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Skew Characteristics of Image Fiber for High-Speed
2-D Parallel Optical Data Link

Moriya Nakamura, Member, IEEE, Toshimichi Otsubo, and Ken-ichi Kitayama, Senior Member, IEEE

Abstract—Skew of an image fiber, which has more than ten
thousands of cores in a common cladding, was measured by a
novel measurement method for the first time. This method can
measure the time-of-flight difference between individual cores
over the whole area of an image circle. The measurement result
reveals that a test 100-m-long image fiber has skew of 5 ps/m, and
the time-of-flight distributes randomly in the whole area of the
image circle due to nonuniformity of the core dimension. It is also
experimentally shown that the skew of an image fiber increases by
bending. The theoretical analysis reveals that the bending-induced
skew depends neither on the radius of curvature nor the shape of
the curve but it depends only on the number of turns it is wound.
The numerical calculation of skew by using typical parameters of
image fibers shows that the winding have to be restricted to less
than five turns to achieve a transmission speed of over 1 Gb/s/ch.
Finally, we propose a twisted image fiber and an “8-shaped”
bobbin to suppress the skew due to bending.

Index Terms—Image fiber, optical interconnects, skew, two–di-
mensional (2-D) parallel transmission.

I. INTRODUCTION

PARALLEL optical interconnection is an important tech-
nique for high-performance computing and switching

systems because its high-speed optical transmission without
parallel/serial data conversion enables an increased data
throughput. There have been many reports on parallel optical
interconnection modules using fiber ribbons and one-di-
mensional (1-D) laser diode (LD)/photodiode (PD) arrays.
However, for massively parallel processing systems using smart
pixel technology, whose structure is a two-dimensional (2-D)
processor array, 2-D parallel optical interconnect is essential
because the data to be transmitted are 2-D [1]. Additionally, the
2-D parallel technique can dramatically increase transmission
channels in comparison with the 1-D parallel interconnects.
2-D parallel optical interconnects have been studied mainly in
the area of free-space optical interconnects using lens systems
[2], [3]. However, lens systems are not flexible in system
implementations because the arrangement of each component
is restrained by lens parameters such as focal length and,
especially, it is difficult to apply them to interprocessor-board
and intercabinet interconnections.
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Fig. 1. Cross-sectional view of an image fiber.

We have been studying fiber-based 2-D parallel optical inter-
connects, especially ones using image fibers. We have reported
experimental demonstrations of image-fiber-based optical inter-
connects with a novel multiplexing scheme, namely, space-code
division multiple access (space-CDMA) [4]–[7]. Fig. 1 shows a
cross-sectional view of an image fiber. Image fibers have been
used as a direct-image transmission medium for, e.g., medical
endoscopy and industrial inspection. An image fiber has several
thousands to several tens of thousands of cores in a common
cladding, and it can transmit 2-D optical signals in parallel. The
typical dimensions are 3m in core diameter, 5m in spacing
between cores, 800m in image diameter, etc.

One of the most important parameters of parallel optical
transmission media is skew. Skew is defined as the maximum
difference of propagation time between transmission chan-
nels, and it limits synchronous parallel transmission speed.
In intercabinet interconnections, which need a transmission
distance of up to 100 m, skew has to be less than 1 ps/m for
a transmission speed of 1 Gb/s/ch [nonreturn to zero (NRZ}
pulsewidth: 1 ns]. Some theoretical analyses of skew of fiber
ribbons and attempts to fabricate low-skew fiber ribbons have
been reported [8], [9]. However, skew of image fibers has not
been well studied. One reason is that the conventional phase
method [9], which is used to measure skew, cannot be suitably
applied because an image fiber has so many cores and the core
spacing is only a few micrometers.

