* Physical-optic approach
* Particular waveguides of interest

— Planar
— Rectangular

2ory of Optical Waveguides
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® The lowest mode m, =0

an >0 always . My>n,)

3.1.3 Asymmetric Waveguide

Asymmetric N, >N, > n,
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Approximate closed form expression for +he

culoff Condidion, l n,
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The Drevious w’h:jf Condition 15 also helds
for TM waves as /onj as

n;%'nj

20




Thus, #he asymmetric wavegu de has a,
possible  cafoff for all medes, particufarly
useful/ as an optical Switch.

Unlike +he Sfmme'fh'c Warej«ia’e for Wwhich
the TE, mede Can not be cut nﬁ‘.

21

TE modes are 9overned by

A*E : paa _
‘a-;:;f - (- % ??_.cx))Ef =0

Comparisen (v'+ 5%"; (E-vm)¥P=o]
Planar Waveguides Q.M. Rlential Well
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> At
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IPlanar waveguides with

Graded Index Profile
{Diﬁuﬁon '

Graded Index Profile
Ton Implantation = Groded Index fiof

N (x) ¥ constant
® Lxact Solufion
© = Parabelic
_ sech(x)
- exponeh"'u'a'
® Approximate Solution
— Ray
— WkK8
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mrabolic Index Profile

(Harmonic Oscillator)

neoo = m (-5 )
| )C z'z

For small X .
re x ApCl- - —;?)
Selutions x2
By = H (ZX) e v
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dx™
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w = AXo _ beam radius
FCH; ,

2 g2 (2m+l)

x _ : : (mei)Ang
N,y = effective index = n-

Meote
H,(x)=1 Hx) = 4x*-2
H, (x)=2x H, x)=fx3-12x
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Propajn‘hon constant
= B*n + «(s-m)*/¢*
Ef,‘eof;ve inde x

L%

2 2
M = ng + Cs-mP(2 )"
Field distribution

Ey=U,, (z;tx-) :ecﬁz(‘,%)
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" The Sech?(x) Profile

Hoo = NS+ 2ngan sech®( )
For small an

no) X g+ AN sech?( 2X )

.t guiding layer #nckness

Nermalized thickness
V=gtJ2 noan
The maximum number of quided modes

s=F+(J1+v" 1)
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For the lowest meode orders
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The order Fp is determined by matching
the Selutions at +he boundar)’ X=0

for given /.
{TP’(V) =0  even modes |
J;, (v) =o odd
Eoach of +he two Solutions yields
aPprbfoqTE’)’
% Solations for Py,

[ lelf.'. xg’+ (xj.T ?3)3: o ];J'P(x)
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The Exponential Profile

- 2(xl/
W= ni+ 2ngane ¢

For Small an
nNx) = Ng+ an €
Normal-';éJ fayer 'HlitkhESS

V= Rkt/zn,an

Field distribution "
E? = ~T,° (ve 7‘F) Bessel Function ,°f
+he first kind ©
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Normalized w-f diagram for planar guides with an exponential profile.
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0; = COS"(

N
R(I;)) , A= 43 tam §;

At ‘f‘urm'nj peint 6; =0, (or 71(1.,)=N)
X¢ is the effective quide thickness
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T

he Ray-Approximation Method

The index Ji:i‘riéa!{,n of diffused waveguides
is written in the form |

nx = M + an f( )

N Substrate index
f(-ﬁ-)= decreases monotonjcal [y with X
0 f(5) ] w>xzo0

A: diffusion depth, at x=0, n(o)= 1,
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The incremental transverse phase shift across
ax; te
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At whff b=o0 > F, =co
ST TeT Ay = E
Viam = JZ—E(’""":T)

Strickly speaking, the phase shift
2¢, amd 2§, depend on the substrafe

bi l'efrinjehce,
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Ma.rmafi;eJ diffusion c’epr
Vd = ﬁod‘J’t > "s"
Normalized expre ssion

2V [ IFE 45 = Gme DT

w'here

R EY T8 AL PN S

Example : Ti- diffused LiNb0, wovequide
F3)= €73

38

For Symmetric Waveguide
1 (x)

T

2 8, is replaced by 28,
"’(Z ¢, - z¢t) = 2mT

The normalijed expression becomes

2 V4 fft.Jf(;)_b ds = (m+L)m 40




' 2
When {-(f) = e- H (Gawﬁan phf”eJ
Vdm = J;.Tf (””' '2':')

Summﬂr!
® Roy- approximation is applicabe for arbitray
index distribution.

