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Optimization Algorithm Applied to the Design
of Few-Mode Erbium Doped Fiber Amplifier
for Modal and Spectral Gain Equalization

Guillaume Le Cocq, Yves Quiquempois, and Laurent Bigot

Abstract—Gradient descent optimization algorithm is applied to
design few-mode Er3+ -doped fibers adapted to gain equalization
over modes and wavelengths, for mode division multiplexing. The-
oretical study is performed for fiber designs supporting six and ten
spatial modes at signal wavelength. Flat gain is obtained by opti-
mizing Er®*+ doping profile of a micro-structured core and modal
composition of the pump beam.

Index Terms—Erbium-doped fiber amplifiers (EDFA), gradient
methods, multiplexing.

I. INTRODUCTION

PACE division multiplexing has been widely investigated
S during the last few years as a new technique that could
permit to increase the capacity of optical fibers [1]-[6]. Today,
two technologies are deeply considered, namely multicore fibers
(MCF) and few-mode fibers (FMF). In the case of FMF, each
transverse mode can be used as an individual pathway able to
carry the total data transmission capacity of a current single-
mode fiber (SMF). However, so as to make this technology
compatible with long-haul transmissions, periodic amplifica-
tion of the signals, multiplexed on the different modes and the
different wavelengths, will be necessary. In this paper, a study on
few-mode erbium doped fiber amplifier (FM-EDFA) especially
designed for mode division multiplexed (MDM) transmissions
is reported. The role of such amplifiers is to provide high and flat
gain for the different channels that are used for data transmission
(meaning the same gain over wavelengths and modes). Different
techniques can be used to reach such gain equalization: 1) tai-
loring the Er3* doping profile (EDP) [7]-[11], 2) tailoring the
pump intensity pattern [11]-[13], and 3) concatenating different
FM-EDF [14].
Previous works reported good performances with few-mode
erbium doped fibers (FM-EDF) made by modified chemical
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vapor deposition (MCVD) process [8], [11]. However, this fab-
rication process seems to be quite limiting if one needs to real-
ize EDP including complex shaping, especially when combined
with solution doping. Diffusion of the Er** ions during pre-
form and fiber fabrication partly explains this difficulty [15].
We recently proposed to use micro-structured core fibers to
more accurately control EDP, and hence, gain equalization be-
tween modes [9]. This last technique appears as an interesting
alternative to MCVD because it allows to finely tailor the EDP
in the fiber core, without significant impact from Er** diffu-
sion. However, whatever the technique used to manufacture the
fiber, the optimization of the Er** distribution and pump beam
composition is a complex multi-parameters problem.

In this paper, a numerical optimization approach is combined
to a multimode amplification code in order to identify amplifier
designs allowing gain equalization over C-band and over the
different modes supported by a micro-structured core fiber. A
special attention has also been paid to reduce the pump power
consumption in order to increase the power efficiency of the
FM-EDFA, which is a very important issue to make MDM
technology competitive. Thus, all the optimizations that will
be presented in this paper, have been performed with a lim-
ited pump power budget of 200 mW. Moreover, pump insertion
losses have been included in the calculations. In the frame of
this paper, the modes will be considered as linearly polarized
(LP) modes and their confinement losses will be neglected as
they can be made as low as suitable by increasing the number
of rings.

Both Er** distribution and pump intensity pattern are consid-
ered for optimization. The study is first focused on developing
an optimized design of an Er**-doped fiber that supports six
spatial modes [namely LP()I . LPlla, 5 LPllba LPUQ , LPgla . LP21[7
represented in Fig. 1(b)] at 1550 nm and allows low gain ex-
cursion (AG) and high average gain (G,y.). Similarly to the
concept recently reported [9], micro-structured core fiber ge-
ometry is studied in this paper: the core of the fiber is composed
of 19 elements, each of them having a particular erbium concen-
tration but presenting the same refractive index than the others.
In the present case, the micro-structured core is combined to an
air/silica cladding [see Fig. 1(a)] but one should note that the
concept of micro-structured core can be extended to all-solid
fibers. A proof of feasibility of such a fiber design has recently
been demonstrated [9]. Micro-structuring the fiber core opens
a lot of possibilities since we consider that the Er** concentra-
tion of each rod that composes the core constitutes a possible
degree of freedom (DoF). However, it seems not straightforward
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Fig. 1. (a) Example of fiber geometry considered in this paper: silica capillary,
pure silica glass and Er’* -doped rods are stacked together, and then, drawn
into a fiber with micro-structured core and air/silica cladding. (b) Calculated
intensity profiles of the guided modes at 1550 and 980 nm, calculated by using
COMSOL Multiphysics.

