http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Influence of intra-cavity loss on transmission characteristics of fiber Bragqg grating Fabry-Perot

cavity
Di Wang(TEi), Meng Ding(] i), Hao-Yang Pi( %), Xuan Li(Z=3E), Fei Yang(# k), Qing Ye('t7),

Hai-Wen Cai(%i3), Fang Wei(ZL77)
Citation:Chin. Phys. B . 2018, 27(2): 024207. doi: 10.1088/1674-1056/27/2/024207

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Optical properties of a three-dimensional chiral metamaterial

Juan-Juan Guo(¥8#515), Mao-Sheng Wang (7L % ), Wan-Xia Huang (35 /i £3)
Chin. Phys. B . 2017, 26(12): 124211. doi: 10.1088/1674-1056/26/12/124211

2-um mode-locked nanosecond fiber laser based on MoS, saturable absorber

Xiao-Fa Wang(FE/Nk), Xiao-Ling Peng(321%#), Qiu-Xia Jiang(ZZ#KE2), Xiao-Hui Gu(#i/ %), Jun-Hong
Zhang (k{2 2), Xue-Feng Mao(E %), Su-Zhen Yuan(iz & 1)
Chin. Phys. B . 2017, 26(11): 114205. doi: 10.1088/1674-1056/26/11/114205

Code synchronization based on lumped time-delay compensation scheme with alinearly chirped
fiber Bragg grating in all-optical analog-to-digital conversion

Wang Tao, Kang Zhe, Yuan Jin-Hui, Tian Ye, Yan Bin-Bin, Sang Xin-Zhu, Yu Chong-Xiu
Chin. Phys. B . 2014, 23(10): 104212. doi: 10.1088/1674-1056/23/10/104212

Irradiation effect on strain sensitivity coefficient of strain sensing fiber Bragqg gratings

Jin Jing, Lin Song, Song Ning-Fang
Chin. Phys. B . 2014, 23(1): 014206. doi: 10.1088/1674-1056/23/1/014206

Experimental investigation of pre-irradiation effect on radiation sensitivity of temperature
sensing fiber Bragg gratings

Jin Jing, Lin Song, Song Ning-Fang
Chin. Phys. B . 2012, 21(6): 064221. doi: 10.1088/1674-1056/21/6/064221


http://cpb.iphy.ac.cn/EN/abstract/abstract71487.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71487.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract71197.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70961.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract61291.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract61291.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract57517.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract48385.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract48385.shtml

Chin. Phys. B Vol. 27, No. 2 (2018) 024207

Influence of intra-cavity loss on transmission characteristics of
fiber Bragg grating Fabry—Perot cavity”

Di Wang(Fi#)"?, Meng Ding(] )", Hao-Yang Pi(JZi%¥E)!, Xuan Li(Z=EHiE)!,
Fei Yang(# )", Qing Ye("7)!, Hai-Wen Cai(%%#F 0)1#, and Fang Wei(B£75)!

1 Shanghai Key Laboratory of All Solid-State Laser and Applied Techniques, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

(Received 22 August 2017; revised manuscript received 17 October 2017; published online 5 January 2018)

A theoretical model of the fiber Bragg grating Fabry—Perot (FBG-FP) transmission spectrum considering loss of FBG
and intra-cavity fiber is presented. Several types of FBG-FPs are inscribed experimentally, and their spectra are measured.
The results confirm that weak intra-cavity loss is enhanced at the resonance transmission peak, that is, loss of transmission
peaks is observably larger than other wavelengths. For FBG-FPs with multi resonance peaks, when the resonance peak
wavelength is closer to the Bragg wavelength, the more significant loss effect of resonance transmission peak is exhibited.
The measured spectra are fitted with the presented theoretical model. The fitted coefficient of determinations are near 1,
which proves the validity of the theoretical model. This study can be applied to measure FBG loss more accurately, without
areference light. It can play an important role in FBG and FBG-FP writing process optimization and application parameter

optimization.
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1. Introduction

