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We design and demonstrate an all-optical temporal differentiator based on a simple Moiré fiber grating
operated in reflection. The simulation results prove that a single Moiré fiber grating with only one m-phase
shifted point can act as the first-order temporal differentiator and that a Moiré fiber grating incorporating
two symmetrical m-phase shifted points can act as the second-order temporal differentiator. A practical
Moiré fiber grating is fabricated, thereby proving that such a grating can act as the first-order temporal
differentiator. Our results verify the feasibility, flexibility, and accuracy of the proposed method.
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Recently, all-optical circuits implemented for all-optical
computing and signal processing have attracted sig-
nificant attention due to the exponential development
of photonics technologies. Such devices operated in
the optical domain can provide a wider bandwidth and
higher operating speed than devices operated in the
conventional-electronics-based system. One of the fun-
damental devices, the temporal differentiator, has been
designed and researched by several groups. A temporal
differentiator can transform the field complex profile of
an optical signal to its differential signal immediately.
Aside from applications in the all-optical computing and
signal processing fields, a temporal differentiator has a
wide variety of applications in other areas, such as pulse
characterization!!?!, femtosecond pulse shaping!®%, ul-
trashort pulse train generation), and high-speed optical
communication©].

Currently, several technologies have been proposed
to realize a temporal differentiator theoretically and
experimentally. In general, these reported temporal
differentiators can be classified into two categories: inco-
herent and coherent!”). Incoherent optical differentiators
based on cross-gain modulation in a semiconductor opti-
cal amplifier have been reported since 200789, The inco-
herent optical differentiator operates on the optical inten-
sity, instead of the field complex profile, of an initial op-
tical signal. Many methods have been proposed to realize
the coherent optical differentiator, including the use of
silicon micro ring resonator('?), long-period fiber grating
(LPFG)'12 and optical interferometer!*3l. The silicon
micro ring resonator can offer an operational bandwidth
in the tens of gigahertzs!'?, whereas the experimentally
proven differentiator based on LPFG offers operational
bandwidth up to many terahertzs. However, the long-
period fiber grating is extremely sensitive to environ-
mental changes!”'%. In addition integral differentiator
(the differentiation order is an integer) and fractional
differentiators have been proposed since 2008, including
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the use of a Mach-Zehnder interferometer*5!, LPFGH16,
and tilted fiber grating'”). The differentiation order can
be continuously adjusted when the tilted fiber grating
acts as a fractional differentiator[!”). High-order tem-
poral differentiator can be obtained by concatenating a
linearly chirped fiber Bragg grating with the first-order
temporal differentiator!*®! or by using a long-period fiber
Bragg grating that provides full energy recou]pling from
the cladding mode back into the core mode*!.

In this letter, we design and demonstrate a single
Moiré fiber grating to realize an all-fiber temporal
differentiator that utilizes the mathematical existence of
exact m-phase shifted points when the refractive modula-
tion profile of the Moiré fiber grating passes through the
zero point. The operational bandwidth of the proposed
method is from many gigahertzs to many tens of giga-
hertzs. In addition, the Moiré fiber grating has a higher
tolerance to the environmental changes than the LPFG.
Therefore, our proposed differentiator can be widely used
in all-optical communications. The first- and second-
order temporal differentiators are designed as examples
in this letter. The simulation results prove that a sin-
gle Moiré fiber grating with only one w-phase shifted
point can act as the first-order temporal differentiator.
The second-order temporal differentiator is achieved by
a Moiré fiber grating incorporating two symmetrical 7-
phase shifted points. Good waveform matches between
the ideal differential signal and the output temporal
waveform are recorded for both of the first- and second-
order temporal differentiators. Thus, practical Moiré
fiber grating is fabricated, thereby proving that such a
grating can act as the first-order temporal differentiator.

We suppose that the temporal waveform of the initial
input signal is described as u(t), and that the frequency
waveform is described as U(w). In addition, the tem-
poral waveform of derivative signal can be written as
v(t) = dNu(t)/dt", and V(w) is the frequency domain
expression of v(t). The basic relationship in the fre-
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quency domain between initial signal u(t) and differential
signal v(¢) is based on the derivative properties of Fourier
transform. We can easily prove that the spectral response
function of an Nth-order temporal differentiator is given

by
V(w)/U(w)ooli(w — wo)]Y, (1)

where wy represents the center frequency of initial signal
u(t) and i = v/—1 is the imaginary unit. Notably, energy
depletion occurs at the signal center frequency wy. Thus,
an exact m-phase jump should be introduced in the cen-
ter frequency for odd-order temporal differentiator as a
result of the existence of imaginary unit. For the first-
order differentiator, the amplitude response depends lin-
early on the frequency; thus, the m-phase jump should
be introduced. For the second-order differentiator, the
amplitude response function is a parabolic curve.

