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SUMMARY Multi-core fiber (MCF) is one of the most promising can-
didates for achieving ultra-wideband optical transmission in the near fu-
ture. To build a network using MCF, a high-performance and reliable MCF
connector is indispensable. We have developed an SC-type optical connec-
tor for MCF and confirmed its excellent optical performance, mechanical
durability, and environmental reliability. To put the communication system
using MCF into practical use, it is necessary to establish a procedure for
measuring the initial connection characteristics. Fan-in / fan-out (FIFO)
devices are indispensable for measuring the connection characteristics of
MCF connectors. To measure the return loss of the MCF connector, it is
necessary to remove the influence of reflection at the FIFO itself and at the
connection points with the FIFO. In this paper, we compare four types of
return loss measurement procedures (three usual method and a new method
we proposed) and find that most stable measurement method involves using
our new method, the OCWR method without FIFO. The OCWR method
without FIFO is considered to be the most advantageous when used for
outgoing inspection of connectors. The reason is that it eliminates the mea-
surement uncertainty caused by the FIFO and enables speedy measurement.
key words: multicore fiber, optical connector, return loss, fan-in / fan-out

1. Introduction

Communication technologies using single-mode optical
fibers (SMFs) have become widespread worldwide. How-
ever, with the spread of video distribution services using
the Internet and smartphones, the communication traffic
through optical networks continues to increase year by year,
and there is concern that the transmission capacity of the
SMF currently in use will reach its limit [1]. Therefore, a
transmission system that uses multicore fiber (MCF) with
multiple cores in one fiber is being studied as a candidate for
achieving a large increase in communication capacity [2]–
[5].

In recent research, a 4-core MCF with a cladding di-
ameter of 125 μm was investigated for early commercial-
ization [6]. A transmission experiment using this MCF
achieved a long-distance transmission of 3001 km with a ca-
pacity of 319 Tbit/s [7].

On the other hand, to build a communication network
using optical fibers, it is necessary to have optical con-
nectors designed to link cables and modules and that en-
sure compatibility when interconnected by multiple ven-
dors. Optical connectors for MCFs are also indispensable
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in transmission systems using MCF. Several types of optical
connectors for MCF have been developed so far, and it has
been confirmed that they have practicality that can be used
in optical networks [8]–[23].

For the optical connectors that are indispensable for
transmission systems, the return loss at the connection point
must be measured at the time of shipping to confirm that
they meet the standard specifications. When measuring
the return loss of MCF, it is essential to connect the cores
of each MCF and SMF using fan-in / fan-out (FIFO) de-
vices [24]–[28]. The effect of a FIFO device on measure-
ments must be considered [29].

As the return loss measurement procedures at one
connection point, the Optical Time-Domain Reflectometer
(OTDR) method, the Optical Frequency-Domain Reflec-
tometer (OFDR) method, and the Optical Low-Coherence
Reflectometer (OLCR) method, which have spatial reso-
lution, and the Optical Continuous Wave Reflectometer
(OCWR) method, which is usually used for shipping inspec-
tion are specified in IEC 61300-3-6.

We tried four procedures [21], [22], [29]; (1) the
OCWR method, (2) the OTDR method, and (3) the OLCR
method which used FIFO devices, and (4) the OCWR
method without FIFO. Method (4) is the new method which
we proposed with the conventional OCWR method using
a single-mode single-core fiber (SMF) probe directly con-
nected to the MCF without FIFO. This measurement method
differs from other methods in that it does not use a FIFO
which would be magnify the measurement uncertainty. In
this paper, we compared four types of MCF connector re-
turn loss measurement procedures, and clarified the advan-
tage of our proposed OCWR measurement method without
FIFO because it can measure all cores in one time, it has low
uncertainty and it can measure any fiber length.

2. Return Loss Measurement Procedures for MCF
Connectors

We attached SC-type optical connectors for MCF [21] to
both ends of a 4-core MCF with a standard outer diame-
ter [6], [7], and measured the return losses at one connec-
tion point using the following measurement procedures 2.1
to 2.4.
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2.1 OCWR Method with FIFO

First, we tried the OCWR method, which is often used for
the pre-shipping inspection of optical connectors, because
the measurement system is simple and inexpensive, and the
measurement time is short.

