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Properties of Mode-Locked Optical Pulses in a

Dispersion-Managed

Fiber-Ring Laser Using

SOA as Active Device

Jacques W. D. Chi, Arnaud Fernandez, and ChaMember, IEEE

Abstract—A hybrid model is proposed in order to exploit the
idea of compensating SOA’s nonlinearity by adjustig cavity
dispersion in a SOA-fiber ring mode-locked laser. fie model is
checked by analytical as well as experimental redsl Excellent
agreement is obtained in both cases. It is prediadethat, once the
cavity dispersion is correctly adjusted, the modeeicked pulses of
~10ps width will become distortion-free Gaussiansyith its time-
bandwidth product (TB) very close to the fundamentaGaussian
limit (TB=1/2) using root-mean-square definition. We will show
evidence and explain why other waveforms, notablyositon, are
highly unlikely in such a system. Some interestingffects related
to band-pass filter are revealed. Our results highght the
ambiguity of TB using full-width at half-maximum (FWHM)
definition. As a consequence, the widely adopted fansform-
limited Pulse” in its FWHM version might be misleadng.

Index Terms—Optical pulses, pulse generation, semiconductor
fiber ring laser, transform-limited pulse, ultrafast optics.

. INTRODUCTION

PTICAL pulses as clean as possilile, distortion-free and

containing few chirp in both its time waveform an
spectrum, are highly important everywhere they appén
theoretical studies, notably in mode-locked lasersdels are
built assuming ideal waveforms such as Gaussianafid
soliton [2]. In optical communication networks ugitime- or
wavelength-division multiplexing (TDM or WDM), a en
pulse train increases data transmission capacityetiucing
the time slot per bit at a given bandwidth (TDM),reducing

its bandwidth per channel at a given bit-rate (WDM)

Therefore, how to obtain a clean optical pulsentréast
enough for such applications, and how to measuraré of
remarkable importance and vast implications.

The cleanness of an optical pulse is most objelgtiand
quantitatively measured by its time-bandwidth pid(rB)
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using root-mean-square (RMS) definitione. the standard
deviation of energy densities of a signal in thmeti and
frequency domain. TheJncertainty Principle states that
TB=1/2, the equality being uniquely obtained with aeall
(chirp-free) Gaussian [1], [3]. For an ideal hypsib secant
(first-order soliton), we calculated TB=0.5236. Tdfere, if
one obtains for sure &%5B<0.5236 for an optical pulse, it
cannot be a soliton but might be a chirped Gaussiathis
paper, we will use this method to distinguish dtsnland a
Gaussian. In the following we call TB=1/2 as theu&dan
limit, and a pulse with TB~0.5 as a Gaussian-lichipzllse, in
contrast to a transform-limited pulse [1]. This tlasne
routinely applies to a pulse withfAt~0.5, Af and At being
intensity full-width at half-maximum (FWHM) in the
frequency- and time domain, respectively. As wil shown
and discussed later, it turns out tAéAt, and hence the notion
of Transform-limited Pulse in FWHM version, are aguwus
and might be misleading. The situation could benewerse if
At is obtained using autocorrelation technique [4].

In our attempt to achieve clean pulses, we haméedaout

£0 experiment using a semiconductor optical anaplifSOA)

and dispersion-compensating fiber (DCF) to forning taser
[5]. As has been explained in [5], the objective tis
compensate SOA’s nonlinearity, mainly caused byrigar
dynamics, by an appropriate amount of negative edipn
[6]. The resulting actively mode-locked pulses @GHz
repetition rate are indeed transform-limited, wifiAt=0.46. In
this experiment, noticeably, the pulse’'s shapeoisestimated
by autocorrelation plus curve-fitting, but directbbserved
with a fast optical sampling oscilloscope; the s$peu is
obtained using a high-resolution optical spectrumalyzer.
This provides an excellent opportunity to test aotletical
model about mode locking which, once validated |¢aaply
to some interesting questions: 1) What these toamsfimited
pulses really are? Could they reasonably be apmateid by
Gaussians or solitons? 2) How close these pulsalsl & to
the fundamental Gaussian limit, once relevant patara are
optimized?

Keeping these questions in mind, we propose awdldg
the present hybrid model, based on the experinmefs]i In
this model, the SOA’s behavior is described and tiesolved
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in the time domain, results are checked by analyfarmulas;
the transmission out of SOA is calculated in theqérency
domain. The overall precision is estimated to b&™ih the
evaluation of TB, which is good enough for addmegsihe
above questions.