Fiber Bragg grating Fabry—Perot cavities (FBG-FPs) are
desirable for narrow-band filters and higher accuracy wave-
length measurement, due to the fact that the linewidth of
their ultra-narrow resonance peaks in the stopband of the fiber
Bragg grating (FBGs) could easily be reduced to several MHz.
Hence FBG-FP is one of the most important fiber compo-
nents for lasers and suppressing noise, ! tunable filters, 68
wavelength division multiplexing,®! and fiber sensing.[!%-12]
Wei et al. designed an external cavity diode laser that real-
ized a noise suppression of over 70 dB with the Fourier fre-
quencies between 5 Hz and 1 kHz by an optical feedback
ring based on FBG-FP cavity.[!l A short-linear-cavity (SLC)
single-frequency fiber laser based on the slow-light effect of
FBG-FP filter exhibited a several-hundred-Hz linewidth.[*! A
minimum static strain resolution of 0.68n€ was achieved by a
static-strain sensor based on FBG-FP interferometers.[!?]

However, it was found that FBG-FPs transmission spectra
show some loss characteristics in some practical applications.
For example, the intrinsic fiber loss and the additional loss in-
duced by ultraviolet light (UV) seriously limit the improve-
ment of output power and linewidth of the distributed feed-
back (DFB) fiber laser.['3] The resonance transmission peaks
of FBG-FP with high Q-factor are demanded for noise sup-
pression demonstrated in Ref. [1]. However, it is difficult to
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achieve a higher Q-factor because of intra-cavity loss, which
limits the performance of this configure for suppressing noise.
Although the fact that the loss of FBG-FP is a significant lim-
iting factor for its further development is well known, there are
few reports with in-depth analyses on the loss characteristics
in FBG-FP.

In this work, the loss characteristics of FBG-FPs are ana-
lyzed in detail. A theoretical model of the FBG-FP transmis-
sion spectrum considering FBG and intra-cavity fiber loss is
established. Several types of FBG-FPs are inscribed experi-
mentally, and fitting the measured spectrum with the theoret-
ical model, the results show that the theoretical model is in
good agreement with the experimental results. It is further
demonstrated that the weak loss in FBG-FP results in ann ob-
servable reduction of resonance transmission peaks transmis-
sivity, which is called the loss enhancement effect of resonance
transmission peak in this paper. The theoretical model can be
used to accurately estimate FBG loss and the loss of intra-
cavity pure fiber region caused by the UV exposure. Hence it
provides a new idea for the measurement of UV-induced loss.

2. Theory

The typical structure of FBG-FP consisting of two uni-
form single-mode FBGs with a certain distance is shown
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in Fig. 1. According to the FBG formation mechanism,!'4]

hydrogen-loading and UV exposure will induce loss to the
FBG during the FBG-FP inscription process. In hydrogen-
loaded fiber, H, molecules react at normal Si—O—Ge sites, and
form Ge-OH, Si—-OH, Ge-H, Si-H, and oxygen deficient Ge
defects, resulting in loss increase in fiber.!!>!%! FBG inscrip-
tion could introduce additional extrinsic defects, such as me-
chanical damage, contamination, inhomogeneous index pro-
file in the fiber core cross section,!”) and so on. These defects
will cause absorption, scattering, and radiation-mode cou-
pling in FBG.!"®! In addition, post-exposing the intra-cavity
pure fiber region in FBG-FP is a common method to make
the transmission peak wavelength consistent with the design
wavelength,'°! which would generate additional loss in the
intra-cavity pure fiber region. Due to the existence of the FP
effect, the weak loss will be amplified and more serious loss
will be introduced at transmission peaks. In general, the main
source of intra-cavity loss of FBG-FPs contains two aspects,
one is the loss of FBG, and another is the loss of the intra-
cavity pure fiber region.

