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A Time-Domain Computer Simulator of the Nonlinear
Response of Semiconductor Optical Amplifiers

Dajana Cassioli, Simona Scotti, and Antonio Mecok#émber, IEEE

Abstract—We present a computer simulator of semiconductor  its widespread penetration as an in-line repeater in high-speed
optical amplifiers. The nonlinear input—output response of the de-  gptical links. Optical linearity also makes these devices ideal for
vice I clharzcter_lzed ('j“ terms of a C(r)\mplex gf;ar;n, represen_tmgf_thlz wavelength-division multiplexing (WDM), making nonlinear
accumulate gain an wavevector c ange o the propagatlng e . .
across the active waveguide. We account for the gain saturation crosstalk between WDM channe!s V|rtua'lly npnemstent. The_ use
induced by stimulated recombination and by the perturbation of Of SOAs has therefore been envisaged in different applications,
the carrier quasi-equilibrium distribution within the bands. Arig-  both in local-area networks for their potential low cost and
orous elimination of the spatial coordinate allows us to reduce the for signal processing because of their high speed and optical
description of the amplifier dynamics to the solution of a set of nonlinearity. In the linear regime, the SOA fast response to bias
ordinary differential equation for the complex gain. If the wave- o, ot yariations makes it an efficient electrically controlled fast
guide internal loss is negligible, the spatial inhomogeneity of the itch to b | di ical 51 [61. In th i
complex gain is implicitly yet exactly taken into account by the re- SW'_tC to be employed in Op'Flca ga’ges 5], [. ] Inthe noln Ingar
duced model. The accuracy of the reduced model is the same for regime, SOAs may be used in a variety of different applications
models based on the direct solution of the set of partial differential as devices for all-optical signal processing [7]-[9]. Because the
equations describing the interaction between the optical field and main characteristic of SOAs is their high nonlinearity, the anal-
tr;le aCtiVﬁ S?mifongucmrwa"egﬁid.e’ butthe mOd‘;' is ComP“,tatiol'[" ysis and the evaluation of the SOA performance for virtually any
ally much simpler. To preserve the input—output characteristics o C : oo
the model, we include the amplified spontaneous emission noise inapphcatlon must negessqr!ly be made tqklng into account all the
the device description by an equivalent signal applied to the de- relevant optlcal nonllngarltles qf the'd.ewg:e.. For SOA repeaters,
vice input and amplified by the saturated gain. At the expense of a the analysis of the optical nonlinearities is important to find the
minor increase of the program complexity, the waveguide internal - limits of the linear operation range. In this context, efficient com-
loss may also be included. We report on the comparison between pyter simulators are very useful for the optimization of the device
the output of the simulator and the results of four-wave mixing ex- - herating conditions and for the evaluation of the performance
periments in various pump-signal configurations. Good agreement . s
is obtained. of a complete optical communication system. For SOA-based

photonic devices, efficient simulators are obviously even more
useful at the design stage and for performance analysis.

In this paper, we describe a computer simulator of SOAs
based on the theoretical model reported in [10]. The theory in-
cludes the physical processes that characterize the approach to
|. INTRODUCTION guasi-equilibrium of the carrier distribution perturbed by stim-

N RECENT years, the market penetration of eIectronH:lat_Ed recombination, namely, spectral hole burning (SHB) and
I computers and the continuous increase of computatioif@Tier heating (CH), as well as interband processes. The char-
speed produced a rapid growth of the service demand for d3g{€"istic time of these processes ranges from 50 fs to 100 ps
communications, leading to the expectation of a high growthll: [12]- The peculiarity of this simulator is that the analysis
rate in telecommunication traffic over the next few years [1{S Made by solving a differential equation in time, never calling
The large expansion of the telecommunication market require94 the use of the fast Fourier transform (FFT) algorithm in the
more organized and flexible evolution of the network infrastrug0!ution of the SOA dynamic equations. This way, the program
tures. The realization of a new generation of optical networg&/tomatically meets causality, since the output waveform de-
able to manage high-speed data flows is therefore needed PSS on the input at previous times only. This property makes
[3]. Optical amplifiers are an important part of high-spee ur simulator dlffert_ant from those be_ls_ed on th_e FFT that, be-
optical networks. Although semiconductor optical amplifier§2use Of the periodic boundary conditions implied by the algo-
(SOAs) were proposed first, the high optical linearity of thgthm, require prior knowledge of the complete input waveform

erbium-doped fiber amplifier (EDFA) [4] is the main reason foP Ve the whole time window considered by the simulation.
Let us now summarize the contents of this paper. We will

first briefly review the theoretical model, then we will describe
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both in linear transmission experiments and in cross-gain aradated to carrier density depletion and the other tyg; and
cross-phase modulation converters. gsus, due to ultrafast nonlinear processes. The set of differen-
tial equations that describes the active semiconductor consists
of rate equations for the variables(i = [, CH, SHB). In [10],
separate sets of equations were considered for the conduction

