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» FIMMWAVE is a waveguide mode solver

.+ mode - (eigenmode) a solution of Maxwell’s Equations in a z-
invariant refractive index profile of the form:

(I)(x, Vs Z) =y (x9 y) ) ejﬁ:

B: propagation constant of mode

Mode of violin string:

arbitrary y(x)

eigenmode




New effective index of mode

ng=pBlk,  k=271/2

* modes are orthogonal:

[o.00y) dxyydxdy =1, ifi=k
=0, if izk

I': confinement factor

region j

define I':
mode 0SS tipgge = Iy Omaterial |

* This implies that if mode /is propagating down a
straight waveguide, power will never couple to

mode k.

» modes travel at different speeds: v = c/n4
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RWG: Rectanguiar geometry

epitaxially grown waveguides

FWG: Cylindrical geometry
radial index profile: RIEX(r)

MWG: General geometry

rectangles + ellipses + polygons
graded RIX profiles

'Pheoten
Design.




FIMMWAVE supports different mode solvers

In Cartesian co-ordinates:
» FDM Solver (finite difference)
« FMM Solver (film mode matching)
« FEM Solver (finite element)
» Effective Index Solver

In cylindrical co-ordinates: gk
+ GFS Solver (Bessel functions) - g, sse!
* FD Fibre Solver (finite difference)

A SRR
« fully vectorial [ €y o \)
- full diagonal dielectric tensor (anisotropy)
- good PMLs fiaul @ booedery
« finds many modes at same time
- guaranteed not to miss any modes (to our knowledge!)
» real and complex versions
* bend mode version
« symmetry planes available
+ uniform mesh spacing:
can be used with any geometry

E
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Takes account of structure smaller
than grid squares — not just
averaging




Suitable for rectangular geometries

RWG waveguide

I

slices  matching interface
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Assume RIX profile N(x,y) is piecewise constant in x direction.
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Slices

In slice m, the field can be expressed as a linear combination of 1d TE and TM modes
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The 2D mode is generated by “propagating” the vertical modes in the x-direction.

N(y)

No(y)

Nyfy)

N,(y)

Nefy)

The eigensystem is obtained using:

- Continuity of e, h, at slice interfaces :
Umt = ommiym - with U= {u',u™}

- Boundary conditions at LHS and RHS:
e, = 0 (magnetic wall) or h,= 0 (electric wall)

» Find all {(N) TE and TM 1D modes for each slice
» Build overlap matrices between 1D modes at each slice interface
» Guess start beta

— + Using given beta, propagate from LHS and RHS

to the matching interface (near the middle)

« Generate error function at matching interface
———» Loop (varying beta) until error is small

» When the error is zero: mode found!




» fully vectorial

+ real and complex versions

« bend mode version (rigorous cylindrical co-ordinates)
« PMLs

« symmetry planes available

« very fast if you need only a few eigenmodes

« exact solution to Maxwell as N4 tends to infinity

* N,p typically small - 20 to 50

* ideal for epitaxial devices with natural rectangular geometry.

» very accurate for planar structures - used as benchmark for other
methods
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« fully vectorial

» complex solver

- adaptive unstructured mesh

» good for tilted or curved interfaces

* good for graded index structures

» mesh can be inspected - Engine Info

» guaranteed not to miss modes (to our knowledge!)
» bend mode version (conformal transformation})




= Approximation: y{x,y) = A(x).B(y)

» Should be used for:
- 1D+Z calculations
- small index contrast An
- structures with w>>h or h>>w

How it works:

1. Finds vertical 1D
modes in each slice

« Very fast (both real and complex)

2. Builds horizontal 1D
waveguide based on
effective index of vertical
modes

3. Solves horizontal 1D
waveguide

FWG waveguide:
radial index profile: n = n(r)

Two choices:
+ GFS Solver (Bessel functions)

» FD Fibre Solver (finite differences)




» Solutions of the form:

@(0,r) = w(r) cos(m.6), p-order=1, m: m-order
= y(r) sin(m.0), p-order=2
m-order and p-order are “gquantum numbers”

» Different p-order and m-order modes are orthogonal
* Features:
-> arbitrary n(r)
- full vectorial formula (also semi-vec versions)
= very fast (2D reduced to 1D)
- real and complex versions for FDFS, GFS has real version only
- PMLs (FDFS only)
> 1D overlaps in FIMMPROP (if symmetry maintained at joint)
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» For the general 2D+Z case, usually we would recommend that you
use the FDM Solver as a start-point solver. You can then try to
improve accuracy by switching to another solver (FMM or FEM}. In
some simple low delta-n structures the Effective Index Solver can
give you even faster initial numbers.

» For FIMMPROP simulations, start with FDM Solver uniess you have
good reason to do otherwise, then check with other solvers if
possible.

« If you have a planar structure and just need a few real modes, then
FMM will give you the best accuracy.

« In the 1D+Z case use the Effective Index Solver in Quasi2D (XZ) or
QuasizD (YZ) mode.




FMM: Has to use a staircase
approximation for slanted or
curved interfaces.

FDM: uses advanced techniques to
better deal with slanted and curved
interfaces but stiil (small) stairs so not
as accurate as FEM.

- FEM: can deal with interfaces at any
: . angle and curved interfaces just as

. easily as horizontal or vertical
£ interfaces.

Comment
For slanted or curved interfaces, FEM best,
then FDM, then FIMM.

FMM: Uses semi-analytic methods that can provide high accuracy when used
on waveguides within their domain of validity.

FDM/FEM: FDM and FEM will never be a match in accuracy for semi-analytical
techniques where such techniques are used within their domain of competence.

Lo vecdansular §heucierds
Comment
Thus, you are likely to get higher accuracy with the FMM Solver for waveguides
that can be described by a relatively small number of uniform rectangles, such
as en epitaxially grown/etched ridge waveguide.




FMM: ideal choice
- No discretisation B
- Very thin layers simply require i S

higher number of 1D modes

FEM: 2™ choice, or if there are additional features FMM cant deal with

- Adaptive mesh

- Computation time increases at a rate approximately (nodes)’.

FDM:

- Uniform mesh but advanced thin layer modelling technique
- Computation time increases at a rate approximately (nodes
- Still needs a high resolution to model thin layers really accurately.

)1.5

Move thin slice across waveguide
Slice width 50 nm, delta-n = 2.5

FDM sample 10nm — gives accuracy

in neff of ~0.1% (worst case scenario).
Raw sampling gives 20%.




The complex version of the mode solvers is needed to model:
- material absorption

- metallic structures (surface plasmons)

- bend modes

- optical leakage

- optical radiation (FIMMPROP)

FMM:
Complex version much slower than the real.
Does not guarantee to find all the modes (iterative).

FDM/FEM:
Find complex modes in about 4x the time of real solvers
Moare robust than FMM Sciver: guarantee to find the modes.

Comment

Thus if you want to model complex index waveguides, the FEM and FDM Solvers will be
faster and more reliable. In general, it is not practical to use the Complex FMM Solver in
FIMMPROP for reliability reasons.

FMM: FMM Solver uses basis set of 1D modes which can converge slowly
when metals are present, unless the metal extends as a flat plane through all

slices. vasie ket splitbig [decows s A Sheuc e
FEM/FDM: use a local basis set (the mesh points)

Comment
FMM is not good at modelling structures where regions are decoupled from
each other, e.g. by the presence of thick metals. FDM and FEM do not have

this problem and can model decoupled structures and those containing large
amounts of metal.




Each wall has a boundary condition.

All Cartesian solvers support:
* metal wall - E;— 0

» magnetic wall -H; — 0

» PML — perfectly matched layers

FMM/FDM support:
» periodic wall - E(0) = E(L), H(0) = H(L)
- impedance wall - perfectly matched for one particular angle of
incidence or mode beta (FMM: only top and bottom)
» tfransparent . .\ %
Nk

FMM:

PMLs on 4 sides but top and bottom PMLs mess up the basis set of the FMM
method if too big — narrow range of operation.

Transparent boundary conditions can be used through polishing (not with
MOLAB).

FDM:
PMLs on 4 sides are well behaved. / e 5 | @
Transparent boundary conditions can be used with MOLAB. L o Bl wobg SoM

FEM:
PMLs on 4 sides are well behaved.
No transparent boundary conditions.

Comment
If you have radiation going up and/or down, then FDM/FEM are easier to use.




Looking for a large number of modes? e [

» D275, 00
{7 1042656309 0)
1+ 71250213, O

FEM and FDM et Baml g
- will find many modes at the same time (fast!) 3
- wilt guarantee to find alt the modes

FMM

- finds one mode at a time

- may miss some modes :

- can benefit from polishing in taper calculations (EVScan)

Comment
The FEM and FDM Solvers may be faster and more reliable when you
require a large number of modes.
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All solvers are fully vectorial.

Anisotropy:
FMM: two term diagonal tensor ¢_=¢,
FDM/FEM: 3 term diagonal tensor

Z




A Si/SiO, (SOI) waveguide

FMM, FDM and FEM solvers can
model SOl waveguides.

FMM and FEM are most accurate.

Vectorial versions of the solvers give
best results with high index contrast.

Effective Index Solver is not valid.

norzzantal/am

1 i (T, B SR . . A
8 in [ 14 k3] i B 2 W 2 H 0
horisonicifumn - borizontal/m

FMM: can model weakly coupled waveguides but not fully
decoupled ones — might miss a mode.

FDM/FEM: can model fully decoupled waveguides.




Handled by FMM, FDM and FEM
Solvers.

But beware - is this useful?

Why not solve the decoupled
waveguides separately?
= much faster

norizenich L

herzonlal

ekl

Modes near cut-off expand
strongly and usually need a
large computational window.

| o izoatals e

FMM:
No discretisation: slice width does not impact speed or resolution.
Can efficiently deal with modes that extend very far in the lateral direction.

FDM:
Uniform rectangular grid.
Increasing the window at a constant grid size makes the FDM Solver rather slower.

FEM:
The mesh size can be adjusted.
The increase in computation time is not as bad as with FDM.

Pha‘tﬂn Comment

You may find the FMM Solver much more efficient for

a
D@Slg“@ modelling modes that extend a long way from the waveguide.




FMM:

Computation time increases:

- linearly with the number of slices
- at a rate of N,p®

Finding 10 modes takes 10 x time needed for to find one mode.

Mode polishing is very fast and can be used to increase N, efficiently.
- FDM/FEM:

Computation time increases at a rate of approximately (nodes)'.

Finding 10 modes is much faster than ten times the time to find one mode.

Mode polishing is usually slower than calculating the modes from scratch.

L

Graded index waveguides including diffused
wavequides

Compatinility with PRLs (with Complex Engine
option}

Periedic boundary conditions

Compatibilitywilh FigkiPROP

Very thin kayers

+++ ; full suppert — best performance
++ : full support — fair performance
+ :some capability




A) Scan between two waveguides

Waveguide A: set of parameters {p, ., P2 2 P32 Psa--- }
Waveguide B: set of parameters {p, . P2 1 P3 p Pgp--- }

An intermediate waveguide (e.g. 10% A, 90% B):
weighting parameterw = 0.1

Then the intermediate waveguide is given by:
p; = (1-W).p; 5 + W.P;,

B) Scan a Parameter




« very fast algorithm

Quantities:

* Ngg and B

» confinement factor
» filling factor

* mode loss

 efc.
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“nearfield”

“far-field”

« fully vectorial formula

* aperture function
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Stage 1: build k-space profile - ok e
« FF resolution proportional to NF rangg@m{z :
T e ¥
» FF range proportional to NF resolution e i R
* NF range = waveguide-size x Scale P e

Always check these 4 quantities are OK
Also TE/TM/General option (TE/TM - 2x faster)
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All of FIMMWAVE and FIMMPROP can be controlled either
from:

» the command line interface, or

« from your own programs via a TCP/IP.

« Integrate our tools with your own code or in-house expertise
« extend with powerful optimisation techniques

« also macro-recorder for rapid script creation.

—
TCP/IP
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50nm Si layer in air A similar but graded structure —
smaller sampling error

Sampling error is usually the limitation of FDM Solver
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« Always try to make the problem as simple as possible, at least initially
- Keep box size (width, height) as small as possible
* |dentify symmetries
« Decide best boundary condition (ideally this would not make a difference)
» Decide whether semi-vectorial or effective index approximations are adequate
 Check convergence of the results
» FMM Solver: check effect of (1d)nmodes (N,p) - Error Analysis tool
» FDM Solver: check effect of (nx, ny)

» FEM Solver: check effect of (nxres, nyres)

‘Photon
Design.




Two principles:

1. Keep box size as small as possible

2. Boundary must not disturb the
guided modes

o Prhees | i

IS haptorte

Rule of thumb to remember:

Boundary is far enough away if \y=0 and dy/dx=0
at the boundary for the guided modes

\f being the main component of the electric field.

This can be checked using the “Plot Section” toal (Inspect Mode)




compute time

accuracy parameter

required accuracy

Symmetry is easily

implemented via the EEWT
solver parameters L
P Jer©
S

FMM

» Symmetry in the vertical plane halves the number of 1d modes needed
= Computation 8x faster for FMM

» Symmetry in the horizontal plane halves the number of slices needed
= Computation 2x faster

FDM/FEM

Symmetry in the horizontal or vertical plane halves the number of grid points (FDM/FEM)
= Computation ~3x faster (or ~9x faster for two symmetry planes)

All Scolvers
Symmetry planes can remove modes of wrong symmetry




+ Horizontal (HSymmetry) and vertical (VSymmetry) symmetry options are
equivalent to the use of hard wall mirror planes

FMM Solver — effect of use of mirror plane

Symmetry boundaries — implemented automatically
by HSymmetry & VSymmetry flags

Modes should be orthogonal;

TS0
S )

Built in orthogonality checker!
Photon Get into the habit of using this.
Design.




