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Connecting Field Solvers
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Regional Field Solver for Graded-Index Medium
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Regional Field Solver for Graded-Index Medium: Fiber
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Example: Fiber

input plane detector plane refractive index n(x, )

r 3

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

distance




Fiber: Universal Field Solver

input plane detector plane refractive index n(x, v)

r 3

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

e

X

Universal Field Solver:
Fourier Modal Method + Perfectly Matched Layers
(FMM+PMLs)




Fiber: Specific Field Solver

input plane detector plane refractive index n(x, v)

r 3

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

Specific field solver




Fiber: Specific Field Solver

input plane detector plane refractive index n(x, v)

r 3

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

x-domain runge-kutta solver 4 /X'
- mode solvers [l
Specific field solver .
finite-element method
_ 5 in cylindrical CS (JCM Wave) [1] Kawano et al. Wiley (2004)
wave propagation method [2] M.D. Feit et al. Appl. Opt. (1978)
split-step methods [2] [3] Brenner et al. Appl. Opt. (1993)

[4] H. Zhong et al. J. Opt. Soc. AM. A (2018)




Fiber: Specific Field Solver

input plane detector plane refractive index n(x, v)

x-domain runge-kutta solver 4

Specific field solver

[

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

100 ym

[4] H. Zhong et al. J. Opt. Soc. AM. A (2018)




Fiber: Specific Field Solver

x-domain RK

detector plane

input plane

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

0.0
0.095

[4] H. Zhong et al. J. Opt. Y 20 um
Soc. AM. A (2018)
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Other Field Solver?

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

input plane detector plane refractive index n(x, v)

N
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Theory: Maxwell‘s Equations

V x E(r,w) =iwugH (r,w)
V x H(r,w) = —iwe(r,w)E(r,w)

Now we defineV(r,w) = {E, Ey E., /2 H,, /tH,,, /’:—SHZ}T(r,w).
Egn. (1) and (2) can be rewritten as

8yV3(’I") anQ(’P)

82«‘/1 (’I") — 0xV3(r) = lko

axVQ(T‘) — 8yV1 (’T‘)

(9yV6(r) — an5(’l“)

0, Vy(r) — 0, Vs(r)

axV5 (’I“) — 8yV4(’I°)

e(r,w) = n?(r,w)

( Vi(r) )
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Theory: Fourier Transform

8yV3(’I°) — 8ZV2('r) V4(’l") 8yV6('r) — 8ZV5(r) Vl (’P)
0, Vi(r) — 0, Vs(r) =iko | V5(7r) 0, Vi(r) — 0, Ve(r) = —ikge(r) | Va(r) (3-4)
8xV2 (’P) — &yV (’f‘) VG(’I") 8xV5 — (’9 V4

In the plane z, we represent V;(p, z) by inverse Fourier transform

/]

—_

1 1 oo - |
Vilp,z) = F, Wik, z) = o // dk; dky Vi(K, z) exp(ik - p). (5)

T — OO
And substitute into Eqgn. (3) and (4), i.e.,
1 [[F -
0:Ve(p, 2z) = oy // dk, dk, ik, Vi(K, 2) exp(ik - p)
T — OO0
1 too -
and O, Vi(p, z) = oy // dk, dk, ik, Ve(K, 2) exp(ik - p)
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Theory: K-Domain Fomulation

iﬁy?ﬁ%(ﬁ"a Z) o aZ‘ZZ(K’az) ‘{4(R72)
0. Vi(K,z) —ikgV3(K,2) | =1ko | V5(K,2)

ke Va(k, 2) — ik, Vi(K, 2)

and i/{y}}G(Kﬁ Z) o 82‘25(’/"’7 Z) ‘Zl(K’a Z)
0.Va(k,z) — ik, Ve(k,2) | = —1koé(k,2)x| Va(k,2)

ik, Vs(K, 2) — ik, Vi(K, 2)

0, => —
>dz
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Theory: K-Domain Fomulation

become
ire, Va(k, 2) — S2(k, 2) Vi, 2)
ddvl (k,2) — 1k V3(K, 2) =iko | Vs(k,2) ()
1/<;xV2(K, z) — 1/<;yV1( 2) Vs(k, 2)
and ik, Vo(k, 2) — Vs (1, 2) Vi(k, 2)
ddV4 (K, 2) — 1/4:$V6(n 2) = —iko€(r, 2)* | Va(k, 2) (6)
ik, Vs(K,2) — ik, Vi(K, 2) V3(K, 2)
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Theory: ODE in K-Domain LV = £ V)

