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Lecture 25 Qutline

* Integrated Optics components
* Directional coupler
 Modulators

The final exam will consist of the final project presentation (10 minutes
each). Have a Powerpoint slide show ready on data stick.

Date: Thursday May 12, 8:00-11:00am.

The Take-Home Exam has been posted. Take-Home Exam and final
paper are also due on May 12.



Integrated Optics Structures

Coupled Waveguides



Coupling Methods

Edge (Butt) Coupling
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Coupling Methods

Effective coupling between two fields requires that they be phase
matched, i.e. the two waves travel at the same phase velocity in
the waveguide.

* Prism Coupler

Input Beamx

Air gap should be as small
as possible




Why a radiation mode does not excite modes in a waveguide?

Radiation Field R

Guided Field Zﬁ
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the field induced at z = 0 is exactly out of phase
with the field induced at z = L.

The polarization perturbation created by the
radiation field within the waveguide excites the
guided field but it cannot transfer energy.



Angle of incidence must be greater than the critical angle

0 > 0. =sin"!(ng/n,)

The k-vector for the field in the prism
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Below the prism-air interface, field decays exponentially
with increasing distance. The x-component of the
propagation coefficient is imaginary in this region, but
the z-component remains the same as inside the prism.

Since the z-component of k depends on the angle of
incidence, it is possible to adjust the angle so the waves
travel at the same velocity as in the waveguide. When
this happens, strong coupling occurs.

" Phase Matching Condition

T_x_n kgnp sinf = ﬁf

e |=




Mode analysis using a prism coupler

A step index thin film waveguide is constructed on a glass substrate. The
guiding film has an index of 1.53, and the guiding film has an index of 1.6,
with thickness 2 um. The waveguide is excited by a HeNe laser operating at
A = 0.6328um. We can assume that all possible spatial modes in the waveguide
have been excited by the source. If a 45-45-90° prism made from SF-14 glass
with an index 1.73 is placed on the surface of the waveguide, at what angle will
each mode couple out of the prism?




Mode analysis using a prism coupler

* We assume TE polarization. There are 3 allowed TE modes with

Bo = 15.826pum™1, B = 15.651um~1, and B> = 15.369um !
ko = 9.93um™1

* From the phase matching condition

— ainn—1 o _ 15826 __ o

60 = Sln onp —_— 1 73.9.93 67.13 lzpm
— an—1 B _ 15651 _ o

f; =sin! P2 = 18369 _ g3 46°

* Incident angle on interface
ginc = 63' - 450
* From Snell’s Law

Begit = sin~*(1.73sin 6;)
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Mode analysis using a prism coupler

For the three angles determined above, the exit angles with respect to the prism
hypotenuse are 40.67°,37.64°, and 33.25° for By, (1, and (2, respectively.
Since the hypotenuse makes a 45° angle with respect to the substrate, we should
subtract these angles from 45° to find the angle, 6 as indicated in the figure for
cach of the modes. In this case we find that the lowest order modes travels at
an angle of 4.33° from the substrate, while the other modes travel at 7.36° and
11.75° from the substrate. These modes can be easily distinguished from each
other on a card placed a small distance from the prism coupler.




Coupling Methods

Incident

* Grating Coupler \

Beam
Air
Waveguide
Substrate
Diffracted
Beam

Incident

Diffracted
Radius kgng

Knadius kgn4
uw%u == ot ¥
} Diffracted —

Radius kﬂns 12



Coupling Methods

e Parallel Waveguide Coupling (Directional Coupler)
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Coupled optical waveguides
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Coupled optical waveguides

Index of

Refraction

% z=9 mm
\/\/ z=8 mm
> z=7 mm
\/\/ z2=6 mm
> z=5 mm

Z=4 mm

>

Z=3 mm

Z=2 mm

z=1 mm

i

z=0 mm

> |

=75 pm
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Coupled optical waveguides

" n[ -
T

UNCOUPLED

Eq(z,y,2) = Acos(kzT + ¢z)cos(ky(y + (a+ b))e IF=
Ep(z,y,2) = Bcos(kgx + ¢5)cos(ky(y — (a + b))e 1Pz

Same transverse and longitudinal wavevectors

The polarization perturbation in waveguide B arises from the presence of
the evanescent tail of mode A. The perturbation is actually due to the
difference in index the evanescent field sees when in the core of
waveguide B, compared to the normal cladding index. The perturbation

induced by mode A acts as a source to excite mode B. .



Coupled optical waveguides

B
Ae L.,
PPETT(I"& Y, 3) = Eﬂ(nl(m y ﬂ%}\.EA(:E,y) % //A

= eo(ni(z,y) —n3) [ggA(y)ﬁrj{ﬂz"“” + c.c.] hbﬂl‘ a 1. a a 2b

X
The perturbation seen by B is of the form A T

The device operates with codirectional coupling, so no backward wave is included
(due to phase matching, it is impossible to couple energy into the backward wave).

