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ABSTRACT

Piezo Drive Tunable Optic Filter
"©Wen Zu 2005

Master of Applied Science
Department of Electrical and Computer Engineering
Ryerson University

Tunable fiber optic filter has extensive applications in telecommuhication, spectroscopy,
and fiber optic sensing. Many research attempts have been devoted to develop a filter
with a wide tuning range, a fast tuning speed, a fine tuning resolution, and high reli-
ability. Despite of the progress made so far, a tunable fiber optic filter that combines
all these qualities is still a subject of intensive research.

This thesis describes the design, fabrication and test results of a high performance
tunable fiber optic filter. The filter is piezo-driven using a flexural hinge structure
for displacement magnification and an axial strain of a fiber Bragg grating. Finite
element analysis was used to design the mechanical structure to achieve the required
displacement magnification and reaction force for grating compression. A passive
thermal compensation design was implemented with two spacers of different coeffi-
cients of thermal expansion to compensate the thermal-induced wavelength drift. A
feedback control system with a linear variable differential transformer was employed
to control the displacement and to achieve the designed tuning accuracy.

A tuning range of 13.7 nm, a maximum closed loop switching time of 17.3 ms,
and a wavelength drift of 1.4 pm/C were achieved. The flexural-hinge structure, that
offers noise-free motion, no need of lubricants and no wear, ensures its long-term

reliability.
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Chapter 1

Introduction

1.1 Review of Tunable Filter Technologies

PTICAL networks have been a reality as the physical layer of high-performance
O telecommunication networks. The tunable filter grows in the applications to
optic performance monitoring, tunable laser, optical add drop multiplexing (OADM),
wavelength-divisibn multiplexing (WDM), tunable receivers, tunable external cavity
laser(ECL),and dispersion compensation.

There are a number of different tunable filter constructions with different tun-
ing techniques, including angle-tuned interference filter (ATIF), waveguided Mach-
Zchender filter (MZF), Fabry-Perot etalon filter (FPF), acoustic optic tunable fil-
ter (AOTF), diffraction grating filter (DGF'), tunable spectral slicing filter (TSSF),
micro-electro-mechanical system (MEMS) filter, and fiber Bragg grating (FBG)ﬁiter.

ATIFs, otherwise known as thin film filters, were the first multi-wavelength type
of filters to be used in WDM. They are made by depositing a series of thin layers
of coatings of two materials with different refractive indexes. ATIFs can be made
tunable by changing the angle of incident light. This kind of filters has a sufficiently
low crosstalk and a narrow bandwidth [1], in addition to the lower cost since they
can be mass-produced.

MZF's are based on the difference in length between two sources that interfere
with each other. The length difference introduces a phase difference in the light
signal that combine either positively or negatively. MZFs are tuned by changing the



phsical length of one of the two paths. MZF's are able to realize a narrow passband of
less than 0.1 nm, so they are applicable to optical frequency multiplexing (OFDM)[2].

FPFs have a narrow passband of less than 1 nm. Solid type, fiber type, and
liquid crystal types of FPFs have been proposed [3][4]. A FPF consists of two highly
reflective mirrors separated by a distance. By adjusting the distance between the
mirrors, a single wavelength can be chosen to propagate through the cavity, while
the remaining wavelengths destructively interfere. The distance between the mirrors
can be adjusted mechanically by physically moving the mirrors. The optical crosstalk
limits the number of multiplexed channels of FPFs. Also, FPFs are sensitive to
temperature changes so that they have to be placed under the temperature control
within +0.1 C[5].

AOQOTFs utilize polarization conversion in wavelength. They are tuned by surface-
acoustic waves or interdigital electrodes. This kind of filters appears to be a suitable
basis for multi-wavelength optical cross-connects. They offer a broad tuning range, a
fast tuning speed, and a simultaneous filtering capability. These filters have polariza-
tion dependency and sidelobes with periodic deviation. Researches have be carried
out to improve their characteristics [6].

Diffraction grating filters (DGF) are made up of a large number of regularly spaced
grooves on a substrate that uses the diffraction property of light and reflects the
incident light in a direction that depends on the angle of the incident light, the
wavelength and the grating constant. Tuning of DGFs is accomplished by changing
the angle of the incident light on the grating. DGFs are widely used on ECL to tune
wavelength.

The tunable spectral slicing filter, TSSF, is fabricated on a birefringent electroop-
tic substrate material. It makes use of phase-matched co-directional polarization
conversion in a single mode waveguide for channel selection [8]. This polarization
coupling can be achieved via the static strain-optic effect through the use of a dielec-
tric grating overlay film integrated with the waveguide. The spectral slicing feature
results from the use of a sparse grating for polarization conversion. The device can

be tuned electrooptically or thermally, and is inherently polarization-independent.



Microelectromechanical system (MEMS) based tunable filters are attracting much
interest currently because of wide tuning range, polarization insensitive operation and
two-dimensional (2-D) array integration [9]{10]. One of their drawbacks is the need
for a large tuning voltage of several hundreds volts or even larger [11]. In addition,
the temperature dependence of resonant wavelength is a remaining problem.

A fiber Bragg grating (FBG) is a piece of fiber with the index of refraction varying
periodically along its length. FBG can be made tunable mechanically and thermally.
Mechanically, the fiber can be stretched or compressed; hence the Bragg wavelength
is tuned. In the thermal tuning, application of heat or cool can change the FBG’s
length and the index of refraction; thus the Bragg wavelength is tuned. In this thesis

work, the mechanical tuning FBG was used to build the optic tunable filter.

1.2 Review of FBG-based Filters

The periodic pertﬁrbation of the refractive index along the fiber length is formed by
the exposure of a bare fiber to an intense interference light pattern.

The formation of permanent gratings in an optical fiber was first demonstrated
by Kenneth O. Hill et al. in 1978 [12]. Due to the fiber photosensitivity, the fiber’s
refractive index changes after UV irradiation. Figure 1.1 shows one FBG writing
setup used in Optic Sensing and Communication Laboratory at Ryerson University.

Before radiation, optic fibers need to be loaded in hydrogen to enhance their
photosensitivity. The index perturbation in the FBG core (shown in Figure 1.2) is
similar to a volume hologram or a crystal lattice, which acts as a stop-band filter.
A narrow band of incident optical field within the fiber is reflected by successive,
coherent reflection from the index variations. The strongest interaction or mode
coupling occurs at the Bragg wavelength Ap (Arefie: in Figure 1.2) that is given by
[18]:

AB = 2nessA (1.1)

where n.yy is the effective modal index and A is the grating period.
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Figure 1.1: Scheme of writing a FBG
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Currently, there are two main methods to shift the Bragé grating centrai wave-
length : by modifying the fiber refraction index thermally [13][14] or by changing the
grating period mechanically [15][16].

Due to the excellent behavior of silica under stress, mechanical stress has been

preferentially applied to obtain a wide tuning range. In particular, G.A. Ball et al.



[14] realized a compression based tunable fiber laser over a 32 nm tuning range.
Mechanical stress is applied to the optical fiber along its axial direction by an
actuator. The relationship between the stress and the strain in the elastic domain

and in the axial direction x is given by:
Oaz =F - €0z (1.2)

where E is the Modulus of Elasticity of the optic fiber/Silica glass, and ¢,, is the
axial strain which is defined by:

Eaz = Blez (1.3)

where Al,, is the change of the guided fiber length, l,;, under compression. The
shift of the Bragg central wavelength, AJ, is related to axial strain by the following
relationship [17]:

A

A_B. = (1 - pe)Ea.:c (14)

where the photoelastic constant p, is 0.22 [18].

1.3 Motivations

To apply the FBG based optic tunable filters in telecommunication, a significant
amount of effort has been put into the filter’s design and fabrication in the past years.
The majority of these work focused on the filter’s tuning resolution, tuning range, and
tuning repeatability as shown in Table 1.1. Only few considered the filter’s tuning
speed, tuning stability, and the thermal effect. However, as shown in [23], these are
important issues in practice. Without high tuning speed, the filter can’t support the
fast switching required in optic communipation; without the solution to the thermal
drift, the filter can’t be deployed in fields.

The goal of this design is to develop a practical tunable optic filter that not only
meets the requirement of the tuning resolution, range, and repeatability, but also the
requirement of the tuning speed, stability, and thermal stability.

In this thesis, an FBG based tunable filter driven by piezo stacks and stroke
expander with a low Coefficient of Thermal Expansion (CTE) was designed. To

5



References A 1 [19] 2 [20] 3 (23]
Structure PZT+translation Not Not
. stage disclosed disclosed
Closed Loop Switch time n/a n/a 50 ms @Tuning range of 8 nm
wavelength error of 50 pm
Tuning Resolution 0.1 nm nfa n/a
Tuning Range 46 nm 45 nm 8 nm
Tuning Repeatability 0.12 nm n/a n/a
Thermal Compensation n/a nja 70 pm/70 C

Table 1.1: A Comparison of FBG-based optic tunable filters from three references

achieve high wavelength stability, a feedback control was employed. To cancel the
thermal drift of wavelength, a lower CTE steel, Invar 36, was used to fabricate the
actuator. In addition, a thermal compensation mechanism, using two kinds of spacers
of different CTEs, was specially designed to compensate for the thermal-induced
wavelength drift of the filter. The proposed filter was tested for all the designed
features.

Table 1.2 shows the expected characteristics of the filter.

Closed Loop Switch time <20 ms

Resolution <10 pm
Maximum Tuning range 20 nm
Repeatability <50 pm

Thermal Compensation | <1.5 pm/C

Table 1.2: Characteristics of the tunable filter

1.4 Outline of Thesis

The remainder of this thesis consists of three ché.pters, which are organized as follows:

Chapter 2: Filter Design and Fabrication, describes the tunable filter’s design and
fabrication. The calculations, simulations, analysis, drawings, and the assembly are
detailed in this chapter. Mechanical design, electronic design, thermal compensation

design, Labview programming and filter fabrication are presented in different sections.

6



Chapter 3: Filter Tests and Measurements, describes the tests of the filter, including
filter calibration, closed loop tuning speed, short and long term drift, wavelength tun-
ing repeatability, tuning resolution, thermal compensation test, and filter applications

test. Tests results are discussed in this chapter.

Chapter 4: Conclusions, discusses the results and summarizes the contributions of

this work. Future work on how to improve this filter is proposed.



