REAFEEBUKNSFY

Tohoku University Repository

Design and Characteristics of Large
Displacement Optical Fiber Switch

00 OO0 OO0

journal or IEEE Journal of Quantum Electronics
publication title

volume 41

number 2

page range 242-249

year 2005

URL http://hdl.handle.net/10097/47469

doi: 10.1109/JQE.2004.839681



242

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2005

Design and Characteristics of Large Displacement
Optical Fiber Switch

Md. Moinul Islam Bhuiyan, Yoichi Haga, and Masayoshi Esashi

Abstract— Plastic optical fiber (POF) is suitable for indoor local
area network (LAN), for example, in-home or office networks, be-
cause of its flexibility and its ease of connection due to its relatively
large core diameter. A 1 X 2 optical switch for indoor LAN using
POF and a shape memory alloy (SMA) coil actuator with magnetic
latches was successfully fabricated and tested. In this paper, the
design concept and the characteristics of this switch are described.
To achieve switching by the movement of a POF, large displace-
ment is necessary because the core diameter is large (e.g., 0.486
mm). A SMA coil actuator is used for large displacement and a
magnetic latching system is employed for fixing the position of the
shifted POF. For this design, the insertion loss is 0.40 to 0.50 dB
and crosstalk is more than —50 dB without index-matching oil.
Switching speed is less than 0.5 s at a driving current of 80 mA.
A cycling test was performed 1.4 million times at room tempera-
ture. Another optical fiber switch was fabricated and successfully
actuated using plastic clad fiber (PCF). PCF also has a large core
diameter (e.g., 0.20 mm) and optical switches using PCF will be
useful for short distance networks between buildings.

Index Terms—Indoor LAN, magnetic latch, optical switch,
plastic optical fiber, shape memory alloy.

I. INTRODUCTION

OR many multimedia applications, such as television con-

ferences, digital satellite broadcasting and digital televi-
sion, a huge amount of video data is available both at home and
in the office [1]. For indoor local area network (LAN), for ex-
ample, in-home or office networks, plastic optical fiber (POF)
is more suitable than silica optical fiber because of its flexi-
bility and large core diameter (e.g., 0.486 mm), which facili-
tates connection. Small core silica optical fibers are widely used
for communication systems. However, such small core (0.005
to 0.01 mm) optical fibers require high precision alignment be-
tween two fiber ends. As demand for applications of broad-
band systems for home or office LANs increases, it is predicted
that information from the internet or broadcasting will be trans-
mitted to information terminals, where it will be transmitted
to the appropriate AV equipment using a POF network. Plastic
clad fiber (PCF) also has a large core diameter (e.g., 0.20 mm),
and an optical switch using PCF will be utilized for short dis-
tance networks between buildings. Fig. 1 shows an optical fiber
(POF/PCF) with a large diameter, and a conventional silica fiber.
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Fig. 1. Large diameter optical fiber (POF/ PCF) and conventional silica fiber.

The maximum data rate and propagation distance of SI POF
(Eska MIU, Mitsubishi Rayon Co. Ltd.) are 500 MHz/50 m and
0.16 dB/m, respectively. On the other hand, those of GI POF
(Eska GIGA, Mitsubishi Rayon Co. Ltd.) are 1 GHz/50 m and
0.17 dB/m, respectively, while those of H-PCF (HCS: OFS Fitel
LLC) are 20 MHz/km and 6 dB/km, respectively.

In this paper, optical switches for optical fibers (POF and
PCF) with large core diameter were developed. Optical switches
of POF will be needed when indoor LAN becomes widely used
in the near future. For example, 1 x 2 optical switches using
POF will be useful in adding bifurcation to existing networks,
such as in television conferences and monitoring of patients in
hospitals. Another benefit of 1 x 2 optical switches is that the
switch can be bifurcated without optical power loss resulting
from the bifurcation.

