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Abstract: Intra-modal four-wave mixing (FWM) and all-optical compensation by optical phase 

conjugation is investigated over 2-spans of 3-mode fiber with the power of the generated FWM 

products reduced by 5 to 20 dB in different scenarios. © 2020 The Author(s)  

 

1. Introduction 

Over the past few years, a strong research focus has been directed towards investigating strategies to increase the 

transmission rate of optical communication systems. Space division multiplexing (SDM) technologies, including 

multi-core fiber (MCF) and few-mode fiber (FMF) transmission, have been proposed as promising techniques to 

achieve such a goal, while potentially reducing energy consumption through components and subsystems 

integration. In FMFs, however, the presence of several co-propagating modes requires consideration of the impact of 

both intra- and inter-modal Kerr nonlinear interaction. Along this direction, a number of continuous-wave (CW) 

investigations of Kerr nonlinearity in FMFs have been reported, with a key focus on inter-modal four-wave mixing 

(FWM) [1-3] and cross-phase modulation (XPM) [4]. Additionally, a first system-level experiment has already 

shown that both intra- and inter-modal Kerr nonlinearity can significantly impair the signal quality [1]. For single-

mode fiber (SMF) transmission, compensation of (intra-modal) Kerr nonlinearity has been investigated intensively. 

Optical approaches to nonlinearity compensation, such as optical phase conjugation (OPC), have the advantage of 

broadband operation over their digital counterparts [5]. Recently an OPC scheme implemented in a FMF has been 

demonstrated, and a performance improvement over transmission without OPC has been shown for SMF links [3]. 

In this work, we focus on the characterization and all-optical compensation of intra-modal FWM for 3-spatial 

mode transmission. The power of the Kerr products generated through FWM is measured under continuous-wave 

(CW) operation for both LP01 and LP11 modes. One and two-span systems are considered and the measurements are 

compared to theoretical predictions. Additionally, OPC-based nonlinearity compensation is demonstrated, showing a 

significant reduction of the Kerr power for all transmission scenarios considered. This experiment shows the 

potential for extending optical nonlinearity compensation techniques to transmission systems based on FMFs. 

2. Experimental setup for nonlinearity characterization and compensation 

The experimental setup is shown in Fig. 1. At the transmitter side, two CW sources, one high-power fixed-

wavelength laser (S1, λS1 = 1540 nm) and a weaker swept laser (S2), are used as inputs to trigger FWM in the FMF, 

similarly to [5]. The combined seed lasers are boosted by Erbium-doped optical amplifiers (EDFAs) followed by 

optical-band pass filters (OBPFs) to remove out-of-band noise and connected to the inputs of a 3D waveguide-based 

mode-selective multiplexer (mode mux). Two parallel transmitter paths are considered, either connecting only one 

path to input 1 of the mux (injecting only the LP01 mode), only to input 3 (only one of the LP11 modes), or 
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Fig. 1.  Experimental setup for characterizing and compensating for Kerr nonlinearity in FMF-transmission.  

Right inset: OPC setup and input and output spectra for the OPC used for the LP01 mode (the LP11-mode path is virtually identical). 
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connecting both paths to inputs 1 and 3 (LP01 and one LP11 modes simultaneously). The launch power into the FMF 

is set to 13 and 14 dBm for LP01 and LP11, respectively, to ensure the generation of a FWM idler with sufficient 

optical signal-to-noise ratio (OSNR) even for wide frequency separation. The 1-dB higher launch power for LP11 is 

chosen to partially compensate for the additional mode mux loss and larger effective area of LP11-modes. The 

transmission fiber is a 3-spatial-mode graded-index FMF [6] with the properties summarized in Fig. 2(a), including 

the relatively low cross-talk between the two mode groups. At the FMF output, a mode demultiplexer (demux) 

separates the three modes. The demux outputs can be looped back, with or without OPC, leading to two-span 

transmission through bi-directional propagation in the FMF. Note that the LP11 input/output 2 of the mode 

mux/demux is always discarded, and as such so is half of the LP11 mode power. Finally, a high-resolution optical 

spectrum analyzer (OSA) is used to record the spectra after transmission (one or two looped-back spans) as the 

frequency separation between S1 and S2 is varied. For the FMF under test, the differential mode delay (DMD) 

ensures that inter-modal phase matching takes place only for frequency separations beyond 10 nm, i.e. well outside 

the considered measurement range.  

As S1 acts as FWM pump, it is spectrally broadened through phase modulation (PM) with two radio-frequency 

tones (100 and 300 MHz) to mitigate stimulated Brillouin scattering (SBS), which is particularly detrimental given 

the bi-directional propagation through the FMF. This limits the minimum frequency spacing measurable to 2 GHz. 

