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In this work, a simple method based on optical time-domain reflectometry has been implemented to compare
the Rayleigh scattering coefficient of different modes of few-mode fibers. The principle of the method is
first validated in the case of single-mode fibers and then applied to two weakly-coupled few-mode fibers
presenting different refractive index profiles. The results are compared with those obtained by more sophisticated

experiments based on the analysis of the angular distribution of light scattering.

1. Introduction

Since 2010, few mode fibers (FMF) have generated a lot of interest
as one of the alternatives to meet the need for data transmission with
increased capacity in fiber networks. Recent developments in FMF have
demonstrated the expected capacity gain per fiber compared to the best
single-mode fiber (SMF) performances, thanks to the implementation of
mode division multiplexing (MDM) [1]. However, among other parame-
ters, the differential mode attenuation (DMA) that these fibers face must
be kept below 0.01 dB/km in order to allow the capacity gain [2]. In
SMF, the losses are now well understood and controlled while, in FMF,
the situation is more complex because each mode undergoes the waveg-
uide differently due to its unique intensity distribution. As a result, each
mode — especially the linearly polarized (LP) modes commonly encoun-
tered in optical fibers — has a specific light scattering signature, with this
mechanism contributing to the majority of optical losses and part of the
DMA at telecommunications wavelengths [3]. In this work, attention is
focused on weakly-coupled FMF, where the modes propagate with low
coupling and thus low crosstalk (XT) thanks to a large effective index
difference |An, ;| between them. Bidirectional optical time-domain re-
flectometry (OTDR) is applied in order to be able to easily access to the
backscattering properties of the different LP modes in different fibers
spliced together. The basics of bidirectional OTDR are first revisited and
then validated using three different SMF. Then, the technique is used to
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compare the Rayleigh scattering coefficients of the same LP modes of
two FMF with different refractive index profiles (RIP).

2. Optical time domain reflectometry

As is well-known, OTDR technique consists in injecting, at z =0,
a light pulse of power POV # and time duration z on a mode LP,, that has
an effective area S/, and propagates with a group velocity v,". During
propagation, the pulse undergoes Rayleigh scattering (coefficient &;{” )
at each position z. The backscattered power B*# is notably found in the
same counter-propagating mode whose intensity is detected at the fiber
input as a function of time and then space using the formula 2z = v;"s.
Therefore, the optical power scattered by a mode and captured by the
same counter-propagating mode, can be expressed as follows a function
of the fiber length [4-7]:

ot »

PY(2) = P —5 agBe " b}

where a*# is the total attenuation of the mode and a} is the radial
average of the local attenuation coefficient of Rayleigh scattering for
a guided mode of the fiber. Using the overall capture fraction, B*#,
developed in ref. [8] the backscattering factor can be defined as [9]:
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Where n is the refractive index of the core and k is the wavevector
in vacuum. S’ is defined as:

¥2 (r, dA)2
Siti= —(ﬂ”f ) ®
¢ ﬂA lI"V‘M(r, $)dA
Where ¥, represents the mode field distribution, A denotes the
cross-sectional area, and r and ¢ correspond to the radial and azimuthal
coordinates, respectively.
E};‘ is the radial average of the local attenuation coefficient of the
Rayleigh scattering weighted by the radial extension to the power of

four:
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Substituting Eq. (2) in Eq. (1) gives:
P (z)= P()V”r]‘/"e_z”mz 5)

Then, the ratio of Rayleigh scattering coefficients of the same mode
propagating in two different fibers A and B is then given by:
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The aim of the next section is to evaluate how bidirectional OTDR
can give access to the ratio 7,/ /n;".

