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Few-Mode Erbium-Doped Fiber Amplifier With High
Gain and Low Differential Modal Gain for
Mode-Division-Multiplexed Systems

Hao Guo ™, Ting Li, Fengping Yan”, Guobin Ren

Abstract—The increasing development of information technol-
ogy has led to a higher demand for communication capacity. More-
over, the mode division multiplexing (MDM) is considered one
of the important technologies to expand the optical fiber trans-
mission capacity, and the few-mode erbium-doped fiber amplifier
(FM-EDFA) is a main device applied for optical fiber loss com-
pensation under long-haul communication transmission systems.
This article reports the design and characterization of a six-mode
erbium-doped fiber amplifier (6M-EDFA) for MDM systems. A
center-depressed optical fiber with a trench-assisted structure, is
designed and the adjustment of the relevant parameters is applied
to reduce the splice loss between the six-mode erbium-doped fiber
(6M-EDF) and the transmission fiber. The results show the lowest
splice loss is theoretically 0.293 dB. By analyzing the mode field
distribution, two erbium ion doping regions are initially identified,
the ring region is further layered, and the doping concentration
of the three layers is optimized to achieve high gain and low
differential modal gain (DMG) using a genetic algorithm (GA).
In the case of core forward pumping of the LPy; mode at 1480 nm,
the simulation results show that the average gain of 25.7 dB and the
DMG of 0.277 dB are obtained at 1550 nm considering the mode
coupling. Moreover, a 6-mode MDM transmission system is built
to fully verify the performance of the designed amplifier to meet
the requirements of the MDM communication system.

Index Terms—Differential modal gain, few-mode erbium-doped
fiber amplifier, genetic algorithm, mode division multiplexing.
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1. INTRODUCTION

ITH the development of optical fiber communication
W technology, the transmission capacity of the traditional
single-mode fiber communication system is approaching the
theoretical limit and cannot meet the needs of the growing
communication services [1], [2], [3], [4]. Whereas, the mode-
division multiplexing (MDM) is able to achieve the purpose of
increasing the optical fiber capacity through the mutual superpo-
sition of orthogonal multiple spatial modes, each of which can
be regarded as an independent channel [5], [6]. Hence, the MDM
technology, using few-mode optical fiber transmission lines, is
one of the most effective solutions to increase the transmission
capacity for long-haul optical fiber communication systems [7],
[8], [9]. When an optical fiber is used for long-haul information
transmission, several problems inevitably appear, such as optical
signal attenuation, dispersion, crosstalk, and nonlinearity [10],
[117,[12], [13], [14], [15], which will indeed increase greatly the
difficulty of processing the signal at the receiver end. To resolve
the optical signal attenuation, a few-mode erbium-doped fiber
amplifier (FM-EDFA) is designed, which can compensate the
loss in information transmission, and greatly reduce the cost
by amplifying multiple mode signals simultaneously; therefore,
the design of FM-EDFA has become one of the current research
hotspots in optical fiber communication [16], [17], [18], [19].

Currently, the purpose of FM-EDFA design is mainly to
achieve high gain and low differential modal gain (DMG) [20],
[21], [22]. The research on FM-EDFA mainly focuses on de-
veloping the refractive index distribution of the optical fiber,
the doping distribution of the erbium-doped fiber (EDF), and
the combination of the pumping modes [23], [24], [25], [26].
The refractive index distribution of the different optical fibers
corresponds to several mode field distributions, which not only
affects the DMG of FM-EDFA, but also influences the splice
loss within the transmission fiber. Therefore, the DMG can be
reduced by designing a different optical fiber structure while
considering the reduction of the splice loss. The optical fiber,
with a ring refractive index distribution, can confine the mode
fields of the different modes in a high refractive index ring,
which can reduce the DMG by reducing the overlap difference
between the signal mode fields and the pumping mode fields.
Also, the doping distribution of the EDF can be optimized using
the genetic algorithm (GA), which originated from computer
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Fig. 1. Mode field distribution and schematic of cross section (left), refractive
index and erbium ion concentration profile (right).

simulation studies performed on biological systems. The GA
method is a stochastic global search optimization algorithm
that plays a very important role in determining the multivariate
parameters of the doping range and concentration [27], [28],
[29]. In addition, the combination of pumping modes, which
achieves the goals of low DMG, is mainly reflected in controlling
the mode field intensity distribution of the pumped light.

