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1. Introduction

Semiconductor optical amplifiers (SOAs) have attracted a lot of interest because of their
application potential in the field of optical communications. Their use has been envisaged in
different applications in the access, core and metropolitan networks. Particularly, they have
been envisioned for all-optical signal processing tasks at very high bit rates that cannot be
handled by electronics, such as wavelength conversion, signal regeneration, optical
switching as well as logic operations. To implement such all-optical processing features, the
phenomena mostly used are: cross gain modulation (XGM), cross phase modulation (XPM),
four-wave mixing (FWM) and cross polarization modulation (XPolM).

The aim of the present work is to present a qualitative and an exhaustive study of the
nonlinear effects in the SOA structure and their applications to achieve important functions
for next generation of optical networks. These phenomena are exploited in high speed
optical communication networks to assure high speed devices and various applications,
such as: wavelength converters in WDM networks, all-optical switches, optical logic gates,
etc. Particularly, we focus on analyzing the impact of variation of intrinsic and extrinsic
parameters of the SOA on the polarization rotation effect in the structure. This nonlinear
behavior is investigated referring to numerical simulations using a numerical model that we
developed based on the Coupled Mode Theory (CMT) and the formalism of Stokes.
Consequently, it is shown that the azimuth and the ellipticity parameters of the output
signal undergo changes according to injection conditions, i.e. by varying the operating
wavelength, the input polarization state, the bias current, the confinement factor and
obviously the SOA length, which plays an important role in the gain dynamics of the
structure. We will show that the obtained results by the developed model are consistent
with those obtained following the experimental measurements that have been carried out in
free space.

In addition, an investigation of the impact of nonlinear effects on the SOA behavior in linear
operating and saturation regimes will be reported. Their exploitation feasibility for
applications in high bit rate optical networks are therefore discussed. Hence, the impact of
variation of the SOA parameters on the saturation phenomena is analyzed by our numerical
simulations. It was shown that high saturation power feature, which is particularly required
in wavelength division multiplexing (WDM) applications to avoid crosstalk arising from
gain saturation effects, can be achieved by choosing moderate values of the operating
parameters. Moreover, we will address one of the essential processes to consider in SOAs
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analysis, which is the noise. Particularly, we numerically simulate the impact of noise effects
on the SOA behavior by measuring the gain, the optical signal to noise ratio and the noise
figure. Although its gain dynamics provide very attractive features of high speed optical
signal processing, we show that the noise is important in SOAs and can limit the
performance of the structure. In order to remedy this, we show that using high bias current
at moderate input signal power is recommended.

We report and characterize the impact of the nonlinear polarization rotation on the behavior
of a wavelength converter based on XGM effect in a SOA at 40 Gbit/s. Moreover, we
investigate and evaluate its performance as function of the intrinsic and extrinsic SOA
parameters, such as the bias current, the signal format, the input signal power and its
polarization state that determine the magnitude of the polarization rotation by measuring
the ellipticity and the azimuth. Also, the impact of noise effects on the structure behavior is
investigated through determining the noise figure. In particular, we focus on the
performance of an improved wavelength conversion system via the analysis of quality
factor and bit error rate referring to numerical simulation.

In this chapter, we deal either with the investigation of the SOA nonlinearities; particularly
those are related to the polarization rotation, to exploit them to assure important optical
functions for high bit rate optical networks. The dependence of SOA on the polarization of
the light is an intrinsic feature which can lead to the deterioration of its performance. As a
system, it is very inconvenient because of the impossibility to control the light polarization
state, which evolves in a random way during the distribution in the optical fiber
communication networks. For that reason, the technological efforts of the designers were
essentially deployed in the minimization of the residual polarimetric anisotropy of the
SOAs, through the development of almost insensitive polarization structures. On the other
hand, various current studies have exploited the polarization concept to assure and
optimize some very interesting optical functions for the future generation of the optical
networks, as the wavelength converters, the optical regenerators and the optical logical
gates. In this frame, many studies have demonstrated, by exploiting the nonlinear
polarization rotation, the feasibility of the implementation of optical logical gates,
wavelength converters and 2R optical regenerators.

2. Semiconductor optical amplifier: Concept and state of the art

2.1 SOA architecture

A semiconductor optical amplifier (SOA) is an optoelectronic component, which is
characterized by a unidirectional or bidirectional access. Its basic structure, represented in
figure 1, is slightly different from that of the laser diode. Indeed, there will be creation of the
following effects: the inversion of population due to the electric current injection, the
spontaneous and stimulated emission, the non-radiative recombination. Contrary to
semiconductor lasers, there are no mirrors in their extremities but an antireflection coating,
angled or window facet structures have been adopted to reduce light reflections into the
circuit. SOAs manufacturing is generally made with III-V alloys, such as the gallium
arsenide (GaAs), indium phosphide (InP) and various combinations of these elements
according to the required band gap and the characteristics of the crystal lattice. In particular
case for use around 1,55 pm, the couple InGaAsP and InP is usually used for the active layer
and the substratum, respectively.
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Fig. 1. SOA architecture.

Typical physical features of the SOA structure, used in simulations, are listed in Table 1.

Symbol | Description Value
Tbias Injection current 200 mA
Nin Input coupling loss 3dB
Nout Output coupling loss 3dB
Ry Input facet reflectivity 5e-005
R, Output facet reflectivity 5e-005

L Active layer length 500 um

W Active layer width 2.5 pm

d Active layer height 0.2 pm

I Optical confinement factor 30%

Ve Group velocity 75 000 000 m/s
n, Active refractive index 3.7

Table 1. SOA parameters used in simulation.

