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Generation of time-aligned picosecond pulses on wavelength-division-multiplexed beams
in a nonlinear fiber
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A fundamentally different way to generate time-aligned data pulses on wavelength-division-multiplexed
(WDM) beams in a single-mode fiber is found. A large-amplitude pulse called a shepherd pulse is launched on
one of the copropagating bearishepherd pulse is defined as a pulse that can affect other copropagating pulses
in a WDM format while maintaining its own propagation behayidnitially at the launching plane no other
pulse exists on any of the other copropagating wavelength-division-multiplexed beams. Due to the nonlinear
cross-phase modulation effect, time-aligned pulses are generated on all other beams after a given fiber length.
Both theoretical and experimental results are presef&63-651X98)09105-3

PACS numbds): 42.81~i, 42.65.Re

I. INTRODUCTION wave mixing[8], to dynamically shepherd pulsgg], and to

e . . . . . enhance pulse compressift0]. Now, we wish to add one
The difficulty in the generation of time-aligned pulses in ore: the generation of time-aligned pulses.

the picosecond range on Wavelength-division-multipleern In a wavelength-division-multiplexed fiber system,

(WDM) beams is well recognized. Yet, these time-aligned,,o cross-phase modulatigitPM) effects [11,19 caused

pulses are the backbone for the future ultra-high-speed bifsy the nonlinearity of the optical fiber are unavoidable.

parallel communication systerfl,2. A way to generate These CPM effects occur when two or more optical beams

these pulses is described here. copropagate simultaneously and affect each other through
In spite of the intrinsically small value of the nonlinearity the intensity dependence of the refractive index. This

coefficient in fused silica, due to low loss and long interac-CPM phenomenon is used to generate time-aligned data

tion length, the nonlinear effects in optical fibers made withpulses.

fused silica cannot be ignored even at relatively low power

levels [3]. This nonlinear phenomenon in fibers has been Il THEORETICAL EFOUNDATION

used successfully to generate optical solitpag to com-

press optical pulsd$], to transfer energy from a pump wave  The fundamental equations governilg numbers of co-

to a Stokes wave through the Raman gain effégtto trans-  propagating waves in a nonlinear fiber including the CPM

fer energy from a pump wave to a counterpropagating Stokeghenomenon are the coupled nonlinear Sdimger equa-

wave through the Brillouin gain effe¢¥], to produce four- tions[9-11]:

M
_Uj s Ba)lpy °up dyy  duj Lpg
i— = : 21_| —Lp—-— eXF(_ajLolf)|Uj|2+22_ exp(— amlp1é)|Upm? U
&f 2LD] aT TO aT LNLj m#]

(j=1,23... M). ()

Here, for thejth wave,u; is the normalized slowly vary- completely walked through the slower moving pulse in beam
ing amplitude of the wavep,; the dispersion coefficient 1. The nonlinear interaction between these two optical pulses
(sz=dv§j1/dw), vgj the group velocity«; the absorption ceases to occur after a distantgy,j). For cross-phase
coefficient, y; the nonlinear index coefficient,d;; modulation to take effect significantly, the group-velocity
:(Ugl_l)gj)/l)gll)gj, LNLJ:J./(’)/J POj)' LDj:T(2)/|182J|' T mismatCh mUSt be held tO near zero.

=[t—=(z/vg1) /Ty, and{=2/Lp,, Wherez is the direction It is also noted from Eq(1) that the summation term in

of propagation along the fiber ands the time coordinate. the bracket representing the cross-phase modulation effect is
Also, Ty is the pulse widthPy; is the incident optical power twice as effective as the self-phase modulation effect for the
of the jth beam, anddy;, the walk-off parameter between same intensity. This means that the nonlinear effect of the
beam 1 and bean, describes how fast a given pulse in fiber medium on a beam may be enhanced by the copropa-
beam]j passes through the pulse in beam 1. In other wordsgation of another beam with the same group velocity.

the walk-off length isLW(lj)=T0/|d1j|. So, Lyyij) Is the Equation(1) is a set of simultaneous coupled nonlinear
distance for which the faster moving pul&ay, in beanj) Schralinger equations that may be solved numerically by the
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FIG. 1. Pulse evolution picture for the generation of three simultaneous pulses on three beams with separate wavelengths by a large-
amplitude shepherd pulse on the fourth beam. For bea@y%,— 1.5, for beam 28,= — 1.0, for beam 38,=+2.0, and for beam 4, the
shepherd pulse beang,=—2.0. The effect of different values of the dispersion coefficient on the induced pulses can be seen. In the
negativeB, region(the anomalous group-velocity dispersion region of the filibe induced pulses are “bright” pulses, and in the positive
B, region (the normal group-velocity dispersion region of the fjoiire induced pulse is a “dark” pulse. The higher thg| value, the
higher the amplitude of the induced pul$€his case does not correspond to the case considered in Figs. 3, 4) and 5.