For switching by movement of the POF, large displacement is
required because the fiber has to be displaced a distance greater
than its core diameter. A shape memory alloy (SMA) coil ac-
tuator is used because of its large displacement. SMA returns
to its memorized shape when it is heated above a certain transi-
tion temperature. An SMA coil stretched from its memorized
shape contracts when it is heated by application of an elec-
trical current. An SMA coil actuator was used because its dis-
placement is larger than an SMA wire actuator. In case of an
optical fiber switch using an SMA wire, its displacement is a
few micrometers, and thus silica fibers (core diameters of only
0.005-0.01 mm) were used [2]. In the present paper, the dis-
placement of the fiber was 0.7 mm by using an SMA coil actu-
ator.

0018-9197/05$20.00 © 2005 IEEE

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 01,2010 at 23:25:44 EST from IEEE Xplore. Restrictions apply.



BHUIYAN et al.: LARGE DISPLACEMENT OPTICAL FIBER SWITCH

L30mm x W10 mm x H5 mm
Stopper
Permanent
‘magnet

Outgoing
Electrode

light

Electric
wire

/ POF/PCF

Incident
light

Magnetic
material ring

SMA coil

/

Acrylic substrate

Cross section

@

~"|[ Permanent magnet IW 14
Line 1 X '_j—n—i
Line2l | -Iiﬁ——SMA coil

(i) Fiber shifts to upper side (Line 1)
when SW1 is turned on

SW 27/

Linel [ = R
el gl L
Line 21 [Ie4T Woptical fiber SW2
E

(ii) Fiber shifts to lower side (Line 2)
when SW2 is turned on

. Sw1d
Llnﬂ ﬁ"ﬁ ‘_‘f
Line 2 SW2

(iii) Fiber latched lower side (Line 2)
when SW2 is turned off
(b)

Fig. 2. (a) Structure of switch and (b) switching mechanism.

A magnetic latching system is used in this device for fixing
the position of the shifted POF, and therefore a continuous
current supply is not necessary. There are some optical fiber
switches, which use solenoid coils and permanent magnets,
which move and latch fiber magnetically [3], [4]. Such switches
are for silica optical fiber and required displacement of the fiber
is small.

II. STRUCTURE AND PRINCIPLE OF SWITCH

The structure of the optical switch is shown in Fig. 2(a) and
the switching mechanism is shown in Fig. 2(b). On the right
side is a movable POF attached to the SMA coil and on the left
are two fixed POFs. The fiber end on the left side and those on
the right side face each other. The switch is operated by moving
the POF. A large displacement of 0.5 mm is needed because
the outer diameter of the POF is 0.5 mm. To achieve such a
large displacement, an SMA coil actuator was used. If switch
SW 1 in Fig. 2(b) is turned on, an electrical current flows through
the upper half of the SMA coil, which is heated by Joule heat.
When the upper half of the SMA is heated beyond a certain
transition temperature, it contracts. A fiber, which is attached to
the SMA, moves upward and light passes into the upper left side
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Fig. 3. Design concept of switch.

fiber (Line 1). If switch SW 2 in Fig. 2(b) is turned on, the same
change occurs in the lower half of the SMA coil and the POF is
moved to the lower side (Line 2). A magnetic ring is attached to
the movable optical fiber and two permanent magnets are placed
at both sides of the fiber. The permanent magnets attract and
fix the location of the magnetic ring when the fiber moves to
the upper or lower side. Because the magnetic latch fixes the
position of the shifted POF, a continuous current supply is not
necessary.

The SMA coil was stretched from memorized shape and shear
strain was 4.3%. The acrylic substrate, which is the base for all
the parts, was fabricated using a high-speed milling machine.
The fibers on the left side were placed in the groove of the sub-
strate and properly fixed by pressing them into a V-shaped ex-
tension as shown in the cross section of Fig. 2(a).

