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What is an optical resonator ?

Optical resonator is a trap for light //

S 5 £
.= jE Confines and stores light at certain
2 E resonance frequencies

|EREERNERERNEN]

3 i E
(a) (%) Light circulates or is repeatedly reflected
High frequency selectivity
Applications:
> “Container” for laser light
! E S
(c, o Optical filter or spectrum analyzer
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Principle for Fabry Perot resonator

Semi-mirror 2 Semi-mirror 1

Air or
Dielectric

Outgoing light

Incident light

The outgoing As for which d = m A/2, add up in phase (resonant As)

SVEOVEV

Condition for standing wave in a resonator
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Fabry-Perot resonator

Eooceinkz Elocei(nkz+nk2d)

Phase shift per round trip (ignoring phase

/

If this is m2z{then the E,’s add

shifts on reflection) £y
280 =2kd N Resonans condition £
EZ

M

coherently, I.e. we are on resonance

= T

—

(m is an integer)

Spacing of resonances is called the Free Spectral Range (FSR)

FSR=_%
24dn

0EpR

0GR

i " FSR L
0.2k +
u "

Imn 2(m+1)n

Transmission
>
®

Quantum Electronics, Warsaw 2010


http://www.pw.edu.pl/

Planar-mirror ("closed”) waveguides

Let us use this simplest case to explain basic concepts for waveguiding

Imagine a monochromatic plane wave bouncing between two
parallel, perfectly reflecting metal mirrors
The field is captured and in such a way can be guided

It CAN but IS it ??

Fundamentals of Photonics - Saleh and Teich

Quantum Electronics, Warsaw 2010
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Self-consistency creates modes

Guidance can only occur at angles at which self-consistency (transverse resonance)
condition is satisfied: as a wave reflects twice it duplicates itself

¥

PN

TN 4 Origi
1 rginal wave
E‘ﬂ:"'-ix""*”'k, f‘i\{
v
C

At those angles the two waves interfere to create a pattern that dose not change
with Z (forming a transverse field distribution, “profile” , of a guided mode)

-

VAR
R IR
IHIHH|-I||'III'1|HH“'HHI'HFHHH{IHF\\ d
IR
T

) ] ‘,\ C_.\‘“ i} ‘.;»7‘;- "’-’«’
Fundamentals of Photonics - Saleh and Teich % W ".f-
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Self-consistency condition

X A
N, !
1 K, =ksin9T k
N V\/ A
- . e 5> k, = =kcosd
S
i (ke iz i i |
Eo _ i (kyX+k,2) E1 o« e”7e i(k,x+k,z)—ik, 2d el” o —@, =k 2d -27

Transverse resonance condition;

2kdsing, —2z=m-2z m=0,1,2, ... Mode order limited by: sin@_ < 1
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Modal fields in a planar-mirror waveguide

x
o Nurror
¥i <

Found from Helmholtz equation

A + boundary conditions at the walls
. ,»"’VVWV (Boundary-Value problem)
y 5 Cz‘ S il At the walls tangential components
& P oG T of E and H must be continuous
23 M,ﬂ f
TR T TES T TV FTOY VeSS e R IRTT Y (For metal mirrors E at the walls = 0)

E(y,2) =au,(y)exp(=jB,2).

: 72
Orthogonality: f:ﬂﬂ.( Y)uly)dy =0, [sm,

& msry
d an m-1.3.5,...

Um(y) =
” ‘/T . mwy
dsmT. m=24.06,...,

d
Normalization: f :_:uf,{r) dy = 1

Orthogonality — each mode carries its own power and does not interact with the others

Fundamentals of Photonics - Saleh and Teich

Quantum Electronics, Warsaw 2010 ‘hé' QN
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Single-mode and “mixed” propagation

, . Intensity for single mode propagation
7 , . does not vary with distance z

Intensity for several modes propagating
together varies with Z since they interfere
with the relative phase which varies along Z

