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Lecture 7: Dielectric Waveguides

Diffraction changes beam pattern as it propagates

Ca EM waves propagate without diffraction?

= Waveguide
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Lecture 7: Dielectric Waveguides

Metallic Waveguide

VAR Vv

/74

X |
w>>d

After one round trip in y-direction, the same magnitude and phase

e_jkyd (_l)e—jkyd (_ 1) — 1 (ky — k COS 0) tan H _ ﬁ
ky
—j2k. d i
e’ ™" =1 2k,d=2mz (minteger) = Only certain 6’s are allowed
mr ? :
k =——  P=k.) :\/(nk )2 _(m_”) Each mode has its own ¢
Yy d 0 d

(m: mode index)
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Lecture 7: Dielectric Waveguides

b

w>>d

But too lossy for light propagation os 8

a, in (dB/m)
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=» Dielectric waveguies with TIR ( ~ 0.2dB/km for optical fiber)
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Lecture 7: Dielectric Waveguides

Metallic waveguide Dielectric waveguide (TIR)
y : N2 cladding
d ; Y ‘ i
‘ ! ‘ din : core
Z , |
Ny <N, cladding
B » » _ikd _jk.d
e (=De M (=) =e M =1 e e, =1
mr
2k d 2m7Z' al’ld k d I"J_’// — e]¢J_’// ’ e_jZkydej2¢la// _ 1
B(=k.) = |(nk,)* - m )
7 2k, d—-2¢ , =2mx
tanﬁzkﬁ kyd_¢L,// - mr

y
=» Guidance condition for dielectric waveguide
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Lecture 7: Dielectric Waveguides

y Ny
A E y
T—»zd FM kd—¢ ,=mnr I
v y
N, <N
(n="2)
n .
| b, (sin’>O—n )/ = Transverse Electric (TE)
@, : tan( )_ 080 E-field only in x—direction
% +7_ (sin*@-n )A = Transverse Magnetic (TM)
¢, . tan( )= 5 . . . .
n°-cos@ H-field only in x—direction

Numerically solve for @ for each mode = K,

N D

E, H field profile for each guided mode?
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Lecture 7: Dielectric Waveguides

(Planar Slab Waveguide)

N, Yy
A y=d/2 T
din, e y=0 > Z
\ 4 y:_d/2
N2 _
_ ’F
Full analysis starting from the wave equations V> E(y,z,t) = us > (v,2z,t)
5

ASSllIning E(y, Z, Z’) = E(y) . e_jﬁz . eja)l
2
£dE(y)jejﬂZ e — BE(y)e e/ =~ ug(y)E(y)e 7 e

_ _ d? — ) J7 =
WE(y)+[a)2,ug(y)—,B2]E(y)=O WE(y){k (-5 |E(»)=0
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Lecture 7: Dielectric Waveguides

n2 y
A y:d/2 T
din, - y=0 > 7
Y y:_d/2
No

Assuming E(y,z,t)=E(y)-e /% ¢/

d2 Il 2 2 | -
WE(y){k (" -B|E(»)=0

For |y| >% (cladding) k(y) =n,k,

For ‘y‘ < % (core) k(y) =mk,
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Lecture 7: Dielectric Waveguides

A y:d/2 T y
din e y=0 > 7
\ 4 y:_d/2 d |
. k(y)= nzko for \y\ > E; cladding

d2 fd 2 2 | - _

Consider TE Solution E(y) =x E(y) (Perpendicular Polarization)
d2 2 2
—SEQ)+[K ()= [E() =0

dy

Solve for # and E(y) (Eigen value equation)

==> Discrete A's and correspodning E(y)'s
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Lecture 7: Dielectric Waveguides

A y:d/2 Ty
din e y=0 > 7
E 2 y:_d/z k(y) = nyk, for |y|> ﬂ; cladding
d E(y) + (k2( . 2 E . 2
2 y)=PF)E(y)=0 B d
dy k(y) =nk, for |y|< 3 core

Sign of (k*(y)— %) determines the solution type (n,k, > 8 > n,k,)

In core, k*(y)—B* >0 => E(y) ~sin(k, ) or cos(k, )

ok EW) (k) =B ]E =0k, =k = 5

In cladding, k*(v)— % < 0 => E(y) ~ exp(ay) or exp(-ay)

