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A Study on the Improvement of Optical Element
Alignment Characteristics using Precision

Multi-Axis Stage
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ABSTRACT

A Study on the Improvement of Optical Element
Alignment Characteristics using Precision

Multi-Axis Stage

Gwang Ho Kim

Advisor : Prof. Jeong, Sang-Hwa, Ph.D.

Department of Optical Application
Engineering,

Graduate School of Chosun University

The communication through optical fiber is taking an important role in the
expansion of communication network with excellent transmitting rate and
quality. The optical communication is introduced to the backbone network at
first and becomes a general communication method of network.

In recent years, as the demands of VBNS(Very high speed Backbone
Network Service) and VDSL(Very high-data rate Digital Subscriber Line)
increase, the development of kernel parts of optical communication such as
PLC(Planar Light Circuit), Coupler, and WDM(Wavelength Division
Multiplexing) elements increases. The alignment and the attachment

technology are very important in the fabrication of optical elements.

- Xl -



In this thesis, a mechanism of precision multi-axis stage for optical
alignment is studied. The major researches are as follows.

At first, the driving unit mechanism of precision stage is studied with the
aim of optimal design of stage. The driving unit consists of piezoelectric
actuator and flexure guide. The strain of flexure due to the actuating force
and the stress distribution for the output displacement are analyzed with
FEM. The precision multi—axis stages are fabricated based on the result of
analysis. This travel and the resolution of stage are evaluated from the
view of optical element alignment.

The hysteresis of the stage i1s generated due to PZT actuator. The
hysteresis and the inverse hysteresis are modeled with the experiments in
X, Y, and Z-axis motion. The input data of desired displacement of the
stage according to input voltage is obtained from the inverse hysteresis
equation. In the result of experiments with the input data, the error due to
hysteresis 1s well compensated.

The alignment algorithm 1s studied for applying it to the precision
multi-axis stage. The field search and peak search algorithms are used for
the optical alignment algorithm. The 2-D profile with 5 gm grid of the
optical power is obtained with field search alignment. After the field search,
peak search alignment is performed for the precise position of the maximum
optical power. The precision accuracy of peak search is 0.5 um. To automate
the process of optical element alignment, the automation program of optical
element alignment i1s developed by wusing LabView programming and
composed of three tabs that are field search tab, plotting tab, and peak
search tab. The process of the optical element alignment is performed by

pushing the related buttons using event function. Between 1 ch. input and &

- Xl -



ch. output PLC stack are performed for the alignment evaluation.
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Modify Model and Reanalysis

P
-

Finite
element
model

Fig. 2-3 Finite Element Analysis Process

(COSMOS/
Design Star)

-Material Froperty
-Boundary Cond ition

PRE-PROCESSOR
> Force

> Resiraints
-Analysis Method

-Create Mesh

FSith Fig. 2-32

o

[¢)
Table 2-1 Input Conditions for FEM Analysis of Feg

A
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= 3
E°H

s
Y

Y
Modeling

SOLID

Works




X-Axis Flexure | Y-Axis Flexure| Z-Axis Flexure
Mesh Type Solid Mesh
Mesher Typer Standard
Element Size 0.86977 mm 1.0449 mm 0.95427 mm
Mesh Tolerance 0.0043489 mm 0.052246 mm 0.047714 mm
Nodes 95441 108570 101289
Elements 65610 69488 66634
Elastic Modulug 7.2E+10 N/
Poisson's Ratid 0.34
Properties Shear Modulus 2.7E+10 Nfm
Density 2800 kg/mh
Yield Strength 6.8E+08 N/
Force 16 N 21 N 16 N
Boundary )
Condition Displacement 10Q:/m
Fix Restraint Face with 6 DOF
U ZEgd dig 2ady
A= A dFolele e P FYdolA W AL Totetr] Hal
2434 FdsAT Fig. 2-4 24 59 A48 g ZAAM] dAH S
ek FEra s Ao vehd slolth
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*D1(Lh-n-axis Mesh :: Static Displacement
Unitst mm Defomation Geale 11472677