-

FBG1 FBG2

i R,
deit

Fig. 1. (color online) Schematic diagram of FBG-FP.

The coupled mode theory is a commonly used tool for
treating interactions between confined modes with refractive
index perturbation, and the coupled mode equations of FBG
in single fibers can be expressed as?"!

d 1 2:

A=k (A+BeJ ) (1a)
d 1 .

“p___ —j2Bz

B=—5mu <B+Ae ) , (1b)

where Aand B are slowly varying amplitudes for LPy; mode
fields traveling in the 4z and —z directions, respectively.
K11 = —jko(n? —n%) /no, here kg is the propagation constant
of light in a vacuum, ny is the refraction index in fiber, and n
is the refractive index distribution in the FBG, expressed by

n(z) = np + A + Ancos(kgz), 2)

where A7 is the average refractive index increase, An is the am-
plitude of refractive index modulation, kg = 27 /A. Due to the
existence of uniform loss, assuming that the loss coefficient is
o, the complex refractive index is given by

ii(z) = n(z) —jou/ko. 3)

Including Eq. (3) in Eq. (1), and using the slowly varying enve-
lope approximation, we can obtain the following pair of cou-
pled mode equations:

d ,
—A = —o4A — jxkBel?%, (4a)
dz
d ‘
d—B = oyB+jKAe 125 (4b)
z
with detuning 6 = 8 — g = B — k5 /2, the coupling coeffi-
cient is k = LkoAn. A and B are the slow varying functions

of z, which can be divided into two parts, one is the mode
coupling resulted from the refractive index periodic perturba-
tion, and another is the amplitude attenuation caused by loss.
So A and B can be written as the form: A(z) = Ag (z)e™ %%,
B(z) = By (z)e™* and substituted into Eq. (4), the coupled
mode equations can be rewritten as

d &
A0 =i KBoel?, (5a)
d . —j28z
EZBO =JKkAoe ) (5b)

where § = 8 — jog. Then the reflection and transmission coef-
ficient are solved as

—jksinh (61
e = oL (62)
6 cosh (61) +jo sinh (61)
ae_jﬁbl
IFBG = — R A (6b)
6 cosh (61) +jo sinh (61)

where & = \/x2 — §2. This formula has the same form with
the reflection and the transmission coefficient calculation for-
mula of the FBG without considering loss, '] except that the
detuning contains an imaginary part, which is proportional to
the loss coefficient.

It is assumed that an FBG-FP is composed of two FBGs
with lengths /; and /5, and the distance of d between these two
FBGs. According to the multi-beam interference theory, !}
the transmission coefficient of the FBG-FP shown in Fig. 1 is
given by

tltgeiacdeijﬁd
- 1— rlrze—zo‘cde‘pﬁd’

(N

here « is the loss coefficient of the intra-cavity pure fiber re-
gion, t;, r; (i = 1,2) is the reflection and transmission coeffi-
cient of the two FBGs and can be solved by Eq. (6). To sim-
plify the model, here we only analyze the loss characteristic
of the FBG-FP when the FBGs are exactly the same on both
sides (1 =L =1, =t =tgBG, r'1 = r» = regg). Then the
transmission coefficient of the FBG-FP can be written as
t%BGefacdefjﬁd

t= —. 8
1 — rlpge20edei2pd ®
‘We can obtain the transmissivity
T2 e—20d
T = s ¥O)

(1 - Rlpge—2%4)” + 4Rppg e 2% sin® [Bd + p(A)]
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where Trpg, RraG, and @(A) are transmissivity, reflectivity,
and reflection phase shift of the FBGs, respectively.

