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Class overview:

1. Brief review of physical optics, wave propagation, interference,
diffraction, and polarization

2. Introduction to Integrated optics and integrated electrical circuits

3. Guide-wave optics: 2D and 3D optical waveguide, optical fiber, mode
dispersion, group velocity and group velocity dispersion.

4. Mode-coupling theory, Mach-zehnder interferometer, Directional
coupler, taps and WDM coupler.

5. Electro-optics, index tensor, electro-optic effect in crystal, electro-
optic coefficient

6. Electro-optical modulators

7. Passive and active optical waveguide devices, Fiber Optical amplifiers
and semiconductor optical amplifiers, Photonic switches and all optical
switches

8. Opto-electronic integrated circuits (OEIC)

Complex numbers

c=a+ibor Ce¥ C:amplitude ¢: angle

D |«

¢ tc,=(a,ta,)+i(b £h,)

Real numbers do not have phases

Complex numbers have phases

Ce'? ¢ is the phase of the complex number
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Physical meaning of multiplication of two complex numbers

c,-c, = C,e'".C,e"s = C,.C,ei(n+s)

- C,-C
C.ei is, Number: C;-C, C. times
1©7— C,e )
2 Phase: ¢ +¢
1 2 Phase delay ¢,
Why i-i=-1?
90
iZ .
i zl.e 2 i
LT
iiz1.1.e22 _gim 180 o
-1 1
H -i
iP=—i i‘=1

270

j1=2 90

L2
gl=¢" n=01.5
180 0

L2
92 =%2¢ 2" n=01..11
270

Optical wave Vertical polarization,

. k L polarization, transwave
Agi(o-atis) Kk, ®
I X

e k vector, to x-direction
Initial phase

. Horizontal polarization
Phase delay by time
Phase delay by position

Amplitude, I=]AJ2, Optical intensity
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Optical wave propagation in air (free-space)

—

Aei(kx—a)t+¢) Aei(kx_a)t+¢+¢delay)

Ce— o |,

Usually, ignore t term. Because look at system at the same time. Snap shoot.
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Optical wave propagation in air (free-space)

. Kk Aei(kx+¢)
AX

Pares T Wave front

Phase is the same on the plane --- plane wave
2
Ag = KAX - A X

Phase distortion in atmosphere
i(kx+

T Wave front distortion
Additional phase delay, = non ideal plane wave

Aei(kx+¢)
2
Phase delay ¢ delay =k - x = 7 X
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Optical wave to different directions
Xy Agi(ka+d)
Phase delay
2
¢delay = kax = T(Xl - Xz)
X2 Api(Ke)
Refractive index n
In vacuum,
2z A
k=— V:CZ?:M c: speed of light
In media, like glass,
2 2 Aln
k=—F -y V=c/n=2—=fIn
Aln A T
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Optical wave to different directions

1 e|(k)<1+¢ﬁ)
Phase delay
2
¢delay = kAx = 2 (X1 - XZ)
kx2+¢)
In media with refractive index n
nXl Ael(knx1+¢)
Phase delay
VA
¢delay = kn Ax = Tn(xl - X,)

Ael(knx2+¢)

nx1, nx2, optical path
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Interference of two optical waves
a2

ail a3
A Aout
b1 b2

A= lAeikn(aﬁaz*%) + lAeikn(bﬁbz)

ol

1 )
Upperarm : — Ag'n(@iraas)

1 .
Lowerarm: = Ag!"(Pi+b)

Phase delay between the two arms:

kn(b, +b, —a, —a, —a,;)

1 Aeikn(a1+a2+a3) E Aeikn(bﬁbz)

If phase delay is 2mm, then:

1 1 . in(oeb
If phase delay is 2mn +r, then: — Aen(@rd+ag) - E Agn(B:+2)

ERtBot6BEI86BinterferometeReview of physical optics Lecture 1
J_ -
n a2 Upper arm : — Ag'n(ata;+as)
Y
A Aout
o b3
b2 Lower arm : E Agkn0i+bz)

b1+b2+b3 =a +a, +a,
Phase delay between the two arms:

k(n,b, —na,)
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Electro-optic modulator based on March-Zehnder interferometer

a2
n al a3 . . )
A @ A Electro-optic effect, n2 changes with E -field
out

o1 02} 03
b2
v L

x B S—

- < Out put

o I
ED Modulation

Phase delay between the two arms:
k(n,b, —na,) L

Aeikn(a1+a2+a3) l Aeikn(b1+bz)