split-step Fourier method, which was used successfully eaishepherd pulse has a pulse width of 60 ps. Due to this wide
lier to solve the problem of beam propagation in complexwavelength separation of the beams as well as the width of
fiber structures, such as the fiber couplgr3], and to solve the shepherd pulse, the four-wave-mixing effect is negligible
the thermal blooming problem for high-energy laser beamsgor this case. Other parameters are: the length of flber
[14] ACCOfding to this methOd, firSt, the solutions may be:20 km, the dispersion COGfﬁCielhB2|:2 pglkm, the op-
advanced using only the nonlinear part of the equationserating wavelength of beam X, =1.55 um, the operating
Then the solutions are allowed to advance using only th‘\?vavelength of beam 2,=1.545 um, the operating wave-

linear part of Eq.(1). This forward stepping process is re- length of beam 3 ;= 1.535.m, the operating wavelength of
peated over and over again until the desired destination iBeam A\,=1.555 um, the nonlinear index coefficieny

reached. The Fourier transform is accomplished numerically_ 20 W km"L, the attenuation or absorption of each beam

via the well-known fast-Fourier-transform technique. in fiber a=0.2 dB/km, the group velocity of the bean,
=2.051 14% 10° m/sec, the walk-off parameter between the
1. HOW TO GENERATE TIME-ALIGNED PULSES slowest beam and the fastest bedm<3 ps/km, and the

A high-power, picosecond pulse, called the shepher(P_Ulse Width'l_'o=60 ps. It has been assumed that the disper-
pulse, is launched on a given beam. A number of low-powefion coefficients for these beams are: for beamgls=
beams that are selected based on the wavelength-division=1.5, for beam 23,=—1.0, for beam 3p,= +2.0, and for
multiplexed format are launched without any signal pulseeam 4, the shepherd pulse begsy=—2.0 The effect of
into a single-mode nonlinear fiber. These beams copropagagifferent values of the dispersion coefficient on the induced
with the beam carrying the shepherd pulse in this fiber. Itpulses can be seen from the resultant data. In the negggive
will be shown, first through numerical simulation results, andregion(the anomalous group-velocity dispersion regjdghe
then through experimental measurements, that time-aligneidduced pulses are “bright” pulses and, in the positige
pulses will appear on these low-power WDM beams. Theregion(the normal group-velocity dispersion regjothe in-
nonlinear cross-phase modulation effect in a single-mode fiduced pulse is a “dark” pulse, i.e., a dip. The higher [j5g|
ber is instrumental in the generation of these time-alignedialue, the higher the amplitude of the induced pulse. For
pulses. It is also required that the “walk-off” among all the shepherd pulse having a large amplitude, $&y5 5, where
beams be kept at a minimum acceptable value. A more deNg is the soliton number for the shepherd pulse, the fiber
tailed discussion on this requirement will be given later.  length at which the shepherd pulse experiences maximum

pulse compression is 0.105g wherel g is the dispersion
IV. COMPUTER SIMULATION RESULTS Ieng_th for the shepherd pulsg. This is also the length at which
maximum amplitude for the induced pulse is generated. The

Computer-simulation results for the generation of threeevolution of these generated pulses from 0 to this length is
simultaneous pulses on three beams with separate wavehown in Fig. 1.
lengths by a large amplitude shepherd pulse on the fourth Our simulation shows that large walk-off among the
beam are shown in Fig. 1. It is assumed that wavelengtiheams, i.e., walk-off larger than a full shepherd pulse width
separation among the beams is larger than 5 nm and theithin the dispersion length for the shepherd pulse, would
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FIG. 2. (a) A schematic block diagram for the experimental setup to measure the generated(pulseshematic block diagram for the

experimental setup to measure the “walk-off” characteristics of the Corning DS fiber. The maximum walk-off for the wavelength range
1535-1560 nm is less than 4 ps/km.

destroy the capability of the shepherd pulse to generate time- B. Generation of time-aligned pulses

aligned pulses on the copropagating primary beams. It is for on copropagating WDM beams

this reason that the selection of a proper fiber is of utmost 1,4 sets of experiments were performed: The first set
importance. The following experiment will show that this yaoait with the generation of “dark”

