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1. Introduction

In order to meet the increasing demand for transmission capac-
ity and break through the nonlinear Shannon limit, in recent
years the spatial dimension has been used to further expand
the transmission capacity"?. As one of many space division
multiplexing (SDM) technologies, mode division multiplexing
(MDM) has been extensively and deeply studied™*!. In long-
haul MDM transmission systems, few-mode erbium-doped
fiber amplifiers (FM-EDFAs) are necessary to save costs and
energy consumption!”!. However, an excessive differential mode
gain (DMG) for FM-EDFAs will lead to the outage of commu-
nication systems. The DMG depends on the overlap between the
intensity profiles of the signal and the pump modes and the
erbium-ion doping distribution. Thus, there are usually three
techniques used to reduce the DMG by changing the refractive
index distribution, optimizing the pump configuration, and
designing the doping distribution of the erbium ions'!.
Initially, FM-EDFAs were realized by the free-space cou-
pling devices, with high-precision alignment and large-volume
requirements. The fiberization of FM-EDFAs is desirable for
commercialization and practical application. Mode-selective
photonic lanterns (MSPLs) are often used in FM-EDFAs for
multiplexing the signal and the pump light, but they cannot filter
out the pump at the output'®. Few-mode wavelength division
multiplexers (FM-WDMs), as wavelength (de-)multiplexers of
few-mode signals and pumps, have been produced to build
up all-fiber FM-EDFAs with a DMG of more than 1.6 dBU "),
Certainly, the fiberization of FM-EDFAs can also be achieved
by cladding pumping!'®''}, in spite of high pump power or
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All-fiber few-mode erbium-doped fiber amplifiers (FM-EDFAs) with isolation and wavelength division multiplexers (IWDMs)
have been developed to enable flexible pumping in different directions. The FM-EDFA can achieve >30 dB modal gain with
<0.3 dB differential modal gain (DMG). We experimentally simulate the DMG performance of a cascade FM-EDFA system
using the equivalent spectrum method. The overall DMG reaches 1.84 dB after 10-stage amplification. We also build a recir-
culating loop to simulate the system, and the developed FM-EDFA can support transmission up to 3270 km within a 2 dB
overall DMG by optimizing the few-mode fiber length in the loop.

Keywords: mode division multiplexing; few-mode erbium-doped fiber amplifier; gain equalization.

low pump usage. Recently, Xu et al!'?! presented a high-

gain integrated in-line three-mode EDFA, enabling 3840-km
long-haul transmission, in which two sections of few-mode
erbium-doped fibers (FM-EDFs) are used by forward and
backward pumping ways, respectively. Currently, all-fiber FM-
EDFAs with high gain (>20dB) and low DMG (<1 dB) have
been achieved in experiments supporting only LPy;, LP;y,,
and LP,};, three-mode signals.

In long-haul MDM transmission systems, the recirculating
loop schemes can also be applied by means of mode multiplexers
and demultiplexers, and the length of the few-mode fibers
(FMFs) used in the loops is usually less than 65 km!'>71%! In
order to get rid of the complicated and expensive loop configu-
ration, in the paper, we use the equivalent spectrum method!”’
to experimentally simulate the DMG performance of the cascade
FM-EDFA system, in which the process of multi-stage amplifi-
cation is replaced by multiple measurements on the FM-EDFA.
First, we fabricate a kind of new device, namely, optical isolation
and wavelength division multiplexers IWDMs), to build up
all-fiber FM-EDFAs capable of flexibly supporting forward,
backward, and bi-directional pumping. A section of 3 m-long
three-layer ion-doped double-cladding EDF supporting LPy,,
LP,;, LP,;, and LP, signal modes!""! is utilized for the high gain
of about 32 dB, with the DMG of 0.27 dB, by a single forward-
pumped LPy; mode at 1480 nm. Then, we use the equivalent
spectrum method to experimentally simulate the DMG perfor-
mance of the cascade four-mode (4M) EDFA system, and the
overall DMG after 10-stage amplification is up to 1.84 dB.
Finally, a recirculating loop model with the 4M-EDFA is built
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up by the VPI software, and the simulation results are basically Figure 1(a) shows the FM-IWDM and its structure. For the
consistent with the experimental data. By optimizing the length ~ FM-IWDM, the signal light is input to the 1550 nm port, then
of the few-mode transmission fiber in the recirculating loop, our passes through the self-focusing lens, the forward isolator, and
simulation shows that the cascade 4M-EDFA system can achieve  the reflective film in turn, and lastly arrives at the output end
the transmission distance of 3270 km within the overall DMG  of the FM-IWDM, along with the 1480 nm pump reflected by
of 2 dB. the reflective film. The forward isolator is used to suppress
the reflection of the signal and pump modes. The FM-IWD

