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ABSTRACT 

Broadband spectral inversion was proved theoretically to be an effective method to compensate power 

depletion due to stimulated Raman scattering in high-power delivery fiber. A critical difficulty in implementing 

the method in experiment is to realize broadband spectral inversion of incoherent light as Raman Stokes 

waves are incoherent due to their origin from spontaneous emission noise. Broadband spectral inversion of 

incoherent light is investigated experimentally in this article. A beam from an amplified spontaneous emission 

(ASE) light source is used as an approximated Raman Stokes waves in the experiment. ASE Spectrum of width 

of 10.5nm is inverted via four-wave mixing in a highly nonlinear dispersion-shifted fiber in efficiency of -10dB 

without significant spectrum deformation. A theoretical model for four-wave mixing of ASE incoherent light is 

established, and based on which the limitation in more broadband spectral inversion of ASE incoherent light is 

analyzed. 
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1. INTRODUCTION 

Raman scattering is a third-order nonlinear effect in which the signal is scattered into the Stokes waves at 

downshifted frequencies. In fiber, a spontaneous Raman scattering becomes stimulated at a threshold value 

(which is about 600mW for a typical single-mode fiber at a communication wavelength of 1.55μm[1]) and the 

signal rapidly transfers its power to the Stokes waves. High power fiber lasers and amplifiers with dramatically 

growing output power up to 20kW for continuous wave[2] and MG watts order for pulsed wave[3,4] have been 

developed rapidly in recent years to meet application requirements from industry, medicine, military and so 

on. The occurrence of stimulated Raman scattering (SRS) has been a crucial limiting factor for fibers to deliver 

such a high power from the high power fiber lasers or amplifiers to the application fields mentioned above.  

In the past ten years, several research groups suggested different methods to avoid or suppress SRS in high-

power fiber systems. One of the main methods is to adopt micro-structured fibers with designed filter 

functions[5-8], which however makes the fiber manufacturing process more complicated. Our group proposed 

a method for compensating power depletion due to SRS in high-power delivery fiber via broadband spectral 

inversion[9]. This method was proved theoretically to be promising. A critical difficulty in implementing the 

method in experiment is to realize broadband spectral inversion. As Raman Stokes waves are from 

spontaneous emission noise, the broadband spectral inversion should be performed on incoherent light.  

Spectral inversion is an essential technique in WDM networks[10]. There are many methods to implement all-

optical spectral inversion, such as cross-gain modulation[11], cross-phase modulation[12-14] and four-wave 

mixing (FWM)[15,16], among which FWM in fibers is regarded as a promising one due to its numerous 
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advantages, e.g. high speed, low noise, easy to be integrated, broad bandwidth[17].  

Broadband spectral inversion of incoherent light via FWM is seldom reported. In recent years, our group 

demonstrated spectral inversion of a tunable incoherent signal with 2nm bandwidth in 2006[18] and 

simultaneous spectral inversion of 22 incoherent signal channels with totality of bandwidth of 17nm in 

2009[19] respectively. In these works, a theoretical model of FWM between coherent pump and incoherent 

signal was adopted and based on which the experimental results were well explained, however, the time 

feature of occurrence of FWM in fibers and characteristic time of random phase fluctuation of incoherent light 

are not given a close examination. 

In this paper, Broadband spectral inversion of incoherent light is investigated experimentally to provide an 

implementation solution for compensating power depletion due to SRS in high-power delivery fiber. Firstly, 

experiment on broadband spectral inversion of incoherent light via FWM is demonstrated using a beam from 

an amplified spontaneous emission (ASE) light source as broadband incoherent signal. Secondly, a theoretical 

model of FWM between coherent pump and ASE incoherent light is established after making a close 

examination on the time feature of occurrence of FWM in fibers and characteristic time of random phase 

fluctuation of ASE light. At last, the prospect and limitation in realizing broadband spectral inversion of ASE 

incoherent light is analyzed. 

2. EXPERIMENT DEMONSTRATION 

2.1 Experiment demonstration 

As it is explained in the introduction section, the broadband spectral inversion of incoherent light to be 

realized in this article aims to provide an implementation solution for compensating power depletion due to 

SRS in high-power delivery fiber reported in Ref. 9. The light beam needing to be spectrally inverted in Ref. 9 

includes a signal transmitted in fiber, which may be coherent or incoherent according to the specific 

application background, and Raman stokes light of the signal, which is incoherent light as it is seeded by 

spontaneous emission noise. As a whole, we take the light beam needing to be spectrally inverted as 

incoherent light, and use an ASE light source as an approximated replacement of it.  

 

Fig.1 Experimental setup for spectral inversion of broadband ASE incoherent signal light. (ASE: Amplified 

Spontaneous Emission; CW: Continuous Wave; EDFA: Er
3+

-doped Fiber Amplifier; HNL-DSF: Highly Nonlinear 

dispersion-shifted Fiber; OSA: Optical Spectrum Analyzer.) 

The experimental setup is shown in Fig.1. The incoherent signal is provided by an ASE broadband light source 

(Opticwave BLS-CL-13) filtered by a fiber reflection grating. The ASE light has a -10dBm-bandwidth of 

1527.8~1564.5nm. The fiber reflection grating has a reflection bandwidth of 10.5nm from 1544.5nm to 

1555.0nm. The spectrum of the ASE light source and that of the filtered ASE signal from the fiber reflection 

grating are shown in Fig. 2.  
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Fig.2 Spectra of ASE light source and the filtered ASE signal light. 

