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Lecture 20 QOutline

* Integrated Optics Simulation Approaches
* Transmission Matrix Method



Most popular numerical simulation approaches
for optical waveguide devices

Full solution of Maxwell’s equations:
Finite-Differences Time-Domain (FDTD) Method

Approximate EM solution techniques for light propagation in
slowly varying waveguides
Beam Propagation Method

Scattering formalism (Transmission Line)
Transmission Matrix Method



Maxwell’s Equation
V x E(r,1) = —0d,B(r, 1),
V x H(r,t) = oD(r.t) + J(r.1).
V- D(r.1) = p(r,1).
V-B(r.r) =0.
Simple case of linear, isotropic, and non-dispersive medium
D(r.7) = goe(r)E(r. 1),

B(r.7r) = you(r)H(r, 7).



Finite Differences Time Dependent (FDTD)
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Finite Differences Time Dependent (FDTD)

 Components of the electric fields are defined in the middle of
the edges of the cube

 Components of the magnetic field are defined in the centers
of the cube faces

* Time discretization: leapfrog scheme with time step 4t
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Finite Differences Time Dependent (FDTD)
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Finite Differences Time Dependent (FDTD)
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Similar discretization for y and z
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Similar discretization for y and z

Example of discretization



Finite Differences Time Dependent (FDTD)
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Beam Propagation Method (BPM)

Approximate simulation technique for light propagation in slowly

varying optical waveguides

Helmholtz equation

Electric Field
9° 9*
V=
ox? i oy?

”E &E &E ., ,
E-l-'a}?-f-a—zi-l-kﬂ(.r,y,Z)E:O

slowly varying term rapidly varying term

v \

E(x,y,z7) =d(x,y, z) exp(—jknyz).

cladding index

J
Vibh— janDa—i’ + i (n* —nd)d =0,
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Beam Propagation Method (BPM)

Assuming weakly guiding condition

(n* — nd) = 2 ng (n—ny)

9
Vi — jlknﬂa—i) + k(0 = n})d =0,

|

o 1
= ?2 .
free-light guidance term

propagation term
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Beam Propagation Method (BPM)

The two terms are applied separately
Approximation with BPM step

:\Hx. 3
i

#{x, 2+h) #(x, Z+h)

NY

(a) (b) be— h/2 —sle—h/2 —+|

T
T

» The electric field ¢ (x, z) is first propagated freely in index n, over a distance h/2.

* Phase retardation of the entire length h is taken into account at the center of the interval

* The resulting electric field is propagated again freely in index n, for another distance h/2
to obtain @(x,z + h)
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Beam Propagation Method (BPM)

An extensive theoretical reference for BPM is Chapter 7 of

K. Okamoto, “Fundamentals of Optical Waveguides”
Elsevier (2006)

(Available for download from the digital library)

Some representative examples follow
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Beam Propagation Method (BPM) - Examples

S-shaped bent waveguide without offset.
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Beam Propagation Method (BPM) - Examples

[// ()

S

—

i»));)).)‘

I

N)))')))))-»)‘)\

{

e

)))))))))))))))))))))))))))))))))??

Figure 7.12 BPM simulation of the light propagation in an S-bend waveguide consisting of a
fixed radius of curvature without offset.

15



Beam Propagation Method (BPM) - Examples

;
1

N

v

L2

— A RN S G e e e e S S R R I-J

Figure 7.13 S-shaped bent waveguide with a waveguide offset.
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Beam Propagation Method (BPM) - Examples

17

Figure 7.14 BPM simulation of the light propagation in an S-bend waveguide having an offset of

O;=14pm.



Beam Propagation Method (BPM) - Examples

Figure 7.15 Schematic configuration of a Y-combiner  Figure 7.16 BPM analysis of single-mode Y-combiner when
consisting of single-mode waveguides. when light is coupled into one of the two waveguides.
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Beam Propagation Method (BPM) - Examples
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Figure 2: Refractive index profile of a fiber coupler.

https://www.rp-photonics.com/passive_fiber optics8.html .



