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Abstract—Nonlinearity effects, arising within a semiconductor
optical amplifier, have been deeply investigated with partular
interest for exploiting them in wavelength conversion. Thé appli-
cation shrinks the research area to a precise scenario: a sing
pump signal travels through the active medium simultaneouy
with a modulated signal to be converted. In this case it is paible
to neglect the spectral distribution of the optical power ard phase
relationship between propagating signals. SOAs have beerisa
studied as line amplifiers for WDM phase modulated signals.
Aim of this paper is to extend the propagation model in a SOA,
in order to simulate nonlinearities occurring in the amplification
of a WDM comb signal evaluating FWM on constant envelope
modulation schemes (DPSK). This can be carried out thanks
to an enanched analytical model based on the optical field and
medium interaction, overcoming the wide-used Rate Equatio
approach, which is based on the overall photons density.

Index Terms—Susceptibility, Semiconductor Optical Amplifier
(SOA), Four Wave Mixing (FWM), Cross Gain Modulation
(XGM), Cross Phase Modulation (XPM), Nonlinear Effects,
Nonlinear Crosstalk, Differential Phase Shift Keying (DPX),
Wavelength Division Multiplexing (WDM).
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|I. INTRODUCTION

these mechanisms must be taken into account. The most
implemented models, are based on Rate Equations, which
allow to calculate the time and space variation of free car-
rier and photons densities inside the active medium. This
approach is widely used and provides very good results in
case of single channel amplification, or when a strong signal
propagates with another probe signal, for example to eploi
XGM and perform wavelength conversion. It requires several
coefficients, whose values are set as constant in most of the
cases: linear, differential and compression gain coefftsiand
linewidth enhancement factor [7]. In some applicationssth
coefficients are not allowed to be constant, and a dynamic
calculation must be run. Since these terms come from the
medium susceptibility, it is worth to calculate the susdlity

and from that derive the optical field evolution in the active
medium [8], [9]. This is not an alternative approach with
respect to Rate Equations, it calculates the exact furstion
from whom all coefficients used in Rate Equations come out.
In this paper we will give a close expression for the complete
susceptibility, up to its third order taking into account al
nonlinear phenomena such as Self Phase Modulation, Cross

ON-LINEAR phenomena induced by saturated Semiain Modulation and Four Wave Mixing in case of multiple
conductor Optical Amplifiers (SOAs), have been widelghannels propagation. We are being concerned with nomlinea

investigated for their effects on amplitude-modulatechalg _effects on constant envelope WDM signal simultaneously
[1]. Most of these phenomena can be successfully EXplo'tSthlified by a SOA, since this is a scenario where the

for wavelength conversion [2], regeneration [3], opticalily  Rrate Equations based models limitations are mostly evident
[4], and demultiplexing [5]. Many effects, as Cross Gain Mot ther details on comparison between susceptibility dase
ulation (XGM), have reference to free carriers modulation 4 Rate Equations based approaches will be given in a

XGM arises from the depletion of available carriers insidgegicated section. Results will be eventually describee: w
the active medium, for the presence of a high power opticgle considering constant envelope phase modulated sigmals
pulse: if other signals are simultaneously propagatingubh e to highlight the phase impairments instead of amitu
the amplifier, they undergo a reduced gain as long as hgated phenomena, as XGM. Given the unknown statistics

available carriers number is reduced. This is one of the majgping the phase impairments, qualitative but accuratgtses
impairments for developing SOA based amplification in WDl\flnay come from the),. factor [10].

amplitude modulated systems [6]. There are other causes for
carrier modulation: for example, the propagation of a CW || ' NoNLINEAR PROPAGATION OF MULTIWAVELENGTH
comb induces a carrier modulation who_se pulsation is r@late SIGNAL IN A SEMICONDUCTOR TWO-LEVELS SYSTEM

to the frequency spacing. Any change in the refractive index _ . .

of the active medium is transposed into a phase modulationBy applymg. Maxwell Equations to a nonlinear and non-
of the optical field. There are several sources behind t gnetic medium, thé;, spectral component for the electric

phase variations induced on a constant envelope signaldro eld, propagating along is [11]:

SOA: Self Phase Modulation (SPM), Cross Phase Modulation W win? Aoy = L 0? P, )
(XPM) and Four Wave Mixing (FWM). In order to provide —ViAi(z,0) + 2 k(2,1) = T o 02

a simulative model for multichannel amplification in SOASwhereAk and P, are the complex envelope of the electric field
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Vergata University, Rome, 00133 Italy, e-mafbetti,ducg @ing.uniroma2.it carrier. In order to get a close solution fdr,, an expression



for Py is required [12]. Aim of this section is to find an ex-occupation probability for the conduction and the valence
pression of the polarization in a semiconductor active mn@di band state, respectively. We introducgd. and p,, as the
when it undergoes an interaction with an electromagnetit.fieoccupation probability in absence of an optical field. The
Matter-field interaction and all the consequent phenomesa &ariation induced by an optical field is separable from the
well described by the density matrix formalism [13]-[15]thermal equilibrium contribution:

This approach models the semiconductor active medium as

a two level system, the density matrix is reduced td & 2

matrix, with element$.., pve, pev andp,,. The energy levels pee = Pee T Apec(0) + Z Apec(kQ)e™ ™, ()
correspond to the conduction and valence bands. Thankisto th k#0

formalism, it is easy to calculate the occupation probaedi

for each band and the transition probability. where we added to the thermal equilibrium a nonlinear con-

We assume each signal frequency component to be indepeibution Ap... The occupation probability changes with the
dent, with a narrow bandwidth with respect to the spectrapectral spacing of the optical field componefitsiepresents
spacing; i.e. we are considering 10 Gbit/s data rate, inrdmde the detuning between two adjacent chann@ls: wy, 11 — wg;
avoid any spectral overlapping with adjacent channelsclwhiwe recall that the static change in the occupation prokgbili
may occur for phase modulated signals when the spectfgb..(0) is referred to the static hole burning, on the other hand
spacing is 50 GHz. Of course if the channel spacing is s beating between two modes makes a modulation arise at
to any higher value (100 or 200 GHz) the data rate can kbiee detuning pulsation generating the so-called phenomeno
increased. We associate a couple of energy stte)(to a of population pulsation [16]. The same formalism is adopted
resonance frequency)( Each resonance frequency collectfor describing the valence band occupation probabilitye Th
the energy transitions between the conduction and valergfédiagonal elements, on the other hand, are solvable afte
band, and vice-versa.Each signal is supposed to have axnartioe introduction of the following formalism:
bandwidth, in order to associate a resonance frequency to
every single optical carrier of the WDM system. If signals _
have a wide bandwidth this hypothesis is no longer satisfied, poc(t) =Y [Poc(wr) + Apyc(wi)le ™+, (8)
and the density matrix approach can not be applied. k
The next step is to calculate the interaction between thiealpt
field and the carrier density for each energy level, as well ahich is a complex function. Once all elements for the
the carrier transition probability from one state to anatfibe matrix are found, it is possible to solve Eq.2 and calculate
polarization, which is related to interaction processds/ben the polarization. It is worth highlighting that the resonan
light and matter, can be calculated from the off diagonallsation( is defined over a set of discrete elements, according
density matrix elements., andp,.. Its scalar component canto the wavevectok. In particular, the time evolution for the
be found from: density matrix and its elements are defined over the waverect
1 values, which identify the quantum states for each energeti
P=v D iwlpev,s + puc.s] (@) pand. There will be transitions from one band to anothey onl
. e ) _ for the same wavevector. Thus, a density matrix realizason
where, is the electric dipole [13], associated to a transitiofefined for each wavenumber. The electrical dipofeas been
at wgvenumbeﬁ. It is possible to d_erive an exprgssion for th‘?ntroduced, without stressing its dependence on the paisat
off-diagonal elements of the density matrix, which areteda ag g matter of fact, it is a function of the energy of the cagie
to an energy transition between the conduction b@gl and iy qlved in the transition. A detailed description of th@alie

the valence bandf’,), whose energy distance can be writteRnction is presented in [17] and [18], where the following
as: h(¢. The density matrix operator is directly related to th@xpression is reported:

Hamiltonian of the system [12]. After some steps, we get:

d ve . . — —
% = (ZC - 7)pvc + Z%S(pcc - pvv)v (3) |M(<)|2 _ q2 Mo 1 50(5(] + AO) (9)
dpcv . N 6m0<2 me gg + 2A0/3 ’
dt = —(iC+7)pev — Zﬁg(pcc — Pov); (4)
dpuy _ i wherem, is the carriers mass; is the effective masg, is the
=  “Yv\Pov — Pvv) — —& cv — Puc Av, 5 ¢ . 0 . Y .
dt % puo) h (p puc) + ©) electron charge, is the energy gap, anfl, is the spin-orbit
dpec ~ it splitting. The solution of differential equations (Eq. B-6or
=  —Ye\Pee = Pec) — —& cv — Poce Aca 6 p . . C 7 .
dt 1elp pec) h o puc) + © the matrix elements, is strongly influenced by the opticédifie

note thatp., = p}.. In Eq. 5 and 6 we introduced., We distinguish between different frequencies considexgd:

as the conduction band and valence band electrons variatiothe channel carrieg, is related to the transition energy from
for electric pumping. Previous equations include the smhi conduction to valence band. This second frequency does not
terms, referred to the ‘spin-spin’ relaxation tirie = 1/+, for depend on the signal optical carrier or bandwidth, but on the
the inter-band transition;, and 7, are the intraband energydevice active medium: doping, temperature and geometry can
relaxation time, for conduction and valence band, respelgti change the spectral shape of the transition function. leroth
From a physical point of viewp.. and p,, represent the words, this second frequency depends on the Fermi levals, an



the current. By deriving the Eq.8, we get: constrain on the possible interaction between opticalierastr

M We must introduce the hypothesis, = w; + wp, — wy, in
peo(t) = D (—iwn)(Pev + Apey(wi))e ™+ + order to guarantee the phase matching condition and siymplif
—1 the exponential terms. Thus:
M d _ dApcv —iwpt MB(ﬁcc_ﬁvv)
kz::l 7 (Pev + o (wr))e Apey(wr) W wr —C + i) X
(10) SN Az ) A (2, 1) Aj(2, ) %
By substituting Eq.10 and Eq.8 into Eqg.4, assuming that both e 7{ 1
Pev @nd Ape, (t) are slower than the exponential terms, we ( - - ) X
have: Wm — Wn + Ye Wm — Wn + Yo
u | e el a7)
D (—iwi) [pev (Wi, ) + Apeo (Wi, t)]e ! + wm —( =1y wy —(Fiy
k=1 With this last expression, we can find the polarization by
(i —i0) [Few (Wi, ) + Apen (Wi, £)]e™xt = solving Eq.2 with the formalism introduced in Eqg.11, both
T ’ o the contributions are now available from Eq.12 and Eq.17.
0w B M s ot Then, the susceptibility can be derived. In particulamfra.,
— = (Puw — D) (Y Ajem it + Aretit) + and Ap., several contributions to high order susceptibility
J=1 may be distinguished. The linear susceptibility comes
_ﬁ(Z(Ava(KQ) — Apeo(KQ))e ) from Eq.12, on the other hand, all the nonlinear terms due
ih K20 to Kerr phenomenon are collected in Eq.17. Thus, the overall
M susceptibility has the following expression:
(Z Aje™ "t + Afeth), (11) X(wr) = xz(wk) + xspm (Wk; Wr, —Wk, W)

j=1
where we have introducel ) = w,, — w,. In the first step, + gk XX P (k5 W =W, ) (18)
Ap., is neglected and it will be taken into account for the "
higher order terms. The solution is: + Z Z ZXFWM(wk;wm, —Wn, Wj),

_ 1Y Ay (ﬁcc - pvv) _ ~ * " n;ém. ’ . .