The nonlinear interaction between the optical field and the agnd valence band; in this paper, as commonly accepted, we ne-
tive medium takes place during propagation and amplificatigiect the hole dynamics and consider only electrons because of
(or attenuation) of the field along the semiconductor waveguid@eir smaller effective mass and, hence, longer relaxation time.
The dynamics of the intensity and phase of the field therefore The three rate equations describing the temporal evolution of
depend on both time and the longitudinal coordinate (i.e., thige three quantitieg; depend on the photon density profile and
propagation axis of the waveguide), and a complete charactetie therefore coupled to the equation that describes the prop-
zation of the evolution of the propagating field within the SOAgation of the field along the waveguide. The inclusion of the
is intrinsically a two-dimensional (2-D) problem. propagation equation for the field in the analytical description

Many numerical models of SOAs describe the temporal evarakes this model 2-D, since it is described by a set of partial
lution of the field during propagation and calculate the opticalifferential equations on the independent variabl¢sne) and
field at the device output by numerically solving a set of partial (longitudinal coordinate). The key to reducing this problem
differential equations. In such numerical models, the waveguitfea one-dimensional (1-D) problem is the integration of both
is partitioned into regions in which the physical properties sfides of the partial differential equations over the entire de-
the medium are approximately constant. A dense partition fovigee length. This leads to a new set of differential equations
given waveguide length usually guarantees a high accuracyifthe three variables; defined as the contribution of each
the results, obviously obtained at the expense of long compuggocess to the integrated gain coefficigpt,) of the device,
tion times. h;(t) = FfOL d~'g;(t, z) with j = N, CH, SHB. The coeffi-

In the model proposed in [10], an exact analytical integraientl” is the mode confinement factor, wheréas, hcn, and
tion along the longitudinal coordinate) over the entire device hsup are the contributions to the overall gain of CDD, CH, and
length permits one to reduce the 2-D problem to a set of or&HB, respectively. Using the definition 6f, we obtain for the
nary differential equations (ODE) in which time is the only indeintegrated gain coefficient
pendent variable. With this procedure, the SOA is described by
its impulse response, which is rigorously calculated including
both the longitudinal variation and the temporal evolution of the’™
field, yet avoiding the need to explicitly calculate the field in-
side the device. The reduction of the device description to if§'€ overall gain of the device is therefore given by the expres-
input—output relation makes our model particularly suited f&iOn
use in modular simulation tools designed to describe the re-
sponse of an optical system to a given arbitrary input waveform.  G(t) = explgm (t)] = explhn + hon + hsus]-  (2)

Let us briefly summarize how the initial set of partial dif- o . ) ) )
ferential equations has been reduced to a set of ODEs. At tHe€ initial set is thus reduced to the following ordinary differ-
deepest level, the nonlinear interaction between the propagaffiijial equations for the new variables:
field and the semiconductor material produces local changes o&

Il. THEORETICAL MODEL

L
(t) = F/O dz/g(t, Z/) = hN(t)—FhSHB(t)+hCH(t). (1)

the carrier density distribution along the propagation direction.ﬂ = v _ Pl [G(t) — 1]Pn(t) + % (3a)
Nonlinear processes, such as SHB and CH, characterizing the }:5 578 Tsdh h
approach to quasi-equilibrium of the carrier distribution initiallyf"’*SHB _ _ *sHB _ £sHB [G(t) — 1] Pp(t) — —2 _ 22X
perturbed by the interaction with the optical field, induce such dt 71 71 dt dt
changes. The starting set of differential equations is therefore (3b)
based on a microscopic model of the semiconductor that délicn - _ hen _ ecn [G(t) — 1] Pu(t). (3¢)
scribes the carrier density dynamics, including carrier density d¢ Th Th

depletion (CDD), CH, and SHB [12], [13]. Nonlinearprocesseﬁere go is the unsaturated gain of the devieg,is the car-

with characteristic times shorter than SHB (such as two-photan . : : . :
: ; . rler—carrier scattering timer;, is the temperature relaxation
absorption or the Kerr effect [14], [15]) are not considered in the . TP . :
i . Ny . Ime, 75 is the carrier lifetime, and’,, is the optical power at
model because their effect is not significant unless picosecon : . .
. the SOA input. The other parameters are the nonlinear gain
and subpicosecond pulses are used.

