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Abstract: An ultra-broadband wavelength conversion is presented and 
experimentally demonstrated based on nondegenerate four-wave mixing in 
silicon waveguides. Two idlers can be generated and their wavelengths can 
be freely tuned by using two pumps where the first pump is set close to the 
signal and the second pump is wavelength tunable. Using this scheme, a 
small phase-mismatch and hence an ultra-broad conversion bandwidth is 
realized in spite of the waveguide dispersion profile. We show that the 
experimental demonstrations are consistent with the theoretical estimations. 
Total conversion bandwidth is estimated to reach >500 nm and it can 
provide a feasible approach to realize one-to-two wavelength conversion 
among different telecommunication bands between 1300 nm and 1800 nm. 
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1. Introduction 

Wavelength converter is a key signal processing component to increase the versatility in 
wavelength division multiplexing (WDM) networks and to avoid the network block when 
multiple channels at the same wavelength are routed at the same port [1]. Current state of the 
art on wavelength converters mainly focuses on the conversion between channels pertinent to 
long-haul communication systems utilizing dense WDM channels in 1550-nm window. 
However, the network nodes interfacing fiber-to-the-premises access systems resort to course 
WDM systems utilizing both 1310-nm and 1550-nm windows [2]. To ensure the system 
performance, broadband wavelength converters are necessary to cover this wide wavelength 
range including both 1310-nm and 1550-nm bands. Up to date, many efforts have been made 
to enhance the bandwidth of wavelength converters based on wave mixing such as designing 
special structures in ferroelectric crystals [3] and adopting short ultra-highly nonlinear fibers 
[4]. In a further study, two-pump wave mixing technology has been utilized to enhance the 
bandwidth. For example, the conversion bandwidth has been enhanced by using cascaded 
three-wave mixing with two pumps in periodically poled crystals [5]. Also a two-pump 
nondegenerate four-wave mixing (FWM) in optical fibers has also been used to convert 
signals from 1550 nm to 1310 nm [6]. 

Intrinsic high nonlinearity of silicon and its potential for full optoelectronic integration 
attracted researchers to develop novel silicon-based chip scale nonlinear devices. Some 
schemes have been theoretically proposed or experimentally demonstrated for wavelength 
conversion in silicon waveguides [7–10]. In particular, the dispersion profiles of the silicon 
waveguides have been optimized to enhance the conversion bandwidth [11–15]. In this paper, 
we present and demonstrate, for the first time to our best knowledge, an ultra-broadband 
wavelength conversion based on two-pump nondegenerate FWM in silicon waveguides by 
setting one pump near the signal and scanning the other pump to eliminate the phase 
mismatch. Total conversion bandwidth is estimated to reach >500 nm and it can provide a 
feasible approach to realize wavelength conversion between 1300 nm and 1800 nm. 
Moreover, two idlers can be generated simultaneously and hence this scheme has the one-to-
two conversion ability. 

2. Principle 

Figure 1 illustrates the proposed ultra-broadband wavelength conversion utilizing 
nondegenerate FWM to create a dual replica of an optical signal. To achieve the phase match 
over a broad wavelength range, the first pump P1 is set near the signal wave S. The second 
pump P2 is set near the frequencies at which the idlers are desired. When the involved pump 
and signal waves are injected into a silicon waveguide, two typical nondegenerate FWM 
processes occur and two idlers are generated, which are denoted as I1 and I2. As shown in  
Fig. 1, the frequencies of the two idlers are written as fI1 = fS + fP2 - fP1 and fI2 = fP1 + fP2 – fS 
according to the energy conservation law, where fP1,P2,S,I1,I2 are the frequencies of the involved 
waves. Correspondingly, the phase mismatches for the two FWM processes can be expressed 
as 

 
1 1 1 2 2 1 1 2 2 2

(2 / ) (2 / )
P S I P P P P P

n f c I n f c Iκ β β β β π π= − + − + +   (1) 

 
2 1 2 2 2 1 1 2 2 2

(2 / ) (2 / )
S P I P P P P P

n f c I n f c Iκ β β β β π π= − + − + +   (2) 
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where βP1,P2,S,I1,I2 are the wave numbers of the corresponding signals, n2 is the nonlinear index 
coefficient, and IP1,P2 are the pump intensities. As shown in Fig. 1, the first pump P1 is very 
close to the signal S and the small frequency spacing between the first pump and the signal is 
denoted as ∆f. Due to the law of conservation of energy in FWM processes, the idlers I1 and I2 
will also have frequency spacing ± ∆f between the second pump P2. Therefore, the wave 
number differences between the adjacent interacting waves βS and βP1 (also βI1,I2 and βP2) are 
small regardless of the actual wavelength of P2. As long as ∆f is small enough to minimize βP1 
– βS, the total phase mismatches will be low for high-efficiency wavelength conversion over 
an ultra-broad conversion bandwidth. 