2.2 SOA structure characteristics

The SOA has proven to be a versatile and multifunctional device that will be a key building
block for next generation of optical networks. The parameters of importance, used to
characterize SOAs, are:

e the gain bandwidth,
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e the gain saturation,

e thenoise figure,

e the polarisation independence,

e the conversion efficiencies,

e the input dynamic range,

e the extinction ratio/crosstalk,

e the tuning speed,

e the wavelength of operation.

The evolution of the SOA output power as function of the wavelength for various values of
the input power is represented in figure 2. It shows that when the wavelength increases, the
output power decreases. So, we can notice that when the input power injected into the SOA
increases, the maximum of the output power will be moved towards the high wavelengths,
which is due to the decrease of the carriers’ density. For example, for an input power of - 18
dBm, the maximal output power is 5,41 dBm for a wavelength equal to 1520 nm; but for an
injected power equal to -5 dBm, the maximum of the output power is 8,29 dBm and
corresponds to a wavelength of 1540 nm. Whereas for an input power equal to 5 dBm, the
maximal value of the output power is 8,95 dBm for a wavelength of 1550 nm.
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Fig. 2. SOA output power versus the wavelength of operation for different input powers.

A wide optical bandwidth is a desirable feature for a SOA, so that it can amplify a wide range
of signal wavelengths. In order to analyze the impact of the injection condition on this
parameter, we represent simulation results of the SOA gain as function of the wavelength of
the signal for different input powers. Referring to figure 3, we note that wavelength variations
and the injected power have a significant impact on the gain bandwidth evolution. However,
we can notice according to the obtained curves, which are drawn for a bias current of 200 mA,
that when the input power increases, the gain maximum (known as the peak of the gain) is
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moved towards the high wavelengths, which is due to the decrease of the carriers” density. For
an input power of -30 dBm, the gain peak is 26,6 dB at a wavelength equal to 1510 nm, but for
an injected power of -10 dBm, the gain maximum is 17,65 dBm for a wavelength of 1535 nm.
On the other hand, for a high input power of 5 dBm, for example, the gain peak, having a
value of 3,96 dB, is reached for a signal wavelength of 1550 nm, which is higher than the
wavelength corresponding to the last case.
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Fig. 3. Gain spectrum as a function of the injected input power.

In order to look for the conditions which correspond to an improvement of the SOA
functioning, we have analyzed the influence of the intrinsic parameters on the SOA
performance by representing, in figure 4, the gain and the noise figure as function of the
bimolecular recombination coefficient (B). We notice that the increase of the B coefficient
entails a diminution of the gain and consequently an increase of the noise figure. These
results are justified by the fact that when the B coefficient increases, there will be an increase
of the carriers’ losses that are caused by the radiative and non-radiative recombination
processes and consequently the carriers’ density decreases, which involves a gain decrease.
In that case, the maximal value of the gain is 26,16 dB, which corresponds to a minimum of
noise figure of 5,27 dB, a B coefficient equal to 9.10-¢ m3.s! and an input power Pi,= -30
dBm.

2.3 Noise effects in a SOA structure

One of major processes to consider in the SOA analysis is the amplified spontaneous
emission (ASE) noise, because it strongly affects the structure performance. It is also crucial
in determining the bit error rate (BER) of the transmission system within which the
amplifier resides. The injected signal and the ASE noise interact nonlinearly as they
propagate along the SOA structure. Then, the interaction correlates different spectral
components of the noise. Consequently, we can distinguish three types of noise, which are:
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e The shot noise.
e The signal-spontaneous beat noise.
¢ The spontaneous-spontaneous beat noise.

Gain |dB|
NF |dB]

1,0E-16 7,0E-16 1,3E-15 19E-15 2,5E-15 3,1E-15
B [m?.s1]

Fig. 4. Evolution of the gain and the noise as a function of the bimolecular recombination
coefficient (B) and the SOA injected power.

The power of the ASE noise generated internally within the SOA is given by:

P g =2n,hv.(G-1).B, 1)
Where:
G: is the gain at the optical frequency v,
h: represents the Planck’s constant,
Bo: is the optical bandwidth of a filter within which Pasg is determined,
ngp: refers to the population inversion factor (sometimes called the spontaneous emission
factor).
For an ideal amplifier, ng, is equal to 1, corresponding to a complete inversion of the
medium. However, in the usual case, the population inversion is partial and so ns, > 1.
The shot noise results in the detection of the received total optical power due to the signal
and the power of the ASE noise. It is given by the following equation:

G.P
N, =2¢B (W +n,.B.(G- 1)} )

Where B. is the electrical bandwidth of the photo-detector.

The noise contribution due to the signal exists as well there is no optical amplifier; this later
simply modifies the signal power, then the shot noise power related to this introduces a
supplementary shot noise that is associated to the detection of the ASE.
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The two intrinsic components related to beat noise are produced when optical signals and
ASE coexist together. The first type of beat noise which is the signal-spontaneous beat noise
occurs between optical signals and ASE having frequency close to that of the optical signals.
It is given by the following equation:
e2

N, = 4'E'Be' Ty G(G—1) 3)
The second type, which is the spontaneous-spontaneous beat noise, occurs between ASEs. It
is expressed as follows:

N,

sp—sp =

¢*.(2B - B).B.n> (G-1) (4)

The signal-spontaneous beat noise is preponderant for a strong input signal, whereas the
spontaneous-spontaneous beat noise is dominating when there is an injection of a small
input power. Compared to the shot noise and the signal-spontaneous beat noise, the
spontaneous-spontaneous beat noise can be significantly minimized by placing an optical
filter having a bandwidth By after the amplifier.