Beat length L, g E(y,z) = Ul(y)e_iﬂlz n uz(y)e—iﬂzz
| oc ‘E‘Z = ‘ul‘z + ‘Uz‘z + [uluze_i(ﬂl_ﬂz)z + CC] L2«
5 =
=1, + 1, +2u1, €0S(B, = B2)Z (for real u) P =P

But there is NO power power exchange between the modes:

Poc [|E[ dy =[|uf dy+ [|u,["dy +| e [uuzdy+cc | = P+ R,

=0 due to orthogonality

Quantum Electronics, Warsaw 2010
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Dielectric (“open”) waveguides

Light guiding by total internal reflection (TIR)

Discovered by Daniel Colladon in 1841 in water jet

. Light Reflected
SO\ from Surface
A

\ "} Light Gradually
Leaks Out

Water Flowing Out of Basin
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Total internal reflection

1, cosB; —n, cosB,
For TE wave: Irg = = = trg =147
1, c0s B, +1, cos b,

: . Sin & ]
1", cos B, —n, cos 0, n s My
For TM wave: j, =2 1 1 2 try =—(1+rp) SinBy. N,
1, 050 + 1y cos B, ;)
. . n2
FrE =| e EKP{J‘i]E}w "Tas =| g | E?Eplijfilm}
nl

(n1>n2)

At optical wavelengths one uses dielectric (open)
waveguides where the light is confined due to
the total internal reflection:  mn,-sin@ = m,

=> I =exp(Jdr). 1y = exp(fdpn,)

Quantum Electronics, Warsaw 2010
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Phase shift at the total internal reflection

6,
£ ° i —_
%—O.l« : _ﬁ
. L o2f
Phase shift depends on the incidence angle 6, 8 | !
|
é 0.4 i
II.'I .1 Ilz.‘T 2 §-0.5~ E
t drp  A/SINT 6 —sm” O, 4fn s B —n3 © 06" |
an = = g o7 |
2 cos B, 1, cos B, g Z; |
& !
i:ts 0.9 !
D— _l r r r F: r r r r
[ . 2 . 7 0 2 {2 .2 f 3 0 10 20 30 4 50 6 70 8 90
e Oy _ ysID" 0y —s" 0, gy 4/ny sin” 6 —n; Incident angle
- . 2 -2 :
cosB sin” B _ 13 ny cos B, 1 : —
0.9+ ' — ™ |
0.8 i
0.7 I
. 5 S n=152 Total internal
O, - critical angle SN, = —= g reflection
M &
The phase shift for @ drops from 0 to -mr

0 10 20 30 4b 50 60 70 80 90
Incident angle
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Numerical aperture NA

NA — sin(largest angle
that 1s waveguided)

NA =sin, <\n} —n}

high index contrast (nl1/n2) ——high NA

Important for light incoupling to a waveguide !!

Quantum Electronics, Warsaw 2010
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Transverse resonance (consistency) condition

Light will not escape from a slab (film) when:

n. <N <n; |where: NE% =n,smnB <— Effective index

But this is not sufficient for light guidance !

In addition the transverse resonance (self-consistency) condition must be satisfied -
the incident and the doubly reflected wave must be in phase:

n, >n, >n

‘,\ ‘5 “ b \

Quantum Electronics, Warsaw 2010 e@ R
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Side coupling to a waveguide

nk,sino
e
_/ :* Z
' 6 nlkD Not possible to match k1Z = k22 since:

n,

ﬁ > nlkl}

N, p

- I

Not possible to couple light directly from the side

—@- ® o ® o o
kny kng Higher orders Lowestorder  kp,,

Possible with a prism of refractive index 2 n,

Quantum Electronics, Warsaw 2010


http://www.pw.edu.pl/

Prism coupling

)
Nprism Mprism
0 0,
N, Nr
— —

Coupling to mode m |f: nprismko Sm(g) = IBm = n2k0 Siﬂ(@m) = kONm

‘
5

/
/ E]
k

“DETECTOR

Experimental determination of mode propagation constants /S, = N,K,sin(4,)
/NP -

/
e B

00 10 O =0 20 7

Prism coupler Intensity of reflected ligth vs

angle of incididence

Quantum Electronics, Warsaw 2010
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Dispersion relation