Chapter 2

Filter Design and Fabrication

2.1 Introduction

IEZO drive tunable optic filter described in this thesis used two piezo stacks(APC
P International, Ltd, PZT150 x 10 x 10/20) to generate a stroke of 0 ~ 40 um (0
~ 4150 V DC power supply) or 0 ~ 60 pm (-30 ~ +150 V DC power supply). This
stroke was magnified by a metal structure, an actuator, which compressed a guided
FBG; hence the FBG’s Bragg wavelength was shifted. Changing the applied voltage
on piezo stacks tuned the FBG’s Bragg wavelength. A linear variable displacement
transducer (LVDT)(Solartron Metrology, SM1) was used to measure the displacement
of the actuator and to provide the feedback control for the filter. This feedback con-
trol provided the linear relation between the filter’s input and output, and minimized
external disturbances [21]. The filter design included mechanical and electronic de-
signs. The mechanical design consisted of the following parts: the actuator, the FBG
guiding, the upper and lower holder to fix the guided FBG on the actuator, and the
spacers to compensate for the thermal drift of the filter. The electronic design con-
sisted of the following parts: the LVDT driver circuit, the subtractor amplifier (used
to build the feedback control with the LVDT), the DC power supply circuit, and PCB
Design. A data acquisition (DAQ) card (National Instruments Inc., 6035E) was used
to send the control signal from a computer to the subtractor amplifier. Therefore,
several Labview programs were also needed to drive the DAQ card, and to perform

all the features of the actuator in the application.



2.2 Piezo Element

A monolayer structure piezo ceramic, or PZT ceramic (PZT: lead (Pb) zirconia (Zr)
Titanate (Ti)), acts as a capacitive element, which is consisted of two thin conduc-
tive electrode coatings enclosing the PZT-ceramic as dielectric. When this ” piezo-
capacitor” (showed in Figure 2.1) is charged by applying a voltage, deformation is
created. This deformation is used to produce motions and/or forces. The above effect
is the complementary effect to piezoelectricity, where electrical charges are produced

upon application of mechanical stress to the ceramics [22].

? y—deforemation
eletrodes

x—deforemation

eletrodes /

P/T ceramic

Figure 2.1: Schematic of a PZT Single Layer Structure

Piezo stacks make use of the increase of the ceramic thickness in direction of
the applied electrical field. Stacking of several layers towards a multilayer structure
increases equivalently the total stroke. Stack motion on the order of microns to
tens of microns, and force from hundreds to thousands of Newtons are typical [21].
The principal characteristics of the piezo stack are listed as follows: a high energy
conversion efficiency, low voltage operation, large force, low motion, a fast response,
and no electro magnetic interference (EMI).

Many piezo products based on the multilayer structure have been developed over

these years, e.g. piezoelectric motors, sound or ultrasound generating devices [21].

9



Figure 2.2 shows the diagram of piezo stack’s stroke vs. applied voltage used in

this thesis. Its open loop sensitivity is approx. 0.1 pm/1 V [22].

Normmalized Stroke / Voltage Diagram of Piezo Stack

0.8 -

0.6

04

Normalized Stroke

0.2 -

0 50 100 150
Applied Voltage(V)

Figure 2.2: Stroke/Voltage Diagram of Piezo Stack

From Figure 2.2, the piezo stack’s nonlinear error and hysteresis are obvious.

Therefore, some methods must be considered to reduce those errors in practice.

2.3 Mechanical designs

2.3.1 Design Requirement

In this design, a tuning range of 20 nm were expected for a FBG written at 1550
nm. The needed compressed length of fiber for the above target was calculated from
Equation 1.4 [17]. Figure 2.3 shows a guided FBG under compression.

Substituting the Bragg wavelength (Ap=1550 nm), the tuning range (AA=20 nm
), and the guided fiber length (l;=24 mm ) into Equation 1.4, the required compressed
length of fiber, Aly;, is 0.4 mm.

10




Steel sleeve Guiding ferrules
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IR |

&
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Figure 2.3: Guided FBG

From the Equation 2.1, the required force for 0.4 mm fiber compression can be
calculated.
F =¢,.FA (2.1)

where E = 72.5 GPa is the Modulus of Elasticity of the optic fiber/Silica glass, A is
the section area of fibers. For SMF28 optic fiber with a diameter d = 0.125 mm, its
section area, A = Zd?, is 0.0123 mm?2. Substituting A= 0.0123 mm? and €,, = %’:ﬁ
= gf%’:- = 1.1% into Equation 2.1, the required force is F’=14.5 N.

To minimize the thermal effect on the structure, Invar 36 was selected to build
the actuator. Invar 36 is a 36 % nickel-iron alloy which has a low thermal expansion
from room temperature to approximately 230 C.

High durability is an additional requirement in this design, because this optic filter
is expected to operate more than one million times. Studies carried out by Boeing
Inc. show that Invar 36 is the material which provides the best compromise between
the CTE, durability and overall fabrication costs [24][25].

To ensure the durability of the actuator, the maximum strain on the actuator,

Sy, should not exceed the fatigue strength. It can be calculated from: Sy = I%O'g,

where Ty = 679 MPa is the yield tensile strength of Invar 36 , and E = 148 GPa is

11



the modulus of elasticity of Invar 36. Therefore, the maximum strain is Sy = 2752
LE.
Table 2.1 shows the properties of materials and piezo stacks used in this design.

Material M. of o,CTE Poisson’s | Shear Tensile S.
Elasticity | (ppm/C) Ratio | M.(GPa) | Yield(MPa)
(GPa)
Type 430 200 10.4, 0-100C 0.29 86 441
Stainless Steel
Type 304 200 17.3, 0-100C 0.29 86 205
Stainless Steel
Invar 36 148 1.3, 20-100C 0.3 60 679
(cold drawn) ,
Invar 36 141 0.96, 20-100C 0.3 60 274
(annealed) )
Zn 96.5 31, 0-100C 0.249 38.6 35
Piezo stack 90 -4.5,0-100C |- 0.31 58
Optic Fiber 72.5 0.55,0-250C 0.19 30 3310
(Silica glass)

Table 2.1: Material properties

2.3.2 Finite Element Analysis of Actuator

Since the maximum stroke generated by two piezo stacks was only 40um (0 ~ 150 V
power supply), the stroke gain of 10 was needed to magnify the piezo stroke to the
required compressed length of the fiber, 0.4 mm, under a load of 14.5 N. An elastic
elliptical shell actuator truncated in the long axis, with piezo-actuation in its long
axis and an amplified stroke in its short axis, was designed to achieve a stroke gain
as described in [26]. This kind of structure provided negligible backlash, noise-free,
no need of lubricants and no wear motion [28]. The stroke gain of that actuator on
a zero force load is the ratio of length of its long axis to its short axis. However, it
was not practical to design and fabricate an elliptical shell actuator with a gain of 10
on 14.5 N load, due to its very large size. In this thesis design, flexural-hinges on the
elliptical shell actuator were used to achieve a sufficient stroke gain [27]. Figure 2.4

shows the structure of the half actuator with 8 flexural-hinges.
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Figure 2.4: Half actuator with 8 flexural-hinges

In the actuator design, the Finite Element Analysis (FEA) software, ANSYS ,
was used to analyze the actuator’s mechanics model, and to optimize the actuator’s
structure in order to achieve the required stroke gain and force. Figure 2.5 shows
the ANSYS 3D-model of the actuator. Due to the symmetry of the structure, only a
half of the actuator model was built and analyzed in ANSYS to reduce the amount
of calculation data; hence, the piezo stroke applied on the actuator in the x-direction
was half of the two piezo strokes. The outside frame shown in Figure 2.4 was not
included in ANSYS models, since it was stationary, and had no effect on the actuator’s
mechanical structure.

Figure 2.6 shows the model after meshing. The ANSYS element type, SOLID
95, was selected to build the model. It is a higher order version of the 3-D 8-node
solid element, SOLID45. The hinges have curved surfaces. Compared to SOLID
45, SOLID 95 is well suited to models with curved boundaries [37]. It can tolerate
irregular shapes without loosing accuracy.

The boundary condition was defined as follows (shown in Figure 2.7):

e Area 1 and 2 on the model can’t move in the x-direction due to the symmetry of

the actuator. They connect the other half model. Therefore, their displacement
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Figure 2.7: Boundary Condition

e Piezo stacks generates 20 um displacement and it is the load applied on the

area 4.

e Force "F” is applied in the frame’s y-axis on the model. It is the reaction force
of the compressed FBG, which is equal, but in opposite direction, to the force

that is generated by the frame when the frame is deformed.

Table 2.2 shows the main results of the ANSYS analysis of the frame with F=0,
where Az is the applied displacement in the model’s x-axis, Ay is the frame displace-
ment in the y-direction, (Ay/Az) is the stroke gain, and (Smaz(z)) is the maximum
tensile strain in the frame’s x-direction.

From these results, the actuator’s stroke gain is between 30.85 - 30.9, and the
difference in gain is less than 0.2%. The negative means Ay decreases along the
y-direction when Az increases in the x-direction. The maximum strain is perfectly
a linear function of Az , i.e. the whole structure works in the linear region. The
maximum strain under Az = 25 pm (-15 ~ +150 V applied voltage on the pizeo

stack) is - 1814 pe, and negative means tensile strain. It is less than the fatigue
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strength of the actuator, Sy=2752 pe. Figure 2.8 shows the structure deformation.

Az(um) 5 10 15 20 25

Ay(pm) | -309 | -617 | 926 | -1234 | -1543

Ay/Azx -30.9 | -30.85 | -30.87 | -30.85 | -30.86
Smaz(z)(ue) | -343 | -686 | -1028 | -1371 | -1814

Table 2.2: Structure deformation

1
DISPLACEMENT
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Figure 2.8: Structure deformation under U, = 25um

ANSYS was also used to optimize the model in this section. Before optimization,
those hinges on the actuator had the same length and thickness. From the second
column of Table 2.3, it can be seen that the difference of the maximum strain among
the hinges is 804 pe. The goal of the optimization was to balance this maximum
difference of strains.

Depend on the ANSYS analysis results, the length and thickness of hinges were
changed to balance the strains on those hinges. In the optimization, the piezo stack’s

stroke, Az =25 um , was used on all models, and the thickness of the actuator was
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15.8 mm. Table 2.3 shows the dimension of the hinges and the maximum strains on

hinges before and after optimization.

Hinge | Smaz(z)(1€), before Op. | Spaz(z)(1€), after Op. | Thickness(um) | Length(mm)
1 -1051 -1590 180 0.88
2 -1394 -1620 170 0.79
3 -1814 -1707 180 0.59
4 -1576 -1690 170 0.74
5 -1584 -1650 170 0.74
6 -1855 -1714 180 0.59
7 -1388 -1610 170 0.79
8 -1010 -1580 180 0.88

Table 2.3: Hinge optimization

After optimization, the difference of Smaz(z) on hinges was reduced from 804 pue
to 134 pe. The maximum strain on the actuator is -1714 pe, which is less than the
fatigue strength of the actuator, S;=2752 pe.

