and B) were included at 808nm. The weak spectral features on the
high wavelength side of some reflection peaks have been con-
firmed using a narrow-line tunable Ti-sapphire laser and may indi-
cate the presence of a weak but distinct transverse mode in the
excimer laser beam. The spectrum of the array after embedding is
shown in Fig. 2b. For clarity, external strain was applied to grat-
ing B to move it away from grating A, which is used as the refer-
ence grating. The Ags of the seven embedded gratings (C-I) have
all increased due to inadvertent tensile stress (> 1% for gratings G
and H) from unequal feed rates on the optical fibre and the fabric
as they entered the die; this differential stress was locked in by the
resin cure. The shift in A, of grating C is much less than that of
gratings D1, and the shifts among the latter group are not equal,
indicating nonuniform stress along the length of the panel. In
addition, there is evidence of nonuniform stress across the gauge
length of some sensors, e.g. gratings F-I, which causes their reflec-
tion peaks to distort and decrease in amplitude, likely due to
roughness in the texture of the fibreglass plies on a scale smaller
than the FBG length.

The composite panel was supported on rollers located approxi-
mately under gratings C and I and placed in three-point bending
using various weights. The spectrum of the embedded FBG array
was measured, and each of the sensors between the pivots showed
a decrease in A; due to the compressive strain induced in the grat-
ings, located on the concave side of the panel.
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flat J/ N
0 o o
200
o
= 400
£
£-600
n
0-45 kg load
-800
-1000
-1200 1-35kg
. A A4 n 1 1 1 1
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Fig. 3 Comparison of strain in CRTM™ beam measured with FRG sen-
sors and results of finite element and analytical calculations

Uncertainty bars on the FEA data are due to uncertainty in the posi-
tion of the sensors relative to the neutral axis

—{— experimental
——— FEA
A analytical, calculation

Axial strains were estimated from the A, shifts of each of the
FBGs (assuming 1/AzdMde = 0.74 and uniaxial stress), and these
data are plotted in Fig. 3. To accurately determine the wavelength
shift of each grating, its individual reflectance spectrum in the
‘flat” supported case (Fig. 2b) was first fit by the sum of 2-4 Gaus-
sians. This calculated spectrum was then translated in wavelength
for best correlation with the measured spectrum of that grating in
each of the strained cases. This correlation method gives a result-
ant error of < 1/4 pixel = 0.1A = 17pe. Note that the measure-
ment accuracy is degraded for gratings HI and I, which have weak
reflectance spectra that are overlapped in some of the loaded
cases.

The experimental results are compared in Fig. 3 with the results
of two calculations: the beam midpoint strains being calculated
analytically from the measured deflected shape of the beam and
nonlinear finite element analysis (FEA) performed using COS-
MOS/M. There is excellent agreement between the two calcula-
tions, while there is some variance between the experiment and
calculated strains, which can be reasonably attributed to varia-
tions of +1/2 ply thickness (0.276mm) in the position of the sensor
relative to the neutral axis. The fabric used in this experiment is
quite thick and irregular, and it is not uncommon for in-situ sen-
sors to be displaced into the weave of the fabric during CRTM™
processing. This depth uncertainty can result in as much as a
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12.5% uncertainty in calculated strain, as shown by the bars on
the FEA results in Fig. 3, but all measured strains fall within the
uncertainty. For typical deep section structural members, such as
‘T’ and ‘C’ beams with embedded FBG sensors in the flanges, the
strain uncertainty from *1/2 ply thickness mislocation would be
much less due to the larger distance from the neutral axis in com-
parison to the ply thickness, e.g. < 0.5% at one ply depth below
the surface for a 30 cm deep flange. Another source of error may
be the conversion of wavelength shift to strain, which assumes a
uniaxial stress state that is generally not the case in embedded
optical fibres [4].