In this microscopic approach, the total variation of the cap- PP co>'0n factors due to CH and Sk andesup and the

. L o . .~ saturation powefs.

rier distribution at a general positionwithin the waveguide Because of the Kramers—Kronig relations, any change in
is expressed as a combination of the different “local densit¥r’;e optical gain affects the waveguide refréctive index. To
changesAncpp, Ancy, and Ansyp, associated with these )

physical processes. Because the gain and the refractive indegr(% order, the phasg(#) of the optical field at output, which

the semiconductor de - eé?ends on the index, may be expressed as a linear function of
pend on these local densities, each Iq € same variables describing the optical gain as

density distribution is associated with a distinct term that con-

tributes to the total gain. The gain may be expanded as the sum 1 1

of three contributions due to different processes: the fisist, ¢(t) = —ganlhy = go] = garhcn 4)
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wherex y andar are the phase-amplitude coupling coefficientare accomplish this goal by, instead of using, =), using the
of carrier density pulsation and carrier heating, respectively. process obtained by filtering(¢, ) through a bandpass filter
The set of rate equations (3) for the variablgsalong with  with a frequency responsg(2). The width of () will be

(1) and (4), shows that the input field powgg, (t) is the only  chosen to be comparable with the gain bandwidth. The filtered
excitation function of the system. Once the rate equations (85E noise is described in the time domain by

are solved for a give?’,,,(¢), (1) gives the overall power gain of -
the device and (4) gives the overall phase variation that the input N(t, 2) = / ft =, 2)dt (8)
field experiences through propagation along the semiconductor —o0

waveguide. Thus, the output field,,.. (t) may be calculated by
applying the amplitude gait¥(t)!/? and the phase(t) to the
input field £, (¢), that is,

where the impulse respongé) is the inverse Fourier transform
of F(2), meeting the causality conditiof(t) = 0 for ¢ < 0.

The average and autocorrelation functions of the band-limited
Eout(t) = Ein(t) - el /D9 (Pin(t)+id(Bn (1)} (5) noise are

Note that, although the parameters anday do not com- (N(t, 2)) =(N(t1, 21)N(t2, 22)) =0 (99)
pare in the set of ODEs (3) and therefore do not affect the total . i .
output power of the device, they affect the phase of the 0utput<N(t1’ 2N (b2, 22)) = { - FOf (7 + At)dr
field and therefore its spectrum. These parameters will be essen- - 8(z — 22), (9Db)
tial in determining the FWM efficiency, since the output field
within a given frequency range strongly depends on the overalhereAt = ¢, —#; and we used (7) and (8) in (9b). With filtered
phase of the output field. noise, (6) becomes

The solution of the ODE set gives the field at the output of dE(t, )
anidealdevice. The description ofraal device requires the in- L2 = [ADg(t, 2) +id(t, 2)] E(t, 2)
clusion of two more processes, amplified spontaneous emission dz 12
(ASE) and waveguide internal loss. We will describe in the next + [hwonspg(t, )] N(t, 2). (10)
section how to include ASE noise in the SOA model while Pres,

L . . e assume that the spontaneous emission coeffigigns in-
serving its input—output characteristics. We will also show ho P e

propagation losses can be taken into account in the section %’%pendent of saturation, a good approximation for devices oper-
voted to the description of the simulator ating at moderate saturation levels. The solution of (10) is there-

fore

r
Ill. ASE NOISE E(t, 2) = Bun(t) exp{/ 5" [Eg(t’ Y+ it Z,,)H
One of the main processes to consider in the SOA analysis is B 0
ASE noise, because it strongly affects the device performance. + / dz'[hwonapg(t, 2)]Y2N(t, 2)
To preserve the input—output character of the theoretical model 0
[10], we looked for ways to simulate the ASE noise by an equiv- ) - r N M
alent noise source with appropriate statistical properties. The =P L dz 2g(t’ F)Fielt 2| o (1)

goalisto injectthe noise at the device inputlike any Other3|gn€!quation (112) gives the output field at the longitudinal coordi-

