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10 Gb/s Multiple Wavelength, Coherent Short Pulse
Source Based on Spectral Carving of Supercontinuum
Generated in Fibers
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Abstract—We demonstrate a high-power, multi-wavelength, utilizing pulse interleaving technique to multiply the repetition
short pulse source at 10 Gb/s based on spectral slicing of super-rate 64 times [3]. However, the spectral width of the seed pulse
continuum (SC) generated in short fibers. We show that short and the modulator speed-12 GHz) limit the channel count

fiber SC can be used for dense wavelength division multiplexing . . .
applications because of its>7.9 dBm/nm power spectral density, and the pulse width of each channel in this scheme. Moreover,

140 nm spectral bandwidth, and+0.5 dB spectral uniformity over due to the requirement of high chirp rate, it can only operate
40 nm. Pulse carving up to 60 nm away from the pump wavelength at higher speeds at the expense of the channel count. Since the

and CW generation by longitudinal mode carving indicates that power spectral density is not uniform across the spectrum, a
the coherence of the SC is maintained. By using high nonlinearity special equalization technique is required to obtain uniform

fibers, the spectral bandwidth is increased to 250 nm, which can | th ch s | It i h Mikel
accommodate >600 wavelength channels with 50 GHz channel wavelength channels. In an aiternative scheme, Mikelia

spacing and >6 Tb/s aggregate data rate. We also calculate the &l.have demonstrated pulse carving from a laser spectrum
coherence degradation due to amplification of incoherent energy broadened in normal dispersion fiber [4]. By using this scheme,
during t_he SC gener_ation. Theoretical_results_ show that_ the SC authors has demonstrated 16-channel pu|5e Carving [5] Al-
generation in short fibers has 13 dB higher signal-to-noise ratio ,gh over 40 wavelength channels with 2.5 Gb/s repetition
(SNR) compared to the SC generated in long fiber rates and 100 GHz channel spacing is feasible in this scheme,
rapid pulse broadening in normal dispersion regime limits
reaching higher channel counts and larger spectral broadening.
This rapid temporal broadening also limits the supercontinuum
(SC) generation in normal dispersion regime at higher repeti-
. INTRODUCTION tion rates due to interference between adjacent pulses.

UE TO fast growth in Internet technology, demand for Short pulse generation based on spectral slicing of the SC
bandwidth is estimated to exceed 1 Tb/s by year 20@&nerated in optical fibers is another technique to obtain a
with a further doubling every two years. Utilizing the entirdWWDM source. Although the SC generation has been used for
40 THz low loss transmission window of the silica fibers is on@ifferent applications before, only recently has it been proposed
of the ways to answer this growth other than using multiple fib&s & DWDM source [6]-[8]. Multiple wavelength pulse sources
links. The preferred approach to utilize the low loss transmi4dth more than 100 nm spectral bandwidth generated in spe-
sion window of silica fibers with the current technology is to usgially designed long fibersX1 km) have been demonstrated
the combined techniques of optical time division multiplexin§y different groups [9], [10]. In an updated work, Kawanishi
(OTDM) and wavelength division multiplexing (WDM). For a®t al. has recently demonstrated propagation of 19 wavelength
high spectral efficiency, large channel count system, a key é&fiannels carved out of SC through 40 km of dispersion-shifted
abling technology is a multiple wavelength high repetition raf@S) fiber at 160 Gb/s [11]. Each 160 Gb/s channel is generated
source with large and uniform bandwidth, accurate wavelendii 16 times multiplication of pulses carved from the SC.
spacing, high coherence, and high-power spectral density. However, since these experiments use long lengths of fibers to
Dense wavelength division multiplexing (DWDM) source§enerate the SC by adiabatic soliton compression effect, low
based on temporal modulation of chirped short pulse laséfut POwer is required, and this requirement leads to lower
have been demonstrated [1], [2]. In this scheme, Ketod.en-  POWer spectral density and signal-to-noise ratio (SNR) at the
code the data on different wavelengths by modulating a higH¥tPut. Experimental demonstrations reveal that only less than
chirped laser spectrum that is temporally distributed. Based’ dBm/nm power spectral density is available at the fiber
on the same scheme, in a recent experiment, Baviahave output in long fiber SC generation schemes [12]. In order to

