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Abstract—This paper presents a detailed theoretical and ex-
perimental study of the impact of amplified spontaneous emission
(ASE) on self-phase modulation in semiconductor optical ampli-
fiers (SOAs). A theoretical model of pulse propagation in SOAs
is developed that includes the ASE power and its effect on gain-
saturation and gain-recovery. We study the impact of ASE on
the nonlinear phase shift, frequency chirp, spectrum, and shape
of amplified picosecond pulses at a range of drive currents. We
verify our predictions experimentally by launching gain-switched
picosecond pulses with 3-mW peak power into a commercial
SOA exhibiting 9-ps gain-recovery time at a current of 500 mA.
Understanding the impact of ASE on SOAs is important for
applications that employs SOAs for all-optical signal processing
and as data-network amplifiers.

Index Terms—Amplified spontaneous emission (ASE), gain
recovery, optical signal processing, self-phase modulation (SPM),
semiconductor optical amplifier (SOA), spectral broadening.

I. Introduction

IN FUTURE high-speed telecommunication systems, all-
optical signal processing techniques promise to play a

prominent role in avoiding electro-optic conversions that may
create data-flow bottlenecks. Semiconductor optical amplifiers
(SOAs) have been widely used to perform a variety of all-
optical functions such as wavelength conversion [1], signal
regeneration [2], and pulse reshaping [3]. Compared to their
fiber-based counterparts [4]–[6], SOA-based all-optical signal
processing techniques have advantages in terms of low-power
consumption, a small footprint, and monolithic integration [7].
However, such techniques generally also have one serious
limitation. While the Kerr-based nonlinear response of an
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optical fiber is almost instantaneous [8], the nonlinear response
time of a SOA is tied to its carrier lifetime [9] that governs
how quickly the SOA gain recovers is typically longer than
0.1 ns [10].

Numerous techniques have been used in the literature to
reduce the gain-recovery time of SOAs [11]–[20]. These
techniques can be grouped into three categories. The first
category involves the use of SOAs made with semiconductor
quantum dots [11], [12] or doped quantum wells [13]. The
second category involves using a continuous-wave (CW) beam
that saturates the SOA because its wavelength lies within
the SOA gain spectrum or near the transparency point [14]–
[16]. The third category employs the amplified spontaneous
emission (ASE) within the SOA to saturate its gain and
to reduce its gain-recovery time [17]–[20]. Such SOAs are
available commercially with a gain-recovery time as short as
10 ps. They are designed carefully so that they can be driven
at high-drive currents (up to 500 mA in our case), and high-
ASE and short gain-recovery times are realized only at these
high-operating currents [21]. Although the nonlinear effects
have been investigated in SOAs employing a holding beam
for faster gain recovery [22]–[24], no study has yet addressed
the nonlinear effects in SOAs whose gain recovery is sped up
by the ASE.

In this paper, we address self-phase modulation (SPM), a
fundamental nonlinear effect that leads to spectral broadening
of optical pulses. This phenomenon in SOAs was first studied
in 1989 [9]. The physical mechanism behind SPM in SOAs
was found to be gain saturation, which leads to intensity-
dependent changes in the refractive index in response to
variations in carrier density. In that work, however, the gain-
recovery time, limited by the carrier lifetime, was taken to
be much longer than typical pulse widths employed in the
experiment [9].

We perform a comprehensive investigation of the impact of
ASE-induced gain saturation on signal amplification in SOAs,
with emphasis on the SPM phenomenon in the pulsed case.
In Section II, we extend the theoretical framework of [9] to
include the impact of ASE and derive a simple expression for
the SOA amplification factor in the CW case. In Section III,
we present CW experimental results and use them to extract a
critical device parameter that governs the ASE level at a given
current. In Section IV, we use this parameter to show how
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gain-recovery time is reduced at high-drive currents. In Sec-
tion V, we consider the amplification of picosecond pulses and
study the impact of ASE on the SPM-induced nonlinear-phase
shift and the corresponding frequency chirp imposed on the
pulse. We study theoretically in Section VI the impact of ASE
on the shape and spectrum of amplified pulses. In Section VII,
we present experimental results on pulse amplification and
compare them with theory. The main results of this paper are
summarized in Section VIII.

