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Abstract We experimentally demonstrate the in-span nonlinear accumulation of Rayleigh backscattered
crosstalk in multicore fibers by novel distributed evaluation technique using multi-channel OTDR, which
validates the previously-reported theoretical prediction. We also present the impact of fan-in/fan-out
crosstalk on the backscattered crosstalk with experimentally-validated prediction formula. ©2022 The

Authors

Introduction

Space division multiplexing (SDM) using multi-
core fibers (MCFs) is a promising candidate to
overcome the fundamental Ilimit of the
transmission capacity of single-mode fibers.
Crosstalk (XT) suppression is necessary for
uncoupled MCF transmission without XT
compensation. Bidirectional MCF transmissions
where signals counter-propagate in nearest
neighboring cores are attractive for XT
suppression, and the earlier studies have
revealed that one of the major XT sources in
long-haul  bidirectional MCF transmission
systems is Rayleigh backscattered XT [1-3]. For
unidirectional MCF transmissions, the linear
accumulation of the direct XT (XTdr) between
copropagating modes over propagation distance
has been well elucidated from theoretical and
experimental studies [4—6]. For bidirectional MCF
transmissions, the backscattered XT (XTss) has
been reported to nonlinearly accumulates in each
span, but grows linearly with the number of
spans [1-3,7]. The nonlinear backscattered XT
accumulation within each span has been
theoretically predicted, but has not been
experimentally confirmed in details, to the best of
our knowledge.

In this paper, we present the distributed
measurement method of Rayleigh backscattered
XT using multi-channel OTDR, which validates
nonlinear accumulation of the backscattered XT.
We also show the effect of fan-in/fan-out (FIFO)
XT on the backscattered XT.

Nonlinear accumulation of backscattered XT
Firstly, we discuss how XTss nonlinearly
accumulate in each span. We assume optical
power Po is launched to an end of Core 1 of an
MCF having a length L. The transmitted power
P4(L) at the other end of Core 1, and the

backscattered crosstalk power Pusa(L) at the
launching end of Core n can be expressed as [2]:
R (L)~ P exp(-alL), (1)

Pbgﬁ (L) ~ Pos%h[l—exr)(—ZaL) —Lexp(—ZaL)], (2)

2a

and XTss of the MCF can be expressed
as [2,3,8]:

B, S inh (L
(= % hL{Sm G )—exp(—aL)}, (3)
P a

where S is the proportion of the Rayleigh
scattering component recaptured into a
backward direction, ar is the Rayleigh scattering
loss coefficient, a is the propagation loss
coefficient of optical power, h is the power
coupling coefficient between nearest neighboring
cores (between co-propagating modes), L is the
span length. S can be approximated with
effective area Aeff as [3,8]

XT,
i al

S =327 (870 Ay ). (4)
When aL << 1, XTss can be approximated as
XTys ~ 2 (hL)(aL) ~ SaxhL, (5)

using sinh(aL)/(aL)=1 and exp(-alL)=1 - alL.
When aL >> 1, XTss can be approximated as
XT,, ~ Sa, WL exp(al) _ Sy ﬁexp(aL)’ ©)
a 2aL a «a 2
using sinh(aL) = exp(aL)/2 and exp(-alL) = 0. So,
in long-haul transmissions with alL >>1 (span
loss >> 10/In(10) dB ~ 4.34 dB), XTss grows
exponentially. This is because P:1 decays
exponentially, but Posn asymptotically
approaches a constant value, as shown in
Egs. (1) and (2).

Evaluation method for backscattered XT from
OTDR measurements

Here, we present the relationship between XTss
and OTDR traces. Based on [6], when we launch
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OTDR pulses with a width W and group velocity
Vg only into Core 1 and when hz < hL << 1, the
powers in Core 1 and Core n backscattered from
a position z can be approximated as

Foror, (Z) ~ Ry Fy exp(—2az), (7)
) A— 1 ( ) 2hzRy P exp(—Zaz), (8)
with the Rayleigh backscatter coefficient:
Ry = Sog ngw~ 9)
By using the square root of Eq. (7):
\/ OTDR,! ) ~ \/RBSPO exp(—az), (10)
P1 can be expressed with Potpr,1 as
\/POTDR,I(O)POTDR,I (Z) ~ Ry By (Z) (11)
By integrating Eq. (8), we obtain
L
J.POTDR,n )dz ~ o wa (L) (12)
0

