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Abstract— Cladding-pumped optical fiber amplifiers are of 

increased interest in the context of space-division multiplexing but 
are known to suffer from low power efficiency. In this context, 
ytterbium (Yb) co-doping can be an attractive solution to improve 
the performance of erbium (Er) doped fiber amplifiers. We 
present a detailed direct comparison between Er/Yb-co-doping 
and Er-doping using numerical simulations validated by 
experimental results. Two double-cladding fibers, one doped with 
Er only and the other one co-doped with Er and Yb, were designed, 
fabricated and characterized. Using the experimentally extracted 
parameters, we simulate multi-core fiber amplifiers and 
investigate the interest of Er/Yb-co-doping. We calculate the 
minimum gain of the amplifiers over a 35-nm spectral window 
considering various scenarios. 
 

Index Terms—Doped fiber amplifiers, Optical fiber networks, 
Space division multiplexing 

I. INTRODUCTION 
Space-division multiplexing (SDM) in optical 

communication systems is currently considered to overcome 
the capacity limit of optical fiber links [1,2]. Deploying SDM 
will require novel sub-systems, such as optical amplifiers, that 
will meet stringent performance requirements over all spatial 
channels. At this time, cladding-pumped optical fiber amplifiers 
offer the best solution in terms of simplicity and ease of 
integration in SDM links. Furthermore, cladding-pumping can 
be advantageously used to lower mode-dependent gain when 
using mode-division multiplexing over few mode fibers. In 
multi-core transmissions, cladding pumping avoids spatial 
channel demultiplexing/multiplexing at the amplifier input and 
allows the use of low-cost high-power multi-mode pump lasers. 
Although many research groups have recently demonstrated 
cladding-pumped multi-core amplifiers [3-9], one drawback of 
this technology remains its low pumping efficiency. How 
pumping efficiency translates into power efficiency depends on 
the specific amplifier designs, for example the number of cores 
in the cladding pumped amplifier. Similarly, a detailed 
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comparison of the power consumption of multiple single core 
amplifiers to a multi-core cladding pumped amplifier will 
depend on the specific pumping scheme of the single core 
amplifiers, for example pump sharing among the amplifiers 
could reduce power cooling requirements. Comparison of 
power efficiency of the single-core versus multi-core approach 
is discussed in [10,11]. In this paper, we focus on the 
improvement of the pumping efficiency of multi-core cladding 
pumped amplifiers. 

The low pumping efficiency of the cladding pumping 
geometry results from a significant decrease in the overlap 
between pump power and the erbium doped cores. Such 
decrease in the overlap results in the need to either (i) use very 
long fiber lengths, leading to important cost efficiency 
reduction, (ii) increase erbium doping concentration, leading to 
more clustering, or (iii) increase core density, leading to more 
crosstalk between the cores.  Another possible solution is to use 
Er/Yb co-doping instead of only Er-doping in order to increase 
the absorption and pumping rates [12,13]. However, an 
important drawback with Er/Yb co-doping is that the presence 
of phosphorus in the doped region is required to suppress the 
back-transfer of energy from erbium to ytterbium by decreasing 
the non-radiative decay time from the 4I11/2 to the 4I13/2 energy 
level [14-19] and the presence of phosphorus and ytterbium in 
the glass matrix narrows the erbium absorption and emission 
cross-sections in the C-band (Fig. 6) [20-23]. An attempt to 
broaden the cross-sections by varying the aluminum 
concentration led to negligible change on the cross-sections 
[21]. Another way to broaden the cross-sections is to use 
fluoride phosphate glasses [24]. The issue with this method is 
that fluoride glass is very fragile and hard to handle, making it 
challenging to use commercially. Because of the narrow cross-
sections, different portions of the C-band and L-band are 
commonly used instead of the typical 1530-1565 nm C-band in 
order to obtain a flat gain and achieve efficient power 
consumption in EYDFAs [25-26]. Indeed, despite the narrow 
cross-sections, wide band amplification can be achieved in 
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EYDFAs by operating an amplifier in highly saturated 
conditions, leading to high gain toward the longer wavelengths, 
while the gain remains insufficient below 1535 nm. Using this 
principle, multiple MC-CP-EYDFAs have been demonstrated 
for wideband amplification [6-9,27]. 