If phase delay is 2mmr, then:

1 1 .
If phase delay is 2mn +7, then: — Ap*n@raras) - = pgikn(bib,)
2 2

1 ikn 1 i
(ay+ay+az) _ ikn (b, +

If phase delay is 2mn, then: — Ae™n(arara) = = pgikn(Bib)

2 2

1 1, o
If phase delay is 2mn +, then: — AgK"(Bt&ta) - —Ae (b2
Electro-optic effect, n2 changes with E -field
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Reflection, refraction of light

reflection
n, sin 6‘1 =n, sin 92
n,>n; ==> 0,<0,
Refraction
reflection

n, sin 91 =n, sin 92

0 \ n,<n, == 6,>6,

Refraction
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Total internal reflection (TIR)

reflection

n, sin 91 =n, sin 92

n, 0, n,<n, —=> 6,>6,

Refraction

When 6,=90°, 0, is critical angle
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Total internal reflection (TIR)

Total reflection When 6,=90°, 0, is critical angle

n

n sin@ =n,sinéo, |

; 92=900 ~ "2
n, - 0,=900
No refraction sing, =n,/n

Application — optical fiber
Low loss, TIR

| Flexible

Communication system

Electrical signal

l
[ Laser ——{EO modulator ‘ Electrical signal

Optical fiber

n sing =n,sinéd, |.92=90° =n,,
sing, =n, /In
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Reflection percentage

Intensity reflection = [(n1-n2)/(n1+n2)]2

Example 1:
ny Refractive index of glass n = 1.5;
n, Refractive index of airn = 1;

The reflection from glass surface is 4%;

Example 2: detector is usually made from Gallium Arsenide (GaAs), n = 3.5;

Intensity reflection = [(n1-n2)/(n1+n2)]?

Ny The reflection from GaAs surface is 31%;

N,=3.5 Detector, GaAs
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Interference of two optical beams, applications

1, Mach-Zehnder interferometer

n a2
al a3 . . .
A @ A Electro-optic effect, n2 changes with E -field
out

o b3
b2
z . L

X B S—

Inpuit - < Out put

o I
ED Modulation
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2, Michelson interferometer
M1 L Phase difference:
/ k Measuring small moving or displacement
Mirror 2 If the detected light changes from bright to dark,

5 Then the distance moved is half wavelength/2
Detector

Michelson interferometer measuring speed of light in ether,
speed of light not depends on direction
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3, Measuring surface flatness

, Accuracy: 0.1 wavelength = 0.1*500nm = 50nm
k(n,Ad) k(n,Ad")

4, Measuring refractive index of liquid or gas

T

T

o =
o = Phase difference:
@ N 2
o 4’E k(n12b2 —n22dl)
<}
) w
g
< =
g. A YA E':
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Equal difference series

a,a,...a,...
a,—a=>b
a,—a,=Db

+ a,—a,_,=b

= an_alz(n_l)b

S, =a,+a,+..a, a,+a, ,=a+b+a,_,=a +a,

a,+a ,=a +2b+a ,=a +a
+ Sn :an +an71+...a.1 3 n-2 al n-2 al n

= 2S,=n(a, +4q) S, =5 (@, +a)=2(a,~a)+na, = 2 (1-Db+na,

Gasin
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Power series

a,,4,..4,...
a, =ba,
a, =bha,

x a,=bha,,
an — bn—lal

S,=a,+a,+..4,
- bS, =ba, +ba, +..ba, =a,+a,+..a,,,

= (1_b)sn =8~

g -, _a-ba

" 1-b 1-b
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Power series
a,,4d,...4,...
S=a +a,+..a,+..
. 1-b"
=lim a( ) -4 When |bJ<1

e 1-b  1-b

b can be anything, number, variable, complex number or function

Optical cavity, multiple reflections

Optical cavity, wavelength dependence, resonant

Ny M2 giknaL t oL
1Kn.
A =1 it F et
0 r t 2 Ai2kn,L
tree ™t
r t .
tréeidnaLy
E b = r2ei2mL
tzeiknzL
AZAT AL T rgmat
2giknL ‘ t2 ‘Z