® Does not provide eled‘nmane*u'c field
olistribution.
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d*E, ./,
T +(9-Uw) E),:o (Stll!'od'rjer Eﬁ)
%40
The WKB methed can provide approximafe
selutions for the wave eguation as leng as
the index change is slow Compared with the
optical wave length. Mathematically
;\m{dﬁwl << [Bw|

dx
or

| &) << | 8|
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" The WKB Method

TE wave eguation
d*Ey
dx2

P=RM-V?), N= -g-

+ (B*h*-p*)E, =0

s U(x) = £;( ’ffl- Tll(x))
T M) = Mg+ (n-me) f (P

ey

-d 0 +4d X : 2

turning peints -

ERERES N
A nt i ile U@
W) index prefie potential well
~— z
SN : — x
x' xz x, xl
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e=ki(ni—N?)

where

ﬁ(x)—Jﬁ‘n(x) -g, Kou=Jg*-k2n:(n

Subs;rate—c]ad radiation modes
Ue =k} (nj—ni) v ‘ K(x_}- f tf(
() = 0dx, [x)=
Substrate radiation modes X f (x) dX
Uleo)< o< U '
U{oo) ()‘“\Llllatn]y
k2 (nt—n?) l'unclu)n_’r'_ Exponential decay function
. Guided modes 3 s
0< @< Uloo) wl A
U(I} -
D Xz (; i
Electron-energy model and mode classification '
--~ TE,
—TE,
45 " Electric field distributions of guided modes 47
- h :
E, = Aexp(yer),x < 0 The propagation constant [,
| I T ‘[x" /"z n- g2 (?'l"f _L)
E, =B cos| — — K(x)|,0<x < o -8 = R
¥ \/’C(—XS (4 ( ))a X X zl n
B [2mK(x) where X, and X, are turning points
9 Ey T2 3k(x) {1a(K(x) + J_ 15K x = x, J pe
wan=N= £, e
B 27T (x) Ro
| By = 5 37,(x) (L) + 1 a(Tdx))}, x = x,
51 “In ferms of the effective index
E, =2 exp(—I(x)), x > x
] 2 _\/— K ] 1
. 'Y.s'(x)
f e =(m+§_—)%—
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Fr the speciol case of he parcbelic

profile, the WKB predictions are known
to agree exactly with the clesed form

S’ofuh‘ons.
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To obtain the first order appreximation
{ E=-o , X<o

E = Symmetric-profile , X > o
modal field

Simple relation

qu+f=ms
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‘ndex Profile with Strong Asymmetry

p NX p E

'S‘f-rohglr asymmetric
7!3 >> 'nl

Example :
nj = LFN&O} =2.2/4

n, = air = ' 50

mectangular Waveguide

® /-dim Confinement
Specfrum analyger

® 2_dim Confine ment
- Can yiefJ

— QA daser with reduced +hresheld current
ond single mode oscillation.

— Qn electrooptic modulator with reducal
drive power requirement.

— Guide ia"‘rl' from one point on the
surface of an 0IC tTo another.

© — Inferconnect +wo circuit elements

in a manner analogous to +hat of
the metallic stripes used in an
electrical integrated circuit.
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3.2.1 Channel Waveguide

? 1 e

! <
%S
N2

—> X
{fn, > N, = constant
N, > N, (X, ) inhemogeneous
Offen Called o« channel woveguides
e Strip '
. 3-D "
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. Martaﬁli (d’proxihmf’# Solu*,'on)
Assume modes are well quided (welf
above cutoft )

— field decays exponentially in regions

2~ with most of +he pwer being
_ Cdnffned to l’Ejr'oh l.

