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Knowing the various physical mechanisms of the semiconductor optical
amplifier (SOA) helps us to develop a more complete numerical model. It
also enables us to simulate more realistically the static behavior of the SOA’
birefringence effect. This way, it allows us to study more precisely the
behavior of SOA;, and particularly the impact of the amplified spontaneous
emission (ASE) or the pump and probe signals as well as the optical
functions based on the non-linearity of the component. In static regime, the
SOA; possess a very low amplification threshold and a saturation power of
the gain which mainly depends on the optical power injected into the active
region. Beyond the optical input power, the SOA is in the saturated gain
regime which gives it a nonlinear transmission behavior. Our detailed
numerical model offers a set of equations and an algorithm that predict their
behavior. The equations form a theoretical base from which we have coded
our model in several files.cpp that the Language C++ executes. It has enabled
us, from the physical and geometrical parameters of the component, to
recover all the relevant values for a comprehensive study of SOAs in static
and dynamic regimes. In this paper, we propose to make a static
characterization of the effect of the nonlinear polarization rotation by
realizing a pump-probe assemblage to control the power and state of
polarization at the entering of the SOA.
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1. INTRODUCTION

In recent years, there has been considerable progress in the exploitation of optical nonlinearities in
SOA; [1], [2]. Much attention has been paid to the birefringence in SOA in a pump-probe assemblage. The
effective refractive indices for transverse-electric (TE) mode and transverse-magnetic (TM) mode are
different form each other due to intrinsic birefringence in SOA and induced birefringence in SOA, thus the
phase changes in SOA for TE and TM modes. The origin of polarization-dependent gain (PDG) in SOA; is
the fact that bulk active material has much larger TE amplification than TM, which is due to the different
confinement factors [3]. In addition to the cumulative effect of PDG, the SOA, also introduce ASE noise,
which affects the optical signal-to-noise ratio (OSNR) of the payload channels.

The theoretical foundation of SOAs modeling was established in 1980s. Since then, major progress
concerning SOA modeling has started to focus on the material gain coefficient, spontaneous emission rate
and the fraction of spontaneous emissions coupled with the guided waves in an amplifier. Some numerical
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simulations which use the Finite Difference Method (FDM) [4] have been studied intensively to solve carrier
rate equation and photon traveling wave equations [5], [6].

In this paper, we propose to make a static characterization of the effect of the nonlinear polarization
rotation by realizing a pump-probe assemblage to control the power and state of polarization at the entering
of the SOA. Therefore, this paper is dedicated to the study of modifications to model suggested by Connelly
to take into account the effect of birefringence in the SOA. The expressions of the coupled mode equations
must be modified. We have developed a more detailed model based on the equations of the coupled modes
which depend on the polarization and use the finite difference method (FDM). This model treats separately
the TE component and TM component of the optical field, introduces different confinement factors for the
two polarization states and takes into account the phenomenon of the TE and TM modes energy coupling.
The results we have obtained provide an instructive insight into SOA. These results are also beneficial for
device design and optimization.

2. THEORY OF SOA

2.1. Theoretical Model

We decompose the incoming arbitrarily polarized electric field in a TE component and TM
component as illustrated in figure 1. These two polarization directions are along the principal axes (x, y) that
diagonalize the wave propagation in the SOA.

Figure 1. A SOA and the two polarization directions TE and TM schema

The total electric field is defined by [1]:

E = Ergi + Epyy @
with:  [Ere = Eo X COS(®) x exp j0.)
" \Erw = Eo x COS(6) x exp (j2,)

Whereas 6 is the input polarization angle, @, and @,, are initial phase of input signal for TE mode
and TM mode, respectively. In our calculation, in left (input) and right (output) facets of SOA have power
reflectivities Ry , and R,, respectively. The signal wave gets partially transmitted and reflected from the two
facets of the amplifier. Due to the input signal, the spatially varying component of the field in the SOA can
be decomposed into forward and backward propagating E*, E, and the traveling-waving equation for TE
mode and TM mode are [1], [7], [8] and [9]:
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Those spontaneous emission photon rates are observed in the following equation:
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Whereas j = V-1, Cyry—rg and Cyrg_rpy are the coefficients of coupling modes TE-TM and TM-TE
respectively.

Crrp-rm(M) = k. X exp (] (ﬁk,TM (M) — Brre (n)) Z)

, 4)
Crrm-re(M) = k. X exp (] (ﬁk,TE (M) = Brrm (n)) Z)
Whereas k, is the coupling constant [10], the star represents the complex conjugate. The other
coefficients are defined in [5], [7].
The developed model based on the assumption of quasi-stationary is summed up in a several section
division of the component gain region so as to take into account the non uniform distribution of carrier
density and refractive index. The carrier density in section i inside the SOA obeys the rate equation [7]:

an(zt) _ 1 R(n) ——= (fk re(m) — 2f1 TE (n)) dTva (fk,TM (n) - zfj,TM (n)) ®)

dt ede

Whereas | is the amplifier bias current, d and w are the active region thickness and width,
respectively.
The recombination rate term R(n) is given by:

R(n)=C, Xxn+C, xn?+Cy xnd (6)

Whereas €, , C, and C; are recombination coefficients.
fxres firms fire @nd fj ry are defined by equations [7], [9]:

firs() = Zpty Gms G ) [|E;:'TE|2 + |Ek_.TE|2] @)
Ng + 2 - 2

ferm (@) = 221 Gmrm (O, 1) [|Ek,TM| + |Ek,TM| ] (8)

fire(m) = Z?I;no_l 9mE (ﬁj,n) [Nj,+TE + N]_TE] ©)

firu@) = T Gonraa (95,1) [Nfews + Nig) (10)

SOA geometrical and material parameters used in the steady-state model are given in table I.

