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Four-wave mixing, as well as its induced intensity noise, is harmful to wavelength division multiplexing systems.

The efficiency and the relative intensity noise of four-wave mixing are numerically simulated for the two-wave and the

three-wave fiber transmissions. It is found that the efficiency decreases with the increase of both the frequency spacing

and the fiber length, which can be explained using the quasi-phase-matching condition. Furthermore, the relative

intensity noise decreases with the increase of frequency spacing, while it increases with the increase of fiber length,

which is due to the considerable power loss of the pump light. This investigation presents a good reference for the

practical application of wavelength division multiplexing systems.
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1. Introduction

Wavelength division multiplexing (WDM) and

erbium-doped fiber amplifiers (EDFAs) have been

widely used in high-capacity, long-haul fiber sensing

systems.[1−3] The use of EDFAs has greatly improved

the power of the fiber and extended the transmission

length to hundreds of kilometers. As a result, a va-

riety of fiber nonlinearities become important such as

four-wave mixing (FWM),[4−12] stimulated Brillouin

scattering (SBS),[13−21] stimulated Raman scatter-

ing (SRS),[22] modulation instability (MI),[23−27] self-

phase modulation (SPM),[28] and cross-phase mod-

ulation (XPM),[29] among which FWM is especially

significant for WDM systems. When there are three

waves of frequencies fi, fj , and fk in the fiber, a new

frequency fijk = fi+fj−fk will be generated through

the FWM process. The FWM efficiency is related to

the parameters of the fiber and the pump. In addi-

tion, intensity noise will also be introduced into the

fiber systems due to the newly generated waves. In

previous research, Shibata et al.[4,5] studied the in-

fluence of frequency spacing on generated power and

efficiency. However, they did not consider the effect of

fiber length. Kaur and Singh[11] and Song and Fan[12]

investigated the variations of the signal-to-noise ratio

(SNR) in the presence of FWM, while what we fo-

cus on is the relative intensity noise (RIN). Besides,

none of the research has explained the corresponding

phenomena from phase matching.

In this paper, taking two-wave and three-wave

fiber transmissions as examples, we numerically anal-

yse the effects of frequency spacing and fiber length on

FWM efficiency and its induced RIN. Furthermore, we

make an explanation for the simulation results using

the quasi-phase-matching condition. Considering the

fact that FWM induced RIN is a significant parameter

which restricts the performance of the WDM system,

the obtained results provide a good reference for the

practical design of such systems.

2. Theory analysis

For the two-wave and three-wave fiber transmis-

sions, two and nine new waves are generated through

the FWM process, respectively, as shown in Fig. 1.

For the latter case, we suppose that the three original

waves are equally spaced, thus three of the new waves
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overlap the old ones in the spectrum.

Fig. 1. Sketches of (a) two and (b) three original waves

as well as generated waves through the FWM.

The time-averaged power Pijk for frequency fijk
generated by FWM can be written as[4]

Pijk(L) = η(1024π6/n4λ2c2)(DX1111)
2(Leff/Aeff)

2

× PiPjPk exp(−αL), (1)

where

η = {α2/[α2 + (∆β)2]}{1 + 4 exp(−αL)

× sin2(∆βL/2)/[1− exp(−αL)]2}, (2)

∆β = (2πλ2
k/c)∆fik∆fjk{Dc + (λ2

k/2c)

× (∆fik +∆fjk)[dDc(λk)/dλ]}, (3)

∆fmn = |fm − fn| (m,n = i, j, k), (4)

L is the fiber length; η is the FWM efficiency; n is

the refractive index of the core; λ is the wavelength;

c is the light velocity in free space; D is the degener-

acy factor, whose values equal 1, 3, and 6 respectively

for the cases of fi = fj = fk, fi = fj ̸= fk, and

fi ̸= fj ̸= fk; X1111 is the third-order nonlinear sus-

ceptibility; Leff is the effective fiber length given as

Leff = [1 − exp(−αL)]/α; α is the fiber attenuation

coefficient; Aeff is the effective area of the fiber core;

Pi, Pj , and Pk are the input pump powers; Dc is the

fiber-chromatic dispersion value.

