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Abstract: We propose multi-core fiber (MCF) crosstalk measurement method which requires only
one fan-in/fan-out at a single end of MCF, and is applicable to short MCFs whose crosstalk is
difficult to be measured using OTDR method. © 2024 The Authors

1. Introduction
Space division multiplexing (SDM) is a promising technology to increase the transmission capacity of optical
networks [1], and the multicore fiber (MCF) has been finally commercialized for submarine applications [2]. Also for
terrestrial applications, MCF technology has progressed for practical applications, and the MCFs with standard 125-
pm cladding or 250-um coating [3—5] and MCF high-density cables [5—7] have been demonstrated. To commercialize
such high-density terrestrial MCF cables, efficient inter-core crosstalk (XT) measurement is necessary. Transmission
method [8,9] is the most basic and widely used measurement method for the XT of MCFs, but we have to access the
both ends of the cores. Therefore, to evaluate the XT of a high MCF count cable, the both ends of each single MCF
have to be simultaneously identified from hundreds/thousands of MCF's and aligned to fan-in/fan-outs (FIFOs) at the
same time. The optical time domain reflectometry (OTDR) method [10,11] is another XT measurement method that
can measure the XT with single-end FIFO connection, which could simplify the MCF handling and FIFO connection
during MCF cable testing. However, the OTDR method requires kilometer-order pulse length (10 to 20 ps in time
domain) to evaluate extremely weak backscattered power of the XT, and may not be suitable for XT evaluation of
short MCFs in high-density cables whose lengths are often a few kilometers or shorter. An OTDR measurement with
loopback configuration [12] can use shorter pulses, but this method requires FIFO connection/splicing at both ends of
an MCEF, thus does not simplify the MCF handling and FIFO connection.

In this paper, we propose a single-end XT measurement method, which uses a continuous light source and
evaluates the powers of the backward propagating lights in an MCF, and can be applied to short MCFs whose XT is
difficult to be measured using the OTDR method.

2. Principle

We express the XT using the symbols shown in Fig. 1a. In line with literature, the XT of forward propagating power
from Core 1 to Core 2 can be expressed as XTro1 = F21/F11, where F ., is the element of the power transfer matrix of
forward propagating light in the cores. By taking the geometric mean of the linear values (or the arithmetic mean of
the decibel values), we can remove the effect of the core dependent loss (CDL) on the XT, and the XT between Core

1 and Core 2 can be expressed as [9]: XT, = /XT, XT,,, = AL, where / is the power coupling coefficient between
Core 1 and Core 2, and L is the fiber length. In this study, we define backward XT as

XT, = XT,,XT,,,, XT,, =B,/B, )

based on the backward-direction output powers in an MCF (See Fig. 1a). Note that the backward XT is defined just
for measurement purpose, and different from the counter-propagating XT [4]. The backward propagating powers can
be induced by the Fresnel reflection at the non-input end of the MCF as fiber under test (FUT) (Fig. 1b), and by
Rayleigh backscattering along the MCF (Fig. 1c). XT}, can be expressed as (Bps,m» can be derived from Eq. (12) in [13]
by integration along the MCF with some approximation and algebraic manipulation. Core-dependent optical properties
of the MCF are ignored for discussion simplicity):

S 1-exp(-2alL K 2alL)-1
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where Renq is the reflectivity of the non-input end facet of the FUT, a is the propagation loss coefficient of optical
power, ar is the Rayleigh scattering loss coefficient, and S is the proportion of the Rayleigh scattering component
recaptured into a backward direction. Under the Gaussian field approximation [14], polarization-averaged Renq of the
Fresnel reflection with the cleave angle € [rad] can be approximated as

chd ~ |:(nﬁbcr - nair )/(nﬁbcr + nair ):|2 eXp [_(Zﬂntibcrwe/l)zJ (3)