Based on the abovementioned three ways to reduce DMG, this
article analyzes the center-depressed optical fiber with a trench-
assisted structure to reduce the splice loss. The doping region
and concentration of the six-mode EDF (6M-EDF) is determined
by the GA, and the amplification of the optical signal is realized
by the LPy; forward pumping method. Finally, the feasibility of
the designed six-mode EDFA amplifier (6M-EDFA) is validated
by building a 6-mode MDM system.

II. DESIGN OF 6M-EDFA

Fig. 1 shows the center-depressed 6M-EDF with its trench-
assisted structure, is designed to ensure high gain and low DMG
characteristics. The fiber core is divided into four layers where
the first one is a center depressed structure, the second one is a
ring-shaped high refractive index layer, the third one maintains
the same refractive index as the cladding layer, and the fourth one
is a trench-assisted structure. Moreover, the 6M-EDF supports
six linear polarization modes, namely LPy;, LPi;a, LPq1b,
LPyia, LP21b, and LPgs. The parameters of the optical fiber are
setas follow: Any =0.598%, Any, =0.797%, Anz = —0.2%, as
=7.8 um, as =9 pm, and wy, = 1 pm. The splice loss between
the transmission fiber and EDF, due to the mismatch of the
mode field, is an important factor affecting the communication
transmission [30], [31], [32]. The transmission fiber is designed
a grade-index fiber with a trench-assisted structure. The core
radius of the transmission fiber is 11.5 pm, the trench width is
0.7 pm, and the profile exponent is 2.01. By adjusting the a;
parameter, the splice loss of each mode between the 6M-EDF
and the transmission fiber can be obtained as shown in Fig. 2
where one can see that the one of LP;; and LP5; modes is almost
constant when a; varies from 0.5 pum to 3 pum, and the splice
loss is mainly determined by LPy; and LPy2 modes. The inset

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 21, NOVEMBER 1, 2023

0.3 -50.34 —o—Total loss = LP01 —d=—LPI11
P Bos —3—LP21 —o—LP02
=] Pl AN
= Z0.30
~0.2* )
» D 1.5( z.(; 25 3.0 J/
S ay (pm
: \° 0/
) /
= 01T — S 9 9
c% o B 9
0.0p 9909
0.5 1.0 1.5 2.0 2.5 3.0
a; (um)
Fig. 2. Splice loss between 6M-EDF and transmission fiber as a function
of al.

WDM
—

Isolator

—1

Input | B EDF
Isolator

Pump

Output

Fig.3. Simulation structure diagram of 6M-EDFA.
TABLE I
SUMMARY OF THE PARAMETERS USED IN THE SIMULATIONS
Symbol Parameter Value
L Optical fiber length 10 m
r Lifetime of the Er** upper level 10 ms
Pp Injected pump power 400 mw
Ps Signal input power -10 dBm
Ap pump wavelength 1480 nm
As Signal wavelength 1550 nm
Oabs,p Absorption cross-section for the pump  Fig. 4
Oabs,s Absorption and emission cross-section  Fig. 4
Cemsp for the signal and ASE
Oabs, ASE
Oems, ASE
BW s Noise bandwidth 10 nm

shows the total splice loss, which reaches a theoretical minimum
at a; = 1.5 pm. Therefore, the characteristics of the designed
6M-EDF at a; = 1.5 pum is considered. Observing the mode
field distribution in Fig. 1, the uniform doping of the erbium ion
in two ranges, namely regionl and region2, is also proposed.
To obtain the gain characteristics of 6M-EDFA, the simulation
system is built, as shown in Fig. 3, based on the rate equation
and the propagation equation [33], [34]. The input optical signal,
through the isolator, is coupled to the EDF with the pump light.
The signal light is then amplified by using 1480 nm forward
pumping and the initial parameters are shown in Table 1. The
cross-section absorption and emission indicate the probability
that erbium ions will be absorbed and emitted at different wave-
lengths. Moreover, Fig. 4 shows the absorption and emission
spectra of an erbium ion-doped silica fiber used in the simulation.
However, the designed 6M-EDFA, using the double layer of
uniformly doped 6M-EDF, does not achieve the expected DMG
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used in simulations.
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Fig. 5. Change in fitness value for 100 iterations using the GA.