Beam Propagation Method (BPM) - Examples
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Figure 3: Amplitude distribution in a fiber coupler, obtained with a numerical simulation of beam
propagation, done with the software RP Fiber Power.

https://www.rp-photonics.com/passive_fiber optics8.html -



Transfer Matrix Method

Sections 3.1-3.5 in Coldren, Corzine and Masanovic



Definition of the Scattering Matrix

Linear Networks S allows you to find outputs from inputs

Inputs: a b=Sa
Outputs: b, b= Z S.a.
Can measure S, by j
setting a, =0 for k # j

and measuring b,
ay —-
£ (x,v,2,1) = éE,U (x,y) P

E 377Q
¢ where 1, =

a; = : 2rres
! J2r}j{ ,

For _ﬂU‘: dxdy =1 we have a,a, = P]

b, --—

The net power flowing into the port 1s:

- -
Pj —a}.aj—bjbj

My

a b

Important case (2-port junction): "
If network 1s reciprocal. S. =S
|:bl:|:|:511 Sll:||:al:| P > Mt

b, S, S, || a, If network 1s lossless, S 1s unitary: S,S =1
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Definition of the Transmission Matrix

T allows you to cascade networks

‘:‘l l A 2 A I ."1 2 A ’l A !:
— — S > —
.T rr -Iv
S - = - -+
Bl B: BI B:_n B’l B!:
Left side: A =a, Bl - bl 4, _ Iy I, || 4, _ Iy I, T1.1 I, || 4
Right side: Az = bz-‘- Bz =4 B, I, I, || B, I, T, El I, || B,
" _ _
B T, T B, 1 5
O I e S A | e T, =— T,=——-2
o i S 51>
b _ S, S, a, T, = Su T. =— 51155 = 51,55,
= < Sq = Sﬁ
bz 1 L 521 522 i a, L - - i

If network 1s reciprocal. scattering matrix 1s symmetric anddetT =1

If network 1s lossless, S is unitary: S'S=1 23



TABLE 3.1: Relations Between Scattering and Transmission Matrices

Scattering Matrix

Transmission Matrix

Definition
e T
e e

b . S Sz iy
by B Su S 5]
by = Snay + Snaz
by = S50y + S1202

Relation to r and t

by

ry = — =511
a1 a1 =l
by

= — = 5
i =
ba

Fz1 = — = 527
{12 o) =0
by

fy = — = 512
i a1=0

; fiz Iz
S =
ha 1y

det S = 8180 — 812821 = riara — tiafy

Relation to T-Matrix

S — L r2| det T
ST |1 =Ty,

Definition
A
By — i e— By

‘J‘l'l . T“ TIE Az
Bl N TZ[ TZE Bl
Ay =TnAr+Tnb
By =T34 + Tn B

Relation to r and t

B
r ——
2=
[y = 22
12 — Al

Ay
Fi1 =~

B>
—
n=g

| |
T=—
ha | N2

Iy
o~ T
1
By=0 Ty
T
i|—0= Ta
B det T
y=o T

—I7
fiaty — rar

det T =Ty T3 — T12Toy = ta1 /12

Relation to S-Matrix

A1 =S
Sa1 | Sy —delt s

Relations Between

SandT
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TABLE 3.2: Network Properties and Their Consequences on the Matrix Coefficients

Reciprocal Network (valid for normalized fields with and without loss)

. Si2 = 52
S =8 et T=1

q_FSu Su| 1 |Ta 1
TSy Se| T T |l =Tp

T — Tn T2 _ 1 1 —S1
T (TaTa+0/Tu | Su | S 83 —Susn

3

Lossless Reciprocal Network
ISul> + 1821 =1 [Tyl +1=Tul?
SIS=1 = ISP+ 1SnP =1 =14+ |Tpl* =T
55124 5882 =0 T, —-Ti2=0