A continuous wave (CW) laser (Agilent 8164A) provides the pump light at a wavelength of 1543.4nm, which is 

near to the zero dispersion wavelength (ZDW) of the highly nonlinear dispersion-shifted fiber (HNL-DSF) 

(1543nm). The pump light after being amplified by an Er
3+

-doped fiber amplifier (EDFA) together with the ASE 

incoherent signal are multiplied by a 90:10 coupler and launched into the HNL-DSF for degenerate FWM 

between coherent pump light and broadband ASE incoherent light. The HNL-DSF is 1km long and has a high 

nonlinear coefficient of 10W
-1

km
-1

.  

The spectral inversion realized via FWM in HNL-DSF is measured by an optical spectrum analyzer (OSA). 

2.2 Experimental results 

The experimental result of spectral inversion of the ASE incoherent signal with bandwidth of 10.5nm is given in 

Fig.3. The pump power after the coupler is measured to be 30dBm. The central-wavelength power of the ASE 

incoherent signal is measured to be -4.2dBm. As shown in Fig.3, the ASE incoherent signal is spectrally 

inverted and its spectrum is well copied by the idle signal.  

 

Fig.3 Experimental result of spectral inversion of ASE incoherent signal light with bandwidth of 10.5nm. 

We define the ratio of the output idle light power with respect to the input signal power as the conversion 

efficiency, which is described as 

2 2
10log( ( ) (0) )i sA L A 

                                                                (1) 

where As(0) and Ai(L) are complex amplitudes of input signal and output idle light at a fiber length of L. The 

spectral inversion efficiency shown in Fig. 3 is about -10dB. 

3. Theoretical Model of FWM Between a Coherent Pump and ASE Incoherent Light 

The electrical field of the coherent laser pump is expressed as 
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)](exp[),( ztjAtzE pppp  ,                                                  (2) 

Compared with coherent light, incoherent light has broader bandwidth and randomly fluctuated amplitude 

and phase. For simplicity, assume the amplitude does not vary with time, thus the electrical field of incoherent 

light is represented by 

       sssssss dtiztjzAtzE  ,exp,),(                                 (3) 

where, As(z, ωs) represents the amplitude of frequency component ωs, which does not change with time as 

assumption. φ(ωs,t) represents the phase of frequency component ωs, which varies with frequency and 

fluctuates with time. For partially coherent light, φ(ωs,t) follows Gaussian statistic distribution in time according 

to phase-diffusion model
[20]

. 

Firstly, the impact of phase fluctuation of incoherent light on the occurrence of FWM is analyzed. For any 

frequency component ωs, we make a close examination on the characteristic time of phase fluctuation. If the 

incoherent light specifically is ASE light, the characteristic time of phase fluctuation is in the order of 

fluorescence lifetime of 10
-9

s, which is much longer than the occurrence time of FWM in fiber. The mechanism 

of FWM in fiber is the distortion of electron cloud in the material of fiber, which has fast response time of 

about 10
-15

~10
-16

s. Therefore, for any frequency component ωs of the ASE incoherent light, its phase can be 

thought to be invariable at the “instant” of the occurrence of FWM in fiber, showing a feature of coherent light 

in the process of FWM. Thus, the FWM of this frequency can be calculated according to the coupled-wave 

equations describing the FWM of coherent light. Considering the relatively slow fluctuation of the phase of 

ASE incoherent light, the calculation results of each “instant” need to be statistically averaged during a period 

longer than the phase.  

Secondly, the impact of broad bandwidth of the incoherent signal light on FWM is analyzed. FWM happens 

between a broadband signal light and the pump light. It is worth noting that the pump light pumps all the 

frequency components simultaneously. A simplified method for calculating FWM is that calculating FWM 

between each frequency component and pump light respectively at first and then integrating the calculated 

results of all the frequency components of the incoherent signal light without taking the depletion of pump 

into consideration. Ref.18 adopted this method since the bandwidth of the incoherent light is only 2nm. 

However, in the case of broad bandwidth, the depletion of pump is prominent and cannot be neglected, thus 

the FWM between each frequency component and pump should be calculated simultaneously. In such a case, 

the coupled-wave equations of FWM are expressed as follows: 
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where Ap, As, Ai are the complex amplitudes of pump, signal and idle light, respectively, m represents the 

frequency component of incoherent signals, and Δβ is the phase mismatch given by 
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where ω0 is the frequency at which the second-order dispersion coefficient of the HNL-DSF is zero, ωp, ωs, and 

ωi are circular frequencies of pump, signal and idle light respectively.  

The sum in equation (4.1) represents the simultaneous action of different frequency components of the 

incoherent signal light. 

The above analysis shows the principle of the FWM between a coherent pump and incoherent signals. As a 

special example, when only one frequency component of the incoherent signals is considered, the incoherent 

FWM will degenerate to the coherent FWM. 

In our work reported in Ref. 19, although without making a close examination on the feature of FWM between 

coherent pump light and ASE incoherent signal channels, we adopted the above coupled wave equations (4.1) 

~ (4.4) and the theoretical results agree well with the experimental results.  

According to the theoretical model built above, it can be inferred that the bandwidth of ASE incoherent light 

which can be spectrally inverted in experiment is mainly limited by the bandwidth of the ASE incoherent signal 

light. 

4. Conclusion 

In this paper, Broadband spectral inversion of incoherent light is investigated experimentally. Spectral 

inversion has been successfully achieved in experiment on an ASE incoherent light of bandwidth of 10.5nm 

with efficiency of -10dB. A theoretical model of FWM between a coherent pump light and a broadband ASE 

incoherent signal light is built after making a close examination on the time feature of occurrence of FWM in 

fibers and characteristic time of random phase fluctuation of ASE light, based on which it can be inferred that 

the bandwidth of ASE incoherent light which can be spectrally inverted in experiment is mainly limited by the 

bandwidth of the ASE light source. The realization of broadband spectral inversion of incoherent light provides 

an implementation solution for compensating power depletion due to SRS in high-power delivery fiber. 
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