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Abstract: We present in-service inter-core crosstalk monitoring for MCF transmission systems.
We transmit 54-WDM PDM-16QAM signals over 111.6-km 32-core DSDM transmission line
incorporating cladding-pumped 32-core MC-EYDFA, and demonstrate 30 dB crosstalk
monitoring without affecting transmission performance.
OCIS codes: (060.2330) Fiber optics communications; (060.1660) Coherent communications

1. Introduction
Inter-core crosstalk [1] is an essential parameter that affects the performance of multi-core fiber (MCF)
transmissions systems. In coupled MCF transmission [2], multiple-input and multiple-output (MIMO) signal
processing is required at the receiver side to compensate for the coupling of signals between multiple cores. On the
other hand, in uncoupled MCF transmission [3], signals in each core are transmitted as independent path, and digital
signal processing (DSP) for current single-mode fiber transmission systems is applicable. The allowable crosstalk in
uncoupled MCF transmission depends on the signal modulation format [1,4]. Therefore, we must manage crosstalk
below the appropriate values. In-service optical performance monitoring is useful in such systems, since the level of
crosstalk in an MCF transmission line can change during network operation by environmental fluctuations, and the
changes in the number of wavelength and spatial channels transmitted through neighboring cores. Methods for
characterizing crosstalk in MCF amplifiers and an MCF have been reported [5-7], but not for transmission systems.
In this paper, we present an in-service inter-core crosstalk monitoring for MCF transmission systems. First, we
describe the concept of the inter-core crosstalk monitoring method. Next, we implement the method to 54WDM
polarization division multiplexed 16 quadrature amplitude modulation (PDM-16QAM) signal transmission over a
111.6-km 32-core dense space division multiplexed (DSDM) transmission line including a 32-core in-line claddingpumped multi-core amplifier. We show that we can monitor crosstalk levels down to 30 dB without affecting
transmission performance.
2. Crosstalk monitoring method
Figure 1 shows the concept of our crosstalk monitoring in an MCF transmission system consisting of transmitters
(Tx), an MCF transmission line, monitors, receivers (Rx), and DSPs. We add pilot tones outside both ends of the
WDM signal bandwidth to detect wavelength dependence of crosstalk, and use different wavelength for each core to
identify the source of inter-core crosstalk. From the difference between the power of the pilot tone and the total
power of the pilot tones leaked from other cores, we can estimate inter-core crosstalk. The variation of wavelengths
needed for the pilot tones depend on the MCF design. In case of a 32-core MCF with a square lattice arrangement
[3], nine different wavelengths are sufficient considering that inter-core crosstalk mainly arises from a maximum of
eight neighboring cores; primarily from four diagonal cores, and secondly from four nearest heterogeneous cores.

Fig. 1. Concept of in-service crosstalk monitoring for MCF transmission systems.
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Unlike characterization of optical fiber and components, the measurable crosstalk in transmission systems is
limited by the optical signal-to-noise ratio (OSNR) level of the WDM signal. As a simple model, we construct a
two-core system shown in Fig. 2(a), and evaluate the measurement accuracy and measureable crosstalk level using
our crosstalk monitoring method. We used a 3-dB optical coupler and a variable optical attenuator (VOA) to
emulate inter-core crosstalk in a two-core MCF transmission line. 50-GHz spaced 54 WDM, 25Gbaud PDM16QAM signals were used as the transmission signal, and pilot tones at S1=1542.142 and L1=1564.679 nm were
coupled to the first WDM signal by a 2  2 coupler. Similarly, pilot tones at S2=1542.539 and L2=1565.087 nm
were coupled to the second WDM signal by another 2  2 coupler. The total power input to each input port was set
at +16 dBm/core (1.5 dBm/ch/core) using single-mode Erbium-doped fiber amplifiers (EDFAs). The inter-core
crosstalk from signal 2 to signal 1 was changed from 0 to 40 dB by adjusting the VOA setting. The signal output
from output port 1 was measured by an optical spectrum analyzer with 0.1 nm resolution, and the crosstalk was
estimated from the difference of the optical power of the pilot tones at S1 and S2 for the short wavelength region
and at L1 and L2 for the long wavelength region.
Figure 2(b) shows the measured crosstalk values versus the crosstalk set by the VOA. The monitored value and
the crosstalk setting were consistent down to around 30 dB. The monitoring accuracy was within 0.5 and 1.2
dB for the measurement ranges of 0 to 25 dB and 0 to 30 dB, respectively. For lower crosstalk levels, the
monitored value deviated from the crosstalk setting, mainly due to the OSNR of the WDM signal. Moreover, the
measurement error at the shorter wavelength was slightly larger than that for the longer wavelength, corresponding
to the lower system OSNR of 32.6 dB at S compared to 34.4 dB system OSNR at L.

