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ABSTRACT

A Study on the Mixed Gas Detection Using
Photonic Bandgap Fiber

Kim Young Gon
Advisor : Prof. Kim Jong-bin, Ph.D.
Department of Electronic Engineering,

Graduate School of Chosun University

The optical sensors based on optical fiber can be built as small and cheap
systems. In a harsh actual industrial field, the distributed sensor systems and the
remote sensor systems detecting gas at several locations by using one light source
at the same time can be constructed. Also the optical system that has a diode
laser with narrow line width can get the resolution of 0.000lcm-1 and has an
advantage to the highly sensitivity corresponds to detection limit of part per billion
(ppb) unit.

Typically, the harmful gases produced in living environment and working
environment emits their own absorption spectrum at the specific wavelength region
for the incident light source. In this study, using a photonic crystal optical fiber,
we made the optical sensor measuring the absorption spectrum that occurs in
specific regions of wavelength in real time, and measured the properties with
variation of the type of gas and temperature. The gas absorption spectrums were
measured by the specific wavelength of light which occurs when the lights pass
the hollow core presented inside the optical fiber. The optical gas sensors which

can detect various kinds of gas concentrations by processing the electrical signal

- viii -



were fabricated. At this point to produce high sensitivity gas sensors, optical
communication single mode fiber (SMF) and interfaces of sensor was bonded by
low loss fusion splice.

The concentration measuring system which is composed with diode laser and
fiber optics—based optical structure and tunable optical absorption measurement
techniques was used to measure the concentration of mixed gases. By using a
laser diode with different wavelength, the measuring concentrations of various
gases has been verified experimentally. A theoretical analysis of photonic band gap
fiber gas sensor was investigated by using the Beer-Lambert’s law. The absorption
wavelength of the target gas was screened by using Voigt liner shape function and
spectroscopic  properties with variation of temperature and pressure were
investigated.

Using direct absorption spectroscopy (DAS) a wavelength absorption
spectroscopy (WAS), the concentration of CO, CO2, C2H2, CH4 base gases were
quantitatively measured by the detection of absorption signal and 2f signal. And
direct absorption  spectroscopy and wavelength modulation  spectroscopy
(Wavelength Absorption Spectroscopy) was evaluated using a quantitative measure
of resolution. The optimal measurement techniques which can measure
concentration of below several part per million (ppm) were investigated. Through
the analysis of injection current and the output and wavelength according to the
temperature, absorption lines at center wavelength of 1568773 nm (CO gas),
1572.335 nm (CO2 gas) and 1535.39 nm (C2H2 gas) were selected for being the
best. The base CO gas spectral absorption characteristics were decreased
approximately 5.2 times, and the line width was increased with increasing
temperature. The line width of CO gas was higher than that of COZ2 gas and the
absorption rate was increased 0.21% with increasing temperature. With increasing

pressure of CO gas, the line width was linearly increased and absorption rate was

_ix_



nonlinearly increased. The errors of CO, CO2, C2H2Z, CH4 gases which were
measured by using direct absorption spectroscopy method, were 3.2% and 1%, 2.5%
and 0.2%, respectively. Under the condition of fuel combustion, the direct absorption
spectroscopy method and wavelength absorption spectroscopy method by comparing
to the solid electrolyte absorption method, respectively, 0.78% and 0.14% were
improved

From these results, we can verify that photonic crystal fiber gas sensor can be

used as a device sensing in real-time detection of gas molecular.
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Table 2. Detection of gas sensors based on the principle
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transitions in the R and P branch for a tvpical molecule

2 (2.6)2 S A2 (room-temperature @ 296K)S @t vy 22 2] 27)S o

% % Ak

S= 5% (2.488 % 10'")[em ™ %atm ™ '] 2.7)
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Brte] 1% S (Tl A AR (S), F5ok B4 28 F4Q), Hol Fas
(Vozels Aolel A &9 AUA E7)el s 2R A, wANE 4 28)3 2
.
- QT T, heE” 1 1
SZ(T) SI(T()) Q(T) (7)€Xp[_ L (?_ To )]
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3. Line—shape function

b2 Bk HolA W Fedl o3 A EE AYstre] AF St 2x9 oY
FEIFS S0 2ZAN T A oAV HAE F v wEbA] AP AE HolR
A Fo3 ARE & & A