demonstrated 110 channels at 2.35 Gb/s data transmissiorFB§ipensate low power spectral density, low noise amplifiers
are required for long distance propagation. In addition to the

issue of power spectral density, Nakazatal. has shown that

Index Terms—Nonlinear optics, optical fiber communication,
optical fiber devices, optical noise, supercontinuum, wavelength
division multiplexing (WDM).
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Fig. 1. Experimental setup used for 10 Gb/s SC generation in short fibers. Amplified 10 Gb/s pulse train propagated through three sectiongyeffdrats to
140 nm SC. Pulse carving followed by amplification and propagation is demonstrated at the EDFA band and at shorter wavelengths. DSF: Dispeé fitien, shift
HNLF: high nonlinearity fiber, OSA: optical spectrum analyzer, AC: autocorrelator.

emission (ASE) noise due to modulation instability (MI) angberbolic secant pulses with 1.3 ps temporal width with a time-
four wave mixing (FWM) during SC generation. bandwidth product of 0.32 at 1551 nm. Since the SC is gener-
In this paper, we show that short fiber SC generation has thied in short fibers;-100 W input peak power is required to
ability to generate a DWDM source with broad and uniformachieve enough spectral broadening. We use an erbium-doped
bandwidth, high-power spectral density, and high coherendiber amplifier with 30 dBm saturated output power to reach
Experimentally, we demonstrate a 10 Gb/s multiple wavelenglin average power level of 1 W. Following the amplifier, three
pulse source with>140 nm spectral bandwidth ant0.5 dB  sections of fibers are used to generate the SC. In general, the
uniformity over 40 nm. The power spectral density is measuréigst two sections are used for pulse compression and the last
to be+7.9 dBm/nm across the flat region. Furthermore, the Ségction is used for SC formation. Specifically, the first section
can be improved up to 250 nm bandwidth ahd.5 dB unifor- is 10 m of Corning SMF-28 fiber, where the amplified pulses
mity over 83 nm by using high nonlinearity fibers. Experimentaire compressed via the soliton effect pulse compression. Fur-
demonstration of-1.4 ps transform-limited pulse carving as father pulse compression is obtained by the same effect in DSF1,
as 60 nm away from the pump wavelength, pulse propagati@hich is 13 m of DS fiber with\o = 1492 nm. The last section
and longitudinal mode carving for CW generation indicates thgt4.5 m of dispersion shifted fiber (DSF2) witlg = 1546 nm
the coherence of the SC is maintained. Based on the theoretiiai m of high nonlinearity dispersion shifted (HNL-DS) fiber
calculations, we also show that the coherence of the short filgith \, ~ 1530 nm. The third-order dispersion is the dominant
SC generation is maintained, and it has 13 dB higher modulgfect in this section, and spectral flattening accompanied by
tion depth of longitudinal modes as compared to SC generatggtitional spectral broadening is obtained [14], [15]. Since the
in long fibers. The experimental and the theoretical results indirst two sections of fibers are the same, throughout the paper,
cate that by using DWDM source based on short fiber SC gengfe differentiate the two SC setups according to the fiber used
ation, > 600-channel data transmission witf6 Tb/s capacity in the last section. Table | summarizes the fiber parameters used
is achievable at 50 GHz channel separation. in the experiment. Detailed description of the mechanisms con-
The outline of the paper is as follows. In Section II, we wiltributing to the SC generation will be discussed in the next sec-
describe the experimental setup used for SC generation and{hg. We demonstrate spectral slicing for short pulse generation
experimental results including the generated SC and coherepgeh within the EDFA band and at shorter wavelengths by using
test based on pulse carving and propagation. We will simulgd® 3-nm tunable filter. A 25-nm super-Gaussian filter centered
short fiber SC generation and contrast ratio degradation of logt-1490 nm is used for testing the broadband coherence. After
gitudinal modes due to noise amplification in Section Ill. Seghe amplification of the pulses carved at short wavelengths by
tion IV contains a discussion of possible system applications §\Raman amplifier, 26 km of Corning SMF-28 fiber is used for
the short fiber SC generation as a DWDM source and its advajinpagation. An optical spectrum analyzer with 6.25 GHz spec-
tages. Finally, Section V summarizes our findings. tral resolution and an autocorrelator are used for diagnostics.