demultiplexer is similar to the multiplexer in structure, except

_ _ for the isolation direction. Here, the pigtails connected to three

2. Setup of IWDM-Based FM-EDFAs ports of the IWDMs are four-mode t%lbers and can bear the
Compared with the traditional single-mode EDFAs, the active  laser power of up to 3 W by beam expansion. Table 1 lists
optical fibers and coupling devices used in FM-EDFAs need  the insertion loss and isolation performance of the FM-IWD
the support of the transmission of few-mode signals and pumps, ~ multiplexer and demultiplexer. From Table 1, for the 1550 nm
and the resulting FM-EDFAs are also required for modal gain  signal light, the FM-IWDM:s have the isolation of more than
equalization, i.e., as low a DMG as possible. Here, we construct ~ 40 dB, and the insertion loss of the demultiplexer is about
an all-fiber FM-EDFA, as shown in Fig. 1. Compared with the 1.6 dB, slightly greater than that of the multiplexer by 0.5 dB

previous works, we use the optical integrated devices with opti-  or more, while the insertion loss of the FM-IWDMs at the
cal isolation and wavelength division (IWD) multiplexing to 1480 nm pump is less than 1 dB, and the isolation is greater
develop all-fiber FM-EDFAs. The FM-EDFAs are capable of  than 50 dB.

supporting the simultaneous amplification of LPy;, LPy;, LP,;, The all-fiber FM-EDFA is mainly composed of two IWDM:s
and LPy, modes in the forward, backward, or bi-directional and a section of FM-EDF by the forward, backward, or
pumping ways. bidirectional pumping way, as shown in Fig. 1(a). Four
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Fig. 1. All-fiber FM-EDFA based on IWDMs. (a) FM-IWDM. b) All-fiber FM-EDFA configuration.
Table 1. Test Data for the FM-IWDMs.
IWD Multiplexer IWD Demultiplexer
Mode me LP11 LP21 LP[)Z LPm LP11 LP21 LP[)Z
1550 nm insertion loss/dB 0.79 0.97 0.89 0.87 158 1.55 1.51 1.66
1550 nm isolation/dB 4879 47.63 44,87 4772 42 45 44 54 4348 46.08
1480 nm insertion loss/dB 0.54 0.84 0.52 042 0.28 079 0.78 0.88
1480 nm isolation/dB > 50 > 50
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continuous waves (CWs) output from the tunable laser are
mode-converted into LPy,, LP;;, LP,;, and LPy, modes through
the MSPL and then injected into the IWDM as the input MDM
signals. The modal optical powers input to the
FM-EDFA can be adjusted by the variable optical attenuators
(VOAs). Forward LP;;-mode pumping is applied by directly
connecting the pump laser with the 1480 nm port of the
IWDM. A section of a 3-m-long triple-layer erbium-ion-doped
double-cladding FM-EDF with a central refractive index (RI)
depression is used to balance the intensity distribution of the
lower and higher-order modes for the lower DMG!"). This
refractive index profile can also reduce mode coupling and
ensure high isolation between modes.