2.2. Polarization-Dependent Gain (PDG)

The dependence of SOA to polarization is characterized by measuring the polarization-dependent
gain (PDG). In practice this consists of measuring the gain of the device in all possible cases of polarization
signals. To simplify our studies, we have simply sought two orthogonal axes of linear polarization (TE and
TM axes). The gain hasn’t, therefore, been measured but for the polarized signals along these two axes. The
polarization-dependent gain can be calculated via the following formula:

PDG = |GTE - GTMl (dB) (11)

Two cases of measuring the PDG can then be presented: configurations in self-saturation and cross-
saturation. The measurement of the PDG in the self-saturation enables us to inquire on the intrinsic
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dependence of the SOA component which is a very important measure. The measures of the PDG in the
configuration pump-probe allow studying the optical gates which operate in cross-modulation.

I I
Py R R P TEorTM modes B i

TE or TM modes : ' Continuous '
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i N cither by TE or Comparaison of probe gain :
—— L F il R T—

un U e 540m :
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=0 z=1 =0 =1
(@) (b)

Figure 2. Schematic view of a typical SOA structure to measure the static gain and the PDG: (a)
configuration self-saturation; (b) configuration cross-saturation (pump-probe).

Figure 2 schematizes the principle of these two measures. In each measure, the PDG of the device is
evaluated by comparing the curves of static gain obtained with a continuous pump, according to the two
extreme configurations of polarization (TE and TM). The greater the difference between the two obtained TE

and TM curves is, the higher the PDG.

Table I. SOA geometrical and material parameters [1], [7].

Symbol Parameters Value and unit

y Molar fraction of Arsenide in the active region. 0.892
L Cavity length 1000 um
d Active region thickness 0.2 um
W Central active region width 2 um
| Bias current 260 mA
Kq Bandgap shrinkage coefficient 0.9 x 107 %eVm
Neffo,TE/TM Equivalent refractive index at zero carrier density. 3.22
d;l,TlE , d;l:lM tl?)lzf;rrreiglgler?;‘if;u|valent refractive index with respect (—1.44,—1.20) x 10726 m?
Irg, Iy Optical confinement factor 0.3,0.25
Nin Input coupling loss. 3.0dB
Nout Output coupling loss. 3.0dB
R; Input facet reflectivity 5x 1075
R, Ouput facet reflectivity 5x107°
K, Carrier independent absorption loss coefficient 6200 m™t
K, Carrier dependent absorption loss coefficient 7500 x 10724 m?
C, Linear radiative recombination coefficient 1x 10857t
C, Bimolecular radiative recombination coefficient 25%x107m3 st
Cs Auger recombination coefficient 3.0 X 107*tms 571
Bandgap energy quadratic coefficient 1.35
b Bandgap energy quadratic coefficient —0.775
c Bandgap energy quadratic coefficient 0.149
m, Effictive mass of electron in the CB 410 x 10732 kg
My, Effictive mass of heavy hole in the VB 419 x 1073 kg
my, Effictive mass of light hole in the VB 5.06 X 10732 kg
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3. RESULTS AND DISCUSION
The measure of static gain consists of measuring the amplification of a signal as it passes through a
SOA depending on the power of the input signal. There are two types of measures: self-gain saturation and

cross-gain saturation or pump-probe. The first measure involves injecting a single signal in the SOA (figure
.2 (a)) whereas the second one involves two signals called pump and probe.

3.1. Self-Gain Saturation

The measure of self-gain saturation of the SOA takes into account the ASE noise. Indeed, in the case
of a low optical injection, the ASE power constitutes a considerable additive noise disturbing the detection of
the amplified signal. It is necessary to measure the gain by removing the ASE contribution.

The shape of the above curve (figure 3) has two zones: a zone where the gain is constant, called
small signal regime, and an area where the gain falls linearly, called saturation regime. While the first zone
allows to measure the small signal gain Gy, the second one measures that of the saturation power at -3 dB
(Psat, in)-

It should also be noted that the higher the bias current of SOA is, the more available carriers for
electron-hole recombination there are, particularly for stimulated emission, and thus, the higher the small
signal gain is. In addition, the more the current is, the more important the ASE. Thus, the SOA saturation
power is low [5] (The ASE participates in the gain saturation).
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Figure 3. Static gain of the SOA in self-saturation
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Figure 4. Gain and ASE spectra according to the TE and TM polarization for Pin = -20 dBm.