ME Glojd e BE w45 wdsk AF yol ] (homogeneous broadening) ¥ Tthas

o] ¥AF IFd Eddd AF vo]F(inhomogeneous broadening) &2 /¥ th 3 o]
= 2349 A8 g (multiple line-shape function) 2 #3k% o] & oFgt &k H o]t}

1% e, Lol @ FrmA dEi Lol e §4 59 27 9
T FA AMEEE A4E 7 99 #(Fig. 209 W3t 5o

=4 mH ook & FaF Algolth

Gaussian A8 g4+ Doppler broadening #-2 E3 U3t AF Yojdeo] FxazH

9l o] o] d-¢%(random thomol motion)e] <& A5
ZdsHA Hoh wepA Ex4e] dEsel 9l

A
AE= B2 S0 & =28 A8 g4 (Doppler line-shape)= A& A<l F &
= 7}z x

i ) (2.9)

21 (29)01 4 AVpE £Z A Z(Doppler width)Ola‘ré}ftL A8 4ol FWHM(full
width at half maximum: Fig. 2. #1)o 2 et =28 A28 2 (210)3 2o)
Al k= o Xl T

TTn2 .
AV, = 1y, E o =17.1623 < 10 7%,/% (2.10)

mc
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o), TIKlE €% 183 Mlamule &

(=S
Fohe b EAe] BAEE ekt 919 Aol o ¢ UKol hae] gt 2
TH =Y AES G5y AXA Hel § Az AFel AXA Hh 5, 22w
wo] Tt F 5 At vhae] 2k wiste] wel 7 oA fo] BT F gle
W, ol 54 A 34 AdEsE 9 WAE AL Ak adas 54 9t
ol A 2= AR vg Fasin

o] & Heigenberg 84 o] & (Heigenberg
Uncertainty Principle)el]l ¢]&] A= 4 low 2 (212)7 Zo] Yl ¥ 5 9l

(2.11)

FAH(Photon) AUA| = S&H AedAe] Astd A wo A3 & 4 gl
a8y wel &< FHol(Absorption transition)o] oUW A AE|7F AFA Al ol 95|

At AAEOH, Add AF dojgog] AEol WslE veld 4 ok AdH A
Z Yol Lorenzian A8 24 xdE 4 vk

AV,
o,(V)=+ 2 (2.12)
v (S

i

2 (2120014 AVilem 1 “patural” AE (FWHM)olH, Vilem '1E 4 F94
Ueldh -2 AS olAe olgye AdH Ayl vy 71 oyA

of sz os ¥4 W 5 vk

e/
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Lo

O{n

W FR2 o|Ydxt oA wEAlFE T}
9 ooeld ARdEE A (2199 2ol

=
o]

. (V)= = (2.13)

o] 716 A, AVem 1% collisional AZ(FWHM)o|t}h, BAS 3o A5 EE0] thE
TR oY TtRE ARoldA BAEIE A, °o]lAE “Process foreign-gas

broadening”°l&} &3, TII It~ BEAE o] FEo] WY g

“self-broadening”o] g} g}l 3k o] U} HAE 7] FEo 93 AE Wojde &
7 4A3 A9 ggd vl Ao gFe] stag FAY HoN F FE A

Z (collision width)= 2] (2.14)¢} 2t}

AV, =PYI(X2Y)) (2.14)

21 (2140 A Xi= jE b9 B B (mole fraction)S YERAH, ¥ [cm 'atm &
FE HAZ ydold A4 (collisional broadening coefficient)o]th. 2% tE ypi= 2
(2.15)¢F o] xdE = 3

1y

Y (1) =X, (1) (=)™ (2.15)

rr
fo
H
o,
i
2,
P

2l (215)9 A Tox= 71+ &% (reference temperature) L@ il nj
(coefficient of temperature dependence)ZA] % & ¥t}