£ Indicates the field of a specific mode

Equation of motion

0B _. '
_ 7= —i(Bz-wt) N
P e + e.c. = Qw 37 / Es(x,y)PpertdS
w [ —ji(fz—w
= 27 con(e0) - m)En(e0) | FEA@TP + e dady

= jKAe i(Bz—wt)
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Coupled optical waveguides

Because of symmetry there is identical coupling »
fromBto A A B
>
7
_94 —ipz-wt) _ ) pe—ilBz—wt) % 7
——
2b

02 }‘Zﬂ‘a".a’

The system reduces to

0A

il 2

Bz KB | > M:_EEA
8B A 022

% =

The uncoupled equation can be solved directly. With B.C. A(0) =1 and B(0) =0

A(z)
B(z)

cos(Kz)
—7sin(Kz)
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0A i(@_A) . _OB

8z = —JkB 9z \dz/) ]KE

oB — _jKA 92A d*A

92 — = —jKk(—jKA) =>| o5 =-KA

General solution A(Z) = 61COS(K'Z) +CZ Sin(KZ)

B.c. A0)=1 (C; =1

YO

B.C. B(0) =0 = —jKB(0)=0 C—> (C,=0
A(z) = cos(k z)

0A . .

== KSiN(xkz) = —jK B(2)

B(z) = —j sin(x z)




Coupled optical waveguides

function of coupling length a A

A(z) = cos(Kz)
B(z) —j sin(Kz2)

The power in waveguide B varies sinusoidally as a TX
>

Power can travel back and forth the waveguides with 100% transfer efficiency. Also,
there is always a precise phase difference between the driving and the driven field.
The driven field always lags by 90°. The length of the interaction region determines
the exact value of the coupling. Complete energy transfer occurs for

cos(Kz) =0

(s gm

—> | 2= S + e (q integer) .




Directional Coupler

It is possible to design couplers for different "
purposes by selecting the coupling length to A y B
obtain a certain percentage of transfer. * 77
V7
* To tap a broadcast signal it may be - ole—os
sufficient to couple 1% of the power (-20 |‘ 2b-| . .1‘ e
dB)

* For heterodyne detection, a 50% coupler
(3dB) is desirable

Drawbacks

The coupling constant depends critically on 8. A 3dB coupler at
a certain wavelength may not yield 3dB at another wavelength

Because of the dependence on f, single mode propagation is in
general necessary.
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Directional Coupler
Example — two coupled slab waveguides

4 4um
<>
15
1 499 Waveguide
= S
€ i 10um <— Mode
= Amplitude
E i (uncoupled solution)
1 1o

20  -10 0 10 20

Position (pm)
Output light

substrate
cladding layer

Input light



Directional Coupler
Example — two coupled slab waveguides

A 4um
<>
15 ,
Waveguide
. 1.499
z 10um
c H <— Mode
> i Amplitude
2 (uncoupled solution)

20 -0 0 710 20

Position (um)

For this (uncoupled) waveguide 8 = 94227 cm™ (A = 1um)

a
C exp[—2840(z — 0.0012)] (z > 0.0012cm)

cos[1942(z — 0.0007)]
cos[1942 * 0.0005]

= C exp[+2840(z — 0.0002)] (z < 0.0002 cm)
a

Ealz)

C

(0.0002 < z < 0.0012cm)
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From the Dielectric Slab Waveguide Java App

‘ Module 8.28 Dielectric Slab Waveguide

|k|=9.4227 [pm™ ]

hp=1.0[pm]

J =299.7256 THz

£, = 2.247 (claddin

=3

[a= 10.0 ym

£.4 =2.25 (core) 3

ILZ

¥y

—_

£, = 2.247 (claddin

Aq =667.0[nm] K

Input
Widh a [1OES  [m]
‘ Range ||< >‘
Frequency  f ’m [Hz]
‘ Range ||< )‘

225
2247

Update |

(Core) ®n
(Cladding) ®r2

MNumerical Aperure = 0.054772

Plot: -

Output Total propagating modes = 4

TE,
cut-off frequency  f, =0.0[Hz]
cut-off wavelength 4, = o [m]

(Fundamental Mode)

At the frequency of operation:
phase velocity "y = 1.99904 [ 108 mys ]
group velocity gy, = 1.99819 [ 108 mis ]
guide wavelength lg =667.0[ nm]

Wave vector components:
k, =9420655.7

k, =194205.03

[m™]
[m]
Attenuation in cladding:
u, =284018.25 [Nem]
Angle of incidence on interface:

6 =88.81903"

Mode Selector = TE CT™

[<1[<1[>1[>>1P

Update




J =299.725 THz

£, = 2.247 (cladding)

a=10.0 pm
£.4 = 2.25 (core)

£, = 2.247 (cladding)

J_?