In Section II, the experiment in [5] and relevaasults are
briefly reminded for consistency. The hybrid modeld the
algorithm are developed in Section I, togetherthwi
comparisons between the model’'s predictions andlaiNe
analytical results. In Section IV, the experimergahdition is
applied to the model so as to directly check itdpot
followed by detailed inspection of optical pulspsbperties in
similar conditions. Our conclusions are presentefdction V.

Il. EXPERIMENT
The experimental setup is shown in Fig. 1.

RF signal

*bc=290mA
Filter (6nm)

Fig. 1. Experimental setup. MZ: Mach-Zehnder atogié modulator; PC:
polarization controller; DL: delay line; EDFA: ethin doped fiber amplifier;
DCF: dispersion compensating fiber; OSO: opticahgling oscilloscope;
OSA: optical spectrum analyzer.

In this experiment, the SOA (by CIP, ref. SOA-NL-OFas
the gain medium exhibits 1dB polarization gain defece. It
has a multi-quantum-well (10 wells) structure withlength

Lsoa=1.5mm, shows its peak gain at 1555nm, and provid

28dB small-signal optical gain at 290mA DC drives. dptical
gain is periodically modulated at 10GHz by an agdtisack-
injection. The noise in the ring will circulate clkwise, and
eventually grow into mode-locked pulses if condifoare

differences are 1~2 orders of magnitude for botluesa
Therefore, the pulse’s original shape and spectrama
preserved after EDFA. The amplified pulse train tligen
analyzed simultaneously by an optical sampling llestope
(0SO, Ando AQ7750), with its input bandwidth of %89z
and a resolution of 0.6ps in time, and by an opspectrum
analyzer (OSA, Apex AP2440A), with its spectralalesion
of 0.16pm or 20MHz betweek=1520 ~1567nm. The peak
power in the ring cavity, just before the outpuugler, is
estimated to bel2mWw.

The oscilloscope trace of the output pulse traighiswn in
Fig. 2. These pulses have a FWHM width/Af12ps. Notice
that there are some slight fluctuations aroundpbeks. The
spectrum has been shown in Fig. 2(d) in [5], togethith a
Gaussian fit. The fitting quality there is excetlefihe product
AfAt=0.46 is thus obtained. Therefore, these pulsesnaieed
transform-limited (always in FWHM version).

<—>| 25ps /div

$2mW/di\/

Fig. 2. Oscilloscope trace of the output pulsantra

It should be noticed that the insertion of DCF itite ring
cavity is not easy [9], due to structure and matetifferences
between DCF and single-mode fiber (SMF) used fakirig
different elements. The insertion loss per faceDGF could
be as low as -2dB in our experiment, but that vaduear from
regularly obtainable. This is the reason why itifficult, at
IeSast for now, to insert a designed length of D@6 the ring
?aser while maintaining an acceptable insertios.los

Ill. MODEL AND ALGORITHM

propitious. The band-pass filter serves to locate the carrierA Hybrid Model

frequency, as well as to limit the noise levelhe ting cavity.
The length of DCF is estimated using a model in [Ife
characteristics of all these components are efthevided by
their producers, or measured by ourselves [5].ofthem are
commercially available. The modulation and the efilt
functions are also measured and will be given ictiGe Il1.
The parameters adopted are given in Table 1.

The average power of the extracted pulse trainDiSmwW
(with an average back injection power of ~9mW),sitectral
width is less than 1nm. This pulse train is firebbted by an
EDFA with +9dB gain. Compared to EDFA’s saturatpower
(~10mW) and its amplification bandwidth (>35nm) ,[8he

The schematic of the model is depicted in Fig. 3.

