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Abstract—A 20 dB gain 12 cores Er3+/Yb3+ co-doped cladding
pumped amplifier in C-band with only 5.3 W of pump power
has been achieved. A classical rate equation model has been ap-
plied for the amplifier design. Parameters such as active fiber
length, pump power and ions concentration have been investigated
and optimized. Results obtained through numerical simulation
and experimental investigations are compared. Different use cases
of MC-EYDFA have been studied, such as various transmission
configuration or multi-core amplifier in ROADM architectures.
1200-km with 200G DP-QPSK and 300 km with 400G DP-16QAM
are achieved in serial configuration at 1550 nm. This is a first step
towards SDM transmission using power efficient amplifiers, for
cost, energy and footprint saving.

Index Terms—SDM, multi-core amplifier, erbium ytterbium co-
doped fiber, PSO, 200G/400G transmission, cost and energy saving.
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|. INTRODUCTION

HE capacity demand in communications is growing and
T is expected to increase exponentially in the foreseeable
future. This growth of demand has stimulated development
of different technologies to maximize system capacity. The
transmission through single-mode fiber (SMF) is considered
to achieve its capacity limit of ~100 Ths/s [1]. Therefore, the
need of new technical approachesto overcomethislimitationis
required. Spaceisthelast degree of freedom to be implemented
in order to increase the upcoming capacity. Different Space
Division Multiplexing (SDM) approaches have been proposed
to overcome this limitation [2]. SDM fibers can be classified
into three categories such as (a) multi-mode fiber (MMF), which
utilizes more than one linearly polarized (LP) mode in asingle
core by enlarging the fiber core diameter, (b) multi-core fiber
(MCF), where several cores coexist in the same cladding or (c)
a combination of MMF with MCF. Many researches are carried
out in improving the capacity of communication networks by
using multiple independent cores per fiber [3], [4], [5], multiple
modes per core[6], [7], acombination of both [8] or a coupled-
core structure [9].

In Wavelength Division Multiplexing (WDM) systems, op-
tical amplifiers are key system components as they alow a
spectral sharing of the amplification function among a large
number of channels. It then makes sense to study the benefit of
Multi-Core Doped-Fiber Amplifiers (MC-EDFA)[10] to share
the amplification function also in the spatial dimension. Having
a single MC-EDFA for many fibers modes or cores instead of
one standard Erbium Doped Fiber Amplifier (EDFA) per line
will induce savings in terms of cost, energy consumption, and
compactness [11]. Various multi-mode and multi-core optical
amplification solutions have been studied over the past years
[12], [13]. In the specific case of multi-mode amplification,
there is a variation in gain and noise figure among the guided
spatial modes of the LP type (LPy1, LP11, LPs1, LPgo, €tc...)
taking into account the different pump-signal overlap integrals
[14]. The multi-core amplification, has a number of advantages
compared to the previous solution: no competition between the
L P-guided modes, pooling of asingle pump withlow brightness
but high power (i.e. viapumping by the cladding) [15]. Another
big advantage of M C-EDFA isto beconnectableto afiber bundle
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through fan-infout devices, and thus to share the amplification
function among a large number of standard single-mode fibers
without changing the in-field fiber infrastructure.

In this paper, we will consider the design and optimization
of a cladding pumped Multi-Core Erbium-Y tterbium Doped
Fiber Amplifier (MC-EYDFA) [16], [17], [18]. The com-
parative advantages/disadvantages of Erbium (Er3*) and Er-
bium/Y tterbium (Er3*+/Y b3*) doping are relatively well-known
[19]. AnEr/Y b co-doped fiber amplifier provideshigher gainand
better pump efficiency than an Erbium amplifier. Indeed, pump
absorption with a cladding pumping islow by considering only
aEr3t doping. Its results that high pump power is required for
significant population inversion to allow WDM amplification
in C-band. The pump absorption is much higher in the case
of Er3*t/Yb** doping. Yb3* ions concentration is about 10
time higher than that of Er3+, resulting in higher conversion
efficiency. In addition, the double-clad structure of the Er/Yb
doped fibers combined with high power broad-arealasers source
at 940 nm or 976 nm makesit possible to exceed the powersthat
can be envisaged with single-mode diodes at 980 nm. Some
limitations of the design are: mandatory phosphorus doping for
efficient ytterbium to erbium energy transfer which results in
counterpart in reduced WDM amplification gain in the tele-
com C-band window [20]. Moreover, such Er3*/Yb3t fiber
amplifiers present 2—-3 dB higher noise figure compared to pure
Er3* fiber amplifiers, but this effect could be reduced through
amplifier architecture optimization.

In the literature, it exists two distinct coupled multi-core
fibers approaches. The first one, named strongly coupled multi-
core fibers, deliberately reduce the core spacing, introducing
inter-core crosstalk, resulting in supermode transmission. Its
performance is better than equivalent single-mode fiber thanks
to the strong random mixing between the cores, reduces the
cumul ative effect of non-linear effects but the cost of decoupling
with Multiple-Input, Multiple-Output (MIMO) equalization at
thereceiver sideisvery high[21]. The second one, called weakly
coupled multi-corefibers, consider that each coreisindependent.
Core-to-core are sufficiently separated to minimize crosstalk.
The advantage of this equalization is that it does not require
complex MIMO. The following study has been based on that
considerationfor theM C-EY DFA amplifier design. Finally, note
that the fiber bundle approach istechnically the simplest because
it generatesthelowest impairmentswith no crosstalk or complex
MIMO processing to be implemented on the receiver side.

Inthispaper, wewill study theimpact of usingaMC-EY DFA
in terms of performances, energy and cost saving compared to
standard EDFA. We adapt the considered optical bandwidth in
order to obtain best results in terms of NF and gain variation.
We provide al so some additional input by extending the C-band
to the L-band through simulations. The paper is divided as
follows. In Section Il, the implemented multi-core amplifier
technology is described. In Section 111, we introduce the devel-
oped simulation tool to determine the optimal Er/Y b doped fiber
intrinsic parametersaswell asto predict theamplifier behaviors.
Section 1V, presents the fiber and amplifier characterization.
Finally, Section V presents the contribution of mutualized M C-
EYDFA in transmission systems and ROADM architectures.
A techno-economic analysis is also carried out to give some
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perspectives on the potential use of such technology. Finally,
the use of such amplifier for submarine transmission system is
investigated.

