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Abstract—1In this letter, a multiexposure technology for sampled
Bragg gratings is proposed and investigated for the first time. Com-
bined with reconstruction-equivalent-chirp technology, the useless
zeroth-order channel can be eliminated and the +1st-order chan-
nels can be enhanced significantly. The proposed method is ap-
plied experimentally to achieve a dual-wavelength fiber laser and
is studied both numerically and experimentally in two ways for
the optical code-division multiple access en/decoding system. Its
properties may lead to more efficient design and fabrication of
grating-based optical devices.

Index Terms—Bragg gratings, dual-wavelength fiber laser, op-
tical code-division multiple access (OCDMA) en/decoding.

1. INTRODUCTION

RAGG gratings have proven attractive in a wide va-
B riety of fiber-optic applications [1]-[4], such as dis-
tributed-feedback (DFB) lasers, optical code-division multiple
access (OCDMA) en/decoders, dispersion-compensating grat-
ings, fiber sensors, etc. To realize complex filter functions,
complicated phase shifts and chirps are needed, which re-
quire expensive and precise nanometer-scale fabrication. To
overcome this limit, reconstruction-equivalent-chirp (REC)
technology has been proposed to produce desired equivalent
phase shifts and chirps in all nonzero-order channels of a sam-
pled Bragg grating (SBG) [5] by modulating sampling periods
under a submicrometer precision. However, although many
fiber-optic components have been realized by REC technology
(e.g., recording OCDMA en/decoders [6], DFB fiber lasers
[7], semiconductor lasers [8] and special filters [9]), the basic
sampling structure makes at least half of the grating useless,
which greatly decreases the efficiency of the devices. Usually
the =+ Ist-order channels have the biggest effective index modu-
lation among all nonzero-order channels. However, even if the
duty cycle is fixed as 0.5 to reach the maximum effective index
modulation, the +1st-order channels are born weak at about
1/3 of the peak index modulation (index modulation in uniform
Bragg gratings) and at about 2/3 of the zeroth-order channel
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Fig. 1. (a) Illustration of a single sampling period in OSBG; (b) DESBG;
(c) TESBG; (d) QESBG. There are three general steps to fabricate a DESBG.
1) The hydrogen-loaded fiber is illuminated by a 244-nm ultraviolet (UV)
laser beam through a phasemask. An OSBG is formed through turning ON and
OFF the laser beam moved by a computer-controlled submicrometer precision
transducer (first exposure). 2) Move the UV laser beam back to the original
position and then move the phasemask by a PZT to obtain the desired phase
difference. 3) Write the grating in the second part of the sampling period in the
same way as step 1 (second exposure). To fabricate a TESBG or a QESBG,
steps 2 and 3 need to be repeated two or three times.

of SBG. In this letter, a multiexposure technology is proposed.
In a double-exposure SBG (DESBG) with antiphase gratings,
the zeroth and all even-order channels are eliminated and the
strengths of all odd-order channels are doubled. Triple-exposure
SBG (TESBG) and quadruple-exposure SBG (QESBG) are
studied numerically to indicate that it is possible to eliminate
one of the +1st-order channels and to further enhance the other
one. The combination of the multiexposure technology and the
REC technology may lead to better performance of low-cost
and high-end grating components.

II. PRINCIPLE

Equivalent phase shifts and chirps can be achieved by ad-
justing the sampling periods of an SBG [7]-[9]. Commonly, a
period of an original SBG (OSBG) is divided into two equal
parts (i.e., with a duty cycle of 0.5), and the grating is written
only in the first part. In multiexposure technology, every sam-
pling period P is divided into n equal parts, and the gratings
with the same grating pitch are written in each part with dif-
ferent phases. Fig. 1 gives an illustration of a single period of
OSBG, DESBG, TESBG, and QESBG. According to Fourier
analysis, the Fourier coefficient of the mth-order channel can
be

1
F,, =

p -
= F/O s(z) - e/ (P/2) (1)

where z is the position along the fiber and s(z) is the unit sam-
pling function. In an OSBG or a DESBG, the Fourier coeffi-
cients correspond to the grating strength, and for the zeroth and
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Fig. 2. Calculated transmission spectra of an OSBG, a DESBG, a TESBG, and
a QESBG with 7 equivalent phase shifts provided by REC technology.