A convenient way to quantify and characterize the noise and describe its influence on the
SOA performance is in terms of Noise Figure (NF) parameter. It represents the amount of
degradation in the signal to noise ratio caused by amplification process, and it is defined as
the ratio between the optical signal to noise ratio (OSNR) of the signal at the input and
output of SOA:

_ OSNR,
OSNR

out

NF ©)

The OSNR of the input signal is given by the following equation (Koga & Matsumoto, 1991):

OSNR,, = B (6)
2.hv.B

The OSNR of the input signal is proportional to the optical power of the input signal, or
more specifically to the input number of photons per unit time (Pi,/hv). Whereas, the OSNR
of the output signal is defined by:

)

2
OSNR,, - ( eP, .Gj 1

hv ) Ny, +N,_, +N

Sp—sp

Accordingly, by substituting equations (2), (3), (4), (6) and (7) into (5), the noise figure can be
written as follows:

-1 hvBun P, .(G-1) hv.2B -B)n>.P, . (G-1)
NF:1+2,nS G 1+ VBOnsp 2m( )+ V( BO e)nzsp m( ) (8)
G ? G ‘Pout 2'Pout

In practical case, the last two terms can be neglected because the ASE power is weak
compared with the signal power; otherwise the spontaneous-spontaneous beat noise can be
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minimized by placing an optical filter at the output. So the noise figure can be rewritten as
(Simon et al., 1989):

Nle-f- 2n, E )
G ’ G

Since spontaneous emission factor (ngp) is always greater than 1, the minimum value of NF
is obtained for ns=1. So, for large value of gain (G>>1), the noise figure of an ideal optical
amplifier is 3dB. This is considered as the lowest NF that can be achieved. This implies that
every time an optical signal is amplified, the signal to noise ratio is reduced to the half.
The NF can be expressed as function of the power of ASE noise, which is given by (1), as
follows:

NleJrz_ Pys (10)
G hv.G.B,
17
[ A— 1550 pm
15
13 +
ﬁ_j 11 +
= v 4
Z !
¥ o T— 75 sy
i | T 200 mA
J: —:: 235 !-.I"I...‘J*_
-3 s o T — O TN - :
-0 10 0 10 20 30
Gain [dB]

Fig. 5. Evolution of the noise figure as a function of the SOA gain for different bias current
values.

The NF is represented as function of the gain in figure 5. This result is very significant
because it allows us to choose the characteristics of the SOA in order to obtain the highest
value of the gain for a minimum noise figure. So, we can notice that a low gain corresponds
to a high value of NF; whereas to have the possible maximum of the gain while satisfying
the criterion of low noise, it is necessary to choose the highest bias current possible.

2.4 Linear and saturation operating regimes in a SOA structure

A SOA amplifies input light through stimulated emission by electrically pumping the
amplifier to achieve population inversion. It should have large enough gain for such
application. The gain is dependent on different parameters, such as the injected current, the
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device length, the wavelength and the input power levels. The SOA gain decreases as the
input power is increased.

This gain saturation of the SOA is caused not only by the depletion of carrier density owing
to stimulated emission, but also by the main intraband processes, such as spectral hole
burning (SHB) and carrier heating (CH). However, when the SOA is operated with pulses
shorter than a few picoseconds, intraband effects become important.

The origin of gain saturation lies in the power dependence of the gain coefficient where the
population inversion due to injection current pumping is reduced with the stimulated
emission induced by the input signal.

The saturation power parameter of the SOAs is of practical interest. It is a key parameter of
the amplifier, which influences both the linear and non-linear properties. It is defined as the
optical power at which the gain drops by 3 dB from the small signal value. That is to say, it
is the optical power which reduces the modal gain to half of the unsaturated gain.

The saturation output power of the SOA is given by (Connelly, 2002):

A
P, =71, (11)
Where:
I- hv (12)
aN‘Ts

A: denotes the active region cross-section area,

I': represents the optical confinement factor coefficient,

an: symbolizes the differential modal gain,

Ts: makes reference to spontaneous carrier lifetime.

High saturation output power is a desirable SOA characteristic, particularly for power
booster and multi-channel applications. Referring to equation (11), the saturation output
power can be improved by increasing the saturation output intensity (I;) or reducing the
optical confinement factor. The former case can be achieved either by reducing the
differential modal gain and/or the spontaneous carrier lifetime. Since the last parameter (ts)
is inversely proportional to carrier density, operation at a high bias current leads to an
increase in the saturation output power. Nevertheless, when the carrier density increases,
the amplifier gain also increases, making resonance effects more significant.

As the saturation output power depends inversely on the optical confinement factor, the
single pass gain can be maintained by reducing this coefficient or by increasing the amplifier
length. This process is not always necessary for the reason that the peak material gain
coefficient shifts to shorter wavelengths as the carrier density is increasing.

