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Simultaneous measurement of temperature and alcohol solution concentration
based on the cascade of FBG and MZI

Li Da, He Wei, Lou Xiaoping, Dong Mingli, Zhu Lianqing

( Beijing Engineering Research Center of Optoelectronic Information and Instruments ,

Beijing Information Science and Technology University, Betjing 100016, China)

Abstract: To detect the temperature and alcohol concentration during the liquor distillation, a dual-parameter optical sensor based on
Mach-Zehnder interferometer ( MZI) and fiber Bragg grating (FBG) cascade structure is fabricated. The sensor is formed by a 4-order
FBG which is fabricated by the femtosecond laser with line-by-line method in single mode fiber (SMF). The transmitted MZI is based on
core-offset and large overlap splicing method between thin core fiber and SMF. The period of the proposed FBG is 2.2 pum. The Bragg
wavelength is 1 591.21 nm. The depth of the transmission spectrum is 23 dB. For MZI, the length of thin core fiber is 8.7 mm and the
interference contrast fringe is 28.5 dB. The temperature and alcohol solution concentration features of the sensor are analyzed by beam
interference theory. FBG and MZI have different sensitivities to temperature and alcohol solution concentration. The sensitivity matrix is
constructed and the temperature and alcohol solution concentration can be measured simultaneously. In the experiments, the sensitivities
of concentration of alcohol solution and temperature can reach up to —41.37 pm/% and 58.96 pm/°C. Therefore, the proposed sensing
structure has the potential application prospect in the liquor manufacturing industry.

Keywords :fiber optics sensors; femtosecond laser; fiber Bragg grating; Mach-Zehnder interferometer; concentration of alcohol solution
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Fig.1 Schematic diagram of FBG and MZI cascade
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Fig.2 Fabrication of FBG system with femtosecond laser
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Fig.5 Transmission spectrum of sensors based on

the cascade of FBG and MZI
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Fig.7 Transmission spectrum of the sensor under

different concentration of alcohol solution
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Dipy,; and DIP,,. with alcohol concentration
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23 IR RG H WA R A 3R ] s
An L

= ? 9)

4> A =1550 nm, 24550 (9) IEH An, =0.006 87,

SEH b T HII060 SGETF Y LT AR N 3.4 pm, ()2 H

209 125 pm  BEFLAR S 0. 22, 38 3 SR A =X 17

e, AIAGGET i JE AR A B vk -5 AR 3R] A 23T 3 %

ZWRAR IR PR, il Xy A, 1Py, 5 LP, 1A

RT3 22 5 S 45 AR A, IR MZL i T 3 2k 802
LP,,, 5 LP, T .

*x1 AEMRXEBEESATENEUMHEREE
Table 1 The effective refractive index difference between

different order cladding mode and core mode

AL BRI IR AT An gy
2 0.000 13
3 0.000 35
4 0.000 68
5 0.001 10
6 0.001 63
7 0.002 26
8 0.002 98
9 0.003 81
10 0.004 74
11 0.005 76
12 0.006 89
13 0.008 12

ST R IT WA B A5 SR A T R B R, 43 0 )
Dip,y, il Dip e AL FL A AT R GE . I INICE & 1Y
LA ARG Ry 20 ~ 100°C , AR L a] Bl 10°C, FH
FETE ST B0 AL AR FEAS IR T 19 35 i
P10 fIT 7R k£ i 76 KR [ 38 B (9 06 3%, AN &L Hh ol LR
i, 7E 20 ~ 100°C, Dipyy, [R5 AE 9 & 4 3 5 10 % 2
4.56 nm; Dipy [ P70 F8h 0. 72 nm, AT 3 4
WALt #, B 11 B 2R Dipyy, 1 Dip g A SR
SIREEMA I o, Dipy, 1 Dipyy 0493 5 R
435054 58.96 F19. 37 pm/°C, L4 B K45 0. 996 4
#10.997 2, Dipyy, F1 Dipyy, BA IR 2 5 10 XA R4
HIRPESER