Table 2.4 sho&s the deformation of the actuator for the different forces and a fix
displacement in the x-axis, Az = 25 pm. From the table, it can be seen that Ay

decreases as the force increases.

Force (N) 10 12 20 28 28*
Ay(p m) -1071 | -982 | -609 | -250 | -586
Gain 214 | 19.6 | 12.18 5 11.72
Smaz(z)(ue) | -718 | -880 | -1243 | -1630 | -1723

Table 2.4: Force vs. Deformation

The last column in Table 2.4 shows the displacement Ay if the actuator material
was changed from Invar 36 to Type 304 stainless steel on the same model. The
stroke gain is significantly large at the same load and boundary condition if Type
304 stainless steel was used, due to the higher modulus of elasticity of Type 304 than
that of Invar 36.

From the ANSYS results, the displacement in y-direction, Ay, was 825 um under
force=14.5 N, and the maximum strain on the hinge , Smaz(z), was -1714 pe. This

result meets the requirements described in Section 2.3.1.
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2.3.3 Mechanical Design of Actuator

The engineering drawing of the actuator is made using Autocad as shown in Figure
2.9. The structure of the actuator frame and flexible hinges were calculated based on
the ANSYS results. An outside frame was design to provide a base for the actuator.
The holes 1-8 on the outside frame were designed to install the actuator’s top and
bottom covers. Because of machining tolerance, the tight contacts between spacers,
piezo stacks and the actuator fequires a pre-load. The tapped holes of 9-16 were
designed to hold four springs to provide the pre-load. The guided FBG was fixed on
the actuator by the upper holder and the lower holder through the center holes of 23
and 24. The tapped hbles of 17, 18, 19, and 20 were used to connect the upper and
lower holders to the actuator by screws. The holes of 21 and 22 are two spare holes
for providing an extra pre-load if needed. Two slots (Slot 1 and 2) with one end open
and the other one end closed were designed to retain spacers for applying load and

thermal compensation.

L
ﬁ

Hole 1~8 Hole 19~20 Slot 12
i l l @ T
== —
e Hole 23~24 :Le - \,L
H Hole 9=16 S
L EEi— 4
\] O l 1 O
: o, O
Hole 17~18  Hole 21~22
——-(é Material:
=0 Invar 36

Figure 2.9: Actuator

2.3.4 Mechanical Design of FBG guiding
FBG guiding assembly and a part of the actuator are showed in Figure '2.10. ‘An
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Figure 2.10: Accessorial parts of the actuator

LVDT holder was designed to install the LVDT rod on the same line of the y-axis of
actuator. The high concentricity of the LVDT rod fitting with the upper holder is
required to reduce the error of the LVDT measurement.

The optic fiber was guided in four ferrules, each with a length of 10.5mm, and
was glued inside the two end ferrules. A precisely machined sleeve was designed to
hold these four ferrules. Lower holder and Upper holder were designed to fix the
two end-glued ferrules in the assembly by four set screws. The requirement of the
holders was to keep L1=L2 (shown in Figure 2.10 ). In this case, those two holders
had the same thermal expansion in same direction. These two thermal expansions
counteracted each other in the following thermal compensation design. In addition,
the high concentricity of the upper and lower holders fit with the hole of 23 and 24
(shown in Figure 2.9) was required. The fit of G7/h6 based on the shaft basis system

was required for the sleeve and holders.
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2.4 Thermal Compensation Design

2.4.1 Introduction

When an FBG-based tunable optic filter operates in an environment with a variable
temperature, its center wavelength will shift with temperature [29]. For example, an
FBG made of SMF 28 fiber and written at 1550 nm will shift at a rate of 10 pm/C. The
thermal expansion of the actuator frame will change the distance between the upper
and lower holders. This will further shift the FBG wavelength. It is a challenge
to analyze the whole thermal effect of the filter because it combines the thermal
expansion of the actuator and the thermal shift of the FBG’s refraction index. In
this thesis, two kind of spacers with different CTEs, Spacer A and Spacer B, were
designed to compensate for this thermal effect of the filter.

Figure 2.11 shows the actuator thermal compensation design. Spacers generated

Pizeo Stacks spacer B

1
INA
I~

i

spacer A

Figure 2.11: Thermal compensation structure

an additional thermal expansion or contraction in the actuator’s x-direction when the
temperature changed. This x-axis length change of the actuator changed the length
of the actuator in the y-direction; hence the FBG was compressed or elongated, and

the Bragg wavelength shift due to the thermal effect was compensated.
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ANSYS was used in the thermal compensation design to calculate the thermal

deformation of the actuator, spacers and piezo stacks.

2.4.2 Actuator Thermal Effect Analysis

Figure 2.12 shows the thermal effect of the actuator with a +10 C temperature change
applied on the model. Other boundary conditions were defined the same as in Section

2.3.2. In Figure 2.12, the scale of deformation is enlarged to 1000:1. From the ANSYS

: DISPLACEMENT

TIME=1
DMX =.129E-04

Figure 2.12: ANSYS result of the thermal effect on the actuator

result, the x-axis and y-axis thermal expansions of the frame were:
Al;,;(p|T) = 1.05um/106' (2.2)

Aly(ﬂr) = 0.297[17)2/100 (2.3)

The model of the actuator frame without hinges was also built to make a compar-
ison. Figure 2.13 shows the the model of this frame, in which hinges were replaced

by solid bars. ANSYS gave the thermal expansions of the frame without hinges:
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Figure 2.13: Frame without flexible hinges

Alz:(FlT) = 1.045um/10C (2.4)

Alyryry = 0.383um/10C (2.5)

If simply using the following thermal expansion equation:
Al=L-a-AT (2.6)

to calculate the frame’s thermal expansions, the x-axis and y-axis thermal expansions
of the frame are:

Alypiry = 1.054pum/10C 2.7

Aly(plT) = 0.378,um/100 (2.'8)

The result from Equation 2.6 is close to the ANSYS result of the frame without

hinges. Comparing ANSYS results of these two frames, it is seen that the flexural-

hinges reduces the thermal expansion in the actuator’s y-direction by 21.4%, and

gives no change in the x-direction. It is obvious that the flexible hinges increases the

complexity of the thermal effect calculation of the actuator.
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2.4.3 Spacers Calculation and Design

The temperature characteristic of FBG is given by [18]:

AT? = (a+Q)AT (2.9)
where o = (1/A)(0A/9T) is the CTE of optic fiber; ¢ = (1/ns7)(0 ness/d T) is
thermooptic coefficient. For Silica glass,  is 0.55 ppm/C, and ¢ is 6.6 ppm/C. For
the FBG made of SMF 28 optic fiber, Az is 0.1 nm/10 C at 1550 nm. Therefore,
in this design, the FBG needs to be compressed to achieve a -0.1 nm/10 C Bragg
wavelength shift, A, to realize the thermal compensation. Figure 2.14 defines the

symbols used in the thermal compensation calculation.

y
Aly =ALyrm+ALyxm
Alyxm
Alyem Spacer B Frame
T
‘1:: / ).
{14 d
i Alxrm AL X
| A|_x(spc1<:ers+;:oiel'<>)|T
J &2 KL \\ /‘l: = ALx(F]T)+ A Lx
= \ /
il @
Pizeo Stack e

Figure 2.14: Actuator thermal effect calculation

First, Al,, the compressed fiber length to compensate for the thermal drift of an

FBG, is to be calculated from the following equation:

A ]
/\B(l - pe) °
where the photoelastic constant p. = 0.22, Bragg wavelength Ag = 1550 nm, and the

guided FBG length lp = 24 mm. Substituting A\, = -0.1 nm/10 C into Equation
2.10, Al, is -1.98 um/10C.

Al (2.10)
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The total compression in the y-axis, Aly, is the sum of the thermal expansion of
the actuator frame along the y-axis, Alyir) = 0.297 pum/10C(described in Section:
2.4.2), and the deformation of the actuator frame along the y-axis due to the thermal

expansion of the actuator frame along the x-axis, Alyx|r),
Aly = Aly(F|T) + Aly()qT) (2.11)

Hence,
Aly()qT) = Aly - Aly(prp) = —-2.28;zm/1OC (2.12)

From the actuator calibration of Ay/Az under the force load (the actuator with
the guided FBG), and 60 V piezo driver output, the displacement gain of the half
actuator is -4.88. Therefore, the deformation of the actuator’s x-axis, Alxr, which
generates Alyxr), is

Alyxr)/ — 4.88 = 0.467um/10C (2.13)

The expansion of the spacers and piezo stacks, Aly(e)ir (Alz(spacerstpiezo)r i Figure
2.14), includes two parts: one is the thermal expansion of the frame in x-axis, Al FIT);

the other is the required deformation, Alxr. Therefore,
Alg(e)r = Alyriry + Alxir (2.14)

Substituting Alx;r = 0.467 pm/10C, and Al;(FIT) = 1.05 um/10C (Section: 2.4.2)
into above equation, Alyyr is 1.517 pm/10C.

The spacer A was made of Invar 36, and spacer B was made of Type 304 stainless
steel. The length of spacer A and B, I4 and lp, can’t be simply calculated from
Equation 2.6, because the aperture in the center of the spacer B changes the thermal
expansion of the spacer B. Figure 2.15 shows the ANSYS analysis of the thermal
expansion of the spacers and piezo stacks . From this figure, the spacer B has the
biggest thermal expansion at the spot with the thinnest wall. The expansion difference
on the space B decreases if the aperture’s diameter is small with respect to the length

of spacer B. The thermal deformation of the spacer B was well calculated in ANSYS.
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Figure 2.15: Thermal expansion of spacers and piezo stacks (x-direction)

From ANSYS results, Alygr = 1.517 pm/10C was obtained when the length of
spacers, l4 and lg, were 29.17 mm and 15.46 mm, respectively.
Slots and stages on these two spacers were designed to retain the piezo stacks and

spacers in the frame.

2.5 Electronic Designs

The electronic control system was designed for two purposes: to measure the dis-
placement, and to tune the filter to a required wavelength with a feedback control.
Figure 2.16 shows the electronic block diagram of the filter. The electronic design
includes four parts: the driver circuit of the LVDT; a subtractor amplifier; a low
noise DC power supply circuit; the printed circuit board (PCB). The requirements of
the electronic circuit design are high linearity, 1/25000; low noise, <30 pV; low drift,
<100 ppm/C.
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Figure 2.16: Electronic block diagram of the tunable filter

2.5.1 LVDT Driver Circuit Design

Linear Variable Differential Transformer (LVDT) is an electromechanical transducer
that produces an AC voltage output proportional to the relative displacement of the
core and the windings.