- ) i ulses on two or three
demand, although rather stringent, can still be satisfied. P

semiconductor laser sources by a shepherd pulse on the ring
laser; the second set dealt with the generation of “bright”
V. EXPERIMENTAL SETUP AND RESULTS pulses on a semiconductor laser source by a shepherd pulse
on the ring laser. Signals from these sour¢ase or more
Schematic block diagrams of two experimental setups argignal sources from semiconductor lasers and one shepherd
shown in Fig. 2. The pulse source is a tunable erbium-dopedource from a ring lasgof different wavelengths are com-
fiber-ring laser, producing a 100-MHz train of pulses 60 pshined using two 2-to-1 fiber couplers. The combined output
in width between the wavelength range of 1530-1560 nmis sent through a 20-km spool of Corning DS fiber. At the
This erbium ring pulse is named the shepherd pulse, operagutput end of the fiber, an optical bandpass filter is used to
ing at a peak power of higher than 200 mW. The primaryreject the shepherd pulse signal from the ring laser. The sig-
sources are distribution feedback laser diodes at 1535, 154Qa| from each laser diode is detected and viewed on an os-
1545, and 1557 nm, operated under a dc bias well abovgilloscope. A picture of this output is shown in Figia2 A
threshold. This cw output from the primary laser diodedip (dark pulse or a rise(bright pulseé on the cw signal from
source is about 1 mW, which is amplified through an erbium-a |aser diode indicates the presence of a generated pulse as
doped fiber amplifier to around 33 mWw. predicted by the computer-simulation result.

30

A. Measurement of fiber characteristics

N
[$;]

As indicated in Sec. IV, the selection of a proper fiber is
of great importance in the successful generation of time-
aligned pulses on copropagating WDM beams. The Corning
dispersion shiftedDS) fiber [15] is chosen to be the single-
mode fiber for the experiment because of its desirable dis-
persion and walk-off characteristics. To learn quantitatively
the behavior of this fiber, the walk-off characteristics of this 51 ) I
fiber are measured and displayed in Fig. 3. It is seen that for i
the wavelength range of interegt535—-1560 nr the dis- 0 S =
persion coefficienis, varies betweent+2 and —2 pg/km. 0 200 Peak ;::pher y Po‘m(mw) 800 1000
The difference of group velocities as a function of the wave-
length of the beams varies between 0 and 4 ps/km. An F|G. 3. Measured and computed modulation depths of the gen-
erbium-doped fiber amplifie(EDFA) is used to boost the erated “dark” pulses on three different wavelength beams as a
power at the receiver. function of the shepherd-pulse peak power.
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The “bright” pulse is generated on the diode laser beam, since the
Input Output @ 20km operating wavelength of the primary beam falls into the anomalous
group-velocity dispersion region of the fiber.
FIG. 4. Oscilloscope picture for the generated pulses on two
different wavelength primary beams by a copropagating shephergf the fiber, the following experiment was performed: Two
pulse on the third beam. “Dark” pUlseS are generated on the diOd%eamS, one from the ring |aser, Carrying the Shepherd pu'se
laser beams, since the operating wavelengths of these primapy; 1535 nm, and the other from the diode laser, carrying no
peams fall into the normal group-velocity dispersion region of thepulse at 1557 nm, were combined and sent through the Corn-
fiber. ing DS fiber. The input and output pulses on these beams are
displayed in Fig. 5. As predicted by the theory, a bright pulse
is generated on the diode laser beam because its operating
wavelength falls in the anomalous group-velocity dispersion
Systematic measurements are made for pulses generatgshion of the fiber.
on two or three primary cw beams from laser-diode sources
due to the presence of a shepherd pulse on a beam from the
ring laser. Figure 4 shows the input and output pulses on the VI. CONCLUSIONS

two primary cw beams with wavelengths 1530 and 1535 nm, The above experiments show that through the use of a
and on the ring laser beam operating at 1555 nm. It is seeghepherd pulse on a copropagating wavelength-division-
that there were no pulses on the two primary beams at thgltiplexed beam, a simple way is found to generate time-
input and there was a large shepherd pulse on the ring lasgligned pulses on the other different wavelength beams in a
beam at the input. After passing through the fiber, there apnonlinear fiber. This was accomplished experimentally using
peared three time-aligned copropagating output pulses on all Corning single-mode-fiber—dispersion-shifted fiber. It
three beams. As predicted by the theory, two dark pulseshould be noted that the success of this technique depends on
were generated on the primary diode laser beams because @ condition that the amount of walk-off or drifting between
operating wavelengths fell in the normal group-velocity dis-the large-amplitude shepherd pulse and the generated pulses
persion region of the fiber and one was the shepherd pulse Qust be less than half of the pulse width of the shepherd
the ring laser beam. pulse for the entire pulse-generation interaction length of fi-
Shown in Fig. 3 is a plot of modulation depths on the cwper. It should be noted that these generated pulses are
beams as a function of the shepherd pulse peak power. Solidtable” pulses in the sense that they remain even after the
lines represent the Computer-simulation results and the dag:hepherd pu|Se is channeled away. Successful generation of
points represent the measured results. Very close agreemefkse time-aligned pulses on WDM beams is crucial to the
is observed. It is noted that walk-off between the shephergealization of the future ultrahigh data-rate bit-parallel
pulse and the generated primary pulses is less than 1 ps/kigavelength-division-multiplexed single-fiber transmission
For a fiber length of 20 km, the maximum pulse misalign-system.
ment is 20 ps or 1/3 pulse width without the pulse-
shepherding effect. It is expected that the presence of the
unavoidable pulse-shepherding effect will diminish the pulse ACKNOWLEDGMENTS
misalignment to a negligible level, as observed in the experi-
mental results.
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2. Set 2: Generation of “bright” pulses