II. MULTI-CORE OPTICAL AMPLIFIER TECHNOLOGY
A. Architecture Assembly

This part will present the architecture assembly of the multi-
core fiber. Optical cables are typically arranged by 12-fibers
clusters. Different geometriesof coredistributioninthecladding
have been proposed: scalar [22] and hexagonal fiber array [23],
or coresregularly arranged on acircle [24].

In our case, the 12c-EY DF design is based on the following
considerations. Preforms can be implemented using the versa-
tile stack-and-draw technique initially developed for photonics
crystal fibers. As accuracy and stability of core-to-core spacing
are crucial to reduce splicing losses between MCF and bundles,
apreform design based on acircular arrangement of 4.1 mmrod
whichinclude Er3*/Y b3+ doped coresaround acentral undoped
12 mm rod has been considered. The preform design is shown
in Fig. 1. Erbium/Y tterbium doped fibers have been fabricated
by Modified Chemical Vapor Deposition (MCV D) processusing
conventional solution doping process. Er/Y b doped core and ex-
ternal rod diameters suitable for preform assembly are obtained
by additional glasswork operations. After the stacking process,
the 12 cores fiber with 6 m diameter was realized in two steps
to obtain the required average core-to-core spacing of 35 yum. A
dual primary low index/secondary high index coating is used to
get a numerical aperture of 0.48 for the 187.5 um in diameter
multimode clad.

The addition of the Y tterbium co-dopant makes it possible to
have afairly large absorption cross section but also a large ab-
sorption band ranging from 910 nm to 980 nm with amaximum
peak at 976 nm. Gain and absorption spectrum for the considered
co-doped Er3t/Y b3+ fiber is calculated from the cross sections
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Fig. 2. (a) Packaging of the combiner/fan-in spliced to the 12c-EYDF -
(b) Cross view of the bundle.
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Fig. 3. Cross Sections of the considered Er-Y b fiber.

depicted on Fig. 3 and the concentration of ions. Concentration
of Erbium and Y tterbium are key elements that will be further
discussin Section I11.

The doped cores are surrounded by a large 15t multimode
cladding into which the pump light is launched. The pump
light propagates in the multimode cladding which acts both
as waveguide for the pump and as a cladding for the active
single mode cores. The pump crosses the active cores where
it is absorbed.
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In the cladding-pumped multi-core amplification, which is
considered here, the inter-core crosstalk is in general non-
negligible and should betaken into consideration. The amplifier
length and the non-uniform gain distribution over cores could
have additional impact on the measured crosstalk, that could
theoretically be in range of —60 dB/km to —30 dB/km [25].
Based ontheoretical expression of crosstalk estimation derivated
for multi-core amplifiers in [25], (6), we can consider that a
core-to-core spacing of 35 um induces low cosstalk. Results of
measured crosstalk are discussed in Section 1V.

B. Development of Combined Bundle/Fan Technology

The designed amplifier considers pump and signals into the
12c-EY DF using atapered fiber bundle based combiner. It con-
sistsin 12 x 15 um/80 um fibers around a central 195/230 pm
multimode fiber. The taperization process reduces the fibers
coresto 6 m diameter. The pump light islaunched through the
central 195/230 pm fiber. Reproducible core-to-core distances
of 35 4+ 0.5 um are obtained, leading to a satisfactorily accurate
matching to the 12c-EY DF geometry. An 15 pm/80 pm fiber
with NA = 0.19 is multimode at 1550 nm. An ~5 cm length
section is spliced to an G.652 compliant type fiber. The output
beam is measured using an infrared camera. The transverse
alignment between thetwo fibersisoptimized asthe signal beam
excite the fundamental LP,; mode only. Asthe multimode fiber
section with straight alignment is only ~5 cm, propagation in
L Py, could bepreserved. Theoverall packageleadto keep avery
short section of the multimode fiber in a straight line, reducing
detrimental effects as mode mismatch due to micro-curvature.
Fig. 2(a) presents the developed bundle and Fig. 2(b) the 12c-
EY DF cross-section obtained by optical microscopy [26].

I11. MULTI-CORE ER/Y B DOPED FIBER DESIGN

A simulation model has been used in order to determine the
optimum intrinsic parametersto design the multi-corefiber, such
as dopant concentration and active fiber length, to minimize NF
and gain variation for along distance transmission configuration
targeted a gain of 20 dB and by considering a composite input
power of 0dBm. The composite input power corresponds to the
total input power per core considering all WDM channels.

A. Modeling of MCF-Based Amplifier

For simplicity, the simulation model considers only one core
and onecladto simulate 12 coresamplifier. We assumeto modify
the ratio of the areas between the cladding and the core to
simulate the equivalent of a 12-core fiber as calculated in (1).
This assumption is based on an uniform pump distribution in
the cladding. It is reasonably accurate thanks to the high-index
cores which mixed well the spatial modes. The accuracy of the
assumption has been previoudly investigated in [27].

Score d2
R, = — core 1
Sclad/Ncore dzlad/Ncore ( )

with S, d and N, the area, diameter and number of core
respectively.
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The simulation tool is based on the equations model initially
developed for EDFA [28]. A classical two levels Er3t/Yp?t
transfer energy system has been considered, including coop-
erative up conversion process due to high ions concentrations
[29]. The population inversion fraction is determined by solving
the rate equations for Er3* and Yb3* ions, taking into account
the pump, signal and Amplified Spontaneous Emission (ASE)
powers evolution as express in from (2) to (4).

dPI;E +
dz + [(ays + vve) nyve — (aye + lead)) e
dP,
diy) = [(OCET + P)/E’l") nNer — (aE"' + lcore)} PS(V)
©)
dP5 (V)
—ASELT — 4 (g + YEr) NEr
dz
— (aEr + lco’r‘@)] PXSE(V)
+ QhVAV'VE’T (4)

where P;, P, and Pj{s 5z are the evolution of the pump, signal
and ASE power respectively along the considered fiber. The +
expressestheforward (+) and backward (—) propagation. « and
~ are the absorption and gain coefficient. I ;.4 and I ... arethe
background losses in the cladding and in the core respectively.
ng, and ny, are the normalized Erbium and Ytterbium ions
population in the excited state respectively. Av isthe considered
optical resolution bandwidth expressed in frequency domain. h
isthe Planck constant. (g, and (y, are the saturation parameter
and Cpg, is a constant that takes cooperative up-conversion

phenomenon into account [30].
Inastationary regime, the normalized expressions of fractions
of population inversions can be written asfollowsin (5) and (6)

