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Abstract—We study, theoretically and experimentally, interband
four-wave mixing in semiconductor optical amplifiers whose gain
recovery is accelerated by amplified spontaneous emission (ASE).
Across a broad range of wavelength shifts, we observe a considerable increase (over 20 dB) in the conversion efficiency, and a
corresponding increase in the optical SNR (over 12 dB), as the
device current is increased from 100 to 500 mA. For input pump
powers below 1 mW, gain recovery in our device is dominated by
internal ASE. Higher pump power levels reduce the conversion
efficiency because of the pump-induced gain saturation near the
output end. We show that wavelength shifts of up to 25 nm are possible, while maintaining a >10% conversion efficiency and a high
optical SNR (>25 dB). A major advantage of our scheme is that the
use of relatively low pump powers (<1 mW) reduces the electrical
power consumption for such wavelength converters by more than
a factor of 10. We discuss in detail the issue of optimum pump and
signal powers. Our study is useful for realizing energy-efficient,
modulation-format transparent, wavelength converters for optical
networks.
Index Terms—Amplified spontaneous emission (ASE), fourwave mixing (FWM), gain-recovery time, semiconductor optical
amplifiers (SOAs), wavelength conversion.

I. INTRODUCTION
UTURE wavelength division multiplexing (WDM) networks are likely to employ phase modulation and polarization multiplexing; such networks will require fully transparent
all-optical signal processing [1]–[6]. Four-wave mixing (FWM)
is useful for wavelength conversion of WDM channels because
it is transparent to the modulation format of the bit stream. Although FWM inside especially designed highly nonlinear fibers
can be used for this purpose, the use of fibers requires high pump
powers (>100 mW) in combination with a technique for suppressing stimulated Brillouin scattering [7]–[9]. With the recent
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emphasis on low power consumption for modern telecommunication systems, the use of semiconductor optical amplifiers
(SOAs) is desirable for making wavelength converters and other
all-optical signal processing elements. SOAs are not only energy efficient but they can also amplify an optical signal while
processing it.
FWM in SOAs has been studied and used for wavelength
conversion for almost 25 years, and two mechanisms responsible for FWM in SOAs are known as interband and intraband
FWM [10]. Interband FWM requires carrier-density modulation involving electron–hole recombination at relatively high
frequencies and is typically limited by the carrier lifetime to
small wavelength shifts of <0.1 nm [10], [11]. In contrast, intraband FWM involving modulation of occupational probability
within an energy band can respond on a time scale of <1 ps and
provides wavelength shifts larger than 10 nm [12]–[14]. For
this reason, intraband FWM has been used for practical implementation of wavelength converters, even though required pump
powers exceed 10 mW and the conversion efficiency is typically
<10% [13]–[27].
The practical aspects of wavelength conversion for intraband
FWM, such as the impact of input pump and signal powers on
the conversion efficiency [13], [14], and the resulting optical
signal-to-noise ratio (OSNR) of the converted signal [17], [18],
have been investigated both theoretically and experimentally.
Aside from high input pump powers and a poor conversion efficiency, such wavelength converters also operate over a limited
range of signal powers, mainly because of slow gain recovery in
the SOAs [17]. An optical beam at a wavelength near the transparency point of the SOA (called the assist or holding beam) with
powers in excess of 40 mW has been used to reduce the SOA
gain-recovery time to as low as 60 ps [28] and to enhance the
performance of SOA-based wavelength converters [23]–[25].
Recently, commercial SOAs have become available whose
gain-recovery time can be reduced to close to 10 ps at high drive
currents [29]–[34]. The physical mechanism behind fast gain recovery is related to saturation of the SOA gain at high drive currents through amplified spontaneous emission (ASE), together
with a reduced saturation energy realized by suitable doping
of quantum wells. Such a small value of the gain-recovery
time implies that these SOAs should exhibit interband FWM
with wavelength shifts >10 nm, provided that the pump does
not become intense enough to saturate the gain along the SOA
length. Efficient FWM at high drive currents was first reported
in 1997 in a 1.5-mm-long SOA [35]. More recently, SOAs
with ASE-enhanced gain recovery were used to observe [36]
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efficient FWM at small pump–signal detunings (0.02 nm or
less). Simultaneous wavelength conversion of two data channels has also been reported in a 2010 study [1].
In this paper, we carry out a detailed theoretical analysis
of interband FWM in the presence of internal ASE and supplement it with experimental results designed to optimize the
device performance for wavelength conversion. In Section II,
we extend the theoretical model of interband FWM developed
in 1988 [10] by incorporating the effects of ASE-induced gain
saturation and use it to predict numerically how the conversion efficiency changes as a function of pump–signal detuning,
SOA current, pump power, and the effective carrier lifetime.
Section III describes our experimental setup and focuses on the
results showing the impact of increasing the SOA current and
pump–signal detuning on the FWM process. We use the conversion efficiency and the idler OSNR as the two figures of merit for
characterizing the FWM process. In section IV, we discuss the
role of input pump and signal powers for optimizing the conversion efficiency and OSNR of a wavelength converter. We also
discuss the feasibility of all-optical regeneration using FWM at
high drive currents. We compare the theory and experiments in
Section V and summarize the main results in Section VI.
II. THEORETICAL MODEL WITH ASE EFFECTS
To study interband FWM in the presence of ASE, we adopt
a model developed in [10]. We assume that the pump, signal,
and idler fields propagate as transverse electric (TE) modes of
the SOA and they remain linearly polarized. The FWM problem
can then be studied by solving the scalar wave equation
∇2 E −