77/% "

Y
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Review of Previous work
e Goell Uses cyclindrical spacé harmonics
) to analyze guides with aspect
ratios
| < Width
Height
*Schlosser and Unger

Use P'ec"'angular l‘larmon:cs and
numeri cal metheds for large
aspect ratio.

£2
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" The magnitudes of the fields in the
Shaded corner regions are small
enough to be heg/ec'f'ed )

d p v/
A £
\ ¢ ",_ t.o.';(kx'”‘l)
- ’Hs— 1[, 113
y=0 4 Co§ (kry"F) e+ _x/;
n
[67/74 n X=0 X

¢
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es

15’; medes | Ex, Hy
EPr$ modes €y, Hx

Consider E ,’, mode

[ M, cos (RX+e) cos(Ry §48)
-(B; 3+ it M, cos(R,x +o!) e-tﬁya J

Hxy =€ | My cos (B 8y €T

My cos (Rex ) €7 5001

L Mg cos (#yY+p) €

Wave guide Meorf_’

7 x E = -j N/M H

TXH= jwe C
Assume +he pnpa,a*;'nn fdc'for e
(Mofe : Rz =F)

J‘{W‘t- gg 3)

E . .
%—5‘ + &y Ey = -jWpHy (1) ?;*-M*Hf Jwek, (4)
e .95 . H. .
E,Ex J_? =~ u/( Hy (2) -3, Hx-:_ie,.__._, we Ea(s')

&y & oHy JH,

311 ﬁ=‘:l""/‘He (3) Jx‘Ef’zij*“J
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where v=1,1,3, 4, and S for each region.

| d
,\"’gxz'/ :
///// :ﬁgz.@////// T—;
~~> Rys — Ry, | —?kx3
@ f-ﬁ,; o Tﬁg, Tﬁ:_; @
/ " Bxs|’,
Z ; N
a4
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Usually , Hx Hy, Ex, and Ey are solved in
terms of E; and Hz as given by

/ . .9 .p 9H.
Hy = Qwé—-’-‘;g 5) TE

B-RE 29 FIx
- . . 0E .p OHx (Ez=0)
H, FTT & Gwé = 1jR; 73 ) .

L, = - I vp dE . aHe =0
<= g (1855 iy (e

= —1 [ :p &, ., OH
B &2 ("gﬁa ””’“5{)

A
|
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- Usual

o Axial field components are Solved.

* Transverse components are later
derived from +hem.

New F?A"'ur'e

- @ Solve direcHy for the transverse
eomponents.
— Power is carried by the transverse

(1) =—> (2.2.5)

! .
E?V"'T{("’"‘““”"g‘?] (3.2.4)

= o ; N J *Hxw
£, [Fivnbe T T ]

< [(Wuen 'frt' )

"

Hxv
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field components. The axial fieds We N by
are negligible.
e "J‘fﬂx": “'ﬂ;v-]
The method invelves Sofu'hon of the ry Hxy
- full- wave eguation, regions where ey &y
‘€ Varies continuously are solved
witheut special trealment. 61 63
g) -» dH, .
( } 5_.3 =Jwe EX
Consider E Py modes, Ei’ and H,,,; H, =0 ,
S o Assume "
()= (.2.6) &, = 37 5y i ~J Ky
= J AH x . .
Tem 3y = cikyHy = jWeEx
(z) = (2.2.4) For (3.2.3)
=____I_ QE“;_ J " Hxv I v =0 a—-‘i{' ?ib’ ?—E‘ =
Exv =% 32 T WG Nk, onoy v-H = 5 taz Y
e e
‘ O -jkeH,
Hy = -L 2

64




MaHn;nj the boum’ar){ conditions resuires +he
ﬁSSUMPﬁoI‘l 'Hmt

ﬁxl =£1 = £x =ng

and

ky = ky, = kye = f;
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From (3.1. ']J