to reach an optimized design with a simple parametric approach.
In order to find the best EDP that is achievable with the 19 ele-
ments of the core, computations were made by using an home-
made code used to obtain the modal gain in FM-EDFA [8], [12]
and this code has been combined to a gradient descent optimiza-
tion algorithm (GDOA). This technique is well adapted to the
case of multi-parameters problems [16], [17]. Note that in a sim-
ilar manner, a recent work also proposed to use another inverse
method (genetic algorithm) to tailor the erbium distribution in
the case of a cladding-pumped few-mode EDFA [18], [19] made
by the conventional MCVD method. The background theory is
first presented and the results are discussed with a specific focus
on the influence of the pumping scheme. The approach is then
extended to a ten-mode amplifier considering a ten dimensions
problem.

II. GDOA

GDOA can be used to greatly reduce computation time nec-
essary to find the minimum (or the maximum) of a function
(F(X)) with numerous variables (that can be considered as
a vector X = [X7 X5 X3 Xy ... X,,]). Starting from an initial
point X, the algorithm will obey to a step by step process

following this function:
ii+1 = ii + v X gI‘?}.d{F(i)}

where v is a step size factor and i represents the number of
iterations. The sign of ~ will determine if the algorithm will
converge either to the maximum or the minimum of the function
(respectively, positive and negative sign). y can be a constant or
a varying parameter if adaptive step size is required. For each
iteration, the vector X becomes closer and closer to the solution
(X;). The drawback of such a method is that the algorithm
can converge to a local extremum and not to the global one.
However, this can be circumvent by choosing different starting
points and comparing the different solutions that are obtained
in order to find the best solution.

In this study, the GDOA algorithm will be used to find the
EDP that will permit to reach the best performances: the func-
tion F' will represent the amplifier performances and X will
correspond to the EDP. Before all, one has to find a good def-
inition of the amplifier performances, i.e., high average gain
(Gave) and low gain excursion (AG). Note that other targets are
possible, as reducing the DMG over the whole C-band, or ob-
taining higher gain on particular higher order modes that suffer
of higher confinement losses in the fiber line. After some tests,
it has been considered that a good tradeoff is to consider the
function F as

F(X) = Gave(X) — 10 x AG(X)

because it linearly changes with gain values (which will help
the GDOA to converge). The factor 10 before AG implies quick
convergence toward an EDP that allows low AG, followed by a
slower convergence to an EDP that allows high gain. To do so,
each term of X represents the erbium concentration of the ith
doped rod of the core:

X =[C, Cy Cs Cy ... Cy]

so that each rod concentration becomes a DoF. As the core
is composed of 19 elements, 19 DoF can be used for GDOA
simulations—even if it will be proved later in this paper that
19 variables is over-dimensioned for the physical problem con-
sidered here. Thus, by using GDOA, the EDP slightly evolves
so that the value of F(}Z) increases (step by step), and as a
consequence, G,y, increases and AG decreases.

In the first part of this paper, 24 signals (6 modes x
4 wavelengths) simultaneously amplified are considered. The
signals are distributed over the C-band (at 1530, 1540, 1550,
and 1560 nm) and over the six guided modes (namely LPy;,
LPy14, LP11, LPo1,, LP21p, and LPyy). The opto-geometrical
parameters of the photonic crystal fiber (PCF) have been chosen
so that the waist of the fundamental mode around 1550 nm is
close to the one of the passive FMF used in our experiments at
the input/output of the FM-EDF [20]. This leads to an air/silica
cladding with A = 3.3 pm and d/A = 0.3. The guided modes of
this PCF have been calculated at 1550 (signal wavelength) and
980 nm (pump wavelength) by using a finite-element method.
The intensity profiles of these modes are reported in Fig. 1(b).
Each signal has an input power around — 18 dBm so that the total
input signal power is —4 dBm. In this first part, pump beam is
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Fig. 2. Coupling efficiency between guided modes and incident Gaussian

beam as a function of injection waist w, at 980 nm. Incident pump beam
is considered to be injected in centered conditions. The green dashed curve
represents pump injection losses that are taken into account in the calculations
as a function of wy, so that, in the amplification code, the incident power is
reduced to the real pump power coupled in the fiber.

