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Implementation of a 6 6 Free-Space Optical Fiber
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Abstract—A shutter-based free-space optical switching architecture capable of multicast transmission functionality has been proposed as a promising switching technology for storage area network applications. The main idea behind this type of switching architecture is that the system performance can be enhanced with
a new electro-optical material, used for the shutters to increase
switching speed. It can be distinguished from previous shutterbased optical switches which have been based on single channel to
single channel switching, as we present a reconfigurable design of
a 6 6 72-channel shutter-based optical switching core based on
multimode fiber ribbon to multimode fiber ribbon switching. The
design and implementation of a prototype 6 6 72-channel multimode fiber ribbon switch demonstrator utilizing a submicrosecond
PLZT-based spatial light modulator as a shutter is reported. The
light loss, crosstalk, and data switching characteristics of the implemented fiber ribbon switch from the evaluation tests were measured and are presented.
Index Terms—Fiber ribbons, free-space optical switch, lead lanthanum zirconate titanate (PLZT), spatial light modulator (SLM),
storage area networks (SANs).

I. INTRODUCTION
TORAGE area networks (SANs) have been widely implemented using optical fiber technologies since they are
expected to continue to expand at ever increasing data rates
in the future, due to increased storage demands from commercial enterprise and personal entertainment. The high-speed parallel optical link systems (such as the PAROLI [1]) offer network designers a simple means to interconnect various components for data aggregation and improvement of service in highly
flexible and scalable networks. Multimode fiber (MMF) ribbons terminated with mechanical transferable (MT)-type connectors in conjunction with inexpensive vertical cavity surface
emitting laser (VCSEL) arrays provide an optimal solution for
use in high-speed market areas such as SANs, creating very
short reach interfaces and input/output (I/O) to I/O interconnections [2]. In current switching technology developments, all signals transmitted over different fibers of the same fiber ribbon
can only be switched separately. Moreover, there are no optical switches capable of fiber ribbon switching in today’s op-
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tical switching market. This encourages the development of a
fiber ribbon switch for SAN applications by switching multiple
fibers together as a group in a fiber ribbon; the complexity of
the switch can be significantly reduced while the bandwidth and
throughput can be enhanced.
Free-space optical switching architectures such as holographic beam steering [3], [4] and shutter-based optical
crossbars [5]–[7] have been proposed as promising switching
technologies for constructing optical SANs [8] since traditional
electronics-based switches have struggled to keep pace with
SAN growth and optical fiber transmission technologies. The
majority of holographic beam-steering switches use a dynamic
computer-generated hologram (CGH) with a tunable periodicity controlled by a computer, displayed on a liquid crystal
(LC) spatial light modulator (SLM) to direct the beams into the
desired output ports. Holographic beam-steering switches do
not suffer power penalties from an optical fan-out mechanism
but they have difficulty achieving scalability suitable for enhancing SAN performance. A shutter-based free-space optical
switching architecture is selected for fiber ribbon switch implementation over other switching architectures as it has the ability
for multicast transmission, (a prerequisite for SAN switches, as
the data in SANs are often from a common source/destination
[8]).
In a shutter-based optical switching architecture, the optical
fan-out mechanism is performed through the use of a fixed
CGH-based binary phase grating (BPG) element to duplicate
the optical input beam onto an SLM which acts as an array of
shutters to select one or a subset of the beams for propagation
to the output fiber ports [9], [10]. The multicast function is very
easy to achieve by modifying the shutter control algorithm to
open several shutters simultaneously. Fast switching speeds of
the order of micro- and submicrosecond are also possible using
a Pockels effect lead lanthanum zirconium titanate (PLZT) or
ferroelectric LC SLM [8].
In this paper, we demonstrate a reconfigurable 6 6 group (a
total of 72 channels) optical fiber ribbon to a fiber ribbon switch
based on shuttered free-space optical switching architecture for
SAN applications. The proposed work as illustrated in Fig. 1 is
distinguished from previous optical switches [5]–[7], [10]–[12]
which were based on single channel to single channel switch
matrix. This system uses groups of fibers within each ribbon as
the basis set for the fiber to fiber ribbons switching. This permits the transmission of data coming from six different locations to six destinations as a group within the same switching
architecture. This paper is organized as follows. Section 2 first
describes the design and implementation of the proposed optical
fiber ribbon switch. The experimental system performance measurement and data transmission tests are analyzed in Section 3
followed by the conclusion in Section 4.
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Fig. 1. Architecture and operating principle of the 6
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6 fiber ribbon switch.

