, parathreÐtai kal  sumfwnÐa twn apotelesm�twn thc FDFD [117] me thn FDTD.
H [117] parèqei apotelèsmata gia m koc fr�gmatoc mèqri 15 periìdouc. Gi' autì h
FDFD kampÔlh sto Sq. 3.5 den suneqÐzei met� L = 15Λy. Sto Sq. 3.6 parousi�-
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Sq ma 3.6: ±1 emprìsjia perijlastik  apìdosh gia to unslanted olografikì perijlastikì
fr�gma san sun�rthsh tou m kouc tou fr�gmatoc gia TM pìlwsh. sumbolÐzei uyhlìterh
puknìthta keli¸n, dhl. 25 keli� an� el�qisto m koc kÔmatoc, en¸ ìlec oi �llec peript¸seic
eÐnai gia 20 keli� an� el�qisto m koc kÔmatoc.

zontai apotelèsmata gia to Ðdio unslanted perijlastikì fr�gma all� gia TM pìlwsh
kai parathreÐtai ìti h apìdosh twn diafìrwn arijmhtik¸n mejìdwn eÐnai parìmoiec me
thn TE perÐptwsh. H kalÔterh sumperifor� thc FDTD(2,4) mejìdou wc proc thn
FDTD(2,2) mèjodo gia TE kai gia TM pìlwsh faÐnetai sto Sq. 3.7. Sto Sq. 3.7 h
ex�rthsh thc perijlastik c apìdoshc apì thn puknìthta twn keli¸n (gia tic di�forec
FDTD mejìdouc kai gia TE kai TM pìlwsh) ekfr�zetai sac epÐ thc ekatì (%) di-
afor� se sqèsh me thn perijlastik  apìdosh thc pio akriboÔc FDTD(2,4) mejìdou
me puknìthta 40 keli� an� el�qisto m koc kÔmatoc. Eidikìtera h epÐ thc ekatì (%)

diafor� upologÐzetai wc 100 × [DE
FDTD(2,4)
40 Cells − DE

FDTD(∗,∗)
N Cells ]/[DE

FDTD(2,4)
40 Cells ], ìpou

DE
FDTD(2,4)
40Cells eÐnai h DEf

±1 upologismènh me thn FDTD(2,4) me 40 keli� an� el�qisto

m koc kÔmatoc kai DEFDTD(∗,∗)
NCells eÐnai h DEf

±1 upologismènh me thn FDTD(∗, ∗) me N
keli� an� el�qisto m koc kÔmatoc. ParathreÐtai ìti akìma kai gia mikr  puknìthta
keli¸n h FDTD(2,4) mèjodoc eÐnai asjen¸c exarthmènh sthn puknìthta twn keli¸n
en¸ h FDTD(2,2) mèjodoc eÐnai isqurìtera exarthmènh kai epidein¸netai se mikrìter-
h puknìthta. Autì eÐnai shmantikì sthn an�lush meg�lwn (sqetik� me to m koc
kÔmatoc tou fwtìc) perijlastik¸n dom¸n. KurÐwc sth teleutaÐa perÐptwsh mèjo-
doc an¸terhc t�xhc mporeÐ na eÐnai upologistik� perissìtero sumfèrousa qwrÐc na
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mei¸netai h akrÐbeia. Sthn perÐptwsh twn slanted perijlastik¸n fragm�twn h perÐo-

Sq ma 3.7: EpÐ thc ekatì diafor� thc ±1 emprìsjia perijlastik  apìdosh DEf
±1 tou

unslanted olografikoÔ perijlastikoÔ fr�gmatoc (L = 15Λy), upologismènh me thn me thn

FDTD mèjodo gia TE kai TM pìlwsh, se sqèsh me thn DEf
±1 upologismènh me thn

FDTD(2,4) mèjodo gia 40 keli� an� el�qisto m koc kÔmatoc.

doc eÐnai Λ = 1.92µm, h gwnÐa klÐshc eÐnai ϕ = 100deg., kai to p�qoc d = 20µm.
Oi parap�nw par�metroi èqoun epilegeÐ ¸ste h prospÐptousa dèsmh (e�n jewrhjeÐ
epÐpedo kÔma) na ikanopoieÐ thn sunj kh Bragg −1 t�xhc. 'Etsi upologÐzetai h DEf

−1

perijlastik  apìdosh. Sto Sq. 3.8 faÐnetai h −1 t�xhc perijlastik  apìdosh san
sun�rthsh tou m kouc tou perijlastikoÔ fr�gmatoc gia to slanted olografikì fr�g-
ma gia TE pìlwsh. S' aut n thn perÐptwsh h teqnik  omalopoÐhshc belti¸nei lÐgo
thn sÔgklish thc perijlastik c apìdoshc wc proc thn klassik  FDTD(2,2) mèjodo,
ìmwc h FDTD(2,4) me thn mèjodo topik c omalopoÐhshc èqei thn kalÔterh sÔgklish
proc sthn perijlastik  apìdosh thc RCWA mejìdou kaj¸c to m koc tou fr�gmatoc
aux�nei. H sumperifor� twn diafìrwn arijmhtik¸n teqnik¸n eÐnai Ðdia gia thn TM
pìlwsh kai parousi�zetai sto Sq. 3.9. Kal  sumfwnÐa twn FDTD kai FDFD mejìd-
wn parathreÐtai epÐshc kai sthn perÐptwsh twn slanted olografik¸n fragm�twn. H
sumfwnÐa sta slanted olografik� fr�gmata eÐnai fainomenik� kalÔterh se sÔgkrish
me thn perÐptwsh twn unslanted olografik¸n fragm�twn, lìgw thc megalÔterhc per-
ijlastik c apìdoshc sta slanted olografik� fr�gmata kai tic diaforèc klÐmakac sta
Sq. 3.5, 3.6, 3.8, 3.9. Oi megalÔterh perijlastik  apìdosh twn slanted fragm�twn
eÐnai apotèlesma twn paramètrwn sqediasmoÔ ìpou ikanopoieÐtai h sunj kh Bragg gia
k�jeth prospÐptousa dèsmh. Genik� oi FDTD kai FDFD mèjodoi diafèroun shman-
tik� diìti h FDFD epilÔei thn exÐswsh Helmholtz sto pedÐo twn suqnot twn kai h
FDTD epilÔei tic exis¸seic Maxwell sto pedÐo tou qrìnou. Epiplèon h FDTD qrhsi-
mopoieÐ staggered plègma kai apaiteÐ sqetik� meg�lo arijmì qronik¸n bhm�twn (6750
gia to unslanted kai 10799 gia to slanted olografikì fr�gma, kai gia m koc fr�g-
matoc L = 5Λy). H FDFD qrhsimopoieÐ collocated plègma kai apaiteÐ thn epÐlush
meg�lou migadikoÔ grammikoÔ sust matoc (241794 gia to unslanted kai 337134 gi-
a to slanted perijlastikì fr�gma kai gia m koc L = 5Λy) kai sun jwc eÐnai pio
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Sq ma 3.8: −1 emprìsjia perijlastik  apìdosh DEf
−1 tou slanted olografikoÔ per-

ijlastikoÔ fr�gmatoc, san sun�rthsh tou m kouc tou perijlastikoÔ fr�gmatoc, gia TE
pìlwsh.
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Sq ma 3.9: −1 emprìsjia perijlastik  apìdosh DEf
−1 tou slanted olografikoÔ peri-

jlastikoÔ fr�gmatoc, san sun�rthsh tou m kouc tou perijlastikoÔ fr�gmatoc, gia TM
pìlwsh.
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qronobìra mèjodoc sugkritik� me thn FDTD mèjodo. Sthn [117] anafèretai ìti oi
qrìnoi ektèleshc (se HP J-5000 workstation) thc FDFD mejìdou (qrhsimopoi¸n-
tac thn mèjodo conjugate-gradient gia thn epÐlush tou grammikoÔ sust matoc)  tan
apì 7-25 ¸rec, ìpou h FDFD efarmìsthke se FORTRAN. Oi qrìnoi ektèleshc thc
FDTD mejìdou (h opoÐa ulopoi jhke se MATLAB se PC me epexergast  2.4GHz
core2duo)  tan metaxÔ merik¸n lept¸n (16min) wc merikèc ¸rec (8.5h) gia ta Ðdia
olografik� fr�gmata.

3.4.2 Perijlastik� Fr�gmata Epifaneiak c Diamìrfw-

shc

Oi par�metroi twn fragm�twn epifaneiak c diamìrfwshc eÐnai oi Ðdioi ìpwc sthn [38],
ìpou h BEM mèjodoc qrhsimopoieÐtai gia sÔgkrish me thn FDTD mèjodo. H BE-

M qrhsimopoieÐ epifaneiak� stoiqeÐa deÔterhc t�xhc me mègejoc stoiqeÐwn mikrìtero
apì λmin/10, gegonìc pou eggu�tai sÔgklish gia ìlec tic upì melèth perijlastikèc
apodìseic. To p�qoc tou fr�gmatoc epifaneiak c diamìrfwshc 2-epipèdwn eÐnai
d = 0.63µm, h perÐodoc eÐnai Λ = 0.9428µm, kai o filling factor eÐnai F = 0.5.
Gi' autì to sqediasmì h ±1 emprìsjia perijlastik  t�xh èqei perijlastik  gwnÐa
45deg. mèsa sto gualÐ (n = 1.5). H ±1 emprìsjia perijlastik  t�xh gia thn TE
pìlwsh faÐnetai sto Sq. 3.10. ParathreÐtai ìti h FDTD(2,2) me thn omalopoÐhsh
thc epitreptìthtac kai h FDTD(2,4) me thn topik  omalopoÐhsh thc epitreptìth-
tac eÐnai kalÔterec apì thn klassik  FDTD(2,2) ìso anafor� thn sÔgklish sth-
n perijlastik  apìdosh thc RCWA kai oi timèc thc perijlastikhc apìdoshc eÐnai
kontÔtera stic antÐstoiqec BEM timèc. Oi ±1 timèc thc emprìsjiac perijlastik -
c apìdoshc DEf

±1 gia thn TM pìlwsh tou fr�gmatoc epifaneiak c diamìrfwsh-
c 2-epipèdwn faÐnontai sto Sq. 3.11. Parìmoia sumperifor� me thn TE pìlwsh
parathreÐtai an�mesa stic di�forec FDTD mejìdouc. Genik� h beltÐwsh twn diafìr-
wn mejìdwn omalopoÐhshc   twn FDTD mejìdwn an¸terhc t�xhc eÐnai thc t�xhc 1%-
5% se apìluth apìdosh perÐjlashc, (  3%-15% se sqetik  apìdosh perÐjlashc).
Aut  h beltÐwsh eÐnai parìmoia me aut  pou parathreÐtai gia ta olografik� fr�g-
mata pou parousi�sthkan prohgoumènwc. Genik� ìso megalÔterec diast�seic èqei
h perijlastik  dom , tìso perissìtero l�joc arijmhtik c diaspor�c susswreÔetai.
Fusik� h klassik  FDTD(2, 2) èqei to megalÔtero l�joc arijmhtik c diaspor�c
[102], [88] kai gi' autì h apìdosh thc eÐnai p�nta upodeèsterh thc FDTD(2,4)  
akìma kai thc FDTD(2,2) me omalopoÐhsh thc epitreptìthtac. Par' ìla aut� h pio
shmantik  par�metroc eÐnai h puknìthta twn keli¸n an� el�qistou m kouc kÔmatoc,
ìpwc faÐnetai sto Sq. 3.7 (gia to unslanted olografikì fr�gma) kai sto Sq. 3.12
(gia to fr�gma epifaneiak c diamìrfwshc 2-epipèdwn). 'Etsi gia mikrìterh puknìth-
ta plègmatoc, h apìdosh thc klassik c FDTD(2,2) epidein¸netai kaj¸c to m koc
thc perijlastik c dom c aux�nei. San par�deigma, sthn perÐptwsh tou unslanted

olografikoÔ fr�gmatoc (me Λ = 2.5µm = Λy, d = 8µm, kai L = 15Λy) h sqetik 
diafor� se perijlastik  apìdosh metaxÔ thc FDTD(2,2) kai FDTD(2,4) eÐnai 20%
ìtan h puknìthta keli¸n eÐnai 5 keli� an� el�qisto m koc kÔmatoc (Sq. 3.7 gia TE
pìlwsh). Sthn perÐptwsh tou fr�gmatoc epifaneiak c diamìrfwshc 2-epipèdwn (me
Λ = 0.9428µm = Λy, d = 0.63µm, kai L = 15Λy) h sqetik  diafor� metaxÔ thc

29



Kef�laio 3. FDTDAn�lush Olografik¸n kai Epifaneiak c-Diamìrfwshc Perijlastik¸n Fragm�twn Peperasmènhc Periìdou

FDTD(2,2) kai thc FDTD(2,4) eÐnai 7% ìtan h puknìthta plègmatoc eÐnai 5 keli�
an� el�qisto m koc kÔmatoc (Sq. 3.12 gia TE pìlwsh). H mikrìterh sqetik  diafor�
metaxÔ thc FDTD(2,2) kai thc FDTD(2,4) mejìdou sth perÐptwsh fr�gmatoc epi-
faneiak c diamìrfwshc 2-epipèdwn mporeÐ na eÐnai lìgw twn monopleurik¸n telest¸n
gia ta plegmatik� shmeÐa twn epifanei¸n epitreptìthtac ìpou den èqoun efarmosteÐ
sthn FDTD(2,4) mèjodo. H teleutaÐa perÐptwsh pou analÔetai eÐnai gia fr�gma epi-
faneiak c diamìrfwshc 8-epipèdwn parìmoio me autì sthn [38]. To epifaneiak c di-
amìrfwshc fr�gma eÐnai mia prosèggish tou asummetrikoÔ epifaneiak s-diamìrfwshc
fr�gmatoc me trigwnikì profÐl, periìdou Λ = 0.9428µm kai Ôyouc d = 1.09µm.
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Sq ma 3.10: −1 emprìsjia perijlastik  apìdosh DEf
−1 tou perijlastikoÔ fr�gmatoc

epifaneiak c diamìrfwshc 2-epipèdwn, san sun�rthsh tou m kouc tou perijlastikoÔ fr�g-
matoc, gia TE pìlwsh.

To epifaneiak c diamìrfwshc fr�gma 8-epipèdwn perigr�fetai pl rwc e�n ta filling

factors Fi kai ta p�qh di (i = 1, 2, . . . , 7) k�je b matoc (sÔmfwna me to Sq. 3.2(g)
) eÐnai dosmèna. ArqÐzontac apì to p�nw epÐpedo ta filling factors eÐnai: F1 = 0.071,
F2 = 0.214, F3 = 0.357, F4 = 0.50 , F5 = 0.643, F6 = 0.786, F7 = 0.929, en¸ ìla ta
b mata eÐnai Ðdiou p�qouc di = 1.09/7 = 0.156µm. 'Opwc sto prohgoÔmeno fr�gma 2-
epipèdwn, oi perijlastikèc gwnÐec twn +1, −1, t�xewn perÐjlashc eÐnai ±45deg. sto
gualÐ. Parìla aut� afoÔ to fr�gma eÐnai keklimèno h +1 emprìsjia apìdosh eÐnai
polÔ megalÔterh apì thn −1 emprìsjia apìdosh. H èntash tou hlektrikoÔ pedÐou
|Ez|2 autoÔ tou fr�gmatoc m kouc L = 5Λ faÐnetai sto Sq. 3.13. ParathreÐ-
tai ìti to fr�gma epifaneiak c diamìrfwshc perijl� to f¸c isqurìtera en sÔgkrish
me to olografikì fr�gma sto Sq.3.4 diìti sto fr�gma epifaneiak c diamìrfwshc h
epitreptìthta èqei isqurìterh qwrik  metabol  se sqèsh me to olografikì fr�gma.
Epiplèon lìgw thc asummetrÐac tou profÐl tou, h +1 emprìsjia perijlastik  t�xh eÐ-
nai isqurìterh apì thn −1 t�xh dhmiourg¸ntac mÐa asummetrik  èntash perijl¸menhc
aktinobolÐac. Sto Sq. 3.14 kai 3.15, parousi�zetai h +1 emprìsjia perijl¸menh
apìdosh gia to fr�gma epifaneiak c diamìrfwshc 8-epipèdwn. Autì to fr�gma
èqei gewmetrik� qarakthristik� shmantik� mikrìtera tou m kouc kÔmatoc kai apaiteÐ
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Sq ma 3.11: −1 emprìsjia perijlastik  apìdosh DEf
−1 tou perijlastikoÔ fr�gmatoc

epifaneiak c diamìrfwshc 2-epipèdwn, san sun�rthsh tou m kouc tou perijlastikoÔ fr�g-
matoc, gia TM pìlwsh.

Sq ma 3.12: Diafor� (%) thc ±1 emprìsjiac perijlastik c apìdoshc DE±1
f tou fr�g-

matoc epifaneiak c diamìrfwshc 2-epipèdwn (L = 15Λ) upologismènhc me thn FDTD mèjo-
do se sqèsh me thn DE±1

f upologismènh me thn BEM mèjodo gia to fr�gma epifaneiak c
diamìrfwshc 2-epipèdwn gia TE kai TM pìlwsh.
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Sq ma 3.13: 'Entash hlektrikoÔ pedÐou gia to asummetrikì fr�gma epifaneiak c diamìr-
fwshc 8-epipèdwn (L = 5Λ) se kat�stash isorropÐac gia TE pìlwsh. To sÔsthma brÐsketai
se kat�stash isorropÐac met� apì 2568 qronik� b mata.
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Sq ma 3.14: +1 emprìsjia perijlastik  apìdosh DEf
+1 gia to epifaneiak c diamìrfw-

shc fr�gma me 8-epÐpedwn san sun�rthsh tou m kouc tou fr�gmatoc gia TE pìlwsh. Ta
FDTD(2,2) kai FDTD(2,4) apotelèsmata eÐnai sqedìn ìmoia sthn klÐmaka tou sq matoc .
∆x, ∆y ≃ ∆ = λmin/30 eÐnai gia uyhlìterh puknìthta plègmatoc, dhlad  gia 30 keli� an�
el�qisto m koc kÔmatoc, en¸ ìlec oi �llec peript¸seic eÐnai gia 20 keli� an� m koc kÔmatoc.
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Sq ma 3.15: +1 emprìsjia perijlastik  apìdosh DEf
+1 gia to epifaneiak c diamìrfw-

shc fr�gma me 8-epÐpedwn san sun�rthsh tou m kouc tou fr�gmatoc gia TM pìlwsh. Ta
FDTD(2,2) kai FDTD(2,4) apotelèsmata eÐnai sqedìn ìmoia sthn klÐmaka tou sq matoc .
∆x, ∆y ≃ ∆ = λmin/30 eÐnai gia uyhlìterh puknìthta plègmatoc, dhlad  gia 30 kelÐa an�
el�qisto m koc kÔmatoc, en¸ ìlec oi �llec peript¸seic eÐnai gia 20 keli� an� m koc kÔmatoc.
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meg�lh puknìthta keli¸n (megalÔterh twn 20 pou èqei qrhsimopoihjeÐ s' aut  thn
an�lush) ¸ste aut� ta qarakthristik� na anaparastajoÔn me akrÐbeia. Gi' autì h k-
lassik  FDTD(2,2) kampÔlh teÐnei se tim  megalÔterh (overshoot) aut c thc RCWA.
Autì uposthrÐzetai apì tic kampÔlec FDTD(2,2) me uyhlìterh puknìthta keli¸n,
∆ = λmin/30, pou faÐnontai sto Sq. 3.14 (TE pìlwsh) kai Sq. 3.15 (TM pìlwsh).
H kampÔlec me uyhlìterh puknìthta keli¸n den parousi�zoun overshoot. Parìla
aut� h FDTD(2,4) kampÔlh sumperifèretai kalÔtera kai eÐnai kontÔtera sthn BEM

kampÔlh. Parìmoia apotelèsmata parathroÔntai sto Sq. 3.15 (TM pìlwsh) gia
thn FDTD(2,2) mèjodo me thn teqnik  thc omalopoÐhshc epitreptìthtac, to opoÐo
epÐshc ofeÐletai sthn qamhl  puknìthta keli¸n. Kai stic 2 pol¸seic h mèjodoc thc
omalopoÐhshc thc epitrepìthtac belti¸nei thn FDTD(2,2) me to na plhsi�zoun h
perijlastik  apìdosh sta antÐstoiqa BEM apotelèsmata. Se ìlec tic peript¸seic
twn fragm�twn epifaneiak c diamìrfwshc h FDTD(2,4) me thn teqnik  thc topik -
c omalopoÐhshc thc epidektikìthtac, sumperifèretai kalÔtera apì tic �llec FDTD

mejìdouc me to na parèqei perijlastikèc apodìseic kontÔtera stic antÐstoiqec apì
thn BEM mèjodo kai me to na sugklÐnei kalÔtera stic RCWA timèc kaj¸c to m koc
twn fragm�twn aux�nei. Gia na dojeÐ plhroforÐa gia thn −1 emprìsjia perijlastik 
t�xh kai na faneÐ posotik� h asummetrÐa sthn epÐdosh tou fr�gmatoc me ta 8-epÐpeda,
oi arijmhtikèc timèc twn ±1 perijlastik¸n apodìsewn parousi�zontai stouc pÐnakec
1, 2 gia TE kai TM pol¸seic antÐstoiqa.

PÐnakac 3.1: Emprìsjia apìdosh perÐjlashc DEf
±1 gia perijlasikì fr�gma epifaneiak c

diamìrfwshc 8-epipèdwn (TE Pìlwsh)

FDTD

�������������������������

FDTD(2,2) FDTD(2,4)

DEf D = L FDTD(2,2) avg. reg. BEMa RCWAb

+1 5Λ 0.4699 0.4695 0.4679 0.4775 0.5982

−1 5Λ 0.1134 0.1206 0.1159 0.1127 0.1341

+1 10Λ 0.5496 0.5443 0.5439 0.5444 0.5982

−1 10Λ 0.1287 0.1362 0.1324 0.1266 0.1341

+1 15Λ 0.5753 0.5706 0.5711 0.5651 0.5982

−1 15Λ 0.1336 0.1405 0.1372 0.1300 0.1341

+1 20Λ 0.5871 0.5821 0.5820 0.5731 0.5982

−1 20Λ 0.1338 0.1410 0.1379 0.1307 0.1341

+1 25Λ 0.5926 0.5876 0.5878 0.5779 0.5982

−1 25Λ 0.1337 0.1414 0.1386 0.1317 0.1341

+1 30Λ 0.5979 0.5915 0.5916 0.5816 0.5982

−1 30Λ 0.1347 0.1422 0.1394 0.1323 0.1341

a: [38], b: [28], [75], [76]
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PÐnakac 3.2: Emprìsjia apìdosh perÐjlashc DEf
±1 gia perijlasikì fr�gma epifaneiak c

diamìrfwshc 8-epipèdwn (TM Pìlwsh)

FDTD

�������������������������

FDTD(2,2) FDTD(2,4)

DEf D = L FDTD(2,2) avg. reg. BEMa RCWAb

+1 5Λ 0.1951 0.1847 0.1894 0.1837 0.1608

−1 5Λ 0.0363 0.0329 0.0364 0.0324 0.0193

+1 10Λ 0.1855 0.1719 0.1740 0.1716 0.1608

−1 10Λ 0.0294 0.0284 0.0286 0.0258 0.0193

+1 15Λ 0.1787 0.1636 0.1665 0.1662 0.1608

−1 15Λ 0.0300 0.0265 0.0261 0.0234 0.0193

+1 20Λ 0.1758 0.1611 0.1638 0.1647 0.1608

−1 20Λ 0.0263 0.0251 0.0253 0.0222 0.0193

+1 25Λ 0.1743 0.1595 0.1631 0.1641 0.1608

−1 25Λ 0.0256 0.0239 0.0245 0.0216 0.0193

+1 30Λ 0.1743 0.1593 0.1618 0.1633 0.1608

−1 30Λ 0.0253 0.0239 0.0241 0.0212 0.0193

a: [38], b: [28], [75], [76]

3.5 Sumper�smata

Me qr sh twn FDTD(2,2) kai FDTD(2,4) èqoun melethjeÐ FNP olografik� kai
epifaneiak c diamìrfwshc perijlastik� fr�gmata. Autèc oi mèjodoi sugkrÐjhkan me
�llec mejìdouc akribeÐac ìpwc h FDFD gia ta olografik� fr�gmata (sÔmfwna me
thn [117]) kai thn BEM gia ta fr�gmata epifaneiak c diamìrfwshc (sÔmfwna me thn
[39]). Epiplèon oi parap�nw mèjodoi sugkrÐjhkan me thn RCWA kaj¸c o arijmìc
twn periìdwn aux�nei.

Parathr jhke ìti h FDTD(2,4) epèdeixe beltiwmènh akrÐbeia wc proc thn FDT-

D(2,2) mèjodo gia olografik� all� kai epifaneiak c diamìrfwshc fr�gmata. Aut  h
beltÐwsh eÐnai pio emfaneÐc [102], [88] kurÐwc se meg�lec domèc (sugkrinìmenec me to
m koc kÔmatoc) ìpwc to slanted kai unslanted olografik� fr�gmata, diìti s' autèc
tic domèc ta sf�lmata susswreÔontai perissìtero afoÔ perissìterec qronik� b ma-
ta apaitoÔntai gia thn epÐteuxh kat�stashc isorropÐac, kai ta sf�lmata f�shc apì
diaspor� kai anisotropÐa thc FDTD(2,2) mporoÔn na eÐnai shmantik� ektìc kai e�n
qrhsimopoihjeÐ uyhl  puknìthta keli¸n. EpÐshc h FDTD(2,4) mporeÐ na eÐnai akrib c
akìma kai gia plègma me qamhl  puknìthta keli¸n ìpou h akrÐbeia thc FDTD(2,2)

epidein¸netai shmantik�. Autì shmaÐnei ìti eÐnai dunatìn na melethjoÔn meg�lec
domèc me araiìtero plègma apì autì thc FDTD(2,2) kai parìmoia apotelèsmata na
lhfjoÔn me shmantik  oikonomÐa ston upologistikì qrìno. Eqei epÐshc parathrhjeÐ
ìti teqnikèc omalopoÐhshc twn asuneqei¸n thc epitreptìthtac belti¸noun ta FDT-

D(2,2) apotelèsmata. Autèc oi teqnikèc [44] diathroÔn thn akrÐbeia deÔterhc t�xhc
thc FDTD(2,2). Oi asunèqeiec thc epitreptìthtac èqoun antimetwpisteÐ kai sth
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perÐptwsh thc FDTD(2,4) me thn mèjodo thc topik c omalopoÐhshc thc epitreptìth-
tac. Gia ta fr�gmata epifaneiak c diamìrfwshc ìpou up�rqoun pollèc gwnÐec sta
sÔnora metaxÔ perioq¸n, oi perioqèc omalopoÐhshc allhlokalÔptontai kai afoÔ, sÔm-
fwna me ìti gnwrÐzoume den up�rqei diajèsimh jewrÐa, stic perioqèc allhlok�luyh-
c qrhsimopoieÐtai h arijmhtik  mèsh tim  thc epitreptìthtac twn duo diaforetik¸n
perioq¸n omalopoÐhshc. Aut  h teqnik  efarmìzetai se polÔ lÐgouc kìmbouc twn
sunoriak¸n gwni¸n afoÔ gia kalÔtera apotelèsmata [4] oi perioqèc omalopoÐhshc
èqoun èktash 2− 3 kìmbouc apì k�je pleur� tou sunìrou.

Ta keli� pou qrhsimopoi jhkan eÐqan diaforetik  di�stash kat� tic x, y, dieu-
jÔnseic ¸ste oi sunoriakèc epif�neiec twn plegm�twn epifaneiak c diamìrfwshc 2

kai 8 epipèdwn na pernoÔn apì plegmatik� shmeÐa. Etsi èqoun apofeuqjeÐ diorj¸seic
sto eswterikì tou kelioÔ (subcell-corrections). Autì eÐnai efiktì gia thn gewmetrÐa
twn fragm�twn epifaneiak c diamìrfwshc 2 kai 8 epipèdwn sto Sq. 3.2 all� ì-
qi gia fr�gma genik c morf c. Tìte prèpei na qrhsimopoihjoÔn subcell-corrections

[102] kai teqnikèc omalopoÐhshc me suntelestèc barÔthtac [44]. EÐnai epÐshc dunatì
na melethjeÐ me tic parap�nw teqnikèc h sumperifor� olografik¸n kai epifaneiak c
diamìrfwshc fragm�twn h sunduasmoÐ aut¸n se diat�xeic kumatod ghshc ìpwc oi
suzeÔktec perijlastik¸n fragm�twn gia optikèc diasundèseic [115] ìpou oi teqnikèc
FDTD an¸terhc t�xhc anamènetai na apodÐdoun kalÔtera apì thn klassik  FDT-

D lìgw tou meg�lou megèjouc aut¸n twn dom¸n. Autì eÐnai to antikeÐmeno tou
epìmenou kefalaÐou.
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Kef�laio 4

SuzeÔktec Exìdou Optik¸n

Kumatodhg¸n Perijlastik¸n

Fragm�twn: FDTD An�lush

SuzeÔktec exìdou optik¸n kumatodhg¸n perijlastik¸n fragm�twn analÔontai me
qr sh thc FDTD mejìdou 2hc kai 4hc t�xhc. Qrhsimopoi jhke o TF-SF formal-
ismìc kai teqnikèc omalopoÐhshc twn asuneqei¸n thc epitreptìthtac. OlografikoÐ
(VHGC: Volume Holographic Grating Couplers) all� kai perijlastikoÐ suzeÔktec
epifaneiak c diamìrfwshc (SRGC: Surface Relief Grating Couplers) èqoun analujeÐ
gia TE kai TM pìlwsh. Ta apotelèsmata thc FDTD 2hc kai 4hc t�xhc sugkrÐnontai
wc proc thn akrÐbeia kai to upologistikì kìstoc. Epiplèon ta FDTD apotelèsmata
sugkrÐnontai me ta proseggistik� apotelèsmata thc austhr c an�lushc suzeugmèn-
wn kum�twn se sunduasmì me thn prosèggish diarrèontoc rujmoÔ (Rigorous Coupled
Wave Analysis/Leaky Mode: RCWA/LM).

4.1 Eisagwg 

Oi perijlastikoÐ suzeÔktec èqoun pollèc efarmogèc sthn oloklhrwmènh optik , kai
ètsi gia thn melèth thc apìdoshc touc èqoun parousiasteÐ sthn bibliografÐa di�forec
arijmhtikèc teqnikèc. Oi Peng et al. [104], [105] qrhsimopoÐhsan an�lush rujm¸n
(modal analysis) se sunduasmì me thn prosèggish diarrèontoc rujmoÔ (leaky mode),
gia thn an�lush SRGC, gia TE kai TM pìlwsh. Oi Tamir kai Peng [103] melèthsan
touc paramètrouc diarro c sqetizìmenec me thn perijlastik  apìdosh twn SRGC san
sun�rthsh twn paramètrwn sqediasmoÔ me b�sh jewrÐa diataraq¸n. Oi Izhaky kai
Hardy [45], [46] prìteinan ènan enopoihmèno formalismì sÔzeuxhc rujm¸n, gia thn
melèth thc epÐdoshc SRGC. Oi Borsboom kai Frankena [12], [11] qrhsimopoÐhsan
mÐa anapar�stash tou rujmoÔ se perioqèc tou kumatodhgoÔ se sqèsh me pÐnakec
skèdashc (scattering matrices) gia na analÔsoun thn apìdosh SRGC peperasmènou
m kouc. Oi Dinesen kai Hesthaven [21], [22] mÐa mèjodo metabol¸n epifaneÐac gia thn
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an�lush �peirwn periodik¸n kai peperasmènwn aperiodik¸n SRGC se disdi�statec
kai trisdi�statec domèc. Oi Lalanne et al. [62], [63] ef�rmosan mÐa mèjodo Fourier

an�lushc rujm¸n gia thn an�lush SRGC.