'tam“‘ltj) = = 1,&)

pek iet . Aok, tye4

ﬁx?; +‘~x{r
" ﬁ;: ?3 ?3-

= tam{" ((ta"£,3,) +(tan £, E,H}

67

. Alse, A+ £;1' @" = ,%'2

£,= An, = & 7,
Q

A
L free space wavelength

ASSIAI’H;nj n
|

-h
o< Yo« v=2,3,% S

n,
( Usual case in an 0IC)
leads +0 Hve tond.‘"u'uns

fx << B3 and K << &

A Ay and Aysy A,

Bl = DT~ tan B3, - tan B (TE)

€3.2.12)
L S
y < TE I g™
L TE —> X
S-‘Mifar",

et 0 -1 n2
ﬁ;b-gn tan -l’-lf*' ﬁa"lz_ttw T‘lf:;' 53'79’ (tM)
(3.2.13)
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5= 4 = . / poLo L __ . /
N Ry R VTR i
L E Y
Jno 3 e £
_ / __ / B / /
Jﬁlz.. ke - k7 T2 B 2 : 2 - o
3 3) '£: £: "“53 -’gz (TATE)Z"é;
8% A= —= A= —F
11 [0 14 oo I
£y — Ao
/ /
I, 2/?2,‘—7!: ’fq_-_- T=_.._._l._...___ 5 A4=
— 2 } T 2
£y = Characler/stsc Q/ep"fr 69 d(%;) - f; ki g"’ 71
{ The transcendental EJ" (3.2.12) and (3.2.13)
et Canmt be Solved exactly /n closed fnrm.
— x Assume for well eonfined modes that mest of the
5 powder is in Kegion |.
* Similarly " Amall ¥ => good Confinement
A
L= 5= / = / ChE = ' ARy

!

5
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N T qu" £:—)
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Sl.nl;{ﬂl"l)l £72'Azz ’ AHJ ﬁylA:

t* >> £5AS

As
;_r "E

Nete that Ton™ X x x if x is small

5
A -4
. =f3[l—(3‘4 / )2]2
4 T b [+ A + 2 4
Tnrb

For E/s modes

Ey:  the only significant companent

Onee %, and 'g, are Selved, %, , 5, 5.7,
and 7f¢_ can be obtained upen Substitution.

b= (41 (B5) (1s Datde )7 (37 (14

nEA, + n;A4)“1J”

2
Tnsb

(3.2, 20)
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(3.2./2) gives A4 A
_ _ _ . 37 Ag
ﬁxo‘ ~ ‘Pr{ éx? 75.\- ; = ?ﬂf £’¢( ) of elﬁt%h'c f;e/J
o oAes LR /(! A’M‘- (3.2.18) Ex
. ; } negligibly Small 7
Sim:!arf),
_gr ~ E_E/(h" ”:Az"'":"’ﬂ) (3.2,/?)
b nnch For E:E mede s

E,‘ : -/'ée Gn/y 5;3n;’,£,'canf Componehf'
of electric f."e/cf

Ey } neglf'ji};/y Small
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To develop relaticnships for the E,; modes

Change E > H
M, &> -€
As /onj as
n, - N,

<< / D‘rZ,S,#’O?S‘

kz , 8, 3:, %, %, are the same as those of
E:E
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*

"Looding" strip
Planar wavequide j X
1 _ e——A——>] C y
~ s N3 P

T
n ! !
1 Metty b M e

17
:? Ny s Moty S

Substrate:

>
n|>n2_.n3 > Ng

or N >Ny 2N, >Ny

Fig. 3.6.
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%trip-Loaded Waveguide

A Spec:‘a/ case af yecfanjufar Waveju,-'a/e.

My

"5 n'>nz;n3>n¢
1,
", My >n, 2n,>n,

h iy i "
Strip-loaded wavequide or  Cptical Stripline
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Verticel Cohff'ne ment
Herigontal confinement

" ST TR

?l,;-nz, ?t_,
'}13 > 724

2 Penefrale deeper

n

Side View

i

ﬂeﬁi - é
’]’12‘8" =z —% > E— g

A

3
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Ray optics approximatjon

\ &
A
phs " X 'In! I
nl
A

R!jjuns T ond I have thickness = same f
{zh'z_ﬁ;l: ﬁ" - gaNe;_ﬁ:

—_—

2.2_ !