According to the law of energy conservation, the

power of the old waves decreases with the increasing

power of the new ones, and the decrements can be

obtained as[12]

∆Pi(L) = −Pijk(L)λjλk/(λiλk + λjλk − λiλj),

∆Pj(L) = −Pijk(L)λiλk/(λiλk + λjλk − λiλj),

∆Pk(L) = Pijk(L)λiλj/(λiλk + λjλk − λiλj). (5)

At the same time, the pump power also experiences

a linear loss caused by the fiber attenuation during

its transmission. Both the power transfer to the new

waves and the linear fiber loss resultantly lead to the

final decrease of the pump power. Using the newly

generated power and the final pump power, the RIN

at an arbitrary fiber length can be achieved for each

channel, which is expressed as the ratio between the

two powers in the present paper.

For the FWM process where two new photons

of angular frequencies ω3 and ω4 are generated as

two photons of ω1 and ω2 are annihilated, the phase-

matching condition can be written as[30]

κ = ∆kM +∆kW +∆kNL = 0, (6)

∆kM = (n3ω3 + n4ω4 − n1ω1 − n2ω2)/c, (7)

∆kW = (∆n3ω3 +∆n4ω4 −∆n1ω1 −∆n2ω2)/c,(8)

∆kNL = γ(P1 + P2), (9)

where ∆kM, ∆kW, and ∆kNL denote the phase mis-

match induced by material dispersion, waveguide dis-

persion, and nonlinear effects, respectively, nj (j = 1–

4) denotes the effective refractive index of the fiber

mode, ∆nj (j = 1–4) the variation of the material re-

fractive index caused by the waveguide, and γ the non-

linear coefficient. If the pump wavelength is not near

the zero-dispersion wavelength, which is common for

the 1.55-µm operating wavelength in the single-mode

fiber (SMF), we can obtain

∆kM ≈ β2(∆ω)2, (10)

where β2 is the group velocity dispersion (GVD) pa-

rameter and ∆ω is the frequency spacing. In the SMF,

∆kW ≈ 0, which is due to the fact that all of the waves

have nearly the same values of ∆n. In addition, the

influence of the phase mismatch induced by the non-

linear effects can be ignored when the input pump

power is not very large.

It needs to be noticed that FWM can also occur

even if the phase is not matched rigorously. The co-

herent length is defined as[30]

Lcoh = 2π/|∆κ|, (11)

where ∆κ is the maximal phase mismatch that is per-

mitted. FWM can occur effectively only if L < Lcoh,

which is the so-called quasi-phase-matching condition.
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Supposing that material dispersion is dominant in the

FWM process, we can obtain

Lcoh ≈ 2π/|∆kM| ≈ 2π/[β2(∆ω)2]. (12)

3. Numerical simulations and dis-

cussion

The two-wave and three-wave fiber transmissions

are considered. For the three-wave transmission, as

mentioned above, three new frequencies overlap the

old ones and we can investigate the RINs of the three

old channels. However, for the two-wave transmis-

sion, as shown in Fig. 1(a), the new frequencies do

not overlap the old ones. In this situation, we do not

distinguish these different channels when we investi-

gate the RIN, in other words, we treat the old and the

new channels as a whole. We suppose that the input

pump powers of different channels are the same, and

the parameters used in the simulations are summa-

rized in Table 1.

Table 1. Parameters used in the simulations.

Parameter Value

n 1.465

λ1/µm 1.55

c/m·s−1 3×108

X1111/m3·J−1 6×10−14

α/dB·km−1 0.2

Aeff/µm
2 80

P/mW 1

Dc/ps·km−1·nm−1 16

3.1. Influence of frequency spacing

The variations of the FWM efficiency with fre-

quency spacing for two-wave and three-wave fiber

transmissions are shown in Figs. 2 and 3, respectively.

The fiber length is assumed to be 50 km. It can be

found that the efficiency decreases with the increase

of frequency spacing. For the three-wave transmis-

sion, the variations can be divided into three sorts

and their critical frequency spacings, when the effi-

ciency is close to zero, are different. The decrease

of the efficiency can be explained by Eq. (12). As

the frequency spacing increases, the coherent length

decreases. At the same time, FWM occurs only when

the quasi-phase-matching condition L < Lcoh is satis-

fied, thus for a given fiber length, the FWM efficiency

also decreases. The efficiency decreasing with the in-

crease of frequency spacing has been experimentally

validated in previous researches.[4,5] The variations of

Fig. 2. FWM efficiency versus frequency spacing for two-

wave transmission.