considered to be injected in free space at the center of the fiber
core so that only LPy,,, pump modes are excited at 980 nm, as
in reference [8] and [9]. More complex pumping schemes are
possible by using phase plates as pump mode converters [11],
[12] or by using off-centered pump injection conditions so that
several pump modes are excited [13]: these schemes will be con-
sidered at the end of this paper. Even if these advanced pumping
schemes offer a large range of possibilities, we consider, at first,
that a simple centered pump injection conditions posseses some
intrinsic advantages like 1) low coupling losses, 2) pump inten-
sity pattern with cylindrical symmetry, and 3) easy adjustments.
Incident pump power (P,) is fixed to 200 mW in the following
simulations (this pump power value is a good tradeoff between
performances and power efficiency). The waist of the injected
Gaussian pump beam (w),) is considered as a new DoF for op-
timization because it can be adapted so as to change the ratio
of optical power coupled in each LP;,,, mode at 980 nm (with
respect to the overlap integrals between the guided modes at
pump wavelength and the incident pump Gaussian beam [8])
(see Fig. 2). Note that considering such a pumping scheme im-
plies some insertion losses due to mode profile mismatch. These
losses will be included in our calculations in the following of
the paper. As can be seen in Fig. 2, insertion losses remain very
low, since they are always below 2 dB for all w), between 2 and
14 pm. GDOA has been used to optimize the EDP so as to find
the one that gives the lowest AG and the highest G, between
the 24 channels. The Er®* concentration in the ith rod family
(C;) has been considered to be between 0 and 8 x 10%* jons.m 3.
For each design and each iteration of the optimization, the fiber
length has been adjusted to the value that minimizes AG and
maximizes average gain, by using a second optimization tool
(simple parametric approach).

Besides the need to reduce computation time and propose
realistic designs in view of manufacturing considerations, the
number of DoF has been reduced from 19 to 4, for the following
reasons.

1) The number of DoF can be reduced from 19 to 7 because
the guided modes at signal wavelength present rotational
symmetry (or quasi rotational—in fact Cj, due to the
hexagonal cladding—symmetry) of order 2 and 4 for LP;;
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Fig. 3. (a) Schematic representation of EDP with the 19 rods that constitute
19 DoF of the problem. (b) EDP when the number of DoF is reduced to 7 (due

to rotational symmetry considerations). ¢) EDP when the number of DoF is
reduced to 4.

and LPy; modes and oo for LPy; and LPy> modes. It
is the same at pump wavelength: LPy; and LPy, modes
have both a quasi rotational symmetry of order co. So, if
the core elements are grouped by family of one or three
rods of same concentration distributed with a rotational
symmetry of order 3 [so that each element is the apex of
an equilateral triangle, as in Fig. 3(b)], the resulting EDP
will be more simple, without changing the modal gain of
the amplifier.

2) The number of DoF can be finally reduced from 7 to 4
because it appeared that the performances of the amplifier
only depend on four variables, namely Cy, (Cy + Cs),
(Cy + Cg), and (C5 + C7). Thus, the core elements are
grouped in new families, as a function of the distance
between the center of the rods and the center of the core,
as is represented in Fig. 3(c).

III. EDP OPTIMIZATION—STUDY OF CONVERGENCE

In this section, w, will be considered as a constant, in order
to analyze the convergence of the EDP, when using GDOA with
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(d)

(a) Evolution of the EDP (Er** concentration of each core elements) as a function of the number of GDOA iterations. (b) Amplifier performances

(defined by function F') as a function of the number of GDOA iterations. (c) Gain as a function of signal mode and signal wavelength, when EDP is equal to the
solution found by the GDOA. d) 2-D representation of the EDP that is the solution found by the GDOA [i.e., final values of Erbium concentrations reported in

Fig. 4 (a)].

fixed pumping scheme. w,, has been fixed to 2.5 pum so that LPy;
and LPyo pump modes are equally excited (see Fig. 2), and pump
injection losses are only about 0.7 dB (meaning that 85% of the
200 mW pump power are coupled into the fiber core). Three
examples of GDOA simulations are reported in Fig. 4. For each
simulation, the starting point (Xb) is a random vector.

In Fig. 4, each GDOA simulation converges to three different
solutions, close from each other. This can be explained by the
fact that these three different EDP have the same performances
(AG = 2.3 dB and G,,. = 18.8 dB). It hence means that in
the 4-D space of X, there is not a unique point that leads to the
maximum of the function F’ (X), but a set of different points.
In other words, several optimized EDP exist, allowing the same
optimized amplifier performance. More precisely, the solution
of the optimization is a tiny hyper volume in the solution space

—

(meaning that the function F'(X) is constant and equal to its
maximum for a set of points that compose a continuous 4-D
volume). Thus, the absolute maximum is obtained for several
points, juxtaposed from each other and it is not possible to
consider that one of them is a better solution than another.