Input

Width a  [1-0E5

[m]

Range <

Frequency f  [2.99725E14

[Hz]

Range <

(Core) Epq 2.25

(Cladding) Br2  [2-247

Update

—>| k| =9.4227 [pm ]
Ag=1.0[pm]
4q =667.0[ nm]




[ —>Ik|=9.4227 [pm™ ]
Ag=1.0[pm]

4q =667.0[ nm ]

Output Total propagating modes = 4

TE, (Fundamental Mode)

--------------- ) cut-off frequency Jf, =0.0[Hz]
cut-off wavelength A, = e [m]

At the frequency of operation:

phase velocity Wy = 1.99904 [ 108 m/s ]
group velocity g, = 1.99819 [ 108 m/s ]
- quide wavelength lg =667.0[ nm]
E_p Wave vector components:
1942 em-t k, = 9420655.7 [m ']
CM_3(k, =194205.03 [ ]
1 Attenuation in cladding:
_______________ 2840 CM_ife_=284018.25 [Ne m-! ]

Angle of incidence on interface:
0 = 88.81903°

TE, 26



|k|=9.4227 [pm1 ]
Ag=1.0[pm]

4q =667.0[ nm ]

Output Total propagating modes = 4

TE,
---------------- | cut-off frequency f, =273.67182 [THz]
cut-off wavelength A, =730.0 [ nm ]

At the frequency of operation:

phase velocity Wy = 1.99993 [ 108 m/s ]
group velocity g, = 1.99731 [ 108 m/s ]
- quide wavelength lg =667.0[ nm]
Ey Wave vector components:
k, = 9416485.721487291 [ m-! ]
k, =340978.1271675465 [m']

Attenuation in cladding:
________________ i w, = 45998.652460907346 [Nem ]

Angle of incidence on interface:
0 = 87.92618°

TE, 27



Coupled optical waveguides

Example
A 4um
<>
1.5

i Waveguide
1.499 9
x B
c <— Mode
3 i Amplitude
2

-20 -10 0 10 20

Position (pm)

1
For normalization of eigenmode 5 f&(ﬂ?) x Hj(x)dA = by

2w
Ei(x)E;(z)dr = ——d;;
f () B v

B = 94227 em™! (A = 1um) From numerical evaluation

w = 21300 x 1012 sec™! C' = 433.56.
p = 47 x 10~ Henry/cm
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Coupled optical waveguides

Example
A 4um
<>
1.5

i Waveguide
1.499 g
X i
c <-— Mode
> i Amplitude
2

-20 -10 0 10 20

Position (um)

Perturbation in the core of the left waveguide

A .
Port = Ea(x)eo(n? —nd) [EE“J(’B"_M) + c.c. (-=0.0012 < z < —0.0002)

= 0 elsewhere
Coupling coefficient

cow [-00002 )
K o= f (152 — 1.4992)&,(x)Eu(z)dz = 3.6217 cm!

4 J_0.0012 .



Coupled optical waveguides

Example
A 4um
<>

15 r
Waveguide
1.499 g
X _
c <-— Mode
> i Amplitude
2

-20 -10 0 10 20
Position (um)

)
1.0
A(z) = Apcos(Kz) 3 "
3 05
Power couples back and forth according to 3
0.25
A { 3) EI E{JE(K: z ) 02 04 06 0.8 >

Propagation Distance (cm)



For different waveguides there are additional terms

L‘”.\\\\\\\\\\\\ Guide #1 AN a\(L)
[ i l axlL) .

1
1
'
0

v

Assumimg we write the electric field as: E=4/2n,a,U, +4/2n,4a,U,

For the 4-port coupler with input at z=0:

”1(:)=[ﬂ1(0){coss:+j 1332— ad SIIILS':}—j'£a2(0)5ﬁ1.5'2i|€iﬁz

s 5
. K') - . ﬁ’) - 18 . — ﬁ:
az(:) = {—j T‘al(0)51115:+ az(ﬂ){mss:— ] ~2S 1 sms:]]g J
— ol
a 2
For identical guides: 3, = 3, and s =,/K,,K,, =K and 2(0) =sm” KL
: a
1
T

The cntical length for full coupling from 1 to 21s: L_= e
31



Coupling Coefficients (Weak Coupling)

! 1
- (L)
N\ Guide #1 \\"—-b

U](“)

o4 ,::_. (Iz(L)

— Br=f
......... Iﬁz- ﬁl = U,E:[}r.'"f_,{.}

100% power transfer when KL =r/2, ie. L=r/2K
50:50 power split when KL = /4. 1.e. L= /4K
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