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Reading Materials

* Lecture notes
* Additional reading provided 1n class
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Materials Covered

* Optical Fiber Fundamental (Ray approach)

* Dielectric Waveguide Theory

* Optical Fiber Fundamental (Wave approach)
* Multilayer interference

* Dispersion

e Multi-wave interference
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Optical Fiber Application

Fiber optic Technology has grown tremendously over the years
and toda can be found in many places. Some of applications of
fiber optics are shown below

Medicine
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Optical Fiber Construction
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Ray Optics Approach



Total Internal Reflection

TIR and the Importance of a Diamond 's Cut

FS
b

FS
-

o Light etering thrnagh thetop facet
Light entering through the top of the diamond quickly exits at the
facet undergnes TIR a couple of second boundary since its angle of

w.wang

Total Internal Reflection
Inner Core:

with high refractive index

Light

Outer Cladding: _,,-—”' ;

with low refractive index



Critical angle:

Critical Angle

eAngles 01 and 02 are related by:

N, sin0, = N, sin0, (Snell’s Law)
eWhen 0, = 90, 01 is called the Critical Angle
ON,sin 0 ; = N, sin90, sin90 = 1
osin 0 ¢ = N,/ N,

w.wan . .
®  eFor incident angles greater that the critical angle, total internal reflection occurs



Total reflection

Total Internal Reflf'-

Material B

light ray

Material A
N, = Ng /

Material B
7

eTotal Internal Reflection -- The reflection that occurs when a light ray traveling in one
material hits a different material and reflects back into the original material without any loss
of light

eMaterial A = fiber core

eMaterial B = fiber cladding
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Light — <

eLight travels down the fiber in a pathway called a light guide

w.wang



While discussing step-index fibers, we considered light propagation inside the fiber as a
set of many rays bouncing back and forth at the core-cladding interface. There the angle 6
could take a continuum of values lying between 0 and cos !(n,/n)), i.e.,

Air

L -~ Cladding, n = n2

_}.
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‘hwmng.ﬂ ..n] 5
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Cladding “

Air

Scientific and Technological Education
in Photonics

0<0<cos!(n/n)

Forn2=1.5andAz5'_'l =0.01, we would get n,/n ;= and cos ! H_l =8.1°, so
R 7
d
0<6<8.1°
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Cladding N,

NA=SIN Sya= JN 12 -N ;2

*The Numerical Aperture (NA) of a fiber 1s the measure of the
maximum angle (0, ) of the light entering the end that will
propagate within the core of the fiber

*Acceptance Cone = 20NA

Light rays entering the fiber that exceed the angle 0, will enter the

cladding and be lost
*For.the best performance the NA of the transmutter should match the

NA of the fiber w. wang




NA derivation

sini Ay

and  singi{=cos ) : i

Weknow oing gy ”

214
Since SinB= o/1—cos? B Weget Eiﬂe“[“[%”

Assume the 0y, 1s the half angle of the acceptance cone,

sinBy ,=(n,%-n,?)!"> = n,sqrt(2A)
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We define a parameter A through the following equations.

2

|
h=
2}223

When A <<'1 (as 1s indeed true for silica fibers where n, 1s very nearly equal to
n,) we may write

pao P+ ) (h-1)  (h-1)
Iy b Hy
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Acceptance Conef.;-;;:_
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Acceptance Cone _

Cladding

(Critical Angle = 16°= O
\

Single mode fiber critical angle <20°
Multimode fiber critical angle <60°

w.wang
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Example

For a typical step-index (multimode) fiber with n, ~ 1.45 and A = 0.01, we get

sif,, = < N2A =1.4502x(0.01)=0.205

so that i ~ 12°. Thus, all light entering the fiber must be within a cone of
half-angle 12°.

In a short length of an optical fiber, if all rays between i = 0 and i _ are launched, the
light coming out of the fiber will also appear as a cone of half-angle i, emanating from
the fiber end. If we now allow this beam to fall normally on a white paper and measure
its diameter, we can easily calculate the NA of the fiber.

w.wang
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Performance parameters

Performance Param

e Attenuation
o Wavsleheth
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Attenuation

¢ Measurement of power loss in
DeciBels (dB)

e Intrinsic

odB is a ratio of the power received verses the power transmitted
e[oss (dB) = 10log (power transmitted / power received)

w.wang



Intrinsic Attenuati.O‘fi‘f

Absorption:

Natural impurities in the glass absorb Light energy

e[ntrinsic attenuation is controlled by the fiber manufacturer

e Absorption caused by water molecules and other impurities

e[ ight strikes a molecule at the right angle and light energy is converted into heat

e Absorption accounts for 3-5% of fiber attenuation these is near the theoretical limit

w.wang



The main cause of intrinsic absorption in the infrared region is the characteristic vibration
frequency of atomic bonds. In silica glass, absorption is caused by the vibration of silicon-
oxygen (Si-O) bonds. The interaction between the vibrating bond and the electromagnetic
field of the optical signal causes intrinsic absorption. Light energy is transferred from the
electromagnetic field to the bond.

w.wang



Intrinsic Attenuati.d-ﬁ-

Scattering:
Light rays interact with with glass on the atomic level and

are scattered into new pathways Light is Lost
i

Y
ST N S

eLight striking the Ge molecules in the core can be scattered into new pathways out of the fiber
eRayleigh Scattering accounts for 95% of fiber attenuation
eOptical Time Domain Reflectometers (OTDR) use this property to measure loss in a fiber

w.wang



C LA MG

CLADDING

operating between 700-nm and 1600-nm wavelength, the main
source of loss 1s called Rayleigh scattering. Rayleigh scattering
1s the main loss mechanism between the ultraviolet and infrared
regions as shown in absoprtion specturm. Rayleigh scattering
occurs when the size of the density fluctuation (fiber defect) 1s
less than one-tenth of the operating wavelength of light. Loss
caused by Rayleigh scattering is proportional to the fourth power
of the wavelength (1/lambda). As the wavelength increases, the
lossweaused by Rayleigh scattering decreases.