values due to the presence of multiple modes. Based on this
situation, region? is considered for further stratification.

In addition, the three-layer doping method is difficult to yield
the most suitable doping structure to meet the demand of low
DMG, by manual adjustment, due to the need to calibrate multi-
ple parameters of the doping regions and concentration. There-
fore, the GA is introduced to determine these doping variables.
In more detail, the GA is coded in binary, the population size is
set to 50, and the selection is performed using the roulette wheel
method with a crossover and a mutation probabilities of 0.9 and
0.05, respectively. The fitness function F, which determines the
fitness of an individual referring to its characteristics, is defined
as follows:

F =G/AG, ey

where G represents the average value of gain for each mode and
AG indicates the maximum value of DMG. The fitness function
fully considers the mode average gain and DMG, showing that
the doped structures, with large mode average gain and low
DMG, are better preserved. Thus, the optimal 6M-EDF can be
generated. The fiber doping structure is optimized by using the
process of individual coding, the initialization of the population,
the calculation of individual fitness, the selection crossover
mutation, and the population evolution. The change in the fitness
value is obtained after 100 iterations as shown in Fig. 5. The
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most suitable individual is selected from 100 iterations, and the
optimal doping structure is obtained by closely tuning the region
range and the concentration values. The optimal doping structure
is defined as follows:

9.5 x 1024, Opm <r <1.5um
5.5 % 10%*, 15um <r <6.62um , (2)
2.3 x 10, 6.62pum < r < 7.8 um

NO(T» 50) =

where Ny indicates the doping concentration and r represents
the radial erbium ion doping radius of the optical fiber. The
6M-EDFA, with this doping structure, features better gain char-
acteristics.

For the actual fabrication of EDF, fiber preform is prepared
in a conventional modified chemical vapor deposition (MCVD)
process. The high-purity material is first deposited on the inner
surface of a quartz glass tube in the structure of the fiber preform.
One end of the quartz glass tube is connected to a chemical
feed system so that the various chemical materials are mixed
in controlled amounts and fed into the quartz glass tube. The
composition of the chemical mixture for the corresponding
deposited layer is changed according to the process design
to obtain the necessary core and cladding optical waveguide
structure. During the deposition of the core layer, we injected
the corresponding concentration of Er ions solution in layers for
soaking. After drying the deposited quartz glass tube is fused and
shrunk into a solid quartz glass prefabricated rod. The prepared
EDF preforms are calculated, cased with a quartz tube of the
appropriate geometry and then drawn to make them.

The refractive index difference between the designed core area
and the cladding layer is less than 1% and the refractive index
difference between the trench and the cladding layer is greater
than —0.5%, and the designed concentration of Er-doped ions
can be fully achieved with the existing process. Considering
the limitations of the actual active fiber fabrication process
and reducing the error between the simulation results and the
fabricated object. In the design process, it is ensured that the
doped Er ions do not cross the refractive index distribution,
which greatly reduces the process difficulty and cost.

