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Modeling of Fiber Coupling Systems

input field Edmund 65254
fundamental Gaussian (spherical lens)

wavelength 780nm

- effective focal

-

coupling efficiency n=88.6%

diameter 660 m length 2mm (overlap integral calculation)
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Field Tracing — Connecting Field Solvers

R. Shi, et al., "Physical-optics propagation through curved

N nonlinear free
surfaces," J. Opt. Soc. Am. A 36, 1252-1260 (2019) crystals & components SP3C€  prisms,
anisotropic plates,
components @ cubes, ...

lenses &

@ freeforms

waveguides

g & fibers @

Edmund 65254
(spherical lens)
- effective focal

length 2mm

'Ehlllll seatere!

single-mode Solver
fiber diffusers ( \ gratings
diffractive diffractive,

apertures &
boundaries

Field

beam Fresnel, meta
S. Zhang, et al., "Propagation of electromagnetic fields SPIMETS SIM& i 1ons g HOE CGH, o o0
between non-parallel planes: a fully vectorial formulation adaptive reeform DOE
and an efficient implementation,” Appl. Opt. 55, 529-538 components - arrays
(2016)
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Typical Application Scenarios

How to find the optimal working distance for off-the-shelf
fiber coupling lenses

Compare the performances of different commercially
avallable lenses

Design a coupling lens with parametric optimization

Perform tolerance and sensitivitly analysis of fiber
coupling setup

10

LightTrans International



Typical Application Scenarios

How to find the optimal working distance for off-the-
shelf fiber coupling lenses

Compare the performances of different commercially
avallable lenses

Design a coupling lens with parametric optimization

Perform tolerance and sensitivitly analysis of fiber
coupling setup
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Optimal Working Distance for Coupling Light into
Single-Mode Fibers



Modeling Task

coupling efficiency
to be maximized

single-mode fiber
mode field diameter = 3um

Edmund 65254
(spherical lens)
- effective focal

length 2mm

input field
fundamental Gaussian
wavelength 780nm
diameter 660um

X

2 >

L> z optimal working distance d=?

» Is it the best solution to place the fiber end at the
ray-optics focal plane behind the lens?

* How to find the optimal working distance to
achieve maximum coupling efficiency?
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Focal Distance Found by Using Ray Tracing

Edmund 65254

. 42: Dot Diagram on Focal Plane [=]
(spherical lens) - . =l e

Ray Distribution

Position

¥ [um]
0

L

d=1.561mm

Focal distance for the spherical
lens is found first by using ray
tracing in VirtualLab.

The beam diameter (RMS)
evaluated with ray tracing is 5.11um.
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Field Tracing Evaluation at Ray-Optics Focal Distance

input field Edmund 65254
: (spherical lens) . .. _
funeviwglltgéga?ugglnamn - effective focal — COUp'lﬂg eﬁ:ICIenCy 77 =29.4%
diameter 660 um length 2mm i (overlap integral calculation)
X _d=1.561mm i
‘ (found by ray tracing) '
V4
' A\
| 7: Intensity Distribution on Focal Plane =N Ecl = I3 2: Intensity Profile =0 =N
Chromatic Fields Set Chromatic Fields Set
intensity [1E3 (V/m)?] .
836 T -
< ’\E\ ;
o 2
g 418 m )
. . . . . = : - =
Field tracing in VirtualLab provide || = =
access to the full field information at | % N
any desired plane in the system. ‘ , E -

T T T T T T T T T
4 -3 -2 -1 0 1 2 3 4

X [pum]
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Field Tracing — Connecting Field Solvers

Edmund 65254
(spherical lens)
- effective focal

length 2mm

single-mode
fiber

nonlinear free
crystals & components SPaC€  nrigmg,

anisotropic

components @

waveguides

& fibers @

scatterer - =Tls
Solver

splitters

diffusers ( \
diffractive
beam Fresnel, meta

plates,
cubes, ...

lenses &

@ freeforms
apertures &
boundaries

gratings

diffractive,

lenses

SLM&  micro lens & HOE, CGH,

adaptive
components

freeform
arrays

DOE
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Find Optimal Working Distance by Using Field Tracing

