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Abstract—The performance of wavelength conversion based on
nondegenerate four-wave mixing (FWM) with two pumps is theo-
retically evaluated in a silicon nanowire waveguide. A theoretical
model is developed to take into the limitations of nonlinear loss
parameters on conversion bandwidth, efficiency, and uniformity.
Analysis shows that the conversion bandwidth of two-pump nonde-
generate FWM is ��% broader than the conversion bandwidth
of the degenerate FWM without compromising the conversion ef-
ficiency under the same pump power level. Also the results indi-
cate that the improvement originates from efficient phase matching
over broader bandwidth range due to two-wavelength pumps.

Index Terms—Nonlinear optics, optical frequency conversion,
optical mixing, optical planar waveguides, silicon on insulator
technology.

I. INTRODUCTION

I
N recent years, nonlinear effects in silicon nanowire waveg-

uides have been considered as the promising solution for

high-density integrated signal processing components [1], [2].

In particular, four-wave mixing (FWM) in silicon waveguides

has been used to realize optical sampling [3], parametric ampli-

fication [4], [5], optical regeneration [6], and wavelength con-

version [7]–[13] for the next generation high-speed optical com-

munication systems. However, to achieve a viable solution for

real-life optical communication applications via FWM and to

minimize the detrimental effects of nonlinear absorptions, high

conversion efficiency and broad conversion bandwidth are two
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critical parameters which need to be optimized [5]. Many ef-

forts have been made to improve the conversion efficiency and

conversion bandwidth such as utilizing micro-ring resonators

[13] and optimizing the pump parameters and the waveguide ge-

ometries through dispersion engineering in conventional waveg-

uides [14]–[16] or in a design of multi-layer structure [17]. Im-

pediments due to the polarization dependency of FWM have

also been studied and practical solutions for real-life applica-

tions have been proposed [18]. Most of these investigations were

based on the single-pump degenerate FWM. The nondegenerate

FWM using two pumps has also been mentioned in several ref-

erences. For example, the two-pump FWM was used to flatten

the conversion response in the pulse-pumped regime without

free-carrier absorption considered [15]. Multiple idlers around

the signal were generated by using a multi-longitudinal-mode

pump [11]. Broadband one-to-two wavelength conversion was

realized by setting one pump near the signal and scanning the

other pump [19]. Also, ten mixing sidebands were obtained by

injecting two pumps and a signal into the silicon waveguide in

a similar setup [20].

In principle, the use of single pump in silicon waveguides

comes with rigid phase matching since the dominated factors,

both the pump wave number and the pump power, are hard to

be tuned due to the inherent principle of single-pump FWM

and the nonlinear losses through two-photon absorption (TPA)

and free-carrier absorption (FCA). However, the nondegenerate

FWM process based on two pumps shows more flexibility to

achieve the phase matching. If nondegenerate FWM with two

pumps is used for wavelength conversion, the signals around

each pump have small phase mismatches wherever the pumps

are set. Hence, the phase-matching map can be easily tuned by

changing the setting of the pump wavelengths. Since the con-

version bandwidth is tightly controlled by the phase-matching

condition, it can also be efficiently enhanced by optimizing the

incident pumps.

In this paper, we investigate the wavelength conversion

scheme based on nondegenerate FWM in silicon nanowire

waveguides with two incident pumps in terms of conversion

bandwidth and efficiency through the comparison with the tra-

ditional degenerate FWM. In particular, the influences of TPA

and FCA are taken into account since they are significant under

the quasi-continuous wave assumption even though it may be

neglected in the ultra-short pulse regime [15]. It is predicted that

the bandwidth of the nondegenerate FWM-based wavelength

conversion is % broader than that of the degenerate FWM

under the same efficiency level. The efficiency degrades rapidly

0733-8724/$26.00 © 2010 IEEE
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with increasing free carrier lifetime. Also, the FCA limitation

is found to be almost the same as the degenerate FWM process.