X COVER : 3 fe _ _
: : Phase shift for TE (i =s or c):
7 .2 P 73,112 N'J 5 3112
L nLsint @ —n; _ S —n;
@:ztanl( — =2tan” | ——%
L N, oS v ne—N-

SUBSTRATE fig

Transverse resonance condition:

ZAT?f:I? Ccos O — 2(|)E — 2(]}5 = 2T 11 mode number
kn -hcosB - phase shift for the transverse passage through the film
r

2(1) - (Z (1) TE.E’IJ) . phase shift due to total internal reflection from film/cover interface

2(1)5 (Z d)ﬁﬂj) - phase shift due to total intemal reflection from film/substrate interface

Dispersion equation (p vs. w):

kn hcosO@—0¢, — ¢, =mn

n, <N <n, | Forguided modes

Effective index ﬂrf%:ﬁf sin o

Quantum Electronics, Warsaw 2010
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Typical dispersion diagram

Light line
FORBIDDEN /

REGION
B
t ) __ Cut-off
s
/7
ngk , Symmetric waveguide

///// s
RADIATION MODES o
f

SAS LSS SIS S

kn kn
-~ Higher-order f

O
- N

Lower-oreer
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Group and effective indices in waveguides

@
A Slope =a/ng Phase velocity v, : speed of wave fronts
o /
Eicgggonf Slope =a/ny Can be larger than c ! Lo
r \d/‘\x_,/f NP Vi,
Light line

Group velocity v,: velocity of wave

packets (information)

m-:ﬂ.r.--:-ﬂ T
‘ Forbidden region do

for higher
modes

o
hoy
S |

Group index: Ny = —=C—/— ivei . - =
up index: 'l v, do,  Effective index: A\ v, C

= Effective index is always smaller than core index
= Group index can be larger than core index nf!

® ® ® ® ® B
kns Higher orders Lowest order knf

v

Quantum Electronics, Warsaw 2010
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Group velocity for guided modes

(v " increasing "y dw 13
_— c g — 6., mode propagates

r N mainly within the caldding

¢ Differentiate > 9 — 90°

cut off

m ‘
IF | \
~ . .f ~
‘B Phase shift -‘6
causes upturn  path length increases
as @ decreases

Symmetric waveguide n, /6

Quantum Electronics, Warsaw 2010
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Graphical solution of the dispersion equation

et
Qe 20° 40° d 60° 80°
|

— Symmetrical waveguide, ¢ = ¢,

-------- Asymmetrical waveguide, ¢, # ¢,

(2mn¢hcose)/A=® o) + Do)

0> 6,

For fundamental mode (m = 0), there is always a solution (no cut-off) for symmetrical waveguide.
Increasing h (and/or decreasing ) will support more modes.

Quantum Electronics, Warsaw 2010 eq_
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Normalized units for slab waveguides

Normalized frequency and film thickness n
P —— C
AN O .
Normalized guide index 4 A
b=—>—7 N=/
= H;

b =0 at cul- off (N =n,), and approaches 1 as N — n;.

Measure for the asymmetry
2 2

e ”4 r-*aj }?2
a=—— forTE, a= *:'f, < for TM
= = = &

HJr- — HE Hﬁ HJ.- — H.’.‘
Waveguide e "y ne ag an
GaAlAs, double 355 36 3.55 0 0
heterostructure
Sputtered glass 1.515 162 1 39 27.1
Tediffused LiINDO3y 2,214 2234 1 439 1093

Outdiffused LINDOs 2.214 2215 1 881 21206

Quantum Electronics, Warsaw 2010
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1.0

Normalized dispersion diagram

For TE modes, dispersion relation ,

| — - ] B 4 [b+a
kn heos®—¢. —p, =mn—  VN1-b=mn+tan™ ,' +tan” | —
. \V1-b Vi1-b
] m - Mode number
- | Normalized) cut-off frequency:
. 2, / ( ) quency