II. Theoretical Model With ASE Effects

When an optical signal is launched into the SOA, its
amplitude and phase change because of the gain provided
by SOA and the associated changes in the refractive index.
To describe this amplification process, we adopt the model
developed in [9] and write the signal’s electric field in the
form

E(r, t) = Re[x̂F (x, y)A(z, t)ei(β0z−ω0t)] (1)

where x̂ is the polarization unit vector, F (x, y) is the transverse
optical mode distribution, A(z, t) is the complex amplitude, ω0

is angular carrier frequency, and β0 = n̄ω0/c is the propagation
constant of the optical mode with the effective index n̄, and c

is the speed of light in vacuum.
As discussed in [9], the signal amplitude evolves inside the

SOA as

∂A

∂z
+

1

vg

∂A

∂t
=

g

2
(1 − iα)A (2)

where vg is the group velocity, g is the SOA gain, and α is the
linewidth enhancement factor responsible for changes in the
mode index with changes in the carrier density that satisfies a
rate equation of the form [10]

∂N

∂t
=

I

qV
− N

τc

− g(N)

�ω0
|A|2 (3)

where V is the active volume and τc is the carrier lifetime. The
injection of current into an SOA creates electrons and holes,
whose density N provides optical gain as g(z, t) = �a(N−N0),
where � is the mode confinement factor, a is the 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 rate equation (3) can be used to obtain the
following equation for the optical gain g(z, t) [9]:

∂g

∂t
=

g0 − g

τc

− g|A|2
Esat

(4)

where Esat = �ω0σ/a is the saturation energy, σ is the mode
cross-section, and the unsaturated gain g0 depends on the
injected current I as

g0(I) = �aN0(I/I0 − 1) (5)

where I0 = qVN0/τc0 is the current required for transparency
and τc0 is the carrier lifetime at N = N0.

In modern SOAs designed for ultrafast gain-recovery, ASE
becomes large enough at high-injection currents that it can
itself saturate the SOA gain, and the preceding set of equations

should be adapted to incorporate the effects of ASE. A general
theory of pulse propagation should consider the amplification
of spontaneous emission in both the forward and backward
directions over the entire SOA gain bandwidth. Because of the
stochastic nature of ASE, such a theory is quite complicated.
Here, we adopt a simple approach by ignoring the random
nature of the amplified signal and treat A(z, t) as the average
signal amplitude. However, we take into account the ASE in-
duced gain-saturation by replacing |A|2 in (4) with |A|2+PASE,
where PASE = Pf + Pb represents the sum of ASE powers in
the forward and backward directions. The resulting modified
gain equation can be written as

∂g

∂t
=

g0 − g

τc

− g(|A|2 + PASE)

Esat
. (6)

Even though Pf and Pb change considerably along the SOA
length because of exponential amplification of spontaneous
emission, their sum is relatively constant. We simplify the
following analysis by treating PASE as a constant whose value
depends only on the current I injected into the SOA.

Before considering amplification of optical pulses, we first
focus on the CW case and assume that a CW signal with input
power Pin is injected into the SOA. Using A(z) =

√
Peiφ in

(2), the CW signal power, P , and phase, φ satisfy
dP

dz
= g(z)P,

dφ

dz
= −α

2
g(z). (7)

Setting the time derivative to zero in (6), the signal power P(z)
is found to depend on PASE as

dP

dz
=

g0(I)P

1 + (P + PASE)/Psat
(8)

where the saturation power Psat is defined as [9]

Psat =
Esat

τc

=
�ω0σ

aτc

. (9)

In the small-signal regime, SOA gain is saturated only by
PASE. Equation (8) can then be integrated easily to obtain
G(I) = Pout/Pin, where Pout = P(L) and L is the SOA length.
The final result is given by

G(I) = exp

(
g0(I)L

1 + PASE/Psat

)
(10)

where both PASE(N) and Psat(N) also depend on I because
the carrier density N changes with I.