Boos: Look for Discontinuities!
Check Orthogonality!

Mode 2

Not enough 1d modes!

Photon
Design.

FMM: Increase (1d)nmodes and polish modes

f' S R
' Much Better

FDM/FEM: Increase grid density + rerun MOLAB

Photon
' Design.
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The ridge waveguide is a silicon on insulator waveguide which

has leakage through the oxide into the underlying silicon




All solvers support Perfectly Matched layers (PML)
An artificial complex thickness is introduced near the boundary
Any wave travelling towards the boundary is attenuated

PMLs in different solvers work slightly differently

4 o Anrcicrss st causes o eraadion
q’\/\ﬁﬂmm »r f
]F 33 er’icj.(r'.s-+x3)
X=Xy +ilWy,
Complex plane
- - recl ki
T“C{\‘H%}Ag\ FJ‘L"—C‘[(fQ J
ik, x
e Tx=xa+i.s'
Real line Computational region ¢=0

How wide should the PML be?
= Wide enough to absorb the radiation

= Some trial and error needed

Photon
' Design.




PML region

FDM Solver supports PMLs on all 4 sides

+ PML width must be thick enough

» If too thin then may reflect off PML or off boundary (not
absorbed by PML)

« If too thick then waste grid points (time)

We will illustrate this with bend loss...

Design.




With the FMM Solver:

« PML on top or bottom:
when increasing PML width, the basis set becomes unable to
accurately represent the field

« PML on side walls:
PML width has no effect on the basis set

= If necessary: rotate structure !

Photon
' Design.

On the sides: Good

As we increase PML width, propagation constant converges
/

WG Scan Resulls

mode loss (rmog evi {l/em), mode 1

prni

C— e

r
A AT S




On top and bottom: Not so good

As we increase PML width, absorption increases...

\

05

0ag

i) |t S, o T )

mode loss {imog ev) {1/om), mode 1

WG Scan Results

N\
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But then 1d mode basis set becomes degenerate

and results are noisy

pA (3 l}:’ L"l [ue C(

Three bend mode solvers:

« FMM Solver in cylindrical co-ordinates (rigorous)

* FDM & FEM use approximations

Computing bend loss for given radius of curvature:

« FEM/FDM: use with PMLs (left or right) and Complex Solver

1R oM
« FMM: use transparent BCs and Complex Solver n domen o i AN

{ WG Scan Results =10} x|
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« Light will radiate towards outside of curve — must put PML there.
» PML thickness is critical:

Absolute Error in Mode Loss for PML (FDM}

1.00E+00Q

—s—FDM - 100 - PML - 3 micrometers - bend
8.00-1

—e—FDM - 100 - PML - 2 micrometers - bend

8.00E-01 FDM - 100 - PML, - 7 micrometers - benct

4.00E-M

2.00E-M

mode foss (imag ev), [1em]

0.00E+00
0.0
-2,00E-01
-4.00E-1 et
Lok 5 hCury, [1fmicrometer} e s {hd -"\
it am LT

; » Start with a PML thickness around 10% of size of
oton | _
ikt ) Design compute domain — but will depend on structure.
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Finding very lossy bend modes with the FMM Solver can be tricky!
Here is how to proceed:

1. Start with complex FDM Solver with Transparent BC :» #1L
(high spatial resolution nx, ny)

2. Save mode list

3. Change soiver to complex FMM Solver
{high number of 1D modes)

4. Polish mode list

Notes:
*FMM Solver + Transparent BCs: most accurate option if geometry allows
*Transparent BCs available only on sides. No PML thickness to guess!
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« a tool for optical propagation
» rigorous solutions of Maxwell's Equations

+ compare ray-tracing and BPM - these solve approximate
equations

+ sub-wavelength effects, diffraction/interference, good for
small cross-sections, not for telescope lenses!

+ 3D

« full vectorial

» based on EME (EigenMode Expansion)

« much faster than previous techniques for many applications
» much more accurate in many cases too




Best known in industry.

Assuming:

1. Slow Z variation of refractive index. = V(e VInn? ~ Vi(ey Velnn?
2. Small angle of incidence of initial signal

3. Paraxial assumption:

. e, mpM
LA il et
\,& iw—‘a‘(’ C’wfj{ﬂ '{(NJ"" %I

slow variation of ¥ = (¢%/ez%) e ~ 2ikn, ¥/cz -k°n,> ¥

e(xy,2) = F(xy.z) exp(ikn,z) b ualy
wr ond C'«f’“j\}i'e*

A st ./v\6

Then wave equations can be reduced to the form:

WYz = Fr (W Vil Vi, Z)




AWz = (e ViV, Vi Wy, 2)
» This is a parabolic equation.

« Can easily solve by propagating an initial input profile in
small steps.

« Very good for slowly varying tapers , y junctions, D
couplers, ...

« Completely useless for discrete structures!
f{l {Jg“ui?{' <50

Strategy:

¢ Consider generic structure as a
sequence of small uniform
subsections. For continuous ot
structures, such as tapers, some sort _
of discretization is needed. i

« In each section m, calculate set of eigenmodes { #™} ; ¥" =[e, h]"

y i Bz RSN —ifs
W (x,y,0)= ZM (a;”‘P;’ (x,y)e Pl L b (x,y)e « )
O B




e Calculate the transition matrix 8§ across interfaces:

1,m) — 1
S(m+ my — <‘PIT|+ ,\{/m>

¢ Calculate the transition matrix D™ across a section:
D™ = diag [ exp(iB™z) , exp(-if"z) ]
¢ Then relationship between the field coefficients ¢ = [a,b] is

cm+1 - S(m+1.m) D(m) cm

« Compose the transition matrices of all subsections to
obtain transition matrix for entire device:

M1} — @MM-1) Ry (2.1} (1}
) S D™, . D

b eudluhin el




LHS Mode 1
LHS Mode 2
LHS Mode 3

» Solves for all inputs
» Component framework
+ Port = mode (usually)

» Alter parts quickly

MU " onty indede guoced podes o Tt

,’v‘loc‘u‘_}j {}{;gn ks f\{c,uy..»\_P(..i? Lesnn [;:)f-\“ J\if(\ﬂ(.{" N

el sat b

Traditional Tool:

FIMMPROP:




Unconditionally stable

Takes any number of
reflections into account

NOT iterative

+ Even resonant cavities

» Mirror coatings, multi-layer

E, Field

o
£, ¢/ (vsm)

500 05 10 15 20 25
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*No paraxial approximation

«Just add more modes

MV" \?‘1 u l«’ﬂcffb\f/p‘\"“{fwmi' pcmu»{iﬁs

Y- Sk CESpRAsE

Traditional Tool:

FIMMPROP:




Stretch almost
instantly

i
100 150
carnpgnent lengthsara




Device = (Section,Joint,Section, Joint,... Section)

Section = one of:

Waveguide Section (straight)

Bend Section

Taper/Planar Section (also Y-branch etc)
Periodic Section

Other FIMMPROP Device

Straight sections
- trivial
- instant propagation even along 1km!

Periodic Structures

Bends: optimised algorithms

Z varying - harder!




» Very efficient - repeat period
« arbitrary complexity within the period

« “Simple Periodic” - program creates joint
between periods

+ “Periodic” - user defines joint at end of
period

+ always look for and exploit periodicity in
the device

Transmission: T= (§)M

exact answer as N=infinity

bronig” 5 ot
Lt | Y
.\,r( " LJ\{ l}[ !{jb’* S
qei%ﬁ?m é
. \r}u‘@"m
0 A
-
Q@
g~
—
<
0 j
9
[®)
E
==
[
T
=V ...
R o 1€ W c..',[{{Q(_‘{ &1 ;3{. V?D’E @
ohe mode order PML, peélacted oad faj,cfiqwu?
LM

* Need lots of mode orders in plane of bende~

Photon - Keep outside wall away or use PMLs back

» Keep height (yvi,d&l;n) as small as possible
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» Advanced taper algorithm — not staircase; few adaptive steps

» Choice of user interface for specifying Z-variations:

» Taper Section between two waveguides (Z-dependent weighting function)

> Taper Section with a Z-parameterised waveguide

»Planar Section: arbitrary etch and grow paths

«Scattering Matrix

+ XY, XZ and YZ Intensity Profiles

+Z Profiles:
- mode betas
- mode powers
+Calculation Diagnostic
- check on accuracy, enough
modes etc

- sometimes loss is OK - we want

to ignore radiation modes

L.00026533
0.278133%
4. E47Ze=10
0. 0087107
1.1Z534-11
2.1145L1
1.56014e~10
0.Z17434
7.45575e-12

—2.47532

z.07681%
-E.14355

Z.18223
~U.41840%
EERLIEE)
~0.365186
-2. 963715

\
XY profile

—1
XZ Profile

~ Calculation Diagnostic




A) Scan Between Devices

Scan mode

Device A: set of parameters {p; ., P2 2 P32 P4 oo )
Device B: set of parameters {p;, P2 - P3 b P2 p .- }

An intermediate device (e.g. 10% A, 90% B)

weighting parameter w = 0.1

Then the intermediate device is given by:

P, = (1-W).p; o + W.Dj

B) Scan A Parameter (Named Variable)
REPLICATE

preview
screen




- If there is loss or gain in the waveguide then the modes have a
complex

« Real engine ignores loss and gain

+ Real engine can estimate the imaginary part using an overlap
integral of the mode profile with the loss/gain profile

So we have two choices for modelling loss or gain in FIMMPROP:
» real engine + overlap integral

- fast
- MOLAR works wellffast for real engine »
- good for low loss/gain - x100/cm ol = L “G ¢ n

- if the real engine and complex engine give similar mode profiles then the overlap
integral will be a good approximation
- no PMLs — still have side reflections
+ complex engine

- exact, required for metals

- MOLAB good for FDM, FEM, Effective Index Solvers

- complex MOLAB for FMM solver is slow, - not practical
- can have PMLs — boundary reflections absorbed

Memory:

increase area by factor of 2

- heed 2x number of modes
- each mode needs 2x number of grid points

therefore memory proportional to A2

Speed:

increase area by factor of 2

- need 2x number of modes

- each mode needs time A", (1.3<n<3, depending on method)
therefore time to build modes proportional to AA" = i‘\nw
overtaps: # of points X# of modes

therefore time to calculate overlaps proportional to A®

- overlap integrals will eventually limit EME for very large
calculations.
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Planar Structures (3D)

Use FDM Solver to begin with:

» Robust — unlikely to fait in middie of long calculation

» Stores only Ex, Ey fields if you only calculate S-matrix (less memory)
« Fast overlap integrals

+ Builds lots of modes at same time (¢.f. FMM)

» Has good PMLs for leaky structures

Circular Section Structures

Use FD Fibre Solver:

* Fully vectorial

 Fast 1D overlap integrals

+ Builds iots of modes at same time (¢c.f. GFS)
» Supports PMLs
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Using Taper Section with “interpolation taper”

starting cross-section
{P12 P22 P32 Paa-o- }

end cross-section
{P1 b P2 Py Pag-o }

_intermediate waveguide is given by:
p, = (1-w).p . + W.p;,,
_ w=f(z/L},
f(z/L): “taper function” - linear,exponential, “S” curve...




Using Taper Section with “expression taper”

Size and position of shape
defined as a function of “Z”

A0
N,
HEHT ',',;.'::

Z is the fractional co-ordinate:
varies from 0 (lhs) to 1 (rhs)

Pe Sect on

One “SWG” defines vertical layer

structure for whole taper Paths - define etch profile in x/z plane

Path properties:
* width(Z)

» offset(Z)

» Mirroring

* Etch or Grow




Many path parameters can be of form
“expression(Z)".

B Path Params

Even SWG can have Z-expressions, so layer
thicknesses and rix can be controlled.

/ width = sin(4*_PI1*Z)+1.5

HPROP

et

e
B
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g

o

e

ey
i
A

Si rectangles “grown” (superimposed) over
background from SWG.

Can combine etching and grown paths to
create complex geometries.




» goal: adiabatic (no loss) - power
stays in zero-order mode

* need only a few modes when
near the adiabatic limit

(loss<10%)

* use loss vs length plot - v. fast

t 5 (“I' /ﬁﬁ—

<oy Cﬁ!ﬁ“‘ e
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* modal analysis is very powerful

tool for taper analysis - mode
properties tell us a lot

o+
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* FIMMPROP framework allows us to compute a set of similar
structures very quickly

» Very important for design process - determines adiabatic length

Note how higher order modes
die out more quickly

owar Troction
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output
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Golden rule: always keep things as simple as possible, especially initially

» Stage 1 - setting up structure
» minimise cross-section - inspect size of zero order mode

> take advantage of any symmetries - an odd mode will never
couple to an even mode

+ Stage 2 - look at mode propagation constants with WG-Scanner
+ Stage 3 - calculate taper

» Stage 4 - generate a “taper curve’ - efficiency v.s. length

* Must use the GFS Fibre Solver or FDM-Fibre Solver

» Fibre modes of different quantum numbers (m-order, p-order) do not
couple - you should only include one m-order and one p-order




\
tapering the boundaries
is not recommended!