[29].
P,
O‘Ybihupgw
Nyp = Pp (5)
L+ (ayp +7ve) FinCes + kyy (1 = ng,)

P,

O
Ngr = th CET (6)

P.
1+ (agr +vEr) ﬁ + kgrnyy + Cernpr
S T

Rate evolution equations are solved using ODE45 solver
integrated in Matlab. Ps(v) and Pigp(v) are calculated using
a spectral resolution of 0.1 nm. The objective is to find the
best amplifier parameters that maximize the gain, reduce the
NF while saving energy. Parameters that need to be defined and
optimized are listed below:

e Doped fiber length
Input optical power
Forward pump power
Backward pump power
Erbium and Y tterbium ions concentration
Ratio of ion concentration Y tterbium/Erbium
Results of simulation will be focused on:

TABLE|
SIMULATIONS PARAMETERS VALUES

Symbol | Parameter | Value Unit
Dore Core Diameter 6 um
D rad Clad Diameter 187.5 um
r Sig. Mode Overlap 0.76
Ng, Er Concentration 1.65 x 10*® | m™3
Nyb/Ngr | Yb/Er Ratio [10 - 80]
Oybe Yb Cross Sec. Ems. Fig. 3-a m?
OYb,a Yb Cross Sec. Abs. Fig. 3-a m?
OEre Er Cross Sec. Ems. Fig. 3-b m?
OEra Er Cross Sec. Abs. Fig. 3-b m?
ayyp Yb Abs. Coeff. NYbUYb,aRs m~!
agr Er Abs. Coeff. Nerogrol | m™
Yyp Yb Ems. Coeff. NyyoypeRs | m™?
YEr Er Ems. Coeff. Ngqopr.l | m™*
Ty YDb Lifetime 1.5 ms
TEr Er Lifetime 11 ms
A Effective Area 7 (Peore/2)? | um?
Cer Er Sat. Param. A Ng,/7mgr | 1/(m.s)
CE’I‘ Yb Sat. Param. A NYb/TYb 1/(m.s)
Cer Upconversion 2x10728 m®/s
| Yb/Er Transf. Rate 3.5x10722 m?/s
Kyb Yb energy Exch. Par. ker NyoTyp
KEr Er energy Exch. Par. kir NErTEF
Neore Number of Core 12
Leore Core Background Loss 30 dB/km
leiad Clad Background Loss 194 dB/km
As Signal Wavelength [1535-1565] | nm
Ap Pump Wavelength 940 nm

Minimize the noise figure of the amplifier

Optimize the gain

Optimize output power

Minimize gain variation between upper and lower side of
the optical spectrum (i.e. AG = Gax — Guin, iNdB)

e Minimize the power consumption

Simulations described in the next part will be based on the
fiber cross sections values depicted on Fig. 3. The set of cross
sections data used in the simulations were provided by iXblue
and were measured on a commercialy available equivalent
single core Erbium-Y tterbium fiber.

Table | presents the used simulation parameters values. The
first parameter that need to be determined is Ng,. and Ny, for
Erbium and Y tterbium ions concentrations respectively and in
particular the ratio between the two concentrations define as
Ny /Ng,. For that, Erbium concentration is fixed to 1.65 x
10%° and that of Ytterbium varies. The used concentration of
Ng, istypical of arange of commercially available Er/Y b fiber
from the iXblue offer, notably the low noise figure of 6 xm core
fiber.

To determine the best ions concentration ratio, we plot the
signal gain, NF, output power and gain variation along a[1535—
1565] nm optical bandwidth considering ratio and active fiber
length as variables. The ratio of concentration varies from 10 to
80 for afiber length between 3 and 6 meters as shown in Fig. 4.
For each point, gain and absorption in the core and cladding
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(a) Signal Gain

NF [dB]
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(d) Gain Variation
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Fig. 4. (a) Gain, (b) NF, (c) Output Power and (d) Gain variation of the MC-
EYDFA for different concentration ratio and active fiber length - Composite
input power: 0 dBm, Backward pump power: 7.6 W.

are calculated based on ions concentrations val ues and the fiber
cross sections of Fig. 3.

From these simulations results, we can determine the best
fiber length and concentration ratio that will minimize both NF
and gain variation values. To obtain those results, pump power
has been fixed to 5.3W. Influence of the pump power will be
later studied. From Fig. 4(b), we can observe that minimizing
NF implies the selection of an active fiber length of 3m, for
example, with a concentration ratio equal to 20. However, with
these parameters, gain variation, in Fig. 4(d), is not minimal.
Indeed, we can see that minimizing the NF imply to have an
important gain variation and, to the opposite, minimizing the
gain variationimply high NF values. Astheresultsfor these two
functionsevolveinoppositedirection, weelaboratean algorithm
based on Particle Swarm Optimization (PSO) to determine the
best compromise point.

B. Pseudo-Swarm Optimization Technique

Traditional problems studied by PSO method have equations
to be solved. In our case, we have no equation but finite number
of points (i.e. Fig. 4) in which one we based our algorithm. In
PSO terms, we consider a multi-objective optimization defined
by:

e Objective functions: Gain, NF, Output Power and Gain

variation simulation results (i.e. Fig. 4).

e Optimizationcriteria: Consider gain maximization, NFand
gain variation minimization to be optimized simultane-
ougly.

e Boundaries limits: considered active fiber length and ions
concentration ratio.

The basis framework of implemented multi-objective PSO

(MOPSO) isdescribed in Algorithm 1:

In PSO terminology:

e Particle: represent apoint in the solution space, herein R3.

e Swarm: Population or group of particles. PSO is a popu-
lation based algorithm, which uses a large population of
particles to search for good solutions simultaneously

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 2, JANUARY 15, 2023

Algorithm 1: Multi-Objective PSO Framework.

P < Particle Initialization
A < Create Archive
while Stopping criterianot satisfied do
P « Evaluate(P)
A <+ Update(A)
P < Select Prest i
P« Select Pbest,g
P« Update(P)
end while

NI B®NE

® Pyest,i: Best position of the particlei in the research area.

® Pyestq0 The best position among all the particles in the
group.