III. ASE-Induced Gain Saturation

Fig. 1(a) shows the experimental setup used for measuring
the small-signal gain of a weak CW signal as a function of
drive current using a commercial SOA (by CIP Photonics,
Suffolk, U.K.). Table I shows the manufacturer’s specifications
of this SOA used when it amplifies a 1550-nm signal at a
500-mA drive current. We launched a 1594.4-nm signal with
2-µW power to ensure that it does not saturate the amplifier.
The power of amplified signal was measured after passing it
through a 1-nm-bandwidth optical bandpass filter (OBPF) to
reject the out-of-band portion of the ASE.

The symbols in Fig. 1(b) show the measured values of log G

as a function of drive current I. The coupling and other losses
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TABLE I

Optical Specifications of the SOA at 500 mA

Parameter Value
Small-signal gain 25 dB
Saturated output power 12.5 dBm
Wavelength of gain peak 1570 nm
Saturated gain recovery time (1/e) 10 ps
3-dB bandwidth of gain spectrum 35 nm

Fig. 1. (a) Experimental setup and (b) measured values of log G as a function
of drive current. The solid line corresponds to the best estimate of D from
the experimental data (circles).

are included by adding 2 dB to the fiber-to-fiber gain values
measured in the experiment. It is evident from this figure that
the CW signal is amplified exponentially (or linearly on the
semilog plot) for currents of up to about 100 mA, but this
exponential growth is reduced dramatically at higher currents.
This behavior is because of gain saturation induced by the
increasing ASE.

To fit the experimental data, we first consider the low-
current regime. We set the time derivative to zero in (3),
neglect the last term, and find N at a given value of I by
solving

I

qV
=

N

τc

(11)

where the carrier lifetime, τc, itself depends on N. If we
include both the radiative and nonradiative recombination
processes, this dependence takes the form

1

τc

= Anr + BspN + CaN
2 (12)

where Anr is the intrinsic nonradiative recombination rate, Bsp

is the spontaneous recombination coefficient, and Ca is the
Auger recombination coefficient. Combining (11) and (12),
the carrier density N, at a drive current I, is a real positive
root of a cubic polynomial.

The dimensionless constant �aN0L and transparency cur-
rent I0 in (5) are uniquely determined from the experimental
data by using the gain values at low-drive currents, at which

TABLE II

Assumed Parameter Values for the SOA

Parameter Our Value Typical Values
� 0.4 0.3–0.7

a (m2) 10.5 × 10−20 2.5–4.5×10−20

Anr (s−1) 3.9 × 109 0.1–4.5×109

Bsp (m3/s) 8.5 × 10−16 1–9×10−16

Ca (m6/s) 3.3 × 10−40 1–97×10−40

TABLE III

Deduced Parameter Values for the SOA

Parameter Description Deduced Value

No (m−3) Transparency carrier density 1.64×1023

V (m3) Active volume 2.83×10−16

σ (m2) Mode cross-section 7.07×10−13

Esat (pJ) Saturation energy 0.824

ASE can be neglected. They are found to be to be 7 and
30 mA, respectively. We know L = 1 mm for our device.
Using the assumed parameter values from Table II, we deduce
the values listed in Table III.

We now consider the ASE-saturated regime in Fig. 1(b) and
note that the ASE power also depends on the carrier density
N. Since electron–hole recombination is the source of ASE,
we expect ASE to scale as N2, where both electron and hole
densities are proportional to N [10] and assume

PASE = DN2 (13)

where D is a constant of proportionality. The procedure
outlined above allows us to calculate PASE(N) and Psat(N),
and consequently G(I), at any drive current. The value of D is
estimated by using it as a fitting parameter for the experimental
data shown in Fig. 1(b). Its value was found to be 2.32×10−50

m6W. Table II shows the values of parameters used for curve
fitting together with typical values employed in the literature
for different SOAs [10], [17], [19], [20], [24]–[29]. As seen
there, the value of a is larger for our SOA, resulting in a
smaller value of N0 at the same optical gain.