Summary: This Letter reports initial results of embedding FBG
sensor arrays produced on-line during optical fibre drawing in a
fibre-resin composite using the CRTM™ process. The strain dis-
tribution of the beam under three-point bending has been deter-
mined from shifts in A and the measured strains compare
favourably with calculated results. This study establishes the
potential of fabricating low-cost fibre-reinforced composite smart
structural elements with embedded optical fibre sensors.
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Low skew multimode ribbon fibres for
parallel optical communication

S. Siala, A.P. Kanjamala, R.N. Nottenburg and
A.F.J. Levi

Indexing term: Optical cables

Interchannel skew in graded index multimode fibre-optic ribbon
can be reduced by forming each channel from fibre sequentially
cut from the same pull. A 1.25ps/m maximum variation in optical
pulse delay has been measured across a 102m tong 12fibre ribbon.
These impro extend the applications of multimode ribbon
fibre to include low cost synchronous parallel transmission at
622Mbyte/s over distances greater than 1 km.

Robust, low-cost gigabit per second fibre-optic links operating at
1.3 or 0.78um wavelengths are needed to satisfy existing and
future system requirements. Parallel links based on fibre ribbon
have been suggested for high density/throughput interconnects in
advanced switching and computing systems [1]. Assuming produc-
tion volumes of 100000 12-wide transmitter and receiver units per
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year it is possible to evaluate link price. In such quantity, jacketed
fibre is $0.25/m/fibre. Precision transfer moulded plastic 12-wide
MT fibre array push-on connectors from US Conec are $25 each
assembled and attached. Hence, a 12-wide connectorised 10 m
long jumper cable is $80. Gigabit per second transmitter and
receiver modules connectorised to multimode MM fibre are
approximately $200 cach assembled and tested. Thus, a 12-wide
multigigabit per second fibre-optic link with a 10m jumper cable is
less than $500. These modest prices are possible because low cost
fibre and connector technologies exist and also because of relaxed
alignment tolerance due to use of 62.5 or 50um diameter core
MM fibre in the module.

However, an important factor limiting the range of potential
applications for parallel optic links based on MM fibre is varia-
tion in signal propagation delay between fibre channels. Such
interchannel skew is due to variation in the refractive index of
fibres forming the ribbon. The purpose of this Letter is to quantify
this experimentally and thereby set a practical maximum limit to
bandwidth-distance product per channel of low-cost parallel MM
fibre links.
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Fig. 1 Measured optical pulse delay after transmission through 103m of

conventional 12channel optical ribbon fibre, resulting in maximum inter-
channel skew of 1005ps

Average delay is 510.696ns, maximum delay is 511.259ns, minimum
delay is 510.254ps, and standard deviation is 0.328ns or 3.18ps/m

The ribbon fibre described here consists of an array of 12 MM
graded-index glass fibres spaced 250um apart with core diameter
62.5um. The MT terminated ribbon fibre has a total length of
~100m and each connector has an insertion loss of 0.327 +/—
0.05dB [2]. Using the same Fabry Perot laser with emission at A =
1.3um wavelength, a fast detector, and a high-speed oscilloscope,
interchannel] skew across the ribbon fibre is accurately determined.
The cumulative error in this measurement, which is mostly due to
timing jitter, is about 1 part in 10°. In Fig. 1 we show results of
measuring propagation delay in a conventional ribbon fibre. As
may be seen, skew between channels is characterised by a standard
deviation 6 = 3.2ps/m, and a maximum skew of approximately
10ps/m or 1005ps over the 103m length of the 12 fibre ribbon. A
measure of interchannel skew correlation is given by the pair cor-
relation function

L3 = )y, — my))

00y

Td

where r, is the correlation coefficient, # the number of correlation
points, x; the delay for the first set of channels, ¥, the delay for the
second set of channels which are the dth nearest neighbour of x,,
respectively, and 1, (n,) and o, (c,) are the mean and standard
deviation of x; (y,), respectively. The insert in Fig. 1 shows that
skew is uncorrelated for conventional ribbon fibre.

Fig. 2 shows the results of measuring the propagation delay in
high quality graded index MM fibre manufactured by Corning
and sequentially cut from the same pull. This process results in
correlations between the effective refractive index for each fibre in
the ribbon. The measured maximum variation in optical pulse
delay across the 12 fibre ribbon is 1.25ps/m/12-fibres or 127ps
over the 102m length of the ribbon with a standard deviation ¢ =
0.39ps/m. To our knowledge, this skew is the lowest reported for a
12-fibre ribbon. As expected, the insert to Fig. 2 shows that a cor-
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relation in skew exists and decreases with increasing distance sepa-
rating the fibre sections being compared. Reduced variation in
fibre composition during the manufacturing process will increase
this correlation and result in a further reduction in skew.