Oi perissìterec apì tic parap�nw mejìdouc eÐnai kat�llhlec mìno gia SRGC kai
ètsi parousi�zontai sthn bibliografÐa. 'Omwc oi VHGC (Volume Holographic Grat-

ing Couplers), pou prot�jhkan pr¸th for� apì tou Kogelnik kai Sosnowski [55],
parèqoun uyhl  perijlastik  apìdosh all� kai protimhtèa dieÔjunsh sÔzeuxhc. Epi-
plèon h qr sh fwtopolumer¸n gia VHGC aplopoieÐ thn diadikasÐa kataskeu c kaj¸c
den qrei�zontai poll� st�dia qhmik c epexergasÐac kai q�raxhc. Di�foroi suggrafeÐc
èqoun proteÐnei mejìdouc gia thn melèth VHGC. Oi Harris et al. [37] qrhsimopoÐhsan
mÐa tropopoihmènh prosèggish Born, thn mèjodo WKB, kai to je¸rhma amoibaiìth-
tac (reciprocity theorem) gia thn an�lush VHGC qwrÐc na epilÔoun austhr� tic Ex.
Maxwell sthn perioq  tou perijlastikoÔ fr�gmatoc. H prosèggish twn Peng et al

[105] efarmìsthke se VHGC me hmitonoeid  metabol  thc epitreptìthtac tou peri-
jlastikoÔ fr�gmatoc. Oi Ogawa kai Chang [80] qrhsimopoÐhsan jewrÐa diataraq¸n
gia thn an�lush slanted kai unslanted VHGC all� ìmwc mìno gia TE pìlwsh.
Oi Wang kai Dilaura [113] ef�rmosan mia mèjodo diaqwrismoÔ tou perijlastikoÔ
fr�gmatoc se leptìtera perijlastik� fr�gmata se sunduasmì me sumbatik  mèjodo
an�lushc kumatodhg¸n gia ton upologismì thc perijlastik c apìdoshc VHGC. Oi
Jones et al. [48] anèlusan VHGC me qr sh jewrÐac rujm¸n. Oi Schultz et al. [97]
kai oi Villalaz et al. [107] qrhsimopoÐhsan thn RCWA se sunduasmì me thn prosèg-
gish diarrèontoc rujmoÔ (RCWA/LM) gia thn an�lush kai sqediasmì VHGC. MÐa
parìmoia teqnik  basismènh sthn BEM qrhsimopoi jhke apì touc Butler et al. [16]
gia thn melèth polustrwmatik¸n SRGC. Oi Wu kai Glytsis [110] qrhsimopoÐhsan thn
FDFD mèjodo, gia VHGC kai gia TE kai TM pol¸seic. H FDFD eÐnai austhr 
mèjodoc qwrÐc proseggÐseic. 'Etsi lamb�nei up' ìyh fainìmena ìpwc anakl�seic ru-
jm¸n, pollapl  sumbol  rujm¸n, aktinobolÐa lìgw asunèqeiac twn ulik¸n, ta opoÐa
oi perissìterec apì tic �llec mejìdouc agnooÔn. MporeÐ na efarmosteÐ se olo-
grafik� all� kai se diamìrfwshc epifaneÐac perijlastik� fr�gmata. 'Omwc h FDFD

eÐnai upologistik� polÔ apaithtik  mèjodoc gia meg�la (se sqèsh me to optikì m koc
kÔmatoc) optik� perijlastik� fr�gmata, lìgw tou polÔ meg�lou megèjouc twn gram-
mik¸n susthm�twn pou prèpei na lujoÔn.

Prìsfata, h sun jhc FDTD mèjodoc deÔterhc t�xhc, èqei efarmosteÐ mìno gi-
a thn melèth SRGC. Oi Liu et al. [70] kai oi Huang et al. [42] ef�rmosan thn
sun jh FDTD mèjodo deÔterhc t�xhc, gia suzeÔktec eisìdou se SRGC me or-
jog¸niec egkopèc. Oi Wang et al. [110], [111], [109], qrhsimopoÐhsan thn sun jh
FDTD mèjodo deÔterhc t�xhc gia thn an�lush kai sqediasmì keklimènwn me or-
jog¸niec egkopèc SRGC gia sÔzeuxh optik c Ðnac me kumatodhgì silikìnhc. Oi
Cheben at al. [17] qrhsimopoÐhsan thn sun jh FDTD mèjodo deÔterhc t�xhc, gia
thn melèth sÔzeuxhc kai metatrop c rujm¸n metaxÔ optik c Ðnac kai kumatodhgoÔ
qrhsimopoi¸ntac SRGC me qarakthristik� mikrìtera tou m kouc kÔmatoc.

S�utì to kef�laio, gia pr¸th for�, mia sun jh FDTD mèjodo deÔterhc t�xhc
(FDTD(2,2)) kai mia FDTD mèjodoc tètarthc t�xhc (FDTD(2,2)), efarmìzetai se
VHGC all� kai se SRGC, gia thn melèth thc hlektromagnhtik c touc sumperifor�c
san suzeÔktec exìdou kumatod ghshc, gia efarmogèc se optikèc diasundèseic. H
FDTD(2, j) (j = 2, 4) sumbolÐzei thn thn FDTD mèjodo pou èqei akrÐbeia deÔterhc
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t�xhc wc proc ton qrìno kai j-t�xhc wc proc ton q¸ro. S' autì to kef�laio gÐnetai
mÐa sugkritik  melèth thc apìdoshc gia touc VHGC kai SRGC me qr sh twn mejìd-
wn FDTD(2,2) kai FDTD(2,4) se sunduasmì me thn teqnik  TF-SF [102] kai thn
teqnik  twn anisotropik¸n aporrofhtik¸n strwm�twn (Uniaxial Perfect Matching

Layers: UPML) [29]. Sugkekrimèna analÔetai ènac VHGC protimhtèac t�xhc [115]
kai ènac SRGC mh-protimhtèac t�xhc [103] suzeÔkthc me qr sh thc FDTD mejìdou,
afoÔ autoÐ oi suzeÔktec èqoun anaferjeÐ sthn bibliografÐa. Oi FDTD mèjodoi
enisqÔontai me teqnikèc omalopoÐhshc pou elatt¸noun ta arijmhtik� sf�lmata lìgw
twn asuneqei¸n epitreptìthtac. Oi di�forec FDTD mèjodoi sugkrÐnontai me b�sh
thn akrÐbeia touc san sun�rthsh tou arijmoÔ twn keli¸n an� el�qisto m koc kÔ-
matoc. UpologÐzetai h apìdosh sÔzeuxhc exìdou twn suzeukt¸n san sun�rthsh tou
m kouc touc (ekfrasmèno se arijmì perijlastik¸n periìdwn) gia TE kai TM pìlw-
sh. Parìmoia apotelèsmata parousi�zontai gia touc lìgouc kateujuntikìthtac (BR:
Branching ratios) pou ekfr�zoun posotik� thn kateujuntikìthta sÔzeuxhc exìdou.
Epiplèon, ta FDTD apotelèsmata sugkrÐnontai me ta apotelèsmata thc RCWA/LM

[97], [107] mejìdou. EpÐshc parousi�zetai endeiktik� katanom  kontinoÔ (near-field)
pedÐou gia na faneÐ h aktinobolÐa apì tic asunèqeiec kumatodhgoÔ kai perijlastikoÔ
fr�gmatoc.

Sthn par. 4.2 parousi�zetai h gewmetrÐa twn perijlastik¸n suzeukt¸n exìdou.
Sthn par. 4.3 perigr�fetai h teqnik  upologismoÔ thc perijlasik c apìdoshc kai
thc kateujuntikìthtac twn upì melèth suzeukt¸n. Sthn par. 4.4 ta apotelèsmata
gia touc VHGC kai SRGC parousi�zontai kai sqoli�zontai. Tèloc sthn par. 4.5
sunoyÐzontai ta basik� apotelèsmata.

4.2 GewmetrÐa PerijlastikoÔ SuzeÔkth

Exìdou

To upologistikì qwrÐo kumatodhgoÔ perijlastikoÔ suzeÔkth exìdou (gia lìgouc
oikonomÐac o ìroc "exìdou� paraleÐpetai) faÐnetai sto Sq. 4.1. O suzeÔkthc jewreÐtai
omogen c kat� thn ẑ dieÔjunsh kai ètsi anaparist� èna 2D hlektromagnhtikì prìblh-
ma. To upologistikì qwrÐo perib�lletai apì UPML p�qouc d. O diaqwrismìc tou
q¸rou stic di�forec perioqèc gÐnetai ¸ste h epitreptìthta na èqei thn Ðdia sunarth-
siak  morf . To k�lumma (cover), o pur nac (film) kai to upìstrwma (substrate)
tou kumatodhgoÔ faÐnontai sto Sq. 4.1 kai �ra h gewmetrÐa eÐnai aut  dihlektrik c
fètac (slab). H perioq  tou perijlastikoÔ fr�gmatoc èqei p�qoc tg kat� ton x-�xona
kai m koc Lg kat� ton y-�xona kai mporeÐ na perièqei olografikì   epifaneiak c di-
amìrfwshc fr�gma kai mporeÐ na eÐnai p�nw (ìpwc sto Sq.4.1)   mèsa sthn perioq 
tou film.

To TF-SF sÔnoro (Sq. 4.1) eÐnai mia gramm  (pragmatik� se 3D eÐnai epÐpedo)
kat� m koc tou x-�xona (qwrÐc na eisèrqetai sto UPML), to opoÐo diaqwrÐzei thn
perioq  olikoÔ pedÐou (p�nw apì thn TF-SF gramm ) kai sth perioq  skedazìmenou
pedÐou (k�tw apì thn TF-SF gramm ). QrhsimopoieÐtai gia thn eisagwg  tou prospÐp-
tontoc rujmoÔ tou kumatodhgoÔ sto upologistikì qwrÐo 1. O prospÐpton rujmìc tou

39



Kef�laio 4. SuzeÔktec Exìdou Optik¸n Kumatodhg¸n Perijlastik¸n Fragm�twn: FDTD An�lush

kumatodhgoÔ èqei qronik� exart¸menh morf  (gia stajerì y):

U⃗inc = ẑg (x)h (t) cos (ωt− βy) , (4.1)

ìpou U⃗inc anaparist� �nusma hlektrikoÔ   magnhtikoÔ pedÐou gia TE   TM prospÐp-
tousa pìlwsh antÐstoiqa, g(x) eÐnai to profÐl tou rujmoÔ (upologismèno me thn
mèjodo pÐnaka metafor�c (transfer matrix method [54]), ω = 2πc/λ0 , ìpou c h
taqÔthta tou fwtìc, λ0 eÐnai to m koc kÔmatoc sto kenì kai h(t) eÐnai èna qronikì
par�juro Hanning pou mei¸nei to arijmhtikì sf�lma pou par�getai apì thn apìtomh
eisagwg  thc phg c kai mei¸nei ton upologistikì qrìno ¸ste ta pedÐa na ft�soun
se kat�stash isorropÐac [35]. Gia thn efarmog  thc TF-SF teqnik c to pedÐo tou
prospÐptontoc rujmoÔ parèqetai apì èna bohjhtikì plègma [83]. Autì to plègma
perib�lletai apì èna ìmoio UPML èqei to Ðdio m koc kat� ton x-�xona ìpwc to
kurÐwc plègma ìmwc ekteÐnetai mìno merik� keli� kat� ton y-�xona kai den periè-
qei to perijlastikì fr�gma. DeÐgmata suzeukt¸n perijlastik¸n fragm�twn pou

g

g

w

Sq ma 4.1: GewmetrÐa kumatodhgoÔ perijlastikoÔ fr�gmatoc kai tou pl rouc upologis-
tikoÔ qwrÐou ( pragmatikoÔ+UPML) pou qrhsimopoieÐtai sthn FDTD an�lush.

melet jhkan faÐnontai sto Sq.4.2. Sto Sq. 4.2(a) faÐnetai èna VHGC, ìpou to
olografikì fr�gma èqei perijlastikì �nusma K⃗, gwnÐa klÐshc ϕ kai Λ perÐodo tou
perijlastikoÔ fr�gmatoc. H epitreptìthta tou olografikoÔ fr�gmatoc perigr�fetai
apì thn Ex. 4.1. 'Ena deÐgma SRGC faÐnetai sto Sq. 2(b). Autì eÐnai èna SRGC

2-epipèdwn periìdou Λ, filling factor F = 0.5, kai p�qouc tg. Diaforetik� eÐdh SRGC
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mporoÔn na qrhsimopoihjoÔn parìmoia qwrÐc duskolÐa. Aut� dÔo eÐdh perijlastik¸n
suzeukt¸n èqoun epilegeÐ gia sÔgkrish twn FDTD mejìdwn, afoÔ èqoun anaferjeÐ
sthn bibliografÐa, sthn [115] gia ton olografikì suzeÔkth, kai sthn [103] gia to
suzeÔkth epifaneiak c diamìrfwshc.
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Sq ma 4.2: TÔpoi kumatodhg¸n suzeukt¸n perijlastikwn fragm�twn: (a) VHGC (fr�g-
ma sthn perioq  tou film), (b) SRGC 2-epipèdwn (fr�gma sthn perioq  tou cover)

4.3 Upologismìc Apìdoshc SuzeÔkth

Gia thn posotikopoÐhsh thc apìdoshc twn perijlastik¸n suzeukt¸n, upologÐzetai h
apìdosh sÔzeuxhc thc pr¸thc t�xhc perÐjlashc: CE1

i ≡ P 1
i /Pinc., i = c, s ìpou c, s,

dhl¸nei thn perioq  cover, substrate, antÐstoiqa sto Sq. 4.2. EpÐshc upologÐzetai
h kateujuntikìthta (branching ratio: BR) gia thn perÐjlash pr¸thc t�xhc sthn
perioq  tou cover, pou orÐzetai wc: BR1 ≡ P 1

c /(Pc + Ps), ìpou Pi(i = c, s) eÐnai h
olik  isqÔc perÐjlashc sthn perioq  i. H isqÔc P 1

i , Pi, i = c, s upologÐzetai me ìmoia
mèjodo ìpwc sthn par�grafo 3.2. Dhlad  se kat�stash isorropÐac oi fasijètec
twn pedÐwn upologÐzontai me mèjodo elaqÐstwn tetrag¸nwn apì ta FDTD dedomèna,
kai akoloÔjwc upologÐzetai to gwniakì f�sma Fi, i = c, s ìpwc sth Par. 3.2. H
isqÔc P p

i , i = c, s thc p-iost c perijlastik c t�xhc (gia pr¸thc t�xhc, p = 1) gia
TE, TM pìlwsh eÐnai:

P p,TE
i =

∆y

2M

β−(p−1/2)Ky∑
m=β−(p+1/2)Ky

|Fi (kym)|2 Re
(
k∗i,xm
η∗i k

∗
i

)
, (4.2)

P p,TM
i =

∆y

2M

β−(p−1/2)Ky∑
m=β−(p+1/2)Ky

|Fi (kym)|2 Re
(
ki,xmηi
ki

)
, (4.3)

ìpou, ki = (2π/λ0)ni = k0ni, eÐnai to m koc tou kumatanÔsmatoc sthn perioq  i,
β = k0Neff , Neff eÐnai o energìc deÐkthc di�jlashc tou prospÐptontoc rujmoÔ tou
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kumatodhgoÔ, Ky = 2π/Λy, Λy eÐnai h perÐodoc tou suzeÔkth (perijlastikoÔ fr�g-
matoc) kat� m koc tou y-�xona (Λy = Λ/ sin(ϕ) gia ton VHGC kai Λy = Λ gia ton

SRGC), ki,xm = (k2i − k2ym)
1/2, ni = µi/ϵi

1/2, Re eÐnai to pragmatikì mèroc migadikoÔ
arijmoÔ, kai ∗ eÐnai to migadikì suzugèc. Qrhsimopoi¸ntac tic Ex. 4.2, 4.2 kai ajro'-
izontac gia m = 0, . . . ,M − 1 upologÐzetai h olik  isqÔc sthn perioq  i = c, s, gia
TE kai TM pìlwsh antÐstoiqa.

H isqÔc Pi, i = r, t, ìpou r, t sumbolÐzei anakl¸menh kai diadidìmenh isqÔc (ìpwc
faÐnetai sto Sq.4.2) upologÐzetai me arijmhtik  olokl rwsh tou anÔsmatoc Poynting
apì tou fasijètec twn pedÐwn se epÐpeda par�llhla ston x-�xona (y = yi, i = r, t):

Pi =
1

2
Re

(∫
⃗̃E (x, y = yi)× ⃗̃H∗ (x, y = yi) dx

)
. (4.4)

Sthn exÐswsh (4.4) oi sunist¸sec tou hlektrikoÔ kai magnhtikoÔ pedÐou den eÐnai sto
Ðdio plegmatikì shmeÐo (to FDTD plègma eÐnai staggered), ètsi oi pediakèc sunist¸sec
f oi opoÐec den orÐzontai san par�deigma sthn jèsh y = yi (all� orÐzontai sthn jèsh
y = yi+1/2 kai y = yi−1/2) upologÐzontai wc yi = (yi+1/2 + yi−1/2)/2. H olokl rwsh
tou anÔsmatoc Poynting (ìpwc sthn Ex. 4.4) qrhsimopoieÐtai gia ton upologismì
thc prospÐptousac isqÔoc, Pinc., ìpou oi fasijètec parèqontai to bohjhtikì plègma
ìpou mìno o rujmìc tou kumatodhgoÔ eÐnai par¸n. Oi apìdosh sÔzeuxhc gia tic upì
melèth diat�xeic upologÐzetai kai me thn mèjodo RCWA/LM. H RCWA/LM mèjodoc
eÐnai proseggistik  kai upojètei ìti to perijlastikì fr�gma èqei �peiro arijmì per-
iìdwn, kai ìti ameloÔntai fainìmena ìpwc thc an�klash tou odeÔontoc rujmoÔ kai ton
epiplèon diegermènwn rujm¸n (odeÔontec   aktinobolÐac) lìgw tic asunèqeiac metaxÔ
tou fr�gmatoc kai tou kumatodhgoÔ. Epiplèon sth RCWA/LM mèjodo upologÐzon-
tai [97], [107], mìno sqetikèc (kanonikopoihmènec ¸ste CEc+CEs+CEt+CEr = 1)
kai ìqi tic akrib c perijlastikèc apodìseic.

4.4 FDTD Apotelèsmata

Gia touc upì an�lush suzeÔktec to m koc kÔmatoc sto kenì thc diègershc eÐnai
λ0 = 1µm. To p�qoc tou UPML eÐnai se ìlec tic peript¸seic δ = 32∆(∆ = ∆x  
∆ = ∆y), (d sto Sq.4.1). Oi par�metroi tou UPML, R(0) kai m (Kef. 7 se [102])
pou antistoiqoÔn sto suntelest  an�klashc tou UPML gia k�jeth prìsptwsh kai
sthn t�xh thc poluwnumik c metabol c thc agwgimìthtac sto UPML antÐstoiqa, è-
qoun epilegeÐ R(0) = 10−7 kai m = 3, kai oi opoÐec Ôstera apì leptomereÐc dokimèc
jewroÔntai idanikèc gia probl mata kumatod ghshc ([102]). Gia ìlec tic peript¸-
seic h bèltisth mègisth agwgimìthta σmax, tou UPML, epilèqjhke sÔmfwna me thn
σmax∆ = −(m + 1)ln[R(0)]/2ηN , N = 32 keli�, kai η eÐnai h kumatik  antÐstash
tou UPML. 'Etsi o arijmìc twn keli¸n sthn perioq  tou UPML paramènei stajerìc
(32 keli�), anex�rthtoc apì to mègejoc tou kelioÔ.

H epilog  tou m kouc tou x-�xona tou upologistikoÔ qwrÐou jèlei prosoq  lìgw
twn aposbènontwn our¸n tou prospÐptontoc rujmoÔ tou kumatodhgoÔ. To m koc
tou x-�xona epilègetai ¸ste oi aposbènontec ourèc tou prospÐptontoc rujmoÔ tou
kumatodhgoÔ na èqoun polÔ mikr  tim  sthn epif�neia tou UPML sthn dexi� kai thn
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arister  pleur� tou plègmatoc (Sq. 4.1). Se ìlec tic peript¸seic to m koc tou
upologistikoÔ qwrÐou kat� ton x-�xona epilèqjhke ¸ste f(xL   xR)/fmax < 10−4

ìpou xL kai xR antistoiqoÔn sthn arister  kai dexi� epif�neia tou upologistikoÔ
qwrÐou me to UPML str¸ma kat� m koc tou x-�xona, kai f antistoiqeÐ sthn hlektrik 
  magnhtik  sunist¸sa tou pedÐou tou prospÐptontoc rujmoÔ kumatod ghshc (gia
TE   TM pìlwsh antÐstoiqa). AfoÔ se ìlec tic peript¸seic to cover eÐnai aèrac
kai to substrate eÐnai k�poio dihlektrikì |xR| > |xL|. Mikrìterec timèc thc f(xL  
xR)/fmax den all�zoun shmantik� ta apotelèsmata all� aux�noun qwrÐc ousiastikì
lìgo to mègejoc tou upologistikoÔ qwrÐou. To mègisto mègejoc tou kelioÔ ∆ ( ìpou
∆ = max{∆x,∆y}, kai pou genik� ta ∆x, ∆y den eÐnai Ðsa e�n eÐnai na sumpèsoun
oi epif�neiec epitreptìthtac me plegmatikoÔc kìmbouc) epilègetai wc ∆ = λmin/N ,
ìpou N eÐnai o arijmìc twn keli¸n an� el�qisto m koc kÔmatoc kai to antÐstoiqo
qronikì b ma gia thn FDTD(2,2) mèjodo eÐnai ∆t = min{∆x,∆y}/(2c), en¸ gia thn
FDTD(2,4) eÐnai (6/7)∆t.

4.4.1 Olografikìc Perijlastikìc SuzeÔkthc

O VHGC sqedi�zetai ¸ste na leitourgeÐ wc kateujuntikìc suzeÔkthc proc to cover

gia thn pr¸th t�xh perÐjlashc [115]. To ulikì thc perioq c tou film antistoiqeÐ
sto DuPont’s OmniDex 613 fwtopolumerèc me deÐkth di�jlashc nw = 1.50. O
deÐkthc di�jlashc tou substrate kai tou cover eÐnai (Sq. 4.2a) ns = 1.456 (gualÐ) kai
nc = 1.0 (aèrac). H perioq  tou perijlastikoÔ fr�gmatoc eggr�fetai olografik�
sth perioq  tou film tou kumatodhgoÔ kai èqei mèsh epitreptìthta ϵavg. = 2.25ϵ0
(ng = 1.5), kai pr¸thc t�xhc sunhmitonoeid  [p = 1 sthn Ex. 3.1] diamìrfwsh
ϵc1 = 0.06ϵ0 me ϵ0 thn epitreptìthta tou kenoÔ. To p�qoc tou film (kai tou fr�gmatoc
s' aut n thn perÐptwsh) eÐnai tg = 1.8µm kai uposthrÐzei èna rujmì TE (TE0) kai
èna rujmì TM (TM0). H perÐodoc tou fr�gmatoc Λ kai h gwnÐa klÐshc ϕ tou VHGC

sqedi�sthkan gia θc = 0deg. gwnÐa sÔzeuxhc exìdou (Sq. 4.2), me qr sh thc sunj kh
prosarmog c f�shc [115] (Bragg) gia thn pr¸th t�xh perÐjlashc. Autì odhgeÐ se
Λ = 473.7nm(473.9nm), ϕ = 44.72deg.(44.70deg.) gia TE (TM) pìlwsh.

Gia thn melèth thc sÔgklishc twn FDTD(2,2), FDTD(2,4) mejìdwn se sunduas-
mì me tic teqnikèc omalopoÐhshc thc epitreptìthtac, upologÐzetai h CE1

c gia VHGC

40 periìdwn (Lg = 40Λy), san sun�rthsh tou arijmoÔ twn keli¸n an� el�qisto m koc
kÔmatoc. H apìdosh sÔzeuxhc gia TE pìlwsh faÐnetai sto Sq.4.3 san sun�rthsh
tou arijmoÔ twn keli¸n N an� el�qisto m koc kÔmatoc qrhsimopoi¸ntac thn FDT-

D(2,2) qwrÐc teqnikèc omalopoÐhshc, qrhsimopoi¸ntac thn FDTD(2,2) me teqnikèc o-
malopoÐhshc gia kìmbouc kont� stic epif�neiec epitreptìthtac [44], qrhsimopoi¸ntac
thn FDTD(2,4) qwrÐc teqnikèc omalopoÐhshc, kai qrhsimopoi¸ntac thn FDTD(2,4)

me thn teqnik  thc energ c epitreptìthtac trÐthc t�xhc (third-order effective permit-

tivity) [41]. Epiplèon ta apotelèsmata thc RCWA/LM parousi�zontai gia sÔgkrish.
TM apotelèsmata den parèqontai afoÔ s' aut n thn perÐptwsh h sÔzeuxh apìdoshc
eÐnai amelhtèa (perÐpou 0.01%) lìgw twn sqedìn k�jetwn dieujÔnsewn metaxÔ twn
sunistws¸n tou prospÐptontoc kai perijl¸menou hlektrikoÔ pedÐou, gia thn upì
sqedÐash θc = 0deg. gwnÐa sÔzeuxhc exìdou. Apì to Sq.4.3 faÐnetai h kalÔterh
sÔgklish thc FDTD(2,4) se sqèsh me thn FDTD(2,2), gegonìc pou upodhl¸nei ìti
h FDTD(2,4) eÐnai pio akrib c apì thn FDTD(2,2) gia stajerì arijmì keli¸n an�
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el�qisto m kouc kÔmatoc. H epÐdosh tou VHGC kaj¸c kai to branching ratio tou
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Sq ma 4.3: Apìdosh sÔzeuxhc, CE1
c , sthn perioq  cover, gia ton VHGC se TE pìlwsh

san sun�rthsh tou arijmoÔ twn keli¸n, N , an� el�qisto m koc kÔmatoc.

ekfr�zetai posotik�, me ton upologismì thc apìdoshc sÔzeuxhc sto cover CE1
c , kai

tou branching ratio (BR1), pou parousi�zontai sta Sq. 4.4, 4.5 san sun�rthsh tou
arijmoÔ periìdwn Λy. Stic FDTD prosomoi¸seic ∆ = λmin/20, ìpou h tim  N = 20

eÐnai ikanopoihtik  an�mesa se akrÐbeia kai upologistikì qrìno. S' aut� ta sq mata
qrhsimopoi jhkan h akribèsterh FDTD(2,2) me omalopoÐhsh thc epitreptìthtac kai
h FDTD(2,4) me thn third-order effective permittivity. Sto Sq. 4.4 parathreÐtai ìti
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Sq ma 4.4: Apìdosh sÔzeuxhc, CE1
c , sthn perioq  cover, gia ton VHGC se TE pìlwsh

san sun�rthsh tou arijmoÔ twn periìdwn, Lg/Λy.

ta FDTD(2,2) kai FDTD(2,4) apotelèsmata eÐnai kont� metaxÔ touc kai kont� stic
problèyeic thc RCWA/LM an�lushc. H mègisth diafor� metaxÔ twn FDTD mejìd-
wn orismènh wc: (FDTD(2,4)-FDTD(2,2))/FDTD(2,4) eÐnai 1.62% kai sumbaÐnei se
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Sq ma 4.5: Branching ratio (gia thn perÐjlash pr¸thc t�xhc), gia ton VHGC se TE
pìlwsh san sun�rthsh tou arijmoÔ twn periìdwn, Lg/Λy.

m koc suzeÔkth Lg = 5Λy. Sto Sq. 4.5 faÐnontai ta branching ratios gia thn pr¸th
t�xh perÐjlashc (BR1) san sun�rthsh tou arijmoÔ twn periìdwn. Ta apotelèsmata
FDTD(2,2) kai FDTD(2,4) eÐnai se kal  sumfwnÐa kai deÐqnoun ton uyhlì bajmì
kateujuntikìthtac sÔzeuxhc tou VHGC. Ta (BR1 ) pou upologÐzontai me thn R-

CWA/LM mèjodo (pou eÐnai stajer� afoÔ ta BR1 apotelèsmata thc RCWA/LM

den exart¸ntai apì to m koc tou suzeÔkth) faÐnontai sto Sq. 4.5 gia sÔgkrish thn
FDTD. H diafor� metaxÔ tou BR1 upologismèno me tic FDTD mejìdouc kai tou BR1

upologismènou me thn RCWA/LM mèjodo ofeÐletai sto gegonìc ìti h RCWA/LM

den lamb�nei up' ìyh tic anakl�seic tou rujmoÔ thn skèdash se aktinobolÐa lìg-
w tic asunèqeiac metaxÔ kumatodhgoÔ kai fr�gmatoc, kai thn fainìmena pollapl c
allhlepÐdrashc lìgw tou peperasmènou m kouc tou suzeÔkth. Epiplèon o idèa tou
diarrèontoc rujmoÔ eÐnai mÐa prosèggish tou aktinoboloÔmenou pedÐou tou suzeÔk-
th. Antijètwc, h FDTD mèjodoc eÐnai austhr  kai lamb�nei up' ìyh ìla to parap�nw
fainìmena, �ra parèqei tic apìlutec timèc thc apìdoshc sÔzeuxhc antÐ gia tic sqetikèc
timèc pou parèqei h RCWA/LM mèjodoc.

Ston pÐnaka 1 parousi�zontai oi apodìseic sÔzeuxhc pou sqetÐzontai me to suzeÔk-
th mègistou m kouc (Lg = 100Λy) pou melet jhke. Eidikìtera parousi�zontai h
pr¸thc t�xhc apìdosh sÔzeuxh (CE1

c ) sto cover, h olik  sunolik  apìdosh sÔzeuxhc
sto cover (CEc ), h substrate pr¸thc t�xhc apìdosh sÔzeuxh (CE1

s ), h olik  sunolik 
apìdosh sÔzeuxhc sto cover (CEs), h olik  sunolik  anakl¸menh apìdosh sÔzeuxhc
(CEr), kai h olik  diadidomènh (transmitted) sunolik  apìdosh sÔzeuxhc (CEt), kai
to �jroisma twn apodìsewn sÔzeuxhc (CEc+CEs+CEr+CEt), gia tic FDTD(2,2)
(me averaging), FDTD(2,4) (me third-order effective permittivity teqnik ) kai gia thn
RCWA/LM mejìdouc gia TE kai TM pìlwsh tou prospÐptontoc rujmoÔ.

'Opwc anafèrjhke prin oi TM apod¸seic sÔzeuxhc eÐnai polÔ mikrèc lìgw tic amel-
htèac sÔzeuxhc metaxÔ twn sqedìn k�jetwn sunistws¸n tou hlektrikoÔ pedÐou tou
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PÐnakac 4.1: Apìdosh olografikoÔ suzeÔkth kai sÔgkrish diafìrwn arijmhtik¸n mejìd-
wn (ìlec oi apodìseic sÔzeuxhc ekfr�zontai se: %)

TE Pìlwsh

Lg = 100Λy CE1
c CEc CE1

s CEs CEr CEt sum∗

FDTD(2,2) 33.06 33.06 1.47 1.48 0.09 65.61 100.23

FDTD(2,4) 32.81 32.81 1.07 1.08 0.05 66.81 100.75

RCWA/LM 33.63 33.63 0.34 0.34 - 66.03 100.00

TM Pìlwsh

Lg = 100Λy CE1
c CEc CE1

s CEs CEr CEt sum∗

FDTD(2,2) 0.07 0.07 0.00 0.00 0.01 100.72 100.80

FDTD(2,4) 0.06 0.06 0.00 0.00 0.01 101.34 101.42

RCWA/LM 0.06 0.06 0.00 0.00 - 99.94 100.00

∗sum = CEc + CEs + CEt + CEr

prospÐptontoc kai perijl¸menou kÔmatoc. Parìla aut�, ston pÐnaka 1 ta TM apotelès-
mata perièqontai gia na faneÐ h parap�nw d lwsh.

