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All-Fiber Spectroscope with Second-Order
Fiber Bragg Grating for Rotational
Raman Lidar

Shichun Li,
Dengxin Hua, ABSTRACT Owing to the second-order fiber Bragg grating possessing
Liaolin Hu, narrower reflectivity bandwidth than first-order, an all-fiber spectroscopic
Qing Yan,

filter with several second-order fiber Bragg gratings and optical fiber couplers

and Xiaoyu Tian . - L . . .
in the visible region is designed to extract interest rotational Raman spectra.

School of Mechanical and
Precision Instrument

Engineering, Xi'an University of
Technology, Xi‘an, China by the improved mathematical model based on an exponential photorefrac-

Considering the inference fringe visibility of inscribing fiber Bragg grating
and the fiber core index dispersion effect, numerical simulations are made

tive dynamic, and its simulative results show better agreement with the
experimental data. We propose an all-fiber spectroscopic configuration,
which could balance lidar sensitivity against signal-to-noise ratio for optimiz-
ing remote sensing performance by fiber Bragg gratings serially. Simulative
results show that the thumb principle for fabricating second-order fiber Bragg
grating is the increasing gratings length, and that this all-fiber spectroscope
can achieve >70dB suppression to elastic scattering and efficiently extract
the rotational Raman signal for profiling atmospheric temperature.

KEYWORDS all-fiber spectroscope, exponential photorefractive dynamic,
rotational Raman lidar, second-order fiber Bragg grating

INTRODUCTION

The rotational Raman lidar (RRL) has been widely applied to the atmos-
phere science field for remote sensing atmospheric temperature due to its
higher temporal and spatial resolution. Several spectroscopic techniques
for RRL have been demonstrated in recent years, including double-grating
monochromator or polychromator,””’ double interference filters,” and grat-
ing spectrometer together with an atomic vapor filter.'¥ These spectroscopes
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mately 70-80dB suppression of elastic backscattering. Arshinov et al.
applied a Fabry-Perot interferometer as a frequency comb filter to remove
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(FBG) to differential absorption lidar for atmospheric
water vapor and fabricated a narrowband fiber-optic
phase-shifted Fabry-Perot Bragg grating filter at a
wavelength of 946 nm."® Liu et al. put forward utiliz-
ing the first-order FBG at a wavelength of 589 nm for
Na fluorescence lidar.”’ Mao et al. of our research
group also proposed a pure rotational Raman lidar
with a first-order FBG spectroscope for profiling
the atmospheric temperature.® Because the reflectiv-
ity bandwidth of a second-order FBG is generally
narrower than that of first-order, it is reasonable to
adopt the second-order FBG for blocking the sky
background between the rotational Raman spectral
lines. Moreover, since the reflectivity bandwidth is
directly relevant to the period accuracy or uniformity
of the zero-order nulled phase mask,” the high per-
iod accuracy of the phase mask is required to remove
the sky background. Therefore, second-order FBG is
proposed to obtain narrow reflectivity bandwidth
and degrade this requirement of phase mask.

FBG has been applied in communication and fiber
sensor fields due to its excellent spectroscopic pro-
perty and inherent compatibility with optical
fiber."*? Since Xie et al. reported the second-order
FBG," the higher-order FBG technique has been
studied owing to its particular properties such as
multiparameter  discrimination in the sensing
field, "' the abilities of a high-order operator,[m
and strong polarization with a suitable tilt angle."”
So far the second-order FBG has mainly been
applied in strain-temperature sensors'> and fiber
laser fields.""”" Our interest to this subject is connec-
ted with the possibility of exploitation of an all-fiber
Raman spectroscope with second-order FBG to
extract interest rotational Raman spectra.

Comparing with current mathematical models of
fiber gratings growth based on the photorefractive
saturation effects,' 2! the mathematical model
based on the coupled-mode theory and the expo-
nential photorefractive dynamic is enhanced and dis-
cussed according to the all formula in the Theoretical
Analysis section. The relationship between first-order
and second-order resonance wavelength is modeled
by considering the fiber core index dispersion effect
and the core power confinement factor of the guide
mode, and discussed for selecting suitable phase
masks. In the System Configuration section, an
all-fiber second-order FBG spectroscopic configur-
ation is put forward, which is provided with good
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flexibility and to achieve a balance of lidar sensitivity
against the signal-to-noise ratio by FBGs in serial. We
analyze in detail the influence of FBG fabricating
parameters on performance of second-order FBG
and show the core principle of fabricating
second-order FBG for this all-fiber spectroscopic
filter in the FBG Performance Discussion section.

