
1042 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 34, NO. 19, 1 OCTOBER 2022

Optical Coupling Technique Based on Fiber
Side-Polishing Without Service Interruption
Takui Uematsu , Kazutaka Noto, Hiroyuki Iida , Hidenobu Hirota, and Kazunori Katayama

Abstract— We propose an optical coupler insertion technique
based on fiber side-polishing that does not interrupt service.
We clarify that fiber side-polishing with an insertion loss of
0.64 dB or less is possible by polishing while monitoring the loss
and halting the polishing when the loss reaches the target value.
Experiments on fabricated couplers confirm coupling efficiencies
of up to 95% when another side-polished fiber is set close to the
polished in-service fiber.

Index Terms— Optical fiber coupling, optical fiber coupler,
optical fiber side-polishing.

I. INTRODUCTION

OPTICAL access networks (NWs) based on the passive
double star (tree-and-branch) type passive optical archi-

tecture have been put into wide use. In recent years, a bus-type
optical access NW using distributed Raman amplification and
asymmetric couplers was proposed to efficiently accommodate
users scattered over wide areas such as the countryside [1]. The
configuration of the bus-type NW connects multiple branch
fibers to a single trunk fiber by using optical couplers, so the
coupler is a key device. Traditionally, couplers are inserted
by cutting the trunk fiber, which interrupts communication
service or by installing more couplers than initially needed
when constructing the NW. However, adding more couplers
degrades the loss budget, i.e., reach of the NW and the
number of accommodated users, due to the insertion loss of
each coupler. This problem can be solved if couplers can
be connected to the trunk fiber after NW construction as
needed without interrupting the communication service. One
solution is to bend the fiber [2], but this yields coupling
values of only −15 dB (3%) at most with an insertion loss
of 2 dB because of its high excess loss. Fiber coupling
techniques based on side-polishing have been proposed and
commercialized because they can realize fiber couplers that
provide high coupling efficiency with low excess loss; two
side-polished fibers are simply brought close to each other
[3], [4], [5]. The technique also achieves easy adjustment of
coupling efficiency of up to 100% by simply moving the side-
polished fibers relative to each other. Since it is necessary to
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Fig. 1. Comparison of conventional and proposed methods of RCT
estimation.

polish the fiber several micro meters into the core to obtain
high coupling efficiency, the remaining cladding thickness
(RCT) is an important parameter. In order to estimate whether
the desired RCT has been obtained, liquid drop tests [6], [7],
[8] are conventionally used. In the conventional test, the RCT
is estimated by measuring the insertion loss when a liquid
with a higher refractive index than the core is applied to the
polished surface. However, it is difficult to apply such tests
to an in-service fiber because they create high insertion loss
of several tens of dB. A method that can estimate RCT and
finish polishing at the desired RCT without service interruption
is required.

In this letter, we propose a method to determine whether the
desired RCT has been achieved and when the polishing can be
terminated as shown in Fig. 1. First, the target loss that yields
the desired RCT is clarified by simulations and experiments.
Next, it is confirmed that the RCT can be monitored while
maintaining a low insertion loss by polishing while monitoring
the loss and ending the polishing when the loss reaches the
target value. Finally, experiments confirm that a coupling
efficiency of up to 95% can be obtained by bringing and
aligning another side-polished fiber, the branch fiber, close to
the polished optical fiber.

II. PROPOSED OPTICAL COUPLING TECHNIQUE BASED

ON FIBER SIDE-POLISHING WITHOUT

SERVICE INTERRUPTION

Fig. 2 shows the proposed coupler insertion technique based
on fiber side-polishing without service interruption. The target
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Fig. 2. Proposed optical coupling technique based on fiber side-polishing.
OLT: optical line terminal, ONU: optical network unit.

optical fiber with diameter of 0.25 mm is held in a V-groove
with radius of curvature of R cut into a glass block. Side-
polishing is performed while monitoring insertion loss using
the communication light that leaks from the fiber bend as
shown in Fig. 2 (a). Since the insertion loss L p increases as
the polishing surface approaches the core, i.e. RCT decreases
[9], the polishing ends when the loss reaches desired value.
After polishing, the polished surface is coated with refractive
index matching liquid, and bought into contact with another
side-polished fiber prepared in advance (referred to as the
branch fiber) as shown in Fig. 2 (b) and (d). The in-service
and the branch fibers are adequately separated to prevent
evanescent-coupling. The refractive index of the matching
liquid should be smaller than that of the cladding to avoid an
increase in insertion loss [6], [7], [8]. Finally, the in-service
and branch fibers are moved relative to each other to bring the
cores close to each other, and fixed at the position that yields
the desired coupling efficiency as shown in Fig. 2 (d).

L p should be carefully determined so as to obtain the
desired RCT and thus high coupling efficiency with low loss
insertion. First, we calculated the highest coupling efficiency
as a function of core distance d assuming the structure shown
in Fig. 3 (a). The three-dimensional beam propagation method
(3-D BPM) was used in the calculation, and the cores of
two identical ITU-T G. 652 compliant fibers with a radius of
curvature of R were moved to approach each other with the

Fig. 3. Calculated relationship between coupling efficiency and core-to-core
distance d.

closest distance d = RCT + RCTbranch, where RCTbranch is
RCT of the branch fiber. The wavelength used was 1260 nm,
assuming service frequencies from 1260 to 1650 nm. From
Fig. 3 (b), the highest coupling efficiency increases as d
decreases, and it first reaches about 100% at dc. Larger R
values yield larger dc values, namely larger RCT and so lower
L p because the effective interaction length of the curved fiber
coupler is proportional to R [5]. On the other hand, when R is
too large, the polished surface becomes long, which makes it
difficult to realize a flat polished surface. R should be carefully
chosen, making more detailed study necessary. In this letter,
we choose R = 1 m, which means the polished surface has a
length of around 31 mm, and dc = 2.6 μm. RCTbranch can be
assumed no more than 1 μm because the branch fiber can be
polished with high accuracy in advance using the conventional
liquid drop test. Therefore, 100% coupling is achieved when
RCT is 1.6 μm or less.