3. Bidirectional OTDR measurement

In 1979, P. Di Vita et al. theoretically proposed the concept of using
OTDR for separating power fading contributions caused by irregular-
ities in the optical fibers [10]. This concept was demonstrated exper-
imentally in 1982 and the local attenuation coefficient and the local
backscattering factor have hence been measured separately [11]. Since
then, multiple studies have reported the comparison of the Rayleigh
scattering coefficients of two SMF spliced together [9,12,13]. It appears
that a bidirectional measurement is sufficient to extract the backscat-
tering factor of a mode for a given fiber. This consists of performing
measurements on both sides of the fiber by injecting a pulse power
POV # through one end and capturing the backscattered power P (z)
from the same input and doing the same at the other end with an
input power P/* so that the collected power is P"# (L — z). Then, by
summing bidirectional traces S*# (z) = 5log,o (P** (z)) and S*# (L — z) =
5log;, (PY# (L — z)) using Eq. (5), the attenuation coefficient —2a"# can
be removed and the following quantity can be deduced:

I =S (z) + S** (L — z) =5logy, (POV" P) +10log, (7" (2)) @

In practice, P;* and P'* are unknown which makes it impossible
to extract n"# (z). So as to access this quantity, a measurement based
on the splicing of two fibers is then used. Let’s consider two fibers A
and B spliced at position z,. Both fibers are supposed to possess their
own attenuation coefficient (a/g” and a[‘é” respectively) and their own
backscattering factor (7" and # respectively). Performing bidirec-
tional measurements by exciting the same mode, the bidirectional traces
will present a discontinuity at position z,. This is due to the fact that the
mode undergoes, among other, a different attenuation coefficient and
a different refractive index when it passes from one fiber to the other
[12]. To return to the idea of the sum of the bidirectional traces, the
sum in this case will also present a discontinuity at the position z,. This
discontinuity corresponds to the difference of the backscattering factors
between the two fibers by exciting the same mode and is calculated
using Eq. (7) as:
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Table 1
SMF fibers used to validate the bidirectional OTDR
method.
Name Supplier Core type
SMF1 G654 Sumitomo Silica [14]
SMF2 G652 Prysmian Ge-doped
SMF3 G654 Prysmian Ge-doped
; f SMF3

OTDR
i ° —

—Q .4@%

Fig. 1. Setup of bidirectional OTDR measurement for three SMF spliced to-
gether.

It can be noted that another important parameter can be extracted
using bidirectional OTDR measurement which is the splice loss. To do
so, it is necessary to perform the subtraction of the bidirectional OTDR
measurement as follows:

VH

Y'Y = SV (z) — SY (L — z) = Slog, < 0

P
1

splice

) —2Qa%z+a’ ) )

Where o«'”. is the splice loss.
splice

4. Experimental validation

In order to validate our experimental implementation of the the-
oretical model presented in the previous section, we first applied the
bidirectional OTDR method to three different SMF presented in Table 1.
Using a commercial OTDR system (8000 series OTDR, Photon Kinet-
ics), bidirectional traces were recorded at three wavelengths (1410 nm,
1550 nm and 1625 nm) using the experimental setup described in Fig. 1.
This first experiment is similar to the one conducted by Guenot et al.
to put in evidence an extra-loss mechanism which is added to Rayleigh
scattering [9].

An example of bidirectional traces at 1410 nm is reported in
Fig. 2(a). At each splice between fibers, a discontinuity is observed and
contains information about the splice losses and the change of fiber
characteristics (attenuation coefficients, refractive index change, mode
area...). In order to extract the ratio of backscattering factors between
the three fibers, the bidirectional traces are summed together (Eq. (7))
as shown in Fig. 2(b). The curve in Fig. 2(b) presents a discontinuity,
noted DY#, at each fiber junction. On both sides of each discontinuity,
horizontal lines with some fluctuations represent the longitudinal fluc-
tuation of the backscattering coefficient for each fiber. By fitting the
horizontal lines and applying Eq. (8), the ratio of the backscattering
factor between two fibers can be extracted (see Table 2). It clearly ap-
pears that the backscattering factors are different for the three fibers
and are wavelength-dependent.