Recognizing that pulse widtht=6ps in general in SOA-
related lasers excluding external pulse compreséids not
necessary in the present model to include the teffégain
dispersion, since its time constant is ~0.1ps [10ther
ultrafast effects, notably two-photon absorptionge also
neglected for the same reason and the fact thatabptower
level is moderate here [11]. In this regime, themit@ant
physical effects inside SOA are carrier recoveryl ajain
saturation. Assuming slowly-varying envelops, thectical
field in SOA is
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A(t) B(t) Circulator
Isolator

Attenuator Filter

Fig. 3. Schematic of the model

E(z=[Az)exp(}5, 9+ B z)expt f, 2.

xexp(-iat ) (1)

Here,A andB are the forward (+z) and the backward (-z
field envelops,By and wy are the free-space propagatio

constant and the carrier frequency, respectiveitedal and
polarization effects are ignored. Notice that tharrier

3
AN @) o 1 (- @)Y
@ = Aol\:n(w) 7 exp[ 2[2 "z PB j
xexp|:i132|_(w_2a%3)2:| (5)

Here, AN and A, are the frequency-domain
presentations of\,""* and A", respectively, with the integer
N denoting the number of roundtrig; is the total amplitude
attenuation, including the loss from the outputpier Bpg is
the bandpass filter's 3dB bandwidth, its flat-toprrfi is
checked by us and is well-fitted by the first exponhabove.
For simplicity, we assume that the filter is ceatbatwy. The
consequence of this assumption will be discusstat. |The
second exponent depicts the effect of group velatigipersion
(GVD) in the fiber link, 5 is the GVD parameter averaged

Ijhroughout the link, and is the total length of the ring. In the

ollowing, we replacef, by the dispersion parametéd
through the relatiorD=-2rcB3,/A% with A=1.55um. Higher-
order dispersion is neglected due to relativelyglgmulse

frequencies forA and B are independent, but this makes nd¥idths and the high value ¢, involved [12], in consistency

difference in the model. The propagation /9B is described
by [6], [7]:

)
@)

62A+V;10tA:%[ g1 - iaH)_aint:| A

-0.B+v;0,B=2[g-,)-a,]B
Together with the rate equation for the opticahgg, t):

2 2
PG

sat

4

9,9 =

In the above equationg,is the group velocity in SOAqy
is the Henry's factorg,; is SOA’s internal loss coefficieng,
is the small-signal optical gaim,is the carrier lifetimeEgy is
the saturation energy. Due to a narrow frequencydwalth
involved, these parameters are assumed to be otniiatice
that the noise term is not explicitly present if-(@), it will be
included as an additional input afterward.

The SOA’s output enveloA:in Fig. 3) makes a roundtrip
through the ring, and emerges as a renewed iAgutThe
transmission of the pulse train in the fiber lifks|@00m could
be considered as linear, since with a peak intep$it-10mw,
the nonlinear lengthy, will be ~50km for a typical SMF [12].
Therefore, nonlinear effects in the fiber link aw@ a concern,
even though relevant fiber parameters in our erpant differ
from those in [12]. Consequently, the transmissimough the
fiber link could be described by a transfer functim the
frequency domain,

with the rest of the model.

Some other components are also implicitly conthine(5).
These include a polarization controller, whose ratition is
accounted for by, and an optical delay for synchronization. It
is assumed that harmonic mode-locking is achievedthe
roundtrip delay corresponds to an exact multiplenofiulation
period. This explains the absence @f (the inverse of the
group velocity in the fiber) in (5). In effect, tloptical delay in
Fig. 1 is already included in the total fiber ledm@t Mode-
locking is achieved if with a big enougiN (~10),
AN =AY, The hybrid model is thus complete.

B. Algorithm

Since (5) is essentially error-free, the resolutidn(2)-(4)
determines the precision of the model. In ordeadioieve high
precision, we have upgraded the algorithm in [7htbigher
order. The detailed formulation is available in J[1@&hich
adopts a predictor-corrector strategy [14], andgsivalent to
the well-known #-order Runge-Kutta algorithm in terms of
convergence [15]. Notice that the effect of gaispéision is
included in [13] as well, in order to take on optipulses as
short as ~1ps in future studies.

To adapt the above algorithm to the experimentiq E,
the modulation period is divided intd"2qual intervals (256
to begin with, up to 4096 to ensure convergence and
precision). For a 10GHz signal, this corresponda &tepsize
of &=100/2" [ps]. The SOA is divided accordingly, with a
space divisiordz=vya.