Here we divided the transmission spectrum of the FBG-
FP into two parts for discussions, that is, the wavelength range
within the stop bandwidth of the FBGs and the wavelength
range outside of the stop bandwidth of the FBGs. If the wave-
length is out of the stop bandwidth of the FBGs, regarding
Rrpg as 0, equation (9) can be simplified as Trp = TF2BGG—2acd .
This is the transmissivity of the light one-pass flight FBG-FP.
If the wavelength is within the stop bandwidth of the FBGs,
Rppg is a function of A. When the phase factor of Eq. (5) sat-
isfies the resonance condition, that is, Bd + @ (1) = mmx, the
transmissivity of the FBG-FP can be given by

2 —20d
Tigge

(1 - RI%BGe_zaCd)z .

Trp = (10)
The transmission spectrum envelope with loss of the FBG-FP
can also be calculated from Eq. (10).

3. Experiment and discussion

Firstly, the FBG-FPs are inscribed by the phase mask
method as shown in Fig. 2. One diaphragm with two rectan-
gular windows with the same length is installed in front of the
phase mask. There are two sections of the same length of the
UV beam exposing the phase mask and the fiber for writing the
two FBG reflectors of the FBG-FP. The length of rectangular
windows in the diaphragm and the distance between them are
determined by the length and distance of the FBG reflectors
in FBG-FPs that we designed. Two groups of FBG-FP, called
group A and group B, are manufactured in SMF-28e using a
KrF excimer laser with the output wavelength of 248 nm, the
pulse rate of 12 Hz and single pulse energy of 80 mlJ. The
transmission spectra of samples in group A contain a single
transmission peak and in group B contain multi transmission
peaks. Each group has two samples, where A(B)-2 is obtained
by post-exposing the intra-cavity pure fiber region of A(B)-1.
The parameters of FBG-FP inscription are described in detail
in Table 1.

> | > |
q

) diaphragm

1 phase mask

i
FBG2

I
FBG1 (a)

fiber

«—di—>
uv
> |

Dl
FBG1

> | &

hinand
(b) FBG2

Fig. 2. (color online) Schematic diagram of FBG-FP inscription (a)
A(B)-1; (b) A(B)-2.

Table 1. Parameters of FBG-FP inscription.

[/mm d/mm Pulse counts of UV uniform exposure
A-1 8.5 2 0
A-2 8.5 2 4000
B-1 3 13 0
B-2 3 13 3000
0
M
<
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Fig. 3. (color online) Spectra of FBG-FP in group A, where blue solid
curves are measured results and red dash curves are fitting results (a)
A-1; (b) A-2.

The spectra of FBG-FPs are monitored using an optical
spectrum analyzer (OSA) with a resolution of 0.04 pm (APEX
Technologies, AP-2041B). The probe light is provided by the
OSA’s affiliated tunable laser with a linewidth of 500 kHz. The
spectra of FBG-FPs of two groups are shown in Fig. 3 and
Fig. 4, respectively, where blue solid curves are measured re-
sults and red dashed curves are results fitting with Eq. (9) in
section 2. Fitting parameters of A-1 and A-2 in Fig. 3 are
kK =0.33 mm~!, o = 0.00055 mm~!, o =0 mm~', and
kK = 0.32 mm~!, o = 0.00055 mm~!, o, = 0.0014 mm!,
respectively. The fitted coefficient of determination R? are
0.9932 and 0.9859, respectively. It is seen that the theoreti-
cal model is in good agreement with the experimental results,
and confirms that the theoretical model is valid for calculat-
ing the FBG-FP spectrum. In the ideal case, the transmissiv-
ity of the transmission peak should be 100%, but if there is
a weak intra-cavity loss, the transmissivity of the resonance
transmission peak is reduced obviously. The loss of the reso-
nance transmission peak in samples A-1 and A-2 are 2.07 dB
and 3.76 dB, respectively. These loss values are much greater
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than UV- induced loss in fiber, which indicates that the reso-
nance effect enhances the loss of the resonance transmission
peak. This phenomenon is called the loss enhancement effect
of the resonance transmission peak in this paper.

OM i A
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0\ /nm
Fig. 4. (color online) Spectra of FBG-FP in group B, where blue solid
curves are measured results and red dash curves are fitting results (a)
B-1; (b) B-2.