=+ 1st channels, they can be obtained by
1 1
Fy = §(A—|—B) Fy = ﬁ(A—B). 2)

A and B correspond to s(z) of the first and the second part
of a sampling period. For an OSBG, grating is imprinted only
in the first part of the sampling period (A = 1 and B = 0),
then |Fy| = 0.5 and |Fy1| = 0.32. For a DESBG, when an
antiphase grating is written on the second part (A = 1 and
B = €™ = —1), then |Fy| = 0 and |F41| = 0.64, which
means the zeroth-order channel is eliminated and the strength
of the +1st-order channels is doubled.

As for TESBG, the Fourier coefficients can be obtained by

A+ B
gy A+ B+0)
3
Fi2n/3 _ 1 ) )
F:I:l — (e : )(A + Be:F7,27T/3 + Ce:F7,47T/3)
12T
3 4 4
Fiy = \/_(A . BeFidn/3 + Ce;z&r/?)) Fi3=0 (3)

2T
where C corresponds to s(z) in the third part. It can be seen that
the £ 1st-order channels are no longer equal. When the phases
of the three parts are 0, 27 /3 and 47 /3, the Fourier coefficients
can be obtained as: |Fy| = 0, |Fy| = 0.83, |F_1| = 0, |F3| =
0, and |F_s| = 0.41. Only the 1st and —2nd channels exist
from the —3rd to the third-order channels. More importantly,
the effective index modulation of the first channel reaches 83%
of the peak index modulation.

Similarly, in a QESBG, when the phases of the four parts are
0, 7/2, 7, and 37 /2, only the 1st and —3rd channels exist from
the —4th to the 4th channels, with |F;| = 0.90 and |F_3| =
0.30.

Conclusively, in an n-time exposure SBG, when the phases
of the mth part is m x 27 /n, the first-order channel can reach
n/m x sin(7/n) x 100% of the uniform Bragg grating strength,
and the second biggest channel is (1 — n)th, with

n
Fl—n_

—i2(l—n)w/n _
T a0 - n)vr[e 1]. @)

Fig. 2 shows the calculated transmission spectra of an OSBG,
a DESBG, a TESBG, and a QESBG for comparison, which
clearly shows the enhancement of the first-channel and the
weakening of other channels.

Fig. 3 shows an experimental transmission spectrum of
a DESBG with 7 equivalent phase shifts. The zeroth-order
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Fig. 3. Transmission spectrum of an experimental realized DESBG with =
equivalent phase shifts provided by REC technology.
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Fig. 4. Experimental realized dual-wavelength fiber laser based on multiexpo-
sure technology and REC technology. Two lasing wavelengths are at 1555.34
and 1556.97 nm.

channel is eliminated as desired, and four equivalent phase
shifts are located separately in the =1st and +3rd channels.

III. APPLICATIONS

A. Dual-Wavelength Lasing Generation

Dual-wavelength fiber lasers have been proposed and realized
in many ways for potential uses such as fiber-optic sensing, op-
tical instrument testing and microwave generating, etc. REC-
based dual-wavelength lasers typically have some weaknesses.
First, the two lasers are located in the — 1st-order channel, and
the zeroth-order channel is always a major obstacle in that it
may lase before the desired wavelengths [10]. Second, the two
wavelengths cannot be easily and separately adjusted, which se-
riously affect the practical use of the devices. DESBG provides a
way to fundamentally inhibit the zeroth-order channel, and the
wavelength spacing between the two lasers can be controlled
and adjusted easily in a wide range by altering the sampling pe-
riod. The wavelength difference between the =+ Ist-order chan-
nels is inversely proportional to the sampling period. As shown
in Fig. 4, through eliminating or weakening the zeroth-order
channel, a dual-wavelength laser is achieved with separate 7
equivalent phase shifts based on a DESBG.