CE()+[ (k) = [E() =0 a=\f~(nk,)
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Lecture 7: Dielectric Waveguides

E(y) ~exp(ay) or exp(-ay)

A y=d/2 T y
E(y,2,t)=XE(y)-e " &/ E(y)~sin(k,y)orcos(k,y)|d M --ooomoooee y=0 > Z
v _
n, y=—d/2

E(y) ~exp(ay) or exp(-ay)

d
y> 5 :E(y)=Adexp(ay)+ Bexp(—ay)

d ]
|y < 5 : E(y)=Csin(k,y)+ Dcos(k,y)

d
y < —E:E(y) =Eexp(ay)+ Fexp(—ay)

A=0 and F=0

For easier analysis, divide the solutions into even and odd solutions
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Lecture 7: Dielectric Waveguides

Even Solutions

d
y>7 E(y)=Bexp(-ay)
d
|y I< 3 E(y)=Dcos(k,y)

y< —% :E(y)=Bexp(ay)
(E =B)
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Odd Solutions

d
y> 5 E(y)=Bexp(-ay)

d .
BAS 3 E(y)= Dsin(k y)

y< —% 1 E(y)=-Bexp(ay)
(E=-B)




Lecture 7: Dielectric Waveguides

No
A y:d/2 T y
d ny  mmmmmmmeees y=0 > 7
\4 y:_d/2
No

Apply boundary conditions: E ( v, z) =XE(y)e /"

Even Solutions _ .
E(y) 1s continuous at y = iE

d el
y> ey E(y)=Bexp(—ay) H.__ should be continuous at y ==+ ;’
d
| _ B dE
| yI<=  E() = Deos(k,y) H has y and Z components, where F, ~ d(y)
Y

y< —% :E(y)=Bexp(ay)
(E=B)

H _ should be continuous across the boundary

dE(y)

L E and
(») &

are continuous at y = iz
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Lecture 7: Dielectric Waveguides

A y:d/2 T y
din, e y=0 > 7
) n, y=-d/2 Boundary conditions:
Even Solutions E(y) and dl;ﬁ;y) are continuous at y = i%
d d
y>ZE(y) = Bexp(-ay) Aty:E,
d d
d RN d,.
| yI<7 - E(y)=Dcos(k,y) Bexp(-a—)=Deos(k, -) (1)
d. d . d
y<=5 E(y)=Bexp(ay) —aBexp(—a 5) =—k,Dsin(k, 5) ----- (2)
(£ =B)

@: a =k, tan(k, i)
(1) 2
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Lecture 7: Dielectric Waveguides

X y=d/2 T y
din e y=0 > 7
A 4 y:_d/2
. Apply boundary conditions.
. E(y) and dE(y) are continuous at y = ii
Odd Solutions dy )
d d
;V>53E(J/)=BGXP(—0!)/) Aty:E,
d d
d , 9 e d,.
| yI<— ¢ E(y) = Dsin(k,y) Bexp(-a—)=Dsin(k, 2) (1)
d d J
y<=2 E(y)=-Bexp(ay) —aBexp(—a 5) =k,Dcos(k, 5) _____ 2)
(E=-B)
% . o=k, cot(k, —) k, tan(k, 1—1)
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Lecture 7: Dielectric Waveguides

A = y
y=0/2 T Even: a =k tan(k i)
d ﬂ1 ““““““ y:O > Z Y Y 2
\ 4 _ d T
=-d/2 oy
N y=-d/ Odd: & =k, tan(k, =)
From p. 10
Determine £, and « that satisfy above conditions. ( P )
_ 2 2
For easier solutions, do following normalization: ky _\/(”1ko) p
d d 2 2
Let X =k, 2. Y=a? az\/,b’ —(n,k,)
Then, ¥ = X tan X for even (1) Y = X tan(X —%) for odd (2)

2 2
X +Y? = (%) (k> +a”) =(%J ky'(n?—n’) = re

X*+Y?=r(3)
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Lecture 7: Dielectric Waveguides

Y = X tan X for even Y=Xtan(X—%) forodd X°+Y’=¢’

Y=Xtan X : even mode

Y=Xtan(X —x/2) : odd mode

Each m has its own k, a

= Mode

B=nk) —k
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Lecture 7: Dielectric Waveguides

& ‘j:d,f? I Y
din e y=0 z

y=—0l/?