URES
1.068e-001

IQ,TQBQ—IJI)?
8.008e-002
4.017e-002
7.12e-002
6,256e-002
5,345 -002
4.454e-002
3.563e-002
2.672e-002
1.782e-002

Iﬂ.QDEE*DDS

0.000e+000

(a) Displacement according to Actuating Force imAXs

v (L-y-axis Mesh :: Static Displacement
Unitsi mm  Defomation Seale 11436565

URES
1.008e-001
0.230e-002
8.395e-002
1.500e-002
6.7 19e-002
5.870e-002
5,030e-002
4108002
3.360e-002
2.520e-002
1.660e-002

IS.SQQE*DDS

0.000e+000

(b) Displacement according to Actuating Force inAXis

_15_



ZDA(Y) ~z-axis Mesh © Static Displasement
Units: mm  Deformation Scale 1: 43,3660

URES.
1.017e-001
0.324e-002
§47Te-002
7.620e-002
£.781e-002
5.934e-002
5.086e-002

| 4.238e-002
3.301e-002
2 545e-002
1.695e-002

IE‘MTE-DM

0.000e+000

(c) Displacement according to Actuating Force iAds

Fig. 2-4 Displacement according to Actuating Force

o A IE SHEX

o

S

oA EFFE ko] AR E WY o] e $Ho RIS o
FeholA 100 gm o] A7 2T o TN T Y= 8 E¥X = Fig 2-5

2ol 45 9T
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214 -axiz foree ot Static Nodal Stress
Units: Hfm"2 Deformation Boale 744

Wan Mises
3.853e+007
3.532e+4007
3214007
2.890e+007
2.56%e+007
2.248e+007
1,927 e+007
1.606e+007
1.28de+007
0.633+006
64224006

I3.211e+006

5.043e+001

(a) Stress Distribution according to Input Displaest in X-Axis

YD1 {L-y-axis ot Static Nodal Sress
Units: Nfm™2  Deformation Beale 1: 44

Yon Mises
3.7 56007
3.443e+007
3.130e+007
2817 +007
2.504e +007
2.100e+007
1,878 +007
1,565 +007
1.252e 4007
9,307 +006
6.26Te+006

I3.1309+DDE

6. 140e +001

(b) Stress Distribution according to Input Displaemt in Y-Axis

- 17 -



201 (L —z-axiz-Translation : Satic Nodal Slress
Units : Nfm"2  Deformation Beale 1: 44

Yon Mizes
3.7 GGe 007
3,452 4007
3.139+007
28256 +007
2.511e+007
2107 +007
1,883 +007
1.560e +007
1.255e 4007
94766 +006
6.27Te+006

I3.1399+DDE

3.576e+001

(c) Stress Distribution according to Input Displaesnt in Z-Axis

Fig. 2-5 Stress Distribution according to Input Dégement
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G AFololEol A Qs Y3t we Sl WA wsls wA R
shepal7] gle) HRLLEANNE SRR A4l UF FAMY $ARE 2
Mool B Wbt Table 2-20] Lehfgith Aol A B Hhsh 2o] 100m o
EER

X&Z 16 N, Y52 21 N, Z52 23 N9 2449
A

Table 2-2 Maximum Stress and Deformation accordmgApplied Forces

) ) Max. Stress (Von Misses) .
Axis | Applied Force [N] 5 Max. Deformation fm]
[N/m?]
X 16 4.3187E+7 106.9
Y 21 4.0624E+7 100.8
VA 23 4.091E+7 101.7

Table 2-3 Maximum Stress according to Applied Dispiment

Axis | Applied Displacementn] | Max. Stress (Von Misses) [Nfrh

X 100 3.8532E+7
Y 100 3.7563E+7
4 100 3.7663E+7

_19_




249 t& 209 A% 54 A4

A4 A7 b 2 %ol YEbe 1 A 2E0A 15618 Hz 7h vebit

o b Aol o Ee) HAESA 20 KHz 9& neld W FAAY
Fo& o 4 Ql9lth Table 2-5% A% 14 A3 Ueid Aol
Fig. 2-7& Xob Y302 100 N ¢ o] 998 0 Regus 2439 oz
1 AelA 10 A 2=