0.; /// /// 7/ Vs =tan~ /@ (for fundamental mode)
| 0.6 //AV // " %% Ve =Vo +mm
0.5_ ?%//8 //// A/// # of guided modes allowed:
0.4h é/ 7? féé% /F[/ " _2h [7
R/ A/ A

v

\

[#%)
"-.._\
\_‘
Sa——

s
NS

0.2 —
I // //// //// From the normalized dispersion diagram
0.1 ]// /// //y one can find modal propagation constants.
y. 1 / 1 L 1 J .
0 2 4 6 g 10 12 14 16 To find modal field distributions (profiles)
7 = khInd —n2 one has to solve Helmholtz equations
NS s with appropriate boundary conditions.

Quantum Electronics, Warsaw 2010 Q_é'
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Modal profiles

To find modal field distributions (profiles) one has to solve Helmhotz equations - in general,
coupled (vectorial problem)!

For a slab waveguide they decouple into two scalar problems for TE and TM polarizations

XA
i TE: Hy=Ex=Ez=0, other i OE, i O,
N components expressed by X = Eﬁ—z’ - _@a—x
: one scalar, e.g. Ey
TM: Ey=Hx=Hz =0, other EX:LGHV’E :_LGHV
components expressed by wu 01 a0 X
one scalar, e.g. Hy
oY 0°Y Ey TE
7+ Tk (X) ¥ =0 Y= for
0z7° OX Hy ™

1 - it
Look for modal solutions: Y, (X,2,t) = u, (x)e fnz

d 2
dx?

[ +(k2—,8m2)]um(X)=O

Quantum Electronics, Warsaw 2010
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Helmholtz equations for modes

EEyEE

Define:

2 232 2 _ a2
Er_ﬁck _I3 e
2 2,12 2

Ko =nrk —B3

) _ . 2;2 o2 2
K; =n;k" =P =-v;

Cover: _-:.E(I._. ‘]-':J + (HSA’E —B])E(Ij J,':h =1 - > . E _—.Irf -0
dx” d”
. al L P E]"" b
Film: —5E(x, )+ (k=P )E(x, y)=0- > sE+KE=0
X : BI:
E;l" Y, 3 a' 2
Substrate: a—jE(Ij V+ (ke —P)E(x.y)=0- > 3 E-Y.E=0
X v
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Modal field form

Modal solutions are sinusoidal or exponential, depending on the sign of (.Ii";}j; - ﬁij

Boundary conditions:  The tangential compeonents of E and H are continucus at the interface
between layers. — E andF_i'E.l.J,f.E];u: confinuous at the interface.

For guided modes:

Evanescent field

9 1 _
Cover: 0 E,l‘ —‘f;EJ_ =0 — E.’-' = E_ exp[-Y.(x—h)]
Film: 2 EJ. + E}E:‘. =0 — rEJ = EI ms{rr:f:r—{bs]

1

Substrate: Eh'_z E,l' —";'::;EJ_ =0 — E;.- =E_ e:{p(}'::&']

Evanescent field

For solutions satisfying the bondary condition see e.g. Yariv Chapt. 3.1

BYC)
Quantum Electronics, Warsaw 2010 Q_/
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Types of modes

Radiation modes ﬂ

nonphysical
solution

Substrate radiation modes >
(also leaky modes)
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Waveguide mode general properties

Modes are ORTOGONAL

+o0 za)ﬂ
(N = (m) _
LO EVE! dx_—ﬂ 5.

m

Set of all modes (including
radiation and evanescent ones)
is COMPLETE

Each of them carries its own power
and does not interact with the others

Any field can be expressed as
their superposition

Any longitudinally uniform structure has its eigen modes
— no matter what is the cross-sectional shape

Coupling between modes is only possible when guided structure
has a perturbation along mode propagation direction

Quantum Electronics, Warsaw 2010
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Effective index method (EIM)

Replace each of the rib three sections with a slab of the corresponding thickness.
Find effective indices for the slabs (1D problem, tabularized).
Replace the vertical (y) index profile in each section with the respective effective index.