Pev(Wi) = P Chin Poc(Wr) = pev(wr)® (12)  thus the slowly varying polarization can be written as:
Once the time-independent term of the off-diagonal element Pi(t) = X(wk, t) Ak (t). (19)

are found, we proceed with the calculation of higher orde

conduction (and valence) band occupation probabilities, f

which the derivation leads to:
M

The sum in Eqg.2 can be changed into an integration, in a
continuous domain, by exploiting the relationship betwten
wavenumberx and the pulsatior(. In order to perform a

. . dApee i change of variables on the integration domain, the chatacte
peclt) = Z ((_ZkQ)ApCC(kQ) + df (kQ)) ™. ation of the conduction and valence band profile in terms of
k=1 (13) Energy versus wavenumber, is required. This step intragluce

This expression is to be substituted into Eq.6, where the offeW terms collected in the so-called ‘density function’]j19
diagonal elements are required. By substituting and sfyapli The density function £(¢)) also gathers common terms in

ing we have: Eq.12 a_nd Eq.17. For a bulk SOA(¢) has the following
0,2 AL expression:
K Te - k
Dpec(0) = (5= o) 3 o (14) 32 RTE
h v+ (¢ — wg)? _ 2memy, C—E; _ . 20
k f((awk) Me + My Wr _<+27(pcc puv)v ( )

2U YT, , _ AP
Apy(0) = Mﬁz (Pec = Puv) Z %-(15) wherem, andm, are the carriers and holes effective masses
k [20], E, the energy gap calculated as a function of the carrier
The complete expression for the conduction band occupatigénsity [19],y = 1/T, with T, the dipole relaxation timeg...
probability requires the terms responsible of populatiols@ and p,,, are the electron and hole occupation probabilities at
tion, which comes from the beating between different opticateady conditions. Their values are calculable with therirer

carriers: distribution functions [18]:
i1*(Pec — Pov) 1
Apcc(wm - Wn) = X X ﬁmm = Thi—E. (21)
72 (e — i(wm — wn)) il +1
( 1 — 1 i ) A AL (16) where the quasi Fermi level8;, (z = c,v) are considered,
Wi —C =1y wp —(F iy k is the Boltzmann constant arfdis the system temperature.

Now we have all contributions required to calculate,. by The quasi Fermi levels are functions of the available cesrie
solving Eq.11. This time the exponential terms introduce ia each energy state. An estimation of the quasi Fermi levels



is given in [21], and widely used in several simulative msdelvhere the carrier lifetime ;> = A + BN (t) + CN?(t). The
[19].The linear contribution to the susceptibility can betten  solution, accordlng to the phase matching conditions, is:

in a closed form: e N = Irs Zx_wf, - _:jj,) )AkA iy —wi)t
et = [l fcwa, @) e @7)

E,/n €0l

where we used the notatioR = xr + jxz, numerically
on the other hand, the third term of the susceptibility can Rgajuated as a function of the carrier density. At first sight
derived in a simplified form as: Eq.27 contains the explicit expression of carrier modatatin
oo i(0) 2] Ay |2 this equation, the carrier density does not depend simpthen
Xspm (Wi, t) = / - 5 (¢, k)_%dc (23) photon density, but on the electric field complex envelofies,
gy/m SR (W = )2+ medium susceptibility, and the spectral spacing of the WDM

. 4 _ ) channels. When a set of modulated channels are injected into
xx P (Wi, t) :/ _E (i)f(g,wk)vz M the SOA, the carrier density expression requires some more
Eg/m EOR m#k (wm = €)* 4 details in order to guarantee higher accuracy. By comparing
(24) Eq.27 with the common used one in rate equation based
5 f (C,wp) ZZ 3 An A An, models [24], there is an important difference: we do neglect
Eoﬁ . nor the optical field spectral components, neither the aptic

( 1 1 ) phase of each carrier. Thus, the spectral spacing of theabpti
X
w

oo

XFwM(wk,t) = /

Eg/h

— + - field has an effect on the carrier density variation, even if
m—wn‘l’Z’YU Wm—wn‘l’l'Yc . . . . .
none of the signals is amplitude modulated. This means-inter
< ! _ 1 i >d . channel crosstalk is a non-negligible phenomenon when the

