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Abstract. In a few-mode erbium-doped fiber (FM-EDF), which is a key section in a space-division multiplexing
(SDM) communication system, linearly polarized (LP) and orbital angular momentum (OAM) modes, as two-
mode bases with different phase profiles, can be transformed into each other. In principle, the LP and OAM
modes have a different mode spatial intensity distribution and a gain difference for FM-EDF amplifiers. How to
analyze and characterize the differential mode-bases gain (DMBG) is important, but still an issue. We build, for
the first time to our knowledge, a local analysis model composed of discrete elements of the FM-EDF cross
section in areas of mode spatial intensity distribution azimuthal variation. Using the model of the two mode
bases, analysis of local particle number distribution and detailed description of the local gain difference are
realized, and the overall gain difference between the two mode bases is obtained. By building an amplifier
system based on mode phase profile controlling, the gain of two mode bases is characterized experimentally.
The measured DMBG is ∼0.8 dB in the second-order mode, which is consistent with the simulation result. This
result provides a potential way to reduce the mode gain difference in the FM-EDF, which is important in
improving the performance of the SDM communication system.
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1 Introduction
Mode-division multiplexing (MDM) in few-mode fibers (FMFs)
is a form of space-division multiplexing (SDM) communication
system1–4 in which multiple modes are used to transmit multiple
independent data streams. This approach has been widely inves-
tigated and applied to solve the capacity crunch problem of op-
tical fiber transmissions using signal mode fibers.5–7 With the
development of MDM technology, the number of multiplexed
channels in fibers has proliferated.8–12 As a critical device in the
FMF-MDM communication system, a few-mode erbium-doped
fiber amplifier (FM-EDFA)13–15 is the most commonly used to

improve the transmission distance, but it must be redesigned and
upgraded to ensure mode gain equalization16–18 and to increase
the saturated output power. In the past research, FM-EDFAs
have been employed to realize mode gain equalization through
the following three main strategies: changing the mode field in-
tensity by designing a special refractive index profile,19 manag-
ing the spatial distribution of the doped erbium ions,20 and
controlling the pump mode.21,22 A lower differential mode gain
(DMG, maximum difference of gain for a particular wavelength
among different signal modes23) requires a more complex pump
mode superposition, a multilayer erbium doping distribution, or
a special refractive index profile. The DMG of the FM-EDFA is
the most pressing problem to be solved because it limits both the
capacity and reach of the MDM transmission.24,25 Similarly,*Address all correspondence to Shecheng Gao, gaosc825@163.com
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increasing the saturated output power is another challenge in the
practical application of FM-EDFAs. Through erbium ytterbium
codoping,26 pumping collectors27 and cladding pumps can in-
crease the saturated output power of FM-EDFAs. However,
all the above-mentioned solutions place high requirements on
the manufacturing process of few-mode erbium-doped fibers
(FM-EDFs). Therefore, it is necessary to seek a solution with
a simple fiber structure design and easy manufacturing process
to realize mode gain equalization and increase the saturated out-
put power of FM-EDFAs.

Two spatial mode bases are generally available in FMF-
MDM systems: orbital angular momentum (OAM) mode28–31

and linear polarization (LP) mode.32–34 The LP and OAM modes
can be transformed into each other and formed by a degenerate
linear combination of the vector modes35,36 in FMFs. The modal
field intensity distributions of the LP and OAM modes exhibit
different shapes in space.37 In effect, the mode spatial intensity
distribution determines the spatial distribution of photons and
thus the gain of FM-EDF. A differential mode-bases gain
(DMBG) exists in the amplification process due to differences
in mode spatial intensity distribution between the OAM and LP
modes within the same order of the vector mode group.38–40

The underlying reasons leading to DMBG between LP and
OAM modes are as follows. In LP mode bases, the angular fluc-
tuation of the signal light intensity distribution corresponds to
the great difference in the angular distribution of the induced
photon number during the amplification process, and the situa-
tion occurs that the regions with strong light intensity reach sat-
uration gain, whereas the excited ions in the weak regions
cannot be fully utilized. In OAMmode bases, this situation does
not occur because the signal light intensity is evenly distributed
along the angular direction. Therefore, by controlling the mode
phase profile,39,41,42 the amplified mode bases in FM-EDFAs can
switch between the LP and OAM modes to generate DMBG,
which can be utilized to dynamically adjust the DMG. In con-
trast to the DMBG, the DMG in FM-EDF mainly stems from the
gain difference among mode groups. This is because the inten-
sity distribution of each mode under the same mode basis in
the same mode group is almost uniform, and thus, the gain
difference is often negligible.15,43 In addition, the OAM mode
bases can be used to increase the saturated output power of
FM-EDFAs in different order modes. This strategy can improve
the performance of FM-EDFAs without needing to adjust the
structure of the active fiber or control pump mode, such as
the core pump mode or cladding pump. However, the cause
of DMBG generation between the LP and OAM modes has
not been systematically investigated in FM-EDFAs.

