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Phase-matching analysis of four-wave mixing induced

by modulation instability in a single-mode fiber∗
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Four-wave mixing induced by modulation instability in a single-mode fiber is analyzed from the phase-matching

point of view. For the two-channel transmission, a method is proposed to select the four-wave-mixing-induced sidebands,

which is based on the proper use of a continuous-wave and a pulse as light sources. We find that a mass of sidebands

are generated in the modulation instability resonance region, and the power of the sideband increases with not only the

peak power of the pump pulse but also the continuous-wave power which acts as a seed. The research will be guidable

for the fiber communication and sensing systems using the wavelength division multiplexing technology.
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1. Introduction

Modulation instability (MI) is a significant non-

linear effect in the fiber, which manifests itself in the

generation of two symmetric sidebands in the spec-

trum. It can be treated as a four-wave mixing (FWM)

process with the phase matched through self-phase

modulation (SPM).[1] The occurrence of this kind of

MI needs anomalous dispersion, i.e., the operation

wavelength lies in the anomalous dispersion region,

which is available for the 1.55-µm transmission in

the usual single-mode fiber (SMF). With the develop-

ment of the wavelength division multiplexing (WDM),

FWM among signal channels has attracted more at-

tention as it introduces considerable crosstalk to the

system.[2−9] It has been indicated that the FWM effi-

ciency decreases with the fiber dispersion.[10,11] Both

FWM and MI cause severe power penalty because of

the energy transfer from the pump to the newly gener-

ated sidebands, which limits the transmission distance

of the system.[12,13] Moreover, a mass of phase noise

will also be introduced due to the spectral broadening

caused by MI. This is crucial for an interferometric

fiber sensing system, because the phase noise decides

the detecting resolution. For a special case, in the

so-called modulation instability resonance (MIR) re-

gion, the channel spacing is close to the MI frequency

fMI (corresponding to the maximum gain of MI). As

a result of MIR, the FWM interactions between the

two signal channels are advanced. It was found that

signal depletion is resonantly enhanced in the MIR

region, becoming the main source of system perfor-

mance degradation.[14−17] Therefore, it is significant

to have a thorough understanding of MIR, especially

in the practical WDM system using SMF generally.

In the past research work, Grosz et al. investi-

gated the system impairments induced by MIR in the

dispersion shifted fiber (DSF).[15] Here, we will focus

on the usual SMF with higher fiber dispersion. As it

will be shown in the present paper, the MIR is also

notable in the usual SMF in despite of a lower FWM

efficiency caused by a higher dispersion. We change

the channel spacing as well as the laser power to study

the spectral variations in the presence of MIR. We

also explain the experimental results from the phase-

matching point of view. In order to verify this view

more clearly, we utilize a continuous-wave (CW) and

a pulse as the laser sources of the two channels. Our

research will provide a good guidance for the practical

applications of the WDM systems.
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2. Theory

When there are three frequencies, fi, fj , and fk,

in the fiber, a new frequency fijk = fi+fj−fk will be

generated through the FWM process. FWM is easier

to occur for fi = fj which corresponds to the par-

tially degenerate case. The phase mismatch of the

partially degenerate FWM can be approximately ex-

pressed as[1,18,19]

κ ≈ β2ω
2
s + 2γP, (1)

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

rameter, ωs is the angular frequency spacing, γ is the

nonlinear coefficient, and P is the pump power. The

first and second terms represent the GVD and non-

linear contributions respectively. If the pump power

is low, the second term is negligible. However, its in-

fluence cannot be ignored for a high power due to the

nonlinearity. In addition, the second term is always

positive, so the phase-matching condition can only be

satisfied for β2 < 0, i.e., the anomalous dispersion.

It has been indicated that MI resulting from FWM

occurs when κ = 0 is achieved for a proper pump

power. In particular, when the channel spacing co-

incides with the MI frequency, MIR emerges, which

induces enhanced FWM interactions and accordingly

rapid signal depletion because of efficient energy trans-

fer to the sidebands. In addition, even if the phase is

not rigorously matched, i.e., κ ̸= 0, we can also define

a coherence length as Lcoh = 2π/|κ| and FWM still

occurs efficiently for L < Lcoh, which is the so-called

quasi-phase-matching condition.