—CHiy wn =Gy 25) channel spacing is narrow, or the overall optical power is

higher than the saturation power. The rate equation modsd do

In Eq.24 we introduced = —i(v.+7,)/(Ys-7e). From Eq.25 Not consider the spectral distribution of the optical pgvioert

it is clear that not only the single channel optical powerntsu the mean power is considered by neglecting spectral spacing
for the higher order processes, but also the complex engeldyen if two optical signals are propagating. This simplifiwa

of the optical field. Moreover, Eq.24 is referred to XPMsuits when the system to be modeled foresees a strong pump
as well as to XGM phenomena_ In particu|ar, the real arﬁignal and a modulated Signal, i.e.in Wavelength conversio
the imaginary parts of the susceptibility have their effesn technique. In that case, the optical power difference is too
the phase and the amplitude of the optical field, respegtivelligh and the spectral spacing is too wide to appreciate the
Thanks to its complete expression, the susceptibilitywadlo modulation induced by population pulsation. There arersgve

to evaluate phase phenomena arising from the simultane§Ggnarios, this simplification holds no longer good. In the
propagation of several optical carriers. The optical phiasefollowing sections we will consider a WDM system with
not calculated as in rate-equation based models, where BRRSK signalling. The constant envelope of DPSK would
phase variation comes from a static parameter known as @parently lead to any carrier modulation. As a matter of
linewidth enhancement factor [22]. Its theoretical deiva fact, the population pulsation arises for several reasand,
comes directly from the susceptibility but it is commonlyeads to impairments able to reduce the system performance
used as a constant for calculating the optical dephasitig.particular conditions.

By including the susceptibility, the phase of each opt|cal

carrier can see dynamically not only the overall optical pow . COMPARISON WITH RATE-EQUATIONS BASED MODELS
fluctuations, but also how this power is spectrally distiéiols ~ The set of rate equations is hereafter reported:

All the contributions to the susceptibility are complexdaran dN(t) I(t) N(t) N(t) — No
be directly related to the nonlinear Schrodinger Equation o PR I+ sStot(t)S(t) (28)
ds(t) ( N(t) — Ny 1 > N(t)
——=\g——F—— | S{)+ —— 29
Il. CARRIER DENSITY DYNAMICS dt 14+ eSt(t) T t)+6 Tn (29)
dp(t —
The interaction between the media and the traveling optical fii‘ ) = %(N(t) —N) (30)

field can be completed by the definition of the carrier densi

t
variation. The carrier is required to calculate each sutguép \X/hen it comes to multi-wavelength signal propagation, Rate

ity term, by thef(¢,wy) function, which depends directly on Eqijaglotns ml]fSt Eet Wr|t'§n tatI;]lng into ECCOUP; thehs![oectral
the carrier density. Indeed, this pulsation is one of thetm %'S ribution of photons.One the one hand the photon
ﬁguatlon must be written for each channel, in order to tate in

important reasons for FWM to arise [18]. In such a scenar tth | modulafi d ad ‘ fiient
the carrier density can not be found notwithstanding what ggeount the signal modulation and adequate gain coeffi;ien

far introduced. In particular, the carrier density vaoatiis onthe Oth?r hand, the overall photcﬁi’}gt should be expressed
[23]: as a function of the overall optical power:

.. I N Piot  |Eror]? = Z|E|2+E > E;.
N(t)—qv ~ 4h[PE PE*, (26) oy



The beating terms introduce a modulation of the optical
power, whose frequency is the spectral spacing between each 50:50 soﬂf Lot

channel pair. The photon rate equation must inherit this ter WDM \

with a proper weight on each wavelength participating the \

beating, depending on the gain spectral shape. As a matter of *

fact, when beat'ng phe_nomenon between channels _a”SéB' %@? 1. Receiver scheme for a DPSK signalling. The WDM is rigte in
one suffers a modulation due to a local perturbation of theder to select one optical carrier, then the interferome@modulates the
carrier density and thef refractive index, which is not dans signal in the optical d(_)main. A complete _c_onversion of slgnemat is _given
in f h h ; ier d . Sff by the balanced receiver, which, in addition, reduces thsentevel in the
in frequency. Thus, t. e overall free carrier density ssffefeceived electrical signal.

a wide-band modulation and, consequently, all phenomena
related to the refractive index variation are affected by an
inter-channel cross-talk. This phenomenon is well describ
through Eq.27, where each pair of channels participating in