%]
d | v,
dz | V4
Vs

dz
T 0 0 kpg=1ky 1 kag—
K, B0 g Ko o0 =
0 0 et —we!
) ) ko= ko 0—
(K, z) = ikg _kaky B2 o 0 0
w2 k2 €
- k2 k. k
Y y - xr
| €7 R k2 0 0

v
e
vs ) (1)

€ and €' are the convolution operator. More specifically, € = éx and € ' = e~ 1x

Mathematical task:

Solving the ordinary differential equation
(ODE) (7), field propagation through media
with 72(r) is calculated!

[5] Popov et al. J. Opt.
Soc. Am. A(2001)
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How to deal with operator € and € *?

Theory: Solve the ODE L Vi=rEV)

- B 0 0 ke g—lk_y 1 — kaglka -

Yl ky ]?9—_ k. o k‘f “':1 o Vl
a1 Vs (k,z) =ik kOk: kQO R Ro TRk v (K, 2)
dZ V4 ’ 0 _ Zgy é _ é 0 0 V4 ’

g , g

- 0 0
[
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Convolution Operator: Domain Diagram

~ N2
EVi(k, z) = // dkl, dké(k — K/, 2) x Vi(K/, 2)

N is number of
sampling points
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Convolution Operator: Convolution Theorem

(p,w) ——A———>

Fi EVi(k, 2)] = e(p, z) x Vi(p, 2)

NN

(K, w)
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Convolution Operator: Domain Diagram

Fio &k, 2)] = e(p, 2) x Va(p, 2)
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Convolution Operator: Domain Diagram

e(p,z) X Vo(p, 2)
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Theory: Convolution Operator

~ 0 0
Vi
d | . 0 0
— | - (K, z) = ikg koky k2 =
dz Vy T TR2 k2 €
¥ 2
L = k2 k2

~

EW(K, z) = Fg {e(p, z) X }"k_l [‘/g(l{, z)] }

€ 'wiVi(k, 2) = Fy {6_1(10» 2) x Fi. [’fjf/ﬁ("vz)]}

1 — kag=lka 7 -
ko=  k
ky ~—1 kmo Yl
TRC ko Vs
0 ‘74 ('4‘"7 Z)
0 Vs
T EVi(k, 2)] = e(p, 2) x Vi(p, 2)
(p;w) A >
Fil Fr
(k,w) A 2

[2] S. Sheng et al. Phys. Rev.
A (1980)
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Theory: Solve the ODE

~ 0 0
Vi
d | v . o0
— | o | (k;2)=1iko koky K2
¥ 2
| €T R k2

ODE solver (initial value problem)
« Euler method

e Taylor series methods
 Runge-Kutta methods
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Initial Value: Approximation

~ 0 0
Vi
d | ¥ . o0
— | - (K, z) = ikg koky k2 =
dz Vy T TR2 k2 €
¥ 2
L = k2 k2

ODE solver (initial value problem)

Approximation:

Our initial field just contains forward
propagation part
\-)reflected field is not predicted

25




d - .

Theory: Solve the ODE —ZV]iM = f(2, V)

- T 0 0 ky g=1ky ] — kag=lka 7 -

% g, 0 . Ko o= ko Vi
a4 ‘:/2 (k,2) =ik kok k2 ’ R Ro RSk ‘:/2 (K, 2)
dz V4 ’ 0 - Zgy é — E 0 0 V4 7

~ 2 -~

i 2 2 i

ODE solver (initial value problem)

 Euler method
e Taylor series methods

* Runge-Kutta methods

Calculate f/’L(n, zi+1) from VL(K/, %)

VJ_(K/, Z¢+1) = VL(KJ, Zz)

ko

ks

ki = Az f(2,Vi(k, 2))
1 ~ 1
1 ~ 1
= Az f(z + §Azia V(K 2z)+ §k2)
~ 1
ks = Az f(ziv1, V(K 2) + §k3)

1
+ 6(’{31 + 2ko + 2k3 + ki4)

26




d - ~ EM

Theory: Solve the ODE @VTM =f(z VL)
B ke =—1 ky ky =—1kg - -
‘N/l 0 0 k€ Fo 1- ko= ko Vi
’ 0 0 by z=1ky _ ky =1k, ~

a | Vs (k,2) = ikg ko k > _ M oo V2 (K, 2)

dz Y4 - 5 _g — € 0 Yél
V5 ] é o kigw 0 ) V5

ODE solver (initial value problem)

* Euler method
* Taylor series methods
* Runge-Kutta methods

Calculate V| (k, zi+1) from V | (k, z;)

ki = Azif(zi,Vi(k,2))

1 ~ 1
ko = Az f(z + §AZ¢> V(K 2z)+ §k¢1)

(

o

We name the k—domain method as Runge-

Kutta k—domain algorithm.

