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Abstract—The broadband wavelength conversion based on four-wave
mixing in a silicon nanowire waveguide is theoretically investigated
by taking into account the inﬂuence of the waveguide loss and
free-carrier absorption on the phase-matched condition. The lossy
wavelength conversion is compared with the lossless one in terms
of conversion eﬃciency and bandwidth. The size of the silicon-oninsulator nanowire waveguide is optimized to be 400 nm × 269 nm for
broadband wavelength conversion by realizing a ﬂattened dispersion.
The pump wavelength is also optimized to 1538.7 nm in order to further
enhance the conversion bandwidth. A 3-dB conversion bandwidth of
over 280 nm is achieved in the optimized waveguide with the optimized
pump wavelength.

1. INTRODUCTION
With the development of the optical communication networks, alloptical signal processing including optical switching [1], wavelength
conversion [2–6], optical ampliﬁcation [7, 8], and signal regeneration
[9] has attracted much attention. During the past few years silicon has
emerged as an important material for all-optical signal processing since
the relative low-cost fabrication process makes silicon-on-insulator
(SOI) wafers an attractive and commercial platform for the integration
of optical waveguides. The high index contrast of SOI waveguides
allows for a tight conﬁnement of optical waves to a sub-micron
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region. Due to this ultra-small size and eﬀective mode area, ultrahigh intensities can be produced by the input optical powers at
the milliwatt level. Moreover, SOI waveguides exhibit larger thirdorder nonlinearity than that of ﬁbers in the telecommunication band
[10]. These features enable eﬃcient nonlinear phenomena to occur
in the SOI waveguides. Many nonlinear eﬀects, such as self-phase
modulation (SPM) [11], cross-phase modulation (XPM) [12], fourwave mixing (FWM) and parametric ampliﬁcation [2, 3, 8, 13, 14], twophoton absorption (TPA) [15], and stimulated Raman scattering (SRS)
[16], have been demonstrated to eﬃciently occur with a relative low
pump power in a short length of such waveguide. It opens a door for
the SOI-based all-optical signal processing devices.
FWM, an important nonlinear parametric process conventionally
used to realize wavelength conversion, parametric ampliﬁcation, and
signal regeneration, has been extremely concerned in SOI waveguides
recently. FWM-based wavelength conversion was ﬁrstly demonstrated
experimentally in straight SOI nanowire waveguides [2]. And then SOI
waveguide-based high-Q microring resonators were also introduced in
order to increase the conversion eﬃciency and decrease the pump power
[17, 18]. The eﬃciency is tightly related to the eﬀective mode area of
the waveguide and some new structures such as slot waveguides [19,
20] and surface plasmon waveguides [21] have exhibited the ability
to conﬁne light. In addition, the dispersion of the SOI waveguides has
been demonstrated to be governed by its shape and dimensions [22, 23],
which provides the option to realize broadband wavelength conversion
by tuning the dispersion characteristics of silicon nanowire waveguides
[24]. Lin et al. reported the ultra-broadband wavelength conversion
by tailoring the dispersion of waveguide under the consideration of
the impact of the linear loss and absorptions [25], and Liu et al.
introduced a dielectric ﬁlm deposited around the silicon core for
dispersion engineering to achieve a broadband FWM [26].
For FWM-based wavelength conversion, the conversion eﬃciency
and bandwidth are also dominated by the phase-mismatch, which is
determined by the dispersion of the SOI waveguides and the input
pump powers [6]. Since the pump power will attenuate along the
propagation distance in the SOI waveguides due to the loss and
absorption, the phase-mismatch will be also dependent on them. In
previous contributions, although the broadband wavelength conversion
has been proposed [25, 26], the dependence of the phase-mismatch on
the waveguide loss and absorption and the incident pump condition
for the optimizing conversion response were still rarely investigated.
In this paper, we mainly investigate the inﬂuence of the linear loss and
free carrier absorption (FCA) on the phase-matched condition, and
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optimize the SOI nanowire waveguide size and the incident pump to
enhance the conversion bandwidth and eﬃciency. In Section 2, the
theory of FWM is established by considering the linear loss and FCA,
and a comparison between the lossy and lossless situations is made.
In Section 3, the dispersion property depending on the geometric
parameters of the SOI waveguide is investigated and the waveguide
size is optimized in terms of the dispersion characteristics. Moreover,
the incident pump wavelength is also optimized in order to enhance the
conversion bandwidth in an optimized waveguide. Finally, a conclusion
is drawn in Section 4.
2. THEORY
FWM is a nonlinear parametric process arising from the third-order
nonlinearity. When a pump ωp and a signal ωs are injected into an
SOI nanowire waveguide together, the degenerate FWM will eﬃciently
occur and an idler ωi = 2ωp − ωs will be eﬃciently generated once the
phase-matched condition is satisﬁed. The degenerate FWM process is
described by a set of coupled equations in terms of the complex ﬁeld
amplitudes of these waves:




