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Featured Application: Optical fiber transmission.

Abstract: Few-mode erbium-doped fiber amplifiers (FM-EDFAs) are one of the most important
optical subsystems for successful space division multiplexed transmission systems. In this paper, we
propose a new FM-EDFA designed to achieve significantly reduced differential modal gain (DMG)
via strong mode coupling. Using a new numerical model based on a fiber transfer matrix, the DMGs
of FM-EDFAs are systematically investigated and two different types of six-mode fiber amplifiers
are analyzed, as exemplar demonstrations. In a uniformly doped step-index fiber, the DMG can
be reduced from 9.3 to 1.1 dB (i.e., 8.2 dB reduction) and further reduced to 0.5 dB in a dual-layer
doping structure.

Keywords: space division multiplexing; few-mode fibers; erbium-doped fiber amplifiers; strong
mode coupling

1. Introduction

With the increasing demand for optical fiber transmission capacity, space division
multiplexing (SDM) has been explored, in depth, as an effective way to overcome the
capacity limit of conventional single-mode fiber transmission systems by using spatially
multiplexed channels in few-mode fibers (FMFs) and /or multi-core fibers (MCFs) [1-3].
Their matching optical fiber amplifiers are the key building blocks in long-haul SDM
transmission systems, and various types of few-mode erbium-doped fiber amplifiers (FM-
EDFAs) [4-10] and multi-core EDFAs [11,12] have been developed over the past 10 years in
order to simultaneously amplify all the spatial channels. These SDM amplifiers can bring
significant advantages in terms of cost and space saving and efficient pump utilization
compared to multiple single-mode EDFAs [4].

One of the most important aspects of SDM amplifier design is to equalize the amplifier
gain between all the spatial channels. In principle, the differential modal gain (DMG)
is dependent on the spatial overlap between signal, pump intensity profile, and erbium-
dopant distribution and can be effectively improved by optimizing these three aspects.
Various advanced amplifier fiber designs (e.g., confinement doping or multi-layer doping)
have been investigated to minimize the DMG [5-7], and it has been reported that the DMGs
of FM-EDFAs supporting 6, 10, and 21 spatial modes can be reduced to 2-3 dB by adopting
these approaches [8-10]. However, it is still very challenging to achieve a very low DMG
(less than 1 dB) and the fiber design complexity gradually increases as the number of
spatial modes increases. It is also important to point out that conventional single-mode
EDFAs need gain equalization with respect to wavelength—i.e., in one dimension—while
FM-EDFAs require two-dimensional gain equalization for both multiple wavelengths and
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spatial channels. This causes tremendously increased complexity in the fiber design and
fabrication of FM-EDFAs as the number of modes increase.

Intentionally enhancing the mode coupling (MC) within an FM-EDFA can be consid-
ered as an effective way to further reduce DMG. It has obvious advantages in two main
aspects: (1) reduced DMG via completely mixing the signal modes and (2) reduced fiber
design complexity with a large number of modes. Please note that a strong MC scheme
has already been employed in long-haul FMF transmission systems and is regarded as
an effective method to greatly reduce the complexity of MIMO signal processing [13-16].
Therefore, the use of strong coupling onto FM-EDFAs can naturally give transmission fiber
links improved DMG performance. Recently, mode scramblers have been investigated as
a means to reduce the DMG in FM-EDFAs and a 1.8 dB DMG reduction was successfully
achieved in a 10-mode fiber amplifier [17]. Therefore, it is highly desirable to systematically
investigate the effect of strong mode coupling inside FM-EDFAs and explore its feasibility
in practice.

In this paper, we propose a strongly coupled FM-EDFA for the first time with greatly
reduced DMG that can be controlled by choosing the appropriate coupling strength (CS)
and number of coupling points (NCPs). In this way, the challenge of two-dimensional
gain equalization can be reduced to a one-dimensional task. Using a fiber transfer matrix
method model, we analyzed two exemplary six-mode EDFAs and found that strong mode
coupling has a great effect on DMG mitigation in both of the FM-EDFAs. An 8.2 dB DMG
reduction was achieved in a uniformly doped FM-EDFA via strong coupling, and this could
be further reduced to 0.5 dB with an optimized fiber doping profile. The proposed strongly
coupled FM-EDFAs were very tolerant to the mode-dependent loss in SDM transmission
systems and the spectral gain flatness and differential noise figure (NF) could also be
kept low.