OVHGC sqedi�sthke (qrhsimopoi¸ntac th sunj kh prosarmog c f�shc (Bragg))
gia na perijl� f¸c pr¸thc t�xhc perÐjlashc sto cover kai sto substrate afoÔ ìlec
oi t�xeic an¸terhc perÐjlashc lìgw sqediasmoÔ den mporoÔn na diadojoÔn se autèc
tic perioqèc. 'Ara, se èna idanikì sqediasmì suzeÔkth, h olik  apìdosh sÔzeuxh-
c sto cover kai h pr¸thc t�xhc apìdosh sÔzeuxhc sto cover prèpei na eÐnai Ðsec
(CE1

c = CEc). To Ðdio epiqeÐrhma prèpei na isqÔei gia thn olik  apìdosh sÔzeuxhc
sto substrate kai h pr¸thc t�xhc apìdosh sÔzeuxhc sto substrate (CE1

s = CEs).
Parìla aut� lìgw tic asunèqeiac metaxÔ kumatodhgoÔ/fr�gmatoc, thc pollapl c
allhlepÐdrashc twn rujm¸n, kai tou peperasmènou m kouc tou suzeÔkth (peperas-
mènoc arijmìc periìdwn), eÐnai dunatìn to fwc na perijl�tai (sked�zetai) se di�forec
dieujÔnseic diaforetikèc apì thn dieÔjunsh thc pr¸thc t�xhc perÐjlashc. Autì to
gegonìc ekfr�zetai apì thn diafor� metaxÔ CE1

c , CEc kai CE1
s , CEs gia tic perio-

qèc tou cover kai substrate antÐstoiqa. Gia ton VHGC pou parousi�zetai ed¸, autì
to fainìmeno eÐnai asjenèc kai den eÐnai emfanèc sto pÐnaka 1, afoÔ oi apodìseic
sÔzeuxhc diafèroun to polÔ sto trÐto dekadikì yhfÐo. Autèc oi diaforèc ja eÐnai
pio emfaneÐc sthn perÐptwsh twn SRGC. Ta fainìmena an�klashc tou prospÐptontoc
rujmoÔ sthn epif�neia metaxÔ kumatodhgoÔ kai perijlastikoÔ fr�gmatoc kuriarqoÔn
ston upologismì thc apìdoshc sÔzeuxhc CEr h opoÐa eÐnai mikr  sthn perÐptwsh
tou VHGC (metaxÔ 0.01 kai 0.09%) afoÔ h mèsh tim  tou deÐkth di�jlashc sthn
perioq  tou fr�gmatoc eÐnai Ðdia me thn perioq  tou film ston kumatodhgì. Fusik�
ta fainìmena twn asuneqei¸n tou rujmoÔ, thc pollapl c allhlepÐdrashc lìgw tou
peperasmènou m kouc, kai thc skèdashc, den perièqontai sthn RCWA/LM mèjodo.

To �jroisma thc apìdoshc sÔzeuxhc (CEc+CEs+CEr+CEt) deÐqnei pìso kal�
ikanopoieÐtai to isozÔgio isqÔoc. AfoÔ o VHGC den èqei ap¸leiec, h kanonikopoih-
mènec apodìseic sÔzeuxhc prèpei na ajroÐzontai sto 100%. Apì ta apotelèsmata
tou pÐnaka 1 faÐnetai ìti to �jroisma thc apìdosh sÔzeuxhc mporeÐ na uperbaÐnei to
100% to polÔ kat� 0.75% gia thn TE pìlwsh kai to polÔ kat� 1.42% gia thn TM
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pìlwsh. Aut� ta l�jh mporeÐ na ofeÐlontai sto meg�lo mègejoc tou suzeÔkth 1, 2
pou dhmiourgeÐ sf�lmata arijmhtik c diaspor�c, lìgw twn our¸n tou prospÐptontoc
rujmoÔ pou mporeÐ na dhmiourg sei skèdash, kai lìgw tou peperasmènou megèjouc
tou upologistikoÔ kelioÔ. Mia pio prosektik  melèth twn dedomènwn sÔgklishc pou
faÐnontai sto Sq. 4.3 faner¸nei ìti h kÔria aitÐa tou sf�lmatoc sthn isqÔ eÐnai to
mègejoc tou kelioÔ. 'Otan o arijmìc twn keli¸n, N , an� el�qisto m koc kÔmatoc
aux�nei, to sf�lma sthn isqÔ mei¸netai, dhlad  to �jroisma thc olik c isqÔc apì-
doshc sÔzeuxhc teÐnei sto 100%. Autì faÐnetai sto Sq. 4.6 ìpou parousi�zetai
to �jroisma thc apìdosh sÔzeuxhc san sun�rthsh tou N gia TE pìlwsh kai gia
thn perÐptwsh ìpou to m koc tou suzeÔkth eÐnai Lg = 40Λy. Parìmoia apotelèsmata
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Sq ma 4.6: 'Ajroisma apìdoshc sÔzeuxhc (%) gia ton VHGC (TE pìlwsh) kai gia ton
SRGC 2-epipèdwn (TE, TM pìlwsh) san sun�rthsh tou arijmoÔ twn keli¸n, N , an�
el�qisto m koc kÔmatoc. H 100% gramm  parousi�zetai gia na faneÐ h sÔgklish.

anamènontai gia thn TM pìlwsh all� den parousi�zontai afoÔ s' aut  th perÐptwsh o
suzeÔkthc èqei polÔ mikr  sÔzeuxh gia touc lìgouc pou parousi�sthkan prin. AfoÔ
h perioq  tou UPML perieÐqe p�nta stajerì arijmì keli¸n (N = 32), krat¸ntac
ton suntelest  arijmhtik c an�klashc stajerì (ìpwc anafèrjhke prin) o rìloc tou
UPML sthn meÐwsh thc isqÔoc den eÐnai shmantikìc. To sf�lma diat rhshc thc
isqÔoc mei¸jhke kaj¸c to mègejoc tou kelioÔ mei¸jhke, afoÔ to sf�lma thc ari-
jmhtik c diaspor�c mei¸netai me mikrìtero mègejoc kelioÔ kai epiplèon h dom  tou
perijlastikoÔ suzeÔkth diakritopoieÐtai akribèstera.

4.4.2 Perijlastikìc SuzeÔkthc Epifaneiak c Diamìr-

fwshc 2-Epipèdwn

O SRGC faÐnetai sto Sq. 2(b), èqei p�qoc kumatodhgoÔ tw = λ0/π, p�qoc peri-
jlastikoÔ fr�gmatoc tg = 0.2λ0, kai perÐodo Λ = λ0/2. O deÐkthc di�jlashc thc
perioq c cover eÐnai nc = 1, thc perioq c substrate ns = 1.5166, kai thc perioq c tou
kumatodhgoÔ kai tou fr�gmatoc nw = ng = 1.7321. O kumatodhgìc uposthrÐzei èna

47



Kef�laio 4. SuzeÔktec Exìdou Optik¸n Kumatodhg¸n Perijlastik¸n Fragm�twn: FDTD An�lush

mìno TE kai TM rujmì. Oi gwnièc sÔzeuxhc exìdou θc sto cover gia thn pr¸th t�xh
perÐjlashc eÐnai θc ≃ −24.8deg. (θc ≃ −27.0deg.) gia TE (TM) pìlwsh. H sÔgk-
lish twn FDTD(2,2) kai FDTD(2,4) mejìdwn se sunduasmì me tic diaforèc teqnikèc
omalopoÐhshc (averaging-regularization) exet�zetai me ton upologismì thc CE1

c gi-
a ton SRGC 2-epipèdwn kai 40 periìdwn, san sun�rthsh tou arijmoÔ twn keli¸n
an� el�qisto m koc kÔmatoc. H apìdosh sÔzeuxhc gia TE pìlwsh faÐnetai sto Sq.
4.7 san sun�rthsh tou arijmoÔ twn keli¸n N an� el�qisto m koc qrhsimopoi¸ntac
thn FDTD(2,2) qwrÐc averaging, qrhsimopoi¸ntac thn FDTD(2,2) me averaging [44],
qrhsimopoi¸ntac thn FDTD(2,4) qwrÐc regularization, qrhsimopoi¸ntac thn FDT-

D(2,4) me thn third-order effective permittivity teqnik  [41], kai qrhsimopoi¸ntac
thn FDTD(2,4) me thn teqnik  local regularization [4], ìpou to mègejoc thc perio-
q c regularization eÐnai 3∆ (peiramatik� èqei thn kalÔterh sÔgklish). Epiplèon ta
RCWA/LM apotelèsmata faÐnontai gia sÔgkrish.
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Sq ma 4.7: CE1
c gia ton suzeÔkth SRGC 2-epipèdwn gia TE pìlwsh san sun�rthsh tou

arijmoÔ keli¸n an� el�qisto m koc kÔmatoc.

Sto Sq. 4.7 parathreÐtai ìti ston suzeÔkthc SRGC 2-epipèdwn gia TE pìlwsh,
oi teqnikèc averaging thc epitreptìthtac kai h teqnik  tlregularization (kai idiaÐtera
h third-order effective permittivity [41] belti¸noun thn sÔgklish thc FDTD(2,2) kai
FDTD(2,4) mejìdwn antÐstoiqa.

To Sq. 4.8 eÐnai to an�logo tou Sq. 4.7 gia TM pìlwsh. ParathreÐtai ìti gia ton
suzeÔkth SRGC 2-epipèdwn gia TM pìlwsh, h teqnik  averaging thc epitreptìthtac
kai h teqnik  regularization (idiaÐtera h teqnik  local regularization me mègejoc up-
ologistikoÔ kelioÔ 3∆) [4] belti¸noun thn sÔgklish twn FDTD(2,2) kai FDTD(2,4)
mejìdwn antÐstoiqa.

Apì thn parap�nw an�lush sÔgklishc faÐnetai ìti h teqnik  averaging kai regular-
ization thc epitreptìthtac belti¸noun thn akrÐbeia twn FDTD mejìdwn. Autì eÐnai
shmantikì afoÔ sthn perÐptwsh tou suzeÔkth SRGC ta arijmhtik� sf�lmata eÐnai
shmantik� lìgw thc polÔplokhc gewmetri�c thc dom c kai twn isqur¸n asuneqei¸n
thc epitreptìthtac. Autèc oi apìtomec metabolèc thc epitreptìthtac par�goun apì-
tomec metabolèc sta pedÐa kai apaiteÐte mikrì mègejoc kelioÔ (∆x, ∆y) gia akrib 
anapar�stash.
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Sq ma 4.8: CE1
c gia ton suzeÔkth SRGC 2-epipèdwn gia TM pìlwsh san sun�rthsh tou

arijmoÔ keli¸n an� el�qisto m koc kÔmatoc.

H apìdosh tou suzeÔkth SRGC 2-epipèdwn parousi�zetai posotik� me ton up-
ologismì thc apìdoshc sÔzeuxhc sto cover (CE1

c ) kai tou branching ratio (BR1)
pou faÐnetai sto Sq. 4.9, 4.10 antÐstoiqa san sun�rthsh tou m kouc tou suzeÔkth
ekfrasmèno se arijmì periìdwn Lg/Λ tou perijlastikoÔ fr�gmatoc. H puknìth-
ta plègmatoc twn prosomoi¸sewn eÐnai p�li 20 keli� an� el�qisto m koc kÔmatoc,
mia eklog  isorropÐac metaxÔ akrÐbeiac kai upologistikoÔ qrìnou. Sta Sq. 4.9,
4.10 h FDTD(2,2) me averaging kai h FDTD(2,4) me third-order effective permit-

tivity qrhsimopoi jhkan gia thn perÐptwsh thc TE pìlwshc. Aut  h epilog  eÐnai
se sumfwnÐa me ta apotelèsmata sÔgklishc tou Sq. 4.7 gia N = 20. Gia thn
perÐptwsh thc TM pìlwshc qrhsimopoi jhke h FDTD(2,4) me local regularization

(perioq  omalopoÐhshc 3 keli¸n), afoÔ aut  h mèjodoc eÐnai pio akrib c sÔmfwna me
ta apotelèsmata sÔgklishc tou Sq. 4.8 gia N = 20.

Apì to Sq. 4.9 faÐnetai ìti h FDTD(2,2) kai FDTD(2,4) gia thn TE pìlwsh eÐnai
kont� kai kont� sta RCWA/LM apotelèsmata. H mègisth diafor� metaxÔ twn FDTD
mejìdwn pou orÐzetai wc (FDTD(2,4)-FDTD(2,2))/FDTD(2,4) eÐnai 2.51% kai sum-
baÐnei se m koc suzeÔkth Lg = 5Λ afoÔ se tìso mikrì m koc fainìmena pleur¸n kai
gwni¸n (apìtomec metabolèc pedÐou lìgw gewmetrik¸n asuneqei¸n) eÐnai shmantik�
kai h diafor� metaxÔ twn FDTD mejìdwn eÐnai pio emfan c. Ta apotelèsmata TM
pìlwshc sto Sq. 4.9 deÐqnoun ìti oi FDTD(2,2) kai FDTD(2,4) mèjodoi diafèroun
perissìtero ap' ìti sthn perÐptwsh TE pìlwshc. H mègisth diafor� metaxÔ twn
FDTD mejìdwn eÐnai 6.56% kai sumbaÐnei se m koc fr�gmatoc suzeÔkth Lg = 80Λ.
Autì ofeÐletai stic diaforetikèc arijmhtikèc idiìthtec twn mejìdwn pou eÐnai pi-
o èntonec gia domèc meg�lou megèjouc [102], [88], kai faÐnetai na eÐnai pio èntonec
sthn TM pìlwsh. EpÐshc shmantik  diafor� (6.20%) parathreÐtai se mikr� m kh
suzeÔkth, Lg = 5Λ, kai autì eÐnai m�llon lìgw tou mikroÔ tou suzeÔkth, gegonìc
pou parathr jhke kai sthn perÐptwsh TE pìlwshc. Genik� h diafor� metaxÔ thc
FDTD(2, 2) kai FDTD(2, 4) mejìdwn eÐnai pio èntonh sthn perÐptwsh TM pìlwshc
afoÔ to hlektrikì pedÐo Ex, Ey mporeÐ na eÐnai asuneqèc stic dihlektrikèc epif�neiec
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Sq ma 4.9: CE1
c gia ton suzeÔkth SRGC 2-epipèdwn gia TE, TM pìlwsh san sun�rthsh

tou arijmoÔ periìdwn fr�gmatoc (Lg/Λ)

tou SRGC suzeÔkth, kai �ra ètsi oi metabolèc tou hlektrikoÔ pedÐou eÐnai pio apì-
tomec apì thn perÐptwsh TE pìlwshc ìpou to hlektrikì pedÐo Ez eÐnai suneqèc.

Sto Sq. 4.10 parousi�zontai ta branching ratios (BR1) san sun�rthsh tou arij-
moÔ twn periìdwn fr�gmatoc. Profan¸c den up�rqei kateujuntikìthta sthn sÔzeuxh
exìdou afoÔ h isqÔc perijl�tai isqur� sqedìn ex' Ðsou kai stic duo perioqèc tou cov-

er kai substrate. Autì anamènetai gia ton summetrikì suzeÔkth SRGC 2-epipèdwn
ìpou den ègine idiaÐtero sqèdio gia kateujuntikìthta. Aut  h mh-kateujuntikìthta
sthn sÔzeuxh faÐnetai apì ta (BR1) upologismèna me tic FDTD(2,2) kai FDTD(2,4)
mejìdouc, afoÔ kai gia tic 2 pol¸seic ta (BR1) sugklÐnoun, kaj¸c o arijmìc twn
periìdwn tou fr�gmatoc aux�nei, sthn tim  0.5, pou shmaÐnei ìti CE1

c ≃ CE1
s . Oi

FDTD(2,2) kai FDTD(2,4) BR1 timèc eÐnai se kal  sumfwnÐa, kaj¸c o arijmìc twn
periìdwn tou fr�gmatoc aux�nei (p�nw apì 40), kai sugklÐnoun kont� stic antÐs-
toiqec RCWA/LM timèc gia TE kai gia TM pìlwsh. 'Omwc gia mikrì arijmì per-
iìdwn oi FDTD(2,2) kai FDTD(2,4) BR1 timèc eÐnai shmantik� diaforetikèc apì tic
RCWA/LM timèc kai autì apodÐdetai, ìpwc anafèrjhke prin, sta fainìmena pleur¸n-
gwni¸n, pou eÐnai pio èntona gia suzeÔktec mikroÔ m kouc, kai den perièqontai sthn
proseggistik  RCWA/LM an�lush.

O pÐnakac 2 deÐqnei ìlec tic perijlastikèc apodìseic ìmoia me thn perÐptwsh tou
VHGC suzeÔkth. Eidikìtera, gia thn perÐptwsh tou suzeÔkth me to mègisto m koc
pou analÔjhke (Lg = 100Λ), parousi�zontai oi apodìseic sÔzeuxhc sto cover (CE1

c ,
CEc), substrate (CE1

s , CEs), olik c an�klashc (CEr), olik c dièleushc (CEt).
Autìc o SRGC suzeÔkthc 2-epipèdwn sqedi�sthke (parìmoia me ton VHGC) na

perijl� f¸c sthn pr¸th t�xh perÐjlashc sto cover kai sto substrate (se gwnÐec
θc kai θs diaforetikèc tou mhdenìc ìpwc anafèrjhke prohgoumènwc) kai ìlec oi
an¸terec t�xeic perÐjlashc den mporoÔn lìgw sqediasmoÔ na up�rxoun s' autèc tic
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Sq ma 4.10: Branching ratio (BR1) gia ton suzeÔkth SRGC 2-epipèdwn gia TE, TM
pìlwsh san sun�rthsh tou arijmoÔ periìdwn fr�gmatoc (Lg/Λ)

PÐnakac 4.2: Apìdosh suzeÔkth epifaneiak c diamìrfwshc 2-epipèdwn kai sÔgkrish di-
afìrwn arijmhtik¸n mejìdwn (ìlec oi apodìseic sÔzeuxhc ekfr�zontai se: %)

TE Pìlwsh

Lg = 100Λ CE1
c CEc CE1

s CEs CEr CEt sum∗

FDTD(2,2) 43.79 43.87 38.41 40.36 1.339 14.73 100.30

FDTD(2,4) [47] 44.06 44.19 38.98 40.81 1.074 15.29 101.37

RCWA/LM 44.40 44.40 40.21 40.21 - 15.39 100.00

TM Pìlwsh

Lg = 100Λ CE1
c CEc CE1

s CEs CEr CEt sum∗

FDTD(2,2) 24.22 24.27 23.29 26.36 1.914 47.61 100.16

FDTD(2,4) [44, 45] 25.78 25.92 23.46 26.94 1.907 45.75 100.51

RCWA/LM 26.24 26.24 26.94 26.94 - 46.82 100.00

∗sum = CEc + CEs + CEt + CEr
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perioqèc. 'Ara se èna idanikì sqèdio, ìpwc kai sthn perÐptwsh tou VHGC suzeÔk-
th, h cover olik  apìdosh sÔzeuxhc kai h cover apìdosh sÔzeuxhc pr¸thc t�xhc
prèpei na eÐnai Ðsec (CE1

c = CEc). H Ðdia logik  prèpei na isqÔei kai gia thn sub-
strate olik  apìdosh sÔzeuxhc kai gia thn substrate apìdosh sÔzeuxhc pr¸thc
t�xhc (CE1

s = CEs). Parìla aut� lìgw thc asunèqeiac metaxÔ tou kumatodhgoÔ kai
tou perijlastikoÔ fr�gmatoc, thc pollapl  allhlepÐdrash rujm¸n (edge effects),
kai tou peperasmènou m koc (peperasmènoc arijmìc periìdwn), eÐnai dunatìn to fwc
na perijl�tai (sked�zetai) se di�forec dieujÔnseic diaforetikèc apì thn dieÔjunsh
pr¸thc t�xhc. Autì to fainìmeno mporeÐ na ekfrasteÐ me thn diafor� metaxÔ CEc,
CE1

c kai CEs, CE1
s , gia to cover kai gia to substrate, antÐstoiqa. Gia thn perÐptwsh

tou SRGC suzeÔkth pou parousi�zetai ed¸, aut� ta fainìmena eÐnai pio emfan  apì
ta antÐstoiqa fainìmena tou VHGC suzeÔkth. Ston pÐnaka 2 oi cover apodìseic
sÔzeuxhc diafèroun perÐpou kat� 0.1% en¸ sto substrate perÐpou kat� 1%, gegonìc
pou dhl¸nei ìti h skèdash se dieujÔnseic diaforetikèc thc pr¸thc t�xhc perÐjlashc
eÐnai pio èntonh sto substrate. Autì eÐnai emfanèc sto Sq. 4.11 gia thn perÐptwsh
tou suzeÔkth SRGC 2-epipèdwn m kouc Lg = 10Λ ìpou faÐnetai to hlektrikì pedÐo
se kat�stash isorropÐac. Ta fainìmena an�klashc tou prospÐptontoc rujmoÔ sth-
n diaqwristik  epif�neia kumatodhgoÔ/fr�gmatoc eÐnai emfan  ston upologismì thc
apìdoshc sÔzeuxhc CEr h opoÐa s' aut  th perÐptwsh eÐnai metaxÔ 1-1.9% (megalÔterh
apì thn VHGC perÐptwsh afoÔ h epifaneiak  diamìrfwsh tou fr�gmatoc dhmiourgeÐ
isqurìterec asunèqeiec ston deÐkth di�jlashc).

To �jroisma thc apìdoshc sÔzeuxhc (CEc+CEs+CEr+CEt) deÐqnei pìso kal�
ikanopoieÐtai to isozÔgio isqÔoc. Apì ta apotelèsmata tou pÐnaka 2 parathreÐtai
ìti to �jroisma thc apìdosh sÔzeuxhc mporeÐ na uperbeÐ thn idanik  tim  100% kat�
1.37% to polÔ gia thn TE pìlwsh kai kat� 0.51% to polÔ gia thn TM pìlwsh. Aut�
ta sf�lmata mporeÐ na apodojoÔn sto fainìmena pou suzht jhkan prohgoumènwc
sthn VHGC perÐptwsh. 'Omoia me thn VHGC perÐptwsh, apì ta dedomèna sÔgklishc
sto Sq. 4.6, parathreÐtai ìti h kÔria phg  sto sf�lma isqÔoc eÐnai to mègejoc tou
kelioÔ. 'Otan to mègejoc tou kelioÔ mei¸netai, to sf�lma isqÔoc teÐnei sto mhdèn,
dhlad  to �jroisma thc apìdoshc sÔzeuxhc teÐnei sto 100%.

4.5 Sumper�smata

Parousi�sthke mia sugkritik  melèth tou kateujuntikoÔ VHGC suzeÔkth kai tou
mh kateujuntikoÔ SRGC suzeÔkth qrhsimopoi¸ntac tic FDTD(2,2) kai FDTD(2,4)
mejìdouc. H apìdosh sÔzeuxhc exìdou kai ta branching ratios upologÐsthkan kai
sugkrÐjhkan me ta apotelèsmata thc RCWA/LM san sun�rthsh tou m kouc tou
suzeÔkth gia TE kai TM pìlwsh. Parousi�sthke mÐa an�lush sÔgklishc pou deÐqnei
ìti teqnikèc averaging kai regularization mei¸noun ta sf�lmata thc FDTD mejìdou
idiaÐtera sthn perÐptwsh tou suzeÔkth SRGC 2-epipèdwn ìpou h gewmetrÐa eÐnai pio
polÔplokh kai oi asunèqeiec thc epitreptìthtac eÐnai pio èntonec se sqèsh me ton
VHGC suzeÔkth. Oi FDTD(2,4) mèjodoc genik� sugklÐnei grhgorìtera apì thn
FDTD(2,2) gia to Ðdio mègejoc kelioÔ. Oi diaforèc apodÐdontai stic diaforetikèc
arijmhtikèc idiìthtec kai sthn ex�rthsh tou apì to mègejoc tou kelioÔ. EpÐshc oi
FDTD mèjodoi sugklÐnoun grhgorìtera (san sun�rthsh tou arijmoÔ twn keli¸n an�
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Sq ma 4.11: Hlektrikì pedÐo gia suzeÔkth 10 periìdwn SRGC 2-epipèdwn se kat�stash
isorropÐac, TE pìlwsh.

el�qisto m koc kÔmatoc) e�n efarmostoÔn teqnikèc (averaging, effective permittiv-

ities, local regularization) ¸ste na meiwjoÔn arijmhtik� sf�lmata pou prokÔptoun
lìgw twn asuneqei¸n thc epitreptìthtac.

Wc proc thn upologistik  apìdosh h RCWA/LM mèjodoc eÐnai polÔ gr gorh,
kai sqetik� akrib c gia pollèc peript¸seic suzeukt¸n. Oi upologistikoÐ qrìnoi thc
RCWA/LM mejìdou gia ìlec tic peript¸seic pou parousi�sthkan ed¸  tan ligìtero
tou deuterolèptou (se k¸dika Fortran kai Intel Pentium D-3GHz PC). H FDTD

mèjodoc eÐnai upologistik� apaithtik  idiaÐtera gia optik� meg�louc suzeÔktec. An-
tiproswpeutikoÐ upologistikoÐ qrìnoi twn FDTD mejìdwn eÐnai thc t�xhc wr¸n me
touc megalÔterouc qrìnouc gia tou megalÔterouc suzeÔktec (se Matlab k¸dika, kai
Intel Pentium D PC). Anafèretai ìti to perib�llon Matlab endèqetai na mhn eÐnai
bèltisto wc proc thn upologistik  apìdosh gia tou FDTD k¸dikec. Oi diaforèc
stouc qrìnouc twn diafìrwn teqnik¸n averaging-regularization den eÐnai shmantikèc
diìti efarmìzontai prin thn ektèlesh tou FDTD qronikoÔ brìqou. Parìla aut� oi
FDTD mèjodoi eÐnai akribeÐc kai lamb�noun up' ìyh fainìmena ìpwc thc an�klashc
tou rujmoÔ, thc pollapl c allhlepÐdrashc rujm¸n, kai thc diègershc twn rujm¸n
aktinobolÐac, fainìmena pou oi proseggistikèc mèjodoi ìpwc h RCWA/LM agnooÔn.
Sun jwc aut� ta fainìmena eÐnai pio èntona sthn perÐptwsh twn SRGC suzeuk-
t¸n lìgw twn isqurìterwn asuneqei¸n tou deÐkth di�jlashc. Sthn perÐptwsh twn
VHGC aut� ta fainìmena eÐnai ligìtero emfan  kai h RCWA/LM mèjodoc eÐnai pio
akrib c. Epiplèon sthn perÐptwsh pou o suzeÔkthc perijlastikoÔ fr�gmatoc m-
poreÐ na uposthrÐxei perissìtero apì èna diadidìmeno rujmì oi FDTD mèjodoi prèpei
na qrhsimopoihjoÔn afoÔ h RCWA/LM mèjodoc tìte den mporeÐ na antimetwpÐsei
thn allhlepÐdrash twn rujm¸n kat� thn diègersh, di�dosh, kai diadikasÐec sÔzeuxhc
exìdou/eisìdou kai odhgeÐ se entel¸c lanjasmènec problèyeic. Anafèretai ìti autèc
oi peript¸seic den eÐnai sun jhc stouc suzeÔktec pou parousi�sthkan ed¸ ìmwc m-
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poroÔn na emfanistoÔn se praktikoÔc kateujuntikoÔc VHGC suzeÔktec basismè-
nouc sthn teqnologÐa polumer¸n [96] ìpou oi proseggistikèc mèjodoi leitourgoÔn
epark¸c.
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Kef�laio 5

SuzeÔktec Exìdou Optik¸n

Kumatodhg¸n Perijlastik¸n

Fragm�twn Protimhtèac T�xhc:

FDTD An�lush

PerijlastikoÐ suzeÔktec protimhtèac t�xhc analÔontai me ton mèjodo twn peperas-
mènwn diafor¸n sto pedÐo tou qrìnou (FDTD) me qr sh tou TF-SF formalis-
moÔ gia TE kai TM pìlwsh. Tèssera eÐdh perijlastik¸n suzeukt¸n protimhtèac
t�xhc exet�zontai: ènac perijlastikìc suzeÔkthc ìgkou (volume holographic grat-

ing coupler: VHGC), ènac keklimènoc parallhlepÐpedoc perijlastikìc suzeÔkthc
epifaneiak c diamìrfwshc (slanted parallelogrammic surface-relief grating coupler:

SPSRGC), ènac perijlastikìc suzeÔkthc dipl c epifaneiak c diamìrfwshc (double
corrugated surface-relief grating coupler: DCSRGC) kai ènac perijlastikìc suzeÔk-
thc epifaneiak c diamìrfwshc me anaklast ra (reflecting stack surface-relief grating

coupler: RSSRGC). UpologÐzetai h apìdosh sÔzeuxhc exìdou (CE) kai h kateu-
juntikìthta (branching ratio: BR) kai gÐnetai sÔgkrish me ta apotelèsmata thc
austhr c an�lushc suzeugmènwn kum�twn se sunduasmì me thn prosèggish diar-
rèontoc rujmoÔ (RCWA/LM).

5.1 Eisagwg 

Oi Kogelnik kai Sosnowski [55]  tan oi pr¸toi pou melèthsan VHGC apoteloÔmenouc
apì lept� film p�nw se kumatodhgoÔc. Thn Ðdia di�taxh melèthsan argìtera oi [80] me
qr sh jewrÐac diataraq¸n kai akoloÔjhsan oi [97], [98], [96], oi opoÐoi parousÐasan
ton sqediasmì kataskeu  kai apìdosh VHGC me uyhl  apìdosh kai kateujuntikìth-
ta all� kai me dunatìthta estÐashc. Oi Villalaz et al. [107], anèlusan VHGC lam-
b�nontac upìyh thc ex�rthsh apì thn pìlwsh (TE, TM), kai fainìmena apwlei¸n.
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Oi Wang kai Dilaura [113], pr¸toi prìteinan thn eisagwg  olografik¸n fragm�twn
sto eswterikì lept¸n kumatodhg¸n. Gia tic Ðdiec VHGC diat�xeic oi Driemeier et

al. melèthsan polumer  ulik� kai teqnikèc optik c eggraf c kai eisagwg c touc se
film kumatodhg¸n[25], [23], kai gia thn melèth thc apìdoshc touc qrhsimopoi jhke h
coupled-wave analysis mèjodoc[24].

Stouc suzeÔktec epifaneiak c diamìrfwshc oi Peng kai Tamir [87] melèthsan
blazed fr�gmata (fr�gmata trigwnikoÔ profÐl) epifaneiak c diamìrfwshc kai thn
epÐdrash touc sthn keteujuntikìthta twn suzeukt¸n. Oi Streifer et. al. [101],
melèthsan me qr sh jewrÐac diataraq¸n, thn epÐdrash tètoiwn fragm�twn epifaneiak -
c diamìrfwshc ìtan qrhsimopoioÔntai gia thn sÔzeuxh aktinobolÐac laser GaAs GaAlAs.
Epiplèon oi Aoyagi et al.[5] parousÐasan peiramatik� dedomèna blazed fragm�twn me
polÔ meg�lh kateujuntikìthta (97%). O Matsumoto [73], melèthse to fainìmeno
blazing kai gia fr�gmata deÔterhc t�xhc. Oi Li kai Sheard [66], [67] prìteinan kai
èdeixan peiramatik� thn qr sh fragm�twn keklimènhc epifaneiak c diamìrfwshc gia
thn aÔxhsh thc kateujuntikìthtac kai Ôstera oi Liao et al. [69], qrhsimopoi¸ntac thn
Ðdia gewmetrÐa dhmioÔrghsan fr�gmata estÐashc. Optikèc diasundèseic basismènec se
orjogwnik� kai keklimèna perijlastik� fr�gmata parousi�sthkan apì touc Liao [68]
kai Miller [74] antÐstoiqa. Oi Hagberg et al. [36], sqedÐasan kai kataskeÔasan
lasers (grating-assisted surface emitting lasers: GSEL) epifaneiak c ekpomp c me
qr sh fragm�twn epifaneiak c diamìrfwshc (orjog¸niac kai keklimènhc) gia sÔzeux-
h exìdou.

Oi Avrutsky et al.[6], [7], [8] pr¸toi melèthsan sumbol  se kumatodhgoÔc me
dipl  q�raxh (doully corrugated) kai prìteinan aut  th gewmetrÐa gia kataskeu 
suzeukt¸n auxhmènhc kateujuntikìthtac kai leitourgÐac apl c t�xhc. Oi Brazas et
al.[15] qrhsimopoÐhsan doully corrugated fr�gmata gia sqediasmì suzeukt¸n exìdou
uyhl c apìdoshc kai prìteinan thn teqnik  thermal evaporation gia thn kataskeu 
touc tonÐzontac thn epilog  thc orizìntiac apìklishc twn metaxÔ twn fragm�twn.

Oi Agrawal et al. [3] prìteinan thn aÔxhsh thc kateujuntikìthtac twn suzeuk-
t¸n me thn qr sh dihlektrik c anaklastik c stoÐbac (dielectric stack reflector) sto
upìstrwma (substrate) tou kumatodhgoÔ gia thn an�klash thc perijl¸menhc proc
to upìstrwma isqÔoc kai thn anakateÔjunsh proc to k�lumma (cover). Aut c thn
teqnik  ef�rmosan kai oi Roncone et al. [92], [91], kai kataskeÔasan suzeÔkth pou
peiramatik� apèdwse kateujuntikìthta p�nw apì 98%. Thn Ðdia teqnik  ef�rmosan
kai oi Eriksson et al. [26], gia thn beltÐwsh thc apìdoshc twn GSEL.