If the size of the defect 1s greater than one-tenth of the wavelength
of light, the scattering mechanism 1s called Mie scattering. Mie
scattering, caused by these large defects in the fiber core, scatters
light out of the fiber core. However, in commercial fibers, the
effects of Mie scattering are insignificant. Optical fibers are
manufactured with very few large defects.

w.wang



« Macrobending

Cladding

Extrinsic attenuation can be controlled by the cable installer
Macrobend losses are observed when a fiber bend's radius of curvature
1s large compared to the fiber diameter.

w.wang
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Lo

Extrinsic Attenuation

kil

« Microbending

Cladding\
LY

eMicrobends may not be visible with the naked eye
eMicrobends may be:

obend related

Otemperature related

otensile related

ocrush related
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e Dispersion is the variation of light
velocities in a fiber
_ Modal

w.wang



Chromatic Dispersion

Cladding
1290 nm
= 1300 nm Core
w1310 nm
Cladding

eIndex of Refraction is a function of wavelength
eSince light velocity is a function of index of refraction
olight velocity in a given medium is a function of wavelength
Light pulses at different wavelengths will have different propagation times

w.wang



Modal Dispersion _

Fiber
,i’i:\:ﬂ':/ﬁ\‘.# ( : L ,i;/.:\){/’ \ — e—
P VA S A -~
/

Shortest Path Higé)rder Mode

Various modes follow different paths causing pulse broadening

w.wang



Pulse Spreading

Optical Fiber

——={3) )

Powaer

Distance /\ /—\ T T

Time [ T, | [T, 1 | T; |
Pulse In T.>T,>T, Pulse Out

eBecause a light pulse 1s made up of different colors and modes of light some
portions arrive at the end of the fiber before others causing a spreading effect
oThis causes pulses to overlap making them unreadable by the receiver

w.wang



Pulse Spreading _

Theoretical
Input

Actual
Input

Acceptable
Pulse
Broadening

Too Much
Pulse
Broadening

Eit Errar

eThe received pulse must be above the receiver threshold to be detected as an on pulse.
Likewise an off pulse must be below the receiver threshold to be detected as an off
pulse.

o[f pulses spread and overlap above the receiver threshold, an off pulse will not be

detected and errors in the signal will result
w.wang



Bandwidth

Defined as the amount of information that a system can
carry such that each pulse of light is distinguishable
by the receiver

NN 2 ERaVAVAN

Each Pulse Apparent
Receiver can Read

._/\f\/\/\_..{j o—/ ¥ X

Pulses Merged
Receiver cannot Read

eFiber bandwidth is measured in MHz x Km. A length of glass is measured for bandwidth. By convention the bandwidth
specification for that fiber is the length of that fiber times the measured bandwidth for that fiber.

w.wang



Fiber Types

* Singlemode

» Core

"~» «Cladding

= Coating

 Multimode

eMultimode fiber allows for more than one pathway or mode of light to travel in the fiber
eSinglemode fiber allows for only one pathway or mode of light to travel within the fiber at
a specific operational wavelength

o]t is impossible to distinguish between singlemode fiber and multimode with the naked

eye

w.wang
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Multimode (step Index

Cladding
™

/Coating

/j\\/j\\ //i\\/; Core

P

T e ki

Core Diameter = 50, 62.5, or 100um
Cladding Diameter = 125 or 140 um
Coating Diameter = 250um




/Coating
Cladding \
NS NSNS N | core
N N NS N
Core Diameter = 50, 62.5, or 100um
N { ‘ Cladding Diameter = 125 or 140 um
Coating Diameter = 250um

eMost commonly used fiber
eReduces modal dispersion by equalizing the transit times among the modes
eThe core 1s layered with the index of refraction increasing toward the center of the core

w.wang



N T

Ray Path Step Index Fiber

Ray Path Grin Fiber
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Singlemode (step In

Coating
Cladding 4

N

Core

1

eIn singlemode fiber, there is only one mode at a typical system
wavelength; therefore, there is no modal dispersion. This results in much
lower dispersion and more information carrying capacity

w.wang



Wave Optics Approach



Reflection and Refraction of Plane Waves 1n Dielectric Media

Consider a uniform dielectric medium with permittivity ««) and
permeability (w) and zero conductivity , _

E(r,t) =R [E(r.w}ff_"‘“"l] : B(r.t)="R [B(r. w}(f—mr]

The harmonic electric and magnetic fields defined by
[V + pew?] (gg:}}) —0
obey the Helmholtz equations

dhkr—iwt

£

A plane wave propagating in the direction

k= /e w

[ C / r”t::
—_—= -, T = II|I
k T \ Hn€Ep

n =

has phase velocity and index of refraction

The index of refraction » ~ 1.5 1n optical fiber 1s similar to that of glass



Energy Density and Flux

The energy flux 1n a mode of frequencyw 1s given by the real part of the
complex Poynting vector

S(r,w) = %E x H

el

and the energy density

1 =3 1 *
u(r, w) = 1 {eE-E -|—HB-B]



Boundary Conditions and Snell's Law

In a dielectric waveguide the most basic confinement mechanism 1s
Total internal reflection from the interface between the core of the
guide and the cladding surrounding it.

Consider a pane wave with wvevector k in the xz plane incident on the
plane interface in the xy plane at z= 0

k = E
sz.

E = E[]Eik-r—imt .' B = J'_,HE

The transmitted and reflected waves
have wavevectors k'and k with
magnitudes

e

Figure 7.5 Incident wave k strikes plane interface between different media, giving rise
to a reflected wave k” and a refracted wave k’.



Slab Waveguide Theory



Light can be guided by planar or rectangular wave
guides, or by optical fibers.

planar rectangular  optical
waveguide wavegulde fiber

w.wang
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E-M Field in a Planar Waveguide

Fig. 2.1. Misgram
of the basic three-
layer planar waveg-
wide structure. Three
mode are shown,
representing disin-
bumions of cleetrie

[ ficld in the x dirse-

fien

Assuming a monochromatic wave propagating in z-direction

E(r,7) = E(r)e’® =E(x, y)e Bz  jot
v “E(r) + k*n* (r)E(r) =0

~

5 ,,

Region I: 5 5 E{x,y)+(k“ﬂ|2 - BE)E(x,,y) =0
X

Region II: ?E(x, V) +(k*n; - BHE(x,y) =0

Region ll: O E(x, y) +(k*n? - B*)E(x. ) =0
w.wat X
w. wang



Modes in a Planar Waveguide

: . i . . . 2_12 2
solutions are sinusoidal or exponential, depending on the sign of (k n. - B )

0 E(x,y)

Boundary conditions: E(x,y) anu must be continuous at the interface between layers.