E=: 19: Searching Optimal Incoupling Position =n =R
input field Edmund 65254 coupling efficiency n=" . Mmoo Ay
_ fundamental Gaussian (Spherlt_:al IenS) agram  Table Value at x-Coordinate
- effective focal
- wavelength 780nm length 2mm -
- diameter 660um i = I
i 2 |
. I > 1
<— varying -+ —>! 2 29 I
(from 1.5 to 1.7 mm) s :
T 13: C:\Users\...\Fiber coupling with spherical lens Edmund_65254_PhysicalOptics.lpd_ParameterRun.run (o] ] =] o I
Results = |
Start the parameter run and analyze its results o l
1
1.55 1.6 1.65
b Go! Worki Dist
[/] Use Cached Results for Next Run R [mm]
| — HeraionSep | -
Detecor  Subdetector  CombinedOutput 196 197 | 198 1] 200 J/ The optimal working
Varied Parameters Distance Before (Identity O... | Data Array 6%5mm 16%mm 1697mm 16%8mm 1689 mm ,,’ . .
Fiber Coupling Efficiency # . Fiber Coupling Efficiency Data Array -m.- —————— -~ d IStance fou nd by fleld
tracing is 1.585mm.
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Evaluation at Optimal Working Distance

input field Edmund 65254

fundamental Gaussian (Sﬁ?e”t?al IfenS)I

- wavelength 780nm "€ lgﬁg‘;’ﬁzﬁ%
- diameter 660um

X

d=1.585mm

‘ ~ (found by field tracing)
z

4

The calculation of the
focal spot and the
evaluation of the
coupling efficiency
takes only 2 seconds!

~
7

coupling efficiency n=88.6%

(overlap integral calculation)

I 22: Intensity Distribution on Focal Plane =N =

Chromatic Fields Set

B 25: Intensity Profile

Chromatic Fields Set

(= B =5

intensity [1E3 (V/m)?]

2.1
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1.05
o
T
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intensity [1E3 (V/m)?]
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0.5

18

LightTrans International



VirtualLab Fusion Technologies

R. Shi, et al., "Physical-optics propagation through curved

N nonlinear free
surfaces," J. Opt. Soc. Am. A 36, 1252-1260 (2019) crystals & components SP3C€  prisms,
anisotropic plates,
components @ cubes, ...

lenses &

@ freeforms

waveguides

g & fibers @

Edmund 65254
(spherical lens)
- effective focal

length 2mm

'Ehlllll seatere!

single-mode Solver
fiber diffusers ( \ gratings
diffractive diffractive,

apertures &
boundaries

Field

beam Fresnel, meta
S. Zhang, et al., "Propagation of electromagnetic fields SPIMETS SIM& i 1ons g HOE CGH, o o0
between non-parallel planes: a fully vectorial formulation adaptive reeform DOE
and an efficient implementation,” Appl. Opt. 55, 529-538 components - arrays
(2016)
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Typical Application Scenarios

How to find the optimal working distance for off-the-shelf
fiber coupling lenses

Compare the performances of different commercially
avallable lenses

Design a coupling lens with parametric optimization

Perform tolerance and sensitivitly analysis of fiber
coupling setup

20
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Comparison of Different Lenses for Fiber Coupling



Modeling Task

input field Edmund 65254 coupling efficiency n,="?
- undamental Savesian e o) I
- wavelength 780nm - effective focal

single-mode fiber
- mode field diameter = 3um

_ : length 2mm .
diameter 660 um 9 When two lenses with the

same effective focal length
are available for fiber coupling
task, how to evaluate their
performance in terms of
coupling efficiency?

Edmund 64802
(aspherical lens)

- effective focal
length 2mm

coupling efficiency n,=?
4

single-mode fiber
- mode field diameter = 3um

input field

- fundamental Gaussian
- wavelength 780nm
- diameter 660 um

cover glass
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Simulation Results

input field Edmund 65254
fundamental Gaussian (spherical lens)
wavelength 780nm - effective focal
diameter 660 um length 2mm

X

L.

Due to aberrations from the
spherical lens, the focal spot at the
end of the fiber deviates from a
Gaussian mode, and therefore it
leads to poor coupling efficiency.

coupling efficiency n;=88.6%

(overlap integral calculation)

4

A\

I 10: Intensity Distribution [ ]

Chromatic Fields Set

intensity [1E4 (V/m)?]

2.1

I 11: 1D Intensity Profile

Chromatic Fields Set

[o][® ]

intensity [LE4 (V/m)?]