n2 ∂ 2 E
1 ∂2 P
=
c2 ∂t2
0 c2 ∂t2

(1)

where n is the refractive index, 0 is the permittivity in free
space, and c is the speed of light in vacuum. The total electric
field E inside the amplifier has the form
E(x, y, z, t) = U (x, y)A(z, t) exp(iβ0 z − iω0 t)

(2)

where U (x, y) is the mode profile and A(z, t) is the slowly
varying part of the field. The propagation constant β0 is related
to the pump frequency ω0 by the usual relation β0 = n̄ω0 /c,
where n̄ is the mode index.
The induced polarization can be related to the SOA gain g
using P = 0 χE, where χ = (α + i)gc/ω0 is the susceptibility and α is the linewidth enhancement factor responsible for
changes in the mode index [10]. Using this form and the slowly
varying envelope approximation, the evolution of A(z, t) inside
the SOA is governed by
∂A
1 ∂A
g
+
= (1 − iα)A(z, t)
∂z
vg ∂t
2

(3)

where vg is the group velocity.
The SOA gain g depends on the carrier density N inside the
active region as g(z, t) = Γa(N − N0 ), where Γ is the mode
confinement factor, a is a material parameter (referred to as
the gain cross section), and N0 is the value of carrier density
at which the SOA becomes transparent. The carrier density is

found by solving the rate equation [37]
I
N
g(N ) 2
∂N
=
−
−
|A|
∂t
qV
τc
h̄ω0

(4)

where I is the current injected into the SOA and V is the volume
of the active region. The carrier lifetime τc itself depends on
N . Including both the radiative and nonradiative recombination
processes, it can be written in the form [37]
τc (N ) = [An r + Bsp N + Ca N 2 ]−1

(5)

where An r , Bsp , and Ca are three constants whose values depend on the SOA design. Equation (4) can be used to obtain the
following equation for the optical gain [10]:
∂g
g0 − g g|A|2
=
−
∂t
τc
Esat

(6)

where Esat = h̄ω0 σ/a is the saturation energy, σ is the mode
area, and the unsaturated gain g0 depends on the injected current
I as
g0 (I) = ΓaN0 (I/I0 − 1)

(7)

where I0 = qV N0 /τc0 is the current required for transparency
and τc0 is the carrier lifetime at N = N0 .
In our SOAs, the effects of ASE should be incorporated in
the gain equation. Although a complete model should consider
amplification of spontaneous emission in both the forward and
backward directions over the entire SOA gain bandwidth [38],
here we adopt a simple model discussed in [34] and replace |A|2
in (6) with |A|2 + PASE , where PASE is the total ASE power.
The resulting modified gain equation can be written in the form
∂g
g0
g
g|A|2
=
−
−
∂t
τc
τeﬀ
Esat

(8)

where the effective gain-recovery time is defined as
1
1
PASE
1
1
=
+
=
+
.
τeﬀ
τc
Esat
τc
τASE

(9)

The origin of interband FWM lies in the gain-saturation term
in (6). More specifically, when a signal field at frequency ω1
is launched together with the pump, the amplitude A contains
three terms
A = A0 + A1 exp(−iΩt) + A2 exp(iΩt)

(10)

where the subscripts 0, 1, and 2 stand for the pump, signal, and
idler fields, respectively, and Ω = ω1 − ω0 represents pump–
signal detuning. The idler frequency ω2 = ω0 − Ω is generated
such that the FWM condition 2ω0 = ω1 + ω2 is automatically
satisfied. Because the total intensity |A|2 contains terms oscillating at the beat frequency Ω, the gain is also modulated at this
frequency, and the modified gain equation (8) has an approximate solution of the form
g = ḡ + [Δg exp(−iΩt) + c.c]
where the average gain ḡ is given by
g0
ḡ =
r + (|A0 |2 + |A1 |2 + |A2 |2 )/Psat