TaperSec1 TaperSec2

+ “Taper” algorithm is used for all continuously varying structures
* may need more than one “taper section” (RWG tapers)

g
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» Set of local modes computed at discrete positions
along taper

» Expansion at each discrete position:
B(x,3.2)= Dy, (5, 1) (e e, ")
"
* In theory, exact as number of sections —o©

* In practise limited by numerical errors as Ny, —>©
» |deal for calculations of non-adiabatic tapers

* Local modes computed at fewer positions
» Do an analytic integration between positions

* Tends tb exact solution as length—w, even
for finite number of sections

» |deal for near-adiabatic devices - need only
few modes
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As number of sections increases, J->ldentity
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taper efficiency

0 100 200 300 400 500
taper length (um)

first-order is more accurate at long length

zero-order is more accurate at short length




Two types of Calculation Diagnostics:
» Power — detects when and where power is disappearing from

device.
« Joint — detects losses only at joints. Use this if your device has

gain or loss.

BUT:
Sometimes loss is ok. E.g. you might want to throw away radiation

modes.

Long period grating — can ignore radiation modes since once radiated, very
little couples back in

25
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Light is radiated away from the
waveguide but is reflected back by
the sidewalls
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% et ely P2 ey o by

Paed o collect gt ey otber cired rons
» Normally s-matrix is in terms of z-propagating modes — exp(j.[3.z)

+ Ports allow you to create s-matrices in terms of more natural
modes of your structure.
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LR FIMPROP

basis set travels in this direction
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1 Computes
3~ coupling to bend
mode of ring

Port

. o N ol o Loe odd,. | VO Port
5 wa%-wc[ﬁj /\JL@{(" “D e ‘{ﬁfa”w'é e Jure 1[{0[ "> Section
Yok vl

+ Result is an S-matrix of coupling coefficients between the 4 waveguides
» A bend-mode solver computes bend propagation and bend loss
» Results can then be plugged into a simple equation for the ring solution

C.Ov\ \L{’_H pehiche mUcL‘é (i f’u/‘* —)**Z' & xe ¥
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Above: simulation shows light launched into bend mode of ring, with a small
coupling to the straight guide visible.

27

Breaking cylindrical symmetry
Use MWG

Define structure by cross-sections
Use FDM or FEM Solvers

Basis set: supermodes
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Taper Section
“FORMULA (Z) 1-(1-2)**2"

Taper Section
‘FORMULA (Z) (£)**2"
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Inject Mode 1 on LHS

without ports

with ports
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The tutorials contained in this document are centered upon the Photon Design
software toolkits FIMMWAVT, and FIMMPROP.

FIMMWAVE is a fully vectorial mode finder designed to model a wide variety of 2D and
3D waveguide structures such as SOIL polymer and etched GaAs/AlGaAs
waveguides, as well as single and multicore fibres. The program features several
different mode solver methods. Tt is using these mode solvers that concerns us in the
following tutorials Basic FIMMWAVE Usage and Advanced FIMMWAVE Usage.

FIMMPROP is the propagation module integrated with FIMMWAVE. It uses an
eigenmode expansion algorithm (EME), where the optical properties of a structure are
fully charactetised by the local modes of the structure, and coupling matrices between
different local modes. It allows great flexibility in constructing complex structures, is
fully bi-directional and allows extensive visual inspection of the propagating fields.
This powerful technique implies that once you have a local mode description of your
structure, you can obtain a wide variety of information with little furthet computation.
Becoming skilful in this application is the subject of the following tutorials Basic
FivMPROP Usage and Advanced FIMMPROP Usage.

This document is divided into four sections, each should take approx. 1 hour to work
through:

®  Basic FIMMWAVE

- an ovetview of the core concepts of using the mode solvers.
s Basic FiIMMpROP

- an overview of the core concepts of using the propagation module.
*  Advanced FIMMWAVE

- a more involved discussion of concepts of using the mode solver.

*  Advanced FIMMPROP

- a more involved discussion of concepts of using the propagation module.



Chapter

Basic FIMI 'E Usage

21 Example 1 - Finding the modes of a Ri

dge Waveguide

We will begin with creating a simple ridge waveguide. This is done using an RWG -
(Rectangular WaveGuide) Waveguide node.

2.11 Getting started

» Start up FIMMWAVTE. The main window will appear. This should look something
like this:

New Nodes toolbar

FET g = 3|
BElle Options Scripks Tni__m_,., ek
-.ﬂlgagq;‘_-oa_@ @
I= analﬂ MenagelﬂL
The B R F A E]
Project
Tree ™

el

I — — =

The new nodes toolbar shows the node types that can be constructed at this stage. A node is
any structure that can be cteated in FIMMWAVE, e.g. waveguides, scanners, etc.

% Click on the & button on the New Nodes toolbar.

The New Node dialog will appeat for you to enter the name of the new project:

i

Please enter a name for this new node.

Project 1

oK J Cancel l

» Type Tutorial Project, then click OK.

The project will now be shown with the project symbol » under the root of the Project

Tree, shown with the tree symbol - (you may have to scroll to the left in the Project
window to see these symbols):



et | ) Messages
FIMkafLE
ool T itorial Froject

FIMMWAVE suppotts various waveguide formats. For this example the most
apptopriate is the RWG Waveguide (RWG) type.

» 'To create a new RWG, click on the B button in the new nodes foolbar (it is the first
button).

Note that this button will only appeat if the = Tutorial Project Is selected in the Project Tree;

if it is not shown, click once on the < Tuterial Praject.

Again, the New Node dialog will appear for you to enter the name of the new device:

AwG Waveguide 1

» Type RWG, then dick OK.

The waveguide icon B8 will appear in the Project Tree as shown

=R

» Double click on this waveguide icon to open the Waveguide Fdifor. The following
should appear.

2.1.2 Building the waveguide

An RWG is constucted by a slce, or a series of sfices. It is within these sfices that the
epitaxial layer structure is defined.



» Click on the E button. This will show the RWG Editor panel.
- 5

material database (.mat] temperature (C)

|
e

Copy
F

New slice

R¥G Editor

slices (from |hs)

1] pm TOTAL
width [um) etchDepth [um]  SWE stucture
IhsBC topBC batBC 1hsBC

|E\ectric waall L‘ iMagnelic wall _‘J IMagnelisc wal <] |Eleclric weall L! oK

impedFact PML (um) impedFact PML{um] impedFact PML (um) impedFact PML (um]
Iu |0 |n 0 |-1 0 0 !0 Cancel ]

» 'To add a new slice click on the New Slice button (highlighted above).
RWG Editar A S x|

malerial database [.mat] temperaturs (C)

slices {from Ihs)
1 0

1 pm TOTAL
width [um] etchDepth (um]  SWG struclure
i jo
lhsBC topBC botBC thsBC

Eieclric wall _ﬂ IMagnatic wal x| Wagnelic wall ‘ﬂ |Electlic wall =l oK

impedFact PML um) impedFact PML um) impedFact PML [um] impedFact PML (um]
[I'J IU |D iD FJ 0 ID 0 Cancel

» Double<click on the slice in the list (highlighted above). This will show the SWG |
Editor panel.

SWG Fditar Y 3 |

laers (from top)

PR N S I .,
ooy |
s |

Paste

Mew

1 m TOT AL
thickness (pm)

o

temp ("C)
& rix (iso)  ( rix(aniso) C mat

:

ref index glpha (1/cm)
I1 I o [~ cfseg

Ok I Cancel

i



Itis on this panel that the epitaxial layer structure is set.
» Click on the New button 5 times to create 5 new fayers (giving a total of 6).
> Edit the thickness and refractive index for each fayer to what is shown here:

Click on each layer
to editits
properties here

» Click OK and OK again, when finished.
The Waveguide Editor should now look like this:

This Shows the slabs that are
contained in the selected slice. On
T _each slab there is a number. This
is the refractive index of the siab.

Whenever possible, it is convenient for all slices to reference one SWG layer structure.
This is because changing the SWG structure of one slice will automatically update all of
them.

» Again click on the B8 button. This will show the RWG Editor panel.

» Highlight the first slice in the list and click on Copy, then click on Paste two times.
This will create two copies of this sice.



This indicates that
these slices share the
same SWG

The second and third slice refer to the same SWG structure of the first shice.
3 Click OK when finished.

The Waveguide Editor should now look like this.

Dotted lines mean
that neighbouring
slices share the
same slab.

2.1.3 The Etch Mechanism

Next we need to define the ridge structure. We do this by efching the first and third
slices. We must also set the slice widths.

» Click on th L button again - this will show the RWG Editor panel.
¥ Set the width and etehDepth of each slice as shown here:




Click on each slice to :
edit its properties
here

locel:l
local:l

Grey regions are slabhs
that have been etched.

A oL a
igths A G phehy U9 Hahy

The first and third slces now have a grey region extending 0.91 um from the top
surface. This indicates an ethed region. ‘The refractive indices of these regions are
defined by the refractive index of the top layer. In this case, it is air. Using this
functionality, you can create quite complex waveguides with just one vertical SWG layer
structure and different etch depths in each siice.

2.1.4 Specifying a confinement factor region

Fot this example, we wish to specify a region for which we want to calculate the
confinement factor for modes. We want to specify this for the waveguide core. Ths

+0miieteh: 0, ST psleb




Cutrently, the middle slice references the first slice in the list, thus any changes made
will affect all the slices in the waveguide. Therefore, we need to cancel this reference.

This is easily done.

» Right-click on the middle slice, select Copy SWG

Il RWG Wareglide: RWG
Image Edit EditSWG Solver

Yiew ‘Window

=0l x|

B Gl i 0 @D

W0 Sl i | R
Lo | = ii
Properties ‘ = 3.38
o | T L=10
7 Select = 3.54
Zoom »
w ] Scroll 1 ] Sl
o= 1 : (=]
r_:::up'[,' S 3.38
ol Paste SWG , g i j
M= = P:jste SWiG Ref.
|width: 1um ; etch: 0.91wL PR y
» Right-clicking on the middle slice and selecting /Paste SWG.
Ml R\YG Waveguide! RWG i o -10] x|
Image Edit Edit SWG  Solver View Window
i W &
L e
e T =i =
Properties 1 3.38 j
o a ]
= Select Tl 3.54
Zoom 2 [l
\ Scroll w 3.38
o ] = =
a- =_‘_[ a: SWR f L K g- ;l
lad | a.s e ef, il
- EdbSWG;,,
!wudth: 1um ; etch: 0.9 - 4

» Click on the & button - this will show the R

RWG Editor A
material database (mat) temperature (C)
relbase.mat I
slices (from lhs)
; 3 ol Notice that now only
9 557 — thle left and right
slices share the same
structure
HNew slice
5 pm TOTAL
width [um] etchDepth (um)  SWG stiuctue
IhsBC topBC botBC thsBC
IEIectric wiall j IMagnetil: wall Ll |Magnetu: wall Ll ‘Electr‘\c wall :E

impedFact PML (um) impedFact PML[um] impedFact PML [um] impedFact PML [um)

R o

]u

PP

oK

Cancel l



¥ Double-click on the middle slice. This will show the SWG Edifor panel.
» Highlight the core region and click in the cfseg box. (as shown below).

SWIG Edit

Click here to enable
the cfseg flag

» Press OK when finished.

» In the Waveguide Editor, click on the second slice. You should see the region selected
fot confinement factor calculation highlighted in a different colour.

Before we go any further, we should save the project.

» Rightclick on the 7 icon in the Project Tree and select [Save.

| BRI
A Ees | Tutorial Pr

R

» Navigate to a convenient ditectory and enter Tutorial Project in the file selector
and press Save. The project is now saved.



2.1.5 Finding the modes

We now go on to locate the modes of the waveguide.

In this tutotial, we want to display the eigenvalues of the calculated modes as effective
indices as opposed to propagation constants.

» In otder to do so, go to the main FIMMWAVE window and go to the menu
Options/Application...

»  Set evallype to effective index.
» Click OK to close the panel.

» Back to the Waveguide Editor, click on the HE_IE button. This will show the MOLAB

Options panel.
» Select the FMM Solver (real) in the list of solvers.
MOLAB Options e x|
Solver
!> it Salyer (real) Edlit solver parms |

TE fractions ——— neffibeta scan range

Min. TEfrac iD s‘tanl 1
Mex. TEfrac | 100 endr_—_—_

max Nmodes I1D
optimizetion

Ibest EI {muda profile resolution

nx | 60 ny]BCI
OK I Cancell

» Click on the Edit solver pamms button. This will show the FVMM Solver parameters panel.
» In the lambda (um) box, type in 0.83.

¥ autorun

> In the (1d) nmode box type in 20.

A

FMM Solver Parameters:

—mode propetties

lambda (um) 1 IER matching interface

is &t Ihs of

(1of) nmocle I 20 slice mmatch

mmatch=0 gives

mmatch |U auto placement
hCury (1 !um)‘ 0 HSymimetry

nong ¥

Type I\fectw:;r‘\al - l Help I

WSymmetry
]nune _vj

— RWG Generator ——————

Generstor Options
——-—i OK I Cancell

> Click OK.
» Click OK again.

¥ In the Waveguide Editor, click on the @ button.
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The program will do some preliminary calculations and after a shott delay, the Mode
Finder panel will appear.

Muode

The Mode Finder panel has two methods of operation:

1. As an interface to the MOLAB (MOde List Autc Builder). The MOLAB can
automatically generate a list of all the modes of your structure. If the user
wishes, this can be done according to certain critetia, e.g. the first 5 modes, or all
modes with an effective index between, for example, 3.25 and 3.0 etc.