-35

*—30TC

g
g0 Lo
3:’?_55 v—50C
N ——60C
60 —<—70C
——80C
+—90C
5T e 00c

— 0 1 1 1 1 1 1 L ]
1530 1540 1550 1560 1570 1580 1590 1600
#K/nm
B 10 R[RENEE TR B ik

Fig. 10 The transmission spectrum of the sensor

under different temperatures

SESTE
5.0 = MZI
sl + FBG .
40
£ 35t
H 30l R=0.996 4
R o
5‘2 25 58.96 pm/C
é 20F R>=0.997 2
1S E 9.37 pm/’C
1.0+
osf —
ol
-05 1 1 1 1 ! I L L L |
10 20 30 40 50 60 70 80 90 100 110
A/ C
T BE U5 2k
Fig. 11  The fitting curve of wavelength shift of

Dipy,; and DIP,,. with temperature

PR, T LA Dip gy 1 Dip e 75 7] 1L F0P RS ¥
WO B IR AL i, 45 R ABURE 28 B [ 52 B X il B2
I HS 5 00 2 1 [ s 00 i SR8 AR SO0 o T 37
N



512 1 2

ik A5 FBG 20356 MZL [y I FIP R VA WK P A% TR PR 50

3025

[A)\MZI (10)

_ [knﬂ ke, ][AT]

A e ky ke AC
A AXy, A)\Fgcﬁj\ﬁﬂjﬁ Dlpmylﬂl Dip g X D AFAE 4
MRS, ky ky, FVE, K, 53501 Dipyy, Fl Dip g
?ﬂfﬁ%ﬂ?@ﬂ%?ﬁ?&%ﬁiﬁﬁﬁ,ﬂ 1 AC 535128 Dipyy, F

Dip e AT R B A A8 A B o TR I il 38 R 7 R v
E%*%i?ﬁ%ﬁ
[AT [ Ty, ] [A)\WT (1)
AC T A)‘lﬁu

Ehfﬁ( 10) T%ﬂ , IE.L%%IJ{EJE Dipy, il Dipyye E':J/Bz{(
TSRS 1 A0 AT LA S BHGT A/ U P AR A W 8 1 [ B 0 o

4%7‘ Dipwnﬂl Dippgg E‘J{ETE?FH/”’{&%U“”I'] iﬁif1ﬁ/\
A (1) A 75
0. 106 7][A/\ym]

MEE
AC 0.0242 0.152 T1L AN e

T X ] o0 P52 REDHS 7 8 e S 1 12 e
WESERIXT LD, SRy TR LA ST A B X2 A Je s 5 LA
AR T 14 22 5 R TR 5 00 e 2 e R Al AT 5 A5 3]
RIS 1 3T S A RGO O - 125. 37 nm/RIU, A [A] XL
ZHUE A RBUESHOT LR 2 B o 3@ 5d x) b
AL, AR SCHR A AL TR A K S SCRR[ 2532 A EL B A B
o AR ILSE R BHRE, 5 3Gk (33 ] A BE FL A B e 1) 3 A
R

(12)

K2 TRANSHLERBIFESHIL

Table 2 Comparisons of sensitivity parameters of different dual-parameter sensors

S e PR R B TR RGE/ (pm - C ") 275 3CHk

BRIV B4 25 1) MZI 100.03 dB/RIU 54.6 3Cik[23]

HEIES K MZI 270.52 nm/RIU 19.3 SCHk[25]

FBG 45445l SMF 165.93 nm/RIU 31.7 ik [26]

/LR FBG 4.816 nm/RIU 9.62 CHRL27]

[l FPI 0.846 nm/RIU 2.48 SCHR[28]

LPFG 4% S # Taper 311.48 nm/RIU 45.87 SCR[29]

L7 4 MZI 4435 FBG 13.76 nm/RIU 46.3 SCHR[30]

FPI 241 MZI 108 nm/RIU 27.5 SCHRE31]

FBG S 454 157.89 nm/RIU 23.8 SCik(32]

