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Abstract
We use a new rate-equation model for the propagation of sub-picosecond polarized optical pulses in a semiconductor optical ampliﬁer (SOA). This model is based on the decomposition of the polarized optical ﬁeld into TE and TM
components that interact via the gain saturation, and accounts for two-photon absorption, free-carrier absorption, selfand cross-phase modulation, carrier heating, and spectral and spatial hole burning. For the ﬁrst time, using our model,
we have obtained numerical results for the nonlinear polarization rotation in pump–probe experiments with 200 fs
pulses. These results are in good agreement with reported experimental measurements.
Ó 2003 Elsevier Science B.V. All rights reserved.
PACS: 42.55.P; 42.65.P; 42.65.R
Keywords: Semiconductor optical ampliﬁer; Polarization rotation; Ultrafast switching

1. Introduction
Semiconductor optical ampliﬁers (SOAs) constitute important building blocks as nonlinear elements in
all-optical signal processing applications. Most of the research work on optical switching has focused on
employing SOA nonlinearities driven by inter-band transitions. However, the response time of these
nonlinearities is restricted by the electron–hole recombination time, which is typically a few hundred
picoseconds [1,2]. This response time fundamentally limits the processing speed of optical signal processing
functionalities that are driven by inter-band transitions.
In order to obtain higher processing speeds, the use of SOA nonlinearities associated with intraband
relaxation processes (i.e., carrier heating and cooling) have been suggested [2–8]. These nonlinearities are
driven by two-photon absorption (TPA) and free carrier absorption (FCA), while the typical response time
is restricted by the electron–electron and hole–hole interaction times, typically 50–100 fs. These ultrafast
*
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SOA nonlinearities could be employed for optical switching by placing the SOA into an interferometric
arrangement [8].
An interesting alternative optical switching conﬁguration can be realized through nonlinear polarization
rotation in an SOA. Examples of optical switches based on this principle are published in [9–14], but a rate
equation model capable of describing nonlinear polarization dynamics on sub-picosecond timescales is not
yet available. In [14] a simple rate-equation model for nonlinear polarization rotation in an SOA is presented. This model works well up to speeds of a few gigahertz and its results are in excellent agreement with
experimental data [14]. In the present paper, we extend our model for nonlinear polarization rotation in a
semiconductor optical ampliﬁer [14] by incorporating our results on the propagation of ultrashort pulses
through an SOA [8]. This leads to a model that is capable of describing polarization dependent nonlinear
gain saturation introduced by sub-picosecond optical pulses.
Similarly as in [14], the present model relies on the decomposition of the polarized optical ﬁeld into TE
and TM components. The TE and TM polarization eigenmodes have indirect interaction with each other
via the gain saturation. SOAs with unstrained bulk active material have much larger TE ampliﬁcation than
TM, which is mainly due to the diﬀerent conﬁnement factors. Therefore, in practice, the SOAÕs active
material is often tensile strained in order to enhance the TM gain with respect to TE so as to make the SOA
approximately polarization independent. In this spirit, we account for diﬀerent TE and TM gains by assuming that these polarizations couple to diﬀerent hole reservoirs. This assumption is justiﬁed by the fact
that in zinc-blende structures such as GaAs and InP the optical transitions occur between j ¼ 1=2 type
conduction band states and the j ¼ 3=2 type valence band states, where the latter are subdivided into lighthole and heavy-hole band states. Two of the three possible transition types are selected by the TE and TM
polarizations and they can be assigned two corresponding inversions, which are out of balance to an extent
quantiﬁed by an empirical imbalance factor f [14].
In Section 2, we will extend the model of [14] to one that describes the polarization-dependent gain
dynamics in an SOA on sub-picosecond timescales, fully in the spirit of, and using the pioneering results
that are published in [3–5]. In Section 3, we will present simulation results that reveal gain dynamics induced by ultrashort optical pulses, and propose a schematic experimental setup that can be used for an
optical switching device. We obtain the gain diﬀerences as well as the nonlinear phase shifts as a function of
the control pulse energies. Our simulation results are in good agreement with the published experimental
measurements, and for the ﬁrst time, we show the simulation of the nonlinear phase shifts for pump–probe
conﬁguration. This paper is summarized in Section 4.