III. DESIGN OF THE OPTICAL FIBER SWITCH

A. Design Concept

Fig. 3 shows the design concept of the optical switch. Op-
timization of design parameters, material selection and manu-
facturing methods is achieved by utilizing information from the
fields of optics, mechanics and electronics so as to realize low
power consumption, compactness, light weight, high stability,
and low cost. In the manufacture of the switch, to reduce the
assembly time and to increase production, a simple process is
used.

B. Switch Design

Fig. 2 shows the structure of the developed switch and Table I
lists the switch parts.

C. Optical Design

An accurate assembly is required for low insertion loss and
precise alignment of the POF. The main causes of insertion loss
for optical switches are reflection of the POF end, lateral dis-
placement, angular misalignment, the gap between optical fiber
ends and roughness of the POF end. Reflection can be elimi-
nated by using an index-matching oil, but packaging is compli-
cated and the switching speed is decreased. The insertion losses
were evaluated with and without index-matching oil. Minimum
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TABLE I
PARTS OF 1 x 2 POF SWITCH

Items Parameter
Fiber Multi-mode POF (SI type), Core: 0.486, Clad: 0.50 mm
SMA coil Ti-Ni, 0.2 (e.d.) mm x 0.05 (w.d.) mm x 4 (1.) mm
Permanent magnet Neodium magnet, 6 (1) mm x 2 (w) mm x 1 (h) mm, flux density: 190 mT
Magnetic material 1ing | Fe, 1.5 (e.d.) mm x 0.5 (w.t.) mm x 4.0 (1.) mm
Ferrule Polymer, ¢ 2.5 mm

0.25
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o . L e
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» hd °
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Fig. 4. Gap loss versus fiber end separation.

reflection loss without index-matching oil, L1, is estimated by
formula (1) (fiber index ny = 1.49, air index no = 1.0).

2
L, = —IOIOg{l — (”1 _”2> } dB. (1)
ni + no

From this calculation, the reflection loss per fiber end is
shown to be 4% (0.173 dB). As the optical signal passes
through the switch with two fiber ends, the total reflection loss
is 8% (0.346 dB).

Connection losses caused by the gap between the opposite
fiber ends, Ly (without index-matching oil) and L, (with index-
matching oil), are estimated by (2) and (3), respectively, (fiber
gap S; NA = 0.5; Core diameter 2a = 0.486 mm; air index
ny = 1.0; index-matching oil index ng = 1.49).

NA
Ly = —101log <1 _ SX_) dB )
4ansg
Sx NA
Lo = —10log <1 - X—> dB. 3)
4ansg

If the gap becomes larger, the loss will increase. It is thus nec-
essary to make the gap as narrow as possible (Fig. 4).

D. SMA Coil Design

A Ti-Ni SMA coil microactuator was used because the dis-
placement of a coil-shaped SMA is larger than that of a wire-
shaped SMA. An optical fiber switch using an SMA wire was
fabricated, but its displacement was only a few micrometers be-
cause silica fibers (core diameters of only 0.005 to 0.010 mm)
were used. In this study, displacement of the fiber was 0.70 mm
by using an SMA coil actuator. A wire with a narrow diameter
was used because of its relatively high electrical resistance. An

F = —

Fig. 5. Reduction of SMA coil actuator.

SMA coil with the smallest wire diameter commercially avail-
able (0.05 mm) was selected. The external diameter of this SMA
coil is 0.20 mm, its length is 4 mm and the number of turns is 9
per 1 mm.

The switching force generated by the SMA coil increases as
the length of the coil increases. The service life of the SMA
coil becomes longer when the strain it is subjected to decreases.
However, minimization of the coil length is required for a small
package. The lifetime of the SMA coil increases when the shear
strain (7y) it is subjected to decreases, where «y of the SMA coil
is expressed as

do

= —F. 4
V= e “
The generated force I’ of the SMA coil is expressed as
Gd*s
= — 5
8nD?3 )

where d is wire diameter (0.05 mm), D is coil diameter
(0.15 mm), n is number of turns (36 turns), ¢ is displace-
ment of the SMA coil (0.70 mm), G is modulus of rigidity
(2.01 x10'°N / 1112), «y is shear stress of wire and F’ is generated
force as shown in Fig. 5. To increase the lifetime, the designed
shear strain is 4.3% when the coil is extended to 4 from 2 mm.
The length of the SMA coil was chosen to be 8 mm because
most commercially available switches are 10 to 20 mm wide.
Using formula (5), the generated force F' of the SMA coil is
250 mN. The force of the magnetic latch must be lower than F’
for long service life actuation of the SMA coil.