The OCWR method does not have any spatial resolu-
tion, and the total reflection in the measured optical path,
including the FIFO device, would be obtained. Figure 1
shows the measurement setup of the OCWR method with
FIFO. Since there are multiple connection points in each op-
tical path, we used an ASE light source with a wavelength
of 1550 nm to reduce the measurement uncertainty due to
the interference from multiple reflections.

For measurement procedure, first, we set a return loss
of −14.7 dB as a reference (1) when the connection point (c)
between the two patch cords with MCF connectors in Fig. 1
is opened, and then the MCF connectors were connected to
each other and terminated with an index matching block for
measurement (2).

Figure 2 shows the results of a total of 32 return loss
measurements at the 16 connection points of the 4-core
MCF connectors, and Table 1 shows the average return loss
of each core.

As shown in Fig. 2, the average measurement result
was 45.80 dB, which was lower than that of a standard opti-

Fig. 1 OCWR measurement setup with FIFO.

Fig. 2 OCWR measurement results with FIFO.

Table 1 Average return loss of each core measured by OCWR with FIFO

cal connector for SMF. We consider that this is because the
reflection in the FIFO and at the connection points with the
FIFO affect the measurement result of the return loss at an
MCF connection point. On the other hand, the return loss
of the PC optical connector is caused by the damaged layer
generated during end face polishing, but it is unlikely that
the refractive index of the damaged layer changes signifi-
cantly between the cores. The return losses of each core
shown in Table 1 have similar values, which supports this
point.

We considered the way in which the attenuation and
return loss at connection points A and B in Fig. 1 affect the
measured values. Figure 3 shows the level diagram in the
measurement setup when we used the input power P0, ref-
erence optical power PRef , and measured power Pm shown
in Fig. 1. Equations (1) and (2) show the calculated return
loss at the connection point B and C of the MCF connector
based on the level diagram shown in Fig. 3.

RLB = −10

(
PmRair

PRef
− RLA

ILA
2

)
(1)

RLC = −10 log

(
PmRair

PRef
− ILA

2RLB + RLA

ILA
2ILB

2

)
(2)

Where Rair: the reflectance of the fiber end face and air,
ILA

2: attenuation at point A (round trip), ILB
2: attenuation

at point B (round trip), RLA: return loss at point A, RLB:
Return loss at point B calculated by equation, RLC: Return
loss at point C calculated by equation, and Pm: measured
optical power.

The return loss at each connection point of the optical
path is considered to be about −50 dB, and the effect on the
−14.7 dB calibrated at point (C) is small. In other words, the
50 dB optical power at each connection point are small com-
pared to the 14.7 dB at point (C) as shown in Fig. 3, which
means that the loss is buried in the reference power. In con-
trast, the measured optical power is about −50 dB, so the
return loss at the other connection points cannot be ignored.
Thus, the blue line in Fig. 3 shows the ideal measured optical
power of Pm, while the red line in Fig. 3 shows a higher op-
tical power because the return loss at each connection point
is included.

Table 2 shows an example of the measured attenuation
and return loss at each connection point. Where RLB1 and
RLC1 are the return loss at connection points A and B in
Fig. 3, respectively. Figure 4 shows the results of the calcu-

Fig. 3 Level diagram of OCWR measurement setup.



KAMIMURA et al.: RETURN LOSS MEASUREMENT PROCEDURE FOR MULTICORE FIBER CONNECTORS
723

Table 2 An example of attenuation and return loss at each connection
point

Fig. 4 Calculated return loss with OCWR measurement results with
FIFO.

lation by applying the previously measured attenuation and
return loss at each connection point using Eq. (2).

By substituting the values obtained at each connection
point in Eq. (2), the return loss of connection point C can
be calculated. Here, the units of the values obtained at each
connection point need to be converted to mW.