dEp (z)
αp σp βT P A τeﬀ
λp |Ep (z)|4 Ep (z)
= −
−
dz
2
4hp cA2eﬀ




+jγp |Ep (z)|2 + 2 |Es (z)|2 + 2 |Ei (z)|2 Ep (z)
+j2γp Ep∗ (z)Es (z)Ei (z) exp(j∆βz)
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dEi (z)
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αi σi βT P A τeﬀ
λp |Ep (z)|4 Ei (z)
−
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+jγi |Ei (z)|2 + 2 |Ep (z)|2 + 2 |Es (z)|2 Ei (z)
+jγi Ep2 (z)Es∗ (z) exp(−j∆βz)

(3)

where Ep,s,i (z) are the complex ﬁeld amplitudes of the pump, signal,
and idler waves; αp,s,i represent the linear propagation losses of the
waveguide; σp,s,i are the cross-sectional area of FCA; βT P A is the
coeﬃcient of TPA; τeﬀ is the carrier lifetime; hp is the Planck constant;
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c is the velocity of light in the vacuum; Aeﬀ is the eﬀective mode area
of the waveguide; λp,s,i are the wavelengths of the pump, signal and
idler waves; γp,s,i are the nonlinear parameters; and ∆β is the linear
phase-mismatch, which is expressed as
∆β = βs + βi − 2βp

(4)

where βp,s,i are the wave numbers of these interaction waves.
Expanding βp,s,i in a Taylor series to the fourth-order around the pump
wavelength λp , the linear phase-mismatch ∆β can be rewritten as
1 2
λ D (λp ) Ω2
2πc p 

1 4
1
1 5 
1 6 
4
−
3 2 λp D (λp ) + 2 λp D (λp ) + 12 λp D (λp ) Ω
(2πc)

∆β = −

(5)

where Ω = ωs − ωp is the frequency diﬀerence between the pump
and signal waves; D(λp ) is the dispersion parameter at the pump
wavelength λp ; D (λp ) and D (λp ) are the ﬁrst- and second-order
derivatives of D at λp , respectively. When the pump wavelength is
tuned near the zero-dispersion wavelength (ZDW), D (λp ) and D (λp )
play an important role in the phase-matched condition and a broad
conversion bandwidth can be achieved.
Suppose that the pump is much stronger than the signal and idler,
i.e., Pp  Ps,i , the SPM and XPM terms without the participation of
the pump wave in Eqs (1)–(3). can be reasonably neglected. Since
these involved waves are all in the conventional-band, the relatively
small diﬀerences in the linear propagation losses, cross-sectional area
of FCA and nonlinear parameters among them can be ignored, i.e.,
αp = αs = αi = α, σp = σs = σi = σ, and γp = γs = γi =
γ = 2πn2 /λp Aeﬀ . For convenience, the pump energy converted to
the signal and idler waves can be neglected since it is much smaller
than the power attenuation caused by the linear propagation loss and
the FCA-induced loss of the waveguide. In this case, Eq. (1) can be
simpliﬁed as
dEp (z)
α + αF CA
=−
Ep (z) + jγ |Ep (z)|2 Ep (z)
dz
2

(6)

where αF CA is introduced to simplify the expression of the FCAinduced loss term and can be written as
αF CA =

σβT P A τeﬀ
2
λp Pp0
2hp cA2eﬀ

(7)
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where Pp0 = |Ep (0)|2 is the pump power. The pump distribution along
the propagation distance in the waveguide can be analytically obtained
by solving Eq. (6):






α + αF CA
γPp0 exp (−(α + αF CA )z)
z exp −j
Ep (z) = Pp0 exp −
2
α + αF CA
(8)
Substituting Eq. (8) into Eqs. (2) and (3), the coupled equations can
be rewritten as
dEs (z)
α + αF CA
=−
Es (z) + jγPp0 exp[−(α + αF CA )z]
dz
2


2γPp0 exp(−(α+αF CA )z)
∗
2Es (z)+Ei (z) exp −j∆βz−j
(9)
α+αF CA
dEi∗ (z)
α + αF CA ∗
= −
Ei (z) − jγPp0 exp[−(α + αF CA )z]
dz
2