II. DESIGN AND IMPLEMENTATION OF A FIBER RIBBON SWITCH
In our experimental work, the switching architecture of a
6 6 optical fiber ribbon switch as illustrated in Fig. 1 was designed to realize data exchange between six input and six output
fiber ribbons each of which transmits data arriving from six different locations to six destinations, as a group. For example, the
third input fiber ribbon is going to be switched to the first output
fiber ribbon position. It is duplicated six times in the shutter
plane. Then the corresponding shutter at top right switches OFF
the other five copies and leaves the first one ON. The signals
transmitted by the third input fiber ribbon are now directed to the
first output fiber ribbon through the fan-in optics. The fiber ribbons were arranged hexagonally in the input plane of the switch
as illustrated in Fig. 1, to reduce optical aberrations since the
biggest advantage of the hexagonal arrangement was that the
symmetry of the hexagonal pattern about the center compared
with a regular 2 3 array arrangement in which the asymmetry
of relative to the center means that the fiber ribbons located each
of the six different positions of the array will experience different aberrations, which results in large positional errors. The
hexagonal architecture effectively improved the coupling accuracy and further improved the coupling efficiency and transmission performance. Moreover, from the simulation results using
the ZEMAX software to compare the focus performance of the
generated spots, it was clear that both the focused spot sizes
and the spot positions generated by the hexagonal arrangement
of the switching architecture had better performance than a regular 2 3 array arrangement. The whole switching system design and implementation according to Fig. 1 can be divided into
four parts: input fiber ribbons and optical transmissions; optical
fan-out subsystem; PLZT SLM; lens system (L1–L6) and optical fan-in subsystem. Of these four parts, all lenses are commercially available while the BPG element and the PLZT SLM
were custom designed within the project and fabricated at external foundries.
A. Input Fiber Ribbons and Optical Transmissions
In the switching architecture as illustrated in Fig. 1, six input
fiber ribbons launched by VCSELs were arranged hexagonally
(VCSEL array providing optical signals for input fiber ribbons)
and each fiber ribbon then used an MT connector style optical
package to mount 12 MMFs (62.5 m) in a row with a 250
m spacing between the centers of adjacent fibers. A 12 2.7
Gb/s parallel fiber optic link transmitter (ZL60101) provided
by ZARLINK semiconductor Inc. [13] was used as shown in
Fig. 2(a). This transmitter had a 12-channel 850 nm VCSEL
array interfaced with an industry standard MPO (multifiber
push on) ribbon fiber connector. It provided 12 parallel channels with each channel transmitting data at a rate up to 2.7 Gb/s.

Fig. 2. VCSEL transmitter and input fiber ribbons. (a) ZARLINK VCSEL
transmitter module and the driving board. (b) Six input fiber ribbons terminated
with MT type connectors.

The six input fiber ribbons were obtained by splitting a single
12-channel fiber ribbon launched by the VCSEL transmitter
into six parts. Each part had two fibers terminated with a
12-channel MT ferrule as shown in Fig. 2(b). Six 12-channel
MT-type connectors of six 2-channel fiber ribbons were positioned in the input plane. Since the hexagonal architecture as
discussed previously was used in the switching system, the six
input fiber ribbons were arranged as a hexagon and each fiber
ribbon had a microlens array attached to its surface as shown in
Fig. 2(b). These fiber ribbons were held by a custom-designed
holder to ensure the precise position of each ribbon connector.
B. Optical Fan-Out Subsystem
The fan-out subsystem includes the BPG element and six separate 4f systems. A BPG element was used within a 4f optical
system between L2 and L3 to perform optical fan-out, which
was a replication of each input fiber ribbon onto the SLM. The
design of a computer-generated BPG element was initiated by
specifying the locations of the spots on a pixelated grid, separated by a distance of pixels. The actual distance between
spots on the reply field SLM (Fourier plane) is determined by
the formula [14]:
(1)
where is the wavelength of light source, is the focal length
of the Fourier lens (L3), is the actual spot spacing, is the
actual size of a pixel, and is the number of pixels along one
dimension of the CGH, which is one period of the BPG. In the
proposed switching system, in order to implement 6 6 channel
switching, a BPG element capable of generating six spots in
row, i.e., 1 6 spot pattern was required. The wavelength used
was 850 nm; and were selected based on previous design
m,
); the actual spot spacing
experience (
was then determined by and . The spot size generated by the
BPG element was 62.5 m, i.e., equal to the diameter of a 62.5
m MMFs and the actual PLZT SLM pixel width was 200 m
(pixel gap is 50 m), to ensure that all spots were located on the
PLZT SLM pixels; hence, the maximum allowable spot spacing
was 277.5 m and the minimum allowable spacing was 222.5
m. Under these constraints, a value of
and
mm was selected. Six pairs of small achromatic lenses made up
of these 4f systems were arranged in a hexagon. These lenses
were held in custom-designed holders. Fig. 3(a) shows the BPG
element held in the holder and Fig. 3(b) shows the framed lens
arrays of L2, L3, and L4.
In order to understand the characteristics of the actual
grating, measurements were performed using the knife-edge
method [15]. A Honeywell HFE4085 lensed 850 nm VCSEL
was used as the light source for providing sufficient light power
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Fig. 3. Components of the optical fan-out subsystem. (a) Grating element.
(b) Lens arrays held by custom-designed lens holders.