Fitting parameters of B-1 and B-2 in Fig. 4 are x =
o = 00011 mm', ¢ =0 mm!, and x =
0.96 mm~!, o = 0.0011 mm~', &z =0.00085 mm~!, respec-
tively. The coefficient of the determination R* are 0.9604 and
0.9662, respectively. The results illustrate that loss values are

1 mm~

related with the wavelength of light. For example, in Fig. 4(b),
the loss of peak 1 is 4.13 dB, and the loss of peak 2 is 9.10 dB.
This phenomenon is attributed to the FP resonant effect. The
light components at the transmission wavelength repeatedly
oscillate, resulting in experiencing longer optical paths before
it transmits out. Thus it suffers much more loss than a sin-
gle path. The number of round trips, or photon lifetime, is
related with the reflection of FBG at the transmission peak
wavelength. Hence, the higher the reflectivity is, the more
significant the loss enhancement effect of the resonance trans-
mission peak is exhibited. Figure 5 shows the FBG-FP trans-
mission spectrum and its envelope calculated with Eq. (10),
the parameters are the same as the fitted values of FBG-FP in
group B. The pink dotted curve, blue solid line, and red dashed
line present the reflection spectrum of single FBG, transmis-
sion spectrum of FBG-FP, and envelope of the transmission
spectrum respectively. It can be seen that the transmission

wavelength is closer to the Bragg wavelength, then the single
FBG reflectivity is higher, and the loss is more remarkable.

0 0
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IR W 0 0.5 1.0
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Fig. 5. (color online) Simulation of the FBG-FP using Group B’s pa-
rameter with K =1 mm~', o =0.0011 mm~!, & = 0.00085 mm.

The post-exposure induced loss for FBG-FP is shown
in Fig. 3(b) and Fig. 4(b). According to the fitting parame-
ters, we estimate that loss of about 0.0014 mm™! is induced
by 4000-pulse counts uniform UV-exposure, and 3000-pulse
counts UV-exposure results in loss of 0.00085 mm~'. It pro-
vides a new way to measure UV-induced loss. In the past, in
order to avoid some disturbing factors, such as fiber splicing
loss, measuring a spectrum as reference before FBG is written
and monitoring the spectrum during FBG writing were used
to estimate UV-induced loss.??! This method is limited by the
accuracy of OSA, whose accuracy generally is 0.01 dB. Be-
sides it is useless after annealing. We demonstrated that the
photothermal effect in phase shift FBG can be used to esti-
mate the loss coefficient of FBG in previous work.”3! How-
ever, the measurement error is large by this method, due to the
fact that the heat dissipation condition have a strong impact
on the transmission peak drift of the phase shift FBG. So it
is expected to be a new method to measure UV-induced loss
by using the loss enhancement effect of the transmission peak,
which can increase the accuracy by two orders of magnitude
without reference light.

4. Conclusion

In this paper we analyzed the effect of the UV-induced
loss on the spectral response of FBG-FPs. The theoretical
study is achieved by extending the standard coupled-mode the-
ory including the effect of periodic loss and the multi-beam
interference theory including the intra-cavity fiber loss. Sev-
eral FBG-FPs with a single resonance peak or multi-resonance
peaks are manufactured in experiments, and the measured
spectrum 1is fitted with the theoretical model in Section 2; the
theoretical result is in good agreement with the experimental
results. Itis demonstrated that the weak loss in FBG-FP results
in serious reduction of resonance transmission peaks transmis-
sivity. For FBG-FP with multi-resonance peaks, the resonance
peak wavelength is closer to the Bragg wavelength, the more

024207-4



Chin. Phys. B Vol. 27, No. 2 (2018) 024207

significant the loss effect of the resonance transmission peak

is exhibited. This study can be applied to measure FBG loss

more accurately, without reference light, and it can play an im-

portant role in FBG and FBG-FP writing process optimization

and application parameter optimization.
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