2. Manual Scanner Mode Finder. Users with more experience often find it faster than the
MOLAB when locating just one or two modes.

We will look at using the MOLAB,
% Click on the Build List button - the Build EV List panel will appeat.

» Click Start.

The program will now build the first 10 modes of this structure, according to the
settings on the MOLAB Options panel. These will be inserted into the Mode List as shown
below.

11



[~~~ Mode List

Preview of selected mode

~ Access to the MOLAB — the
automatic mode finder

» Doubleclick on the first mode in the Mode List. The fnspect Mode Panel will appear.

2.1.6 The Inspect Mode Panel

Diata on this mode

) Define plat region

1 ard grid

| Calcuate/update
mode properties

/ Flot mode in 1D or 20D

Cther utilities

— V\fite mode to ASCIHH ile

You use this panel to do any of the following:

o) Plot a 2D profile of the mode - any field component or the mode intensity;
f3) Plot a 1D cross section of the mode at a given horizontal or vertical position,
%) Produce an ASCII file of either of the above;

3) Calculate the confinement factor and/ot loss of your mode;

g) Calculate the Group Index and/or Dispersion,

¢) Calculate the Effective Area.

» Click the Config button beside the Plot 2D button and ensure that Plot Type is set
to Contour Plot. 'Then click Plot 2D - a contour plot will appear, indicating that this is
the zero-order TE mode.

12



warficalsom

g 3 5
» Click Calc Overlaps. After a short delay, some data will appear in the region called

Mode Properties. This will indicate a confinement factor of 0.751 in the waveguide core
(remember the efseg flag in the vertical layer structures).

It will also show TE frac = 100%, i.e. this is a purely Ex polatised mode. This has been
caleulated by analysing the whole mode profile and s an accurate value.

Notice also that medelossOV = 0.00075/cm. This is obtained using an overlap integral
between the mode and the loss profile and is a reasonably accurate estimate for low-
loss waveguides. (If your structure contains high-loss materials, you will need the
Complex Engine option).

> Click Calc Disp

The dispetsion and group index of this waveguide are also calculated.

TnspeckMode:

To investigate the 11D cross section of your mode, select Fx field, click on Plot Section.
You can specify the desired horizontal and vertical cross section by using the cross
hajrs.
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2.2

2.1.7 Saving the project

» Close the Plot Section panel

> Click Close on the Inspect Mode panel
» Click Close on the Mode Finder panel
» Click Yes to save the Mode List.

The program will temember the Mode List when you close the program — ready for
when you next open the waveguide.

» Right-click on the icon in the Project Tree and select /Save,

This extremely useful tool will automatically allow you to see how a variety of mode
parameters change as you alter the shape or refractive index of the waveguide.

The WG Scanner is given two versions of the waveguide, representing the structure at
the beginning and the end of the scan. Internally, a third structure is then constructed
which is a weighted average of the two waveguides. By this means, you can scan
almost any parameter you wish.

14



In this example, the WG Scanner will be used to investigate the change in mode
confinement factor as a function of the refractive index of the core region. The
waveguide created in the previous section will be used.

2.2.1 Getting started

% Click on the ® button in the new nodes toolbar

Note that this button will only appear if the 7 Tutorial Project is selected in the Project Tree;
if it is not shown, click once on the <=~ Tutoria Project.

Again, the New Node dialog will appear for you to enter the name of the new device:

» 'Type Confinement Scanner, then click OK.
The waveguide icon =, will appear in the Project Tree as shown below.

FIkbdiafanE
- 2 Tutorial Project [D:SworkSFr
= i [owg)
=]

R ¥} Confinement S anner

# Double click on this waveguide icon B to open the WG Scanner. The following
should appear.
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2.2.2 Setting up the WG Scanner

¥ Click on the Set button next to the start pointwaveguide box.

B WG Scanner- Confinement Scannes =101 x|
Edit Sean  Window

Scanner Mode | scan betwesn tysWavesd

end point waveguide

Replicats WG1=5WG2
son Function—— |
i) B |
corfigurs plat
nsepfz
camdastat [0
xmsend i

xlabel x-parameter

This will bring up the Choose a Device panel.

Look under ITutor‘\ai Project j

Node name [AWG

oK LCancel |

» Highlight RWG — the waveguide we set up in the first example.
» Click 0K
You should now see “RWG” in the start pointwaveguide box.

» Click on the replicate WG1=>WG2 button. This will make a copy of the waveguide.
You should see this copy appear in the Project Tree.

IE: Project l 6 Messages| @ Wan
Flbbdiw/aiE

- <% Tutarial Project [0 waorkFrm
o WG [.rwa)
EI-E Canfinement Scannen

» Click on the Edit button next to the end pointwaveguide box.
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This will show the Waveguide Edifor for the copied waveguide. It is currently the same as
the original, however we will now change the refractive index one of the layers.

¥» Click on the This will show the RWG Editor panel.
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" local:l

» Double-click on the middie slice in the list thighlighted above). This will show the
SWG Editor panel.

> Set the refindex of the fifth layer (from the top) to be 3.54 as shown below

» Click OK
» Click OK again

Before we proceed with the scan, we need to determine which waveguide modes we
are Interested in studying.

¥ Click on the Edit button next to the start point waveguide box. This will show the
Waveguide Edltor for the waveguide that we created in the first section.

18



5
¥ Click on the Eg - button, This will show the MOLAB Opfions panel.

» In the maxNmodes box, type in 2.
MOLAE DpE

We are only interested in the TE and TM fundamental modes.
» Click OK

» In the Waveguide Editor, click on the 3 button. The Mode Firder panel will appear.
> Click Build List

» Click Start

» Click Yes when asked “delete all existing modes?”

The MOLAB will find only the two fundamental modes.

¥ Click Close

¥ Click Yes when asked “Save mode list changesr”

The WG Seamner tool does not know which parameters are being scanned (you could
change several things at once). We need to define the labels for the x-axis. In addition,
we need to specify the number of points we wish to calculate.

» Type 3.38 in the x-ads start box

» Type 3.54 in the xaxisend box

¥ Type “refractive index” in the xlabel box
You should see the following.
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[ WG Scanner: Pml Scanner 1 { oo = S|

Edit Scan ‘Window

Scanner Mode Iscan between two waveguid_‘_’_l

start point waveguide
IRWG Set... | Edit I
end point waveguide

[Feruca Sel.. ﬂl
Replicate WG1=>WG2

r Interpolation Function
Edt Plot

r—corfigure plot

nstapiZD
xeds start |3.38
xaxsend |1.54

« label refractive index

We are now teady to begin the scan.

2.2.3 Performing the scan

» On the WG Scanner select /Scan/Start. You should see the following.

WG Scanner Resultsikaplot i x|

Remove I

Plot list

Add

¢ mode loss (overlzp) mode (M1-N2)
~ mode loss (imeg ev) F_—
1~ mode loss (auto)

" side povver loss (1/cm)
" confinement factor
" Ailing factor

£~ cont. fac Fy

™ dispersion

" group index

plot modle

[~ plot on same scale Cencel |

We want to display the eonfinement factor for the two modes about to be scanned.
¥ Click on confinement factor in the add plot box
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» Type 1-2 in the mode (N1-N2) box.
> Click Add.

% Click plot on same scale

You should see the following

mode 1! confinement factar
mode 2 confinemert factor

» Click OK

After a minute or two, you will have a plot of the confinement factors of the two
modes shown below.

i3 Goor Results

canfingmen, foclor, mode 1
[2) Q@

o

e ]
330 JA¢ 342 3 A 348 380 AR 454
Refrpoive Indm

As expected in this case, the confinement factors for both modes in the core decrease
with increasing refractive index of this underlying slice.

2.2.4 Saving the project

» Right-click on the 5 icon in the Project Tree and select /Save.

21



T8 Project I © Messages| @ Wam

E; FIMMW.&"-!'E

------ i Fi Show
E-% T Hide
e = add
Close Chrl+w

ZhEl4+S

Save &s..,

The project is now saved.

Note: The scan data is also saved with the project file so that when you close and re-
open the project you can again plot the above graph by simply simply selecting
Iscan/Display data from the WG Scanner window:.

2.3 Example 3 - Creating a diffused waveguide

In FIMMWAVE you can easily define structures with mixed geometries and diffuse
refractive index profiles. This is done using the Mixed Waveguide (MWG) format.

In this example, we will create a diffused buried waveguide (typically produced in
lithium niobate processes).

2.3.1 Getting Started

Ensure that the % Tutoria Project 1s selected in the Project Tree. Click on it once if it isnt.

» Click on the B8 button in the new nodes toolbar
Again, the New Node dialog will appear for you to enter the name of the new device:

Please enter a name for this new node.

MG Waveguide 3

Ok J Cancel

» Type Diffused Waveguide, then click OK.
The waveguide icon & il appear in the Project Tree as shown

IEI Project I L] Messages] D ‘Warings
_'E= FIM A E

. Tutorial Project [D:\work\Frowsbte
------ ﬁ AW [.nwg]
El E Confinement Scanner
R, - ﬂ REPLICA [.rwg]
----- % Diffuzed W/avenuide [owal

» Double click on this waveguide icon & 4 open the MWG Waveguide Editor. The -
following should appear.
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This is currently an empty region with refractive index 1.0 and window size 10pm by
10pm.

2.3.2 Building the waveguide

» First of all click on the button B in the toolbar then set the grid parameter to 0.1
in both the x- and y-ditections. Click OK to return to the MWG Waveguide.

» Add a rectangular shape by right clicking in the client area as shown.
o — s

B

: : : : %
¥ Click just inside the top tight corner of the rectangle, hold down the mouse button
and resize the rectangle untl it has width 10um and height 7um.



W MWG Waveguide: Diffused Waveq|
Image Edit Solver Wew Window

B e W @%E> &
BF’-D I I I

The refractive index of the new shape is set by default to 7.0. We want to change this.
» Right-click on the shape and select properties.

Image Edit Solver View ‘Window

B iF o [ &%
E\.J”P 10 20 30 40 5}1 B0 70 80 460 |

Rectangle

Pripethiss
Delete shape

Clone shape
Add Shape P v!
Order [ L
BT 4
This will bring up the property editor for the shape. You should see the following.
Shape Properties . i ¥ -qt’_ Pl El
parameters
£ position Transparency hMode temp (*C)
" shape |0Pﬂ'1|UE 'i lf" rix(iso)  © rix(aniso) T mat }
@ qix. profile ref index alpha (1/cm)

1 I o I~ cfse

" RWG Gen Hints

» Set refindex to 7.5.

» Click OK
The colour of the rectangle should now change to reflect this new value as shown.
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Next, we need to add a diffused refractive index profile so that the refractive index 1s

1.6 on the top-centre of this rectangle, and decreases gradually to 1.5 away from this
point. We do this the following way:

» Add another new rectangle (see below)

» Click in the center of the new rectangle and drag it so that the left side edge is at
poxition x = 3.0um.

» Using the mouse, resize the new rectangle: Height = 7.0um, Width = 4.0um
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I WG Waveguide: Diffused Wayeqlide i
Image Edit Solver Yiew Window

B B o [ i =
'EP.U 10 20 30 40 50 60 7o 30 4o |
L L L 1 1 L 1 L 1 L

= o
4

|
The refractive index of the new shape is set by default to 7.0. We want to change this.

» Right-click on the shape and sclect properties.
% Set Transparency Mode to TnerementalRIX,

Shape Properties Sl ﬁl
parameters
£ position Transparercy Mo temp (°C)
 Hapk %Opaqua ‘vl ‘5“ rix(so) " rix(aniso) ¢ mat
& i, profile Ir— ref index alpha (1/cm)
 RWEG Gen Hints 1 L I~ ciser

cance |

» SetDeltaRIX to 0.7
» Set grading function to Diffuse.
The dialog box should look as shown.

Shape Properties

parameters

€ position Transparency hode DettaXParm RIX mode
" thape IncremertalRI vl [,:,_— = lso (" aniso

= rix. profile DeltaRIX Deltaslpha (1/cm)
¢~ RWG Gen Hints ]TA IU
grading function
™ Rect. sourcevV (um) diffuselen (um)
e [Hh v[1
= Diffuse

| Ccancel |

» Click OK. You should see the following.
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The second rectangle will now not have a constant refractive index, but will contribute
to the background refractive index in the way specified in the dialog box. This
contribution is an increment of 0.7 on the topside, tailing off to zero towards the other
sides.

Before proceeding any further, we must set the wavelength.

Ml
» In the MWG Waveguide Editor, click on the a button. This will show the MOLAB
Options panel.

1~ Salver
| ~coordnate system - R
(@ BenWR £ CYwE. S v T Complex
 §.JFOM Soiver redl] ] Editsclver pams
- TE feactions -+ 500 |- nefi/beta scan range -
Min, TEfrac o7 o | o start]
M. TEfze 100 : L e
R maxN.m.odes WU s
optimisation e
none e i i mode profile resolution
W autoRuni [ 1 4
.

» Make sute that the real FOM Solver is selected.

» Setmxand ny to 100.

» Click on the Edit Solver parms burton. This will show the FDM Solver parameters panel.
> In the lambda (um) box, type in 1.55

# Set HSymmetyy to bozh

> Click OK

» Click OK again

» You can now visualise exactly what you have done so far by viewing the refractive
index profile.

¥ In the MWG Waveguide Editor, click on the m button. This will show the Plot Refractive
Index panel.
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Plok Refrachive Index

x|
—redion position number of grid points:

min (urm) l_— nxseg IE,U—'
xmax (um) I_—

yimin (um) I_— i IEU
ymax {urn)l

RIX component

[P |
oK l gancel l

» Click OK
» The following plot should appear.