IV. ASE-Induced Gain Recovery

We next use our model to study how the gain-recovery time
is shortened at high-drive currents by the increasing ASE.
Although pump-probe measurements are often performed to
measure gain-recovery time, here our objective is to deduce it
from the CW data in Fig. 1. For this purpose, we rewrite (6)
as

∂g

∂t
=

g0

τc

− g

τeff
− g|A|2

Esat
(14)

where the effective gain-recovery time is defined as
1

τeff
=

1

τc

+
1

τASE
(15)

and we have introduced a new ASE-related recombination time
as

1

τASE
=

PASE

Esat
=

DN2

Esat
= DspN2. (16)



BAVEJA et al.: SELF-PHASE MODULATION IN SEMICONDUCTOR OPTICAL AMPLIFIERS: IMPACT OF AMPLIFIED SPONTANEOUS EMISSION 1399

Fig. 2. Calculated values of (a) PASE and Psat, and (b) τeff as a function
of drive current for the SOA used to obtain the data in Fig. 1. Experimental
measurements of PASE are shown as circles.

Using (12), (15), and (16), τeff can be written in the form
1

τeff
= Anr + BspN + (Ca + Dsp)N2. (17)

This relation shows that the ASE contribution has the same
functional dependence on N as the Auger contribution and can
be included in practice by increasing the value of the Auger
parameter Ca. Using the calculated value of Esat, Dsp is found
to be 2.75 × 10−38 m6/s. If we compare this to the value of
Ca in Table I, we find that the ASE contribution to τeff for
our SOA exceeds the Auger contribution by a factor of 83.
Clearly, the presence of ASE shortens the gain-recovery time
drastically.

Fig. 2(a) shows the calculated values of PASE and Psat as
a function of drive current together with the experimental
measurements of PASE on the same SOA used for Fig. 1. For
I < 70 mA, PASE < Psat, which justifies our assumption that
ASE effects are small at low-drive currents. The experimental
measurements of PASE were carried out by recording the ASE
spectrum with an optical spectrum analyzer at various drive
currents. The ASE spectrum had a 20-dB bandwidth of over
50 nm and its peak shifted toward shorter wavelengths with
increasing drive currents. The power data in Fig. 2(a) was
obtained from spectral data by integrating over the entire band-
width and assuming constant coupling and insertion losses.
Because of a wide ASE spectrum and wavelength dependence
of losses associated with some of our components, our power
data has an uncertainty of about 10% when converted to
internal ASE power. With this in mind, the agreement with

the model is reasonable at drive currents of up to 400 mA.
Larger deviations at higher currents are due the saturation of
ASE itself as the SOA gain is saturated, a second-order effect
not included in our model.

Fig. 2(b) shows the calculated values of τeff as a function of
drive current. At low-drive currents, the ASE contribution is
negligible, and our SOA has a gain-recovery time near 200 ps
(τeff = τc). As current increases, ASE builds up, as shown in
Fig. 2(a), and it leads to a monotonic decrease in the value
of τeff , resulting in a value of about 10 ps at I = 0.5 A. This
behavior is in agreement with previous studies on these kinds
of SOAs [13], [19] and also agrees with the quoted value of
9 ps at I = 0.5 A for our SOA.

V. Impact of ASE on SPM-Induced Nonlinear

Phase Shift

SPM or its variant, cross-phase modulation, is employed
for many all-optical signal processing applications including
wavelength conversion [1], signal regeneration [2], pulse com-
pression [30], channel multiplexing/demultiplexing [31], [32],
and bit-level logic [33]. The nonlinear phase shift and the
resulting chirp imposed on the pulse become important for
such SOA-based applications.