Using the refractive index profile of each fiber, the group index and
the effective area of the fundamental mode can be calculated. Then,
the ratio of Rayleigh coefficients can be extracted at each wavelength,
using Eq. (6). Table 2 shows a good agreement between the ratios at
different wavelengths. SMF1 presents smaller Rayleigh coefficient than
SMF2 and SMF3 since the ratios of Rayleigh coefficients (0.80 and 0.83,
respectively) are smaller than the unity. This was expected because
SMF1 is a silica-core fiber. On the other hand, SMF2 presents a higher
Rayleigh coefficient than SMF3 (1.04), the ratio being larger than the
unity.

The extraction of the ratio of Rayleigh coefficients between different
fibers has been validated at three different wavelengths. This approach
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Fig. 2. Example at 1410 nm of (a) OTDR bidirectional traces, (b) sum of bidirectional traces for three SMF spliced together.

1462
146
1458 LPo,

% 1456 =" LPu 7 — LP modes

25t LP. minAneff = 1E — 3

R 21

E 1452 F LPy,

€ 145 LPs,
1.448 LP;, )l
1.446 et mmmmm | LPyy FMF1
1444 1 -

0 5 10 15 20 25 30 35

Radius(pm)

1.462

146

1.458
3 1456 6 — LP modes
2 sl minAneff = 1.6E — 3 |
2
§ 1452
s
£ §45
1.448

1446

FMF2 |

1444

0 5 10 15 20 25 30 35
Radius(pm)
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Fig. 4. Experimental setup of a bidirectional OTDR measurement for FMF.

Table 2

Backscattering factor difference and the ratio of
Rayleigh scattering coefficients between the differ-
ent fibers (SMF1, SMF2 and SMF3) at three different
wavelengths (1410 nm, 1550 nm and 1625 nm).

Wavelength (nm) 1410 1550 1625

D%, -3.81 -3.59 —3.46
i

D% 201 1.81 1.70
i

DY -1.80 -1.77 ~1.76
S

Ty s /U snr 0.80 0.80 0.80

@Y i /T snars 0.83 0.83 0.83

Tlsaar/ ag{SMH 1.03 1.04 1.04

has also been experimentally validated with low and high attenuation
splices (not shown here). In the following, we will be focusing on the
transposition of this method to FMF.

5. Experimental measurement on FMF

Our goal is to compare the Rayleigh scattering coefficients of differ-
ent modes of different FMF. Compared to the case of SMF, the situation
is a bit different at the splice point for FMF:

» the overlap integral between the modes (same LpP,, mode) of the
two fibers is very important. In the case of a bad overlap between
modes, XT can be generated and the backscattered light contains
some information that can be very difficult to differentiate.

Table 3
Overlap integral between the modes of FMF1 and FMF2 at 1550 nm.

FMF2\FMF1  LP, P, LP,, LP,, LP;, P,

LP, 0.28%
LP,
LP,,
LP,
LP;,
LP,

« the modes of different groups do not have to be coupled together as
is the case of a graded index fiber, in order to prevent the backscat-
tered light to contain different characteristics of the coupled modes
that are complex to separate.

In this study, two weakly-coupled FMF with different index profiles
will be investigated (Fig. 3):

« FMF1 is a step-index fiber and support 7-LP modes with minimum
|An, /| (min|An,, |) between modes of 1 x 1073, (In the following,
6-LP modes are evaluated due to the limitation of the multiplexer.)

+ FMF2 has a trapezoidal index profile and supports 6-LP modes with
a depressed index region in the core so that min|An, ;| = 1.6 X 1073
[15].

The overlap integrals between the modes of the two fibers have been
calculated and the values are reported in Table 3. It can be noted that
the diagonal values are very large while the off-diagonal ones are small
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Fig. 5. Bidirectional OTDR traces at 1550 nm when FMF1 and FMF2 are spliced together.
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Fig. 6. (a) Sum of bidirectional traces at 1550 nm for the different modes, and (b) ratio of the backscattering factor between FMF1 and FMF2.

enough that the fibers can be spliced with an expected XT value of less

than -20 dB.