Il RIZprofile

2.3.3 Finding the modes
You are now ready to find the modes of this waveguide.

» In the MWG Waveguide Editor, click on the % button.

The program will do some preliminary calculations and after a short delay, the Mode
Finder panel will appear.

Mode Finder

Previewr Mode List %
e =10
[T Active

Activate All l

Deactivate all

Delete
Export Evals

Root

Builld List

Detall | I_nsper:tl Errur'An'aI.l e
| =

EnginelnfuJ Qrth.TestI ]l | guseJ

% Click on the Build List button,
» Click Start.
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The fundamental TE and TM modes will appear in the Mode List along with some
radiation/”box’” modes.

+100 (1497083 , 0}
+100 (1 451087 , )
+ 100 (1.489675 , 0)
d+ 001480444 | O)
+ 0(1488479 , 0)
+ 100 (1.487851 , O}
100 (1 48128, 0)

1qu'(1 SG2479:

2.3.4 Saving the project

» Click Close on the Mode Finder panel
¥ Click Yes to save the Mode List.

The program will remember the Mode List when you close the program — ready for
when you next open the waveguide.

» Right-click on the #* icon in the Project Tree and select /Save.

The project s now saved.
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We will construct all out components within a project provided with this document, so
the first thing you must do is open it.

¥ Click on the £2 icon on the tool bar.

» Navigate to the Tutorial Examples directory and select “BasicFimmprop.pri”
» Click Open.

The following should appear in the Project Tree.

-~ H FIMMwisyE
=R viriir i Al D ek Eria

You will contruct all your comnponents within this project. For refetence purposes, the

file “Complete_BasicFimmprop.pri” contains all the examples constructed in this
tutorial section.

3.4

lating a Tiked Fa

A major feature of FIMMPROP is its fully bi-directional capability. ‘This is illustrated by
the following simple example that looks at the reflections from a tilted facet.

3.1.1 Getting started

Most FIMMPROP devices will be created using the wode fype “FIMMPROP Device”. So the
first thing you must do is to create a node of this type.

¥ To create a new FIMMPROP Device , click on the & button in the new nodes toolbar

Note that this button will only appear if the <% Fimmprop Tutorial is selected in the Project
Tree; if it 1s not shown, click once on the -7 Fimmprop Tutorial

"The New Node dialog will appeat for you to enter the name of the new device:
» Type Tilted Facet, then click OK.
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Tilted Facet

The FIMMPROP Device icon & will appear in the Project Tree as shown

s

FIkMWAVE

A Fimmprop Tutarial [D:\work SF vt
-l TikedFacetw aveguide [nag]
-4 Emply Section [.nag]

g Simple Ridge [nwg]

=] Tilted Facet

% Double click on this icon to open the FIMMPROP Device Editor.

3.1.2 Building the device

A structure (2 FIMMPROP Device) is formed by joining together vatious types of simple
elements. Thete are different types of elements, which you can insert by using the
buttons on the toolbar (highlighted below).

FIMMPRO,

The first set of icons @ on

the toolbat contain the list of sections needing a

waveguide cross-section. The set defaults to the WG Secton (WaveGuide section)
shown. We wish to create a WG Section and give it a length of 60um

¥ Click on the

icon. You should see the following,
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select awaveguide

Look under | Fimmprop Tutorial

T bedFacet avequide
Empty Section
Simple Ridge

Node name !TiltedFacelWaveguide

0K l Cancel I

» Highlight “TiltedFacetWaveguide”

» Click OK

» Type 60 in the section length/um box

» Click OK

Edit Waveguide Section

i v

zection length / um | g0

Edit reflective layers

onLhs J onghs ... |

| Cancel |

You should see the following.

N FIMMPROP Device: Titled Facet

Image Edit View Utls Window New Element

=lalx]

BB B | Wy el A - S 00 DA v A R =

W5 0 wm| [
o % Plan View
ol [ Cross| |
Section |
2| View £] '
: 5 {
et \Jj

A

A FIMMPROP Device can be made up of many Sections but they have to be separated by

Joints. Therefore we now need to append a Joint.

» Click to the right of the plan view of the WG Section so that the cursor is placed at

the right hand side (highlighted above).
» Click on the Hlicon.

> Clik 0K
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A new blue element will appear after the WG Section. Note that the Joints have a symbolic
length, since in reality they ate zeto.

Now we wish to append another waveguide and give it a length of 20um.
5> Click on the B8l icon.

» Highlight “Empty Section”

» Click OK

# Type 20 in the section length / um box

You should end up with a Device with two Sections: the LHS Section has a guiding core
with a relatively high refractive index, while the RHS one is just air (an empty Section).

Joints contain all the information needed to define the interface between consecutive
Sections, such as the alignment, titling, or rotation. Now let us introduce a tilt in the join:

» Right-click on the Simple Joinf and select /Edit Properties...

[ FEHHPROP Dy

# In the Ihs tilt about v xis box type 3.
» In the rhs tilt about v xis box type 3.
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Edit Simple Joink S |

Alignment
hurizorrtall Critr + 0
Eclit
vertical | Crir + 0

—tits between sections ——

Ihs titt about b axis (deg) | ]
Ihs titt about v axis (ded) I 3
rhs tilt about h axis (cdeg) I 0

rhs tilt sbout v axis (deg) | 3|

— Rotation about z axis

Ihs rotation | a
ths rotation I 1]

Overlap Method Icnmpleie j

] powwer normalise

Cancel |

» Click OK

The Joint now has a total tilt of 6 degtees, although you cannot see this in the FIMMPROP
Device Editor.

Also notice that the graphical lengths of the Sections are the same even though we have
set one to be 60um and the other to be 20um. This is because you are in symbolc view
mode which is generally more convenient for editing. In order to see the physical size
of the Device do the following.

» Click on %J icon on the toolbar.

You should now see the WG Sections scaled to their respective lengths. The horizontal
ruler also appears above the plan view.

[ FIMIMPROP Device: Titled Facet T -10] x|

Image Edit View Utls Window New Element

A N N b e T
ETAR R 10 2 | 30 40 st 80 70 zum |

1] -

] yum

00
i
a
h

a 2

; E
sy i_u _IJ

4

Note that the joint is now invisible since it has zero length. Hence in general if you
want to access the parameters of an element with zero or comparatively small length,
you have to revert back to gymbolic view to be able to selectit.

3.1.3 Performing the simulation

We now need to set the wavelength.
» From the FIMMPROP Device editor select [Editloptions from the menu.
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» 'Type 1.103 in the Lambda/um box

¥ Click OK.

Now let us visualise the field generated by injecting the fundamental mode injected
from the LHS.

» Click on the EI icon on the toolbar

» Click OK.

FrvmprOP will now automatically find the necessary modes and do the necessary
caleulations. The resulting field plot shown here cleatly shows the reflection of the

input mode. The reflection is not total, since you can see that some of the power
contnues Into the empty Section on the right.

¥ FIMMPROP Device: TiltedFacet

The amount of power that is teflected can be found by inspecting the Scattering Matrix.

» Click on m icon on the toolbar.
» Click on L>L Reflection from left to left)

00147333
0_02755813
0_0485%88Z

0.00139212¢
0.005194253
.01402114

_0173Z384
-023831595
02213872
-03279383&

If you add up all the coefficients, you will find that the total power reflected is about
25%.

¥» Click Close

» Click on the ®" icon on the toolbar. This brings up the Calculation Diagnostics.
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Calculation diagnostics L x|

Diagnostic type

I POWYET ZI nzgtepsl 0 0 gives default

[ plot on same scale

Info
the Power Diagnostic gives the Jump in net power across the joint.
NOTE: IT WiILL ONLY GIVE RELIABLE RESULTS FOR NON-LOSSY DEVICES!

Cancel l

» Enable (tick) plot on same scale.

» Click OK

You should see the following graph. The red line is the power propagating from tight
to left ie. the reflection from the facet. Notice that this is approx. 25%. This agrees

with the Scatfering Matrix.

You can visualise the teflection more cleatly by plotting only the backward field
» Click on the

=
oo

loss between @ and z

o o
= (2]
N

0.2

P PRSP P T PR RS M B S
5} 1 20 30 40 50 80 70 80
z coord [urmn]

icon on the toolbar

» In the field plotted box select Bwd only.

X

r—field plotted ‘»F‘Int Style

I""lEﬁSiT‘f' t.ave) vI " Contour  + Colour Map
Tatal v] Map Scheme IThermal.Plug vI Edit I

Tatal

Fwvd only Map Levels I 285
i Neontours |20

nframes==1 gives

stetic image nzsteps I o

—depth profile e
ey " =t pos: 0 l
* average po: Cancel

» Click OK. You should see:
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3.1.4 Saving the project

% Close the FIMMPROP Device Edit
Note that the program wiil remember the Mode List(s) when you close the program —
ready for when you next open the project.

» Right-click on the = icon in the Project Tree and select /Save.

BT FIMMWAVE
= Firnrnprop T

We start by building a relatively simple component made of two identical waveguides
joined with a lateral offset.
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3.2.1 Getting started
¥ To create a new FIMMPROF Device , click on the £ button in the new nodes footbar

Note that this button will only appeat if the % Fimmprop Tutorial is selected in the Project
Tree; if it is not shown, click once on the &4 Fimmprop Tutorial

Again, the New Node dialog will appear for you to entet the name of the new device:

ST

MMPROF Device 1

» Type Offset, then click OK.
The FIMMPROP Device icon & will appear in the Project Tree as shown.

[&-T FMMwAVE -

= Fimmprop Tutorial [0 Swork SFriweh2
@ ThedFacefs avequide [ nag)
B Empty Section [.nwg]

g Simple Ridge [awg]

& Tilted Facet

Cifset

3.2.2 Building the device
We wish to create a WG Section and give it 2 length of 10um
» Click on the B8 jcon. You should see the following.
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me 1 5imple R.iﬂ.ge

» Highlight “Simple Ridge”
» Click OK
You should see the following

Edi

» Type 10 in the section length / um box
» Click 0K
You should now see the following,

Now we wish to add a new identical WG Saction.

¥ Click to the tight of the plan view of the WG Section so that the cursor is placed at
the right hand side.

¥ Click on the E icon again.
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» Highlight “Simple Ridge”
» Click OK
» "Type 100 in the section length / um box

» Chck OK

You should now see two consecutive identical WG Sections.

Note the vertical line at the interface with small green triangles on the top and bottom
(highlighted above). This is an Error Symbol. This reminds us that we need to insert a -
joint,

» Click on the Error Symbol.

» Click on the :

B icon to insert a Joint,
You should see the following panel.
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Fot this example we wish to define a horizontal offset between the two waveuides.
» Click on the Edit button.
» Type 2.4 into the Horizontal offsetum box

» Click OK
» (Click 0K again
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The offset should also show in the FIMMPROP Device window. Note that you are viewing

the structure from the top, so the positive x direction is downwards; the offset should
reflect this.

3.2.3 Performing the simulation

For each WG Section in the FIMMPROP Device a set of modes needs to be calculated.
FIMMPROP can do this automatically, we need to set the MOLAB (Mode List Auto

Builder) Options:

¥ Click =8l to show the device in real view.

» Right-click on the first WG Section and select Mode listMOLAB options.
This will show the MOLAB Options panel.

B FIMMEROP Device: Offset e A =10l x|
Image Edit ¥iew Utls “Window New Element

SERELECE RN POy e b o I e

z]o toxun || |Tzfo] 10 20 30 40 §0 60 70 80 80 100 zhm |
L L L L '8 1 L 1 1 1 L L 1 el
m - &
-5_ |:| ] WG Section
B e Copy Element
] Yiew Element S matrix
1 = Edit Properties ...
o View XY field at ...
A st Edit WG
New WG,
E] Paste WG
2] = EEE Edit -
T Reset A

Select

MEOLAE optans A

P a

» Type 20 in the max Nmodes box. When we run the simulation the solver will
then attempt to find the first 20 eigenmodes for the waveguide.

» Type 100 in the Min. Tefrac box. When we run the simulation we will only consider
100% Ex polatised modes (Le. TE modes only).

Make sure that autoRun is ticked;

» Make sure the solver box is set to FMM Solver (real). This will be the solver used to
automatically find the modes.

You should see the following

MOLAE Options B x|

A4

—Solver
Fhtd Solver (real) Edlit solver parms l

TE fractiong —————— nefffoeta scan range
Min. TEfrac | 100 4 rt!—
Max. TEfrac | 100 endi.—
max Nmodes |2[]——

optimisation

Ihest _:_I mode profile resolution
nx | 60 ny |60

¥ autoRun ( I l

Ok I Cancell
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» Now click on Edit solver pams to display the FMM Solvet Parameters panel.
» SetType to Semivec TE.

This tells the solver to use a semi-vectorial method that is an adequate approximation
for the present example. Press on OK.

» Click 0K
» Click OK again

The MOLAB is now configured to find 20 TE eigenmodes, with the real FMM Solver using
a semi-vectotial TE approximation. Note that we do not have to repeat this procedure
for the second waveguide section as it references the same waveguide as the first.

We now need to set the wavelength.

» From the FIMMPROP Davice Fiditor select /EditfOptions from the menu.
» Type 1.103 in the Lambdafum box

> Click OK.

We are now ready to do some calculations.

¥ To calculate the Seattering Matrix, click on E icon on the toolbar.

