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Modeling the Saturation Induced by
Broad-Band Pulses Amplified in
an Erbium-Doped Fiber Amplifier
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Abstract—We theoretically study the saturation of a homoge- Il. MATHEMATICAL MODEL

neously broadened optical amplifier with a slow response time. Th lifier i del | ideal. th | | ¢
This model approximates well the behavior of the erbium-doped € amplifier in our model 1S an ideal, three-level system.

fiber amplifier (EDFA). When a broad-band pulse propagates We assume that atoms are pumped from the lowest to the
inside such amplifier the saturation is determined by the overlap uppermost energy level and then dropped immediately to a

between the amplifier gain profile and the pulse spectrum rather quasistable energy level with a long lifetime on the order of a

than by the energy of the pulse. This effect may significantly 5 Amplification is due to stimulated transitions between the

increase the output power of an EDFA that amplifies broad-band . . . L

pulses. intermediate and .th_e ground levels. Th!s system is simpler than
a real EDFA but it is useful for analyzing it [3], [7], [8]. The

interaction strength between the atoms and photons is modeled

in this letter using the theoretical gain cross section [2]. The

accuracy of the results for an EDFA might be improved by

I. INTRODUCTION using the absorption and gain cross-sections that are measured

N ERBIUM-DOPED fiber amplifier (EDFA) is com- &Xperimentally [5], [7]. At low temperaturesI'( <77 K)
Apact, environmentally stable, and can amplify signaEDFA is inhomogeneously broadened due to the crystalline

in the 1.55um regime where most of the optical commuéglectric field that causes Stark-splitting in the energy levels
the EFT atoms [5], [9]. At room temperature, the large

nication systems operate. The propagation of short puls%fs ) : ! ;
in such amplifiers and in lasers is often analyzed using ti@!ue of the homogeneous linewidth, combined with the fast

Ginzburg—Landau equation [1]-[4]. In modeling the amplifigie/axation time (compared to the pulse duration) among the
it is often assumed that the saturation is determined by tRBE9Y levels result in an essentially uniform homogeneous
energy of the pulses [2]—[4]. In this work we show that wheRaturation across the whole gain spectr_um [9]. Therefore_,
a pulse with a broad spectrum propagates inside a homolﬁ’é’— ne_glected inhomogeneous effects as is often assumed in
neously broadened amplifier with a slow response time, tHedeling the EDFA [3], [7], [10]. , B
saturation is determined by the frequency overlap between thd e Maxwell-Bloch equations for an optical amplifier may
pulse spectrum and the amplifier gain profile rather than B Written [2], [3], [5]

Index Terms—Broad-band amplifiers, nonlinear optics, optical
fiber devices, optical pulses, optical saturation.

the pulse energy. This effect significantly increases the output 9P P i?
power for broad-band pulses since the contribution to the gain i T t(we — wo)P — - EN @
saturation from the frequency components of the pulse that 2 !
) ON No—N 1
are far away from the resonant frequency is reduced. We T T + 7 Im{E* P} (2)
1

note that the dependence of the saturation intensity on the

signal fr_equency has been previously studied fpr ContinuUOYBere p s the slowly varying amplitude of the polarization,
wav% S|gnals,d_sge;c e.g.,I [5], [6](,j h_oweverr], this effgct hz%%_,p(Z’ #) = L{P(z, t) exp(~iwot) +C.C}, = is the position
not been studied for pulses and since the saturation iS;3nq the amplifierw, is the carrier frequency of the optical
nonl!near phenomenon, pulses must be studied separately fr&%e,E is the slow varying amplitude of the electric fieldjs
continuous waves. the dipole momenty, is the resonant frequency of the atoms,

Manuscript received May 3, 1999; revised June 30, 1999. This work w&¥ iS the population inversion density, is the equilibrium
sugpgrte: by tf|1fe Departn:jent of Energy, by the National Science Foundatigay e of the population inversion dens”& is the polarization
and by the Wolfson Foundation. . . . . . .

M. Horowitz is with the Department of Electrical Engineering, Tech-relaxatlon time, ar_“_TI is the pOpolat'oln relaxation time. In
nion—Israel Institute of Technology, Haifa 32000, Israel. He is also witA three-level amplifier, the relaxation tinfié depends on the
the Department of Computer Science and Electrical Engineering, Universﬁnmping [5] so thaf} = T/(1+RT) whereR is the pumping
of Maryland Baltimore County, Baltimore, MD 21250 USA. rate and’f_l, is the rate of the spohtaneous emission

C. R. Menyuk is with the Department of Computer Science and Electric; ) 8 _
Engineering, University of Maryland Baltimore County, Baltimore, MD 21250 \We neglect the change in the population dendityluring a

USA. o _ o _ time scale on the order . In an EDFA, the time constant
S. Keren is with the Department of Electrical Engineering, Technion—Isr: . h d £ 100 f hile th . .

Institute of Technology, Haifa 32000, Israel. 2 IS on the order 0 s while t € S?-tu_rat'on energy I1s on
Publisher Item Identifier S 1041-1135(99)07736-8. the order of 10QuJ. Therefore, we will limit our analysis to

1041-1135/99$10.001 1999 IEEE



1236 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 11, NO. 10, OCTOBER 1999

pulses with a peak power of less tharf M. For such pulses, 10-
(1) can be solved in the frequency domain as shown in [3]

P(w) =eox(w)E(w)
osnoc/wo

=N
0 i+ To(wo — wg — w)

E(w) (3)

whereo, = 1i2woTy/(eonohic) is the gain cross section and
ng is the refractive index of the amplifier.