MOPSO is acomputational method that optimizes a problem
by iteratively trying to improve a candidate solution (swarm)
with regard to agiven measure of quality. It solvesaproblem by
having apopulation of local solutions (pbest), and moving these
optimum points around in the search-space according to simple
mathematical formula[31]. Local best point isguided toward the
best-known positionsin the search-space, which are updated as
better positions are found by other local best solution. Thisis
expected to move toward the best compromise solution (Ppest,4)
[32]. The Hausdorff metric, that measure the distance between
the current evaluated Py , solution compared to the archived
one, is used as convergence criteria. If thisvalueis smaller than
epsilon, heree = 1.10-%, algorithm converge. A swarm particle
algorithm is characterized by:

® Nywarm: A number of particles.

® V .ax: The maximum velocity of each particlei.

e Ww: The particleinertia, equal to 1.

e ¢; & Cy: Thecognitive and social component respectively,
used for weighting the conservative behavior (the tendency
to return to the personal best solution visited) and the
predisposition to follow the tendency of the group. Both
coefficient are equal to 2.

Each particle is characterized at the iteration t by:

e X;(t): its position in the exploration space.

o V,(t): its speed.

® pbest,i

® Pbest,g

(7) and (8) provide the expressions of the updated position
and velocity of each particlei at each iteration t:

Xi(t+1) = X;(t) + Vit + 1) 7)
Vit +1) = w.Vi(t) + ci.rands (Ppest,i — Xi(t))
+ co.rands (Pyest,g — Xi(t)) (8)

After computation, the optimal solutionsareranked according
to their relative performance in an ascending order for each
objective. These ranks are then sorted and stored in a matrix
such that it may be used to rank the fitness of the population,
with the most fit being the solution that achieves the highest
rank most often. Based on that matrix, a Pareto Front is cal-
culated. These Pareto-optimal solutions are shown in Fig. 5.
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Gain Variation = 5.5dB, G = 20dB, NF = 6dB

10

Gain Variation [dB]

o

19 19.5 20
Gain [dB]

205 21

Fig.5. 3D Pareto Front Solutionsfor A = 1550 nm - Composite input power:
0 dBm, Backward pump power: 5.3 W.

Here, X-axis represents the gain, Y-axis represents the NF and
range color represent the gain variation. Each point in thisfigure
is a compromise that minimizes the NF and the gain variation
parameters at the same time.

To determine the best solution, we set the output gain in the
range of 20-21 dB. From Fig. 5 we can see that minimizing
the NF will negatively affect the gain variation and vice versa
Theagorithm determinesthefinal point which minimizethe NF
without degrading too much the gain variation and reciprocally.
The result give the optimum intrinsic parameters to design the
amplifier for an output gain of 20 dB @1550 nm. Herethe active
fiber length and the ion concentration ratio should be 5.5 m and
20 respectively. In these ssimulations, a backward pump power
equal to 5.3 W has been considered.

To further investigate the pumping impact on the NF and gain
variation results, we add a forward pump in the model. The
backward pump varies from 3 to 9 W and the forward pump
from Oto 6 W. Fig. 6 presentsthe results. If welook at Fig. 6(b),
by modifying the ratio between forward and backward pump,
for example 5.3 W can be rearrange in a4 W backward pump
and 1.3 W forward pump, NF is reduced by 0.2 dB (magenta
dot arrow). We can furthermore improve NF by using 4.2 W
backward pump and 1.8 W forward pump. In that case, we
increase the total pump power but the NF is reduced by 0.4 dB
(magenta solid arrow). In both conditions gain is kept constant
at 20dB, Fig. 6(a), and gain variation does not vary significantly
(+0.1 dB for the worse case). Through this simulation, we can
seethat it is possible to reduce the noise figure of the amplifier
by correctly selecting backward and/or forward pump power
configuration.

IV. MULTI-CORE AMPLIFIER FABRICATION
A. Considered Er/Yb Doped Fiber

Based on the simulations presented in Section I, a MC-
EYDFA has been designed and manufactured [33]. Table Il
summarizethefina optimal intrinsic fiber parameters. Core and

(a) Signal Gain
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(FWD) - Composite input power: 0 dBm, Fiber Length: 5.5 m, A: 1550 nm.

TABLEI
FINAL ER/YB DOPED FIBER PARAMETERS VALUES

Symbol [ Parameter [ Value [ Unit
DPeore Core Diameter 6 wm
Draa Clad Diameter 187.5 wm
ayyp Clad Abs. @914nm 3.7 dB/m
apr Core Abs. @1534nm 423 dB/m
Nz, Er Ion Concentration || 1.65 x 10%° | m™3

Ny /Ng, | Concentration Ratio 20

clad diameters are respectively 6 and 187.5 ym. For a 20 dB
gain at 1550 nm, the ratio between Y tterbium and Erbium ions
concentration should be 20.

Fig. 7(a) presents the optical microscopy picture of the con-
sidered 12c-EY DF while Fig. 7(b) show the pump distribution
in the active fiber. We can observe the good pump distribution,
validating the assumption made in Section 11, (1).

Core-to-core spacing is found to be 35.0+0.3um using a
calibrated optical microscope. This result highlights the tight
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Fig. 7. (a) Optica microscopy picture of the 12c-EYDF (Core Diameter =
6 u m, NA = 0.19, Core to Core distance = 35 um) - (b) Er/Yb Doped fiber
pump distribution.
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Fig. 9. End-to-end loss measurement for each core.

geometrical tolerance obtained on the cores positioning. Er-
bium and Ytterbium absorptions have been measured by the
cut-back method using a broad-band source launched into the
multimode clad. Total rare-earth clad absorptions are estimated
to be 3.7 dB/m and 0.53 dB/m, respectively at 914 nm and
1534 nm.

B. Multi-Core Fiber Characterization

Fig. 8 presents the 12c-EY DF directly spliced, at both ends,
to two 12+1 combiners. Thefiber cleave angleisfound to have
acritical impact on the coupling loss and should be maintained
below 0.1 deg. The Fan-In/Fan-Out (FIFO) combiners are first
characterized by measuring total signal loss at 1.3 m when
spliced to a5.5 mlong 12 core fiber.

From Fig. 9, an averaged insertion loss of 1.7 dB is ob-
tained with +-0.3 dB core-to-corevariations. Thisvaueincludes
0.45 dB for each pigtails and 0.5 dB for fiber intrinsic atten-
uation at 1.3 pm. The latter has been estimated from optical
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TABLEII
INTRINSIC AMPLIFIER PARAMETERS

Symbol \ Parameter H Value \ Unit
L Active Fiber Length 5.5 m

Prwp | Forward Pump Power 0 \W%

Ppwp | Backward Pump Power 53 \\%
P; Composite Input Power 0 dBm
As Signal Wavelength [1535-1565] | nm

time domain reflectometry measurements over along length of
12c-EYDF.