Additionally, S2 is polarization scrambled (2.4 krad/s) to average out random mode rotation, and the max-hold of 

the OSA is used [5]. In the loop-back configuration, chosen to ensure two identical transmission spans for OPC [7], 

the FMF insertion loss is compensated for with an additional EDFA. Then, in order to investigate the possibility to 

compensate for the nonlinear distortion accumulated during transmission, an optical phase conjugation (OPC) stage 

is inserted prior to signal amplification. The single-mode OPC stage relies on a standard single-pump FWM stage in 

a polarization-diversity loop configuration as shown in Fig.1, right inset. A high-power CW laser (OPC pump) is 

coupled together with the signal band into a single-mode highly nonlinear fiber (HNLF) through a polarization beam 

splitter (PBS) such that two orthogonal polarizations counter-propagates in the HNLF [8]. At the polarization-

diversity loop output, the OPC pump and the signal band are filtered out and only the conjugate band is looped back 

into the FMF. The signal and pump power into the OPC stage have been optimized to limit the OSNR degradation 

of the converted idlers, while avoiding additional nonlinear distortion due to signal/conjugate propagation through 

the HNLF (see spectra in Fig. 1) [8]. Two separate and identical OPC stages were implemented, such that up to two 

modes can be simultaneously (but not jointly) conjugated. Ideally, all three modes should be jointly conjugated, for 

example by replacing the parallel single-mode OPC stages with one multi-mode OPC stage, extending [3].  

3.  Experimental results and discussion 

The experimental results are shown in Fig. 2(b-f) where the measured FWM power is reported together with the 

theoretical profiles [5]. The same analytical expressions have been used for LP01 and LP11 modes, by simply 

adjusting dispersion and effective area accordingly. Fig. 2(b) shows the FWM curves measured directly at the output 

of the FMF without loopback (single-span transmission). Good agreement with the theoretical prediction is shown 

for both modes. For a frequency separation beyond 30 GHz, the theoretical fit worsens for the LP11 mode. We 

believe this is the result of a stronger frequency-dependent mode rotation which is not taken into account by the 

analytical model and it is only partially averaged out by the polarization scrambling. Comparing LP01 and LP11, an 

approximate 3-dB decrease in FWM power is seen by moving to the higher-order mode. This is attributed to mode 

mixing and the consequent reduction in FWM [9]. Moving to the more interesting two-span scenario, Fig. 2(c,d) 

show the FWM power when only one mode is launched and then looped back. Compared to the single-span curves 

(Fig. 2(b)), the FWM power without OPC is increased by 3 dB, following the expected scaling with the number of 

nonlinear regions. For the LP01 mode (Fig. 2(c)), a good agreement with the theory is shown both with and without 

OPC. The OPC-based compensation decreases the FWM power by almost 20 dB at low frequency separations. For 

larger frequency separations, the OSNR degradation in the OPC becomes dominant reducing correlation with the 

fitted line. Moving to the LP11mode (Fig. 2(d)), the curves follow the theoretically expected trends and the OPC 

enables more than 10 dB of FWM power suppressions. The match with the theoretical fit is worse than for LP01 as 

half of the modal content (output 2) is not conjugated and the frequency-dependent mode rotation is not considered 

by the theoretical model. As this mode-rotation can be considered an extension of frequency-dependent polarization 

mode dispersion (PMD), it is expected that the OPC compensation worsens with it [10]. For both LP01 and LP11 

modes without OPC, a peak at an 11-GHz separation can be seen. That peak is the result of the amplification of S2 

(and S2-S1 idler) in the second span through S1’s SBS. Moving from LP01 to LP11, the peak is significantly 

decreased, as expected from the larger effective area of the latter [11]. Finally, Figs. 2(e,f) consider the joined 

propagation of both LP01 and LP11 modes through the FMF. The FWM power is shown in Fig. 2(e) and 2(f), when  
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Fig. 2.  (a) FMF (including mux and demux) properties, and (b-f) measured FWM power for one transmission span (b) and two transmission 

spans (bi-directional propagation, c-f) for LP01 alone (c), LP11 alone (d) and joint LP01+LP11 propagation measuring LP01 (e) and LP11 (f). 

measuring the LP01 and LP11 mode, respectively. For the LP01 mode (Fig. 2(e)), a good match with the theory can 

still be seen for transmission without OPC. The compensation through OPC instead is impaired by the co-

propagating modes (coherent cross-talk) and the use of separate OPC stages for LP01 and LP11 modes. Even though 

the mode coupling is relatively low between mode groups, it still has a non-negligible impact on the field symmetry 

required for achieving nonlinearity compensation. Nevertheless, the compensation is still in excess of 10 dB. 

Finally, the measurements for the LP11 mode output are shown in Fig. 2(f). In this case, all the previously mentioned 

impairments, e.g. coherent modal cross-talk, lack of joined (LP01 and LP11) conjugation, dropping of half of the 

modal (output 2), and frequency-dependent mode-rotations, further worsen the matching with the simple theory here 

considered. Even for this worst case, though, the benefit from the OPC is still visible and a modest FWM 

compensation of approx. 5 dB can be seen at narrow frequency separation. 

4.  Conclusions 

The impact of intra-modal nonlinearity is investigated for transmission of CW signals in a 3-spatial-mode FMF. The 

measured FWM power for single- and two-mode transmission is in good agreement with the simple single-mode 

theory. Furthermore, nonlinearity compensation through OPC has been demonstrated for LP01 and LP11 modes, 

showing FWM power reductions between 5 and 20 dB depending on the scenario considered. These results highlight 

the potential of mid-span OPC for nonlinearity compensation even when moving to few-mode fiber transmission. 
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