FIMMPROP will then run the MOLAB to find the 20 modes for the WG cross-section
“Simple Ridge”

Then, after a few seconds, the Scaffering Mafrx will appear showing the LR
(I'ransmission from left to right) coefficients of the excited modes of the output on
the RHS. Notice about 18.5% of the power remains in the fundamental mode of the
waveguide.

_ 0_1843841 } -Z.500957
el ZlnEaEE 1.132943
0.25204686 D.E14876
0.0Z7453354 -0.07971914
0.00059G1401 -0.173492

0.11458263 -1.224354
00221338 1.486813
0.043033587 3.043133
003424267 -1.082774
0 2.868324e-00S5 .4038616
88

i{ 12.91 %1291}
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If you wish, you can also inspect the othet coefficients by selecting:
R->L (Transmission from right to left)
L->L (Reflection from left to left)

- R->R (Reflection from right to rght).

(Highlighted above)

» Click Close

Now let us visualise the field generated by injecting the fundamental mode injected
from the LHS.

» Click on the ekl icon on the toolbar
¥ Make sure that Total is selected in the field plotted box.
» Click OK.

After a few seconds a graphical representation of the propagated field with the LHS
fundamental mode as input will appear on the graph. You can clearly see much of the

You can also get a cross-sectional view of the field at any z position by clicking on the
longitudinal view at the desired point. The field cross-section at that point will appear
in the pane on the left.

3.2.4 Saving the project

» Close the FIMMPROP Device Eiditor
Note that the program will remember the Mode List(s) when you close the program —

ready for when you next open the project.

¥ Right-click on the £ icon in the Project Tree and select /Save.

The project is now saved.



e 3 -

This quick example demonstrates how to use the FIMMPROP Scanner to study the
transmission through the structure set up in the previous section as a function of the

horizontal offset.

33

3.3.1 Getting Started
¥ Click on the B4 button in the new nodes toolbar

Note that this button will only appear if the &% Tutorial Project is selected in the Project Tres;
if it is not shown, click once on the == Tutorial Project.

Again, the New Node dialog will appear for you to enter the name of the new device:

&7

» 'Type Offset Scanner, then click OK.

The waveguide icon B0 will appear in the Project Tree as shown below.

EIE FitdMiatalE
[l %, Complete_Fimmprop Tutg

------ g T iltedF acefs avegui

@ Empty Section [.nag]
g Simple Ridge [oag]

¥ Double click on this waveguide icon & w© open the WG Scanner. The following
should appear.
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3.3.2 Setting up the FIMMPROP Scanner

¥ Click on the Set button next to the start pointdevice box.
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Complete_Fimmprop Tutarial

» Highlight Offset — the waveguide we set up in the first example.
» Click OK
You should now see “Offset” in the start pointdevice box

% Click on the replicate CD1=>CD2 button. This will make a copy of the waveguide. You
should see this copy appear in the Project Tree.

[=-Ta FIMMWAVE
i -} Comglete Firimprop Tutorial [D:wo
B TitadFacety/ aveguide [.rwa]

[ﬂ % atifer
&) REFLICA
‘g Simple Ridge (replica) [

» Click on the Edit button next to the end point device box.
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Ell FIMMPROP Scanner Oifser Scan
Edit Scan Window

=10l x|

Scanner Mode scan between twa devices EI

CD1 - start point device

I Offset Set_ I ﬂ]

CD2 - end point device
REPLICA Set.. |

Replicate CD1=>CD2 !

configure plot
nstepl 20
* axis stﬁﬂi 0
x axis endf 1

x label 1 x-parameter

- : |

This will show the Device Edifor for the copied device. It is currently the same as the
ofiginal,

N FiMMPROP Device: REPLTCA : e =101 x|
Image Edit View Utls Window New Element
- - | e A -E- B O A e A O =
R e i
= 2
2]
B
-
a
o
wn-
o]
= §_ 2
i S _|‘|
] 4

» Right-click on the Simple Joint and select ledit properties...
» C(lick on the Edit button.
» Type -2.4 into the Horizontal offsetfum box

—Horizortal

Aligment
¢ centras

' left sides
 rght sides

" bottom edge

" top edge

offsetium offsetium

[ 24 |o

Cancel |

» Click OK
» Click OK again
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The FIMMPROP Scanner tool does not know which parameters are being scanned {you
could change several things at once). Thetefore we need to define the labels for the x-
axis. In addition, we need to specify the number of points we wish to calculate.

» Type 100 in the nstep box

» Type 24 in the x-axis start box

» Type 2.4 in the x-axisend box

¥ Type “Offset (um)” in the x-label box
You should see the following,

]scan betwaen two devices v"-i

" GIM - start pointdevice.
i Offset

U CD2E End poi devioe s
i | REPLICA

We are now ready to begin the scan.

3.3.3 Performing the scan

» On the FIMMPROP Scanner select IScan/Start, You should see the following.

[FP3D)modh

input DEY - output RHS rormimode] 1
input DEY - output RHS normimaode] 2]

We are only interested in the transmission for the fundamental mode. Therefore we
need to remove “input DEV — output RHS norm(mode[2])” from the Plot fist.

» Click on “input DEV — output RHS norm{mode[2])” to highlight it.
» Click on the Remove button.

49



» Click OK.
» After 2 minute ot two the scan will have completed, click OK.
You will now see a plot the transmission as 2 function of the offset. As expected the

2

G20k

i 0

=20 -1 oG .
Offsast {um)

3.3.4 Saving the project

» Right-click on the # icon in the Project Tree and select /Save.

jec 13:- Messages | BB mi
MWAVE

-5 TitledF..
- Oifset

E% Offset ‘S:
-3 BEE

The project is now saved.
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In this section we show via a couple of examples, some of the more subtle points that
need to be considered when attemnpting to obtain results using the FDM mode solver
efficiently and accurately. We will also look at the option of using a different solver
depending on the geometry of the structure.

‘The general guidelines you should follow when using the FDM solver are;

Minimise the size of the computational window.
Exploit any symmetties of your structure.
After finding modes, check their orthogonality.

If the latter is not good enough, increase the number of 1d modes used, and find
the modes again — eithet by running the MOLAB from scratch, or “polishing” your
mode list {much faster!).

The following example will ilustrate the above points.

rapriisie 1 - |

4.1.1 Simulating the full ring

We will construct all our components within a project provided with this document, so
the first thing you must do is open it.

» Click on the .{;;g icon on the tool bar.
» Navigate to the Tutorial Examples ditectory and select “AdvancedFimmwave . prj”
%> Click Open.

The following should appear i the Project Tree.

FlbitE
R - oy ancedFimmsaye [0
. Example 1 [.pr]
-, Example 2 [.pr]

You will contruct all yout components within this project.
¥ Open the waveguide ‘Example!\Lliptical ring. " You should see the following,
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BMWG Waveouides Eliptical g e
Image Edit Solver View Window

B BF o 0 @D E> &
R ¥ i 5 |

S !
p

&
. [EA . ,
» Click on the *** button. This will show the MOLAB Options panel.
MOLAE Options ;7:_'5; x|
rSolver
coordinale system
& Gen WG Gyl WG ™ Complex
FOM Salver (real) Edit solver pams l
- TE fractions neff/beta scan renge

Min. TEfrac ID
Max. TEfrae ﬁm_

optimisation
IHGHB it ’
¥ autoRun

start I
endl
max Nmodes I]D

m|3ﬂ_nyr3ﬂ_
] ]

[mnde profile resolution

» Click on the Edit Solver parms button. This will show the FDM Solver parameters panel.

You should see the following.

=il

FDM Sohrer Parameters

—mode properties ———

lambda fum} I
hCurv [1Fwﬂ}ﬁ-——

== §
ALy

.|
HSymmetry

II'IDHE "l

]

WSymmetry
Type I‘u"ectoﬁai - i I.ﬁ
none -
r Dimension RIX Tolerance
IC'. C1
3D v

0K I Cance!l

Note “Dimension” is defaulted to “3D” - this means 2 lateral dimensions plus
exp(iB.z) z-dependence — used for 3D FIMMPROP simulations.

» Click 0K
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The accuracy of the FDM Solver is controlled by the grid size. The FDM Solver
determines this from the MOLAB Options nx, ny parameters in this panel.

» Click OK again.

» Click on the button.
> Click Build List and Start.
After a couple of seconds, 10 modes should appear in the mode list.

Vi Pt

Praview Maode List

+ 77 2EREZE7 b
+ B4 2584105 . [
+ 242671875 )
+ 292657898 [
+ 78 (2650333 . )
+ 622617943 . )

Deactivate all| |+ 702.605002 0
. + 732547425 [
+ 70 {7 BA4B43 [

Export Evaia

- Build List l

' L’Jseanner |-.éﬂ_gir§e 'WOI{%TBQJWJ Qp.sa-.-l

Note that the modes look very coarse — this is due to the coatse nx, ny parameters set
in the MOLAB Options panel.

Mode accuracy is detesmined by two factors:

1. The accuracy of the sampling of the underlying structure.
2. 'The accuracy of the field profile.

Both these can be improved by increasing nx, ny.

There is a simple generic criterion that can be used to check the accuracy of the
modes: modal orthogonality. You can do this in FIMMWAVE via the Orth.Test button.
This will cateulate the largest ovetlap between the different modes. Ideally this should
be zero. The departute from zero of this value gives the user an idea of the mode
accuracy.

» Click the Orth. Test. Button and say No to special complete ovetlaps. You should see
the following.

-

FIMMWAVE -

Max. averlap:
0.03678300 irnade 3 to &)

View compiete overlap matrix?

» Click No.

A number rather larger than zero has been remurned. This suggests that the modes are
not very accurate.
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We could simply inctease nx, ny to increase the accuracy of the computation, however
we need to be careful — the calculation time will increase dramatically if this is too big.
Memory use will also increase.

» Close the Mode Finder window (no need to save modes).

41.2 Using symmetries
In structures like this one, we can take advantage of the vertical and horizontal
symmetry planes to ease the computation.

When taking advantage of the symmetty plane in the vertical direction, the calculations
are equivalent to doubling the resolution. Thus the computation will be more than 2x
times faster.

Using the symmetty plane in the horizontal direction reduces the calculation time by a
factor of >two.

» Click on the Dgﬂ button. This will again show the MOLAB Options panel.

¥ Click on the Edit Solver parms button. This will show the FDM Solver parameters panel.
» Set Hsymmetry = ExSymm

» Set Vsymmetry = ExSymm.

EDM Solver Parameters | x|
mode properties HSymmetry
lambda {um} ]ExSymm :j
hCurv {Uum)lc' Help l
Type - VSymmetry
¥Pe  |Veciorial - m
o - v ST, O HIK Thleranice
- 0.1
D -
OK | Cancel ]

V

Click OK

» Now set nx=60, ny=60 in the MOLAB Options panel. With the symmetry planes
we will actually only use 2 30x30 grid internally — computing just one quarter of the
structure. So computation time will be the same as before but with better
resolution.

» Click OK

Having chosen to take advantage of both the hotizontal and vertical symmetries of the
structure, we can double our grid resolution for the same computational effort.

» Click on the 2 button.
» Click Build List and start
» Click Yes if you ate asked if you want to delete all modes.

» When the 10 modes are found, you should see modes with much better resolution
than before.

However note that only a subset of these modes will be calculated by the MOLAB,
depending on the boundaty conditions that have been set at these symmetry planes.
Here we choose to find the modes that are Ex symmetric in both planes. In this case
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we choose to still find 10 modes, but now the modes go to higher order. Alternatively
we could ask it to find fewer modes, speeding up the simulation time.

4.1.3 Finding modes in a specific effective index range

The centre of this structure has a refractive index of 2. What if we only wanted to find
the mode that is concentrated in this central ellipse. We could ask the solver to find
lots of modes until it reaches the mode of interest. FIMMWAYVE has a better way.

» Close the project via the menu in the main program window named “/File/Close
AdvancedFimmwave. Say NO if it asks you if you want to save.

Re-open the project and re-display the “elliptical ring [mwg]” window.

Click on the ag button. This will again show the MOLAB Opfions panel.
Set neff/beta scan range start to 2.0

Set neff/beta scan range end to 1.5

Set nx = ny — 60

Click OK to close.

YV V.V ¥V ¥V ¥

» Click on the “button to open the Mode Finder.
» Click Build List and start

You should now see the following mode list:

Ve ke,

(1517207, By
{1.514388 oy
- 10(1 514029, 0
+ §B{1.870621 . b
+ 33{1.854819 )
+ 341103512 1Y
+ 24{1 765561 O

+ 11
i 2

Roat

e

MOLAB options.

4.1.4 Changing mode solver to suit the problem

FIMMWAVE gives the user the option to use any of a variety of solvers. The
geometry of the structure that you wish to model should be a factor in choosing the
mode solver.

For structures that are not efficiently desctibed by layers and slices, it is perhaps better
to use the FEM (finite element) Mode Solver. This solver uses a fine triangular grid,
thus making it ideal for the following sorts of waveguides:

e Holey Fibres
o FElliptical Fibres
® (Odd-Shaped waveguide with cutved and/or slanting interfaces
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e Diffused waveguides and other structures with smoothly varying refractive index

¥ Click on the HDH button. This will show the MOLAB Opfions panel.

» Click the Complex box.
3 In the Solver box select FEM. Solver.

MOLAB Options

=
Solver

coordinate system
& GenWG " CHWG ¥ Complex
FEM Solver ~|  Edt solver pams J
L{FMM Solver {og ==
—|Ef. ldx. Solver [compl scan range
FOM Solver [complex) [2
Max TEee [0 endfi5s
max Nmodes ]111
optimisation
none “l mode profile resolution
V¥ autoRun !»m 60 By {60

Cancel

» Delete the values in the start and end boxes.
» Click on the Edit Selver params button.