C. Amplifier Characterization

This part will detail the amplifier characterization. Table |11
summarize the principal amplifier parameters.

A 940 nm multimode pump laser diodeis chosen asit relaxes
diode cooling requirements as the pump absorption isrel atively
temperature insensitive in this wavelength range [34]. 5.3 W
pump power isinjected into 5.5 m long 12 cores co-doped fiber
via end-coupling in a counter-directional pumping configura-
tion, with an efficiency >99%. Individual core performances
are measured by launching 15 WDM channels spanning from
1535.2 nm to 1564.1 nm, with O dBm per channel input power
launched into each core. The comparison between the simula-
tions and experimental results in terms of gain per wavelength
and NFisshown in Fig. 10.

Blue curves are the average experimental results and dotted
magentaarefor simulations. We can observe, from thesefigures,
a good agreement between simulations and experimentation.
Averaged over all thecoresand all thewavelengthsgainis19dB.
Gain variation is 6 dB from 1535 nm to 1562 nm. NF and gain
at 1550 nm are respectively 6 dB and 20 dB. Thisvaluesarein
agreement with PSO simulation results detailed in Fig 5.

Fig. 11 exposes the measured per core optical output power
versuspump power. We can seethat maximal core-to-coreoutput
power variation is only of 1.4 dB. Core-to-core crosstalk is
evaluated by injecting signal power in one core and measuring
power at the output of one of the two adjacent cores. The
measured crosstalk variesfrom 33to 42 dB over all cores, which
is sufficient to prevent system performance impairments.

D. Power Consumption

We compare the total power consumption required for laser
diodes operation and cooling in conventional single mode ED-
FAs and the proposed cladding pumped 12c-EYDFA. In con-
ventional single mode EDFAS, atypical pump diode consumes
an average of 1.6 W of electrical power for an output pump
power of about 400 mW, sufficient to provide about 20 dBm of
saturated output power. To operate at this power level, around
1.8 W of electrical power is needed to actively cool the diode
and to maintain its temperature (assuming a state-of-the-art low
power consumption diode[35]). Thiswould lead to atotal power
consumption of about 40.8 W for 12 amplifiers. Inthe case of the
studied 12c-EY DF, we use atotal coupled pump power of 5.3 W
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versus wavelength.

witha 99% pump coupling efficiency. On the other hand, optical
efficiency of our multimode pump laser diodes is about 50%.
Using those figures, the total electrical power consumed in our
12-core EYDFAs is about 10.7 W. This comparison highlights
that our 12c-EYDFA architecture has the potential to provide
significant power saving benefits.

V. CONTRIBUTION OF MULTI-CORE AMPLIFIER IN
TRANSMISSION SYSTEMS

This section presents, first, an experimental demonstration of
MC-EYDFA in aWDM transmission system. Then, some use
cases are suggested by integrating multi-core amplifier in SDM
architectures. A study on cost and energy consumption is then
delivered. Finally, some perspectives on using such amplifiers
in submarine system are discussed.
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Fig.11.  Output power versus pump power - max, min, average and simulation
comparison.
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A. Transmission System Using Multi-Core Amplifier

Inthissectionwewill present theexperimental resultsof using
the designed amplifier in a WDM transmission system testbed.
To assert the MC-EY DFA performance along its various cores,
it can be interesting to concatenate the amplifiers (or cores) the
ones behind the others with standard single-mode fiber spans
between them, aswewill do in amulti-span WDM transmission
experiment with SC-EDFA. Another interesting use case is to
insert the MC-EY DFA in an experiment that reproduces a data
center interconnect (DCI) scenario where the 400G data flows
are sent on parallel single-core single-mode fiber and amplified
inthe MC-EYDFA.

1) Multi-Span WDM Experiment Using the Multi-Core Am-
plifier: The experimental set-up isshowninFig. 13. The WDM
transmitter is made of two 200G/400G DP-QPSK/DP-16QAM
interfaces at 1549.32 nm and 1550.12 nm, and 50 additional
100G DP-QPSK channels ranged from 1535.8 to 1557 nm on
the 50 GHz ITU-T grid. The first 200G/400G interface is a
ZR+ DCO-CFP2 (Digital Coherent Optics - Cent Form factor
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(a) Set-up of the transmission experiment, with the 200/400G-ZR+ DCO-CFP2 transceiver, the proprietary 200G/400G transponder, the 52 DP-QPSK

channels at 100 Gbps, and the 12 x 100 km ITU-T G.652 fiber line including the 12c-EY DF amplifier. (b) 12c-EY DF amplifier architecture. (c) Zoom over the
WDM multiplex where are located the 200G/400G signals under test at the transmitter output. (d) Spectrum of the WDM multiplex at 600 km after the DGE (blue)

and 1200 km (red).

Pluggable generation 2) operating at 60.1 Gbaud with the stan-
dardized O-FEC [36]-[38]. The second interfaceisaproprietary
transponder working with a Low Density Parity Check (LDPC)
Forward Error Correction Code (FEC) working with atotal baud
rate of 67.2/66.5 Gbaud. A zoom over the WDM multiplexed
channels with the 200G/400G signals under test is shown in
Fig. 13(c).

The uncompensated chromatic dispersion 1200 km transmis-
sion lineis constituted of twelve 100 km spans of ITU-T G.652
fiber. Double-stage amplifiers compensate for the span losses.
Thefirst stageisaconventional single-mode EDF pre-amplifier
with noise figure of ~5 dB followed by a gain flattening filter
(GFF) and the 12c-EY DF amplifier used as a second stage or
booster with 5.3 W as pump power as depicted on Fig. 12.

To ensure aflat gain over the spectral region targeted for the
[pre-amplifier + GFF + MCF amplifier] ensemble, the power
at the pre-amplifier input had to be tuned to —12 dBm thanksto
a VOA located just before the pre-amplifier stage. A dynamic
gain equalizer (DGE) isinserted in the middle of the link. The
WDM multiplex spectrum measured at 600km (after the DGE)
and 1200 km is shown in Fig. 13(d).