2. Numerical Modeling of Strongly Coupled FM-EDFA

To characterize an FM-EDFA with strong MC, we cannot simply evaluate its modal
gain (MG) by launching and receiving each mode one by one as in an uncoupled or weakly
coupled situation, because each input would excite all the other guided modes. There is an
accurate way to measure MG—namely, calculating singular value decomposition (SVD) of
the fiber transfer matrix (TM) [18].

In our model, an erbium-doped fiber (EDF) comprises multiple gain segments and
coupling matrices, as shown in Figure 1. We assume that there are K independent sections,
each of which is modeled as an individual amplification gain matrix (Gy, Gy, ..., Gk).
Distributed MC can be viewed as a large number of random matrices (M1, My, ... , Mg_1),
randomly located before and after each independent section. The TM of the proposed
FM-EDFA is given by:

M =Gk - - GiiMiGj- - - GeMa Gy 1)

where M is the TM, G; is the gain matrix in the i-th section, and M,; is the random mode-
coupling matrix that occurs between two amplification processes (i.e., G; and Gj.1).
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Figure 1. Multi-segment model of a strongly coupled FM-EDFA.
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Then, we can obtain the overall MG and DMG from M by using the SVD technique at
each frequency bin [18], which closely resembles the evaluation of polarization dependent
loss [19]. M can be decomposed into N spatial channels:

M=V.§-U* (2)
¢281 0
S = (3)
0 18N

where U and V represent the equivalent mode mixing at the input and output ends,
respectively. We obtain g = (g1, g2, - .. , §n), whose elements are the logarithms of the
eigenvalues of M-M* [20]—i.e., the gain of N spatial channels. Thus, the overall DMG can
be written as [3]:

DMG = max{g,} — min{g,} 4)

where max{g,} and min{g,} are the maximum and minimum gains in dB.

Here, EDFs are equally divided into thousands of fiber segments, each of which is
modeled using the 4th-order Runge—Kutta method [21]. MC randomly happens between
two fiber segments. Both the number of coupling points and the coupling strength per point
determine the degree of mode coupling. Under a 980 nm pump light (LPy;), the linearly
polarized signal modes (LPg;, LP11, LP»1, LPgy) are launched with an equal power of 0.1 mW
at the end of the fiber input. In this work, EDFs with two different Er-ion distributions are
taken into account: Type-A with uniform doping and Type-B with dual-layered doping,
as shown in Figure 2 and Table 1. The two typical Er-ion distributions can be obtained by
the Modified Chemical Vapor Deposition (MCVD) combined with solution-doping. Other
complex doping profiles can also be achieved through experimentation [22,23].
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Figure 2. Refractive index profile and Er-dopant distribution of (a) the Type-A and (b) Type-B 6-mode
EDFs (the shaded region represents Er ion doping). (¢) DMG of Type-B 6-mode EDFA as a function of
band c.

Table 1. Fiber parameters of the two different types of EDFs.

Type Core Radius (um) Cladding Radius (um)  Numerical Aperture Erbium Doping Distribution
Type A 8 62.5 0.15 Uniform doping (Er* = 100 ppm)
B : et —
Type B 8 625 015 Dual-layer doping (r < b: Er* = 65 ppm,

r>c: Ert =115 ppm)