(11)

(12)

BAVEJA et al.: INTERBAND FOUR-WAVE MIXING IN SEMICONDUCTOR OPTICAL AMPLIFIERS WITH ASE-ENHANCED GAIN RECOVERY

and the amplitude Δg of gain modulations created by the beating
of the pump with the signal is given by
Δg = −

ḡ(A1 A∗0 + A0 A∗2 )
.
Psat (r − iΩτc )
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TABLE I
PARAMETER VALUES USED IN NUMERICAL SIMULATIONS

(13)

In writing the preceding solution for the gain, we have introduced two parameters defined as
r = τc /τeﬀ ,

Psat = Esat /τc .

(14)

The dimensionless parameter r ≥ 1 represents the factor by
which the gain-recovery time is reduced by the ASE-induced
gain saturation. For r = 1, (12) and (13) reduce to the standard
solution for carrier density pulsations discussed in [10] in the
absence of ASE. It can be seen from (12) that as the gainrecovery time is shortened, the small-signal gain g0 is reduced
by a factor of r because of gain saturation induced by ASE [34].
Fortunately, this reduction is accompanied with a considerable
enhancement of the bandwidth over which gain modulations
can occur. This is apparent from the presence of the factor r in
(13) and is the origin of large wavelength shifts realized in such
SOAs through interband FWM.
The final step is to use (10) and (11) in (3) and separate the
oscillating and nonoscillating terms. In the continuous wave
(CW) case studied here, we can drop the time derivative in
(3). We then obtain the following three coupled differential
equations for the pump, signal, and idler fields:
dA0
= (1 + iα)[ḡA0 + (ΔgA2 + Δg ∗ A1 )]
(15)
dz
dA1
= (1 + iα)(ḡA1 + ΔgA0 )
2
(16)
dz
dA2
= (1 + iα)(ḡA2 + Δg ∗ A0 ).
2
(17)
dz
Equations (15)–(17) can be solved analytically in the undepleted pump approximation [14]. However, since the pump is
amplified considerably inside our SOAs operated at high currents, this approximation is not valid near the output end. For
this reason, we solve the three coupled equations numerically
and include all pump-depletion effects. To improve the numerical accuracy, we allow saturation of the average gain ḡ in (12) by
all three optical fields. However, we assume that the wavelength
dependence of the gain and the α factor is negligible over the
pump–signal detuning range of interest (about 10 nm). These
assumptions are reasonable for most SOAs [39], [40].
The conversion efficiency and the OSNR are two critical
figures of merit for FWM-based wavelength converters [4], [17],
[21]. We define them as
2

η = P2 (L)/P1 (0)),

OSNR = P2 (L)/Pn

(18)

where L is the SOA length, P1 = |A1 (0)|2 is the input signal power, and P2 = |A2 (L)|2 is the output idler power. The
noise power Pn used to define the OSNR is obtained by using Pn = pn NBW , where pn is the noise spectral density and
NBW is the reference bandwidth. For telecommunication signals, OSNR is commonly defined over a 0.1-nm noise bandwidth [21], [41]. However, our experiments are performed with
CW signals. Therefore, for the sake of consistency, we assume

that our input signal power represents the average power of a
WDM channel containing return-to-zero Gaussian pulses with
a 50% duty cycle.
The numerical results presented in this section focus on calculating the conversion efficiency η, using the device and input
parameters listed in Table I for a commercial SOA (CIP Technologies, model SOA-XN-OEC-1550) designed for high internal ASE at high drive currents. Using the procedure outlined
in [34], we estimate some device parameters from the experimental measurements of the SOA gain (under low input power
conditions) as a function of drive current. One such parameter
is the ASE power PASE , assumed to be constant all along the
SOA length. We calculate the ASE power by using the relation
PASE = DN 2 with D = 1.32 × 10−50 m6 W, a value deduced
based on our experimental measurements in [34].
Fig. 1(a) shows changes in η as a function of pump–signal
detuning [Δλ = (λ20 /2πc)Ω] at three different drive currents
for fixed input pump and signal powers (0 and −25 dB·m,
respectively). As expected, η decreases rapidly with Δλ at any
drive current. However, η increases by more then 20 dB, at any
pump–signal detuning, as the drive current is increased from
100 to 500 mA. This enhancement of conversion efficiency is
due to the ASE-induced shortening of the gain-recovery time.
From a practical standpoint, the important question is how large
is the Δλ range over which the interband FWM can provide
wavelength conversion with a net gain (η > 0 dB). This range
is only 0.3 nm at 100 mA but it increases to almost 7.5 nm at
500 mA. Noting that the wavelength shift is 2Δλ, the model
predicts that our SOA can provide wavelength shifts of up to
15 nm when driven at high current levels. Physical mechanism
for the large improvement is a reduction of the gain-recovery
time at high currents (or high ASE levels). If we are willing
to accept a 10% conversion efficiency, wavelength shifts can
exceed 25 nm. It is remarkable that this kind of performance
can be realized at a relatively low 1-mW pump power.
One may wonder whether higher pump powers would make
the situation even better because pump powers >10 mW are
routinely used in the case of intraband FWM [4], [26], [27]. It
is therefore important to see the effect of input P0 on interband
FWM. In Fig. 1(b), we plot η as a function of Δλ for three
input pump powers while keeping the SOA drive current fixed
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Fig. 2. Conversion Efficiency as a function of effective carrier lifetime τ e ﬀ
for different pump–signal detuning Δ λ. Device gain G0 = 30 dB