LVDT’s input is the mechanical displacement of a core, and its output is an AC
voltage proportional to core position. Figure 2.17 illustrates the function of an LVDT.

The moveable core couples flux between the windings. The series-opposed connected

Red

Figure 2.17: LVDT

LVDT transducer consists of a primary winding energized by an external sinusoid
wave reference source and two secondary windings connected in the series opposed

configuration. With the core in a central position, the coupling from the primary
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Ve to each secondary is equal, so V4 = Vp and the output V, = 0. As the core is
displaced, V, differs from Vp in proportion to the displacement; hence V, changes in
magnitude and phase in proportion to movement in either direction from null. The
direction of movement is detected by measuring the phase of the output.

The main advantage of the LVDT principle over other types of displacement trans-
ducer is its high degree of robustness. This is derived from their principle in which
there is no physical contact across the sensing element, hence zero wear in the sensing
element. The LVDT principle of measurement is based on magnetic transfer which
also means that the resolution of LVDT transducers could be infinite. The smallest
fraction of movement can be detected by suitable signal conditioning electronics.

Figure 2.18 shows the application of LVDT driven by an AD698 subsystem, a

signal conditioner.

| VOLTAGE
REFERENCE
OSCILLATOR
AD698
FILTER AMP

Figure 2.18: LVDT driven by a signal conditioner

The AD698 chip is a complete, monolithic LVDT signal conditioning subsystem.
It is widely used in conjunction with LVDTSs to convert transducer mechanical posi-
tion to a unipolar or bipolar DC voltage with excellent accuracy and repeatability.
With the addition of exterhal passive components to set frequency and gain, the

ADG698 converts the raw LVDT output to a scaled DC signal. The AD698 contains
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a low distortion sine wave oscillator to drive the LVDT primary. Two synchronous
demodulation channels of the AD698 are used to detect primary and secondary am-
plitudes, respectively. The part divides the output of the secondary by the amplitude
of the primary and multiplies by a scale factor. This eliminates scale factor errors due
to drift in the amplitude of the primary drive, improving temperature performance
and stability. The AD698 uses a unique ratio metric architecture such that primary
to secondary phase shifts and transducer null voltage have no effect on overall circuit
performance. The benefits of this circuit are: no adjustment, higher temperature
stability, and higher transducer interchangeability. The AD698 is available in two
performance grades: AP, SQ [30]. SQ was selected in this design.

Figure 2.19 shows the connection method of 4-wire LVDT connected in the se-

ries opposed configuration with a +15 V power supply. The design of the LVDT
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Figure 2.19: LVDT driven by AD698

drive circuit includes the following calculations: the excitation frequency determining
capacitor C1; the oscillator amplitude determining resistor R1; the optimum LVDT

excitation voltage,Vexc; C2, C3 and C4 for the desired bandwidth of the AD698
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position measurement subsystem; R2,for the full-scale output voltage. R3 and R4
are set for the offset of output voltage swing. R3, R4 and the phase lag/lead circuiit
were fixed after the PCB assembly and pre-test.

The energizing frequency of the LVDT, fgxc was set to match the LVDT zero
phase frequency. C1 is given by [30]:

_ 35uF

Cl=
fexc

(2.15)

From the LVDT’s datasheets, the zero phase frequency of the LVDT was at 14 kHz.
Therefore, C1 was 0.0025 pF.

The oscillator amplitude is set such that the primary signal is in the range of 1.0
V to 7 V rms and the secondary signal is in the range of 0.25 V to 7 V rms when the
LVDT is at its mechanical full-scale position. This optimizes linearity and minimized
noise susceptibility.

The voltage transformation ratio of the LVDT at its mechanical full scale, VTR,
is determined by VTR =6 x , where ¢ is the LVDT sensitivity and [ is the maximum
stroke length from null of LVDT, for LVDT SM1, ¢ is 0.148 V/V/mm and ! is & 1.5
mm, VTR is 0.222. With + 18 V power supply, the maximum excitation, Vex¢, is 7
V rms, the maximum secondary voltage will be 7V rms x 0.222 = 1.55 V rms, which
is in the acceptable range. When Vexc is 7 V rms, the the value of the amplitude

determining component R1 is selected as 4 k2 by the curve shown in Figure 2.20 [30].

The system bandwidth, Sy, was expected to be 250 Hz. C2, C3, and C4 are func-
tions of the system bandwidth. They have nominally equal values, and are determined

by the Equation 2.17:
C2=C3=C4=10"4(F)(Hz)/S;(Hz) (2.16)

Substituting sy=250 Hz into the above equation, C2, C3, and C4 equals 0.4 pF.
When selecting values of C2, C3 and C4, a trade-off is involved. There is ripple
on the "DC” position output voltage, and the magnitude is determined by the filter

capacitors. Generally, smaller capacitors would give higher system bandwidth and
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Figure 2.20: Excitation voltage Vgxc vs. R1

larger ripple. Figures 2.21 [30] shows the magnitude of ripple as a function of C2, C3
and C4, again all equal in value. A shunt capacitor across R2, Cspune=10 nF, was
used as an additional filter to reduce the ripper. This would increase phase lag.

R2 is given by [30]:
_ Vtmt
~ 6 x dx500pA

where V,,; = £ 7V is full-scale range (14 V span), and d is the full-scale displacement
of LVDT, 3 mm. Solving the Equation 2.17; R2 is 63 k2.
A 5V precision voltage reference transducer, REF02(Burr-Brown Co., REF02BP),

R2 (2.17)

was used to provide a precision voltage reference for AD698. Figure 2.22 shows
this voltage reference circuit. The features of this voltage reference circuit are the
following: output voltage noise < 2.5 uV,—,; temperature stability < 10 ppm/C,
2000hrs term drift < 30 ppm.
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Figure 2.21: Output voltage ripple vs. Filter Capacitance

I

Vin

Vout f—O—9—0 Output

REF02

Oi Temp  Trim 5—0—% ?gok;z
GND (Optional)
(? 4

Figure 2.22: 45V Reference

2.5.2 Subtractor Amplifier Design

The subtractor amplifier was used in the design to build the feedback in a closed-loop

with the LVDT. Figure 2.23 shows the circuit.
This subtractor required that R1+R2=R4+R5, and R3=R6; thus the subtractor’s

31



R3 R4 RS

R1 R2

‘|>—|:3 {1 - R6
Al — ot
LVDT Output
= - + Sub.Output

Control Signal A2
—+

Figure 2.23: Subtractor

output, Vsu0, is given by:

R4+ R5
Vsun0 = (1 + —52—)(Voontr = Vivoro) (2.18)

where,Vgonsr is the control signal, and Viypro is the LVDT output. Six 9.4 kQ2
resistors with 5 {2 difference were selected for R1, R2, R3, R4, R5,and R6; hence
Vsub,0=3X(Veoontr-Vivpr,0). This subtractor also requires that the two operational
amplifiers have a higher common mode rejection ratio (CMRR). An operational ampli-
fier, LTC1150 (Linear Technology Corporation, LTC1150CN8), was selected to build
the subtractor. LTC1150 is a high-voltage +16 V, low offset 0.5 pV, low noise 1.8
©Vp—p, high-performance(CMRR. > 130 dB), and zero-drift < 0.01 4V/C operational
amplifier [31].

2.5.3 Low Noise DC Power Supply Circuit Design

In this filter, the whole circuit system was powered by a + 18V DC power supply.
To reduce the noise on the DC circuit, which mainly comes from the AC circuit
and the power wires, an additional low noise DC power supply with £ 15 V output
was designed for the DC circuit. Figure 2.24 shows the DC power supply for the

subtractor.
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Figure 2.24: DC Power Supply for Subtractor

In this low noise DC power supply, a 3-terminal positive adjustable regulator,
LM317 (National Semiconductor Co., LM317T), was used to provide +15 V DC,
and a 3-terminal negative adjustable regulator, LM337 (National Semiconductor Co.,
LM337T) was used to provide -15 V DC.

2.5.4 PCB Design

The PCB design followed two rules. One was that the layout of components should
minimize the interference from AC to DC signal. The other was that the placement
of the ground should separate the AC and DC circuit from each other, and shorten
the route from the ground pins of components to the ground of the power supply.
Figure 2.25 shows the layout of the PCB. All AC signal circuit was placed on the
lower part of the PCB, far away from the DC signal circuit, which was located on the
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Figure 2.25: PCB Layout

right-upper part of the board. All AC signal components and DC components were
surrounded by their own ground. AC ground and DC ground were connected with

one spot near the power ground.

2.6 Labview Programming

The filter’s input control signal was sent from a computer through a NI DAQ card .
Several Labview programs were made for different tests to initialize the DAQ card’s
output and input channels, send the control signal for filter tuning, read LVDT’s
output, and process data.

Figure 2.26 shows the Labview program that generates 20 Hz sine wave signal for
the filter running test. Output channel number was set to ”outputl”.

Figure 2.27 shows the Labview program for the filter tuning speed test. The
program generated a pulse signal to the filter. Output channel number was set to
”outputl”. -

Figure 2.28 shows the Labview program for the filter’s tuning repeétability test.
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Figure 2.27: Labview diagram for the pulse signal generator
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alibration Data Path

Figure 2.29: Labview diagram for the wavelength tuning
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Figure 2.30: Labview diagram for reading LVDT

The program generated the control signal from DAQ card’s output channel ” output1”,
and read the LVDT output data from the DAQ card’s input channel "input0”. The
control signal and the filter data were written to an Excel spreadsheet file before the
program ended.

Figure 2.29 shows the Labview program for the filter’s wavelength tuning test. The
program read a spreadsheet file including the look-up table for tuning wavelength vs.
the control signal, and sent the control signal, which matched the desired wavelength,
to the subtractor circuit of the filter.

Figure 2.30 shows the Labview program for the filter calibration test and resolution
test. In these tests, the program generated an increment step control signal from the
DAQ card’s output channel "outputl”, and read the LVDT output and wavelength

meter from the input channel "input0” and ”input1”.
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2.7 Filter Fabrication

2.7.1 Parts Machining

From Section 2.3.2, the minimum dimension of the actuator was the thickness of
the hinges, 170 pm and 180 pum. A tight location and orientation tolerance of the
actuator were required. Sitico Precision Machining Co. was contracted to machine
the actuator, using electron discharge machining (EDM). The EDM can achieve 10
pum accuracy while the conventional machining is limited to 25 to 50 um accuracy.