In order to make Er/Yb-co-doped fiber amplifiers compatible 
with current communication networks, it is required to operate 
them with a flat gain over the entire C-band. By using a gain 
flattening filter (GFF) with up to 20 dB of depth, the amplifier 
gain can be flattened but at the expense of power efficiency. 
The gain after the GFF is limited by the channel with the 
minimum gain at the output of the doped fiber. The main issue 
with narrow cross-sections is therefore that the amplification of 
the channels with the highest gain will consume much of the 
pump power to generate high gain that will be thrown out by 
the GFF. 

Since the minimum gain over the C-band is increased by a 
high pump absorption rate but decreased by the inefficient 
cross-sections shape, no “rule of thumb” exists to determine if 
and when Er/Yb-co-doping is advantageous compared to Er-
doping. For a given pump power, this comparison might be 
done by determining the required fiber length for a given 
minimum gain or the minimum gain at the optimal fiber length.  

In order to achieve a fair comparison between the two types 
of doping, ie. Er-doping vs Er/Yb-co-doping, numerical 
simulations must be executed with different scenarios. In this 
work, we consider a simple one-stage co-propagating pump 
amplifier. The residual pump power at the amplifier output is 
assumed to be discarded. The doped fiber parameters will be 
the same for the two Er/Yb-co-doped and Er-doped fiber 
designs except for the Yb ion concentration and the 
absorption/emission cross-sections that should differ according 
to the doping type. Our objective is to identify how to select the 
optimal doping for a C-band amplifier that maximizes the 
minimum gain at the optimal fiber length under given operating 
conditions such as input power, pump power and number of 
cores conditions. To our knowledge, this is the first detailed 
direct comparison between Er/Yb-co-doping and Er-doping, 
using simulations validated with experimental results, that 
investigates the interest of Er/Yb-co-doping in CP-MC-FAs 
(cladding-pumped multicore fiber amplifiers) in terms of 
minimum gain over the 1530-1565 nm C-band. In section II, we 
introduce the model of the Er-doped and Er/Yb-co-doped 
amplifiers. In section III, a single-core erbium-ytterbium doped 
fiber (EYDF) and a single-core erbium doped fiber (EDF) are 
fabricated and characterized. Then, the gain and noise figure 
(NF) of the fibers are compared with simulation results to 
validate the model in section IV. Finally, with the 
experimentally extracted parameters, section V calculates the 
performances of cladding-pumped multicore erbium doped 
fiber amplifiers (CP-MC-EDFAs) and cladding-pumped 
multicore erbium-ytterbium doped fiber amplifiers (CP-MC- 
EYDFAs) in order to conclude on the interest of CP-MC-
EYDFAs for communication systems. 

II. MODELING OF DOPED FIBER AMPLIFIERS 

The model is based on the standard set of power propagation 
and population rate equations of Er/Yb-co-doped fibers, as 
described in [15,28-30], that neglects back-transfer and 
considers only the Er3+ I15/2 and I13/2 energy levels. This was 
proven to be a valid assumption in phosphate glass hosts and in 
silica-based fibers with small amounts of phosphorus in the 
doped region [14-19]. Rather than using population average 
over the transverse cross-section, we introduce radial resolution 
of the rare-earth ion populations as described in [20,31]. Since 
our aim is to design single-mode amplifiers, only the LP01 mode 
is considered in the simulations for the signal. The pump power 
is assumed to be uniformly distributed in the cladding that is D-
shaped and has a diameter across the core of 125 µm (105 µm 
perpendicular to the flat portion). Consequently, there is no 
azimuthal dependence and we divide the fiber cross-section in 
K rings, each with uniform Er3+ concentration, and we calculate 
the inversion of each ring to calculate transition rates and gain. 
We also neglect background propagation loss. The propagation 
of the pump power, Pp, the signal, Ps, and the ASE, P±

ASE, in the 
forward (+) and backward (-) direction are described by   

⎩
⎪
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 (1) 

where λ stands for the wavelength channel of the signal or the 
amplified spontaneous emission (ASE), and k refers to the 
different rings with area Ak. Also, σap,Er and σap,Yb are the 
absorption cross-sections at 976 nm for Er3+ and Yb3+ 
respectively, σe,Er,λ and σa,Er,λ are the emission and absorption 
cross-sections at the signal or ASE wavelengths for Er3+. The 
pump and signal (or ASE) overlaps with each ring are Γp,k, and 
Γλ,k respectively. As usual, h is Planck constant, νp and νλ are 
the pump and signal (or ASE) frequency. The radially resolved 
population inversion along the fiber are given by 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧n2,Er,k(z) =