When the average output power is at least 6 dB less than the output saturation power, non-
linear effects are not observed and the SOA is in the linear regime. This linear operating
regime, which is closely related to the output saturation power, is defined as the output
power of an SOA where the non-linear effects do not affect the input multi-channel signal.
Gain saturation effects introduce undesirable distortion to the output signal. So, an ideal
SOA should have very high saturation output power to achieve good linearity and to
maximize its dynamic range with minimum distortion. Moreover, high saturation output
power is desired for using SOAs especially in wavelength division multiplexing (WDM)
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systems. Figure 6 shows that the highest value of the saturation output power, which
corresponds to very fast dynamics of the carriers” density, is obtained when a strong bias
current is used. Furthermore, we can notice that a high value of the bias current can
engender a high gain with a high saturation output power. On the other hand, a low bias
current corresponds to a less strong gain with a less high saturation output power, but the
saturation input power is stronger.
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Fig. 6. Evolution of the gain as a function of the output power and the SOA bias current.

Because of the SOA’s amplification and nonlinear characteristics, SOAs or integrated SOAs
with other optical components can be exploited to assure various applications for high bit
rate network systems. Moreover, large switching matrices comprised of SOA gates can be
constructed to take advantage of the SOA gain to reduce insertion losses, to overcome
electronic bottlenecks in switching and routing. The fast response speed can also be utilized
effectively to perform packet switching.

3. SOA nonlinearities

SOAs are showing great promise for use in evolving optical networks and they are
becoming a key technology for the next generation optical networks. They have been
exploited in many functional applications, including switching (Kawaguchi, 2005),
wavelength conversion (Liu et al., 2007), power equalization (Gopalakrishnapillai et al.,
2005), 3R regeneration (Bramerie et al., 2004), logic operations (Berrettini et al., 2006), etc.,
thanks to their nonlinear effects, which are the subject of the current section. The effects are:
the self gain modulation (SGM), the self phase modulation (SPM), the self induced nonlinear
polarization modulation (SPR), the cross-gain modulation (XGM), the cross-phase
modulation (XPM), the four-wave mixing (FWM) and the cross-polarization modulation
(XPolM). These functions, where there is no conversion of optical signal to an electrical one,
are very useful in transparent optical networks.
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In SOA operational regime, there is a variation of the total density of the carriers and their
distributions. This variation engenders intraband and interband transitions. The interband
transition changes the carrier density but does not affect the carrier distribution. It is
produced by the stimulated emission, the spontaneous emission and the non-radiative
recombination. The modification of the total density of the carriers comes along with the
modification of the carriers in the same band. The intraband transitions, such as spectral
hole burning (SHB) and carrier heating (CH) are at the origin of the fast dynamics of the
SOAs. They change the carrier distribution in the conduction band.

The main nonlinear effects involved in the SOAs, having for origin carriers dynamics and
caused mainly by the change of the carriers density induced by input signals, are the
following ones:

3.1 Self Gain Modulation

The self gain modulation (SGM) is an effect which corresponds to the modulation of the
gain induced by the variation of the input signal power. It can be used to conceive a
compensator of signal distortion.

3.2 Self Phase Modulation

The self phase modulation (SPM) is a nonlinear effect that implies the phase modulation of
the SOA output signal caused by the refractive index variation induced by the variation of
the input signal power.

3.3 Self induced nonlinear Polarization Rotation
The self induced nonlinear polarization rotation (SPR) translates the self rotation of the
polarization state of the SOA output signal with regard to input one.

3.4 Cross-Gain Modulation

The cross-gain modulation (XGM) is a nonlinear effect, which is similar to the SGM. It implies
the modulation of the gain induced by an optical signal (known as a control or pump signal),
which affects the gain of a probe signal propagating simultaneously in the SOA. The XGM can
take place in a SOA with a co-propagative or counter-propagative configuration.

3.5 Cross-Phase Modulation

The cross-phase modulation (XPM) is a nonlinear effect, which is similar to the SPM. It
corresponds to the change of the refractive index induced by an optical signal (known as a
control or pump signal), which affects the phase of another optical signal (probe)
propagating at the same time in the SOA structure.

3.6 Four Wave Mixing

The four wave mixing (FWM) is a parametric process, which is at the origin of the
production of new frequencies. It can be explained by the beating between two or several
optical signals having different wavelengths propagating in the SOA structure, which
generates signals having new optical frequencies.

The FWM effect in SOAs has been shown to be a promising method for wavelength
conversion. It is attractive since it is independent of modulation format, capable of
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dispersion compensation and ultra fast. So, wavelength conversion based on FWM effect
offers strict transparency, including modulation-format and bit-rate transparency, and it is
capable of multi-wavelength conversions. However, it has low conversion efficiency and
needs careful control of the polarization of the input lights (Politi et al., 2006). The main
drawbacks of wavelength conversion based on FWM are polarization sensitivity and the
frequency-shift dependent conversion efficiency.

3.7 Cross-Polarization Modulation

The cross-polarization modulation (XPolM) effect in a SOA structure, which has been
subject of many investigations in recent years, is a nonlinear effect similar to the SPR. It
denotes the polarization rotation of a beam propagating in a SOA affected by the
polarization and the power of a relatively strong control beam, introduced simultaneously
into the amplifier. When two signals are injected in the SOA, an additional birefringence
and gain compression affects the SOA. The two signals affect one another by producing
different phase and gain compression on the transverse electric (TE) and transverse
magnetic (TM) components (because the gain saturation of the TE and TM modes is
different). This results in a rotation of the polarization state for each signal. The SOA bias
current, and the input signal power are among the parameters that determine the
magnitude of the polarization rotation. As a result, the XPoIM effect in SOA is then directly
related to the TE/TM mode discrepancy of XPM and XGM.

