mjhe_mu&h_lnmnmwwﬁamuy Parallel
Processing Using Optical lnterconnectionns (MPPQL'97)

Experinmental Verification of the Pul se Shepherding
Concept in Dispersion-Shifted Single-Mde Fiber
for Bit-Parallel Wvelength Links

L. Bergman, J. Morookian, C. Yeh and S. Mbnacos
Jet Propul sion Laboratory
California Institute of Technol ogy
Pasadena, California 91109

ABSTRACT

A new way to dynamically control in-flight pulses in a
wavel engt h division nultiplexed (WDM) single-node fiber system was
proposed at the MPPOI ’96 Conference. That system functionally
resenbles an optical fiber ribbon cable, except that all the bits pass
on one fiber optic waveguide. This single fiber bit parallel wavel ength
link can be used to extend the (speed x distance) product Of emerging
cluster conputer networks, such as, the MyriNet, SCI, Hippi-6400,
ShuffleNet, etc. Here, we shall present the first experinmental evidence
that this pul se shepherding effect can be observed in a comercially
avail able Corning DS (dispersion-shifted) fiber. Conput er simulation
results will first be presented for the case observed in the | aboratory
set up. A di scussion of the experinent setup and neasurenent procedures
will be given. Experimental results will than be conpared with conmputer
generated results. Excel l ent agreenent is observed. Future experiments
dealing with the shepherding effect anbng nore than two co-propagating
pul ses will be perforned.



I nt roducti on

The concept of using a shepherd pulse to pronote time-
al i gnment of co-propagating pulses in a bit-parallel
wavel ength division nultiplexed system [1] for a single-node
fi ber was presented at the MPPOI 96 Conference [2] . The
proposed concept is based on the cross phase nodul ati on (CPM
effects [3] caused by the nonlinearity of the optical fiber
in a wavelength division nultiplexed (WDM) system These CPM
effects occur when two or nore optical beans co—propagate
simul taneously and affect each other through the intensity
dependence of the refractive index. This CPM phenonenon can
be used to produce an interesting pul se shepherding effect to
align the arrival tinme of pulses which are otherw se
m sal i gned. This same CPM effect can also be used to
generate tinme-aligned co-propagating pulses on different
wavel engt h beans.

An exanple of the pulse shepherding effect [4] is shown
bel ow:

Let us assune that two gaussian pulses on two different
wavel ength beans with wavel engths of 1.55 pum and 1.546 um,
originating in an aligned position as shown in Fig. I(a) ,
begin to separate from each other due to slight difference in
the group velocities for these two beans. Wthout the
presence of a shepherd pul se, these beans will be
approximately 1/2 pulsewidth apart at 50 km downstream as can
be seen fromFig. I(a) . Wth the shepherd pul se of
2 exp(-0O5 12) on a third beam with wavel ength 1.542 pum,

originally aligned with the two shepherded pul ses and
propagating at the same velocity as the pulse on beam #l, at
50 km downstream the shepherded pulses are still aligned as
shown in Fig. |I(b)

What this neans is that through the introduction of a
shepherd pul se on a separate wavelength beam it is possible
to dvnamically mani pul ate, control and reshape pul ses on co-
propagating beans in a WM system This dynam c control
feature from a shepherd pulse will enable the eventual
construction of a tine-aligned bit—parallel wavelength |ink
as an interconnect with exceptionally high speed, |ow
| atency, sinplified electronics interface (wth no speed
bottleneck) , and extensibility to all—-optical packet
net wor ks.

Here, we shall present the first experinmental result
showi ng the existence of this pul se shepherding effect.

A review of the theoretical background will first be
given . Conputer sinulation results for the case
corresponding to that observed in the |aboratory wll be



present ed. Experinental setup and neasurenent procedures
will then be discussed. Measured results will be conpared
with conputer results. Evi dence of the shepherding effect
will be presented. Finally, a discussion on future
experiments dealing with the shepherding effect anong nore
than two co-propagating pulses will be given.

