EE16.468/16.568 Discrete optics v.s. Integrated optics Lecture 2

Discrete optics: Integrated optics:

* Mirrors, lens, mechanical mounts » Waveguide

* bulky « Bendable, portable
* [abor intensive alignment * Free-of-alignment
* ray optics  wave optics

e environment sensitive * robust

 more functionalities
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Data streams / \\
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Applications of Integrated optics:

» Transmitters and receivers, transceivers

« All optical signal processing

 Ultra-high speed communications (100Gbit/s), optical packet switching
* RF spectrum analyzer

e Smart sensors

Bio/Chem
sensitive layer

Si BJT
Detector

Laser
Diodes

Si CMOS
Receiver
Circuit

Si CMOS
Transmitter
Circuit

Si CMOS
VLSI circuit

OEIC, bio/sensor

Optical transceivers
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2-D Optical waveguide

e

»
>

y
Cladding, n,
d I Core, refractive index n,
Cladding, n,
0, n,
| p E\/’ n1
% 90°-0,

n,=1

n0*sin(6,)= n1*sin(0,) Numerical aperture (NA)

Critical angle
n1*sin(90°-0,)=n2*sin(90°)

cos(6,)=n2/nl
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2-D Optical waveguide

" n,sina__ =n,sin(90° -4,),
Lost
. B
< f/ﬁ; sin g :&
. \ c n, y
n,

(v )"

A 2a..,,, . total acceptance angle

B

L = I’Imur

: 2 2\1/2
NA=n,sina,,, =(n —n;)"",
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Example 2:

Calculate the acceptance angle of a core layer with index of n1= 1.468, and cladding layer of
n, = 1.447 for wavelength of 1.3um and 1.55 um.

Solution:
2 2\1/2
i n- —n
sina,..,, _ (=) ,
r]0
2 2\1/2
. (NS =n
Q. =Sin AWnll’y) =9.7°,
r]0

acceptance angle: 2a,,, =19.4°,  Wavelength independent:
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Fresnel equations n, <n,
I X
ElS E3s
z
y 91 91
Ny
n, 0, E s

s-polarized beam (senkrecht: perpendicular)
Trans-electric beam (TE)

EZS = 1:s Els E3s = r-s Els

¢ hycos ¢, —n, cosé,
> n,cosé, +n,cosd,

t.=1+r,

n,

p-polarized beam (parallel)

Trans-magnetic beam (TM)

E,p =t,E,  E=TE,

r _ npcos 6, —n,cosé,
P
n,cos g, +n, cos o,
nl

tp :n—2(1+ I‘p)
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Fresnel equations
q n, <n,
X
y4
=5 E,
y4

) ) 0, O 4
y 91 91 1 1
n, k
n, 0, E,s %, n,
2 2 2
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Phase shift of reflection

n, <n,
X E

. _ Mycosg —n, cosd, ] 1s Ess
=

n, cosé, +n, coso, y 0, 0,

- - nl
n,sing, =n,sing,

: n 0 E
n,cosd, = (n> —n’sin”4,)"? 2 ? 2s
. L N .

when nZ>n’sin’é, ie. sing,<—% =sing,

nl
2 2 2 2
n,cosé, —n,cos6,>0  because (MCOSE)" —(n,C086,)" =n; —n; >0

In this case, I, >0 isareal number

The reflection is not associated with phase shift, or phase shift is O
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Phase shift of reflection

n, <n, . -
¢ n.cos ¢, —n, cos o, X 1s 3s
=
n,cosé, +n,coso, y Z 0, 6
2 2 ain2 n\1/2 Ny
n,cosé, =(n, —n;sin” 4,)
N, 0, By
: _ : n :
when NZ<n’sin’g, ie. sing > n—2 =siné,
1 180
. n, cos g, —i(n’sin® g, — n2)"'? 150 1
*n,cosd, +i(nfsin® @, —n3)"? o 122
60 GC
an? — (sin @, —n2 /n?)"?*  (sin® @, —sin’ 0.)"'? % | \
o - 0 T T T T T \ \ \
COS 91 COS 91 0 10 20 30 40 50 60 70 80 90

0,
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Evanescent wave n, <n;

. ik, F i (—Ko X+K,,7)
EZS T EZS(O)e = EZS (O)e i i 0 0 Y
1 1
n
Momentum conservation ! —_—
n, 0, Eo

K,, =K, %nlsin 6, :%nzsin 0,

2 1/2
k,, = (k22 - kzzz)”2 = %(ng —n?sin’ 6?1)1/2 =i 27;”2 E:lz sin® g, —1] =ia,
2