Fig. 2(a) shows the 10 Gb/s SC spectra generated in conven-
tional, low nonlinearity, DS fiber. We obtain 140 nm spectral
broadening at 20 dB below the spectral peak. The SC has three

The experimental setup used in SC generation is shownragions where most of the energy is accumulated: 1) center, 2)
Fig. 1. A 10 Gb/s actively modelocked fiber laser generates h$tokes. and 3) anti-Stokes regions. The Stokes side has 44 nm

Il. EXPERIMENTAL SETUP AND RESULTS OF THESC
GENERATION



BOYRAZ et al: 10 Gb/s MULTIPLE WAVELENGTH, COHERENT SHORT PULSE SOURCE 2169
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DSF-2 3 45 | 1546 | 0.05557 23 § 0
-15 |- ] -
HNL-DSF |3 4.0 1530 | 0.0265 9.9 L L L L L
1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)
. @
bandwidth at 15 dB below the center peak, and 20 nm spectral
region with4-0.5 dB uniformity. The power spectral density in T T T )
this region is measured to be 11 dBm/nm. On the other hanc 15
the anti-Stokes side has 50 nm bandwidth at the same level ar 10 + 9 dBm/nm i
40 nm spectral region with the same uniformity £6.5 dB. 5

Unlike the Stokes region, power spectral density in this side it

lower, 7.9 dBm/nm. A generated SC with a nearly symmetric 0 dBm/nm

ol i
spectrum indicates that the spectral broadening mechanism

dominated by self-phase-modulation (SPM) during the SC gen 5t ]
eration. A 6 nm difference in bandwidth and 3 dB difference in 0l ]

power density shows the effect of third-order dispersion, whicl
leads to asymmetrical flattening of the anti-Stokes side while — .15 |
lowering the power spectral density. The center part of the S( 1400 1250 1500 1550 1600 1650 1700
has the peak spectral density and 16 nm bandwidth.

The spectral broadening is increased to 250 nm by replacin
the last section of the SC fiber with HNL-DS fiber. Experi- (b)
mentally, we use 4 m of HNL-DS fiber with 4.5 times highe ;

. . . . Eg. 2. (@) SC spectra generated in conventional DS fibers. We measure 140
nonlinearity and zero dispersion wavelength at 1530 nm to fgn bandwidth witht0.5 dB uniformity over 40 nm. Power spectral density is

place DSF2. Similar SC to that obtained from DSF2 is geneneasured to be 7.9 dBm/nm over the flat region. (b) The spectral broadening
ated, but due to the higher nonlinearity and lower dispersidé@f}{%‘é%‘iit;ogg%b’;’g witht=0.5 dB uniformity over 83 nm by using high
slope in the HNL-DS fiber, spectral broadening is increased to '
250 nm [16]. Fig. 2(b) shows the generated SC spectra with
250 nm bandwidth in high nonlinearity fiber. The flat regiorpulse at 1524.8 nm with 2.11 nm 3 dB bandwidth, as shown in
on the anti-Stokes side is increased to 83 nm with the samig- 3(a). In order to check the nonlinear behavior of the carved
+0.5 dB uniformity. However, because of the lower input powetulses, we propagate it through 12 km of dispersion shifted fiber
requirement due to increased nonlinearity, almost doubled spwdth Ao = 1524 nm. Fig. 3(b) shows the pulse spectra after
tral broadening, and higher splice loss, the power spectral défe propagation for three different average input power levels of
sity of the flat region is decreased to 0 dBm/nm at the flat portichmW, 3 mW, and 5 mW. Since the carved pulse is very close to
of the spectrum. The bandwidth of the Stokes region is measugdo-dispersion-wavelength, SPM-dominated propagation char-
to be 21 nm with+0.5 dB uniformity and 9 dBm/nm power acteristics are presented at the output of the fiber. The number
spectral density. of the spectral peaks indicate nonlinear phase shif#tof and