In this paper, image fiber skew characteristics investigated
by using a novel measurement method is reported for the first
time. Section II describes the influence of time-of-flight dif-
ference between cores on optical pulses propagated through an
image fiber. Section III presents a novel method for measuring
the skew of image fibers. In Section IV, the measurement result
is described, which reveals that a test 100-m-long image fiber
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Fig. 2. Pulse broadening and skew caused by propagation delay difference
between image-fiber cores.

having cores has skew of 5 ps/m, and the time-of-flight
distributes randomly in the whole area of the image circle. In
Section V, it is shown both theoretically and experimentally
that the skew of an image fiber is increased by bending. The
bending-induced skew does not depend on the radius of cur-
vature and the shape of the curve but only on how many turns
it is wound. The numerical calculation shows that the winding
must be restricted to less than five turns to achieve a transmis-
sion speed over 1 Gb/s/ch. Finally, we will propose a twisted
image fiber and an “8-shaped” bobbin for suppressing skew due
to bending.

II. SKEW OF IMAGE FIBERS

Fig. 2 schematically shows the propagation-delay difference
on optical pulses propagated through an image fiber. Each op-
tical pulse having a finite spot size broadens during the propaga-
tion in several cores because each core has a different propaga-
tion delay caused by fluctuations of relative refractive index and
core diameter. Additionally, optical pulses arrive at the output
end at different times because of uneven distribution of propa-
gation delay over the whole image circle. This uneven distribu-
tion is caused by the residual stress as well as bending. To apply
the image fiber to high-speed 2-D optical data link, we need
to characterize both the local time-of-flight difference between
individual cores in a small area and the global distribution of
time-of-flight difference in the whole area of an image circle.

III. N OVEL SKEW MEASUREMENTMETHOD

The time-of-flight difference of fiber ribbons has been mea-
sured by using the phase method. The phase method compares
the phase of each transmitted signal with that of a reference
channel. However, this method is difficult to apply to image
fibers because an image fiber has several tens of thousands of
cores and the spacing between cores is only a few micrometers.

To the authors’ knowledge, only one attempt to evaluate skew
of image fibers has been reported by Kawaiet al.[10]. The skew
was evaluated from the broadened optical pulsewidth after the
propagation through an image fiber by taking into account the
mode dispersion. However, this method has some problems such
as: i) inability to measure time-of-flight difference between in-
dividual cores, and ii) practical difficulty to measure distribution
of time-of-flight difference in whole area of an image circle.

Fig. 3 schematically shows the proposed measurement
method. An optical pulse is launched into all the cores of an
image fiber. The output light of the image fiber is imaged on the

Fig. 3. Proposed skew measurement system.

front-end horizontal slit of the streak camera by an objective
lens. The optical pulses which pass through the slit induce
electrons on a photoelectric surface, and all the electrons are
simultaneously swept vertically in the streak camera. The
time-of-flight difference between the cores results in deviations
along a vertical line. Thus all the optical pulses propagated
through the cores imaged on a line along the slit are observed
simultaneously on a real-time basis. The output endface of the
fiber is scanned by moving in the vertical direction in order to
measure the image circle area. This measurement method will
resolve the problems i) and ii) described above. The precision
of the measurement method is restricted only by the time
resolution of the streak camera. The streak camera (Hamamatsu
Photonics K. K., Model C5680) used in our experiment has a
time resolution of 2 ps. The pulse jitter of the LD has the same
influence on all the optical pulses propagated through the cores
and, consequently, no influence on the relative propagation
delay between the optical pulses. The jitter therefore does not
effectively degrade the precision of the measurement.

IV. EXPERIMENTAL RESULTS

By using the proposed method, we have measured the skew of
an image fiber. The measured image fiber is 100 m long. It has

cores, and the picture diameter is 800m. The core di-
ameter and the spacing are 3.0 and 4.4m, respectively. The ma-
terials of cores and cladding are silica glass. In the measurement,
the image fiber was extended almost straight. Optical pulses of
the LD was 59 ps in full-width at half-maximum (FWHM) at
the wavelength of 650 nm. The cores are of multimode at this
wavelength.