Fig. 6. Mask of six PLZT shutters.

Fig. 4. 1

6 spot patterns generated by BPG element.

switching performance. Many materials have been studied
and can potentially be used to act as SLMs. Some examples
are electro-optic (EO) materials, LCs, magneto-optic materials, acoustic-optic and photo-refractive materials. Of these
materials, PLZT has been widely used as shutters, filters, and
displays. The fast response, high resolution, and wide operating
temperature range make PLZT a viable candidate for the SLM
[16]. The PLZT material consists of a wide range of homogeneous compositions existing within the basic lead zirconate
(Zr)-lead titanate (Ti) solid solution system. The general forin the
mula describing the compositions La/Zr/Ti
PLZT system is given by [17], [18]
(2)

Fig. 5. Spot profile analyzed by using MATLAB.

for the grating measurement. Since the minimum step of the
available micrometer was 10 m, there was a 10 m measurement error. The average spot size at full-width half-maximum
m and the spot diameter at 10%
was measured as 25 m
of maximum was 33.3 m
m. The measured spot spacing
m. The diffraction efficiency was measured
was 255 m
as 70%. The difference between the measured and the designed
results were caused by fabrication errors. Because the BPG
element was not coated, the reflection of the glass also resulted
in a 10% light loss. The spot pattern generated by the BPG
element was also recorded by a high-resolution charge coupled
device (CCD) camera, as shown in Fig. 4. The pixel size of
the CCD array was 8.6 m 8.3 m. The spot patterns were
analyzed to get spot profiles using MATLAB, as shown in
Fig. 5. The spot diameter at 10% of maximum was calculated
m and spot spacing
based on the spot profiles as 32.6 m
m.
was 250 m
C. SLM Design Using PLZT Material
The SLM is a vital component of shutter-based optical
switches since its properties significantly determine the whole

The PLZT compositions are normally expressed by the
ratio of La/PbZrO3/PbTiO3. The 65/35 ratio compositions of
PbZrO3/PbT iO3 are most transparent in the La range from 8 to
16 atom percent [16]. PLZT-based devices with compositions
of 8.8–9.5/65/35 are widely used in a variety of optoelectronic
applications including optical switches [18], optical shutters
[19], high-speed scanning, dynamic lenses, and eye-protection
devices [20]. The La/Zr/Ti composition of the PLZT used
in our design was equal to 9/65/35. We chose to use PLZT
9/65/35 for the shutter SLMs because of its large quadratic
EO coefficient and broadband optical transmission range. The
mask of the actual PLZT SLM used in the switching system is
shown in Fig. 6. There are six PLZT shutters in the SLM. Each
shutter has six pixels. Dimensions of each pixel are 200 m
in width, 300 m in depth, and 5000 m in length. The PLZT
pixels have electrodes on their side faces, which are glued to
each PLZT pixel to give a 250 m pixel separation.
In order to use the PLZT as an EO switch, the PLZT SLM had
to be placed between a polarizer and analyzer to realize amplitude modulation. The polarization of the input light was at an
angle of 45 with respect to the long or short axis of the PLZT
pixels. The external voltage was applied to rotate the incoming
light polarization so that the light could pass through the analyzer. The main disadvantage of the PLZT shutters is that a
high operating voltage ( 150 V) was required to reach the full
ON state. Despite this, contrast ratios in excess of 5000: 1 can
be achieved because of the good OFF state (0.0007%) produced
with a high efficiency polarizer. We defined the rise (fall) time
as the time taken for the detected intensity to change from 10%
(90%) to 90% (10%). The rise time decreased with increasing
applied electric field. Under an applied voltage of 120 V, the
rise time of the PLZT SLM was as illustrated in Fig. 7, 1 s. A
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Fig. 7. PLZT response time and applied voltage.
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Fig. 8. Edge channel position of an input fiber ribbon.