¥ Type 50 in the nxres and nyres boxes.

You should see the following:

FEM Solver Parameters _XJ
mode properties
lambda um) [1.55 Hsymmetry
hCurv (tm) 0 [none 1
WSymmetry

—orid properties lnune _',.I

mges |59
nyres iﬁ{)
Help
—f{advanced uge)————— 4|
smallest FeatureFrac ID.ﬂ'E
analePriority ID.5

minAngle |30 (deg)

» Click OK and OK again.

» Click on the @ button.

» Click on Engine Info.
You should see the following, showing the ttiangular mesh discretisation used by the

FEM solver:
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Notice that the structure is precisely discretised, with the triangles following the
contours of the objects.

% (lick Build List.

» Click Start, making sure that New Build is checked.

Mode Finder .

Preview Mode List
E- s + TR (2702375 . 0)
e + B1{2855832 I

+ 74 (2669726, )
+ 362 665275 T}
| 7D RER D)
Deggtivate.all| |+ 58 (2621858, T}

+ 73[2554683 | [
. Delete . | |+ 652553065 . [

e

Export Evals !

. Buid Lis_t_.__:|

wm_d
S :
5
g

s
a,
5
a
5l
g
A

118

=

| fia
o
%

% Click the Otth. Test. button. Notice that the orthogonality is much better than with
the FDM Solver.

The FEM Solver can accurately discretise even curved shapes such as this.

e 2 - Transparent Bhs: inding lea

4.2.1 PML boundary conditions.

FIMMWAYNE suppotts absorbing boundary condiizons for simulating radiation losses off
the side walls. The technique used is usually referred to as the Perfectly Matching Layers
(PML) boundary conditions.

PML’s can be used for simulating teansparent walls in propagation problems when using
the propagation tool FAIMMPROP, and also for determining the mode loss of a “Leaky
mode.” The absotption is conttolled via the PmiWidth, which can be positive or zero.
Zero value indicates no absotption (te. a hard wall).
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This simulation of absorption at the boundaries is achieved by introducing an artificial
“complex thickness” near the boundaty. This amounts to a “co-ordinate stretching” in
the complex plain, and has the effect of attenuating any wave travelling towards the
computational boundaties. The following simple argument shows why this is the case.

Consider the outward radiating field in a computational region outside the waveguide.
At any point in this region, the radiating field can be considered as a linear
combination of outward traveiling waves of the form:

F — ekax

Where “x” is the latetal co-otdinate, and k. is a lateral propagation constant. Now near
the boundary the co-ordinate “x” becomes imaginary: '

X =15 +xp

Where ¥5 is the value of x at the boundary of the computational region, and “s” 1s the
distance along the imaginary axis.

¥=x, iy,

Complex plain
Tx = Xp s
Real bne Computational region =0
x—» X=Xy

Within this region, the outward ttavelling waves will take the form:
F —_ eikx(is+x3)
So the field will decrease exponentally along the imaginary axis. At the boundary of

the imaginary thickness, the wave will have attenuated by a factor of

-k W,
e x'FIh

Reflections of this wave off the boundary will also be attenuated by this factor. By the
time the reflected wave exits the complex boundary region, the reflected wave will
have atteruated by a total factor of

o2

Hence the complex co-ordinate stretching has a similat effect to an absorbing material,
with the important distinction that no reflections occur at the interface of the complex
boundary region (s=0).

4.2.2 Finding leaky modes

We now show how to find the mode loss for a leaky mode efficiently and accurately.
We can do this by using the PML boundary conditions.

¥ Open the waveguide ‘Exampk\SOI Ridge” You should see the following.
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.
# % RWG Waveguide: SOI Ridge : 3
[-Image:-: £dit - Edit SWS - Sobver~ Wiew  Windew <

ﬁk @& : ﬂ

I IR | A i F

|width: Tum: etch: 3.230m ; slah:

In this example the guided mode will “leak™ through the 0.25um SiO2 layer into St
substrate. To obtain a value for this loss we thetefore must put a PML boundary
condition on this on the bottom boundary. We will need to use a complex solver in
order to use PMLs, as the cortesponding modes will have a complex propagation
constant. In this case we will choose to use the complex FDM Solver.

» Click on the B28 button. This will show the RWG Editor panel.

> In the botBC PML {um) box you can see that the value is set to the variable “pm/’.
Click OK to close the window.

-
RWG Editor

material datebase {maty

slices from ths}

R

Z 1 lncal: 1

1 335 ocall

| Hew slice .
4 um TOTAL

width {um} etehDepth fum}  SWGE structure

lhsBC iopBC botBC theBC

| Magnetic wall.... '] {-E*ectﬁ:..waﬂ '| | Blecticwall ... v] E-Mam&ﬁc:_wall ]

mpedFact PML{um; impedFact PMLum; impedFact) PML fsm) jimpadFact PML fum}

12 T R i A 1z Lo

First let us find the mode with hard wall boundary conditions, ie. with a PML
thickness of zero.

» From the project tree, open the Variables node “Example 2/ Variables” Please
ensure that the vatiable “p/” is set to zero; this value will be varied later on using a
WG Scanner.
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# 1 Yariables: Variables

» In the RWG Waveguide, click on the *
panel.

» Click Build List then Start.

o Finde

button to open the Mode Finder

G GAIIISE . DINISTRTR
|+ 50{3.409776 . 1.0¢645e-08y

¥ The first mode in the list is the fundamental TE. mode of interest.

» Click Close then Yes to save the mode Hst.

Now we will introduce a PML layer on the bottom boundary. The main problem
when using PMLs is to find out what value to give to the PML wadth. Typically 2
thickness of 10% of the simulation size is a good guide but the only way to know for
sute is to test it, which we will do by studying the evolution of the mode loss when
varying the PML width.

» Open the WG Scanner “Exampiz 2/ PML. Scanner”. You should see the following,

Note that we have chosen to “scan a parameter” and that the parameter to scan is set
to the vatiable “pm/”, which will be varied between 0.04 and 2um.
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27 WG Scanner PML Scanner <3000

EditScan Window. -

Scanner Mode  |scan.apaemeter.:

start point waveguide

501 Rirdge  [se] [Et]

end point waveguide

interpolation Functions

corfigure plot
nstep 40
param start oea
param end 2 S

parameter .ol

We are going to set up the WG Scanner to plot the Mode Loss as we increase the
PML. on the bottom boundary.

» Select /Edit/Options, and set enable polishing to dirabied.
» From the WG Scanner select Scan/Start.

¥ We are interested in plotting the mode loss of mode 1, so insert this into the Plot list
box.
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WG Scanner Results to plot

Plat list
made 1: mode foss mag ev) {1/cm) Remove I
add plot
plot type
£ eigenvalue

' mode foss foverlap) rode N1AZ)
&) made loss §mag ev) T
7 mode loss {auta)

7% side power loss {1/cm}

£ corfinement factor

i Fifling factor
i1 corf. fac By

" dispersion

71 group index

plot mode

E"l plet on same scale { Ok 3 Cancsl

» Click OK.

After a few minutes you should see the following plot.

WG Scon Resulls

05

2,0

o =
pml thickness (urn)

Notice that the Mode Loss statts off very low and then increases before levelling off
above a PML thickness of ~ 1.2 um. Cleatly for this structure we need a 1.5 or 2 um
thick PML — 50% of the height of the computational window. Usually we don't need
quite such a thick PML but thete is no way of determining the required thickness in

general. So if you want to use PMLs, you should always include a test similar to this in
your design study.

62



In this section we consider a bent waveguide section, show how the radiation bend
loss can be calculated, and investigate the etfect of PML. width.

For a curved waveguide section between two straight waveguide sections, there are
two types of bending loss.

s ‘Transition loss whete the modes of the straight waveguide couple to the
modes of the bent waveguide (and vice-versa at the end of the bend)

® Pure bend loss given by the loss coefficient of each of the bent waveguide
modes

Herein, we consider an example to illustrate how the bend section in FIMMPROP can
be used to caleulate the radiation loss

The results show that reliable results can be obtained provided that

e (Care is taken in selection of the PML width, T'oo narrow a PML width, results
in reflections from the sidewalls and too wide a PML width results in spurious

-
LAz
ot e © -l exponential tails causing physically unreasonable results,

¢ Sufficient modes ate included in the basis set, so that radiation modes ate
included

To illustrate the bend loss modelling capability in FIMMPROP, an example is explored
based on silica waveguides. The objective is to determine the minimum refractive
index delta N (dn), between the cote and the cladding, to develop low loss optical
components using cutves of 20 mm radius. Typically, such a waveguide will be used in
the development of direcdonal couplers, Mach Zehnders and Y junctions.

The challenge for the design is to balance the requirements of compact device length
(high dn) against low loss coupling to optical fibre Jow dn}. The starting waveguide
has a cladding of refractive index of 1.447 and a core which is 5um x 5um with a
refractive index of 1.453 and the components will be operating at a wavelength of 1.5
um.

5.1.1 Getting started

We will construct all our components within a project provided with this document, so
the first thing you must do is open it.

» Click on the f@ icon on the tool bar.

» Navigate to the Tutorial Examples ditectory and select “AdvancedFimmprop.prj”
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» Click Open.
The following should appear in the Project Tree.

T2 Project l (1] Messagesi D ‘Wamings
- Flkd bt E
= & dvancedFimmprop (L kB
. Example 1 [pr]
-, Example 2 [ pr]

For reference purposes, the file “Complete_AdvancedFimmwave.pri” contains all
the examples constructed in this tutorial section.

To simplify the computations, the problem has been reduced from a 3D problem to a
2D problem.
» Open the waveguide ‘Exanmple’\2D Silica.” You should see the following;

Bl RWG Waveguide: Zdsilica S - |O] x|
Image Edit EditSwG Solver Wiew Window

Bs (F i [ &
Ejllj 2 4ln|ﬁlu BIO]R

] ii—: _:J

10 GE 1.447

= 4-1;'2 =
I ¥ y

The 1D waveguide, “2dSilica,” is desctibed by two 40 um layers of refractive index
1.447 and a central 5 um layer of refractive index 1.4506.

» Click on the i button. This will show the MOLAB Options panel.

MOLAB Options

Solver
{ VEff ld, Salver [zomplex Eclit solver parms ’

neffheta scan range
—field direction art I—
ol "N TE<| 2
endl
max Nmocdes |4U
optimisation

|nnne j andc profile resolution

n IT—
Cancel I

Note that the mode solvert is set to “Eff. ldx Solver (Complex)”
» Click Edit solver parms.

Note that the quasi-2D (XZ) option is selected, this allows the modes of the 1d
waveguide to be found analytically.

W autoRun
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» Click OK.
» Click OK.

A FiMMPROP Device used to model the bend loss using the FIMMPROP Bend Section
has already been set up in the project.

» Open the FIMMPROP Device “Exumple?\2Dbend " Y ou should see the following.

Bl FIMMPROP Dey

¥ Right-click on the Bend Section and select Edit Properties...

'The structure has been set up so that it has a 5-mm bend radius. From previous
experimental work it is expected that such a bend will be lossy.

Note that the curvature of the FIMMPROP Bend Section is specified in terms of angle
and length. A radius of 5 mm when curved through 18 degrees will have a length of
1571 um.

» Click OK.

5.1.2 Performing the simulation

» Click on the %“EEI icon on the FIMMPROP Device toolbat

The result shows that light is being radiated out of the waveguide, as expected.
However the light is reflected at the boundaries and some of the light 1s coupled back
into the waveguide to give an incorrect answer.
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Reflections from boundaties can be significantly reduced by the use of absorbing
boundary conditions (PMLs). These are set as properties of the waveguide “Zdsilzed”

» From the project tree, open the waveguide “Zdsifica” again (if it is not alteady open).
» Click on the @588 button. This will show the RWG Editor panel.

# Type 1.0 in the IhsBC PML (um) box

» 'Type 1.0 in the rhsBC PML (um) box

» Click OK.

» Repeat the above simulation.

The PML has reduced the reflections from the side wall significantly.

It would be natural to consider increasing the size of the pml layer even further.

% Click on the B398 button on the “2duiicd” waveguide.
» Type 10 in the lhsBC PML (um) box

» Type 10 in the rhsBC PML {um) box

» Click OK.

» Repeat the above simulation.

In this case, sputious exponential tails have been created, leading to a physically
unteasonable condidon.

Caution is needed when determining the prl settings.

To investigate the effect of PML width, plots have previously been made of power in
the fundamental mode against PML width. The results of these simulations are shown -
below.
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Without a PML, oscillations occur as the reflected light couples back into the
fundamental (highlighted above). Increasing the PML width reduces the oscillations
and the smoothest result is obtained for a PML width of about 1.2 um. Further
increase in the PML width leads to less light being coupled out of the waveguide due
to the errors introduced by the exponential tails of the radiation modes.

Thus the following conclusion can be drawn from these simulatdons.

When simulating a curved waveguide with high radiation loss, it is important to use
PML’s cotrectly to reduce boundary reflections. If the PML is too small then
reflections will occur and if the PML is too strong then light is not coupled correctly
into radiation modes. In the example above a PML width of 1.2 um is optimum, but
different waveguide geometries will require different widths.

5.1.3 Further study

We will now proceed to looking at the bend loss as a function of bending angle using a
PML width of 1.2 um.