III. GAIN CHARACTERISTICS OF 6M-EDFA

Using the GA-optimized EDF structure for the 6-mode am-
plification, the modal gain and the DMG, being considered as
a function of optical fiber length, are obtained at the 6M-EDF
length of 10 m as shown in Fig. 6(a). As the optical fiber length
varies from 0 m to 10 m, the pump light is fully used and
the gain of each mode reaches the saturation level. Moreover,
the 6M-EDFA achieves a gain of more than 25 dB per mode
and a maximum DMG of 0.280 dB, which reflects the good
amplification characteristics of 6M-EDFA. As for the noise
factor (NF), it is a crucial parameter to measure the amount
of noise affecting the signal when applying the fiber amplifier
gain [35], [36]. Fig. 6(b) shows the variation of the forward
and backward amplified spontaneous emission (ASE) power,
and the maximum NF obtained for a 10 m-long 6M-EDF is
3.78 dB. In practical applications, optical fibers are certainly
subject to various disturbances. These disturbances include both
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external factors (such as bending, twisting, and stress), and
internal factors (caused by imperfect fiber manufacturing pro-
cesses). Multiple modes will eventually cause mode coupling
during transmission if the orthogonality between the modes is
compromised [37], [38]. Considering the resulting crosstalk, the
gain performance of 6M-EDFA is obtained through modeling
the coupled power equation as shown in Fig. 7. Comparing
Figs. 6(a) and 7, the mode coupling has little effect on the gain
characteristics due to the short design optical fiber length, and
the DMG is reduced to 0.277 dB considering the mode coupling.

As for the pump light, it provides the energy for light am-
plification, allowing lower energy particles to jump to higher
energy levels, thereby producing population inversion [39], [40].
Considering the effect of the pump power on the amplification
characteristics of the 6M-EDFA, Fig. 8(a) shows the modal gain
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Fig. 8. (a) The amplification characteristics of the 6M-EDFA with different
pumping powers at 10 m 6M-EDF. (b) The NF of the 6M-EDFA with different
pumping powers at 10 m 6M-EDF. (c) The amplification characteristics of the
6M-EDFA at C-band.

as a function of pump power for the 6M-EDF at a 10 m length.
The modal gain of each mode increases with the pumping power.
The LPy;a and LP2; b modes show the most significant changes,
and the LPy; mode presents the lowest increase. However, the
growth rate of the modal gain gradually slows down with the
gradual increase of the pump power. The variation of NF is
thereby presented in Fig. 8(b), which becomes lower while the
pump power increases, indicating that the higher pump power
can improve the performance of the amplifier to some extent;
however, considering the nonlinearity caused by high power and
the DMG variation, the choice of pump power also needs to be
reasonably regulated. Moreover, Fig. 8(c) shows the variation of
the modal gain and the DMG with a 5 nm wavelength span in
C-band. In addition, the average gain variation of each mode at
the considered wavelengths of the signal light in C-band is small,
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and the difference AG’ between the maximum and minimum
values of all modes in the whole C-band is 2.562 dB. The DMG
reaches a maximum value of 1.945 dB at 1535 nm, and then
gradually decreases before reaching a minimum at 1550 nm.
However, the DMG gradually increases again as the signal light
wavelength increases from 1550 nm to 1565 nm. In general,
the gain and DMG are maintained in a small range and the
6M-EDFA has good gain stability.

The effect of the concentration error of the designed EDF
on the C-band gain spectrum of the FM-EDFA is shown in
Fig. 9. The errors for the EDF doped structures are set to —5%,
+5%, —10%, and +10% respectively. Fig. 9(a), (b), and (c)
corresponds to the effect on the DMG of variations in the doping
concentration of the three layers as N; = 9.5 x 10, Ny =
9.5 x 10*, and N3 = 9.5 x 10%*. Overall, the concentration
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error has a smaller effect on the DMG, and the error in Ny and
N3 have a larger effect on the DMG than N;. The effect of the
concentration errors on DMG value varies by less than 1 dB
for the whole C-band, indicating the stability of the designed
EDF structure. Fig. 10 shows the effect of varying the doping
thickness on the DMG. R; = 1.5 pm and Ry = 6.62 pum are the
radius between the optimized doping layers respectively. The
error in Ry has a small effect on the gain characteristics of the
FM-EDFA, while the Ry has a more pronounced effect on the
DMG. The effect of the error on the DMG value is less than 2 dB
for the whole C-band when the R5 is reduced, and the effect on
the DMG is small. As R; increases, the second layer of the doped
structure becomes thicker, the third layer becomes narrower, and
the DMG increases as Ro increases. The maximum DMG value
reaches more than 6 dB for a 10% increase in R. Therefore, the
actual fabrication of the designed EDF should take care to dope
the inner layer as much as possible, which provides a reference
for the actual fabrication of the fiber.