(pump or rnod_ulated signal). ' L natex due to the input signal and to the ASE noise generated in-
Neglecting internal loss, the field propagating inside the ac- : : : . > )
. N ' side the device. This expression will be used to define the equiv-
tive waveguide in the presence of ASE noise obeys the propa- . . : ;
gation equation alent noise source to be added at the input of the ideal noiseless

device. The definition of an equivalent noise source is common

dE(t, z) [1 . practice in electronics to describe noisy electric circuits. We first
dz §Fg(t, z) Tiglt, 2)| Bt 2) notice that (11) can be written at= L as
1/2
+ [hwonspg(t, )]/ n(t, 2). ()  E(t, L) =[Ewn(t) + Easr(t, L)]
The complex termu(t, 2) is the ASE noise contribution, which Sy r N /
we model as a Gaussian phase-independent spatially uncorre- P 0 dz 2g(t’ 7)+iglt, 7) (12)
lated white noise process. This is equivalent to assuming the
average and autocorrelation functions where
I
<7’L(t, Z)> = <7’L(t1, Zl)ﬂ(tg, 22)> =0 (7a) EASE(t, L) = / [hwonspg(t, Z/)]l/QNl(t, Z/)
0

<7’L(t17 Zl)ﬂ*(tg, 22)> 6(t1 — t2)6(21 — ZQ). (7b)

7

z F T
- exp l—/ dzﬂgg(t, 2| dZ (13)
0

Then(t, z) process defined in (7) has infinite bandwidth and,
hence, infinite power. In the real world, the finite spectral width

of the gain spectrum gives a finite bandwidth to the noise gad
well. Since we do not consider the frequency dependency of the , _ P ]

gain in our model, we need to use a band-limited noise, and " (t, 2) = N(t, z)exp _L/O ot 27) dz I (14)
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The transformed noise teri’(¢, ») is statistically equivalent and (12) becomes

to N(t, =), because the autocorrelation functions are the same

for both processes. Equation (12) gives the optical field at thel2(t, 2) = [Ein(t) + FASE(t)]

device outpu(z =L)asa functio.n of thg input fiel@in(t). _exp{/” A Fg(t’ #) +id(t, Z/)} } . (20)

The stochastic procesB,sk(t, L) is obtained by adding the 0 2

contribution for allz of the noise generated atdivided by the By integrating the square modulus of both members of (20) over

gain that the field experiences from the inputto z, we obtain the total power at the amplifier output, including
Let us now evaluate the statistical properties of the Process, contribution of the ASE noise. as

EASE(t, L) We have

L
Exsnlt. 1)) — (Bxeult. L) Exen(t + A% 1)) — 0. (15) /0 d2'Tg(t, 2)|E(t, )2 = [G(t) — 1]Pu(t)  (21)

The evaluation of Easg(t, L)EXgR(t + At, L)) requires a where
little algebra and some additional approximations. Using (9b), Pu(t) = |Em(t) + Ease(t)]. (22)
(13), and (14), we obtain

The previous analysis enables the theory of [10] to model the

(FEase(t, L)Eigp(t + At, L)) more general case in which ASE noise is included. Neverthe-
00 . L less, that theory neglects the counterpropagating ASE that con-
= ﬁwonsp/ F(O)ff(m + At) dT/O dz tributes by approximately half of the saturation induced by the

total ASE, and, therefore, this model of ASE noise is applicable
i only when the saturation induced by the noise itself is negli-
# r gible compared to that induced by the input signal. When this
'eXp{_/O da 59t Zl)+g(t+At’Zl)]} dz. (16)  condition is met, the model gives a practical and accurate de-
scription of device behavior in the presence of ASE noise. With
The integral inr is a sharply peaked function @t having a our approach, aoisy devices represented as the cascade of an
width of the order of the inverse of the noise bandwidth. Ové&duivalent noise sourd@t the device input) which adds to the
this time interval, in the femtosecond range, we may assuti@ut signal [see (22)] and adeal, noiselessdevicedescribed
g(t, z1) U g(t + At, =), and approximate (16) as by the set of ODEs (3).

: [g(tv Z/)g(t + Atv Z/)]l/Q

(Ease(t, LYEigp(t + At, L)) ~ IV. COMPUTERMODEL

e . L , For the implementation of the SOA simulator, we have chosen

- hwonsp/_oo FOf(r + A dT/O dzg(t, #) the Simulink software mainly because of its capacity to per-
o form a time-domain analysis of dynamical systems. Simulink

.exp{_/ dzTglt, zl)} ) (17) is ba_sed on the I\/!atl_ab engine _ano! routines fo_r numeriqal cal-
0 culations. A peculiarity of Simulink is the graphical user inter-

face that allows the design of simulation models of dynamical

Performing the integral, we finally obtain systems by simply drawing a block-diagram on the computer
. monitor. One difficulty in using Simulink is related to the fact
(Ease(t, L)Exsg(t + At, L)) that usually optical devices are described in the frequency do-