In this paper, for the first time to our knowledge, a discrete
pixelated local analysis model for FM-EDF is constructed to
accurately characterize the local gain of signal mode in detail
and then obtain the overall mode gain difference between
two mode bases. The difference between LP and OAM mode
bases in the amplification process of FM-EDFA is mainly de-
rived from the difference in the distribution of their mode inten-
sity. This is because the different mode spatial intensity
distributions determine the spatial photon number distribution,
the spatial distributions of the number of erbium ions in the ex-
cited state and the ground state are determined by the spatial
distribution of signal light photon numbers, and the overall gain
of the signal mode is then determined. Based on the proposed
local analysis model, through theoretical analysis and numerical
simulation, we discover that for the same order azimuthal mode

with an input signal power ranging from −15 to 15 dBm, the
DMBG falls between 0.37 and 0.95 dB. By building an ampli-
fier testing system based on controlling the mode phase profile,
the experimental results show that for the same-order modes
with an input signal power of −10 dBm, the first- and sec-
ond-order DMBGs are 0.40 and 0.80 dB, respectively. Then,
we use DMBG to realize mode gain equalization, which
changes the DMG from 1.72 to 1.32 dB and increases the sa-
turated output power. The experimental results are consistent
with the simulation results, demonstrating the influence of the
phase profile on the gain difference of the FM-EDFA. The
mode-bases switching method based on controlling the mode
phase profile can be used to achieve a smaller DMG and to in-
crease the saturation output power to improve the performance
of the SDM communication system in the experiment.

2 Theoretical Model Analysis
Under the weak guide approximation condition of traditional
FMFs, both the LP and OAMmodes have the same order vector
mode group, and they can be deduced from each other. OAM
modes can be obtained by combining degenerate odd and even
LP modes with a π∕2 phase difference.44,45 In general, the LP
and OAM modes are derived from degenerated vector modes
(eigenmodes) in the FMF for their weakly guiding structure.46

There exist four vector modes (TE0;1, HEeven
2,1 , HEodd

2,1 , TM0,1 for
l ¼ 1, and HEeven

lþ1,1, HE
odd
lþ1,1, EH

odd
l−1,1, EHodd

l−1,1 for l > 1, where l
is the azimuthal order index) with almost similar neff for any
high-order azimuthal modes, which comprise a single mode
group, as shown in Fig. 1(b).36,38 Due to the almost similar
neff , in a traditional FMF, the stable mode patterns are usually
presented in the form of the linear combination of the degenerate
vector modes, namely, LP or OAM modes. The resultant inten-
sity distributions, along with schematic representations of neff
for the first two high-order azimuthal modes in two mode bases,
are shown in Figs. 1(a) and 1(c). In principle, the modes in any
base can be yielded by a linear combination of modes in the
other bases.36,47 The relationship among the three mode bases
of the LP, vector, and OAM modes can be seen in Fig. 1.
Although these mode bases are mutually unbiased and the
modes can be linearly combined with each other in different
bases, the mode intensity profile is significantly different in dif-
ferent bases due to the different mode phase distribution deter-
mined by the combination form, as shown in Figs. 1(a) and 1(c).

Fig. 1 The first- and second-order azimuthal mode bases of few-
mode fibers in the (a) LP mode, (b) full vector mode, and (c) OAM
mode.
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This intensity profile difference must be taken care of because it
provides a way to adjust the DMG among different mode groups
by switching the mode bases through the phase distribution.
The phase distribution corresponding to the different modes is
formed by the different superposition of the same group vector
modes.36 The mode phase distribution and its changes can be
realized by the combination of excited modes in the FMF,
and this combination is determined by the phase distribution
and polarization state of the launched light.