In this section, we study the impact of ASE on the SPM-
induced nonlinear phase shift imposed on an optical pulse as it
propagates through the SOA. In the case of pulses, it is useful
to rewrite the amplitude equation (2) in a frame moving with
the pulse. Introducing the reduced time as τ = t−z/vg together
with A =

√
Peiφ in (2), the signal power P(z, τ) and the phase

φ(z, τ) are found to satisfy [9]
∂P

∂z
= g(z, τ)P,

∂φ

∂z
= −α

2
g(z, τ). (18)

These equations look similar to their CW part in (7) except
that all variables depend on the time τ implicitly. They can be
integrated over the SOA length L to obtain

Pout(τ) = Pin(τ) exp[h(τ)], φnl(τ) = −α

2
h(τ) (19)

where h(τ) = ln G(τ) =
∫ L

0 g(z, τ)dz represents the integrated
gain at time τ, Pin(τ) represents the power profile of the
input pulse, Pout(τ) represents the power profile of the output
pulse, and the SPM-induced nonlinear phase shift is defined as
φnl(τ) = φ(L, τ) −φ(0, τ). We can obtain an equation for h(τ)
by integrating the gain equation (14) over the SOA length [9].
The result is given by

dh

dτ
=

g0L

τc

− h

τeff
− Pin(τ)

Esat
(eh − 1). (20)

Once this equation is integrated numerically, both the power
and phase profiles of the amplified pulse can be obtained.

The frequency chirp 	ν0 imposed on the pulse is related to
the nonlinear phase as 2π	ν0 = −dφnl/dτ [9]. Using φnl(τ)
from (19), the chirp is given by

	ν0(τ) =
α

4π

dh

dτ
(21)

where dh/dτ is obtained from (20).
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Fig. 3. (a) Nonlinear phase shift and (b) frequency chirp induced on a
20-ps-wide Gaussian pulse by a SOA with large ASE. Dashed lines show the
case for which ASE is negligible. The double arrows indicate the maximum
value of nonlinear phase shift and red and blue chirp for both the cases.

To illustrate the impact of ASE on the nonlinear phase
and the frequency chirp, we consider a 20-ps full-width half
maximum (FWHM) Gaussian input pulse with the power
profile P(t) = P0 exp(−t2/τ2

p). When the FWHM is 20 ps, the
parameter τp ≈ 12 ps. We assume that the input pulse energy
corresponds to Ein/Esat = 0.3. The linewidth enhancement
factor α is taken to be 5. The SOA is operated at I = 0.5 A at
which the small-signal CW amplification factor corresponds to
G = e7.8 = 33.9 dB in Fig. 1. The solid curves in Fig. 3 show
the temporal profiles for the nonlinear phase shift φnl(τ) and
for the chirp 	ν0(τ) using τeff = 10 ps, the value we deduced
in Section III. For comparison, the dashed lines show the case
of a SOA with negligible ASE by using τeff = τc = 200 ps.
Clearly, ASE affects the SPM process considerably, both
qualitatively and quantitatively.

When the ASE effects are negligible, our theory reduces to
that of ref [9] because the pulse width is a small fraction of
the gain-recovery time of 200 ps. The nonlinear phase shows
a rapid increase as the leading edge of the pulse saturates
the SOA gain, and a reduction in the carrier density increases
the mode index. Since the gain cannot recover much over the
pulse duration, the nonlinear phase saturates with only slight
reduction in the trailing part of the pulse. The situation changes
considerably when ASE reduces the gain-recovery time to
10 ps. Now, the saturated gain can recover within the pulse
duration. As a result, the carrier density begins to increase
in the trailing region of the pulse. The resulting decrease in
the mode index then leads to a rapid decrease of the pulse
phase as well. The net result is that the phase profile becomes

Fig. 4. Output pulse shapes at (a) low-drive currents (r ≤ 0.13) and
(b) high-drive currents (0.3 < r < 1.1).

much more symmetric and begins to mimic the shape of the
amplified pulse. This is precisely what occurs in the case of
optical fibers whose nonlinearity responds on a femtosecond
time scale [8]. The fiber-like features of SPM in SOAs are
potentially attractive for designing SOA-based devices such
as all-optical regenerators and switches. The nonlinear phase
shifts can also be used in an interferometric configuration for
ultrafast all-optical signal-processing applications [34].