 

Fig. 1. Principle of ultra-broadband one-to-two wavelength conversion based on nondegenerate 
FWM. 

In above analysis, the waveguide dispersion profile is not taken into account. In fact, the 
influence of waveguide dispersion will be slight and the phase mismatch can be controlled to 
be low once the first pump is set close to the signal according to Eqs. (1) and (2). As a result, 
ultra-broad bandwidth can be achieved in spite of the waveguide characteristics, which is 
quite convenient for realizing practical ultra-broadband wavelength converters. 

3. Numerical simulation 

Proof-of-concept simulations are performed by using silicon waveguides with different 
geometries and hence different dispersion profiles. Particular waveguide parameters are 
derived for four silicon waveguides with dimensions of 300 × 500 nm

2
, 300 × 650 nm

2
, 285 × 

650 nm
2
, and 3 × 3 µm

2
 by using beam propagation method. In these simulations, the linear 

loss of the silicon waveguides is assumed to be 0.7 cm
−1

, the two-photon absorption 
coefficient is 0.8 cm/GW, the free carrier lifetime is 2 ns, and the nonlinear index coefficient 

is 9 × 10
−18

 m
2
/W. Both of the incident pump intensities are assumed to be 100 mW/µm

2
 and 

the signal intensity is 10 mW/µm
2
. According to the ITU WDM channel grid, the first pump 

P1 is set at 1543.73 nm (Ch42) and the signal S is at 1542.94 nm (Ch43). By scanning the 
wavelength of the second pump P2, Fig. 2 shows the phase mismatch and the corresponding 
conversion efficiency, which is defined as the ratio of the generated idler power with respect 
to the incident signal power: η = PI1,I2-out/PS-in. The phase mismatch and efficiency for the idler 
I1 are shown in Figs. 2(a) and 2(b). It is shown that the phase mismatch can be controlled to be 

within ± 2 cm
−1

 for a wavelength region of >550 nm in 17-mm-long silicon waveguides with 
different dimensions. As a result, the conversion response exhibits an ultra-broad bandwidth. 
The 3-dB bandwidth is calculated from Fig. 2(b) to be subsequently 630 nm, 604 nm, 535 nm, 
and 558 nm for the above mentioned waveguides, respectively. For the idler I2 shown in  
Fig. 2(c), the phase mismatch almost has an opposite sign compared with the idler I1 as the 
linear phase mismatches in Eqs. (1) and (2) are approximately opposite and the intensity-
induced phase mismatches are small. Therefore, the conversion response of the idler I2 in  
Fig. 2(d) is almost the same as that of the idler I1 in Fig. 2(b) and an ultra-broad bandwidth 
can also be predicted, that is, the one-to-two ultra-broadband wavelength conversion can be 
achieved using this method. 

As demonstrated above, the realization of the ultra-broad bandwidth depends on the small 
frequency spacing ∆f between the signal S and the first pump P1. If the frequency spacing is 
increased, the differences between βS and βP1 (also βI1,I2 and βP2) will also increase. As a 
result, the phase mismatch will increase rapidly and the conversion bandwidth will decrease. 
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By keeping the pump P1 at 1543.73 nm (Ch42) and tuning the signal S from 1542.94 nm 
(Ch43) to 1540.56 nm (Ch46) in the 3 × 3 µm

2
 waveguide, the influence of the frequency 

spacing can be observed, as shown in Fig. 3, where the idler I1 is taken as the example. From 
Fig. 3(a), one can find that the phase mismatch is enlarged when the signal S goes far away 
from the pump P1, and the corresponding conversion bandwidth is reduced dramatically. As 
shown in Fig. 3(b), the 3-dB bandwidth reduces from 558 nm to 159 nm for the signals at ITU 
WDM channels of Ch43-46 (558 nm, 309 nm, 210 nm, and 159 nm), respectively. 

 

Fig. 2. Calculated phase mismatch and conversion efficiency for the two generated idlers in 
300 × 500 nm2, 300 × 650 nm2, 285 × 650 nm2, and 3 × 3 µm2 silicon waveguides. (a) I1 phase 
mismatch; (b) I1 conversion efficiency; (c) I2 phase mismatch; (d) I2 conversion efficiency. 

 

Fig. 3. Simulation results of (a) the phase mismatch and (b) the conversion efficiency of the 
idler I1 for different signal wavelengths as the pump P2 scans and the pump P1 is fixed at 
1543.73 nm. 