1B 45H) MZI 4¢3 FBG -26.96 nm/RIU 83.29 SCHR[33]
HERTE K45 G 1 MZI 98 FBG -125.37 nm/RIU 58.98 j:_i

4 &

I 5 8 1 O A DRI 2T A HAs St i) =il
AT [ B 000 S 30 B AR AG VS VRO B (R DB P AR e . R
2GR T V5 BE X 1BETHE B 1 LR RN T S A% B 1
HATEE M. LG YR ARG T RO E S 0% ~50%
MZI T3 45 1Ak B RAUE W] 38 - 41.37 pm/% ,FBG X
RS VR B AR AN IR 7F 20 ~ 100°C b 2 715 i P, MZT Al
FBG 1% i 9 W i W6 BF R 8L 4 5] o 58. 96 Al
9.37 pm/C, L, FEF MZI HHK FBG HiI/E M B ii E
TP A VA MR 3 A Bt LA G5 e R ] KB B A
iy oNEE PUHRE T PS5 R A, v T B0 28 00 R R
JEE AP T BE (A AE 2R T
B23H

(U] Wifglh, BEA, EINI A Bk R AL e

BAR G IORFRI[ )] BRI, 2003, 30(5) :31-33.
YANG H Q, LV X F, WANG L G, et al. Studies on ul-
trasonic sensor of on-line ethanol measurement|[ J].
uor Making, 2003, 30(5) :31-33.

WaaH, B, EER. AR Rk B I
RHARLHABIELT]. P92 Tl K254, 2014(11) ¢
891-895.

LEI ZH Y, WANG J, WANG Z M. Concentration meas-

urement of industrial alcohol based on capacitance and

Lig-

(2]

non-linear correction|[ J].
University, 2014 (11) ;891-895.

XIASE, A, kG, AR SETRG RO
A hids e B A IS [ ] AR "2 4, 2016,
37(10) :2392-2398.

LIUMR, LUY F, ZHANG ZH ], et al. FBG pressure

sensor based on polymer packaging[ J].

Journal of Xi an Technological

(3]

Chinese Journal
of Scientific Instrument, 2016, 37(10) :2392-2398.

[4] PALMA P D, NATALE D, CAMPOPIANO S, et al. A



3026

fCoa &

Eibd 438 %

(5]

(6]

(7]

[8]

(9]

(10]

[11]

(12]

simple Fabry-Perot pressure sensor fabricated on fiber op-
tic tip[ C .
2016:991610.

Wrishish, g, 5KIE3E, . POTDR R/ R 4L
Bliab B o3 M J5 3k LT ] I 4 A5 3CH0 24 41
2016, 30(11) :1671-1678.

CHEN M M, WANG F, ZHANG X P, et al.

cessing and analysis method of POTDR vibration sensing

European Workshop on Optical Fibre Sen-

sors,

Data pro-

system[ J |. Journal of Electronic Measurement and Instru-
mentation, 2016, 30(11) :1671-1678.

FIEES, EFHFAE, K5 3T Mueller 55 B4 B HHA K
TG EE I i [T ], 7 I A 4R, 2016, 39 (7).
165-168.

DU Y X, WANG CH H, ZHANG Q W. Measurement of

the optical rotation angle based on Mueller matrix[ J]. E-

lectronic Measurement Technology, 2016, 39 (7):
165-168.
ZRL, MUERR, FDG, %, FET MR UDP #1 CIGI (1Y

JCEF M A B AR A SE [T ]
2016, 37(1) :129-135.

LI H, ZHU L Q, YAN G, et al. FBG high speed demod-
ulation technology based on improved UDP and CIGI[ J].
2016, 37(1):

P& VLS

Chinese Journal of Scientific Instrument,
129-135.

Py, BREE, WK, A OGLF MR AL BB 1 F
FIRLI]. EAMEFEEAR, 2016, 35(9) :92-95.
MA D, GEJF, YE L, et al. Review on fiber optic point
liquid-level sensors[ J].
Technology, 2016, 35(9) :92-95.

BT, RUg. BT R RS AR G LT G L iR
IR (], I i 5 {0 2 4, 2015,29(12)
1806-1812.

JIANG D P, WU W. Fiber Bragg grating current sensor

based on giant magnetostrictive material [ J .