2. Model
We decompose the incoming arbitrarily polarized electric ﬁeld in a component parallel to the layers in
the waveguide (x component, TE-mode) and a perpendicular component (y component, TM mode). These
two polarization directions are along the principal axes (^
x; y^) that diagonalize the wave propagation in the
SOA. In fact, apart from their indirect interaction through the carrier dynamics in the device, these two
polarizations propagate independently from each other. We formulate a rate-equation model in the fashion
of the one that is presented in [14], but extended to account for ultrafast nonlinear optical processes such as
TPA, FCA, self-phase modulation (SPM), carrier heating, and spectral and spatial hole burning. The total
electric ﬁeld is deﬁned by
ETE=TM ðz; tÞ ¼ ½ATE ðz; tÞ^
x þ ATM ðz; tÞ^
y eiðx0 tk0 zÞ þ c:c:;


2
S TE=TM ðz; tÞ ¼ ATE=TM ðz; tÞ ;

ð1Þ

where k0 ¼ ðnðx0 Þ=cÞx0 , nðx0 Þ is the refractive index taken at the central frequency x0 , c is the light velocity
in vacuum, and x^ and y^ are unit vectors along the x and y directions. The frequency x0 has been chosen such
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that the complex pulse amplitudes ATE=TM ðz; tÞ are slowly varying functions of z and t. The propagation
equations for the TE and TM modes in the SOA are:



o
1 o
1 TE
1
1
C ð1 þ iaÞgTE ðz; tÞ  aint  C2 b2 ð1 þ ia2 Þ½S TE ðz; tÞ þ S TM ðz; tÞ
þ
ATE ðz; tÞ ¼
oz vg ot
2
2
2

1
1
 CTE bc nc ðz; tÞ  CTE bv nx ðz; tÞ ATE ðz; tÞ;
ð2Þ
2
2




o
1 o
1 TM
1
1
C ð1 þ iaÞgTM ðz; tÞ  aint  C2 b2 ð1 þ ia2 Þ½S TE ðz; tÞ þ S TM ðz; tÞ
þ
ATM ðz; tÞ ¼
oz vg ot
2
2
2

1
1
 CTM bc nc ðz; tÞ  CTM bv ny ðz; tÞ ATM ðz; tÞ;
2
2

ð3Þ

where the SOA parameters and their physical deﬁnitions are listed in Table 1. The ﬁrst term on the righthand side of Eqs. (2) and (3) represents the linear gain. a is the phase modulation parameter (or linewidth
enhancement factor). The third term represents the TPA that is modeled by assuming that both the TE and
TM modes are involved in the TPA process where a2 is the corresponding phase modulation parameter,
while the last two terms represent the FCA in the conduction and valence bands. We can reformulate Eqs.
(2) and (3) in terms
equations for the intensities S TE=TM and the phases /TE=TM , where the phase is deﬁned
pof
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TE=TM
TE=TM
TE=TM
as A
ðz; sÞ ¼ S
ðz; sÞ ei/
and
oS TE ðz; sÞ
¼ ½CTE gTE ðz; sÞ  aint  CTE bc nc ðz; sÞ  CTE bv nx ðz; sÞS TE ðz; sÞ
oz
 C2 b2 ½S TE ðz; sÞ þ S TM ðz; sÞS TE ðz; sÞ;

ð4Þ

o/TE ðz; sÞ 1 TE TE
1
¼ aC g ðz; sÞ  a2 C2 b2 ½S TE ðz; sÞ þ S TM ðz; sÞ;
oz
2
2

ð5Þ

oS TM ðz; sÞ
¼ ½CTM gTM ðz; sÞ  aint  CTM bc nc ðz; sÞ  CTM bv ny ðz; sÞS TM ðz; sÞ
oz
 C2 b2 ½S TE ðz; sÞ þ S TM ðz; sÞS TM ðz; sÞ;