Two spans of FMF1 and FMF2 were spliced together. Using mul-
tiplexers (MPLC from Cailabs) on both sides and the OTDR system

already used with SMF, bidirectional traces are recorded at three wave-
lengths (1410 nm, 1550 nm, and 1625 nm) by successively exciting the
different modes as shown in Fig. 4. An example of bidirectional traces
recorded by exciting each mode at 1550 nm is represented in Fig. 5.
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Table 4
Effective area and group index of the different modes of FMF1 and FMF2 respectively at three different wavelengths (1410 nm, 1550 nm and 1625 nm).
FMF1 Ser ng FMF2 Ser n,
Wavelength (nm) 1410 1550 1625 1410 1550 1625 Wavelength (nm) 1410 1550 1625 1410 1550 1625
LP,, 1225 1256  127.3 14782  1.4789  1.4794 LP, 1356  137.6  138.8 14767  1.4774  1.4779
LP,, 1122 1156  117.6  1.4796  1.4805  1.4811 LP,, 106.6 1117 1146  1.4783  1.4792  1.4798
LP,, 99.1 103.8 1068  1.4819  1.4830  1.4837 LP,, 92.2 1025  108.6  1.4794  1.4802  1.4808
LP, 1164  121.0  123.7  1.4814 14825  1.4832 LP,, 1137 1214 1258  1.4800 14809  1.4816
LP;, 1167 1232 127.3  1.4834  1.4846  1.4854 LP;, 122.3  133.8  141.0 14815  1.4824  1.4829
LP,, 99.2 108.9  116.6  1.4840  1.4848  1.4851 LP,, 1259  149.2 1682 14798  1.4798  1.4796
1.4 . z tenuation of each mode. The results are presented in Fig. 8(b). Note
—— 1410 nm . .
® 1550 nm that the splice loss of the degenerated modes has been averaged. This
131 _A— 1625 nm last figure shows that, as expected, the splice loss depends on the mode.
—¥— Average More interestingly, it shows that LP,, mode presents the highest splice
1.2 4 . . N
° loss, which was expected because the overlap integral of this mode be-
® de L TN tween the two fibers is only about 96%.
< .
Dol =—® 6. Comparison with the results of angular distribution of the
- scattered intensity method
o 0.9
' To push further our study and to have a point of comparison of
0.8 different methods, the results obtained here have been compared to
those obtained using the measurement of the angular distribution of the
0.7 scattered intensity of each mode of FMF1 and FMF2. This approach, de-

LPoy  LPyy LPy LPy,  LPyy LPy
Mode

Fig. 7. Modal ratios of Rayleigh scattering coefficients between FMF1 and
FMF2.

As before, the bidirectional traces obtained for each mode were
summed so as to extract the ratio of backscattering factor as shown
in Fig. 6(a). Therefore, the amplitude of the discontinuity D" for each
mode is calculated using Eq. (8). Note that the degenerated modes (odd
and even modes) are strongly coupled: the ratio of backscattered factor
has then been averaged such as: D = (D,* + D))/ 2. Fig. 6(b) shows
that the discontinuity is mode and wavelength dependent.

The effective area and group index of the different modes in each
fiber are calculated using the RIP measured on fibers (see Table 4). Ac-
cording to Eq. (6), the ratio of the Rayleigh coefficients for the same
mode can be extracted at each wavelength. Fig. 7 shows a good agree-
ment between the ratios at different wavelengths and also shows that
ratios are larger than unity, which means that the step-index fiber
presents, for all the modes, a higher Rayleigh coefficient than the trape-
zoidal index fiber.

Finally, the bidirectional OTDR measurement of the different modes
has been subtracted as shown in Fig. 8(a) so as to extract the splice at-

3 4 5
(a) Len
gth(km)

scribed in ref. [3], not only allows to quantify the Rayleigh coefficients
of the different modes of different fibers but also permits to put in evi-
dence and quantify the contribution of extra-loss mechanism known as
small-angle light scattering (SALS). Fig. 9 shows that the Rayleigh coef-
ficients of FMF1 are higher than those of FMF2, which can be explained
by the larger core index of FMF1 compared to FMF2.