The nonlinear polarization rotation that occurs in the SOA is demonstrated to perform very
interesting functionalities in optical networks. However, it is exploited in optical gating, in
wavelength conversion, in regeneration and in all-optical switching configurations that are
required for wavelength routing in high-speed optical time-division multiplexing networks.

4. Modelling of polarization rotation in SOAs using the Coupled Mode Theory

4.1 Analysis of the polarization rotation in SOA with application of Stokes parameters
A convenient method to describe the state of polarization is in terms of Stokes parameters.
They provide a very useful description of the polarization state of an electromagnetic wave.
Moreover, they characterize the time-averaged electric-field intensity and the distribution of
polarization among three orthogonal polarization directions on the Poincaré sphere. They
are used in this work to analyze the polarization change at the SOA output with relation to
its state at the input for various length of the active region. They are noted as (So, S1, S2, S3)
and defined as (Flossmann et al., 2006):

A +AL°
A -ALS
_ w ~An (13)
24,5 Apy.cO8( by — brp)

2A.5Apy.sin(dny — drp)

PRI

Where:

Sp is a parameter that translates the total intensity.

Sy refers to the intensity difference between the horizontal polarization and the vertical
polarization.

S; makes reference to the difference between intensities transmitted by the axes (45°, 135°).
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Sz is a parameter that expresses the difference between intensities transmitted for the left
and right circular polarizations.

@, and @y, denote the phase shift for the TE and TM modes, respectively.

The normalized Stokes parameters that can be measured at the SOA structure output by
using a polarization analyzer are given by:

5= withiefl,2,3) (14)
S

The phase shift variation can be written as follows:

AP =Ppy — P = arctan(si] (15)
S

The relationship of the normalized Stokes parameters to the orientation (azimuth) and the

ellipticity angles, y and y, associated with the Poincaré Sphere is shown in the following

equations (Guo & Connelly, 2005):

s cos(2y).cos(2y)
8, |=| sin(2y).cos(2y) (16)
S, sin(2y)

Therefore, the polarization change at the SOA output can be analyzed and evaluated by the
azimuth and the ellipticity that can be expressed as function of normalized Stokes parameters:

 =—arctan| —
2 S (17)

1 .
x= Earcsm(sg,)

4.2 Concept of the proposed model

In this model, which is based on the coupled mode theory (CMT), we assume that the
optical field is propagating in the z-direction of the SOA structure and it is decomposed into
TE and TM component. In addition, the TE/TM gain coefficients are supposed, in a
saturated SOA, to be not constant along the amplifier length and then can be written as the
following forms (Connelly, 2002):

{ 8(2) = T'1p.8,,(2) — g (18)
8mi(2) =Ty 8,(2) — gy

Where gre and grum are the gain coefficients, I'rg and I'rv denote the confinement factors, arg
and atv symbolize the efficient losses, respectively for TE and TM modes. g, designates the
gain material coefficient.

To estimate the polarization sensitivity of a saturated amplifier, the material intensity gain
coefficient is assumed to be saturated by the light intensity as the following equation
(Gustavsson, 1993):
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80
1+ (|A7E(z)|2 + |Am(z)|2)E‘2

S

gn(2)= (19)

Referring to the coupled mode equations developed in (Gustavsson, 1993) that take into
account the coupling between the TE and TM modes, the evolution of the electromagnetic
field envelope in the SOA active region can be written under the following equations:

0A 1 e

azm = EgTE(Z)'ATE(Z) + Ccpl,l Apy(2)e TP
(20)

O0A 1 Ny

—GZM = Egm (2)Ap(2) - Ccpl,2 Am(z).e"w'

Where

AP represents the difference between the propagation constants freg and frm for TE and TM
modes, respectively.

Cepli (with i={1,2}) denotes the coupling coefficient given by the following equation:

A, 2 A, 2\ )" A, 2 A, 2\ )
(2) =K, — K. 1+(| (Z)|;|2 (Z)| ) - K. 1+(| (Z)|;|2 (Z)| ) (21)

S S

C

cpl,i

With: "k;" is a constant.
Hence, the evolution of the electromagnetic field envelope in the active region of the SOA
can also be written under the following matrix form:

E(Am(z)j = (mn m’lzj {Am(z)] (22)
0z \ Apy(2) m, my, |\ Ay (2)
Where
o

m, = _E'(FTE'gm(z) — Q)

rn'lZ = _j'CCPll 'eij'Aﬁ.z (23)

n7’21 = j'CcpIZ 'ej.Aﬂ'Z

my, = _%-(Fm-gm(z) — )

The solution of the set of differential equations (20) is not available in analytical form. Then,
for calculating the electromagnetic field envelope in the SOA structure, it is primordial to
use a numerical method; that is the object of the next section.