Lorentzian A& 39 i =o] (Peak height)® 2] (2.16)3% 7t}

2

A 7

(2.16)
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}. Voigt line-shape function

o

=
-
dubs oz BAEY Fiol o8 Lojups F s HE

o

wWol A (Doppler broadening)®] Al 7HA] A% Woj @Ado] F3t
o= WASH #ch 2EBE=R ol Al 7HA] A% wHold dNES AdFd AJTFUL
g astrh, webA Gaussian A3 59 Collisional A8 F4E A5 AdT4 =
S Voigt profile olztalm], ok ME woj o] wAYFe] Sy oletd, Mg

Voigt profile 2] (2.17)3} o] Fo] Xt}

=

o, (V)= /+m¢D(V— w)du (2.17)

Voigt a W= Dopplerét =< o3k A

3=
FE 9@ A Wolge Tt FAITH ak 44 F7hs
o= (2.18)

pWFE 5 B FAonNEe] AYE T AYom tehin, 4 (2199 2ol
12!

LERE = gl
2vIn2 (V—1,)
w= AV, (2.19)
aEa AR W ye A (220039 22 dAA R YERhf o,
y= 2uvin2. (2.20)

AV,
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A F3 Vool A 9] Gaussian 7]+ 2] (2213 #A 2o &2 veRo] Xt}
o) _ .2
qﬁv(V):%(Vo)ﬁf DY) _ g ) Vaw) 2.21)

Voigt @Hre] Gule §4 BRstolA iy 4% 242 99 ogow A1guol
A gon} A 24 Az d 4P BAL 98 Voigt d52E f8e4 2 1
S PSSP IPAPNC B PEES J
2 Aga).

Voigt 48 #50 AEFEWHM)S th9] 2& o] gdte] Au=old 4 9’

rr
o
gl
4
W
rd
>
rE
o
2
oo
ﬁoﬂ,
s
k1
i
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f
o
o
‘] |
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<
Q
Pt
o

AV, =0.5346A V,+ 1/(0.2166) A Vi+ A V2 (2.22)

Voigt A8 ko] Ha wol= 2] (223)0.2 YERjo]H T

o, (V)= [(—B——)(L=5y) (2.23)

YED
— =2 Yolil. Y., = o]t} 5
((YC"’YED)) ]—L—’ ED v 1In2

Gaussian 7} Lorentzian 3¢ FWHM 2 3ot}

Fig. 4.+ 715 7}~ (Standard Gas) CO 500ppm= w7](latm), CO 7[=L%
296K 18]3l &4 Zo](Path-length) 36melr =A% + 2139 Gaussian,
Lorentzian 12|31 Voigt A8 5 Wl Fo|t}, Gaussian A8 <= Lorentzian
Hup oF 50% Ao e A7) @hs A JARE whHe Hi EolE V|Few

=
A R W oW £A7 gaeh Voigt AP FEE F

21 (2.23)9l 4 B=

ool

% 3717} Lorentzian 4
|

B Ak vl S Bl e e A7) Gaussian A% ¢t Lorentzian A
g o Abo] e BT

B Ao A= Gaussian A8 <9} Lorentzian A¥ -5 FAlo 183 Voigt
A8 L2 AR o =2 B HLsAr)
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Fig. 4. Comparison of Gaussian, Lorentzian and Voigt line-shape on a

normailized frequency and intensity scale
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-
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FYAAG oli el &7k FoE v(t)
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T3 oA AxxE Feld(Fourier) ZA H42
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-

T

7b FAE ARG, o] T3 AF = o IoHk( V,a)v &t
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TR = S5 A s 3] AEo WS BASy] 98 WEs WAL 9ul uebA
21(2.27)0] Z=8+A 77} QT E oA}

Lorenzian A JeNE 7HAE §% Asel A9, Felol AFE ol skl nay 4
A B & w7 Ao 9 W S

e
3} A5E 4 22283 2ol YEd 4 gtk

7(V)=1—(XL)PS* (2.29)

_NhthoAl (2.30)
___a
=7 By AlsE A (232)9F 2ol 8 H 4 Ao
T(V(t) = 1—(XL)PS| 2 1 (2.32)