Table 2-4 Input Conditions for Frequency Analysis

Mesh

Mesh Type Solid Mesh
Mesher Typer Standard
Element Size 0.0033005 m
Tolerance 0.00016503 m
Nodes 43412
Elements 24550
Properties

Elastic Modulus 7.2E+10 N/m’
Poisson’s Ratio 0.34

Shear Modulus 2.7E+10 N/m’
Density 2800 kg/m’
Yield Strength 6.8E+08 N/m’

Boundary Condition

- Force on PZT Actuator in X, Y Axis : 100 N
- Fix on Restraint Face with 6 DOF

_20_
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Fig. 2-6 FEM Model for Frequency Analysis

Table 2-5 Frequency Analysis of Precision Multi-&u$tage
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HanoCube{1)-Hanocube-Frequency : Frequency
tode Shape 1 Valie = 156,18 e Defomation Soake 1:0.000033857

HanoCube{1)-Hanocube-Frequency : Frequency
Mode Shape 12 Value = 16,60 Hz Deformation Seale 1:0,000783361

(a) 1st Mode (b) 2nd Mode

HanoCube{1)-Hanocube-Frequency : Frequency
Mode Shape |3 Value = 431,50 Hz Defomnation Soale 1 0,00070351

- 22 -



HanoCube{1)-Hanocube-Frequency : Frequency
Mode Shape 14 Value = §12,1 Kz Defomation Seale 1:0,000703361

(c) 3rd Mode (d) 4th Mode

HanoCubel1)-Nanocube-Frequency & Frequency g
ode Shape 5 Value = 975,04z Defomation Scale 1:0.000733461

HanoCube{1)-Hanocube-Frequency : Frequency
Mode Shape 6 Value = 1385 Hz Deformaton Seale 1: 0000641612

(e) 5th Mode () 6th Mode

_23_



HanoCubel1}-Hanocube-Frequency : Frequen
Mode Shape |7 Value = 19364 Hz. Defom:

oy
alon Scale 1:0,000620437

HanoCube1)-Hanocube-Frequency : Frequency
Mode Shape 8 Value = 19464 Hz Deformation Scale 1:0,000555270

() 7th Mode (h) 8th Mode

HanoCube{1)-Hanocube-Frequency : Frequency
Mode Shape 9 Value = 2750.1 Hz Deformation Scale 1:0,000650042

- 24 -



HanoCube{1)-Hanocube-Frequency : Frequency
Hode Shape 10 Vae = 36434z Defomatn Sl 1:0000665014_ g

(i) 9th Mode () 10th Mode
Fig. 2-7 Mode Shape of Precision Multi-Axis Stage

Al 34E Fa2 FE ¢1YE

Bzl 4B HolA gl W Azt dHste], FUFoA HHH=
SE 3 dvHE SA4¢6ke] HAd 399 (dBm) #S S wzkA] AAE I
719AM Eedrh Faz AE sAs FaAE A4 Add AR F 2 A9
AEs st 2 A4 FHHoll dSche B s AP o] ¥4 2 A
QY Aozt fdn. g9 Aol gud JHY 2 RARVF FYE e AjoR
ojFstol thAl @ Ik WHoew d - Fek= AHE wet MY 2 ARV
g9 g7t AL o] ¥AE =4 B ot . Fig. 2-82 3AE <
g5 =48 HE Aot

w mwodlAe Ad HA FaAE o]T A F Y-Z FHelA 5 m AFeR
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o g AT F Ar) FAE JolA 4 @A 34 wAL ST 1
A S FAE YEA 1 HAo2 H - X80 HUgS 23 2 DA
M ZFAA 1 m (PASRE A - 18] Hujghs 2t 3 9AE oA Z5ol
A 05 m 2o 2 A - 38t Ho FAlT g ol Wl F wpA = 4 GA oA
= YFIA 05 m 25 o= o]Falo] FAsrt 7h ol 8y = AHS 2ok
=3
| 1st Peak Search | T-dails
. _ 1 pm Step
2D Field Search 1D Peak Search
|2nd Peak Search| F-Axise
! g | ‘::> 1 pm Step
L 2 ot 48 |3rd Peak Search | Y-Axis :
Y-Z Plane » @ 0.5 pm Step
5 pm Step L @
Z-Axis :
4th Peak Search
l | 0.5 pm Step

