Diffraction Gratings
Coupled-Mode Application

Integrated Optics
Prof. Elias N. Glytsis

School of Electrical & Computer Engineering
National Technical University of Athens

16/01/2023



Coupled Mode Theory
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Usually all modes (guided) are normalized to unit power P =1W

Usually perturbation is small (g/¢’ = 1)
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Waveguide
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https://en.wikipedia.org/wiki/Fiber_Bragg_grating

Gratings
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Substrate

https://www.researchgate.net/profile/Regis_Orobtchouk/publication/249337957/figure/figl/
AS:668990158417927@1536511091203/Illustration-of-a-grating-coupler-layers-with-the-
guided-mode-profile-and-the-out-coupled.png
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Waveguide Gratings
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https://www.degruyter.com/view/journals/nanoph/7/12/article-p1845.xml?language=en
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Codirectional Coupling
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Codirectional Coupling
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Phase Matching Condition

\31 = [32-\— K (or in generald [34*: R, + qK tor higher
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Codirectional Coupling
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For real Ae chonges Ag = L\E,h ~ K2 T Xz

S\"mph'{t‘j\‘ns +the notation | Ky = Fo1,4 Kz = a2, + . Than

the COUP\.Q.d-deE equations become:
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Define 8= Bi-By-K  (deviakion {vom th Brogg condihion).

\<12:‘;<2:* ~% and usuoally 's are reod couplng coef{Liclents,
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Codirectional Coupling
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The solution of +tha c,oupud—mgde equotions for 9, () =1 and

0, (0) =Q (s given by:

203 +J‘§Z ) . B
Q. (Z) = e~ * SCQS(SZ)*J ‘iSm(SZ)]
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i I(%)z_'_ Kiz Ko, ]”2 Kiz Kz = Kz K; ‘*\K!z\z = \\<2\\L
Y
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where B is a constant,

2
Let +4he power in mode 1 be Pa at 2=0. Then Po=\0(,(®)\ -

— e

Kz |
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Codirectional Coupling

P, (2) = |9 (2) 1* = PolKal sin?(S2)
SZ
[ % 5 g% _.
P ()= foy@|® = R [cos®(S2) + ) sin¥(S2) ]

When Fhe quag conditon s sotisfied +han §=0 and the above

eguations become:

pz (z) = Po Silﬂz(lKl?.‘Z)

P1 (2) = Pa cas? ( { K2l 2)
§=0 = B, -B.-K
PP 4 5= (at Brogg condition)
o
; F Complate coupling s achieved for |Kell = T2 (or Gmi)T2) =
tk T
:' b 2 2 Kl
| L >
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Codirectional Coupling

The phase -mafching (Bragg) condition can alsdo be presented in 4he w-fB
plone , O=0 whan RBy=pRr+K = p,‘ﬁu?.):[’sziu;g)-% K where w* is the
frequency thot satisfies the Bragg condition. This can be presented
quoﬁ,Q.A'-}o.h've,QH in the following diagram.
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B, (0¥) = Bole®) + K
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Codirectional Coupling

The soflutians for O (2) ond O2(Z) on be expressed o
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Codirectional Coupling

The B, and ;32' are +he perturbed propagokion constoants dus o the
presence of the grating. Whaen fhave is no groking it s strod ghtforword
to show 4hat R, = B and [ — B, (Kp=0). Alse when & is
large ogain B/ f ond B — B, Only  whan S0 (near the

Bmuag condition we have stron3 interoction between $ru +wo modaes,

BtK

N\

>3

It s inferesting to note that st w=w* p;(ﬁ)wﬁg(w*):HiZJK,z\

or  Blte*) = Bllw) ~ K = £ 21Kzl which means that the gap

‘ duw fo +he peviodic perfurbohon depends on the coupling coef¥igent.
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Codirectional Coupling

Co-directional Coupling - 4 = D,-.:,m'1
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Codirectional Coupling

Co-directional Coupling - § = 1;_am'1
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Contradirectional Coupling

A\
—
e —
; e L —
ed o —PQ
4 . K= Pi+Rg = B~ (=F)

As (n the previous case let’s assume B;=B, and B, =-B, and consider

only these two rmodes (n the coupled-mode equations.

i(By-Bg)Z
%QL = - Cov oy = Cpra, 0 Pa.
z
[ (R1-B.)Z
daz _ —J Co2 0 "J C2 0, eJ ‘
dz
WKz ; hKz
C'M = Z,‘K'Hh eJ s !DY’(E!'.OUS!H but C22: - ?:kzzh e-l

becowse Po s backward propagaking mode. I it is 4he same
modse that & couplld borckwords an +he inudent ane Hhen Coo=- Cyy,

since  IWah = Kozp
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Contradirectional Coupling

The cross-couplng coefFicients are:

hiKz
? Jd = ;
Cz,‘ = ) :KE,‘},‘E ano

jhKz

{7
Cio "hZ«whe LT

i

"sign sing 2 15 backward propagadking ).

Agm‘n O mode 2 s the backwowd pmpqgoj‘i'ns version of rrode 1

thon Cal = -qu . The Kijh ave defined a5 (n the codireckondd versp'on‘:

Then the couplbd-rrade eauadons are writdn in the torm:

ThiKz J(B-Ry+hK)z
_d& — ‘j YA U e~ T, (Z) -—J Z:Kmhe s X2(Z)
d? h h
hK= —_]( ,~‘3;,_—M<)Z
daz _ +J’ Z :Kz%e"( Q,p (2) +J’ Z < TR . F QL (Z)D
dz h h

The phase maiching condition is F),—-F%z - K =0 or

E1 . ﬁ‘zl -K=0 (since .FZ'—" -{3(2‘ for mode 2 Which 1

backwayrd propagating model.

