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Abstract We describe the precise distributed measurement of mode-coupling along a cabled 60 km-
long 4-core fiber (4CF) for submarine transmission using a multi-channel OTDR. The crosstalk values 
in the fan-in/out devices and 4CF were evaluated separately with a dynamic range of as high as 85 dB. 
©2022 The Author(s) 

Introduction 
Space-division multiplexing (SDM) techniques 
using multi-core fiber (MCF) and few-mode fiber 
(FMF) have been attracting a lot of attention as 
promising approaches with which to greatly 
increase the transmission capacity of a single 
optical fiber. Large capacity SDM transmissions 
exceeding 10 petabit/s have already been 
reported [1,2]. Recently, long-haul transoceanic-
class transmissions using MCFs have also been 
reported [3-5]. In an SDM transmission, crosstalk 
between cores in the MCF is a factor limiting the 
transmission performance. Since mode-coupling 
occurs locally due to fiber bends or connections, 
it may be changed after the fiber cable has been 
installed. Therefore, a technique for measuring 
the mode-coupling from one end of an installed 
fiber becomes crucial. 

In this paper, we demonstrate the first precise 
distributed measurement of mode-coupling along 
a cabled 60 km-long 4-core fiber (4CF) for 
submarine transmission using a multi-channel 
optical time-domain reflectometer (OTDR). This 
technique is advantageous since the crosstalk in 
the fan-in/out devices and 4CF can be separately 
evaluated with a dynamic range of as high as 85 
dB from one end of the test fiber.  

Principle of mode-coupling measurement 
along an MCF with multi-channel OTDR 
The coupled power equations between two 
adjacent cores can be expressed as 
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where Pm and Pn are the transmitted optical 
powers in each core along the z-axis, m and n 

are the fiber losses. hm,n is the mode-coupling 
coefficient from core n to core m, which can be 
measured by using the OTDR technique [6]. For 
example, when an optical pulse is coupled into 

core n of an MCF of length L, Rayleigh 
backscattering occurs not only in core n itself but 
also in core m through the mode-coupling. 
Assuming that the backscattered powers at the 
incident end of the fiber are Pbsm and Pbsn, the 
power ratiom,n= Pbsm/Pbsn can be expressed as 
follows by solving the coupled power equations 
given in eq. (1) [7,8].  
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where we assumed that hm,nL << 1. Here, K is a 
constant at L = 0. Since the mode-coupling occurs 
in the round trip, the amount of mode-coupling is 
given by 2hm,nL. From eq. (2), we see that the 
local mode-coupling hm,n can be measured non-
destructively along the MCF [6]. 

Measurement setup and results 
Figure 1 shows a multi-channel OTDR setup for 
measuring the mode-coupling along an 
uncoupled 4CF integrated in a submarine cable 
prototype. We used commercially available 
SC500 series cable (outer diameter 17 mm) [9] 
with a length of 15.2 km as shown in the upper 
photo, in which trench-assisted 4CFs with a 
cladding diameter of 125 m and a core pitch of 

 
Fig. 1: Measurement setup for mode-coupling along an 
uncoupled 4CF cable.  
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44.2 m were installed. We spliced four 4CFs 
using arc fusion and measured the mode-
coupling along the fiber, which had a total length 
of 60.8 km. Here, the electrical discharge power 
in the fusion splicing was reduced since the 
melting point of the fluorine-doped fiber in the 
trench layer was low. 

In Fig. 1, the Rayleigh backscattered signal 
from each core was simultaneously detected with 
a multi-channel synchronous OTDR [6]. A 10 s 
optical pulse (corresponding to a spatial 
resolution of 1 km) was coupled into core n of the 
4CF, and the backscattered power from each 
core was independently detected. Here, a 
dynamic range of as high as 85 dB was obtained 
for detecting a weak backscattered signal by 
setting the pulse width as wide as 10 s. Finally, 
the mode-coupling from core n to core m was 
calculated by using eq. (2). 

Figure 2 shows the measurement results 
when an optical pulse was coupled into core 2 
from the forward direction. Figure 2(a) shows the 
backscattered power in each core. The 
backscattered signals observed at cores 1, 3, and 
4 correspond to the mode-coupling from core 2. 
In the OTDR measurement, a high dynamic 
range of 85 dB was obtained, which indicates that 
we can successfully measure the distributed 
mode-coupling along the MCF. We observed 
small Fresnel reflections at each splicing point, 
which result from the weakly-discharged fusion 
splicing. This would be removed by optimizing the 
fusion splicing condition. 