In an EDFA, the population relaxation time is very long—on
the order of a ms. Assuming that the optical pump is a
continuous wave and that the pulse duratign« 77, we can
neglect the effects of pumping and the spontaneous emission
during the pulse duration and obtain an analytical expressiog. 1. Normalized output power versus normalized input power when the
for the depletion of the population density due 10 the pLIGELI2ie" depen o1 e pse spectian sl Ing) anc wher e sturaton
amplification equals 20 nm and the small-signal gain is 25 dB. The input pulse has the

too spectrum of a hyperbolic-secant pulse with a FWHM of 30 nm.
€0 2
Ny = N_exp (g | xwiee) dw) @)

— o0

Pin/Ps

where N, and N_ are defined as the population densities Equation (5) shows again that the saturation is determined
before and right after the pulse is amplified and = by the overlap of the pulse spectrum and the gain profile and
1/NIm{x(w)} = —o.moc/wo[l + T3(wg — w, — w)?]. not by the energy of the pulses.

In order to derive (4) we used the Parseval relation

I UN@OI{E Py dt = [T xi(w)|E(w)|*dw. The lll. RESULTS AND DISCUSSION

gain coefficientg equals—N xr(w)T'wg /noc, wherel is the

confinement factor of the fiber. Therefore, the gain line sha eltn otrder tod ClomF:ja:E the rI(taSLf“tS f;ﬁm thz T:c(;jnveqttl)orégl
is proportional toy (). aturation model and the results from the model described in

Equation (4) indicates that the saturation of the amplifier ‘Qis letter, we calculated the output power of the amplifier by

determined by the overlap of the pulse spectrum and the gQ| erically integrating the propfagatlon equattiw)/dz -
profile that is proportional to¢;(w), and not by the energy ¢ w)E(w) where the gain coefficieny was calculated using
of the pulse as assumed in previous work such as in [ _). In the calculation of the saFuratlon we took into account
Therefore, chirp or phase distortion in the pulse will affe e frequency dependence gf in our model and assum_ed
the saturation of the amplifier. This result can be intuitivel§'atx: does not depend on the frequency for the conventional

understood by considering the frequency dependence of 8del' The_ full-width at half-maximum (FWHM) Of. the
interaction between photons and atoms. Different frequen99'n coreffluent was.20 nm anq_the small-signal gain was
components of the pulse interact differently with the at0m§9l.: .2‘) dB’. wherel is the amphﬁer length. A spontaneous
The components whose frequencies are far away from ission noise facton, = 2 was included in our model.

resonant frequency experience less small-signal gain; howe ? assume th\?\} the clarrlte(;_frequ_enw, %qualsl_the resﬁon?nt_
those components do not strongly saturate the amplifier sir{EGéquenCY’_w“' ¢ heglect dispersion and honlinear €lects in
e amplifier. This neglect is valid when the amplified pulse

. ; t
they interact less strongly with the atoms. . e . .
|I’)]l a case that a trafcr]1yof similar pulses is put inside tH stretched before the amplifier in order to avoid nonlinear

amplifier, we can obtain an analytical expression for th jstortion, see, e.g., [11], or when the amplified pulse has a

steady-state population density. Assuming tits) is the noise_—like structure with a very broad spectrum and a long
spectrum of a single pulse in the traifi,is the repetition time dulr:gtm;\ [1hz]' [13]]' lized output functi
of the pulse train, andv/,. and V_ are the population densities Ig. 1 shows the normalized output power as a function

before and after the pulse arrives, defined after (4), the increggéhe normali;ed input power obtaingd (solid Iine? from (5)
(dashed line) from the conventional saturation model.

in the population density between pulses can be obtain e normalized powers were calculated using the connection
from (2), yielding N_ = Ny + (N; — Np)exp(—T/T1). In _LHPT HE)/Q 2O dt wh N 9 .
steady-state the depletion of the population density due to the= /(1) [Z7/2 [E(t)] dt where the saturation power is
pulse amplification is equal to the increase of the populatiétgfined asP, = hwo/o,T1. The pulse spectrum had a full
density due to the pumping. In most EDFA applicationdVidth at half maximum of 30 nm, and the spectrum shape
T < Ty and (co/h) [7° xr(w)|E(w)|? dw < 1 so that the Was equal to that of a hyperbolic-secant pulse. The results
popu'ation dep'etion due to a Sing'e pu'se is small. Us|dgd|cate that the frequency dependence Of the Saturation in

these assumptions we can simplify the expression for tREr model significantly increases the output power. Fig. 2

steady-state population density shows the dependence of the output power on the full width at
N half maximum of the pulse spectrum. The input pulse energy

N = 0 . (5) was kept constant at the different pulse durations. The figure

1— (eoTl/Th)/ xr(w)| E(w)|? dw indicates that when the spectral width of the pulse is broad

—o0 the output power is significantly higher than expected when
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broad-band pulses and patrticularly in two-color mode-locked
lasers [14] and in the noise-like mode of operation [12], [13].
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