The number of iterations is about 80, in order to be sure that
the algorithm correctly converges to the solution. However, it
can be seen that the most important stage of the convergence
are the 20 first points and that the 40th point is already close
to the solution. Note that the hypothesis made earlier on the
validity and the suitability of the definition of the function F' is
validated: this function describes, as suited, the performances of
the amplifier and ensures fast convergence toward the solution.
On the gain figures [see Fig. 4(c)], it can be seen that centered
modes (LPy; and LPys signal modes) and off-centered modes
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(LPy; and LPy; signal modes) do not present the same gain
shape. This phenomenon is due, on one hand, to the fact that
pump intensity is higher at the center of the core, while itis lower
on the edges of the core, and on the other hand, to the difference
of Er3* concentration between the center and the periphery of
the core. These two aspects lead to two different optimum fiber
lengths for the modes. At the end of the fiber, off-centered modes
are slightly more reabsorbed at 1530 nm compared to centered
modes because of lower inversion of population at the periphery
of the core. However, it can be seen that the difference of gain
between the modes remains very low when compared to the
spectral gain excursion of a given mode.

IV. INFLUENCE OF THE PUMPING SCHEME

In this section, pumping scheme will be used as a new DoF.
Conventionally, w, could be considered as a new dimension for

X, meaning that the GDOA will optimize this variable in order
to get the optimum pumping scheme. However, we chose, in
this section, to consider w,, as a parameter, so as to make results
more understandable and easier to analyze. Hence, for each
pump waist from 1 to 6 ym, a GDOA has been used in order
to find the EDP the best adapted for this particular pumping
scheme. For each value of w,, the overlap integrals between
the incident Gaussian pump beam and the guided modes at
980 nm—and, hence, the insertion losses—are calculated so that
coupling of the pump beam in the active fiber is as realistic as
possible.

Results are reported in Fig. 5. As can be seen, each modal
composition at the pump wavelength implies different EDP.
These results illustrate the close interdependance of EDP and
pumping profile. Thus, in experiments, if pumping scheme
is changed, the EDP should be adjusted to the new pumping
scheme (i.e., the fiber should be replaced). Reciprocally, when
using a particular fiber with optimized EDP, one should pay
special attention to the way the pump beam is injected in the
fiber, so as to get optimum performances.

For a wide range of w,, values, high and flat gain is achiev-
able (from 2 to 6 pm). However, with respect to perfor-
mances [see Fig. 5(b)], high losses on pump injection have
a strong impact on G,y.. The lowest AG/G,y, ratio is ob-
tained for w, between 2 and 2.5 pm, and the EDP are equal
to [3.2, 3.8, 8, 8 x 10** ions.m™® and [3.8, 3.4, 7.9, 8] x
10%* ions.m™?, respectively.

Two particular solutions should be mentioned.

1) For w, close to 2.25 pm, a very simple EDP can be used,
with only two different erbium concentrations. This pro-
file is interesting in terms of fabrication complexity, since
only two doping levels are needed, with clear differentia-
tion between them (factor of 2 between the concentrations,
approximately). This simple EDP is counterbalanced by
a relatively complex pumping profile (equal excitation of
LPy; and LPy9 pump modes, with 80% of incident pump
power coupled into the fiber core). Average gain is about
19 dB for a AG value of 2.5 dB (AG/G,ye ~ 0.13).

2) For w, about 4.5 um, pump power coupling efficiency is
maximum and modal composition of the pump is essen-
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Fig. 5. (a) Optimum Er®* concentration that can be found thanks to the
GDOA, as a function of w),. (b) Performance of the optimized FM-EDFA as a
function of w, .

tially made of LPy; (99% of coupling efficiency). How-
ever, gain equalization is obtained via four different rod
families in the fiber core. Average gain is about 21 dB and
AG value is about 3.2 dB (AG/G,y. >~ 0.15).

V. ANALYSIS OF PARTICULAR SOLUTIONS

In this section, we will analyze the stability of the amplifier
design as a function of signal and pump power for the two
designs that were highlighted in the previous section.

First, we will consider the optimized amplifier corresponding
to w, = 4.5 pm and EDP made of four different erbium con-
centrations. In Fig. 6(a), a schematic of the EDP is reported.
The amplifying performances as a function of pump power and
signal power are reported in Fig. 6(b) and (c), respectively.