�W1,k(z) + W2,k(z) + AkKtrn2,Yb,k(z) � ρEr,k(z)

W1,k(z) + W2,k(z) + W3,k(z) + AkKtrn2,Yb,k(z) + Ak
τEr

n2,Yb,k(z) =
�W4,k(z)�  ρYb,k(z)

W4,k(z)  + AkKtrn2,Yb,k(z)  + Ak
τYb

ρEr,k(z) = n1,Er,k(z) + n2,Er,k(z)
ρYb,k(z) = n1,Yb,k(z) + n2,Yb,k(z)

 (2) 

where the lower and upper level population densities of a given 
ring are n1,Er,k and n2,Er,k for Er3+ and n1,Yb,k and n2,Yb,k for Yb3+, 
while ρEr,k and ρYb,k are the Er3+ and Yb3+ concentrations of a 
given doped ring. The lifetime of the Er3+ and Yb3+ upper 
metastable levels are τEr and τYb. It can be found in the literature 
that the lifetime of these upper metastable levels are generally 
around 10 ms and 1.5 ms for erbium and ytterbium [20]. These 
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lifetimes will not be characterized and we will rather use values 
found in the literature for our simulations. Also, Ktr is the 
energy-transfer rate from ytterbium to erbium. Finally, the 
transition rates associated with pump absorption by erbium 
(W1), signal and ASE absorption by erbium (W2), signal and 
ASE stimulated emission by erbium (W3) and pump absorption 
by ytterbium (W4) are written as 

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧ W1,k(z)  =

σap,ErΓp,kPp(z)
hνp

 

W2,k(z)  = �
σa,Er,λΓλ,kPs,λ(z) 

hνλλ,s

+ �
σa,Er,λΓλ,kPASE,λ(z) 

hνλλ,ASE

W3,k(z)  = �
σe,Er,λΓλ,kPs,λ(z) 

hνλλ,s

+ �
σe,Er,λΓλ,kPASE,λ(z) 

hνλλ,ASE

W4,k(z)  =
σap,YbΓp,kPp(z)

hνp

 (3) 

 
For the simulations of the Er-doped fiber, ρYb,k, Ktr and σap,Yb is 
set to 0, whereas for the simulation of the Er/Yb-co-doped fiber 
the absorption of the Er3+ is considered negligible compared to 
the absorption of Ytterbium and σap,Er is thus set to 0. 

III. FABRICATION AND PARAMETER CHARACTERIZATION OF 
AN EYDF AND AN EDF 

An EYDF (fiber A) and an EDF (fiber B) were fabricated 
using the solution doping method [32] with Al2O3, P2O5, Er2O3 
and Yb2O3 in the case of fiber A; and Al2O3 with Er2O3 in the 
case of fiber B (Fig.1). The fibers were designed to have the 
same refractive index profile and the same erbium 
concentration profile. In the EYDF, the target Yb3+ 
concentration in ions/m3 was 10 times higher than the Er3+ 
concentration, and the phosphorus concentration was 100 times 
higher than the Er3+ concentration. The Al2O3 concentration 
was used to control the refractive index profile. The preforms 
were polished in order to obtain D shaped fibers to break the 
symmetry of the pump modes guided by the cladding and the 
silica cladding was surrounded by a low refractive index 
polymer (n=1.37). For both fibers, the silica cladding diameter 
was 125 µm (105 µm when measured perpendicular to the flat 
section).   
 

 
Fig. 1. Microscope image of a) fiber A and b) fiber B. 
  

The core refractive index profile was measured on the 
preforms with a NR-9200HR refracted near-field analyzer 
(EXFO) at 657.6 nm. To apply the measurement results to the 
C-band, we neglect the dispersion of the refractive index 
difference between the core and the glass cladding, ∆n. Also, 
we scale the radial position using the diameter ratio of the 

fabricated fiber and the preform. The resulting refractive index 
profiles of fiber A and B are shown in Fig. 2. The dip at the 
center of the core in fiber A is caused by evaporation during the 
MCVD process. The higher evaporation could be caused by the 
presence of Yb2O3 and P2O5 in the glass matrix. 