TAV, 1+ (x+ m00527rft)2

223209 F3 Azol h3 274 23k Felol AFE 4 (2393 2ol el % 8l
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Fig. 5. Modulation frequency after absorbing resonance frequency

Fig. 6. Absorption intensity change of modulation frequency

as a function of frequency Vv
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Table 3. The specification of PBF

Optical properties

= Center operating wavelength'

- Attenuation at center operating wavelength
- Dispersion at lowest attenuation wavelength

- Dispersion slope:
= at center operating wavelength

= gt zero dispersion wavelength
=  Width of transmission band®
- Fraction of hght propoagating in air®
= Mode field diometer®
= Mumencal aperture”
= Effective mode index®

= Mode shape overlap with standard SMF™

Physical properties

e  Core diameter®

= Pitch (distance between cladding hole centars)
=  Aur Filling Fraction in tha holey region®

= Diameter of holey region

- Diameter of silica cladding

= Coating diameter (single layer acrylats)

= Available length
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1550 nm
= 0.03 dB/m

27 psmmikm

0.5 ps/om?/km
4.8 ps/nm/km

= 200 nm
- 95%
7.5 um
0.2
~0.99

=~ B5%

120 pim
220 pm
wp te 1000 m

kit Table
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Table 4. The specification of AD645 OP-Amp

Feature of AD645

- 2uVp—p max, 0.1Hz to 10Hz

- 10nV/Hz"2 max at 10Khz
LOW NOISE
— 11fAp—p Current Noise

- 0.1Hz to 10Hz

- 250uV max Offset Voltage

- 1uV/C max Drift
HIGH ACCURACY
- 1.5pA max Input Bias Current

- 114dB Open-Loop Gain
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Table 5. Main specification of measurement control circuit board

3} = Spec.
Microcontroller Intel Pentium PC
GPIB Interface National Instrument NI GPIB-USB-HS
Digital 1I/0 device National Instrument PCle-6321

ol e s dol o] WA EE
& Aozt b5 SES AW so Beol €@ GIPB 2 4
19,600bps X2 A3 F4le] 753}

al e
AAE MEetdt Fig. 13.5 4410 3= M 4% o|th

Fig. 13. The schematic of control system for gas concentration
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Table 6. Experimental conditions using direct absorption spectroscopy

Experimental Conditions(Direct Absorption Method)

Diode Laser Controller

Injection Current(mA) 150 ~ 250

Element Temperature(°C) 25°C

Arbitrary Function Generator

Ramp wave or triangle Amplitude(V) 02 ~ 25
Ramp wave offset(V) 01 ~ 1.25
Ramp wave Frequency(Hz) 1000

Photo—detector

Bandwidth(dB) 25 ~ 100

Band-pass Filter

Low(Hz) 10
High(Hz) 200 ~ 500
Path length(m) 36.7
Gas Concentration(ppm or %) Ai A=" A
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Table 7. Experimental conditions using wavelength modulation spectroscopy

Experimental Conditions(WMS)

Diode Laser Controller

Injection Current(mA)

130 ~ 180

Element Temperature(°C)

10 ~ 30

Arbitrary Function Generator

Ramp wave Amplitude(V) 0.4
Ramp wave Offset(V) 0.15
50

Ramp wave Frequency(Hz)

Sine wave Amplitude(mV)

100 ~ 800(400)

Sine wave Offset(mV) 0
Sine wave Frequency(kHz) 30
Lock—-in Amplifier
Phase(°) 0 ~ 360
Sensitivity(mV) 100 ~ 500
Time Constant(mS) 1 ~3
Band-Pass Filter
Low(Hz) 10
High(Hz) 300 ~ 1000
Path length(m) 36.7
Gas Concentration(ppm or %) Ad Al=" 2§
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Fig. 19. Calculated survey spectra of CO in the
1561-1575nm
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Fig. 20. Calculated survey spectra of CO in the
1567.68-1570nm
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Fig. 21. Calculated survey spectra absorbance of