At t=0, a trigger signah,,(t) at the front facet, and the back
injection (modulation) signalB(t) at the rear facet, are
simultaneously injected into SOA. The triggss° could be a
random signal emulating a noise, or simply a sinus
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An’=asin(bt) with arbitrary &, b), or a combination of both. As
a matter of fact, we observed that the final outesnare

independent of the choice #f,°, as long as this last one has

reasonable peak power (at -40dBm, say). Meanwtiie,
modulation signal can be written as [1]

B(t) = B, exp[-4,, (1- cosw,t )’ (6)
whereBy is the peak amplitude of the modulation enveldg, 2

is the modulation index, andy=2mx10" is the modulation
frequency. This function has been verified in [Bhe output

E= ]2 I (x)dx

wherel(t)=]AF andl(«)=|AF are the intensities in the time- and
frequency domain, respectively. The integrationitBnf-o,o)
are replaced by (0) for a periodic signal, ané is the signal's
energy in one period. The integrations in (8), &l &s in the
following, are carried out using th&-®rder Bode's rule [14].
For an ideal Gaussian, TB=1/2 amfAt=2In(2)ft [1].
These two reference values could test the precisiothe

envelop A, ’(t) is then calculated USI”Q the algorithmchain of calculation, including integration, FT galing rate,

mentioned above. It is converted #,X(«) by Fourier
transform (FT). The next input,A(t) is obtained from

AL() = FT H(w) A, (o) | )

A complete roundtrip is thus accomplished. A randwise
emulating spontaneous emissions in SOA could beddd
Al as well as to the following roundtrips. It is ebged,
however, that the final outcomes are insensitivestich a
noise, as long as its power level is realistic ¢& is applied
in our simulations). The only perceptible conseaeeis a
slight fluctuation (~1d) of TB. This observation might be
explained by the permanent presence of a large eurab
coherent photons in SOA. In effect, even at itenstty
trough, Bfmir<7.4mW (usingB,>=30mW and4,=0.7), which
is far more intense than any possible noise. Thesef
spontaneous emissions could not grow perceptibkce(at
those photons joining mode-locked pulses) and nemasak
enough to be neglected. Consequently, all noisesgaored
after the triggeA,’.

The new inputA,X(t) is synchronized toB(t) to obtain
Ao (), while the optical gaig(zt) in the SOA remains what it
is after the precedent passageAcdnd B, as described in the
algorithms in [7] and [13]i.e. g(zt) is not reset to its initial
stateg=g,. This simply reflects the fact that every timetst
occupied by a pulse in harmonic mode-locking. Afterl00
roundtrips in favorable conditions, two consecufiveuts will
have the same amplitude distributio,J"!|=|An"|, the steady
state is thus achieved; otherwigg Y A" whateverN is,
the mode locking will not happen. The results pnése in the
next section are obtained wiN=200.

C. Theoretical verification
Recall that for an arbitrary signA(t),

TB=0, W,
o, = <x2>—<x>2 *=t, o)

:éfxnl(x)dx 8

speed of convergence, and so on. We calculatedfdhain
ideal Gaussiam\=exp[-(t-to)¥ 7],

TB=0.5+£0.0002, AfAt=0.44127+0.00005 (Gaussian)
where 1, andt, are arbitrary parameters. Compared with the
exact values, the relative errors are %16or a chirp-free
soliton, A,=sech[{-to)/ 1], the results are

TB=0.5236+0.0002, AfAt=0.327+0.002 (soliton)
The larger fluctuation (~1%) of a soliton’sAfAt is because
there is no analytical function to estimate itscdpd FWHM
using least-squares fitting [14]. The method déiipolation
has to be used, resulting in some uncertainty &t l&0el.
However, a less accurate estimaté&fit does not degrade the
precision of the calculated pulse itself. Noticgoahat a chirp-
free soliton’s TBis higher than that of a chirp-free Gaussian,
but the opposite is true f&fAt. This discordance between TB
and AfAt reveals the important fact thafAt is not a good
enough measure for judging the overall cleannesssignal.

Lsoa=1.5mm
Go=28dB

ay=6 i
Qint=0 /

a-u.)>

,/Output phase
/
y 14

6
/1 Output pulse
/] (2 curves)

T

i 4 Chirp* 0 . ¢

4(a) 4(b)

Fig. 4. Amplification of a 3ps Gaussian pulse YAS 4(a): The input and

the output pulses’ (theory and calculation) intgesiin a linear scale, output
pulse’s phase in radian, and its chirp in THz. btthatt is traced in a

moving coordinate at the group velocity. 4(b): Spewn of the output pulse.