 

 
Fig. 2. Refractive index profile of fiber A (solid) and fiber B (dashed). 

 
With the measured refractive index profiles, we used 

COMSOL to calculate the LP01 mode overlap with 30 rings of 
0.1 μm thickness located in the 0-3 μm radial position of the 
fiber. The calculations were executed for wavelengths between 
1420 nm to 1620 nm for fiber A and fiber B and are shown in 
Fig. 3. The pump overlap in each ring was calculated by 
considering a uniform pump power distribution over the fiber. 
Considering that both fibers have the same D-shape with a 
cladding area of 1.003×10-8 m2, the pump overlap with each 
ring is the same for both fibers and is directly proportional to 
the area of the ring, i.e., to a first approximation, proportional 
to the radius of the ring. 

 

 
Fig. 3. Signal overlap with each ring in fiber A (solid) and fiber B (dashed) at 
1550 nm. 

 
The doping concentrations of Er3+, Yb3+ and P2O5 were 

measured on the preform at different radial positions using an 
electron micro probe analyzer. As before, the radial position 
was scaled using the diameter ratio of the fabricated fiber and 
the preform and the erbium and ytterbium measured 
concentrations are shown in Fig. 4. While not used in the 
simulations, note that the phosphorus concentration was, on 
average, 1.2×1027 m-3 in the core region of fiber A. 
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Fig. 4. Erbium (green) and ytterbium (blue) concentration profile of fiber A 
(solid) and fiber B (dashed). 

 
Using a supercontinuum laser source with an average of 

approximately -35 dBm/nm output power over the 1420 nm – 
1620 nm region, we injected the light in the core of the EYDF 
(fiber A) and EDF (fiber B) by splicing the output fiber of the 
supercontinuum at the input of the fiber under test (FUT) and 
measuring the output power of the FUT as a function of 
wavelength on an optical spectrum analyzer (OSA, 1 nm 
resolution). Then, the difference between the input and output 
power was calculated and divided by the fiber length used. 
Fiber lengths of 80 cm for fiber A and 70 cm for fiber B were 
used. The resulting absorption curves, as a function of 
wavelength, are shown in Fig. 5. 
 

 
Fig. 5. Absorption as a function of wavelength from 1420 nm to 1620 nm for 
fiber A (black) and fiber B (blue). 

Knowing the LP01 overlap and the Er3+ concentration profile 
of each ring in fibers A and B, the absorption and emission 
cross-sections were calculated with the McCumber relation, see 
[33] for example, written as  

(4) 𝜎𝜎𝑎𝑎(ν)[𝑚𝑚2] =
α [𝑑𝑑𝑑𝑑/𝑚𝑚]

(10 𝑙𝑙𝑙𝑙𝑙𝑙10𝑒𝑒)∑ ρ𝑘𝑘[𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖/𝑚𝑚3]Γ𝑘𝑘𝑘𝑘
  

(5) 𝜎𝜎𝑒𝑒(ν) = 𝜎𝜎𝑎𝑎(ν)𝑒𝑒(ɛ−ℎν)/𝑘𝑘𝐵𝐵𝑇𝑇  

(6) ɛ =
ℎ𝑐𝑐
𝜆𝜆ɛ

  

 

In Eq. (4) to (6), σa is the absorption cross-section, α is the 
measured absorption, ρk is the doping concentration in the ring 
k, Γk is the power confinement in the ring k, σe is the emission 
cross section, ν is the optical frequency, c is the speed of light, 
ε is the mean transition energy between two manifolds, T is the 
equilibrium temperature and kB is the Boltzmann constant. The 
mean wavelength at which the transition occurs, λɛ, is generally 
close to the peak absorption value. We set λɛ to 1535 nm for 
fiber A and 1532 nm for fiber B in order to obtain cross-sections 
in agreement with the literature [18, 22-23]. The resulting cross-
sections are shown in Fig. 6. 

 

 
Fig. 6. Absorption (cyan) and emission (orange) cross-sections as a function of 
wavelength from 1520 nm to 1570 nm for fiber A (solid lines) and fiber B 
(dashed lines). 

