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In multicore fiber (MCF) transmission, low inter-core crosstalk (XT) is crucial to suppress signal quality degradation. This study
reveals that the dependence of the XT on fiber bending radius can be evaluated from the longitudinal changes in the bending
radius of spooled MCFs with multi-channel OTDR. Using multi-channel OTDR, we also developed a measurement method for
backscattered XT, which needs to be considered for bidirectional MCF transmission. With the developed method, we verified the
validity of the theoretical prediction of the fiber length dependence of the backscattered XT and clarified the effect of fanout on the
bidirectional XT. Our study shows the applicability of multi-channel OTDR for characterizing longitudinal XT change in MCFs and
the preferable characteristics of bidirectional transmission in MCF.
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1. Introduction

XT = RL, coeeeeereemieemieneeieneeieneeie st (1)

In recent years, global telecommunications traffic has
continued to grow at an annual rate of 30% as smartphones, where L is the fiber length. As this equation, XT is
live streaming, and online conferencing have become more proportional to the fiber length L with a power coupling
common.’ Meanwhile, the single-mode optical fibers that coefficient 4. XT is the ratio of the power of core 1, the
make up today’s communication networks are already coupling source, P;, to the power of core 2, the coupling
reaching their fundamental limit of transmission capacity at destination, P, (Fig. 1), as follows.
the experimental level.?® To break through this limit, P
space division multiplexing (SDM) technology is attracting T = 2. ceeeeeeeeeiee ettt 2)
attention.” Among them, a multicore fiber (MCF), which !
has multiple cores in one fiber is the most promising
technology that is closest to practical application. #1

In MCFs, signal power leakage (crosstalk, or XT) | Rx | Py
occurs between multiple cores, and suppressing this is {#2
important to maintain signal quality. For this reason, m W P,
various theoretical predictions and experiments have been

conducted.®®
' We have shown that the fiber length dependence of Fig. 1. Schematics of co-propagating XTO

various types of XT can be measured using OTDR.*! ©-1D TX: Transceiver, RX: Receiver

In this paper, we report the results of OTDR measurements

of the fiber bending diameter dependence of XT in MCF®

and the fiber length dependence of XT due to backscat-

tering'?, which is an issue during bidirectional transmis- The XT can be measured from the ratio of the emitted
sion. light intensity of core 2 and core 1 at the end of the MCF
when light is launched from the other end of the MCF to core
1 only (transmission power method). Alternatively, a measure-
ment method using OTDR has also been proposed.(?

2. XT in MCF and OTDR Measurements of XT The measurement method using OTDR allows XT

XT is caused by the coupling between modes propa- measurement at only one end of the MCF and the method
gating in one core and modes propagating in another core. using OTDR allows XT distribution measurement in the
The strength of this coupling is expressed by the power longitudinal direction of the fiber. Figure 2 shows sche-
coupling coefficient 4. The power coupling coefficient is matics of XT measurement using OTDR. A test pulse
mainly determined by the strength of the confinement of launched from OTDR to core 1 of MCF is backscattered at
the electric field to the core, the distance between core the fiber longitudinal position z and it makes a round trip in
centers, the difference in propagating constants between MCF. Meanwhile, the pulse is coupled from core 1 to core
cores, and the fiber bending diameter. When the XT is 2 with a coefficient 4 both before and after backscattered.
small enough (4#L<<1), XT can be expressed as Since both core 1 and core 2 are similarly backscattered,

there is no difference in power due to backscattered
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between the cores. Therefore, the attenuation of light with
backscattering can be excluded, and the XT measurement
by OTDR simply measures the XT when the signal light
travels twice the distance of the measurement position z,
i.e. the XT can be expressed as

1P,(2)

2Py (2)

XT(Z) = o, veeeevereresnesmess s (3)
where Py (z) is the intensity of backscattered light of the
launched core backscattered at position z, and P, (z) is the
intensity of backscattered light of the coupled core at
possition z.