EZS _ EZS(O)e—azxeikZZz _ EZS(O)e—x/deiKZZZ

Attenuated wave, penetration depth: d

-1

27zn n2 1/2
d:az_lz 12( ]'ZSinZHl—lj
n

2
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Optical modes

\\\\\ - N ’C
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k*n1*AC — k*n1*AB = 2mm= Knd 1-sin®*@,—sin’ g, -1 _omxg

' sin g,

AC = AB*cos(26,) AB = d/sin(6,)

Hy,
knld(len 91j22mﬂ kn,2d sin6, =2mx

kn, =2mzx sing,

'dH cos(26,) —kn,

I 1 1

20 cin2
knlol(cos 6,-sin’6, __d j:Zmn
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. . A
n,sin@, =sIing, =m—
1 1m 0,m 2d

B.=nk,cosb,, =nk, :(1—sin2 6?1,m)]1/2

q1/2
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Ray optics approach

Lecture 2

Optical modes \ \
\‘\\\ | ’\.\( ' . \a\\’(j
A\‘\ \‘:—el \ \
91 “\ \\Ul
62 ‘\
e1
singh
I—— e ————— |
—————————— i
----------- S k
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Propagation constant L
 =nk 086

2 _ 2 iz
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Effective index: [, = K,
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Optical modes, considering phase shift at reflectiorm
e \ ‘\‘ \\‘ \‘\ Y
1 92 \\\ ‘\\ 1 \‘\ \\\ d
e1 \ i \ . v
*N1*AC _ l*n1* + Dk — —cin? @ —<in?H —
k*n1*AC — k*n1*AB + 2*¢ = 2mn knld(l sin’ 0 ;m 6, 1j+2¢:2m
: sin
AC = AB*cos(20,) AB = d/sin(0,) .
fia 2
and| 2| Loy = omy
kn, ——co0s(26,) —kn,——+2¢ =2mx sin g,
sin g, sin g,
20 _sin?a d tan(knlgsinel—mg)ztang
knld(COS 1 & j+2¢=2m7z
sin g, sin 6,
020 einl 1/2
0 0 —sin? 0 —1 tan(knlgsin 0, —mZ)= (8in” 6, =sin” &)
knld( L j+2¢=2m7z 2 2 cose,
sin 6,
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Optical modes

A o1
0 \ 1\ i
1 92 \\\ \\\ d
91 . \‘\ v
\\\ ‘\‘B
] n2
kn,2dsin 6, + 2¢ = 2mr sing, =cosd, > [1-—2
Ny
27d /2

m <2507 -n) e - glim v

(n - )",
V number, normalized thickness, or normalized frequency

m<[2V -¢]/ x,
Cut-off wavelength 4.: V(4,) = %
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Optical modes

Example: estimate the number of modes

« waveguide thickness 100um, free-space wavelength 1um,
n, =1.490, n, =1.470,

V 2_7za(n )1/2

27d
p 76.4, ms[T(nf—n§)1’2—¢]/7z,

m<[2V —¢]/ 7 =48.7, 49 modes
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Normalized wavequide equation:

2 2 2 2 2
Ny —N; Ny COS™ 6, — N,

b=——7 — 5 Ner =MCOSE,, b normalized propagation constant
7\ _ (cos” 4, —sin” 6,)" o0 /2

v =222 0 —niy,

tan(kn, 9sin 6, —m—) .
2 2 sin 6,

* T 4| b
Vy@d-b)-m—=tan" | —,
2 m= 0 2 1-b

f(V,m,b)=V./(1-b) —m%—tan‘ﬂ/% =0,

~ <
o
o~

f(v, m, b)
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Discussion:

Attenuated wave, penetration depth: D

2 2
Ngr —N;  n’cos® @, —nj

n; —n; ny-n,

b=

Ng =N, COSE,,

(nf —n>)b =n’cos* &, —nZ,

~ <
o
o~
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Discussions:

* mode numbers v.s. index difference and wavelength
o effective index difference of higher and lower order modes
» mode profiles dependence on index difference and wavelength

Example 1:

Calculate the thickness of a core layer with index of n1= 1.468, and cladding layer of n0 = 1.447
for wavelength of 1.3um.