The precision of the model in nonlinear regime dohbk
tested by launching an ideal Gaussian into SOA, teh
comparing the amplified pulse with the analyticedult in [6].
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Fig. 4(a) shows the result using a Gaussiam\tsf3ps and

TABLE |
PARAMETERS USED IN THE SIMULATION

E=E.,; Other parameters are indicated in the figure. &{b)

is the spectrum of the output pulse. As can ba sedig. _SYmPol - Qf“at”t“y — Value or relation
: an enry’s factor .
4(a), the shape of the calgulated output pul§eeamiﬁssly i SOA's internal loss 8.86 crii
superposed with the theoretical curve. The calcuagrror of 6o wavenumber 2174
the algorithm in this nonlinear regime is diffictitt estimate, Bgp Filter bandwidth variable, 5~6nm
since the theoretical curve itself involves intdignas [6]. It is  Esa SOA's saturation 0.5 pJ
. . . energy
reasonable, however, to assume that the relatice &r Fig. 24, modulation index 14
4(a) is of the same order as in the evaluatiorBifgince the p dispersion parameter  -139.2 ps/(nrikm) for DCF
method of integration is the same. ConsequentlywiNedopt | | (to be ax:laraged with SMF)
L. .. . . o small-signal gain 51.84 cry Go=28dB net gain)
4 digits for TB and 3 digits foAfAt in the following res“ulis. Leon SOA's length 1500um
The optical phase(t) of the output envelop has a “S” form, L total length of the ring  variable PL=-10~-25 ps/nm)
resulting in a nonlinear negative chirp, definedby(2m 0,9 4 wavelength 1.55um.
in THz. The spectrum of this output pulse is higtilgtorted, carrier frequency 2riA s' (c=3x10°ms)
i ) ) W modulation frequency 2mx101° st
as shovx_/n in Fig. 4(b). This ou_tput _pu_lse has TB_iZ,_@vhlch vy group velocity in SOA ¢/ m/s
is far higher than the Gaussian limit. Due to italtirpeak r carrier lifetime 16 ps
spectrum, itéfAt is hardly meaningful and is not estimated.
It could be said, therefore, that the numericadcpdures »
used in this paper are trustworthy; its predicticare in R DL=-25 ps/nm .
excellent agreement with available theoretical ltesu Bo?=23.5 mW
0 N Bsp=6nm /
g " Back injection /
IV. PROPERTIES OF MODH.OCKED PULSES E 5
_The above algorithm_ is th_en ap_plieq to t_he expeminud %3 SOA output
Fig. 1, where the total fiber dispersion is estinatio beDL=- TR Gaussian fit
25ps/nm; the filter bandwidth Bgp=6nm; the average optical i aussian fit J
power injected into the rear facet is measuredet®mW, its g At=11.0ps |
i iy i 2 ; ; 5 N, : S
peak intensity .|s t_herefor‘ao ~23.5mV\/_ according tp (6) with SOA input aind Gaussian fit
A=0.7. Substituting these values in the algorithmypdes (SUPEIPOSEl  *=reeeNgomme™" - ¢ [os]
locking is obtained with 0.1457<0.185, which corresponds to 0 ‘ = ‘
0 20 40 60 80 100

a total transmission loss of 20lgg=-16.8~-14.7dB outside
SOA. With 7<0.145, the peak intensity of the output pulse will
drop quickly below the noise level; i>0.185, the SOA
output will be chaotic and there will be no modekiog. Fig.

5 shows the result obtained witfx0.152, which corresponds
most likely to the experimental observation of Fg.

As can be seen in Fig 5(a), the peak intensityhefdutput
pulse Poufma=12.5mW. After passing through an output
coupler (80:20), an EDFA amplifier (9dB) and a SDfower
splitter, the peak intensity at the OSO in Fig.Hbud be
12.5¢(0.2x10"1%0.5)=9.93mW. Taking into account some
uncertainties, such as mode conversion loss bet&&gand
SMF, this value is in good agreement with the expental
result of 9.2mW in Fig. 2. The calculatafirt=0.459, which is
the same as experimental result (=0.46). Moreovke,
calculated pulse’s waveform and spectrum are beth fitted

5(@)

Gaussian fit

Output spectrum

Af=41.8GHzj< >

u.) o

(a.