When analyzing DMBG with different phase profiles, we
need to consider the mode propagation stability in optical fi-
bers.47 Various random disturbances will be encountered in
long-distance optical fiber communication transmission sys-
tems, resulting in poor mode stability48 and mode bases switch-
ing between the LP mode and OAM mode. The mode
propagation stability is critical during short-distance optical
fiber communication transmission systems, especially in the
active fiber length range (usually on the order of several meters,
e.g., ∼3 m in this work). The OAM mode may be taken as a
combination of several vector modes with different propagation
constants. Taking EHodd

l−1,1 þ iEHeven
l−1,1 as an example, the electric

field of Eðξ; zÞ should be49

Eðξ; zÞ ¼
�
σ̂þOAM−l cos

�
β1 − β2

2
z

�

þ iσ̂−OAMþl sin

�
β1 − β2

2
z

��
ei

β1þβ2
2

z; (1)

where β1 and β2 are the propagation constants (this can also be
characterized by an effective index of the mode given by
neff ¼ λβ∕2π) of the odd and even modes in one mode group.
With the combination of odd and even modes with different

propagation values, the topological charge l of the OAM mode
periodically changes with the propagation distance, and its cut-
off length Zwalk−off ¼ π∕ðβ1 − β2Þ ¼ λ∕2Δneff will decrease by
increasing the difference in effective refractive index Δneff of
the odd and even modes. The active fiber used in the experiment
was chosen as an example at a wavelength of 1550 nm, and the
Δneff calculated using a finite-element method is ∼6.3 × 10−11
(HEodd

2,1 and HEeven
2,1 ), 1.1 × 10−11 (EHodd

1,1 and EHeven
1,1 ),

2.6 × 10−11 (HEodd
3,1 and HEeven

3,1 ), <3.0 × 10−14 between the
odd and even modes in the LP mode bases, and <5.8×
10−11 between the þl and −l modes in the OAM mode bases,
respectively. Among them, the resulting minimum Zwalk-off is
∼1.23 × 104 m. The length of the active fiber in general is
approximately a few meters, which is much shorter than the
Zwalk-off , so the mode bases are stable within the length of
the active fiber. This point is also confirmed by our experiments;
the corresponding experimental results are shown in Fig. 6(b).

As shown in Fig. 2(a), by taking an infinitesimal element in
the cross section of the active fiber to establish the fluorescence
emission model of localized analysis in few-mode active fibers,
the amplification of the signal in the active fiber is regarded as
the process of photon–electron interaction, and the process is
represented by a two-level system composed of erbium ions
composed of energy levels 4I11∕2 (excited state energy level)
and 4I15∕2 (ground state energy level). As the pump field
(980 nm) is injected into the active fiber, the electrons in the
erbium ions in the ground state energy level reach the excited
state level. The injection of the signal field (1550 nm) induces
ions to reach the excited state energy level, after which the ions
return to the ground-state energy level to release many photons
to amplify the signal. However, the mode spatial intensity dis-
tributions between the LP and OAM modes of the same order

Fig. 2 LP and OAMmode fluorescence emission processes in an FM-EDF. (a) Energy-level struc-
ture model of a signal carrying photon excitation based on photon–electron interactions, and evo-
lution of the inversion particle distribution in FM-EDF with respect to the fiber length; (b) local
analysis model micro-elements in FM-EDF; (c) normalized intensity of the LP and OAM modes;
and (d) local normalized particle number of the ground-state energy level.
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radial mode exhibit local differences in azimuth, and the local
differences in the mode spatial intensity distributions determine
the local differences in the spatial photon number distributions,
which leads to local gain differences. Moreover, Fig. 2(a) shows
the evolution process of the distribution of 4I11∕2 and 4I15∕2 with
different active fiber lengths. When the fiber is short, the number
of particles of 4I11∕2 and 4I15∕2 of LP and OAM modes bases is
the same; with the increase of fiber length, the number of par-
ticles of 4I11∕2 and 4I15∕2 will be different due to the difference of
mode intensity distribution, and the number of particles of 4I15∕2
will be saturated at the high spatial intensity of the LP mode.
However, the number of particles of 4I15∕2 uniformly increases,
and there is no saturation phenomenon in the OAM modes.