Assuming #, >H; > H; , let's draw possible waveguide modes:

0 kn, kn, kn,
X 4 o o o o > B

w. wang



Guided Modes Iin a Planar Waveguide

YA

AN N
il

~N/
0
Ul

il

B =

m: Mode order

Only discrete values of are allowed in a waveguide.
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Experimental Observation of
Waveguide Modes

Fig. 2.5 Dicgram of
an experimental set-
up than enn he wsed
o messure optical

SCOPE
Delaziaf iM’lFLIF ER
Laam

Que lloscope
Phe Loy

PFowet L Snmple with
HManltar (IR Gé TE . <
ond inesY Deloctor 0 and T';| MODE PROFILES

115 im g . : | I " '-llr;'
ﬂ,,,m_ﬂ/ 1] 2| ] q I /::-_':,.- Bnvirier

Splilter perapasiicrer Mauni

Tubwe
L]
/ e
fainiing  mbr-ar Bisplay :

syncrromized  with
Coillostopt  Swoep alelz_ulew

Fig. L5 (ptieal mode shapes ae wewsured using
the uppuraius of Fig, 2.5, The wavepiide in this case
was formed by proton boplantation inle a gallium
arsenide substrate g proslues & 5 pm thick cuie
AIR =4 CLIDE = SUE. compensated kayer |2,12]

w.wang
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Ray Patterns in the
Three-Layer Planar Waveguide

| n the guided region, E ~ Sil‘l(hx +y )
B> +h’ =k’n3

Fig. 2.9. Geometnc (vectonal) relationship between the propaga-
tion constants of an optical waveguide

m

h
For the m-th mode, 9 = tan:l o
BH’I

Fig. 2.8, Optical ray pattern
within a multimode planar
wavegnide

Lower-order mode has smaller 6, and larger 3, (propagating faster!) phasevelocity

w. wang



Ray Patterns for Different Modes

O _cin ! P!
» =SIn —— < §In
jﬂ?z -

1, )
kn kn
0 L ] 1 3 Higher-order knz
] . {3 = i { e
Lower-order
/ i o, n,
i/ 7N YaNCZ)
-r!' b n
L My — F,
ny "y _,.--"""f 3
¢3 l:l:-l T3 ¢']
al bl

cl

Fig. 2.10a—c. Optical ray patterns for a air radiation modes: b substrate radiation modes;

¢ guided mode. In each case a portion of the incident light is reflected back into layer 3:
however, that ray has been omitted from the diagrams

w.wang
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Reflection and Refraction

Reflected
Wave

Incident
wave ¥

n, cos9, +n, cosO
For TE wave: Vrg ' ] 2 2 Ly =1+ 1y
n, cos0, +n, cos0,

_ n, cosO,- n cos0, n,
For TMwave: tryy =— (1 +7p,)

n, cos 0, +n, cos0, ",

Frp = v | €Xp(Jbsy ) Py = Py | €Xp(Jidygy,)
w.wang
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Total Internal Reflection for TE Wave

tan

. 2 .2 2 . 2
O Jsm 0, - sin” 0, \/n, sin” 0, - n;

2

2

cos0 ,

1— -
B l Hl
!
x| [ AT
/|
JI /
i [
] 18 e B
5 8y

Figure 8.2-3  Mapnitude znd phase of the refiection coefeient for internal refliection of the: TE

wave [my /1. = LI
w.wang

mt

1, cos 0,

raly
[

h
Fig. 2.

20 4a° GOo= 8o
IE‘I

3. Phase chifl ¢pp of the TE mode as

a function af the angle of incidence #y
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Total Internal Reflection for TM Wave

- 2 L 2 4 2 2-
- sin 0, - sin 0. 52 An’sin’0, - n’
2 cos®, sin’ @ ny  mcoso,

] 1
- P
|| * Fy i
I |
N . L
0 ég 2, a@e o 2r 0, 20+
i ay

Figure 8.2-8 Magnitude and phase of the reflection coctficicnt for internal reflection of the T™
wave (ny/n, — 1.5),
v
w. wang



Dispersion Equation

Fig.2.5. Side-view of a slab
wavegulde showing wave noz-

Ax COVER e e

mals of the zig-zag waves cor-
responding to 2 guided mode

SUBSTRATE D

Transverse resonance condition:
Qkah COS 0- 2¢iﬂ - 2(1)# =2mm 11 : mode number

kﬂfh COS . phase shift for the transverse passage through the film

Z{I)C (= d)TE TM ) : phase shift due to total internal reflection from film/cover interface

2(1) g (= ¢’TE ™M ) . phase shift due to total internal reflection from film/substrate interface

Dispersion equation (3 vs. o):

kn hcos® -¢. -0, =mmn

Effective guide index N = % =n, sin0 ng <N <ng

w. wang



Graphical Solution of the Dispersion Equation

— B=900, ¢c = m/2
0° 20° 40° 60° 90°
1 1 1 m
ﬁ; —— Symmetrical waveguide, ¢, = ¢,
Z
f;}” . X
- Asymmetrical waveguide, ¢, = ¢,
dpsymmetric g
E
Z |x
7 ~1722
YT et (e +s) %"’# f#'
| ,’ff pasymmetric
E‘I'rnfh - i [
' ,
X K- Fig.2.6. Skeich of graphical solution
i of the dispersion equation. for the
: fundamental modes of symmetric and
| asymmetric slab waveguides

26c=0

s

he+os=0

For fundamental mode (m = 0), there is always a solution (no cut-off) for symmetrical waveguide.

Increasing h (and/or decreasing 7.) will support more modes.

w.wang
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— D

Typical B — o diagram

FORBIDDEN
REGION

2

e

ngk ,

70

1

Cut-off

w. wang



Numerical Solution for Dispersion Relation (l)

Define:
Normalized frequency and film thickness

V = kf?q,inj“;- - ﬁ‘f

Normalized guide index S
N~ - n;
b=—F—7

n f - N §

b = 0 at cut-ooff (N = n), and approaches 1 as N -> n,.

Measure for the asymmetry

- n? A
a=——-75torTE, a= i 3 ‘; for TM
ny n’ n. Ny~ n;

= O for perfect symmetry (n, = n_), and a approaches infinity for strong asymmetry (n, =n_, n; ~ n,).
Table 2.2, Asymmelbry measures for the TE modes (ag) and the TM modes (apg) of
slab waveguides

Waveguide Ty i g ag ang

0

v.
on
1:_"1
(]
=
"
vyl
.‘-.-I
o

GaAlAg, double
heterostruclure
Sputtered glass 1.5156 1.62 1 4.9 27.1
I'-diffused LinbOD, 2214 2,234 1 439 1093
Ouidiffused LINLOs 2,214 2,215 1 881 21206
- w. wang




Numerical Solution for Dispersion Relation (1)

For TE modes, dispersion relation

kn hcosO—¢ -0 =mn >  V+l- b =mn+ tan b tan ~ b+ta
rheost¢ % | N . o

| 1 | _I | [l
o | | | fﬁ?ﬁfa;ﬁ’fﬂgéf m :Mode number
T | ,?f“f?;f | / j = (Normalized) cut-off frequency:

w/auulp augyr —tan -
T T T 7 T el Vo=t a
ot | /| ///71”' /% V7 V,y =Vy+mn
/ b
v ' . |
o 5 7 # of guided modes allowed:

T -
' W T T7EA | | A | m=2h [2 2
S | N7

O A
2 H—F+# L - <Example>

.f'lil ,J[ e ,i;};f ;,*'J ;fff‘ / AlGaAs/GaAs/AlGaAs double heterostructure
1 ';H/g F/=/.o7» o —?/=ﬁ;% | n = 3.55/3.6/3.55

/4]l /!fﬂ | A/ 1] | .