Solution:
m<[2V —¢]/z,  Forsinglemode: m=1, ¢=0, V=—sI(n-m

0.8

0.7

0.6
o

0.5

0.4

0.3

0.5 0.7 0.9 11 13 15 1.7 1.9

thickness
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Ray optics approach

Normalized wavequide equation:

2 H 1/2
z, (cos” @, —sin®6.)

tan(kn, %sme — —)

tan(V/(1—b) - —) ‘/

siné,

neff

=n,cosé_,

Lecture 2

—m=0
—m=1
— (b/(1-b))™.5

T
0.2

T
0.4

T
0.6
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Asymmetric waveguide

Ray optics approach

n,=1

Normalized propagation constant b

2

ns_nz
V= 2
nl_n3

TE mode

Normalized

fregquency v

2

Lecture 2

_ b 4, |b+y
VJa=b)-mZ =tant(.——) + tan™ ,
(1-b) m2 (‘/1—b)+ ( 1—b)
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Maxwell equations:

Dielectric materials

p=0  D=¢ J=0 B = uH

Maxwell equations in dielectric materials:

VxE:—a—B VxH D = i B VxH = jaD
ot ot phasor

R

Il
<
X
M

Il

I
%

V-D=0 V-B=0 v.-D=0 V-B=0

Vx(VxE)=—jo(VxB) ——» V(V-E)-V?E = 0’ ust
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Helmholtz Equation:
VZE + 0’ usE =0 VZE+Kk’E=0 k? = 0’ us
Free-space solutions

E = JE,e* E = RE,e™

2-D Optical waveguide

Ix
Z
y _ n, <n
Cladding, n, 2 71

»
>

d I Core, refractive index n,

Cladding, n,

TE mode: TM mode:

E = JE(x) H = §H(x)
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/L> ¢
y .
Cladd|ng, n2 / nz < nl

d I Core, refractive index n, >

Cladding, n,

VZE+n’kGE=0  E = JE(x)e”

d°E(x)

>+ (n%ks — B*)E(x) =0
dx
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IEG | (22 - pYE(x) =0

« Il n, x*
é_' | d*E(x) 21,2 2
y | n, X’ +(nky — B7)E(x) =0
0
o, TEC) . (o - BE( =0

X2

E (X)=A cosl(\/nfkj — B? )><J+ B, sinl(\/nfkj — pB? )XJ

E, (x) = A, exp|[{/87 —n2kZ )

Ey (x) = Ay EXp[_ (\/IBZ - nzzkc? XX - d)J
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IEG | (22 - pYE(x) =0

« Il n, x*
é_' | d*E(x) 21,2 2
y | n, X’ +(nky — B7)E(x) =0
0
o, TEC) . (o - BE( =0

X2

E (X)=A cosl(\/nfkj — B? )><J+ B, sinl(\/nfkj — pB? )XJ

E, (x)=A, exp l(\/ﬂz —n’k? Xx +d /2)J

E, (X)=A, exp[— (\/ﬂz - nzzk(? XX—d /2)J
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E (X) — E||| (X) |x=d

« I[ n,
CJ% d —E() E...(x)|xd
y | n,

E (X) — En (X) |x=0

” n2 —E( )_ E||(X)|x0

E| (X) — En (X) |x=0

E,(X)=A cos[(\/nfko2 — B2 XO)J+ B, sin[(\/nfk(f — pB? XO)J

~ £, (0= A, el —nikZ Jo)
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E (X) - E||| (X) |x=d

« Il n,
é_' d _E()_ EIII(X)|xd
y | n,

E (X) — En (X) |x=0

” n2 —E( )_ E||(X)|x0

_E()_ EII(X)lxo

W7 =ik )= (o = 47 sinllys = 7 o)l 8, Wik = 7 Jeos it = 47 o)

f7—nik? )
n2k? - p°)

B, = A, (
(
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E (X) - E||| (X) |x=d

11 n
X@Lﬁ ’ d —E ()= E...(x) "
y | n,

E (X) - Eu (X) |x=0

“ n2 _E ( )_ EII(X)|XO

A, = A cos[(\/nfkj - p? Xd )J+ B, sinl(\/nfko2 ~p? Xd )J
- A BT =03 )= ~nik = 57 sinl[yndk = 57 Ja )+ B, (Vi = 57 Jos |k = 57 o)

(/57 —n2k?)

(\/nfkoz e )_ A, Cosl(\/nfkj ~ B? Xd )_|+ B, sin I_(\/nfko2 - B’ Xd )J B, ( )
n’k? — p?

