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Abstract — A novel technique to realize true time
reversal of an optical signal, using dynamic Brillouin
gratings in high-birefringence fibers, is proposed. A
data sequence of optical pulses with 2-ns duration
was efficiently time-reversed. A numerical simula-
tion of the process confirmed the experimental re-
sults.

1. INTRODUCTION

Time reversal of low frequency signals in electro-
magnetism and acoustics has been theoretically
and experimentally demonstrated [1, 2, 3, 4], and
present several potential applications in communi-
cations, medicine and material analysis. For exam-
ple, in radio frequency transmission compensation
of multipath interference can be realized through
the time reversal mirrors [2].

Experimental demonstration of ultrafast optical
waveform time reversal has been also achieved,
using various physical phenomena such as spec-
trally decomposed-wave mixing [5, 6], photon echo
[7], spectral hole-burning holography [8] and time
lenses [10].

In this contribution, we propose and experimen-
tally demonstrate a novel technique to perform true
time reversal (TTR) of optical signals in an all-
fiber configuration, by exploiting dynamic Brillouin
gratings (DBG) in polarization maintaining (PM)
optical fibers [9]. The proposed setup is simpler
with respect to the all-fiber time-lens proposed in
[10], and so very attractive for applications in opti-
cal communications and microwave-photonics [11].
The experimental results are corroborated by nu-
merical simulations of the process. In sec. 2, we
introduce the basic principle of the TTR obtained
through DBG. In sec. 3 and sec. 4, we present and
explain the setup for the experiments and the sim-
ulations, respectively. Finally, in sec. 5, we make
the comparison between the experimental and the
simulations results.

Proceedings XVIII RINEm (2010)

2. PHYSICAL PRINCIPLE OF TIME
REVERSAL

Light storage and retrieval in optical fibers has
been successfully demonstrated [12, 13] by exploit-
ing stimulated Brillouin scattering (SBS) of two
counter-propagating optical pulses: a data wave-
form, at frequency Vé” and a write pulse at fre-
quency v, . If the ufi” — vy = vp (about 10 GHz in
silica fibers) an acoustic wave is generated through
the electrostriction effect. The acoustic wave re-
tains the characteristics of the data waveform and
actually longitudinally modulates the fiber refrac-
tive index, thus creating a spatially localized grat-
ing. The DBG decays on a time scale of several
ns and moves at the sound speed; so, over the
short time of its life, it can be considered static.
A new light beam (read pulse) injected from the
same side of the write pulse and with the same fre-
quency of the write pulse, can be scattered onto the
DBG, thus enabling the original optical waveform
to be retrieved [12, 13]. In PM fibers, the stor-
age/retrieval processes can be decoupled by using
separate orthogonal states of polarization aligned to
the birefringence axis [9, 14] for the read and write
pulses. In fact, the acoustic wave equally scatters
all light polarizations owing to its longitudinal na-
ture.

However, if the read pulse is injected from the
other side with respect of the write pulse the scat-
tered waveform is a time reversed version of the
stored data. This principle is illustrated in Fig.
1. The linearly polarized input data sequence,
Air(t), and the counter-propagating (write) pulse,
A (t), are launched along the slow axis of a PM
fiber. The signals interact through SBS and gener-
ate the acoustic wave, Q). The reading pulse, A,
linearly polarized along the fast axis is launched
just after the data sequence, thus interacting with
the stored acoustic wave and generating a counter-
propagating output waveform, A5“*(t), which is po-
larized along the fast axis and have a frequency
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Figure 1: Process for the realization of TTR in PM fibers via DBG.

v9" = v, —vg. The part of the input sequence

which was stored last is the first to be retrieved
and so TTR is realized. Besides frequency match-
ing, phase matching conditions between the optical
waves and the acoustic waves must also be satisfied
for the process to occur and one gets:

vy = (1 4+ An/ng)vi (1)

where An = ng, — ny is the refractive index differ-

ence between orthogonally polarized waves, due to
the fiber birefringence [9, 14].

3. EXPERIMENTS

To realize the experimental setup implementing the
scheme of Fig. 1, a commercial distributed feed-
back (DFB) laser diode operating at a wavelength
of 1535 nm is used as a light source and its output
is split using a directional coupler.

On one branch (write) the radiation is fast-
optically gated through an electro-optic Mach-
Zehnder modulator (EOM), generating a pulse
train with FWHM duration of 2 ns at a 1 MHz
repetition rate. The write pulse is then generated
by boosting the amplitude, using a high power Er-
bium doped fiber amplifier, (EDFA), up to a peak
power of 160 W. The read pulse is generated in a
similar way using a different DFB laser.