0 ? B 8 o 12 14 16

Ve kilng=ngc)z

Fig.2.8. Nonualized w- diagram of a planar slab ‘i‘.'E"-Eg‘L]ldL‘ showing the guide index &
as 2 [unction of the normalized thickness V' for various degrees of asymmetry [2.20] W. wang



The Goos-Hanchen Shift

zy 2, | SUBSTRATE
5 .'
f’é“ \-H Ii As
.-f'.'. ~ | : Fig.2.9. llay ri:rr1'1|rn_= of total
Z Y rellecltion &l e wierface
i between two dielectric media
FILM ' showing a latcral shift of the
A B reflected ray (GoosHEnchen
shift)
ATl 2y -¥2
For TE modes ng =(N"- n, ) tano®
Ar2 - 2y -¥2
(N“" n;) "~ tan®
For TM modes kz,; = :
| N*> N’
>t 51
ny Ny

The lateral ray shift indicates a penetration depth:

Z
Xy = - Z~ d(l) -
w.wanyg tan ' dB

w. wang



Effective Waveguide Thickness

1 Zig— Fig. 2.10. Ray pictur: of
Effective thickness SRRl b TOVER fp  fiKEom linht propagation
4& ;l;cl' i aslab waveguide, Gons
Z . S I Ninchen chifts are incor-
h _ | poe ] poratad in the madel, and
=h+ X +Xx, ! g . e fsebive i ik
Eﬁ 3 C h ness e s ndicated
L Mg —£ n
- 53

Normalized effective thickness

_ 2 2
H =khyiny - n

M

For TE modes

1 1
H=V+ +
JE Nb+a

Minimum H - > Maximum confinement

i
b ook hgge (N ng2HT

<Example> Sputtered glass, n, = 1.515,
n=162,n,=1,a=39

5 &
1
W= hh: ﬂra—ﬂg?]!

Fig. 21, Normalized effective thickness of & slab wavepnide asoa fiuoetion of e gor
welized filon thickness V' ofor various deerecs of azvoumetey {after 12,2000

w. wang



Guided E-M Wave in a Planar Waveguide

-~ e Fig.2.14. Sketch of an “asymmetric” slah
waveguide and the choice of the coordinate
system. Note that the z-axis lies in the film-
substrate interface

L
e /}:’..}.' =
£ =
x

7% Nc

o
N
7

B Define
2 242 2 _ .2
| K.=n.k” - B =-y;
W& - 2 =2k Bz
2 ¥ f f
2 243 2 2
K.&' _H::k - =" Ya

Cover: aia.’:?(.i'af.}y}+(.V.e‘f:i:2 - BHYE(x,y)=03 ai,,E- YE =0
0 k* | 0 x°
Fil 07 E(x,y)+(n3k” - PHE(x.y)=0> 0 - E-y3E=0
ilm: — E(x, nek” - x.)=0> —SE-v,FE=
PR V)T Ny X, PR Ty
Substrate: 0 TE(x,y)+(ﬁ‘fk3 - BHE(x,y)=0> 0 —E- ?§E=U
o X o X~



TE Modes (1)

Modal solutions are sinusoidal or exponential, depending on the sign of (k‘j‘nf-z - [32)

Boundary conditions:  The tangential components of E and H are continuous at the interface
between layers. # E, andOFE, /’ x continuous at the interface.

For guided modes: )

Cover: 3 —E, - "fﬁ y,=0> E, =E exp[-y.(x- h)]
2
‘ o
Film: —E, - If.:f y=0> E =E cos(k x- ¢)
0 x*
0 2
Substrate: 5 12 — E, yﬁ _0 > E, =E_ exp(y,x)

Applying boundary conditions, we obtain:

tand .=, tan¢ = Te
Kf 1{f
Icf-f? - ¢’.~; - ¢1E, = mm -> Dispersion relation
w.wang
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TE Modes (ll)

Relation between the peak fields:
2,2 2 2, 2 2 2,2 2
Ey(ny- N )=E (ny- n;)=E (ny- n;)
E., E;, and E_ can be determined by,

Optical power P =%SRE:{E H*} zdx

Optical confinement factor

h
5 Re{E H"' zdx
rz ]

1 L= o .
Re{E H*} zdx
2 —o0

w.wang
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TM Modes

Cover: 0 |2_ H, Tt —U::- H, =H, expl-v.(x- h)]
S
Film: 5 x_H +1c: H,=0> H =H cos(k x-¢)
o
Substrate: 5 &2 T'.H =0> H =H_ exp(y,x)
Boundary conditions:  //,and £,  continuous at the interface between the layers
> M and ;TL continuous at the interface between the layers

Applying boundary conditions, we obtain:

2 2
n n
”:i‘ I{f Hﬁ. I{f
Koh-¢s- ¢.= mn > Dispersion relation
Relation between the peak fields: 772 ( f _ N) =H’ (n?- - ”3)9'_; :Hf(n? - Hf)g_‘;
) . . 2
1 § C
N X N : N 2 N :
g‘;:[_]‘l'[—]-]__j g:,':[_]+[_] -1
ng n, ng

¢ w. wang



Multilayer Stack Theory

Focusing on TE modes first,

U=E,

)

V =m nWH.

U = Aexp(- jxx)+ Bexp( jKx)

V =k [Aexp(- jxx)- Bexp(jkx)]
At x =0,

U, =U(0),

cos(Kx) isin(Kx} i: TJ
K
jKsin(kx)  cos(kx) 4

v, =V (0)

4

|

Ae

y

& Fig. 2.15. Shkelch of & wultilayer stack

N\,

M: Characteristic matrix of the layer

J

cos(K)  —sin(K,hA,)

i

J¥,sin(K;h)  cos(K,h)

waveguide with substrate index ng and cover
index n.. The z-axis indicates the direction
ol mode propapaticn

43
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Dispersion Relation
for Multilayer Slab Waveguide

Consider guided mode. For substrate and cover,

U = Aexp(yx) + Bexp(- yx)
V = jylAexp(yx)- Bexp(- yx)]

In the substrate,

Uy=4,, Vy=jy,4
In the cover,

Uy,=4. Vy=-JjvA

Using the multilayer stack matrix theory, we obtain:

&

JOy gy +y cmoy) =My -y Y My,

-> Dispersion relation for multilayer slab waveguide

<Example> Four-layer waveguides

w.wang

w. wang



Multilayer Stack Theory for TM Modes

U=H,, V=owk,
U = Aexp(- jxx)+ Bexp( jxx)

