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Spectral Broadening of Stochastic Light
Intensity-Smoothed by a Saturated
Semiconductor Optical Amplifier

Michael J. Munroe, John Cooper, and Michael G. Raymer

Abstract—We present calculations of the intensity smoothing of ~ However, unlike in dye amplifiers, the amplitude-to-phase
stochastic light by a semiconductor optical amplifier (SOA). We coupling (alpha parameter or linewidth enhancement fac-
predict spectral changes of the light that are due to amplitude- tor) [8], [9] present in SOA’s may cause the spectrum of

to-phase coupling in the gain medium. The intensity smoothing . . . . .
of noisy optical signals with an SOA carries a penalty of spectral the intensity-smoothed light to differ from that of the input

broadening (increased phase noise) that increases with increasinglight. The amplitude-to-phase coupling present in SOA’s may
alpha parameter (linewidth enhancement factor). The spectral produce linewidth broadening related to that observed in

broadening also increases with increasing strength of the intensity semiconductor lasers [8], [9] and may limit the performance of
fluctuations being smoothed. these amplifiers in linewidth-sensitive systems such as WDM

Index Terms—Amplifier noise, optical amplifiers, optical prop- networks. While the intensity-smoothing characteristics of an
agation in nonlinear media, optical saturation, optical signal SOA should not differ significantly from that of a dye laser
E_rocessmg, quantum-well devices, semiconductor optical ampli- amplifier and should be well modeled by past theoretical
Iers, Spectroscopy. calculations [3], the spectral characteristics of the intensity-
smoothed light have not yet been investigated.

HE COM.BlNAﬂON of gain saturation and Iallr.ge nonsat This paper presents calculations of the spectral charac-
urable, distributed loss in a dye optical amplifier has beein

shown to stabilize the amplified pulse energy [1] and smog %I’IS'[ICS of the intensity-smoothed light from an SOA with

the intensity fluctuations of noisy pulses [2], [3]. Pulses oSftOChaStlc (noisy) input light. Light with chaotic (thermal)

. . . 4 . statistics or Gaussian-amplitude statistics is modeled as an
chaotic (thermal) light were intensity-smoothed while the spec- . o .
nut to the smoothing amplifier. These inputs are used because

_traI characteri_stic; remqined rglgtively unchanged, as reportﬁey are well understood, represent an approximate model for
in [3], producing intensity-stabilized light with chaotic phase al signals [10], [11] an(’j allow comparison between the two

statistics. Advances in semiconductor optical amplifier (SO'Jr‘zsults and the past work reported in [3]. Furthermore, these

technology make possible higher gains and longer lengths than . . .
in the past [4], [5] and make SOA’s an attractive alternati\r}gv 0 models Of. fluctl.Jatmg. “ght represent d|ﬁ_erenF degrees
f phase and intensity noise; chaotic fluctuating light has a

to dye ampl_ifiers in performing inFens_,ity smogthing of optica? ix of phase and intensity noise while Gaussian-amplitude

EZIZZi;%;;'%gilspi;ogieS:;Tg g‘():zhscs?:ogs' ﬁ:i;%:?(ﬁ; \{\(l)otjmt(r:tuating light has a constant phase and Gaussian amplitude
ntage  signal p >ING app . Qﬁctuations. The output optical spectrum and fringe visibility

small size, high efficiency, and high optical gain. Recentl

reduction in the signal fluctuations induced by crosstalk Iigm the mterference between the mput_and m_tensny s:mpothed
. L2 X output light are presented for both input light statistics at
in a wavelength division multiplexed (WDM) system has been : : .

: . . several different values of amplitude-to-phase coupliay (
demonstrated by passing the signal through a highly saturat\%i

single-pass SOA [6]. An improvement in bit-error rate was € find that the presence of amplitude-to-phase coupling