. A Review of the Theoretical Foundation

The fundanmental equations governing M nunbers of co-
propagating waves in a nonlinear fiber including the CPM
phenonenon are the coupled nonlinear Schrodinger equations
[3,4]:
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Here, for the jth wave, Aj(z,t) isthe slow y-varying
anplitude of the wave, vgj, the group velocity, B2j.the

di spersion coefficient ( B2y = dvgj~1/dm ), @5, the absorption
coefficient, and

n2 mj

C Aesf

is the nonlinear index coefficient with RAerrf as the effective

core area and ny = 3.2 x 10716 cnf/W for silica fibers, ®;jis

the carrier frequency of the jth wave, c is the speed of
light, and z is the direction of propagation along the fiber.
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Introducing the nornmalizing coefficients
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(3=1,2,3,"*..M) (6)

Here, Tp is the pulse width, Foj is the incident optical power
of the jth beam and di4y, the wal k-off paraneter between beam
1 and beam j, describes how fast a given pulse in beam j
passes through the pulse in beam 1. In other words, the

wal k-of f length is

Lw(1j) = To/ 1d1jl. (7)

so, Lw(1q) is the distance for which the faster noving pul se
(say, in beam j) conpletely wal ked through the slower noving
pul se in beam 1. The nonlinear interaction between these two
optical pulses ceases to occur after a distance Lw(15) . For
cross-phase nodulation (CPM to take effect significantly,

the group-velocity msmatch nust be held to near zero.

It is also noted fromEq. (6) that the sunmation term
in the bracket representing the cross-phase nodul ati on (CPM
effect is twice as effective as the self phase nodul ation
(sPM) effect for the sane intensity. This neans that the
nonlinear effect of the fiber medium on a beam may be
enhanced by the co-propagation of another beam with the sane

group velocity.

Equation (6) is a set of simultaneous coupled nonlinear
Schrodi nger equations which may be solved nunerically by the
split—step Fourier nethod, which was used successfully
earlier to solve the problem of beam propagation in conplex
fiber structures, such as, the fiber couplers [5], and to
solve the thernmal bloom ng problem for high energy |aser

beans [6] . According to this nmethod, the solutions nmay be
advanced first using only the nonlinear part of the
equations . And then the solutions are allowed to advance

using only the linear part of Eq. (6). This forward stepping
process is repeated over and over again until the desired
destination is reached. The Fourier transformis
acconplished nunerically via the well-known Fast Fourier
Transform Techni que.



[11. Conputer Sinmulation Results

Based on the above nunerical technique, computer
sinulation is carried out for the case corresponding to that

perfornmed in the |aboratory.

T™w beans with wavel ength separated by 5 nm (nano-
neter) are launched into a single node fiber: One beam
carries a 20 ps gaussian pulse while the other beam carries a
200 ps gaussian pulse to simulate the cw signal in the
experinment . The evolution of the two pulses on these two co-
propagating beans is the focus of our sinulation. It is
noted that the four wave mixing effect is negligible for this
case. Let us label the initial 20 ps gaussian pulse carried
by one of the beam as the shepherd (S) pulse and the other
200 ps pulse on the other beam as the primary (P) pul se. The
paraneters that we use for the sinulation are:

L = length of fiber = 20 km

B2 = dispersion coefficient . 2 ps2/km

A1 = operating wavel ength of beam #1 = 1.55 um

A2 = operating wavel ength of beam #2 = 1.545 um

Y = nonlinear index coefficient = 20 W lkm!

o = attenuation or absorption of each beam in fiber
= 0.2 dB/km

vg = group velocity of the beam = 2.051147 x 10°n see

di12 = wal k-of f paraneter between beam #1 and beam #2
< 1 ps/km

To = pulse width = 20 ps.

Shown in Fig. 2 is the evolution of these two pul ses on
two different wavel ength beanms as they propagate in this
singl e node fiber. Since both pulses are operating in the
positive dispersion region, i.e., the dispersion coefficient
B2 is positive, neither pulse will under—go pul se—conpression .

Since the dispersion coefficient is quite small, for the
di stance considered, neither pulse wll experience
significant pul se-broadening.

One notes that in the absence of the shepherding effect
(i.e., the CPM effect) these pulses wll propagate
i ndependent of each other. However, due to the presence of
t he shepherding effect, very significant changes are observed
on the 200 ps primary pulse. On that primary pulse, a dip
appears at the location which is aligned with the 20 ps
shepherd pul se. This dip appears to grow deeper and broader
as both pulses propagate down the fiber, eventually reaching
the shape of an inverted 20 ps guassian pulse. This inverted
guassian pul se is superposed over the 200 ps prinmary pulse.