Figure 4 presents the gain and ASE spectra solved for the TE and TM polarization. We note
effectively a transparency and peak wavelength difference as well as a difference between maxima. This
means that the SOA used has some intrinsic polarization dependence. According to the SOA; geometry and
the gain and ASE spectra, this tendency comes from the elastics contraints applied to the SOA which have
largely favored the TE transitions.

We then studied the PDG of the SOA in self-saturation. For this, we have used the figure
schematized above (figure 2 (a)).
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The result obtained (Fig .5) shows that the SOA presents a PDG in self-saturation of the order of 1
dB in small signal regime. The PDG is subsequently increasingly low when entering in saturation regime.
This is explained by the difference in gain due to preferred transitions TE or TM between conduction and
valence bands. Experiencing low pumping, the bands are not full, so there is a difference in distribution
between the carrier TE and TM. At high pumping, all the bands are saturated, the distribution is equal and the
anisotropy saturates. These curves are thus characterized by small signal gains TE and TM different from

each other and saturation power TE and TM different from one another as well. These differences are more
precisely noted below:

{ GIE > GIM
PTE (= —8.5 dBm) < PIM (= —6 dBm)

The SOA used in this study is intrinsically polarization-dependent.
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Figure 5. The PDG of SOA in self-saturation.

3.2. Cross-Gain Saturation

This measure consists of injecting two continuous signals in the SOA, one of fixed power, the probe,

whose gain is measured depending on the power of the other signal, the pump. Figure 2 (b) shows the scheme
of assemblage of such a characterization.
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Figure 6. Static gain in pump-probe for different powers of probes. The pump and probe are TE polarized

An example of curves obtained with the same SOA but for different probe powers is reported in
figure 6. The curves present an identical form to that of self-gain saturation. Indeed, be it traversed by one or
more signals, the SOA has two operating regimes: the small-signal gain regime and the saturation regime.
These curves are, however, different according to the power of the probe signal. This results from the fact
that the probe signal may also, according to its power, saturates the SOA, and thus participates in the
depopulation of the conduction band, leading to a small signal gain generally lower. In addition less porters,
in this case, participate in amplified spontaneous emission (ASE), which leads to an increase of the saturation
power of the SOA. Note also that the higher the power probe is, the lower the slope of the curve is and thus
less efficient compression gain by a pump pulse is. Finally, for high power pump, the curves meet showing

Static Characterization of the Birefringence Effect in the Semiconductor Optical Amplifier ... (A Elyamani)




44 ) ISSN: 2088-8708

that the gain saturation depends intrinsically on the milieu regardless of the signals powers which they
traverse it.

Subsequently, we will study the polarization-dependent gain (PDG) of SOA for different probe
polarizations. This study is based on similar measures to those achieved previously but this time around the
probe continuous polarized in either TE or TM.

Figure 7 shows the results obtained for different configurations of polarization of the probe at the
entering of the SOA. According to this figure, it is noted that the SOA is relatively insensitive to the
polarization when the polarization of the probe is TM (fig.7 (a)) compared to the TE polarization (fig.7 (b)).
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Figure 7. Measure of the PDG of SOA in different polarization configurations probe. (a) : Probe in TM ; (b) :
Probe in TE. The power probe is -20 dBm

The curves show that there isn't a large variation concerning the small signal gain and the gain
compression. By contrast, the saturation power of the gain is the only parameter which varies from one
configuration of polarization of the pump to another. This is more precisely noted in the equations below:

Case where the probe isin TM Case where the probe isin TE
{Psat =1dBm pump in TE {Psat =—-5dBm pumpinTE
Pgqr = 0dBm pump in TM Pyo: = 0dBm pump in TM

Knowing that using the SOA; as nonlinear optical gates must present a strong small signal gain, a
low power of saturation as well as a more efficient possible compression with a very steep slope of gain. For
this, the configuration of polarization of both the probe and pump in TE is the most suitable for the use of our
component as optical gate. The other cases of configuration can be used to improve the basic function of
SOA (the amplification).

4. CONCLUSION

With the aid of a numerical algorithm based on the finite difference method (FDM), we have studied
the static characteristics of the birefringence effect in the SOA.

In our research, we have also included in this method the evolution equation of the carrier density to
take into account any change in the bias current and the different carriers’ recombinations. To demonstrate
the capability of the model, some simulation results of SOA have been presented.

As we have seen, the characteristic of the ASE power enables to determine the maximum of bias
current that can support a SOA. The ASE spectra indicate the wavelengths for which the SOA is adapted
(around the gain peak). The characterizations of static gain show the small signal gain as well as the
saturation power and the slope of the gain curve.

The measure of polarization dependent gain (PDG) of the SOA in self-saturation and cross-
saturation shows that the component is intrinsically depending on the polarization. Once the optimum
operating parameters and the associated characteristic quantities are determined, the step for specifying
whether a SOA is a good candidate for the applications in optical signal processing is the dynamic
characterization of the component.
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