R, intensity reflection

2
I =‘St‘

2
t
= 1_ rZei2knt = 1— Re 2t

S, =tr+t, +..t, + i 2 t
r= 2 Toelg T
Ty i T N t S, =t 4t +.t, +..
- 1- r2 5 rat — %

rit t . t 1-r

rt

r5t
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Optical cavity, wavelength dependence, resonant
2,0kl |2 2 2
e | |

‘1_ [2gi2knaL = ‘1_ Re 2kt

It_‘ t

‘ 2

Example: n, = 1.5, R=0.04, L = 0.05mm, 2=0.55pm R, intensity reflection

1 1
0.9 0.9
0.8
0.98
0.7

0.97 06

0.96 0.5

0.9 04

0.3

0.94
0.2
0.93 0.1

0.92
0.55 0.552 0.554 0.556 0.558 0.56 0.562  0.564 8 55 0.552 0.554 0.556 0.558 0.56 0.562

Wavelength (um) Wavelength (um)

0.564

Intensity

Optical cavity, wavelength dependence, resonant
2
|

‘ 2t 2 :‘ |
‘1_ Re'2knzk

‘l— r2gi2knt

2
I, =\51\ =

Resonant condition

2kn,L = (2m + 1)7  Destructively Interference

2kn2|_ =2mx Constructively Interference
2z
T n2L =mr 2n,L=mA Resonant condition,m=1, 2, 3, ...

m=1, half-A cavity

m=2, A cavity
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Optical cavity, Free-spectral range (FSR)

22
FSR = L L increase, FSR decrease, FSR not dependent on R
2
Example: n, = 1.5, R=0.04, L = 0.05mm, 1=0.55um
1
2 09
FSR = =0.02um 08
2n,L 07
06
L =0.5mm 05
0.4
A 03
FSR = =0.002m
2n,L 0.2
01 J

0 L
0.55 0.552 0.554 0.556 558 T.SG 0.562  0.564

o
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Optical cavity, Free-spectral range (FSR)
2n,L=mAi Resonant condition, m=1, 2, 3, ...
2n,L
— < _=m
j’m
2n,L
- - =—m+1
ﬂ’mﬂ
2n,L  2n,L
f—le 2nzL(im—/1m+1),1
m j“erl/im
A Vo
2n,LAA -1 Ad = FSR =
2 2n,L 2n,L
Example: n, = 1.5, R=0.04, L = 1mm, A=0.55um
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Ring cavity, Ring resonator
L =2nR,
95%, r . 2 2
) ‘ tzelknzL ‘ ‘ t2 ‘
= ‘ l‘ = ‘1_ rZgizknl| ‘1_ ReizknzL‘

27

TI’IZL = Mr 2n2|_:mﬂ
2

FSR = A

Ring cavity, Ring resonator filter

~
\ L =2nR,

27
—n L=mr

FSR = 7 2n,L=ma
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Lens and optical path Lens and optical path
Focal length
Focal length ‘ ;

!

Focal plane | Focal plane

:F Same optical path
[
o T

focus

Same optical path

lens

Same optical path
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Lens and optical path Focal length Interference of multiple Waves, gratings
f ~ Near field pattern

LT

\ » A1 — 'Abeiknx1
> | ne

X2 Aotual = A + AZ = AJelk"X1 + Al)elk"xz

Focal plane

2

|~ Same optical path s = Al =[A€"™ + A€
; K _ iknx, ikn(x,—%)
Z: . = ‘Abe 1+e )
=|A,[ [+ cos(knAx) +isin(knax)[

=|A[{[L+ cos(knAX)T +sin (knAx)}

2

2 _ ‘Ah‘z‘(l+eikn(x2—x1))

Screen
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Diffraction of Waves Far field pattern

When A¢ = 2mm, bright
When A¢ = 2mn+ 7, dark

2mn = (2n/%) d*sin(8)
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Multiple slots, grating