\

J

0
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Example: Fiber

input plane detector plane refractive index n(x, v)

Input Gaussian

- waist radius 5 ym

- Ey-polarized

- wavelength 532 nm

calculate the result fields by Fourier modal method and Runge-Kutta based k-
domain algorithm.

28




Result: Amplitude [V/m] of Output Field

input plane detector plane refractive index n(x, y)
y'y 1.3
I £
3
| o
o
I <
Y 1.0

Xt) 150 um yt>

WYROWSKI

VirtualLabrusion
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Implemented by using
programmable plug-in component in
VirtualLab Fusion

Source Code Editor

Source Code  Global Parameters  Snippet Help  Advanced Settings

O

e
\/ AA\«\""

[T N |

18
11
12
13
14
15
16
17
18
19
208
21
22
23
24
25
26
27
28

4

| Snippet Body | Main Function

HarmonicFieldsSet hfsReturn = new I—ar‘n'-:-wi:Fiel-:ls:‘jl
OpticalMedium GRIN = Medium_3;
HomogeneousMedium SurroundingMedium = (Homogeneou

ComplexAmplitude ca_k = InputField[®];
VirtuallabAPI.Core.FieldRepresentations.Transforn

fiStart

#region prepare the parameters

J/fconvert ComplexAmplitude to Double Complex Vect
DoubleComplexVector Initial TE = ConvertOneDCompl
DoubleComplexVector Initial TM = ConvertOneDCompl
//Get the necessary parameters from ca_k
/fwavelength

double wavelength = ca_k.Wavelength;

f/frefractive index of embedding medium of input |
Complex n_in = ca_k.EmbeddingMedium.GetComplexRef
double nBar = n_in.Re;

double k8 = MathFunctions.TwoPi / wavelength;
/fcentral kappa

v

[ = . - - ‘e -

4

Material AOutputChannel [Mataﬁ

Width [double]

Height [double]

Thickness [double]

System Temperature [double]
SystemPressure [double]

InputField [HamonicFieldsSet]

CurrentChannel Type [double]
CumertChannelMame [sting]
StepMumber [int]

Z5tart [double]

ZEnd [double]
FShow ¥ ZPlane [bool)
Explicit Euler [bool]

REZ [bool]

REK4 [bool]
RemoveEvanescent [bool]
scaling [double]

Medium_1 [Dptical Medium]
Medium_2 [OpticalMedium]
Medium_3 [Optical Medium]

Medium_4 [Optical Medium]
Medium_5 [Optical Medium]
Medium_§ [Optical Medium]

AN

L) _}“‘a“ﬁ}\/ a;h«;a&%r;sligen/c}(_‘ﬁli it,“-'i}"iﬂ" Y SV IV VR AW [m K ./"\Cﬁﬁl'\/\/ - /Hflj,

o

B T T TV W Y

b
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Result: Amplitude [V/m] of Output Field

~N X N,

input plane

detector plane

A

refractive index n(x, y)

Polarization crosstalk
between field components is

included

1.3

Implemented by using
programmable plug-in component in
VirtualLab Fusion

N —

RK k—domain

<
<

10 pm

A 4

3><10—3
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Result: Amplitude [V/m] of Output Field

~N X N, ~N?

