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for fiber E. It is seen that for the SBS-suppression fiber, the
prillouin frequency shift changes greatly along the fiber—as
much as 300 MHz within 30 km. By contrast, the changes in
grillouin trequency shifts for fibers A—D were not more than
i MHz within 30 km. The Britlouin-frequency-shift change
Jong the length in fibers A to D seems to be induced by residual
arain during the fiber-drawing process.

The SBS threshold power P, of the test fibers was mea-
wred at both 1.32 and 1.55 um. The measured SBS threshold
powers are listed in Table 1. SBS threshold power P, is given'
s approximately

KA.,

chn

P

= 9]

" ()
where K is the polarization factor and g is the gain coefficient.
[, represents the effective length. detined as L, = 1 —
expl — ol )a. where ais the fiber loss and L is the fiber length.
i, is the effective core area. which is defined as w2, where
1 is the mode-field radius when the field distribution is ex-
pressed as Gaussian.

Figure 2 shows the relationship between Py, and A, /L
for the test fibers. It is tound that P, is proportional to 4,/
1., independent of wavelength. except for fiber E. The rela-
rionship between P, and 4,,/L,,, was obtained from Fig. 2 as
the following equation:

(A
P, = 108 x 10-Y (—‘—“)w. (2)

it
Ihis result suggests that tor fibers with uniform Brillouin fre-
quency shift, P, can be estimated from the fiber loss. fiber
length. and mode field radius and that gain coefficient is almost
independent of the wavelength. However. as seen from Fig. 2.
the experimental P, of tiber D is a litdle different from the
estimated value. It was concluded from Fig. 1(a) that the SBS
threshold power is affected by the nonuniformity of the Bril-
louin frequency shift along the fiber. This effect was clearly
observed for the SBS-suppression fibev. as shown in Fig. 1(b),

Residual pump Monitor

1064 nm pump

whose P, is approximatelv three times as large as the value
estimated by Eq. (2).

In conclusion, a simple equation for estimating the SBS
threshold power was obtained for fibers with uniform Brillouin
frequency shift by using two parameters, A, and Ly, without
regard to the wavelength. It has also been clarified experi-

" mentally that the nonuniformity of Brillouin frequency shitt

along the fiber has a great effect on the SBS threshold power.
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Generation of synchronous ultrahigh-
repetition-rate bright/dark pulse trains by
using nonlinear beat-signal

conversion techniques

A. B. Grudinin,¥D. |. Richardson, R. P. Chamberlin,
L. Dong, D. N. Payne, Optoelectronics Research Centre,
Southampton University, Southampton, U K.

The generation and propagation of bright and dark soliton
pulses is of great scientific interest with relevance to many
futuristic telecommunication and optical-processing applica-
tions. Bright solitons have been the subject of intense experi-
mental investigation: however, the experimental study ot dark-
pulse behavior has been limited. This situation is in no small
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WF3 Fig. 2. Autocorrelation trace and optical spectrum of
{a)110-GHz 800-fs bright soliton train and (b) 110-GHz dark
pulse train.

part due to the difficulty of generating and measuring such
pulse forms (see, e.g., Ref. 1 and the references therein).

In this work we describe a simple all-fiber synchronous
source of both bright and dark pulses at 110 GHz based on
nonlinear beat-signal transformation techniques. The bright
and dark trains are formed by simultaneous parallel nonlinear
propagation of a high-intensity beat signal in separate sections
of dispersion-decreasing fiber' (DDF) and low-positive-GVD
dispersion-shifted fiber* (DSF), respectively. The principle mo-
tivation behind developing such synchronous sources is that
cross-correlation measurements between the dark and bright
trains can easily be made, permitting detailed studies of high-
frequency dark-pulse behavior.
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WE3  Fig. 3. Cross correlation of dark and bright pulse trains
of Fig. 2.

The experimental configuration is illustrated in Fig. 1.
Two single-trequency distributed-feedback (DFB) lasers op-
erating around 1551 nm were combined by using a 50:50 cou-
pler. The resulting beat signal (tuned to 110 GHz) was then
passed through a two-stage 1064-nm-pumped Ex**/Yh'" -doped
fiber amplifier. As much as 350 mW of average signal power
was available at the amplifier output. The signal was then split
by a coupler, 50% into the DDF (channel 1) for bright-soliton
generation and 50% into the +GVD fiber (channel 2) for dark-
pulse formation. Independent variation of the intensity in each
channel could be effected by controlied bending of the fiber
at the separate channel inputs.