In order to compare these results to those of bidirectional OTDR, the
ratio &K‘F it/ &X‘F v (the overlap between the intensity distribution
of the mode and Rayleigh coefficient distribution, which corresponds
to what is measured using the recording of the angular distribution of
the scattered light) has first to be theoretically compared to the ratio

at Javt (Eq. (4) which corresponds to what is measured using

aR,FMFl aR,FMFZ

bidirectional OTDR method). Using ref. [16], the radial dependence of
the Rayleigh scattering coefficients can be obtained and the two ratios
can be calculated for each mode. The results obtained are presented
in Fig. 10(a) that shows that the two values are in good agreement.
Consequently, these ratios can be compared experimentally.

Using the Rayleigh scattering coefficients of the different modes of
the two fibers extracted from the angular scattered intensity distribu-
tion method, the ratio of the Rayleigh scattering coefficients can be
calculated and thus can be compared to that of the bidirectional OTDR
method. Fig. 10(b) shows good agreement between the two methods
with however a larger difference for the L P, mode. The proposed bidi-
rectional OTDR method thus appears as a simple and efficient method

—m—LPy,
0.35 Ta—] I—e—LP,,
) T —A—LPy
B 030 —< T,
50251 T4 LPy
= —<—LP,
50.20 |
=
Q "
£0.15 e
So10] ¢ Vv
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‘>
U=
b) 1400 1450 1500 1550 1600 1650
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Fig. 8. (a) Subtraction of bidirectional traces at 1550 nm for the different modes, (b) and the splice attenuation, by exciting the different modes as a function of

wavelength.
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Fig. 9. Modal Rayleigh scattering coefficients at 1550 nm of fibers E and B
obtained using the angular distribution of the scattered intensity method pre-
sented in ref. [3].

to compare the Rayleigh scattering coefficients of different modes of
two FMF. The OTDR bidirectional measurement demonstrates superior
precision compared to the angular distribution method, with an uncer-
tainty level of approximately 2%. In contrast, the angular distribution
method yields a higher uncertainty when determining the Rayleigh ra-
tios of about 8% due to the measurement difficulties when measuring
laterally the light scattered from the fibers. These uncertainty values
are determined by performing a thorough analysis of 10 consecutive
measurements.

The proposed method offers a straightforward and easily imple-
mentable tool for comparing and optimizing FMFs. It goes beyond by
providing the capability to access individual modal properties, includ-
ing the individual Rayleigh scattering coefficients and mode effective
areas. This access to essential modal properties empowers researchers
and engineers, enabling them to gain valuable insights into the perfor-
mance and characteristics of various FMFs. Consequently, this valuable
information facilitates the design and development of more efficient
and tailored optical communication systems and fiber optic sensing ap-
plications.

7. Conclusion

In this paper, the theoretical principle of OTDR has been discussed
to define the backscattering factor as a function of the Rayleigh scatter-
ing coefficient and the effective area of a guided mode. The principle of
bidirectional OTDR has been developed showing that by splicing two
fibers, it is possible to extract the ratio of backscattering factors by
summing the bidirectional traces. From this later ratio, it is possible
to compare the ratio of the Rayleigh scattering coefficients by excit-
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ing the same mode. In addition, it has been shown that by subtracting
the bidirectional traces, one can extract the attenuation of the modes
propagating in the different fibers and the splice loss. This theoretical
approach was validated by splicing three SMF and comparing them at
three different wavelengths. Furthermore, it has been tested that even
with high splice attenuation, it is possible to extract the Rayleigh scat-
tering ratio between two fibers. After the validation of the principle,
bidirectional OTDR measurements on two FMF have been recorded and
the mode-dependent ratios of the Rayleigh scattering coefficients have
been deduced by exciting the different modes. Finally, the results of the
bidirectional OTDR method have been compared to those of the angu-
lar distribution of the scattered intensity method and a good agreement
has been found. It is concluded that bidirectional OTDR is a simple and
effective method for comparing Rayleigh scattering coefficients of dif-
ferent modes in two FMFs, under the condition that the two fibers have
a good overlap between their modes.
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