4.3 Numerical method formulation
The numerical method adopted to calculate electromagnetic field envelope of SOA, is based
on a numerical integration approach of the differential equations in the z-direction. Firstly,
the equation (22) is reformulated as:

0A(z)
0z

=J.M(A(z)).A(z) (24)
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Where
A
a0 -[ 4= )
M(A(z))= (Z 2} (26)

The initial solution of equation (24) at a position z=z¢+Az is given by:

A (z)+A2)= A(zo).exp(— J.M (zo).Az) (27)
For the fact that the matrix M is not constant in the interval Az, it is necessary to apply a
correction to the initial solution. The correction term is expressed as:

A (z,+A2) = —[M (20 +A2)—M(z,) ]A (28)

Where A, is the average value of A(z) in the interval [zo, zo+Az].
Then, the final solution will be written as the following form:

Az, +A2) = A (2, + A2) + A, (2, + A2) (29)

For the numerical implementation of the described method, the exponential term in
equation (27) is developed as a finite summation of Taylor series terms as:

q
Ay(z, + Az :zl (~j Az M(z,)) Alzy) +0% (A2) (30)
szp
In which O?*'(Az) denotes that the remaining error is order (q+1) in Az.
Finally, in order to reduce the calculation time, it is worthwhile to calculate the

electromagnetic field envelope of SOA recursively as the following form:

A

oo MAE)] T Ae) @D

e MAG)Y Aw) =22 [IMAG)

4.4 Numerical simulation results and their experimental validation

In the implementation of the developed model, which is proposed in the section 4.3, using
the theoretical background described above, the Taylor series is evaluated up to the
twentieth order. In order to validate the results obtained by this approach, we have
performed an experiment which was done in free-space. Its setup consists of a commercial
InGaAsP/InP SOA structure, which is positioned so that their TE and TM axes correspond
to the horizontal and vertical axes of the laboratory referential, respectively. The laboratory
refers to the RESO lab in the National Engineering School of Brest, France. Light emitted
from the SOA was collected and collimated with a microscope objective, then passed
through a quarter-wave plate and a linear polarizer acting as an analyzer, before being
recollected with a fibred collimator, connected to an optical spectrum analyzer with an
optical band-pass filter, having a bandwidth of 0.07 nm in order to reject the amplified
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spontaneous emission. The passing axis of the linear polarizer, when set vertically,
coincided with the TM axis in the sample and defined a reference direction from which the
orientation angle 0 of the fast axis of the quarter-wave plate was estimated. This orientation
could be modified, as the quarter-wave plate was mounted on a rotation stage whose
movements were accurately determined by a computer-controlled step motor.

The presence of an injected optical signal affects the carrier density and includes strong
modifications of the birefringence and dichroism experienced by the signal itself in the SOA
active zone. Consequently, the input optical signal experiences a modification of its
polarization state due to the intrinsic birefringence and residual differential gain of the
active region. In the linear operating regime, the SOA output polarization remains nearly
independent of the input power. However, within the saturation regime, a self-induced
nonlinear rotation of polarization takes place and depends upon input power, because of
carrier density variations which modify induced birefringence and residual differential gain.
This causes fast variations of the state of polarization of the output signal, both in terms of
azimuth and ellipticity parameters, which are analyzed in this section by varying the SOA
injection conditions.
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Fig. 7. Evolution of the azimuth of the output state of polarization of the SOA as a function
of the injected input power for a bias current of 225 mA.

Figure 7 depicts the evolution of the azimuth at the output as a function of the input signal
power initially injected at an angle 6. When 6 = 0° or 6 = 90°, the azimuth undergoes a small
variation. Whereas, when 6 = 45° or 6 = 135° that corresponds to the injection with identical
TE/TM powers, a significant change of the polarization state is shown when the input
signal power becomes high, which corresponds to the saturation regime, contrarily for low
values that refer to the linear operating regime. However, we can notice that the results
obtained are in good agreement with the experimental measurements.

The ellipticity, which is shown in figure 8, experiences a slight increase when there is an
augmentation of the injected power for an angle 6 equal to 0° or 90°. However, for the case
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of injecting the input power with 6 = 45° or 0 = 135°, the ellipticity parameter experiences
significant variations.
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Fig. 8. Evolution of the ellipticity of the output state of polarization of the SOA versus the
input signal power for a bias current of 225 mA.

According to the results presented in figure 9, we can notice that the phase shift is almost
constant when the input signal power is very low. It decreases rapidly by augmenting the
injected power. This behavior is explained by the diminution of carrier density due to the
stimulated emission as the input power is increased. Also, it mirrors the variation of
birefringence induced by effective refractive index variations with carrier densities.
Moreover, this change of A® is significant only in the gain band; i.e. when the injected input
power is high and thus corresponds to the operation at the saturation regime.
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Fig. 9. Variation of the phase shift of the optical signal at the SOA output as a function of the
injected input power for a bias current of 225 mA.
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5. Application of SOA nonlinearities to achieve wavelength conversion

All-optical wavelength converters are considered key components in future WDM optical
networks due to their main advantage that consists of increasing the flexibility and the
capacity of these networks and facilitating WDM network management. Moreover, they
form an essential part of the wavelength routing switch that is employed in the all-optical
buffering concept. All-optical wavelength conversion can be realized by using fiber
nonlinearities or nonlinearities in semiconductor devices.

In the last few years, a considerable attention has been focusing on SOAs and their potential
use in optical communication systems. Especially, SOAs have generated more and more
interest when optical signal processing is involved. Subsequently, they are exploited to
achieve wavelength conversion at high bit rates, which is a very important function in
conjunction with WDM systems. This reason makes them also very useful in wavelength
routers, which manage wavelength paths through optical networks based on complex
meshes, rather than point-to-point architectures (Wei et al., 2005).

