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We propose a transfer-learning multi-input multi-output (TL-MIMO) scheme to significantly reduce the required training complexity for 

converging the equalizers in mode-division multiplexing (MDM) systems. Based on a built three-mode (LP01, LP11a and LP11b) multiplexed 

experimental system, we thoughtfully investigate the TL-MIMO performances on the three-typed data, collecting from different sampling 

times, launched optical powers, and input optical signal-to-noise ratios (OSNRs). The dramatic reduction of 40%~83.33% on the required 

training complexity is achieved in all of three scenarios. Furthermore, the good stability of TL-MIMO in both the launched power and 

OSNR test bands has also been proved.
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1. Introduction

Spatial division multiplexing (SDM) technology has been 
widely studied to address the capacity bottleneck faced by 
the fiber-optic communication system, through the feature 
of considering different guide modes or fiber cores as 
independent channels [1-2]. In SDM system, the few-mode 
fiber (FMF) has been intensively investigated due to its 
high multiplexing density and easy implementation [3]. 
However, various mode-dependent distortions existed in 
FMF, such as the mode-coupling (MC) induced crosstalk, 
the differential mode group delay (DMGD), the mode-
dependent loss (MDL) and the mode-dependent 
nonlinearity severely degrades the signal quality and 
limits the system transmission performance [4,5]. In order 
to improve the transmission performance of the SDM 
system, the digital signal processing (DSP)-based 
compensation scheme through multi-input multi-output 
(MIMO) equalizer is the crucial part at the optical receiver 
[6,7], which could mitigate the distortions across multi 
spatial-channels simultaneously. Nevertheless, because of 
the sensitivity of the MIMO equalizers on the channel 
status, the retraining operation for MIMO is required for 
the practical SDM systems when different operational 
conditions applied, e.g., launched powers, optical signal-to-
noise ratios (OSNRs) and time-varying channel status, etc., 
resulting massive expected computation and thereby 
hinders the real-time application of the SDM technology.

To reduce the computational complexity, the current 
work mainly focuses on channel optimization, which 
involves carefully designing the optical fibers to achieve the 
MIMO complexity reduction. On one hand, in earlier years, 
people focused on DMGD management to reduce MIMO 
complexity. The low MIMO complexity mode-division 
multiplexing (MDM) transmission was demonstrated with 
the 10.5 km low-DMGD four-mode fiber [8]. The maximum 
DMGD over the C+L band was controlled below 50 ps/km. 

In addition, to achieve more flexible DMGD management, 
the nearly zero-, positive- and negative-DMGD two-mode 
fibers were designed and fabricated [9]. On the other hand, 
reducing the MIMO scale is also an effective solution. For 
example, through ignoring the inter-mode coupling 
induced crosstalk in the weak-coupling scenario, the 
simplified MIMO scheme is only responsible for the intra-
mode equalization [10,11]. This method indeed reduces the 
MIMO scale, but in practical implementation, the 
accumulated fusion will damage the original weakly- 
coupling property of the optical fiber. 

Transfer-learning (TL) has become a powerful tool for 
fast modeling of various algorithms with the training 
process [12]. When new tasks appear, TL exploit the 
similarity in feature distributions between new and 
existing tasks, thereby lowering the computational cost 
required for model reconstruction. In recent published 
literatures, the TL approach is first implemented in optical 
networks for optical performance monitoring (OPM), such 
as the quality of transmission (QoT) prediction in [13], the 
OSNR monitoring for the 10-span standard single mode 
fiber (SSMF) [14] and the fast modulation format 
identification (MFI) [15]. In addition, the TL has also been 
used in the nonlinearity mitigation algorithms [16-18], by 
transferring compensation algorithm parameters between 
the fiber channels with different nonlinear features caused 
by the transmission length, the launched power, and the 
optical signal-to-noise ratio (OSNR). Similar to nonlinear 
fiber channel, the mode-dependent channel state in more 
sensitive FMF channels is also affected by the above 
factors. In addition, time-varying nature of FMF also 
constitutes a crucial factor contributing to the dynamic 
changes in channel state. 

With the increase of the spatial modes considered in 
MDM system, see approaching 1000 modes already 
discussed [19], the massive computation demand for data 





the nth desired output block of the ith input port. The 
feedback error vector is then defined as ei(n) = di(n) - yi(n). 
After prefixed K zeros, ei(n) is transformed to frequency-
domain error vector Ei(n) by FFT. During the nth training 
time, the equalizers are updated according to the gradient 
error estimation method, as shown in Eq. (2):
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where B is the transferred step size factor, and Nim(n) is 
calculated according to Eq. (3). Oim(n) in Eq. (3) is defined as 
the first K data in the IFFT results of the product of Xim(n) 
and Ei(n).
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In order to save the proportion of training data in the 
transmission data, we consider the self-recycling training 
scheme to extend a string of training data several times to 
fully extract valuable information [21]. 