In MDM transmission systems, mode crosstalk is very impor-
tant for multi-input multi-output (MIMO) signal processing. As
shown in Fig. 1, the mode crosstalk may be introduced by MSPL,
IWDM, FM-EDF bending, or fiber coupling. According to our
measurements, the IWDMs can well preserve the purity and
fidelity of each signal mode. Thus, the mode crosstalk mainly
comes from the MSPL and FM-EDF bending. The influence
of mode crosstalk on the modal gain can be removed by using
the wavelength mapping method!”’.

Next, the modal gain is measured by the wavelength map-
ping method using the optical spectrum analyzer (OSA,
Yokogawa AQ6375). Figure 2(a) shows the input optical spec-
trum of four signal modes, corresponding to 1549.15 nm,
1549.25 nm, 1549.35 nm, and 1549.45 nm, respectively. The
3-m-long FM-EDF is used in our experiment, and the signal
power input to the IWDM is —20 dBm for each mode. The var-
iations of the modal gain and the DMG with the forward
LP,,-mode pump power are shown in Fig. 2(b). It can be seen
from Fig. 2(b) that, with the increase of the pump power, the
modal gains gradually increase to saturation, but the DMG
gradually decreases, which is similar to the cladding pumping
case!"’. When the pump power is the maximum of 940 mW,
the output spectrum is shown in Fig. 2(c), and the modal gains
are, respectively, 31.79 dB, 31.94 dB, 32.06 dB, and 31.95 dB for
LPy,, LP,;, LP,;, and LPy, modes, with a minimum DMG of
0.27 dB. Compared with the cladding pumping, the core pump-
ing scheme has a higher pump efficiency (lower pump power),
higher modal gain, and smaller DMG.

The noise figures (NFs) are calculated from NF,=

ASE

S|
10 log(é + Piou ), where G; and PASE are, respectively, the

Gihv,Av i,oul
modal gain and output amplified spontaneous emission (ASE)
noise power density; 1 = 6.626 X 107*] - s is Planck’s constant;
vs is the signal frequency; and the ASE noise bandwidth
Av = 0.1 nm. Clearly, NF; depends on the modal gain G; and
the noise power PASE. At the maximum pump power of
940 mW, the modal NFs are 10.80 dB, 10.66 dB, 10.54 dB,
and 10.65 dB, respectively. In our calculation, PASE,
mately taken as the average value of the total ASE power den-
sities at 1549.05 nm and 1549.6 nm for all signal modes. In
addition, the non-optimal fiber coupling between the graded
index IWDM pigtail and the double-clad FM-EDF will lead to

an excess loss and then raise the NFs due to a relative reduction

is approxi-
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Fig. 2. Experimental results for the IWDM-based FM-EDFA. (a) The input signal
spectrum, (b) the variations of the modal gain and the DMG with the forward
LPg-mode pump power, and (c) the output spectrum at the pump power
of 940 mWw.

of signal gain!"®), It should be pointed out that a 1480 nm pump
has a higher quantum efficiency than a 980 nm pump, but the
latter is usually used to obtain lower NFs in the same pump-
ing way"”), In principle, IWDMs can also be fabricated for
980 nm pumps by changing the reflective film, and the resulting
FM-EDFA will support more pump modes.

3. DMG Performance of the Cascade FM-EDFA System

In this section, we apply the FM-EDFA to the long-haul MDM
transmission system, as shown in Fig. 3. The few-mode signals
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Optical transmitter
for MDM signals

Fig. 3. Cascade FM-EDFA system for long-haul transmission of MDM signals.

output from the MDM transmitter (Tx) first pass through a sec-
tion of the FMF with the length of L; and then are amplified by
the FM-EDFAs followed by the FMFs with the length of L;
(i=1,...,N) to compensate for the transmission fiber loss.
The last segment of FMF (Ly) is linked with the MDM receiver
(Rx). The lengths L, and Ly can be determined by the required
optical powers input to the first-stage FM-EDFA and the MDM
receiver, respectively. In the cascade FM-EDFA transmission
system, each stage of the FM-EDFA will introduce ASE noise
and will also bring about the DMG.