The other parts were fabricated in a mechanical shop by traditional processes.

2.7.2 PCB Assembly

The PCB was fabricated with a milling machine in Dept. Electrical and Computer
Engineering at Ryerson University. The machine cut routes on a copper clad laminates
board. This is one of the easiest ways to fabricate the PCB. Because some of the PCB
fabrication processes, e.g. plated through hole (PTH), Solder Resist Printing, and
Solder Mask Over Copper, were not performed, the components were difficult to be
soldered on the board, and all via needed to be sealed by solder before the assembly.

Two D-sub 9 connector were soldered on the PCB to connect the + 18 V DC
power supply and a cable to a computer. One heat sink was attached on the top of
AD698 to cool the chip.

The resistors R3 and R4 for the LVDT offset of output voltage swing were set as
follows: R4 was 81 KQm, R3 opened.

The phase lag/lead circuit showing in Figure 2.19 was designed to compensate
for the phase shift between the primary winding and the secondary windings. Based
on the circuit pre-test , the output of the LVDT secondary windings lagged behind
the input of the the primary winding. Hence, the parameters of the phase lag/lead
circuit were set as follows: C was 150 pF||150 pF, R, was 9.5 k2, and Ry was 25 k(2.

The following characteristics of the circuit were obtained from the circuit tests:

resolution of 1/25000, noise of 25 uV,—p), and drift of 30 ppm/C. This circuit meets
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the design requirements.

However, for high performance filter, the circuit with an extremely lower noise
and drift is needed. Noise of this circuit mainly comes from the output of AD698.
Increasing C2, C3, C4 and Csyynt could reduce the noise and improve the resolution
of the filter. Nevertheless, it also reduces the bandwidth of the filter and decreases
the stability of the filter. The drift of the circuit is from the AD698’s thermal effect.
ADG698 generates amount of heat when it drives the LVDT. In this design, a heat
sink was used to dissipate the heat on the surface of AD698. Adding a thermoelectric
cooler (TEC) to control the surface temperature of AD698 would significantly reduce
the drift.

2.7.3 FBG Guiding

Figure 2.31 shows the FBG guiding assembly. The length ls, 42.4 mm, is the sum of

Steel sleeve Guiding ferrules

=l Fiber Cladding
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Glue: ~Fiber Core

Figure 2.31: FBG Guiding

—

the length of four ferrules plus a gap for FBG compression. The length of the ferrule
is 10.5 mm, and the gap should be equal to or slight longer than the length of the
compressed fiber that was discussed in Section: 2.3.1, Aly; = 0.4 mm. After applying
the epoxy, the assembly was heated for the epoxy curing. The length [; is the length
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of optic fiber between two glued spots, i.e. the length of the glued fiber, which is
a critical data used in the filter design (see Section: 2.3.1). Iy can be controlled by
changing the heating process. Higher heating temperature makes /oy shorter. In this
design, the cure temperature was set at 70 C, and the cure time, 2hrs. That gave lo

= 24 mm.

2.7.4 Filter Assembly

Figure2.32 shows the assembled mechanical parts of the filter. First, spacers and

. Stock LVDT Holder
izeo Stacks  Screw \Hl/upper Holder Spacer B
e
— ‘ ::r_/—l
ks
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X I £
'$ \ ==, $-
7 A Lower Holder
Guided FBG
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Figure 2.32: Filter assembly

piezo stacks were installed into the actuator. Then, the guided FBG was fixed on the
lower holder by set screws. The lower holder and the guided FBG were fixed on the
outside frame of the actuator by screws. Because one end of the guided FBG was
fixed, any twist on the other end of the guided FBG could damage the FBG. After
the upper holder was fixed on the frame, the LVDT holder was attached on to the

upper holder. Four pre-load springs were installed on the actuator by screws.
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Chapter 3

Filter Tests and Measurements

3.1 Introduction

r I YHE following tests were set to verify the design and fabrication of the piezo

drive tunable optic filter:

e Filter Calibration, to establish the correspondence between the tuning wave-

length and the LVDT output.

e Closed Loop Tuning Speed, to measure the tuning speed of the filter using

optical and electrical methods.
e Short Term and Long Term Drift, to test the filter’s wavelength stability.
e Wavelength tuning Repeatability, to test the filter’s dynamic stability.

e Tuning Resolution, to test the highest resolution of the filter in a required tuning

range.

e Thermal Compensation Test, to verify the filter’s wavelength stability as tem-

perature varies.

e Filter Applications Test, to show the filter applications as a spectrometer and

an optic channel switch, respectively.
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3.2 Tests Setup

3.2.1 Optic Test Setup

Figure 3.1 shows the optic configuration for the following tests: filter calibration; long
and short term draft; wavelength tuning repeatability; tuning resolution; thermal
compensation. In these tests, a wavelength meter was used to accurately measure the
wavelength of the filter. In the test of reflection spectra, an optical spectra analyzér

(OSA) was used to record and analyze the spectrum of the filter.

light source 1 X 2 coupler
7
7.
FBG
wavelength meter
7
1 OSA

Figure 3.1: Optic system setup A

light source 1 X 2 coupler

FBG

lightwave multimeter

~.
— ~

NCthin film filter

Figure 3.2: Optic system setup B

Figure 3.2 shows the optic configuration for tests: closed-loop tuning speed and

filter scanning. A thin film filter and a lightwave multimeter were used in these tests
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to detect the light power of the filter’s output.

3.2.2 Instruments and Components Used In Tests

The instruments and components used in the tests are listed in Table 3.1:

Name Manufactory Model
Light Source E-TEK BLS
Wavelength Meter HP 86120B
Lightwave multimeter HP 8153A
Photo Detector (Optical Head) HP 81521B
Optical Spectra Analyzer (OSA) ANDO AQ6331
Piezo Driver General Photonics PCD-001
Digital Phosphor Oscilloscope Tektronix TDS3032B
Multi-meter HP 34401A
DC Power Supply HP E3630A
Hot Plate Branstead Hp46515
Thermoelectric Cooler Leca Ahp-301cp
Thin Film Filter E-Tek DWFI-07552
1X2 Coupler E-Tek SWBC2150PS210
DAQ Card NI 6035E
3-Axis Precise Stage Newport M-561-T1LT-LH

Table 3.1: Instruments and devices

3.3 Tunable Filter Calibration

First, the LVDT was calibrated by establishing a relationship between the LVDT
S,

output and A known displacemen%./ A micrometer was used as a reference. Generally,

the LVDT output was adjusted between 5 V to 6 V per millimeter in tests. This ratio

varied depending on the relative location of the LVDT core and windings. Therefore,

each time this relative location changed, the LVDT needs to be re-calibrated.

Then, a control voltage was sent from a computer to the subtractor. The filter
responded to the control signal, and tuned to a wavelength measured by a wavelength

meter. Filter calibration was carried out by recording the control signal , the LVDT
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output, the reflected FBG wavelength, and the piezo driver output, establishing the
relationships between the LVDT output and the tuning wavelength, and building the
look-up table (Control signal vs. Tuning wavelength).

Figure 3.3 and Table 3.2 show the results of the filter calibration.

LVDT vs. Wavelength
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Figure 3.3: Filter Calibration (LVDT vs. Wavelength)

The tuning range of the filter, from 0 to 13.5 nm, was measured by adjusting the
piezo driver output from -30 V to 150 V. It was shorter than the design goal of 20 nm.
The reason was that the material for the actuator fabrication was not the same as the
material used in the calculation. In the design, a cold drawn Invar 36 bar with the
yield tensile strength of 679 MPa was used. In the fabrication, an annealed hot rolled
Invar 36 bar with the yield tensile strength of 247 MPa was used. Repeating the
ANSYS analysis in Section 2.3 with parameters of the annealed hot rolled Invar 36,
M. of elasticity of 141 GPa and the yield tensile strength of 247 MPa, the maximum
displacement of the frame in y-direction under the fatigue strength of material was
0.27 mm with the force of 9.8 N and the applied displacement in x-axis of 29 um.
This result is less than that calculated in Section 2.3.1, 0.4 mm with the force of 14.5
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Control Signal (V) | LVDT output (V) | Pz driver output (V) | Wavelength (nm)
-1.5 0.2011 -30 1550.208
-1 0.2059 -28.3 1550.214
-0.5 0.2573 -18.3 1549.501
0 0.312 -8.2 1548.733
0.5 0.3631 2.3 1547.975
1 0.4158 13.2 1547.29
1.5 0.4685 23.3 1546.508
2 0.5295 33.3 1545.771
2.5 0.5886 42.1 1545.051
3 0.6645 52.8 1544
3.5 0.733 62.7 1542.957
4 0.808 72.4 1541.912
4.5 0.879 82.2 1540.97
5 0.937 92.1 1540.192
5.5 0.9909 102 1539.511
6 1.0521 112.1 1538.74
6.5 1.1242 122.2 1537.73
7 1.1738 132.3 1537.1171
7.5 1.203 143.3 1536.65
7.8 1.208 149.5 1536.67

Table 3.2: Filter calibration

N and the applied displacement in x-axis of 20 um. From Equation 1.4, the maximum
tuning range of the filter under the 0.27 mm compression was 13.55 nm. This was
close to the test result, 13.5 nm. Though the design goal of the maximum tuning

range was not obtained, the design process was proved.

3.4 Closed Loop Tuning Speed/Switching Time

The switching time of the filter was defined as the delay between the onset of the
control signal and the detection of the fully reflected light (90% or -0.5 dB) at the
required wavelength by a photo detector. A photo detector with a fast response time
" and a narrow band pass filter at 1541.39 nm with the -3 dB bandwidth of 0.3 nm were
used for this test. In this arrangement, the detector would only ”see” the light when

the tunable filter was tuned from 1547.52 nm (start wavelength) to 1541.39 nm.
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One feature of the system with a feedback control loop is when the system responds
a pulse control signal, its output has a small variation. The same observation was
made while testing. When responding to a pulse signal, the output wavelength of the
filter showed a small variation before reaching a stable value. The wavelength error
was defined as the amplitude of this wavelength variation, and the switching time was
méasured as a function of the wavelength error. Since the respond time of the Hp
wavelength meter is in the order of 100 ms, it can not be used for the switching time
measurement. The wavelength error was calculated from the output of the LVDT.