At thereceiver side, the 200G/400G channel sare separated by
two 80 GHz sgquareflat-top optical band-passfilters (OBPF) and
sent into the DCO-CFP2 receiver and the proprietary transpon-
der respectively. AsshowninFig. 13(a), theeval uation board that
embedsthe DCO-CFP2 module, and the proprietary transponder
are equipped to host respectively one client 400GbE L R4 QSFP-
DD (Quad Small Form Factor Pluggable Double Density) inter-
face and four client 100GbE L R4 QSFPs (directly connected to
400GbE and 100GbE testers). The post-FEC errors can thus be
measured and error-free operation of the configurations under
test identified.

Fig. 14 presents the results obtained using this configuration
operating at 200G and 400G [39]. It appears that the FEC limit
(BER ~ 2.1072) at ~1550 nm is reached after only 300km
at 400G with a received OSNR of 22 dB. Switching to 200G
greatly relaxesthetransmission constraintsand allowsachieving
1200 km with areceived OSNR of ~13.5 dB.
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Fig. 14. BER vs. transmission distance at 1550 nm for the 200G/400G
interfaces under test in the serial configuration.

In Fig. 15, we measure the performance of 200 G/400 G
channels for the proprietary transponder when wavelengths are
varied from 1535.8 to 1557 nm by step of 150-GHz. BERs and
OSNRs are plotted as afunction of wavelengths. It appears that
the distance has to be reduced to 600 km at 200 G and 200 km
at 400 G to have an error-free behavior for al the bandwidth.
In particular, the lowest wavelengths show an OSNR reduction
of 5dB at 200 G and 3.5 dB at 400 G compared to the longest
wavelengths.

2) Data Center Interconnect (DCI) Experiment Using the
Multi-Core Amplifier: In the previous section (Fig. 12), the
MC-EY DFA hasbeenusedina1200km (i.e. 12 x 100km) serial
transmission set-up (for simulating a metro/regional scenario).
Inthissection, theM C-EY DFA isusedinaparallel configuration
for reproducing data center interconnect (DCI) application. The
experimental set-up is presented in Fig. 16.

The WDM transmitter is identical to the one previously de-
scribed except that only 400 G data flows are considered here
coming either from the 400 G-ZR+ pluggable optics or from
the 400 G proprietary transponder. A 23 dBm standard EDFA
amplifiesthe WDM multiplex previously described beforeatwo
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Fig.16. Experimental set-up for the datacenter interconnect scenario at 400 G
with twelve 100 km fiber spansin parallel. For measurement, an optical switch
aternatively connects the receiver to the fiber links.

coupler stages (i.e., afirst stage with 1:2 coupler and a second
stagewith two 1:8 couplers) split thesignal in sixteen dataflows,
whoseonly twelveare used to feed the experiment. 10 dBminput
power are sent in each of the twelve 100 km G.652 compliant
fiber links. After crossingaVOA (allowing usto control thegain
flatness of the MC-EY DFA) the data flow is amplified into one
specific core of the MC-EYDFA. An optical switch connects
the receiver previously presented to one of the twelve DCI fiber
links.

Fig 17 presents the performance (i.e., BER and OSNR) of
both 400G channels injected in the twelve transmission links
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Fig. 17. BER and OSNR (in 0.1 nm) of the 400G signals (both 400G-ZR+

and 400G proprietary) versus the core number after 100 km DCI fiber links.

as a function of the core chosen inside the MC-EYDFA. The
BER and OSNR (in 0.1 nm) of both 400G signas are nearly
identical whatever the core considered inside the MC-EY DFA.
The BER of 400G signalsis, for each core, better than the FEC
threshold (BER ~ 2.10~2) ensuring the good working of the
twelveDCI linksconsidered here. Fromitsside, OSNRin0.1.nm
ismeasured in the [23-24] dB range for the various links. This
experiment clearly shows the potential of using MC-EYDFA in
aDCI scenario where lot of capacity must be carried.

B. Use Cases for Multi-Core Optical Amplifier

This section liststhe main use cases of MCF amplifiersin the
context of long haul point to point optical WDM transmission
[40] using single fiber bundles for reducing system power and
complexity or the weakly coupled multi-core fiber (WC-MCF)
systems. MC-EYDFA could be shared by WDM systems de-
ployed fully or partially on the same site and cable infrastruc-
tures. In practical terms, Multi-Core Fiber (MCF) amplifiers
packaged in equipment cards would be used in sites to amplify
different optical multiplexed signals originated from different
terminal equipment and propagating in different line fibers and
possibly different cables. The mutualization of the amplification
function can be envisaged if the different systems have compat-
ible link engineering. From alink point of view, MCF amplifier
sharing allowsWDM system bundling. Although, in-line Recon-
figurable Optical Add Drop Multiplexers (ROADM) can also be
considered, point-to-point full WDM bundling, i.e. sharing M CF
amplifiersamong WDM systems on the same site infrastructure
from site A to site B is an interesting use case.

1) Point to Point Full WDM Bundling: Thiscaseisapoint to
point full WDM bundling, i.e. sharing MCF amplifiers among
WDM systems on the same siteinfrastructure from site A to site
B. This case deals indeed with parallel WDM systems sharing
their amplifiers. These parallel links are usually engineered the
same way. This caseis called point to point and can be divided
into two subcases: The unidirectiona case where MCF ampli-
fiersare used to amplify optical multiplexed signals propagating
in the same link direction. The bidirectional case where MCF
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Fig. 18. (a) Unidirectional and (b) Bidirectectional use of MCF amplifiers.

amplifiers are used to amplify optical multiplexed signals prop-
agating either in the same or in the opposite link direction. As
reported in [41]{42] the interleaving of propagation-directions
inthe M CF leadsto acoreto corecrosstalk power below the ASE
floor while keeping noise and gain characteristics unchanged.
Thus, at least 3 dB reduction of total crosstalk power in the bidi-
rectional case is expected, allowing an extended transmission
distance with respect to the unidirectional case. Fig. 18 presents
the two considered scenarios.