To explain the difference in DMBG between the LP and
OAM modes, we analyzed the two-state energy levels (excited
state and ground state) of the particle number distribution via the
established fluorescence emission process model. Here, we dis-
cretize the abovemodel in the cross-sectional area, so that we can
obtain a local analysis model composed of discrete elements of
the FM-EDF cross section in the mode spatial intensity distribu-
tion azimuthal variation areas to clearly understand the particle
number distribution at the cross section of the FM-EDF. Here,
N1ðr;φ; zÞ and N2ðr;φ; zÞ represent the numbers of particles in
the excited state and ground-energy levels, respectively. To better
explore the distribution of N1ðr;φ; zÞ and N2ðr;φ; zÞ, where r is
the radial length of the fiber, φ is the azimuthal angle, and z is
the fiber length, we build the localized analysis model shown in
Fig. 2(b) using a micro-element (i.e., the difference in the spatial
intensity distributions between the LP and OAM modes with
azimuth angles within the same radius) in the FM-EDF cross
section to analyze the distribution of N1 and N2 in the azimuth
of the same radius. At the steady state, the excited energy level of
the erbium ion concentration is expressed as50–52

N2ðr;φ; zÞ ¼
h

1
hvp

PpðzÞσapΓp þ 1
hvs

Ps;iðzÞσasΓs;i

i
N0ðr;φ; zÞ

1
hvp

PpðzÞσapΓp þ 1
hvs

Ps;iðzÞðσas þ σesÞΓs;i þ 1
τ

;

(2)

N1ðr;φ; zÞ ¼ N0ðr;φ; zÞ − N2ðr;φ; zÞ; (3)

where N0ðr;φ; zÞ represents the total concentration of erbium
particles, vs and vp are the frequencies of the signal and pump,
respectively, and h is Planck’s constant. After the fiber material
is determined, the radiation cross section and absorption cross
section are only related to the wavelength and do not changewith
the distribution of erbium ions. σas and σes are the absorption
cross-sectional area and radiation cross-sectional area, respec-
tively; in the signal mode, σap is the absorption cross-sectional
area in pump mode, and τ is the lifetime of erbium ions in the
FMF. Γp and Γs;i are the power overlap integrals of pump and
fluorescent photons, respectively, which are related to the inten-
sity distribution of the pump and signal field. The signal power
depends on the particle number distribution state of N1ðr;φ; zÞ
and N2ðr;φ; zÞ, and their rates are expressed as50,52

dPsignal;mðzÞ
dz

¼ Psignal;mðzÞ
X
k

Is;m;kðr;φ; zÞ

× ½N2;kðr;φ; zÞσes − N1;kðr;φ; zÞσas�; (4)

dPsignal;mðzÞ
dz

¼ Psignal;mðzÞ
X
k

Is;m;kðr;φ; zÞ

× ½N0;kðr;φ; zÞσes − N1;kðr;φ; zÞðσas þ σesÞ�;
(5)

where Ps are the fluorescence photon powers, which are the
signal mode powers. Equation (5) can be obtained by substi-
tuting Eqs. (2) and (3) into Eq. (4). Equation (5) shows that the
signal mode power can be affected only by N1. Only the signal
mode spatial intensity distribution can affect the distribution
of N1 with the same pump mode and power. In FM-EDFs, pho-
tons interact with dopant ions, and one of the critical processes
is stimulated radiation absorption and emission. Areas with
high-mode spatial intensity distributions have more photons.
Conversely, areas with low-mode spatial intensity distributions
have fewer photon populations. Due to the difference in the
mode spatial intensity distributions of the LP and OAMmodes,
as shown in Fig. 2(c), there are local differences in N1 during
the amplification process in the FM-EDF. The spatial intensity
distribution of the LP mode is sinusoidal, whereas the spatial
intensity of the OAM mode is uniform. This is the main reason
for generating DMBG in the FM-EDF. We will be able to better
understand this difference in the distribution of N1 by the
localized analysis model shown in Fig. 2(d). Here, the azimu-
thal angle of 0 deg is the location of the high spatial intensity
distribution, turning 360 deg counterclockwise in the fiber. We
select the areas where the azimuthal angle ranges from 40 to
85 deg [i.e., the shaded area in Fig. 2(c)]. N1 in the LP mode
will be saturated in the high spatial intensity distribution areas,
which means that the local gain of the LP mode will be satu-
rated and not increase in this area. Moreover, N1 in the OAM
mode uniformly increases, and the local gain increases in the
micro-element area, further illustrating the differences in gain
between the LP and OAM modes.