MCF under test
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Fig. 2. Schematics of measuring XT in MCF using OTDR®

3. Measurement of the Bending Radius
Dependence of XT in Heterogeneous
Core Type MCF

XT varies with the bending radius of the fiber, which
depends on the propagating constant difference between
the cores of the MCF.® Measuring the bending radius
dependence of XT is useful for estimating the XT at a
given bending radius of cabling MCF. However, it is not
efficient to measure the bending radius dependence of XT
using the transmission method with MCF reels of various
radii. We found that the bend radius dependence of XT can
be efficiently measured using multi-channel OTDR
(MC-OTDR) by using the bend radius changes from the
inside to the outside of the reel.?” In this section, we intro-
duced the result of Ref. 9.

(@

Multi-channel OTDR

Pulse
source

MCEF reel

Transmission power measurement

MC-OTDR was connected to MCF with FIFO*? and
the XT was measured with the measurement setup as
shown in Fig. 3 (a). Measurements with the transmitted
power method were also performed as reference measure-
ments. Several heterogeneous uncoupled 2-core fibers with
lengths from 13 to 60 km were used for the measurements.
The outer diameter R; was measured from the outer
circumference of the wound MCF and the bending radius R
was calculated from the function of the fiber position from
the end of the inside of the reel as follows

R={1- Z/L)Ré + (Z/L)Rf}l/z, ..........................
where the bending radius R is assumed to be linear with
respect to the number of turns, and the increment of the
fiber length z is assumed to be linear with respect to R. The
co-propagating XT was obtained using Eq. (1). The power
coupling coefficient was obtained by differentiating the
co-propagating XT by position.

Figure 4 shows the intensity of the backscattered
pulse and co-propagating XT measured by MC-OTDR as a
function of fiber longitudinal position z from inside to
outside of the reel. The measurement was performed at a
wavelength of 1550 nm and with a pulse width of 1.5 msec.
In this measurement, the pulses were launched into MCF
from the inside of reel (a) and from the outside of reel (b),
respectively. From these results, the co-propagating XTs (c,
d) from the launched end to position z were calculated as
the method described above. These XTs agree well with the
XTs measured by the transmission power method.
Measurements by the transmission power method were
made with the MCF connected to the FIFO and with the
FIFO alone. These results correspond to the values at both
ends of (¢, d). The results from the transmission method
agreed with the line measured by MC-OTDR with an
average error of 0.2 dB. From (c, d), the relationship
between position and co-propagating XT deviates from
linear in the 0-10 km range.

Consequently, the fiber position dependence of the XT
coefficient (power coupling coefficient) from this result is
shown in Fig. 5 (a). The results measured from both ends
of the MCF agree well. It supports the validity of the XT
coefficient measurement using MC-OTDR. The variation
of the XT coefficient along the fiber position can be

(b)
Lot XT [dB/100km]
. eng
Fiber ID [km] Reel radius | Reel radius
87 mm 140 mm
#1 60.0 =253 -40.6
#2 52.9 N/A -39.9
#3 13.4 -23.4 N/A
g OPM
o] OPM

Fig. 3. (a) Schematics of the measurement of the bending radius dependence of XT in MCF using MC-OTDR®
TLS: tunable light source. OPM: Optical Power Meter. (b) The properties of the samples
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Fig. 4. The results of MC-OTDR)

explained as a variation of the bending radius along the
fiber position, as described later.

In order to investigate the dependence of XT on
bending radius over a wide range of bending diameters, the
MCFs under test were rewinding on a reel with a larger
diameter. As shown in Fig. 5 (b), it can be confirmed that
the XT between heterogenous cores decreases as the
bending diameter increases.

Figure 6 shows the OTDR measurements of the XT
coefficients and the theoretical calculation of the bending
radius dependence of the XT coefficients using power
coupling theory.©® The measured 2CF has a core-to-core
propagation constant difference of 0.027%, a core pitch of
35 um, and a correlation length L. of between 20 and 80
mm. As seen in Fig. 6, the relationship between the XT
coefficient and the bending radius is consistent with the
calculation for any of the 20 to 80 mm. However, when the
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Fig. 5. (a) The fiber length dependence of the XT coefficient.”
The arrows indicate the launching direction of the pulse.
(b) The bending radius dependence of the XT coefficient.
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Fig. 6. The graph of the bending radius dependence of the XT coefficient
measured by MC-OTDR

correlation length L. is fixed to one, the measured and
theoretical lines do not match for the entire length. This
may be due to the change in correlation length with
bending radius and the calculation accuracy of the propa-
gation constant difference, which is an issue for future
studies. In addition, we have used the R.r = 1.4R relation-
ship in analogy with the photoelastic effect in bending loss.
However, the value of 1.4 is a little high as a correction
factor for the photoelastic effect, and this is also an issue
for future studies.
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4. Measurement of the Length Dependence of
Backscattered XT

