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Abstract We present a temperature-insensitive com-
pact phase-shifted long-period grating (PS-LPG) induced
by using focused pulse CO, laser via point-by-point tech-
nique. By introducing a phase shift with 1800° (;r shift) in
the center of the long-period grating (~420 um per period,
20 periodicity in total), the original coupling resonance at
1318.55 nm splits into two symmetrical spectral peaks at
1283 and 1348 nm. FWHM between those two peaks is
36.55 nm, and the power intensities of two peaks are the
same as —10.2 dB. The thermal characteristic of the PS-
LPGs is around 8.8 pm/°C that is less than that of fiber
Bragg grating (12 pm/°C). As a result, such fiber grating
devices can be applied in a laser cavity as an all-fiber filter.
Variation of phase shifts in LPGs give rise to different spec-
tral peaks of coupled resonance, which makes the proposed
PS-LPGs as a good candidate for the applications in sens-
ing networks and optical telecommunications.
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1 Introduction

Long-period grating (LPG), which couples the guided fun-
damental core mode to the forward-propagating cladding
modes in a single-mode fiber, is a type of power transmis-
sion grating [1]. Unlike fiber Bragg grating (FBG), the
periodicity that is perturbed with refractive index in LPGs
is from 100 to 1000 um so that they can be easily fabricated
[2]. LPGs have been so far employed in telecommunica-
tions and sensing applications as spectral-selective filters
due to advantages in ultra-low attenuation, small back-
reflection, and insensitivity of polarization [3]. There are a
lot of practical applications of LPGs in dense wavelength-
division-multiplexed optical communications and sensing
networks [4-8], including gain-flattening in erbium-doped
fiber amplifier and all-fiber switching in telecommunica-
tions. Various optical fiber components and devices have
been configured and fabricated; however, the study on PS-
LPGs and its real applications in abovementioned fields are
few [9, 10]. The gain-flattening fiber filter has been theo-
retically derived by Qian and Chen [11] with the PS-LPG,
but it can only flatten two peaks. It is also reported that the
ultrasonic and acoustic emission can be detected by utiliz-
ing a phase-shifted FBG [12, 13]. Furthermore, such PS-
LPGs have been suggested for high-power couplers that
can be applied in microstructured optical fiber lasers [14].
Also, as small transmission with narrow bandwidth can be
generated, such PS-LPG can form optical cavity because
it acts as a wavelength selecting-component for one of
the mirror at the end and reflects the light back to form
the resonator. Some researchers used UV light through
amplitude mask to fabricate the PS-LPGs [15, 16], while
others employed CO, laser or electric arc to manufacture
the PS-LPGs in photonic crystal fibers (PCFs) [17, 18]. In
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this work, we present the fabrication of PS-LPGs by using
focused pulses of CO, laser via point-by-point technique.
The method can be practically used by softening the fiber
with heat and deforming the cross section.

2 Operation principle of PS-LPG

As long as we divide the non-uniform FBGs into several peri-
odicities, we can solve the transfer matrix via coupled-mode
theory. It is specifically used for calculating LPG, as the peri-
ods in LPGs are much less (compared to FBGs). An illustra-
tion of LPG periodicity is shown as Fig. 1, where n, stands
for the unperturbed core refractive index and n; 4 dn stands
for the perturbed, respectively; n, stands for the refractive
index in cladding; L, and L, are the lengths for each region.

The core mode can be coupled with the cladding mode
in perturbed region:

A=2r/(B1— B2) (1

where A is the grating periodicity, and B, and B, are the
propagating constants for the unperturbed and perturbed
regions, respectively. Coupled-mode equations in perturbed
region can be given as:

Wi _ g aca
E—_](ﬁl 1+ CA3) (2)

DS 20 \?

YT * <,31 —ﬂz)

1 20 \?
div1/ N1

+2 +/ +<ﬁ1—,32>]

,1/2
D 1+( 2¢ )
moy =—
27 Bi — B2
+1 1—-1
2

1
mip =my1 = 3 1/

/2

/2

20\
1
+<f31—,32> 1

exp § —/L24 (B1 — 52)/2 -C

exp § —jl2q (B1 — ,32)/2+ C

exp § —jlaq (B1 — /32)/2 -C

e 2]V
1+<ﬁ1—,32>] exp —jLla (ﬂl—ﬁz)/2+C

eXp{_jLz{(ﬂl —ﬂz)/Z C[l + (B
_eXP{_jLZ{(ﬁl —ﬁz)/z+c{1 +(

L~
&~
N

Fig. 1 Scheme for illustration of periodicity in the LPG
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where A is the amplitude for the coupling mode and C is

the coupling coefficient expressed as:
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In it, ¢ is the transverse field vector for A; A, stands for
the area for the core cross section; k = 27/ AL is the cou-
pling coefficient constant. The transfer matrix for perturbed
region can be obtained by developing Egs. (2) and (3), as
follows:
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Fig. 2 Fabrication of a LPGs and b PS-LPG; ¢ Microscope image of LPGs with periodicity ~420 pwm via point-by-point technique