THEORETICAL ANALYSIS

FBG is a periodic perturbation of the refractive
index in fiber core, fabricated by exposing a photo-
sensitive fiber to a spatially varying pattern of ultra-
violet intensity.*? The refractive index change An
is generally linearly related to the number of absorp-
tion photons through the Kramers-Kronig relation,

and is given as:*Y

An = Ans - [1 —exp(—%)} (1)

where P is incident optical power, ¢ is the exposure
time, and Ang and Es represent the saturation index
variation and the saturation energy, respectively,
which mainly depend on the core dopant concen-
tration of the photorefractive fiber and are generally
determined by experiments.

If the transverse index variation in the fiber core is
negligible, the mathematical model of the spatial index
variation An(x, y, z) can be simplified and only the
refractive index perturbation along the fiber length
considered, that is, An(z).[13’19] Considering the infer-
ence fringe visibility 2 of inscribing FBG,*? the refrac-
tive index of fiber core can be represented by:

n(z) =N + A?’Z(Z) = Mo + Ans - ﬂnr(Z) (2)

where 7, is the core refractive index without pertur-
bation for the fiber, and n,,(2) represents the normal-
ized core refractive index change shown in Fig. 1 for
different exposure times, and may be described as:

nne(2) = AX;@? =1
~exp{ -2 E - costol] 1) )

where P, is the peak optical power of the interference
pattern, A(2) is the normalized apodization function
and is unity for uniform FBG, and ¢(2) is the phase
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FIGURE 1 Formation process of normalized photorefractive
perturbation along fiber length.

in radian, which is related to the interference period
A@) by

o(z) = /OZA(HZ/) dz (4)

and is w-z/A for unchirped FBG.

The forming process of the normalized photore-
fractive perturbation with several exposure time
instants is demonstrated in Fig. 1; the parameters
are as follows: Eg=140], P,=250mW, and
vr=0.95. It is clear that the normalized index vari-
ation is not zero in valley and increases with the
exposure time. As the exposure time passes, the
maximum refractive index change is gradually close
to the saturation index change, and the index change
along the fiber length deviates gradually from the
standard sinusoidal distribution. Therefore, the high
order (>1) Bragg resonances appear, which agrees
with the experimentally observed phenomenon."®!?
The influence and magnitude of the new resonance
periodic components may be shown by expanding
the normalized refractive index perturbation as a

. . 18,2
Fourier series as follows:1%23!

e (2) = Go + i G COS (m%z) (5)

m=1

where A is the grating period, G, is the average
refractive index change, and the coefficient of the
individual Fourier series term G, is given as:

1 0.5A
G = ¢ A)205A
2 S'(;_SA nur(z) cos(m3Ez)dz  m >0

Ny (2)dz m=20

()

Do
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Figure 2 shows the influence of the exposure time
on different order resonances. It is clear that the aver-
age refractive index change G, increases with the
exposure time, and hence the central wavelength
of FBG increases with the exposure time passing
owing to its proportional relation with Go."®' Fur-
thermore, the tendency of the FBG central wave-
length is strengthened as the fringe visibility
deviates from unity. It is also shown from Fig. 2 that
the first-order and second-order coefficients are
decreased as the fringe visibility deviates from unity.
According to the Bragg condition,!'” each of these
components (m > 0) originates one Bragg resonance
in the FBG spectral characteristic. These coefficients
Gy, (m > 0) may affect the peak reflectivity and band-
width of mth order resonance.”!

Coupled-mode theory is a good tool for analyzing
quantitative information about the reflectivity and
spectral characteristics of FBG. The coupled-wave

equation can be written as:1??

dz_i’a:j.g.T(z)+i-K'R(Z) 7)
RE) — i 6-R(z)—i k- T ()

where 7(2) and R(z) are the forward and backward
waves in the fiber, that is, 7(2)=A(2)exp(i- - z—
0.5p), R(z)=B@exp(-i-g-z+0.5¢); A(z) and
B(2) are the slowly varying amplitudes of the for-
ward and backward waves, respectively, and x is
the “AC” coupling coefficient?? and may be repre-
sented for a single-mode Bragg gratings as:

T

* m
K=K :mjéneff (8)
1.0 : . ; .
v,=0.95
081 a1
”‘———‘ m=
0.6 sl |

Fourier coefficient
amplitude of index variation| G|

Exposure time £/10°s

FIGURE 2 Fourier-series coefficients as a function of exposure
time.
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where 07l is the mth order modulation depth of
effective index 7.4 and may be described as; 1821

ongy =T -onl, =T -Ang- Gy, 9)

where I is the core power confinement factor for the
guide mode,*? and on is the mth order diffraction

modulation depth of the fiber core index. The
detune factor ¢ may be described as

m-m
A
where f is the propagating constant of fiber guide

mode, and Az is the mth order Bragg resonance
wavelength, which is given by

2
dp = ngr - A 11
B= ey (11)

o=pf—

=2n-ng - (A —ig5") (10)

where 1,4 is the effective index of the guide mode in
perturbation fiber, and may be represented as:

Ney = ner + T - Ang - Gy (12)

where 7, is the effective index of the guide mode in
unperturbed fiber, and is given as:
2 2
b n;f n ;Z (13)
Moo — My
where b is the normalized effective index parameter,
and #n, is the cladding index of the fiber.