Using two uniform phase masks with slightly different
period superimposed in a conventional photosensitive
fiber, a Moiré fiber grating can be fabricated easily. The
refractive index modulation of the grating is written as

H(w) =

An(z) = émy [l—l—cos(i—jz—l-qh)} +0ny {14—605([2&—7;24—4%)2)} ;
(2)

where A; and Ay are the periods of the phase mask,
oni; and dno are the average refractive index modu-
lations, and ¢; and ¢o are the initial phases of the
refractive index modulation corresponding to the first
and second fiber gratings, respectively. Conventionally,
dn1=0n1=0n; therefore, Eq. (2) can be rewritten as

2
dn(z) = 26n+26n cos ( ZZ @)
2mz ¢1 P2
cos (- + F57). (3)
where A, = /2\/\_1&2 and Ay = KA“[\XQ Here, a Moiré fiber

grating can act as a rapid variable structure (the period
is A¢) with a slowly varying profile (the period is Ag). We
can easily prove that the refractive index modulation of
the Moiré fiber grating has exact m-phase shifted points
when the slowly varying envelope passes through the zero
point'. The response characteristic of the Moiré fiber
grating is decided by the number and the location of the
m-phase shifted points. Conventionally, the number of
the m-phase shifted points is decided by the period of
the slowly varying profile and the length of Moiré fiber
grating. The locations of 7w-phase shifted points depend
on the initial phase of the refractive modulation. When
the m-phase shifted point is located at the center of the
Moiré fiber grating, the resonance dip has a lower reflec-
tion, which may cause energy depletion. Therefore, the
key point in the design is choosing the rational period
and the initial phase of the Moiré fiber grating.

The calculations and analyses following describe the
use of a Moiré fiber grating to realize the temporal
differentiator. The first- and second-order optical tem-
poral differentiators were designed as examples in this
letter. For the Moiré fiber grating, the m-phase shifted
point of the refractive index modulation is an equivalent
element with a short section of fiber with the 7 trans-
mission phase. Therefore, the Moiré fiber grating could

be treated as an interferometer. As expectation, a nar-
row resonance dip was found at the center of stopband
of the Moiré fiber grating because the phase shift of
the refractive index modulation was exactly equal to .
According to the above discussion, the reflection phase
of the Moiré fiber grating for the first-order temporal
differentiator needs an exact m-phase jump in the cen-
ter frequency. Therefore, the Moiré fiber grating for
the first-order differentiator maintains only one m-phase
shift point along the fiber axis. In order to ensure an
adequate resonance dip in the center frequency, the ini-
tial phase differentia ¢; — ¢ must equal 0, which means
that the m-phase shifted point of the refractive index
modulation must be located at the center point of the
fiber. For the second-order temporal differentiator, the
reflection phase does not need a w-phase jump; rather,
the Moiré fiber grating incorporates two symmetrical
m-phase shifted points.

Figure 1(a) shows the refractive index modulation
of the designed Moiré fiber grating for the first-order
differentiator. The length of fiber grating was 10 mm and
the periods of the fiber grating were 535.481 and 535.51
nm. Therefore, the period of slowly varying profile
was approximately 19.8 mm, which means that only
one m-phase shifted point existed along the fiber axis.
The maximum refractive index modulation was approxi-
mately 1 x 107%. Because Moiré fiber grating used was
a non-uniform fiber grating, calculating the frequency
response function with an analytic expression would be
difficult. Therefore, a transfer matrix method was ap-
plied to calculate the reflection amplitude and phase.
Figure 1(b) shows the reflection amplitude and phase
of the Moiré fiber grating designed for the first-order
differentiator. As expected, a m-phase jump occurred in
the center frequency, and the reflection amplitude was
approximately linearly dependent on the frequency in the
reflection dip. These phenomena demonstrate that the
required amplitude and phase features are satisfied for
the first-order differentiator. The operational bandwidth
of the designed temporal differentiator was limited by
the refractive index modulation amplitude. The reflec-
tion bandwidth of the Moiré fiber grating became wider
with the increasing of amplitude of the refractive index
modulation. This phenomenon illustrated that the band-
width of the resonance dip (the operational bandwidth)
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Fig. 1. (a) Refractive index modulation and (b) reflection
amplitude and phase of the first-order differentiator; (c) re-
fractive index modulation and (d) reflection amplitude and
phase of the second-order differentiator.
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Fig. 2. (Color online) Comparison between the ideal
differential signal and the output signal from the designed

differentiators: (a) the first-order and (b) the second-order
differentiators.

becomes narrower. Figure 1(c) shows the refractive index
modulation envelope of the Moiré fiber grating designed
for the second-order differentiator. Two w-phase shifted
points are symmetrically located along the fiber axis.
The periods of the phase mask were chosen as 535.466
and 535.523 nm. Therefore, the period of slowly varying
profile was approximately equal to the length of fiber
grating. Figure 1(d) shows the reflection amplitude and
phase of the Moiré fiber grating. From Fig. 1(d), we
can see that no m-phase jump is present in the center fre-
quency.

In order to verify the performances of the designed
first- and second-order differentiators, we simulated
an initial optical signal passing through the designed
differentiators. The waveform of the initial pulse is cho-
sen as a transform-limited Gaussian pulse; therefore, the
expression of the initial pulse can be written as

2
E(t) = Epexp [— %(%) }
+oo . ’ (4)

Ew) = ffoo E(t) exp[—iwt]dt

where Ej is the amplitude of the pulse and 7 is the half
pulse width at the e~! intensity point. Conventionally,
the bandwidth of the initial pulse should be narrower
than the bandwidth of the reflection dip, and the cen-
ter frequency must equal the frequency of zero reflec-
tion point exactly. The half pulse width 7 was chosen as
100 ps. Accordingly, the spectral bandwidth of the initial
pulse was narrower than the bandwidth of the reflection
dip.

