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Abstract: We theoretically show dispersion dependence of gain spectrum in non-degenerate PSA 
under phase locking, and experimentally demonstrate WDM amplification of PS-64QAM signal 
using PPLN-based PSA with gain-flattened spectrum by estimation and compensation of 
chromatic dispersion. © 2020 The Author(s) 

 
1. Introduction 
Amplified spontaneous emission (ASE) noise from optical amplifiers and nonlinear distortion are dominant factors 
limiting the transmission capacity and distance in optical fiber communication. Toward further high-capacity optical 
networks, phase-sensitive amplifiers (PSAs) have attracted much attention because of their potential for low-noise 
amplification and nonlinear phase noise mitigation [1–5]. In particular, the frequency non-degenerate (signal and 
idler have separate frequencies) PSAs (ND-PSAs) can be applied for high speed transmission link because it can 
provide compatibility with multichannel signals and arbitrary modulation formats, unlike the frequency degenerate 
(identical signal and idler frequencies) configuration. Recently, WDM amplification and an SNR advantage of 
around 5 dB compared with EDFAs have been demonstrated using periodically poled LiNbO3 (PPLN) or highly 
nonlinear fiber as an amplification medium in ND-PSAs [2–5]. However, one of the most important problems we 
face in an actual ND-PSA is the effect of chromatic dispersion (CD) on the signal and idler in the link. As well as 
the relative time delay, the phases of the signals and idlers must be adjusted before the PSA. Therefore, fine 
adjustment of the phase using a spatial light modulator (SLM), such as a wavelength selective switch, or a variable 
delay line is generally performed [4,5]. As mentioned above, residual CD is an important factor in designing a 
transmission system using PSAs. Only CD tolerance for degenerate PSA was investigated [6], but there have been 
no detailed reports on amplification characteristics of ND-PSAs under residual CD. 
 In this work, we theoretically and experimentally investigated the effect of residual CD on ND-PSAs by using 
PPLN-based modules. First, we present the theoretical gain ripple of an ND-PSA with phase locking under residual 
CD conditions and compare it with experimental results. Then, we describe the effect of passband narrowing due to 
the ripple for a single channel using an advanced modulation format, probabilistic-shaped 64QAM (PS-64QAM), 
with two symbol rates of 5 Gbaud and 20 Gbaud. Finally, we compare WDM-amplification characteristics under 
sub-ps/nm order residual CD conditions with and without CD compensation.  

2.  Gain Spectrum of ND-PSA with Phase Locking and Effectiveness of CD Compensation 
The dispersion dependence of the gain spectrum, G(f), in a degenerate PSA has been reported [6]. The gain spectrum 
for an input electrical field, E(f), is expressed as 
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where, Gin is the PSA gain of the in-phase component, f0 is the degenerate frequency, D is the residual CD, c is the 
velocity of light, and Δ is the phase difference between E(f) and E(f0). The residual CD is assumed to be the 
second-order dispersion. This equation is based on the assumption that the relative phase between the signal and 
pump is optimized so that the gain at f0 is maximized by a phase-locked loop (PLL). It cannot simply be applied for 
ND-PSA. This is because the relative phase between the signal-idler pairs and the pump is locked so that the gain at 
a signal channel used for PLL, not at f0, is maximized in ND-PSA schemes. Consequently, if the signal channel is 
assumed to be always amplified independently of the residual CD, the gain spectrum is modified as 
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where, Δf is the difference between f0 and fPLL as the frequency of the signal channel used for PLL, and offset is the 
phase difference between each component at fPLL and f0.  
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