where nfver and ngr are the refractive indices of the FUT and air, w is the spot size, and A is the wavelength in vacuum.
The loss coefficients o and ar can be converted to decibel parameters by multiplying 10/In10 ~ 4.34. The Rayleigh
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re-capturing factor can be expressed S = 37/(2k*n*Aerr) = 3/(2k*n*w?) [13,14], where k= 27/4, n is the refractive index,
Aeir is the nonlinear effective area. From Eq. (2), the ratio of the backward XT to the forward XT depends on Renq and
oL. By using the XTy/XTr value calculated using Eq. (2), XTr can be evaluated from measured XTj, value. Figure 1d
shows the example of the dependence of XTw/XTron Rend and al, at A = 1.55 um of an MCF whose core design is
compatible to ITU-T G.657.A1 where we assumed a is 0.19 dB/km, ag is 0.17 dB/km, w = 5 pm, Acrr= 75 pm?, Nfiver
= 1.45, and nair = 1. When ol is low, XTy/XTr is approximately 2 (~3 dB) in reflection dominant case and 1 (0 dB) in
backscattering dominant case. As alL increases, XTw/XTr gradually decreases in backscattering dominant case. Even
if Reng s not very low—Iike —14.7 dB (Fresnel reflection with 8 = 0) or 0 dB (100% reflection)—, the reflected power
is attenuated with the aL increase and XTw/XTr converges to the backscattering dominant case when a in dB is > 20
to 30. In reflection/backscattering dominant cases, Eq. (2) can be approximated to

B g/ Bunsy = 2XT,, (Reflection dominant case)
XT, = . . 4)
By [Booi = XT, {1/ al - 2/ [exp(2aL)- 1]} , (Backscattering dominant case)
where Reng and Sar/a are cancelled out in both cases.
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Figure 1. Schematic illustrations depicting (a) forward and backward propagating power transfers for XT definitions, (b) backward
propagating power reflected at the non-input end MCF facet with cleave angle 6, and (c) backward propagating power backscattered
by Rayleigh scattering. (d) The ratio of the backward XT to the forward XT vs. the transmission loss aL and the reflectivity Rend, at
A=1.55 pm of an MCF with core design compatible to ITU-T G.657.A1.

3. Measurement and discussion

Figure 2a shows the setup for the proposed single-end XT measurement method. The continuous light is launched into
a core of the MCF (FUT) via input/output (I/O) section (an optical switch, an optical circulator, and a FIFO device).
The light propagates in the FUT, couples to other cores, backscattered and reflected. Then, the backward propagating
lights are received by an optical power meter via the I/O components (the FIFO, optical circulators, and another optical
switch). Although the I/O section (including the fusion splice between the FIFO pigtail and the FUT) have CDL and
the measured value of XT}, can be affected by the CDL as:

XT5 =By R )/ (B R) ~ (R By FYR ) /(R BRI R, )
the CDL effects can be cancelled by the geometric mean of the linear values (or the arithmetic mean of the decibel
values) as \/ XTHEXTS ~ \/ XTTXTY . Fou' and Fy, are F of the /O section in the output and input directions.

The FUT was the step-index 4-core fiber with core design compatible to ITU-T G.657.A1 with 3 different length,
whose properties are summarized in Table 1. We used etched taper bundle type FIFOs [15] using trench-assisted 4-
core fibers, which can realize negligibly low return loss and negligibly low forward and return XT (Fig. 2b). The MCF
pigtail of the FIFO and the MCF (FUT) were fusion spliced for suppressing the return loss at the connection. The
optical switches also have negligibly low XT. Therefore, the possible source of the measurement error is the XT in
the optical circulator from port 1 to port 3 (Fig. 2c). In the measurement setup, the ratio X' of the XT from input to
output in the same channel # of the I/O section without the FUT was less than —50 dB (including the effect of switch
insertion loss). In backscattering dominant case with a short FUT, X'?P, is not negligible compared to the backward
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Figure 2. (a) Setup for the single-end XT measurement. (b,c) Noise sources for the measurement in (b) FIFO and (c) circulator.
Table 1. Properties of the 4-core fiber samples used for the single-end XT measurement method validation.