The coherence of the SC is tested by measuring the putsd.5 7 is obtained for input power levels of 3 mW and 5 mWw,
quality across the spectrum and by carving longitudinal modegspectively. The asymmetry in the spectrum is expected due to
to generate CW light. The SC generation setup with convemermal dispersion effect at shorter wavelengths. These results
tional DS fiber is used for pulse carving and coherence measuggow that the temporal stability and the coherence of the SC
ments. Experimentally, we use two different filters to carve owtithin EDFA band are preserved.
pulses across the spectrum. The first filter is a tunable Gaussiain the second step of the coherence test, we carve pulses
filter with a tuning range of 70 nm from 1490 nm to 1560 nnmear 1500 nm and propagate through 26 km SMF fiber after
and nominally 2.3 nm bandwidth, which varies from 2.4 nramplification. We use a Raman amplifier to amplify the signal
to 2 nm within the tuning range. The second filter is a 25-n@fter carving pulses at short wavelengths and before propaga-
super-Gaussian filter centered at 1490 nm. In the first steptain. The Raman amplification is obtained by using two sec-
the experiment, we test the coherence of the pulses carved friions of dispersion shifted fibers with 4.4 km length and a CW
SC near the EDFA band. We use the tunable filter to carve oupamp source at 1117 nm. Accumulated chirp in the Raman

Power Spectral Density (dBm/nm)

Wavelength (nm)
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Fig. 3. (&) Transform limited pulse carving has been demonstrated vicinity of

the EDFA band (1524 nm). (b) We check the propagation behavior of the carved

pulses by propagating through 12 km DS fiber for three different input power (®)

levels. SPM dominated spectral modulation indicates that spectral carvingmg 4. (a) Transform limited pulse carving is demonstrated near 1500 nm.

the SC near EDFA band generates soliton like pulses and coherence of thqi§Crhe autocorrelation trace of the carved pulse at 1504 nm. We obtain 1.37

is maintained. ps nearly transform limited Gaussian pulses with time-bandwidth product of
~0.45.

amplifier is compensated by using a 2.5 km of SMF-28 fiber

after the amplifier. Optimum chirp compensation is obtained W
at ~1504 nm. After compensation, we carve 1.37 ps nearly
transform limited Gaussian pulses wittr A = 0.45 at 1504

nm indicated in Fig. 4(a). The corresponding autocorrelation
trace is shown in Fig. 4(b). The coherence of the pulse is con-
firmed by the propagation through 26 km of SMF-28 fiber. Be-
cause of the very high dispersion, which is more than 700 ps,
a higher repetition rate pulse train is observed in the temporal
domain at the output end of the SMF-28 fiber. The phenomenon
of obtaining high repetition pulses in linear propagation is ex- 0.4
plained by longitudinal mode beating resulted from high disper-

sion [17]. Shakeet al. show that, because of dispersion, a pulse

is formed at the time position where longitudinal modes of the _ _, . , ,

. . . . Fig. 5. High repetition rate pulse train is obtained after propagating the carved
several adjacent pulses overlap. With further dispersion, the r%ﬁ%es through 26 km of standard fiber. More than 700 ps dispersion leads to
etition rate decreases gradually and returns to fundamental opeeiing of the longitudinal modes at different time position and creates 48 GHz
ation frequency. The autocorrelation of the propagation resutgse train.
are shown in Fig. 5. The separation between adjacent pulses
are measured to be21 ps, which corresponds a pulse train at The pulse carving results across the whole Raman gain band-
48 GHz repetition rate. The pulse train remains stable as longvéiglth are shown in Fig. 6(a). In addition to pulse carving and
environmental fluctuations are isolated. This measurement pgopagation at single wavelength in Raman gain bandwidth, we
sult indicates that the longitudinal mode structure of the laserdemonstrate carvability of the SC spectra wavelengths between
replicated across the SC instead of incoherent energy spreadi0 nm and 1511 nm. Since the chirp compensation is opti-
which also shows that the coherence of the SC is preserved.mized for the wavelength 1504 nm, broader pulse widths are
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Fig. 7. Experimental results of relative intensity noise measurement. The
results indicate that the longitudinal modes of the pump are replicated with 7
dB/Hz noise degradation. The results also show that each of the longitudinal

0.6 ps modes can be carved to generate a CW signal. Uniformity of relative intensity
- \& noise shows that coherence is preserved equally across the SC.