 
In order to measure the absorption cross-section near 976 nm, 

we injected the light of a supercontinuum laser source with an 
average of approximately -42 dBm/nm output power over the 
880 nm – 1000 nm region in the cladding of fiber A and a 
supercontinuum laser source with an average of -36 dBm/nm 
output power over the 800 nm – 1300 nm region in the cladding 
of fiber B and measured the output power with an OSA (1 nm 
resolution). We used 15 m of fiber A and 183 m of fiber B. 
Absorption was estimated as the loss difference with respect to 
the measurement at 880 nm in order to substract background 
loss and the result is shown in Fig. 7. Since the pump source 
that will be used for the gain measurements is centered at 976 
nm, we compute the absorption average from 974 nm to 978 nm 
of both fibers and obtained 0.785 dB/m for fiber A and 0.0394 
dB/m for fiber B. Using the measured Yb3+ (for fiber A) and the 
Er3+ (for fiber B) concentration in each ring, we calculated the 
respective absorption cross-sections near 976 nm were 
calculated and found σap,Yb = 3.86×10-25 m2 for fiber A and σap,Er 
= 2.25×10-25 m2 for fiber B. For fiber B, the absorption peak at 
943 nm is caused by the absorption from OH- impurities over 
the 183 m of fiber used. Although it cannot be distinguished 
properly because of the scale of the y axis, the same peak is 
observed on the absorption curve of fiber A. The transfer rate 
from Yb3+ to Er3+ upper metastable levels Ktr in fiber A could 
not be characterized and will be determined by fitting the gain 
measurements of the EYDF in the section IV. 
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Fig. 7. Absorption in the cladding as a function of wavelength from 880 nm to 
1000 nm for fiber A (black) and fiber B (blue). 
 
The signal background loss was measured at 1700 nm by 
injecting the light of a supercontinuum laser source with an 
average of approximately -40 dBm/nm output power in the core 
of the fiber under test and measured the output power with an 
OSA (1 nm resolution). We used 100 m of fiber A and 172 m 
of fiber B and measured a signal background loss of 0.099 dB/m 
for fiber A and 0.039 dB/m for fiber B. The pump background 
loss was measured at 880 nm with a supercontinuum laser 
source with an average of -36 dBm/nm output power over the 
800 nm – 1300 nm region and a fiber length of 113 m for fiber 
A and 183 m for fiber B. 

IV. GAIN AND NF: MODEL VALIDATION 
In this section, we perform experimental characterization of 

the two single core cladding-pumped doped fibers: fiber A 
(EYDF) and fiber B (EDF). The experimental results served to 
validate the model and the fiber parameters that will be used to 
compare MC-CP-EYDFAs with MC-CP-EDFAs through 
numerical simulations in section V and section VI. We spliced 
3.36 m of fiber A and 3.50 m of fiber B to standard single-mode 
fiber (SMF) pigtails at both ends. We measured a 2.1 dB total 
loss for the two splices and connectors using a tunable laser set 
at 1640 nm and -5 dBm. In the calculation of the internal gain 
and NF, we assume that 1.05 dB loss occurs before the doped 
fibers and 1.05 dB after. Right after the first splice, the DFUT 
(doped fiber under test) was stripped over 20 cm. Then, a 
coreless fiber, spliced on the output fiber of the pump laser 
diode, is tapered and rolled around the DFUT in order to 
achieve side-coupling of the pump power in the cladding of the 
DFUT. Starting about 1 cm from the output splice, a glass 
etching cream (Armour Etch #15-0150) is applied over four cm 
in order to make the surface of the fiber irregular which 
removes the pump through surface scattering. Overall, 
approximately 10 cm of the DFUT is not pumped significantly, 
a few centimeters before the pump coupling and a few 
centimeters after the pump dump. Thus, for the simulations, we 
consider 3.26 m of fiber length for fiber A and 3.40 m for fiber 
B.  

 
 
 

 
Fig. 8. Setup used to measure the gain and NF of fiber A and B. 