In Fig. 6(b), signal power has been fixed to —18 dBm per
channel (i.e., —4 dBm total signal power) and fiber length has
been fixed to the value that minimizes AG in each case, i.e.,
from 3.5 m (if P, = 100 mW) to 9.2 m (if P, = 500 mW).
In Fig. 6(c), pump power has been fixed to 200 mW and fiber
length has been adjusted from 4.6 m (if P, = 6 dBm) to 9.6 m
(if Py = —24 dBm). One can see, in both figures, that the gain
flatness (AG/Gaye) is minimum for P, = 200 mW and P, =
—4 dBm (initial power conditions that were used to design the
fiber). If power conditions are different than these initial values,
gain equalization suffers from strong impairment (up to 0.2 for
AG/G,y. values). Thus, we can conclude that this particular
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(a) Schematic of the optimized erbium doping profile needed if w, = 4.5 um: C; = 5.0 x 10?4, 0y = 1.6 x 10?4, C3 = 7.5 x 10*4, and Cy = 8.0 x

102 ions.m~3. Pump insertion losses are about 0.01 dB. (b) Performances of the optimized FM-EDFA as a function of incident pump power. Total signal power
is fixed to —4 dBm. (c) Performances of the optimized FM-EDFA as a function of total signal power. Incident pump power is fixed to 200 mW.

amplifier design can be used only under particular signal and
pump power conditions.

Now, we will focus on a design close to the optimum obtained
for w, equal to 2.5 pum. We simplified the EDP to [4, 4, 8, 8] x
10** ions.m~? [see Fig. 7(a)] and w,, is fixed to 2.4 um for the
following simulations. The stability of this design as a function
of EDP, fiber length, pump power, and total signal power has
been reported in Fig. 7(b)—(e), respectively.

In Fig. 7(d), signal power has been fixed to —4 dBm (i.e.,
—18 dBm per channel), and gain values have been computed
as a function of pump power. AG/G,, ratio is relatively flat
(about 0.14) for P, from 200 to 500 mW [see Fig. 7(d)]. Note
that fiber length has been adjusted for each pump power (from
42mif P, = 100 mW to 7.4 m if P, = 500 mW).

As can be seen in Fig. 7(d), interesting performance can
be obtained for P, = 300 mW and P, = —4 dBm (24 signal
with —18 dBm each) with Gy, = 22.9 dB and AG = 3.1 dB,
resulting on a AG/G,y, ratio equal to 0.13 [cf., Fig. 7(f)]. In
this particular case, noise figure (NF) values of the different
channels are between 7.6 and 9.1 dB [cf., Fig. 7(g)].

Thus, pump power has been fixed to 300 mW [pump power
with best flatness in Fig. 7(b)], and gain values have been com-
puted as a function of total signal power [cf., Fig. 7(e)]. AG/G,ye
ratio is relatively flat (between 0.13 and 0.14) for total sig-
nal power from —18 dBm (24 x —32 dBm) to 6 dBm (24 x
—8 dBm). Note that fiber length has been adjusted for each sig-
nal power level (from 10 m if Py = —24 dBmto 4.5 m if P, =
6 dBm).

It has to be noticed that this second amplifier design (design
reported in Fig. 7, compared to the one of Fig. 6) has a fairly
stable performance over a wide range of signal and pump power
values. If we now focus our attention on the stability of this
particular active fiber design, we can see in Fig. 7(b) that the
optimum EDP has relatively good stability to erbium doping
concentration deviation, which can be ashigh as 1 x 10?4, while
gain flatness factor remains as low as 0.18 (12.5% of deviation
for C3 and Cy and 25% of deviation for C; and C, for only
5% of degradation of gain flatness factor). The concentration
(5 seems to be the more sensitive, while C3 seems to be the
less sensitive. Concerning the stability of gain equalization as

a function of fiber length, we can see in Fig. 7(c) that gain
flatness factor is always below 0.16 from 6.5 to 8 m (interval
representing 20% of optimal fiber length, for only 3% of gain
flatness degradation).

Additional simulations were made considering more complex
pumping scheme: three DoF were added to the GDOA in order
to consider injection waist, but also offset injections in X and
Y directions. These three additional DoF were optimized by
GDOA so that pumping scheme was optimized at the same time
as EDP. No better performances were found when compared
to the designs reported in Figs. 6 and 7. So, it seems that off-
centered pump injection is not relevant for the six-mode EDFA
reported in the first part of this paper.

VI. FroM Si1X TO TEN MODES FM-EDFA

In this last section, we focus the study on an amplifier de-
sign allowing gain equalization over C-band and over ten signal
modes. The opto-geometrical parameters of the PCF have been
adjusted to A = 3.4 um, and d/A = 0.5 so that the first 10
LP modes are guided in the fiber core at 1550 nm. Calculated
intensity profiles of the guided modes in this fiber at 1550 and
980 nm are reported in Fig. 8. Then, GDOA has been used to
find the best EDP and the best pumping profile that equalizes the
gain. Initially, 10 DoF were used to find an optimized amplifier
design.