B. OCDMA En/Decoding

In an OCDMA system, P/C is always treated as an important
factor in evaluating performance, which is characterized by the
ratio of the auto-correlation peak to the maximum cross-cor-
relation [11]. A higher P/C always means a better device
property. Here the multiexposure technology along with REC
technology is applied both numerically and experimentally
to OCDMA en/decoders with different gold code sequences
to examine the device performance change. The DESBG is
used in two en/decoding ways and compared with en/decoders
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TABLE I
COMPARISON OF THE P/Cs IN THREE DIFFERENT EN/DECODING METHODS

Value Type I: Using the 1I: Using the | 1l1:Using both
-1¥ Channel -1 Channel | +1* Channels
Category of an OSBG of a DESBG of a DESBG
Sampling period 0.41mm 0.41mm 0.82mm
Duty cycle 0.5 0.5 0.5
Encoding bandwidth 4nm 4nm 4nm
FWHM ? 2ps 2ps 2ps
An ° of 63-chip 1.5¢* 9¢” 5¢7
An of 127-chip 1.5¢* 7.5¢7 3e?
P/C of 63-chip(S°) 13.018 16.763 16.460
P/C of 127-chip(S) 30.611 32.504 31.720
P/C of 63-chip(E %) 12913 16.106 15.959

* FWHM: the full width at half maximum of the Gaussian pulse.
® An: the maximum index modulation.

¢S: the P/C is an average of ~25 results based on simulations.
4E: the P/C is an average of ~8 results based on experiments.

based on OSBG (Type I) under the same code sequences and
reflection level (~5 dB). The first way (Type II) is the same as
for an OSBG in that it uses the —1st channel. And the second
way (Type III) uses both +1st channels. The simulation of 63-
and 127-chip and experimental results of 63-chip are listed in
Table I, which clearly indicates an improvement when using
multiexposure technology. It is well known that superstructured
fiber Bragg grating (SSFBG) has been successfully used in the
OCDMA system [6], [11]. From [11] and Table I, 127-chip
SSFBG and DESBG have almost the same P/C performance.

Without the disturbance of the zeroth-order channel in an
OSBG, Type II shows a better performance in both 63- and
127-chip en/decoding than Type I. Although Type III is not as
good as Type I1, it is still better than Type I. Since the power peak
of the pulse in Type I1l is located at the center of the zeroth-order
channel, the pulse energy is somewhat wasted, leading to a lower
P/C than Type II

IV. DISCUSSION

In the multiexposure technology, a piezoelectric transducer
(PZT) is employed, which can be used directly in producing
true phase-shifts or chirps. In such a situation, it is interesting
to examine why the equivalent phase control is used instead of
the true phase control. First, based on the REC technology, the
equivalent phase-shifts and chirps are produced by changing
the sampling period P, which is usually in the order of mil-
limeter. The errors produced by the PZT only change the effec-
tive strength of all channels and have nothing to do with the
phase shifts or chirps. For example, normally when an error
of 50 nm occurs while using a PZT, the true phase shift will
shift +0.27, but when using multiexposure technology this only
brings in a small zeroth-order channel, and the phase shift re-
mains exactly 7. Second, when more phase shifts and chirps are
needed to achieve high-end gratings with complicated filtering
functions, the use of a PZT multiple times will produce useless
phase shifts and chirps due to PZT errors, but when relying on
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REC technology in combination with the multiexposure method
the number of phase shifts and chirps remains exactly the same,
no matter how complex the structure is.

V. CONCLUSION

The REC technology has displayed good ability in producing
high-performance and low-cost optical devices. However, the
sampled gratings, on which the REC technology is based, have
two main weaknesses: 1) when only one channel is used, the
others, especially the zeroth-order channel, can become distur-
bances and might seriously affect the device property [7]; 2) the
effective grating strength is much lower than that of the uniform
grating, which results directly in a relative low performance.
The proposed multiexposure technology will achieve high ef-
ficiency in solving these two problems. Using DESBG, effi-
ciency can be doubled and a dual-wavelength fiber laser can be
more easily achieved. The DESBG can also improve the per-
formance of an OCDMA system. In a QESBG, the efficiency
reaches 90% of that of the uniform grating. Furthermore, the
effective strength and the phase shift can also be controlled si-
multaneously in an individual channel. Therefore, besides the
advantages mentioned in this letter, we believe the multiexpo-
sure technology will make REC technology more flexible in fab-
ricating high-end devices for high-capacity fiber-optic system
which needs further exploration in the future.
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