From Egs. (3), (11),
evaluate XTss by using

J‘ POTDRn( )dZ

\/ OTDRI OTDR] (L) ’

Experimental setup
We evaluated the backscattered XT using the
multi-channel OTDR in [6]. Figure 1(a) shows the
setup for measuring the XT of MCFs using the
OTDR. The pulse signal from a laser diode (LD)
is launched into Core 1 of the fiber under test via
a FIFO device, and the backscattered power from
Cores 1 and 2 are detected via the same FIFO.
For comparison, we also measured the values of
XTgsr and XTss with the direct power
measurement using wavelength scanning
method with continuous-wave (CW) tunable light
source (TLS) with the setup shown in Fig. 1(b).
Table 1 summarizes the characteristics of the
measurement samples. Both MCF-1 and MCF-2
have fusion splice points to realize longer spans
for measurements. The FIFO for MCF-1 is an
etched fiber bundle type FIFO [9] with a trench-
assisted MCF pigtail, and the FIFO for MCF-2 is
a fused taper type FIFO [10].
Results and discussion
Figure 2(a) shows the XT accumulation over
propagation distance in MCF-1 (in a span). The

and (12), we can

2RBs

(13)
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Fig.1: Experimental setups for (a) distributed XT
measurement using multi-channel OTDR and (b) direct power
measurement using CW light source. LD: laser diode, TLS:
tunable light source, OPM: optical power meter.

Tab. 1: The properties of the samples at A = 1.55 ym

MCF-1 MCF-2
Number of cores 4 2
ain dB/km 0.19 0.16
Aeff [Um?] 74 109
Rss in dB for 1-ns pulse W -81 -84
Cutoff wavelength [um] <1.53 <1.53
Power coupling coeff. h
in dB at 1 km F[>1 OgdB/decade] ~44.0° | -636°
Fiber length [km] 131 111
Fusion splice point [km] 44, 88 59
<-802 |-44.3(#1)°
FIFO XT [dB] (#1+#2) —50.85#2;’

a: Measured w/ transmitted power technique.
b: Measured w/ multi-channel OTDR technique.

OTDR pulse width was 10 ps. The values of XTair
from OTDR measurement was calculate by
(Potorn/PoTDr,1)/2 as with the case of [6]. The
values of XTes from OTDR measurement was
calculated using Eq. (13). We corrected the zero
point of the propagation distance as if the pulse
center enters to the samples at the zero point. We
also plot the XT4ir and XTss values measured
using CW power measurement. The theoretical
prediction of Xler is calculated from

XT,,. =hL, (14)
where h was calculated from the CW power
measurement result at L = 131 km. The
theoretical prediction of XTss is calculated using
Egs. (3) and (4), where we used the above h and
the measurement values of a, ar, Aef (SO, it is not
the regression curve of the XTss measurement
results).

—— XTg: OTDR measurement
¢ XTg: CW measurement (A scanning)
XTg: Theoretical prediction
XTg,: Theoretical prediction with FIFO XT
— XTgg: OTDR measurement
¢ XTgg: CW measurement (A scanning)
XTgg: Theoretical prediction

100 XTgs: Theoretical prediction with FIFO XT

Fiber length (span length L) [km]

Fig. 2: XT accumulation over propagation distance in (a) MCF-1 and (b) MCF-2 (in a span).
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The OTDR measurements agree well with the
CW power measurements. Furthermore, OTDR-
measured longitudinal profiles of the XTar and
XTes are very well consistent with the theoretical
predictions. Slight discrepancy at L < 10 km is
caused by that Egs.(7) and (8) ignore the
longitudinal backscattered power change within
the pulse width, but the discrepancy becomes
negligible at L > 10 km, which can cover the span
lengths of most of long-haul systems and where
XTss becomes non-negligible for bidirectional
MCF transmissions.