JEAs(
. i X _ _ main and their time-domain description is often more involved.
= woltep /_Oo FOF (r 4+ A) dr{l = exp[=gm(t, L)]} As an example, some of the approximations commonly made in
(18) the frequency domain (e.g., the approximation of fiber disper-
sion as a phase-only filter) make noncausal the corresponding

If condition g,,(t, L) >> 1 is met, we may neglect the expo-time-domain equations. _ _ _

nential function into the braces and the autocorrelation func-A further difficulty in simulating optical systems is the ex-

tions become independent of both the device lenftland tremely high frequency of optical carrier signals requiring a

the gain. The procesEasg(t, L) can therefore be well ap- small sampling period in a discrete time-domain representation.
. )

proximated by a complex phase-independent Gaussian vaiis is why, in the optical system simulation, we resorted to a

able, independent of the saturated gair(t, L) and lengthL, base-band rgpresentatlon of opthal signals. As an ex_ample, if
we want to simulate the transmission of a modulated signal, we

Ease(t, L) =2 Easg(t). Using this approximation, the average X ;

asn(f, L) A.SE( ) >INg Ppro . 9 shift the signal spectrum by an amount equal to the carrier
and autocorrelation functions of the equivalent noise source l?e- ;
comes requency of the signal spectrum.

In the Simulink environment, the simulation models are built
_ _ in a hierarchical fashion. At the top we find a global scheme,
(Base(t)) = (Ease(t)Basp(t + At)) =0 (192) i.e., the sketch of the whole system that the user draws on the
Rasp(At) = (Easp(t)Eisp(t + At)) monitor. This is built from subsystems, called “blocks,” that in

= general represent basic system component (sources, transmis-

= hwonep FOF(t+AHd (190) sion channel, optical device, receiver, etc.). A procedure called

—0C
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""" ! TABLE |
ASE Noise Generator DEVICE PARAMETERS USED IN THE SIMULATIONS
ESN JQLL
D :—‘ r(t) = s(1) +n(t)| Ideal N SEMICONDUCTOR OPTICAL AMPLIFIER
In stt) SOA Out MASK
ODE System
Small-signal gain 26 dB
__________ Saturation power [W] 10.8 103 W
Total spontaneous lifetime 70 ps
Fig. 1. Block scheme of the complete subsystem that represents the SOA. —
Spectral hole burning time 120 fs

“plock masking” allows the user to associate a mask with eaq Carrier heating time 480 fs

block. In the mask, the user defines an icon identifying the blo¢ Gain compression coefficient for carrier heating £y 1.95 w
and a list of characteristic parameters for the block. Paramet:
defined in the mask can be easily changed before running t
simulation, or even while the simulation runs. The blocks can  Henry factor o 1.55 -
built by assembling existing library blocks or by writing syster o factor 0.94 _
functions (S-functions) in the Matlab language. Block nesting
is possible and greatly useful. When the simulation is running, o )
the engine solves the numerical solution of the underlying blog%): and the characteristic times of the nonlinear procegsgs
models, and the user has access to the block output valued!@pg with the small-signal gai¥, = exp(g, ), which depends
each integration step. on the current injected into the device. The initial value of the
The SOA simulator is a typical subsystem and it is realized, ¥8riableh v is obtained by an external Matlab routine that ex-
shownin Fig. 1, by assembling two blocks. One, identified by tfigacts the steady-state solution of the ODEs with a CW input
icon “ideal SOA,” describes the ODE system of (3) by an S-fun€gqual to the sum of all the field injected into the device. This
tion. The other, labeled “ESN”in Fig. 1, representseheivalent procedure allows us to significantly reduce the initial transients
source ofASE noisegenerated within the semiconductor waveof the simulations, which would otherwise require a few hun-
guide and itis modeled, as detailed above, as a sourcemdise dred picoseconds of simulation time to “thermalize.”
injected at the device input. To ensure modularity, the two blocksThe results of all simulations reported in this paper are ob-
exchange data only through signals traveling on the wires cdained with the parameters listed in Table I. The value&ef
necting them. The optical signg(t) is injected into the SOA at and P, were obtained by a characterization of the device (500
the input port (In) as a complex signal. Since Simulink only hapsm long) used in the experiment of [16]. The values of the non-
dles real signals, we divide the signal into its real and imaginalipear coefficients were determined by a best fit of the theoret-
parts and representit as a 2-D real vector. ical curve of the conversion efficiency with experimental data
The validity of the model and the values of the parametef$9], [21].
used in the simulations were extensively tested by comparisons
with experimental results. We mainly focused on FWM in SOAB. ASE Noise Generator
for frequency conversion. We compared the FWM experimentsThis block implements thequivalent source of noigESN)
with a CW pump and signal in which either a single pump [1Ghjected at the input of the ideal device to account for the ASE
or two pumps [17], [18] are used. In the first case, the pump (gbise generated within the active waveguide. The noise field
frequency,) and the signalv) are injected into the device generatedE s (t), is a band-limited complex white noise. We
with the same polarization. The converted field is generated{syme that the power spectral density of the ASE noise is con-