Next, Fig. 4 (a) and (b) show L p and the conventional liquid
drop loss Ll as a function of RCT. The refractive index of the
liquid was 1.45 at the wavelength of 1550 nm. L p can be
considered to be scattering loss caused by roughness of the
polished surface, as previously determined for planar optical
waveguides [10]. We calculated L p with the 3-D BPM by
applying the commonly used roughness model [10] to the
polished surface. The surface roughness is characterized by the
following autocorrelation function of the distribution function
with zero mean f (z)

R (u) = � f (z) f (z + u)� ≈ σ 2 exp

(
−|u|

C

)
(1)
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Fig. 4. Relationship between L p and RCT.

where the brackets represent the ensemble average, σ 2 is the
roughness variance, and C is the correlation length. From
Fig. 4 (a) and (b), L p increases as RCT decreases and depends
on the root-mean-square (rms) roughness σ , whereas Ll does
not depend on σ . The calculated L p and Ll were almost
independent of C of a few micrometers. We measured L p , σ ,
and C by using a commercially available polishing machine
for optical connectors and a polishing film with a particle size
of 5 μm. The polishing pressure and speed were optimized
so that polishing could be completed in as a short time as
possible without breaking the fiber. The measured σ and C
yielded average values of 0.1 μm and 3.0 μm, respectively.
The measured relationship between L p and RCT was derived
from the measured L p for various Ll and Fig. 4 (b). The
measured L p values, plotted as open circles in Fig. 4 (a),
agree with the calculated results for σ = 0.08 to 0.12 μm.

Fig. 5. Measured results.

RCT is less than 1.6 μm (namely 100% coupling) when L p

exceeds 0.14 dB.
Fig. 4 (c) shows the calculated relationship between L p and

RCT for various V -parameters, which are defined by

V = 2πa

λ

√
n2

core − n2
clad (2)

where a is the core diameter, λ is the wavelength, and ncore

and nclad are the refractive indices of the fiber-core and
cladding. V of the fiber used in the experiment is 1.9 at a
wavelength of 1550 nm. V changes from 1.8 to 2.4, when
the wavelength changes from 1260 to 1650 nm. Although L p

depends slightly on V , we obtain RCT of 1.5 to 1.6 when
L p = 0.14 dB even if V changes from 1.8 to 2.4. Thus,
we may stop the polishing when L p = 0.14 dB and still
achieve 100% coupling.

III. EXPERIMENTAL RESULTS

Fig. 5 (a) shows the experimental setup used for measuring
L p . We used a fiber identifier with a bending loss of around
0.5 dB. To confirm that L p can be monitored by fiber
bending, we also monitored the signal power by a power
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Fig. 6. The highest coupling efficiencies as a function of the excess loss.

Fig. 7. Wavelength dependence of the fabricated coupler.

meter. Fig. 5 (b) shows the measured L p and estimated RCT
during polishing. We stopped the polishing at 169 seconds
when L p = 0.14 dB; that is, the estimated RCT = 0.22 to
1.6 μm. The agreement between the monitored L p given by
fiber bending and power meter values indicates that the fiber
bending approach is valid. Even when the bending loss of
the fiber identifier is added, polishing was performed while
suppressing the insertion loss to 0.64 dB or less. Therefore,
it was confirmed that the polishing is possible without inter-
ruption of communication service [2]. Fig. 5 (c) shows the
measured results of the coupling efficiency and transmission of
uncoupled light as a function of the offset between the cores of
the in-service and branch fibers by moving these fibers relative
to each other as shown in Fig. 2 (d). The dashed lines show the
calculated results for d = 5.0 μm with the structure shown in
Fig. 3 (a). The wavelength in the experiment and calculation
is 1550 nm. Coupling efficiencies of up to 0.92 were obtained,
and the measured values were consistent with the calculated
results. We measured minimum value of d estimated in the
same way as above at a wavelength of 1310 nm and obtained
d = 3.3 μm. The difference between the estimated minimum
value and the target dc of 2.6 μm can be decreased by aligning

the two fibers more accurately and flattening the polishing
surface by reducing the particle size of the polishing sheet
or R. Fig. 6 shows the highest coupling efficiencies as a
function of the excess loss. We measured 32 samples and
obtained coupling efficiencies from 0.7 to 0.95 with an average
value of 0.87. As shown by the dashed theoretical curve
in Fig. 6, the highest coupling efficiency decreases as the
excess loss increases. The measured results agree with the
theoretical curve. The variation in the coupling efficiencies
can be reduced by reducing the excess losses. Fig. 7 shows
wavelength dependence of the transmission of uncoupled light
and coupling efficiency when the branch fiber was aligned
to realize the highest coupling efficiency at the wavelength
of 1550 nm. The dashed lines show the simulation results
when d = 5.0 μm. It was confirmed that the calculated and
measured results agreed.

IV. CONCLUSION

We proposed an optical coupler insertion technique based
on fiber side-polishing that does not interrupt service. It was
clarified that the desired degree of side-polishing could be
attained by using our RCT estimation method based on fiber
bend monitoring while holding the insertion loss to 0.64 dB or
better. Experiments on a fabricated coupler yielded coupling
efficiencies from 0.7 to 0.95 with an average value of 0.87 by
bringing the side-polished branch fiber close to the polished
in-service fiber. The coupling efficiencies can be improved by
reducing the excess losses.
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