Since the effective index 7. and the core power
confinement factor I' of the guide mode are gener-
ally dependent upon the operation wavelength,
Eq. (12) may be rewritten as:

nep(2) = ng(A) +T(A) - Ang- Gy (14)

Therefore, the ratio of the first-order Bragg reson-
ance wavelength to the second-order™ is not
exactly 2, and then Eq. (11) may be rewritten as:

2
ip = o Ny (2p) - A (15)

The dispersion function of refractive index 7(4) for the
fused silica may be described by Sellmeier formulas:
K2 K2 K3)?

(A —-1= 16
7w (4) ﬁ—h+ﬁ—b+ﬂ—@ (16)

where L;, I,, and I3 are related to the square of three
resonance wavelengths of material, and K;, K, and
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K; are the resonant intensity coefficients corresponding
to individual resonance wavelength.

Considering the boundary condition of 7(-L/
2)=1and R(Z/2) =0 for gratings length Z, the reflec-
tivity R of FBG may be represented by:'*?

K?sinh? (\/ml)
- o?sinh? (Wl) + (k2 —62) cosh? (ml)
(17)

R

and the maximum reflectivity can be obtained at
A= Ag, and may be described as

Runax = tanh?(k - L) (18)

The numerically simulative results are compared
with the experimental records of reference [13], as
shown in Fig. 3. Ang=38 X 1074, L=06mm, and other
parameters are identical to Fig. 2. Assuming we are
not considering fringe visibility, that is, vy=1, the
deviations become considerably larger between the
simulation results and the experimental data. How-
ever, good agreement can be achieved at the fringe
visibility of 0.95. While the exposure time is approxi-
mately 4000s corresponding to 40,000 laser pulses
(the laser pulse frequency is 10Hz and the pulse
duration is 20ns'?), the maximum reflectivity is
achieved. The obvious second-order resonance
phenomenon appears at the exposure time of
500s, corresponding to the reflectivity of the
fist-order resonance turning to a gradual increase.
The first-order resonance tends to saturation at
1000 s, corresponding to the second-order resonance

1.0 : . | |
S
0.8 i _
(D 7, o—@ - - h.-T!—.\.
N
0.6 / ; = -
g [ | \\\
504 I 7 ‘\-\. 1
3]
o9
5 ’ /‘/ —e— Experiment
o« 0.2- ] Simulation at v=0.95 i
p ---- Simulation at v=1
0 . | I |
0 1 2 T y |

Exposure time t/10°s

FIGURE 3 First- and second-order Bragg maximum reflectivity
as exposure time varies.
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quickly increasing. Furthermore, considering the
dispersion influence on the Bragg resonant wave-
length, the numerically simulated Bragg wavelength
for first-order resonance at exposure time of 4000 s
is 1451.8nm, and its value for second-order is
732.5nm, very close to the experimental value with
1451 nm and 734 nm.

SYSTEM CONFIGURATION

The dependence of low- and high-quantum-
number rotational Raman backscattering intensity
of atmospheric diatomic molecules such as nitrogen
(N, and oxygen (O,) on temperature is the theor-
etical basis of RRL operating. The atmospheric
molecule backscattering cross-sectional area is in
common inversely proportional to the fourth power
of the excited laser wavelength. However, the oper-
ating central wavelength of FBG is shorter, and its
fabricating technique is more difficult. Therefore, a
narrowband, double-frequency, pulsed Nd:YAG
laser with 532-nm wavelength is chosen as the excit-
ing optical source. The laser beam is collimated by
beam expander and transmitted into the atmosphere.
The backscattering light is received by a Cassegrain
telescope Mewlon-250 (TAKAHASHI, Japan) in our
laboratory (Xi’an, China) with clear aperture 250 mm.