The chirp profiles in Fig. 3(b) show how ASE-induced
changes in the gain-dynamics affect the frequency chirp im-
posed by the SPM on an amplifying pulse. In the absence of
ASE, the pulse experiences a red shift over its leading edge
but a negligible blue chirp is imposed on its trailing edge. In
the presence of ASE, the extent of red chirp is reduced slightly
but there is a significant increase in blue chirp due to ASE-
induced faster gain recovery. The net result is an almost linear
chirp across the center part of the pulse, a behavior similar to
that occurring in optical fibers [8]. This linear chirp is very
attractive for compressing the amplified pulse [35]. It is worth
noting that the required peak power of pulses is smaller by a
factor of 1000 or more when SOAs are compared with optical
fibers.

VI. Pulse Shapes and Spectra

Changes induced by ASE in the frequency chirp also affect
the spectrum of the amplified pulse. In this section, we look at
the shape and the spectrum of the output pulse when a 20-ps
Gaussian input pulse is amplified by the SOA at different drive
currents. Since the gain-recovery time τeff is reduced with
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Fig. 5. Output pulse spectrum (a) at relatively low-drive currents (r ≤ 0.13)
and (b) at high currents (0.3 < r < 1.1).

increasing currents, we introduce a dimensionless parameter
r as the ratio r = τp/τeff . For a constant input pulse width, r

increases with increasing drive current.
The output pulse shape is obtained from (19), and the

corresponding results for different values of r (or I) are shown
in Fig. 4. All other parameters are identical to those used in
Section IV. At low-drive currents below 100 mA (or r ≤ 0.13),
ASE power is negligible, and the gain-recovery time is much
longer than the pulse width, a situation similar to that studied
in [9]. As shown in Fig. 4(a), the amplified pulse acquires
an asymmetric shape with a leading edge sharper than the
trailing edge. This occurs because the leading edge of the
pulse experiences full gain, but gain is reduced substantially
near the trailing edge, because pulse’s leading part saturates
the SOA gain. However, at drive currents in the range 200–
500 mA corresponding to 0.3 < r < 1.1, the increasing
ASE power begins to saturate the gain and reduce the gain-
recovery time, making it comparable to the pulse width at
currents near 500 mA. As seen in Fig. 4(b), the pulse becomes
more symmetric as drive current increases, with no visible
changes near the leading edge of the pulse. Physically, the
gain begins to recover so quickly that the training edge begins
to experience as much gain as the leading edge of the pulse.

The pulse spectrum is obtained by taking the Fourier
transform of the output field A(L, τ), and the results are shown
in Fig. 5 for drive currents ranging from 40 mA to 500 mA
and corresponding to 0.06 < r < 1.1. At low-drive currents
of up to 100 mA (r < 0.13), output spectrum is highly
asymmetric with most of pulse energy contained in a red-
shifted spectral lobe. This kind of spectrum is associated with
SOAs whose gain-recovery time is much longer compared to
the pulse width [9]. At high-drive currents seen in Fig. 5(b)

Fig. 6. (a) Experimental setup. (b) Pulse shape and (c) pulse spectrum
produced by the gain-switched DFB laser.

with r in the range 0.3–1.1, energy is transferred from the red
to blue side of the pulse spectrum, and the blue-shifted spectral
lobes increase in amplitude progressively. These changes in
the pulse spectra can be understood in terms of a faster gain
recovery induced by increasing ASE. At low-drive currents
(r < 0.1), the trailing part of the pulse does not experience
much blue chirp (see Fig. 3), resulting in an asymmetric red-
shifted pulse spectrum. At drive currents of 200 mA or more,
ASE power becomes large enough that the gain-recovery time
is reduced considerably. This enhanced gain recovery imposes
a blue chirp on the trailing part of the pulse and increases
spectral symmetry in the output spectrum. This situation
is similar to that occurring for optical fibers in which SPM
is due to a quasi-instantaneous Kerr-type nonlinearity [8]. For
r > 1, increase in spectral symmetry is accompanied by a
saturation of spectral broadening [36].