ð6Þ

Table 1
SOA parameter deﬁnitions and their values
Parameter

Symbol

Value

Units

Active volume
Conﬁnement factor
Phase modulation coeﬃcients
FCA coeﬃcients
Electron–hole pair lifetime
Gain coeﬃcient
Group velocity
Internal loss
Optical transition energies (conduction band)
Optical transition energies (valence band)
Carrier–carrier scattering times
Carrier–phonon relaxation times
TPA coeﬃcient
Optical transition state density

V ¼LW D
CTE , CTM , C2
a, a2
bc , bv
ss
aTE ðx0 Þ, aTM ðx0 Þ
vg
aint
Ec , E2c
Ev , E2v
s1c , s1v
s1h , shv
b2
N0

250  2  0.1
0.2, 0.14, 0.5
7, )1.5
3  108 ,0
350
2.5 105
100
0.00175
0.03, 0.7
0.003, 0.07
0.1, 0.05
0.7, 0.25
9  107
3.6  106

lm3

lm1
ps
lm3 /ps
lm/ps
lm1
eV
eV
ps
ps
lm2
lm3
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o/TM ðz; sÞ 1 TM TM
1
¼ aC g ðz; sÞ  a2 C2 b2 ½S TE ðz; sÞ þ S TM ðz; sÞ:
ð7Þ
oz
2
2
Here we have tacitly introduced a moving coordinate frame according to s ¼ t  z=vg . The gains for TE/TM
modes can be expressed as
gTE ðz; sÞ ¼

1 TE
a ðx0 Þ½nc ðz; sÞ þ nx ðz; sÞ  N0 ;
vg

ð8Þ

gTM ðz; sÞ ¼

1 TM
a ðx0 Þ½nc ðz; sÞ þ ny ðz; sÞ  N0 ;
vg

ð9Þ

where aTE=TM ðx0 Þ are the gain coeﬃcients, nc ðz; sÞ, nx ðz; sÞ, and ny ðz; sÞ represent the subset of electrons and
holes, and N0 the total number of states involved in the stimulated emission. The carrier densities satisfy
onc ðz; sÞ
nc ðz; sÞ  nc ðz; sÞ
¼ 
 vg gTE ðz; sÞS TE ðz; sÞ  vg gTM ðz; sÞS TM ðz; sÞ
os
s1c
 nc ðz; sÞbc vg ½S TE ðz; sÞ þ S TM ðz; sÞ;

ð10Þ

onx ðz; sÞ
nx ðz; sÞ  nx ðz; sÞ
¼
 vg gTE ðz; sÞS TE ðz; sÞ  nx ðz; sÞbv vg ½S TE ðz; sÞ þ S TM ðz; sÞ;
os
s1v

ð11Þ

ony ðz; sÞ
ny ðz; sÞ  ny ðz; sÞ
¼
 vg gTM ðz; sÞS TM ðz; sÞ  ny ðz; sÞbv vg ½S TE ðz; sÞ þ S TM ðz; sÞ:
os
s1v

ð12Þ

The ﬁrst terms on the right-hand sides of Eqs. (10)–(12) describe the relaxation of the electrons and holes to
their quasi-equilibrium values ni ðz; sÞ; i 2 fc; x; yg that are speciﬁed later. These relaxation processes are
driven by the electron–electron and hole–hole interactions with typically timescale 50–100 fs. The second
terms describe the stimulated emission. It follows from Eq. (10) that for the electrons the TE and TM mode
contribute equally to the stimulated emission, whereas, for the holes the TE-mode only involves nx ðz; sÞ and
the TM-mode only ny ðz; sÞ. This reﬂects our assumption that the TE mode and the TM mode couple to
diﬀerent reservoirs of holes [14].
Before the SOA model can be completed, we need formulate the equation for the total electron–hole pair
density N ðz; sÞ,
oN ðz; sÞ
I
N
2
¼
  vg ½gTE ðz; sÞS TE ðz; sÞ þ gTM ðz; sÞS TM ðz; sÞ þ vg b2 ½S TE ðz; sÞ þ S TM ðz; sÞ ;
os
eV ss