Rib/ridge waveguide
J J @from symmetry same as @

- _________ * nCIad
N3 nclad

TE
Find effective index
for the resulted —>
“perpendicular” slab:
y ™
X
4

Note: EIM should be applied to each waveguide mode separately!
Change of polarization using the ”"perpendicular” reprezentatio

fl d’\ e
Quantum Electronics, Warsaw 2010 qhé' R
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Effective iIndex method

Channel waveguide Rib/ridge waveguide

] ]
I
I I'n
clad 1
: : | 1 Nejag
I I
: r-|clad
n n
clad clad Netf clad Neft clad

EIM mode solver -ridge waveguide:
http://wwwhome.math.utwente.nl/~hammerm/eims.html
http://wwwhome.math.utwente.nl/~hammer/eimsinout.html

Quantum Electronics, Warsaw 2010
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Effective Index Method

3D== 2D

N effective

- *

1. 5um

Reduces 3D problem to 2D one =—» Greatly improves computation efficiency

e@ 5““"“’“"‘«'\ \
Quantum Electronics, Warsaw 2010 <3< I
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Geometries of channel waveguides

strip " embedded stfip rib or nd gef Strip lo aded

refractive index: [J <l <@ Directional couple intersection
straight | Spend | Ybramch T gepuder ()

Graded index Step index

Quantum Electronics, Warsaw 2010
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Coupled Mode Theory (CMT)

CTM iIs exact!

No para-axial approximation is needed to derive coupled wave equations

How we then approximate those equations depends on the physical problem

Quantum Electronics, Warsaw 2010
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Lorentz Reciprocity Theorem

Source that generates Field 1

%ﬂ . Field 1

i

From Maxwell's equations, one can show that

V(E xH,+E,xH )= -joP, -E

P, il'fr the Pﬂm““ of the source that generates E; and Hendrik Antoon Lorentz
E; 15 an arbitrary field. (1853 — 1928)

By integrating this relation, one can show that

Basis for Coupled

H.i:.-#g{E, «H; +E; xH,), =—j:ﬁ:}H{fmf|—'P] -E, Mode Theory

p AR
2> \ RN
U ¥

Quantum Electronics, Warsaw 2010 e@ R
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Polarization induced by perturbation of
refractive index

—————

‘, VxH = joeE
| . 2
: o oe 0 =¢&po N
<
&1 / VxH = Ja)glE + JCOEE\ Source term
Induced P=¢ 5n2E
polarization: 0

Perturbation polarization can, for example, be induced by:

m Waveguide defects

m Introduced deformations, e.g. periodic ones

m External electric DC field, e.g. by electro-optic effect: A oc rE

m Strong electromagnetic field, e.g. by optical Kerr effect: dn oc nz‘E‘z

Quantum Electronics, Warsaw 2010
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Coupled mode equations (exact)

From the reciprocity theorem one can derive coupled equations for
evolution of modal amplitudes due to refractive index perturbation

One assumes E, be a superposition of all modes and E, be a mode
“n” of unperturbed waveguide

Substituting E; and E, to the integral form of reciprocity theorem
and making use of mode orthogonality yields:

Forward | d . ja) _ .
fn;)g:gat g = A (2)= —Texp(J,Bﬂz)_” dxdy PE,

Backward d .- jo ' )
opagaing |5 Au(2) == exp(=i8,2) |] dxdy PE’,

Propagating
mode dz

P =¢g,0n*> A'(2)E, exp(—jB,2) HA (2)E_, exp( jB,2)

AC(Z) : AQ (Z) Modal amplitudes slowly varying due to coupling

Quantum Electronics, Warsaw 2010 eé’
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Approximation - phase matched mode coupling

P=2g,n®> A(2)E, exp(—jB,z)+ A (2)E_ exp( jB,2)

%Aﬂ(z): Joz ‘ﬁ‘exp(m Z)H N’E ZA(Z)E‘XD( 15,2)E,

Note phase factors !