- 4 updated experiment, we have demonstrated that longitudinal
-10 modes of the SC can be carved to generate CW light [18]. The
-5 1 carving results indicate that the longitudinal modes of the seed
pump source is replicated during the SC generation with low
noise degradation. As a figure of merit, we measure the noise
performance of CW from the SC and CW from seed pump.
Fig. 7 shows the measured relative intensity noise for CW sig-
. . nals carved from the pump and the SC. The measurement re-
1475 1500 1525 1550 1575 sults show that the generated CW source has less than 7 dB/Hz
wavelenght (nm) intensity noise degradation across the spectrum compared to the
pump. This degradation is attributed to the amplifier noise, ASE
®) noise, and Ml effects during SC formation. However, the uni-

gig- 6. (a) Rhesultskof tfhe Scoherﬁnt pulse Carvilr}g after Slubtract]ing tflye tofgrmity of the intensity noise shows that coherence of the SC is
ispersion inthe 11 km of DSF at the Raman amplifier. Nearly transform limit
pulses are generated with average- 1.5 ps andA7TAv ~ 0.46. The results egreserved equa"y across the spectrum.

indicate that the coherence of the SC is maintained up to 60 nm away from the

pump and it is uniform across the spectrum. (b) A 0.6 ps short pulse carving|||. M ECHANISMS OFSC GENERATION AND THEORETICAL
with 20 nm broadband filter shows the coherence of the SC is maintained even

at the edge of the SC. RESULTS
We confirm our experimental results by simulating the SC

measured at wavelengths other than 1504 nm. After subtractffgieration. We also focus on the evolution of the SC starting
the pulse broadening during the amplification by using the foflth the amplifier output and discuss the behavior of the spec-
MUIAT = Tyeas — (Ao — Ac) - AN -9D /- L, we calculate the tral broadenlng with rgspect to I|r_1ear and nonlinear effec_:ts in
actual width of the carved pulses. The parametgr,, is the the f|be_r. The gengratlon pf SC is modeled by the nonllnegr
measured pulsewidthy, is zero dispersion wavelength of theSchrodinger equation, which describes the pulse propagation
fiber, \. is pulse carving wavelengtiy \ is the filter bandwidth, under the !nflqence of nonlinear and linear effects in the fiber.
aD/O\ is the dispersion slope, ardis the fiber length in the 1he equation is formulated as
Raman amplifier. Fig. 6(a) shows the calculated pulse widthg; ; 5217 1 8317 . , 2 )
after subtracting the effect of the total dispersion accumulategt, + 552 55 — o3 5 =17 | U +5|Ual" — TR
in the amplifier from the measured pulse widths. An average™
of ~1.5 ps pulse width anchrA» ~ 0.46 indicates that the wherel/ defines the normalized envelope function of the elec-
coherence of the SC is preserved up to 60 nm away from tiie field at the main axis antl. defines the component at the or-
pump wavelength and uniform across the spectrum. As anotittlewgonal polarization [19]. The left side of the equation gives the
example, Fig. 6(b) shows the generation of 0.6 ps pulses withear pulse propagation under the influence of group velocity
20 nm spectral carving, which also indicates that coherencedispersion (GVD) and third-order dispersion (TOD), whése
preserved even at the edge of the SC. The inconsistency betwisethe second-order dispersion constantfgs) and/3; is the
filter bandwidth and the pulse width arises because the edgel@D constant (pgkm). The perturbations caused by the non-
the SC spectrum does not completely fill the filter bandwidtlnear effects in the fiber are given by the terms on the right-hand
and the pulses are slightly chirped before the autocorrelator.side of the equation. The first two nonlinear terms on the right
The coherence of the SC is also confirmed by CW generside are SPM and cross phase modulation (XPM) effects, and
tion by longitudinal mode carving of the generated SC. In ghe stimulated Raman scattering is included as the last term on
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Fig. 9. Simulation results of the coherence degradation in short fiber SC
generation and 1 km of dispersion decreasing and dispersion flattened fiber
(DDDF). o indicates modulation depth (contrast ratio) of longitudinal modes
calculated for SC generated in short DS fibers, anghows the contrast ratio
calculated for the SC generated in long DDDF fibers. In average, short fiber
SC generation has'13 dB higher contrast ratio than the one generated in 1
km fiber.