Fig. 1. Conversion Efficiency as a function of pump–signal detuning (a) at
three drive currents for 1 mW pump power and (b) at three input pump powers
at 500-mA drive current.

at 500 mA and input signal power at −25 dB·m. As the pump
power increases, the conversion efficiency at any Δλ is actually
reduced. This is somewhat counterintuitive but can be understood by noting that, if the gain is saturated considerably by the
pump, the impact of ASE is reduced. Physically speaking, as
the pump is amplified by the SOA, its power increases and becomes comparable to the ASE power near the output SOA end.
Gain saturation by such an intense pump decreases the ASE
power, which increases the gain-recovery time and reduces the
conversion efficiency. This is the reason why higher input pump
powers should be avoided for wavelength converters making use
of ASE-induced gain saturation. This is not a limitation because
the use of low pump powers is desirable from the standpoint
of low electrical power consumption for telecommunication applications. Fig. 1(b) shows that the pump power should be kept
below 1 mW to avoid pump-induced gain saturation. We discuss experimental optimization of pump and signal powers in
Section IV.
To establish that the conversion efficiency is indeed enhanced
by the ASE-induced shortening of the gain-recovery time, we
study changes in the η as a function of τeﬀ . We assume that the
SOA has a carrier lifetime of 1000 ps and is biased to provide
a gain of 30 dB, both in the presence and absence of internal
ASE (g0 L = 6.908). Fig. 2 shows η calculated numerically as
a function of τeﬀ for three values of Δλ. In all three cases, η
improves dramatically as τeﬀ becomes shorter. For a relatively
small detuning (Δλ = 0.1 nm), a net idler gain can be obtained
for τeﬀ < 300 ps. This is consistent with the earlier results on
nearly degenerate FWM [10], [14]. However, for a large 10-nm

Fig. 3. Experimental setup used for studying interband FWM. PC: polarization
controller; PBS: polarization beam splitter; PM: power meter; VOA: variable
optical attenuator; ISO: isolator; OSA: optical spectrum analyzer; Δ λ: pump–
signal detuning.

detuning, η is below −30 dB if τeﬀ exceeds 100 ps. This is
the reason why interband FWM was not found to be suitable for
wavelength conversion. However, if τeﬀ can be reduced to below
10 ps, η > 1 can be realized even for Δλ = 10 nm. These results
clearly show how the ASE-induced shortening of τeﬀ can extend
the usefulness of interband FWM for wavelength conversion.
III. DEVICE CHARACTERIZATION AND FWM RESULTS
In Section II, we established theoretically that interband
FWM can be used for wavelength conversion over a large range
using low input pump powers if SOAs with a short gain-recovery
time are employed. To verify our theoretical predictions and to
investigate various tradeoffs required for wavelength-conversion
performance optimization, we perform a series of experiments
using the setup shown in Fig. 3.
In our setup, the pump and signal are combined using a
3-dB coupler and sent through a polarization beam splitter (PBS)
whose role is to ensure that pump and signal remain copolarized
throughout the experiment and excite only the TE mode of the
SOA. The pump wavelength λ0 is fixed at 1574.93 nm to keep it
close to the SOA gain peak at 1570 nm. The signal wavelength
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Fig. 4. (a) Measured (circles) and calculated (solid line) ASE power as a
function of drive current. The inset shows the ASE spectra at 100 and 500 mA.
(b) Net device gain as a function of pump power. Input signal power and pump–
signal detuning Δ λ were −20.3 dB·m and 2.5 nm, respectively.