II. THEORETICAL ANALYSIS

In the nondegenerate FWM, two pump waves ( and )

are used. Assuming both of the pumps are co-polarized as the

TE axis, they interact with the TE-polarized signal wave at

in the silicon nanowire waveguide and a converted wave

at will be generated, as

shown in Fig. 1. Considering the linear loss, the TPA- and

FCA-induced nonlinear losses, self-phase modulation (SPM),

and cross-phase modulation (XPM), the coupled equations for

this FWM process under the quasi-continuous wave assumption

can be expressed as [1], [16]

(1)

(2)

(3)

(4)

where are the amplitudes of the pump, signal and

converted waves, are the nonlinear coefficients,

is the linear phase mismatch, are the linear-loss coef-

ficients, and are the nonlinear-loss

coefficients caused by the TPA and FCA effects. In semiconduc-

tors, the main nonlinear losses originate from TPA and TPA-in-

duced FCA at operation wavelengths where photon energy is

. Mathematically the loss coefficient induced

by TPA can be expressed as [21]

(5)

where is the TPA coefficient and is the effective mode

area.

According to (5), the optical powers absorbed due to the de-

generate and nondegenerate TPAs along the waveguide may be

described as [22]

(6)

(7)

Fig. 1. Schematic description of the wavelength conversion based on nonde-
generate FWM with two pumps.

A pair of free carriers will be generated for every two photons

being absorbed. The rate of free-carrier generation and recom-

bination inside the waveguide is described using the following

equation by simultaneously considering the degenerate and non-

degenerate TPAs

(8)

where are the frequency of the interacting waves, is

the effective free-carrier lifetime, is the Planck’s constant.

At steady state, i.e., , the free-carrier density can

be expressed as [23]

(9)

And then, the FCA loss coefficient can be calculated using

(9) and

(10)

where are the FCA cross sections.

Denoting the nonlinear index coefficient of silicon as , the

nonlinear coefficients for the involved waves can be calculated

as

(11)
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The linear phase mismatch is a factor depends on the different

wave numbers of the interacting waves and it is expressed as

(12)

where are the wave numbers of the interacting waves,

which can be calculated by the corresponding effective refrac-

tive indexes in the silicon nanowire waveguide.

Since all the involved waves are in the same wavelength

region, it is reasonable to consider the linear-loss coefficients

, and the FCA cross sections

. Because SPM and XPM in-

troduce an additional phase shift to the FWM process, the

phase mismatch is also a function of the interacting wave

powers besides the involved wavelength numbers. Supposing

and , and

ignoring the phase shift due to the signal and converted waves,

the total phase mismatch can be reduced to a simple expression

(13)

In the nondegenerate FWM with two pumps, the linear

phase mismatch can be freely tuned by the two pump

wavelengths, which provides the possibility of bandwidth

enhancement. Under lossy cases and saturation regimes only

numerical solutions are available for the coupled equations

(1)–(4). They can be numerically solved using the common

Euler method or Runge–Kutta method. In particular the solu-

tion to (4) leads to the definition of the conversion efficiency

and the conversion bandwidth. The calculation of conversion

efficiency, which is defined as

dB (14)

provides an easy solution to the determination of the conversion

bandwidth after solving (1)–(4) numerically.

III. CONVERSION BANDWIDTH

The conversion bandwidth is one of the important figures

of merit of FWM-based wavelength converters. In this section,

the bandwidth performance of the wavelength conversion based

on the nondegenerate FWM is analyzed in comparison with

the degenerate FWM. Preliminary calculations are performed

in a 1.5-cm-long 300 nm 650 nm (Height Width) silicon

nanowire waveguide that corresponds to 0.12158 m effec-

tive mode area. Fig. 2 shows the TE-polarized effective refrac-

tive index and the corresponding dispersion calculated via beam

propagation method, where the steps for the cross section and

propagating directions are set to be 10 nm and 1 nm, respec-

tively. It is shown that the zero-dispersion wavelength is at 1456

nm. Such dispersion profile is suitable to be used for telecom-

munication-band wavelength conversion.

