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interferometry of noiselike pulses
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We demonstrate an innovative method for a real-time interrogation of fiber Bragg gratings based on low-co-

herence spectral interferometry of noiselike pulses.

By analyzing the spectral interference at the output of a

Michelson interferometer we obtained the impulse response of the grating with a time resolution of ~350 fs.
Using the Gabor transformation, we could directly detect nonuniform regions inside the grating and could
measure the spatial dependence of the resonance wavelength along the grating. © 2001 Optical Society of

America

OCIS codes: 060.2340, 050.2770.

Fiber Bragg gratings are important for various ap-
plications in optical communication systems and in
optical metrology.! Novel methods for measuring
the performance of complex gratings were recently
demonstrated (see, for example, Ref. 2). Low-coher-
ence-time reflectometry has been used to measure the
impulse response of gratings.>** However, because of
the presence of photons that are multiply scattered
and because of changes in the coherence properties of
a wave that propagates inside the grating, the impulse
response does not directly give the spatial distribution
of the grating parameters. Low-coherence reflec-
tometry performed in the frequency domain does
not require a slow mechanical scan, as is needed
in the time domain. This technique has been used
with ultrafast pulses to measure the group-velocity
dispersion of optical elements®® as well as to measure
the thickness of cover glasses by use of a multimode
continuous wave laser.”

We used low-coherence spectral reflectometry of
noiselike pulses to study the structure of fiber Bragg
gratings. By analyzing the interference spectra,
using Fourier and Gabor transformations, we found
the impulse response of the grating and the grat-
ing’s response to short pulses with different central
frequencies. We used the Gabor transformation to
find directly the spatial dependence of the resonance
frequency of the grating and to detect nonuniform
regions inside the grating. Our measurement tech-
nique requires in principle only a single pulse to
permit us to measure the whole structure of the
grating, and the technique can be important in the
manufacture of complex chirped fiber gratings as well
as for interrogating distributed fiber Bragg sensors.

In our measurements we used a laser that generates
noiselike pulses.®!! Such a laser generates pulses
with broader spectra and higher energies than those
obtained in the conventional pulsed mode in the
same laser cavity.®® Noiselike pulses had been used
previously to interrogate an array of fiber gratings
with different resonance wavelengths.!® The spatial
resolution of the measurement was determined by the
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pulse duration (nanoseconds). Using the technique
described in this Letter, we could increase the spatial
resolution of the measurement to the order of the
effective coherence length of our system (=40 um).
Figure 1 is a schematic diagram of the experimen-
tal setup. Our low-coherence source was a passively
mode-locked erbium-doped fiber laser that generates
noiselike pulses with an average power of 20 mW, a
spectrum width of as much as 70 nm, a pulse dura-
tion of 2 ns, and a repetition rate of ~10 MHz. The
laser output was split by a coupler. Part of the laser
beam that was reflected from the grating interfered
with another part of the beam that was reflected by a
mirror. The optical paths of the two reflected beams
were chosen to be similar but not equal, as explained
below. A polarization controller was used to produce
equal polarization states of the two interfering pulses.
Figure 2 shows a typical interference spectrum mea-
sured for a nearly uniform grating with the reflection
spectra shown in Fig. 3(a). Because the wave that is
reflected from the grating interferes with a strong ref-
erence wave that is reflected by a mirror, the intensity
of the interference component becomes significantly
stronger than the intensity of the wave that was re-
flected by the grating. Therefore we were able to mea-
sure the interference spectrum far outside the Bragg
zone of the grating, as shown in Fig. 2. The speed of
our measurement was limited by the sweep time of the
spectrum analyzer, 0.5 s, that we used to measure the
interference spectrum. In principle, we need only a
single pulse to map the whole grating. Therefore the

Grating
Low-coherence
Noiselike fiber laser
Optical Spectrum .A‘
Analyzer

PC Mirror
Fig. 1. Schematic diagram of
setup: PC, polarization controller.
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Fig. 2. Typical interference spectrum measured for a

nearly uniform grating with the reflection spectrum
shown in Fig. 3(a).
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Fig. 3. Experimental impulse response and the corre-
sponding reflection spectra (a) of a nearly uniform grating
and (b) of a linearly chirped grating used for dispersion
compensation.

speed of the measurement can be significantly reduced
by use of a spectrum analyzer based on a grating and
an array of detectors.

Because fiber gratings are linear devices, they can
be analyzed by use of the impulse response of the grat-
ing for the reflected wave, A(¢).1> Assuming that e(¢)
is the amplitude of the pulses generated by the laser
and that R is the coupling ratio of the fiber coupler,
the field at the spectrum analyzer input equals e,(¢) =
RY2(1 — R)Y?[e(t — 7¢) + e(?) * h(¢)], where 7 is the
average delay between the arrival times of the pulse
reflected by the grating and the pulse reflected by the
mirror and * is a convolution operator. The output of
the spectrum analyzer is proportional to the time aver-
age of the spectrum intensity, (I(w)) = T{E(w)|?)[1 +
|H(w)|? + H(w)exp(iowty) + c.c.]* Hy(w), where H(w)
and E(w) are the Fourier transforms of A(¢) and e(¢),
respectively, H;(w) is the response function of the spec-
trum analyzer caused by the analyzer’s finite resolu-
tion, T'= R(1 — R), and () denotes an average over a
time period greater than the pulse duration. The in-
verse Fourier transform of the interference spectrum
gives

p(t) = T[C,(t) + Cu(t) * h(t) = h*(—t) + C,(t)
# h(t — 70) + Colt) * B (=t — m0)]hs(t), (1)

where hg (f) and p(f) are the inverse transforms
of Hyw) and {(I(w)), respectively, and C.(¢) =

(e(t) = e*(—t)) is the autocorrelation function of the
input pulse. The third and fourth terms in Eq. (1)
contain information on the impulse response of the
grating. When autocorrelation function C,.(¢) is sig-
nificantly narrower than the impulse response of the
grating, the third and the fourth terms in Eq. (1) are
approximately equal to the impulse response function
h(t) centered about ¢ = *73. The first two terms in
Eq. (1) are centered about ¢ = 0 and can be filtered
out when delay 7 is greater than the duration of
the autocorrelation function of the impulse response,
h(t) = h*(—t).