Fig. 2-8 Optical Fiber Alignment Procedure
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1 (m
Steps

(@) 1st and 2nd Peak Search withul Step

‘\

0.5 ym
Steps

(b) 3rd and 4th Peak Search with Qb Step
Fig. 2-11 Hill Climb Peak Search Procedure
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Table 2-6 Specifications of Main Controller

Device Channel Sampling

Two 16-bit analog outputg
Analog 8 digital 1/O lines
PCI-6031KF _ 100 kS/s
Input Boarg two 24-bit counters

analog triggering

- Up to 400 MS/s

Analog 8 digital 1/0O lines )
) Function Generator
Output | PCI-6733| two 24-bit counters
o ) ] - Up to 100 MS/s
Board digital triggering

Dynamic Signal
- Up to 24-bit resolution

Transfer rates of moréhan

GPIB PCI-GPIB
1.5 MB/s

Optical Source +7 0.5 dBm, 1300nm

Arbitrary Waveform Generator

Powermetef sensor | +10 to -80 dBm, 75 ~ 1700nm

2. 99 g4 ¢

AE T3 A55ta, F e E B3 4 AR st Fus)
(dBm) #& #&d0} Fig. 2-12v 99 94 Ao F2AEo|t}, ~EHE HE
23 A57F AO BRES %3
co o8 Y-Z BHE SAsHA Hr) ol 2~

-r
it
i)
>
I
5
o
-~ =
=
rlr ot
e
H
o~
a filo
> oy
fol o
st
S
%o,
i
o
=
e

o
fo

s
.
rir
ox
23
ofo
ot
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£

o] 2 g g AXME Tl AEshA vk ek Fig. 2-13(a)9t
2ol A FAT &9 AAZF Y-Z Hd o] st e A9-A A, (b)gk 2ol
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Rectangular Path PZT Driving :
N Signal by Function and
| ! Analog Output Roupe
Board Statement
L
NO 80780 pm
PZT Stage | or 40*40 um
Y —Z Plane Rectangular
Path
: Measuring the
Displacement Displacements of Stage
apacitance Gauge in Y-Z Plane

Checking Optical Power

Optical Power (dBm)

GPIB Board

: Check the Peak
Contour of Optical Signal in Y-Z

Power in Y-Z Plane Graph

C El:lD )

Fig. 2-12 Flow Chart of Field Search
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Optical Power (dBm)

(a) Misalignment Case |

-30

-33

-40

Optical Power (dBm)

(b) Misalignment Case Il

Fig. 2-13 Field Search Alignment for Optical Fibetack in Misalignment
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A A —

Voltage (V)
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(a) Analog Output Signals for 40 x 4@n Spiral-Rectangular Path

Y-axis|
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(b) Analog Output Signals for 80 x 8@n Spiral-Rectangular Path
Fig. 2-15 Analog Output Signals for Spiral-RectaaguPath
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Fig. 2-16 Flow Chart of Process for Moving StageMaximum Optical Power

Position
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Hill Climb & Back-
and-Forth Path
| Stage Driving

Measuring the

Displacements of Stage
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Plotting,
Search max.dBm

¥
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Current dBm =
Maximum dBm

C END )

Fig. 2-20 Flow Chart of Peak Search
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Table 3-1 Variables for Hysteresis Modeling

Variable Means
e Present Position
v Increasing Voltage Point after Decreasing
v Deceasing Voltage Point after Increasing
o Increasing Displacement Point after Decreasing
e Deceasing Displacement Point after Increasing
o Maximum Displacement
2 Maximum Voltage
, Major Loop Equation in Increasement
Hop Major Loop Equation in Decrement
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Table 3-2 Variable Values for Hysteresis Modeling