4. Experimental demonstration 

Theoretical predictions are tested at telecommunication wavelengths in the experimental setup 
shown in Fig. 4. The first pump P1 and the signal S are produced by two continuous-wave 
tunable lasers (Santec ECL-200). They are coupled together via a 50/50 coupler and amplified 
by a high-power erbium-doped fiber amplifier (Amonics AEDFA-C-33-R). After eliminating 
the amplified spontaneous emission noise using a tunable band-pass filter (its bandwidth is 
about 2 nm and can let P1 and S pass simultaneously), the first pump P1 and the signal S are 
coupled into a 17-mm-long silicon waveguide with 5 µm

2
 effective mode area together with 

the second pump P2, which is produced by another continuous-wave tunable laser (Santec 
ECL-210), through a 70/30 coupler. In the silicon waveguide, the two FWM processes 
analyzed in section 2 occur and two idlers I1 and I2 are generated. They are observed using an 
optical spectrum analyzer (Ando AQ6317B). By scanning the second pump P2, the signal S 
can be converted to the idlers in different wavelength regions. 
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Fig. 4. Experimental setup for ultra-broadband one-to-two wavelength conversion. 

 

Fig. 5. Measured optical spectra for the signal at 1542.83 nm or 1542.05 nm when the pump P1 
is set at 1543.64 nm. (a) The pump P1 and the 1542.83-nm signal; (b)-(d) the pump P2 and the 
generated idlers I1,2 when the pump P2 is at 1560 nm, 1595 nm, and 1630 nm corresponding to 
(a); (e) the pump P1 and the 1542.05-nm signal; (f)-(h) the pump P2 and the generated idlers I1,2 
when the pump P2 is at 1560 nm, 1595 nm, and 1630 nm corresponding to (e). 

The measured optical spectra are shown in Fig. 5, where the first pump P1 is set at 1543.64 
nm and the signal is set at 1542.83 nm [Figs. 5(a)–5(d)] or 1542.05 nm [Figs. 5(e)–5(h)], 
whose wavelength spacing to the pump P1 is around 0.8 nm or 1.6 nm. For the 1542.83-nm 
signal, Fig. 5(a) shows the spectra of the first pump P1 and the signal S. The spectra of the 
second pump P2 and the generated idlers I1,2 are shown in Figs. 5(b)–5(d) when P2 is tuned to 
1560nm, 1595 nm, and 1630 nm, respectively. It is noticeable that the generated idler powers 
are almost unchanged when scanning the wavelength of the pump P2, which indicates an 
ultra-broad conversion bandwidth. Unfortunately, the tunable laser we used for the pump P2 in 
our experiment has a limited tuning range from 1530 nm to 1630 nm and the FWM effects 
cannot be measured for the pump P2 beyond 1630 nm. Figures 5(e)–5(h) show the spectra for 
the 1542.05-nm signal, which are quite similar to Figs. 5(a)–5(d) expect for the enlargement 
of wavelength spacing between the two idlers and the second pump. Moreover, the idler 
powers are a little smaller than those for the 1542.83-nm signal because a larger phase 
mismatch is introduced when the signal S moves away from the pump P1. 
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In order to quantitatively evaluate the performance of the proposed wavelength 
conversion, the conversion efficiency is measured. For the convenience of comparison, we 
introduce a unit conversion efficiency to eliminate the effect of the pump powers, which is 
defined as ηunit = ηappro/(PP1PP2) and the approximate conversion efficiency ηappro is the ratio of 
the output idler power with respect to the output signal power: ηappro = PI1,I2-out/PS-out. With 
such definitions, Fig. 6 shows the unit conversion efficiency calculated from the measured 
output FWM spectra. As indicated in Fig. 6, the unit conversion efficiency for each idler (I1 or 
I2) varies very slight when the wavelength of pump P2 changes. The experiment data are fitted 
and the efficiency difference within 100 nm (1550-1650 nm) is only 0.8 dB and 1.5 dB for the 
0.8-nm and 1.6-nm wavelength spacing respectively. The entire 3-dB bandwidth cannot be 
measured due to the tuning range of the pump laser. However, the prediction from the 
measured efficiency data agrees well with the theoretical analysis and the ultra-broadband 
wavelength conversion performance can also be verified. 

 

Fig. 6. Measured unit conversion efficiencies of the two idlers and their fitting curves as the 
pump P2 scans for the 1542.83-nm and 1542.05-nm signals that have 0.8-nm and 1.6-nm 
spacing with the pump P1. 

5. Conclusion 

The ultra-broadband one-to-two wavelength conversion has been theoretically presented and 
experimentally demonstrated in silicon waveguides using two-pump nondegenerate FWM 
where one pump is set near the signal and the other pump scans. Simulation results show the 
conversion bandwidth is >500 nm when the signal and the pump occupy two adjacent ITU 
WDM channels and have a wavelength spacing of 0.8 nm. The bandwidth is insensitive to the 
dispersion profile of the waveguide. The wavelength conversion has been experimentally 
realized for two signals whose wavelengths are 0.8 nm and 1.6 nm apart from the pump. Two 
generated idlers from the two FWM processes have been observed and experimental results 
agree well with the simulations. 
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