This inverted gaussian pulse on a long plateau |ooks very
much like a dark soliton pulse. Also noted is a narrow rim
around this dip. Due to the averaging technique used in the
experinmental neasurenment, this narrow rimwll not appear in
the neasured picture of the induced primary pulse; only a dip
will appear in the picture.

The effect of the small walk-off is to shift the
i nduced inverted pulse on the 200 ps primary beam slightly.
The shepherding effect also askews slightly the symetry of
both the shepherd pulse and the induced inverted pulse on the
primary pul se.

This very distinctive feature of an induced inverted
pul se on a broad primary pulse which is clearly caused by the
shepherding effect has been used to experinentally verify the
exi stence of the shepherding effect.

IV. Experinental Setup and Procedures

A schematic block diagram of the experinental setup is
shown in Fig. 3. The pulse source is an Erbium Doped Fi ber
Ring Laser (EDFRL), producing a 100 Miz train of pulses 20 ps
in length at a wavel ength near 1551 nm  This Erbium Ring
pul se is naned the shepherd pul se, operating at peak power of
hi gher than 200 nw. The primary source is a DFB |aser diode
at 1545 nm operated under a dc bias well above threshol d.

This cw output fromthe primary |aser diode source is about 1
mwW which is anplified through an Erbium Doped Fiber Anplifier
(EDFA) to around 33 mW

As shown in Fig. 3, signals fromthese two sources of
two different wavel engths are then conbined using a 2 to 1
fi ber coupler. The conbi ned output is sent through a 20 km
spool of Corning DS fiber. At the output end of the fiber
an optical bandpass filter is used to reject the pulse signa
fromthe ring laser. The signal fromthe laser diode is
detected and viewed on an oscilloscope. A picture of this
output is showmn in Fig. 4. A dip on the cw signal is
observed indicating the presence of the shepherding effect as
predicted by the conputer sinulation result.

This is the very first time that this shepherdi ng
ef fect has been observed. This experinent also shows that
for the length of fiber that we used, i.e., 2 km long, the
wal k-of f effect of this comrercially available Corning DS
fiber [7] is less than 1 ps/km



V. D scussi on and Future Research

The pictures shown in Fig. 4 clearly denonstrate not
only the existence of an induced inverted pulse which can
only cone about because of the shepherding effect but also
the gromh of this induced pulse as the interaction distance
grows |longer as predicted by our conputer sinulation

That this shepherding effect is observable in a
comercially available Corning sMF-DS fiber [7] (a dispersion
shifted fiber) is worth noting. This neans we are now in a
position to perform further experiments corresponding to the
cases produced by conputer simulations without waiting for
the production of an idealized fiber.

From a practical point of view, it is worth noting that
this single fiber bit parallel wavelength link with
shepherdi ng pul se(s) can be used to extend greatly the (speed
x distance) product of energing cluster conputer networks,
such as, the MyriNet, SCI, Hi ppi-6400, ShuffleNet, etc. The
di stance may exceed many kiloneters, a distance much beyond
the capability of fiber ribbons.
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Fiqure Captions

Figure 1. Evolution of two init ially aligned gaussian pulses on two wpM beans,

(a) After propagation, separation occurs for pulses on beam #1 and beam #2
wi t hout shepherd pulse on the third beam (b) Alignment naintained for
pul ses on beam #l -and beam #2 with shepherd pulse on the third beam

Figure 2. Conputer sinmulation results for the case of a 20 ps pulse (the shepherd

pul se) co-propagating with a 200 ps pul se (approximating a CW primary
pulse) in a 20 km dispersion shifted fiber with negligible walkoff. A dip
on the 200 ps pul se appeared at the end of the fiber indicating the
presence of the shepherding effect.

Figure 3. Bl ock di agram of the experimental setup to detect the shepherding effect.

Figure 4. Picture of the output of the cw primary source.

The first line represents the output of the cw primary source signal

wi thout the presence of the shepherd pulse. The second |ine represents
the output of the primary pulse with the presence of the shepherd pulse
for a 2 kmlong Corning Ds fiber. The third line represents the output of
the primary pulse with the presence of the shepherd pulse for a 20 km | ong
Corning ps fiber. A dip is seen indicating the successful interaction of
the shepherd pulse with the prinmary signal.
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