Far field pattern

Focal plane

T

Ady, = K*Ax_, =(21/%) md*sin(0)

sin(0)

Screen

When A¢ = 2mr, bright
When A = 2mn+ =, dark

2mn = (2n/A) d*sin(0)
m A = d*sin(0)

tan(0) = AL /f

0 ~ tan(0) ~ sin(0), when 0 is small
mi=d* AL /f

AL=m A*f/d, bright spots
Bright spot still at small position

m A = d*sin(0)
m A =d* AL /f
d
AL = f*sin(6) AL=m A*f/d, bright spots
f
Focal plane
u Ax = d*sin(0)
Ad = K*Ax =(2n/L) d*sin(8) Screen
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Multiple slots, grating

Focal plane

Ad,, = k*Ax,, =(2n/1) md*sin(63creen

Aomal = A)++A1+A2+"'+Aﬁ
_ Abeikxo " A)eikx] " A)eikxz +.“+A)eikx,“
— A)eikxo (1+ elkAx1 + elkA)(Z 4o +eikAx,“)

— Abeikxo (l+ eikdsinb" +eik2dsin6 Fo+ eikmdsine)
B eikxo 1_ elk(m+1)dsin0
- Ab 1— gikdsing

- . 2
ik(m+1)dsing
2 i, L— €
oot :‘Aulal‘ =|Ag™ 1_ grdsng

[2— cos(kmd sin §)F + sin?(kmd sin )

=IA| [L—cos(kd sin &) +sin’(kd sin6)

REf€cti68/d6566, multiply refldkéeiew of physical optics

P
e

Lecture 1
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Optical wave, photon

Photon energy: E = hv, vis the frequency of the photon, ¢ = f1 = vA4,

2r
E=hc/A ZThC = hkc = pc,
p = fik, momentum of the photon,

2
E =mc = mcc = pc,
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More on grating, Grating period, Phase matching condition

k vector, k = (2n/.), along the beam propagation direction

H d is called grating period, often use symbol: A,

IH/ Grating vector = 21t /A,
IHM Phase-matching condition

/ rL&&\%

K, =2n/A

H ing Y E
L T
[ /

For photon:
E = pc = hv,
p = 7k,
‘ 2
=
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Distributed feedback grating (DFB grating)

Effective reflection

> AR AR
O O N I I o O
kin kin
——l kA
Ky Koy T

‘ kout=kin_k/\='kin ‘

Phase-matching condition Phase-matching condition

2n/A = 2*2n/)

‘ 2mNgy Ik oy = 21N, A4, Zn/A‘

H m X B md*sm kout *Sin(e) = kgrating =2n/A
Ady, = K*AX, =(2n/L) md*sin(0) d*sin(6) = %
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Diffraction: Multiple beam interference
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Diffraction:

Single slot diffraction:

Aoloal = A)++A1+AZ+"'+AN

= AR 1 AL+ AR 41 A
_ j‘ A0 dz _ Ay (L—e"n®)

5 d ikd sin(6)

2

| - 2 %(17eikdsin(0))
totoal — ‘Amoal‘ - W

ikdsing/2 (e,ikd singl2 _ e ikdsin0/2 ) 2

e
=1, _
kd sin(9)
o 2isin(kd sin67/2)‘2 - \sin(kd sin 6/2)\2
! kdsin(@) | °| kdsin@/2 |
sin®(a)
=lo———,
o

a =kd sinH/Z:%dsinH
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Single slot diffraction: .
9 sin’(a)
- Imloal = I0 2 1
a

a=kd sinH/Z:%d sing

T . V4
When a=;dsm6’:m;r+5 bright

When a=%d sin@=mrx dark
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Single slot diffraction: .
9 sin’(a)
o Ilo!oal = IO 2 1
a

a =kd sinH/Z:%dsinH

VA . V4
When azzd S|n9=m71'+5 bright

When a=%d sin@=mr dark
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Angular width : sinz(a)
M Itotoal = IO az '

~

/p(// ’

a =kd sin9/2:%d sing

first dark: o = %d sind=mrx

sint9=i 0;i
d d

Half angular width
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Diffraction of a lens

\ ° Focus size

|~

N

EE16.468/16.568
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Resolution of optical instrument