shorter rise time can be achieved with greater voltages. However, the probability of electrical breakdown is increased. Thus,
the maximum voltage applied was limited to 150 V.
D. Lens System (L1–L6) and Optical Fan-In Subsystem
The aim of the lens system design within the switching
system was to find a set of suitable lenses to satisfy multiple
stringent demands: imaging the input fiber ribbons onto the
SLM shutters and making sure that all spots were located in
the shutter pixels; focusing light onto the receiving plane and
coupling the light into the receiving fibers with minimum light
loss and minimum crosstalk. The lens system must be of unit
magnification since the input fiber ribbons and the output fiber
ribbons were all ended with commercially available MT-type
connectors which have 12 fibers in a row with 250 m spacing
between the centers of two adjacent fibers. Moreover, as the
lens system was not an ordinary imaging system, the shape
of the image was less important than the size and the position
of the image, i.e., spots. Therefore, the lens selection had to
consider spherical aberration and coma because of their effects
on the spot size and the spot position. From our design, the lens
system used includes six 4f systems composed of six pairs of
lenses (L2 and L3), a set of fan-in lenses (L4 and L5), and two
micro-lens arrays (L1 and L6).
In the input plane, each fiber ribbon had 12 channels, and
therefore, the edge channel had an offset of 1.375 mm from the
axis as illustrated in Fig. 8, and the radius of the first collimating
lens (L2) was 3 mm. According to geometrical optics, the divergence angle of the light emitted by the input fiber should be less
than 4.6 in order to avoid light clipping. However, the numerical apertures (NAs) of standard 50 m and 62.5 m MMFs
were 0.2 and 0.275, respectively, which meant that with this
angle, the light rays would be clipped by the lenses. To solve
this problem, single-mode fibers which have a smaller NA were
considered but their transmitted power would be much lower
than MMFs. Therefore, a microlens array (L1) was used in front
of the input fiber ribbons which were attached to the MT guide
pin without any other alignment and matching glue.
Following the microlens array, six independent 4f systems
composed of six pairs of lenses (L2 and L3) in conjunction with
the BPG element were used for the fan-out function. The selection of lenses L2 and L3 was limited by the BPG element design
as mentioned previously but also by the focusing performance
of lens L5. Since lens L5 should have the capability to focus the
light coming from the same position of each fiber ribbon into the
corresponding fiber of the output fiber ribbon, spherical aberration of lens L5 has a significant effect on this focusing function.
In order to reduce the aberration, all incoming rays to L5 should

Fig. 9. Illustration of biggest coupling angle happens at optical fan-in.

be as close as possible to the optical axis. Thus, it requires the
diameters of lens L2 and L3 (the position of the six shutters
are determined by L2’s and L3’s dimension and layout) to be
as small as possible, with the condition that their NAs match
so as to reduce light loss. Among the commercially available
achromat lenses, a lens with the diameter of 6 mm and the effective focal length (EFL) of 20 mm satisfied these conditions.
The unit magnification of the switching system determined
that lens L4 and L5 should have the same EFL. As L2, L3, and
L4 were coaxial, the diameter of lens L4 was also 6 mm. It was
obvious that the diameter of lens L5 had to be at least three times
6 mm, i.e., 18 mm, to avoid clipping light rays. However, each
light ray had a divergence angle and in order to reduce the aberrations, the diameter of L5 should be much bigger than 18 mm.
It was chosen to be 30 mm. Among all commercially available
lenses, a multisurface achromat and a GRADIUM lens satisfied
the trade-off between the size and the EFL. Because of more
light loss caused by a multisurface achromat, the GRADIUM
lens was selected.
Since the NA of the output fiber ribbons was 0.275, it required that the coupling angle should be less than 16 and the
coupling spot size to be less than 62.5 m. However, in the proposed optical switching system, the biggest coupling angle was
17.5 , which occurred when fiber “LT” was coupled to fiber
“MB12” or “RT” to “MB1” and fiber “LB” was coupled to fiber
“MT12” or “RB” to “MT1” as illustrated in Fig. 9. The light
rays coming from this angle could not be coupled into the output
fibers, and consequently, light loss was caused by this mismatch
of the edge channels. To solve these problems, a microlens array
(L6) was used before the output fiber ribbons to reduce the coupling angle. The spot analysis results from the ZEMAX simulation showed that both the spot sizes and the spot positions were
greatly improved by using the microlens array. The maximum
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6 72-channel optical fiber ribbon switch.