The calculated results confirmed an average of
52.11 dB, indicating that a return loss of more than 50 dB
can be expected. In addition, the distribution of the calcu-
lation results was approximately normal distribution. How-
ever, the standard deviation was larger than the original mea-
surement value. This is considered to be due to the increased
uncertainty in the measurement because of a slight differ-
ence in the return losses at the connection points A and B
have a large effect on the calculated result in Eq. (2)

2.2 OTDR Method with FIFO

The OTDR method launches a signal pulse from one end of
an optical fiber and detects backscattered light. It is mainly
suitable for long-distance measurement and is used for the
maintenance and inspection of optical networks. We used
high resolution OTDR (OP940 manufactured by Opto Test),

Fig. 5 OTDR measurement setup with FIFO.

Fig. 6 OTDR measurement results with FIFO.

Table 3 Average return loss of each core measured by OTDR with FIFO

which has a minimum spatial resolution of 3 m. Figure 5
shows the measurement setup of the OTDR method with
FIFO.

Since the spatial resolution of this OTDR is 3 m, 4 m-
long MCF patch cords were assembled to measure the re-
turn loss at one connection point, and a total of 96 return
losses were measured at the 24 connection points of the 4-
core MCF connector. Figure 6 shows the distribution of the
measured return losses and Table 3 shows the average return
loss of each core.

Figure 6 indicates a normal distribution, and the aver-
age return loss was 55.24 dB. This value is 2 to 3 dB higher
than the average return loss of a normal SMF optical connec-
tor measured by the OCWR method, but it is a reasonable
value because the OTDR method does not include the re-
flection at the termination. In addition, as shown in Table 3,
the return loss of each core had a similar value. Based on
these points, we consider that the return loss measured with
the OTDR method to be close to the true return loss of the
MCF connector. However, the OTDR method has a problem
in that an accurate measurement cannot be performed unless
the cable between the connectors is long, so it is unsuitable
for the pre-shipping inspection of optical connectors.
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Fig. 7 OLCR measurement setup with FIFO.

Table 4 Average return loss of each core measured by OLCR with FIFO

2.3 OLCR Method with FIFO

Since the OLCR method has an extremely high spatial reso-
lution, we can expect to obtain an accurate return loss mea-
surement at one connection point. We use an ‘OCCR’ man-
ufactured by Optogate as the measuring instrument. The
measurement setup is shown in Fig. 7. To measure the return
loss at the MCF connection point with the OLCR method,
we require a reference cord that matches the optical path
length including the FIFO for each core. Therefore, we pre-
pared a reference cord with an optical path length equal to
the total optical path length after connecting the SMF cord
for length adjustment so that each port of the FIFO has the
same optical path length. At this time, since the loss of the
entire FIFO becomes large, the return loss when the mea-
surement point is released is calibrated to −14.7 dB.

With the OLCR method, the value fluctuated greatly
with each measurement. This is thought to be due to the po-
larization fluctuation in the long optical path length includ-
ing the FIFO and there was some polarization-dependent
loss (PDL) with the FIFO we used. Therefore, Table 4
shows the average value obtained for 100 measurements of
each port.

Compared with the core-to-core variation (Table 1)
obtained with the OCWR method and the OTDR method
(Table 3), the maximum variation was less than 1 dB, and
a large variation of 6.5 dB was observed with the OLCR
method as shown in Table 4. We considered that the cause
of this large variation was the loss of the entire measurement
system, and we compared the attenuation of the optical path
including the FIFO measured with the OLCR method with
the attenuation measured separately using a light source and
a power meter. The results are shown in Table 5.

From Table 5, the results obtained from the attenuation
results measured with the OLCR method did not match the
attenuation measured with a light source and power meter.
The above results suggest that the OLCR method is unsuit-
able for measuring the return loss at one connection point of

Table 5 Optical path attenuation measured with OLCR compared with
that measured with a light source and power meter

Fig. 8 Image of SMF to MCF connection point.

the MCF connector via FIFO.
For the OLCR method, shortening the optical path

length including the FIFO is expected to reduce the mea-
surement uncertainty due to polarization and other factors.