E. Design of Magnetic Latch

Lateral and angular misalignment can be minimized by pre-
cise design and manufacturing. In the switch shown in Fig. 2,
the lateral displacement and angular misalignment are caused
by inadequate or excessive magnetic attraction force applied
to the movable fiber. The optimal range for this force was de-
termined. Fig. 6 shows the relation between the magnetic at-
traction force and the optical coupling condition. The physical
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Fig. 6. Optical coupling condition for low loss of switch.

properties of the permanent magnets are given in Table 1. Ex-
ternal diameter, wall thickness, and length of the Ni magnetic
material ring were 1.5, 0.5, and 4.0 mm, respectively. With a
magnetic attraction force F,, the end of the movable fiber is
bent to stopper A, resulting in a small angular misalignment 6
[Fig. 6(a)]. When F, is too low, the movable POF is unstable
when exposed to external vibration or impact. However, the de-
formation load is much stronger than F,, and the end of the mov-
able fiber is bent upward at the edge of stopper A [Fig. 6(d)].
Therefore, the dimension and position of the permanent mag-
nets should be chosen carefully so as to obtain the optimal mag-
netic attraction force, which will not cause lateral and angular
misalignments. As shown in Fig. 6(b), when magnetic attraction
force is stronger than F,,;,, lateral displacement x and angular
displacement € will be 0. When the magnetic attraction force is
weaker than Fi,,,x [Fig. 6(c)], the gap between the opposite fiber
ends is minimized because the tip of the movable fiber slides to
the opposite fiber end and v is the distance between the end of
the movable fiber and the edge of stopper A. The deformation
load of the optical fiber can be expressed as follows by treating
the movable fiber as a nonstable beam with one fixed end and a
supported end [5]

6EI5
b =T —ureLta) ©
6EIS
6EIS
Fmax = m (8)
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where E and I are Young’s modulus and the area moment of
inertia of the movable fiber, respectively. In this calculation,
EI = 1.012 x 107° Nm? is used and L and a are the length
of the movable fiber and the application point of the force from
the fiber end, respectively, (Fig. 6). 6 is the bending distance of
the movable fiber to the stationary fiber and the fiber tip moves
a distance of 26 during a switching operation.

F.x should be lower than 250 mN for SMA actuation and
service life considerations as aforementioned in the discussion
of SMA coil design. For the calculation of L, the following
values were used: ¢ = 4.5 mm and v = 0.5 mm. For a long
lifetime of SMA, Fi.x was set at 40 mN. By using (8), calcu-
lated L was 24 mm.

IV. FABRICATION
A. Processing of POF End

A smooth POF end is necessary for minimization of insertion
loss. Comparison of various processes of POF ends with mea-
sured insertion losses are shown in Figs. 7 and 8, respectively.

Mechanical polishing is superior to other techniques such as
knife cutting, manual polishing and mechanical cutting for at-
taining a smooth surface with minimal insertion loss. For this
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Fig. 10. Fabricated optical switch (a) structure of POF switch; (b) cross section of left side switch; (c) enlarged view of left side of POF switch.

reason, a mechanical polishing technique was used for the POF
switch.

B. Design and Fabrication of Substrate

A high-speed milling machine was used for cutting the
acrylic substrate. Before the processing, appropriate tools
and processing conditions were chosen and checked using a
simulator [Fig. 9(a)].