Length | A.* | MFD* | MFDI1* | A" P oR™® XTyL*® Core pitch | Clad diam.
[km] | [nm] | [pm] [pm] [um?*] | in dB/km | in dB/km | in dB at 1 km [pm] [pm]
FUT-1| 1.23 | 1264 9.5 9.8 71 0.19 0.17 —43.3
FUT-2 | 7.77 | 1249 9.8 10.0 75 0.19 0.17 —-35.5 40 125
FUT-3 | 43.47 | 1258 9.8 10.0 75 0.19 0.17 -37.0

a) average of 4 cores, b) at A = 1.55 um.

propagating power from the through core of the FUT (F‘f‘f‘BWTFil“lPO, the denominator in Eq. (5)). Therefore, the
effect of X/P P, was subtracted from BT P, ~ F{3'BYVTFM Py + XYO P, to obtain FSYBYYTFI P,

We investigated the accuracy of the proposed measurement method in a reflection-assisted (R-assisted) case (6 ~
0 [deg]) and a reflection-suppressed (R-suppressed) case (6 ~ 8 [deg], Rend << —60 dB). The non-input end of the FUT
was cleaved using a commercial high-precision fiber cleaver to control 6. Table 2 summarizes the XT measurement
results, which clearly shows the accuracy of the single-end measurement method in the R-assisted case. In the R-
suppressed case, XTr measured using the single-end method were slightly lower than the reference XTr by the
transmission method, and the measurement error becomes larger with lower al, or shorter FUT. However, the
maximum value of |(average) + 3x(standard deviation)| of the measurement errors were still <2 dB. Further studies
are necessary to reveal the cause of the measurement error in the R-suppressed case, but the lower backward
propagating powers may make the measurement sensitive to various noises.

Table 2. Measurement results of the XT using the transmission method and the single-end measurement method.

Transmission method Proposed single-end method
ol (reference)

. . . a (i) XTy in dB* (iil) XTy/XTrin dB (iv) XTyin dB* Measurement error [dB]°

in dB? (1) XT;in dB . e . .

(measured) (measured) (calculated using (2,3)) [(i)—(iii)] [(v) - ()]

R-assisted | R-suppressed | R-assisted | R-suppressed | R-assisted | R-suppressed | R-assisted | R-suppressed
FUT-1]| 0.23 —42.42 —39.47 —43.36¢ 3.00 —0.08 —42.48 —43.28° |-0.06 = 0.07| —0.86 * 0.29¢
FUT-2| 1.47 —26.56 —23.65 —27.50 2.95 —0.52 —26.61 —26.99  |-0.05+0.04| —0.43 £ 0.10
FUT-3| 8.22 —20.59 —19.74 —24.06 0.86 —3.17 —20.60 —20.89  |-0.01 +0.03| —0.30 + 0.08

*at A= 1.55 pum, a) average value of 4 pairs of nearest-neighboring cores, b) average + standard deviation of the measurement errors of 4 pairs of nearest-neighboring
cores, ¢) the powers of circulator XT were subtracted to reduce the measurement error.

4. Conclusion

We proposed a single-end XT measurement method using continuous light source and capable of evaluating MCFs
whose length is a few kilometers or shorter. The proposed method was experimentally validated with the 4-core fibers
with core design compatible to ITU-T G.657.A1 for the fiber length from 1.23 km to 43.47 km. Especially, assisted
with Fresnel reflection at non-input end of the FUT, the proposed method demonstrated excellent accuracy. Although
the minimum fiber length in the experiment was 1.23 km, the proposed method may be also applicable to the XT
measurement of further shorter MCFs and various multicore devices such like FIFO if we can utilize the Fresnel
reflection at the non-input end. The proposed method will realize single-end accurate XT measurement of multicore
fibers/devices whilst overcoming the minimum fiber length limit of the OTDR method, and will enable efficient XT
evaluation of high-fiber-count MCF cables.
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