/4. pom —>: — [naJEJ S‘}'I’i'[’

/592 }0-?)‘“"'
/712 )0.5}“’" film
/- eéz glass substrate

A= 0.6328um
Geood agreement was found

Strip width

= 22 A
—_— Strip #hickness = [, /A
I r
fi!m thickness = 0, 95 A
81 83
or Ridse Wavequides or Kib Wavequides
’ 2 2 e i U ' T
£ - gzﬂeﬁ:. = 751/'/9; - £ ”e,y: kg
- $ Ritss
n, = 3 1 clndmj
. = 2 r 2 2 ’n' il |
Lo Neg =4/, ~Neg, +Mege A= 0.8 um % —
o ’ n, Msub
| \ | Marcadiliss medel Ti-indi ffused waveguides
Neq n Neq lr ?TS :i 2'.:' o
L, » o=
o ianir e A= [ 8um
n waveguide equivalent to
/ z / the S:Srjp-|ﬂild3d waveguide f - I/M“H.
" . of Fig. 3.6
L = 2 pm

82
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Norma[r‘ytf ff,m 'I"Ar'ckhess asymmefr/y
Vo= £ npnp = 4.2 } Conew
V,(.= ﬁf,.;‘?!;-h; =2.2 )

T =43.7
nl-ng

/\/wmal;}u{ Yuide jndices (TE - modes)

b‘ = 0.8
bf = 0.2
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b=V curves of a planar slb waveguide

! [ } ‘ =0 J

| | J—— |
9 — - % | — =
a . | ‘ Note #hat
g AN 2 b= () (- )
¢ // / - )'/’- z 2 L .

WA b= (-m) (=)

B A
¢ /f f}l l ////5 ?/// i Ng = 2229
R/ 77 N o= 2.8
T // |
fflf/!//f ]
JEs s
V8| VA YAV 1
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Vy = RRJNF- 2 = RA (np n:)(bg-by) = 3.0

The Correspond;ng b =0¢€4

The effective index N'= A+ b (15 - 1,)
= 2,214

The number of Guided modes

o= Ry = 0w £ o=

S:‘ng/e mode !
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Metallic - S‘fri/: Loaded Muejuiu/es
N,
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N, Substrafe

deeper

Confinement  poor  good

For e./ecfra opf-ic moo’u/a ‘/‘ors
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. [Nm*a?"mhf

Small effective index difference in the lateral direction
i§ insufficiont to limit radiation loss occuring from

bends in waveguides.

Except
rib unvejm‘u’e O=lv2
“e— mirror like —,
= 4o°
0

[mrje angfe thinj /s possible
Mo observation of excess rodiat/on /as:
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Comyari:a’l
S'I'rip loaded wwojur'h Vs, éurra'ecf-:'n Navejuide

optical loss <
(Scattering due fo side wall roughness js reduced.
e.g.
Blam =/ em”’
Reinhart ot <2 em™

GaAs strip loaded wa ve gujde
Gals - GaAlAs 1ib waveguide
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Beam Propagation Methed (BPM)

— Uniform in +he propagatien direction
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— Wave ca.«a'h'on
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Assume € . depenJence
Yt grnt Y=o (2)

Assume ‘B2
Y(x.9,.3)=¢(x, 93)¢€ P
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No e”p tamp-htnt

propa gatin ] beam

ﬁ = né‘{f‘o

L reference index, x Mg or M_

93

2

ASSume S'ouly Var;-'nj alohj 1'!“' ?)_:‘ :;0‘ (¢) becomes
2jpld =otg 4 £ (nt 0y 4
(Pﬁru- kx:a\' or Fresne ' Approxim a"‘:ﬁﬂ )

Numerical Metheds
(Ref. K. Kawano & T. Kitch, Introduction to
Optical \Javcguide Onalysis, Wiley, 20¢/ )
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Dividing by € %o, () becomes

¢ ajp3t +oe e (k2w-0)¢ =0 (%)
24, 3‘4 B (™ Neyy)

e 3y
(Wide- angle BPM)
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