Fig. 3. (colour online) FWM efficiencies versus frequency

spacing for three-wave transmission.

the RIN with the increase of frequency spacing for

the two-wave and three-wave transmissions are shown

in Figs. 4 and 5, respectively. It is apparent that

the RIN also decreases with the increase of frequency

spacing. For the three-wave transmission, the RIN of

channel 1 is the same as that of channel 3, while it is

much lower than that of channel 2. It was found in

Ref. [11] that the SNR increases with the increase of

frequency spacing. According to the above RIN defini-

tion, its variation is just the opposite to SNR, thus the

RIN decreasing with the increase of frequency spac-

ing is confirmed in Ref. [11] from the other point of

view. In the practical application of the WDM sys-

tem, the frequency spacing is always an integral mul-

tiple of 100 GHz, even if in the dense wavelength divi-

sion multiplexing (DWDM) systems, the minimal fre-

quency spacing at the present time is merely 50 GHz.

From Figs. 2–5, we find that the efficiency and RIN

are almost zero when the frequency spacing is more
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than 25 GHz, thus the influence of FWM on the RIN

of present WDM/DWDM systems can be neglected,

which has been discussed in our other paper.[6] On

the contrary, for applications where FWM is used as a

frequency conversion, we should reduce the frequency

spacing to acquire a larger efficiency.

Fig. 4. FWM induced RIN versus frequency spacing for

two-wave transmission.

Fig. 5. (colour online) FWM induced RINs versus fre-

quency spacing for three-wave transmission.

3.2. Influence of fiber length

The variations of the FWM efficiency with the

fiber length for two-wave and three-wave fiber trans-

mission are shown in Figs. 6 and 7, respectively. Con-

sidering the context of the practical applications, the

frequency spacing is assumed to be 100 GHz. It can be

found that the efficiency first decreases with the fiber

length increasing and then becomes close to zero. For

the three-wave transmission, the variations are simi-

lar to those in Fig. 3, which can also be divided into

three sorts in the same way. As mentioned above,

FWM occurs only when L < Lcoh, thus for a given

Lcoh, the efficiency is lower when L is larger, and it

approaches zero when L is large enough. The FWM

efficiencies at different fiber lengths were also calcu-

lated in Ref. [4], and similar results were obtained,

which confirms our above conclusion. The variation

of the RIN with fiber length for the two-wave and

three-wave transmission are shown in Figs. 8 and 9,

respectively. Obviously, the RIN increases as the fiber

length increases, which is opposite to those in Figs. 4

and 5. This phenomenon can be explained as follows:

when the fiber is long enough, the linear fiber loss be-

comes dominant, leading the pump power to be lower

at a longer fiber length. Therefore, the RIN is signif-

icant in spite of having a low FWM efficiency when

the fiber is long. It can also be found that the RIN

of channel 2 is larger than those of channels 1 and 3,

which is the same as that in Fig. 5, thus we can infer

that channel 2 is the worst channel for equal-spaced

three-wave transmission. It was also shown in Ref. [31]

that increasing the transmission distance can lead to

the noise introduced by the FWM to grow rapidly,

which is similar to our predicted case. In practical

applications, the fiber length of the system is always

fixed, thus it is better to achieve a low RIN combined

with the method of enlarging the frequency spacing.

Fig. 6. FWM efficiency versus fiber length for two-wave

transmission.

Fig. 7. (colour online) FWM efficiency versus fiber length

for three-wave transmission.
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Fig. 8. FWM induced RIN versus fiber length for two-

wave transmission.

Fig. 9. (colour online) FWM induced RINs versus fiber

length for three-wave transmission.

4. Conclusion

The FWM efficiencies and their induced RINs are

numerically simulated for two-wave and three-wave

fiber transmissions. It is shown that the efficiency

decreases with the increase in frequency spacing and

fiber length, both of which can be explained by the

quasi-phase-matching condition. It is also shown that

the RIN decreases with the increase in frequency spac-

ing. For 100-GHz frequency spacing, which is common

in the present WDM systems, the influence of FWM

on the RIN can be neglected. Furthermore, consid-

ering the fact that the linear loss of the pump power

in a long fiber is significant, the RIN increases with

the increase in fiber length. The obtained results can

serve as a reference for the practical applications of

the WDM and DWDM systems.
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