frequencyv. = 1, 4 Q (where(} is the pump-signal detuning stant in the band of interest, i.62, = hwgn.,. Thus, the power
defined byr,, — 1) [16], [19], [20]. We found it convenient to ¢ ihe input noise is given by

shift the signal spectrum by, and thus the pump appears at too 40
zero frequency and the signal at frequetizyn the spectrum Pasp = / hwonsp|F(Q)|22— = hwonspBy  (23)
s

Gain compression coefficient for spectral burning €gyp 11.17 w!

of the SOA input. In the second case, three optical fields are —o0

injected into the device, two pumps at frequemgy and,., where

and a signal at frequenay,. The two pumps may have either +oo J0

parallel or orthogonal polarization. In this case, the frequency By = / |F(Q)]? =

of one of the two pumps is chosen as the reference frequency —o0 2m

for the injected signals. is the noise equivalent bandwidth. The power density of a white-

noise zero mean process is equal to its variaftes[ o2 o, =

A. ldeal SOA Block Rasgp(0)]. The noise field was expanded in terms of its real
The “ideal SOA” block has been made by writing an S-fun@and imaginary pan®asg(t) = n.(t) + inim(t), where the

tion that describes the ODE system (3). In the mask block asndom processes.(t) andn;,,(¢) have equal variance? =

listed the parameters related to the optical nonlinearity of the de%, = 03 4/2 = fiw,nsp/2. The ESN block was built using

111

vice, namely the saturation powgr, the nonlinear coefficients two band-limited white Gaussian noise (BLWG) sources. In
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the Simulink library, a generator is available supplying pseu- 410* ———————————————
dorandom normally distributed numbefs; } with zero mean N ]
and unit variance. The average power offddength sequence §3-510' - .
is given b oottt ]
g y E 310% L .. ]
[ .
1 & 8 ke
2 L . 4
ol =1 22510 :
=1 [%2]
< 210* F -
The numbers {«;} should therefore be multiplied by WF ]
V/(P/2)By to approximate samples of the desired BLWG 1510 P l5c|>o’ — '10’06 = '15'0(‘) o000
noise. Sampling theorem dictates that a sampling period _
ts < 1/2Bx must be used in the simulations. The output of Frequency detuning P1-P2 (GHz)

the ESN block is the output of two BLWG blocks assembled 59 . ) .

. Ig. 2. Noise power measured in an SOA when two pumps, with orthogonal
give a two-element vector(t). polarizations, are injected into the amplifier versus the detuning between the two

The parameters in the mask of the ASE-noise generator splpwps. The noise power is measured over a bandwidth of 5.6 GHz centered at

system are the optical carrier wavelength, the equivalent a frequency detuned by 120 GHz to the frequency of the second pump.
noise bandwidtlB y-, and the spontaneous emission faetgy.
According to the theoryBy should be comparable to the gainl THz, larger than the spectrum of the total input signal. With
bandwidth. However, using a smaller noise equivalent bangl;, = 1, we obtained about 0,8W of total noise power, in sat-
width, sufficiently large to include all frequency components d§factory agreement with the experimental data of Fig. 2.
the input signal, leads to a reduction in the computation time.
It should be checked on a case-by-case basis that the valu€ofinternal Loss
the bandwidth used does not make the total ASE power IargeA