(\/ﬁz —nZkZ )_ A, sin [(\/nfko2 — B2 Xd )J— B, cos [(\/nfko2 — B2 Xd )J

= AII
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(\/nfko2 — B2 )_ A, cosJ'(\/nfkj — B2 Xd )_|+ B, sin I_(\/nfko2 - ﬂZXd )J = A ( B’ —nzzkj)
) A snlynic 570l B, e lnie k)] k)

(\/nfkoz—ﬂz) COS[(\/”lkoz B’ Xd)] (\/'B 22k‘i;sm (\/nfkg_lgzkd):
A R 0 o i)

h h+qtan(hd) — a ——
q = - =B —nyk
g htan(hd)-q h \/”1ko p g \/,3 Ko

_ 2hq _ 2q
h*-q® h(l-q*/h?%)

Graphic solution



Dispersion
. dg . dp (Bt L
A(Z) _ ei(ﬂz—a)t) _ e'((ﬁff%Aw)Z—Wt) _ e'((ﬂoZ—a)t)Jr%”wo ZAw) _ el((ﬂoz wt)+vg Ao)
d_w| _ (d_ﬂj :
dg " dw
Z
A(t) Time delay Alt—7) = At - 7)

Aw) = Al)e "



EE16.468/16.568 Dispersion

» Material dispersion

L Ar, dg, A ,dn
Vo = ﬁl G e Gy L8

(d/12 Az, =D, LAA,

Example --- material dispersion

Lecture 2

Calculate the material dispersion effect for LED with line width of 100nm and a laser with a
line width of 2nm for a fiber with dispersion coefficient of Dm = 22pskm-1nm-1 at 1310nm.

Solution:

At =D AAL =2.2ns, forthe LED

At =D AAL =44ps, for the Laser
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» \Wavequide dispersion

L AT
Vg = | Ty=—y —F=
ﬂ Vg L
Arg (dﬂ) 1984N

L do” (27a)° 20n

Dispersion Lecture 2

oo, A°VD) g A,
cA dv ?

Example --- wavequide dispersion

n2 = 1.48, and delta n = 0.2 percent. Calculate Dw at 1310nm.

1.50

28 =

1.00 [—

0.75 |~

0.50 —

025 —

b~ (1.1428-0.996/V)?, for V between 1.5 - 2.5.

d (vb) = 0.26,
d 2

__My(n—ny),, d*(Vb) _ ,
D, = vy Ve 1.9ps/(nm-km),

V' number
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» Wavequide mode dispersion

L
n, n,=1
N3
Higher order mode, |, :d_a)| L
Y dg ™ n,
do C

Lower order mode, Vg = dB

Arg

c ¢
=1/(——-—
L (n2 nl)

Lecture 2
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Dispersion

Lecture 2

e chromatic dispersion (material plus waveduide dispersion)

Dispersion [ps/(nm - km)]

20 — e
10 =
0
10 |— Wavcg;i-a(-:-
l | l l
1200 1300 1400 1500 1600
Wavelength (nm)
Dispersion coefficient (ps km-! nm-1)
20
A Dy,
10— Si05-13.5%Ge0o
ol (;un]
----------------- 4.0
P s : : : -------------- _;.5
---------- 3.0
-------------- 25
[ I
1.5 1.6

A (um)

At
Lg =(D,, + D, )A4,

» material dispersion is determined by
the material composition of a fiber.

 waveguide dispersion is determined
by the waveguide index profile of a
fiber
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» Dispersion induced limitations

rcr

Digital signal

Emitter Photodetector

Information—- — ot Information
; mf‘ Input Output D_>
Input Intensity Output Intensity
AT..']J;E
Very short h H m
light pulses r : : ot
0 T 0 | 1
24T,

 For RZ bit With no intersymbol interference

1
2A7,, '

B~

 For NRZ bit With no intersymbol interference

B~ 1 ,
Aty

Lecture 2
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Dispersion induced limitations

 Optical and Electrical Bandwidth

Electrical signal (photocurrent)

Fiber 0707 i

Sinusoidal signal e MW Yo
Emitter Photodetector
—T‘f—\’v"f —|:‘—> - D—P Qmuxmdal electrical signal
Optical Optical
f=Modulation frequency [nput Output
P, = Input light power P, = Output light power £ / P
' 0.1 —:
_d:\_/_% N i_j __i}__ 0.05
0 \ ¢ 0 . IKHz | MHz , e S
~ ] f3dB ~ 0 . 7 B,
2AT
1/2

 Bandwidth length product

. 0.25
DAL’

Lecture 2



Dispersion induced limitations

Example --- bit rate and bandwidth

Calculate the bandwidth and length product for an optical fiber with chromatic dispersion
coefficient 8pskm-1nm-1 and optical bandwidth for 10km of this kind of fiber and linewidth of
2nm.

Solution:

~ 0.22 = 36.9Ghs ‘km,

Ar,,/L=DAA=16pskm™, BL
f, ~0.7B = 2.8GHz,

 Fiber limiting factor absorption or dispersion?

Loss ~ 0.25dB -10km = 2.5dB,