Foreign Electronic Measurement

Journal of

Electronic Measurement and Instrumentation, 2015,
29(12) :1806-1812.
LIU S, WU J, LUO M, et al.

photonic crystal fiber structure modified by femtosecond

Investigation of impact of
laser micromachining on long period gratings’ sensing
characteristics [ J ].
2016(77) :79-84.

NI X Q, WANG M, GUO D M. Fiber in-line Fabry -

Pérot interferometer for simultaneous measurement of re-

Optics & Lasers in Engineering,

flective index and temperature[ J].
ters, 2016, 14(5) :1-5.

ZeAoly, FEMH, T, %, —FET D55 3
IR CE L RS S B B AR [T ], R,
2014, 40(1) :3-6.

LIBY, WANG S M, WANG P, et al. All-fiber asym-

metrical interferometeriv sensor for simultaneous dual-pa-

Chinese Optics Let-

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

rameter measurements| J]. Optical Technique, 2014, 40
(1):3-6.

LU Y, SHEN C, ZHONG C, et al. Refractive index and
temperature sensor based on double-pass M-Z interferom-
eter with an FBG [J].
IEEE, 2014, 26(11) :1124-1127.

WL, Rt B, m R REDCL Sk
TR EAAEE ], Jel T - WL, 2014(7):
1259-1264.

YANG K, XU B, LI'Y, et al. Highly sensitive tempera-
ture fiber sensor nased on liquid-sealed Mach-Zehnder in-

+ Laser, 2014

Photonics Technology Letters

terferometer[ J |. Journal of Optoelectronics
(7) :1259-1264.

ZHAO Y, LI X G, CAI L. A highly sensitive Mach-Ze-
hnder interferometric refractive index sensor based on
core-offset single mode fiber[ J]. Sensors & Actuators A
Physical, 2015, 223:119-124.

WU D, ZHU T, CHIANG K S, et al. All single-mode fi-
ber Mach-Zehnder interferometer based on two peanut-
shape structures [ J ]. Journal of Lightwave Technology,
2012, 30(5) :805-810.

SHEN X, XU L, WANG 8. High-sensitivity Mach-Ze-
hnder interferometric refractive index sensor based on two
Proceedings of SPIE-The
International Society for Optical Engineering, 2015, 9449
(2) :94491X-94491X-6.

LI X G, ZHAO Y, CAI L, et al. Simultaneous measure-
ment of RI and temperature with a FP and Mach-Zehnder
IEEE Photonics Technology

different ultra-abrupt tapers[ J].

composite interferometer[ J ].
Letters, 2016, 28(17) :1.
LIC, NING T, LIJ, et al. Simultaneous measurement of
refractive index, strain, and temperature based on a four-
core fiber combined with a fiber Bragg grating[ J]. Optics
& Laser Technology, 2017(90) :179-184.

SUN M, XU B, DONG X, et al. Optical fiber strain and
temperature sensor based on an in-line Mach-Zehnder in-
terferometer using thin-core fiber[ J].
cations, 2012, 285(18) :3721-3725.
FARIE, INBIB, Gk %, S, [R] i) i il 2 A0l
AL R[], STk, 2015, 44(11) :20-24.
WANG D Y, SUN M M, JIN Y X, et al. Simultaneous
measurement of curature and temperature based on optical

Acta Photonica Sinica, 2015, 44(11) .

Optics Communi-

fiber sensor[ J].
20-24.

TONG ZH R, LUAN P, CAO Y, et al. Dual-parameter
optical fiber sensor based on concatenated down-taper and
multimode fiber [ J ]. 2016,
358.77-81.

R, AP, BAA. R R AT S R Ok
RIEER[J]. JeiF - ¥k, 2017(2) :123-127.

Optics Communications,



512 1 2

ik A5 FBG 20356 MZL [y I FIP R VA WK P A% TR PR 50

3027

[24]

(25]

[26]

[27]

(28]

(29]

(30]

MA Q F, NI K, HUANG R. Simultaneous temperature
and refractive index measurement based on optical fiber
sensor [ J ]. Journal of Optoelectronics Laser,
2017(2) ; 123-127.