. o . ) Ithough the theoretical approach described above does not
enough to give a significant contribution to the SOA saturatlog_‘ g PP

clude the SOA internal loss, these may be included in the SOA
fthulator without a significant addition to the complexity of the
?thogram. A first approach to the problem is reported in [10],

| imulati determined th | . dwhere an approximate analytical solution is derived including
n our simulations, we determined the values assigned 4o, afects of internal loss. The theory of [10], however, al-

the ASE noise generator parameters through a pre“mmqm)ugh useful for extracting some qualitative understanding of

cahbrgtlont prqr(;]edure utsmg noise _da_ta (]:collfzcted In EW e, SOA dynamics with loss, is not easily implemented in a nu-
expenments. The spontaneous emission factor was adju ical simulation, because its final result is an integral equa-

to obtain the same noise power measured over the convgrﬁg whose numerical solution is cumbersome. We will use here

signal bangiwidth. We made the noise ca}librati'on by using, approach that is better adapted to the numerical solution of
FWM data in the orthogonal two-pump configuration [17]. FO{he roblem

the noise measurements, the converted signal was extracted gt.., - ; ;

the device output by a monochromator of 5.6-GHz bandwidtgecc;tr::égtemal loss, the expression for the saturated gain (1)

In this experiment, the input signal was switched off, leaving

at the device input only the CW pumps. The power spectral L

density of the output noise was integrated over the 5.6-GHz gm(t) = / dz[lg(t, 2) — ctin] (24)

bandwidth of the monochromator centered on the frequency 0

at which the conjugate signal (C2) appears when the signaWiberea;,, is the internal loss coefficient. Let us consider a de-

switched on. Fig. 2 shows experimental results of ASE poweice of lengthL and divide the propagation intd segments of

in milliwatts as a function of the detuning between the pumgengthAz. The internal loss is simulated by inserting linear at-

(P1,P2). tenuators of lossl A, = exp(—aun Az) between the segments.
As shown in Fig. 2, the ASE power decreases at frequehhe behavior of each segment is then simulated as a single am-

cies larger than 500 GHz because of the dispersion of the lingéifier of length A~ with a small-signal gainﬁé/M. We needed

gain. Our simulator does not, however, include gain dispersidn.optimize the number of cascaded amplifiers to obtain a good

This poses some limits to the maximum frequency detuning thegiproximation of the device behavior in a small configuration

can be considered. For calibration, we therefore fitted the ASiEhe. The optimization was made by comparing the small-signal

power spectral density at a detuning less than 500 GHz. FWM response in the configuration with two copolarized pumps
To reproduce the experimental setup, the field generated foy a 500::m amplifier in the cases in which the amplifier is de-

the ESN block is coupled with the two pump fields. This totadcribed by 3 or 30 elements. The small-signal FWM response

field is injected into thedeal SOA block. A filter, with a band- of a cascade of amplifiers was evaluated analytically using the

width of 5.6 GHz and centered at the C2 frequency, selects theory of [10]. In Fig. 3, the result obtained wilf = 3 is de-

signal at the output of the “ideal SOA” block. The signal energyoted by a dashed line, whereas those obtained #ith- 30

is obtained by integrating the output signal over the run time are indicated by a solid line. It is evident that, for the case con-

and the value of the output power is calculated by the energiglered, three sections are already sufficient to characterize the

divided byT". The bandwidthBy in the ESN mask was set todevice with an excellent accuracy.

As we mentioned above, our model cannot consistently consi

uration induced by the counterpropagating ASE.
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pump and a signal with the same polarization were injected at the SOA input,
along with a second CW pump of orthogonal polarization.

V. COMPARISONWITH THE EXPERIMENT

In this section, we will compare with experiment the resultg Pump—Signal Scheme
of some simulations performed with our program. Although we ) o )
will concentrate on FWM experiments, the simulator is capable " Fig- 4, we report the efficiency of frequency conversion
of describing SOAs in more general environments. In parti¥€rsus the pump-signal frequency detuning. Dots represent the
ular, it may be used to simulate SOAs in transmission expeffSults of an FWM experimentwith a single CW pump [16], and
ments and to analyze the combined effect of inter-symbol int§auares representthe res_ults of the simulations. Good agreement
ference and inter-channel crosstalk in WDM transmission with Shown up to 0.7 THz in both up- and down-conversion. At
SOAs [22], [23]. Another important application that we ma)I;lgher f_requency detuning where the processes of two-photon
envisage is the simulation of cross-gain modulation and, esg@SOrption and the Kerr effect (not included in our mode) be-
cially, interferometric cross-phase modulation converters. It hS8M€ relevant, the agreement becomes poorer. One should no-
been shown that the chirp of the converted signal is a paramé{gf however, that devices based on FWM operate at detuning
significantly affecting the transmission performance of signafénaller than 1 THz because of the extremely low efficiency at
processed by interferometric converters. Our numerical modi@her detunings. The poor accuracy at detunings higher than 1
is able to accurately predict the chirp added to the output field1Z: therefore, does not limit the use of the numerical model
by carrier depletion and by the ultrafast saturation processes 4N it is used for simulating practical FWM devices. Also,
is, therefore, very useful for the investigation of the performand0-Photon absorption and the Kerr effect have negligible ef-
of these devices. fects on interferometric converters and on SOAs used as in-line