3. Experiments

The experimental setup is shown in Fig. 1. The

light from a laser diode (LD1) with 1549.26-nm wave-

length and ∼ 5-mW output power was amplified by a

tunable erbium-doped fiber amplifier (EDFA1) before

injected into an acoustic-optic modulator (AOM) due

to its insertion loss of as high as ∼ 7 dB. The CW

was turned into pulses by the AOM with its driver

connected to an arbitrary function generator (AFG),

which supplies a 100-ns pulse signal with the duty cy-

cle of 1%. The pulses were amplified again by a pulse

EDFA (EDFA2) to achieve a power high enough to

induce MI and then filtered by an optical filter with

∼ 0.3-nm bandwidth to suppress the amplified spon-

taneous emission (ASE) noise of the EDFAs. Three

isolators (ISO1, ISO2, ISO3) are used to avoid the re-

turn light to protect LD1, AOM, and EDFA2, respec-

tively. Lights from this optical path as well as another

LD (LD2) whose wavelength and output power can

be tuned are coupled into the 25-km SMF by a 3-dB

coupler. The spacing between the two signal channels

can be changed by adjusting the wavelength of LD2

and the output spectra can be observed by an optical

spectrum analyzer (OSA).

LD1

LD2

ISO1 ISO2 ISO3

EDFA1
EDFA2

AOM

driver

AFG

filter

coupler SMF
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Fig. 1. (colour online) The experimental setup. LD: laser diode, ISO: isolator, EDFA: erbium-doped fiber amplifier,

AOM: acoustic-optic modulator, AFG: arbitrary function generator, SMF: single-mode fiber, OSA: optical spectrum

analyzer.

It should be noted that, for 100-ns pulses, MI

responds to the peak power due to ∼10-fs response

time,[20] while stimulated Brillouin scattering (SBS),

another important nonlinear effect whose threshold is

as low as ∼ 5.7 mW for 25-km SMF (according to our

measurement data), responds to the average power

due to ∼ 10-ns response time which is close to the used

pulse width.[1] Therefore, we ensure the average power

below the SBS threshold to exclude its influence in the

experiments. In addition, we use the oscillograph to

observe the input pulse shape of the SMF, and divide

the peak voltage by the conversion efficiency of the

photodetector to obtain the input peak power.
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4. Results and discussion

The output spectra at different channel spacings

are shown in Fig. 2. The peak power of the pulse is

fixed at ∼ 89.6 mW after the coupler and the CW

power is ∼ 1.7 mW at the same location. The wave-

length of the pulse is fixed at 1549.26 nm. Supposing

β2 = −20 ps2/km and γ = 2 W−1·km−1 and using

κ = 0, we can obtain fMI = 21.3 GHz (0.17 nm), a lit-

tle higher than that in Fig. 2 (0.13 nm), which can be

attributed to the fiber attenuation.[15] At first, we en-

sure the channel spacing is close to but not the same as

fMI, as shown in Fig. 2, corresponding to 0.27, 0.22,

and 0.18 nm, respectively, which are a little higher

than 0.13 nm. For convenience, we label the pulse

and CW channel as channels 1 and 2 respectively. It

is apparent that the f112 components appear with the

absence of f221. Although the phase-matching con-

dition is not precisely satisfied, the coherence lengths

of the above three cases can be calculated to be 12,

27, and 155 km for the f112 components, which are

long enough for FWM to occur effectively. It can be

also found that the f112 power decreases with the in-

creasing channel spacing, i.e., the decreasing coher-

ence length, which verifies the quasi-phase-matching

condition mentioned above.
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Fig. 2. (colour online) Output spectra of a CW and a

pulse for different channel spacings.

To make a comparison, we present the output

spectra when channel 1 is also a CW in Fig. 3, and

the two CW powers are both ∼ 1.7 mW, which are

the same as Fig. 2. Obviously, both f112 and f221 are

present at this time, which is different from Fig. 2. We

can explain this phenomenon as follows: In the pres-

ence of two-channel transmission, there exists compe-

tition between f112 and f221 through the FWM pro-

cess. For the case of Fig. 2, the generation of f112 takes

priority of f221 due to a much longer coherence length

of the quasi-phase-matching condition caused by the

high peak power of channel 1. As a result, most of the

power is transferred to f112, suppressing the genera-

tion of f221. However, for the case of Fig. 3, the pow-

ers of the two channels are close to each other and the

competition abilities of f112 and f221 are comparative,

leading to the coexistence of the two components with

almost the same power, which is essentially due to the

energy exchange among different channels.[21] From

the above discussion, we can propose a method to se-

lect the FWM-induced sidebands for the two-channel

transmission, which is based on the proper utilization

of a CW as well as a pulse. We hope it will have poten-

tial applications in the scopes of frequency conversion

and sideband suppression.
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Fig. 3. (colour online) Output spectra of two CWs for

different channel spacings.

Keeping the pulse and CW powers unchanged

and adjusting the channel spacing within the MI fre-

quency range, we can obtain the MIR output spectra,

as shown in Figs. 4 and 5. It can be found that, with

the matched phase, MIR enhances the efficiency of

the FWM interactions, leading to the generation of

the second-order sidebands. Taking Fig. 4 as an ex-

ample, the f112 component is firstly generated due to

the phase-matching condition and we label it as chan-

nel 3. Then the second-order FWM processes occur,

which induce the f132 and f331 components on the

right channel of channel 3, and the f123 component

on the left channel of the CW channel (channel 2). Of

course, this left channel also includes the first-order

f221 component. A more detailed analysis about this

multiple FWM processes can be found in Ref. [22].