2.4 OCWR Method without FIFO

A FIFO device is indispensable when measuring the return
loss of an MCF connector. As a result of examining mea-
surement methods (1) to (3), we found that it is difficult to
eliminate the influence of the attenuation, return loss and
polarization-dependent loss of the FIFO. Therefore, we in-
vestigated the case where we connected the MCF connector
directly to a conventional SMF OCWR measuring instru-
ment without using a FIFO.

The dominant factor in the return loss at the PC optical
connector connection is the damaged layer caused by end
face polishing [30]. Assuming that the processed damaged
layer formed on the end face is uniform for an optical fiber
with an outer diameter of 125 μm, we can predict that the
return loss of the region where the core and the core are in
contact by measuring the return loss of the region where the
core and the cladding are in contact.

Since the 4-core MCF that we used does not have a
core in the center, the image of the connection region is as
shown in Fig. 8.

To calculate the reflection by the damaged layer, a
model in which the light emitted from the core passes
through the damaged layer and enters the cladding is shown
in Fig. 9, and the light emitted from the core passes through
the damaged layer and enters the core as shown in Fig. 10.
Where n1: refractive index of the fiber core, n2: refractive
index of the fiber cladding, ndL1: refractive index of the
damaged layer formed in the fiber core, ndL2: refractive in-
dex of the damaged layer formed in the fiber cladding, ddL1:
the thickness of the damaged layer formed in the fiber core,
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Fig. 9 Reflection model of core to cladding contact region.

Fig. 10 Reflection model of core to core contact region.

ddL2: the thickness of the damaged layer formed in the fiber
cladding.

To calculate the return loss we used the following equa-
tion with reference to the method employed in the cal-
culation of the first PC optical connector that was low-
reflection polished using ultrafine SiO2 particles and re-
ported by Kanayama et al. in 1992 [30].

PR =

{
(n1 − n2)B +

(
n2

ndL1

ndL2
− n1

ndL2

ndL1

)
A

}2

+

{(
n1n2

ndL2
− ndL2

)
C +

(
n1n2

ndL1
− ndL1

)
D

}2

{
(n1 + n2)B −

(
n2

ndL1

ndL2
+ n1

ndL2

ndL1

)
A

}2

+

{(
n1n2

ndL2
+ ndL2

)
C +

(
n1n2

ndL1
+ ndL1

)
D

}2

(3)

n1 : Fiber (Core) A = sin δ1 sin δ2
n2 : Fiber (Cladding) B = cos δ1 cos δ2
ndL1 : Damaged layer (Core) C = cos δ1 sin δ2
ndL2 : Damaged layer (Cladding) D = sin δ1 cos δ2

δ1 = 2πndL1ddL1/λ
δ2 = 2πndL2ddL2/λ

RL = −10 log10(PR) [dB] (4)

The optical connector for MCF this time has also under-
gone low reflection polishing with ultrafine SiO2 particles,
which are now usually used, but the conditions have been
optimized compared with those used in 1992, and the ac-
tual return loss has improved. Therefore, we calculated the
refractive index increase coefficient δ of the damaged layer

Table 6 The thickness and refractive index of the damaged layer.

Fig. 11 OCWR measurement setup without FIFO.

back from the measured value of the return loss obtained
with the OTDR method while retaining the damaged layer
thickness obtained in 1992 [30]. In addition, the thickness of
the processed damaged layer is a value taken from the previ-
ous study by co-author Nagase. First, he prepared multiple
standard refractive index liquids and measure the return loss
when applied to the PC polished end face. Next, the rela-
tionship between the refractive index of the applied liquid
and the return loss was calculated when the refractive in-
dex and thickness of the damaged layer. And the refractive
index and thickness of damaged layer was obtained by the
least square method to best fit to measured values [30].