2γPp0 exp(−(α + αF CA )z)
∗
2Ei (z) + Es (z) exp j∆βz + j
(10)
α + αF CA
Using the transformation




(α + αF CA )z
2γPp0 exp(−(α + αF CA )z)
−j
2
(α + αF CA )
(11)
Eqs. (9) and (10) can be rewritten as
Em (z) = Am (z) exp −

dAs (z)
= jγPp0 exp[−(α + αF CA )z]
dz


2γPp0 exp(−(α + αF CA )z) ∗
exp −j∆βz+ j
Ai (z)
(α + αF CA )
dA∗i (z)
= −jγPp0 exp[−(α + αF CA )z]
dz


2γPp0 exp(−(α + αF CA )z)
exp j∆βz− j
As (z)
(α + αF CA )

(12)

(13)

From Eqs. (12) and (13), one can obtain the phase-mismatch of the
involved waves:
κ(z) = ∆β + 2γPp0 exp[−(α + αF CA )z]

(14)

where the ﬁrst term on the right-hand-side of Eq. (14) is the linear
phase-mismatch, and the second term represents the contribution of

188

Zhang, Gao, and He

the nonlinear eﬀects to the phase-mismatch. As can be seen in Eq. (14),
the phase-mismatch is dependent on the linear propagation loss and
the FCA-induced loss, and it varies along the propagation distance.
The conversion eﬃciency η, which is deﬁned as the ratio of the
output idler power at z = L to the input signal power at z = 0, can be
expressed as
Pi (L)
η=
(15)
Ps (0)
It can be numerically obtained by solving Eqs. (12) and (13) when
the linear propagation loss and FCA are taken into account. While a
lossless waveguide is considered (α = 0 and αF CA = 0), the conversion
eﬃciency can be written as the following expression by analytically
solving Eqs. (12) and (13) [6]:


η=

γPp (0)
sinh(gL)
g

2

(16)

where g = [(γPp0 )2 − (κ/2)2 ]1/2 is the parametric gain, and the phasemismatch in this lossless case is
κ = ∆β + 2γPp0

(17)

In this wavelength conversion process, the conversion eﬃciency is also
related to the coherent length, which is deﬁned as [6]
Lcoh =

π
|κ|

(18)

When the waveguide is longer than the coherent length, the energy
will be converted from the signal to the pump and the eﬃciency will
be decreased. Therefore, the waveguide dimensions should be selected
under the condition of L ≤ Lcoh .
3. RESULTS AND DISCUSSION
The theoretical model under the lossless assumption in Section 2 was
originally used to describe the FWM eﬀect in optical ﬁbers and it is
transferred to describe that in silicon nanowire waveguides. It is quite
accurate in optical ﬁbers since ﬁber loss is small enough to be ignored.
However, the situation in the SOI waveguides is diﬀerent due to the
relatively large propagation loss and FCA and the lossless assumption
will introduce more deviation. Figure 1 shows the diﬀerences of the
pump and idler waves along the propagation distance by considering
the attenuation or not. The simulation results are obtained in a
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250 nm × 500 nm (height × width) SOI waveguide for a TE-polarized
pump wave of 200-mW input power at wavelength 1550 nm and a signal
wave with the initial power of 1 mW at wavelength 1520 nm. Here the
nonlinear index coeﬃcient of silicon is supposed to be 6 × 10−18 m2 /W;
the eﬀective mode area is 8.33×10−2 µm2 ; and the nonlinear coeﬃcient
of the FWM process can be calculated as 2.92 × 10−3 cm−1 mW−1 .
Figs. 1(a) and 1(b) show the power evolution of the pump and idler
waves in the lossless case, respectively. Under the undepleted pump
approximation, the pump wave only acquires a phase shift while the
power maintains unchanged, as shown in Fig. 1(a). The oscillation
of the idler power along the propagation distance shown in Fig. 1(b)
indicates the energy conversion between the pump and idler waves.
The phase-mismatch of the involved waves is about −0.68 cm−1 in
the case of 30-nm detuning and the coherent length Lcoh is about
4.6 cm according to Eq. (18). Within this length, the power ﬂows
from the pump to the signal and idler waves. While in Figs. 1(c)
and 1(d), the parameter values used in the simulation are supposed
as: α = 2.5 dB/cm, σ = 1.45 × 10−17 cm2 , βT P A = 0.3 cm/GW, and
τeﬀ = 1 ns, and these values are used in the simulation all through