50465(
10 e gy —
5 o-s{ .
504-60 |- L% 06 .
52 04 .
0 af 02 ..
5 50455 x x x 83 .
g T x x 0 200 400 600
g distance,m
x
ﬁ 504-50+ x " x
2 . x
504-45+
x
A L L L 1 | [ 1
50440 1 é 3 4 5 6 7 8 9 101 12
channel number

Fig. 2 Pulse delay after transmission through 102m of 12channel ribbon
fibre manufactured from high quality graded index MM fibre sequen-
tially cut from the same pull

The measured maximum interchannel skew is 127ps. Average delay is
504.508ns, maximum delay is 504.557ns, minimum delay is 504.430ns,
and standard deviation is 0.040ns or 0.392ps/m

Compared to singlemode (SM) fibre, MM fibre has the advan-
tage of relaxed optical alignment tolerances (by a factor of ~10) in
a transceiver module assembly and much better coupling efficiency
(which reduces the electrical gain requirements of the receiver).
For synchronous parallel optical links, SM fibre loses its intrinsi-
cally higher bandwidth-distance advantage when interchannel
skew of the ribbon becomes the limiting factor. For instance, a
skew of 2.1ps/m in 8fibre SM ribbon, as reported in [3], would
limit the synchronous connection distance to less than 500m at
1Gbit/s. Our low skew MM ribbon fibre avoids the use of costly
optical or electronic skew-correcting components [4] and is at least
as good as SM fibre in satisfying the bandwidth-distance/channel
requirements of low cost synchronous paralle] links.
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Fig. 3 Eye diagram and BER against clock-to-data delay of parallel

synchronous digital transmission over 102m of low skew MM ribbon
Sibre ar 622 Mbit/s with 27" NRZ PRBS

Inset: eye diagram

We measured bit error rate (BER) against clock-to-data delay
for synchronous parallel transmission at a data rate of 622Mbit/s.
Two channels (one for clock, one for data) of a laser array trans-
mitter module operating at A = 0.98um wavelength were used [5],
along with a 12channel DC-coupled digital optical receiver mod-
ule [6]. The inset of Fig. 3 shows the eye diagram obtained with
the low skew 102 m long MM ribbon fibre for a 622Mbit/s non-
return-to zero (NRZ) 271 pseudorandom bit stream (PRBS). As
shown in Fig. 3, a clock-to-data delay of up to 1.3ns can be toler-
ated while keeping the BER less than 10-1!. Thus, the 12channel
transmission span over this very low skew ribbon fibre at
622Mbit/s/channel with BER < 10! can be increased to a maxi-
mum of ~1km. The maximum 8channel transmission span with an
aggregate data rate of 622Mbyte/s should be greater than 1km.
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This increase in transmission distance is very important in data
communication applications such as computer-to-computer inter-
connections in local area networks and also for future high-speed
local loops linking switching terminals to curbside distribution
boxes (fibre-coax distribution) for broadband digital services to
the home.
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Simultaneous strain and temperature
sensing employing a photogenerated
polarisation coupler and low-order modes in
an elliptically cored optical fibre

S.E. Kanellopoulos, V.A. Handerek and A. J. Rojers
Indexing terms. Fibre optic sensors, Photorefractive effect. Optical

fibre polarisation, Optical couplers, Strain measurement,
Temperature measurement

A new technique is demonstrated for simultaneous strain and
temperature sensing using a fibre polarisation coupler in an
elliptically cored optical fibre carrying only a few low-order
modes. The applied strain and temperature can be determined
from the effect that they have on the resonant coupling
wavelengths for the orthogonal polarisation states of the
fundamental and first higher order modes.

Introduction: Simultaneous sensing of strain and temperature has
recently been achieved in several ways. One approach uses com-
bined polarimetric-interferometric techniques, employing the
polarisation properties of the fundamental mode and the first
higher order modes of a fibre [1, 2]. Elliptically cored fibres have
long been used in some of these bimodal sensing schemes because
the ellipticity breaks the modal degeneracy associated with a circu-
lar core, resulting in azimuthally stable field distributions for the
higher order modes [3-7].