S' autì to kef�laio analÔontai olografikoÐ (VHGC) kai epifaneiak c diamìrfw-
shc (SPSRGC, DCSRGC, RSSRGC) perijlastikoÐ suzeÔktec exìdou protimhtèac
t�xhc me qr sh thc FDTD mejìdou. QrhsimopoioÔntai teqnikèc beltÐwshc thc akrÐbeiac
thc FDTD gia an�lush perijlastik¸n suzeukt¸n exìdou [84]. Eidikìtera sthn par.
5.2 parousi�zetai h gewmetrÐa twn suzeukt¸n kai tou upologistikoÔ qwrÐou. H
par. 5.3 perièqei sqediastikèc leptomèreiec twn suzeukt¸n kai ta apotelèsmata thc
FDTD gia TE kai TM pìlwsh (apìdosh suzeukt¸n, sqèsh apìdoshs-sqediastik¸n
paramètrwn kai euaisjhsÐa apìdoshc sthn metabol  m kouc kÔmatoc). Tèloc ta
sumper�smata thc melèthc perièqontai sthn par. 5.4
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5.2 GewmetrÐa PerijlastikoÔ SuzeÔkth

Exìdou Protimhtèac T�xhc

To upologistikì qwrÐo kumatodhgoÔ perijlastikoÔ suzeÔkth exìdou (gia lìgouc
oikonomÐac o ìroc `exìdou′ paraleÐpetai) faÐnetai sto Sq. 5.1. O suzeÔkthc jew-
reÐtai omogen c kat� thn ẑ dieÔjunsh kai ètsi anaparist� èna 2D hlektromagnhtikì
prìblhma. To upologistikì qwrÐo perib�lletai apì aporrofhtikì str¸ma, CPML,
p�qouc d. Ed¸ èqei epilegeÐ to CPML antÐ tou UPML, diìti ìpwc èqei anaferjeÐ s-
to Kef. 2 èqei kalÔterec aporrofhtikèc idiìthtec, upologistik� eÐnai pio apodotikì,
kai kurÐwc genikeÔetai eukolìtera se ulik� me diaspor� kai mh grammikìthta. To
k�lumma (cover), o pur nac (film) kai to upìstrwma (substrate) tou kumatodhgoÔ
faÐnontai sto Sq. 5.1 kai �ra h gewmetrÐa eÐnai aut  dihlektrik c fètac (slab). H pe-
rioq  tou perijlastikoÔ fr�gmatoc èqei p�qoc tg kat� ton x-�xona kai m koc Lg kat�
ton y-�xona kai mporeÐ na perièqei olografikì   epifaneiak c diamìrfwshc fr�gma
kai mporeÐ na eÐnai p�nw (ìpwc sto Sq.5.1)   mèsa sthn perioq  tou film.

To TF-SF sÔnoro (Sq. 5.1) eÐnai mia gramm  (pragmatik� se 3D eÐnai epÐpedo)
kat� m koc tou x-�xona (qwrÐc na eisèrqetai sto CPML), to opoÐo diaqwrÐzei thn
perioq  olikoÔ pedÐou (p�nw apì thn TF-SF gramm ) kai sth perioq  skedazìmenou
pedÐou (k�tw apì thn TF-SF gramm ). QrhsimopoieÐtai gia thn eisagwg  tou prospÐp-
tontoc rujmoÔ tou kumatodhgoÔ sto upologistikì qwrÐo 1. O prospÐpton rujmìc tou
kumatodhgoÔ èqei qronik� exart¸menh morf  (gia stajerì y):

U⃗inc = ẑg (x)h (t) cos (ωt− βy) , (5.1)

ìpou U⃗inc anaparist� �nusma hlektrikoÔ   magnhtikoÔ pedÐou gia TE   TM prospÐp-
tousa pìlwsh antÐstoiqa, g(x) eÐnai to profÐl tou rujmoÔ (upologismèno me thn
mèjodo pÐnaka metafor�c (transfer matrix method [54]), ω = 2πc/λ0 , ìpou c h
taqÔthta tou fwtìc, λ0 eÐnai to m koc kÔmatoc sto kenì kai h(t) eÐnai èna qronikì
par�juro Hanning pou mei¸nei to arijmhtikì sf�lma pou par�getai apì thn apì-
tomh eisagwg  thc phg c kai mei¸nei ton upologistikì qrìno ¸ste ta pedÐa na ft�-
soun se kat�stash isorropÐac [35]. Gia thn efarmog  thc TF-SF teqnik c to pedÐo
tou prospÐptontoc rujmoÔ parèqetai apì èna bohjhtikì plègma. Autì to plègma
perib�lletai apì èna ìmoio CPML èqei to Ðdio m koc kat� ton x-�xona ìpwc to kurÐ-
wc plègma ìmwc ekteÐnetai mìno merik� keli� kat� ton y-�xona kai den perièqei to
perijlastikì fr�gma. DeÐgmata suzeukt¸n perijlastik¸n fragm�twn protimhtèac
t�xhc pou melet jhkan faÐnontai sto Sq.5.2. Sto Sq. 5.2(a) faÐnetai èna VHGC,
ìpou to olografikì fr�gma èqei perijlastikì �nusma K⃗, gwnÐa klÐshc ϕ kai Λ perÐo-
do tou perijlastikoÔ fr�gmatoc. H epitreptìthta tou olografikoÔ perijlastikoÔ
fr�gmatoc sthn genik  perÐptwsh ekfr�zetai apì thn parak�tw seir� Fourier:

ϵ = ϵavg. +
∞∑
p=1

ϵcp cos
(
pK⃗ · r⃗

)
+

∞∑
p=1

ϵsp sin
(
pK⃗ · r⃗

)
(5.2)

ìpou ϵavg. eÐnai h mèsh epitreptìthta, ϵcp(ϵ
s
p), eÐnai h p-t�xhc armonik  sunhmÐtonou (h-
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Sq ma 5.1: GewmetrÐa kumatodhgoÔ perijlastikoÔ fr�gmatoc protimhtèac t�xhc kai tou
pl rouc upologistikoÔ qwrÐou ( pragmatikoÔ+CPML) pou qrhsimopoieÐtai sthn FDTD
an�lush.
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mitìnou) kai r⃗ = xx̂+ yŷ eÐnai to �nusma jèshc. 'Enac keklimènoc parallhlepÐpedoc
perijlastikìc suzeÔkthc epifaneiak c diamìrfwshc faÐnetai sto Sq. 5. 2(b). èqei
perÐodo Λ, gwnÐa klÐshc ϕ

′
, filling factor F = 0.5, kai p�qoc d. Sto Sq. 5.2(c) faÐne-

tai ènac perijlastik¸c suzeÔkthc dipl c epifaneiak c diamìrfwshc. Perielamb�nei
dÔo perijlastik� fr�gmata epifaneiak c diamìrfwshc 2-epipèdwn periìdou Λ , me fill-
ing factor F = 0.5, kai p�qoc d, pou eÐnai metatopismèna metaxÔ touc apìstash `s' kat�
ton y-�xona. Sto sq ma 5.2(d)faÐnetai ènac perijlastikìc suzeÔkthc epifaneiak c
diamìrfwshc me anaklast ra. Perilamb�nei èna perijlastikì fr�gma epifaneiak -
c diamìrfwshc 2-epipèdwn periìdou Λ, me filling factor F = 0.5, kai p�qoc d, me
thn prosj kh anaklastik c stoÐbac pou perièqei enallassìmenec dihlektrikèc fètec
(slabs), uyhloÔ (nH) kai qamhloÔ (nL) deÐkth di�jlashc, pou dr� wc kajrèpthc me
skopì na aux sei thc isqÔ Pc pou diadÐdetai sthn perioq  tou cover.
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Sq ma 5.2: TÔpoi kumatodhg¸n suzeukt¸n eisìdou perijlastikwn fragm�twn protimhtèac
t�xhc: (a) VHGC, (b) SPSRGC, (c) DCSRGC, (d) RSSRGC.

5.3 Apotelèsmata

H akrÐbeia thc FDTD mei¸netai (Kef. 2) kat� thn efarmog  thc sthn hlektromagn-
htik  an�lush twn parap�nw suzeukt¸n lìgw twn asuneqei¸n thc epitreptìthtac, kai
thc poluplokìthtac thc gewmetrÐac touc ìpou oi dihletrikèc epif�neiec pou perièqoun
endèqetai na mhn sumpèsoun me kìmbouc tou plègmatoc thc FDTD. Gia na apokatas-
tajeÐ h akrÐbeia thc FDTD efarmìzetai h teqnik  omalopoÐhshc thc epitreptìthtac
pou perigr�fetai sthn par. 2.2.1. Eidikìtera gia touc VHGC, DCSRGC, RSSRGC

ìpou oi dihlektrikèc epif�neiec eÐnai par�llhlec   k�jetec sthn stoiqei¸dh kuyelÐda
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tou FDTD plègmatoc, efarmìzontai oi ex. 2.21 kai 2.22. en¸ sthn perÐptwsh tou
SSRGC efarmìzontai oi ex. 2.24-2.26, kaj¸c up�rqoun dihlektrikèc epif�neiec pou
tèmnoun thn kuyelÐda thc FDTD upì gwnÐa (θ sthn ex. 2.26).

H apìdosh twn suzeukt¸n posotikopoieÐtai me ton upologismì thc apìdoshc
sÔzeuxhc CE1

i (CE
1
i = P 1

i /Pinc., i = c, s ìpou c upodhl¸nei to cover kai s upodhl¸nei
to substrate) thc pr¸thc t�xhc perÐjlashc. EpÐshc upologÐzetai h kateujuntikìthta
BR1 (BR1 = P 1

c /(P
1
c + P 1

s )), pou sqetÐzetai me thn sÔzeuxh protimhtèac t�xhc sto
cover. Epiplèon upologÐzetai h Pi (i = c, s) pou eÐnai h olik  isqÔc pou perijl�tai
sthn perioq  i, kai h kateujuntikìthta BR (BR = Pc/(Pc + Ps)), pou sqetÐzetai me
thn olik  isqÔ sÔzeuxhc sth perioq  tou cover. Shmei¸netai ìti oi suzeÔktec exìdou
eÐnai sqediasmènoi gia sÔzeuxh tou fwtìc sto cover mìno kai sthn dieÔjunsh pou an-
tistoiqeÐ sth pr¸th t�xh perÐjlashc. Parìla aut� lìgw fainomènwn skèdashc eÐnai
dunatìn to fwc na suzeukteÐ kai se �llec dieujÔnseic. Gi' autì to lìgo prèpei na
oristeÐ h kateujuntikìthta BR sqetizìmenh me thn olik  isqÔ sÔzeuxhc sto cover.
'Etsi h diafor� BR1 kai BR eÐnai èna mètro thc mh kateujunìmenhc skèdashc tou
suzeÔkth. Oi P 1

i kai Pi upologÐzontai me qr sh twn ex. 4.2-4.4 ìpwc sthn par. 4.2.

Gia ìlouc touc perijlastikoÔc suzeÔktec pou analÔontai se aut n thn ergasÐa,
to m koc kÔmatoc thc diègershc ston eleÔjero q¸ro eÐnai λ0 = 1µm kai èqoun sqe-
diasteÐ ¸ste h gwnÐa sÔzeuxhc exìdou na eÐnai, θc = −2deg.. To p�qoc tou CPML

eÐnai δ = 32∆ (∆ = ∆x   ∆y) (δ sto Sq. 5.1 ). Oi par�metroi tou CPML R(0) kai
m (Kef. 7 anaf. [102]) pou antistoiqoÔn ston suntelest  an�klashc apì to CPML,
gia k�jeth prìsptwsh, kai sthn poluwnumik  t�xh thc sun�rthshc agwgimìthtac tou
CPML antÐstoiqa, epilèqjhkan na eÐnaiR(0) = 10−7 kaim = 3 ìpou Ôstera apì ekte-
tamèna tests, jewroÔntai kat�llhla gia probl mata kumatod ghshc [102]. Epiplèon
tupikèc timèc (Kef. 7 [102]) mα = 3, αmax = 0.24, dìjhkan stic paramètrouc thc
poluwnumik c metabol c tou suntelest  αw (αw = αmax((d− w)/d)mα , 0 ≤ w ≤ d,
me w = 0 sto mprostinì mèroc tou CPML kai w = x, y), tou CPML, pou emfanÐzetai
ston orismì twn CPML stretching factors: sw = κw + σw/(αw + jωϵ0) [102], [90].
Gia ìlec tic peript¸seic h bèltisth mègisth agwgimìthta σmax, tou CPML, epilè-
qjhke sÔmfwna me thn σmax∆ = −(m+1)ln[R(0)]/2ηN , N = 32 keli�, kai η eÐnai h
kumatik  antÐstash tou CPML. 'Etsi o arijmìc twn keli¸n sthn perioq  tou CPML

paramènei stajerìc (32 keli�), anex�rthtoc apì to mègejoc tou kelioÔ.

H epilog  tou m kouc tou x-�xona tou upologistikoÔ qwrÐou jèlei prosoq  lìgw
twn aposbènontwn our¸n tou prospÐptontoc rujmoÔ tou kumatodhgoÔ. To m koc
tou x-�xona epilègetai ¸ste oi aposbènontec ourèc tou prospÐptontoc rujmoÔ tou
kumatodhgoÔ na èqoun polÔ mikr  tim  sthn epif�neia tou CPML sthn dexi� kai thn
arister  pleur� tou plègmatoc (Sq. 5.1). Se ìlec tic peript¸seic to m koc tou
upologistikoÔ qwrÐou kat� ton x-�xona epilèqjhke ¸ste f(xL   xR)/fmax < 10−4

ìpou xL kai xR antistoiqoÔn sthn arister  kai dexi� epif�neia tou upologistikoÔ
qwrÐou me to CPML str¸ma kat� m koc tou x-�xona, kai f antistoiqeÐ sthn hlektrik 
  magnhtik  sunist¸sa tou pedÐou tou prospÐptontoc rujmoÔ kumatod ghshc (gia
TE   TM pìlwsh antÐstoiqa). AfoÔ se ìlec tic peript¸seic to cover eÐnai aèrac
kai to substrate eÐnai k�poio dihlektrikì |xR| > |xL|. Mikrìterec timèc thc f(xL  
xR)/fmax den all�zoun shmantik� ta apotelèsmata all� aux�noun qwrÐc ousiastikì
lìgo to mègejoc tou upologistikoÔ qwrÐou. To mègisto mègejoc tou kelioÔ ∆ (ìpou
∆ = max{∆x,∆y}, kai pou genik� ta ∆x, ∆y den eÐnai Ðsa e�n eÐnai na sumpèsoun
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oi epif�neiec epitreptìthtac me plegmatikoÔc kìmbouc) epilègetai wc ∆ = λmin/N ,
ìpou N eÐnai o arijmìc twn keli¸n an� el�qisto m koc kÔmatoc kai to antÐstoiqo
qronikì b ma gia thn FDTD(2,2) mèjodo eÐnai ∆t = min{∆x,∆y}/(2c).

5.3.1 Sqediasmìc Perijlastik¸n Suzeukt¸n

'Oloi oi perijlastikoÐ suzeÔktec èqoun sqediasteÐ ¸ste h sunj kh Bragg pr¸th-
c t�xhc na ikanopoieÐtai proseggistik�. O sqediasmìc eÐnai proseggistikìc diìti h
stajer� di�doshc kumatod ghshc, b, ektim�tai eÐte qwrÐc na eÐnai par¸n to peri-
jlastikì fr�gma (VHGC) eÐte qrhsimopoi¸ntac èna proseggistikì str¸ma ulikoÔ
sthn jèsh tou fr�gmatoc (SSRGC, DCSRGC, RSSRGC).

5.3.1.1 Olografikìc Perijlastikìc SuzeÔkthc 'Ogkou (VHGC)

O VHGC sqedi�sthke ¸ste na epideiknÔei protimhtèa sÔzeuxh sthn perioq  cover gia
thn pr¸th t�xh perÐjlashc. To ulikì thc perioq c tou film antistoiqeÐ sto DuPont’s

OmniDex 613 fwtopolumerèc me deÐkth di�jlashc nw = 1.50. O deÐkthc di�jlashc
tou substrate kai tou cover eÐnai (Sq. 5.2a) ns = 1.4567 (gualÐ) kai nc = 1.0

(aèrac). H perioq  tou perijlastikoÔ fr�gmatoc eggr�fetai olografik� sth perioq 
tou film tou kumatodhgoÔ kai èqei mèsh epitreptìthta ϵavg. = 2.25ϵ0 (ng = 1.5),
kai pr¸thc t�xhc sunhmitonoeid c sqetik c epitreptìthtac par�metro [p = 1 sthn
Ex. 5.2] diamìrfwshc ϵc1 = 0.06ϵ0 me ϵ0 thn epitreptìthta tou kenoÔ. To p�qoc
tou film eÐnai w = 0.4µm, to p�qoc tou perijlastikoÔ fr�gmatoc eÐnai d = 6.0µm

kai pènte TE, TM rujmoÐ uposthrÐzontai, ìmwc oi TE0, TM0 qrhsimopoioÔntai gia
thn diègersh thc dom c. H epilog  thc perÐodou tou fr�gmatoc Λ kai thc gwnÐac
klÐshc ϕ tou VHGC ègine me qr sh thc prosarmog c f�shc (phase matching) gia thn
pr¸thc t�xh perÐjlashc, pou faÐnetai sqhmatik� sto Sq. 5.3(a). Eidikìtera apì thn
prosarmog  f�shc kat� thn y-dieÔjunsh prokÔptei ìtiKy = K sinϕ = b+k0ng sin θc,
ìpou h stajer� di�doshc b parèqetai apì thn mèjodo pin�ka metafor�c (transfer
matrix) gia thn dom  qwrÐc to fr�gma perÐjlashc, kai θc = −2deg.. EpÐshc eÐnai
K = [K2

y + (k0ng cos θg)
2]1/2, Λ = 2π/K, kai ϕ = sin−1(Ky/K). 'Etsi gia to sqèdio

pr¸thc perijlastik c t�xhc, h perijlastik  perÐodo kai h gwnÐa klÐshc prèpei na
eÐnai Λ = 465.2nm(465.5nm), ϕ = 45.67deg.(45.73deg.) gia TE(TM) pìlwsh.

5.3.1.2 Keklimènoc ParallhlepÐpedoc Perijlastikìc SuzeÔkthc

Epifaneiak c Diamìrfwshc (SSRGC)

O SSRGC pou faÐnetai sto Sq. 5.2(b) èqei p�qoc w = 0.4µm kai p�qoc per-
ijlastikoÔ fr�gmatoc, d = 0.2µm. O deÐkthc di�jlashc sthn perioq  cover eÐ-
nai nc = 1, sthn perioq  tou substrate ns = 1.5166, kai stic perioqèc tou kuma-
todhgoÔ kai tou perijlastikoÔ fr�gmatoc nw = ng = 1.56. UposthrÐzetai ènac
TE, TM rujmìc kumatod ghshc. Apì thn prosarmog  f�shc kat� thn y-dieÔjunsh
gia thn pr¸th t�xh perÐjlashc, pou faÐnetai sqhmatik� sto Sq. 5.3(a), h perÐo-
doc tou fr�gmatoc kai h gwnÐa klÐshc prèpei na eÐnai, Λy = 664.9nm(668.5nm),
ϕ = 40.39deg.(40.54deg.) gia TE (TM) pìlwsh.
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Sq ma 5.3: Prosarmog  F�shc gia thn Pr¸th Perijlastik  T�xh: (a) VHGC, SSRGC,
(b) DCSRGC, RSSRGC

5.3.1.3 Perijlastikìc SuzeÔkthc Dipl c Epifaneiak c Diamìr-

fwshc (DCSRGC)

O DCSRGC suzeÔkthc pou faÐnetai sto Sq. 5.2 (c), apoteleÐtai apì dÔo peri-
jlastik� fr�gmata epifaneiak c diamìrfwshc 2-epipèdwn pou to kajèna èqei p�qoc
d = 0.2µm, kai to film tou kumatodhgoÔ metaxÔ touc èqei p�qoc w = 0.4µm. O deÐk-
thc di�jlashc tou film eÐnai nw = 1.5(= ng sto Sq. 5.2c), kai o deÐkthc di�jlashc
tou cover kai substrate eÐnai nc = 1, ns = 1.4567 antÐstoiqa. Sthn perioq  tou kuma-
todhgoÔ uposthrÐzetai ènac mìno TE kai TM rujmìc. Apì thn sunj kh prosarmog c
f�shc kat� thn y-dieÔjunsh gia thn pr¸th t�xh perÐjlashc, pou faÐnetai sqhmatik�
sto Sq. 5.3 (b) prokÔptei ìti Ky = K(= 2π/Λ) = b+k0nc sin θc, θc = −2deg. 'Etsi
h perÐodoc tou fr�gmatoc prèpei na eÐnai Λ = 660.0nm(663.7nm), gia thn TE(TM)
pìlwsh. O rìloc twn dÔo perijlastik¸n fragm�twn eÐnai na auxhjeÐ h isqÔc perÐ-
jlashc sthn perioq  tou cover kai na meiwjeÐ h isqÔc perÐjlashc sthn perioq  tou
substrate, kai ètsi na epiteuqjeÐ uyhlìterh kateujuntikìthta sthn perioq  tou cover.
Autì epitugq�netai me thn eisagwg  qwrik c metatìpishc `s' kat� thn y-dieÔjunsh
metaxÔ twn dÔo perijlastik¸n fragm�twn, dhmiourg¸ntac ètsi diafor� f�shc metaxÔ
thc pr¸thc t�xhc perÐjlashc twn dÔo fragm�twn ètsi ¸ste na ennoeÐtai h enisqutik 
(katastreptik ) sumbol  sto cover, substrate. H tim  s = 0.67(0.09)Λ gia thn TE
(TM) pìlwsh eÐnai h tim  pou upologÐzetai apì thn RCWA/LM mèjodo ètsi ¸ste
na megistopoieÐtai h kateujuntikìthta gia ta parap�nw design. H RCWA/LM eÐnai
proseggistik  mèjodoc, �ra h akrib c epÐlush twn exis¸sewn Maxwell anamènetai na
kajorÐzei thn par�metro `s' pou odhgeÐ sthn mègisth kateujuntikìthta me megalÔterh
akrÐbeia.

62



Kef�laio 5. SuzeÔktec Exìdou Optik¸n Kumatodhg¸n Perijlastik¸n Fragm�twn Protimhtèac T�xhc: FDTDAn�lush

5.3.1.4 Perijlastikìc SuzeÔkthc me Anaklast ra (RSSRGC)

O RSSRGC pou faÐnetai sto Sq. 5.2 (d), perièqei èna perijlastikì fr�gma 2-
epipèdwn p�qouc d = 0.2µm sthn perioq  tou film. To p�qoc tou film k�tw apì
to perijlastikì fr�gma eÐnai w = 0.4µm. To p�qoc tou buffer pou faÐnetai sto
Sq. 5.2 (d) eÐnai db = 1µm, kai to p�qoc tou anaklast ra uyhloÔ (qamhloÔ) deÐkth
di�jlashc eÐnai dH = 0.1052µm (dL = 0.1713µm). Ta p�qh twn strwm�twn tou

anaklast ra upologÐzontai apì dH,L =
λ0/nH,L

4 cos θH,L
(str¸ma enìc tet�rtou m kouc kÔ-

matoc: quarter wavelength layers), ìpou θH,L = sin−1(nc sin θc/nH,L), ètsi ¸ste ta
str¸mata nH,L epidroÔn anaklastik� aux�nontac thn kateujuntikìthta tou suzeÔkth
proc thn perioq  tou cover. O deÐkthc di�jlashc sto cover eÐnai nc = 1, sto film

nw = 1.6, sto buffer kai sto substrate nb = ns = 1.4567, kai sto str¸ma uyhloÔ
(qamhloÔ) deÐkth di�jlashc tou anaklast ra nH = 2.38 (nL = 1.46). H sunj kh
thc perÐjlashc pr¸thc t�xhc sto cover kajorÐzetai mìno apì thn perÐodo tou fr�g-
matoc, Λ, kai upologÐzetai ìpwc sthn perÐptwsh tou DCSRGC me b�sh to Sq. 5.3(a)
ìpou faÐnetai sqhmatik� h sunj kh prosarmog c f�shc kat� thn y-dieÔjunsh gia thn
pr¸th t�xh perÐjlashc.

5.3.2 Apìdosh Perijlastik¸n Suzeukt¸n Protimhtèac

T�xhc

Sto Sq 5.4 parousi�zetai h CE1
c , upologismènh me ticRCWA/LM kai FDTD mejìdouc,

san sun�rthsh tou arijmoÔ twn periìdwn tou perijlastikoÔ fr�gmatoc, gia TE pìl-
wsh gia ìlouc touc upì melèth suzeÔktec. Gia sugkekrimèno arijmì periìdwn per-
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Sq ma 5.4: TE pìlwsh: Apìdosh sÔzeuxhc, CE1
c , gia ìlouc touc suzeÔktec, sthn perioq 

cover, san sun�rthsh tou arijmoÔ twn periìdwn perijlastikoÔ fr�gmatoc.

ijlastikoÔ fr�gmatoc, o RSSRGC eÐnai o suzeÔkthc me thn megalÔterh CE1
c tim ,

akoloujoÔmenoc apì ton SSRGC kai ton VHGC. Autì apodÐdetai sthn parousÐa tou
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anaklast ra pou anakl� isqÔc pou diaforetik� ja dièrree sto substrate. H mikrìterh
CE1

c , tim  gia sugkekrimèno arijmì periìdwn perijlastikoÔ fr�gmatoc emfanÐzetai s-
ton VHGC, exaitÐac thc omal c metabol c thc epitreptìthtac tou olografikoÔ fr�g-
matoc pou perijl� ligìterh isqÔc se sqèsh me ta fr�gmata epifaneiak c diamìrfwshc
twn RSSRGC, DCSRGC, SSRGC, ìpou h epitreptìthta metab�lletai isqurìtera.
EpÐshc parathreÐtai ìti o DCSRGC perijl� perissìterh isqÔ apì ton SSRGC sthn
perioq  tou cover. Oi diaforèc metaxÔ twn CE1

c tim¸n upologismènwn me tic mejìdouc
FDTD, RCWA/LM, ofeÐlontai sto gegonìc ìti h RCWA/LM eÐnai proseggistik 
afoÔ den lamb�nei up' ìyh anakl�seic tou rujmoÔ tou kumatodhgoÔ, thn skèdash se
rujmoÔc aktinobolÐac lìgw thc asunèqeiac metaxÔ kumatodhgoÔ kai perijlastikoÔ
fr�gmatoc kai ta pollapl� fainìmena allhlepÐdrashc lìgw tou peperasmènou m k-
ouc tou suzeÔkth (h RCWA upojètei ìti to m koc twn suzeÔkwn eÐnai �peiro). Epi-
plèon h ènnoia tou diarrèontoc rujmoÔ leaky mode eÐnai mÐa prosèggish tou pedÐou
aktinobolÐac tou suzeÔkth. AntÐjeta h FDTD mèjodoc eÐnai austhr  kai lamb�nei
up' ìyh ìla ta proanaferjènta fainìmena. Epiplèon parathreÐtai ìti gia ton VHGC

ta FDTD apotelèsmata eÐnai arket� mikrìtera apì ta antÐstoiqa apotelèsmata thc
RCWA/LM mejìdou. Autì eÐnai kurÐwc lìgw tou gegonìtoc ìti to sugkekrimèno
design uposthrÐzei perissìtero apì èna rujmì kumatod ghshc kai emfanÐzetai polu-
rujmik  diègersh. Autì uposthrÐzetai apì to gegonìc ìti se parìmoio design me
leptìtero perijlastikì fr�gma (d = 2.6µm, ϵc1 = 0.075 ìpou uposthrÐzontai mìno 2
rujmoÐ kumatod ghshc, tìte ta paragìmena FDTD apotelèsmata eÐnai plhsièstera
sta antÐstoiqa thc RCWA/LM (CE1

c = 25.89 (FDTD), CE1
c = 25.52 (RCWA/LM).

To Sq. 5.5 eÐnai to an�logo tou Sq. 5.4 gia TM pìlwsh. H apìdosh twn diafìrwn
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Sq ma 5.5: TM pìlwsh: Apìdosh sÔzeuxhc, CE1
c , gia ìlouc touc suzeÔktec, sthn perioq 

cover, san sun�rthsh tou arijmoÔ twn periìdwn perijlastikoÔ fr�gmatoc.

suzeukt¸n wc proc tic CE1
c timèc eÐnai parìmoia me thn perÐptwsh thc TE pìlwshc me

CE1
c timèc mikrìterec apì thn TE pìlwsh. EpÐshc parathreÐtai ìti oi CE1

c timèc gia
ton VHGC sthn TM pìlwsh eÐnai exairetik� qamhlèc. Autì ofeÐletai stic sqedìn
k�jetec dieujÔnseic metaxÔ twn hlektrik¸n pedÐwn twn prospÐptontwn kai twn per-
ijlomènwn t�xewn. Sto Sq. 5.6 faÐnetai h kateujuntikìthta BR1 gia ìlouc touc
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suzeÔktec, upologismènh me tic FDTD, RCWA/LM mejìdouc, san sun�rthsh tou ar-
ijmoÔ twn periìdwn tou perijlastikoÔ fr�gmatoc gia thn TE pìlwsh. ParathreÐtai
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Sq ma 5.6: TE pìlwsh: Kateujuntikìthta BR1, san sun�rthsh tou arijmoÔ twn per-
iìdwn perijlastikoÔ fr�gmatoc.

ìti o VHGC èqei thn uyhlìterh kateujuntikìthta BR1. Autì ofeÐletai sto gegonìc
ìti to olografikì fr�gma tou VHGC èqei omal  metabol  thc epitreptìthtac se
sqèsh me touc �llouc suzeÔktec pou perièqoun fr�gmata epifaneiak c diamìrfwsh-
c. Autì èqei san apotèlesma omalìterh perÐjlash me amelhtèa skèdash kai se èna
design pou ikanopoieÐ akribèstera thn sunj kh Bragg. EpÐshc parathreÐtai sto Sq.
5.6 ìti o suzeÔkthc epifaneiak c diamìrfwshc me thn megalÔterh kateujuntikìthta
BR1 eÐnai o RSSRGC. Autì ofeÐletai sthn parousÐa tou anaklast ra tou RSS-

RGC pou anakl� pÐsw thn isqÔ pou kateujÔnetai sto substrate, aux�nontac ètsi
thn BR1. Ta apotelèsmata twn FDTD kai RCWA/LM gia thn BR1 eÐnai kont�
metaxÔ touc gia ìlouc touc suzeÔktec sthn TE pìlwsh kai diafèroun kurÐwc ston
SSRGC gia mikrì arijmì periìdwn tou perijlastikoÔ fr�gmatoc. To Sq. 5.7 eÐnai
to an�logo tou Sq. 5.6 gia thn TM pìlwsh. H sumperifor� twn BR1 tim¸n san
sun�rthsh tou arijmoÔ twn periìdwn perijlastikoÔ fr�gmatoc gia ìlouc tou suzeÔk-
tec gia thn TM pìlwsh sto Sq. 5.7 eÐnai parìmoia me thn perÐptwsh TE pìlwshc
tou Sq. 5.6. Sto Sq. 5.8 parousi�zetai h kateujuntikìthta BR = Pc/(Pc + Ps)

gia ìlouc touc suzeÔktec, upologismènh me tic FDTD kai RCWA/LM mejìdouc
san sun�rthsh tou arijmoÔ twn periìdwn tou fr�gmatoc, gia TE pìlwsh. Gia thn
RCWA/LM mèjodo ta fainìmena skèdashc ameloÔntai kai mìno h pr¸th t�xh perÐ-
jlashc eÐnai paroÔsa, kai ètsi CEc = CE1

c , CEs = CE1
s , dhlad  BR = BR1 kai

ta RCWA/LM apotelèsmata twn Sq. 5.6, 5.7 eÐnai ta Ðdia. Autì ìmwc den sum-
baÐnei sta apotelèsmata thc FDTD ìpou fainìmena skèdashc lamb�nontai up' ìyh
kai CEc ̸= CE1

c , CEs ̸= CE1
s , dhlad  BR ̸= BR1. H diafor� metaxÔ twn BR, BR1

eÐnai idiaÐtera isqur  sthn perÐptwsh twn perijlastik¸n fragm�twn epifaneiak c di-
amìrfwshc ìpou oi asunèqeiec thc epitreptìthtac eÐnai megalÔterec gegonìc pou
odhgeÐ se isqurìterh skèdash. Autì parathreÐtai sto Sq. 5.8 ìpou oi BR timèc
twn RCWA/LM kai FDTD mejìdwn diafèroun kurÐwc gia touc DCSRGC kai SS-
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Sq ma 5.7: TM pìlwsh: Kateujuntikìthta BR1, san sun�rthsh tou arijmoÔ twn per-
iìdwn perijlastikoÔ fr�gmatoc.
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Sq ma 5.8: TE pìlwsh: Kateujuntikìthta BR, san sun�rthsh tou arijmoÔ twn periìdwn
perijlastikoÔ fr�gmatoc.
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RGC suzeÔktec, en¸ h diafor� eÐnai mikrìterh sthn perÐptwsh tou RSSRGC lìgw
thc Ôparxhc tou anaklast ra ìpou anakl� thn isqÔ pou kateujÔnetai sto cover kai
ètsi aux�nei (mei¸nei) thn CEc (CEs) kai ètsi parousi�zei BR timèc megalÔterec apì
autèc twn DCSRGC kai SSRGC kai kontinìterec stic RCWA/LM BR timèc. Anti-
jètwc oi diaforèc metaxÔ twn BR kai BR1 tim¸n eÐnai polÔ mikrèc gia ton suzeÔkth me
olografik� fr�gmata (ìpou h skèdash eÐnai polÔ mikrìterh se sqèsh me touc suzeÔk-
tec perijlastik¸n fragm�twn epifaneiak c diamìrfwshc), gegonìc pou eÐnai emfanèc
sta Sq. 5.6, 5.8, ìpou ta FDTD BR, BR1 apotelèsmata polÔ kont� kai ousiastik�
Ðdia me ta RCWA/LM apotelèsmata. Sto Sq. 5.9 ìpou oi BR timèc parousi�zontai
gia thn TM pìlwsh, oi diaforèc FDTD kai RCWA/LM eÐnai isqurìterec apì thn
perÐptwsh thc TE pìlwshc. Epiplèon emfanÐzetai shmantik  meÐwsh stic BR timèc
gia touc suzeÔktec perijlastik¸n fragm�twn epifaneiak c diamìrfwshc akìma kai
gia ton RSSRGC pou eÐqe kal  apìdosh sthn perÐptwsh thc TE pìlwshc. Aut  h
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Sq ma 5.9: TM pìlwsh: Kateujuntikìthta BR, san sun�rthsh tou arijmoÔ twn periìd-
wn perijlastikoÔ fr�gmatoc.

meÐwsh eÐnai tìso isqur  pou oi DCSRGC kai SSRGC suzeÔktec èqoun BR timèc
akìma kai mikrìterec tou 0.5, upono¸ntac ìti den eÐnai plèon kateujuntikoÐ proc to
cover gia thn TM pìlwsh. Antijètwc o VHGC suzeÔkthc, gia thn TM pìlwsh, èqei
uyhlèc FDTD BR timèc polÔ kont� stic RCWA/LM BR timèc, afoÔ ìpwc èqei  dh
anaferjeÐ h skèdash eÐnai asjen c gia ta olografik� fr�gmata.