λ1 is tuned over a wide range on the short-wavelength side
(blue-shifted). The insertion and coupling losses after the PBS
are estimated to be 3 dB. The isolators are used to minimize
back reflections. A variable optical attenuator (Agilent 8156A)
was used at the SOA output to ensure that optical powers at the
optical spectrum analyzer were below its safe limit. It was calibrated using a broad-band ASE source and exhibited a 3.3-dB
insertion loss, while providing 20-dB attenuation over 1500–
1600 nm with a wavelength dependence of <0.2 dB. The total
attenuation at the output end, including output coupling loss
and insertion losses of the isolator and optical attenuator, was
estimated to be 30.3 dB at 1570 nm; its wavelength dependence
was negligible in the wavelength range 1565–1585 nm. The
SOA temperature was fixed at 25 ◦ C for all the measurements.
Before reporting our FWM results, we discuss the measurements performed to characterize the SOA. Fig. 4(a) shows both
the calculated and measured ASE power (over the entire ASE
bandwidth) as a function of the drive current [34]. The ASE
power increases drastically as ISOA is increased from 100 to
500 mA, becoming close to 50 mW at 500 mA and reducing
the gain-recovery time from 100 to 10 ps. The inset shows the
ASE spectra at 100 and 500 mA bias currents. The gain peak of
the spectrum near 1570 nm shifts toward the blue side with increasing current. However, we also see a considerable increase
in the amplitude of rapid oscillations near the gain peak at high
drive currents. These oscillations have a period of 0.3 nm and
have their origin in the residual feedback at the two SOA facets,
resulting in Fabry–Perot effects [42]. As discussed in Section V,
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Fig. 5. FWM spectra measured at three currents for a pump–signal detuning
of (a) 0.5 nm and (b) 2.6 nm at a pump power of −3.3 dB·m. The input signal
level (−20.3 dB·m) is marked by an arrow.

they constitute a major source of mismatch between our theoretical predictions and experimental results.
In Fig. 4(b), we plot the net SOA gain as a function of input
pump power at three drive currents. The net gain is defined
as the ratio of total output power (sum of pump, signal, and
idler powers) to total input power (sum of pump and signal
power). The solid lines in Fig. 4(b) represent a linear fit to the
experimental data. A negative slope of −1 is expected from
the saturation of average gain in (12). A different slope would
indicate the onset of intraband effects [42] and is observed in
traditional SOAs [16]. These results confirm that the intraband
FWM effects are almost negligible in the range of input pump
powers used in our experiments.
We next study the impact of increasing the drive current ISOA
on the FWM process. Fig. 5 shows the optical spectra at the SOA
output for two different pump–signal detunings. The peak on the
right side of the pump corresponds to the idler created through
interband FWM. For Δλ = 0.5 nm, the idler is generated at
current levels as low as 100 mA, and its power increases by more
than 20 dB as ISOA is increased to 500 mA. Multiple signal–
idler pairs are observed with increasing ISOA (not shown here)
in agreement with previously reported results for small Δλ [36].
At a large pump–signal detuning of 2.6 nm, negligible FWM
occurs at low drive currents (<120 mA). However, the idler
is greatly enhanced with increasing ISOA , indicating a sharp
reduction in the gain-recovery time induced by the enhanced
ASE [31]–[34], [36]. From our theory of Section II, the magnitude of idler peak corresponds to an effective carrier lifetime of
21 and 10 ps at 300 and 500 mA, respectively (calculated using
the method outlined in [34]).
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Fig. 6. Conversion efficiency and OSNR as a function of IS O A for Δ λ =
0.5 nm at a pump power of −3.3 dB·m (dashed curves) and +3.3 dB·m (solid
curves). Input signal power was −10 dB·m.