Figure 2(b) shows the XT accumulation over
propagation distance in MCF-2 (in a span). The
OTDR pulse width was 20 us for better sensitivity,
because MCF-2 has lower XT even after long
distance propagation. Most data were obtained in
the same manner with the MCF-1 case. Since the
XT of the FIFO ( XTE™ ) is not negligible and
almost the same with MCF-2 XTqir after 100 km,
h and FIFO XT were obtained from the OTDR-
measured XTqir (y-intercept can be regarded as
XT.FC as shown in Eq. (16) later).

Because the low-XT signal after 100 km was
too weak to measure even with the 20-us pulse,
we observed heavy noise on the OTDR-
measured XTgr after ~50-km propagation.
However, the trend of the OTDR measurements
agree well with the CW power measurements.
Such a noise was not observed in OTDR-
measured XTes because XTss is calculated from
the integral of Potprn and the weak power of
Potor . after long distance propagation does not
have a significant impact on the integrated value.

The large difference between MCF-1 and
MCF-2 measurements is XT.™ . As XT.™ is
not negligible in the MCF-2 measurement. The
OTDR-measured longitudinal profiles of the XTair
and XTss do not agree with the theoretical
predictions without XT."™

Since XTuir is linearly additive, the XTaqir of the
measurement sample including MCF-2 and
FIFOs for direct CW measurements is

XTMCF+F1FOS :XTvFlFO#l +hL+XTFIFO#2. (15)

dir dir dir

For OTDR measurements, only the near-end
FIFO (FIFO-N) has an impact on the
backscattered powers. So, the values of XTir
calculated by (Potorn/Potor,1)/2 should give

XTLI]:ICFJrFIFO-N — X]-:ili-‘rIFO-N +hL (16)
By fitting Eq. (16) to the OTDR traces measured
from FIFO#1 end and FIFO#2 end, we evaluated
the power coupling coefficient h of MCF-2 and
FIFO XTs as summarized in Table 1. XTai
measured by the CW method ( XT;""F°*) and
OTDR method ( XTyFF*1) should have the
difference of XT)"*"* put the difference of
XTYCFFIFOs ‘and XTeF*F*! is only 0.5 dB in this

experiment and the results of OTDR and CW
methods do not have a noticeable difference in
Fig. 2(b).

When we consider the XTgs with the effect of
XT.F, we can ignore the backscattered XT or
reflection XT in the FIFO, because the return loss
of the FIFO is very high. Therefore, by
considering that XT)™" " is  the co-
propagating XT, we can derive XTss with the
effect of XT.™° as
XTYNCEHIO o XTNCT 1 2 XN 5% Ginh (aL).(17)

[24
in the similar way of deriving Eq. (3). Note that
Sar can also be obtained using Sar = 2Rss/(VgW)
[Eq. (9)] with Res at W and V4 (or group index).
Now, the OTDR-measured XTss also agree very
well with the theoretical predictions with FIFO XT
[Ea. (17)].

Figure 3 summarizes the per-span XTss
increase due to FIFO XT ( XTaFHFON /XTMCF ) ag
a function of XTHFON/XTM" and aL in dB. For
example, in the case of 15-dB span loss, the
FIFO-induced XTsgs increase is almost negligible
(<0.1 dB) when FIFO XTair is more than ~25-dB
lower than the MCF span XTdir. The effect of FIFO
on XTgs can be well estimated by using Eq. (17),
if it is not negligible.

10
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XTgg increase due to FIFO XT
[dB]
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Near-end FIFO XT, vs MCF XTy;, per span [dB]

Fig. 3: XTgs increase due to the near-end FIFO XT as a
function of the ratio of FIFO XTg to MCF XTg;, per span and
the span loss in dB (legend).

Conclusion

Newly developed OTDR measurement technique
validated that the in-span XTss in MCFs can be
well predicted by Eq. (3); therefore, bidirectional
MCF transmissions with propagation direction
interleaving between neighboring cores are very
effective for XT suppression as presented in [1—
3,7,8]. The suppression of FIFO XT is also
important for designing XTss in bidirectional MCF
transmission systems, and the effect of FIFO XT
can be well estimated using Eq. (17).
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