 
The setup used for the gain and NF measurements is shown 

in Fig. 8. The 14 channels are distributed uniformly from 
1531.2 nm to 1562.2 nm with 300 GHz spacing. The total signal 
input power is set to -15 dBm (-26.46 dBm/ch), -5 dBm (-16.46 
dBm/ch) and 5 dBm (-6.46 dBm/ch). The output power of the 
pump laser diode is set to 3 W, 5 W and 7 W. The pump power 
coupling efficiency is measured after the gain and NF 
measurements are completed by cutting the fiber 40 cm after 
the input splice to measure the 976 nm power when the pump 
is set to 5 W. We measured 2.35 W for fiber A and 2.40 W for 
fiber B, which leads to pump power coupling efficiencies of 
47% and 48%. These coupling efficieny values are used for the 
simulations. Also, for the simulations, the C-band is loaded 
with 32 channels uniformly distributed between 1531 nm and 
1562 nm with 1 nm spacing. As in the experiments, the total 
signal input power is set to -15 dBm, -5 dBm and 5 dBm. The 
transition rate from ytterbium to erbium (Ktr) was set to 1.0x10-

22 m3/s. This value was determined by minimizing the error 
between gain measurements and simulations with coupled 
pump power of 3.29 W and input signal power of 5 dBm for 
fiber A. This value compares well to the literature [20]. All of 
the fibers parameters are summarized in Table 1.  

Fig. 9 and Fig. 10 compare simulations and measurements of 
gain and NF for fiber A and B respectively. For both the gain 
and NF measurements, the insertion loss of the components and 
splices are considered in order to determine the internal gain 
and the internal NF, which is what is directly obtained with the 
simulations. A good agreement is observed between 
measurements and simulations with a maximum gain difference 
of <2.4 dB for fiber A and <2.7 dB for fiber B, and a maximum 
NF difference of <2 dB for fibers A and B. When using cladding 
pumping, because of the small core sizes, the pump overlap 
with the cores is low and leads to poor gains for both fibers. In 
the next section, we will use these values to design MC-CP-
EYDFA and the core sizes will be adjusted accordingly. 
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Fig. 9. Measured (markers) and simulated (solid lines) gain (left) and NF (right) 
of fiber A for input power of -15 dBm (green), -5 dBm (black) and 5 dBm (red) 
with coupled pump power of 1.41 W (top), 2.35 W (center) and 3.29 W 
(bottom). 
 

 
Fig. 10. Measured (markers) and simulated (solid lines) gain (left) and NF 
(right) of fiber B for input power of -15 dBm (green), -5 dBm (black) and 5 
dBm (red) with coupled pump power of 1.44 W (top), 2.40 W (center) and 3.36 
W (bottom). 
 
 
 
 
 
 
 
 

TABLE I 
FIBERS PROPERTIES 

Parameter Value 
Fiber A Fiber B 

 

Unit 

L 3.36 3.50 m 
Ncores 1 1 - 
Γλ,k Fig. 3. Fig. 3. - 
Γp,k Ring area/cladding area - 
ρk,Er Fig. 4. Fig. 4. ions/m3 

ρk,Yb Fig. 4. - ions/m3 
σa,λ Fig. 6. Fig. 6. m2 

σe,λ Fig. 6. Fig. 6. m2 

σap,Er - 2.25×10-25 m2 

σap,Yb 3.86×10-25 - m2 

τEr 10 10 ms 
τYb 1.5 - ms 
Ktr 1.0×10-22 - m3/s 

    
 

V. INTEREST OF MC-CP-EYDFA FOR COMMUNICATIONS 
In order to investigate the interest of MC-CP-EYDFAs for 

communications, we use the same model but with seven cores 
sharing the available pump instead of one. The signal in each 
core consists of 31 channels, from 1530 nm to 1560 nm. Some 
of the characterization results obtained in section IV are used 
for the simulation based comparison of MC-CP-EYDFAs with 
MC-CP-EDFAs. More specifically, the absorption and 
emission cross-sections, the lifetime of Er3+ and Yb3+ upper 
metastable levels, and the energy-transfer rate from ytterbium 
to erbium (Ktr) of the CP-MC-EYDFAs and the CP-MC-
EDFAs are the same as fiber A and fiber B respectively. For 
these simulations, we assume ideal refractive index and doping 
profiles. The fiber cores are 6 μm diameter step-index cores 
with ∆n = 0.013. The Er3+ concentration is uniform over the 
core region and set to 2x1025 ions/m3. The Yb3+ concentration 
is set to 2x1026 ions/m3 in the cores of the CP-MC-EYDFAs and 
to 0 ions/m3 for CP-MC-EDFAs.  
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Fig. 11. Simulated gain of a CP-MC-EYDFA (solid) and a CP-MC-EDFA 
(dashed) for input signal power of -15 dBm (green), -5 dBm (black) and 5 dBm 
(red) with coupled pump power of a) 4 W, b) 8 W, c) 12 W and d) 16 W and 7 
cores sharing the pump. 