The FWM spectra in Fig. 5 show that the ASE-noise spectral
density near the idler wavelength increases by more than 7 dB
as ISOA is increased from 100 to 500 mA. Since the ASE power
is increasing, we need to ensure that the improvement in the
conversion efficiency η at large ISOA is not accompanied with
a degradation of the OSNR at the converted wavelength. To
understand this issue, we plot in Fig. 6, η and OSNR as a
function of drive current for two different pump powers. As
seen there, OSNR actually increases with increasing current,
indicating that the increase in the in-band ASE noise is more than
compensated by the considerable increase in the idler power. An
OSNR of > 30 dB along with a reasonable conversion efficiency
(η > 50%) can be achieved for ISOA > 160 mA. At a pump
power of +3.3 dB·m, η decreases by about 4 dB because of
pump-induced gain saturation (discussed in Section II), but the
corresponding reduction in OSNR is much smaller (< 0.5 dB).
This can be explained by noting that, while the idler power is
reduced considerably at higher pump powers, the in-band ASE
noise is also reduced because of pump-induced gain saturation.
From a practical standpoint, the relevant issue is how large
wavelength shifts are possible if such SOAs are used as wavelength converters, or how large Δλ can be while maintaining
good conversion efficiency and OSNR. Fig. 7 shows the conversion efficiency η and OSNR as a function of Δλ at the same
two pump powers. As expected, both degrade as Δλ increases,
indicating that one should not increase Δλ beyond an upper
limit. If we use η > −10 dB (10%), as an acceptance criterion,
this upper limit is <1 nm at 100 mA but increases to more than
10 nm at 500 mA. At any detuning, η and OSNR are enhanced
by more than 20 and 12 dB, respectively, when drive current is
increased from 100 to 500 mA. This increase in η and OSNR is
observed for both pump powers.
As we saw in Section II, the enhancement in η is due to faster
gain recovery caused by a large increase in the ASE power at
high currents [31]–[34], [36]. Enhancement in η (or the idler
power) with increasing drive current does not translate entirety
to an increase of OSNR. In Fig. 7, a 20-dB enhancement in η
translates into an OSNR increase of only about 12 dB as current
is increased from 100 to 500 mA. However, the OSNR exceeds
20 dB up to a detuning of about 5 nm at −3.3 dB·m pump power
at a drive current of 500 mA. With an increase in input pump

Fig. 7. Conversion efficiency and OSNR as a function of Δ λ at a pump power
of (a) −3.3 dB·m and (b) +3.3 dB·m for input signal power of −20.3 dB·m.
Dashed and solid curves correspond to 100 and 500 mA drive currents,
respectively.

power from −3.3 to +3.3 dB·m, both η and OSNR are reduced.
This indicates that pump power should be optimized suitably.
We turn to this issue next.
IV. OPTIMIZATION OF PUMP AND SIGNAL POWERS
In this section, we first investigate the role of input pump
power P0 by varying it in the range of −8 to +8 dB·m. This
range corresponds to the range over which the net device gain
was measured in Fig. 4(b), and over which the intraband FWM
effects are negligible. The SOA current is fixed at 500 mA in
the following measurements.
Fig. 8 shows the FWM spectra at three pump powers for (a)
Δλ = 0.5 nm and (b) 2.5 nm. In both cases, peak heights at
the signal and idler wavelengths decrease with increasing pump
power, indicating that a higher pump power leads to smaller
values of η. The reason for this behavior has been discussed in
Section II in the context of Fig. 1(b) and is related to pumpinduced gain saturation. As the pump is amplified inside the
SOA, its power increases and can become comparable to the
ASE power near the output SOA end. At a relatively low input
pump power close to 0.1 mW, total ASE power dominates the
pump power over nearly the entire SOA length. However, as
input pump power exceeds 1 mW, gain saturation induced by
an intense pump decreases the ASE power near the output SOA
end, which increases the gain-recovery time and reduces the
conversion efficiency. Clearly, high input pump powers should
be avoided for wavelength converters based on SOAs making
use of ASE-induced gain saturation.
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Fig. 8. FWM spectra observed at three input pump powers for pump–signal
detunings of (a) 0.5 nm and (b) 2.5 nm. The SOA current is 500 mA and the
signal level (−20.3 dB·m) is marked by an arrow.

Fig. 9. Conversion efficiency (circles) and estimated OSNR (squares) measured as a function of P 0 at 500-mA drive current. Solid lines represent a fit to
the experimental data. Input signal power was 10 μW at a pump–signal detuning
of 2.5 nm.

However, we should pay attention to the OSNR before concluding that lower input pump powers are always better. We
can see from Fig. 8 that both the in-band ASE spectral density
and the peak heights at the idler wavelength are reduced with
increasing P0 . The qualitative behavior of OSNR with increasing pump powers cannot be inferred from this. Therefore, to
clearly understand the tradeoff associated with increasing the
input pump power, we show in Fig. 9, how η and OSNR evolve
as a function of P0 . We see clearly that, while η decreases
monotonically with increasing P0 , the OSNR exhibits a broad
maximum near P0 = −2 dB·m (about 0.6 mW). After this maximum, the OSNR drops when P0 is increased beyond 2 dB·m.
The reason is understood by noting that, beyond P0 = 2 dB·m,
reduction in the idler power becomes much more severe compared to reduction in the in-band noise. The optimum value of
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Fig. 10. Conversion efficiency and OSNR measured as a function of P 1 at
(a) P 0 = −2.2 dB·m and (b) P 0 = +3.3 dB·m for Δ λ = 5 nm. Dashed and
solid lines correspond to drive currents of 300 and 500 mA, respectively.