Prof. Elias N. Glytsis, School of ECE, NTUA 16



Contradirectional Coupling

P
Again, for reod Ae, =y 4 T Fypy and Kz = x5

and sz = /_3<,2)‘, Also we can dssume agodn +ho4 L\nquzo

~n Ko =0 U=1,2). Then the coupld mode egquodtions take
/

the 'FOL(OUJ?“S form : 5
—r—
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Contradirectional Coupling

solutions of the above equoations are

The
5
R, ed27 sinh (Q(z-LY)

Qq(z2) =
Q2 -
() = I 77 B/ X d Cosh(@(z—l—))——j 2 ss‘nh(@(’%—l—)):l
J ¥
SR g
where 3= ‘3! “Pz'K - Pl + F‘zt - K, Q:LKFZHZi”(E)]:EJKZ!‘ ’(E)j

Tn terms of powers, assuming thot +he incudent power (n mMmode 1

LS PQ) we have
02 coshf0 (2-L)] + (§) sink? (Q (z-1)]

P(z) = loy1* = Fo
: Q% cosh? (OL) + (8)% sinh*(QL)

R@) = laa@ | = Po K2\ sin(Qz-D)
; | Q% cash*(QL) 4—(%‘)’-’- sinh*( QL)
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Contradirectional Coupling

When the Bragg condrtion is satisfied &= 0 and +he previous

equadions redua to:
cosh?(Q(z-1))
cosh* C QL) Q':leli
sinh?(Q(2-L))

cosh®( QL)

P,(2)= Py

T+ is interesting +o note +hat P, (2) -P(2Z) = P"/c:os?-\zCQL) = Constknt

This means thot P, (2tAa2) P, (2+4D02) = P, (B)-P(2) =)

R(z+42) - P, (2) = P,(2) =P (2+Az)

\ ~/ o v - ,
power caupld power lost from
tnte the backward +he forward made
mode

Also P, (o) + P (L) = Ps in arder +o sohisfy the power conserva-

tion,
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Contradirectional Coupling

Another wusefuld parameter is the groding reflechivity  which /s defined

as = | Falo) _ Po tanh*(QL) = tanh® (QL)  (at Bragg)

P,(0) Ps

Tn general
||<2_Jl2 sinh?( QL)
QZCOS"\?(QL) - (%)2anh2(QL)

=

It s worth mentioning that cusowy from +he Bragq condihon it (s poss{é&

te hove Q@==2]S when Q% = IKzl|?- (%)"" <O . In 4his case

2 , B ”2,
VK217 sin (5\-)‘\ S ={(§)2—~!K2{‘ 2]
S*cos®(8L) + (84,)%sin* (SL)

For s§]>||<2\

Tn this cocse the fivst nodl 02 ¢ js ad SL=1mT =

]

(g>2 'thssz = Tr?'/l_"’- =) %:i‘\/g-* |l 2
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Contradirectional Coupling

Now led's represent {he phase-mc&ching condition in anw-R dragram.

B, (w) Y e / | / B (w)
£ b N / {
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Contradirectional Coupling

E(z) ched BT | At (Barh)E

R’ - (¥=+B )2
e, 2) =Bedf? - ged(¥erFe
/ ; o K .
B = _%:%_JQ-vﬁ = 132—5324,3-_”(2 (when D% 20)
ro_ . +F5 K .
s Eapa - BELEi0 e oo

The 4 actuol solutions come from the £(Q Hterms.

above form of {3' s
O = K" =) » O

become complex and for this

However, +he
volid near fhe Brogg condition regime where
We observe that in this regime the soluhions

reason & stopband is shown,

The shpbemci Qirnits (n w con be Hund as follows:

QE:O = §2 =1|Kp| = 5=+ 21K,2|\

%* dury! % - %) Xy
}34((»):_’ R(Ld ) + _——dﬁi)w*(w w™) F1(w -+ (w )
(W) 2 Bo(w*) & (9] (w-w*) = (W) & (L,u—ua*)
ﬁz - Pz " (d'(gl) (!]* FZ i US

where ugi Uy are the group velodties of tha unpeviurbed modes

!
at w=w*, Then &= B!(w)‘"?’z(-m)“ K = p(w) b o *((‘FT‘{‘-)Z
SRR OTY ——

R ]

P MLy LU DLIEUUL Uy sy 1Y x s

)mw*)
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Contradirectional Coupling

/ -~
o o ) Cw-w* ) /
bge U2 ‘[ W -
4+ 2“<|2| J
Aw = 2 |w-w¥| = _ﬁ.‘_@_
L.
Ual Uaz\
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Contradirectional Coupling

Now Ie{f.s Zoorm near tha ree‘\me where the Brogg condibion s sofished

(Q%*>» Q).

Btf « _.R:N}
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Contradirectional Coupling

Contra-directional Coupling - = 0pum’

1

A
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Contradirectional Coupling

Contra-directional Coupling - § = 1,um"|
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Contradirectional Coupling

Contra-directional Coupling - L = 10pm
R . = . = . = -1
bigq = 0, Figy = 0, Figp = 0.25, Figy = 0.25m
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0 ~_ 27 s . 47 Yo | L ' s SN .
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Mormalized Power

Contradirectional Coupling

Contra-directional Coupling - L = 25um
. =0 g =05 = .= -1
Figq = 0, h.zz-ﬂ', Fign =0.25, Fing =0.25um
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