 

 
Fig. 12. Simulated NF of a CP-MC-EYDFA (solid) and a CP-MC-EDFA 
(dashed) for input signal power of -15 dBm (green), -5 dBm (black) and 5 dBm 
(red) with coupled pump power of a) 4 W, b) 8 W, c) 12 W and d) 16 W and 7 
cores sharing the pump. 
 

In order to investigate if Er/Yb-co-doping can lead to a 
higher minimum gain over 1530 nm to 1560 nm region, we plot 
the minimum gain as a function of fiber length for different 
operating conditions of CP-MC-EYDFAs and CP-MC-EDFAs. 
The results are shown in Fig. 11 for different pump input power 
and different signal input power. From these results, we see that 
CP-MC-EYDFA will lead to higher minimum gain, compared 
to CP-MC-EDFA, when there is a higher signal power or a 
lower pump power, which are the conditions that lead to 
saturation of CP-MC-EDFA. On Fig. 12, the maximum NF over 
the 1530 nm to 1560 nm region is shown for the same scenarios 
as Fig. 11. For all the scenarios where Er/Yb-codoping allows 
to reach a higher minimum gain compared to Er-doping, Er/Yb-

codoping also allows to keep the NF lower. It thus seems that 
the use of CP-MC-EYDFAs could be of interest when the 
available pump power is limited, for example in subsea 
networks. Although the minimum gain can be very similar, gain 
variations across the C-band can be very different. For example, 
for the -5 dBm input signal power and 8 W input pump power 
scenario, the minimum gain over the 1530-1560 nm region is 
almost the same for both fibers (16.6 dB vs 17.3 dB for the CP-
MC-EYDFA and the CP-MC-EDFA respectively) and occurs 
at approximately the same fiber length (1.8 m and 1.9 m for the 
for the CP-MC-EYDFA and the CP-MC-EDFA). Under these 
conditions, the average upper state population over the total 
length of the fiber is 71.6% for the CP-MC-EYDFA and 63.8% 
for the CP-MC-EDFA. The spectral gain variations in the CP-
MC-EYDFA are therefore much larger, as shown in Fig. 13, 
and would require a GFF with >15 dB of depth. However, the 
maximum NF over this spectral window for fiber A is only 3.4 
dB compared to 4.5 dB for fiber B. 

 
Fig. 13. Simulated gain of a seven-core CP-MC-EYDFA (solid) and a CP-MC-
EDFA (dashed) for input signal power of -5 dBm, input pump power of 8 W. 

VI. OPTIMAL WAVELENGTH RANGE FOR MC-CP-EYDFAS 
In this section, we investigate what is optimum transmissions 

30-nm window of CP-MC-EYDFA vs CP-MC-EDFA. We first 
perform simulations of CP-MC-EYDFA using the same fiber 
parameters as in section V. For each spectral region, two 
scenarios are considered: a) 8 W input pump power and -5 dBm 
input signal power, and b) 16 W input pump power and -5 dBm 
input signal power. For both scenarios, the minimum gain over 
the spectral region is plotted as a function of fiber length in Fig. 
14. The results shown in this section are the internal gain and 
the internal NF. In order to determine the total amplifier gain 
and NF for a given application, the loss of isolators, splices and 
other sources of loss should also be considered.  

The results indicate that the optimal 30-nm wide wavelength 
range for CP-MC-EYDFA is 1536 nm – 1566 nm. However, it 
is worth noticing that the 1535 nm – 1565 nm wavelength range 
gives a very similar result while being inside the C-band. When 
compared to the CP-MC-EDFA results shown on Fig. 11, the 
Er/Yb-co-doping results lead to better gain and pump 
efficiency. Due to the lower emission cross-section at the higher 
wavelengths, a longer fiber is also required. Note that for 8 W 
input pump power, the optimal length for the EYDFA is 6.1 m 
and the minimum gain is 26.2 dB. 
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Fig. 14. Simulated minimum gain of a CP-MC-EYDFA for different 30-nm 
spectral windows with input signal power of -5 dBm and input pump power of 
a) 8 W, b) 16 W. 
 