The acrylic substrate was cooled by water to avoid deforma-
tion during high-speed milling. A V-shaped extension for align-
ment of optical fibers, as shown in Fig. 9(b), was fabricated
using the same milling machine. Many acrylic structures and
V-shaped caps were batch fabricated from the acrylic plate.

C. Assembly Process

The fabricated POF switch is shown in Fig. 10. The aforemen-
tioned parts were assembled on the processed acrylic substrate
as follows:

1) Cuelectrodes for driving of the SMA were attached to the
substrate with adhesive.

2) The middle of the SMA coil was fixed to a ring made of
magnetic material and connected to the electric wires.

3) Two permanent magnets were fixed to each predetermined
position of the substrate.

4) The movable side of the POF was inserted into the mag-
netic ring and fixed using adhesive.

5) Two fibers were placed in the grove of the substrate
and properly fixed by pressing from upper side using a
V-shaped outward extension as shown in Fig. 10(b).

6) The gap between the opposed POF ends was adjusted
under a microscope.

TABLE 1II
CHARACTERISTICS OF 1 X 2 POF SWITCH
Parameter Results of POF switch
Holding current 0
Insertion loss 0.40 — 0.50 dB (without index-matching oil)
0.06 — 0.09 dB (using index-matching oil)
Cross talk < —0.50 dB (without index-matching oil)
< —0.58 dB (using index-matching oil)
Latching force 40 mN
Generated force of SMA coil | 250 mN
Switching time 500 ms
Durability > 1,400,000 cycles of switching
Actuation voltage 0.7V
Actuation current 80 mA
Dimensions 30 mm (L) x 10 mm (W) x 5 mm (H)

V. RESULTS
A. Performance Evaluation of POF Switch

Size and specifications of the fabricated POF switch are
shown in Table II.

B. Evaluation of Coupling Loss

A 650-nm laser diode was used as a light source. The inten-
sity of the light emitted by the output fibers was measured as
shown in Fig. 11. In this measurement, index-matching oil was
not used. To measure coupling loss, the intensity of output light
from the switch [Fig. 11(ii), (iii)] was compared with that of the
reference POF [Fig. 11(i)]. All of the pass lengths were 300 mm.
The fiber gap, lateral displacement, and angular misalignment
were 0.030 mm, 0 mm, and O deg, respectively. The insertion
loss was 0.50 dB or less, namely, a minimum value of 0.40 dB
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to a maximum value of 0.50 dB when mechanical polishing of
the POF ends was performed. As shown in Fig. 12, calculated
insertion loss versus fiber gap using (1) and (2) mentioned in
Section III and measured insertion loss versus fiber gap were
almost same. Insertion loss of conventional optical switches for
communication is almost always less than 1 dB [3], [6], [7].

Comparison between coupling loss using index-matching
oil and coupling loss without index-matching oil is shown in
Fig. 13. In this case, mechanically polished ends were used.
The insertion loss of the fabricated switch was 0.50 dB or
less, namely, a minimum value of 0.40 dB to a maximum
value of 0.50 dB when index-matching oil was not used. When
index-matching oil was used, insertion loss was less than
0.10 dB, namely, a minimum value of 0.06 dB to a maximum
value of 0.09 dB.

The insertion loss due to temperature change was evaluated.
The maximum operation temperature of the POF employed in
this switch is 70 °C, and change of measured coupling loss
was less than 0.07 dB when the condition was changed to
23 °C-70°C.

To evaluate the influence of temperature of the POF due to
heating of the SMA, temperature change of the magnetic mate-
rial ring was measured with a thermocouple. The temperature
rose from 28 °C to 31 °C when the SMA was actuated.
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The setup to measure crosstalk and the results are shown
in Fig. 14(a) and (b), respectively. Cross talk was more than
—50 dB when index-matching oil was not used.

POF/PCF switches are easily connected to each other because
of their large core diameter and large NA. Thus, the insertion
and reflection losses are not considered to be significant over the
short distances that the signal travels. In the future, the reflection
loss will be evaluated theoretically and experimentally.