TABLE |
SOA’S MAIN PARAMETERS USED IN SIMULATIONS

the beating process are taken into account with their own Parameter Value Unit
time varying susceptibility. From that equation, it is pbss L 300 wm
to relate the gain coefficiend in Eq. 28 to the imaginary v 6.5 x 1017 m3
part of the susceptibility. When a single channel propagati mpy 3.772 x 10732 Kg
is considered, that term can be simplified into a constant Ty 50 fs
coefficient. Otherwise a spectral shape is considered when Te 0.65 ps
wavelength conversion is modeled, and a differential gain Ty 0.2 ps
coefficient is introduced. In both the cases Rate Equations A 108 5™t
guarantee good fitting and simple computation, this makes th B 2x 10716 stom™3
rate-equations model attractive. When interchannel etaiks c 2x107% | sThem™0
is no longer negligible, this simplification is sometimest no Ty 100 ps
possible. When the active medium gain has to be calculated 1 26 mA

in the time domain, the susceptibility must be used. Moreove
the gain compression coefficientis also derivable from the
susceptibility. It is related to a reduction of;, when the can be evaluated, by means of the third order suscepti-
optical power increases, sincespn, xxam and xrpwar  bility which takes into account all phenomena generating
are subtracted from the linear term. Thus, the more powsgnal dephasing.The receiver is based on an interferometric
propagates the lower material gain is available. This aggro demodulator and balanced photodetectors configuratioh [25
allows to take into account all sources for gain compressidn this work no additive noise due to Amplified Spontaneous
which may arise from the spectral spacing, from data patteemission (ASE) is taken into account at the receiver end: the
(cross-talk), and instantaneous optical power distrihuteer signal is assumed to be noise free, in order to highlight the
all the channels. The same can be said for the linewidtihpairments coming from nonlinear crosstalk. Each channel
enhancement factar in Eq.30. That term is set as constant;arries a phase modulated, constant envelope signal. The se
but it is well known that its expression is based on thef channels is injected into the amplifier, where it undesyoe
susceptibility variation with respect to the carrier déyisi amplification under nonlinear conditions. After a singlagst
- amplification, each channel is filtered and converted in® th
OXpr/ON . . . . L
o= =2 electrical domain, using the receiver scheme reportedgarei
Ix1/ON 1. The current resulting from the photodetection process in

This remarks that the rate equation models are based on B@anced receiver is proportional to the cosine of the wifie
susceptibility, too. When the reference scenario foresagds tial phase shift, thus all the phase noises induced on thieabpt
tichannel propagation of phase modulated signal, the it field are transposed into a current variatidimanks to the
enhancement factor should be updated in time and calculakégh order susceptibility, these phase variations are appg-
for each frequency. This step requires the knowledge efible even in case of constant envelope signals. Eventyall
susceptibility. Thus, it may be easier to calculate theaapti the electrical signal is filtered and the BER is calculatedraf
field propagation via the susceptibility itself without pawgy the integration-and-dump operation. Simulations wereiear
through the photon density in rate equations. out for several overall optical power values. We considered
four simultaneously propagating signals, among which the
overall optical power is equally distributed. Differentespral
spacing has been considered: 50, 100 and 200 GHz. This to
emphasize the best and worst operative conditions for WDM
In order to highlight the nonlinear phase noise, we comsignalling to be amplified by a SOA without previously be
sider a DPSK signalling communication systems with NR#ltered. We considered a 3gfh long SOA, with detailed
pulse shape. This to reduce the gain modulation induced jpgrameters reported in Tab. | [18]. In order to evaluate the
amplitude modulation, and to emphasize the nonlinear phasesstalk impairments due to multichannel propagatios, th
impairments from channels interactioRhase impairments main parameter to consider is the overall optical powet, tha

V. APPLICATION TO AWDM-DPSK COMMUNICATION
SYSTEM



cer . . . . Q factor for 4 channels Af = 50 GHz
may move the amplifier operative conditions from linear int 5,4 :

the saturation regime. 6.2k
6F 9 a o 9 ©
A. Results from Simulations and Discussions 58F 8 % by s Z
Numerical solutions for the susceptibility and the trave o™ 3 x
ing optical field, were found by developing a code whicl = o *
implements the following algorithm. The amplifier is divitle 52_I:|A—15504nm :
into longitudinal slices, whose length i& = v, * dt where *1 O A - 1550 8nm
vy is the group velocity inside the active medium assume 48 3212212:2 el
to be constantdt is the sampling time for the incoming 4§, T T - o B
optical signal. Inside each slice of the active medium, .. Pl

interaction between the available carrier and the tragelin
field is considered. This local interaction leads to a spatig