Until the previous section, we handled the XT which
is considered to be the value when signal light propagates
in the same direction between adjacent cores, as shown in
Fig. 1 (here called co-propagating XT). However, XT can
be reduced by counter-propagation of signal light between
adjacent cores.”® XT during counter-propagation can be
classified into three types by case: backscattered XT,
reflected XT, and indirect XT.?” In this section, we will
discuss backscattered XT in particular.

Backscattered XT is a counter-propagating XT, which
is caused by backscattering. Since backscattering can occur
at any position in the longitudinal direction of the fiber, Py
in Fig. 7 can be expressed as the sum (integral) of the back-
scattered light at each position. The ratio of this Py, to the
outgoing light P; of the coupled source core represents the
backscattered XT,7-®

_ Py Sagr sinh(aL)

XTys = =——nhlL
bs = "p, a h al

—exp(—aL)|. e (5)

The equation on the right-hand side is the theoretical
expression for backscattered XT, where a is an attenuation
constant of the fiber, S is the recapture factor of the
Rayleigh scattering component to a backward direction,
and ax is the Rayleigh backscattering coefficient. As shown
in Fig. 8, the dependence of backscattered XT on fiber
length L changes at 1/a. XT is proportional to L? in L<<1/a
and is proportional to exp(al) in L>>1/a. Compared to
co-propagating XT, backscattered XT is more than 20 dB
lower in the practical fiber length range. Therefore, propa-
gating the signal light in the opposite directions is more
advantageous for XT reduction than propagating in the
same direction.

#1

w2 L [
Psz W f 7 7 m PZ

Fig. 7. Schematics of the backscattered XT!?
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Fig. 8. The fiber length dependence of the backscattered XT(!?

We have proposed an OTDR-based measurement
method for backscattered XT.'? As already mentioned, the
backscattered XT can be obtained by the ratio of the sum
(integral) of the backscattered light at the coupled core to
the transmitted light power of the coupling source core.
Therefore, the integral of the backscattered light at each
position of the coupled core can be replaced by the integra-
tion of OTDR-measured light Pi»(z). And the transmitted
light at the coupling source can be replaced by /P;;(2)
which is converted to half the distance from the value of
P11(z). Therefore, the backscattered XT can be expressed as

S “Pip(2)dz'
XTps = aR fo 12(7) e 6)

VPu(0)  JPu(@)

The experimental system is shown in Fig. 9 (a). The
pulse signal from the laser diode (LD) is launched into core
1 of the fiber under test via a FIFO, and the backscattered
light from core 1 and core 2 is detected via the same FIFO.
For comparison, the co-propagating XT and backscattered
XT values were also measured in the experimental system
shown in Fig. 9 (b) using a continuous wavelength (CW)
tunable light source (TLS) with direct power measurements
by the transmission method.®

Table 1 summarizes the characteristics of the
measured samples. Both MCF-1 and MCF-2 were
measured over a long span with fusion connection points.
The FIFO of MCF-1 was an etched fiber bundle type FIFO
with trench-assisted MCF pigtail®® and the FIFO of MCF-2
was a fused taper type FIFO.(9

Multi-ch OTDR (a)
1 e Q) -
3 T FIFOM et ol FIFO#2

Fig. 9. (a) The XT measurement using with MC-OTDR.
(b) The measurement of XT with the power transmission method.
LD: Laser Diode, TLS Tunable Laser, OPM: Optical Power Meter.