ð13Þ

where it is noted that N ðz; sÞ counts all the electron–hole pairs, including those that are not directly
available for stimulated emission. The energy densities satisfy:
oUc ðz; sÞ
¼ bc 
hx0 nc ðz; sÞvg ½S TE ðz; sÞ þ S TM ðz; sÞ  Ec vg ½gTE ðz; sÞS TE ðz; sÞ þ gTM ðz; sÞS TM ðz; sÞ
os
Uc ðz; sÞ  Uc ðz; sÞ
2
;
þ E2c vg b2 ½S TE ðz; sÞ þ S TM ðz; sÞ 
shc
oUv ðz; sÞ
¼ bv 
hx0 vg ½nx ðz; sÞ þ ny ðz; sÞ½S TE ðz; sÞ þ S TM ðz; sÞ  Ev vg ½gTE ðz; sÞS TE ðz; sÞ
os
Uv ðz; sÞ  Uv ðz; sÞ
þ gTM ðz; sÞS TM ðz; sÞ þ E2v vg b2 ½S TE ðz; sÞ þ S TM ðz; sÞ2 
;
shv

ð14Þ

ð15Þ
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where Uc ðz; sÞ represents the energy density in the conduction band and Uv ðz; sÞ the overall energy density
in the valence band. In these equations the ﬁrst terms describe the change in energy density due to the
stimulated emission. The second terms describe the contribution of the FCA and the third terms account
for the TPA. The last term represent the relaxation to equilibrium due to carrier–phonon interactions.
The total carrier density N ðz; sÞ and the total energy density Uc ðz; sÞ are needed to self-consistently
calculate in each time-step the quasi-Fermi level Efc ðz; sÞ and temperature Tc ðz; sÞ of the electrons, using


1 X
h2 k 2

F Efc ðz; sÞ; Tc ðz; sÞ;
N ðz; sÞ ¼
;
ð16Þ
V k
2mc
Uc ðz; sÞ ¼



1 Xh
2 k 2
h2 k 2

F Efv ðz; sÞ; Tc ðz; sÞ;
;
V k 2mc
2mc

where F ðl; T ; EÞ is the Fermi-Dirac distribution function deﬁned as


El
:
F ðl; T ; EÞ ¼ 1= 1 þ exp
kT

ð17Þ

ð18Þ

Similarly, from N ðz; sÞ and Uv ðz; sÞ, we can calculate the instantaneous Fermi levels and temperatures in
the valence band using


2 X
h2 k 2

N ðz; sÞ ¼
F Efv ðz; sÞ; Tv ðz; sÞ;
;
ð19Þ
V k
2mv
Uv ðz; sÞ ¼



2 Xh
2 k 2
h2 k 2

F Efv ðz; sÞ; Tv ðz; sÞ;
;
V k 2mv
2mv

ð20Þ

where the factor of 2 on the right-hand side of Eqs. (19) and (20) is because two sub-bands are involved.
The quasi-equilibrium values ni ðz; sÞ are given by:
nc ðz; sÞ ¼ N0 F ðEfc ðz; sÞ; Tc ðz; sÞ; Ec Þ;
fN0
F ðEfv ðz; sÞ; Tv ðz; sÞ; Ev Þ;
1þf
and the quasi-equilibrium values Ui ðz; sÞ are


1 X
h2 k 2
h2 k 2

Uc ðz; sÞ ¼
F Efc ðz; sÞ; TL ;
;
V k 2mc
2mc
nx ðz; sÞ ¼ f ny ðz; sÞ ¼



1 Xh
2 k 2
h2 k 2


F Efv ðz; sÞ; TL ;
Uv ðz; sÞ ¼
;
V k 2mv
2mv

ð21Þ
ð22Þ

ð23Þ

ð24Þ

where TL is the lattice temperature and f is the population imbalance factor describing the gain anisotropy
introduced by tensile strain in the SOA. Eqs. (21) and (22) describe how the equilibrium populations nx ðz; sÞ
and ny ðz; sÞ are clamped to each other as a consequence of tensile strain [14]. In case of unstrained bulk
material, the gain will be isotropic and f ¼ 1. In case of tensile strain, TM gain will be larger than TE, i.e.,
f < 1. For the energy relaxation, the temperature must be taken equal to the lattice temperature TL (300 K).
We are aware of the fact that neglecting the gain and group velocity dispersion in our model for pulse
propagation in an SOA limits the applicability of our model [15]. When the pulse duration is as short as