. . . . 2. Q factor for four channel trall d of 50GH
distribution of the available carrier. We aim to calculate t  ° Q factor for four channels spectrally spaced o ‘
optical field in each section. Each wavelength suffers the

instantaneous spectral distribution of several othercapti
carriers. Thus, the susceptibility is required. Once thee fr

Q factor for 4 channels Af = 200 GHz

available carrier density is obtained, the actual susb#ipfi 6.5 . o
value is computable for each wavelength, and the opticadeh: | o o o
and amplitude variations can be determined. The effect 2 =} g 8 ©
nonlinear coupling between channels is evaluated forrdiffe ossf % bnd "
amplifier parameters, and different optical incoming pows " x
values. In particular, for a given amplifier, the increasehaf T o cissoam '
overall optical power leads to a stronger nonlinear intiévac | |Oa=1550.80m

. P .. . . 45 X A =1552.4nm *
since the amplifier works in its saturation regime. On thespoth A= 1554nm
hand, for a given optical power, the same saturation regéme 45 == = 3 S -
reached by changing the amplifier parameters. We placed _.._ P, [dBm)

channels in correspondence of the left slope of the amplifier
gain, thus, the higher the wavelength the higher the gainFit
undergoes. The effects on each channel have been evaluatd
by the Q-factor.Even if we deal with non gaussian noise,
this parameter can be used to give a qualitative trend of the
impairments [26]-[28]. We calculated the Q-factor from théhe optical power. The opposite happens to signals at higher
empirical mean values and standard deviations on the iglgictr Wavelengths. In Figure 2 and Figure 3 results for four chémne
received signal. We do not go any further with the BERropagation are reported.

calculation, since that step requires more consideratmns It is possible to appreciate a lower dynamics for Q factor in
the statistical nature of the noises. The Q-factor is catedl case of narrow spectral spacing. If the optical power irsgea
from the electrical received signal, from an interferometigh  the peak gain is shifted to higher wavelength, for a reduactio
balanced receiver. Signals at lower wavelengths, corretipg of the available free carriers. The relative reduction efdfain,

to lower optical gain region, exhibit an increasing Q, thuis one of the reasons which induce changes on the Q factor.
better performances, with the overall optical power. On th&hen the spectral spacing is wider, this effects is even more
other hand, signals with higher gain perform worse with theppreciable. In this case, indeed, effects related to ghin t
increase of the overall optical power. It is worth to rechltt phenomena are more relevant, since a wider spectral spacing
Q-factor only takes into account amplitude phenomena. ;Thusduces the correlation between channels relatively to gai
the optical phase noise introduced by nonlinear crosstalit, spectral profile related processes. In order to highliglet th
be hidden by a strong gain. For this reason we are analyzieffects due to phase nonlinearities on the Q factor of a singl
the Q-factor in this section, but in the following one morehannel, more results are reported.We isolated a singlenetha
accurate calculation on the optical de-phasidgef will be (A = 1551.6 nm), in case of 8 propagating channels. We
given. We consider four channels with several spectralisgac consider the effect of the spacing and the optical power ah th
50, 100 and 200 GHz. It is interesting to compare the effectschannel. As it is shown in Figure 4, there is no relevant eéffec

. amplifier saturation, amplifier gain tilt, and spectral@pg in propagation if the overall optical power is low. With the
on each signal performance. Actually it is hard to distisbui increase of the optical power, the spectral spacing inflegnc
between these phenomena, because the larger spectraiggpahie system performances in terms of Q factor. In particular,
brings the signal at higher wavelength to higher gain. Thusarrower the spacing, lower the optical power which drives
each signal suffers the gain any other signal undergodsisif tthe system out of service. In our case a spacing of 100 GHz
gain increases, the nonlinear interaction changes. Thmalsig has a margin of about 4 dB on the allowed optical power with
at lower wavelength seem to be improved by the increaseretpect of a spacing of 50 GHz.

d';. Q factor for four channels spectrally spaced of 208GH
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VI. PHASE IMPAIRMENTS 1