Figure 2 shows the simulation results of the tem-
poral responses of the first-order and second-order
differentiators. The differential temporal waveform can
be calculated from the output frequency waveform of the
Moiré fiber grating by inverse Fourier transform. The
output frequency waveform was calculated by multiply-
ing the amplitude of the initial pulse and the spectral
response of the Moiré fiber grating. A good waveform
match was easily found between the ideal differential sig-
nal (drawn with red solid line in Fig. 2) and the output
temporal waveform achieved from the Moiré fiber grating
(drawn with blue solid line in Fig. 2) for both of the first-
and second-order temporal differentiators. The temporal
profile of the input signal is drawn as a black line in Fig.
2. The deviation of the differentiator is calculated by

Doy — I | B (t) = Brgear (8)]* dt 5
I2 | Bigea ()] dt

The deviations were approximately 1.42% and 0.9% for
the first- and the second-order differentiators, respec-
tively. In actuality, the deviation of the differentiator
is related to the bandwidth of the initial pulse. The
deviation will become larger when the bandwidth of the
initial pulse becomes wider as result of the deviation
between the required linear amplitude response and the
amplitude response of the Moiré fiber grating becoming
larger. However, we believe that, when the bandwidth is
narrower than the bandwidth of the reflection dip, the
resulting deviation will be small. The simulation results
verify the feasibility, flexibility, and accuracy of our pro-
posed method.

In order to verify the feasibility of this method, we fab-
ricated a Moiré fiber grating using two optical gratings
with slightly different periods in a single optical fiber us-
ing the phase mask method. The UV beam was focused
by a cylindrical lens to radiate a uniform phase mask on
top of a photosensitive optical fiber. We first fabricated
a uniform fiber grating in a photosensitive optical fiber
approximately 30-mm long. The second fiber grating
was superimposed in the same optical fiber by pulling
the fiber to a longer length using a fine mechanism.
The period of the second fiber grating was controlled by
changing the pulling force of the mechanism. A real-time
monitoring system was used to measure the spectrum re-
sponse of the Moiré fiber grating. A satisfactory Moiré
fiber grating could be fabrication by real-time control of
the fine mechanism. Only one w-phase shift point was
introduced in our fabrication. The spectrum response of
the Moiré fiber grating was measured (see Fig. 3). As
shown in Fig. 3, the resonance dip of the Moiré fiber
grating is located at 1548.04 nm and the operational
bandwidth of the reflection dip is approximately 0.2 nm.

Based on the prepared Moiré fiber grating, we built
a platform to measure the temporal response of Moiré
fiber grating. An optical pulse was generated from a
mode-locking fiber laser with saturable absorbency. The
center wavelength of the fiber laser can control the lo-
cation of the resonance dip of the Moiré fiber grating
approximately by tuning the two polarization controllers
in the fiber laser. Actually, the temporal waveform of the
laser pulse cannot be easily directly measured by an os-
cilloscope because of the short time window of the pulse.
An autocorrelator?” was used to measure the temporal
waveform (see Fig. 4). Figure 4 also shows the Gaus-
sian fitting curve of the input pulse. The input pulse,
which can be considered as an ideal Gaussian pulse, has
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Fig. 3. Spectral response of the Moiré fiber grating.
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Fig. 4. Autocorrelation trace of the input pulse.
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Fig. 5. (Color online) Autocorrelation trace of the ideal
differential signal and reflection signal from Moiré fiber grat-
ing.

a pulse width of approximately 15.6 ps. The optical
pulse passes through the Moiré fiber grating; thus, the
reflection pulse can be obtained by an optical circulator.
Using this method, the autocorrelation trace of the re-
flection signal achieved from the Moiré fiber grating is
measured, and is drawn as a black solid line in Fig. 5.
The autocorrelation trace of the ideal differential signal
is also displayed as a red solid line in Fig. 5 for compari-
son. Figure 5 shows a basic waveform match between the
ideal differential signal and the temporal signal reflected
from the Moiré fiber grating. The deviation here is much
larger than in the simulation result due to the non-zero
reflection dip of the prepared Moiré fiber grating intro-
duced in the resonance dip and the limited operational
bandwidth of the Moiré fiber Bragg grating.

In conclusion, we design and demonstrat a single
Moiré fiber grating to realize an all-fiber temporal
differentiator. The first- and second-order temporal
differentiators are designed as examples. The first-order
temporal differentiator is realized by a Moiré fiber grat-
ing with only one 7w-phase shifted point. The second-
order temporal differentiator is achieved by a Moiré fiber

grating incorporating two symmetrical w-phase shifted
points. A good waveform match is achieved between the
ideal differential signal and the output temporal wave-
form achieved from the Moiré fiber grating for both of
the first- and second-order temporal differentiators.
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