1) 7 ofthe 10 DoF were dedicated to the EDP [as schematized

in Fig. 3(b)].

2) 3 DoF were dedicated to the pumping scheme: one for
pump injection waist (w,,) and the two others for injec-
tion offset (in X and Y directions). For a fiber core with
cylindrical symmetry, only one offset direction should
be considered, but for an hexagonal-shaped core, the two
transverse dimensions are not equivalent, and thus, should
be considered separately.

The modal composition at the pump wavelength is obtained
each time by computing the overlap integrals between the inci-
dent off-set Gaussian beam and the guided modes at 980 nm.
Fiber length is adjusted at each iteration of the GDOA in order
to minimize AG/G,,. with the given EDP and given pumping
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power is 300 mW (240 mW coupled into the fiber) and total signal power is —4 dBm.

1550 nm

C4=C3
Fig. 8.
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(a) Intensity profiles of the guided modes, at 1550 and 980 nm, when A = 3.4 um, and d/A = 0.5 in Fig. 1(a). (b) Optimized erbium doping profile for
ten-mode equalization: C; = 3.4 x 10** ions.m ™3, Cy = 4.9 x10?* ions.m ™3, C3 = C4 = 8 x10>* ions.m 2. (c) Intensity pattern of the pump at the beginning
of the EDF (i.e., z = 0), obtained with 1.5 gim-waist Gaussian beam, with 1.5 pm off-set injection for both X and Y axes. (d) Gain values over wavelengths and
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profile. Incident pump power is 200 mW and total signal power
is equal to —4 dBm, distributed over 40 channels simultaneously
amplified (4 wavelengths x 10 modes with —20 dBm per chan-
nel). Optimization through ten dimensions is not a straightfor-
ward problem, since several local solutions exist. The algorithm
converges to different solutions that are not necessarily the real
optimum. Thus, a large number of simulations has been per-
formed, starting from different points, in order to have better
chances to reach the best solution.

Finally, the best solution proposed by the GDOA leads to
a core made of only three different rod families with C;
=3.4%10%* ions.m 3, Cy =4.9% 102* jons.m 3, C5=C4 = 8x
10 24 ions.m~? [cf., Fig. 8(b)]. The pumping scheme associated
to this geometry was found to be a 1.5 pm injection waist, with
an injection offset of 1.5 pum along both X and X directions.
With this particular pump injection condition, about 80% of the
incident pump power is, hence, coupled into the fiber core with
the following distribution: 16% of LPgy;, 10% of LPys, 5.4% of
both LPy;, 10% of both LP;5, 3.4% of LP3;, 3.9% of LP;3,,
2.4% of LPle, 7.1% of LPQQ[,, 2% of Lpggb, 1% of Lpgga,
1%LPs,y, and 1% of LPs;, pump modes. The intensity pattern
of the pump has been plotted in Fig. 8(c). Optimal fiber length
is found to be 5.2 m. With this particular amplifier design, av-
erage gain is 19.0 dB and gain excursion (AG) is 2.8 dB (gain
flatness is 0.14) [cf., Fig. 8(d)]. NF values of the 40 signals were
all between 8.0 and 9.4 dB. Thus, we can see that optimization
algorithm as GDOA are fast and reliable tools assisting pretty
well when designing FM-EDFAs. Note that further reduction
of the gain excursion might be possible by considering more
complex pumping scheme, and more complex erbium doping
structure (for example, by including more pixels in the core).

VII. CONCLUSION

In this paper, a gradient descent optimization algorithm has
been used to optimize the amplifying performances of an FM-
EDF, so as to obtain similar gain shapes for several transverse
modes over the C-band. Erbium doping profile and pumping
scheme have been simultaneously optimized in the case of
two fiber designs with micro-structured core supporting, re-
spectively, six and ten spatial modes at the signal wavelength.
The impact of pump insertion losses has also been studied
and fiber designs offering gain excursion—over modes and
wavelengths—below 15% have been isolated. These results
show that an optimization algorithm allows to efficiently iden-
tify optimized amplifier designs. Such a work paves the way to
the investigation of the impact of additional degrees of freedom:
forward and/or backward pumping, fiber lengths in case of con-
catenation. All these parameters can be quickly optimized by
using GDOA.

REFERENCES

[1] S. Berdagué and P. Facq, “Mode division multiplexing in optical fibers,”
Appl. Opt., vol. 21, pp. 19501955, 1982.