2) ROADM Amplification: Inthissection, wedescribeatyp-
ical use case of MCF amplifier in a ROADM architecture. The
role of a WDM transport network is to carry optical channels
corresponding to aspecified traffic matrix. The network consists
in nodes (also called sites) connected to each other through sec-
tionsof optical fiber. Several types of nodes can be distinguished
liketerminal site, ROADM siteand amplifier sites. Themain at-
tributes of aROADM node are the Number of degrees, the Num-
ber of add/drop ports and its configuration (colored/colorless,
Directed/Directionless and Contentioned/Contentionless. We
consider thearchitecture prompted by the open ROADM Mullti-
Source Agreement (MSA)” [43]. We take the example based on
multicast switch architecture, a use case for 12-core EYDFA
within a 4-degree ROADM having 64 add/drop ports is as
follows:

e 4 coresas Boosterswith 14 dB gain.

e 4corestocompensatefor theadd Multi-Cast Switch (M SC)

with 14 dB gain.

e 4 coresto compensate for the drop MCS with 14 dB gain.

The 14 dB gain is justified by the 14 dB insertion loss
for the pass-through channels (compensated by a single stage
amplification) and the 28 dB insertion loss for the add channels
(compensated by two stage amplification). Replacing the A/D
structure of open ROADM case by amulticast switch, the archi-
tecture becomes contentionless in afunctional and components
point of view. However, thisinfrastructure is more expensive.
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Fig. 19 illustrates the location of EDFA amplifiers within a
4-degree C/D/C ROADM. The 4 amplifiers colored in red are
pre-amplifiersand follow the specificationfor in-lineamplifiers.
The 12 amplifierscoloredinbluearededicated to compensatefor
theinternal losseswithinthe ROADM node. If the gain required
to compensate for theIL of pass-through channelsiscloseto the
gain required to compensatefor the IL of the add/drop structure,
the gain requirement for al the blue amplifiers is the same.
Theamplification could be therefore advantageously mutualized
with a multi-core amplifier to reduce the equipment cost, space
and energy consumption. Indeed, the multiple boards of inde-
pendent single-core EDFA would be replaced by a single board
multi-core EY DFA equipped with asingle pump laser. However,
fine dynamic gain equalization still remains to be handled on a
per fiber basis using WSS or DGE devices, depending on the
ROADM'’s internal architecture.

C. Use of Multi-Core Amplifier for Cost and Energy Saving

In this section we report the techno-economic impact of
12-core Erbium-Y tterbium doped fiber amplifiersusedin optical
transport networks in terms of optical amplification equipment
cost (CAPEX) and power consumption (OPEX) [44]. For the
transmission analysis, we selected a loop of ~2230 km in the
French domestic core transport network (between Paris and
Marseille) composed of 7 linkswith 29 EDFAsand 8 ROADMs
having from 2 to 5 degrees.

Table 1V gives for each of the 7 links that connect two
successive ROADMSs, the link length, the fiber filling ratio
@ TO (considering WDM systems with 80 channels at 100G
in the C-band and a fixed optical channel grid of 50 GHz)
and the number of amplification sites. We considered at TO
(2018) only one operated pair of fibers (one for each of the two
directions). By multiplying the filling ratio of each link with
thetotal capacity of the WDM system, the link throughput can
be inferred. Then we extrapolate the capacity needed for the
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TABLE IV
NETWORK TOPOLOGY WITH THE FIBER FILLING RATIO

Network || Length | Fiber Filling | Ampl.
Link (km) Ratio (%) Site
A 570 60 8
B 409 90 4
C 127 80 2
D 242 50 3
E 253 90 4
F 248 100 3
G 352 80 5
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Fig. 20. Cumulated costsfor in line EDFASYMC-EY DFAs.

up-coming period (i.e. from TO up to 2038) considering a 40%
yearly traffic growth. Knowing the capacity for each new year,
we calculate the number of WDM channels to be switched on
and the corresponding number of fibers to light up, depending
on the bandwidth requirements of EDFA or MC-EYDFA and
the assumed transmission technique.

For cost comparison, we consider a reference cost of 1 arbi-
trary unit (a.u) for the standard EDFA. The MC-EY DFA cost
is conservatively fixed at 6 a.u as we should expect at least
a 50% cost reduction from pump sharing. Under these cost
and traffic growth assumptions, Fig. 20 shows the evolution of
the cumulated costs and energy consumption for line EDFAs /
MC-EY DFAs[45]. Fromthisstudy, we can seethat that 35% and
33% cost savings can be achieved by year 2038 if we decide to
use MC-EYDFAs in our transport network. In terms of energy

—
B GFF L] P01 .
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PD2 Pump LD1

MCDF

Fig. 21. Architecture of a submarine repeater using multi-core amplifiers
(6 fiber pairs) (PD: Photodiode - MCDF: Multi-Core Doped Fiber).

consumption, the reduction can reach 60% as early as 2026.
Even if the amplifiers cost is often masked by the cost of WDM
transceivers, this study shows that several tens of millions of
Euros can be saved by the replacement of EDFAS.

D. Perspective of Multi-Core Amplifier for Submarine Systems

The capacity of long submarinelinksislimited by the electri-
cal power that can be transferred to repeaters from the onshore
Power Feeding Equipment (PFE) [46]. Hence, multi-core am-
plifiers with shared pumping are of first interest in the context
of submarine links as they exhibit very good power efficiency.
The first driver for applying multi-core amplifiers to long haul
submarine linksisthe strong electrical power constraint, bothin
terms of current and voltage [47]. Such technology is about to
improvethe efficiency of optical amplifiersintermsof electrica
to optical power conversion ratio, thus paving the road to energy
savings or more capacity for the same amount of power. The
repeater architecture is as shown in Fig. 21. Due to the low
gain operation, no hybrid structure based on a combination of
single core EDFA and multi-core amplifier stage is necessary.
The multi-core doped fiber is now shared among severa fibers
with optical FIFO couplers. Asfor single core designs, forward
and backward-propagating pumping schemes are possible. The
gain flattening filters as well as optical isolators are not shared.
So are monitoring devicesthat have to beimplemented for every
fiber.

In [48] we have studied the feasibility of using MC-EY DFA
for such submarine application. As subsea typical span length
is ~50-70 km [47], with afiber attenuation of 0.16 dB/km, the
amplifier haveto compensate atypical spanlossin 10 and 15 dB
range. To design this amplifier, we used the same algorithm and
simulation tool presented in Section I11. Results show that am-
plifier need to be designed with adifferent activefiber length and
ions concentration ratio as 6 m and 30 respectively, compared
to 5.5 and 20 for the architecture describe in Section V-A.