]

1.5

1

0.5

1]

T T T T
-2 -1 ] 1

X [um]

T T
3 4
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Simulation Results

input field
fundamental Gaussian
wavelength 780nm
diameter 660um

Aspherical lens controls the
aberrations well and that
guarantees a focal spot in
smaller size, and with Gaussian
profile that fits to the fiber.

Edmund 64802
(aspherical lens)

- effective focal
length 2mm

coupling efficiency n;=99.9%

(overlap integral calculation)

4

Chromatic Fields Set

I3 & Intensity Distribution [ ]

A\

intensity [1E4 (V/m)?]

3.72

& 7: 1D Intensity Profile

[o][® ]

Chromatic Fields Set

intensity [LE4 (V/m)?]

1 1.5 2 25 3 35

05

0

Field tracing
simulation of the fiber
coupling system takes
only 2 seconds.

T T T T T T T
-2 -1 ] 1 2 3 4

X [um]
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Peak into VirtualLab Fusion

I 6: Intensity Distribution [=x =R
Chromatic Fields Set
intensity [1E4 (V/m)?]
372
-t
™~
—
£
5 o 1.86 - . -
= visualization
o
and analysis
-t
' Edit Fiber Coupling Efficiency X
= -2 Detector Window and Resolution  Detector Function
\ X (®) Specify Gaussian Mode Field
Geometry /
Edit Optical Interface Sequence Channels () Fiber NA 0.002
(@) Mode Field Diameter (1/672)
A
! ‘.g Position / () Specify Customized Mode Field
g Orientation
Geometry / ' | Mode Field Set
Channels T
T’:‘ [] Efficiency Related to Incident Field of Optical System
‘E Detector
Parameters
Position / Index | Distance | Position | Type Homogeneous Medium | Comment
Orientation 1 Aspherical Interface  D-ZLAF52LA_M_LIGHTI Zemax Interface | m po rte d | ens fro m
2 1.8922 mmr Plane Interface Air (Zemax) in Homogen Zemax Interface

2 um Plane Interface

BK7_SCHOTT in Homog Zemax Interface | 7 @m1@X flle

»

Plane Interface AT geneous Me emax Interiace
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Typical Application Scenarios

How to find the optimal working distance for off-the-shelf
fiber coupling lenses

Compare the performances of different commercially
avallable lenses

Design a coupling lens with parametric optimization

Perform tolerance and sensitivitly analysis of fiber
coupling setup

26
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Parametric Optimization of Fiber Coupling Lenses



Design Task

conical surface

- radius of curvature R="?

- conical constant k=?

How to optimize the fiber coupling lens to
achieve maximized efficiency, by proper
selection of the lens parameters (radius
of curvature R, conical constant k, and
lens thickness t)?

——

single-mode fiber
- mode field diameter = 3um

coupling lens
(initial parameter from
Edmund 65254)
- effective focal

length 2mm

input field

- fundamental Gaussian
- wavelength 780nm
- diameter 660 um

7 e )l, S
. I\ ~ /I
>z t="? d=1.585mm
(fixed working distance)
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Evaluation of Initial Lens

I3 3: Intensity Distribution [ B S

Chromatic Fields Set

intensity [1E4(V/m)?]

2.1 The coupling efficiency obtained
from the initial spherical lens is not
optimal, due to mismatch to the

e mode inside the single-mode fiber.

n 4: Intensity Profile EI@

Chromatic Fields Set

initial lens parameters

- radius of curvature R=1.7mm
- conical constant k=0

- lens thickness t=0.8mm

y [um]

1.5

coupling lens
(Edmund 65254)
- effective focal

length 2mm

intensity [1E4 (V/m)3]
05

coupling efficiency n=88.6%

(overlap integral calculation)

X | X [um]

L..
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Parametric Optimization

initial lens parameters

radius of curvature R=1.7mm

conical constant k=0

Numerical Data Array

E 37: Fiber Coupling Efficiency of Fiber Coupling v [ [ |@

Diagram Table Value at x-Coordinate

aint

ensity Distribution
Chromatic Fields Set

s

intensity [1E4(V/m)?]