P0 for a wavelength converter is dictated to some extent by
the design requirements. For example, if the requirement is that
OSNR should exceed 23 dB, one can use pump powers as low
as to 0.1 mW (−10 dB·m) to maximize η.
We should stress that the qualitative behavior of η and OSNR
in Fig. 9 is quite different from that observed when intraband
FWM is employed. In that case, it has been shown that both η
and OSNR increase linearly with P0 over a wide range of pump
powers [15]–[17]. This feature can be attributed to the fact that
gain saturation induced either by the pump or by the ASE plays
little role in the intraband FWM process in traditional SOAs.
Both η and OSNR therefore increase monotonically with increasing pump power because the idler power (governed mainly
by the device gain) keeps increasing until the pump starts to reduce the device gain owing to the gain-compression effects [16].
We next consider the role of input signal power P1 . Fig. 10
shows how η and OSNR vary as function of P1 at two drive
currents (300 and 500 mA) and at pump powers of (a) −2.2 dB·m
and (b) +3.3 dB·m. The first thing to notice is that η remains
almost constant until P1 becomes comparable to P0 and starts
to saturate the SOA gain. In contrast, OSNR increases linearly
with P1 until it saturates to a value near 35 dB for large values
of P1 near 1 mW. These features can be understood as follows.
As long as input signal power P1  P0 , the signal and the idler
remain weak enough that they do not cause gain saturation, and
η remains constant. The situation changes when P1 becomes
comparable to P0 , and η begins to decrease with increasing P1 .
The OSNR improves with increasing P1 because of an increase
in the output idler power, while the ASE level remains nearly
constant. The saturation of OSNR occurs once the idler gain
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Fig. 11. Power transfer function for two pump powers at 500-mA SOA current.
The wavelength shift is 5 nm.

is reduced because of gain saturation induced by the intense
signal and idler fields. Practical wavelength converters based
on SOAs typically require η > −10 dB and OSNR >30 dB,
while providing a wavelength shift of 10 nm or so [4], [21]. It
can be seen from Fig. 10 that these conditions can be met for
P1 /P0 ≈ 0.1. The performance of a wavelength converter can
be characterized by its power transfer function showing output
idler power as a function of input signal power. Fig. 11 shows
this transfer function at two different input pump powers. A
wavelength converter is usually operated in the linear regime
of a power transfer function. Note that the linear regime of the
transfer function extends over a wider range of signal powers
for a higher input pump power. Although the dynamic range of
signal powers is larger at higher pump powers, it comes at the
expense of reduced conversion efficiency. Also, the nonlinear
patterning effects due to slow SOA gain-recovery dynamics
will come into play at higher pump and signal powers [21]. It is
therefore likely that wavelength converters based on interband
FWM will be operated at input pump powers close to 0.1 mW to
take full advantage of ASE-induced ultrafast gain recovery. This
will also ensure low energy consumption of such wavelength
converters.
A wavelength converter can also act as an all-optical regenerator of a telecommunication channel if its power transfer function
has a step-like shape that enables a reduction in signal noise at
the converted wavelength [8], [43], [44]. As can be seen from
Fig. 11, the shape of the power transfer function is far from being
a step function. Although the plateau-like region at low pump
powers may be useful for suppressing power fluctuations in the
“1” bits, noise fluctuations in “0” bits cannot be suppressed.
V. VALIDITY OF THE THEORETICAL MODEL
In this section, we ask to what extent our experimental data
are in agreement with the theoretical model of Section II. Our
model predicts that relatively large wavelength shifts are possible in SOAs operated at high currents because enhanced ASE
forced the carriers to recombine at a rate much faster than their
natural recombination rate set by the carrier lifetime. This prediction indeed holds for our device. A more detailed comparison
shows that our experiments are in agreement with the theoretical predictions qualitatively. A perfect quantitative agreement