A 2-channel digital oscilloscope was used to record the pulse control signal and the
LVDT output; the pulse control signal and the output of the photo detector. Figure
3.4 shows the traces of the control signal and the photo detector output. From this a
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Figure 3.4: Control signal vs. Photo detector

ﬁgure, 17.3 ms switching time can be seen when a 90% light power was detected.
The wavelength error was calculated from Figure 3.5. When switching time
was 17.3 ms, LVDT error, s, was 0.8%. The corresponding wavelength error was

0.8%xtuning range(6.13 nm)=0.049 nm. Therefore, the switching time of this filter
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was 17.3 ms for the tuning range of 6.13 nm with a 49 pm wavelength error.
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Figure 3.5: Control signal vs. LVDT output

The following factors would affect the switching time: piezo stacks and the piezo
driver, the feedback control loop, the NI DAQ card, the actuator, and the LVDT.

From the LDVT and the piezo driver’s specification datasheets, the delay of the
LVDT and the piezo driver are less than 1 ms and 0.03 ms, and the responds times
of the actuator, the NI DAQ card, and the piezo stack are less than 1 us [39][22][23].
Therefore, the 17.3 ms filter switching time was mainly from the feed back loop.

The feed back control circuit was used in the filter tuning control for higher ac-
curacy and stability. However, the feed back control loop restricted the system’s
dynamic responds, i.e. the ﬁuning speed. If the applications require a lower accuracy,
the feed back control can be changed to achieve a higher filter tuning speed.

The tuning speed test was repeated ten times to determine the variation of the
switching time, and a range between 17 ms to 17.4 ms was found for the switching

time as shown in Figure 3.6.
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Figure 3.6: Switching time variation

3.5 Short and Long Term Drift

Short-term Drift
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Figure‘ 3.7: Short term drift

The filter short-term drift were tested by recording the FBG’s output wavelength
every 5 minutes for 30 minutes. It was less than 4 pm. Figure 3.7 shows the filter

short-term drift of 4 pm.
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Figure 3.8: Long term drift

The filter long-term drift were tested by recording the FBG’s output wavelength
every 30 minutes for eight hours. It was less than 6 pm. Figure 3.8 shows the filter

long-term drift of 6 pm.

3.6 Wavelength tuning Repeatability

In order to test the filter’s tuning repeatability, the tuning of the filter from the
start wavelength to three different wavelengths were repeated for 20 times. The
tuned wavelength reading from the wavelength meter and the corresponding output
of LVDT were recorded. The variation of the wavelength, the tunable filter’s tuning
repeatability, were determined from those recorded wavelengths.

Figure 3.9 shows tuned wavelengths at three different tuning ranges. Figure 3.10
shows the corresponding LVDT output.

The optical repéatability variation of the filter was 20 pm for the 3 nm tuning
(from 1547 nm to 1544 nm), 16 pm for the 6 nm tuning (from 1547 nm to 1541 nm),
and 13 pm for the 8 nm tuning (from 1547 nm to 1539 nm). The corresponding
electronic repeatability variation of the filter are: 2 mv for the 3 nm tuning, 1.3 mv

for the 6 nm tuning, and 0.9 mv for the 8 nm tuning, respectively.
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Figure 3.9: Tuning repeatability of the filter tuned 20 times to three different wavelengths
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Figure 3.10: The corresponding LVDT measurements when the filter were tuned to three
different wavelengths for 20 times

The repeatability variation reduced as the tuning range increased. The reason
could be the stiffness of the frame increased with the increase of displacement. This

indicates that applying a higher pre-load could further improve the filter’s repeata-
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bility.

3.7 Tuning Resolution

The tuning resolution of the actuator was defined as the minimum repeatable dis-
placement increment that an actuator can generate under an applied control signal
increment.

The tuning resolution of the filter was defined as the minimum repeatable wave-
length increment that the filter can generate under an applied control signal incre-
ment.

In the precious actuator tests [27], the tuning resolution of the actuator was
+20nm within 0.9 mm tuning range, or 1/22500, with F=0.

Figure 3.11 shows the tuning resolution of the tunable filter.
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Figure 3.11: Resolution of the filter

The control signal with an incremental step, 4 mv, was applied from a computer.

The wavelength shift generated by the control signal was read from a wavelength
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meter. The minimum repeated wavelength shift of the filter, 7 pm in a tuning range
of 8 nm, was obtained. This resolution is currently limited by the 12bit D/A in the
NI DAQ card.

Figure 3.12 shows the corresponding output of the LVDT during the resolution
test. The resolution of the LVDT output was about 580 uV. The corresponding
displacement was 120 nm. From the calculation in Section 2.3.1, the 120 nm com-
pression generated wavelength shift of FBG, 6.3 pm. This was close to the resolution

reading from Figure 3.11.
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Figure 3.12: Corresponding output of the LVDT

The resolution of the filter was affected by the pre-load and the frictions among
the sleeve, ferrules, and the optic fiber. A large pre-load will improve the filter’s
resolution. If the friction between fiber and its guiding system can be reduced, a
higher resolution can be obtained. However, the friction can’t be eliminated , because
the ferrules and the sleeve need fraction to hold the optic fiber, to keep the fiber from
micro-bends, and to maintain the concentricity between optic fiber guiding parts.

In addition, the accuracy of manufacture and assembly of the filter components
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may also limit the resolution of the filter.

3.8 Thermal Compensation Test

During this test, the filter was set on a hot plate (Branstead, Hp46515) or on a ther-
moelectric cooler (TEC)(Leca, Ahp-301cp), and was tuned to a certain wavelength.
The wavelength of the filter was measured at different temperatures to verify its ther-
mal stability. The hot plate and the TEC maintain the temperature on the actuator
with an error of £1 C.

First, the filter was put on the hot plate, and the hot plate temperature was set
to 20 C, 30 C, and 40 C. The filter’s wavelength was recorded at every temperature
after the temperature on the actuator reached equilibrium, &1 C. Then, the actuator
was put on the TEC, and the temperature was set to 10 C. The filter’s wavelength
was recorded after the temperature reached equilibrium.

The thermal compensations with five different spacers and FBGs were tested.

Table 3.3 shows the test results.

lo(mm) | Spacer A,l4(mm)) | Spacer B,lg(mm) | A \/T(pm/C)
Case 1 SS304, 32.57 SS304, 4.33 -124
Case Il | 23.9 Invar 36, 32.57 SS304, 4.33 +25.1
Case III | 28.07 Invar 36, 29.13 SS304, 7.73 +3.7
Case IV | 24.12 Invar 36, 29.12 SS304, 7.73 +2.8
Case V | 23.88 Invar 36, 29.07 SS304, 7.84 +1.5

Table 3.3: The results of thermal tests with different spacers

In this table, {4 and Ip are the length of the spacer A and B, respectively. [y is
the length of the guided fiber. SS304 is Type 304 stainless steel. AX/T is the average
wavelength change per degree of the temperature.

Figure 3.13 shows the thermal test result in Case V at two wavelengths, 1544 nm
and 1538.8 nm, respectively.

The wavelength stability, 1.5 pm/C, was obtained in this test. It meets the design

requirement. This value is comparable to the wavelength stability of thin-film based
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Figure 3.13: Result of the thermal test, Case V

WDM filters on market, i.e. 1 ~ 2 pm/C.

The CTE values of piezo and Invar 36, which were used in the design, affected the
calculation of the thermal compensation. From different sources, the CTE of piezo
changed from -3 ppm/C to -6 ppm/C. In calculation, the CTE of piezo stack was
determined to be -4.5 ppm/C based on the test data. The CTE of Invar 36 changes
from 0.8 to 1.6 ppm/C depends on the suppliers. 0.96 ppm/C were used as the CTE

of the Invae36 in the thermal compensation calculation.

3.9 Filter Applications Test

An narrow band tunable FBG can be used to scan spectral profiles of the other
types of filters. In this test, the tunable filter was scanned over the spectrum of a
standard 100 GHz DWDM thin film filter (centred at 1541.39 nm with 0.3 nm -3dB
bandwidth). Figure 3.14(a) shows the spectrum of the DWDM filter measured with
the tunable filter. Figure 3.14(b) shows the spectrum of the thin film filter measured

with an OSA. Comparing these two plots, it can be seen that these spectral profiles
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Figure 3.14: (a)The Spectra of Thin Film Filter measured by the tunable filter (b)Filter
measured by an OSA
are almost identical.

The reflection spectra of the FBG at different center wavelengths in a tuning
process are showed in Figure 3.15 with the piezo driver output changed from 0 V to

120 V. From the first peak in the right in Figure 3.15 to the last peak in the left, the
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piezo driver output(V) are at: 0, 20.2, 30.1, 40.1, 50.3, 60, 70, 80, 90.5, 100, 110.5,
and 120.2, respectively. It simulated the application of the tunable filter as a channel
switch in an optic communication system with the channel spacing of 0.8 nm(100
GHz). The filter isolation band remains larger than 35 dB, and there is almost no

change in the spectra shape.

Reflection Spectra of FBG Under Compression
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Figure 3.15: FBG Reflection Spectra
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Chapter 4

Conclusions

4.1 Summary of thesis

Y objective is to design an optic tunable filter with a fast tuning speed, a high
M tuning resolution, a stable thermal behavior, and a high reliability. In this
thesis, a piezo drive optic tunable filter based on a fiber Bragg grating was described.
The proposed filter was constructed and tested. The results were presented and
discussed.

Two piezo stacks with a 40 um total stroke were used as the displacement genera-
tor, and an ellipse shape actuator was designed to magnify the piezo stroke to 0.4 mm
under a reaction force of 14.5 N. The actuator was made of Invar 36 to minimize the
thermal induced wavelength drift. An LVDT was used to monitor the displacement
of the actuator and to provide the feedback control loop for the wavelength tuning
of the filter. The feedback control loop provided the higher resolution and better
stability of the filter. Labview programming and NI DAQ card were used to perform
the wavelength tuning of the filter.

Two spacers with different CTEs were designed to compensate for the thermal
effect of the FBG and the actuator.

Noise control and the precision of the control circuit were analyzed in the electronic
design. Precision, Zero-Drift operational amplifier, LTC1150, was used to build the
subtractor. A low noise DC power supply was designed to separate the power supply

for AC and DC circuit. In the PCB design, AC and DC circuit were separately placed
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to minimize AC noise.

Table 4.1 shows the achieved performances.

Closed Loop Switch time | 17.3 ms

Resolution 7 pm
Maximum Tuning range | 13.5 nm
Repeatability 26 pm

Thermal Compensation | 1.5 pm/C

Table 4.1: Characteristics of the tunable filter

Based on the implementation and the results, some major conclusions can be

drawn as follows:

e The flexible hinges of the elliptic shaped structure significantly expand the |
displacement of up to 30 times without load. However, the displacement reduces
as the load increases. At a load of 14.5 N, the displacement of magnification
of 4.5 is obtained. FEA software, ANSYS, is effective tool in the calculation of

the structure with sufficient accuracy.

e Carefully designing and fabricating the thermal compensation spacers can re-
duce the thermal-induced wavelength drift of the filter to almost zero. This

thermal compensation design is effective and relatively easy to be implemented.

e Mechanical precision is one of the key factors for designing this kind of device.
If the tolerance of the upper and lower holders could be control under 5 um,
the whole performance of the filter would be higher. However, the fabrication

cost could be significantly higher.