. . . , o _is obtained at the last 1.5 m of DSF2 fiber, as seen in Fig. 7(f).
Fig. 8. Experimental and simulation results of the SC generation in Optlﬁﬁ . . - .
fibers based on the experimental fiber parameters. This figure shows thA€ Simulation results show that the contribution of Raman in

evolution of SC spectra at fiber lengths of (a) after the amplifier, (b) 10 n§C generation is minimal, and this can be explained by the short-
(c) 23 m, (d) 24.5 m, (e) 26 m, and (f) 27.5 m. The straight line shows ”ﬁ’ess of the fiber.
experimental results and dotted line shows the simulation results. . i i

We calculate the degradation in phase coherence during the

SC generation by using the same simulation. Since there is no
the right-hand side. The nonlinearity constant is definedybydirect measurement of coherence for pulsed laser, we use SNR,
(W~'km~'). Raman gain is defined by the constdix which j.e., the depth of longitudinal modes, as an indicator for the co-
is setto be 5 fs. We use the split step Fourier method to simul@igrence. Our aim is to measure how much the SNR and depth of
the SC generation [19]. longitudinal modes degrade compared to input signal due to in-

Fig. 8 summarizes the evolution of the SC generation bastedlaction of ASE noise with signal during SC generation. Dete-
on fiber parameters used in the experiment. Fig. 8(a) shovigrating SNR values shows increasing randomness in phase and
the pulse spectrum after the amplifier. Duext@0 m of gain amplitude due to ASE noise. In previous works, this comparison
fiber and patch cords, the spectral width of the pulse at the alras been demonstrated for different combinations of long fiber
plifier output is increased from 2 nm to 3.2 nm, which showSC generation, and it has been shown that the coherence degra-
that the pulse compression starts during the amplification. Aation due to ASE amplification is less in dispersion decreasing
the end of the 10 m of SMF-28 fiber, we observe soliton effefibers than in constant dispersion fibers and dispersion flattened
pulse compression with a clear indication of SPM, as shownfibers [13]. For comparison, we simulate the SC generation in
Fig. 7(b). The double peak on the spectrum indicates that sigshbrt fibers with experimental parameters as well as in disper-
acquires nearly= /2 nonlinear phase shift in the first sectionsion-decreasing-dispersion-flattened (DDDF) fiber. The length
Fig. 8(c) shows the spectral broadening at the end of the DS#TIDDDF is set to 1 km with dispersion parameters-¢f0.5
fiber. Since the GVD is nearly four times smaller in the secomus’/km and 0.1 p¥km at the beginning and at the end of the
section than the first section, higher nonlinear phase shift is diter, respectively. The soliton order at the beginning of DDDF
quired. The contribution of the TOD is also expected to appefiver is set to~1.6. In order to simulate the ASE, we generate
with increasing bandwidth in this section and to cause smallbackground noise with random amplitude and phase gener-
spectral asymmetry. The spectral flattening occurs in the laged by a Gaussian random number generator. The initial SNR
section of the fiber, where GVD is as low as 0.3 ps/nm.km. Als set to be 45 dB, which corresponds to an amplifier with noise
though the spectral broadening still continues along the fiberfigure of ~7 dB. Since the coherence of the pulse is related to
this section, spectral asymmetry also continues to grow with itite contrast ratio, modulation depth, of the longitudinal modes,
creasing TOD effect due to large bandwidth. Fig. 8(d) shows the calculate the contrast ratio at different spectral points along
shape of the spectrum at one-third of the length of the last sélte SC for comparison.
tion, where TOD effects starts to show up more clearly. StartingFig. 9 summarizes the calculated contrast ratio at different
with the second half of the DSF2, asymmetric pulse break ppints along the SC spectra for two different fibers. The simu-
starts to dominate at the trailing end of the pulse and the ratelation results show that the SNR and the modulation depth are
the spectral broadening decreases. However, the rate of spectegiraded more than 20 dB in both fibers due to Ml initiated by
flattening increases with the pulse breakup and anti-Stokes sidekground ASE. However, the short fiber SC generation shows
becomes wider and flatter. Fig. 8(e) shows the power spectbatter contrast ratio compared to the DDDF fiber. Specifically,
density distribution at 3 m of DSF2 fiber. Complete flattenind.3 dB less degradation is calculated in short fiber SC generation
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at 60 nm away from the pump, where contrast ratio decreadiger SC have longitudinal modes contrast ratio of 22 dB even
to as low as 9 dB in DDDF fiber. The only exception is thaat 60 nm away from the pump wavelength for the input signal
4-dB better modulation depth is calculated at the vicinity of theith SNR of 45 dB. Compared to the contrast ratio of 9 dB at the
pump wavelength, where long fiber SC has a spectral peak. T@me point obtained in long fiber SC generation scheme, short
asymmetry in contrast ratio degradation is caused by the higffieer SC generation scheme shows 13 dB improvement in mod-
power spectral density at longer wavelengths, and the locatiaiation depth of longitudinal modes and in coherence. Although
of the pump wavelength close to the edge of the EDFA baneksential mechanisms for spectral broadening in both fibers are
Nearly flat contrast ratio~22 dB) around 1500 nm also con-the same, the difference between contrast ratio can be explained
firms the transform limited pulse carving and broadband cohday the difference in the length. In the short fiber SC generation
ence demonstrated experimentally. spectral, flattening occurs within a distance less than half soliton
period, where optimum compression is obtained. For soliton or-
ders <10, MI perturbation is not as effective as higher order
solitons within half soliton period [13]. The stepwise dispersion