Non negligible contribution from the RHS only if oscillations of the total phase factor = 0

‘ Only those modes can efficiently couple for which
the phase mismatch is compensated by the perturbation

From phase matching condition usually most of the modes can be eliminated

Quantum Electronics, Warsaw 2010
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Coupling between two modes

Co-directional Contra-directional
d . :
AR A e’ ik B, """
dz dz
dA —iAB1 d B =K —iAfz
e
e —ik"A e dz A,
WE,

Coupling coefficient: K——H E MN°E dxdy

Phase mismatch:

Aﬂ:ﬂm_ﬂl Aﬂ:ﬂm_i_ﬁl

Two phase mismatched modes can be coupled when z-variation of An®

compensates the mismatch.
B )
Quantum Electronics, Warsaw 2010 Q_é'



http://www.pw.edu.pl/

Example: Mode coupling in periodic waveguide

Corrugated waveguide:

h(z) =h,+ Ah cos(%Z Z)

g(n?-n2)  for h(z)>h,

Regard this as distortion
of waveguide of thickness h, _ go(n? _ ns) for h(z)<h,

Chose the modulation period so that it at some frequency matches the forward and
backward modes of the same order (mode order skipped)

Quantum Electronics, Warsaw 2010
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Periodic groves - Coupling coefficient

~ ) *
Evaluate the coupling coefficient: K(Z) = ZI E,_o¢e(z)E,dx

Coupling between forward and backward modes of the same order: Em = E, =E

Ah cosz—ﬂz

A:%“Ef&gdx;%E(x:ho)\255-2 ! dx:%\Ehf&Ahcos%”z:

27r 27z 2T 2T
i—z —1—z

—\E\ég(eA te A)=k(e +e M)

k= 2| [foe=22 g, [fon? = 22 |g Fansh =220 IE, P on
4 4 4 2
Quantum Electronics, Warsaw 2010 RN 74
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Forward to backward wave coupling

Chose the modulation period so that it at some frequency matches
the forward and backward mode of the same order:

dA" .
—=—ix A'|e +e(—i2—ﬂz) gl /)7
A A

dz

dA™ .
i Afle iz_”z P 2 ai(B+4,)2
dz A A

Neglect the non phase-matched terms

Denote the phase mismatch by: Af=f + f, —2%
2r
p=p = A,B:Z,B—K
2 A
AB=0 = |28 = iy —_ Bragg condition
A 2N ¢

Quantum Electronics, Warsaw 2010 Q_/
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Solution for mode coupling

+ _
|9AT ez @ AT(L) =0
dz
- L —length of the corrugated section
- dA :lK A+e—i2AﬂZ g g
dz

iAB2)z S cosh s(L — z) + i(AB/2) sinh s(L -

Solution: %A+(Z) _ A+(O) 2
s cosh sL + i(AB/2) sinh sL

—ix* sinh s(L — 2)
s cosh sL + i(AB/2) sinh sL

- A—(Z) _ A+(O) e—i(AB/2)z

S= \/\K\Z - (%j =" = [B() - T

A (0) || sinh?sL
A*(0)| s*cosh®sL + (AB/ 2)? sinh?sL

Quantum Electronics, Warsaw 2010 Q_é' M
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Solution at Bragg resonance

X 1
For A8 =0 n,
(Bragg condition): n, i
5 ; ;
- 0 L
A"(z) = A"(0) cost{x|(z-L)] ; i
coshx]L | |
—1 I . P
TN L.l (A0 I
x| coshx]L |
Reflectance: A
= A_(O) 2 =1 h2 L PERTURBATION REGION
max_A+—(O) = 1an ‘K‘

Quantum Electronics, Warsaw 2010
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Bandwidth for Bragg gratings

Note that length L is fixed here
The bandwidth for kL< 3 will
shrink with decreasing L !