TABLE I
PARAMETERS OF LENS COMPONENTS

spot RMS radius (left edge fiber) is 9.97 m and the maximum
spot position error was 14 m (for the right edge fiber). Even in
these extreme cases, the spots could be projected into the fiber’s
receiving area totally. However, the alignment error was a major
difficulty when using the microlens array. In order to achieve
the results presented, the positional tolerance of the microlens
m. All the lenses used in the switching system
array was
are listed in Table I.
III. OPTICAL SWITCHING SYSTEM PERFORMANCE
MEASUREMENT AND ANALYSIS
The 6 6 72-channel optical fiber ribbon switch was experimentally implemented as illustrated in Fig. 10. The measurement and analysis of the system light loss, system crosstalk, and
data switching test are presented in the following sections.
A. Performance Analysis of Optical Switching System
Although most of the custom-designed optomechanical
holders were made as precisely as possible, slight errors could
not be avoided because of manufacturing limitations. The
manufacturing errors finally affected the focused performance
in the output plane. Therefore, precise alignment was essential
for a free-space optical switching system to maintain a reliable
data transmission. Photographs are the most straightforward
way to evaluate the working principle of the implemented optical switching system and the photos are also the best method
for doing alignment, especially when an infrared wavelength
is used. From our experimental work, the images of the light
pattern on the key planes of the switching system were captured
by a CCD camera as shown in Fig. 11. For each fiber ribbon,
only the two central fibers were illuminated since a single 12
laser source was used. The illuminated fibers were used to assist
alignment and evaluate the switching principle. In Fig. 11, the
brighter spots mean that the lasers were in binary “1” state

Fig. 11. Spot patterns on the key planes of a fiber ribbon switch.

and the weakest spots mean that the lasers were in binary “0”
state. The lasers in an average state generated all the other
spots. The top-left picture in Fig. 11 shows the input image.
The top-middle picture shows the image in the focal plane of
the lens L3 after the input light was replicated six times by the
BPG element. By placing the PLZT SLM in the focal plane, the
higher order spots were blocked. The top-right picture shows
the image with the designed spots only. The two pictures at
the bottom of Fig. 11 illustrate the fan-in function. These two
pictures also exhibit the multicasting.
The images of the light pattern on the key planes of the
switching system captured by the CCD camera were analyzed
with MATLAB. The holder of the lens L3 was found to have
the biggest error of 78.25 m as exhibited in Fig. 12(a). The
other holders had slight alignment errors less than 20 m which
was within the manufacturing tolerance. The joint effect of the
input fiber ribbon holder and the lens array holders for L2 and
L3 was reflected on the images in the SLM plane as shown
in Fig. 12(b). After optimal alignment, the focused spot error
measured in the experiment was 2.3% at 850 nm, which was
close to the defined tolerance. In an optical transmission system,
light losses usually result in a signal-to-noise ratio degradation
and, thus, increase the bit error rate (BER). The majority
of the components in the optical switching system are lens
components, except the BPG element and PLZT SLM device.
The lens components were antireflection coated and all have
a theoretical transmittance of 99% according to the datasheet
of the manufacturers. However, the reflection loss experienced
from the lens components fabricated on the specially designed
optomechanical holders and mounts was still significant due
to the number of elements used in the system. The light loss
caused by the optical components in the switching system was
measured using a wide area power meter (Newport 1830C) and
are presented in Table II.
The NA mismatch of multimode input fiber ribbon and lens
L2 would result in a minimum of 5 dB light loss, and therefore, a
1 12 microlens array provided by Omron Electronics Components was attached directly onto the MT guide pin of each input
fiber ribbon to reduce the light-beam divergence. However, the
use of this microlens array resulted in a 1.2 dB insertion loss.
The design efficiency of the BPG element was 84% and the measured experimental efficiency was 70%. Since the BPG element
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output were transmitting the brightest light. The light power was
measured by an optical power meter Anritsu ML9001A with an
dB. This
FC fiber interface. The measured crosstalk was
is an acceptable figure for the SAN application as the number
of users and distance of transmission are limited by the SAN
and neither crosstalk nor loss are as important as the ability to
do fast optical reconfiguration, especially when multicasting is
available within the switch.
Fig. 12. Analysis of spot alignment error. (a) Misaligned spots on the L3 focus
plane. (b) Misaligned spots on the SLM.
TABLE II
SYSTEM LIGHT LOSS