Minor Loop Variable X-Axis Value Y-Axis Value Z-Axis Mae
v (VY oV oV
1A 5V 5V 5V
e, 1.81 m 2.376m 0.0407Qm
& 45.68 m 49.991 m 45.9225 um
Vo 10 vV 10 Vv 10 vV
e 93.16 /m 101.506 m 94.5075 /m
5V a -3.7607E-02 -3.7678E-02 -3.6204E-02
b 6.3173E-01 6.3431E-01 5.9955E-01
.y c 6.7484E+00 7.5875E+00 7.0324E+00
d -2.1954E-01 -4.5659E-01 1.2666E-01
a -6.9588E-03 3.2479E-06 6.3846E-03
b -2.2892E-01 -1.6427E-04 -2.2781E-01
H aun c 1.2123E+01 8.3180E-02 1.2354E+01
d 1.9896E+00 -2.2988E-01 1.2075E-01
) (VY oV oV
1A 6V 6V 6V
e, 1.831 ¢m 2.825 tm -0.285 /m
& 55.745 um 61.125 m 55.8835 um
Vo 10 vV 10 Vv 10 vV
e 93.3 /m 102.043 im 94.4735 (m
6V a -3.6683E-02 -3.9410E-02 -3.5208E-02
b 6.1293E-01 6.5406E-01 5.8443E-01
4y c 6.8627E+00 7.5590E+00 7.0784E+00
d -1.7617E-01 -3.3498E-01 -5.1478E-02
a -5.4591E-03 -8.0335E-03 -3.6578E-03
b -2.5547E-01 -2.3675E-01 -2.6776E-01
H aun c 1.2265E+01 1.3111E+01 1.2502E+01
d 1.9802E+00 2.7805E+00 -2.0668E-01
v oV oV oV
1A 8V 8V 8V
e, 3.711 im 4.932 (m 1.52175 m
& 45.68 m 84.667m 76.87125m
Vo 10 vV 10 Vv 10 vV
e 95.598 m 104.607 im 96.02875/m
8Vv a -5.0176E-02 -4.8078E-02 -4.1762E-02
b 8.3768E-01 7.8442E-01 6.8010E-01
.y c 6.1695E+00 7.4097E+00 6.9398E+00
d -2.1484E-01 -4.7004E-01 -1.3930E-01
a -7.0645E-03 -6.8860E-03 -6.4584E-03
b -2.3220E-01 -2.6078E-01 -2.1600E-01
H atun c 1.2228E+01 1.3266E+01 1.2255E+01
d 3.8474E+00 4.9835E+00 1.4795E+00
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Minor Loop Variable X-Axis Value Y-Axis Value Z-Axis Mae
v ov oV ov
Y 5V 5V 5V
e 1.81 m 2.376m 0.0407Qm
& 45.68 m 49.991 /m 45.9225 m
Vi 10V 10V 10 V
e 93.16 101.506 ym 94.5075 im
5V a 4.8681E-06 3.4140E-06 4.4949E-06
b -7.4900E-04 -5.7342E-04 -6.9543E-04
4y c 1.3466E-01 1.2109E-01 1.3169E-01
d 6.0174E-02 8.2959E-02 7.6898E-03
a 4.1634E-06 3.2501E-06 3.4338E-06
b -1.8876E-04 -1.6457E-04 -1.2583E-04
H o c 9.0055E-02 8.3191E-02 8.6995E-02
d -2.0497E-01 -2.2995E-01 -3.5517E-02
) ov ov ovVv
Y 6V 6V 6V
e 1.831 um 2.825 m -0.285
& 55.745 m 61.125 im 55.8835/m
Vi 10V 10V 10 V
e 93.3 i 102.043 um 94.4735 im
6V a 4.7136E-06 3.5170E-06 4.3611E-06
b -7.2418E-04 -5.8552E-04 -6.7434E-04
4y c 1.3348E-01 1.2126E-01 1.3093E-01
d 5.1141E-02 6.8870E-02 3.0646E-02
a 3.9585E-06 3.2453E-06 3.0810E-06
b -1.5782E-04 -1.7247E-04 -7.3342E-05
H o c 8.8468E-02 8.3648E-02 8.5114E-02
d -1.9884E-01 -2.5962E-01 -3.6244E-03
v ov ov oV
Y 8V 8V 8V
e 3.711 m 4.932 1m 1.52175 ym
& 45.68 m 84.667m 76.87125/m
Vi 10V 10V 10 V
e 95.598 um 104.607 ym 96.02875m
8V a 5.8186E-06 3.8177E-06 4.7720E-06
b -9.0957E-04 -6.4026E-04 -7.3573E-04
4y c 1.3820E-01 1.2050E-01 1.3089E-01
d 8.0171E-02 9.2284E-02 4.7693E-02
a 4.1398E-06 3.1836E-06 3.2758E-06
b -2.1502E-04 -1.8076E-04 -1.2994E-04
H c 9.0237E-02 8.3285E-02 8.7712E-02
d -3.7158E-01 -4.3840E-01 -1.5392E-01
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V= 4.89681£2—6(e—1.81)*—7.49£—4(e—1.81)*
+1.3466 £~ 1(e—1.81)+6.0174£—2