In this Letter, we present a different method by which strain
and temperature can be determined simultaneously. The technique
makes use of a polarisation coupler (or rocking filter) in an over-
moded, elliptically cored fibre. The first four higher order modes
for a core ellipticity close to 0.5 are the , HE,,, ,EH,,, HE,, and
+HEy modes. In the weakly guiding approximation for circularly
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cored fibre these modes are nearly degenerate, having almost iden-
tical propagation constants. In elliptically cored fibre this degener-
acy is lifted, leading to two pairs of modes grouped by mode order
and with the electric field of either member of any pair being
orthogonally polarised with respect to its twin. The polarisation
coupler converts power only within any pair, including the funda-
mental (, HE,, & ,HE, ) and higher order groups (, HE,, <> ,EH,,,
HE, < ,HE,,. Each pair of modes exhibits a different resonant
coupling wavelength [8, 9] due to its unique spectral variation of
beatlength compared to the remaining pairs. Conversely, each pair
of modes will exhibit a given polarisation beatlength at differing
wavelengths. In some circumstances, these wavelengths can be
very similar for some pairs of modes. The proposed method relies
on the differing dependences on strain and temperature of the
modal birefringence for these lowest-order modes. These measur-
ands can be determined simultaneously from the effects which
they have on the resonant coupling wavelengths associated with
two pairs of modes. We have previously demonstrated simultane-
ous strain and temperature sensing using overlaid gratings of dif-
ferent types acting on the fundamental mode alone [12]. In
comparison with that approach, the method described here clearly
offers a simpler sensor fabrication procedure. This method also
avoids the potential complications involved with the use of Bragg
gratings, which have also recently been used to perform simultane-
ous strain and temperature sensing [13].

Theory: The resonant condition for a polarisation rocking filter is
given by &, = 8n, A, where A, is the resonant coupling wavelength
for each pair of modes (i = 1 corresponds to the fundamental and
i = 2 to the first higher order pair), 8n; is the modal birefringence
of the ith pair and A is the grating period, equal to the relevant
polarisation beatlength. The fractional change in the resonance
wavelength for each pair of modes when the temperature of the
grating is raised by AT and when it also experiences a strain € is
given by
AN 1 9dn; 1 6A AT 1 9dn; + 10A R
X \6n; 8T ' AOT on; B¢ A Oe
i =1 (fundamental), 2 (higher order pair) (¢}

The above equations can be solved for temperature and strain
provided that the coefficients in the parentheses are known for the
specific fibre used. The magnitude of the coefficients in the first
pair of parentheses of each equation can be determined by meas-
uring changes in the resonant coupling wavelengths associated
with each pair of modes while making controlled changes in the
temperature of the fibre. A similar procedure is followed to deter-
mine the magnitude of the remaining coefficients by stretching the
fibre at constant temperature.

Experiment: The fibre we used for the experiments described in
this Letter was an elliptically cored, D-type fibre made by the
Andrew Corporation with a measured higher mode cutoff wave-
length 2, equal to 693nm. A polarisation rocking filter with a
period of 3mm and extending over 85 coupling points was written
using the technique mentioned in [10]. Each coupling point was
exposed to 1200 pulses of focused 266nm light from a frequency-
quadrupled Nd-YAG laser with a pulse energy of 2.5mlJ [11] The
spectral coupling efficiency of the rocking filter was examined with
a monochromator with a resolution of 0.5nm and a resettability of
0.075nm. Fig. 1a shows the polarisation coupling spectrum of the
rocking filter unstrained at room temperature. The resonance
wavelength A, was 796.2nm while the resonance wavelength A,
was 668.9nm. The measured peak polarisation coupling efficiency
for the fundamental mode was 23% and the measured FWHM
bandwidth was 6.7nm. The measured peak polarisation coupling
efficiency of the filter for the first observable higher-order pair of
modes was 11% at the peak and the measured FWHM bandwidth
was 4.6nm.

The coupler was immersed in an oil bath heated by a large hot
plate and the shifts in resonant coupling wavelengths were meas-
ured for both pairs of modes at intervals over a range of 155°C
above room temperature. The temperature of the oil was moni-
tored with a thermocouple. Fig. 1c shows the transmission spec-
trum of the fibre at the maximum temperature. The shifts in the
resonant coupling wavelengths compared to ambient conditions
were AL, = —41.4nm for the fundamental and Ak, = —48.2nm for
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