5.3.3 DiereÔnhsh Basik¸n Sqediastik¸n Paramètrwn

Gia thn melèth thc ex�rthshc twn suzeukt¸n san sun�rthsh twn basik¸n paramètrwn
sqedÐashc,upologÐzetai h CE1

c gia k�je suzeÔkth (gia stajerì m koc Lg = 50Λy),
kaj¸c oi basikèc sqediastikèc par�metroi metab�llontai gÔrw apì tic design timèc
pou ikanopoioÔn proseggistik� thn sunj kh Bragg pr¸thc t�xhc. Eidikìtera sto
Sq. 5.10 parousi�zontai oi CE1

c timèc gia ton VHGC suzeÔkth, san sun�rthsh
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Sq ma 5.10: TE pìlwsh: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , tou VHGC suzeÔkth,

san sun�rthsh thc gwnÐac klÐshc ϕ tou olografikoÔ fr�gmatoc.

thc gwnÐac klÐshc tou olografikoÔ fr�gmatoc gia TE kai TM pìlwsh. Gia TE
pìlwsh h metabol  twn tim¸n CE1

c san sun�rthsh thc gwnÐac klÐshc eÐnai ìmoia
kai gia tic FDTD kai RCWA/LM mejìdouc. Oi CE1

c timèc thc FDTD mejìdou
eÐnai mikrìterec apì tic CE1

c timèc upologismènec me thn RCWA/LM mèjodo kai
ìpwc anafèrjhke sthn suz thsh tou Sq. 5.4, autì ofeÐletai stic proseggÐseic thc
RCWA/LM mejìdou. Sto Sq. 5.10 faÐnetai epÐshc h gwnÐa sqediasmoÔ (design
angle) pou ikanopoieÐ proseggistik� thn sunj kh Bragg pr¸thc t�xhc. ParathreÐtai
ìti h mègisth tim  thc CE1

c gia thn RCWA/LM mèjodo sumbaÐnei akrib¸c sthn gwnÐa
sqediasmoÔ, kai ìti h mègisth tim  thc CE1

c gia thn FDTD mèjodo sumbaÐnei se gwnÐa
elafr¸c mikrìterh apì thn gwnÐa sqediasmoÔ. Aut  h diaforopoÐhsh apodÐdetai,
ìpwc èqei anaferjeÐ kai prin stic proseggÐseic thc RCWA/LM mejìdou, en¸ h FDTD
mèjodoc epilÔei tic exis¸seic Maxwell qwrÐc proseggÐseic. EpÐshc parousi�zetai kai
gia thn TM pìlwsh h metabol  twn tim¸n thc CE1

c san sun�rthsh thc gwnÐac klÐshc
tou olografikoÔ fr�gmatoc. 'Omwc lìgw twn polÔ mikr¸n tim¸n thc CE1

c , h metabol 
thc CE1

c eÐnai as manth gia praktikèc efarmogèc.

Sto Sq. 5.11 parousi�zontai oi CE1
c timèc upologismènec me thn FDTD kai

RCWA/LM mèjodo gia ton SSRGC suzeÔkth san sun�rthsh thc gwnÐac klÐshc ϕ
′

tou keklimènou fr�gmatoc epifaneiak c diamìrfwshc gia TE kai TM pìlwsh. Gia
thn TE pìlwsh parathreÐtai ìti h metabol  thc CE1

c san sun�rthsh thc gwnÐac
ϕ

′
eÐnai Ðdia gia tic FDTD kai RCWA/LM mejìdouc me tic FDTD CE1

c timèc na
eÐnai mikrìterec apì tic antÐstoiqec timèc thc RCWA/LM. 'Opwc anafèrjhke sthn
suz thsh tou Sq. 5.4, autì ofeÐletai stic proseggÐseic thc RCWA/LM mejìdou.
EpÐshc parathreÐtai ìti kai gia tic dÔo mejìdouc h mègisth tim  thc CE1

c sumbaÐnei se
gwnÐa ϕ

′ ≃ 50 deg. pou eÐnai shmantik� diaforetik  apì thn gwnÐa sqedÐashc pou eÐnai
perÐpou 40 deg. kai pou èqei epilegeÐ ¸ste na ikanopoieÐtai proseggistik� h sunj kh
Bragg gia perÐjlash pr¸thc t�xhc. 'Etsi sthn perÐptwsh tou SSRGC suzeÔkth to
proseggistikì design den isqÔei polÔ kal� afoÔ h sunj kh Bragg pr¸thc t�xhc
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Sq ma 5.11: TE pìlwsh: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , tou SSRGC suzeÔkth,

san sun�rthsh thc gwnÐac klÐshc ϕ
′
tou keklimènou fr�gmatoc epifaneiak c diamìrfwshc.

ikanopoieÐtai se gwnÐa ϕ
′ ≃ 50 deg. Autì sumbaÐnei diìti to keklimèno perijlastikì

fr�gma epifaneiak c diamìrfwshc diatar�ssei isqur� ton kumatodhgì kai h stajer�
di�doshc b pou qrhsimopoieÐtai sto upologismì thc gwnÐac klÐshc ϕ

′
gia thn sunj kh

Bragg pr¸thc t�xhc perÐjlashc, den eÐnai kont� sthn diataragmènh stajer� di�doshc.
Parìla aut�, prèpei na anaferjeÐ ìti h euaisjhsÐa tou sqediasmoÔ wc proc thn gwnÐa
ϕ

′
den eÐnai polÔ shmantik  (upojètontac ìti h perÐodoc paramènei stajer ). EpÐshc

faÐnetai kai gia thn TM pìlwsh h CE1
c san sun�rthsh thc gwnÐac klÐshc ϕ

′
. Ed¸

parathreÐtai ìti lìgw twn polÔ mikr¸n tim¸n thc CE1
c h metabol  thc CE1

c eÐnai
as manth gia praktikèc efarmogèc kai h CE1

c eÐnai sqedìn stajer  kai anex�rthth
thc gwnÐac ϕ

′
.

Sta Sq. 5.12, 5.13 parousi�zetai h CE1
c upologismènh me tic RCWA/LM kai

FDTD mejìdouc, gia ton DCSRGC, san sun�rthsh thc metatìpishc `s' metaxÔ twn
dÔo perijlastik¸n fragm�twn epifaneiak c diamìrfwshc tou DCSRGC, gia TE kai
TM pìlwsh antÐstoiqa. Kai stic dÔo pol¸seic oi CE1

c timèc eÐnai sqedìn anex�rthtec
thc metatìpishc `s' (toul�qiston gia to eÔroc diakÔmanshc pou faÐnetai sto Sq. 5.12),
me tic RCWA/LM CE1

c timèc uyhlìterec apì tic CE1
c timèc thc FDTD.

Sto Sq. 5.14 oi CE1
c timèc, upologismènec me thn RCWA/LM kai FDTD mèjo-

do, parousi�zontai san sunart seic tou m kouc tou buffer tou RSSRGC suzeÔkth,
gia TE kai TM pol¸seic. ParathreÐtai kal  sumfwnÐa, kai gia tic dÔo pol¸seic
metaxÔ twn RCWA/LM kai FDTD apotelesm�twn. Autì apodÐdetai sthn parousÐa
tou anaklast ra pou aux�nei thn isqÔ sto cover kai pou diaforetik� ja dièrree sto
substrate lìgw skèdashc, kai ètsi ta FDTD apotelèsmata eÐnai uyhlìtera kai kon-
tÔtera sta RCWA/LM apotelèsmata. EpÐshc parathreÐtai ìti to mègisto thc CE1

c ,
kat� thn RCWA/LM, gia thn TE pìlwsh eÐnai gia m koc buffer 1µm to opoÐo eÐqe
qrhsimopoihjeÐ kai ston sqediasmì tou suzeÔkth,en¸ kat� thn FDTD to mègisto
sumbaÐnei se lÐgo megalÔtero m koc buffer. Gia thn TM pìlwsh, to mègisto thc apì-
doshc sÔzeuxhc, kat� FDTD kai RCWA/LM, sumbaÐnei se lÐgo megalÔtero m koc
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Sq ma 5.12: TE pìlwsh: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , tou DCSRGC suzeÔk-

th, san sun�rthsh thc metatìpishc `s' metaxÔ twn dÔo perijlastik¸n fragm�twn epi-
faneiak c diamìrfwshc tou suzeÔkth
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Sq ma 5.13: TE pìlwsh: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , tou DCSRGC suzeÔk-

th, san sun�rthsh thc metatìpishc `s' metaxÔ twn dÔo perijlastik¸n fragm�twn epi-
faneiak c diamìrfwshc tou suzeÔkth
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Sq ma 5.14: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , tou RSSRGC suzeÔkth, san

sun�rthsh tou m kouc, db tou buffer

buffer apì to m koc buffer sqediasmoÔ. To m koc tou suzeÔkth eÐnai shmantikì sth-
n apìdosh tou design afoÔ prèpei na epilegeÐ ¸ste to kÔma proerqìmeno apì ton
anaklast ra kai pou diadÐdetai proc to cover sumb�lei enisqutik� aux�nontac thn
isqÔ sto cover. Epiplèon e�n to buffer eÐnai arket� paqÔ qwrÐzei ton rujmì tou ku-
matodhgoÔ apì to anaklastikì str¸ma, kai mìno èna mikrì mèroc apì thn our� tou
rujmoÔ allhlepidr� me ton anaklast ra kai ètsi mei¸netai h diataraq  tou kumatod-
hgoÔ apì to anaklastikì str¸ma. EpÐshc to mègejoc tou buffer prèpei na eÐnai tètoio
¸ste h anakl¸menh aktinobolÐa apì to str¸ma na sumb�lei enisqutik� kai ètsi na
aux�netai h apìdosh sto cover. To buffer str¸ma sumperifèretai san Fabry-Perot

suntonist c kai èqei periodikìthta ∼ λb/2 = 0.3432µm ìpwc faÐnetai sto Sq. 14.
To bèltisto p�qoc tou buffer mporeÐ na epilegeÐ eÐte me thn qr sh thc FDTD   thc
RCWA/LM.

5.3.4 EuaisjhsÐa Suzeukt¸n se Metabolèc M kouc KÔ-

matoc

MÐa shmantik  idiìthta tou sqediasmoÔ perijlastik¸n suzeukt¸n eÐnai h euaisjhsÐa
touc sto m koc kÔmatoc thc diègershc. Mia apìkrish pou eÐnai anex�rthth apì thn
metabol  tou m kouc kÔmatoc se èna sugkekrimèno eÔroc m kouc kÔmatoc, shmaÐnei ìti
oi perijlastikoÐ suzeÔktec mporoÔn na èqoun kal  apìdosh se WDM: Wavelength-

Division-Multiplexing optik� sust mata, diìti tìte oi perijlastikoÐ suzeÔktec pros-
fèroun sÔzeuxh thc prospÐptousac aktinobolÐac se prokajorismènh dieÔjunsh, me thn
Ðdia apìdosh gia ìla ta kan�lia m kouc kÔmatoc sto sugkekrimèno eÔroc tim¸n m k-
ouc kÔmatoc. Parak�tw, oi perijlastikoÐ suzeÔktec èqoun sqediastikèc paramètrouc
ètsi ¸ste na ikanopoieÐtai h sunj kh Bragg pr¸thc t�xhc gia gwnÐa sÔzeuxhc exìdou
θc = −2 deg. kai se m koc kÔmatoc leitourgÐac λ0 = 1µm. Gia autì to sug-
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kekrimèno design, h apìdosh twn perijlastik¸n suzeukt¸n upologÐzetai kaj¸c to
m koc kÔmatoc thc diègershc metab�lletai sto di�sthma [0.975, 1.025]µm, pou pros-
eggistik� kalÔptei to eÔroc (40nm) thc mp�ntac (S, C   L) tou ITU (International
Telecommunication Union) plègmatoc. Fusik� sthn perÐptwsh qr shc aut¸n twn
suzeukt¸n sto eÔroc m kouc kÔmatoc tou ITU plègmatoc , prèpei na epanasqedias-
toÔn me kentrikì m koc kÔmatoc leitourgÐac 1.55µm. 'Omwc autì den ephre�sei thn
euaisjhsÐa twn suzeukt¸n sthn metabol  tou m kouc kÔmatoc kai ètsi to kentrikì
m koc kÔmatoc leitourgÐac parèmeine sto 1.0µm.

Sto Sq. 5.15 parousi�zetai h CE1
c , upologismènh me tic FDTD kai RCWA/LM

mejìdouc, gia to parap�nw eÔroc m kouc kÔmatoc, gia TE pìlwsh kai gia ìlouc touc
upì melèth suzeÔktec. H CE1

c gia ton VHGC suzeÔkth eÐnai ousiastik� anex�rthth
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Sq ma 5.15: TE pìlwsh: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , gia ìlouc touc suzeÔk-

tec, san sun�rthsh thc m kouc kÔmatoc λ0 thc diègershc metaxÔ twn dÔo perijlastik¸n
fragm�twn epifaneiak c diamìrfwshc tou suzeÔkth.

thc metabol c tou m kouc kÔmatoc. Oi FDTD timèc eÐnai mikrìterec apì tic an-
tÐstoiqec timèc upologismènec apì thn RCWA/LM mèjodo afoÔ ìpwc èqei anafer-
jeÐ prohgoumènwc h RCWA/LM eÐnai proseggistik . Epiplèon up�rqei mÐa mikr 
metabol  thc CE1

c sthn RCWA/LM kampÔlh, pou ofeÐletai sthn diègersh tou antÐ-
jeta diadidìmenou rujmoÔ (backward guided mode)apì thn sunj kh Bragg pou isqÔei
gia m koc kÔmatoc perÐpou 0.98µm (eidikìtera apì thn sunj kh Bragg deÔterhc t�xh-
c pou isqÔei gia ton antÐjeta diadidìmeno rujmì eÐnai b = kneff = Ky , k = 2π/λ,
ìpou neff eÐnai o energìc deÐkthc di�jlashc, prokÔptei ìti o antÐjeta diadidìmenoc
diegeÐretai se λ = 0.9773µm). Sthn perÐptwsh tou SSRGC h CE1

c eÐnai ousiastik�
stajer  sto di�sthma (0.98, 1.025]µm, gia thn RCWA/LM mèjodo. 'Omwc gia m koc
kÔmatoc mikrìtero apì 0.98µm parousi�zetai mÐa apìtomh asunèqeia (spike)sthn CE1

c

kampÔlh. Autì ofeÐletai p�li sthn diègersh tou antÐjeta diadidìmenou rujmoÔ, lìgw
thc sunj khc Bragg deÔterhc t�xhc pou problèpetai na sumbaÐnei se m koc kÔmatoc
λ = 0.9768µm. Aut  h asunèqeia emfanÐzetai kai sthn FDTD kampÔlh gia m koc kÔ-
matoc mikrìtero tou 0.99µm, en¸ ta FDTD apotelèsmata eÐnai praktik� stajer� gia
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megalÔtera m kh kÔmatoc. H isqÔc tou spike sthn FDTD eÐnai asjenèsterh apì thn
perÐptwsh thc RCWA/LM. Autì ofeÐletai sto gegonìc ìti h RCWA/LM upojètei
suzeÔkth apeÐrou arijmoÔ periìdwn perijlastikoÔ fr�gmatoc en¸ h FDTD lamb�nei
up' ìyh to peperasmèno m koc tou suzeÔkth gegonìc pou odhgeÐ se omalopoÐhsh tou
suntonismoÔ (resonance) thc sunj khc Bragg deÔterhc t�xhc. Genik� h Ôparxh an-
tÐjeta diadidìmenou rujmoÔ eÐnai anepijÔmhth gia thn leitourgÐa tou suzeÔkth diìti
mporeÐ na mei¸sei thn apìdosh tou (CE1

c ), ìpwc faÐnetai kai sto Sq. 5.15. Gia thn
perÐptwsh tou DCSRGC h sumperifor� eÐnai parìmoia me ton SSRGC. SÔmfwna me ta
RCWA/LM apotelèsmata, apìkrish tou DCSRGC eÐnai stajer  gia m kh kÔmatoc
p�nw apì 0.985µm, en¸ up�rqei spike (asjenèstero apì thn SSRGC perÐptwsh) gia
mikrìtera m kh kÔmatoc, lìgw thc sunj khc Bragg deÔterhc t�xhc gia ton antÐje-
ta diadidìmeno rujmì, kai pou problèpetai pwc sumbaÐnei, perÐpou se m koc kÔmatoc
λ = 0.9776µm. Ta FDTD apotelèsmata parousi�zoun mikr  metabol  thc CE1

c

tim c gÔrw apì λ = 1µm, kai spike (asjenèstero ap' ìti sthn RCWA/LM mèjodo)
gia m koc kÔmatoc mikrìtero apì 0.99µm. Sthn perÐptwsh tou RSSRGC suzeÔkth,
h apìkrish CE1

c upologismènh apì thn RCWA/LM mèjodo eÐnai kontÔtera sthn an-
tÐstoiqh FDTD tim  se sqèsh me touc �llouc suzeÔktec. Parousi�zetai mÐa omal 
metabol  gia m kh kÔmatoc mikrìtera apì 0.98µm en¸ gia megalÔtera m kh kÔmatoc
parousi�zetai xan� spike lìgw thc sunj khc Bragg deÔterhc t�xhc gia ton antÐje-
ta diadidìmeno rujmì, kai pou problèpetai pwc sumbaÐnei, perÐpou se m koc kÔmatoc
λ = 0.9774µm. To Sq. 5.16 eÐnai to an�logo tou Sq. 5.15 gia thn TM pìlwsh.
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Sq ma 5.16: TM pìlwsh: Apìdosh sÔzeuxhc pr¸thc t�xhc, CE1
c , gia ìlouc touc suzeÔk-

tec, san sun�rthsh thc m kouc kÔmatoc λ0 thc diègershc metaxÔ twn dÔo perijlastik¸n
fragm�twn epifaneiak c diamìrfwshc tou suzeÔkth.

'Opwc faÐnetai sto Sq. 5.16 h CE1
c gia ton VHGC eÐnai polÔ mikr  gia prak-

tikèc efarmogèc. H CE1
c gia ton SSRGC eÐnai sqedìn stajer  gia ìlo sqedìn to

eÔroc m kouc kÔmatoc, me ta RCWA/LM, FDTD apotelèsmata na eÐnai kont� metaxÔ
touc. MÐa mikr  metabol  parathreÐtai gia m kh kÔmatoc mikrìtera apì 0.98µm

, lìgw tou antÐjeta diarrèontoc rujmoÔ apì thn sunj kh Bragg deÔterhc t�xhc,
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kai se aut n thn perÐptwsh problèpetai pwc eÐnai perÐpou se λ = 0.9740µm. Gi-
a thn perÐptwsh tou DCSRGCh RCWA/LM, CE1

c tim , eÐnai sqedìn stajer  gia
m kh kÔmatoc megalÔtera apì 0.98µm , en¸ gia mikrìtera parousi�zetai spike lìgw
tou antÐjeta diarèontoc rujmoÔ apì thn sunj kh Bragg deÔterhc t�xhc, ìpou se
aut n thn perÐptwsh problèpetai pwc eÐnai perÐpou se λ = 0.9768µm. Ta FDTD

CE1
c apotelèsmata parousi�zoun mikrìterh metabol  sqetik� me ta antÐstoiqa thc

RCWA/LM gia m koc kÔmatoc mikrìtero apì 0.98µm, en¸ parousi�zetai kai mÐa
mikr  metabol  gÔrw sto λ = 1µm. Autèc oi diaforèc ofeÐlontai stic proseggÐ-
seic thc RCWA/LM mejìdou. Gia ton RSSRGC suzeÔkth, h metabol  thc CE1

c apì
thn FDTD eÐnai omal , mei¸netai gia m koc kÔmatoc sto di�sthma [0.985, 1.015]µm,
kai parousi�zetai mÐa apìtomh meÐwsh gia m koc kÔmatoc megalÔtero apì 1.015µm,
kai epiplèon emfanÐzetai spike gia m koc kÔmatoc mikrìtero apì 0.985µm pou odhgeÐ
se meÐwsh thc CE1

c , pou ofeÐletai sthn diègersh tou antÐjeta diadidìmenou rujmoÔ.
'Ena spike lìgw tou antÐjeta diadidìmenou rujmoÔ, emfanÐzetai kai sto RCWA/LM

apotelèsmata gia m koc kÔmatoc mikrìtero apì 0.98µm, en¸ h metabol  thc CE1
c

eÐnai omal  kai mei¸netai gia megalÔtero m koc kÔmatoc. Gia ton RSSRGC suzeÔk-
th to spike lìgw tou antÐjeta diadidìmenou rujmoÔ problèpetai na eÐnai perÐpou se
m koc kÔmatoc λ = 0.9766µm. Genik� ìloi oi parap�nw suzeÔktec, gia TE kai TM
pìlwsh, eÐnai problhmatikoÐ (idiaÐtera oi suzeÔktec epifaneiak c diamìrfwshc) gia
m koc kÔmatoc mikrìtero apì 0.98µm afoÔ se autì to eÔroc diegeÐretai o antÐjeta
diadidìmenoc rujmìc, en¸ mporoÔn na qrhsimopoihjoÔn gia megalÔtero m koc kÔmatoc
diìti oi apìkrish touc eÐnai omal .

5.4 Sumper�smata

S' autì to kef�laio me qr sh twn mejìdwn FDTD kai RCWAM/LM, upologÐsthke
h kateujuntikìthta kai apìdosh sÔzeuxhc twn suzeukt¸n exìdou protimhtèac t�xhc
gia TE kai TM pìlwsh. O sqediasmìc twn suzeukt¸n ègine ¸ste na ikanopoieÐtai
proseggistik� h sunj kh Bragg pr¸thc t�xhc gia gwnÐa exìdou sto cover θc = −2

deg. H diaforèc stic FDTD kai RCWAM/LM timèc, ofeÐlontai sto gegonìc ìti h
RCWAM/LM eÐnai proseggistik  jewrÐa ìpou jewreÐ ìti ta perijlastik� fr�gmata
èqoun �peiro arijmì periìdwn, agnoeÐ fainìmena skèdashc, kai to pedÐo (leaky mode)
sto cover eÐnai proseggistikì.

Gia sugkekrimèno arijmì periìdwn perijlastikoÔ fr�gmatoc, gia TE kai TM pìl-
wsh, kai gia touc dÔo trìpouc upologismoÔ (RCWA/LM, FDTD), o VHGC èqei thn
mikrìterh apìdosh sÔzeuxhc (m�lista gia TM pìlwsh èqei apìdosh praktik� mh-
damin ) se sqèsh me touc suzeÔktec epifaneiak c diamìrfwshc, apì touc opoÐouc o
RSSRGC èqei thn uyhlìterh apìdosh sÔzeuxhc. 'Omwc o VHGC, sÔmfwna me ta
apotelèsmata kai twn dÔo mejìdwn, parousi�zei thn uyhlìterh kateujuntikìthta ap'
ìlouc touc suzeÔktec. Autì ofeÐletai sta fainìmena skèdashc pou eÐnai polÔ as-
jenèstera se sqèsh me touc suzeÔktec epifaneiak c diamìrfwshc, kai stouc opoÐouc
h isqur  skèdash mei¸nei thn isqÔ thc sunj khc Bragg pr¸thc t�xhc, me apotèlesma
isqÔc na katanèmetai kai se dieujÔnseic diaforetikèc ektìc thc epijumht c (θc = −2

deg sto cover). H meÐwsh thc kateujuntikìthtac eÐnai idiaÐtera aisjht  (Sq. 5.8, 5.9)
stouc SSRGC kai DCSRGC suzeÔktec, kai m�lista sthn TM pìlwsh q�noun thn
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kateujuntikìthta touc (BR < 0.5). H kateujuntikìthta mei¸netai lìgw skèdashc
kai ston RSSRGC, se ligìtero bajmì ìmwc, kaj¸c h Ôparxh tou anaklast ra em-
podÐzei thn isqÔ na qajeÐ sto substrate, kai ètsi h kateujuntikìthta tou paramènei
(BR > 0.5) akìma kai gia TM pìlwsh.

EpÐshc upologÐsthke h ex�rthsh thc apìdoshc sÔzeuxhc apì tic basikèc sqe-
diastikèc paramètrouc (gwnÐa klÐshc gia touc VHGC kai SSRGC, metatìpishc `s'
metaxÔ twn dÔo perijlastik¸n fragm�twn epifaneiak c diamìrfwshc gia ton DC-

SRGC kai m koc buffer gia ton RSSRGC). Sthn perÐptwsh tou VHGC parathreÐtai
mia mikr  diaforopoÐhsh, an�mesa stic RCWA/LM kai FDTD mejìdouc, wc proc ton
upologismì, thc gwnÐac pou megistopoieÐtai h apìdosh sÔzeuxhc sto cover gia thn
pr¸thc t�xhc perÐjlash, gia thn TE pìlwsh (gia thn TM oi apìdosh sÔzeuxhc eÐnai
praktik� mhdèn). EpÐshc h bèltisth gwnÐa eÐnai polÔ kont� (ousiastik� Ðdia gia thn R-
CWA/LM mèjodo), me thn gwnÐa sqediasmoÔ. Sthn perÐptwsh tou SSRGC parathreÐ-
tai shmantik  diaforopoÐhsh, thc gwnÐac pou megistopoieÐtai h apìdosh sÔzeuxhc s-
to cover gia thn pr¸thc t�xhc perÐjlash, upologismènh me tic RCWA/LM, FDTD

mejìdouc gia TE, TM pìlwsh, kai thc gwnÐac sqediasmoÔ. Gegonìc pou apodÐdetai
diìti to keklimèno perijlastikì fr�gma epifaneiak c diamìrfwshc diatar�ssei isqur�
ton kumatodhgì. Sthn perÐptwsh tou DCSRGC parathreÐtai ousiastik� anexarthsÐa
thc apìdoshc sÔzeuxhc apì thc metatìpish `s' metaxÔ twn dÔo perijlastik¸n frag-
m�twn epifaneiak c diamìrfwshc, kai stic duo pol¸seic, all� kai ga tic dÔo mejìdouc.
EpÐshc sthn perÐptwsh tou RSSRGC parathreÐtai kal  sumfwnÐa, ston upologis-
mì thc perijlastik c apìdoshc kai gia tic dÔo pol¸seic metaxÔ twn RCWA/LM kai
FDTD apotelesm�twn. Autì apodÐdetai sthn parousÐa tou anaklast ra pou aux�nei
thn isqÔ sto cover kai pou diaforetik� ja dièrree sto substrate lìgw skèdashc.
Akìmh to mègisto thc apìdoshc sÔzeuxhc, kat� thn RCWA/LM, gia thn TE pìlwsh
eÐnai sto Ðdio m koc buffer to opoÐo eÐqe qrhsimopoihjeÐ ston sqediasmì tou suzeÔkth,
en¸ kat� thn FDTD to mègisto sumbaÐnei se lÐgo megalÔtero m koc. Gia thn TM
pìlwsh, to mègisto thc apìdoshc sÔzeuxhc, kat� FDTD kai RCWA/LM, sumbaÐnei
se lÐgo megalÔtero m koc buffer apì to m koc buffer sqediasmoÔ.

TeleutaÐa upologÐsthke h euaisjhsÐa thc apìdoshc sÔzeuxhc sto cover gia ìlouc
tou suzeÔktec gia TE kai TM pìlwsh, sthn metabol  tou m kouc kÔmatoc thc
diègershc. IdiaÐtera oi suzeÔktec epifaneiak c diamìrfwshc kai ligìtera o VHGC,
gia TE kai TM pìlwsh, eÐnai problhmatikoÐ gia m koc kÔmatoc mikrìtero apì 0.98µm

afoÔ se autì to eÔroc m kouc kÔmatoc diegeÐretai o antÐjeta diadidìmenoc rujmìc apì
thn sunj kh Bragg deÔterhc t�xhc en¸ mporoÔn na qrhsimopoihjoÔn gia megalÔtero
m koc kÔmatoc diìti oi apìkrish touc eÐnai omal .

Sumperasmatik� sto Sq.5.17 parousi�zetai, gia TE pìlwsh, pÐnakac bajmolìghsh-
c twn qarakthristik¸n twn diafìrwn suzeukt¸n exìdou. Parìmoia sumperifor�
parousi�zetai kai sthn TM pìlwsh ektìc apì thn perÐptwsh tou VHGC ìpou ìpwc
èqei anaferjeÐ parap�nw èqei sqedìn mhdenik  apìdosh sÔzeuxhc, gia sqedìn k�jeth
gwnÐa sÔzeuxhc (−2deg), kai ètsi den èqei nìhma h bajmolìghsh tou.
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Sq ma 5.17: Sugkritikìc qarakthristik¸n suzeukt¸n exìdou gia TE pìlwsh
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Kef�laio 6

SuzeÔktec Eisìdou Optik¸n

Kumatodhg¸n Perijlastik¸n

Fragm�twn Protimhtèac T�xhc:

FDTD An�lush

PerijlastikoÐ suzeÔktec eisìdou protimhtèac t�xhc analÔontai me ton mèjodo twn
peperasmènwn diafor¸n sto pedÐo tou qrìnou (FDTD) me qr sh tou TFSF for-
malismoÔ gia TE kai TM pìlwsh. Tèssera eÐdh perijlastik¸n suzeukt¸n eisìdou
protimhtèac t�xhc exet�zontai: ènac perijlastikìc suzeÔkthc ìgkou (volume holo-

graphic grating coupler: VHGC), ènac keklimènoc parallhlepÐpedoc perijlastikìc
suzeÔkthc epifaneiak c diamìrfwshc (slanted surface-relief grating coupler: SS-

RGC), ènac perijlastikìc suzeÔkthc dipl c epifaneiak c diamìrfwshc (double cor-

rugated surface-relief grating coupler: DCSRGC) kai ènac perijlastikìc suzeÔkth-
c epifaneiak c diamìrfwshc me anaklast ra (reflecting stack surface-relief grating

coupler: RSSRGC). UpologÐzetai h apìdosh sÔzeuxhc eisìdou (CEd) kaj¸c kai h
apìdosh sÔzeuxhc stouc rujmoÔc kumatod ghshc (CEd,TEm , CEd,TMm) k�je suzeÔk-
th.