 
Fig. 2: Measurement result for mode-coupling when an 
optical pulse was coupled into core 2 from the forward 
direction. (a) Backscattered power, (b) mode-coupling along 
the MCF.  

Figure 2(b) shows the local mode coupling 
from core 2 to other cores. The intercept at L=0 
corresponds to the crosstalk generated in the fan-
in device. The mode-coupling subsequently 
increases gradually along the 4CF. At the splicing 
points, although we observed small peaks due to 
the Fresnel reflection, the amount of mode-
coupling remained unchanged after the Fresnel 
reflection. This indicates that the crosstalk 
caused by the fusion splicing is negligible. It is 
also seen that the largest mode-coupling occurs 
in the 4th stage located in the section from 45.6 
to 60.8 km. This is because the MCF preform for 
the 4th stage is different from those for the other 
three stages. Here, since the OTDR method 
measures the mode-coupling that occurs in a 
round trip, we evaluate the crosstalk in the fan-in 
device and 4CF by halving the measurement 
results as shown on the left and right sides in Fig. 
2(b), respectively. Thus, we could clarify that the 
crosstalk values in 4CF were around 1x10-5 
between adjacent cores and around 1x10-7 
between crossed cores. 

Figure 3 shows the local mode-coupling when 
an optical pulse was coupled into core 2 from the 
opposite direction. This change is the same as 
that when Fig. 2(b) is rotated by 180 degrees, 
which confirms the reversibility of the mode-
coupling characteristics with respect to the 
measurement direction [6].  

 
Fig. 3: Mode-coupling along the MCF when an optical pulse 
was coupled into the core 2 from the opposite direction. 

 
Figure 4 shows the local mode-coupling when 

an optical pulse was coupled into core 3 from the 
forward direction. From the intercept at L=0, it can 
be seen that a relatively large crosstalk occurs 
between cores 1 and 3 of the fan-in device. On 
the other hand, the crosstalk in 4CF was around 
1x10-5 between adjacent cores similar to Fig. 2(b). 
It is interesting to see that the crosstalk values in 
the fan-in/out devices and 4CF can be separately 
evaluated with a high dynamic range of 85 dB. 

Table 1 shows the crosstalk values in the fan-
in device, 4CF, and fan-out device measured with 
the OTDR method. The total crosstalk values 
between adjacent cores and crossed cores were 
-50.7~-45.8 dB and -55.9~-53.4 dB, respectively.  
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Fig. 4: Mode-coupling along the MCF when an optical pulse 
was coupled into the core 3 from the forward direction. 

 
A large crosstalk occurred between the crossed 
cores due to the fan-in/out devices, although the 
crosstalk along the 4CF was negligible. These 
clarifications are not possible with the 
conventional transmission method. 

 
Tab. 1: Comparison of crosstalk values obtained with the 
OTDR and transmission methods in 4CF cable. 

 
 

Finally, we compare the present crosstalk 
values with those obtained with the transmission 
method [10]. Table 1 and Fig. 5 show the 
crosstalk values obtained with the transmission 
method in blue, where the measurement error 
was within 1 dB. The results obtained with the 
present OTDR method are shown in red. It can 
be seen that there is good agreement between 
the OTDR and transmission methods, which 
indicates that the present OTDR method is highly 
advantageous since single-end measurement is 
possible with the same accuracy as with the 
transmission method. In Fig. 5, the crosstalk 
values between cores 2 and 3 exhibit a relatively 
large deviation, where the measurement error 
appears large on a logarithmic scale since the 
crosstalk value is very small. 

Conclusions 

We described the precise distributed 
measurement of mode-coupling along a cabled 
60 km-long 4CF for submarine transmission 
using a multi-channel OTDR. The crosstalk 
values in the fan-in/out devices and 4CF were 
evaluated separately with a dynamic range as 

 
Fig. 5: Comparison of measured crosstalk values in 4CF 
cable obtained with the OTDR and transmission methods.  

 
high as 85 dB. The present OTDR method is 
expected to constitute a very powerful tool for 
measuring local mode coupling in detail along an 
installed MCF from one end of the fiber. 
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