C. Continuous Switching and Latch Confirmation Test

A continuous switching test was performed at room tempera-
ture, and after 26 000 cycles of switching, the SMA coil failed.
The switching and measurement system is shown in Fig. 15.
Latching power was 100 mN and driving current was 80 mA.
By decreasing latching power to 40 mN, 1.4 million cycles of
switching were realized at room temperature. Switching speed
was 0.5 s at a driving current of 80 mA. The insertion loss was
0.5 dB for 1.4 million cycles of switching as shown in Fig. 15(c).
The SMA coil actuator has a simple structure and is suitable to
satisfy these demands. When the latching force was decreased
to less than 20 mN, the magnetic latch was unable to hold the
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shifted POF properly after driving current was turned off. When
the magnetic latching power was insufficient, the shifted fiber
gradually returned to the opposite side and insertion loss in-
creased as shown by Line 2 in Fig. 16. Appropriate magnetic
latching force is essential for this switch.

After six months in a holding position on the right side, the
device was switched to the left side. Measured latching force
40 mN was not changed. No problems with fixing or releasing
were observed after latching for a long period.

D. Measured Temperature of SMA Coil

The temperature of the right side of the coil was measured
at location A (Fig. 17) with a thermocouple. When SW1 was
turned on, the temperature of the right side of the SMA coil rose
to over 50 °C, while the temperature of the right side of the SMA
coil slightly rose to 25 °C when SW2 was turned on. Therefore,
the thermal isolation between the right side and left side of the
SMA is considered to be sufficient.

Though the measured temperature of the actuated half of the
SMA is around 50 °C, malfunction in a high temperature envi-
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Fig. 17. Measured temperature of SMA coil.

ronment (over 50 °C) is avoided because both sides of the SMA
are heated simultaneously.

Plastic clad fiber (PCF) with other large external diameters
(e.g., 0.5 mm) can be used in this device. An optical switch
(1 x 2) with the same dimensions of 30 mm (L) x 10 mm (W)
x 5 mm (H) and using PCF and an SMA coil actuator with a
magnetic latching system was fabricated and successfully actu-
ated.

VI. CONCLUSION

A 1 x 2 optical switch for indoor LAN using POF was devel-
oped and its switching was successfully confirmed. To realize
large displacement of POF, an SMA coil microactuator was uti-
lized. A magnetic latch system was used for fixing the position
of the displaced POF. A short description of the developed op-
tical fiber switch is given below.

1) A1 x 2 optical switch using POF and an SMA coil actu-
ator with a magnetic latch was successfully fabricated and
actuated. The dimensions of the switch were 30 mm (L)
x 10 mm (W) x 5 mm (H).

2) Mechanical polishing of the POF end can achieve a
smooth surface for the optical switch.
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3) The insertion loss of the fabricated switch was 0.50 dB or
less, namely, a minimum value of 0.40 dB to a maximum
value of 0.50 dB, when index-matching oil was not used.
When index-matching oil was used, insertion loss was less
than 0.10 dB, namely, a minimum value of 0.06 dB to a
maximum value of 0.09 dB.

4) Continuous switching operation was confirmed and
switching speed was less than 0.5 second at a driving
current of 80 mA. This speed is sufficient for indoor
LAN.

5) A continuous switching test was performed and 1.4 mil-
lion cycles of switching were realized at room tempera-
ture.

6) Crosstalk was more than —50 dB without index-matching
oil.

7) An optical fiber switch using PCF instead of POF was
fabricated and successfully actuated.

The developed switches are the first optical switches to be re-
alized which use an optical fiber having a large diameter (0.5
mm). To fabricate the substrate at low cost, injection molding
instead of high-speed milling machining can be applied. The
amount of SMA coil used per switch is small and the cost is
relatively low. In the future, practical experiments in the field
of indoor LAN using this fabricated optical switch will be con-
ducted.
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