The transfer matrix in the unperturbed region can be
expressed by

_ | exp(=jBiL1) 0
M = [ 0 exp (~jfal1) ®

The transfer matrix in the whole length of the LPG can
be obtained by the concatenation of the transfer matrices of
all the grating periodicity, which can be presented by
M=|M 2y M, M XM M
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where li,,I> is the power intensity transmission of the
guided fundamental core mode.

o (8" =Xeore/2)La p

A(Lo + L2)
_efj (‘S(m)+Xc0re/2)L2 e*j(9726(’”>L0)M;

B (Lo + Lz)] B l

(8(”0—xcore/Z)Lzg—j(9—25(m)L0)M2] [ A(Lo) }
X

Mps.LpG = Mpmy X Muy X - -+ X Mpu2)y X Mug)2)

X Ms X Mp(nj2—1) X Munja—1) X - -+ X Mp(1) X Mu(1y
(12)

A standard PS-LPG has a pair of LPGs with identi-
cal length of periodicity in fiber. A distance in range of
0 < AA < A (AA = phase shift) is added to separate those
two kinds of LPGs. Harumoto et al. [8] suggested that the
mode re-coupling can be used in PS-LPG if the LPGs were
in a distance of A or less. As L, and L, are the lengths of
the first and second LPG (L, and L, are in multiples of A),
transfer matrix for PS-LPG with 6 = 2mA A/A and length
L=L,+ AA + L, as well as guided fundamental core mode
A and the LP,,, cladding mode B™ can be expressed as:
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A phase shift can be generated by adding a length of
unperturbed region in the center of an LPG. In the PS-LPG,
a matrix should be presented as

exp (—jB1Ls) 0
0 exp (—jBaLs)

which must be inserted into (10), where L, is the length of
the region added into the LPG. The transfer matrices in the
whole PS-LPG can be obtained by

M = (11)

where Ly = L; + AA and j=+—1. M; and M, are
expressed as follows:
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Fig. 3 Transmission spectra profiles of LPG and PS-LPG with
mr-phase shift at the grating center
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Fig. 4 Transmission spectra evolution of PS-LPG by half m-phase
shift (13—16 periods)
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3 Inscription of PS-LPG

Figure 2 presents the fabrication process of LPGs, PS-
LPG, and the real image of such gratings inscribed on opti-
cal fiber. A CO, laser with galvanometer was employed
for directing and focusing laser beam to ~130-um Gauss-
ian focal spot. We use an optical spectrum analyzer with
measurement wavelength region from 1200 to 1600 nm to
trace the transmission spectrum profiles in situ. The heating
point created by CO, laser can be designed on the fiber by
point-by-point writing method. When fiber is moved to a
new position by translation stage, the laser is turned on so
that light beam can scan across. This surface deformation
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Fig. 5 Transmission spectra evolution of 7-PS-LPG at 4/21 length of
grating (14-21 periods)

causes reduction in diameter of the fiber. We use standard
single-mode fiber to manufacture the PS-LPGs with perio-
dicity ~420 pm.

4 Experimental results and discussions

Figure 3 shows the LPG with a dip of —8.81 dB and full-
width at half-maximum of 15.91 dB as well as the reso-
nance wavelength at 1318 nm. This LPG was induced with
only 10 periodicities (a total length of 4.6 mm). We intro-
duced a m-phase shift into the tenth periodicity of the grat-
ing with a total number of 20 periodicities (a total length
of 9.4 mm). Two symmetrical rejection bands are at wave-
lengths of 1283 and 1348 nm with left dip of —11.212 dB
and right dip of —11.857 dB. A band-pass width between
the dips is 36.55 nm, shown in Fig. 3. Inserting a blankness
of half periodicity in center of the grating causes the con-
version of destructive interference into constructive inter-
ference at phase-matching wavelength.

Figure 4 expresses the transmission spectra profiles of
half = PS-LPG at grating center, 16 periodicities in total.
It was observed that at the thirteenth periodicity, both reso-
nances were in the same peak attenuation. As more gratings
inscribed, the attenuation of lower resonance peak increases
faster than that of the higher resonance peak. The values of
—22.94 and —15.01 dB have been obtained for the lower
and higher resonance peaks at the sixteenth periodicity. The
transmission spectra profile of PS-LPG shown in Fig. Sis a
7 shift in the center of the fourth and fifth, with 21 perio-
dicities written. It was difficult to identify a clear peak at
the fourteenth periodicity at the beginning. With more grat-
ings written, the resonance becomes definite. Two troughs
of similar attenuation, with small span, were noticed. This
result agrees with the theoretical work [16]. To explore
the thermal stability, Fig. 6a shows the PS-LPG transmis-
sion spectra profiles with multiple 7/2-phase shifts at grat-
ing center at temperatures of 23 and 190 °C, respectively.
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