Observations:

— Even, odd, even, odd :-- as r increases

— With larger r, more modes

— There is at least one even TE mode
— Larger m, smaller a,
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Lecture 7: Dielectric Waveguides

M2

) ‘)FCIK? I Y
d 1 T ittt ‘;FD z

h 4 }F-Cl/’E
Mz

E(J’,Z,t) :)_CE(y).e_jﬁZ .eja)t

For | yl<%. E()=Deostk,y)  Csink,)

d
For y > Y E(y)=Bexp(—ay) Bexp(-ay)
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Lecture 7: Dielectric Waveguides

No
y=d/2

Ny e y=0 E(y) profile: n,=1.5, n,=1.495, d=10um, A=1um
y=-d/2
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Lecture 7: Dielectric Waveguides

5 y=d/2 Ty

NoKo

d’E(y) 5 ) B N1k NiKg
i HE )= FIEG) =0 .

Schrddinger Equation in Quantum Mechanics

h2
—%V%ﬂ(x,y,z)+V(x,y,z)l//(x,y,z)=El,y \/1 \/1

d? 2m
;’Ey ) 4 BV ()W) =0
34 -d/2  d/2

Ey)<=>y(y) k(y)<==> V(y) P<==>E
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Lecture 7: Dielectric Waveguides

d|n, XE(y)-e 7 e’

- Effective index: n = B/kq

How does n.; change for different modes?

| N
=]
[¥Y)
b
I
=)
|

Higher m => Larger k, = Smaller B =» Smaller n
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Lecture 7: Dielectric Waveguides

— Confinement factor: T

How much power is confined within the core

_d
)

2
I ‘E(y)‘ ay How does I change
.o _d
_ Power inside core _ = for different modes?

ta |,

Total Power - 5
[ [EG] dy

y=—20

Higher m =» Smaller a

= Smaller T’
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Lecture 7: Dielectric Waveguides

N i . .
’ cladding - Asymmetric waveguide?

A .
d|n core ) )
v /\/ — Numerical solution

N, > N . .
o — Graphical solution
b-V diagram | n’ —n,’
V:kod(nlz_nzz)é aznz—n2
b ) 1 2
‘ do | LI (Normalized k) (Asymmetry factor)
s izl 2
0.8 /f‘f':’ e Ca ,B )
4 -{’.ﬁ (%) —I/lz
b pes b=--—-—— (Normalized /3)
n, —n,
0.4 & . .
1 For a given waveguide: V,a = b
o2 |~ fifr—fi— = from the diagram
5 ) LAV ‘ -
0 2 4 6 8 10 12 14 16 Then, determine B
v Larger V, smaller a =» larger 8
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Lecture 7: Dielectric Waveguides

Ny
A y:d/2 Ty
din e y=0 > 7
\ 4 y:_d/2
N, B
TE Solution (Perpendicular Polarization) E(y)=x E(y)
d2

—SEW)+[ K ()= F |E()=0
dy
How about parallel polarization? = TM solution

H(y)=x H(y) %Hw[m)—ﬁ]my) ~0

Slightly different from TE solution due to different boundary conditions

dE(y) TM : H(y) and L )

e dy

continuous at boundaries

TE : E(y) and continuous at boundaries

TM solutions have very similar behavior as TE solutions

Typically, TM mode has lower effective index than TE mode
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Lecture 7: Dielectric Waveguides

Homework 1

A svmmetric three-laver waveguide is shown below. Consider only TE mode for this
problem.

(a) Determine how many modes the waveguide can support for A=1.0um.

(b) Sketch the electric field intensity in the waveguide for each mode.

(c) When % is increased, the number of modes the waveguide can support may change.

What 1s the largest wavelength for which the mode number remains the same as what

was obtained in (a)?

n, =1.45
2um n, =15
n, =1.45

W.-Y. Choi
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Lecture 7: Dielectric Waveguides

Homework 2

Several different types of waveguides having the same core material and thickness are

shown below.
I il M IV
n, =1 n, =1 n.=15 n, =1

y=4d

m=2 =2 n, =2 ny =2 Iﬂ'
y=10

o n, =1 n, =15 i, =1.5

(a) If we sketch the fundamental mode power distribution for each waveguide, which

waveguide has the largest y value for the peak power position? Explain.

(b) Which has higher confinement factor, Type Il or Type IlI? Explain.
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