4.2 Contributions

In this thesis, an FBG based optic tunable filter was investigated' using two piezo

stacks as the displacement generator , and an ellipsé shape actuator with 16 flexible

58



hinges as the displacement expander. This design realized a high performance, low
cost, and compact optic tunable filter.

The switching time of 17.3 ms was achieved, this is much shorter than the 50 ms
switching time reported before [23].

The resolution of 7 pm was obtained. This is the highest resolution of this kind
of tunable filter reported so far.

As low as 1.5 pm/C thermal-induced wavelength drift was achieved.

In this design, the FEA method was used to design the filter and its thermal
compensation. It was proved to be simple and economical.

With Labview programs and a NI DAQ card, the filter could be easily operated ,
and its features could be changed to meet different applications.

As the test results show, the design specifications for this filter have been achieved,
except the tuning range. It is shorter than the design goal due to the different
materials used in the design and in the fabrication.

This is the ﬁrét time, to my knowledge, that a tunable fiber optic filters with all

those features has been designed and fabricated.

4.3 Future reséarch

In this section, several proposals are presented, which will further enhance the per-

formance of the filter.

4.3.1 Displacement Expanders with Large Stroke Gain Un-
der a Force Load

From the above described dptic tunable fiber design, a 13.5 nm wavelength tuning
range has been obtained. However, the tuning range of over 20 nm would be more
useful in many applications. In this section, several stroke expanders are proposed
that will extend the tuning range to more than 20 nm.

As mentioned in Sectioﬁ 3.3, the actuator was made of an annealed hot rolled

Invar 36 bar, though a cold drawn Invar 36 bar was used in its design. The yield
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tensile strength of the annealed hot rolled Invar 36 is 274 MPa, and that of the cold
drawn Invar 36 is 679 MPa. If a cold drawn Invar 36 is used to fabricate the actuator,
the allowed fatigue strength will increase from 1110 e of the annealed hot rolled
Invar 36 to 2752 ue. Thus, the maximum tuning range will increase from 13.5 nm to
29 nm. The disadvantage of the material change is the higher CTE of the cold drawn
Invar 36 (shown in Table 4.2). This will change the thermal responds of the filter,
and the thermal compensation spacers need to be re-calculated . Table 4.2 shows the

comparison of some parameters of two filters made of these two Invar 36.

Annealed Hot Rolled | Cold Drawn
Tensile strength, yield(Mpa) 274 679
Allowed Max. Strain (ue) 1110 2400
Max. Tuning Range (nm) 13.5 29
CTE (ppm/C) 0.96 1.3

Table 4.2: Filter made of the annealed hot rolled Invar 36 vs. Filter made of the cold
drawn Invar 36

The second way to achieve a larger displacement and a stronger force is to change
the material of the hinges. The hinges made of Invar 36 with a limited yield strength
can not take a high strain. Changing the hinge material from Invar 36 to other
metals with a higher yield strength, e.g. Titanium alloy, is possible for a larger stroke
amplification and a stronger force.

Titanium is 30% stronger and nearly 50% lighter than steel. Titanium can be
alloyed with aluminum, manganese, iron, molybdenum and other metals to increase
strength and high temperatures endurance, and to reduce the weight. Titanium’s
high corrosion resistance is also a valuable characteristic. When exposed to the
atmosphere, titanium forms a tight, tenacious oxide film that resists corrosive en-
vironments. Titanium is being increasingly utilized for medical applications due to
its lightweight, its strength, and its hypoallergenic properties since titanium is nickel
free. Titanium products are becoming increasingly utilized in other industries as well,
from petrochemical applications to sporting goods.

In this Ti-hinge actuator design, Titanium Ti-6Al-4V (Ti-6-4 or ASTM Grade 5
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Titanium) was selected to fabricate the hinges of the actuator. Table 4.3 lists the
properties of the Ti grade 5 and compares them with the same properties of other

metals.

Material M. of a,CTE Poisson’s | Shear | Tensile S.
Elasticity | (ppm/C) Ratio | M.(GPa) | Yield(MPa)
(GPa)
Type 430 200 10.4, 0-100C 0.29 86 441
Stainless Steel
Type 304 200 17.3, 0-100C 0.29 86 205
Stainless Steel
Invar 36 141 0.96 0.3 60 274
(annealed)
Invar 36 148 1.3 0.3 60 679
(cold drawn)
Titanium 114 8.6 0.423 44 1070
grade 5

Table 4.3: A comparison of material properties

Two model of the Ti-hinge actuator was built with ANSYS. One used a double
Ti hinges structure in a Invar 36 frame and the other with a single hinge structure in
the Invar 36 frame. Figure 4.1 shows the model of the double-Ti-hinge actuator and
Figure 4.2 shows the model of the single-Ti-hinge actuator. In these two models, the
Invar 36 frame and Titanium hinges can be spot- welded or seam-welded together by
Laser. .

This hybrid structure used the lower CTE property of Invar 36 for easier thermal
compensation and the high strength of Titanium alloy to generate a large displace-
ment amplification at a high load. Table 4.4 lists the ANSYS results of those two
models, Model 2 (the double-Ti-hinge actuator ) and Model 3 (the single-Ti-hinge
actuator). The model of the whole Invar 36 actuator (Model 1 in Table 4.4) was also
listed as a reference.

From the ANSYS results, it can be seen that both the single-Ti-hinge actuator and
the double-Ti-hinge actuator meet the requirements of over 20nm FBG tuning range.

The single-Ti-hinge actuator has the higher performance than that with double-Ti-
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Thermal

Ax=20um Ax=20nm Expansion
Hinge F=0 F=14.5N (10+m/10C)
Thick | Hinge
_ness | Lengt4)
(mm) |h J Ay |Stroke |Max. | Ay |Stroke | Max. |x- y-
(mm) |(mm) |Gain |Strain |(mm) | Gain |Strain |axis |axis
(re) (ne)
Model 1 |0.18 [0.59 |1.234 |30.85 |-1371 |0.4 10 -1090 |0.49 |0.30
~0.9
Model2 |0.406 |0.75 [0.8 20 -1748 10523 {13.1 |[-1028 [0.87 |0.85
Model 3 [ 0.406 | 1.4 1.073 | 26.8 |-1489 (0.608 {152 [-550 |0.96 |0.96

Table 4.4: Ansys results of the actuator with Ti hinges

hinge, and is relatively easier to be fabricated.

4.3.2 Rebuild ANSYS Model For Thermal Compensation
Calculation

In the ANSYS calculation, the guided FBG assembly was not included in the ANSYS
model due to the difficulty of the model building and meshing. The calculation of
FBG’s thermal effect was separated from the actuator. Integrating these two parts in

one ANSYS model will improve the precision of the calculation, thus better thermal

compensation.
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4.3.3 Improve The AD698’s Heat Dissipation

The error of the circuit maiﬁly comes from the thermal drift of AD689. Generally,
every IC has a zero or a minimum drift at a certain temperature. Using a thermoelec-
tric cooler (TEC) to stabilize the temperature of AD689 to its zero drift temperature

will minimize the circuit error, and finally improve the filter’s performance.

4.3.4 Re-design The Fiber Guiding System

In the assembly of the guided FBG and its installation, the process involves the .
handling of the bare fiber, a piece of glass with a diameter of 125um . Poor fiber
guiding also increases the risk of fiber breakage in the filter’s applications. New design
of the fiber guiding system and holders are needed to provide the better protection
for the FBG. _

The reduction of the friction among fiber, sleeve and holders, such as adding

lubricant, will help protect the FBG, and improve the filter’s resolution.

4.3.5 Expand The Application of The Tunable Filter

The optic tunable filters are commonly used in fiber optic communication, as de-
scribed Chapter 1 of this thesis. However, their applications are not limited to this
area. They can be used in many other areas. For example, in Optic Sensing and
Communication Lab at Ryerson University, researchers are studying the application
of the sub-picometer fiber optic bandpass filter in wireless communication. The optic
tunable filter can be easily used in their project, to build a sub-picometer tunable
filter for wireless communication. The optic tunable filter can also be used in high-

resolution spectroscopy, such as vibrational-rotational spectrum of gases.
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Appendix A

Drawings of Mechanical Design
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Appendix B
Drawings of PCB

Figure B.1: Top Layer
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Figure B.3: Top-Over Layer
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Ansys Command Log
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IANG,1

/IREP,FAST

NIEW1,,,1

IANG,1

/REP,FAST

IEFACE,1

AVPRIN,0, ,

!'

PLNSOL,U,Y,0,1
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
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/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST

FINISH

IPREP7

ls

MPTEMP,,,,,,»,
MPTEMP,1,0
UIMP,4,REFT,,,0
MPDE,ALPX,4
MPDATA,ALPX,4,,-4.4E-006
MPTEMP,,,,,,»
MPTZMP,1,0
UIMP,3,REFT,,,0
MPDE,ALPX,3
MPDATA,ALPX,3,,1.73E-005
FINISH

ISOL

ISTATUS,SOLU

SOLVE

FINISH

/POST1

SET,FIRST

IEFACE 1

AVPRIN,O, ,

!Q

PLNSOL,U,Y,0,1
AVPRIN,0, ,

!t

PRNSOL,U,Y
SAVE,0606-1,db,D:\lab\pizeo\
FINISH

1 JEXIT,NOSAV

[BATCH
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/COM,ANSYS RELEASE 8.0 UP20030930 11:22:50
RESUME,'12-17-thermal304-8.64mmhole','db",".
/COM,ANSYS RELEASE 8.0 UP20030930 11:22:51
IPREP7

lt

MPTEMP.,,,,,,,,

MPTEMP,1,0

UIMP,1,REFT,,,0

MPDE,ALPX,1

MPDATA,ALPX,1,,0.9E-006

MPTEMP,,,,,,,,

MPTEMP,1,0

UIMP,3,REFT,,,0

MPDE,ALPX,3

MPDATA ALPX,3,,1.69E-005

MPTEMP.,,,,,,,

MPTEMP,1,0

UIMP4,REFT,,,0

MPDE,ALPX,4

MPDATA ALPX,4,,-5.1E-006

FKLIS, ALL

FINISH

/SOL

FLST,2,4,6,0RDE,3

FITEM,2,1

FITEM,2,-3

FITEM,2,6

'*

BFV,P51X,TEMP,10
ISTATUS,SOLU
SOLVE

FINISH

/POST1

SET,FIRST
IEFACE 1
AVPRIN,0, ,

't

PLNSOL,U,Y,0,1
NIEW,1,,,1
/ANG,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
AVPRIN,0, ,