Our experimental and theoretical results confirm that thecreasing pulse compression scheme with relatively high av-
DWDM source based on short fiber SC generation satisfiegage dispersion~9.5 ps/nm.km) is also disturbs MI gain in
all the requirements of a source used in OTDM/WDM applﬂ’]e first two sections. Although in DDDF fiber, decreasing dis-
cations. Although synchronization and wavelength accurapgrsion profile reduces MI gain, the average dispersion is low
are inherent properties of DWDM sources from a single lasé@nd steady growth of ASE noise with increasing gain bandwidth
coherence, bandwidth, uniformity, and high-power spectrigi still expected along the fiber. Moreover, the pulses propagate
density are four main properties that can be satisfied by DwDMultiple soliton periods, where the symmetry of initial soliton
source based on short fiber SC generation. By using multiglésappears due to MI.
wavelength pulse generation based on spectral slicing of shorf€EW signal generation based on longitudinal mode carving
fiber SC, we show that the bandwidth of the source can be m@igo confirms that the coherence is preserved across the spec-
than doubled with10% amplitude variation over 80 nm com-rum. The 7 dB/Hz amplitude noise degradation compared to
pared to chirped pulse modulation and SC generation in norri#fa@¢ pump signal shows that generated SC has similar coherence.
dispersion fiber. This bandwidth can be increased up to 250 Arfis 7 dB/Hz difference confirms the degradation due to ampli-
by compromising the spectral uniformity and power spectrfifation and MI during SC generation. However, the uniformity
density. Moreover, for a single-channel DWDM source 10 Gb@f the intensity noise also shows that the coherence is main-
data rate shows nearly two orders-of-magnitude incrementst@ined equally across the whole SC spectra. In addition to co-
repetition rates without any pulse interleaving circuit compardgrence, power spectral density of the two scheme is compared.
to sources generated by chirped pulse modulation technigb#ce SC generation in long fibers depends on adiabatic soliton
On the other hand, data encoding on multiple wavelength ch@&empression effect, where this compression scheme requires
nels simultaneously by using a single modulator is a unigl@w input power, the low power spectral density{ dBm/nm)
feature used in chirped pulse modulation technique, whetgd low SNR is obtained at the output. These results lead to high
this modulation technique cannot be implemented by usiggnplification requirement at the output, where no single ampli-
high repetition rate SC sources. However, the channel counfig§ module is available to cover the whole SC bandwidth.
proportional to the speed of the modulator and the amount ofTo understand the capacity of SC generation, we calculate
chirping. This proportionality limits the operation frequencyhe maximum achievable number of channels by assuming
in chirped pulse modulation technique due to availability df0 GHz (0.4 nm) filter spacing, which is commercially avail-
high-speed modulators and inter-pulse interference caugdde. Our experimental results indicate that SC generation in
by high chirping. In addition to high bit rate operation, byhigh nonlinearity fibers has the capacity of achieving00
using the short fiber SC generation scheme in conventiogivelength channels at 10 Gb/s over 83 nm bandwidth with
dispersion shifted fibers, the power spectral density is improved.5 dB amplitude uniformity. Due to overall bandwidth of
by more than 15 dB compared to long fiber SC generation, aBB0 nm, these capacities can reach up to 6 Tb/s by utilizing
bandwidth is uniform over 40 nm. This uniform bandwidth cathe entire SC bandwidth at the expense of amplitude equaliza-
also be improved to 83 nm at the expense of 8 dB decreasdi@i circuit. Compared to the experimental demonstration of
power spectral density, which still gives 7 dB improvement i35 Gb/s by using chirped pulse modulation technique, short
power level compared to long fiber SC generation scheme. fiber SC generation has the capability of an order of magnitude