Many studies have paid more attention on SOA performance for implementing and
configuring wavelength conversion sub-systems. Hence, several optical wavelength
converters based on SOA nonlinearities have been proposed and discussed, such as XGM
(Tzanakaki & O’Mahony, 2000), XPM (Matsumoto et al., 2006), FWM (Contestabile et al.,
2004), and XPolM (Wei et al., 2005). Each configuration has its advantages and
disadvantages and thus its framework of application in optical communication networks.
Optical wavelength converters based on SOA nonlinearities, which are fundamental
components in today’s photonic networks, offer advantages in terms of integration potential,
power consumption, and optical power efficiency. However, the major limitation of SOA-
based wavelength converters is the slow SOA recovery, causing unwanted pattern effects in
the converted signal and limiting the maximum operation speed of the wavelength converters.
It has already been theoretically and experimentally clarified that the increase in electrical
pumping power, confinement factor and the device interaction length effectively improve the
speed performance (Joergensen et al, 1997). For improving the SOA-based wavelength
converters, some techniques are proposed, such as: Fiber Bragg grating at 100 Gbit/s (Ellis et
al., 1998), interferometric configuration at 168 Gbit/s (Nakamura et al., 2001), two cascaded
SOAs at 170.4 Gbit/s (Manning et al., 2006) and optical filtering at 320 Gbit/s (Liu et al., 2007).
In this section, we evaluate the influence of SOA parameters and the signal format (non
return-to-zero “NRZ” or return-to-zero “RZ”) on the behavior of the structure used in
wavelength conversion configuration and we analyze the performance dependence on
several critical operation parameters of the SOA structure.

5.1 Concept of wavelength conversion based on SOA nonlinear effects

All-optical wavelength conversion refers to the operation that consists of the transfer of the
information carried in one wavelength channel to another wavelength channel in the optical
domain. It is a key requirement for optical networks because it has to be used to extend the
degree of freedom to the wavelength domain. Moreover, All-optical wavelength conversion
is also indispensable in future optical packet switching (OPS) networks to optimize the
network performance metrics, such as packet loss rate and packet delay (Danielsen et al.,
1998). Also, it is very useful in the implementation of switches in WDM networks. In
addition, it is crucial to lower the access blocking probability and therefore to increase the
utilization efficiency of the network resources in wavelength routed optical networks.
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While a significant part of network design, routing and wavelength assignment depends on
the availability and performance of wavelength converters; and as many techniques have
been explored and discussed in this context, all-optical wavelength converters based on
SOA structures have attracted a lot of interest thanks to their attractive features, such as the
small size, the fast carrier dynamics, the multifunctional aspect and the high potential of
integration. The main features of a wavelength converter include its transparency to bit rate
and signal format, operation at moderate optical power levels, low electrical power
consumption, small frequency chirp, cascadability of multiple stages of converters, and
signal reshaping.

When a RZ pump (the data signal) at wavelength A; and a continuous wave (CW) probe
signal at wavelength )\ are injected into an SOA, the pump modulates the carrier density in
its active region and hence its gain and refractive index. This leads to a change in the
amplitude and phase of the CW probe signal. In the case of XGM, the output probe signal
from the SOA carries the inverted modulation of the RZ input data signal.

The XPM is used to obtain an output probe signal with non-inverted modulation, whereby
the phase modulation of the probe signal is converted to amplitude modulation by an
interferometer. Particularly, in the wavelength conversion based on the XGM scheme, a
strong input signal is needed to saturate the SOA gain and thereby to modulate the CW
signal carrying the new wavelength. While the XGM effect is accompanied by large chirp
and a low extinction ratio, and limited by the relatively slow carrier recovery time within
the SOA structure, impressive wavelength conversion of up to 40 Gbit/s and with some
degradation even up to 100 Gbit/s (Ellis et al., 1998), has been demonstrated.

To overcome the XGM disadvantages, SOAs have been integrated in interferometric
configurations, where the intensity modulation of the input signal is transferred into a phase
modulation of the CW signal and exploited for switching. These XPM schemes enable
wavelength conversion with lower signal powers, reduced chirp, enhanced extinction ratios
and ultra fast switching transients that are not limited by the carrier recovery time.
Subsequently, wavelength conversion based on the XPM effect with excellent signal quality
up to 100 Gbit/s, has been demonstrated (Leuthold et al., 2000) by using a fully integrated
and packaged SOA delayed interference configuration that comprises a monolithically
integrated delay loop, phase shifter and tunable coupler.

The FWM effect in SOAs has been shown to be a promising method for wavelength
conversion. It is attractive since it is independent of modulation format, capable of
dispersion compensation and ultra fast. So, wavelength conversion based on FWM offers
strict transparency, including modulation-format and bit-rate transparency, and it is capable
of multi-wavelength conversions. However, it has a low conversion efficiency and needs
careful control of the polarization of the input lights (Politi et al., 2006). The main drawbacks
of wavelength conversion based on FWM are polarization sensitivity and the frequency-
shift dependent conversion efficiency.

Wavelength conversion based on XPolM is another promising approach. It uses the optically
induced birefringence and dichroism in an SOA and it has great potential to offer
wavelength conversion with a high extinction ratio.

The influence of the nonlinear polarization rotation and the intrinsic and extrinsic SOA
parameters on the performance of a wavelength converter based on XGM effect is the
subject of the next section.
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5.2 Impact of polarization rotation on the performance of wavelength conversion
based on XGM at 40 Gbit/s

Gain saturation of the SOA structure induces nonlinear polarization rotation that can be
used to realize wavelength converters (Liu et al., 2003). Depending on the system
configuration, inverted and non-inverted polarity output can be achieved. Recently, a
remarkable wavelength conversion at 40 Gb/s with multi-casting functionality based on
nonlinear polarization rotation has been demonstrated (Contestabile et al., 2005). The

proposed wavelength converter based on XGM effect in a wideband traveling wave SOA
(TW-SOA) at 40 Gbit/s, is presented in figure 10.
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= )'.1, Pl L
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Demultiplexer h
\. OTDV 2
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C5A: Optical Spectrum Analyzer

Fig. 10. Schematic of the wavelength converter configuration.
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Fig. 11. Evolution of the output signal by varying the CW input power for an RZ format
signal.