£ [THz]

-0.2

-0.1 0 0.1

5(b)

Fig. 5. Mode-locked pulse a=0.152. 5(a): Intensities of input pulses (2
consecutive inputs totally superposed) measurethatfront facet (z=0),
output pulse (with a Gaussian fit) and back infattintensities measured at
the rear facet (2=04). The time shift between the input and the ouppuses
corresponds to the transmission delay in SOA. Rpgctrum of output pulse
with a Gaussian fit.

by Gaussians, as shown in Fig. 5. This is alsoctme for
experimental results in [5]. Furthermore, the dlifjictuation
around the output pulse’s peak in Fig. 5(a) is élebserved
in Fig. 2, confirming once again the precisionta thodel and
the algorithm, as well as the high resolution @& fast OSO.
Notice also that the main peak in the spectruredsshifted of

about -0.1THz relative to the carrier frequencyf8). With its AfAt=0.459, this output pulse is well qualified as

transform-limited, even though some fluctuationsn clae
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observed in both its waveform and spectrum. Howeivdras
TB=2.526. This value is comparable to that obtaiimellig. 4,
where severe distortions are clearly observed th boplified
pulse’s waveform and spectrum.

As a matter of fact, the output pulse’s wavefornirig. 5(a)
and its spectrum in Fig. 5(b) stretch widely beltheir half-
maximum levels, resulting in the poor TB value aboVhese
low-level fluctuations cannot be filtered out, hawwe By
using a narrow-band filter (0.5~1nm) around theselsl
spectrum in Fig. 5(b), the pulse will change sufitsdly its
shape and spectrum, or simply collapse. This behasinot
revealed by ité\fAt value, in contrast to its TB. This issue will
be further illustrated and discussed in the folliyvexamples.

DL=-25 ps/nm
B¢>=23.5 mW
Bep=6nm

£t /1010ps) .-

-
-
e

Peak power

Attenuation 77

.145 0.155 0.165 0.175 0.185

Fig. 6. Properties of mode-locked pulse at difiereavity attenuation;.
Pulse’s width is divided by 10, its peak powerdsmalized taBy?=23.5mW.

The output pulse’'ét, AfAt, TB, as well as its normalized
peak power Aq.{’ma’Bo? Within the mode-locking range, are
traced in Fig. 6. As can be seen in Fig. 6, thelemlofAfAt
within the entire locking range remain very close0t5 and,
therefore, the output pulse is always transfornitéich In
contrast, its TB values vary strongly, with the imiaom point
TB=0.5551 obtained a§=0.172. At this point, the pulse has
similar properties as those in Fig. 7 in terms bhge and
chirp, and will be discussed together there. Thel&umental
Gaussian limit is thus still some distance away.sltnot
obvious to experimentally localize this minimum Tiint
using other, more measureable quantities as baakdro
Notice also that, by adjusting the cavity losssipossible to
obtain transform-limited pulses with a widt=10~25ps and a
peak power of a few mW after the output coupler.

With DL=-25ps/nm, as well as with othBL values used in
the following, it is possible to obtain mode-lockmalses using
other sets of parameters. In the above cadelLef25ps/nm,
for example, the model predicts that mode-lockiag bappen

with By? varying from a few tens of mW up to well beyond

100mW, if Gy=28dB andBgs=6nm are maintained. However,
an increasingB,’ reduces the effective SOA gain for mode
locked pulses, the cavity loss has to be redugeiddreased)
to compensate the effect, as the model correcyipts in

agreement with physical insight. The problem of D&ENMF
link, mentioned in Section Il, might then becomieuadle.

In order to further reduce the minimum value of TEs551
obtained withDL=-25ps/nmDL andBy’ are allowed to change
in the simulation, while other parameters in Tablare kept
unchanged. Fig. 7 shows the result obtained Witl:-23.4
ps/nm,By’=36.8mW and7=0.182.

14

o | DL=-23.4ps/nm
- Bo’=36.8mW
E n=0.182 Output pulse
E 101 Bgp=6nm
E. 0 T
o
§ 6 | At=
i)
[«
e}
4 N
Input pulse
21 Gaussian fit (superposed) t [ps]
0 ‘ - -
0 20 40 60 80 100
7(a)
0.8
A
06 - =
Input phase /100 PR
/"’_,——’ —
0.4 ‘/‘/_‘ _______ Output phase /100
_/'/ ;”/
R
02 | R
/ -
P
e (Reference! e Ips]
0 =< ‘ T o,
3,\\,‘ ’z _____ - 0
(VRS
02 1 T‘ o ! Output chirp/
Input chqu: (THz)
(THz)
-0.4
7(b)
3
T
Output spectrum ™~
Gaussian fit o
Af=49.6GH < S
2 4
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Fig. 7. Pulses obtained wilhL=-23.4,B,>=36.8mW and;=0.182.