IV. MDM TRANSMISSION BASED ON THE 6M-EDFA

To verify the feasibility of 6M-EDFA in the MDM system,
this latter is built as shown in Fig. 11. Considering that the
polarization division multiplexing (PDM) can improve the trans-
mission capacity, a 1550 nm laser is used at the transmitter
end to generate two polarized beams through the polarization
beam splitter (PBS). Afterward, both systems are separately
modulated by the IQ (in-phase and quadrature) and transmitted
to the transmission fiber through a mode multiplexer under
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the polarization beam combiner (PBC). A polarization-diversity
digital coherent receiver subsequently gets the demultiplexed six
mode signals after the developed 6M-EDFA has amplified the
optical signal. Then, this receiver converts the optical signal into
a digital signal and generates the signal after resampling, disper-
sion compensation, equalization, and carrier recovery through
digital signal processing.

The simulation uses the 60 km transmission fiber, and the
laser at the transmitter end is modulated at 10 Gbit/s 4-quadrature
amplitude modulation (4-QAM) signal, which is equalized using
the constant modulus algorithm (CMA) after the dispersion
compensation. The convergence of the CMA is obtained with
a filter number of taps of 79 and an iteration step of le™* is
shown in Fig. 12. The mean square error (MSE) of each mode
decreases continuously with the increase of the sequence length
and finally remains at a very low value. Furthermore, the bit
error ratio (BER) is an important index reflecting the quality
of communication. The simulation set a sequence length of
2048 per block. The BER, as a function of optical signal noise
ratio (OSNR) after 100 iterations, is presented in Fig. 13. The
BER value decreases gradually as the OSNR increases, and the
maximum BER is 3.2 x 10~* at the OSNR of 20 dB. Fig. 14
shows the constellation diagram of each mode with LPy; X,
LPHaX, LPllbY, LP21 aY, LP21bX, and LPOQY after the carrier
recovery, which features obvious boundaries and compactness.
These results verify the reliability of the communication system
and that the designed 6M-EDFA can greatly meet the require-
ments of the MDM communication.
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V. CONCLUSION

We designed the 6M-EDF through simulation and investi-
gated the gain characteristics of the 6M-EDFA system. The
splice loss between the 6M-EDF and the transmission fiber is
reduced by designing the center-depressed optical fiber with the
trench-assisted structure. The signal light is amplified through
forward pumping at 1480 nm, and the GA is used to determine
the doping structure of the optical fiber to achieve a higher
gain and lower DMG of 0.280 dB. The coupled power equation
is introduced to reflect the amplification characteristics of the
6M-EDFA under the mode coupling. Due to the short length
of the 6M-EDFA, the mode coupling has less effect on the
gain characteristics, and the DMG is reduced to 0.277 dB.
The 6M-EDFA also shows a good amplification effect in the
whole C-band. The difference AG’ between the maximum and
minimum values of all modes in the whole C-band is 2.562 dB.
However, the above conclusions are based on the theoretical
calculation, and the actual FM-EDFA is subject to the influence
of the fiber processing process, fiber loss, random crosstalk, and
the environment, resulting in some deviations in the obtained
DMG and an inability to guarantee the 3rd digit accuracy.
Therefore, the theoretically obtained DMG is considered to be
0.3 dB with a standard deviation of 0.1 or 0.2 dB.

In addition, considering the effect of the designed 6M-EDFA
in the MDM transmission system, the PDM-MDM transmission
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system was also built. After the system equalization using the
CMA, the BER of each mode is less than 10~3 at an OSNR
of 20 dB, and the constellation diagram of the modes can be
well distinguished, which fully demonstrates the reliability of
the transmission system.
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