Fig. 2. (a) Setup for testing the inter-core crosstalk monitoring method, and (b) measured crosstalk versus crosstalk set by VOA.

3. In-service crosstalk monitoring in 32-core DSDM transmission
To test the feasibility of the crosstalk monitoring, we have implemented the method described in the previous
section to a 32-core DSDM transmission line. Figure 3(a) shows the experiment setup. 54-ch 50-GHz-spaced 32Gbaud WDM signals from 191.65 to 194.30 THz (1542.936 - 1564.271 nm) were generated at the Tx, and split into
four branches. The monitor source with wavelengths S1 and L1 were coupled to the first branch with a 2  2
coupler, and the monitor source with wavelengths S2 and L2 were coupled to the second to fourth branches with 2
 2 couplers. The eight ports were each split by 1  4 splitters to yield a total of 32 parallel signals.

Fig. 3. (a) Experimental setup of 32-core DSDM transmission line with crosstalk monitoring, (b) signal allocation for testing core #27.
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The 32 signals were relatively delayed by 0, t, 2t, … , and 31t with a unit time delay t of 20 ns. A 32channel matrix switch was used to cross-connect the signals and the fan-in (FI) input port so that the signal
possessing the first monitor wavelengths was input to the core under measurement, while the signal containing the
second monitor wavelengths were launched into at least two layers of adjacent cores around the core under test.
Seven other signals with the first monitor wavelengths were allocated to cores having no influence on the core under
test. Figure 3(b) shows an example signal allocation for core #27 measurement. The optical powers of the signal
were set at +15 dBm/core at the input of the transmission line. The 32-core 111.6-km DSDM transmission line
consisted of a FI device, a 60.2 km single-mode heterogeneous 32-core MCF, a cladding-pumped 32-core multicore
Er/Yb-doped fiber amplifier (MC-EYDFA) [8], a 51.4 km single-mode heterogeneous 32-core MCF [3], and a fanout (FO) device. At the output of the FO device, the core under measurement was selected by a 32-channel matrix
switch. The main signal was further filtered by tunable optical filters, and input to a coherent receiver. It was then
digitized at 80 GS/s using a 4-ch digital storage oscilloscope, and the stored data was post-processed offline.
Meanwhile, 10% of the main signal power was tapped, and the output spectrum was measured by an optical
spectrum analyzer during transmission.
Figure 4(a) shows the monitored inter-core crosstalk after 111.6 km transmission as a function of the spatial
channel. The crosstalk levels required for < 0.5 dB Q-penalty for PDM-quadrature phase shift keying (QPSK) and
PDM-16QAM are also shown. Inter-core crosstalk ranging from 24 to 33 dB were observed. Higher values of
crosstalk in cores 18 and 19 were mainly caused by the higher insertion loss of the transmission line, while those in
cores 27 and 28 were mainly caused by the light leakage from adjacent cores. Figure 4(b) shows the measured Qfactors at the center wavelength 29 as a function of the spatial channel after 111.6 km transmission. The inset shows
the constellations of core #19. The measured Q-factors for all 32 cores exceeded the forward error correction (FEC)
limit of 5.7 dB with 20% FEC overhead. Figure 4(c) compares the Q-factors for core #19 measured at 1, 29, and
54. The Q-factor difference with and without crosstalk monitoring was < 0.1 dB. We achieved good transmission
performance because of the low crosstalk of less than 24 dB, which was sufficient for PDM-16QAM transmission.

Fig. 4. Measured (a) crosstalk and (b) Q-factor as a function of spatial channel, and (c) Q-factor of core #19 after 111.6 km transmission.

4. Conclusions
We have demonstrated an in-service inter-core crosstalk monitoring method for MCF transmission systems. We
have tested its feasibility using a 111.6 km span of a 32-core DSDM transmission line including a 32-core claddingpumped multi-core amplifier, and have shown that the method can monitor inter-core crosstalk of down to 30 dB
without affecting transmission performance.
Part of this research utilized results from the EU-Japan coordinated R&D project on “Scalable And Flexible
optical Architecture for Reconfigurable Infrastructure (SAFARI)” commissioned by the Ministry of Internal Affairs
and Communications (MIC) of Japan and EC Horizon 2020.
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