7(a): Input and output pulses’ shapes and theis8an fits;
7(b): Correspondent optical phases (/100) in radrahchirps in THz;
7(c): Output spectrum with a Gaussian fit.
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The output pulse in Fig. 7 has TB=0.5086, whictvasy
close to the fundamental Gaussian limit. It is ebefow that
of an ideal hyperbolic secant (0.5236). The diffeeebetween
the two values is well beyond the error margin he t
calculation of TB. As a consequence, this pulsenctie a
soliton. Notice that this remark is based on TBt o curve
fitting or AfAt.

From a theoretical point of view, only in the linat slowly
saturating gain, the master equation in [2] cowddme the
nonlinear Schrodinger equation (NSE), whose salui® a
soliton. This assumption is acceptable for erbiwpet fibers,
where the carrier lifetime of ~10ms is far longeart the pulse
widths [2]. In the case of SOA, however, the carifetime is
comparable to the pulse widths, this assumptiaroidrue. In
contrast, the master equation in [1] does not regthie above
condition. Instead, it applies the quadratic appnation,
cos(at)~1-(at)’/2 around t=0 in (7), which is usually
acceptable around the trough of the modulationtfongsee
Fig. 5(a)). Unsurprisingly, therefore, SOA-relateders, such
as this one, would most likely support Gaussiansgsjl if
cavity dispersion is correctly adjusted.

Interestingly, the pulse in Fig. 7 is hardly trasf-limited
(AfAt=0.634), even though both its waveform and spettru
are remarkably well fitted by Gaussians. Here, cagain, TB
andAfAt deliver contradictory signals about the cleanmdss
pulse.

The optical phases and chirps illustrated in F{gp) €ould
help understand why this pulse has such a low Tdti@ry to
the nonlinear “S” shape of the phase in Fig. 4ath input
and output pulses in Fig. 7(b) have nearly lindsases during
the time slots where the pulses’ intensities agaificant. As a
consequence, their instantaneous frequencies §&higpe
nearly constant during the corresponding time sitsording

also shows that clean pulses (TB<0.6 &fAt~0.5, say) can
be expected in a rang¥.=-23+3ps/nm by adjusting,’ and 7
only (similar to Fig. 6). All these provide some ngias for
practical applications.

30
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s \ At=6.90ps !
= 10 Y\
8 \
\\
. SOAinpu
DT -7 t [ps]
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to Fourier Shift Theoremtherefore, their spectra are simply

red-shifted, as confirmed by Fig. 7(c). In effatts this nearly
constant chirp which explains the cleanness of phitse.
Furthermore, a careful inspection of Fig. 7(b) adsehat the
input and the output chirps have opposite sloppsvéud for
the input, downward for the output). This is theule of the
dispersion management with DCF. In effect, the afl®CF
in this ring laser is not to eliminate the spectrat-shift
associated with SOA’s amplification, but to smotité pulse’s
phase so that the red-shift becomes nearly consiadt
therefore harmless regarding the cleanness ofulse p

It is probable that the above TB=0.5086 could behér

reduced ifGy and 4, are allowed to change as well. The

interest of doing this seems limited, however, aiitcwould
not help gain more insight into the system.
Notice that the pulses in Figs. 5-7 are essentiailshanged

Filter (5nm)
£ [THz ]
0.25 0.5
8(b)
&5 t=10.5ps
t [ps]
-25 -15 -5 5 15 25
8(c)

to a varyingBgp between 5~8nm in the simulation, implyingFig. 8. Pulse obtained wifhlL=-10ps/nm and@®gs=5nm.

that the initial assumption of carrier frequeriybeing at the
center of the filter is acceptable for these puylsshose
spectral spans are narrow comparedBgp. Our simulation

8(a): Input and output pulses’ waveforms and thekbiajection;
8(b): Output pulse’s spectrum and the filter fuoeti
8(c): Calculated intensity autocorrelation tracéhef output pulse.
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If the cavity dispersioDL deviates substantially from the In the condition of adequate cavity dispersion riygaerfect
above equilibrium point@L~-23ps/nm), however, the pulse’sGaussian pulses can be expected. Its time-bandpidituct
phase and chirp will become erratic, resulting @opTB and using RMS definition could be very close to thedamental
misleadingAfAt values. A typical example is shown in Fig. 8 Gaussian limit. These pulses would have a slight lavear
which is obtained wittDL=-10ps/nm,B,2=27.9mW, 7=0.206 Chirp as a result of the dispersion managemennkht their

and, noticeablyBge=5nm, which differs from previous casesnarrow spectral widths, these pulses are resitemarameter
(Bg=6nm) variations, including filter bandwidth change. Het cavity