174

X. Yang et al. / Optics Communications 223 (2003) 169–179

50–100 fs we can no longer expect good agreement between our model and measurements. However, in
view of the apparently successful application of earlier models for pulses as short as 200 fs, we expect that
the present model should be applicable for pulses of the same duration, especially when the central pulse
frequency coincides with the gain maximum [3–5,8]. Using the gain curves of a commercially available JDSUniphase semiconductor optical ampliﬁer, we have estimated that for an 800-lm long ampliﬁer only minor
changes occur in the pulse shape [16]. It should be remarked however, that this is no longer the case if the
central pulse frequency is close to or at the zero gain region (at transparency). In this case large changes in
the pulse shape take place, which could even lead to pulse break-up [19].
Moreover, we want to remark that we have modeled the phase-change by using a constant linewidth
enhancement factor that is deﬁned in the usual way [8,20]. Although this ignores dispersive eﬀects due to
strong variations in the carrier-density, such a treatment leads to result that are in agreement with
experimental results.
Finally, we did not account for diﬀerent group velocity dispersion coeﬃcients for the TE and TM modes.
It is shown in [21] that the diﬀerence in the group velocity between the TE and TM modes is in the order of
1%. We estimate that for a 500-lm long SOA, the pulse distortion eﬀects remain less than 10%. This implies
that for a not too long ampliﬁer pulse pattern eﬀects due to birefringence of the SOA are negligible.

3. Simulation results and discussion
The set of Eqs. (4)–(24) is solved numerically. The SOA length is 250 lm, and the active volume of 50 lm3 .
Throughout this paper, we will consider optical pulses with Gaussian shape (200 fs, FWHM) as input. The
SOA pump current is 120 mA. All other SOA parameters are listed in Table 1. The conﬁnement factor
CTM is chosen to be 30% less than CTE (see Table 1) [17,18]. The values for the gain coeﬃcients
aTE=TM ðx0 Þ ¼ 2:5  105 lm3 /ps and the population imbalance factor f ¼ 0:9 have been chosen in such a
way that the small-signal ampliﬁcation of the TE and TM mode are about 15 and 13 dB, respectively. A gain
diﬀerence of 2 dB between the TE and the TM modes is typical for a JDS-Uniphase SOA at 120 mA [14].
TE=TM
It should be noted however that the SOA parameters N0 ; CTE=TM ; aint
, vgTE=TM cannot be estimated
accurately. We have solved this problem by compensating the combined uncertainties in these parameter
values by assigning values to f and aTE=TM ðx0 Þ in such a way that the SOA gain corresponds to typical
values. In the simplest approach, one would choose aTE ðx0 Þ ¼ aTM ðx0 Þ, which is correct in case of isotropic
gain, whereas f can be estimated from the measured TE and TM ampliﬁcation curves by using Eqs. (8), (9),
(21), and (22). In this case the polarization-dependent gain could be totally explained by the band ﬁlling
eﬀects that are represented by the factor f . In a somewhat more complicated approach one can assume
diﬀerent values for aTE ðx0 Þ and aTM ðx0 Þ. This latter approach was followed in [14] for a CW analyses.
The diﬃculties in estimating f and aTE=TM ðx0 Þ may be inherent to our modeling the SOA strain in terms
of the population imbalance factor f . In a more accurate, but also much more complicated model, one can
calculate the band structure and transition matrix elements in the presence of tensile strain and keep track
of the diﬀerent optical transitions involved as well as the relevant populations. This would, however, extend
beyond the scope of the present approach.
The TPA coeﬃcient has been chosen in such a way that the SOA gain saturation is in agreement with
experimental results presented in [19]. In Fig. 1, the SOA gain is presented as a function of the pulse energy.
It follows from Fig. 1 that the net ampliﬁcation becomes negative for pulse energies larger than 0.1 pJ. The
curve presented in Fig. 1 is in quantitative agreement with experimental results presented in [19]. The net
attenuation is due to the combined eﬀects of TPA and FCA. It follows from Fig. 1 that for large pulse
energies the diﬀerence in TE and TM gain almost vanishes, which can be explained by the fact that both
modes equally contribute to the TPA. Thus for high energetic optical pulses the TPA terms in (4) and (6)
will dominate.
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Fig. 1. Net ampliﬁcation of the SOA as a function of the pump pulse energy, where the pulse width is 200 fs, and the pump is linearly
polarized along the TE, the TM polarization axis or 45° with respect to the polarization axes of TE and TM modes (noted as
TE + TM).