Channel 1 consisted of 1100 m of low-GVD'DSF (D = 0.5
ps nm~' km ™) followed by 1250 m of DDF with dispersion
varving between 7 ps nm~' km™ " at the {iber input and =0.5
ps nm~ ' ki~ " at the output. A typical autocorrelation trace
and optical spectrum for the 110-GHz train of 800-fs pulses is
shown in Fig. 2(a). The time—bandwidth product of the pulses
was estimated to lie between 0.34 and 0.4, depending on the
pump power. and was thus close to that expected for transform-
limited sech? pulses.

Channel 2 consisted of 2350 m of ~0.5-ps nm ' km
(positively dispersive) DSF. The autocorrelation trace and spec-
trum of a dark pulse train are shown in Fig. 2(b) and clearly
demonstrate the periodicity of the pulses (110 GHz). It is im-
possible, however. to miake anv further comments as 1o the
temporal pulse quality from the autocorrelation alone because
of the large background level between dark pulses.

The synchronous generation of both bright and dark pulses.
however, permits cross-correlation measurements. The well-
defined ultrashort bright solitons [Fig. 2(a)] can thus be used
to probe the dark train [Fig. 2(0)]. The results are shown in
Fig. 3. where a cross-correlation modulation depth of >80%
is observed. The dark pulses are seen to have a width of ap-
proximately 2.4 ps (assuming a sech? form). At higher pump
powers more complex pulse evolution was observed. Note that
this particular dark pulse train is unstable and would decay on
further propagation. as observed in Ref. 3. The use of alter-
native nonlinear beat-signal conversion techniques. such as
propagation in +G\'D DDF, should result in the generation
of stable dark soliton pulses.

The measurements presented illustrate the great p()wnliilI
of this simple synchronous dual-output source for the gene™
ation and study of high-frequency dark-pulse propagation and
interaction.
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FDM three-channel fiber-optic
low-frequency voltage sensor

L. Fabiny, S. T. Vohra, F. Bucholtz, A. Dandridge, Optical
Science Division, Code 5670, U.S. Naval Research
Laboratory, Washington, D.C. 20375

We report a frequency-division-multiplexed (FDM) three-
channel fiber-optic low-frequency voltage sensor based on the
electrostriciive effect. The high-resolution device is the first,
to our knowledge. to demonstrate the measurement of three
low-frequency voltage signals with a single fiber-optic inter-
terometer and a single unmodulated laser. Measured cross talk
between channels is less than =75 dB and is demonstrated to
be u consequence of the nonlinear output of the interferometer
for lurge optical phase shifts.

Flectrostrictive materials are characterized by a quadratic
relationship hetween the applied electric field £ and the in-
duced strain e e = ME®, wheve M is the electrostrictive coef-
ticient. Fiber-optic (FQ) interferometric de and low-frequenc
voltuge sensors exploit the nonlinear transducing properties of
electrostrictive materials by mixing the voltage signal at fre-
quency 4 with a carnier or dither at a much higher frequency
o (w == ). thereby upconverting the information of interest
to i frequency region (w = ) in which 1 noise is not signit-
icant.’ The nonlinear transduction mechanism is further ex-
ploited to demonsirate an FDM three-channel FO voltage sen-
sor. Extension to muluchannel operation (N > 3) is
straightforward.

The three-channel FO Mach—Zchnder-interferometric low-
frequency voltage sensor is shown in Fig. 1. The three elec-
trostrictive transducers were of different mechanical charac-
teristics. thereby allowing euch to be driven at a carrier fre-
quency near its mechanical resonance without interfering with
the other transducers. As a test of the cross talk between sen-
sors, each transducer also had a distinct low-frequency voltage
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WF4  Fig. 1. Schematic diagram of the FDM three-channel
fiber-optic voltage sensor.
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WF4 Fig. 2. Simultaneous output power spectra from the three
lock-in amplifiers when low-frequency test signals are present:
(a) channel 1, Q,/2n = 1.0 Hz, V,, = 3.2 mV; (b) channel 2,
Q,27 = 3.5Hz, V,, = 1.3 mV; (c) channel 3, Q,/2% = 9.8
Hz, V,,. = 4.7 mV.

signal applied, with Q,/27 = 1.0 Hz, Q.27 = 3.5 Hz, and Q/
27 = 10 Hz. Three parallel phase-sensitive detectors were used
to demodulate the output (Fig. 1), and an active homodsne
technique was used to hold the interferometer at quadrature.

Power spectra from the outputs of the three lock-in am-
plifiers are shown in Figs. 2(a), 2(b), and (2¢). We clearly ob-