For the degenerate FWM-based wavelength conversion, the

phase mismatch can be written as , where

represents thepump power [24].Since thepump powerattenuates

along the propagation length, the phase mismatch will vary with

respect to the distance even though the signal wavelength is fixed

Fig. 2. TE-polarized effective refractive index and the corresponding disper-
sion as the wavelength varies in a 300 nm� 650 nm silicon nanowire wave-
guide.

[16], [25]. Figs. 3(a) and (b) simulate the phase mismatches for

the pump powers of 100 mW and 1000 mW in the above wave-

guide and the pump wave is assumed at 1550 nm. In our calcu-

lation, the linear propagation loss coefficient is assumed to be

dB/cm, the TPA coefficient is cm/GW for

both degenerate and nondegenerate absorptions, the FCA cross

section is cm , the effective free-carrier life-

time of carriers is ns, and the nonlinear index coefficient is

m /W.Onecanseethat theexactphase-matching

curves in Figs. 3(a) and (b) are quite similar particularly after

propagating 0.5 cm in the silicon waveguide, although the in-

cident pump powers are dramatically different. This effect re-

sults in the nonlinear loss due to TPA and FCA, especially where

FCA is quadraticly proportional to the pump powers. A high in-

cident power will be attenuated rapidly to a relatively low level.

As a result, the phase mismatch is slightly changed by the pump

power. Fig. 4 shows the conversion responses for the two cases

corresponding to Fig. 3 with a signal power of 1 mW. The 3-dB

conversion bandwidths are 71.5 and 77.2 nm when 100-mW and

1000-mW pumps are adopted. The bandwidth enhancement is

very limited by changing the pump power.

In contrast, the phase mismatch can be greatly changed by

setting the two pump wavelengths in the nondegenerate FWM

scheme. When the mean pump wavelength is fixed at 1550

nm, the phase mismatch is calculated by using (13) with pump

spacing of 0 and 61.56 nm, as shown in Figs. 5(a) and (b), in

which the pump powers are fixed at 100 mW. According to

(12), the linear phase mismatch is directly determined by

the pump wave numbers, that is, the pump wavelengths. In

Fig. 5, one can find that the total phase mismatch is sensitive to

the pump wavelength spacing and the perfect phase-matching

curves separate from each other in the contour map

with the pump spacing increasing, which means the enhance-

ment of bandwidth. The simulation results of the conversion

responses are shown in Fig. 6. The 3-dB bandwidth is 70.4

nm when the two pumps are very close, which is quite similar

to the degenerate FWM. When the two pumps go away from

each other, the bandwidth is enhanced gradually. For the pump

wavelength spacing of 61.56 nm, the bandwidth reaches 93.3
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Fig. 3. Phase mismatch (in the units of cm ) of the degenerate FWM as a
function of the signal wavelength and the propagation length with the pump
power of (a) 100 mW or (b) 1000 mW.

Fig. 4. Degenerate conversion efficiency as the signal wavelength for the pump
power of 100 mW or 1000 mW.

nm, which is enhanced by 22.9 nm (33%) compared with the

case the two pumps are put closely.

The nonuniformity of the conversion response is also

concomitantly enhanced with the pump spacing of the non-

degenerate FWM increasing since the central signals suffer

from larger phase mismatch, which means lower conversion

efficiency. For convenience, we define the efficiency difference

between the maximum efficiency and the central minimum

efficiency as the response nonuniformity. Fig. 7 shows the

response variation with the pump power of the degenerate

FWM [Fig. 7(a)] or the pump wavelength spacing of the non-

degenerate FWM [Fig. 7(b)]. In Fig. 7(b), one can see that the

response nonuniformity is also enhanced together with the con-

version bandwidth by separating the two pumps. The response

nonuniformity reaches 3 dB for 61.56-nm wavelength spacing.

Further increasing the pump spacing results in a response

nonuniformity of more than 3 dB and the 3-dB bandwidth

is divided into two regions, as illustrated in Fig. 7(b). Also,

the conversion bandwidth will decrease as the pump spacing

increases, which is not beneficial to the wavelength conversion

Fig. 5. Phase mismatch (in the units of cm ) of the nondegenerate FWM as
a function of the signal wavelength and the propagation length when the wave-
length spacing between the two pumps is (a) 0 and (b) 61.56 nm. Here both
pumps have a power of 100 mW and the mean wavelength is 1550 nm.