Fig. 12. Conversion efficiency as a function of Δ λ at SOA currents of 100 and
300 mA. Solid lines are obtained from our numerical model, whereas symbols
represent experimental data. P 0 and P 1 are −3.3 and −20.3 dB·m, respectively.
TABLE II
CALCULATED AND OBSERVED VALUES OF Δ λ FOR η = 1 AND P 0 = 0.47 mW

is not expected because our theoretical model makes following
three simplifying assumptions.
1) The effects of ASE are included by assuming that the
average ASE power is constant along the SOA length and
is related to the carrier density as PASE = DN 2 [34]. In
reality, ASE power fluctuates in time and also varies along
the amplifier length be cause of gain saturation induced
by the amplified pump.
2) The SOA acts as a traveling-wave amplifier with no reflections at its two facets. In reality, there is always residual
feedback at the facets, resulting in some Fabry–Perot effects that manifest as spectral fringes in the ASE spectra
shown as the inset in Fig. 4(a). As seen there, the fringe
amplitude becomes relatively large at 500-mA device current used for most of our measurements.
3) The third simplification consists of neglecting the wavelength dependence of the SOA gain over the wavelength
range occupied by the pump, signal, and idler. This is a
reasonable assumption for small pump–signal detunings
(Δλ < 5 nm), given that the gain bandwidth of our SOA
is close to 35 nm. However, this assumption is unlikely to
hold for larger detunings.
As a check on the accuracy of our numerical predictions, we
compare in Fig. 12 our theoretical predictions and experimental
observations by plotting the conversion efficiency as a function
of pump–signal detuning when the SOA is operated at 100and 300-mA drive currents. The agreement is not expected to
be perfect because our model completely ignores the Fabry–
Perot effects resulting from the residual facet feedback. These
effects become worse at higher drive currents, and our numerical
model also becomes less accurate quantitatively. However, it
still makes reasonable qualitative predictions. As an example,
Table II compares the experimentally observed values with the
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theoretically calculated pump–signal detunings for which we
obtain 100% conversion efficiency (output idler power equals
input signal power) in the case of 0.47-mW input pump power.
It is possible to improve the numerical model by including the ASE effects more accurately. One approach divides the
ASE spectrum into multiple frequency bins and writes for each
spectral slice of the ASE two equations corresponding to propagation in the forward and backward directions and solve them
together the equations for the pump, signal, and idler fields. Up
to 45 equations need to be solved simultaneously to accurately
calculate the gain and the carrier density at each point of the
amplifier [32]. The inclusion of facet reflections adds additional
complexity as one has to consider the forward and backward
propagation of the pump, signal, and idler fields as well. Even a
small reflection due to residual facet reflectivity can be greatly
amplified within the device, especially at high currents when
the device gain is high.
VI. CONCLUDING REMARKS
In this paper, we have studied, both theoretically and experimentally, whether interband FWM can be used for wavelength
conversion in SOAs driven at currents high enough that ASE
itself begins to saturate the SOA gain. We used conversion efficiency and OSNR as two metrics to characterize the wavelengthconversion process. Across a broad range of wavelength shifts
(as large as 20 nm), we observed an increase in the conversion
efficiency of over 20 dB, and a corresponding increase in the
OSNR of over 12 dB, as the SOA current was increased from
100 to 500 mA. Our experimental observations are in qualitative
agreement with the theoretical predictions. As seen in Fig. 7(a),
wavelength shifts (2Δλ) close to 15 nm are possible at high drive
current levels that reduce the gain-recovery time to near 10 ps,
while maintaining a high conversion efficiency (η = 1) and a
high OSNR close to 25 dB. If we consider 10% conversion efficiency acceptable for a wavelength converter, wavelength shifts
>25 nm are possible.
A major advantage of the ASE-enhanced interband FWM
scheme is that input pump powers required for wavelength conversion are much lower (P0 < 0.5 mW) than those employed
in the case of intraband FWM. This feature reduces the electrical power consumption for such wavelength converters by more
than a factor of 10. We discussed the issue of optimum pump
power and found that high conversion efficiencies over a broad
range of input signal powers are possible even at pump powers
as low as 0.1 mW. However, the OSNR of the converted signal
at such pump levels may be below 25 dB because input signal
power in this case must be considerably less than 0.1 mW. If
the design criterion requires an OSNR of 30 dB or more, input
signal power should be close to 0.1 mW, and this requires an
input pump power close to 1 mW.
A realistic wavelength converter for WDM systems must operate on pulsed signals at a bit rate of 10 Gb/s or more. We expect
our conclusions based on CW experiments to hold for pulsed
data channels, with minor modifications, as far as conversion
efficiency and OSNR are concerned. In the case of ON–OFF
keying, a partial recovery of the SOA gain during successive
pulses will introduce nonlinear patterning effects. This problem
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would be less severe for formats based on phase modulation
(such as differential phase-shift keying). Another practical issue is related to the polarization dependence of FWM efficiency.
This problem can be solved to a large extent if two orthogonally
polarized pumps are employed. However, the performance of
such a wavelength converter is likely to degrade if the total
pump power increases considerably.
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