Assuming that the refractive index of the damaged
layer in the core region and the refractive index of the dam-
aged layer in the cladding region increase with the same co-
efficient δ, Eqs. (5), (6) and (7) show that for both damaged
layers. The refractive indexes ndL1 and ndL2 were obtained.
Table 6 shows the obtained thickness and refractive index of
the damaged layer. The refractive indexes n1 and n2 are the
refractive indexes of the MCF we used.

ndL1 = δn1 (5)

ndL2 = δn2 (6)

δ = 1.0022 (7)

Next, we measured the return loss of the optical con-
nector for MCF when the SMF core and MCF cladding
were connected without using a FIFO. The OCWR method
was used for the measurement. The measurement setup is
shown in Fig. 11, and the measurement results are shown in
Fig. 12. As shown in Fig. 8, the core and cladding of the
fiber are connected, and the light propagates from the SMF
core to the MCF cladding. Light propagating through the
cladding and reflected at the end hardly couples to the SMF
core. Therefore, we do not need termination as index match-
ing block while measuring return loss.
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Fig. 12 OCWR measurement results without FIFO.

Table 7 Comparison of calculated and measured results

Table 7 shows the results compared the return loss ob-
tained by Eqs. (3) and (4) with the measured values shown in
Fig. 12. The return loss at the connection between the core
and the cladding was about 3 dB lower than the average re-
turn loss at the connection point between the cores measured
by OTDR, but this is the difference between the refractive
indexes of the core and the cladding. It was almost the same
as the calculated result. In addition, this method has less
measurement uncertainty than method (1) using Eq. (2), en-
ables stable measurement, and does not return the reflection
on the opposite side of the connection point. This is an easy
measurement method without the need for termination treat-
ment.

From the above, we confirmed that we can estimate
the return loss between each core by directly measuring the
MCF optical connector with the return loss measurement
setup for SMF by the OCWR method without using a FIFO
device. Since it is the OCWR method, it is considered to be
the most suitable approach for pre-shipment product inspec-
tion.

3. Discussions

We tried four procedures; (1) the OCWR method, (2) the
OTDR method, and (3) the OLCR method which used FIFO
devices, and (4) the OCWR method without FIFO. Method
(4) is the new method which we proposed with the conven-
tional OCWR method using a single-mode single-core fiber
(SMF) probe directly connected to the MCF without FIFO.
This measurement method differs from other methods in that
it does not use a FIFO, which would be magnify the mea-
surement uncertainty. Normally, a FIFO is required when
measuring the return loss of an optical connector for MCF.
However, after examining measurement methods (1) and
(3), we found that it is difficult to eliminate the influence of
the attenuation, return loss and polarization-dependent loss
of the FIFO. Method (2), OTDR, can eliminate the influence

Table 8 Comparison of four MCF connector return loss measurement
methods

of FIFO, however, it requires long fiber length between con-
nectors around 4 m or more.

The return loss is always measured at the time of ship-
ment inspection at optical connector manufacturing vendors,
but in that case, it is required to be able to measure in a
short time, to have a small uncertainty, and to conform to
any fiber length. Method (4), OCWR without FIFO, is said
to be a measurement method that satisfies all these condi-
tions because it can measure all cores in one time, it has
low uncertainty and it can measure any fiber length. Table 8
shows the comparison of four MCF connector return loss
measurement methods.

4. Conclusions

In this paper, we investigated methods for measuring the re-
turn loss of MCF connectors: (1) the OCWR method using
FIFO, (2) the OTDR method, (3) the OLCR method, and
our new proposal, (4) the OCWR method without FIFO.

With method (1), the return loss at the MCF connec-
tion point can be measured correctly, but the measurement
uncertainty increases. Method (2) can provide highly re-
liable measurements but cannot be used for short (3 m or
less) patch cords. With method (3), the measurement un-
certainty becomes very large due to the polarization fluc-
tuation in the long optical path including the FIFO. With
method (4), the contact point between the SMF core and
the MCF cladding was measured using a single-core single-
mode fiber (SMF) in a normal OCWR measurement setup.
If the refractive index of the core and cladding is known, it
can be converted from the return loss of the contact between
the core and cladding, and the result is close to the method
(2) result obtained by measuring a 4-m-long patch cord by
OTDR.

From the above, it is considered that the OCWR
method without FIFO in (4) has the greatest advantage when
used in the shipment inspection of connectors. The reason
is that it removes the uncertainty of measurement by FIFO
and enables speedy measurement.
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