6.1 Eisagwg 

Oi perijlastikoÐ suzeÔktec mporoÔn na qrhsimopoihjoÔn eÐte gia sÔzeuxh prospÐp-
tontoc rujmoÔ kumatod ghshc èxw apì ton kumatodhgì, kai ètsi na leitourgoÔn san
suzeÔktec exìdou (Kef. 4, 5) eÐte gia sÔzeuxh prospÐptousac dèsmhc me kumatodhgì
kai ètsi na leitourgoÔn san suzeÔktec eisìdou pou eÐnai to antikeÐmeno autoÔ tou
kefalaÐou. Gia praktikèc efarmogèc se optikèc diasundèseic kumatod ghshc [100],
[118], [43], [97], [98], [96], [18], [106], [95] oi perijlastikoÐ suzeÔktec eisìdou èqoun
peperasmèno mègejoc kai fwtÐzontai apì dèsmec peperasmènou pl�touc, sun jwc
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gkaousianèc. 'Etsi se antÐjesh me touc perijlastikoÔc suzeÔktec eisìdou, h peri-
jlastik  apìdosh twn suzeukt¸n eisìdou, exart�tai ìqi mìno apì thn gewmetrÐa tou
perijlastikoÔ fr�gmatoc (m koc fr�gmatoc kai perÐodo fr�gmatoc) all� kai apì
tic idiìthtec thc prospÐptousac dèsmhc (mègejoc dèsmhc, tÔpoc dèsmhc kai pìlwsh
dèsmhc). Epiplèon kaj¸c h prospÐptousa dèsmh mèsw tou perijlastikoÔ fr�gmatoc
diegeÐrei k�poion rujmì tou kumatodhgoÔ, autìc o rujmìc ja diadojeÐ ston kumatod-
hgì kai en mèrei ja suzeuqjeÐ proc ta èxw apì to Ðdio perijlastikì fr�gma. 'Etsi h
apìdosh sÔzeuxhc eisìdou exart�tai kai apì thn jèsh prìsptwshc thc dèsmhc sto
perijlastikì fr�gma. Epijumht  eÐnai h sÔzeuxh protimhtèac t�xhc ¸ste na epiteuq-
jeÐ uyhl  apìdosh sÔzeuxhc se kajorismènh dieÔjunsh kai ètsi na eÐnai qamhlì to
fainìmeno optik c parembol c (optical cross talk).

Sto pareljìn èqoun melethjeÐ perijlastikoÐ suzeÔktec eisìdou. Eidikìtera, oi
Ogawa et al. [81] qrhsimopoÐhsan jewrÐa diataraq¸n se sunduasmì me an�lush
suzeugmènwn gramm¸n metafor�c, gia na melet soun thn apìdosh sÔzeuxhc eisìdou
�peirou suzeÔkth epifaneiak c diamìrfwshc (surface-relief grating coupler: SRGC)
pou fwtÐzetai apì epÐpedo kÔma. Oi Neviere et al.[77], [79], [78] prìteinan ènan
austhrì hlektromagnhtikì formalismì paragìmeno apì tic exis¸seic Maxwell gi-
a thn melèth twn suntonism¸n sÔzeuxhc �peirou SRGC pou fwtÐzetai apì epÐpedo
kÔma all� kai apì peperasmènh dèsmh. Oi Dalgoutte kai Wilkinson [20] qrhsimopoÐh-
san mia tropopoihmènh prosèggish Born kai th jewrÐa thc amoibaiìthtac (reciprocity
theory), gia na melet soun to prìblhma sÔzeuxhc gkaousian  dèsmhc pou prospÐptei
se kumatodhgì enìc kai poll¸n rujm¸n, me qr sh SRGC. Oi Woldarczyk kai Se-
shadri [114] epÐshc qrhsimopoÐhsan jewrÐa diataraq¸n gia na analÔsoun �peirouc
SRGC me prospÐpton epÐpedo kÔma gia sÔzeuxh eisìdou kai exìdou. Oi Li kai Gupta

[65], [34] ef�rmosan thn mèjodo twn Neviere et al.[77], [79], [78] gia na melet soun
thn sÔzeuxh exìdou se sqèsh me thn metabol  thc gwnÐac prìsptwshc gkaousian c
dèsmhc se �peiro SRGC. O Laval kai sunerg�tec [85], [82] qrhsimopoÐhsan thn Ðdia
jewrÐa gia na melet soun thn bèltisth sÔzeuxh SRGC me prospÐptousa gkaousian 
dèsmh. Oi Brazas kai Li [14] epÐshc melèthsan ta apotelèsmata tou megèjouc gkaou-
sian c dèsmhc kai tou m kouc peperasmènou SRGC sthn apìdosh sÔzeuxhc eisìdou,
jewrhtik� all� kai peiramatik�. Oi Waldhäuslet al. [108] qrhsimopoÐhsan jewrÐa di-
ataraq¸n pr¸thc t�xhc, kai oi Kwan kai Taylor [61] anèptuxan èna montèlo kumatod-
hgoÔ 3 strwm�twn gia thn melèth SRGC eisìdou me klÐsh sto profÐl touc (slanted).
EpÐshc oi Wang et al. [110] qrhsimopoÐhsan thn FDTD mèjodo gia na melet soun
omoiogen c kai anomoiogen c SRGC eisìdou gia k�jeth sÔzeuxh kumatodhgoÔ kai op-
tik c Ðnac. EpÐshc oi Ogawa kai Chang [80] me qr sh jewrÐac diataraq¸n anèlusan
slanted kai unslanted VHGC eisìdou, apeÐrou m kouc, me prospÐpton epÐpedo kÔma
se TE pìlwsh. Tèloc oi Wu et al. [116] me qr sh twn peperasmènwn diafor¸n sto
pedÐo thc suqnìthtac (FDFD) anèlusan VHGC eisìdou, peperasmènou m kouc, me
peperasmènou pl�touc prospÐptousec dèsmec, kai upolìgisan thn apìdosh sÔzeuxhc
kai thn ex�rthsh thc apì paramètrouc ìpwc thn jèsh kai gwnÐa prìsptwshc thc
dèsmhc sto fr�gma, tou tÔpou thc dèsmhc, kai tou pl�touc thc.

S' autì to kef�laio me qr sh thc FDTD mejìdou melet¸ntai, gia pr¸th for�
ap' ìso gnwrÐzoume, ta fr�gmata protimhtèac t�xhc pou parousi�sthkan sto Ke-
f. 5 se leitourgÐa suzeukt¸n eisìdou. JewreÐtai gkaousian  dèsmh (h opoÐa eÐnai
sunhjismènh se praktikèc efarmogèc) ta qarakthristik� thc opoÐac (pl�toc, jèsh
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prìsptwshc sto fr�gma) èqoun epilegeÐ me b�sh thn anafor� [116], ìpou parè-
qoun mègisth apìdosh sÔzeuxhc gia VHGC. H gwnÐa prìsptwshc thc dèsmhc eÐnai
θc = −2deg. ¸ste na ikanopoieÐtai h sunj kh Bragg pr¸thc t�xhc ìpwc sto Kef. 5.

6.2 GewmetrÐa PerijlastikoÔ SuzeÔkth

Eisìdou Protimhtèac T�xhc

To upologistikì qwrÐo kumatodhgoÔ perijlastikoÔ suzeÔkth eisìdou (gia lìgouc
oikonomÐac o ìroc eisìdou paraleÐpetai) faÐnetai sto Sq. 6.1. O suzeÔkthc jew-
reÐtai omogen c kat� thn ẑ dieÔjunsh kai ètsi anaparist� èna 2D hlektromagnhtikì
prìblhma. To upologistikì qwrÐo perib�lletai apì aporrofhtikì str¸ma, CPML,
p�qouc d. To k�lumma (cover), o pur nac (film) kai to upìstrwma (substrate) tou
kumatodhgoÔ faÐnontai sto Sq. 6.1 kai �ra h gewmetrÐa eÐnai aut  dihlektrik c fètac
(slab). H perioq  tou perijlastikoÔ fr�gmatoc èqei p�qoc tg kat� ton x-�xona kai
m koc Lg kat� ton y-�xona kai mporeÐ na perièqei olografikì   epifaneiak c diamìr-
fwshc fr�gma kai mporeÐ na eÐnai p�nw (ìpwc sto Sq.5.1)   mèsa sthn perioq  tou
film. To TF-SF sÔnoro (Sq. 6.1) eÐnai mia gramm  (pragmatik� se 3D eÐnai epÐpedo)

g

g

w

Sq ma 6.1: GewmetrÐa kumatodhgoÔ eisìdou perijlastikoÔ fr�gmatoc protimhtèac t�xhc
kai tou pl rouc upologistikoÔ qwrÐou ( pragmatikoÔ+CPML) pou qrhsimopoieÐtai sthn
FDTD an�lush.

kat� m koc tou y-�xona (qwrÐc na eisèrqetai sto CPML), to opoÐo diaqwrÐzei thn
perioq  olikoÔ pedÐou (dexi� apì thn TF-SF gramm ) kai sth perioq  skedazìme-
nou pedÐou (arister� apì thn TF-SF gramm ). QrhsimopoieÐtai gia thn eisagwg 
thc prospÐptousac dèsmhc sthn perioq  cover, sto Sq. 6.1. Se praktikèc efar-
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inc

Sq ma 6.2: Morf  gkaousian c prospÐptousac dèsmhc eÔrouc W .

mogèc oi perijlastikoÐ suzeÔktec eisìdou èqoun peperasmèno m koc kai diegeÐrontai
apì peperasmènec, sun jwc, gkaousianèc. 'Etsi h prospÐptousa dèsmh peperasmènou
pl�touc pou qrhsimopoieÐtai sthn an�lush twn suzeukt¸n kai pou faÐnetai sto Sq.
6.2 perigr�fetai apì thn sun�rthsh parajÔrou gkaousian c morf c, g(y′):

g(y′) = exp

[(
−y′

W/2

)2
]
, (6.1)

ìpou W eÐnai to eÔroc thc dèsmhc, θinc eÐnai h gwnÐa prìsptwshc (Sq. 6.2), kai
y′ = y cos(θinc). H prospÐptousa dèsmh peperasmènou pl�touc sto pedÐo tou qrìnou
orÐzetai apì:

U⃗inc = ẑh(t)g(y′)Re{exp
(
−jk⃗ · r⃗

)
exp (jωt)} (6.2)

ìpou U⃗inc anaparist� to hlektrikì   to magnhtikì �nusma gia TE   TM pìlwsh
thc prospÐptousac aktinobolÐac antÐstoiqa. EpÐshc k⃗ = k0n1 (x̂ cos θinc + ŷ sin θinc),
k0 = 2π/λ0, λ0 eÐnai to m koc kÔmatoc tou kenoÔ kai ω = 2π/λ0 ìpou c eÐnai h
taqÔthta tou fwtìc sto kenì kai kai h(t) eÐnai èna qronikì par�juro Hanning pou
mei¸nei to arijmhtikì sf�lma pou par�getai apì thn apìtomh eisagwg  thc phg c kai
mei¸nei ton upologistikì qrìno ¸ste ta pedÐa na ft�soun se kat�stash isorropÐac
[35]. Gia thn efarmog  thc TF-SF teqnik c to pedÐo tou prospÐptontoc rujmoÔ
parèqetai apì èna bohjhtikì plègma. Autì to plègma perib�lletai apì èna ìmoio
CPML èqei to Ðdio m koc kat� ton y-�xona ìpwc to kurÐwc plègma ìmwc ekteÐnetai
mìno merik� keli� kat� ton x-�xona kai perièqei mìno thn perioq  tou cover.

DeÐgmata suzeukt¸n eisìdou perijlastik¸n fragm�twn protimhtèac t�xhc pou
melet jhkan faÐnontai sto Sq.6.3. Ta perijlastik� fr�gmata eÐnai Ðdia me aut� pou
emfanÐzontai stouc perijlastikoÔc suzeÔktec exìdou protimhtèac t�xhc sto Kef. 5,
Sq. 5.2. Sto Sq. 6.3(a) faÐnetai èna VHGC, ìpou to olografikì fr�gma èqei
perijlastikì �nusma K⃗, gwnÐa klÐshc ϕ kai Λ perÐodo tou perijlastikoÔ fr�gmatoc.
H epitreptìthta tou olografikoÔ perijlastikoÔ fr�gmatoc sthn genik  perÐptwsh
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ekfr�zetai apì thn parak�tw seir� Fourier:

ϵ = ϵavg. +
∞∑
p=1

ϵcp cos
(
pK⃗ · r⃗

)
+

∞∑
p=1

ϵsp sin
(
pK⃗ · r⃗

)
(6.3)

ìpou ϵavg. eÐnai h mèsh epitreptìthta, ϵcp(ϵ
s
p), eÐnai h p-t�xhc armonik  sunhmÐtonou (h-

mitìnou) kai r⃗ = xx̂+ yŷ eÐnai to �nusma jèshc. 'Enac keklimènoc parallhlepÐpedoc
perijlastikìc suzeÔkthc epifaneiak c diamìrfwshc faÐnetai sto Sq. 6. 3(b). èqei
perÐodo Λ, gwnÐa klÐshc ϕ

′
, filling factorF = 0.5, kai p�qoc d. Sto Sq. 6.3(c) faÐnetai

ènac perijlastikìc suzeÔkthc dipl c epifaneiak c diamìrfwshc. Perielamb�nei dÔo
perijlastik� fr�gmata epifaneiak c diamìrfwshc 2-epipèdwn periìdou Λ , me filling

factor F = 0.5, kai p�qoc d, pou eÐnai metatopismèna metaxÔ touc apìstash `s' kat�
ton y-�xona. Sto sq ma 6.3(d)faÐnetai ènac perijlastikìc suzeÔkthc epifaneiak c
diamìrfwshc me anaklast ra. Perilamb�nei èna perijlastikì fr�gma epifaneiak -
c diamìrfwshc 2-epipèdwn periìdou Λ, me filling factor F = 0.5, kai p�qoc d, me
thn prosj kh anaklastik c stoÐbac pou perièqei enallassìmenec dihlektrikèc fètec
(slabs), uyhloÔ (nH)kai qamhloÔ(nL) deÐkth di�jlashc, pou dra wc kajrèpthc me
skopì na mei¸sei thn isqÔ pou diadÐdetai sthn perioq  tou substrate.

6.3 Apotelèsmata

H akrÐbeia thc FDTD mei¸netai (Kef. 2) kat� thn efarmog  thc sthn hlektromagn-
htik  an�lush twn parap�nw suzeukt¸n lìgw twn asuneqei¸n thc epitreptìthtac, kai
thc poluplokìthtac thc gewmetrÐac touc ìpou oi dihletrikèc epif�neiec pou perièqoun
endèqetai na mhn sumpèsoun me kìmbouc tou plègmatoc thc FDTD. Gia na apokatas-
tajeÐ h akrÐbeia thc FDTD efarmìzetai h teqnik  omalopoÐhshc thc epitreptìthtac
pou perigr�fetai sthn par. 2.2.1. akrib¸c me ton Ðdio trìpo ìpwc stouc suzeÔktec
exìdou tou Kef. 5, kaj¸c h gewmetrÐa twn suzeukt¸n eisìdou (Sq. 6.3) eÐnai Ðdia
me thn gewmetrÐa twn suzeukt¸n exìdou (Sq. 5.2).

H apìdosh twn suzeukt¸n posotikopoieÐtai me ton upologismì thc apìdoshc
sÔzeuxhc CEi, (CEi = Pi/Pinc., i = r, t, u, d). 'Opou r upodhl¸nei thn anakl¸menh
(reflected) isqÔc (Pr )sto cover, t upodhl¸nei to diadidìmenh (transmitted) isqÔc Pt

sto substrate kai u (d) upodhl¸nei thn perijl¸menh isqÔc Pu (Pd) proc ta p�nw
(k�tw) kai Pinc. eÐnai h isqÔc thc prospÐptousac dèsmhc. Oi Pi, Pinc. upologÐzontai
me qr sh twn ex. 4.2-4.4 ìpwc sthn par. 4.2. Oi suzeÔktec eisìdou èqoun sqedi-
asteÐ gia sÔzeuxh thc prospÐptousac dèsmhc (e�n upotejeÐ ìti eÐnai epÐpedo kÔma)
ston TE0, TM0 rujmì tou kumatodhgoÔ (ektìc apì ton RSSRGC suzeÔkth pou èqei
sqediasteÐ gia sÔzeuxh ston TE2, TM1 rujmì gia isqurìterh allhlepÐdrash me ton
kumatodhgì kai ligìterh me ton anaklast ra) diadidìmeno proc ta k�tw (d), me qr sh
thc prosarmog c f�shc gia thn pr¸th t�xh perÐjlashc. 'Etsi eÐnai aparaÐthtoc o up-
ologismìc thc katanom c thc isqÔoc Pd kai Pu stouc uposthrizìmenouc rujmoÔc tou
kumatodhgoÔ. Autì epitugq�netai me qr sh thc an�lushc rujm¸n gia upologismì
isqÔoc se rujmoÔc kumatod ghshc pou perigr�fetai sto par�rthma G'. Eidikìtera
to Ez (Hz) pedÐo stic perioqèc u, d parèqetai apì thn FDTD se hmitonoeid  mìn-
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Sq ma 6.3: TÔpoi kumatodhg¸n suzeukt¸n eisìdou perijlastikwn fragm�twn protimhtèac
t�xhc: (a) VHGC, (b) SPSRGC, (c) DCSRGC, (d) RSSRGC.
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imh kat�stash, ap' ìpou oi antÐstoiqoi phasors upologÐzontai me mèjodo elaqÐstwn
tetrag¸nwn (par. 3.2). 'Ustera, me thn mèjodo tou parart matoc G' upologÐzetai h
isqÔc sÔzeuxhc ston m rujmì tou kumatodhgoÔ, Pu,TEm , Pd,TEm (Pu,TMm , Pd,TMm),
gia thn TE pìlwsh (TM pìlwsh), kai telik� upologÐzetai h apìdosh sÔzeuxhc ston
m rujmì tou kumatodhgoÔ, san:

CEi,TEm =
Pi,TEm

Pinc

(CEi,TMm =
Pi,TMm

Pinc

), (6.4)

ìpou i = u, d, gia TE (TM) pìlwsh. Gia ìlouc touc perijlastikoÔc suzeÔktec
eisìdou pou analÔontai se autì to kef�laio, oi sqediastikèc par�metroi eÐnai Ðdioi
me touc perijlastikoÔc suzeÔktec exìdou, kai parousi�zontai sthn par�grafo 5.2.1.
To m koc kÔmatoc thc diègershc ston eleÔjero q¸ro eÐnai λ0 = 1µm kai èqoun
sqediasteÐ ¸ste h gwnÐa sÔzeuxhc eisìdou na eÐnai, θc = −2. Oi par�metroi pou
kajorÐzoun to CPML eÐnai Ðdiec ìpwc stouc suzeÔktec exìdou, dhlad  δ = 32∆

(∆ = ∆x   ∆y) (δ sto Sq. 6.1), R(0) = 10−7, m = 3, mα = 3, αmax = 0.24

kai h bèltisth mègisth agwgimìthta σmax, tou CPML, epilèqjhke sÔmfwna me thn
σmax∆ = −(m + 1)ln[R(0)]/2ηN , N = 32 keli�, ìpou η eÐnai h kumatik  antÐstash
tou CPML. H epilog  tou m kouc tou x-�xona tou upologistikoÔ qwrÐou ègine ìpwc
sthn perÐptwsh twn suzeukt¸n exìdou. Dhlad  to m koc tou x-�xona epilègetai
¸ste oi aposbènontec ourèc ìlwn twn rujm¸n tou kumatodhgoÔ na èqoun polÔ mikr 
tim  sthn epif�neia tou CPML sthn dexi� kai thn arister  pleur� tou plègmatoc
(Sq. 6.1). Se ìlec tic peript¸seic to m koc tou upologistikoÔ qwrÐou kat� ton
x-�xona epilèqjhke ¸ste f(xL   xR)/fmax < 10−4 ìpou xL kai xR antistoiqoÔn
sthn arister  kai dexi� epif�neia tou upologistikoÔ qwrÐou me to CPML str¸ma
kat� m koc tou x-�xona, kai f antistoiqeÐ sthn hlektrik    magnhtik  sunist¸sa
tou pedÐou, gia k�je rujmì kumatod ghshc (gia TE   TM pìlwsh antÐstoiqa) pou
uposthrÐzetai . To mègisto mègejoc tou kelioÔ ∆ (ìpou ∆ = max{∆x,∆y}, kai pou
genik� ta ∆x, ∆y den eÐnai Ðsa e�n eÐnai na sumpèsoun oi epif�neiec epitreptìthtac me
plegmatikoÔc kìmbouc) epilègetai wc ∆ = λmin/N , ìpou N eÐnai o arijmìc twn ke-
li¸n an� el�qisto m koc kÔmatoc kai to antÐstoiqo qronikì b ma gia thn FDTD(2,2)
mèjodo eÐnai ∆t = min{∆x,∆y}/(2c). Se ìlouc touc upì an�lush suzeÔktec autoÔ
tou kefalaÐou èqei jewrhjeÐ gkaousian  dèsmh eÔrouc W = Lg pou prospÐptei sth
jèsh (Sq. 6.3) y0 = Lg/2. Dhlad  to kèntro thc dèsmhc dièrqetai apì to mèso tou
suzeÔkth. H epilog  W = Lg ègine diìti e�n h dèsmh eÐnai polÔ sten  ja antis-
toiqoÔse se meg�lo eÔroc qwrik¸n suqnot twn, kai ja up rqe shmantik  apìklish
apì thn sunj kh prosarmog c f�shc gia thn pr¸th t�xh perÐjlashc kai �ra se mei-
wmènh apìdosh sÔzeuxhc. EpÐshc epilèqjhke y0 = Lg/2 diìti sÔmfwna me thn [116]
gia W = Lg, megistopoieÐtai h CEd,TE1 , gia ton VHGC se TE pìlwsh. Sto Sq.
6.4 parousi�zetai to pedÐo se kat�stash isorropÐac gia ton VHGC gia m koc peri-
jlastikoÔ fr�gmatoc Lg = 50Λy kai gia TE (Sq. 6.4a') kai TM (Sq. 6.4b') pìlwsh.
Sthn TE pìlwsh eÐnai emfan  h sÔzeuxh thc prospÐptousac dèsmhc se rujmì tou
kumatodhgoÔ pou diadÐdetai proc ta k�tw. H prospÐptousa dèsmh diegeÐrei ìlouc tou
rujmoÔc tou kumatodhgoÔ (PÐnakac 1), ìmwc kuriarqoÔn oi TE0, TE1 se posostì
CEd,TE0 = 8.61% kai CEd,TE1 = 31.65%. To gegonìc ìti CEd,TE0 < CEd,TE1 eÐnai
axioshmeÐwto, diìti o VHGC èqei sqediasteÐ gia sÔzeuxh thc dèsmhc ston TE0 rujmì
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me b�sh thn prosarmog  f�shc gia thn pr¸th t�xh perÐjlashc. Epiplèon h apìdosh
sÔzeuxhc gia ton antÐstoiqo VHGC suzeÔkth tou Kef. 5 gia TE pìlwsh, kai gia
m koc fr�gmatoc Lg = 50Λy, eÐnai CE1

c = 11.23%, 36.18%, gia TE0, TE1, prospÐp-
tonta rujmì antÐstoiqa. Aut� sumbaÐnoun diìti o TE0 rujmìc eÐnai entopismènoc
sthn perioq  tou film, en¸ o TE1 rujmìc eÐnai entopismènoc sthn perioq  tou peri-
jlastikoÔ fr�gmatoc. Dhlad  h allhlepÐdrash tou TE1 rujmoÔ kai tou VHGC eÐnai
isqurìterh ap�oti me ton TE0 rujmì kai ètsi h apìdosh tou VHGC eÐnai megalÔterh
me ton TE1 rujmì ap�oti me ton TE0 rujmì, an kai o VHGC èqei sqediasteÐ ¸ste
na ikanopoieÐ thn sunj kh prosarmog c f�shc gia thn pr¸th t�xh perÐjlashc gia
ton TE0 rujmì. Sto Sq. 6.4b' eÐnai emfanèc ìti gia thn TM pìlwsh h apìdosh
sÔzeuxhc eÐnai ousiastik� mhdamin , gegonìc pou faÐnetai kai posotik� ston pÐnaka
1, CEu = 0.00% kai CEd = 0.14%. Autì exhgeÐtai, ìpwc èqei anaferjeÐ kai sto Ke-
f. 5, dhlad  lìgw twn sqedìn k�jetwn dieujÔnsewn metaxÔ twn hlektrik¸n pedÐwn
twn prospiptìntwn kai twn perijlwmènwn t�xewn. Sta Sq. 6.5-6.7 parousi�zetai to
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Sq ma 6.4: PedÐo (hlektrikì:TE pìlwsh,   magnhtikì: TM pìlwsh), se kat�stash
isorropÐac gia m koc perijlastikoÔ fr�gmatoc Lg = 20Λy kai gia (a') VHGC (TE pìlwsh),
(b') VHGC (TM pìlwsh).

hlektrikì pedÐo (TE pìlwsh) se kat�stash isorropÐac gia touc SSRGC, DCSRGC,
kai RSSRGC suzeÔktec, gia m koc perijlastikoÔ fr�gmatoc Lg = 50Λy. Eidikìter-
a sto Sq. 6.5 parousi�zetai to hlektrikì pedÐo gia ton SSRGC. O kumatodhgìc
tou SSRGC uposthrÐzei ènan rujmì, TE0, pou sto Sq. 6.5 faÐnetai pwc diegeÐretai
proc ta k�tw, se sumfwnÐa me to design, kai me CEd,TE0 = 13.96% (pÐnakac 1). H
sunolik  isqÔc pou diadÐdetai proc ta k�tw eÐnai CEd = 15.09% > CEd,TE0 gegonìc
pou ofeÐletai se skèdash, kai pou eÐnai emfanèc sto Sq. 6.5 me thn morf  thc ku-
matomorf c me diag¸nia di�dosh. Epiplèon, ìpwc faÐnetai sto Sq. 6.5 up�rqei se
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mikrì posostì, CEu = 0.01% diègersh tou rujmoÔ proc ta p�nw lìgw skèdashc.
Sto Sq. 6.6 faÐnetai to hlektrikì pedÐo se kat�stash isorropÐac gia ton DCSRGC.
Poiotik� h sumperifor� tou DCSRGC eÐnai parìmoia me ton SSRGC, ìmwc me uyh-
lìterec timèc sÔzeuxhc apìdoshc. Eidikìtera uposthrÐzetai ènac rujmìc TE0, pou
sto Sq. 6.6 faÐnetai pwc diegeÐretai proc ta k�tw, se sumfwnÐa me to design, kai
me CEd,TE0 = 20.63% (pÐnakac 1). H sunolik  isqÔc pou diadÐdetai proc ta k�tw
eÐnai CEd = 20.99% > CEd,TE0 gegonìc pou ofeÐletai se skèdash. Epiplèon up-
�rqei kai ed¸ se mikrì posostì, CEu = 0.02%, diègersh tou rujmoÔ proc ta p�nw
lìgw skèdashc. To hlektrikì pedÐo tou RSSRGC se kat�stash isorropÐac faÐnetai
sto Sq. 6.7. O kumatodhgìc tou RSSRGC uposthrÐzei 3 rujmoÔc, all� ousiastik�
diegeÐretai se shmantikì posostì mìno o TE2, CEd,TE2 = 37.30%. H olik  isqÔc
pou diadÐdetai proc ta k�tw eÐnai CEd = 38.51% kai eÐnai lÐgo megalÔterh apì thn
CEd,TE2 , lìgw skèdashc (pou faÐnetai kai sto Sq. 6.7 me thn diag¸nia proc ta k�tw
diadidìmenh kumatomorf ) kai epeid  se èna mikrì posostì diegeÐrontai kai oi �lloi
dÔo rujmoÐ. Epiplèon parousi�zetai kai mÐa metabol  beat sto profÐl tou diadidìme-
nou proc ta k�tw rujmoÔ, pou ofeÐletai sthn an�klash tou skedazìmenou pedÐou
apì ton anaklast ra, me apotèlesma na allhlepidr� me ton diadidìmeno rujmì kai
na dhmiourgeÐtai to beat sto profÐl tou tou rujmoÔ. Autì to fainìmeno beat sto
profÐl parousi�zetai kai ston rujmì pou diadÐdetai proc ta p�nw, o opoÐoc ìmwc èqei
polÔ mikrìterh isqÔc afoÔ CEu = 0.18%. Ston PÐnaka 1 epiplèon parousi�zetai h
apìdosh sÔzeuxhc gia thn TM pìlwsh ìlwn twn suzeukt¸n eisìdou. H sumperifor�
touc eÐnai an�logh me thn perÐptwsh thc TE pìlwshc, ìmwc me apìdosh sÔzeuxhc
shmantik� meiwmènh, idiaÐtera gia ton VHGC ìpou h apìdosh sÔzeuxhc eÐnai praktik�
mhdamin .
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Sq ma 6.5: Hlektrikì pedÐo (TE pìlwsh), se kat�stash isorropÐac gia m koc peri-
jlastikoÔ fr�gmatoc Lg = 20Λy kai gia SSRGC

6.4 Sumper�smata

S' autì to kef�laio upologÐsthke h apìdosh sÔzeuxhc twn suzeukt¸n eisìdou pro-
timhtèac t�xhc, gia TE kai TM pìlwsh. Oi apìdosh sÔzeuxhc thc TM pìlwshc eÐnai
aisjht� mikrìterh apì thn TE pìlwsh idiaÐtera gia ton VHGC ìpou eÐnai sqedìn mh-
damin . O VHGC sthn TE pìlwsh emfanÐzei uyhl  isqÔ proc ta k�tw CEd = 41.10%,
kai sqedìn mhdamin  proc ta p�nw, gegonìc me idiaÐtero praktikì endiafèron, kaj¸c
h proc ta k�tw dieÔjunsh eÐnai isqur� protimhtèa (preferential). 'Omwc diegeÐrontai
proc ta k�tw me shmantik  isqÔ perissìteroi tou enìc rujmoÐ (TEd,TE0 = 8.61%,
TEd,TE1 = 31.65%), en¸ o sqediasmìc ègine mìno gia ton TE0 rujmì. Oi suzeÔk-
tec epifaneiak c diamìrfwshc emfanÐzoun, lìgw skèdashc, èna mikrì posostì isqÔc
pou diarrèei proc ta p�nw, eÐnai ètsi elafr¸c ligìtero preferential se sqèsh me ton
VHGC. EpÐshc me exaÐresh ton RSSRGC, emfanÐzoun aisjht� mikrìterh isqÔ CEd
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Sq ma 6.6: Hlektrikì pedÐo (TE pìlwsh), se kat�stash isorropÐac gia m koc peri-
jlastikoÔ fr�gmatoc Lg = 20Λy kai gia DCSRGC

sugkritik� me ton VHGC, ìmwc up�rqei sÔzeuxh mìno se ènan rujmì. H skèdash eÐnai
h aitÐa stouc suzeÔktec epifaneiak c diamìrfwshc thc diafor�c CEd kai CEd,TEm ,
h opoÐa den eÐnai idiaÐtera isqur . AxioshmeÐwto eÐnai to gegonìc thc emf�nishc beat
sto profÐl tou rujmoÔ gia ton RSSRGC lìgw thc allhlepÐdrashc tou skedazìmenou
pedÐou me ton anaklast ra. Mellontik� eÐnai endiafèron gia praktikèc efarmogèc,
h melèth th apìkrishc twn suzeukt¸n eisìdou se eÔroc m kouc kÔmatoc, gÔrw apì
to m koc kÔmatoc sqediasmoÔ (λ0 = 1µm), kaj¸c kai gia tic �llec sqediastikèc
paramètrouc, ìpwc ègine sto Kef. 5 gia touc suzeÔktec exìdou. EpÐshc h prospÐp-
tousa gwnÐa thc dèsmhc θinc., h jèsh prìsptwshc y0 kai to eÔroc thc dèsmhc pou
faÐnontai sto Sq. 6.3, ephre�zoun se meg�lo bajmì ton apìdosh sÔzeuxhc, sthn
perÐptwsh TE pìlwshc gia ton VHGC [116], �ra eÐnai an�gkh h diereÔnhsh touc kai
gia ìlouc touc suzeÔktec eisìdou autoÔ tou kefalaÐou.
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Sq ma 6.7: Hlektrikì pedÐo (TE pìlwsh), se kat�stash isorropÐac gia m koc peri-
jlastikoÔ fr�gmatoc Lg = 20Λy kai gia RSSRGC