This localized analysis model is proposed to deal with the
gain details of the nonhomogeneous transverse distribution of
signal mode intensity in the FM-EDF and to clarify the effect of
the intensity difference caused by the difference of mode phase
distribution on the overall gain. It does not put more restrictions
on the fiber structure. In other words, this model can be used to
describe the gain process of other types of active fibers in detail,
as long as the intensity of the signal mode is distributed steadily
over the gain process of concern.

3 Simulation Analysis
To better explain the DMBG caused by the different mode phase
profiles, we use the localized analysis model shown in Fig. 2(c)
to analyze the particle number distribution of N1 from the fol-
lowing two aspects: signal power and fiber length. First, we an-
alyze the influence of the signal power on the DMBG, as shown
in Fig. 3(a). As the signal power increases, the distribution of
N1 at the difference in the mode spatial intensity distribution
between the LP and OAM modes (from 40 to 85 deg of the azi-
muthal angle) will continue to increase. According to the analy-
sis of Fig. 3(a), as the signal power increases, N1 will increase
until it reaches saturation because the mode spatial intensity
distribution of the LP mode is a lobe shape, and N1 reaches
saturation in the high spatial intensity distribution area.
However, the mode spatial intensity distribution of OAMmodes
is uniform, and N1 also uniformly increases and does not reach
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saturation. As the difference in the local N1 determines the local
gain difference during the amplification process in the FM-EDF,
the DMBG between the LP and OAM modes will occur. As
shown in Fig. 3(b), when the signal power is set to −15 dBm,
the DMBG is ∼0.37 dB, but when the signal power is set to
10 dBm, the DMBG is ∼0.95 dB, and as the signal power in-
creases, the DMBG starts to decrease. As the signal power is
low, the saturation range of N1 in the LP mode is small. As
the signal power increases, the saturated range of N1 in the
LP mode becomes increasingly larger. In the saturated area,
the mode gain reaches a maximum and cannot further increase.
As the saturated range of N1 increases, the DMBG becomes in-
creasingly larger as the range of mode gain also increases. When
the signal power is close to the saturated output power, the dis-
tribution of N1 decreases, and the DMBG decreases. Figure 3(c)
shows the modal gains of the second- and first-order signals,
DMBG and DMG, in FM-EDF at a wavelength of 1550 nm with
a signal power of −10 dBm as a function of the pump power.
Because of the presence of DMBG, we can use DMBG to im-
prove the performance of the DMG and the saturated output
power. By controlling the mode phase profile to switch LP1,1
to OAM1,1 modes, the DMG decreases by 0.35 dB from

1.37 to 1.02 dB, and the saturated output power of the first-order
radial mode increases by 0.35 dB.

Similarly, the fiber length is also an important factor influ-
encing the DMBG. As the active fiber length increases, the total
number of doped particles in the active fiber increases, increas-
ing the DMBG size. The total doped particle number in the FM-
EDF determines the total group state particle number, which af-
fects the gain of the FM-EDFA. Figure 4(a) shows the evolution
of the particle number spatial distribution with the LP and OAM
modes in the active fiber. As the active fiber length increases, the
distribution of N1 in the LP mode becomes saturated in the high
spatial intensity distribution area. In contrast, the distribution of
N1 in the OAM mode uniformly increases and is not saturated.
We choose representative fiber lengths (2 and 4 m) and analyze
the distribution of N1 as the difference in the mode spatial in-
tensity distribution areas between the LP mode and OAM mode
(from 40 to 85 deg of the azimuth angle). As shown in Fig. 4(b),
as the active fiber length increases, the saturated area of N1 in
the LP mode continuously increases. Simultaneously, N1 will
not appear saturated but will constantly increase in the OAM
mode. A longer active fiber length means a greater number
of erbium particles. Thus, the number of erbium particles

Fig. 3 Simulation results for different cases. (a) Lower-energy-level particle population distribution
for a range of signal power (−20 to 10 dBm) with a pump power of 600 mW; (b) gain and DMBG of
LP and OAM modes with a range of signal power from −15 to 15 dBm; and (c) modal gains of the
second-order and first-order signals, DMBG, DMG before and after controlling the mode phase
profile in the FM-EDF at a wavelength of 1550 nm with a signal power of −10 dBm as functions of
the pump power.