The time resolution of the impulse response is de-
termined by the width of the autocorrelation trace,
C.(¢). In our experiment the effective bandwidth of
the measurement was limited to ~AA = 20 nm owing
to the sensitivity of the spectrum analyzer. Assuming
a spectrum with a Gaussian line shape, the time reso-
lution of our system equals 8¢ = 4 In(2)A¢2/mcAX =
350 fs, where A is the central wavelength and c is
the velocity of light. This time resolution, §¢, corre-
sponds to a spatial resolution of 37 um. The maxi-
mum grating length that could be measured equals
Liax = 21n(2)A¢%2/7nd A, where 6 is the resolution of
our spectrum analyzer and n is the refractive index.
According to the specifications of our spectrum ana-
lyzer the resolution is §A = 0.015 nm and therefore
the maximum grating length is 4.8 cm. In practice,
we could measure lengths up to ~7 cm.

Figure 3 shows the experimental impulse responses
and the reflection spectra, obtained when the reference
beam was blocked, for a nearly uniform fiber grating
written with an UV laser and a phase mask [Fig. 3(a)]
and for a chirped grating [Fig. 3(b)]. We note that the
fluctuations in the impulse response of the chirped
grating are caused by the grating structure and not
by noise. The shape of the impulse response did not
change from one measurement to another.

The impulse response of a grating gives the grat-
ing structure directly only when the reflection from
the grating is weak.”® In a strongly reflecting
grating the impulse response does not directly give
the grating structure because photons are multi-
ply scattered and because the coherence properties
of the pulse are destroyed as the pulse propa-
gates inside the grating owing to the reflection
of part of the frequency components by the grat-
ing. Therefore the impulse response cannot be
directly used to extract the profile of the grating,
and it can be used only to extract some parame-
ters of the grating such as its magnitude and length,
assuming that the grating profile is known.? We
used the Gabor transformation!* to extract directly
some important information on the grating structure
without the need to use complex and time-consuming
calculations based on inverse scattering theory.'’* We
have also developed a simple iterative method for
extracting the refractive-index profiles of gratings
with moderate reflections.'*

The Gabor transformation of interference spectrum
I(w) is G¢t,Q) = [T . Iw)W(w — Qexp(—iwt)dw,
where W(w — Q) is a window function centered at
frequency . When the window function is narrower
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Fig. 4. Gabor transformation of the interference spectra
measured for the chirped grating shown in Fig. 3(b), and
dependence of the resonance wavelength of the grating
on the location calculated from the Gabor transform. A
Gaussian window with a width of 0.1 nm was used in the
calculations.
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Fig. 5. Gabor transformation of the interference spectra
measured for the nearly uniform grating shown in Fig. 3(a),
and the cross section at A = 1545. A Gaussian window
with a width of 3 nm was used in the calculations.

than the bandwidth of spectrum I(w), Gabor transform
G(t, Q) gives the time response of the grating for pulses
with a spectrum W(w — ) centered at a frequency ().
Figure 4 shows the results of the Gabor transformation
for a chirped grating used for dispersion compensation.
The window function had a Gaussian line shape with
a bandwidth of 0.1 nm. Figure 4(a) shows the de-
pendence of the average wavelength of reflected wave
A= [T AG(z = tc/2n, NdA/ [~ G(z = tc/2n, A)dA
on the location inside the grating, z, assuming that
the arrival time, ¢, and the location are linearly
connected: z = tc/2n. The result of Fig. 4 shows
that the resonance wavelength of the grating depends
linearly on location z, as expected for a linearly
chirped grating. The slope of the change in the
resonance wavelength is ~1190 ps/nm, in accordance
with the specified group-velocity dispersion for that
grating, 1120 ps/nm. The small difference between
the results is caused at least in part because the
reflection from each region inside the grating has a
finite bandwidth and therefore each region can reflect
frequency components that are slightly different from
its resonance frequency.

Figure 5 shows the Gabor transformation for a
nearly uniform grating and its cross section at a
wavelength A = ¢/Q = 1545 nm located far outside the
central wavelength of the Bragg zone, 1o = 1541.5 nm.
The window function had a Gaussian line shape with
a bandwidth of 3 nm. This figure and theoretical

analysis indicate that pulses with frequency compo-
nents outside the Bragg zone are strongly reflected
only from nonuniform regions of the grating, such as
the boundaries. Nonuniform regions of the grating
can be considered thin gratings with broad reflection
spectra. Therefore such regions can strongly reflect
frequency components located far outside the Bragg
zone of the whole grating. The two strongest peaks
shown in Fig. 5 are caused by the boundaries of the
grating. The distance between those peaks, 2 mm,
is in accordance with the size of the slit used dur-
ing writing of the grating, 2 mm. Our theoretical
analysis indicates that the Fresnel reflection caused
by changes in the average refractive index at the
boundaries is negligible in our grating, since this
reflection is obtained from an interface, whereas the
reflection from the grating is obtained from a finite
section of the fiber.

In conclusion, we have developed a simple method
for obtaining the impulse response of fiber Bragg grat-
ings, based on low-coherence spectral interferometry of
noiselike pulses. Our method requires a single pulse
for interrogation of the whole grating. Using Gabor
transformation, we directly obtained important infor-
mation on the structure of the grating.
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