The output pulse in Fig. 8(a) has a peak powerdoBRW dispersion is not correctly adjusted, the cleanmdsmode-

and a relatively narrow width @t=6.90ps. It has complicated locked pulses V\."” degrade, as measurgd by theafr@. n
L _ spreads in both time- and frequency domain. Thetsep will
waveform and spectrum, resulting in TB=10.31, ayveoor

) L . . then have rather complicated waveforms and speatrd,are
valug_mdeed. Meanwhile, 'NAt:_O'A_'ZG' which paradoxically consequently more seﬁsitive to parameter variatti))ns
qli\a“f'is the.pullfe %s;ra?hsform-hr:med. f thi - It is also demonstrated that this SOA-fiber ringeladoes not

ts Sd Ogv?hm 9. ( ). the spec ;u'r:n 0 5'S7pLA altrzt:re support optical solitons. The method and argumaexeloped
extende an previous cases of FIgs. o-/. AS @ERE g paper could be applied to other similaretasystems
interaction of this pulse with the filter becomespbrtant. In

. . using SOA as active devices.
effect, the mode-locking cannot happen vBdg=6nm if other : SR Cn
parameters are roughly the same as before. Withefeof a The results obtained in this study highlight thedequacy of

i ., AfAt, the time-bandwidth product using FWHM definitjcas
narrower filter of 5nm, the lower (red) end of tpelse’s L o A
) L an objective criterion for judging the overall aleass of a
spectrum will be re-shaped and limited, as can bens : .

_ : : ! ulse. The correlation between the cleanness ofse@nd its
betweenf=-0.5~-0.25THz in Fig. 8(b). Since the spectragfAt value is not as strona as usually expected. As a
energy is near zero on the other (bleu) side offilker, a the tacit signifi 9 FT yf P d P.I
narrower filter is effectively equivalent to a rsbit of the consequence, the tacit significance ot 1ransto uise

. . . seems questionable, as well as its widespreacdsg.t
carrier frequencyy from the center of a wider filter. In other . . .
ds. it is th iral dist bet d the red-end of The above results and observations are insepavatiiea
\t';/g fﬁt’e'r Ifhatersgggr;a aésliggeﬁige Vi\’:%ﬁge er?oLegh_e?As Oa careful evaluation of optical phase. It is not amd how to
7 ; P ' reveal the details of these pulses using intersised
consequence of this interaction between the putsk the P g Be

. ) . approaches such as autocorrelation. Indeed, sorestiops
filter, thg filter bandw@trBBp should be allowed to chgnge Or’might be asked as to what extent an autocorrelatime could
alternatively, the carrier frequenay needs to be shifted,

in L
. ; " be used, and whether the curve-fitting is trustiwpgnough to
order to obtain mode-locked pulses in the conditiwin serve beyond a pure illustrative propose.

unbalanced dispersion. To the authors’ best knaydedhis
“red-wall” effect,i.e. the spectral re-shaping by the filter's red-
end to stop pulses’ excessive red-shift so as iateia mode-

locking, is not predicted before this study. 1 AEsi L University Sci Books. 1986. ch. © and 27
_ ; . E. Siegmanl.asers University Science Books, ,ch.9an .
The second-order autocorrelation trace of the dupplse, [2] H. A. Haus, K. Tamura, L. E. Nelson, and E. P. ipg&tretched-pulse

Ca|CU|at_3d USingNiener'Kthh_in Theoreris Sh_own in Fig. additive pulse mode-locking in fiber ring lasershedry and
8(c). It is remarkably clean, with the FWHM widti=10.5ps. experiment,”|EEE J. Quantum Electronyol. 31, pp. 591-598, Mar.
This corresponds tAt=7.42ps if the initial pulse is supposed  1995.

. _ . . . [3] L. Cohen,Time-Frequency Analysi®rentice-Hall, 1995, ch. 3.
to be a Gaussian, @t=6.77ps if a soliton is assumed [16]'[4] J. H. Chung, A. M. Weiner, “Ambiguity of ultrashopulse shapes
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