V=- %[A exp(- jkx)- Bexp(jkx)]

n
Therefore,
K
TE> TM K-> - — ]
n
Dispersion relation:
: v L Y [ - T:-; Tc
- Jlmy =5+ my —5)= my - ——5my,
1 1, Ch.
Characteristic matrix of the i-th layer: ,
N
cos(k,n,) - j——sIn(x,h,)
- j—Lsin(k;h.) cos(k,h)
H,

w. wang



Rectangular Waveguide Geometries

Ng
?’ 2,
Aﬁﬁ%ﬁ

a.) general
channel guide

Ng Ny
%Aﬂ}%ﬁ

c) raised strip

1 embedded sl.np

Ng

I:III buried channel

W

d)rib guidu

f}ridgu guide

Fg224 ~f. Cr
I;.,l!l

»::Linn

5 of six
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The Method of Field Shadows (l)

.// . Fig.2.26. Illustration of the mthnr:l
of field shadows showing t h
ection of a buned chan 5 d
/ Zmd W77 Th method ig s the ﬁ]d
///ff // chaded “ hdv. areas
) ,;ffﬁ /..;

Mg nf

//////W

Ignore the fields and refractive indices in the shaded field shadow regions.
-> Results in separable index profiles.

Works well as long as the fields are well confined in the high index (n;) region of the waveguide.
-> Not applicable at cut-off.

w.wdng

w. wang



The Method of Field Shadows (ll)

Assuming a buried channel waveguide structure. E(x,y)=X(x)Y(»)
2_ p24 2 2 _ ar2 2
B?=p2+p. N =N!+N;

V. =kk1,‘n_§- - n;
[2 2
V, =kwyny; - n;

y=-slob quide

e vy
‘ Obtain N, and Nr’ therefore N, by
using the dispersion relation chart and
‘ N;-ni+n;/2
b, = 2 2
Hy N
nsz-r. EHE
N2 -n; +H§- /2
w b =———
2#’2 : H} nf
m\m '
Or instead of solving for N, and N,, we can use
Ng -rfEJE 2 2
. N-- .
| i | =2 =b +b,- |
¥-slcb guide composite channel guide ny n; '

Fig. 2.27. Method of ficld shadows, The sketch shows the z-y cross-section of a compaosite
guide made up by summing the pﬂrmtliwnun, (n*) of an z-slab guide of height & and a
y-slab guide of height w. The various n* values are indicated W. wang



The Effective-Index Method

(1) Determine the normalized thickness of the channel and lateral guides.

Vi :khﬂn_?-- nf, V, :kfﬁ,’ﬁ_:‘:- - Hf
(2) Use the dispersion relation chart to determine the normalized guide indices b,and by

Determine the corresponding effective indices by referring to the Table on Effective index for
22 2 2 rectangular waveguide
JP\'Ier _”S +i}flp{ﬂf = ”S)

(3) Determine the normalized width. ¥, =kw,/N7 - N}

Then determine the normalized guide index beq using the dispersion relation chart.

(4) The effective index of the waveguide can be determined from

b - .ﬂi’fz = ..!II\i'fI'l2
4ONITN/

=

Note: For multi-layer waveguide structure, such as ridge waveguides, use
the matrix method to determine N, and A, then continue on (3).

<Example> Ti:LiNbO,, 7. = 0.8 um,
Fiz.2.28. llustration of the cffeetive-index Ny = 2.234, ng, = 2.2 14“.3 =1,
method showing the top view and (he cross

section of a rib guide h=1.8um,I= ‘Hm‘

w. wang



w.wang

The Dispersion Relation Chart

T | I l =T
=} =
t | 2 e
S22 1=
3_ WY P
2 w7/ 7 _
1 1 1 1 24 | vz, 7
e f/r/f’ l z?’// | )77
1/ 74 VI
¥ = /Y] /4 W
i VA4 i/
SO T T T 7
(1]l /1 /] Vi /i
VT IY//A /4
I/ ]If] | I/ //{f
S WL LY /1]
A7
s e
Ay imvaJ/m /i//}’
0 2 4 6 0 12 14 16
V= khin,& n521?

w. wang



Effective Index Parameters
for Rectangular Waveguides

Channel Guide height Ef. index Channel guide index
structure | V, ¥ Ny, N NP = N} b
a_:i L’i = kh”".,.!;! - *’13 _"\F’? = TI:E =}= Lf(“? — :r't,_:'
T
General E’i'.t“? - nf) = bi(n} —ng bibeg + bi(1 = beq)ach
Vi= II:ftv'llrﬂ_? —n} | N} =ni =bi(n]
b) Vi =khyfnf —nf | NF = nd +bilnd
Buried be(ni —ng) bybeq
Ne=my
c} Vi = khy’ﬁiﬂ —n? | N =ni + br(n?
Raised (n2 = n2) + W{nf = ni) bibeq — (1= Deq )0
Ny =ne
d) Vi = ﬁ.:fx\fn.:f -n? | Nf = ﬂf 4 [!rl:n{?
T '
Vi = I.:L./nf" —n? | N =n?+b(n?
<) Vi = kiyfn - n | NP = 0]+ bi(nf
Embedded b{ni = n?) brbag

Np =y

£)

"'rl- — .F:hq,Jrrf — I"-i:

NE=nd + bi(nf -

Ridge (1=by)(nd; = iy} bnf — ”:121:] Beq (1= b+ arjage) + Bi(L — bes)

Vi=kifnf —n |. f = nl, + bi(ng, _'“:EE]

w. wang



Numerical Comparisons
Between Different Methods

8, 1.0 .
£ | E14 L
b | |wen=s Nl
= L~ Eyo e Effective index method provides good
~ 06 z,f’/ ) approximation even near cut-off.
N, Z
™ '
= Uq-'q' T - -_.F;E- i ’;}'JJ
N[ 02 f"? /J"./;Hr
Z s / 4'; 7‘;" ;
= | - Al vl | (2)
= 0O 04 08 1.2 1.6 20 2.4 2.8 3.2 3.6 40
Vi =Vesr=(2h/A) (ng—n2)172
&, 1.0 : =y
T Aa w/h=2 _,—-ﬁ‘-—-———'——
o | e -,d-‘". -_"_____,.-
< 0.6 e ﬁ#’
E4 il
— |2 i
& -
S 04 ~
| /
%, 02 i
1 | |
m 0 =
0O 04 08 12 46 20 24 28 3.2 36 40
Y/ T =Ve/m=(2h/X) (ng>—n,2 )17 2
Fig._:.'_.!ﬂa,b. Normalized dispersion curves for 2 buried channel guide comparing the
prti:[Jctz_uns of the numenical calenlations (doi-dashed lines), of the effective index method
(solid lines ), and of the ficld-shadow method (dashed lines ). Comparisons are shown far w. wang

the aspect ratios of w/li = 1 and w/h = 2. (After [2.661)



w.wang

Optical Fiber

Silica (S,0,) glass

Cladding

Core

Impurities

a) Increase n of core
OR
b) Decrease n of cladding

Increase Decrease
Ge B
F F
Na-B

w. wang



Wave Analysis:

Cylindrical dielectric waveguide

(step fiber)
assume all fields proportional to e/(®-h?)
E =(E, Ey E,)
H =(H, Hy,H,)

E. and H, are function of (r, ¢)

Vet

But now need to use cylindrical coordinates:

d’E /dr? + 1/r dE /dr + 1/r* d?E /d¢? + (n,’k? — B?)E, =0

w.wang
w. wang



Assume E proportional to E(r) h(¢p) separation of variables

Since h(2p + ¢) =h(¢) =>try h(¢p)= sinl ¢

cos(l ¢)

el

where |= integers
Substitute back into

d’E _/dr? + 1/r dE /dr + [(n,’k? — B?)-1?/r?]E, =0 => Bessel function
Solutions closer to match physical situation.

w.wang
w. wang



For guided solutions:

In core, solutions must be finite
In cladding, solutions must approach 0 as r --> o

Forr<a: E(r) oc J; (UR)  * Bessel function of 1st kind”
Forr>a: E(r) o« K; (WR) *“ modified Bessel function of 2" kind”

UR — (n12k2 _B2)0.5 r= a(n12k2 _BZ) 0.5 I-/a
U R
WR= (B2 - n,2k?)"5 a

Let V2=1U2+ W2 =22 [n,2k? B2 + B? -n,2k?] = ak?[n,2-n,?]

s V=a-(2n/A) [n;>n,?] *> (Normalized frequency)
=a - (2n/L) - NA

w.wang
w. wang



Solution procedure for step-index fiber modes:

1.
E

zZ

—AJ (UR) elbciody  p<g
H

z

=B K, (WR) elltei©th2) 1> g
2.MatchE, andH, atr=a

3. Use Maxwell’s curl equations to find E, and Hy E, and
H, and E, and Hy must match for r = +a and —a. Solve all
four equations simultaneously to yield eigenvalues

w.wang
w. wang



OPTICAL FIESRS WITH SINGLESTEP INDEX PROFILES 4.3  FRELD ANALYSIS OF THE STEF INDEX FIRER

Figure 3.4, Mod ficd Beel factens,

Ww. wang



A major simplification in math results if (n;-n,)/n; <<1
(weakly-guiding approximation A << 1)

The eigenequations reduces to

Jie1 (U) /] (U) =+ (W/U) (Kiy (W) /K, (W) (+ only for | =0)
There are m possible solutions for each value of |
.. U, are solutions

From definition of U, knowing U, permits calculation of 3

Bin = (0, 2k* — Uy, )03

w.wang
w. wang



The resulting system of equations can only be solved graphically. The
graphical solutions represent the mode cutoffs for the different modes that
can propagate in the fiber for any given V, where V 1s a convenient
parameter determined by the properties of the fiber and wavelength of
incident light.

V =2*g/A*a*NA

2.405

8.654 11.792

The intersections represent
the V numbers at which

these two modes turn on in
the fiber.

] |
| I
| I
I |
I I
| |
| [
i |
: |
| |
i [
| |
I i
| 1
| |
i 1
| ]

1
; |
l E
| |

I
| [
| 1
I [
1 |
[ I
| |
| I
i I
| |
|

i
} i
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Normalization Parameters for Cylindrical Waveguides

Normalized frequency

VZ% /nzz i nlz

2 2
ny— n- _ n, — N,

A = —2 —
2n; 1, n
Vo~ 2:" n, V2 A
Normalized propagation constant
5 2
2
( kﬂ) -
b = 2 2
n, - n
B
p= /Ko T
h, - n
b max =1
bmin =0

w.wang Same as slab waveguide except a=0 (almost always)

w. wang



n.kK;

Jj —

n(1 = Ak

V-number

The normalized wave number, or V-number of a fiber is defined as V =k a
NA. Here k;, is the free space wave number, 2r/A, a is the radius of the core, and

NA is the numerical aperture of the fiber, NA = (n ;% - Njaq4ing?) " & Neore(24) 172,
with A = (n

core Neladding) Neore- Many fiber parameters can be expressed in terms of
V. The TE and TM modes have non-vanishing cut-off frequencies. The cutoff
frequency is found from V = aw(2A)*%/c = 2.405. Only the lowest HE mode, HE,,,

hasweaautoff frequency. For 0 <V < 2.405 it is the only mode that propagates in
the fiber. w.wang



In the weakly-guiding approximation (A << 1), the modes propagating in the fiber are linearly
polarized (LP) modes characterized by two subscripts, m and n. (The longitudinal
components of the fields are small when A << 1.) The LP modes are combinations of the
modes found from the exact theory of the wave guide. The HE,, mode becomes the LP,,,

mode in the weakly-guiding approximation.

V-number

w.wang
w. wang



The following table presents the first ten cutoff frequencies in a step-index fiber, as
well as their fundamental modes.

w.wang

V. Bessel Modes LP desig.
function

0 - HE,, LFy,
2.405 Jo TEpy, TMy,, HE;, LPy,
3.832 7 EH,,, HE;s, LP;,
3.832 J_1 HE,; L Fys
5.136 Ja EH,,, HE, LPy;
5.520 Jo T Eoz, TMpz, HEx; LPy;
6.380 T EH,,, HEs, LP,,
7.016 J; EH,;, HEs; LP,
7.016 i HE,, LFs
7.588 I EH,;, HEg, LPsy

w. wang



Single mode fiber

Single mode (SM) fiber 1s designed such that all the higher order
waveguide modes are cut-off by a proper choice of the
waveguide parameters as given below.

2
V:T H%‘Hg

where, A 1s the wavelength, a is the core radius, and n, and n, are
the core and cladding refractive indices, respectively. When V <
2.405 single mode condition is ensured. SM fiber Is an essential
requirement for interferometric sensors. Due to the small core size
(~4 1 m) alignment becomes a critical factor.

w.wang
w. wang



w.wang

Figure 3.10 shows plots of b, calculated using (3.76) and (3.77) in (3.78), for
several LP modes as functions of V. As plotted on this scale, these results are
essentially indistinguishable from those given by the exact numerical solution
[5]. _

When considering single-mode fibers, the accuracy of the LPy; curve in Fig.
3.10 is of increased importance. It was in fact found to be accurate to within
3% over the range of V between 2.0 and 3.0, with the error increasing to around
10% as V decreases to 1.5 [7]. Numerous other approximate formulas exist as
alternatives to (3.77) for determining /. The best of these was found by Rudolf
and Neumann [8], who recognized that w is a nearly linear function of V over
lhe range 1.3 < V < 3.5. They were thus able to approximate w over this range
by the simple function

w = 1,1428V — 0.9960 (3.80)

Figure 3.10. Normalized propagation constant, b, for designated LP modes as functions of V.,
(Adapted from ref. 5.)

w. wang



LPox

LPyy

LFPay

Electric and magnetic fields for eight fundamental modes.

w.wang
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LPO1 P11

When the V number is less than 2.405 only the LP,,,
mode propagates. When the V number is greater than
2.405 the next linearly-polarized mode can be
supported by the fiber, so that both the LP,, and LP,,
modes will propagate.

w.wang
w. wang



LHTICAL FIRGRS WITH YL R S FEF N e es 17

LF PCTHR !