We quantify the algorithm complexity by the times of 
complex multiplication. For each training time in FD-LMS 
algorithm, each Wim(n) undergoes 2K complex 
multiplications with the input signal Xim(n), the same as to 
the length of themselves, to yield the equalized signal. In 
our work, we set the number of input ports is equal to the 
excited modes in FMF. For a system with P input ports, it 
requires 4PK multiplications per port. Similarly, in 
gradient error estimation, the generation of Oim(n) per port 
involves an additional 4PK complex multiplications. In 
addition, during the equalization, the data of each port is 
successively processed 8 times by FFT/IFFT, resulting 
8Klog2(2K) times multiplication. Therefore, for a single 
training time, the number of complex multiplications Csingle 

in FD-LMS-based MIMO equalization system can be 
expressed as Eq. (4).
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Moreover, the total number of training times, Ttotal, can 
be expressed as Ttotal = Trecycling × Ldata / K = Ctrain / K, where 
Trecycling and Ldata respectively represent the self-recycling 
training times and the length of training data. Here, Ctrain 

= Trecycling × Ldata is defined as the training complexity. 
Therefore, the overall training complexity of FD-LMS-
based MIMO equalization system, denoted as Ctotal, is 
expressed in Eq. (5). This equation indicates that, while 
maintaining signal quality requirements, effective 
reduction of training complexity can be achieved through 
the optimization of training data length and training times. 
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For the payload in DT, let Tretrain and Lretrain denote 
the training times and training data length needed for 
training from scratch to achieve a specific BER, 
respectively. Under the same BER requirement, the 
necessary training times and training data length for 
using TL-MIMO are denoted as TTL and LTL, 
respectively. The saved training complexity Csaved by 
TL-MIMO is expressed as Eq. (6). In Section 4, we 
investigate the performance of TL-MIMO through 
evaluating the reduction of training complexity.
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3. Experiment setup

To verify the performance of the proposed TL-MIMO 
scheme, we built up an MDM coherent transmission 
system based on a 12 km-length three-mode fiber, depicted 
in Fig. 3. Firstly, the two independent electrical non-
return-to-zero (NRZ) signals generated by an arbitrary 
waveform generator (AWG) were used to drive an optical 
I/Q modulator (IQM). A continuous-wave (CW) light of 
1552.52 nm as the optical carrier was also injected into the 
IQM. The data rate of the optical QPSK was 10 Gbit/s. An 
erbium-doped fiber amplifier (EDFA1) as well as the 
variable optical attenuator (VOA1) was responsible to 
adjust the power level of the optical signal. In order to 
achieve the OSNR control in the system, an amplified-
spontaneous emission (ASE) source was used to generate 
the noise, which coupled with the signal through the first 
optical coupler (OC1) with the coupling ratio of 99:1. And 
we monitored the input OSNR through the optical 
spectrum analyzer (OSA) received from the 1% port of OC1. 
Then, the distorted signal was divided into three branches 
through three 3dB optical-couplers (OCs), i.e., OC2, OC3, 
and OC4. In each path, the VOAs were used to ensure the 
same input power for each branch before injecting into the 
mode-selective photonic lantern (MSPL1). Due the 
polarization sensitivity of the few-mode system [22], the 
single-mode polarization controllers (PCs) were employed 
to maintain the few-mode system in a favorable 
polarization state and ensure similar output power for 
signals in each mode after demultiplexing. In order to de-
correlate the three channels, the different delay was 
applied through three pieces of the single-mode-fibers with 
different lengths placed at the input port of MSPL1. 
Consequently, the data frames transmitted by the other 
two branches has different symbol offsets compared to the 
first branch. The mode conversion was happened at the 
MSPL1, which also connected with the three-mode 
transmission fiber through its few-mode pigtail. The same 
three-mode graded-refractive-index fiber for the MSPL and 
the FMF channel was produced by YOFC [23]. The three-
mode signals, LP01, LP11a and LP11b propagated through 
the 12km-length fiber and injected into MSPL2. Then, 
three single-mode signals were obtained after the MSPL2 
and detected by a coherent receiver (Co-Rx) separately. We 
used an optical switch (OS) to select the data each time for 
one channel. And we calculate the relative symbol offsets 
among the channels based on the length differences of the 
delay lines placed before MSPL1. The header of each frame 
was defined by cropping the respective symbol offset from 
the original received frame of each branch. The real-time 
sampling was performed by an oscilloscope with the 
sampling rate of 50 GSa/s.

During the transmission in the FMF, besides the 
inherent distortion, such as the attenuation, the dispersion, 
that already existed in the SSMF, the major degradation 
coming from the mode-dependent distortions (e.g., MC and 
DMGD.). So as to mitigate the impact from the mode- 
related distortions, the MIMO equalizer is the important 
module in the DSP algorithms for MDM systems. In Fig. 3, 
the offline DSP processing flow is illustrated,
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