Since actual coherence measurements of a pulsed lasefgrovement without any pulse interleaving circuit.
interferometric techniques are limited by frequency chirp and
pulsed nature of the signal, spectral carvability, SNR, CW gen-
eration by longitudinal mode filtering and propagation charac-
teristics can be used as indicator of coherence [13]. In our exdn summary, we demonstrate coherent short pulse generation
periments, we show that the SC generated in short fibers maiased on spectral slicing of the SC generated in short fibers at
tains its coherence up to 60 nm away from the pump wavelendih Gb/s. By using conventional DS fibers, we generate 140 nm
by transform limited pulse carving and propagation within angpectral broadening with 7.9 dBm/nat@.5 dBm) power spec-
outside the EDFA band. These results are also confirmed thel density over 40 nm. By using high nonlinearity dispersion
oretically. We calculate that the pulses carved from the shatifted fibers, spectral broadening is improved to 250 nm with

IV. DISCUSSION

V. SUMMARY
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40.5 dB uniformity over>80 nm. Coherence of the SCis tested [12] T. Morioka, S. Kawanishi, H. Takara, O. Kamatani, M. Yamada, T.
by pulse CarVIng’ propagatlon and Iongltudlnal mode CarVIng‘ Kanomorl, K. UChlyama, and M. SarUWatan, “100 Gbit{s4 Ch, 100

km repeaterless TDM-WDM transmission using a single supercon-

The_resplts show that the coherence of the short fiber SC gen-  in,um source Electron. Lett, vol. 32, no. 5, pp. 468-470, 1996.
eration is maintained up to 60 nm away from the pump wavef13] M. Nakazawa, H. Kubota, and K. Tamura, “Random evolution and co-
Iength. We confirm our results by caIcuIating the SNR degra- herence degradation of a higher-order optical soliton train in the pres-

ence of noise,Opt. Lett, vol. 24, no. 5, pp. 318-320, 1999.

dation because of interaction of pulses with ASE noise during; 41 G a Nowak, J. Kim, and M. N. Islam, “Stable 200 nm TDM/WDM
the SC generation. The simulation results show that the longitu-  source based on continuum generation in 2 m of fibelIFC’99, 1999,
dinal mode contrast ratio of the pulses carved from the SC de- __ Paper TuB3-1.

15] ——, “Stable supercontinuum generation in short length of conventional

grades nea:rly 23 dB at 6(_) nm away from .the pump wavelength.™ yispersion-shifted fiber, Appl. Opt, vol. 38, no. 36, pp. 7364-7369,
The 13 dB improvement in contrast ratio is calculated at 60 nm  1999.
away from pump compared to the results obtained by usingt6l J. Kim, G. A. Nowak, O. Boyraz, and M. N. Islam, “Low energy,

enhanced supercontinuum generation in high nonlinearity disper-

long fiber SC ge_neration. As a DWDM source short fiber SC  gion-shifted fibers,” iIrCLEO'99, 1999, paper CWAT.
source can also improve the power spectral density by dB  [17] 1. Shake, H. Takara, S. Kawanishi, and M. Saruwatari, “High-repeti-
Compared to the SC generated in Iong fibers. Compared to the tion-rate optical pulse generation by using chirped optical pulge¢-

tron. Lett, vol. 34, no. 8, pp. 792-793, 1998.

ChirDEd pUIse m_OdUIation te_Chniqu'e’ we obtajn doubled uniforrr[118] J.Kim, O. Boyraz, and M. N. Islam, “150channel ultra-DWDM source
spectral bandwidth at 200 times higher repetition rates. Based with N' x 10 GHz spacing utilizing longitudinal mode slicing of super-
on the experimental results, we estimate that synchronous 6??9] continuum,” inOFC'00, 2000, paper ThA2.

G. P. AgrawalNonlinear Fiber Optics2nd ed. New York: Academic,

wavelength channels with total pf6 Th/s data rate at 50 GHz 1095,
channel spacing is achievable by utilizing the 250 nm spectral
bandwidth generated in high nonlinearity fibers.
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