3.22

- —C)\ g o 1.61
- lens thickness t=0.8mm . > e —
8 3: Intensity Distribution - =R R == / ? - T -
intensity [1E4(V/m)?] / % ” ?EEi
21 = o i,r\
. ' 1n=88.6% o= o,
. = =
T , B 1=99.4% 2 |
- - I 4 Intensity Profile - == (ESE == 8 . ! | ; ; Eo —_— N
) Chromatic Fields Set 20 40 60 100 -4 -3 -2 -1 0 1 2 3 4
- optimization setup Al
E- .
< ic ontimization of i optimized lens parameters
= pa_rqme fic (_)p imiza I(_)n 9 coupiing - radius of curvature R=1.704mm
z. efﬁmgncy with downhill simplex - conical constant k=-0.67278
) Y EEEEN algorithm - lens thickness t=0.841mm
S xpml
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Typical Application Scenarios

How to find the optimal working distance for off-the-shelf
fiber coupling lenses

Compare the performances of different commercially
avallable lenses

Design a coupling lens with parametric optimization

Perform tolerance and sensitivitly analysis of fiber
coupling setup
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Tolerance Analysis of a Fiber Coupling Setup



Modeling Task

at designed
incoupling position
input field coupling lens V
fund tal G i (perfect alignment) . o
unwzrcsg,?gtha#gs(flnamn D R E— =>» coupling efficiency n=99.4%
diameter 660 ym single-mode fiber
X mode field diameter = 3ym
T—>z
How does the coupling efficiency change lens tilt ]
with respect to alignment tolerance factors? Ve
longitudinal shift lateral "
\? shift

coupling lens

(a) shift of fiber end position (b) tilt of coupling lens
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Coupling Efficiency vs. Fiber End Position Shift

longitudinal shift
\? lateral
input field ing | M SAift Contour plot helps with the
fundamental Gaussian coupling fens . </ . e

wavelength 780nm Ty identification of the parameter range for
diameter 660 m coupling efficiency desired coupling efficiency threshold.

X
“‘ P=. 34: Coupling Efficiency vs. Fiber End Shifts -2

Numerical Data Array
z Diagram  Table  Value at fxy)
P=: 24: Coupling Efficiency vs. Fiber End Shifts = E=1

Numerical Data Array Fiber Coupling Efficiency [%]

Diagram Table Value at {xy) 100
Fiber Coupling Efficiency [%a]
E in 50
The coupling efficiency is 5o
scanned with respect to the g, 0
fiber position shifts along both g o 157 158 159 16
- Lengitudinal Position (Z) [mm]

axial and lateral directions.

1.5 1.55 1.6 1.65

Longitudinal Position (Z) [mm]
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Coupling Efficiency vs. Coupling Lens Tilt

,, ‘* lens tilt

input field —
fundamental Gaussian  EEEEEE— E=l 38: Coupling Efficiency vs. Coupling Lens Tit =
wavelength 780nm _ o Numerical Data Array
diameter 660pm Coupllng eﬁICIGnCy Diagram  Table Value at x-Coordinate
X § |
L) S
Physical-optics analysis of the -
coupling efficiency with respect 08 06 0402 0 02 04 06 08
to Iens t”t’ over 200 angles1 Rotation #1 (about Y-£xis) (Optimized Cou... [7]
takes only 50 seconds.
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VirtualLab Fusion Technologies

R. Shi, et al., "Physical-optics propagation through curved
surfaces," J. Opt. Soc. Am. A 36, 1252-1260 (2019)

single-mode
fiber

S. Zhang, et al., "Propagation of electromagnetic fields

between non-parallel planes: a fully vectorial formulation
and an efficient implementation,” Appl. Opt. 55, 529-538

(2016)

waveguides

scatterer

nonlinear free
crystals & components SPaC€  nrigmg,
anisotropic plates,
components @ cubes, ...

lenses &

& fibers @ @ freeforms

apertures &
boundaries

. Solver .
diffusers ( \ gratings
diffractive diffractive,

Field

beam Fresnel, meta
splitters lenses
SLM.& micro lens & HOE, CGH,
adaptive ¢ eaform DOE
components arrays
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Benefits

« All-in-one software platform with ray tracing and

field tracing (physical optics modeling) Booth #110

« Accurate calculation of field in focal region and
therefore also of the fiber coupling efficiency

« Parametric design of coupling lens or direct import
from Zemax OpticStudio

* Full tolerance analysis including shift and tilt of fiber
end position

« Handling of special-cut / microstructured fiber
end
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