Fig. 4 shows the cores focused on a front-end slit, which
was observed by a streak camera without sweep. Fig. 5 shows
a streak camera trace of optical pulses propagated through 20
cores of the image fiber. The trace shows that there exists the
time-of-flight difference between the observed cores. Each
pulse has a trailing tail, which may be due to both the mode
dispersion and the chromatic dispersion. The cores in the
image fiber are aligned on the hexagonal close-packed (hcp)
grids; therefore, the next row of the cores can be measured by
vertically moving the image fiber observing the streak camera
trace. The measured data can be plotted in a 2-D map of
time-of-flight difference. Fig. 6 shows the 2-D plot of measured
time-of-flight difference at the center of the image circle. The
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Fig. 4. Light spots cores imaged in a slit of a streak camera.

Fig. 5. Streak camera trace of optical pulses propagated through image fiber
cores.

data show the values relative to the minimum propagation
delay in the area of interest. The skew ranges within 5 ps/m in
the small area of 40 40 m (about 100 cores). There was no
significant difference depending on the position over the whole
image circle.

By changing the magnification ratio of the objective lens, a
larger number of cores can be measured. Fig. 7 shows a streak
camera trace of an optical pulses propagated through the cores
traversing the diameter of the image circle. By scanning the
output endface, a 2-D map of time-of-flight difference all over
the image circle can be plotted as shown in Fig. 8. The global
distribution of measured time-of-flight difference also ranges
within 5 ps/m.

From Figs. 6 and 8 the time-of-flight is distributed at random,
and the skew ranges within 5 ps/m in the whole area of the image
circle. With the skew of 5 ps/m, the bit rate–distance product is
limited to 20 Mb/s km. One reason for this relatively large skew
compared to that of the fiber ribbon [8] is presumably due to
nonuniformity of the core parameters. The test image fiber was
fabricated by using some different mother-rods with different

Fig. 6. Time-of-flight difference around the center of the test image fiber.

Fig. 7. Streak camera trace of optical pulses propagated through the cores
traversing the diameter of the image circle.

Fig. 8. Time-of-flight difference over the image circle. (Image fiber was
straight.)

parameters. It is noted that this type of image fiber consisting of
different cores is fabricated for conventional applications such
as endoscope. The skew can be reduced by making the parame-
ters of all the cores uniform.
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Fig. 9. Time-of-flight difference over the image circle. (Image fiber was
wound by 100 turns around a bobbin.)

Fig. 10. Parameters of an image fiber wound around a bobbin.

V. DISCUSSION ON THESKEW DUE TO BENDING

To investigate the effect of bending on the skew, the same
test 100-m-long image fiber was wound by 100 turns around a
31-cm-diameter bobbin, and skew was measured. Fig. 9 shows
the measurement result. By comparing it with Fig. 8, the skew is
increased monotonically toward the outer diameter by bending
up to about 2 ns.

We will theoretically analyze the bending-induced skew. As-
sume that an image fiber is wound byturns around a bobbin
of radius as shown in Fig. 10. The propagation delaydue to
an image fiber of length is expressed by

(1)

where and are the speed of light in vacuum and the group
index of the cores, respectively. The bending of the image fiber
causes strain in the axial direction and change of core refrac-

tive index due to photoelastic effect. The propagation delay
difference due to and is expressed as

(2)

The strain on a core at a point of is

(3)

where and are the picture diameter and the thickness of
the jacket and coating of the image fiber, respectively. Next, we
derive . The core refractive index under the photoelastic
effect is expressed as [9], [11]

(4)

where is the refractive index without strain, is the lateral
photoelastic constant ( 4.19 10 m /N for silica
glass), and is the tensile stress. When the radius of curvature
is larger than the minimum bending radius, is
satisfied generally (see Appendix A). Therefore, from (4), the
refractive index change is approximately expressed as

(5)

Hooke’s law and (3) can be used to express the tensile stress
as

(6)

where is Young’s modulus ( 7.60 10 N/m for silica
glass). From (5) and (6), is written as

(7)

By using (2), (3), and (7), can be expressed as

(8)

It should be noted that the change of the propagation delay
does not depend on the radius of the bobbin and the structural
parameter of the image fiber such as the picture diameterand
thickness of jacket and coatingbut it depends only on the
number of turns of winding, . Fig. 11 shows the theoretical
values obtained from (8) with the experimental result. In the
figure, each value is plotted by regarding a datum at the center
of the image circle as a reference. It is noted that the calculated
values agree well with the experimental result. The maximum
difference of the propagation delay occurs between the
outermost and innermost parts, and it is expressed as

(9)
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Fig. 11. Time-of-flight difference over the image circle. Theoretical data and
experimental data. (Image fiber was wound by 100 turns around a bobbin.)