S — '_S|| S:I _ 1 r.!i“3| 1
S| Sy =SEGSu/SE | Tu | 1 =T

[ 1/8, S fﬂg“l}

Tu T
Ty T} ASTRL TR VA

T =

Lossless Reciprocal Network with v and t Phase Shifts of 0 or =
522 = -5

Sii=454

S = Sftl

— det § = —1

Ton=Ty. Tp=Ty

S__SI Su | 1 [Ty 1
S8y S| Ty |1 Ty

T — Ty Tu| 1 1 5y
| Ta Tu| Su|Sn 1

Network Properties
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Dielectric Interface

n —n
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Dielectric Interface

Note 7; 1s a positive real number 1f n, > n,.

b,
Sy ="

az :rg:—(—}‘l):f"l

EJ'1=|:}

Note r, 1s a negative real number 1f n, > n, (7-phase shift).

Sp =58, =t= 1_3”’12
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Transmission Line

| 1
| 1
: I
a;(0) it A — a,(L) = b,
1 [ |
bi(0) —t-—m oo 1 <*— h(L)=a,
: :
1 1
1 1
1 1
. >
1 1 N
0 L -
_ JBL. — Jy ,tJBL
bl =ae’™ a,= ble
p=p+jp,
0 ¢ JPL Ejﬁ_L 0
—jBL T'= —jBL
e/ 0 0 €
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Summary of Building Blocks for Sand T

TABLE 3.3: Summary of S- and T-matrices for Simple “Building-Block” Components

Scattering Matrix Structure Transmission Matrix
1
rp I2 ] | R P
ta —rp2 o |2 1
r%: + ;122 =1
0 e7¢ ‘ .LH — e? 0
— -
e 1? 0 - i 0 e7?

| e!‘f’ rue‘}.ﬁb
2 F|3€j¢ e /¢

rih+ih =1

29

r2 tiae?
tine7?  —rppe




Fabry-Perot Cavity

'HI _-"'bz
IE:"l ""—ﬂz
assume
iy = 0.
We can write these relations
by = —ar —}—ﬂ;ﬂ: {1{ — béE_J‘S_L.
' — R e—BL
f?;=ﬂ|f|—{—ﬂi.?'|. d, _"!?1‘E '
b, = ait-.
. 22 Solve for

bé — ﬂérﬂ- 5” = b”;ﬂl SEI — bﬂ!'ﬂ|
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Fabry-Perot Cavity

After a few manipulations:

a, =0 a =10
2. ,—2jBL 2. ,—2jBL
[Tre 9 Isrie
Sip = —r + — —_ Sy = —ry + —= —
| —rire—%HL | — rire=%PL
[ IgE_j‘éL S12 = S21.
521 =

31



Fabry-Perot Cavity

The Transmission Matrix for the cavity can be obtained from the Scattering
Matrix or by multiplication of elementary Transmission Matrices for the
interfaces and the transmission line

a, =0 a =0

[11> 12 37



Lossless Fabry-Perot Cavity Spectra for S

s> Reflection s, Transmission
Etalon is highly 1 0.9 1.
reflective if L=odd _____..,-:r[g—w ' !
guarter-integer 0.8 1 0.8
multiple of A/n, - 0-565 - r=03
06 06
0.4 0.4 | l | l | l |
' r=03 ' | \ 0565
0.2F 0.2 F
- i 0.9
) 0 1 1 1 P I | 0
Etalon is 100% -2-15-1-05,0 05 1 15 2 2-15-1-050 05 1 15 2
e /mj2ﬂm}f2:r (2L = 2xm)2r S, max<1 with loss
If L = half-integer
multiple of 2./n, /8, /8,
360 360
' r=03
270 0.565 270
180 0-9 180
90 90
Dl'l'l'l'l'l'l'l' 0l|l|l.l P T R
2-15-1-050 05 1 156 2 -2-15-1-050 05 1 15 2
(2L = 2wm)/2n (2BL — 2mm)/2n

Cleaved cavity r=0.565 33



Transmission Line — Interface — Transmission Line

(Example 3.1 in Coldren, Corzine and Masanovi¢)