9;1
p ; d
] f . 2
) Focus size f*0=f 4
7/4& \‘ AG>122%
d
, . A _
A A0 >1.22a d = 16mm.

eye
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Polarization of light: Linear polarization

Ar
VvV
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Polarization of light: linear polarization Polarization of light: circular polarization
Any linear polarization can be
B, cos(at) decomposed into two primary T
0 polarization with the same phase BO COS(a)t) ¢ = tan"[B, cos(at)/ A cos(et)]
=tan'[B,/ A]
A, cos(at) A, cos(at) at=0
Why decompose into two primary polarization directions?
A, cos(at + 7 /2) A, cos(at +7/2)
In crystal, the refractive index is different along different polarizations
Lag /2

4
X )—~ y A cos(et) A, cos(at)

[ y n, y wt=r/2 at=7

Aycos(at + 7 12) A, cos(at + 7 12)

Refractive index ellipsoid J
A, cos(at) A, cos(at)
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Polarization of light: circular polarization Polarization of light: circular polarization
wt=3712 wt =27 Count-clockwise
Ay cos(at +7/2) Aycos(at +7z/2) A, cos(at —/2) Aysin(at)
'\ 2]
0= at
Clockwise ‘ A cos(at) A, cos(at) u/é cos(at) A, cos(af)
P elliptical polarization
A, cos(at +12) - Aysin(at)
\ @ B, cos(wt —77/2) B, sin(at)
0=—at
v\ (0]
cos(at) A, Cos(at) \ O=at
NP Ay cos(at)
A, cos(at)

A, cos(at)
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Delays along different directions:

d  Refractive index ellipsoid

Y B
)—‘ )—~ Phase difference: k(n, —n,)d

Ne Ne

when k(n,—n,)d =z/2 Right (clockwise) circular polarization

(no _ ne)d =114 Quarter-wavelength A/4 plate
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Right (clockwise) circular polarization

Al COS(a)t) A) cos(wt+ 7/

< 45° M4 plate \ @

A, cos(at) KJ

A, cos(at)
d
n -' n, lag
o o

)—~ Phase difference: k(n, —n,)d
n n

e e

when k(n,—n,)d =7z  Change the direction of the polarization

(no _ ne)d =, /2 half-wavelength 1/2 plate
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Change the direction of the polarization by 26

A, cos(at) A, cos(at + )
A — A2 plate —

A, cos(at) 9
A, cos(at)
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EO modulator

polarizer analyzer

dark

Bright

S

n, A
4

EO modulator

A, cos(at)
—— dark
polarizer analyzer
Ng .
A, cos(at) Ny | g Bright
0
k(ng—n,)d =7
n, < E :\% \'A
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Circular polarizations and linear polarizations
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Circular polarizations and linear polarizations
A, cos(at) A, cos(at + 7/ 2)
'\ [0]

\w

w{cos(wt +712)
A, cos(at)

|

Ay cos(at) + A, cos(at + 7/ 2) V Linear polarization

— %

A, cos(at) + A, cos(at + 7 /2)

A, cos(at —7/2) A cos(at+ 7/
Ve i
M cos(at) \J
‘ ‘ A, cos(at)
A, cos(at)
‘\ @
wJA)cos(a;t +712)
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Circular polarizations and linear polarizations
A, cos(at + ¢) A, cos(at +7/2)
'\ @
\\ 4]

A cos(at+ 712+ ¢)

/

S
/ A, cos(cA)

o+
2

cos(a) +cos(f) = 2cos(

B a-p
) COS(T)

«— +
—_—

A cos(at + @) + A, cos(at +7/2)

=2A,cos(at + @/ 2+ /4)cos(p/2—r14)
¢ Linear polarization

tan(6') = cos(z/4-¢12) ‘ A, cos(at) + A, cos(at + 7/ 2+ ¢)
cos(z/4+412) =27 cos(at + 714+ $12)cos(z 4+ $12)
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Faraday rotation

B~
kA ™ Apply B field generate delay
y g/ S for left or right polarization
v Y
d
A, cos(at +¢) A, cos(at + 7 /2)

N \o

%s(wt+7z/2+¢) kj

A, cos(at)