. i . : -~ fesults in the broadening of the optical spectrum of the output
reported in the detection of the amplified signal. Slmllarlynght as compared to t%e spectrFl)Jm ofpthe input light aﬁd

a reduction in intensity noise over a range of 10 dB ip® S L X
. . . . . is broadening increases with increasing alpha parameter and
input intensity was observed in a double-pass semiconducior

amplifier system for an input noise frequency range of 1|gcreasing intensity noise.
GHFZ) 7] y P q y 9 "~ We have theoretically modeled the SOA system using the

standard partial differential equations [12] for the slowly
varying amplitude of the electric field(¢, z) and the carrier

density N (¢, z) in the reference frame of the traveling pulse
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where § is the nonsaturable, distributed losg, is the function of the input fieldA(¢,0), where brackets indicate an
amplitude-to-phase coupling constag, is the unsaturated ensemble average over input-field statistics. Using (7), we find

gain coefficient,lVy is the transparency carrier densitly, is

the injection currenty is the electron chargé/ is the volume C(r) :IT<exp {—i[(p(’r, 0) — ¢(0,0)]

of the amplifier gain regionl /7 is the spontaneous emission

rate, is Planck’s constant, and, is the center frequency of +i%m [I(T’ 0)} }> (8)
the gain profile, which is assumed to correspond to the center 2 1(0,0)

frequency of the input light. Equations (1) and (2) assumewhere we have separated the field into intensity and phase
linear gain model and neglect spontaneous emission noiseaccording toA(t, z) = \/—WGXP[—W(LZ)] and assumed

In the case that the stimulated emission rate in (2) is mughe signal is stationary to sét = 0. In order to calculate
larger than any other relaxation rate in the system, we cgie average in (8), we make use of the joint probability
solve for N(t, z) in quasi-steady state (as in [3]), resulting ifunctions for chaotic and Gaussian-amplitude fluctuating light
[11], given by (9), shown at the bottom of the page, for chaotic

I th . A
N(t,2) = No+ £ ———— (3) fluctuating light and
V g0l(t, 2
7 oolt:2) o). 1(0)
wherel(t, z) = |A(t, 2)|? is the intensity. Substituting (3) into exp[—(I(7) + I(0) — 2r\/I(1)I(0))/2I(1 — 7%)]
(1), we can solve for the intensity to give = 81\/I(NI(0)(1 — 12)
I(t,2) = Iy + (I(t,0) — Iy) exp(—232) (4) (10)

for Gaussian-amplitude fluctuating light. Here we have
wherel; = I,hwo/2qV 3. Equation (4) shows that the outputdropped thez dependence of the intensity and phase for
intensity will equal the transparency intensity (intensity that simplicity (that is,I(7) = I(r,0)), = is given byr = ¢=77/2,
results in zero net gain) for a sufficiently long amplifier, beingnd I is the mean intensity. The input optical spectra have
dependent only on drive current and not input intensity.  a Lorentzian lineshape with a linewidth (full width at half
This result is the essence of intensity smoothing: an inpotaximum, FWHM) given by~y. The average in (8) is
field having intensity fluctuations slower than the stimulatechlculated by numerically integrating the joint probability
emission rate will evolve into a field having virtually nodistribution functions for chaotic and Gaussian-amplitude
intensity fluctuations. This also confirms the intuitive conjedluctuating light [(9) and (10)] multiplied by the terms
ture that the amplitude-to-phase coupling does not affect theacketed in (8). The optical spectrum is then calculated
intensity smoothing of the amplifier. by fast Fourier transformation of the correlation function.
Next we substitute (3) into (1), using (4) in the denominator Fig. 1 shows the output optical spectra from the SOA at
of (3). This leads to a differential equation fdi(¢, z), which several different values of for (a) chaotic (thermal) input
can be solved to yield the field light and (b) Gaussian-amplitude input light (with no phase
fluctuation). The spectrum of the intensity-smoothed output
A(t,L) = A(t,0)v/ f(L) exp (—/3L - i%ln|f(L)|) (5) broadens considerably as alpha increases beyond a value of
1.0, less than the typical value for many SOA® = 4-6).

at the output of the amplifier, with length, where Also, the Gaussian-amplitude input light results in a much
broader output optical spectrum than does chaotic light of
F(L) = I(t,0) + Ir[exp(2BL) — 1]' (6) the same input linewidth. The output spectra are slightly