Here, we adopt the equivalent spectrum method to measure
the DMG performance of the cascade FM-EDFA system. The
experimental setup for the equivalent spectrum method is
mainly composed of three parts: the optical spectrum generator,
the FM-EDFA under test, and the OSA, as shown in Fig. 4. In the
optical spectrum generator, the 0.8 nm band-limiting ASE noise
is generated by the ASE noise laser and 100 GHz dense wave-
length division multiplexing (DWDM), and then coupled to
the LP;; mode port of the MSPL along with the input signals.
The powers of the input MDM signals and the ASE noise are
controlled by the VOAs to obtain the required spectrum. The
input spectrum of the FM-EDFA is reconstructed by the spec-
trum generator, and the corresponding signal and ASE noise
powers are equal to those output from the preceding FM-
EDFA stage minus the fiber attenuation. In turn, the overall
DMG performance for the cascade FM-EDFA system can be
achieved by the stage-by-stage test. As for each stage, the power
spectral density of the ASE noise is approximately equal for all
signal modes. The equivalent spectrum method not only may

Fig. 4. Experimental test setup for the equivalent spectrum method.
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avoid the expensive and complex recirculating loop configura-
tion but also may be easier to implement.

As shown in Fig. 2, the FM-EDFA under test is still built up
by means of a 940 mW LP;;-mode pump. The optical power
of each mode input to the first-stage FM-EDFA is —20 dBm,
in the absence of ASE noise. In this case, the amplified modal
powers are, respectively, 11.78 dBm, 11.79 dBm, 11.99 dBm,
and 11.7 dBm, with a DMG of 0.29 dB. The output ASE noise
power density is —15.39 dBm/nm. Clearly, the modal gain for
the first-stage FM-EDFA is about 32 dB. Here, we set the trans-
mission fiber loss as 32 dB and neglect the mode-dependent loss
(MDL) for simplicity?**"), In practice, the MDL is easily con-
sidered as well to minimize the overall DMG of the transmission
system.

Then, we take a test on the second-stage FM-EDFA.
Considering the optical attenuation of the FMF after the 1st-
stage FM-EDFA, the modal powers input to the second-stage
FM-EDFA should be, respectively, —20.22 dBm, —20.21 dBm,
—20.02dBm, and —20.31dBm, with an average noise power
of —47.39 dBm. The required MDM signals are obtained from
the optical spectrum generator. The other amplification stages
are carried out in the same way. Figure 5(a) shows the amplified
powers and overall DMG output from the FM-EDFA stages.
From Fig. 5(a), as the number of stages increases, the amplified
power of the LP,; mode basically remains unchanged, while the
amplified powers of other modes decrease. This difference may
be explained by the fact that the modal power out from the
FM-EDFAs depends positively on the input signal power. For
the first-stage FM-EDFA, the output powers of LPy,, LPyj,

M 8
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20 |
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Pump laser FM-EDFA I
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Fig. 5. Performance for the cascade FM-EDFA system. (a) Amplified powers
and the overall DMG. (b) Output OSNRs and ASE noise power.

LP,,, and LP;, modes are 11.79 dBm, 11.94 dBm, 12.06 dBm,
and 11.95 dBm, respectively. After passing through the follow-
ing FMF of 32 dB attenuation, the LP,;-mode power input to the
second FM-EDFA is basically unchanged and always larger than
those of the other three signal modes. The overall DMG gradu-
ally increases with the stage number and ultimately arrives at
1.84 dB after the 10th-stage FM-EDFA. The corresponding
received optical powers for the four modes are —20.9 dBm,
—21.71 dBm, —19.78 dBm, and —21.06 dBm, respectively.
According to the optical spectra output from the FM-EDFAs,
we can also measure the output OSNR of each mode and ASE
noise power dependent on the stage number, as shown in
Fig. 5(b). From Fig. 5(b), the OSNRs gradually decrease and
the ASE noise power increases with the stage number. For
the 10-stage cascade FM-EDFA system, the LPj,-mode signal
has the lowest OSNR of 21 dB, more than the 100 Gb/s
DP-QPSK OSNR threshold of 12.7 dB for error-free transmis-
sion after forward error correction (15% SD-FEC). The increas-
ing trend of the ASE noise power gradually flattens out, and the
increase amplitude is less than 0.1 dBm/nm per stage when the
stage number is greater than eight. According to the degradation
trend of the DMG and the ASE noise with the stage number,

Chinese Optics Letters Vol. 22, No. & | April 2024

the noise is still larger than the OSNR threshold when the stage
number reaches 20 and the DMG exceeds 3 dB.