Fig. 6. Nondegenerate conversion efficiency as the signal wavelength varies.
Here the wavelength spacing between the two pumps is 0 or 61.56 nm with the
same pump condition as Fig. 5.

function. With both pump powers of 100 mW, the conversion

bandwidth and the corresponding response nonuniformity are

quantitatively simulated versus the pump wavelength spacing,

as shown in Fig. 8. The maximum 3-dB bandwidth of 93.3 nm

can be achieved just when the response nonuniformity is 3 dB.

IV. CONVERSION EFFICIENCY

For a wavelength conversion scheme, the conversion ef-

ficiency is another important parameter which needs to be

analyzed under various constraints. In the quasi-continuous

wave regime, the FCA will be the dominate loss in the silicon

waveguide, which greatly affects the conversion efficiency.

Fig. 9 shows the calculated maximum efficiencies for the cases

with and without FCA in the two-pump FWM as the pump

powers vary, where both of the pump powers are assumed to be

equal, and the pump spacing is 50 nm with a mean wavelength

at 1550 nm. The inset shows the conversion responses when

both of the pump powers are assumed to be 150 mW. One can

see that the efficiency discrepancy is very large and even more

than 15 dB when the FCA loss is taken into account or not.
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Fig. 7. Variation of the conversion response with (a) the pump power of the de-
generate FWM or (b) the pump wavelength spacing of the nondegenerate FWM.

Fig. 8. Conversion bandwidth and the corresponding response nonuniformity
as the pump wavelength spacing varies.

Therefore, it is reasonable to use the exact model shown in

(1)–(4). Moreover, the free-carrier lifetime is a dominant factor

of the FCA effect in the silicon waveguide. Here we simulate

the influence of the free-carrier lifetime on the efficiency in

Fig. 10, where both of the pump powers are 150 mW. It is

shown that the efficiency is tightly related to the lifetime of the

Fig. 9. Conversion efficiency comparison of the nondegenerate FWMs with
and without FCA loss as the pump powers vary.

Fig. 10. Conversion efficiency of the nondegenerate FWM as the free-carrier
lifetime in the silicon waveguide when the pump powers are adopted as 150
mW.

free carrier generated in the waveguide, which agrees well with

the previous experimental contribution and the efficiency can

be increased by shortening the free-carrier lifetime via reverse

voltage [8].

In the following, we will compare the efficiency of the non-

degenerate FWM with the degenerate FWM. According to the

coupled equations (1)–(4), one can see that the conversion ef-

ficiency is dominated by two factors: the nonlinear loss due to

TPA and FCA, and the phase-matching condition. For the non-

linear loss dominated by FCA, according to (9), the free-car-

rier density of the nondegenerate FWM can be simplified by ig-

noring the frequency difference between the TPA photons (i.e.,

) and ignoring the contributions from weak signal

and converted wave powers as

(15)
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Fig. 11. Free-carrier densities of the nondegenerate and degenerate FWMs
versus the total pump power for different positions in the silicon waveguide.

Free carrier density for the degenerate FWM is calculated using

a similar fashion [23] and we obtain

(16)

When the single-pump and two-pump FWMs have the same

total pump power, that is, , one can find that the

free-carrier densities shown in (15) and (16) are also approxi-

mately the same, i.e., , which means the same FCA

nonlinear loss. By further assuming , the free-car-

rier densities of the nondegenerate and degenerate FWMs as the

total pump power are calculated in Fig. 11, where several dif-

ferent positions in the above mentioned 300 nm 650 nm sil-

icon waveguide are considered and a free-carrier lifetime of 2 ns

is used. In this simulation, we still use the exact expression of

the FCA nonlinear-loss coefficient in (10). It is verified that the

TPA-induced free-carrier densities are almost equal for the two

kinds of FWMs, as predicted in (15) and (16). Fig. 12 shows

the total pump power comparison between the nondegenerate

and degenerate FWMs in the 1.5-cm-long waveguide. The two

incident pump powers of the nondegenerate FWM are both as-

sumed as 150 mW with a spacing of 50 nm and the pump power

of the degenerate FWM is 300 mW. The inset shows the carrier

densities along the waveguide for the two cases. One can see

that the carrier density generated in the nondegenerate FWM is

almost the same as that of the degenerate FWM and hence the

distribution of the total pump power is also the same in the sil-

icon waveguide.