In Fig. 2, the gain recovery of the TE mode is presented at diﬀerent positions in the SOA for a 1 pJ
optical pulse. Due to the high pulse intensity, initially a strong change in the SOA gain takes place. Deeper
in the SOA the pulse broadens. This is a result of the TPA, which attenuates the peak intensity in combination with the gain that ampliﬁes both wings of the pulse. Note that the SOA gain initially recovers on a
timescale of about half a picosecond.
The results that are presented so far characterize the SOA. In the following numerical experiments we
investigate the feasibility of polarization switching using several pump–probe conﬁgurations. We will
consider two 200 fs optical pulses that co-propagate through the SOA for two diﬀerent situations. In the
ﬁrst case the pump pulse is either TE or TM polarized. In the second case the pump pulse is linearly
polarized under an angle of 45° with the TE and TM polarization axes.
While the pulse travels through the SOA, not only the TE and TM ﬁeld component intensities will be
ampliﬁed (or attenuated), but also their phase diﬀerence will change. Hence, the state of polarization

Fig. 2. Time variation of gain at diﬀerent positions z (in lm) of the SOA, where the input pulse energies are 1 pJ with TE mode.
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changes dynamically during the propagation of the pulse through the SOA. These processes are fully described in Eqs. (4)–(7).
The pump pulses have variable pulse energy. The probe pulse is linearly polarized (TE or TM) or under
an angle of 45° with respect to the TE and TM polarization axes. The total probe pulse energy is ﬁxed to 0.4
fJ. This small energy guarantees that the probe pulse propagate linearly through the SOA. The delay between the pump and probe pulses is optimized to be around 5 fs such that the latter propagates in the gain
minimum introduced by the pump pulse.
In Fig. 3, the gain variations in the middle of the SOA (z ¼ 125 lm) for the diﬀerent polarization modes
are presented. It can be observed that initially the SOA gains gTE=TM are 0.187 and 0.208 lm1 for the TE
and TM modes, respectively, which is due to the imbalance factor f ¼ 0:9. In Fig. 3(a), the TE gain is
presented and in Fig. 3(b) the TM gain for diﬀerent pump polarizations, where the pump pulse energy is 0.5
pJ. The results show that the largest decrease in the TE gain takes place if the pump pulse is also purely TE
polarized and the smallest variation in the TE gain takes place if the pump pulse is purely TM polarized. A
similar result holds for the TM gain. It can be noted from Fig. 3 that there is a clear gain compression
induced by the strong pump pulses. After its compression, an initial gain recovery at a 0.5 ps timescale
appears, then followed by a slow recovery time, which is associated with the inter-band eﬀects determined
by the electron and hole recombination times (350 ps in our cases, not shown in Fig. 3).
Because the gain temporarily decreases after the stimulated emission induced by the strong pump pulses,
the probe pulse that follows will experience less ampliﬁcation than when there is no pump pulse present. In
Fig. 4 the relative amplitude diﬀerences are plotted for diﬀerent pump and probe conditions. In Fig. 4(a),
the ampliﬁcation of the TE polarized probe pulse is shown as a function of pump pulse energy. Fig. 4(b)
shows the similar result of TM polarized probe pulse. It follows from Fig. 4(a) that TE ampliﬁcation is the
smallest for TE pump, being reduced by about 20 dB when the pump pulse energy is 1 pJ. This ampliﬁcation is about 0.5 dB larger if the pump pulse is linearly polarized under 45° and another 0.5 dB larger if
the pump is TM polarized. Similar trends can be seen in Fig. 4(b), where the probe pulse is TM polarized.
The corresponding phase shifts induced by the pump energies are plotted in Fig. 5. We ﬁnd that the ampliﬁcation and phase shifts are in good agreement with the experimental results in [20] for a TE polarized,
0.5 pJ pump pulse. In Fig. 5, we note that the phase shifts of TE polarized probe pulses are larger than TM
probe pulses, which is due to the 2 dB small-signal ampliﬁcation diﬀerence between TE and TM modes.