4, Simulation and Optimization of Cascade FM-EDFA
Systems

In what follows, we build up the simulation model of the
IWDM-based FM-EDFA and then construct the recirculating
loop for the cascade FM-EDFA system by using the VPI soft-
ware, as shown in Fig. 6(a). In the layout, the IWDMs are
realized by “mode converter + single-mode VOA + mode con-
verter.” The MDM signals are generated from four CW lasers
followed by a mode converter. The recirculating counts can
be controlled by configuring the loop switch. In the MDM
receiver, the few-mode signals are demultiplexed by the mode
converter. In our simulation, the configuration parameters, such
as the insertion loss of the IWDMs input modal powers, the FMF
attenuation, the LPy;-mode pump power, the FM-EDF’s length,
and the refractive index distribution, are identical to those used
in the above experiment. The mode crosstalk and MDL are
neglected. In addition, the EDF’s absorption and emission cross
sections are taken as follows: 6,, =2.8 X 107 m? and o, =
4.9 X 1072 m? for the 1550 nm signal, and Oap = 2.6 X 1072° m?
and o, = 1.4 X 1072° m? for the 1480 nm pump. The attenua-
tion of the FMF in the recirculating loop is fixed at 32 dB for
each signal mode, equivalent to the fiber length of L; = 160 km
(i=1,...,10) for the attenuation coefficient agg = 0.2 dB/km.
Figure 6(b) shows the variation of experimental and simulated
amplified power with the number of stages, and the simulation
results are basically consistent with the experimental data.

In the following, for the 10-stage cascade FM-EDFA system,
we take the FMF length L; as an optimal variable to simulate the
modal powers and the overall DMG received by the MDM
receiver. The simulation results are shown in Fig. 7(a). It is clear
from Fig. 7(a) that (i) the received optical powers reduce with the
increase of L; and are less than —30 dBm when L; > 170 km,
and (ii) in the range of 154.5km < L; < 162 km, the overall
DMG is less than 2 dB, and the minimum DMG of 1.22 dB
occurs in the vicinity of L; = 158 km. The lower overall DMG
means more amplification stages can be added to the cascade
transmission system to reach a given DMG limit.

In the limit of 2 dB overall DMG, Fig. 7(b) gives the maxi-
mum stage number dependent on the FMF length L,. The cor-
responding total transmission distance is still calculated from
Lot = Lo + >_ L;. From Fig. 7(b), the total transmission dis-
tance can reach the maximum of 3270 km (L; = 158.5 km) after
20-stage amplification. In this case, the received optical powers
of the four modes are —19.3dBm, —21.27 dBm, —19.22 dBm,
and —20.98 dBm, respectively. In summary, it is very important
to optimize the FMF length for the long-haul MDM system
composed of the identical FM-EDFAs, and the IWDM-based
FM-EDFA developed here is helpful for the realization of low
overall DMG.

In the end, according to the simulation model of the IWDM-
based FM-EDFA, we also give the dependencies of modal gain
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Fig.7. Optimization of the FMF length in the recirculating loop. (a) The system
output powers and overall DMG for 10-stage FM-EDFA system. (b) The max
stage number of the overall DMG permitted in the limit of 2 dB.

plexer to build up the all-fiber FM-EDFA supporting LP,,
LP,;, LP,;, and LPy,, modes. Under the LP)-mode forward
pumping, the modal gain is up to about 32 dB, with a DMG
of 0.27 dB. On the basis of this, the DMG performance of the
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