!ﬁ

PRNSOL,U,Y
FINISH

IPREP7

lt

MPTEMPnnnn
MPTEMP,1,0
UIMP,1,REFT,,,0
MPDE,ALPX,1
MPDATA,ALPX,1,,9.6E-007
FINISH

/SOL
ISTATUS,SOLU
SOLVE

FINISH

/POST1
SET,FIRST
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/EFACE1

AVPRIN,O, ,

IQ

PLNSOL,U,Y,0,1

FINISH

IPREP7

I*

MPTEMP,,,,,,,,
MPTEMP,1,0
UIMP,1,REFT,,,0
MPDE,ALPX,1
MPDATA,ALPX,1,,9E-007
MPTEMPnnnu
MPTEMP,1,0
UIMP,3,REFT,,,0
MPDE,ALPX,3
MPDATA,ALPX,3,,1.73E-005
FINISH

ISOL

ISTATUS,SOLU

SOLVE

FINISH

/IPOST1

SET,FIRST

IEFACE,1

AVPRIN,0, ,

I*

PLNSOL,U,Y,0,1

FINISH
IFILNAME,0606-1,1
IBATCH

/COM,ANSYS RELEASE 8.0 UP20030930 14:46:10
RESUME,'12-17-thermal304-8.64mmhole','db',"!
/COM,ANSYS RELEASE 8.0 UP20030930 14:46:12
/IREPLOT,RESIZE
IPREP7

I*

MPTEMPnnnu
MPTEMP,1,0
UIMP,1,REFT,,,0
MPDE,ALPX,1
MPDATA,ALPX,1,,0.9E-006
MPTEMP.,,,,,,.,
MPTEMP,1,0
MPDE,NUXY,1
MPDE,NUYZ,1
MPDE,NUXZ,1
MPDE,PRXY,1
MPDE,PRYZ,1
MPDE,PRXZ,1
MPDE,EX,1
MPDATA,EX,1,,1.41E+011
MPDE,EY,1
MPDATA,EY,1,,1.41E+011
MPDE,EZ,1
MPDATA,EZ,1,,1.41E+011
MPDATA,PRXY,1,,0.29
MPDATA,PRYZ,1,,0.29
MPDATA,PRXZ,1,,0.29
MPDE,GXY,1
MPDATA,GXY,1,,5.78E+010
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MPDE,GYZ,1
MPDATA,GYZ,1,,5.78E+010
MPDE,GXZ,1
MPDATA,GXZ,1,,5.78E+010
MPTEMPuunn
MPTEMP,1,0
UIMP,3,REFT,,,0
MPDE,ALPX,3
MPDATA,ALPX,3,,1.7E-005
MPTEMP.,,,,,,,,
MPTEMP,1,0
UIMP,4,REFT,,,0
MPDE,ALPX,4
MPDATA,ALPX,4,,-6.3E-006
FINISH

/SOL
FLST,2,4,6,0RDE,3
FITEM,2,1

FITEM,2,-3

FITEM,2,6

lﬁ

BFV,P51X,TEMP,10
FINISH

/POST1

FINISH

/SOL

/STATUS,SOLU

SOLVE

NIEW,1,,,1

IANG;,1

IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
/IREP,FAST

FINISH

/POST1

SET,FIRST

FKLIS, ALL

SET,FIRST

DALIS, ALL

IEFACE,1

AVPRIN,0, ,

l'

PLNSOL,U,Y,0,1
AVPRIN,0, ,

!*

PRNSOL,DOF,

FINISH

IPREP7

I.

MPTEMP,,,,,,,,
MPTEMP,1,0
UIMP,1,REFT,,,0
MPDE,ALPX,1
MPDATA,ALPX,1,,9E-007
/PNUM,KP,0
/PNUM,LINE,O
/PNUM,AREA,0
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/PNUM,VOLU,0
/PNUM,NODE,1
/PNUM,TABN,0
/PNUM,SVAL,0
/INUMBER,0

!t

/PNUM,ELEM,0

IREPLOT

li

/IFOC,1,0.3,,,1

IREP,FAST

/IFOC,1,0.3,,,1

IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
IANG,1,30,XS,1
IREP,FAST
IANG,1,-30,YS,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST

FINISH

ISOL

FINISH

/POST1

AVPRIN,0, ,

!i

PRNSOL,DOF,
klist,all,,,coord

FINISH

IPREP7

FINISH

ISOL

FLST,2,4,6,0RDE,3
FITEM,2,1
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FITEM,2,-3

FITEM,2,6
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
/IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
/IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/IFOC,1,-0.3,,,1
/IREP,FAST
/[FOC,1,-0.3,,,1
IREP,FAST
/FOC,1,-0.3,,,1
/REP,FAST
/DIST,1,1.08222638492,1
/IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST '
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST

IPNUM,KP,0
/PNUM,LINE,0
/PNUM,AREA,0
/PNUM,VOLU,0
/PNUM,NODE,0
/PNUM,TABN,0
/PNUM,SVAL,0
/NUMBER,0

!!

/PNUM,ELEM,0
/IREPLOT

lt
SAVE,0610-4,db,C:\PROGRA~1\ANSYSI~1\v80\ANSYS\bin\intel\
/DIST,1,1.08222638492,1
IREP,FAST

FINISH

IPREP7

VCLEAR, 1

VDELE, 1,,.1
FINISH

ISOL

ISTATUS,SOLU

SOLVE

/PNUM,KP,0
/PNUM,LINE,O
/IPNUM,AREA,0
/PNUM,VOLU,0
/PNUM,NODE,1
/PNUM,TABN,0
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/PNUM,SVAL,0
/NUMBER,0

l*

/PNUM,ELEM,0

IREPLOT

!t

FINISH

/POST1

SET,FIRST

/EFACE,1

AVPRIN,O, ,

l'

PLNSOL,U,X,0,1
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST

/FOC,1,0.3,,,1

/IREP,FAST

/FOC,1,0.3,,,1

IREP,FAST
/DIST,1,0.924021086472,1
/IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
IDIST,1,1.08222638492,1
IREP,FAST
IDIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
IDIST,1,0.924021086472,1
IREP,FAST
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/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
IREP,FAST

AVPRIN,0, ,

I*

PRNSOL,DOF,

FINISH

IPREP7

TOFFST,0

I*

MPTEMP,,,,,,..
MPTEMP,1,0
UIMP,2,REFT,,,0
MPDE,ALPX,2

MPDATA,ALPX,2,,3.1E-005

MPTEMP,,,,.,,
MPTEMP,1,0
MPDE,NUXY,3
MPDE,NUYZ,3
MPDE,NUXZ,3
MPDE,PRXY,3
MPDE,PRYZ,3
MPDE,PRXZ,3
MPDE,EX,3

MPDATA EX,3,,2E+011
MPDE,EY,3
MPDATA,EY,3,,2E+011
MPDE,EZ,3
MPDATA,EZ,3,,2E+011
MPDATA,PRXY,3,,0.29
MPDATA,PRYZ,3,,0.29
MPDATA,PRXZ,3,,0.29
MPDE,GXY,3
MPDATA,GXY,3,,8.6E+010
MPDE,GYZ,3
MPDATA,GYZ,3,,8.6E+010
MPDE,GXZ,3
MPDATA,GXZ,3,,8.6E+010
MPTEMP,,,,,.,,
MPTEMP,1,0
MPDE,NUXY,4
MPDE,NUYZ 4
MPDE,NUXZ 4
MPDE,PRXY,4
MPDE,PRYZ,4
MPDE,PRXZ,4
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MPDE,EX 4

MPDATA EX,4,,8E+011
MPDE,EY 4
MPDATA,EY 4,,8E+011
MPDE,EZ,4
MPDATA,EZ,4,8E+011
MPDATA,PRXY 4,,0.3
MPDATA,PRYZ4,,0.3
MPDATA,PRXZ4,,0.3
MPDE,GXY 4
MPDATA,GXY 4,,8E+010
MPDE,GYZ 4
MPDATA,GYZ 4,,8E+010
MPDE,GXZ 4
MPDATA,GXZ 4,,8E+010
MPTEMP.,,,,..,
MPTEMP,1,0
MPDE,NUXY,3
MPDE,NUYZ,3
MPDE,NUXZ,3
MPDE,PRXY,3
MPDE,PRYZ,3
MPDE,PRXZ,3
MPDE,EX,3
MPDATA,EX,3,,2E+011
MPDE,EY,3
MPDATA,EY,3,,2E+011
MPDE,EZ,3

MPDATA EZ,3,,2E+011
MPDATA,PRXY,3,,0.29
MPDATA,PRYZ,3,,0.29
MPDATA,PRXZ,3,,0.29
MPDE,GXY,3
MPDATA,GXY,3,,8.6E+010
MPDE,GYZ,3
MPDATA,GYZ,3,,8.6E+010
MPDE,GXZ,3
MPDATA,GXZ,3,,8.6E+010
FINISH

ISOL
FLST,2,4,3,0RDE,3
FITEM,2,63

FITEM,2,98
FITEM,2,-100

li

1GO

FK,P51X,FX,-10
FLST,2,3,6,0RDE,3
FITEM,2,2

FITEM,2,-3

FITEM,2,6

!t

BFV,P51X,TEMP,10
FINISH

/POST1

FINISH

ISOL

ISTATUS,SOLU
SOLVE

DALIS, ALL

FINISH
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/POST1
SET,FIRST
AVPRIN,0, ,
lt

PRNSOL,DOF,
IANG,1,-30,XS,1
IREP,FAST
/ANG,1,-30,YS,1
IREP,FAST
/IANG,1,-30,YS,1
IREP,FAST
/ANG,1,30,XS,1
IREP,FAST
IANG,1,-30,XS,1
IREP,FAST
/ANG,1,30,YS,1
IREP,FAST
IDIST,1,1.08222638492,1
/IREP,FAST
IDIST,1,1.08222638492,1
IREP,FAST
IDIST,1,1.08222638492,1
IREP,FAST
/DIST,1,1.08222638492,1
/IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST
/DIST,1,0.924021086472,1
IREP,FAST

FINISH

/SOL
SAVE,t,db,C:\PROGRA~1\ANSYSI~1\v80\ANSYS\bin\intel\
FINISH

LIEXIT
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