Appl. Sci. 2022,12,767

40f8

3. Results and Discussion

To study the role of mode mixing in reducing the DMG in FM-EDFAs, we compared
the DMG of a Type-A 6-mode EDFA with and without strong MC. Figure 3 shows MG as
a function of EDF length at a pump power of 1 W, which is much higher than the signal
power of 0.1 mW mentioned in Section 2. In an uncoupled case (Figure 3a), MG gradually
increases until saturation point at ~12 m and the overall DMG of the amplifier is reached at
~9.3 dB. In a strong mode coupling regime (Figure 3b—d), however, a 6-mode EDFA can
obtain a much lower DMG by increasing the degree of the MC, equivalent to increasing the
CS or NCP. For example, as shown in Figure 3d, the DMG is reduced to 3.4 dB when NCP
and CS are 600 and —10 dB/pt, respectively, which is 5.9 dB lower than that in Figure 3a.
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Figure 3. MG as a function of EDF length in (a) uncoupled or strongly coupled 6-mode EDFAs;
(b) NCP =300, CS = —15 dB/pt; (¢) NCP = 300, CS = —10 dB/pt; (d) NCP = 600, CS = —10 dB/pt.

Then, we focused on the effect of NCP and CS on DMG reduction in strongly coupled
FM-EDFAs. Figure 4 shows the calculated DMD results of both Type-A and Type-B 6-mode
EDFAs. NCP and CS are in the ranges 10 to 600 and —25 to —1 dB/pt, respectively. It
should be noted that there are little variations in the calculated DMG values at fixed NCP
and C§, resulting from the randomness of the coupling matrix and the location of each point.
We calculated the DMG at each NCP and CS an average of 100 times. In the uncoupled
case, the DMGs of Type-A and Type-B fiber amplifiers were 9.3 dB and 2.4 dB, respectively,
but it was greatly improved by strong mode mixing. In particular, for the Type-A EDFA,
an 8.2 dB DMG reduction (i.e., from 9.3 to 1.1 dB) was achieved via strong mode mixing,
and the DMG of Type-B EDFA was reduced to 0.5 dB with the aid of optimized Er-dopant
distribution. Therefore, we can say that the proposed approach is very powerful for high
DMG amplifiers, but it is also very useful to further reduce it in moderate-DMG amplifiers.
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Figure 4. DMG of (a) Type-A and (b) Type-B 6-mode EDFAs as a function of NCP and CS.

As mentioned before, NCP and CS are the key factors in reducing DMG. Considering
the randomness of the coupling matrix and the location of each point, we then evaluated
the DMG fluctuation of strongly coupled FM-EDFAs after 100 repeated calculations. We
noticed that the DMGs of the two types of FM-EDFAs follow a similar trend as a function
of NCP and CS (see Figure 4) and we chose a Type-A fiber amplifier (i.e., uniform doping),
which is the most common and easiest to manufacture, for the following analysis. Figure 5
shows DMG and its corresponding standard deviation as a function of NCP and CS. As
shown in Figure 5a, the DMG gradually decreases with CS and we can achieve a 7.8 dB
reduction from 9.3 = 0.3 to 1.5 £ 0.3 dB when NCP equals 300, as well as an 8.2 dB
reduction when NCP equals 600. The DMG also decreases with NCP in Figure 5b from
8.6 + 0.3 to 4.4 + 0.7 dB when CS = —15 dB/pt and from 8.4 + 0.5 to 2.7 & 0.4 dB when
CS = —10 dB/pt. It is worth noting that the standard deviation of DMG increased at the
beginning due to the small number of NCP but decreased with NCP.
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Figure 5. DMG and corresponding standard deviation as a function of (a) CS at NCP = 300 and 600;
(b) NCP at CS = —15 dB/pt and —10 dB/pt.

The average MGs and DMGs of (un)coupled FM-EDFAs were studied at different
pump powers. As shown in Figure 6a, the average MGs in both cases are almost the same
and the DMGs remained unchanged for pump power in the range of 200-1000 mW. Apart
from low DMG, it was also important to obtain wideband operation and low noise figures
(NF) for FM-EDFAs. Figure 6b shows the average MGs and DMGs over the full C-band. In
both cases, the average MG spectra of the amplifiers was flat over the whole C-band and
the wavelength dependence of the DMGs was also negligible. Thus, the gain bandwidth
and flatness of the amplifier was not sacrificed via strong mode mixing in FM-EDFAs.
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Figure 6. (a) Pump power and (b) wavelength dependence of uncoupled and strongly coupled
6-mode EDFAs at NCP = 300 and CS = —10 dB/pt.