57 GENERATION OF TIME-ALIGNED PICOSECOD . .. 6139

[1] L. A. Bergman, A. J. Mendez, and L. S. Lome, @ptoelec- N. A. Olsson and J. P. van der Zidbid. 48, 1329(1986.
tronic Interconnects and Packagingol. CR62 of SPIE Criti- [8] R. H. Stolen, J. E. Bjorkholm, and A. Ashkin, Appl. Phys.
cal Review of Optical Science and Technologgited by Ray Lett. 24, 308 (1974.

T. Chen and Peter S. CuilfoyléSPIE, Bellingham, WA, [9] C. Yeh and L. Bergman, J. Appl. Phy80, 3175(1996.
19986, pp. 210-226. [10] C. Yeh and L. Bergman, Phys. Rev.5Z, 2398(1998.

[2] L. A. Bergman and C. Yeh, iRroceedings of the Third Inter- 11] G, p. AgrawalNonlinear Fiber OpticgAcademic Press, New
national Conference on Massively Parallel Processing Using York, 1989; A. Hasagawa and Y. Kodamsplitons in Optical
Optical Interconnections (MPPOI'96), Maui, Hawaii, 1996 Communications, Oxford Series in Optical and Imaging Sci-
edited by E. Schenfeld EEE Computer Society Press, New ences(Clarendon, London, 1995Vol. 7; Optical Solitons-

3 EOLI:’ I1996. i Applicati Onti 4s Theory and Experiment, Cambridge Studies in Modern Optics
[3] E. P. Ippen, inLaser Applications to Optics and Spectroscopy 10, edited by J. R. Taylo(Cambridge University Press, Cam-

Zi':ﬁd (bAy d(?i.ssﬁj/?/g;?es, MR.eigirr?enlt\/llxy ié;é\i;m;’ zg]:aM. O bridge, 1992, M. Islam, Ultrafast Fiber Switching Devices
y ¥ g ' ' T - and Systems, Cambridge Studies in Modern Opticam-

6. . . .
[4] A. Hasegawa and F. D. Tappert, Appl. Phys. LB, 142 bridge University Press, London, 199%/ol. 12.

(1973; L. F. Mollenauer, R. H. Stolen, and J. P. Gordon, Phys.[lz] L. Wang and C. C. Yang, Opt. Letl5, 474 (1990; V. V.

Rev. Lett.45, 1095(1980 Aftanasyev, Yu. S. Kivshar, V. V. Konotop, and V. N. Serkin,
[5] L. F. Mollenauer, R. H. Stolen, J. P. Gordon, and W. J. Tom-  10id. 14, 805(1989; S. Trillo, S. Wabnitz, E. M. Wright, and
linson, Opt. Lett.8, 289 (1983. G. . Stegemanibid. 13, 871(1989.

[6] R. H. Stolen and E. P. Ippen, Appl. Phys. L&, 276(1973; [13] C. Yeh, W. P. Brown, and R. Szejn, Appl. Oft8, 489(1979.
V. A. Vysloukh and V. N. Serkin, Pis'ma Zh. Eksp. Teor. Fiz. [14] C. Yeh, J. E. Pearson, and W. P. Brown, Appl. G, 2913

38, 170(1983 [JETP Lett.38, 199(1983]; E. M. Dianov, A. (1976.

Ya. Karasik, P. V. Mamyshev, A. M. Prokhorov, M. F. [15] Opto-Electronics Group, Corning Incorporated Report No.
Stel'makh, and A. A. Fomichevbid. 41, 294 (1989 [ibid. 41, MM26, 1996(unpublishegt L. G. Cohen, W. L. Mammel, and
294 (1985]. S. J. Jang, Electron. Lett8, 1023(1982; B. J. Ainslie and C.

[7] E. P. Ippen and R. H. Stolen, Appl. Phys. Létt, 539(1972; R. Day, J. Lightwave TechnoLT-4, 967 (1986.