We simulated experiments of FWM in various configuration§€P€aters or preamplifiers, so we believe that neglecting them
either with a single or multiple pumps. We also evaluated ﬂd@es not significantly limit the generality of the simulator.
performance of an FWM converter, estimating the degradation . o
of the transmission quality caused by ASE noise by extractify TWo-Pump FWM with Orthogonal Polarization
the bit error rate (BER) from a simulated eye diagram, using anWe compare in Fig. 5 the calculated and experimental spectra
approximate statistical procedure. at the device output. The experimental results refer to an FWM
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Time (ps)

20
experiment using two pumps of orthogonal polarization [24].
Even the higher order mixing contributions between the two
pumps and the weak signal that appear in the experiment are
well reproduced by the simulation. In addition, the simulation
also shows mixing products covered by the ASE noise in the
experiment and, therefore, not detectable.

Output signal (a. u.)

C. Two-Pump FWM with Parallel Polarization

We simulated an FWM experiment using two pumps with
parallel polarization, to check the ability of the simulator to re-
produce the effects of the interference between the two pumps.
In Fig. 6, we report the conversion efficiency versus the fre-
quency detuning between two pumps with parallel polarization. Time (ps)

Dots represent the results of an experiment. The experiment ®)

was performed for frequency down-conversion keeping the fre-

guency detuning between one of the two pumps and the sighigl 7. Simulated eye diagrams obtained (a) without and (b) with ASE noise.
fixed to 500 GHz. Diamonds represent the results of simulations

under the same conditions. The good agreement shown is an in- VI. CONCLUSIONS

dication of the ability of the simulator to correctly account for \ne have described the essential steps of the derivation of

the interference effects. an efficient numerical model of SOAs. We have validated our
numerical model by comparing with the results of FWM ex-
periments and showing good agreement. Although we have re-
To estimate the signal degradation due to ASE noise, we siported only simulations of FWM experiments, the model is in-
ulated the conversion of a single channel by calculating, witteed more general. It is suitable for investigating and predicting
ASE noise, the eye diagrams after direct detection and cothe performance of SOAs used as in-line amplifiers in single-
paring to the case in which ASE noise is switched off. The eydannel and WDM transmission, where the amplifier saturation
diagrams were obtained by detection of a binary sequencenatds to be minimized to reduce the effect of crosstalk and inter-
R = 10 Gb/s represented by raised-cosine waveforms in tegmbol interference. The model can also simulate cross-gain
nonreturn to zero format. After detection, we used a third-ordand cross-phase modulation converters. The SOA simulator al-
Butterworth filter of 0.4 R bandwidth. A quantitative estimatéows us to investigate separately the effect of different processes
of the signal degradation was obtained by an approximate cayswitching on and off the analyzed process. The separation of
culation of the BER based on a statistical analysis of the sigriaé effect of ASE noise from the effect of nonlinear distortion
traces of the eye diagram, assuming all possible sequences sfi@wn in the paper is an example of this procedure.
bit. The case shown in Fig. 7 corresponds to an estimated BERAIthough the described numerical model gives an accurate
of 2-1079, using optimal decision threshold and sampling time&lescription of the device, including propagation effects espe-
More complex transmission systems may also be simulateidlly important when SOAs operate under saturation, it does
and the information obtained is potentially very valuable for exiot require long computational times, because it is based on the
perimentalists. We are working on the simulation of the mid-spawolution of a set of ordinary differential equations. Furthermore,
spectral inversion scheme reported in [25], following the sansénce the device description is based on input—output relations,
approach described above for the evaluation of the BER. the simulator is ready to be inserted into more general modular

D. Evaluation of the Performance of an Optical System
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simulators of optical transmission systems. These features makes] G.Hunziker, R. Paiella, D. F. Geraghty, K. J. Vahala, and U. Koren, “Po-
the numerical model developed a useful tool for the optlmlza_ Iarlzatlon-lndependentWaVeIength conversion at 2.5 Gb/s by dual-pump

four-wave mixing in a strained semiconductor optical amplififEEE

tion and evgluanon of the performance of SOAs inserted into &  ppoton. Technol. Lettvol. 8, pp. 1633—1635, 1996.
real transmission systems. [19] A. Mecozzi, “Analytical theory of four-wave mixing in semiconductor
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