[2] P.Sillard, “New fibers for ultra-high capacity transport,” Opt. Fiber Tech-
nol. vol. 17, pp. 495-502, 2011.

[3] D.J.Richardson, J. M. Fini, and L. E. Nelson, “Space-division multiplex-
ing in optical fibres,” Nature Photon., vol. 7, pp. 354-362, 2013.

[4] T.Mizuno, T. Kobayashi, H. Takara, A. Sano, H. Kawakami, T. Nakagawa,
Y. Miyamoto, Y. Abe, T. Goh, M. Oguma, T. Sakamoto, Y. Sasaki, I. Ishida,
K. Takenaga, S. Matsuo, K. Saitoh, and T. Morioka, “12-core x 3-mode
dense space division multiplexed transmission over 40 km employing
multi-carrier signals with parrallel MIMO equalization,” Presented at the
Optical Fiber Communivation Conf. Exhib., San Francisco, CA, USA
2014, Paper Th5B.2.

[5] R.Ryf, N. K. Fontaine, M. A. Mestre, S. Randel, X. Palou, C. Bolle, A. H.
Gnauck, S. Chandrasekhar, X. Liu, B. Guan, R. J. Essiambre, P. J. Winzer,
S. Leon-Saval, J. Bland-Hawthorn, R. Delbue, P. Pupalaikis, A. Sureka,
Y. Sun, L. Grner-Nielsen, R. V. Jensen, and R. Lingle, “12 x 12 MIMO
transmission over 130-km few-mode fiber, Presented at the Frontiers in
Optics, Rochester, NY, USA, 2012, Paper FW6C.

[6] C. Koebele, M. Salsi, D. Sperti, P. Tran, P. Brindel, H. Mardoyan,
S. Bigo, A. Boutin, F. Verluise, P. Sillard, M. Astruc, L. Provost, F. Cerou,
and G. Charlet, “Two mode transmission at 2 x 100 Gb/s, over 40 km-long
prototype few-mode fiber, using LCOS-based programmable mode mul-
tiplexer and demultiplexer,” Opt. Exp., vol. 19, pp. 16593—-16600, 2011.

[71 M. Salsi, J. Vuong, C. Koebele, P. Genevaux, H. Mardoyan, P. Tran,
S. Bigo, G. Le Cocq, L. Bigot, Y. Quiquempois, A. Le Rouge, P. Sillard,
M. Bigot-Astruc, and G. Charlet, “In-line few-mode optical amplifier
with erbium profile tuned to support LPg1, LP11 and LP21 mode groups,”
Presented at the Eur. Conf. Exhib. Optical Communication, Amsterdam,
The Netherlands, 2012, Paper Tu.3.F.1.

[8] G. Le Cocq, L. Bigot, A. Le Rouge, M. Bigot-Astruc, P. Sillard,
C. Koebele, M. Salsi, and Y. Quiquempois, “Modeling and characteriza-
tion of a few mode EDFA supporting four mode groups for mode division
multiplexing,” Opt. Exp., vol. 20, 2012, pp. 27051-27061.

[9]1 G. Le Cocq, Y. Quiquempois, A. Le Rouge, G. Bouwmans, H. El Hamza-
oui, K. Delplace, M. Bouazaoui, and L. Bigot, “Few mode Er3+-doped
fiber with micro-structured core for mode division multiplexing in the
C-band,” Opt. Exp., vol. 21, pp. 31646-31659, 2013.

[10] Q. Kang, E. L. Lim, Y. Jung, J. K. Sahu, F. Poletti, C. Baskiotis, and S. U
Alam, and D. J. Richardson, “Accurate modal gain control in a multimode
erbium doped fiber amplifier incorporating ring doping and a simple LPy
pump configuration,” Opt. Exp., vol. 20, pp. 20835-20843, 2012.

[11] Y. Jung, Q. Kang, V. A. J. M. Sleiffer, B. Inan M. Kuschnerov,
V. Veljanovski, B. Corbett, R. Winfield, Z. Li, P. S. Tech, A. Dhar,
J. Sahu, F. Poletti, S. Alam, and D. J. Richardson, “Three mode Er3+
ring-doped fiber amplifier for mode-division multiplexed transmission,”
Opt. Exp., vol. 21, 2013.

[12] N.Bai, E. Ip, T. Wang, and G. Li, “Multimode fiber amplifier with tunable
modal gain using a reconfigurable multimode pump,” Opt. Exp., vol. 19,
pp. 16601-16611, 2011.