NF in FM-EDFAs can be written by NF; = ,f fgﬁ(—g’]_ + é [24], where g; and PysE ;
represent the i-th MG and ASE noise power, respectively. Note that the difference of g;
in the strongly coupled FM—EDFA is greatly reduced compared to an uncoupled fiber
amplifier and strong mode mixing, making the ASE noise power consistent in different
modes. Thus, NF in strongly coupled FM-EDFAs would be lower (or similar at least) than

that of uncoupled amplifiers and the NF difference between spatial modes could be smaller.

4. Implementation of Strongly Coupled FM-EDFAs

The feasibility of our proposed strongly coupled FM-EDFAs was also examined. Var-
ious fiber-type mode scramblers can be considered as a strong MC, but we particularly
focused on the long-period gratings (LPGs) inscription technique during the fiber draw-
ing process by CO; laser annealing [25,26] because it can provide highly controllable
MC along the entire length of active fiber. According to [27], the grating angle ¥y and
grating strength Ang are the most essential parameters for LPG inscription and directly
determine CS. With ¥ = 0, the refractive index change is described as Ang(x, y,z) =

Angexp {—p(daz —y%— x)} [1+4 cos(27tz/A)], where A is the grating period, p repre-
sents the asymmetric shape of the transverse index profile, and a is the core radius.
Specifically, taking into consideration the dimension of our fibers, a 10% power trans-
fer (i.e,, CS = —10 dB) occurred after a 4 cm-long fiber when Ang equaled 7.5 x 10~°. For
the abovementioned 6M-EDFAs, we chose the length of EDF to be 12 m, which can accom-
modate three hundred 4 cm-long LPGs in total, meaning NCP = 300. Moreover, according
to [28], the mode-dependent loss (MDL) for the device is assumed to be 4 dB and uniformly
distributed along the EDF. Table 2 summarizes the gain characteristics with or without
losses for two types of EDFs. Although the averaged MGs was reduced by about 1 dB
due to the MDL, there was little change in both DMGs and their standard deviations (only
0.5-dB and 0.2-dB changes of DMGs for Type-A and Type-B EDFs, respectively).

Table 2. EDF gain characteristics w or w/o losses at CS = —10 dB/pt and NCP = 300.

Parameters Type A Type B
Averaged MG (dB) 31.31 30.65
Without Losses DMG (dB) 3.40 1.59
Standard deviation of DMG (dB) 0.65 0.24
Averaged MG (dB) 30.10 29.57
With Losses DMG (dB) 3.91 1.38
Standard deviation of DMG (dB) 0.72 0.25

Note that conventional LPGs are strongly wavelength-dependent, which may limit the
gain bandwidth of the proposed amplifiers. The mode coupling induced by LPGs varies
with the wavelength, which will also cause the DMG to vary with the wavelength based
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on the analysis in Section 3. Therefore, in order to obtain a low DMG over a wide band,
wideband LPGs are needed. Many research works have recently reported that they can
improve the bandwidth [29,30] using chirped grating profiles [31] or cascading several
gratings with different periods [32], and the widest bandwidth achieved so far with an
LPFG is ~300 nm (10-dB bandwidth) [33]. Therefore, we believe that the proposed strongly
coupled FM-EDFAs can be achievable with currently available LPG fabrication techniques.

5. Conclusions

We have proposed a new strongly coupled FM-EDFA design to realize low DMG and
developed the amplifier model for the first time. Using this approach, significant DMG
reductions could be obtained for both uniformly doped and dual-layer 6-mode EDFAs,
and a wideband operation was confirmed across the C-band. We believe that the proposed
strongly coupled FM-EDFAs can be further scaled to a large number of spatial modes and
are achievable using currently available long-period fiber fabrication technologies.
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