" LPy,

Invemaity phols for the din LP modes. with 2 = 1 b0 0P 2 v - 2 b AP m

Flgure LY.
(R 5y Ly 15, djeh " A8 iF s

Figmre 19, | oasarwed

w.wang
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The SM fiber mentioned above 1s not truly single mode in that two
modes with degenerate polarization states can propagate in the fiber.
This can lead to signal interference and noise in the measurement.
The degeneracy can be removed and a single mode polarization
preserving fiber can be obtained by the use of an elliptical core fiber
of very small size or with built in stress. In either case light launched
along the major axis of the fiber is preserved in its state of
polarization. It is also possible to make a polarizing fiber in which
only one state of polarization 1s propagated. Polarimetric sensors
make use of polarization preserving fibers. Thus, multimode fiber,
single mode fiber and polarization preserving fiber are the three
classes of fibers which are used in the intensity type, the
interferometric type and the polarimetric type of sensors,
respectively.

w.wang
w. wang



While discussing step-index fibers, we considered light propagation inside the fiber as a
set of many rays bouncing back and forth at the core-cladding interface. There the angle 6
could take a continuum of values lying between 0 and cos !(n,/n)), i.e.,

Air

L -~ Cladding, n = n2

_}.
T - E——
‘hwmng.ﬂ ..n] 5

TS T

o '_d_..-"
-

Cladding “

Air

Scientific and Technological Education
in Photonics

0<0<cos!(n/n)

Forn2=1.5andAz5'_'l =0.01, we would get n,/n ;= and cos ! H_l =8.1°, so
R 7
d
0<6<8.1°

w.wang
w. wang



Now, when the core radius (or the quantity A) becomes very small, ray optics does not remain

valid and one has to use the more accurate wave theory based on Maxwell's equations.
In wave theory, one introduces the parameter

ix ix ix
X Eﬂl-ﬂ_ " hﬂ,f

where A has been defined earlier and n; = n,. The quantity V is often referred to as the "V-number"
or the "waveguide parameter" of the fiber. It can be shown that, if

V <2.4045
only one guided mode (as if there is only one discrete value of 0) is possible and the fiber is known

as a single-mode fiber. Further, for a step-index single-mode fiber, the corresponding (discrete)
value of 0 is approximately given by the following empirical formula

——

We may mention here that because of practical considerations the value A of ranges from about

0:0Q2nke about 0.008

w. wang



Assignment

Consider a step-index fiber (operating at 1300 nm) with n, = 1.447, A= 0.003, and @ = 4.2 pm. Thus,

o 4 L7 x T8 w 2338

y- 3G

Thus the fiber will be single moded and the corresponding value of 6—will be about 6 = 3.1°. It may be
mentioned that for the given fiber we may write

e x 4.2 4um) x 1447 x JO.006 w 2.275

Fu

Thus, for A,>2.958/2.4045=1.23 um

which guarantees that V <2.4045, the fiber will be single moded. The wavelength for which V = 2.4045 is
known as the cutoff wavelength and is denoted by 2. In this example, A, = 1.23 um and the fiber will be single
moded for A, > 1.23 pm.

w.wang
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Assignment

For reasons that will be discussed later, the fibers used in current optical communication systems
(operating at 1.55 um) have a small value of core radius and a large value of A. A typical fiber
(operating at A, ~ 1.55 um) has n, = 1.444, A= 0.0075, and a = 2.3 um. Thus, at A, = 1.55 um,
the V-number 1is,

27
7 =
1.55(um)

x 2.3(am) x 1.444 x f0.015 = 1.649

The fiber will be single moded (at 1.55 um) with 6 = 5.9°. Further, for the given fiber we may write

ix % 23um) x Lddd x JO0L5 » 1556

v o)

and therefore the cutoff wavelength will be A, = 2.556/2.4045 = 1.06 pm,

w.wang
w. wang



Cladding N,

NA=SIN Sya= JN 12 -N ;2

*The Numerical Aperture (NA) of a fiber 1s the measure of the
maximum angle (0, ) of the light entering the end that will
propagate within the core of the fiber

*Acceptance Cone = 20NA

Light rays entering the fiber that exceed the angle 0, will enter the

cladding and be lost
*For.the best performance the NA of the transmutter should match the

NA of the fiber w. wang




NA derivation

sini Ay

and  singi{=cos ) : i

Weknow oing gy ”

214
Since SinB= o/1—cos? B Weget Eiﬂe“[“[%”

Assume the 0y, 1s the half angle of the acceptance cone,

sinBy ,=(n,%-n,?)!"> = n,sqrt(2A)

w.wang
w. wang



We define a parameter A through the following equations.

2

|
h=
2}223

When A <<'1 (as 1s indeed true for silica fibers where n, 1s very nearly equal to
n,) we may write

pao P+ ) (h-1)  (h-1)
Iy b Hy

w.wang
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Acceptance Conef.;-;;:_

Cladding

Acceptance
Cone

Coating
Core

,*"’
A
i -
i
i P
- ,
g -
r"’
_F
" f’

w.wang
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Acceptance Cone _

Cladding

(Critical Angle = 16°= O
\

Single mode fiber critical angle <20°
Multimode fiber critical angle <60°

w.wang
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Example

For a typical step-index (multimode) fiber with n, ~ 1.45 and A = 0.01, we get

sif,, = < N2A =1.4502x(0.01)=0.205

so that i ~ 12°. Thus, all light entering the fiber must be within a cone of
half-angle 12°.