Fig. 4 (a) Evolution process of particles in the optical fiber as the length changes; (b) lower-
energy-level particle population distribution of different fiber lengths of 2 and 4 m with a pump
power of 600 mW; and (c) gain and DMBG of LP and OAM modes with different fiber lengths
and a signal power of −10 dBm.
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increases in the excited state, and the inversion particle number
increases. However, due to the local saturation of N1, further
increasing the active fiber length cannot further increase N1

at high spatial intensity distribution areas in LP modes, and as
the saturated area of N1 continues to increase, more local gains
will stop increasing. In contrast, as N1 in the OAM mode can
continue to increase and not become saturated, the local gain
will increase. The local distribution difference in N1 causes the
local mode gain difference between the LP and OAM modes,
resulting in the DMBG, as shown in Fig. 4(c). As the active fiber
length increases, the DMBG also increases to ∼0.55 dB.

In the simulation analysis here, we assume that the distribu-
tion of erbium ions in the fiber is uniform, and the pump is a
fundamental-mode core pump, but this analysis model is not
limited to this, and it can also be used to analyze the situation
of uneven transverse distribution of gain ions and arbitrary
pumping mode.

4 Experimental Verification
The above simulation analysis revealed the reasons for the
DMBG caused by the mode phase profile. To confirm the effect
of the mode phase profile on the modal gain difference in the
FM-EDFA, an FM-EDF is used, and a mode phase profile
controlling a few-mode amplifier testing system based on space
optical components is constructed. Figure 5(a) shows a micro-
scope image of the cross-section of the used FM-EDF, whereas
Fig. 5(b) represents its refractive index profile. The diameter of
the FM-EDF core and the trench are 18 and 33 μm, respectively.
The index differences between the fiber cores, the trench, and
the cladding are 0.012 and 0.004, respectively. It can support the
amplification of four modal groups (i.e., LP0,1, LP1,1, LP2,1, and
LP0,2). Here, we focus on the two mode groups with higher azi-
muthal order, that is, the LP1,1ðOAM1,1Þ and LP2,1ðOAM2,1Þ
modes; their phase and intensity distribution are illustrated in

Fig. 5(c). A schematic of the mode phase profile can be regu-
lated; the test experimental setup is shown in Fig. 5(d). The
high-order signal is generated by launching the output of a tun-
able laser by loading a phase hologram on a spatial light modu-
lator (SLM). The SLM is combined with the cascaded λ∕2 and
λ∕4 plates to form a mode phase controller (MPC), which is
used to control the mode phase profile36,39 in the same order
mode group excited in the FM-EDF. By controlling the MPC
properly, the mode state in the FM-EDF between the LP and
OAM mode bases can be switched. The collimator lens was
used to couple the coaxial beam to the FM-EDF, and the end
of the FM-EDF was angle-cleaved by 8 deg to suppress any
undesired influence of the parasitic laser.53 The dichroic mirror
(DM) is used at the output end to filter out the remaining
pump,54 and the signal light is divided into two lights through
beam splitters. On the one hand, an objective lens (Obj) is used
to couple the amplified signal demodulated by the phase plate
into a single-mode fiber and then connected to an optical spec-
trum analyzer through a single-mode fiber for recording after the
amplification spectrum is obtained.43 On the other hand, the mo-
dal intensity distribution of the output signal is observed by a
charge-coupled device (CCD).

To experimentally test the difference in DMBG between the
LP and OAM modes, we control the input signal mode phase
profile using MPC to realize mode-bases switching. As the
mode supported by the FM-EDF is up to the second-order
mode, we test the mode gain of the first- and second-order
modes with the same order radial vector mode group. During
testing, the effective mode-bases amplification needs to be clari-
fied. The LP and OAM modes are distinguished by observing
the mode spiral interference via the CCD. Figure 6(a) shows the
mode intensity distributions and interference patterns of the
first- and second-order modes at a wavelength of 1550 nm under
150-mW total pump power, confirming the existence of two
modes (LP and OAM modes) in the FM-EDF. The propagation

Fig. 5 (a) Cross section, (b) refractive index profile, and (c) calculated mode phase and intensity
distribution of the FM-EDF used. (d) Experimental optical test system setup for the gain test based
on space optical components. SLM, spatial light modulator; QWP, quarter-wave plate; HWP, half-
wave plate; Col, collimator; DM, dichroic mirror; BS, beam splitter; Obj, objective lens; PP, phase
plate; CCD, charge-coupled device; OSA, optical spectrum analyzer.
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stability is another critical factor that influences effective mode-
bases amplification. Therefore, we observe whether the mode
bases change by shortening the fiber length from 2.2 to
0.2 m to verify the mode propagation stability in the active fiber.
The results are shown in Fig. 6(b) that the mode propagation is
stable over the length of the FM-EDF.