Since the rotational Raman scattering cross-section
is less than three to four orders of magnitude
compared to Mie and Rayleigh elastic scattering,
the spectroscopic filter of RRL must at least provide
70-80dB suppression of elastic scattering to
efficiently retrieve the atmospheric temperature.”
However, the current optical filter in general only
has out-of-band rejection of 30-40dB including
interfere filter, diffractive grating, and FBG, so the
Raman channel of RRL needs twice the filtering.
Figure 4 shows a configuration of an all-fiber RRL
spectroscopic filter. Considering the higher fabri-
cation cost of the optical circulator at 532-nm wave-
length, we utilize a fiber coupler (FC) to substitute
for the optical circulator, although theoretically it will
introduce energy attenuation of 3dB.

Since the first-order FBG may provide a reflectivity
of more than 99.9%, this type of FBG with central
wavelength (CW) 532 nm can be used as a one-stage
filter to reflect the elastic scattering signal.” However
the second-order FBG generally provided a reflectiv-
ity of less than 90%; thus, we here adopt twice
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FIGURE 4 All-fiber RRL spectroscopic filter using second-
order FBG. FBG11-FBG18 CW 530.34nm, FBG21-FBG24 CW
528.53 nm.

reflection for providing 70-80dB suppression of
elastic scattering. If the reflection of FBG is about
80% (0.97 dBloss), the rotational Raman signal reflects
two times by FBGs and is subject to 2 dB loss. Since FC
usually possesses an excess loss of 0.8dB and the
signal passes four times through FCs, the loss in total
is about 5dB. Because the high-quantum-number
Raman signal is weaker than the low-quantum-
number Raman signal, we first extract the high-
quantum-number Raman signal from the returning
optical signal by FBG21 and FBG22 with CW
528.53nm. The reflecting optical signal is then
reflected through FBG23 and FBG24, and the high-
quantum-number Raman signal Sg, is transmitted from
one terminate port of FC2. Due to using FC1, the
optical signal is split into two parts. The part of the
low-quantum-number Raman signal Sgq; is filtered
by reflecting by FBG11 and FBG12 and then reflecting
by FBG15 and FBG16. The other part Sg;, is extracted
by reflecting by FBG13 and FBG14 and then reflecting
by FBG17 and FBG18. For achieving 70-80 dB sup-
pression of elastic scattering, these FBGs require the
reflectivity ratio of on-band to out-of-band of approxi-
mately 35-40 dB, which may be obtained in the cur-
rent technique level.

Due to applying identical performance FBG, this
layout should have a lower cost. Figure 5 shows a
spectral characteristic of FBG1x (x is from 1 to 8) cor-
responding to /=06 and FBG2x (x is from 1 to 4) to
J=14, where J is the rotational quantum number,
together with the intensity of anti-Stokes rotational

S. Li et al.
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FIGURE 5 FBG spectroscopic characteristic and the anti-
Stokes rotational Raman spectral intensity of nitrogen molecules:
(a) low-quantum-number J=17, 6, 5 (left to right); (b) high-
quantum-number J = 13, 12, 11 (left to right).

Raman spectral lines of nitrogen molecules with
adjacent quantum number at different temperature.
The single spectral line may be filtered with narrow
pass-band. Here, the gratings period is 362.12nm
and 360.87nm, respectively, and the other para-
meters are as follows for 460-HP single-mode fiber:
Ans=8x10"* L=4mm, =3500s. The FBG shown
in Fig. 5(a) has the second-order CW 530.34 nm cor-
responding to first-order 1050.2 nm. The FBG shown
in Fig. 5(b) has the second-order CW 528.54nm
corresponding to first-order 1047.0 nm.

In order to avoid the influence of atmospheric
fluorescence generated from laser excitation and
enhance the temperature detection sensitivity of
RRL, the anti-Stokes branch is chosen. For example,
the spectroscopic filter shown in Fig. 4 only adopts
the high-quantum-number (f=14) and the low-
quantum-number (J=6) Raman spectral lines in the
anti-Stokes branch. In some cases, however, the
corresponding spectral lines in the anti-Stokes and

Rotational Raman Lidar

Strokes branches are simultaneously filtered to
improve the Raman signal energy.*" Furthermore, in
many cases the wider pass-band of the spectroscopic
filter channel is selected to enhance the signal-to-noise
ratio (SNR) of the Raman channel and then reduce the
statistic error of atmospheric temperature, although this
could result in lower sensitivity.[8’26] Therefore, the opti-
mum is necessary for lidar to balance the bandwidth of
the Raman channel and system sensitivity. The spectro-
scopic filter designed in this article may easily achieve
this optimum. By adding a set of FBGs to the FBGs of
this spectroscopic filter in serial, whose CW is equal to
the other quantum-number Raman spectral lines, the
bandwidth of filtered Raman signal may be increased,
and then the Raman signal intensity would be
enhanced. For example, we can extract the high-
quantum-number Raman signal to obtain better SNR
by adding a set of FBGs with CW 528.08 nm (/= 14)
to FBG21-FBG24 in serial. Therefore, this spectro-
scopic filter has excellent flexibility or openness.