In a short length of an optical fiber, if all rays between i = 0 and i _ are launched, the
light coming out of the fiber will also appear as a cone of half-angle i, emanating from
the fiber end. If we now allow this beam to fall normally on a white paper and measure
its diameter, we can easily calculate the NA of the fiber.

w.wang
w. wang



Assignment

For a typical step-index (multimode) fiber with n, ~ 1.45 and
A=0.01, we get

g1 i, = %y J2A = 145,02 % (0.01) =0.205

so that I~ 12°. Thus, all light entering the fiber must be within a cone
of half-angle 12°.

w.wang
w. wang



Spot size of the fundamental
mode

A single-mode fiber supports only one mode that propagates through the fiber. This mode is
also referred to as the fundamental mode of the fiber. The transverse field distribution
associated with the fundamental mode of a single-mode fiber is an extremely important
quantity. It determines various important parameters like splice loss at joints, launching
efficiencies, bending loss, etc. For most single-mode fibers, the fundamental mode-field
distributions can be approximated by a Gaussian function, which may be written in the form

wEry=A ¢

where W is referred to as the spot size of the mode-field pattern.

w.wang
w. wang



When r = w, the value of y is equal to 1/e of the value A at r = 0. For a step-index
(single-mode) fiber, one has the following empirical expression for w [Marcuse]:

1619 2379
{uas + gt ﬁ-] 08¢V <25

where a is the core radius and V is the V-number given by Equation 7-28. We may
mention here that the light coming from a HeNe laser (or from a laser pointer) has a
transverse intensity distribution very similar to that coming from a single-mode fiber
except that the spot size for the HeNe laser is much larger. The quantity 2w is also
referred to as the mode-field diameter (MFD) of the fiber and is a very important
property of single-mode fibers. In fact, MFD is a more important property than core
diameter in the case of single-mode fibers, since it determines the splice loss across a
joint, bending loss, dispersion, etc. of single-mode fibers.

w.wang
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Assignment

Consider a step-index fiber (operating at 1300 nm) with n, = 1.447, A=0.003, and a = 4.2
um. For this fiber (see Example 7-12), V = 2.28. Using Equation 7-31, with V = 2.28 and
a =4.2 mm, one obtains W = 4.8 um. The same fiber will have a V-value of 1.908 at

A, = 1550 nm, giving a value of the spot size ~ 5.5 um. Thus the spot size increases with
wavelength.

For a step-index fiber (operating at 1550 nm) with n, = 1.444, A =0.0075, and a = 2.3 um
(see Example 7-13), V = 1.65, giving W = 3.6 um. The same fiber will have a V-value of 1.97 at
A, = 1300 nm, giving a value of the spot size = 3.0 um.

w.wang
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fwo-Wave Interference — Different f and 2

mterfelence

i
dest‘n;ctive\i" B e > ‘\ f | | |
interference \

E, = E, cos(kyx — ayt) NHR
E, = E, cos(k,x — 1) ¥ “ w_“U U | M.ﬂ“ . “
E =E, + E, = 2E, cos(k,x — o1 cos(k,x — o,1)

ky +k, O + O,
5 ®, -
k |k —Fky | | —o, |

4 g 2

cos(k,x—_t) : Average
cos(k,x—w_f) : Modulation, beating




Phase Velocity, Group Velocity, and Dispersion

M0 +O © C
Phase velocity: v,=—2=———2=_—=—
’ kp ,\1 -+ 1\2 k H
Group velocity: v, =—£="1"22 = do
: - f kg K-k dk

i)

Dispersion. n = n(2). Light with different wavelength
travels with different velocity in a medium.

Normal dispersion: dn/di. <0, v, <v,.

v, determines the speed with which energy is

transmrtted It is the directly measurable speed of
the wave.




Refractive index
&

Dispersion coefficient: 145
_ } i d2 vaaf

' *T I T 1T L1
—»Ameasureoftlmemlayperwavolm £ _4:: _____________________ B
(nm) after certain distance ﬁ? -l 9
Bandwidth limited by dispersion: g2 oL &
e 5wl ¢

— S— -200H —
= S(T/ L) 08 O.l 7 O.IB 0?9 1.10 l%l 1.l 2 LIS Llé LIS 16
Wavelzngth (um)

If the original pulse width cannot be

' Figure 5.6-8 Wavelength dependence of optical parameters of fused silica: the refractive index
negleded comm h m mening' n, the group index N = ¢, /v, and the dispersion coefficient D, At A, = 1.312 pm, n has a point
of inflection, the group velocity ¢ is maximum, the group index N is minimum, and the
2 — 2 81 2 dispersion coefficient [, vanishes. At this wavelength the pulse broadening is minimal,
r = T +



Pulse Broadening in an Optical Fiber
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Multi-Wave Interference

Equal Amplitude and . Equz ase Difference

-—-.___

U, J— expli(m — 1)¢] e =12,.M_
= ZU )

1-exp(i¢)
» . sin®(Md/2)
=[vf = 1,252
sin“(¢/2)
Interesting features: '
- — nteresting features: _,JJ‘

* Mean intensity
1 2x

T=—j1d¢ M,

*Peak intensity = A%,

* Intensity drops to zero at ¢ =
27n/M from peak intensity.
» Sensitivity to ¢ increases with M.

*(M - 2) minor peaks between




ulti-Wave Interference

mple: Bragg

Intensity of the reﬂect ghte

One of the applications:
Characterizing the lattice constant of a
crystal.

o %=116 A
ey For (200) direction,
(220) ' é
‘ 3 d = ,1'16 =248 A
E 2sin(27°/2)
22) (111) l




.,'Multi-Wave Interference

— Progressively Smaller Amplitude and Equal Phase Difference
Parallel plate Fabry-Perot Interf

R} i2) 3) (4 15) 6)

4Eo
' Al
E|
} ®_.H)-: ) k L":_’ g
! . ! E‘f
|
I
Two high-reflection plates separated by
a distance d.

d is often tunable.



Principles of Dielectric Mirror
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E = E(x)e" " P Electric field of a general plane-wave

Aﬂe_fkﬂx{x_ Xo) 4 Bﬂefkuxf-‘*"lu}: X <X,
_ -k (x-x.) 4 ihpe (- xpq)
E(x)=) 4e Be s X T X< X
Aﬂ_e_jku[x_ IH} + Bsei'kn[.r' -r}f_}j xhlr < x

®
k,, =n,—cos0, x component of the wave vectors (6,: ray angle)

x
C

Ref: P. Yeh, Optical Waves in Layered Media, Wiley.



Principles of Dielectric Mirror

2x2 matrix formulation for multi-layer system

A A
0 D; 1 D, 1
B, B,

A
B

1 1
D, = for TE wave
nmcosB, - mcosB,

cosO, cosO,
D, = for TM wave

n -

i,
e 0
F; _{f} E""i' ’ d]f = krrd,r

Transmission and reflection coefficients can be determined from:

oy~
A
=
z
(& =
Iz
L
-~
|
IS
-

AG :EM 11 M 12 {‘4%
B, M, M,| B Dependent on wavelength and
thickness of the dielectric layers
M, M }D y
5

v
=D\ T1D,PD
M Mr] G{D 111
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