On the other hand, the distributions of the phase-matching

condition are quite different for the nondegenerate and degen-

erate FWMs even though their total pump powers are set to be

the same, as analyzed in Section III. The signal near the pumps

has a small phase mismatch both in degenerate FWM and in

nondegenerate FWM. As a result, the conversion efficiency will

be different for a fixed signal wavelength in the two regimes.

As shown in Fig. 13(a), the 1550-nm signal, which is near the

mean wavelength of the two pumps and far from each pump

and hence suffers from large phase mismatch, has a lower con-

version efficiency in the two-pump nondegenerate regime than

Fig. 12. Comparison of the total pump distribution for the nondegenerate and
degenerate FWMs along the propagation length when the incident total pump
power is 300 mW. The inset shows the carrier density comparison between the
nondegenerate and degenerate FWMs.

Fig. 13. Conversion efficiency comparison of the nondegenerate and degen-
erate FWMs corresponding to Fig. 12 for (a) the 1550-nm signal and (b) the
1585-nm signal.

in the single-pump regime since there it is very close to the

pump and has a smaller phase mismatch. On the contrary, for the

1585-nm signal, which is near the phase-matching wavelengths

of nondegenerate FWM and far from the phase-matching wave-

length of degenerate FWM, the output nondegenerate efficiency

is higher than the degenerate efficiency, as shown in Fig. 13(b).

We use the maximum efficiencies that can be obtained in

the degenerate and nondegenerate FWMs to compare their ef-

ficiency performance. Fig. 14 shows the maximum conversion

efficiency as the pump power increases, where the pump wave-

length is 1550 nm for the degenerate FWM and the two pumps

have a mean wavelength of 1550 nm and the pump spacing is

optimized to achieve the maximum conversion bandwidth for

the nondegenerate FWM. Here the two pump powers for the

nondegenerate FWM are also considered to be the same. Sim-

ulation results show that the maximum efficiencies that can be

achieved using nondegenerate and degenerate FWMs are almost

the same. However, the required power of each pump (108 mW)

to realize the maximum conversion efficiency in the nondegen-

erate FWM is much lower than that (216 mW) in the degen-

erate FWM although one more pump is needed. As we know,
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Fig. 14. Maximum conversion efficiencies of the nondegenerate and degen-
erate FWMs when the pump powers vary.

the incident pump power is still critical due to the power per-

formance of laser diodes and the low coupling coefficient of sil-

icon nanowire waveguides. The wavelength conversion based

on two-pump nondegenerate FWM has more potential to re-

alize the maximum conversion efficiency predicted by theoret-

ical analysis.

V. CONCLUSION

The wavelength conversion based on nondegenerate FWM

with two pumps has been investigated in a silicon nanowire

waveguide. Analysis shows that the conversion bandwidth

can be efficiently enhanced by separating the two pumps

since the phase-matching condition can be easily tuned by the

pump wavelengths. More than 30% bandwidth enhancement

is numerically demonstrated in a 1.5-cm-long 300 nm 650

nm silicon waveguide compared to the degenerate FWM with

a single pump. The FCA losses in the nondegenerate and

degenerate FWMs are almost the same and hence they have

an approximately equal efficiency under the same total pump

power condition regardless of the phase-matching condition. In

practical applications, a high efficiency is easier to realize in

the two-pump nondegenerate FWM regime since the required

power is low for each pump. In this paper, we assumed that

all involved waves in the FWM effect are co-polarized. If the

waveguide birefringence is used, the free-carrier accumulation

may be reduced [5] and the performance of wavelength conver-

sion has the potential to be improved.
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