At the optimal fiber length, the maximum NF calculated over 
the wavelength range of the various scenarios shown on Fig. 14  
was <3.5 dB for a pump power of 8 W and <3.4 dB for a pump 
power of 16 W (with variations less than 0.1 dB among the 
tested wavelength ranges). The only noticeable increase in NF 
occurred when the fiber length was much longer than the 
optimal length. 

 
If we repeat the same experiment for MC-CP-EDFAs, we 

find an optimal wavelength range of 1531– 1561 nm, and an 
optimal minimum gain of 17.6 dB for 2.2 m of fiber length, 8 
W of input pump power and -5 dBm of input signal power. The 
gain curve of the MC-CP-EYDFA and MC-CP-EDFA at their 
optimal fiber length over their optimal 30-nm wide spectral 
region is shown on Fig. 15. 

 

 
Fig. 15. Simulated gain of a CP-MC-EYDFA (solid) and a CP-MC-EDFA 
(dashed) for input signal power of -5 dBm, input pump power of 8 W, and 7 
cores. The results were obtained with fiber lengths of 6.1 m for the CP-MC-
EYDFA and 2.2 m for the CP-MC-EDFA over the respective 30-nm spectral 
windows from 1536 – 1566 nm and 1531 – 1561 nm. 

 
Similarly, we found that when a 35-nm transmission window 

is desired, the optimal wavelength range is 1535 – 1570 nm for 
EYDFAs and 1532 – 1567 nm for EDFAs. The calculated gain 
spectra at 8 W with the optimal fiber lengths are shown in Fig. 
16 and the resulting minimum gain is 23.1 dB for the EYDFA 
and 17.7 dB for the EDFA.  

 

 
Fig. 16. Simulated gain of a CP-MC-EYDFA (solid) and a CP-MC-EDFA  
(dashed) for input signal power of -5 dBm, input pump power of 8 W, and 7 
cores. The results were obtained with fiber lengths of 6.6 m for the CP-MC-
EYDFA and 2.4 m for the CP-MC-EDFA over the respective 35-nm spectral 
windows from 1535 – 1570 nm and 1532 – 1567 nm. 

 
The results shown in Fig. 15 and 16 indicate that, when it is 

possible to select the spectral region, CP-MC-EYDFAs offer a 
higher minimum gain compared to CP-MC-EDFAs since they 
use the pump more efficiently. However, the results also 
indicate that a deeper GFF is required. 

VII. CONCLUSION 

Through numerical simulations with parameters validated by 
experimental results with a single-core fiber, we investigated 
the benefits of using Er/Yb co-doping for a multi-core amplifier 
in order to achieve a higher minimum gain than with erbium ion 
doping only. All the simulations parameters are in agreement 
with typical values found in the literature. We first compared 
cladding pumped Er and Er/Yb doped amplifiers and found that 
Er/Yb co-doping could only be beneficial over the 1530-1560 
nm spectral region in the specific case of a highly saturated 
amplifier, for example for low input pump power or high input 
signal power. Under these conditions Er/Yb co-doping can be 
advantageous because of its efficient absorption rate that leads 
to high population inversion levels even when available pump 
power is low. However, when the remaining output pump is 
reused [34], the benefits of Er/Yb co-doping might not be 
advantageous compared to Er-only doping since only a small 
fraction of pump light reaches the output of the fiber. Also, one 
of the drawbacks of using Er/Yb co-doping is the need for a 
deep GFF. However, when the 30-nm spectral window can be 
shifted to slight longer wavelengths, for example 1535 nm to 
1565 nm, we also demonstrate that MC-CP-EYDFAs can reach 
much higher minimum gain than MC-CP-EDFAs. The results 
thus demonstrate that, although Er/Yb co-doping does not 
provide increased performance of MC-CP amplifiers in all 
scenarios, there can be important benefits of using co-doping in 
specific scenarios. 
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