Figure 1. Evolution of the pump and idler waves along the
propagation distance. (a) Pump evolution in the lossless case; (b) idler
evolution in the lossless case; (c) pump evolution in the lossy case; (d)
idler evolution in the lossy case.
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Figure 2. Phase-mismatch as a function of the wavelength detuning
and propagation distance in (a) lossless and (b) lossy cases.
this paper. As shown in Fig. 1(c), the pump wave attenuates rapidly
within a short distance. And as can be seen in Fig. 1(d), the peak
value of the idler wave is much smaller than that in the lossless case
[see in Fig. 1(b)] and the location of this peak emerges much earlier in
the waveguide.
The conversion bandwidth and eﬃciency are determined by the
phase-mismatch which is related to the linear propagation loss and
the FCA-induced loss of the waveguides, as described in Eq. (14).
Fig. 2 shows the phase-mismatch κ as a function of the wavelength
detuning λs − λp and the propagation distance z in a 250 nm × 500 nm
waveguide. The pump wave used here is the same as that in Fig. 1
and the signal wave is scanned within a wavelength range of 100 nm
around the pump. Fig. 2(a) shows the phase-mismatch of the involved
waves in the lossless case. The phase-mismatch maintains unchanged
while propagating through the waveguide. The loss-dependent phasemismatch is shown in Fig. 2(b). When the waves propagate along
the waveguide, a decrease of the phase-mismatch is introduced by the
pump attenuation due to the propagation loss and FCA. Thus, the
phase-matched condition is no longer satisﬁed during the propagation
of the waves even if the pump and signal waves are placed at the phasematched locations at the input port (z = 0). Since the phase-matched
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Figure 3. Conversion eﬃciency as a function of the wavelength
detuning in the lossless (solid line) and lossy (dashed line) cases.
condition can not be held in real lossy waveguides, the conversion
eﬃciency drops and the conversion bandwidth becomes narrower than
that in the lossless case. Fig. 3 shows the conversion eﬃciency as
a function of the wavelength detuning in the waveguide mentioned
above in both the lossless and lossy cases and the pump wavelength
and input power are the same as those in Fig. 1. The waveguide length
is 2 cm which is shorter than the coherent length. Compared with the
real lossy case (dashed curve), the conversion eﬃciency and the 3-dB
conversion bandwidth under the lossless assumption (solid curve) are
about 25 dB and 5 nm over-evaluated. Therefore, the lossy model will
be used in the following analysis.
Since the dispersion property of the waveguide determines the
linear phase-mismatch of the involved waves, it is tightly related to
the conversion eﬃciency and bandwidth. The linear phase-mismatch
can be considered as the contribution of two parts: One is the material
dispersion, which is large and normal within the wavelength range we
are interested in. And the other is the waveguide dispersion, which
can be varied from anomalous to normal by adjusting the waveguide
dimensions [22]. Fig. 4 shows the values of ZDW corresponding to
diﬀerent waveguide sizes, where the width and height of the waveguide
core are scanned with a step of 25 nm. Generally, there are two ZDWs
in the entire wavelength region and both of them shift to the long
wavelength for TE mode as the waveguide dimensions increase. For
TM mode, the left ZDW shifts ﬁrst to the short and then to the long
wavelength and the right ZDW keeps increasing as the waveguide
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(a)

(c)

(b)

(d)

Figure 4. Distribution of the ZDWs for the TE and TM modes. (a)
The left ZDW for TE mode; (b) the right ZDW for TE mode; (c)
the left ZDW for TM mode; (d) the right ZDW for TM mode. The
solid lines in (a)–(d) denote the single-mode conditions for TE or TM
modes.
dimensions increase. Figs. 4(a) and 4(b) show the distribution of
the left and the right ZDWs for TE mode in terms of the waveguide
dimensions, respectively. Figs. 4(c) and 4(d) are for TM mode. The
available wavelength range is considered from 1300 to 2000 nm (shown
as the colorful zone in Fig. 4). The white zone in Fig. 4 indicates that
there is no ZDW within this wavelength range.
In order to avoid the inﬂuence of higher-order modes on the FWM
process, the nanowire waveguide is required to be of single mode.
The propagation characteristics in the waveguides can be analyzed
by various computational methods [27–29], e.g., the ﬁnite-diﬀerence
time-domain (FDTD) method [30, 31] and the beam propagation
method (BPM) [32]. In this paper, the single-mode condition for
the waveguides at a speciﬁc wavelength of 1550 nm is numerically
analyzed by using the semi-vectorial BPM. To obtain the single-mode
condition, one can scan the height and width of the silicon waveguide
and judge whether the higher-order modes exist. For a ﬁxed height we
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(a)

(b)