Moreover, the signal modal gain of the FM-EDF is measured
by launching the LP and OAM modes at 1550 nm and pump
powers ranging from 200 to 1400 mW. Considering the various
losses from the input to the output on the spatial optical path, we
obtained the corresponding mode gain, DMBG, and comparison
of DMG in the different pump powers; the results are shown in
Fig. 7. As the pump power increases, the DMBG of the second-
order mode increases from 0.40 to 0.80 dB, with a signal power
of −10 dBm. When the DMBG becomes increasingly larger be-
cause the local mode gain simultaneously saturates, the DMBG
of the first-order mode is 0.40 dB, which is smaller than the
DMBG of 0.80 dB of the second-order mode at a pump power
of 1400 mWand a signal power of −10 dBm. Using the MPC to
control the mode phase profile to switch LP1,1 mode to OAM1,1
mode, the performance of FM-EDFA can be improved at a
pump power of 1400 mW and signal power of −10 dBm. The
DMG decreases by ∼0.40 dB from 1.72 to 1.32 dB, and the
saturated output power of the first-order mode increases by
∼0.40 dB.

To verify the simulation results, the signal modal gain test
and DMBG are measured by launching the LP and OAMmodes
at 1550 nm with a range of signal power from −15 to 15 dBm
in the FM-EDF. The results are shown in Fig. 8(b). When the
signal power is set to −15 dBm, the DMBG is ∼0.15 dB, but

when the signal power is set to 10 dBm, the DMBG is ∼1.2 dB,
and as the signal power increases, the DMBG starts to decrease.
This result verifies the simulation results. We also recorded the
changes in the modal intensity distributions of the LP and OAM
modes for a range of signal power from −10 to 10 dBm via a
CCD. Figure 8(a) shows the mode spatial intensity distributions
for a range of signal power between the LP and OAM modes.
As the signal power increases, the local modal gain of the LP
mode is saturated in the high-mode spatial intensity distribution
areas. However, there are still some areas that are not saturated
in the low spatial intensity distribution area in the OAM mode,
and the local modal gain of the OAMmode uniformly increases.
Because of the difference in local mode gain between the LP and
OAM modes, the DMBG can be generated in the FM-EDFA.
These results demonstrate that the DMBG can be used to reduce
the DMG of modes among different mode groups by combining
different mode bases.

5 Conclusion
We constructed a discrete pixelated local analysis model for the
FM-EDF to accurately characterize the local gain of signal
mode in detail and then obtained the overall mode gain differ-
ence between the LP and OAM mode bases. Using this local
analysis model, we described the gain details of two mode
bases, analyzed the particle number distribution during the am-
plification process in the FM-EDF, and obtained the overall gain
difference between the two mode bases. Moreover, this model
was used to explain the reasons for DMBG by analyzing the
distribution of N1 with different signal powers and fiber lengths.
These two aspects reflect the phenomenon in which the local
distribution of N1 reaches saturation, which is caused by the
local mode gaining saturation. We also constructed an amplify-
ing testing system based on controlling the mode phase profile
to characterize the gain of two different phase profile modes and
experimentally confirmed the simulation results. This proposed
model can also be used to describe the gain process of other
types of active fibers with an uneven transverse distribution
of gain ions under the arbitrary distribution of pump modes.
The DMBG found in this work not only provides a new strategy
to equalize the DMG in the FM-EDFA but also gives a way to

Fig. 6 (a) Modal intensity distributions and interference patterns
of the first- and second-order signal modes at a wavelength of
1550 nm under 150-mW total pump power and (b) modal intensity
distributions and interference patterns obtained by shortening the
fiber length from 2.2 to 0.2 m.

Fig. 7 Measured modal gains of the second- and first-order
signals, DMBG, and DMG before and after controlling the mode
phase profile in the FM-EDF at a wavelength of 1550 nm with a
signal power of −10 dBm as functions of the pump power.
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improve the saturation gain of the FM-EDFA. This is significant
for optimizing the amplification in long-distance MDM commu-
nications.
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