Vo= —5+4.1634 £—6(e+47.48) 3 —1.8876 2— 4( e+ 47.48) (3-5)
+9.0056.£—2( e+47.48) — 2.0497 21

V,= A.T136£—6(e—1.831) > —17.2418 2~ 4(e—1.831) 2
+1.334821(e—1.831) +5.1141.2—2

Vin= —4+3.9583 Z—6(e+37.555) * —1.57828—4(e+37.555) 2 (376)
+8.8468£—2( e+ 37.555) — 1.9884 24— 1

V.= 5.81864—6(e—3.71088) > —9.0957 £ 4(e—3.71088)
+1.3820£—1(e—3.71088) +8.0171.2—2

Voon= —2+4.1398 £Z—6(e+18.3525)  —2.1502 84— 4(e+18.3525) 2 (3-7)
+9.0237£—2( e+ 18.3525) — 3. 7158 £— 1

V= 3.4140£—6(e—2.3763) ° —5.7342 £~ 4(e—2.3763) *
+1.2109£—1(e—2.3763) +8.2959

Voon= —5+3.2501 Z—6(e+51.515) *—1.64572—4(e+51.515) 2 (378)
+8.3191£—2(e+51.515) — 2.2995 2— 1

V.= 3.51710£—6(e—2.8248) °* —5.8552 2~ 4(e—2.8248) *
+1.2126 2 1(e—2.8248) +6.8870 £ 2

Vopn= —A4+3.2453 Z—6(e+40.9175) * —1.7247 £~ 4(e+40.9175) 2 (3-9)
+8.3648 £—2( e+ 40.9175) — 2.5962 £—2

V.= 3.8171£—6(e—4.9318) °* —6.4026 £—4(e—4.9318) *
+1.2050£—1(e—4.9318) +9.2284 £ 2
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Vown= —2+3.1836 £—6(e+19.93)° —1.8076£—4(e+19.93) 2
+8.3285 £ 2(e+19.93) —4.384£—1

(3-10)

V= 4.49492—6(c—0.04075) * —6.9543 2 4(e—0.04075) *
+1.3169.2—1(e—0.04075) +7.6898 23

Vown= —5+3.4338 £—6(e+48.585) ° —1.2583 £ 4( e+ 48.585) 2
+8.6995 £ 2( e+ 48.585) — 3.5517 £—2

(3-11)

V= 4.3611£—6(e+0.285)° —6.7434 2~ 4(e+0.285) 2
+1.30932—1(e+0.285) +3.0646 £—2

Von= —A4+3.0812—6(e+38.59) % —7.3342£5(e+38.59) 2
+8.51142—2( e+ 38.59) —3.6244 £ 3

(3-12)

V= ATI20E—6(e—1.52175)° —17.3573 £~ 4( e—1.52175)
+1.308941(e—1.52175) +4.7693. 22

Vin= —2+3.2158 Z=6(e+19.1575) * —1.2994 £~ 4(e+19.1575)
+8.7712£—2(e+19.1575) —1.5392£—1

(3-13)
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Fig. 4-5 Alignment between 1 Ch. Input and 8 Ch. Outpigtail
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