Figure 5. Dispersion as a function of the wavelength for (a) TE and
(b) TM modes.
reduce the width with a step of 5 nm until all the higher-order modes
disappear. The calculated results are also shown in Fig. 4. The solid
curves indicate the critical boundaries of single mode for TE mode in
Figs. 4(a) and 4(b), and the curves are for TM mode in Figs. 4(c) and
4(d). The single-mode region is on the left-bottom side of the curve
and the multi-mode region is on the right-top side in each ﬁgure.
The previous research has demonstrated that a broader conversion
bandwidth will be achieved when placing the pump wave in the
anomalous region of the waveguide, since the positive nonlinear phasemismatch can be compensated by the induced negative linear phasemismatch [6]. From Fig. 4, for a certain ZDW such as 1555 nm, one
can ﬁnd a series of waveguides which satisfy the requirement under the
single-mode condition. Fig. 5 shows the dispersion parameter D as a
function of the wavelength for some waveguides whose ZDWs are all
around 1555 nm. As shown in Fig. 5(a), for TE mode the dispersion
slope increases as the height of waveguide increases. The situation
is reversed for TM mode in Fig. 5(b). The ﬂatter the curve is, the
broader the conversion bandwidth is because the phase-mismatch of
the involved waves maintains small values within a wide wavelength
range. After comparing the dispersion slopes of these waveguides, the
waveguide cross section is optimized as 400 nm × 269 nm for TM mode
in order to obtain the smallest dispersion slope that corresponds to the
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Figure 6. (a) Conversion eﬃciency as a function of the wavelength
detuning for diﬀerent pump wavelengths in the optimized 400 nm×269
waveguide; (b) Conversion response comparison of the 400 nm×269 nm
(solid line), 275 nm×351 nm (dashed line), and 375 nm×287 nm (dotted
line) waveguides with the optimized pump wavelength.
broadest conversion bandwidth.
The conversion bandwidth is also related to the pump wavelength
and power since the loss-dependent phase-mismatch is quite related
to them. The bandwidth can be enhanced by properly adjusting the
pump wavelength at a ﬁxed input pump power. Figure 6(a) shows
the conversion response, that is, the conversion eﬃciency versus the
wavelength detuning, for diﬀerent pump wavelengths in the anomalous
region in the optimized waveguide of 400 nm × 269 nm with a ﬁxed
input power of 200 mW. The nonlinear phase-mismatch introduces a
depression of the conversion eﬃciency near the pump and a broad
phase-matched region with two peaks on both sides of the pump
appears (dashed line). When the pump is tuned away from the ZDW,
the appearance of a second pair of conversion eﬃciency peaks farther
from the pump, which is introduced by the location shift and number
increase of the perfect phase-matched wavelengths, increases the 3-dB
conversion bandwidth (dash-dot and solid lines). And the sharp drop of
more than 3-dB between the ﬁrst and second peaks limits the increase
of the 3-dB conversion bandwidth when further tuning the pump wave
away from the ZDW (dotted line). As shown in Fig. 6(a), the maximum
conversion bandwidth is achieved when pumping at 1538.7 nm (solid
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line) under the assumption of 200-mW input pump power and 2-cmlong interaction length.
To demonstrate the optimization results, Fig. 6(b) simulates the
conversion response for the optimized waveguide of 400 nm × 269 nm
for TM polarization together with two other waveguides with the
dimensions of 275 nm × 351 nm for TM polarization and 375 nm ×
287 nm for TM polarization for comparison. These results are obtained
in a 2-cm-long waveguide with a 200-mW pump wave at 1538.7 nm.
The coherent length of the optimized waveguide is about 2 cm for a
wavelength detuning of |λs − λp | ≈ 120 nm. The 3-dB conversion
bandwidth is over 280 nm for the optimized waveguide and the
bandwidths of 275 nm × 351 nm and 375 nm × 287 nm waveguides are
about 77 nm and 112 nm, respectively. As can be seen in Fig. 6(b), an
ultra-broad 3-dB conversion bandwidth is achieved in the optimized
waveguide with the optimized pump wavelength.
4. CONCLUSIONS
The FWM-based broadband wavelength conversion in silicon nanowire
waveguides has been theoretically investigated.
The theoretical
analysis is performed by taking the waveguide propagation loss
and FCA into account and compared with the lossless one. The
dimensions of the SOI nanowire waveguides are optimized in terms
of the dispersion for conversion bandwidth enhancement. Meanwhile,
the pump wavelength is also optimized in order to enhance the
conversion bandwidth further. Under these optimized conditions, a
3-dB conversion bandwidth of over 280 nm is achieved in the 400 nm ×
269 nm waveguide with a pump at wavelength 1538.7 nm.
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