On the other branch, the data input pulse is ob-
tained first by modulating the laser signal, through

J

another EOM, at the Brillouin frequency shift. An
adequate DC bias applied to the modulator en-
ables a complete suppression of the carrier, so that
only two sidebands remain at EOM output. The
higher-frequency sideband is then removed with
a filter (through a fiber Bragg grating); another
EOM is used to generate a data waveform pulse
with identical duration and repetition rate of the
write pulse. The data sequence was obtained by
combining three, differently delayed replicas of the
data pulse finally obtaining a 101001 digital data
sequence. The peak power is amplified using an
EDFA to achieve the peak value of 500 mW. The
input data pulse time trace is shown in Fig. 2.
The data and write pulses are linearly polarized to
match PM fiber axes using polarization controllers.

Accurate synchronization of data, write and read
pulses is realized to assure that the DBG is gener-
ated and read well before it disappears (data - read
time delay of about 1.5 ns). The carrier frequency
of the read pulse is also precisely tuned in order
to satisfy the SBS phase matching conditions 1),
which yields v, — v, ~ 42GH z.

4. MODEL

The process of DBG formation and TTR retrieval
is governed by the following equations:

8213” * 513%? = —mgpQAu + (AT *) AT, 2)
—%5“% = mgpQ AT + jnav(|Au|?) Aw, (3)
8A—;8z 51f% = —mgpQAT + jnoy(|AL?)A,, (4)

- &gzut + Bif agéut = mgQ* A, + jny(JATY?) AGY, (5)
273%? FQ = AgAL + (AJU) A, ©)
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Figure 2: Input data sequence, composed by 6 bits Figure 4: Comparison of simulation results with-
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Figure 3: Comparison of experimentally (green
curve) and numerically (black curve) reversed se-
quence, with ideally reversed input sequence (blue
curve). Write/read pulses of 2ns duration.

where all waves A7, AJ“ A, A,,Q are func-
tions of time ¢ and space z. The main difference
with Eqgs. of ref. [14] is that the self phase mod-
ulation is taken into account because of the high
peak power (>100 W) of the write/read pulses. The
simulations are performed by numerically integrat-
ing Eqgs. 2-6, through a split-step method. The
parameters are set as the measured or estimated
fiber parameters: fiber length L = 20 m, data
central wavelength Ay = 1535 nm, fiber birefrin-
gence An = 5-107*, SBS shift vz = 10.93 GHz,
SBS gain gg = 5107 m/W, acoustic wave
lifetime 75 = 4 ns, nonlinearity coefficient v =
261073 m™ W=t np = 2-107% Q7! and
N2 = 8- 107 QO 'm? are normalization factors.
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out (black curve) and with (red curve) the expo-
nential post-correction (write/read pulses of 0.25ns
duration) with ideally reversed input sequence (blue
curve).

5. RESULT ANALYSIS

In Fig. 3, TTR is experimentally demonstrated
(green curve); the agreement with the numerical
results (black curve) obtained with the input se-
quence of Fig. 2 is good. The weak leading pulse
for 99.5 < t < 101.5 ns is not observed numerically
and is imputed to an imperfect coupling into the
PM or a residual write pulse). Let us also notice
that the output pulses are broader and weaker of
those of an ideally reversed sequence (blue curve).
The difference in the peak height is mainly due to
the fact that the acoustic wave decays exponentially
(exp[—t/(27p)]) while stored. So, the first bit to be
stored, i.e. the last to be retrieved, is affected by a
larger decay.

The pulse broadening, which is captured by the
model is due to a spectral filtering effect; in fact
during the write and read phase a convolution of
pulses occurs, as can be demonstrated by direct in-
tegration of eq. 6. The explanations given for the
observed experimental distortions are confirmed in
Fig. 4, where we show the results of the same nu-
merical integrations of Eqs. 2-6, with the input se-
quence of Fig. 2, by using shorter write/read pulses
(0.25 ns) (black curve) and with a numerical post-
compensation of the exponential decay (red curve).

6. CONCLUSIONS

A novel method to achieve true time reversal of
optical signals has been proposed by exploiting dy-
namic Brillouin gratings in polarization maintain-
ing fibers has been theoretical and experimentally
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demonstrated. A data sequence of 6, 2-ns optical
bits has been experimentally time reversed. The
numerical analysis is in good agreement with exper-
iments and demonstrates that high-fidelity reversal
can be achieved. Possible applications in electro-
magnetics [3] and MWP [11] can be envisaged.

The research leading to these results has re-
ceived funding from the European Community’s
Seventh Framework Programme (FP7/2007-2011)
under grant agreement n. 219299 GOSPEL.
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