Fig. 22 gives simulation results in terms of gain and NF
considering different forward pump power for agiven backward
vaue. Interm of NF, a6.9 dB @1550 is achievable considering
an extended bandwidth from 1538 to 1570 nm. We can see that,
for submarine application, such amplifier can be similarly de-
signed and give good results even if we observe NF degradation.

Wethen proposeto compare the performance of the optimized
MC-EYDFA and of a standard EDFA in similar conditions of
operation and optimization: +5 dBm core total input power and
identical total gain after equalization, 8.8 dB including Fan-In
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Fig. 22. (&) Gain and (b) NF versus wavelength for the considered extended

C-band - Active fiber length: 6 m, Concentration ratio: 30.

Fan-Out, splice Losses, pump combiner losses and a perfect
Gain Flattening Filter.

Table V summarizes the assumed parameters as well as
the resulting optical amplifier features in terms of bandwidth,
doped fiber gain (mean, and minimum, the latter corresponding
to gain after equalization), average doped fiber noise figure,
equivalent noise figure, total output power, and required total
optical/electrical pump powers, assuming an electro-optic effi-
ciency of 25% for core-pump EDFA laser diode and 50% for
cladding-pump EYDFA broad area laser diode. This allows to
compare the raw amplifier power efficiency pro, defined as
the ratio of total output optical power over total electrical pump
power. The EY DFA is2.9x more power-efficient than the EDFA.
However, since quality of transmissionindeed dependson signal
to noise ratio [47], it is fair to correct raw power efficiency by
the average noise figure degradation with respect to a typical
EDFA (~4.5 dB). We define this parameter as ppo.corr =
PEO.eq X NFgpra.rer/NF.Beyondintuition, the achievable
information rate per Watt of a multi-fiber/core transmission
link can be shown proportional to this pro,corr parameter and
a factor depending on the degree of parallelism of the link
[49]. Then, the corrected power efficiency of the EYDFA is
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TABLEV
SIMULATION RESULTS FOR SUBMARINE APPLICATION

Parameters H MC-EYDFA \ EDFA H Unit

Neore 12 1

Signal Input Power +5 +5 dBm

WDM Channels 48 48

Pump Combiner Loss 0.1 0.5 dB

Signal Loss (In / Out) 05/0.5 02/0.1 || dB

Gain (Min / Mean) 98/12.3 9.1/11 || dB

Module Gain 8.8 8.8 dB

NF Doped Fiber 7.9 4.3 dB
4.5

NF, 8.4 (NF,) dB

Per core Out. Pow. 13.8 13.8 dBm

Pump Power

(Opt / Elec) 721/ 144 08/38 || W

PEO 0.5 0.25 %

PEO,eq

( Pout,core XPEO ) 2 0.8 %

Ppump,opt/Neore
PEO,corr
( PEO.cq X %I;qf) 0.8 0.8 %

comparable to that of an EDFA, 0.8%, pending consolidated
assumptions.

Such preliminary results are promising. The potential of such
amplifierintermof cost, energy and spacesavingisvery interest-
ing but involvespenalty on system performancesdueto degraded
NF. It could probably represent an interesting alternative for
medium-reach submarine cables.

VI. CONCLUSION

This paper has presented the implementation of an al-
fiberized 12c-EY DFA prototype.

In thefirst part we have devel oped the considered multi-core
optical amplifier technology in term of architecture assembly.
The prototype is based on 12 single mode core with circular
arrangement.

In order to determine the optimal fiber parameters and to pre-
dicted the performance and behavior of amulti-core Er3+/Y 3+
amplifier, asimulation tool hasbeen used. Themodel isbased on
classical two levels Er/Y b transfer energy system. Er/Y b doped
fiber length, ratio of concentration and optimum pump powers
have been studied. Results in term of gain, noise figure and
gain variation have been obtained. As minimizing the amplifier
noise figure imply decreasing the average gain and increasing
the gain variation, a pseudo swarm optimization algorithm has
been proposed to find atrade-off. The best compromise point that
maximize the gain, minimize the noise figure and gain variation
has been found.

Based on these recommendations, the active Er/Yb doped
fiber has been realized and implemented on the MC-EY DFA
prototype. First characterizations as gain, noise figure and per
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core output power have been measured and compared with
simulations showing agood agreement. Thanksto the optimized
design and manufacturing processes, core-to-core spacing of
the active fiber and 1241 combiners matches very accurately.
Splicing procedure enables an average splice loss of ~0.5 dB.
An average gain of 20 dB in the C-band for an input power per
core of ImW is achieved with 5.3W of pump power at 940 nm
with an optical power conversion of 23%.

We then used the designed amplifier in WDM transmission
system. We showed thelarge application range of a21-dBm/core
for 200G/400G LH, metro/regional and DCI transport networks
with ROADM. Even if its bandwidth is reduced compared to a
standard EDFA, the 12c-EY DF amplifier presents atotal power
consumption of 11 Watts (i.e. 4-fold lessthan twelve standard
EDFAS). After that, we have presented different application sce-
nario including multi-core amplifier for point to point full WDM
bundling or ROADM amplification. Thetechno-economic study
has shown the advantage of such technology by reducing of 35%
and 60% of the cost and energy consumption respectively.

Finally, we have proposed the use of multi-core amplifier
for submarine applications. We have studied the extension of
the considered optical bandwidth and have obtained a low
degradation of the gain variation and NF, only 0.2 dB penalty
@1550 nm considering 1538-1575 nm, compared to traditional
1535-1565 nm. Nevertheless, it add the possibility of using the
same amplifier for red-shifted bandwidth (towards the L-band).
Comparison between standard EDFA based on a new criteria
has been proposed. It results that information rate per Watt for
MC-EYDFA is proportional to the proposed corrected power
efficiency and a factor depending on the degree of parallelism.
Furthermore, corrected power efficiency of the MC-EYDFA is
comparable to that of an EDFA.

There is till room for improvement of the amplifier per-
formances by further optimizing cleaving/splicing procedures
and combining co- and counter-directional pumping. Based on
power consumption comparisons, this prototype demonstrates
the benefit of pump mutualization though multi-core fiber tech-
nology. Estimated power reduction compared to 12 EDFAs
reaches a fourfold factor, leading to potential breakthroughsin
the domain of mutualized amplifiers for ROADM and SDM
transmission applications. Further developments should allow
having two amplification stages based on MCF and a GFF
directly printed inside the MCF. In addition to potential cost
energy and footprint savings, results are promising.
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