VII. Experimental Pulse Spectra

To verify the theory developed in this paper, we have
measured pulse spectra for the same SOA whose measured
gain under CW conditions is shown in Fig. 1. The experimental
setup of Fig. 6(a) was employed for this purpose. We use
gain switching [37] of a distributed feedback (DFB) laser to
produce optical pulses at a wavelength of 1594.41 nm. The
threshold current of the laser was 25 mA at 25 °C. To obtain
gain-switched pulses, the laser was biased at 14.9 mA and
driven with a 1-GHz radio frequency signal with 64.4 mA peak
amplitude. Fig. 6 shows (b) the shape and (c) the spectrum
of the resulting gain-switched pulses. The central frequency
of 188.23 THz was found using the first moment of the
spectrum. The shape of 57-ps pulses was nearly Gaussian
with τp = 34.2 ps, and their peak power was close to 3 mW.
Gain-switched pulses were also chirped with C = −4.91
in the notation of [8]. An OBPF with a 3-dB bandwidth
of 1 nm was used to reject the out-of-band portion of ASE
noise. A 50/50 splitter sends amplified pulses simultaneously
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Fig. 7. Observed spectra of amplified pulses at drive current (a) up to
100 mA and (b) beyond 100 mA.

to an optical spectrum analyzer (resolution 0.01 nm) and to a
70-GHz sampling oscilloscope (resolution 1.25 ps).

Fig. 7 shows optical spectra of amplified pulses measured
as the drive current is varied from 40 mA to 500 mA. At
drive currents up to 100 mA, the spectrum shifts toward the
red side with increasing energy in the red lobe. However,
a dramatically different behavior occurs for currents beyond
100 mA, as shown in Fig. 7(b), with a dominant central lobe
and increasing energy in a blue-shifted spectral lobe. As a
result of these changes, the output spectrum progressively
becomes more symmetric. These experimental observations
are consistent with the theoretical results given in Fig. 5 and
confirm that the ASE-induced reduction in the gain-recovery
time is responsible for the observed changes at high-drive
currents.

VIII. Discussions and Conclusion

This paper has studied, both theoretically and experimen-
tally, the impact of ASE on SPM in SOAs. We used the CW
gain measurements and a detailed theoretical model to deduce
how ASE shortens the effective gain-recovery time of our SOA
to near 10 ps. Our model assumed that the total ASE power is
constant along the length of the amplifier and increases with
the current injected into the SOA. A numerical model [38]
incorporating changes with current in counter propagating
ASE spectral components is certainly more accurate than
our semi-analytical model. A more quantitative comparison
is not possible because our work focuses on modeling recov-
ery speed as function of drive current. We incorporated the
current dependence of τeff and the SOA gain into our simple
model and studied the impact of ASE on the amplification

of picosecond pulses inside SOAs. Our results show that a
shorter gain-recovery time affects the amplification process in
several ways. The SPM-induced nonlinear phase shift becomes
more symmetric and, consequently, frequency chirp becomes
much more linear across the pulse. These features are attractive
for designing SOA-based all-optical signal-processing devices
such as wavelength converters, regenerators, and switches.

We calculated the shape and spectrum of amplified pulses
over a range of drive currents to study how they change
with shortening of the gain-recovery time. The pulse shape
becomes much more symmetric at high-drive currents because
a reduction in the value of τeff causes the gain to recover fast
enough that both the leading and trailing edge of the pulse
experience nearly the same dynamic gain profile. For the same
reason, the output spectrum becomes more symmetric and
resembles that obtained in the case in optical fibers where
SPM occurs due to a nearly instantaneous Kerr nonlinearity.
We verified our theoretical predictions with an experiment in
which we measured pulse spectra using gain-switched input
pulses. Our experimental results agree well with the theoretical
predictions. The main point to note is that the ASE-induced
gain saturation changes the gain dynamics in such a way that
the SPM features in SOAs begin to resemble those found in
optical fibers, but they occur at peak-power levels that are
orders of magnitude lower than those required for optical
fibers.
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