was not coated, the reflection and absorption of the glass also
produced a 10% light loss resulting in a total grating loss of 2
dB. In the switching system design, the input fiber ribbon was
duplicated six times by the BPG element but only one image
was used when performing the switching function; hence, there
was a 5/6 light loss (fan-out loss). However, if the fiber ribbon
switch performs multicast transmission, then there will be less
fan-out loss as all the duplicated images on the PLZT SLM
could be projected into the corresponding output fiber ribbons.
The polarizer and analyzer have a good transmittance (99%),
and measurement results have shown that the insertion loss of
the polarizer and analyzer along with PLZT SLM with in the
fiber ribbon switch was around 2.5 dB. The free-space coupling
into the fibers caused a light loss mainly due to the larger focused spot size than the fiber core and focusing position error.
Theoretically, the use of a microlens array before the receiving
fiber core would increase fiber coupling efficiency. However,
from our experimental work, this was not so practical due to
alignment difficulties and, therefore, resulted in a light loss of
around 5.8 dB in our fiber ribbon switch.
The crosstalk of the optical switching system defined as in (3)
is the ratio of the power from all other inputs to the power at the
target output from the desired input
dB

(3)

B. Optical Switching Performance Tests
In order to explore the switching characteristics of the
optical fiber ribbon switch, the performance measurement of
the optical switching system was performed at two different
switching speeds: microsecond ( 1 s) switching speed in
which a voltage of 120 V was applied to drive the PLZT SLM
and submicrosecond switching speed ( 0.5 s) in which a
voltage of 140 V was applied to drive the PLZT SLM. Since
the targeted application of the fiber ribbon switch was designed
for short-range SAN applications in which Gigabit Ethernet
(GbE) or fiber channel has been widely deployed, switching
speeds of around a microsecond are more than sufficient for
the typical types of reconfigurations used in SANs. Data are
not switched in these applications at the data rate, rather it is
switched between data exchange packet streams or connection
requests and conversations. In the optical system with multicast
transmission function, the spots generated by the BPG element
on the PLZT SLM plane were all projected into the output fiber
core through the optical fan-in subsystem. However, in the
optical system with the switching function, only selected spots
on the PLZT SLM plane were projected into output fiber core
and unwanted spots on the PLZT SLM plane were blocked by
the PLZT SLM.
The setup for the switching performance measurement was
that input pseudorandom coded data with a probability of a ‘1’
and ‘0’ transmission being equal were generated by a pulse pattern generator (Anritsu MP1650A). The electrical data signal
went into the VCSEL module and was transmitted as optical
signals. The optical signals went through the free-space optical
fiber ribbon switch and entered the output fiber ribbons. The
output fibers were connected to a photo-receiver, a Newfocus
1544B. Because of the weak power of the received optical signals, an HP amplifier 8447E was used after the photo-receiver.
The output of the amplifier went through a low-pass filter connected to an oscilloscope (HP 54120B). From the observation
of the eye diagrams, we can estimate the BER of the switch directly through the Q-factor given by [21]
(4)
where Q-factor is expressed as
(5)

is the power from all other inputs and is the power
where
from the desired input. The quoted system crosstalk is usually
the worst case crosstalk over all outputs. In the current switching
system, the finite PLZT SLM contrast ratio, large focused spot
size, and error in the focused position all resulted in crosstalk.
In this system, the worst case occurred when the light sent to the
target output came from the weakest spot of the six spots generated by the BPG element and all other spots around the target

and
are the means of the amplitude histograms at
where
and
are the
logic one and logic zero levels, respectively.
standard deviations of the amplitude histograms at logic zero
and logic one levels, respectively.
According to the measurement data shown on the eye diagrams in Fig. 13, the calculated Q-factor at microsecond
switching speed was 7.04, and the estimated BER was
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