1(¢,0) broadened fore = 0 in both cases of input light. This

. . , ) ) _is consistent with the results presented in [3] for chaotic
The limit of complete intensity smoothing (an ideal Smoom'”ﬂuctuating input light smoothed by a dye amplifier. Fig. 2

amplifier) corresponds to the casé > 1, in which case We gpoys the FWHM linewidthgAw) of the spectra presented

can approximate (5) as in Fig. 1 scaled by the input linewidtliy) versus« and
illustrates the broadening of output spectra with increasing
A(t, L) = A(t,0) r amplitude-to-phase coupling.
I(t,0) The spectral broadening and differences between the two

e Ir cases of input light can easily be understood by considering

" €Xp {—15 {2/3L +1In <m)} } (") that when an intensity fluctuation is smoothed a corresponding

’ fluctuation occurs in the carrier density. Since a change in the

In order to calculate the optical spectrum of the intensityarrier density causes a change in the phase proportional to

smoothed output light, we first derive an expression for the when intensity noise is smoothed phase noise is generated
field correlation functionC(r) = (A(t + 7, L)A*(¢, L)) as a by an amount that increases with The differences in the

expl={I(r) + 1(0) — 20 TTTO) costi() — $(O)}/T(1 = )]
47r272(1 —72)

Pen(I(7), (1), 1(0), 0(0)) = 9)
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Fig. 2. Spectral linewidth (FWHM) of the calculated output of the SOA
(Aw) with chaotic fluctuating +) and Gaussian amplitude fluctuatie )
input light as a function ofx. The linewidth is scaled by the linewidth of
input light () and the lines connecting the data points are included as a
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Fig. 1. Calculated input optical spectra and SOA output spectra for (a)

chaotic fluctuating input and (b) Gaussian-amplitude input light witanging  \\e calculated the fringe visibility by substituting (7) into (11)
from 0 to 5. The optical spectra are normalized to have the same peak power

(11)

and using (9) and (10) to calculate the average for the case of
7 =0 andgSL > 1, resulting in

output spectra for the two input light models can be understood Vie) = / : o (12)
by considering that both probability distributions model light sinh(ma/2)

ywth the same input optical spectrum. The optical sp.e.ctrumr Gaussian-amplitude fluctuating light and
is the magnitude squared of the Fourier decomposition of

the electric field and thus contains contributions from both Vi) — (1 + a?)

the intensity and phase fluctuations. Since Gaussian-amplitude (o) = 4 cosh(ra/2)
fluctuating light has a purely fluctuating intensity and constant ) o _ _
phase, the output spectrum for Gaussian-amplitude input ligRf chaotic (thermal) fluctuating light. Fig. 3 shows the fringe
will broaden more than chaotic light input, which has botHlSlbllltles_as a fun_ctlon_ofa in the cases of (a) ch_aotlc and
fluctuating phase and intensity. This difference can be seer(iyj Gaussian-amplitude input light as calculated using (12) and
the joint probability distributions shown in (9) and (10). If ond-3)- AS €xpected from the optical spectra shown in Fig. 1, the

sets the phases to zero in (9), it is clear that the joint probabiIHi .g(_e.visibility decreases W.ith inqreasiqg alpha, and the fringe
distribution for the Gaussian-amplitude input light [(10)] ha sibility for Gaussian-amplitude input light is lower than that

o o ) or chaotic input light. In both input-light cases, the fringe
a broader distribution than that of the chaotic input light [(9) jisibility is Iest) thaﬁ 0.1 ata valuepof agllpha that is typical ?or

Thus, the Gaussian-amplitude input light has stronger intenslq‘\,éiny SOA's(« = 4 to 6). This behavior is in contrast to the
fluctuations than chaotic input light with the same opticeHi '

: X : h fringe visibility measured in [3] for a dye amplifier, for
spectrum and will experience more spectral broadening a%v\%ich a 0.

passes through the smoothing amplifier. In conclusion, we have shown that intensity smoothing of
A way to view the increase in phase noise in the outpyhisy optical signals with a semiconductor optical amplifier
of the SOA is to measure the fringe visibility (o) in the carries a penalty of spectral broadening (increased phase
interference between the input light and the intensity-smoothggise) that increases with increasing alpha parameter. This
output light in an interferometer balanced so that both beaigsshown in the broadening of the calculated output optical
have equal average intensity [3]. The fringe visibility is &pectra and decreasing fringe visibility with increasing alpha.
measure of the loss of relative coherence between the outphis penalty also increases with increasing strength of the

The frequency is scaled to the linewidth (FWHM) of the input spect(gmn

(13)
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