L, —wle——— 1, —

i - -

€j¢' 0 l 1 —F12 E?J';(‘bz 0
T_TI-TZETS_I: 0 E?_j¢':|.a|:—r]2 ] :||: 0 e/ P2

l gf(@l"’@?.) _f"];‘iff’j(@l_qbz)
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Application to Gratings (Distributed Bragg Reflectors)

y
................ A
o ETEEESHESSEUUETH I
o 'y r L,
A e B |
Ry Y ' ________________
N (LTEERRRESSEUETH W2 I ) o5 —
nj_rrr‘_r i {fi"g I IR
- R
Fe : 1y
VCSEL In-plane
p

* At the Bragg frequency, the period of the grating is half of
the average optical wavelength in the medium.
* For each period, multiply 4 simple T-Matrices together



Period of a uniform grating structure

|
jle—— 1, —}t+— 1, —
|




T-matrix for the complete grating structure

|<7 L —i-l-d— L, —-|<7 L —b-l-q— L, ——— |<7 L —b-}-q— L, ———
1 2 m

#ﬂl
~
3

T :[T]m _ 11 12

21 22 _

T~
~
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Application to Gratings (Distributed Bragg Reflectors)

-~ '_ I one period

:A
>
y
-3~ -
,,,,,,,,,,,, A
———
. ny ;g.;ﬂ—r ‘
n, 0N | L
7, s
n: n r ‘
¢ miiinnnaty—r | L
n n " f
ro
VCSEL
i
: m
: o Am
| Ty
V-l , By, T
L, I ~
|
Input |
[

. L+ L,
Ll - ﬂ’design
4n,
. )L'design
y =
4n,
|
|
2 1 :
A: Al AO
- - -
BZ TZ Bl 1 1 B(_‘
- -4
|
|
T :Output

————————————— ————————————————————————————
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Application to Gratings (Distributed Bragg Reflectors)

At the Bragg condition, elements for the T-matrix of one period are

I Z%[EMJF—FEE_M_]*_]:F;E
T = Iiz[ef"“ e _%.
I, = I%[F_H’Jr e — —f—;
I, = %[F—H’JF r’e/?7] - — ] ;1’2

¢ = B1L; + BrL, becomes either 7 or 0 at the Bragg condition.
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Reflected Amplitude/Phase for Gratings

Example withm = 20 and r = 0.1, 0.025, 0.01

1 [P . 180 -
L 2mr=4 )
08 90
0.6
0 )
0.4 i .
b -90 W\
0.2 W\ [
-180 1 1 1 | 1 | L | 1 l:-
0 4 -3 2 -1 0 1 2
L,/
o= - = i
| B =B, detunlng parameter | Bi/ni + B>/
/3 1s the average propagation constant of the grating =
L, is the grating length L/ny + 1/no

the phase delay of each layer 1s g1L; = palr = /2]
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Reflected Amplitude for Gratings

1
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Reflected Phase for Gratings

180

mr=4

2

—90

-180

-2

4 -3
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Reading Assighments:

e Section 10.5 of Chuang’s book

e Sections 3.1-3.5 in Coldren, Corzine and Masanovic
e Section 8.2.5 in Coldren, Corzine and Masanovic



Next time: Gratings Structure with Coupled Modes Theory

A grating structure can be considered as

a perturbation on a uniform slab waveguide:
8(1:) =g (1) + A€ (1:)

(a}
£ &) S—— p—
— — - ._.._l — +— " —
A
L"': £, -
&4
(b) g,
b(z) a(z)
e, = —
£
(c) Ae=0) AE=6H-§
A . ....__.-.r-
- Ae=0 Ae=g -¢&;
Ac=(

For the unperturbed slab waveguide
TE, mode

Forward: A,e™ Backward: Be "

e(x,z) is periodic in z

Fourier tr’msform'

For a lossless structure:
ﬁé‘; (1) =Ae_, (1) .