With our approach it is possible to calculate the optici
phase impariments induced by the semiconductor on ec_
carrier. Thus, it is possible to isolate the phase noise én t= _|

c

optical domain which is no longer appreciable in the eleatri *
domain, after the photodetection. As a matter of fact, adlggh -9
changes are translated into an amplitude electrical noise ¢
it is not distinguishable from other amplitude noises. Th
optical phase is influenced by the real part of the glob -2d— - e L
susceptibility calculated in Eq.18, which takes into actou Optical Power [dBm]
also the nonlinear interaction between the propagatinigalpt
carriers, which leads to nonlinear cross-talk. All thesaggh Fig. 6.
impairment sources are collected in the following expissi

-1

-18

Phase noise standard deviation, in case of four eammopagating.

or [ : ,
Ap(wg,t) :%{j%/ (X(wk, t, 2" wi+ (31) on constant envelope signals. What the Q-factor could hide
, ;’“ 0 R , , is more evident with the calculation of the optical phase

2jwrX(wk, 1, 2') = X(wk, t, 2'))d2"}, shift: higher optical power leads to stronger de-phasimgl a

which comes from the solution of Eq.1, where the polarizatidgnner channels are the most penalized ones from that process
is substituted with its expression based on susceptibiling Of course the global system performance must be calculated
proposed equation allows us to find a numerical value fgta the Q-factor in the electrical domain, but this paramete
the phase impairment on each WDM channel. This approa@pllects all the impairments bringing also phase proceisges

is not based on a simple coefficient which may not takbe amplitude of the electrical signal.

into account the spectral position of the channel and the

presence of other channels. The equation is based on the VII. FURTHER APPLICATIONS

calculation of the susceptibility derived in Eq. from 23 6.2 The proposed approach overcomes the Rate Equation based
We calculate the standard deviation and the mean valuedor thodel, giving more accurate results in terms of field propa-
optical induced dephasing\(p), from their ratio we obtain an gation. Interesting results may come from the introductibn
indication on the dependances of the optical phase noise dne additive noise, or ASE noise. This would lead to a con-
nonlinear crosstalk. In particular, as it is shown in Figbyéhe sistent comparison of the BER penalty induced by nonlinear
inner channels suffer a higher phase penalties than theeborcrosstalk and the BER penalty induced by the optical noise.
channels do, and exhibit lower Q-factor. It must be remarkéd addition the saturation regime is modified by the presence
that in our simulations we allocated all channels on the leff ASE noise, and the linear regime is shrunk for high ASE
slope of the optical gain, thus the lowest wavelength chiannevels. Finally, by introducing ASE generated by SOA under
undergoes a smaller gain than the highest wavelength charineestigation it will be possible to evaluate the phase edis
does. For a narrow spectral spacing the inner channelsrsuffase of low OSNR. In that case the nonlinear phase noise is
a stronger de-phasing than the border channels. But whemnelevant effect on system performance. Moreover, we Irecal
the spectral spacing increases, FWM becomes negligiblee carried out this subject assuming a constant envelope sig
and, in addition, the gain gap between channels is the maials, as DPSK. Stronger results may come from not-constant
source of phase variation. Starting from these considerati envelope signals, as OOK, since nonlinear phenomena would
it is possible to give a qualitative indication on the trerfd doe stressed. Moreover, the receiver configuration may @&ang
optical de-phasing induced by the nonlinear crosstalknevthe SNR by manipulating the optical signals and noises.



VIII. CONCLUSIONS
In this paper we have used the density matrix approa

[16] G. Agrawal, “Gain nonlinearities in semiconductordes Theory and
application to distributed feedback lasert£EE Journal of Quantum
ch Electronics vol. 23, no. 6, pp. 860-868, 1987.

to model the SOA, evaluating the effects of WDM-DPSK17] M. Asada, A. Kameyama, and Y. Suematsu, “Gain and iafence

signalling propagation inside the active medium. The @ptic
field has been considered instead of the photon densityjwh

does not give any information on the phase noise and the FWM
process arising in the active medium. We showed some results
on the simultaneous propagation of constant envelope Isignag;
in a SOA: nonlinear processes arising are not negligible,
and may introduce considerable impairments if not proper{ﬁp
treated. The impairments have been calculated via the Qffac

for several signals configurations, in terms of optical powe

and spectral spacing. Eventually, a measurement of theacbpti[21]

phase noise was given.
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