R, AR, AR, S SR T OLETRLEERY T bh-1 1E
IR AL RBUEIR AL M OrRI [ T]. iy
55i% 50 #r, 2014, 34(6) . 1722-1726.

ZHAO N, FU H W, SHAO M, et al. Research on high
sensitivity temperature sensor based on mach-zehnder in-
terferometer with waist-enlarged fiber bitapers[ J]. Spec-
troscopy and Spectral Analysis, 2014, 34 (6) . 1722-
1726.

Ak, BRIEEE, FLOC, S EHEROR AN e A 1 IR
A SBT3/ B[R] I B B BT [T ). e T -

%, 2016(4) :353-358.

BIAN J CH, LANG T T, KONG W, et al. Thin-core
single-mode fiber sensor for simultaneous measurement of
refractive index and temperature based on waist-enlarged
tapers[ J]. Journal of Optoelectronics + Laser, 2016(4) .
353-358.

LIU T, CHEN Y, HAN Q, et al. Sensor based on mac-
robent fiber Bragg grating structure for simultaneous
measurement of refractive index and temperature[ J]. Ap-
plied Optics, 2016, 55(4) .791.

YANG HZ, ALIM M, ISLAM M R, et al. Cladless few
mode fiber grating sensor for simultaneous refractive index
and temperature measurement| J|. Sensors & Actuators A
Physical, 2015, 228.62-68.

NI X Q, WANG M, GUO D M. Fiber in-line Fabry-Per-
ot interferometer for simultaneous measurement of reflec-

tive index and temperature[ J]. Chinese Optics Letters,

2016, 14(5) :1-5.

LI J, ZHANG W, GAO S, et al. Long-period fiber grat-
ing cascaded to an S fiber taper for simultaneous measure-
ment of temperature and refractive index[ J]. TEEE Pho-
tonics Technology Letters, 2013, 25(9) :888-891.

YAO Q, MWNG H, WANG W, et al. Simultaneous

measurement of refractive index and temperature based on

a core-offset Mach-Zehnder interferometer combined with
a fiber Bragg grating[ J]. Sensors & Actuators A Physi-
cal, 2014, 209(1) .73-77.

LI X G, ZHAO Y, CAI L, et al. Simultaneous measure-
ment of RI and temperature based on a composite interfer-
ometer[ J]. TEEE Photonics Technology Letters, 2016,
28(17) :1839-1842.

CHEN Y, HAN Q, LIU T, et al. Simultaneous measure-
ment of refractive index and temperature using a cascaded
FBG/Droplet-like fiber structure[ J]. TEEE Sensors Jour-
nal, 2015, 15(11) :6432-6436.

CAOQY, LIU H, TONG Z, et al. Simultaneous measure-

ment of temperature and refractive index based on a

[31]
(32]

(33]

Mach-Zehnder interferometer cascaded with a fiber Bragg

grating [ J ]. Optics Communications, 2015, 342(1):
180-183.

EEE T

£ Z3k,2015 4EFILH Rkt Lo

A, BOIEEE BAHOR AL W5 A, £

wiw BERFFEIT 18] A GET A R REREOG U 1

= E-mail ;18811562698 @ 163. com

Li Da received his B. Sc.

Jiangnan University in 2015. Now he is a

degree from

M. Sc. candidate in Beijing Information Sci-
ence and Technology University. His main research interests in-
clude fiber sensing and femtosecond laser micromachining.

WK, 73911E 1984 4FH1 1989 4T
NE Tl R AR Ao A0S L2007, 2013 4R
M R b R AR I 27, B AL a5 R
BHER A HAZ , FEWSETT 0 L LIRS
Hotds M S RS,
E-mail; zhulianging@ sina. com
Zhu Lianqging received his B. Sc. and M. Sc. degrees both
from HeFei University of Technology in 1984 and 1989, respec-
tively, and received his Ph. D. degree from Harbin Institute of
Technology in 2013. Now he is a professor in Beijing Information
Science and Technology University. His main research interests
include fiber optic sensors and lasers, precision measurement and

systems.