Fig. 3. Time variation of gain at the middle of SOA (at 125 lm), where the pump pulse energies are 0.5 pJ, and the pump pulse
polarizations are the same as Fig. 1. In (a) the TE gain and in (b) the TM gain are shown.
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Fig. 4. Net ampliﬁcation of the 0.4 fJ, 200 fs probe pulse as a function of the pump pulse energy, where the pump pulse polarizations
are the same as Fig. 1. In (a), the TE ampliﬁcation and in (b), the TM ampliﬁcation are shown.

If the probe pulse is linearly polarized under an angle of 45° with respect to the TE and TM polarization
axes, we can compare simultaneously the phase change for both of its TE and TM polarization components. The pump-induced phase shifts between TE and TM components of probe pulse as a function of
pump energies and polarizations are shown in Fig. 6. If there is no pump pulse, we note that there is a
constant phase shift, which is due to the intrinsic birefringence of the SOA when the current is 120 mA. The
largest pump-induced phase shift of a TE polarized probe pulse is about 1 rad for all pump polarizations at
pulse energy of 1 pJ. The phase shifts versus the pump–probe delay time is plotted in Fig. 7, where the
probe pulse is TE polarized while pump pulse is TM polarized. Fig. 7 is in good qualitative agreement with
the experimental result presented in [22], but the recovery timescale in the experiment is roughly twice as
large as that of our simulation. However, in a very recent experiment, an exact faster recovery was obtained
[23]. It will be subject of further research to investigate with our model which kind of recovery speeds may

Fig. 5. Phase shifts of the 0.4 fJ, 200 fs probe pulse as function of pump pulse energies under the same conditions as in Fig. 4. In (a) the
phase shift of TE component of probe pulse and in (b) the TM component of probe pulse are shown.
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Fig. 6. Net phase shift diﬀerence D/ between TE and TM modes ðD/ ¼ /TE  /TM Þ as function of pump pulse energy, where probe
pulse polarizations are the same as Fig. 1.

Fig. 7. Phase modulation of the probe pulse as function of pump–probe pulse delay time, where both of the probe and pump pulse are
TE polarized.

be expected under various diﬀerent conditions of SOA parameters. In any case, this kind of nonlinear phase
diﬀerence forms the basis for polarization rotation in SOAs and can be exploited to construct all-optical
ultrafast polarization switching devices [12].

4. Summary and conclusions
We have established a rate-equation model for sub-picosecond polarization-dependent pulses in a SOA.
The model is based on the fact that the TE and TM eigenmode components have indirect interaction
through the carriers. The model includes processes such as: TPA, FCA, self- and cross-phase modulation
and carrier heating, and spectral and spatial hole burning. We have accounted for tensile strain by in-
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troducing a population imbalance factor f [14]. Using this model, we can predict the ultrafast polarization
rotation properties in an SOA.
For the parameters of a bulk JDS-Uniphase SOA, we presented simulation results for the amplitude and
phase variations of 200 fs (FWHM) pulses. It is shown that the nonlinear phase shift diﬀerence between TE
and TM modes is dependent on the pump–probe conﬁgurations. The nonlinear phase shift of a TE polarized probe pulse is more than 2 rad when the pump pulse energy is 1 pJ. In addition, the ultrafast phase
shift between TE and TM polarization components of a probe pulse is about 1 rad when the pump energy is
1 pJ, which induces the nonlinear polarization rotation of the probe pulse.
Our model will help us to understand the polarization rotation eﬀect in SOA induced by sub-picosecond
pulses. The simulation results are in good agreement with published experimental results. Moreover, the
ultrafast nonlinear polarization rotation in SOA can be employed in applications of all-optical terabit/s
switching devices. Further experiments to verify these results are under way.
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