Table 1. The properties of samples at A= 1.55 pm@®

MCF-1 MCEF-2
Number of cores 4 2
o in dB/km 0.19 0.16
Ay [pm?] 74 109
Res in dB for 1-ns pulse W -81 -84
Cutoff wavelength [um] <1.53 <1.53
Power coup[lil(l)gd(}:;)/‘zifc :dlera dB at 1 km 44.00 63.6°
Fiber length [km] 131 111
Fusion splice point [km] 44, 88 59
FIFO XT (4B} i | Soagay

a: measured by power transmission method, b: measured by MC-OTDR.
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Fig. 10. fiber length dependence of XTs of (a)MCF-1 and (b) MCF-2(®

Figure 10 (a) shows the accumulated XT values (in
span) versus propagation distance at MCF-1. The pulse
width of the OTDR pulse is 10 ps. The co-propagating XT
and backscattered XT values were calculated using Egs. (3)
& (6). The zero point of the propagation distance was
corrected by assuming that the pulse center enters the fiber
at the zero point. The co-propagating XT and backscattered
XT values from CW power measurements were also
plotted. The theoretically predicted values of co-propa-
gating XT were calculated using Eq. (1). The theoretical
predictions of co-propagating XT were calculated using
Eq. (1), where & was calculated from the results of the
transmission method measurement at L = 131 km. The
theoretical predictions for backscattered XT were also
calculated using Eq. (5). The values in Table 1 were used in
the calculations. (Thus, they are not the fitting curves of
the measured backscattered XT.)

The OTDR measurements are in good agreement with
the transmission method measurements. Furthermore, the
longitudinal variation of co-propagating and backscattered
XT measured by OTDR agrees very well with theoretical
predictions. The discrepancy for L < 10 km is due to the
fact that Eq. (6) does not fully account for the effect of the
pulse width. However, for L > 10 km, the discrepancy is
almost negligible, whose range covers the span length of
most long-distance systems.

Figure 10 (b) shows the XT of MCF-2 versus propa-
gation distance. The pulse width of the OTDR was set to
20 ps to increase sensitivity, since MCF-2 has a low XT
even when propagated over long distances. Another
measurement setup was as in the case of MCF-1. The XT
of FIFO is not negligible and is almost the same as the XT
of MCF-2 at 100 km.

Since the XT signal after 100 km was too weak to be
measured even with 20 ps pulses, significant noise was
observed in the OTDR XT measurements after propagation
over 50 km. However, the trend of the OTDR measure-
ments is in good agreement with that measured by the
transmission method. No such noise was observed in the
backscattered XT measured by OTDR because the back-
scattered XT is calculated from the integral of the XT
component of the OTDR measurement and the weak power
after long-distance propagation does not significantly affect
the integral value.

The large difference between MCF-1 and MCF-2
measurements is the FIFO XT. The effect of FIFO cannot be

ignored in MCF-2 measurements, and the co-propagating
and backscattered XTs measured by OTDR do not agree
with theoretical predictions.

Since co-propagating XT is linearly additive, the
co-propagating XT including FIFO can be expressed as

XTMCF+FIFO — yFIFO 4 pr e (7)
Consequently, the backscattered XT affected by FIFO
yields

uni

Sa
XTHCFHFIFO  YTMCF 4 2 xTFIFO TRsinh(aL). ------- ®)

The theoretical lines calculated based on this equation
are in good agreement with the backscattered XT measured
by OTDR.

5. Conclusion

Using XT measurement with MC-OTDR, the relation-
ship between XT and bending radius can be evaluated. The
XT measurement using OTDR is also useful for nonde-
structive measurement of length and bending radius depen-
dence.

The newly devised method of measuring backscat-
tered XT by OTDR verified that the backscattered XT in
MCF agrees well with the prediction of the theoretical
equation. Furthermore, it was shown that counter-propa-
gating MCF transmission, in which the propagation direc-
tion is opposed between adjacent cores, is very effective in
suppressing XT. The XT suppression of FIFO is also
important for designing backscattered XT in counter-prop-
agating MCF transmission systems, and the effect of XT in
FIFO can be well estimated using the last equation in
Section 4.
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Technical Terms
OTDR: Optical Time Domain Reflectometry (OTDR) is
a method that enables measurement of the longitudinal
evolution of fiber attenuation of an optical fiber by
launching a test pulse into the optical fiber and
measuring its backscattered pulse in chronological order.
FIFO: Fan-In/Fan-Out (FIFO) is an optical device for
optically connecting each core of an MCF to
corresponding single-core fibers.
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