Signal depletion is considerably severe because of the

efficient energy transfer to the four sidebands (count-

ing the CW in), which causes the decreasing of the
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signal-to-noise ratio (SNR) and limits the transmis-

sion length of the fiber systems. Furthermore, the

spectra are broadened to a great extent due to MIR.

Considering that the phase noise originates from the

laser linewidth, it will be highly increased as a result of

spectral broadening, which is harmful to the interfero-

metric fiber sensing system as the detection resolution

decreases with the phase noise. Therefore, it is neces-

sary to avoid the occurrence of MIR in many practical

applications.
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Fig. 4. (colour online) Output spectra in the MIR region

with the CW on the left of the pulse.
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Fig. 5. (colour online) Output spectra in the MIR region

with the CW on the right of the pulse.

Keeping the pulse power unchanged and fixing the

CW frequency at 1549.38 nm, i.e., the channel spac-

ing of 0.12 nm within the MI frequency, we change

the CW power (measured after the coupler) to inves-

tigate the variations of MIR, as shown in Fig. 6. It

can be found that both the number and the power

of the sidebands increase with the input CW power.

In the MIR process, the CW acts as a seed light and

efficient energy transfer is realized through the MI in-

duced FWM. To see this more clearly, we present the

output power of the seed light as well as the sidebands

versus the input CW power in Fig. 7. We label the

sideband which is the nearest to the pump pulse in

the shorter wavelength region of Fig. 6 as sideband 1,

and in the same way we can label sidebands 2 and 3,

etc. It is easy to find that the sideband number in-

creases from 1 to 3 with the input CW power (from 2

to 6 in the whole spectra including the seed light), and

the powers of the sidebands follow the variation of the

seed light. Therefore, increasing the seed power will

enhance the MIR efficiency, which should be avoided

in practical applications.
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Fig. 6. (colour online) Output spectra for different input

CW powers.
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Fig. 7. (colour online) Powers of the seed and sidebands

versus input CW power.

Fixing the CW power and frequency at 0.09 mW

and 1549.38 nm, respectively, we change the peak

power of the input pulse (measured after the coupler)

by adjusting the gain of EDFA1 to investigate the vari-

ations of MIR. To make a comparison, we present the
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output spectra without and with the CW at the in-

put peak powers of 73.8, 81.8, 85.6, and 89.4 mW, as

shown in Figs. 8 and 9, respectively. It can be found

in Fig. 8 that MI gradually becomes obvious as the

input peak power increases. In addition, the power

of the sideband increases with the input peak power,

which is clearly shown in Fig. 9. Therefore, increasing

the peak power of the pump pulse will also enhance

the MIR efficiency because of more efficient energy

transfer.
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Fig. 8. (colour online) Output spectra of a pulse for dif-

ferent input peak powers.
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Fig. 9. (colour online) Output spectra of a CW and a

pulse for different input peak powers.

As is well known, pulses are widely used in

fiber communication and sensing systems, whose peak

power reaches typically 200–300 mW in the latter

case.[23] Using the phase-matching condition of FWM,

we can obtain the MI frequency range between ∼
30 GHz and ∼ 40 GHz for 1.55-µm transmission in

the SMF (The actual values may be slightly smaller

due to the fiber attenuation). At the same time, the

channel spacing varies from 10 GHz to 100 GHz in

the common WDM systems.[1] Therefore, to prevent

the MIR-induced system performance degradation, we

must exclude the special MI frequency from the ap-

plied channel spacing range. In Ref. [15], the DSF is

used and the actual MI frequency is 87.5 GHz, which is

higher than the case of usual SMF due to a lower fiber

dispersion. Moreover, we can use a fiber with normal

dispersion at the operation wavelength to suppress MI

as well as MIR.[24]

5. Conclusion

In conclusion, we have investigated MI-induced

FWM in the presence of MIR in the SMF from the

phase-matching point of view. We used a CW and

a pulse as light sources of the two channels. It is

found that FWM-induced sidebands can be selected

by this method, which can be explained using the

quasi-phase-matching condition. The power of the

generated sideband decreases with the channel spac-

ing because of the decrease of the coherence length.

It is also found that more sidebands are generated in

the MIR region. In addition, the power of the side-

bands increases with not only the peak power of the

pump pulse but also the CW power acting as a seed,

which is due to the efficient energy transfer through

the MI-induced FWM. Considering that MIR causes

severe performance degradation of the fiber commu-

nication and sensing systems which apply the WDM

technology, the obtained results will play a key role in

the practical applications of such systems.
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