Irl LIIZREFLECTION

0 10 20 30 4.0
;1!3//; NORMALIZED BRAGG DEVIATION FREQUENCY 4’)2

. s L N
-10 -5 0 5 10
(ABL) A Af.z_

Quantum Electronics, Warsaw 2010
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Grating reflectivity

2 | t ]l _ e.\'_é‘—l
R =tanh"(x L) eh(x) = ———
ac
Reflection of Uniform Grating
100
g 80 ~ %
:g 60
/ Weak % Sfrong
E 40
20 /
O /
O 1 2 3 4 S (&) 4 8
Coupling (kL)

Quantum Electronics, Warsaw 2010
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Bandwidth — weak grating

ya
nlL

Bandwidth
dependson L !

(decreases with L)

Bandwidth (nm)

Bandwidth varies as 1/ Length ( KL<3)

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

2 3 4 5
Length (mm)

Weak, long gratings are used as wavelength filters
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Photonic band gap due to periodicity

kA = 0.0057
neef = 3.4

“Forbidden”
Gap

Im(B'A)_~

+ Im(B'A
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Bandwidth — strong grating

.
,.I /1-- Bandwidth varies as kappa (kL>3)
A/"BW ~ Kae 600
— 200 -
E
E&d{jﬂ //
_ 2 300 /
Bandwidth 8 500 —
@
depends on ! 100 T——
(increases with k) O— 7 7 1 Tt Tt
o 1 2 3 4 5 6 7 86 9 10
Kappa (ecm-1)

Strong gratings are used as broadband reflectors
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Modes coupling in directional coupler

n

n /T — (b)

ny
T <—W2—><

) Yariv Chapt. 13
-/ \ o
—> X Cross-zaction
Coupled wavezmdes
H.d Hs
> X 4 d o "
"y E D/’\ :': =, E,
wy I ; ¥
-—5
S % (a)

”l

E, = ARQ)8P(x)ei @B 4 B(2)8Y(x)eiw-863)

Poen = e“'e[EPA@)nEx) — ni(x))e™Pe + GBB()(n2(x) — np(x))e=]

sees arm b
as a perturbation

Arm b sees
as a perturbation
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Coupled mode equations for directional coupler

(da '
d_ = —iKypBe Pr~Pa)z — iMaA
5‘
dB :
= = Ky Ae™ PPk — (M, B

=7 Kba = 2 [n%(x) nZa b)(X)]%(a) %(b) dx
louplrng Cae,{l,aﬂ,

_AMan =0 | 10200 ~ i y0IEE Y di
/8 'Q:mchoh

Ey = A(z)%&’d‘“’"“’a*“a’ﬂ + B(z)%g’b)eilwi‘(ﬁb"‘Mb)Zl

dA

— = —jx —i26z

dZ abBe

dB 3 A i282 '
= = =K

dz ba e

26 = (By + M,) — (B, + M,)

A(z) = Ae” Z(cos s2-i Zsin szj
S

B(z) = -Ajie™* X sin sz
S

for: Kyp =Kpa =K SZW/K2—|—52

Quantum Electronics, Warsaw 2010 e\;ﬁ' e



http://www.pw.edu.pl/

Directional coupler cont.

S by

Top view
e o

Pyl
Input ,---H"— L1 (1 (1 (L CEERERE U] U] (1 (1 1 (1 [ [/ T C
PA':'}J#-F' i ! |P;1':L¢:' CR U

For & % 0, the maximum fraction of power
that can be transferred

2

0
K2 + 82
e By fy = ML)

PA(Z) = PA(O) - PB(Z) ! '

2
P =PO sl 157 2); 26,5,
K°+0 0.5}
Complete power transfer fE!D}:IfC = ik I nn ui.i :. 1'1:. - z 2:*.1- 3
Coupling length YL,
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Coupling and Interference

Switches and multiplexers based on planar waveguides or fibers typically utilize:

Fhase shifter

Interference effects

e.g. Fabry-Perot Interferometer
Mach-Zehnder interferometer ——p

or

Distributed mode coupling

e.g. Bragg grating
Directional coupler ? )