An input signal obtained from a WDM transmitter, called the pump, at the wavelength A;=
1554 nm and a CW signal, called the probe light, at the desired output wavelength A\,=1550
nm are multiplexed and launched co-directionally in the wideband TW-SOA. The pump
wave modulates the carrier density and consequently the gain of the SOA. The modulated
gain modulates the probe light, so that the output probe light, which is known as the
converted signal, contains the information of the input signal, and achieve wavelength
conversion (from A; to Ay).

By varying the CW input power and the input format signal, we visualized the output
signal power by using the OTDV1 and OTDV?2, as illustrated in figures 11 and 12. So, we
can notice that a strong input signal is needed to saturate the SOA gain and thereby to
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modulate the CW signal, as shown in figures 11b and 12b. Also, this is accompanied by a
modulation inversion of the output signal, which is considered one among the drawbacks of
the wavelength conversion using XGM.
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Fig. 12. Evolution of the output signal power as a function of the CW power for an NRZ
format signal.

Birefringent effects are induced when the pump is coupled into the structure, owing to the
TE/TM asymmetry of the confinement factors, the carriers’ distributions, the induced
nonlinear refractive indices and the absorption coefficients of the SOA. Consequently, the
linear input polarization is changed and becomes elliptical at the output as the input power
is increased. Thus, the azimuth and ellipticity vary at the SOA output, as shown in figure
13a. A significant change of the polarization state is shown when the CW input power is
high, contrarily for low values that correspond to a linear operating regime. Moreover, this
polarization rotation varies not only with the pump power but also as a function of the
RZ/NRZ signal format and the optical confinement factor.
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Fig. 13. Evolution of the azimuth, the ellipticity, the noise figure and the output power as a
function of the input signal power, the signal format and the optical confinement factor.
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The transfer function, illustrated in figure 13b, shows that the linear operating regime is
exhibited when the input power is low; then the RZ signal format with a high optical
confinement factor is the privileged case. The saturation regime occurs as we are increasing
the input powers, which corresponds to a gain saturation that can cause significant signal
distortion at the output of the wavelength converter. Consequently, in the proposed
wavelength converter scheme, we can use a band-pass filter just after the SOA, centered on
A2 to suppress the spontaneous noise and to extract only the converted signal containing the
information of the input signal. Moreover, the discussed wavelength converter
configuration can be used to interface access-metro systems with the core network by
achieving wavelength conversion of 1310 to 1550 nm since multi-Gbit/s 1310 nm
transmission technology is commonly used in access and metro networks and the long-haul
core network is centered on 1550 nm window.

In order to analyze the wavelength converter performance in detail, we adopt a wavelength
conversion scheme based on an RZ configuration. The used SOA has a bias current I=
150mA and is connected to a receiver composed of a Bessel optical filter centered on A, a
photo-detector PIN, a low pass Bessel filter and a Bit-Error-Rate (BER) analyzer. The default
order of the Bessel optical filter was set to 4 in the subsequent simulations.

By varying the input power, the maximum value for the Q-factor, the minimum value for
the BER, the eye extinction ratio and the eye opening factor versus decision instant are
shown in figures 14 and 15.

The results obtained demonstrate that the optimal point corresponds to an input power
equal to -39 dBm. The BER analyzer eye diagram for this case is represented in figure 16. As
for the order of the Bessel low pass filter at the receiver, it has been also studied to observe
its effects on performance of the system. It appears from figure 16, that the change of the
filter order "m" has a slight variation on the performance of the simulated system.

So, we can conclude that high-speed wavelength conversion seems to be one of the most
important functionalities required to assure more flexibility in the next generation optical
networks, since wavelength converters, which are the key elements in future WDM
networks, can reduce wavelength blocking and offer data regeneration.
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Fig. 14. Evolution of the Q-factor and the BER for different values of the input power.
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Fig. 16. Evolution the eye diagram, the Q factor and the BER by changing the order of the
Bessel low pass filter "m" for an input power equal to -39 dBm.

6. Conclusion

In this chapter, an investigation of SOA nonlinearities and their applications for future
optical networks are presented and discussed. We have shown that intrinsic and extrinsic
SOA parameters, such as the bias current, the active region length, etc. play an important
role in the SOA gain dynamics. As results, high saturation output power, which is especially
preferred in WDM systems, can be achieved by increasing the bias current or by using short
SOAs. An accurate choice of these parameters is very important for the determination of the
best device operation conditions to achieve the desired functionality based on SOAs and
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exploiting their linear or saturation operating regime in a variety of different applications
for all-optical signal processing and in long-haul optical transmissions.

We have also analyzed the impact of SOA parameter variations on the polarization rotation
effect, which is investigated referring to a numerical model that we developed based on the
Coupled Mode Theory and the formalism of Stokes. Subsequently, it is shown that the
azimuth and the ellipticity parameters undergo changes according to injection conditions.
Our model agrees well with available experimental measurements that have been carried
out in free space and also reveals the conditions for the validity of previous simpler
approaches.
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