FBG PERFORMANCE DISCUSSION

The spectral characteristics of second-order FBG
may in general be described by CW, maximum reflec-
tivity, full width at half maximum (FWHM), and
out-of-band rejection. Here, owing to the requirement
of 70-80dB suppression of elastic scattering, the
out-of-band rejection of second-order FBG has
become the most important parameter. There are a
lot of fabricating parameters such as saturation index
variation, grating length, exposure time, fringe visi-
bility, and grating period required to be adjusted
before photo-imprinting FBG. The grating period
mainly affects the resonant CW. The fringe visibility
depends generally on the optical arrangement and
the period accuracy of the phase mask, and it is closer
to unity, the FBG obtained has better performance
(refer to Fig. 3). Since these FBGs in this spectroscopic
filter have similar performance except for CW (e.g.,
their FWHMs are approximately 0.04 nm), this may
cut down the fabrication cost of FBG. Moreover, their
FWHM is narrower than that of first-order by compari-
son with the FWHM of these two types of FBGs in
Fig. 6, and this has also been verified."">?” Therefore,
these second-order FBGs may cut out more sky back-
ground between the rotational Raman spectral lines.

We place emphasis on discussing the performance
influences of low-quantum-number (/=6) FBG due
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FIGURE 6 FWHM comparison of (a) the second-order FBG and (b) the first-order FBG.

to its being closer to the excited laser wavelength.
Figure 7 shows the influences of three parameters
on the out-of-band rejection and maximum reflectiv-
ity. Tt is particularly noted that the horizontal ordi-
nates of Figure 7(a—c) all correspond to the curve
of the solid line and that the horizontal ordinates of
the dashed line and dotted dashed line are respect-
ively shifted by 0.1nm to the left and right for
demonstrating more clarity. Figure 7(a) shows that
the saturation index variation A#ng has larger effects
on out-of-band rejection of FBG and maximum
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reflectivity. Although the greater saturation index
variations can increase maximum reflectivity,
they also could decrease out-of-band rejection.
Figure 7(b) demonstrates that the longer grating
length L has a advantage for the higher maximum
reflectivity of FBG, and that this measure or means
has little influence on the out-of-band rejection.
Therefore, it is feasible for this spectroscope to
improve the performance of FBG by extending the
grating length. Although this measure generally
increases the group dispersion of the optical signal

-
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FIGURE 7 Performance variants of FBG as fabricating parameters: (a) the saturation index variation; (b) the longer grating length;
(c) the exposure time; and (d) the out-of-band rejection of different FBGs, while An, = 0.8 x 1073, L = 4mm, t = 3500s apart from the

varied parameter.
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transmission in the communication field, this
parameter may be negligible for lidar. It is concluded
from Fig. 7(c) that the exposure time ¢ has little
effects on out-of-band rejection of FBG and the
maximum reflectivity, and therefore that there is a
long range of exposure time to tune the second res-
onant wavelength in fabricating the second-order
FBG process while the second-order resonance
tends to saturation. Figure 7(d) shows that the out-of-
band rejection of FBG1x with /=06 is theoretically
more than 43dB at the laser wavelength 532nm,
which may provide a good help for rejection of more
than 35dB in practice. The out-of-band rejection of
FBG2x with /=14 is more than FBGI1x. It is also
noted in Fig. 7 that while one simulative parameter
is changed, the other parameters are constants, that
is, Ans=0.8x10"°, L=4mm, t=3500s, which are
the recommended fabricating parameters under the
specified inscribing condition in the Theoretical
Analysis section for this all-fiber spectroscope.

CONCLUSIONS

An all-fiber spectroscopic filter with second-order
FBG for RRL is discussed in detail. The more accurate
mathematical model is created based on
coupled-mode theory by evaluating the inference
fringe visibility of inscribing FBG. The relationship
between first-order and second-order resonant
wavelength is analyzed through considering the
dependence of the effective index and the core
power confinement factor of the guide mode on
wavelength. The better agreement of its simulative
results with the experimental data reported by refer-
ence [13] verifies its correctness and improvement. A
flexible configuration of the all-fiber spectroscopic
filter with second-order FBG is devised for RRL.
The simulative results show that the thumb principle
of fabricating second-order FBG to provide at least
70dB suppression of elastic scattering is to increase
the gratings length more other than any other means,
and that their saturation index variations need to be
implemented as a tradeoft between the out-of-band
rejection and maximum reflectivity.
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