[13] Y.Jung, S. Alam, Z. Li, A. Dhar, D. Giles, I. P. Giles, J. K. Sahu, F. Poletti,
L. Grner-Nielsen, and D. J. Richardson, “First demonstration and detailed
characterization of a multimode amplifier for space division multiplexed
transmission systems,” Opt. Exp., vol. 19, 2011.

[14] M. Salsi, R. Ryf, G. Le Cocq, L. Bigot, D. Peyrot, G. Charlet, S. Bigo,
N. K. Fontaine, M. A. Mestre, S. Randel, X. Palou, C. Bolle, B. Guan,
and Y. Quiquempois, “A six-mode erbium-doped fiber amplifier,” Pre-
sented at the Eur. Conf. Exhib. Optical Communications, Amsterdam,
The Netherlands, 2012, Paper Th.3.A.6.

[15] Y. Lu, B. Julsgaard, M. Petersen, R. Jensen, T. Pedersen, K. Pedersen,
and A. Larsen, “Erbium diffusion in silicon dioxide,” Appl. Phys. Lett.,
pp. 141903-1-141903-3, vol. 97, 2010.

[16] P. Zhou, Z. Liu, X. Wang, Y. Ma, Yanxing and H. Ma, X. Xu, and
S. Guo, “Coherent beam combining of fiber amplifiers using stochas-
tic parallel gradient descent algorithm and its application,” IEEE J. Sel.
Topics Quantum Electron., vol. 15, no. 2, pp. 248-256, Mar./Apr. 2009.

[17] M. A. Vorontsov, G. W. Carhart, and J. C. Ricklin, “Adaptive phase-
distortion correction based on parallel gradient-descent optimization,”
Opt. Lett., vol. 22, pp. 907-909, 1997.

[18] Q. Kang, E. L. Lim, Y. Jung, F. Poletti, C. Baskiotis, S. Alam, and
D.J. Richardson, “Minimizing differential modal gain in cladding-pumped
EDFAs supporting four and six mode groups,” Opt. Exp., vol. 22, 2014.

[19] Q. Kang, E. L. Lim, Y. Jung, F. Poletti, S. Alam, and D. J. Richardson,
“Minimizing differential modal gain in cladding pumped MM-EDFAs
for mode division multiplexing in C and L bands,” presented at the Int.
Photonics and OptoElectronics Meetings, Wuhan, China, 2014, Paper
FTh4F.1.

[20] P. Sillard, M. Astruc, D. Boivin, H. Maerten, and L. Provost, “Few-mode
fiber for uncoupled mode-division multiplexing transmissions,” Presented
at the 37th Eur. Conf. Exhib. Optical Communication, Geneva, Switzer-
land, 2011, Paper Tu.5.LeCervin.7.



108

Guillaume Le Cocq was born in Lille, France, in 1987. He received the B.S.
degree in physics and chemistry and the M.S. degree in physics from the Uni-
versity of Lille 1, Villeneuve-d’Ascq, France, in 2008 and 2011, respectively,
where since 2011, he has been working toward the Ph.D. degree with the Physics
of Atoms and Molecules Laboratory. He received the “Agregation” of physics
in 2010 (highest civil service competitive examination for recruiting teachers in
the French national education system). His research includes design, simulation
and experimental characterization of active and passive few mode optical fibers
using different techniques.

Yves Quiquempois received the Ph.D. degree from the University of Science
and Technology of Lille, Villeneuve dAscq, France, in 1999 for his work on
silica glass poling. In 1999, he was with the Polytechnic School of Montreal,
Montreal, QC, Canada, where he was a Postdoctoral Researcher. He is currently
with the Laboratoire de Physique des Lasers, Atomes et Molcules, Institut de
Recherche sur les Composants logiciels et matriels pour lInformation et la Com-
munication avance, Universit des Sciences et Technologie de Lille, Villeneuve
dAscq, France. His research interests include poling of silica and chalcogenide
glasses, and Bragg gratings. Since 2003, his research interests have been the
design and modeling of photonic crystal fibers for new optical applications.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 1, JANUARY 1, 2015

Laurent Bigot received the Ph. D. degree in physics in 2002 from the University
of Lyon, Lyon, France. His Ph.D. work involved the study of spectroscopic
properties of erbium-doped glasses for optical amplification. In 2002-2003,
he has been with Alcatel CIT, Marcoussis, France, working on fiber-based
components for optical regeneration. In 2003, he joined CNRS and Physics
of Atoms and Molecules laboratory, University of Lille, Villeneuve dAscq,
France. In the Photonic group, he is in charge of glass elaboration by MCVD
and OVD and his research interest concerns the design and characterization
of both conventional and microstructured fibers, especially for amplifier/laser
applications.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