» Click on the 258 button on the “Zdviiz” waveguide,
» Type 1.2 in the IhsBC PML (um) box

» Type 1.2 in the rhsBC PML (um} box

» Click OK.

The FIMMPROP Scannet will be used to vaty the angle turned through by the bend
{and hence the radius). Scanning from an angle of 18 degrees to zero represents bend
radii from 5 mm to infinity (straight waveguide).

» Open the Fimmprop Scanner “Example 1/ 2Dbendscan.” You should see the
following.
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Bl FIMMPROP Scanner: 2Dbendsean
Edit Scan Window

CDM - start point device

|2Dbend Set.. | Edt l

CD2 - end pairt device

Replicate CD1=>CD2 l

configure plot
nstepl 100
X sixis s-lartl 18
x axisend |0

¥ label | angle

e =

== ke e

» Click on the replicate CD1=>CD2 button. This will make a copy of the device. You
should see this copy appear in the Project Tree.

» Click on the Edit button next to the CD2 —end point device box.
» Right-click on the FIMMPROP Bend Section and select Edit Properties...

» Type 0 in angle about vertical axis / deg box

Edit Bend Section T x|

section length f um l 1571
angle sbout horizontal axis /deg I o
angle about vertical axis f deg I o|

Resolution factor

I a 0 = default (=1)

NB. &lz0 increase moce resolution (nx ny) to
increase bend accuracy (see manual).

Dimensions

Qverlap Method Icnmpte‘ce _"_E
Edlit reflective layers
oK
OnlLhs ... | OnRhs ... l
Cancel I

» Click OK.
We are now teady to begin the scan
» From the FIMMPROP Scanner select Scan/Start.

» We are only interested in the fundamental mode transmission, highlight the second
line in the Plotlist and press Remove.
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» Click OK.
After a couple of minutes you will see the following:

[FP30 Scan Resuls

Lr

o R -
o w12 14 [CE -
ongie

For reference this is plotted on a dB scale below.

loes (B wrachsd analue

loss(c

c 0 D D 4 ] a
Rexhus of anchre({mn}

The results show that the initial waveguide design has good bend performance down
to about 30 mm, but is showing some loss at 20 mm.

FivMMPROP has been used to model radiation loss in a silica waveguide. The results
show that careful selection of PML width is important to achieve an accurate result.
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5.2

Example 2 - Modelling Gratings

o

This example is based on an etched grating produced in an SOI ridge waveguide. The
grating will be set up using periodic structures and scan the length of the grating to
look at the grating transmission teflection and also examine the birefringence. The
grating is produced by petiodically etching the top of the SOI ridge waveguide 0.2 um

deeper.

521 Getting started

» Open the waveguide ‘ExampleZ\wavegnide.” You should see the following,

W RWG Waveguide: waveguide ;i{*ff' i W -0 x|
Image Edit Edit SWG Solver W¥iew Window

B G o W &
L R N
d 4|

i ]

P

0
0

Sioz
(=1 -2 ll
E il af]

! p

0

In this example we ate only going to consider light in the fundamental TE and TM

modes.

» Click on the @ button.
Notice that these two modes are already in the Mode List.

Mode Finder

Previev
Irt v] 1

¥ Active

Activete All

J

Deactivete all

Delete

Export Evals | |

Roct Build List
Detail i I_ngpectl Error Anal.l

" i o

I~ scanner Engine lnfo] Q_rth.Testl Kill I Close I

| 100(3451633 , 0y

» Click Close.
» Open the waveguide ‘Examplel\ etchedwaveguide.”
» Notice that the etching over the ridge is 0.2um larger than in the previous

waveguide.
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5.2.2 Setting up the grating

Now we wish to use these waveguides to create a grating,
» Right click on “Eixample 27 in the project tree and add a FIMMPROP Device.

% Call this device “petiod” - this device will be used to create a grating which has the
shortest petiod that we wish to study (0.2 um). The project tree should look like
this,

E} FIMMWA“-.-"E
: .ﬁ.dvancedFlmmper [D:
[] = Ewample 1 [pri]

- > Example 2 [.pr]

: --ﬁ waveguide [.rwg)
etchedwaveguide [t
rriFpenod

» Open the “petiod” Device and add a new WG Section — select “mumgguide” from the
list.

» Type 0.1 in the section lengthium box.

» Append a new Simple foint

» Tollow this by a second WG Section - select “etchediwaregride” and again set the
length to 0.1 um. The device should look as shown below.

ﬂ ! FIMMPROP Device: period - :___: :' T

Image -Edit- Yiew . Utils Wmdnw bjew Elem&nt

B - - - W e B
' =

waveiength = 1.55um; elt1; WG Section ; 0.1um; fAdvancedFimmprop/Example 2/waveguide
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This FIMMPROP Device will be the periodic unit of our grating. We will insert this into
another FIMMPROP Device as a Periodic Section.

» Add another FIMMPROP Device to the project “Example 27

» Callit “grating”’ and open this device.

HER FIviip i

» Addanew P_erio_dic Section: click on the arrow next to 2 and select the

second icon

» Set the number of elements to 1600,

» Click on the device “period” and click Edit/Copy This Node

» Click on the device “grating” device and right-click on the Periodic Section and
select \Paste Sub Element.

» We will now introduce the joint in-between the sections: right-click on the Periodic
Section and select \New Sub ElementiSimple Joint then click OK.

A periodic grating with a 1000 periods {of “peried”’) has now been created.
5.2.3 Performing the simulation

Before calculating the Scattedng Matrix of this device we first need to set the
wavelength

¥  Select EditiOptions and Type 1.55 in the Lambdafum box.
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¥ 'To calculate the Scatfering Matrix, click on ﬁ icon on the toolbar. After a couple of
seconds, the following will appeas.

Scatt b

3.08173%=-026 0. 6952664
Z 1.3BE49=2-056 0. Q705587

The transtnission is very low!l! This is because there are many overlap integrals at each
of the joints and small numetical losses build up. This can be easily seen by plotting the

Calculation Diagnostics.

» Click on the Loss Diagnostic button = towards the right end of the FIMMPROP

Device toolbar.

» Click OK. You should see the following. Notice that due to numerical losses at the
joints between each section result in almost all power being lost from the
simudation after 20um or so.

-

% Power Diagnostic

fons v Expart

100
™ 050
3 .
o g
[= oL
§ Q.65 O.BDE
3
]
a2 4 040
ok = 020
o) 200

pu 50 100
z coard Nl

However we know that first order gratings are not lossy, so we can use powet
normalisation to eliminate these artificial numerical losses so that we can actually see

the resonance(s).
» Right-click on the joint in the device “period” and select Edit Properties....
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4. FIMMPROP Device: period
Irnage I':'

hew: Unls Wlndow NewE!ement

Stmple Joint

Copy Element

View Efement 5 matrix
£dit Properties ...

wiew Join

Select:

Zoom

PO {1 o

N e S Scrall
wavelength = 1.55um; elt1; WG Section ; 0Zum; fAdvancedFrmmprop/ S

i Y

%

» Ensure that the power normalisation box is ticked as below.

You also need to edit the internal joint of the Periodic Section (in-between successive
petriods of ‘period”) of the device “grating”.

» Click on the Periodic Section in the device “grasing” device and select edit sub
Joint/Edit properties.

» Ensure that the power normalisation box is ticked.

» Recalculate the Scattering Matrix, the transmission is now virtually 100% (by
definition}.
¥ Selecting L.>L in the scatteting matrix shows that the reflection is very low as

below. This is because the grating pitch is not at a resonant condition, hence no
reflection occurs.
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It is much quicker to scan the grating period than the wavelength. This is because the
modes only need to be calculated once and the scan will be significantly faster.

The silicon has a refractive index of 3.45 at a wavelength of 1.55 um and so we expect
to have a first order grating with a petiod of 1.55/3.45/2=0.225 um.

» Open the Fimmprop Scanner “Foample 2/ gratingpitch”. Y ou should see the
following.

4 FIMMPROP Scanner: gratingpitch o B

Edit - &can - Window -

Scanner Mode [scam.a;mmm&ter_; SRR "l

€01 - stert point device

ot S s @

CD2 - end print devica

configure plot
nstep &00

param start . 02

param end 025

parameter p?tc_h[_ o

» Open the Vatiables node “Example 2/ 1V ariables”, you will see that that there is a
variable named “pitch”. We will use this vardable to parameterise the length of our
petiod; note that the same name is used for parameter in the FIMMPROP Scanner.

» Open “period” then tight-click on the first waveguide section and select \Edit
Properties..., then set section length to “pitch/ 2" then click OK.
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s %
Edit Waveguide Section 53

section length / um  pitchi2

Edit reflective lavers

[ onLns.. ] [ ongns... |

oK || Cancel !

» Repeat this operation for the second waveguide section.
» Back to the FIMMPROP Scanner, select Scan/Start.

» We want to look at both the transmission and reflection so select the output on LHS
facet and type 1-2 in the mode (1-N) box.

% Click on the ===> to add the reflected modes.

[FP3D] mode coelficients ¥ R _ ; x|

—Plot data Plot list
—input input DEY - output RHS norm{mode[1])
input is set to device input input DEY - output RHS narm{mode[2])
to sllov other inputs, change setting in input DEY - output LHS normimode]1])
fedtfadvanced input DEY - output LHS norm(madel2])
— Output =

on LHS facet i
ofile t mode (1-N

profile type (1-N) R |

In:-rrn[mocle) :_j l 1-2

W plot on same scele Cancel |

» Click OK.
» When the scan completes, click OK again and the plot will appear

Ml [FP3D] Scan Results e =13 x|
File Add Options Export

[FPAD] Scon Resulls

|

s

8

R T

ol
B
]

o
k3
]

inpul OB — culpul RHS reern{moder
5
I

. J

I N R Fill] T

e | ERE =By A
0.2¢ 0.2 022 023 D24 025
Grafing ptich

Often these plots are more useful plotted on a log scale. This has been done for you

below. The log scale allows the sidebands to be seen and also the depth of the grating
can be seen more clearly.
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Broling ptich

5.2.4 Further study
We can see that the grating pitch is between 0.224 um and 0.226 um so we will now
run a higher resolution scan.
» In the FIMMPROP Scanner set param start to (.224 and param end to 0.226.

» From the FIMMPROP Scannet window select Scan/Start to run the simulation again
and obtain the results below.
[

#7 [FP3D] Scan Results
| Eile::Add: - Options: »Export:

W00

LB

080

040k

irput DEV — output RHS noeon{maden
o
[

0274 [aX=-5 o225 0228
pitch

G224

We can easily look at the change in behaviour for a structure consisting of a larger
number of sections.

» Right-click on the Periodic Section of the “grzing” device. Select Edit Properties...
» Type 4000 in the Nperiods box
¥ Click OK.

» Re-run the scan by selecting Scan/Start from the FIMMPROP Scanner window. You
should see the following.
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% [FP3D] Scan Results (=[5 [t

File Add Options Export
A~ e >

0.8

0.60

049

0.20

inpul DEV — outpul AHS norm{made

LI P i i R O e T ] [ ey

Ah!\ﬂmnﬂl \‘ :J VARV sy ol A T O

G224 G224 G225 o225 0226
pitch

» Reset Nperiods to 1000 in “graing’.

We would now like to look at the birefringence effect in the grating device. This
requires storing the whole of the matrix data for the duration of the scan. This can
sometimes be quite memoty intense so by default this is switched off.

» In the FIMMPROP Scanner window click Edit/Advanced and tick the box.

> Click OK.

Iv igtore entire Smalii while scanning [iequires more memorvE

oK Cancel J

> Select Scan/Start
» Delete everything from the plot list.

» Select the input as LHS input mode 1-2 and output on RHS facet mode 1-2 click the ===>
button.

[FP3D] mode coefficients e e 3¢l
—Plot data Plot ist
~input input LHS mode[1] - output RHS normimor
mode (N1-N2 input LHS mode[1] - output RHS normimoc
- 1-2 input LHS mode[2] - output RHS norm(mo:
iLHS input :l" injout LHS motle[2] - output RHS norm(mac
—output

!on RHS facet vl
mode (1-N

profile type (1-1) Remone I

Inorm(mode) j !1-2

¥ plot on same scale Cancel I

» Change the output to on LHS facet and click the ===> button a second time. The
mode coefficients dialog box should look as below.
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Hinput LHS tnode{1] - output RHS norm(mo
Finaut LHS mode{1] - output RHS norm{mo
4input LHS mode{2] - output RHS rorm(mor
inaLt LHE modef2] - output RHS normimo
Yinput LHS mode[1] - outplt LHS normima
{inpuat LHS modef1] - output LHS normimec :

input LHS mode(2] - output LHS norrn(rnac: i
ingLt LHS mods{2] - output LHS normmoc’

% Click OK to run the scan. After a few seconds you should see the following plot.

There are now two transmission dips. The stronger dip in red corresponds to the
fundamental TE mode and the weaker reflection dip cortesponds to the fundarmental
TM mode.

[FRI0] Seon Resuils

G

Q40

mpul LHS radar — oauftad FHS nar

G20

T T R TR :
224 0224 0225 0335 0226
.[\'_%?cli'lng gﬁqh.

The approach desctibed could be used to study polarisation effects in gratings and the
bireftingence could be modified by changing the waveguide width, the etch depth for
the waveguide ot the grating. For example in an add-drop filter for WIDM applications,
the birefringence would want to be minimised whereas in a polarisation beam splittet,
the birefringence would need to be increased to separate the two peaks. Those two
design examples ate left as an exercise for the student!
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