PÐnakac 6.1: Apìdosh epifaneiak¸n suzeukt¸n eisìdou protimhtèac t�xhc (ìlec oi apodì-
seic sÔzeuxhc ekfr�zontai se: %)

TE Pìlwsh

Lg = 50Λy CEr CEt CEu CEd CEd,TE0 CEd,TE1 CEd,TE2 CEd,TE3 CEd,TE4

VHGC 4.94 53.96 0.00 41.10 8.61 31.65 0.42 0.89 0.00

SSRGC 1.55 83.35 0.01 15.09 13.96 - - - -

DCSRGC 3.04 75.95 0.02 20.99 20.63 - - - -

RSSRGC 27.57 33.74 0.18 38.51 0.00 0.00 37.30 - -

TM Pìlwsh

Lg = 50Λy CEr CEt CEu CEd CEd,TM0 CEd,TM1 CEd,TM2 CEd,TM3 CEd,TM4

VHGC 5.40 94.46 0.00 0.14 0.10 0.03 0.01 0.00 0.00

SSRGC 0.52 93.89 0.00 5.59 4.15 - - - -

DCSRGC 0.40 93.60 0.00 6.00 5.45 - - - -

RSSRGC 42.47 42.35 0.00 15.14 0.00 12.27 - - -
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Kef�laio 7

FDTD se Ulik� me Mh

Grammikìthta kai Diaspor�

H FDTD mèjodoc genikeÔetai se ulik� me mh-grammikìthta kai diaspor� me b�sh
ton algìrijmo GVADE: General Vector Auxiliary Differential Equation [32]. To
pleonèkthma tou GVADE algorÐjmou eÐnai ìti den periorÐzetai se probl mata mh
grammikìthtac me mÐa mìno sunist¸sa hlektrikoÔ pedÐou ìpwc sumbaÐnei me �llec
morfèc tic mh grammik c FDTD [31, 30, 49, 50]. O GVADE emperièqei mh grammik 
pìlwsh Kerr, grammik  pìlwsh pollapl¸n pìlwn Lorentz kai mh grammik  pìlw-
sh Raman. Epiplèon sumplhr¸netai me grammik  pìlwsh pollapl¸n pìlwn Debye

kaj¸c kai me aporrofhtik� str¸mata CPML, kai thn teqnik  TF-SF. O nèoc algìri-
jmoc exet�zetai wc proc thn apìdosh tou CPML, kai parousi�zetai èna par�deigma
tou TF-SF formalismoÔ. Epiplèon anapar�gontai apotelèsmata tou GVADE algo-
rÐjmou pou parousi�sthkan stic ergasÐec twn dhmiourg¸n tou, Greene kai Taflove
[32], [33].
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Kef�laio 7. FDTD se Ulik� me Mh Grammikìthta kai Diaspor�

7.1 GVADE algìrijmoc, CPML kai TF-SF.

Oi dunamikèc exis¸seicMaxwell (nìmoi Ampere, Faraday), pou emperièqoun ta CPML

reÔmata, ψw,v (w, v = {x, y, z}), eÐnai [102] (Par. 7.9):

∂D⃗
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= x̂
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∂

∂z
Ex −

1

kx

∂

∂x
Ez + ψHy,z − ψHy,x

)
+ ẑ

(
1

kx

∂

∂x
Ey −

1

ky

∂

∂y
Ex + ψHz,x − ψHz,y

)
. (7.2)

H sÔndesh twn ex. Maxwell me ton CPML formalismì, kai tou GVADE algìrijmou
gÐnetai ekfr�zontac thn dihlektrik  metatìpish D⃗ sthn ex. 7.1 san sun�rthsh twn
ìrwn grammik c kai mh-grammik c pìlwshc:

D⃗ = ϵ0ϵ∞E⃗ + P⃗Debye + P⃗Lorentz︸ ︷︷ ︸
Linear

+ P⃗Raman + P⃗kerr︸ ︷︷ ︸
Nonlinear

(7.3)

ìpou ϵ0 h epitreptìthta tou kenoÔ, ϵ∞ h sqetik  epitreptìthta se �peirh suqnìthta,
P⃗Debye =

∑M
p=1 P⃗p,Debye h grammik  pìlwsh Debye M pìlwn,

P⃗Debye =
M∑
p=1

P⃗p,Debye (7.4)

⃗̃Pp,Debye =
ϵ0∆ϵp

1 + jωτp
Ẽ, (7.5)

ìpou ∆ϵp = ϵp,s − ϵp,∞, kai ϵp,s, ϵp,∞, h sqetik  epitreptìthta se mhdenik  kai �peirh
suqnìthta antÐstoiqa kai τp o qrìnoc qal�rwshc (relaxation time) tou p pìlou. H
grammik  pìlwsh Lorentz, P⃗Lorentz, me N zeÔgh pìlwn dÐnetai apì:

P⃗Lorentz =
N∑
p=1

P⃗p,Lorentz (7.6)

⃗̃Pp,Lorentz =
ϵ0∆ϵpω

2
p

ω2
p + 2jωδp − ω2

Ẽ, (7.7)
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ìpou ωp, δp, eÐnai h suqnìthta suntonismoÔ tou mèsou, kai o suntelest c apìsbeshc
tou mèsou antÐstoiqa. Genik� h mh grammik  pìlwsh trÐthc t�xhc P⃗NL eÐnai:

P⃗NL (r⃗, t) = ϵ0χ
3
0

∫ t

−∞

∫ t

−∞

∫ t

−∞
χ3 (t− t1, t− t2, t− t3) · (7.8)

E⃗ (r⃗, t1) E⃗ (r⃗, t2) E⃗ (r⃗, t3) dt1dt2dt3,

ìpou χ(3) h epidektikìthta trÐthc t�xhc [13]. Genik� h epidektikìthta eÐnai tanust -
c ìmwc s' aut  th melèth exet�zetai h aplopoihmènh perÐptwsh ìpou eÐnai bajmwtì
mègejoc. EpÐshc upojètontac (prosèggish Born-Oppenheimer) ìti to aktinoboloÔ-
meno pedÐo tou mh grammikoÔ mèsou eÐnai sun�rthsh mìno thc prospÐptousac se autì
aktinobolÐac, h mh grammik  pìlwsh trÐthc t�xhc perigr�fetai apì thn:

P⃗NL(r⃗, t) = ϵ0χ
(3)
0 E⃗(r⃗, t)

∫ t

−∞
g(t− t

′
)|E⃗(t′)|2dt′ , (7.9)

ìpou g(t) eÐnai h sun�rthsh apìkrishc gia to montèlo twn pol¸sewn Raman kai
Kerr:

g(t) = αδ(t) + (1− α)gRaman(t), (7.10)

me `α' (0 ≤ α ≤ 1) h sqetik  isqÔc twn Raman kai Kerr pol¸sewn, δ(t) kroustik 
(`Dèlta') sun�rthsh pou montelopoieÐ thn stigmiaÐa pìlwsh Kerr kai gRaman(t) h
prosèggish thc sun�rthshc apìkrishc gia thn pìlwsh Raman:

gRaman(t) =

(
τ 21 + τ 22
τ1τ 22

)
exp(−t/τ2) sin(t/τ1)U(t) (7.11)

ìpou oi U(t) h sun�rthsh Heaviside. H gRaman(t) èqei paramètrouc τ1, τ2 kai mon-
telopoieÐ thn sÔzeuxh fwtìc (fwtìnia: photons) me tic stoiqei¸dec diegèrseic tou
plègmatoc tou ulikoÔ (fwnìnia: phonon) kai èqei morf  lorenzian c me kèntro
suqnìthta fwnonÐou 1/τ1 kai eÔroc 1/τ2 pou eÐnai to antÐstrofo tou qrìnou zw c
tou fwnonÐou. Oi par�metroi τ1, τ2 prosdiorÐzontai gia k�je ulikì ¸ste h gRaman(t),
na prosarmìzetai sto f�sma Raman to opoÐo prosdiorÐzetai peiramatik�. Me qr sh
twn ex. 7.10, 7.11 sthn ex. 7.9, prokÔptei ìti h pìlwsh Kerr sto pedÐo tou qrìnou
eÐnai:

P⃗Kerr(t) = ϵ0χ
(3)
0 E⃗

∫ t

−∞
αδ(t− t

′
)|E⃗(t′)|2dt′ = αϵ0χ

(3)
0 |E⃗|2E⃗ (7.12)

kai h pìlwsh Raman eÐnai:

P⃗Raman(t) = ϵ0E⃗
[
χ
(3)
Raman(t) ∗ |E⃗|

2
]
, (7.13)

ìpou ∗ sumbolÐzei sunèlixh (χ(3)
Raman(t) ∗ |E⃗|2 =

∫ t

−∞ χ
(3)
Raman(t − t

′
)|E⃗(t′)|2dt) kai

χ
(3)
Raman(t) = (1− α)gRaman(t). Ston GVADE algìrijmo epilÔontai oi diaforikèc ex-

is¸seic reum�twn pìlwshc J⃗ , ìpou J⃗ = ∂P⃗ /∂t, antÐ gia tic diaforikèc exis¸seic gia
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thn pìlwsh P⃗ , diìti tìte den qrei�zetai na apojhkeuteÐ kai na ananewjeÐ qronik� h
dihlektrik  metatìpish D⃗. H GVADE mèjodoc efarmìzetai gia k�je hlektrikì pedÐo
me 2   3 sunist¸sec. Gia lìgouc aplìthtac, parak�tw parousi�zetai h perÐptwsh
hlektromagnhtikoÔ pedÐou omoiogenoÔc qwrik� kat� z, (∂/∂z = 0) pou apoteleÐ-
tai apì pediakèc sunist¸sec Ex, Ey, Hz. H perÐptwsh 3 sunistws¸n hlektrikoÔ
pedÐou efarmìzetai entel¸c an�loga. To kurÐwc b ma tou GVADE algorÐjmou eÐnai
h epÐlush thc ex. 7.1 (me thn dihlektrik  metatìpish D⃗ na èqei antikatastajeÐ apì
thn ex. 7.3) wc proc E⃗n+1 san sun�rthsh twn H⃗n+1/2, J⃗n+1/2, ìpou o �nw deÐkthc
kajorÐzei to qronikì b ma. Gia na sumbeÐ autì prèpei epÐshc na epilujoÔn oi exis¸seic
pou ikanopoioÔn ta reÔmata pìlwshc sto pedÐo tou qrìnou. Eidikìtera pollaplasi�-
zontac thn ex. 7.5 me (1 + jωτp), efarmìzontac antÐstrofo metasqhmatismì Fourier

¸ste na gÐnei met�bash sto pedÐo tou qrìnou, paragwgÐzontac wc proc ton qrìno
kai antikajist¸ntac, ∂P⃗p,Debye/∂t = J⃗p,Debye, prokÔptei h diaforik  exÐswsh gia to
reÔma Debye tou p pìlou:

J⃗p,Debye + τp
∂J⃗p,Debye

∂t
= ϵ0∆ϵp

∂E⃗

∂t
. (7.14)

H ex. 7.14 diakritopoieÐtai antikajist¸ntac,

J⃗p,Debye →
J⃗n+1
p,Debye + J⃗n

p,Debye

2
,

∂J⃗p,Debye/∂t →
J⃗n+1
p,Debye − J⃗n

p,Debye

∆t
,

∂E⃗/∂t → E⃗n+1 − E⃗n

∆t
, (7.15)

kai epilÔontac wc proc J⃗n+1
p,Debye prokÔptei h exÐswsh thc qronik c ananèwshc tou

J⃗p,Debye:

J⃗n+1
p,Debye = J⃗n

p,Debye

(
2τp −∆t

2τp +∆t

)
+

2ϵ0∆ϵp
2τp +∆t

(
E⃗n+1 − E⃗n

)
. (7.16)

OrÐzontac J⃗n+1/2
p,Debye ≡ (J⃗n+1

p,Debye + J⃗n
p,Debye)/2 kai me qr sh thc ex. 7.16 prokÔptei h

exÐswsh thc qronik c ananèwshc tou J⃗n+1/2
p,Debye:

J⃗
n+1/2
p,Debye =

1

2

[
J⃗n
p,Debye

(
1 +

2τp −∆t

2τp +∆t

)
+

2ϵ0∆ϵp
2τp +∆t

(
E⃗n+1 − E⃗n

)]
. (7.17)

Xekin¸ntac apì thn ex. 7.7 kai akolouj¸ntac ta Ðdia b mata ìpwc stic exis¸seic
qronik c ananèwshc tou J⃗p,Debye, prokÔptoun oi exis¸seic qronik c ananèwshc tou
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reÔmatoc pìlwshc J⃗p,Lorentz:

J⃗n+1
p,Lorentz = αpJ⃗

n
p,Lorentz + ξpJ⃗

n−1
p,Lorentz + γp

(
E⃗n+1 − E⃗n−1

2∆t

)
, (7.18)

J⃗
n+1/2
p,Lorentz =

1

2

[
(1 + αp) J⃗

n
p,Lorentz + ξpJ⃗

n−1
p,Lorentz + γp

(
E⃗n+1 − E⃗n−1

2∆t

)]
,(7.19)

αp =
2− ωp(∆t)

2

1 + δp∆t
,

ξp =
δp∆t− 1

δp∆t+ 1
,

γp =
ϵ0∆ϵpω

2
p(∆t)

2

δp∆t+ 1
.

ParagwgÐzontac qronik� thn ex. 7.12 kai efarmìzontac diakritopoÐhsh ìpwc para-
p�nw, prokÔptei h diakrit  exÐswsh gia thn qronik  ananèwsh tou reÔmatoc Kerr:

J⃗
n+1/2
Kerr =

αϵ0χ
(3)
0

∆t
{|E⃗n+1|2E⃗n+1 − |E⃗n|2E⃗n} (7.20)

H exagwg  thc diakrit c exÐswshc qronik c ananèwshc tou reÔmatoc pìlwshc Ra-

man, qrei�zetai idiaÐterh metaqeÐrish, lìgw tou ìrou sunèlixhc, χ(3)
Raman(t) ∗ |E⃗(t)|2

sthn ex. 7.13. Gia thn antimet¸pish autoÔ tou probl matoc eis�getai bohjhtik 
metablht  S(t):

S(t) ≡ χ
(3)
Raman(t) ∗ |E⃗(t)|

2, (7.21)

kai me metasqhmatismì Fourier F :

S(ω) = χ
(3)
Raman(ω) · F{|E⃗(t)|2}. (7.22)

EpÐshc efarmìzontac metasqhmatismì Fourier sthn χ(3)
Raman(t) = (1 − α)gRaman(t),

ìpou gRaman(t) dÐnetai apì thn ex. 7.11, prokÔptei:

χ
(3)
Raman(ω) =

(1− α)χ
(3)
0 ω2

Raman

ω2
Raman + 2jωδRaman − ω2

, (7.23)

ωRaman ≡

√
τ 21 + τ 22
τ 21 τ

2
2

, δRaman ≡ 1

τ2
.

Eis�gontac thn ex. 7.23, sthn ex. 7.22, kai pollaplasi�zontac me ton paronomas-
t  thc ex. 7.23, kai me antÐstrofo metasqhmatismì Fourier, prokÔptei sto pedÐo
tou qrìnou h bohjhtik  diaforik  exÐswsh (auxiliary differential equation), gia thn
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bohjhtik  metablht  S(t):

ω2
RamanS + 2δRaman

∂S

∂t
+
∂2S

∂t2
= (1− α)χ

(3)
0 ω2

Raman|E⃗|2. (7.24)

H ex. 7.24 diakritopoieÐtai me kentrikèc diaforèc deutèrac t�xhc kai prokÔptei:

Sn+1 =

[
2− ω2

Raman(∆t)
2

δRaman∆t+ 1

]
Sn +

[
δRaman∆t− 1

δRaman∆t+ 1

]
Sn−1

+

[
(1− α)χ

(3)
0 ω2

Raman(∆t)
2

δRaman∆t+ 1

]
|E⃗n|2. (7.25)

Telik� me qr sh thc ex. 7.21 sthn ex. 7.13 kai qronik  parag¸gish prokÔptei ìti
J⃗Raman(t) = ϵ0∂(E⃗S(t))/∂t, h opoÐa diakritopoieÐtai me kentrikèc diaforèc kai dÐnei:

J⃗
n+1/2
Raman =

ϵ0
∆t

(E⃗n+1Sn+1 − E⃗nSn), (7.26)

ìpou Sn+1 parèqetai apì thn ex. 7.25. Efìson oi qronikèc anane¸seic twn reum�twn
pìlwshc èqoun prosdioristeÐ, h ex. 7.1 mporeÐ na lujeÐ. Eidikìtera h ex. 7.1, ìpou
D ekfr�zetai me thn ex. 7.3, thn qronik  stigm  n+ 1/2 eÐnai:

ϵ0
∆t

(
E⃗n+1 − E⃗n

)
+

M∑
p=1

J⃗
n+1/2
p,Debye +

N∑
p=1

J⃗
n+1/2
p,Lorentz + J⃗

n+1/2
Kerr + J⃗

n+1/2
Raman =

= x̂

(
1

ky

∂

∂y
Hz −

1

kz

∂

∂z
Hy + ψDx,y − ψDx,z

)∣∣∣∣n+1/2

+ ŷ

(
1

kz

∂

∂z
Hx −

1

kx

∂

∂x
Hz + ψDy,z − ψDy,x

)∣∣∣∣n+1/2

+ ẑ

(
1

kx

∂

∂x
Hy −

1

ky

∂

∂y
Hx + ψDz,x − ψDz,y .

)∣∣∣∣n+1/2

(7.27)

Epeid  E⃗ eÐnai dianusmatik  posìthta, h epÐlush thc ex. 7.27 apaiteÐ thn epÐlush mh
grammikoÔ sust matoc algebrik¸n exis¸sewn. Autì epilÔetai me qr sh thc mejìdou
Newton [89], ìpou epanalhptik� brÐskontai ta mhdenik� sun�rthshc f , me f h diafor�
tou dexioÔ apì to aristerì mèroc thc ex. 7.27. Gia tic sunist¸sec pedÐou pou exet�-
zontai ed¸, {Ex, Ey, Hz}, h ex. 7.27 epilÔetai gia En+1

x , En+1
y , me antikat�stash twn

reum�twn pìlwshc thn qronik  stigm  n+ 1/2 thc ex. 7.27, apì tic exis¸seic, 7.17,
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7.19, 7.20, 7.26. OrÐzetai to �nusma [X, Y ]T :

[
X
Y

]
=

ϵ0
∆t

(
E⃗n+1 − E⃗n

)
+

1

2

M∑
p=1

[
J⃗n
p,Debye

(
1 +

2τp −∆t

2τp +∆t

)
+

2ϵ0∆ϵp
τp +∆t

(
E⃗n+1 − E⃗n

)]

+
1

2

N∑
p=1

[
(1 + αp) J⃗

n
p,Lorentz + ξpJ⃗

n−1
p,Lorentz + γp

(
E⃗n+1 − E⃗n−1

2∆t

)]

+
αϵ0χ

(3)
0

∆t
{|E⃗n+1|2E⃗n+1 − |E⃗n|2E⃗n}+ ϵ0

∆t
(E⃗n+1Sn+1 − E⃗nSn)

− x̂

(
1

ky

∂

∂y
Hz −

1

kz

∂

∂z
Hy + ψDx,y − ψDx,z

)∣∣∣∣n+1/2

− ŷ

(
1

kz

∂

∂z
Hx −

1

kx

∂

∂x
Hz + ψDy,z − ψDy,x

)∣∣∣∣n+1/2

(7.28)

to opoÐo kat� thn efarmog , thc mejìdou Newton teÐnei sto mhdèn (max{|X|, |Y |} <
ϵ, ϵ dosmènoc mikrìc arijmìc). Epiplèon orÐzontai oi Gg

x, G
g
y, wc tic g-ostèc proseg-

gÐseic gia ta zhtoÔmena pedÐa En+1
x , En+1

y antÐstoiqa. H g+1 prosèggish sqetÐzetai
me thn g sÔmfwna me thn:

[
Gg+1

x

Gg+1
y

]
=

[
Gg

x

Gg
y

]
−
(
J−1

[
X
Y

])∣∣∣∣
g

, (7.29)

ìpou J eÐnai o pÐnakac thc Iakwbian c, ∂(X, Y )/∂(Gx, Gy), me stoiqeÐa:

J1,1 =
ϵ0
∆t

+

(
M∑
p=1

2ϵ0∆ϵp

2τp +∆t

)
+

1

4∆t

(
N∑
p=1

γp

)
+

ϵ0
∆t

[
αχ

(3)
0

(
3G2

x +G2
y

)
+ Sn+1

]
, (7.30)

J1,2 = J2,1 =
2ϵ0
∆t

αχ
(3)
0 GxGy, (7.31)

J2,2 =
ϵ0
∆t

+

(
M∑
p=1

2ϵ0∆ϵp

2τp +∆t

)
+

1

4∆t

(
N∑
p=1

γp

)
+

ϵ0
∆t

[
αχ

(3)
0

(
3G2

y +G2
x

)
+ Sn+1

]
, (7.32)

ìpou |g sthn ex. 7.29 sumbolÐzei ìti gÐnetai upologismìc me timèc apì thn g prosèg-
gish. H qronik  ananèwsh thc ex. 7.2 prokÔptei �mesa, afoÔ h 7.2 den perièqei mh
grammikoÔc ìrouc. 'Etsi h qronik  ananèwsh thc Hz sunist¸sac pedÐou eÐnai (ìmoia
kai gia tic �llec sunist¸sec):

Hn+3/2
z = Hn+1/2

z − ∆t

µ

(
1

kx

∂

∂x
Ey −

1

ky

∂

∂y
Ex + ψHz,x − ψHz,y

)∣∣∣∣n+1

, (7.33)
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ìpou oi Ex|n+1, Ey|n+1 sunist¸sec parèqontai apì thn lÔsh thc ex. 7.28. Ta CPML

reÔmata stic ex. 7.28 kai 7.33 anane¸nontai qronik� akrib¸c ìmoia ìpwc stic ex.
2.9, 2.10, pou èqoun parousiasteÐ parap�nw. Dhlad  endeiktik� gia thn qronik 
ananèwsh thc ψDx,y sthn ex. 7.28, ja eÐnai:

ΨDx,y |n+1
i,j = byjΨDx,y |ni,j + cyj

∂H
n+1/2
z

∂y

∣∣∣∣∣
i,j

. (7.34)

H TF-SF teqnik  efarmìzetai stic ex. 7.28, 7.33. Dhlad  h ex. 7.28, epilÔetai kai
prosdiorÐzontai ta pedÐa En+1

x , En+1
y , ta opoÐa Ôstera diorj¸nontai prosjètontac

ìrouc tou prospÐptontoc magnhtikoÔ pedÐou sÔmfwna me thn qwrik  metatìpish twn
hlektrik¸n kai magnhtik¸n pedÐwn, parìmoia me thn ex. 2.18, kai ¸ste sthn ex. 7.28
kai ta dÔo mèlh thc na èqoun ìrouc eÐte skedazìmenou eÐte olikoÔ pedÐou. H ex. 7.33

epilÔetai kai prosdiorÐzetai to pedÐo Hn+1/2
z , kai Ôstera me ìmoio trìpo prostÐjentai

oi diorj¸seic prospÐptontoc hlektrikoÔ pedÐou.

7.2 ParadeÐgmata kai efarmogèc mh grammik c

FDTD

Sto Sq. 7.1 parousi�zetai h TF-SF teqnik  gia ton GVADE algìrijmo. Ed¸ mon-
telopoieÐtai h di�dosh kat� ton y �xona solitonÐou me sunist¸sec {Ex, Ey, Hz}. H
grammik  diaspor� eÐnai tÔpou Lorentz, me paramètrouc (ex. 7.6, 7.7), M = 3,
δp = 0, p = 1, 2, 3, ω1 = 2.7537 × 1016rad/s, ω2 = 1.6205 × 1016rad/s, ω3 =

1.90342 × 1016rad/s, ∆ϵ1 = 0.69617 kai ∆ϵ2 = 0.40794, ∆ϵ3 = 0.89748. H sqetik 
isqÔc twn pol¸sewn Raman, kai Kerr dÐnetai apì thn par�metro α = 0.7. H h-

lektrik  epidektikìthta trÐthc t�xhc eÐnai χ(3)
0 = 1.89 × 10−22m2/V 2 kai h pìlwsh

Raman èqei paramètrouc τ1 = 12.2fs, τ2 = 32fs. Qwrikì solitìnio eis�getai sto
plègma, diegeÐrontac to magnhtikì pedÐo me phg :

Hz(x, y = const., t) = H0 sin(ωct)/ cosh(x/w), (7.35)

ìpou H0 = 4.77× 107A/m, ωc = 4.35× 1015rad/s , (λ0 = 0.433µm), w = 0.667µm

kai èqei epilegeÐ ∆x = ∆y = 8nm, ∆t = 3.34 × 10−18sec. (pou antistoiqeÐ sto 1/4

tou mègistou qronikoÔ b matoc pou epitrèpei to krit rio1 eust�jeiac Courant gia thn
FDTD qwrÐc mh grammikìthtec. To solitìnio diadÐdetai proc thn (y+) dieÔjunsh,
ìpou eÐnai h perioq  olikoÔ pedÐou, en¸ sthn perioq  skedazìmenou pedÐou (efìson
den up�rqei skedast c sto plègma) den up�rqei skedazìmeno pedÐo. E�n to qwrikì
solitìnio eisag�gontan qwrÐc thn TF-SF teqnik , ja up rqe di�dosh kai proc thn
(y−) dieÔjunsh (ìloc o q¸roc ja  tan q¸roc olikoÔ pedÐou, gegonìc pou eÐnai faÐne-
tai sto Sq. 7.2. Epiplèon tonÐzetai ìti kai sto dÔo sq mata 7.1 kai 7.2 to plègma

1σε μη γραμμικά προβλήματα το ∆t επιλέγεται εμπειρικά, διότι δεν υπάρχει αυστηρό κριτήριο
ευστάθειας
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oriojeteÐtai me CPML, kai ètsi h èntash tou pedÐou mei¸netai kaj¸c to solitìnio
plhsi�zei ta ìria tou plègmatoc kat� ton y-�xona. Sto Sq. 7.3 parousi�zetai
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Sq ma 7.1: Teqnik  TF-SFkai GVADE algìrijmoc.
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Sq ma 7.2: Eisagwg  diègershc (qwrikì solitìnio) ston GVADE algìrijmo, qwrÐc thn
TFSF teqnik  .

h apìdosh tou CPML san sun�rthsh tou qrìnou. OrÐzetai to sf�lma (error) tou
CPML, san thn apìluth diafor� tou pedioÔ f(x, y, t) se kìmbouc plègmatoc tou
termatÐzetai me CPML meÐon to pedÐo fref (x, y, t) se akrib¸c touc Ðdiouc kìmbouc se
plègma anafor�c (pou eÐnai arket� meg�lo ¸ste to pedÐo na mhn èqei ft�sei sta ìria
tou kai na èqei anaklasteÐ) san sun�rthsh tou qrìnou. Dhlad :

Error(t) = |f(x, y, t)− fref (x, y, t)|/|fref (x, y, t)|. (7.36)
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Apì to Sq. 7.3 faÐnetai ìti h apìdosh tou CPML kumaÐnetai kat� mèso ìro metaxÔ
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Sq ma 7.3: Apìdosh CPML me mh grammikìthta, ulopoÐhsh me ton GVADE algìrijmo.

50−60db, tim  se logik� plaÐsia gia mh grammik� probl mata [27]. Qrhsimopoi jhke
CPML p�qouc 40 keli¸n, kai me tupikèc paramètrouc gia grammik� probl mata
(m = 4, R(0) = exp(−16), Kmax = 10, amax = 0.24, ma = 3). H beltistopoÐhsh thc
apìdoshc tou CPML gia mh grammik� ulik� eÐnai upì diereÔnhsh. Sto Sq. 7.4 faÐne-
tai h eustaj c di�dosh qwrikoÔ solitonÐou se mèso me ta Ðdia qarakthristik� ìpwc
sta Sq. 7.1, 7.2. Gia pl�toc solitonÐou H0 = 4.77 × 107A/m h perÐjlash exisor-
ropeÐtai apì thn mh grammikìthta me apotèlesma thn eustaj  di�dosh tou solitonÐou.
'Omwc sto Sq. 7.5, ìpou to pl�toc solitonÐou diplasi�zetai ( H0 = 9.54× 107A/m),
h mh grammikìthta uperisqÔei thc perÐjlashc kai parousi�zetai periodik  sumpÔkn-
wsh kai araÐwsh tou solitonÐou [93] fainìmeno anamenìmeno apì thn NLS (Non lin-

ear Schrodinger) exÐswsh pou problèpei thn emf�nish solitonÐou an¸terhc t�xhc
(higher-order soliton) ìtan to pl�toc tou solitonÐou eÐnai pollapl�sio tou pl�touc
tou jemeli¸douc solitonÐou fundamental soliton (Kef. 22 [94]). 'Etsi h ulopoÐhsh
tou GVADE algorÐjmou sumfwneÐ me ta apotelèsmata thc NLS sto ìrio thc parax-
ial prosèggishc. 'Omwc o GVADE epilÔei tic ex. Maxwell qwrÐc proseggÐseic, �ra
parèqei thn dunatìthta melèthc dom¸n pèra apì ta ìria thc paraxial prosèggishc,
dhlad  se perioqèc ìpou h perib�llousa tou optikoÔ palmoÔ metab�lletai polÔ arg�
se sqèsh me to m koc kÔmatoc λ = λ0/n, ìpou n eÐnai o grammikìc deÐkthc di�jlashc.
Aut  h sunj kh metafr�zetai se (Kef. 21 [94], sel. 898), λ ≪ w, ìpou w (sth ex.
7.35 ) to qwrikì eÔroc tou solitonÐou.