Quantum Electronics, Warsaw 2010
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Directional coupler — Eigen (“super’”) modes

n Be(@)
/
t / Individuat  B'y(e)
— I P / uncoupled -~
_.l. ) / waveguide .
s dispersion .-
= Even mode
S M
7]
= :
=]
(]
=
Lo
&80
&
2y g T~ 0Odd mode
o =] - Z 5
/Vo\ 3 & 4 I' —/\
___%.1;5“\ g : N
)
i
N ‘/—- / ___LL’_ :
[
[

N " -
0
Frequency (@
Phase match frequency 1 y @

T ™
d‘(} - |.ﬂuld = ﬂcwlll

Coupling length = ]/2 Beat length for the supermodes
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Directional coupler

Propagation distance

<Beatlng length T/AB  Symmetric Asymmetric waveguide
coupler directional coupler
A A
5 o)
= : S \/\/
3 o
o ! e
T | E
o =
= : B -~ P
8 ! ®) Vs N /
! Vs N /
| 7 h
~
: >
:
|

3dB

direction el
coupler —

Cladding

10 log,, (0.5) ~ 3.0(dB)

{2y
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Y-junction

+ Y-junctions can be used to split or
combine signals

arm 1 « They are found in a number of
o == < z WDM I:Dmpcrnents

The functioning of Y-junctions can be
discussed using the concept of
supermodes:

splitting: the modal field distribution is
adapting to the change in cross section
(adiabatic transition). Power conservation
occurs only if the change in cross-section
is slow enough

backward direction: the mode can be
decomposed in symmetric ands

5 HFETFEC |'|'.|II'I.'=_'|'|"I|F{"’|':

s Ao antisymmetric supermodes. The

antisymmetric supermode is radiated at
the junction. Half of the power is lost.
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Mach Zehnder Interferometer (MZI) demultiplexer

Consider both arms be identical waveguides but their length differs by AL

---=~, AL (bar)
r;’;, O 1_. F’lo.Ut _sin? 27 N(AL/2)
I| Pln '!I Pln ﬂ,
/ \ ‘,‘i onut 2 27Z'N(AL/2)
50:50 coupler N . — —mn —CO0sS
4, 4, T 2 P A
PR p : (cross)
"AS 11 z| Al]
4, 2l 1)l4,,
'AE‘ -“i#

There is a n/2 phase shift for the cross signal!

All the power at A; will exit from port 1 and all the power at A, from port 2 if:

aNAL(L/A)=n/2 and wNAL(L/A)] ==

AL = {2ng[(1/N,) - (L)1}
= C/(2neHAV)

Hence:
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MZI interleaver

TN\ /\_u_ACD N, kAL
_/ \

1 .1 1 1 1 1 || elaer2 A0/
Aw| |2 TR o |2 'EAG |2 TR 2 TR A
A, ot 1 1 0 g-iserz|l - q 1 ||A, 1 1 || e iaeiz grisorz |A L
'z 2 'z 2 2 Ve &

jsin(A®/2) jcos(AD/2) H A

Jecos(AD/2) —jsin(AD/2)||A,

For: Ain=Ag and A, FSR=c/n AL i P2,out
P o = Py sin®(A®/2) = By sin®(zn,, ALf /¢) = Bysin®(z f / FSR); 5

P, ot = P, €08 (AD [ 2) = P, cos? (zny, ALf / ¢) = B, cos®(x f / FSR); S f/FSR © Lout

Frequency silicer / DWDM interleavers - separates a series of optical

channels so alternating wavelengths emerge out its two ports
Quantum Electronics, Warsaw 2010
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Arrayed Waveguide Grating de-multiplexer

Interference =———>
separates
wavelengths

ray of fibers

11*'7*2

Input port

S, .S, -,star couplers* or free space couplers
1 2

The coupling behavior of coupler S, depends on both }“n and the
location of the input port (which determines phase delay in S, )

Picture of AWG from S.V. Kartalopoulos
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