Fig. 12. Relation between number of turns and bending-induced skew.

Fig. 12 shows the theoretical values obtained from (9) and the
experimental results of the bending-induced skew, plotted as
a function of the number of turns. In the experiment, the test
100-m-long image fiber was wound around bobbins of different
radii of 15.5 cm and 25 cm. The theoretical values
agree well with the experimental results, and the bending-in-
duced skew depends only on the number of turns. The max-
imum difference of the propagation delay for one turn can
be expressed as

(10)

Here, is an intrinsic value for each image fiber and can be
used to estimate the increase in skew caused by bending. The
increase in skew due to winding of turns, , can be
expressed as

(11)

Fig. 13. An “8-shaped” bobbin for winding without increasing skew.

For the test image fiber used in the measurement above,
19.8 ps/turn. For example, if the test image fiber is bent by 90,
the resulting increase in skew can be calculated by using (11) as

[ps] (12)

In (10), all the values except the picture diameterbarely
change if the image fiber is made of silica glass. Therefore,
is characterized mainly by the value of. The picture diameter

[ m] of the test image fiber used in the measurement
above is typical for common image fibers. Therefore, we can say
that [ps/turn] is also typical. When an image fiber is
used in the application of optical interconnects, it is expected
that the winding can be restricted to less than about five turns.
With this number of turns, the bandwidth limit due to bending
is higher than 1 Gb/s/ch from (11). However, if the image fiber
is wound around a bobbin over several tens of turns for disposal
of surplus length, a large skew of over 1 ns occurs and the band-
width is limited to less than several hundred megabits per second
per channel.

One method to suppress the bending-induced skew is to
twist the image fiber. When the integer multiple of the pitch
of the twist is equal to the length of the bent part, the increase
in skew is completely canceled. Even if this condition is not
satisfied, the increase in skew can be suppressed to some
extent. However, fixing an image fiber in a twisted condition at
every bent part makes handling difficult. It is therefore desired
to realize “twisted image fiber” which was previously twisted
in the drawing process. Another method is to use an “8-shaped
bobbin” proposed in Fig. 13. The surplus length of the image
fiber can be disposed of without increasing skew by winding
the image fiber around the bobbin in a manner to draw an“8.”
By using these methods, the bandwidth limit due to bending
will be alleviated up to over several tens of gigabits per second
per channel.

VI. CONCLUSION

The skew characteristics of an image fiber were investigated
by using a novel measurement method. The measurement re-
sults revealed the distribution of time-of-flight difference in the
image circle. To obtain high-speed transmission over 1 Gb/s/ch
through a 100-m-long image fiber, the parameters of all the
cores have to be made uniform. Additionally, the principle of
the increase in skew due to bending was clarified.

Image fiber has been optimized for direct image transmission.
Therefore, we have to re-optimize the parameters of the image
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fiber for data transmission. The authors hope that this investi-
gation will help the development of low-skew image fibers for
high-throughput 2-D parallel optical interconnects.

APPENDIX

In this Appendix, we numerically explain the condition
. From (6), when an image fiber is wound by

turns and by bending radius , the tensile stress on the
most stressed position can be written as

(A1)

Therefore, the condition can be expressed as

(A2)

Here we approximately assumed . In general, the pic-
ture diameter of an image fiber is smaller than 3 mm and the
minimum bending radius is lager than 30 mm. Therefore, obvi-
ously, the condition is satisfied generally.
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