'Ena endiafèron prìblhma eÐnai h melèth thc di�doshc solitonik¸n lÔsewn se
mh grammikèc diat�xeic kumatod ghshc me qr sh thc mh grammik c FDTD pou èqei
parousiasteÐ parap�nw. 'Eqoun brejeÐ eustajeÐc analutikèc lÔseic (dhlad  lÔseic
me qwrik  ex�rthsh eiβy gia di�dosh kat� ton y-�xona) gia mh grammikì montèlo
Kronig-Penney [57] h gewmetrÐa tou opoÐou faÐnetai sto Sq. 7.6 to opoÐo periè-
qei periodik  dom  kat� x periìdou T kai apoteleÐtai apì grammik  perioq  m kouc
L kai mh grammik  perioq  m kouc NL. H grammik  perioq  èqei deÐkth di�jlashc
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Sq ma 7.4: ProsomoÐwsh GVADE me CPML, TFSF. Hz pedÐo, qwrikoÔ solitonÐou me
{Ex, Ey,Hz} sunist¸sec, se ulikì me grammik  diaspor� Lorentz, mh-grammikìthta Kerr,
mh grammikìthta Raman. Eustaj c di�dosh.
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Sq ma 7.5: ProsomoÐwsh GVADE me CPML, TFSF. Hz pedÐo, qwrikoÔ solitonÐou me
{Ex, Ey,Hz} sunist¸sec, se ulikì me grammik  diaspor� Lorentz, mh-grammikìthta Kerr
kai mh grammikìthta Raman. Di�dosh me periodik  sumpÔknwsh-araÐwsh.
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nL,0 (qwrÐc diaspor�) kai h mh grammik  perioq  èqei mh grammikìthta tÔpou Kerr,
me grammikì deÐkth di�jlashc nNL,0 kai mh grammikì deÐkth di�jlashc n2. H ex-

      

Sq ma 7.6: GewmetrÐa grammikoÔ montèlou Kronig-Penney me perÐodo T = L+NL ìpou
L, NL to m koc grammik c, mh-grammik c perioq c antÐstoiqa.

agwg  twn lÔsewn èqei basisteÐ sthn NLS kai h di�dosh touc kat� ton y �xona
(Sq. 7.6) ègine me thn mèjodo split-step Fourier [2]. Kai oi dÔo autèc teqnikèc isqÔ-
oun k�tw apì thn paradoq  thc paraxial prosèggishc [2]. H mh grammik  FDTD

pou parousi�sthke mporeÐ na melet sei thn di�dosh aut¸n twn lÔsewn (epilÔontac
wc proc ta pedÐa Ez(x, y), Hx(x, y), Hy(x, y)) qwrÐc paradoqèc (paraxial), kai mporeÐ
parìmoia na qrhsimopoihjeÐ gia thn melèth solitonik¸n lÔsewn se diaforetikoÔ tÔpou
[58], [59] mh grammikèc diat�xeic kumatod ghshc. SÔmfwna me ton Kivshar ( [53] sel.
392), gia tic parap�nw mh-grammikèc diat�xeic kumatod ghshc, h paraxial prosèg-
gish paÔei na isqÔei, e�n to m koc (kat� ton y-�xona sto Sq. 7.6) sto opoÐo h
kumatodhgoÔmenh dèsmh metab�llei to sq ma thc den eÐnai aisjht� megalÔtero apì
to pl�toc thc kat� thn diam kh di�stash thc (dhlad  kat� ton x-�xona sto Sq.
7.6). Autì sumbaÐnei ìtan o grammikìc deÐkthc di�jlashc grammik c-mh grammik c
perioq c metab�lletai aisjht�, diìti tìte h stajer� di�doshc kat�-y eÐnai arket�
meg�lh [57] ¸ste na mhn isqÔei h paraxial prosèggish. Sto Sq. 7.7, parousi�zetai
to hlektrikì pedÐo Ez se mh-grammik  di�taxh gewmetrÐac Kronig-Penney me perÐo-
do T = L + NL ìpou L = 4µm, NL = 2µm to m koc grammik c, mh-grammik c
perioq c antÐstoiqa. O upologismìc ègine me qr sh thc mh-grammik c FDTD. H mh-
grammik  perioq  èqei grammikì deÐkth di�jlashc nL,NL = 2.46 kai mh grammikìthta
Kerr me mh grammikì deÐkth di�jlashc n2 = 1.25× 10−18m2/W, pou antistoiqoÔn se
ulikì Type-RN Corning glass, en¸ h grammik  perioq  èqei arket� uyhlìtero deÐkth
di�jlashc, nL,0 = 4 kai ètsi den isqÔei h paraxial prosèggish. To m koc kÔmatoc
thc dèsmhc eÐnai λ0 = 1.3µm, to pl�toc thc Ez phg c eÐnai 6.87 × 109V/m, kai h
egk�rsia sunarthsiak  morf  thc phg c Ez(x) (Sq. 7.8) eÐnai h analutik  lÔsh pou
perigr�fetai stic anaf. [58], [59]:

Ez(x, β, x0) =

{
±
√
β − nNL,0sech(

√
β − nNL,0(x− x0)) x ∈ NL

ak sin(
√
nL,0 − βx+ ϕk) x ∈ L,

(7.37)
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Sq ma 7.7: Hlektrikì pedÐo Ez mh grammik c-FDTD se mh-grammik  di�taxh gewmetrÐac
Kronig-Penney me perÐodo T = L +NL ìpou L = 4µm, NL = 2µm to m koc grammik c,
mh-grammik c perioq c antÐstoiqa. O grammikìc deÐkthc di�jlashc thc grammik c kai mh
grammik c perioq c eÐnai nL,0 = 4, nNL,0 = 2.46 antÐstoiqa (non-paraxial ìrio).

ìpou x0 eÐnai h jèsh megÐstou thc analutik c lÔshc (x0 = 0 sto Sq. 7.7), kai oi
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Sq ma 7.8: Analutik  lÔsh Ez(x) egk�rsiou profÐl rujmoÔ se mh-grammik  di�taxh
kumatod ghshc (di�dos  kat� y) gewmetrÐac Kronig-Penney me perÐodo T = L+NL ìpou
L = 4µm, NL = 2µm to m koc grammik c, mh-grammik c perioq c antÐstoiqa.

suntelestèc ak, ϕk prosdiorÐzontai apì thn sunèqeia thc analutik c lÔshc kai thc
pr¸thc parag¸gou thc sto k-sto sÔnoro grammik c-mh grammik c perioq c, kai h
opoÐa ikanopoieÐtai, [58], [59], gia diakritèc timèc thc stajer�c di�doshc β:

β = βn = nL,0 −
(
Nπ

L

)2

, N = 1, 2, . . . (7.38)

Stic parap�nw ex. 7.37, 7.38 to m koc eÐnai adi�stath posìthta sÔmfwna me thn
kanonikopoÐhsh mon�dwn thc NLS [2]. Sto Sq. 7.7 parathreÐtai ìti an kai oi lÔseic
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èqoun kataskeuasteÐ gia eustaj c di�dosh (eiβy) parìla aut� up�rqei aktinobolÐa
proc ta �kra tou plègmatoc kai telik� sto sÔsthma diadÐdetai diaforetikìc apì ton
problepìmeno palmì. Gegonìc pou endèqetai na sumbeÐ kaj¸c h sugkekrimènh dom 
den mporeÐ na perigrafeÐ akrib¸c upì thn paraxial prosèggish kai giatÐ diìti akìma
kai se aut n thn perÐptwsh fainìmena ast�jeiac mporoÔn na parousiastoÔn [58], [59]
kat� thn di�dosh tou palmoÔ lìgw thc qaotik c sumperifor�c mou mporeÐ na epifèrei
h mh grammikìthta tou sust matoc. To ìti h sugkekrimènh dom  eÐnai sto non-

paraxial ìrio eÐnai emfanèc sto Sq. 7.7, ìpou h dèsmh kat� ton �xona y metab�lletai
me qwrik  perÐodo perÐpou 10µm pou eÐnai m koc sugkrÐsimo me thn qwrik  metabol 
thc dèsmhc kat� x, gegonìc pou faner¸nei ìti to sÔsthma eÐnai sthn non-paraxial

perioq . P�ntwc se domèc ìpou h paraxial prosèggish den isqÔei, h di�dosh prèpei na
perigrafeÐ me epÐlush twn exis¸sewn Maxwell kai ìqi me mejìdouc ìpwc h split-step

Fourier pou efarmìzontai se domèc ìpou ikanopoieÐtai h paraxial prosèggish, ìpwc
stic anaforèc [58], [59]. EpÐshc èna epiplèon shmeÐo mellontik c diereÔnhshc eÐnai h
euaisjhsÐa thc di�doshc twn analutik¸n lÔsewn, 7.37, sta arijmhtik� sf�lmata thc
mh-grammik c FDTD.
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Par�rthma Aþ

Upologismìc apìdoshc sÔzeuxhc

kai kateujuntikìthtac me qr sh

thc RCWA/LM mèjodou

S' autì to par�rthma parousi�zetai o upologismìc thc apìdoshc sÔzeuxhc kai h
kateujuntikìthta gia olografikoÔc suzeÔktec exìdou (VHGC), gia TE kai TM pìl-
wsh, me b�sh thn RCWA/LM mèjodo. 'Omoia upologÐzetai h apìdosh sÔzeuxhc gia
suzeÔktec exìdou epifaneiak c diamìrfwshc.

H gewmetrÐa twn VHGC faÐnetai sta Sq. 4.2a, 5.2a kai eÐnai oi suzeÔktec pou
analÔontai sta Kef. 4, 5 antÐstoiqa. Sto Sq. 4.2a to olografikì fr�gma eÐnai
sthn perioq  film tou kumatodhgoÔ en¸ sto Sq. 5.2a to fr�gma eÐnai sto str¸ma
akrib¸c dÐpla apì to film. Oi kumatodhgoÔmenoi rujmoÐ pou uposthrÐzontai apì touc
suzeÔktec eÐnai sun jwc rujmoÐ diarro c leaky modes pou aktinoboloÔn isqÔ makri�
apì thn dom . Aut  h aktinobolÐa eÐnai o mhqanismìc sÔzeuxhc proc ta èxw tou
fwtìc apì ton kumatodhgì. H dom  tou Sq.5.2a mporeÐ na sqediasteÐ na uposthrÐzei
di�forouc rujmoÔc diarro c me mìno ènan na eÐnai periorismènoc sthn perioq  tou
kumatodhgoÔ, en¸ h dom  sto Sq. 5.2a mporeÐ na sqediasteÐ na uposthrÐzei mìno ton
basikì rujmì diarro c sto m koc kÔmatoc sqediasmoÔ λ0. Majhmatik� h aktinobolÐa
mporeÐ na anaparastajeÐ me migadik  stajer� di�doshc gia k�je rujmì diarro c. H
migadik  stajer� di�doshc eÐnai β̃ = β − jα, ìpou β, α eÐnai pragmatikoÐ arijmoÐ, kai
upologÐzontai apì thn RCWA [75]. Sthn parak�tw an�lush to m-ostì str¸ma (Sq
Aþ.1) thc dom c (ektìc tou cover kai tou substrate) jewreÐtai olografikì fr�gma
me �nusma perÐjlashc K⃗ = Kxx̂ +Kyŷ. To perijlastikì �nusma orÐzei thn perÐodo
kai thn gwnÐa klÐshc tou perijlasikoÔ fr�gmatoc. Ta omogen  str¸mata mporoÔn
na jewrhjoÔn san eidikèc peript¸seic olografikoÔ fr�gmatoc me mhdenik  metabol ,
K⃗ = 0. Ta pedÐa se k�je perioq  èqoun thn morf 

U⃗m = ẑUm(x, y) exp(−jβ̃y), (Aþ.1)

ìpou U⃗ anaparist� to E⃗, H⃗ pedÐo gia thn TE, TM pìlwsh antÐstoiqa. Gia tom-ostì
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Sq ma Aþ.1: Di�gramma gia thn an�lush dom c perijlastikoÔ suzeÔkth me tuqaÐo arijmì
strwm�twn kai fr�gmatwn

str¸ma tou kumatodhgoÔ1 (Sq. Aþ.1),

Um(x, y) =
∑
i

Sm,i(x) e
−jσ⃗m,i·r⃗, m = 2, ...,M + 1 (Aþ.2)

ìpou σ⃗m,i = k̃y,iŷ − iKm,xx̂, me k̃y,i = β̃ − iKy, kai

Sm,i(x) =
∑
j

Cm
j w

m
i,j exp(λ

m
j x), (Aþ.3)

ìpou wm
i,j kai λ

m
j eÐnai ta idiodianÔsmata kai idiotimèc twn pedÐwn sto m-ostì str¸ma

kai Cm
j eÐnai oi antÐstoiqoi suntelestèc kai ìla upologÐzontai me thn RCWA mèjodo

[75]. Gia thn perioq  tou cover

U⃗1 = ẑ
∑
i

Ri exp(−jk⃗1,i · r⃗), (Aþ.4)

ìpou Ri eÐnai ta pl�th twn t�xewn perÐjlashc sthn perioq  tou cover kai ta kuma-
todianÔsmata orÐzontai wc

k⃗1,i = k̃1,xix̂+ k̃y,iŷ (Aþ.5)

ìpou
k̃1,xi = (k20n

2
1 − k̃2y,i)

1/2 (Aþ.6)

1οι Εξ. Αʹ.1, Αʹ.2, αποτελούν την μονοδιάστατη έκϕραση του θεωρήματος Bloch
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e�n Re{k1,xi} − Im{k1,xi} < 0  

k̃1,xi = −(k20n
2
1 − k̃2y,i)

1/2 (Aþ.7)

e�n Re{k1,xi} − Im{k1,xi} > 0[97].

Gia to substrate str¸ma (M + 1 str¸ma sto Sq. Aþ.1)

U⃗M+1 = ẑ
∑
i

Ti exp[−jk⃗M+1,i · (r⃗ − dx̂)], (Aþ.8)

ìpou d =
∑

m tm me tm to p�qoc tou m-ostoÔ str¸matoc, kai Ti eÐnai ta pl�th twn
perijlastik¸n t�xewn sthn perioq  tou substrate str¸matoc. Ta kumatodianÔsmata
orÐzontai wc

k⃗M+1,i = k̃M+1,xix̂+ k̃y,iŷ (Aþ.9)

ìpou
k̃M+1,xi = (k20n

2
M+1 − k̃2y,i)

1/2 (Aþ.10)

e�n Re{kM+1,xi} − Im{kM+1,xi} < 0  

k̃1,xi = −(k20n
2
M+1 − k̃2y,i)

1/2 (Aþ.11)

e�n Re{kM+1,xi} − Im{kM+1,xi} > 0[97].

Me efarmog  twn sunoriak¸n sunjhk¸n sta di�fora str¸mata to prìblhma ek-
fr�zetai se morf  exÐswshc pin�kwn thc morf c M(β̃)V = 0, ìpou M eÐnai ènac
2MN × 2MN pÐnakac me N o arijmìc perijlastik¸n t�xewn pou qrhsimopoioÔntai
sthn an�lush kaiV = [RC1 . . .CM−1T]T . R = [R−P , . . . , RP ] kaiT = [T−P , . . . , TP ]

eÐnai dianÔsmata megèjouc N , ìpou P = (N−1)/2. Aut� ta dianÔsmata antistoiqoÔn
sta migadik� pl�th twn epÐpedwn kum�twn perÐjlashc stic perioqèc cover kai sub-
strate antÐstoiqa, en¸ ta Cm dianÔsmata megèjouc 2N antistoiqoÔn stouc sunte-
lestèc twn pedÐwn sta eswterik� str¸mata thc dom c. Gia mÐa mh tetrimmènh lÔsh
tou parap�nw sust matoc prèpei na eÐnai det[M(β̃)] = 0, ìpou det h orÐzousa, kai
ètsi prosdiorÐzetai h stajer� di�doshc β̃.

To parap�nw eÐnai èna arijmhtik� euaÐsjhto prìblhma diìti mporeÐ na up�rqoun
pollèc lÔseic β̃ pou antistoiqoÔn se di�forouc fusikoÔc   mh rujmoÔc. Sun jwc
efarmìzontai teqnikèc beltistopoÐhshc ìpwc h sequential quadratic programming gia
prosèggish thc lÔseic kai eÐnai epituq c e�n gÐnei mÐa kal  arqik  prosèggish thc
lÔshc. Sun jwc san arqik  ektÐmhsh thc lÔshc epilègetai h pragmatik  stajer�
di�doshc gia ìla ta str¸mata upojètontac mhdenik  metabol  tou perijlastikoÔ
dianÔsmatoc K⃗ = 0, dhlad  apousÐa perijlastikoÔ fr�gmatoc.

Efìson h β̃ èqei prosdioristeÐ, qrhsimopoieÐtai gia ton upologismì thc katanom c
isqÔoc thc aktinobolÐac pou perijl�tai èxw apì ton suzeÔkth. Epeid  det[M(β̃)] = 0,
oi sunist¸sec tou dianÔsmatoc prosdiorÐzontai mìno san sun�rthsh mÐac stajer�c
pou qwrÐc na ephre�zetai to telikì apotèlesma upojètoume ìti eÐnai R1 = 1. 'Etsi
oi Ri, Ti timèc eÐnai an�logec thc R1. Me qr sh thc M(β̃)V = 0,kai apaloif 
thc R1 metablht c kai mÐac exÐswshc apì to sÔsthma, kai qrhsimopoi¸ntac β̃ san
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lÔsh tou meiwmènou sust matoc, mporoÔn na brejoÔn oi sqetikèc timèc ìlwn twn Ri,
Ti suntelest¸n. AutoÐ oi suntelestèc Ôstera qrhsimopoioÔntai gia na upologisteÐ
h sqetik  katanom  isqÔoc metaxÔ twn ìrwn perÐjlashc. Sqetikèc timèc gia k�je
di�nusma Poynting (PV) upologÐzontai sÔmfwna me thn

PVcover,i = |Ri|2Re{−K1,xi} (Aþ.12)

gia anakl¸menh t�xh perÐjlashc i sto cover, kai

PVsubst.,i = |Ti|2Re{KM+1,xi}p (Aþ.13)

gia diadidìmenh t�xh perÐjlashc sto substrate, ìpou p = 1, p = n2
1/n

2
M+1 gia

TE, TM pìlwsh antÐstoiqa. EpÐshc oi sqetikèc timèc twn mh diadidìmenwn t�xewn
(|Re{ky,i}| > k0n1 gia to cover kai |Re{ky,i}| > k0nM+1 gia to substrate) jètontai
mhdèn. Tèloc oi sqetik  isqÔc thc k�je t�xhc pou upologÐsthke kanonikopoieÐtai
wc proc to �jroisma touc. To posostì thc isqÔc exìdou proc thn epijumht  t�xh
perÐjlashc orÐzetai wc lìgoc kateujuntikìthtac kai sumbolÐzetai ηl,i ìpou l = c, s,
gia to cover, substrate antÐstoiqa kai i eÐnai h t�xh perÐjlashc. Dhlad 

ηl,i =
PVl,i∑

i PVcover,i +
∑

i PVsubst,i
. (Aþ.14)

H apìdosh sÔzeuxhc (CEl,i), pou orÐzetai san to posostì thc kumatodhgoÔmenhc
isqÔoc P0 sthn arq  tou suzeÔkth pou perijl�tai sthn epijumht  t�xh met� apì
m koc di�doshc L, mporeÐ na upologisteÐ e�n h stajer� di�doshc β̃ kai h katanom 
isqÔoc ηl,i eÐnai gnwst , kai dÐnetai apì[75]

CEl,i = ηl,i[1− exp(−2αL)]. (Aþ.15)
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Par�rthma Bþ

Mèjodoc PÐnaka Metafor�c

(Transfer Matrix Method)

H mèjodoc transfer matrix eÐnai ènac formalismìc epÐlushc tou polustrwmatikoÔ
probl matoc. H mèjodoc parousi�zetai gia TE pìlwsh, all� h epèktash se TM
pìlwsh gÐnetai eÔkola. AkoloujeÐtai o formalismìc tou Kogelnik [54].

H polustrwmatik  mh magnhtik  dom  kumatod ghshc faÐnetai sto Sq. B'.1. O

 

 

 

Sq ma Bþ.1: GewmetrÐa PolustrwmatikoÔ KumatodhgoÔ

deÐkthc di�jlashc, ni, tou i-stou str¸matoc mporeÐ genik� na eÐnai migadikìc (ni =

ñi−jk̃i ìpou k̃i eÐnai o suntelest c apìsbeshc tou i-stou str¸matoc kai i = 1, . . . , r,
me r o arijmìc twn strwm�twn. Gia TE pìlwsh kai di�dosh kat� +y dieÔjunsh, sto
i-sto str¸ma, (xi ≤ x ≤ xi+1), to hlektrikì pedÐo eÐnai, E⃗i = ẑEzi(x) exp(jωt−jγz),
kai to magnhtikì pedÐo sto Ðdio str¸ma eÐnai, H⃗i = [x̂Hxi(x)+ŷHyi(x)] exp(jωt−jγz),
ìpou x̂, ŷ, ẑ, eÐnai ta monadiaÐa anÔsmata kat� tic x, y, z, dieujÔnseic antÐstoiqa,
ω eÐnai h gwniak  suqnìthta, kai γ = β − jα eÐnai h migadik  stajer� di�doshc, me
β, α h f�sh kai stajer� apìsbeshc antÐstoiqa. Oi pediakèc sunist¸sec par�llhlec
sta sÔnora tou i-stou str¸matoc me sqetik  epitreptìthta ϵi = n2

i , ikanopoioÔn tic
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exis¸seic Maxwell ∇× E⃗i = −jωµ0H⃗i kai ∇× H⃗i = jωϵ0ϵiE⃗i wc:

d

dx

(
Ezi(x)

ωµ0Hyi(x)

)
=

(
0 j
jκ2i 0

)(
Ezi(x)

ωµ0Hyi(x)

)
(Bþ.1)

ìpou ϵ0 eÐnai h epitreptìthta tou eleÔjerou q¸rou, κi = ±
√
k20n

2
i − γ2, k0 = ω/c =

2π/λ0, c eÐnai h taqÔthta sto kenì, kai λ0 eÐnai to m koc kÔmatoc sto kenì. Ta
hlektrik� kai magnhtik� pedÐa sto i-sto str¸ma eÐnai lÔseic thc ex. B'.1, kai mporoÔn
na graftoÔn wc:

Ezi(x) = Ai exp[jκi(x− xi)] +Bi exp[−jκi(x− xi)],

ωµ0Hyi(x) = Aiκi exp[jκi(x− xi)]−Biκi exp[−jκi(x− xi)] (Bþ.2)

ìpou xi orÐzei to sÔnoro metaxÔ tou i-stou kai i+1-stou str¸matoc Oi exis¸seic B'.2,
dhl¸noun ìti k�je prìshmo tetragwnik c rÐzac tou κi eÐnai apodekt . Qrhsimopoi¸n-
tac tic lÔseic twn parap�nw exis¸sewn, ta efaptomenik� pedÐa sto k�tw mèroc tou
i-stou str¸matoc, (x = xi), mporeÐ na ekfrasteÐ san sun�rthsh twn pedÐwn mèsa s'
autì to str¸ma sÔmfwna me thn:

(
Ez,i(xi)

ωµ0Hy,i(xi)

)
=

(
cos[κi(x− xi)]

−j
κi

sin[κi(x− xi)]

−jκi sin[κi(x− xi)] cos[κi(x− xi)]

)(
Ez,i(x)

ωµ0Hy,i(x)

)
.

(Bþ.3)
Me qr sh thc sunèqeiac twn efaptomenik¸n pedÐwn sthn epif�neia k�je str¸matoc
sthn polustrwmatik  di�taxh, ta pedÐa sto p�nw mèroc tou substrate str¸matoc,
Ez,S, Hy,S, kai sto k�tw mèroc tou cover str¸matoc Ez,C , Hy,C , sqetÐzontai me to
parak�tw ginìmeno pin�kwn:

(
Ez,S

ωµ0Hy,S

)
=M1M2 . . .Mr

(
Ez,C

ωµ0Hy,C

)
=

(
m1,1 m1,2

m2,1 m2,2

)(
Ez,C

ωµ0Hy,C

)
(Bþ.4)

ìpou:

Mi =

(
cos(κidi)

−j
κi

sin(κidi)

−jκi sin(κidi) cos(κidi)

)
for i = 1, 2, . . . , r, (Bþ.5)

eÐnai oi pÐnakec metafor�c gia ìla ta r str¸mata me p�qoc di. Gia odeÔontec rujmoÔc,
ta efaptomenik� pedÐa stic epif�neiec prèpei na fjÐnoun ekjetik� èqontac thn morf :

Ez,C(x) = AC exp[−γC(x− xr+1)] x > xr+1

ωµ0Hy,C(x) = −jγCAC exp[−γC(x− xr+1)] x > xr+1 (Bþ.6)

Ez,S(x) = BS exp(γSx) x < 0

ωµ0Hy,S(x) = jγSBS exp(γSx) x < 0

ìpou γS = ±
√
γS − k20n

2
S, γC = ±

√
γC − k20n

2
C , kai ta prìshma epilègontai ¸ste

Re[γS] > 0, Re[γC ] > 0, nS, nC eÐnai oi migadikoÐ deÐktec di�jlashc sto substrate kai
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cover antÐstoiqa. H exis¸seic B'.6 se sunduasmì me thn B'.4 par�goun thn:

F (γ) = j(γSm1,1 + γCm2,2)−m2,1 + γSγCm1,2 = 0, (Bþ.7)

ta mhdenik� thc opoÐac parèqoun tic migadikèc stajerèc di�doshc γ.
H Ðdia diadikasÐa mporeÐ eÔkola na efarmosteÐ kai gia TM pìlwsh [54]. Tìte oi

pÐnakec metafor�c Mi sthn ex. B'.5 èqoun thn Ðdia morf  me mình diafor� ìti oi ìroi
κi antikajÐstatai apì −κi/n2

i stouc suntelestèc hmitìnwn, kai sthn ex. B'.7 oi ìroi
γS, γC , prèpei na antikatastajoÔn apì touc −γS/n2

S kai −γC/n2
C .

111





Par�rthma Gþ

An�lush rujm¸n gia upologismì

isqÔoc se rujmoÔc

kumatod ghshc

O polustrwmatikìc kumatodhgìc, Sq. G,.1, apoteleÐtai apì N str¸mata peperasmè-
nou p�qouc, an�mesa se dÔo hmi�peira mèsa substrate kai cover, me deÐkth di�jlashc
ns, nc, antÐstoiqa. To p�qoc kai o deÐkthc di�jlashc tou i-stou str¸matoc eÐnai ti,

 

 

 

Sq ma Gþ.1: Polustrwmatikìc kumatodhgìc apoteloÔmenoc apì N str¸mata, p�qouc ti,
kai deÐkth di�jlashc ni, i = 1, 2 . . . , N , ta opoÐa brÐskontai metaxÔ dÔo hmi�peirwn mèswn
(substrate, cover, me deÐkth di�jlashc ns, nc, antÐstoiqa)

kai ni antÐstoiqa. O kumatodhgìc eÐnai �peiroc kat� tic y, z, dieujÔnseic en¸ eÐnai
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Par�rthma Gþ. An�lush rujm¸n gia upologismì isqÔoc se rujmoÔc kumatod ghshc

peperasmènoc kat� thn x dieÔjunsh.

Gia na upologisteÐ h isqÔc twn kumatodhgoÔmenwn rujm¸n pou uposthrÐzontai apì
ton kumatodhgì, efarmìzetai h an�lush rujm¸n. Kat�rq n, gia thn perÐptwsh thc
TE pìlwshc, (hlektrikì pedÐo kat� thn z dieÔjunsh), sÔmfwna me thn an�lush ru-
jm¸n, opoiad pote katanom  pedÐou Ez(x), kat� m koc tou x-�xona, mporeÐ na analu-
jeÐ wc proc touc kumatodhgoÔmenouc rujmoÔc kai touc rujmoÔc aktinobolÐac sÔmfwna
me thn:

Ez(x) =
∑
m

αmEm,z(x) +

∫
β

q(β)Ez(x, β)dβ, (Gþ.1)

ìpou Ez,m(x) kai Ez(x, β) eÐnai to profÐl tou pedÐou tou TEm kumatodhgoÔmenou ru-
jmoÔ kai tou rujmoÔ aktinobolÐac antÐstoiqa, me αm kai q(β) �gnwstoi suntelestèc.
'Etsi to hlektrikì pedÐo tou kumatodhgoÔ Ez(x) mporeÐ na ekfrasteÐ wc:

Ez(x) =
∑
m

αmEm,z(x) exp(−jβmy) +
∫
β

q(β)Ez(x, β) exp(−jβy)dβ, (Gþ.2)

ìpou βm, β, eÐnai oi stajerèc di�doshc tou m-stou kumatodhgoÔmenou rujmoÔ kai
tou rujmoÔ aktinobolÐac antÐstoiqa. Epiplèon oi rujmoÐ tou kumatodhgoÔ eÐnai or-
jog¸nioi:

⟨Em,z(x), En,z(x)⟩ =
βm
2ωµ0

∫ ∞

−∞
Em,zE∗

n,zdy = PTEmδm,n, (Gþ.3)

ìpou ω eÐnai h gwniak  suqnìthta, µ0 h magnhtik  diaperatìthta tou kenoÔ, PTEm

h kanonikopoihmènh isqÔc tou m-stou kumatodhgoÔmenou rujmoÔ gia TE pìlwsh
kai δm,n to sÔmbolo Kronecker. H sqèsh orjogwniìthtac isqÔei kai gia rujmoÔc
aktinobolÐac all� kai metaxÔ rujm¸n aktinobolÐac kai rujm¸n kumatod ghshc. Pol-
laplasi�zontac me βn

2ωµ0
E∗
n,z(x) kai ta dÔo mèlh thc ex. G'.1 kai efarmìzontac thc

sunj kh orjogwniìthtac (ex. G'.3), prokÔptoun oi �gnwstoi suntelestèc αm kai
q(β):

αm =
1

PTEm

⟨Ez(x), Em,z(x)⟩ =
βm

PTEm2ωµ0

∫ ∞

−∞
Ez(x)E∗

m,z(x)dx, (Gþ.4)

q(β) =
1

PTEm

⟨Ez(x), Ez(x, β)⟩ =
βm

PTEm2ωµ0

∫ ∞

−∞
Ez(x)E∗

z (x, β)dx. (Gþ.5)

Apì ta parap�nw (ex. G'.2, G'.3) prokÔptei ìti h isqÔc PTE = ⟨Ez(x), Ez(x)⟩ gia thn
TE pìlwsh eÐnai:

PTE =
∑
m

|αm|2PTEm +

∫
β

|q(β)|2PTEβ
dβ. (Gþ.6)

Dhlad  oi kajodhgoÔmenh isqÔc tou TEm rujmoÔ, PTEm , kajorÐzetai apì:

PTEm = |αm|2PTEm , (Gþ.7)
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ìpou αm upologÐzetai apì thn ex. G'.4. Parìmoia, gia thn TM pìlwsh, oi kajod-
hgoÔmenh isqÔc tou TMm rujmoÔ, PTMm , dÐnetai apì

PTMm = |bm|2PTMm , (Gþ.8)

ìpou

bm = =
βm

PTMm2ω

∫ ∞

−∞

1

ϵ(x)
Hz(x)H∗

m,z(x)dx, (Gþ.9)

PTEm =
βm
2ω

∫ ∞

−∞

1

ϵ(x)
|Hm,z(x)|2dx. (Gþ.10)

ϵ(x) eÐnai h epitreptìthta, Hz(x) eÐnai to profÐl tou magnhtikoÔ pedÐo ston kumatod-
hgì kat� thn x-dieÔjunsh, kai Hm,z(x) eÐnai to profÐl tou TMm rujmoÔ.

�
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Par�rthma Dþ

Sqediasmìc perijlastikoÔ

suzeÔkth

Gia ton sqediasmì VHGC me sÔzeuxh tou kumatodhgoÔmenou rujmoÔ proc to cover

me prosqediasmènh gwnÐa exìdou θc (Sq. Dþ.1), efarmìzetai h sunj kh prosarmog c
f�shc metaxÔ tou prospÐptontoc rujmoÔ kai tou epijumhtoÔ perijlastikoÔ kÔmatoc.
To Sq. Dþ.1 deÐqnei to di�gramma kumatanusm�twn gia VHGC sthn perioq  tou cover.
H stajer� di�doshc tou rujmoÔ apousÐa tou fr�gmatoc eÐnai β.

β

θc

θg

φ

|Κ|=2π/Λ

k0,rng,r

y

Cover k0,rnc

Grating

x

k0,rnw,rWaveguide

Sq ma Dþ.1: Di�gramma gia ton sqediasmì VHGC me fr�gma sthn perioq  cover gia
gwnÐa exìdou θc

'Opwc faÐnetai sto Sq.Dþ.1, h x sunist¸sa tou perijlastikoÔ dianÔsmatoc Kx

kajorÐzetai me qr sh thc prosarmog c f�shc gia na epiteuqjeÐ h epijumht  gwnÐa
sÔzeuxhc exìdou θc, kai h y sunist¸sa tou perijlastikoÔ dianÔsmatocKy kajorÐzetai
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me qr sh thc sunj khc Bragg. 'Etsi to perijlastikì di�nusma eÐnai

K⃗ = Kxx̂+Kyŷ = (k0,rnc sin θc − β)x̂+ k0,rng,r cos θgŷ, (Dþ.1)

ìpou k0,r = 2π/λ0,r to m koc kÔmatoc sto kenì kai θg h gwnÐa sÔzeuxhc exìdou sto
str¸ma tou fr�gmatoc. Epiplèon efìson ng,r sin θg = nc sin θc h gwnÐa sqediasmoÔ
tou fr�gmatoc gia thn epijumht  gwnÐa exìdou sto cover θc eÐnai

ϕ = tan−1 Ky

Kx

= tan−1

√
n2
g,r − n2

c sin θ
2
c

nc sin θc − neff

, (Dþ.2)

ìpou neffβ/k0,r eÐnai o energìc deÐkthc di�jlashc tou kumatodhgoÔ. Epiplèon sÔm-
fwna me to Sq. Dþ.1, h perÐodoc sqediasmoÔ tou fr�gmatoc gia thn epijumht  gwnÐa
exìdou sto cover θc eÐnai

Λ =
2π

|K⃗|
=

2π

β − k0,rnc sin θc
cosϕ. (Dþ.3)

An kai oi ex. Dþ.2, Dþ.3, dhmiourg jhkan gia VHGC sthn perioq  tou cover m-
poroÔn na efarmostoÔn kai e�n o VHGC eÐnai sthn perioq  tou film kai gia sÔzeuxh
exìdou all� kai exìdou. Parìmoia par�gontai kai oi exis¸seic pou kajorÐzoun tic
sqediastikèc paramètrouc gia suzeÔktec perijlastik¸n fragm�twn epifaneiak c di-
amìrfwshc, ìpwc faÐnetai kai sthn par. 5.3.1.
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