RK k—don

input plane detector plane refractive index n(x, y)

A 1.3

Polarization crosstalk

between field components is Loy
included
\_/
E,

Deviation

Implemented by using
[ e

programmable plug-in component in
VirtualLab Fusion
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Result: Amplitude [V/m] of Output Field

~N3
~N x N, N
input plane detector plane refractive index n(x, y) RK k—dor
A 1.3
l Ex
Initial Value: Approximation
ky =—1Fk ky =—1k
7, 00 mpEE l-REn]l,wn
o 0 0 ‘wgthh g _hglk - E,
LY Ny =ik | r, s P N IO P
dz | Vi ' -zt E € 0 0 Vi ’
- kﬂz kO -
[ - I " [
ODE solver (initial value problem) V(K 2)
Approximation: |
Qur initial field just contains forward E
propagation part ; z
reflected field is not predicted x i
L.z | Deviation
25 ""'1%
10 pm
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Two-Dimentional Case



Theory: ODE for y —Invariant Condition

Oy

Vi
LN
dz Y4

Vs
TE
4 (Vs
dz V4
™
4 ("
dz V5

0
. 0
(K, z) = ikg 0 ,Z_%
€
) sz = ko | 1z
K,Z) = 1Kg k2 ~
Q—E
0 1-—
— ik
)(K’,,Z) lOlé

(K, 2)

(8)

(9)

(10)
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Y-Invariant GRIN Media: Luneburg Cylinder Lens

Input plane Output plane

I 1414
********* 1:207
|— Z

0.8 4

Amplitude

T T T T T T T
-30 -10 0 10 30

B 1
Position [pm] < > -
40 ym
Input plane wave
- beam size 38 ym GRIN media:
- E,-polarized () — 2 2\ / 22
- wavelength 532 nm o) = /2= (22 +22)/R

with R = 20 um

Task: By using FMM (rigorous) and the RK k-domain algorithm
- calculate field propagation in GRIN media xz —plane
— calculate field in the output plane

35



Result: Amplitude of E, —Field

Output plane

FMM

Amplitude [V/m]

RK k-domain algorithm

Amplitude [V/m]

X
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Result: Amplitude of E, —Field

Output plane

High NA case is calculated
accurately.

FMM

Amplitude [V/m]

RK k-domain algorithm

Amplitude [V/m]

X
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Three-Dimentional Case



3D Case

Vi
d | V,
dz | Vi,
Vs

(I‘L, Z) — lko

0 Ko g
ky ~—
0 T1€
0
k2 =
k2 — €
Ky ko
kg
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3D Case: Luneburg Lens

Input plane Output plane

Input plane wave 40 Hm

- beam size 38 ym GRIN media:

- E,-polarized \ (1 ‘ ‘ ;
x~P 1Z -n(r) = /2 — (22 +y? + 22)/ R?

with R = 20 um

- wavelength 532 nm

Task: RK k-domain algorithm
— calculate field in the output plane

40



Result: Amplitude and Energy Density of Electric Fields

Output plane

energy density

~ |Ecc|2 -+ ‘E’y|2 T ’Ez|2

Too much numerical effort
for FMM.
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Conclusion

« Develop a fast k-domain algorithm to calculate field propagation through
graded-index media

- Maxwell’'s equations to derive ODE

[

kg 7

= by g=1ky _ kg g=1ky
V] 0 0 ko€ o 1 ko€ ko \V4
1 ky ~—1k ky ~—1 1

~ 0 0 By g=1hky _ _Syg—lke ~
41V (k,z) =ik koky k2 fo= to foo o V2 (K, 2)
- ~ _— 0 x ~ g
dz | Vy ’ I = 0 0 Vi ’

Vs = ky o kyke Vs

CTH " ! |

— Solving this ODE by Runge-Kutta method (4th order) slice by slice along z —axis

— By using convolution theorem, convolution in k-domain is realized by multiplication in
spatial domain. So numerical effort of this algorithm ~N X N, with N is sampling points of
field and N, denoting slice number

 Still missing: reflection
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Outlook: Further Tricks of Solver

« We rewrite V| = U, exp(ikoniz), which abstract the fast changing term of field,
ODE becomes

Uy _ k lio_1k: o k;ko~_1 o Uy

i i 0 —n Byg=1hy _ _ Ry kz 0
. o— ko ko= ko

— 2 (K, z) = ikg kaky, k2 = _ -2

dz U4 _ k% kg — € —n 0 U4

U ~ kI kyk, _ U

5 | €— k:_% Z(Q) 0 —n . 5

Slow varying term U | is calculated, so N, can be reduced

- In general case, V| = U exp(ip) or V| = U | exp(it)). We need to explore
how to predict v or v» and how to perform Fourier transform fast! N reduced.

43
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Thank you!

Funding: European Social Fund (ESF) (2017 SDP 0013)
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