CO R(6)
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Fig. 22. Calculated survey spectra absorption (%) of
CO R(6)
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Fig. 25. Calculated survey spectra absorption (%) of
CO2 R(14), R(16), R(18) transition
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Fig. 26. Calculated survey spectra absorption (%) of
CO2 R(16) transition
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Fig. 27. Calculated survey spectra absorption of C2Hz from 1530nm
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Fig. 28. Calculated survey spectra absorption of

CoHz P(9) transition
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Table 8. Wavelength, transition, band, absorbance of selected

absorption line and diode laser verse species

Species Wax(rsflr)lgth Transition Band ;‘i)asls:_léz‘;e(i E:::
Cco 1568.773 R(6) 3V 8.104E°° DFB
CO2 1572.335 R(16) 2Vi+2Va+Vs | 2.738E DFB
CoHy 1535.393 P(9) Vi+V3 4.023E™ DFB
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Fig. 29. Calculated survey spectra absorption (%) of
CO R(6) at 500K
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Fig. 30. Calculated survey spectra absorption (%) of
CO R(6)
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Fig. 31. Calculated survey spectra absorption (%) of CO
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Fig. 35. Calculated Absorbance of the Voigt profile

versus temperature fot the CO2 R(16) transition
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1. CO 7h=e 434 ¥x 54 49

7}, AF &4 %338 (Direct Absorption Spectroscopy : DAS)

EEALE o868 BE 24e B BYUS o8 5 Byde 44 E5
BRa 9 ME BRMoR BR % 4 v 44 §4 BRde A4E Rue
B e e TEGoesd Yehis AR @42 FEad A% @om Zdgt

H

By AFEE CO7FAe AL ppm v9lel A3 =4S Q- sHA HEd o
g A e FAAA S AAY B BE9 Ed(optical fringe)d 7h2~9] HAE
o 93] Yelus 729 A7 Tt =3 4E latm, % 206K Z70A F=
100ppm ©latoll A= EAEe] FEol o HA FFael dFol WA A F
collisional broadening¥} Gaussian broadening®] A 3HA 2 & e XA Frro 9
&l FA4o] oYXty a2ejrm B AFdAes hEE tirl Bo wA Ao A
Wolgde 223 39

FF7t2E2 COZFEE ARES] AY &5 3 9% A
2 460Torr, & Z°] Im Z7A A3sS
% 10, 30, 40, 100, l50pme ARg-ste] A}

Fods & Aeh FFAse A718 v E2 SA4T 23 Table 99 2

el

Table 9. Comparison of the measured absorption

signal with different concentration

CO % (ppm) Absorption(V)
10 1.375E-05
30 2.198E-05
40 3.426E-05
50 5431E-05
100 1.054E-04
150 1.287E-04
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£ 7} (Standard gas)l WE FE FAL ¢ A3k oAt BAFS & & 9
ohool# gk A w2 F# (460 Torr)dtoll Aol S g o] &Aoo Yoz A}
g9 A\ ZgEdd vlE HA S A7 mekste] A SAHAAE w2 s
#2H)(SNR : Signal to Noise ratio)E 2.9
e AR F5 FAWE ol8F EFbie dF FE 24 3 ppmwel 9
b 24 nn B 6w e aTaE sha 240 A8 e Aol RENYe
4 AT o] e A 5% =4 ZA3E Table 1003 21 5% 24 2
F= ok 32% o
Table 10. Measured CO concentration with
deferent standard gas
CO *»%(ppm) =5 55
10 0
30 6
40 10
50 50
100 79
108

150
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(Wavelength Modulation Spectroscopy : WMS)
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Table 11. P-P value of the 2f signal with different

standard CO concentration

Absorption signal height(V)

1.753E-02

4/730E-02

5.125E-02

7.017E-02

1.206E-01

1.718E-01

CO = =(ppm)
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40
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150

EFTEA

9tk Voigt A8 34 dlolE+=

43

T Aol Im oA

5% 10, 30, 40, 100, 150ppm

SppmZHAl SA 0] 7k

719 (latm),

ok
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B AA=Z 10ppme]

Fem 1Ak gk 1.5% oAt

S
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37

AA ek 125 x 104V)9 %
A A HAA 2 x 107 VY e domz uf

& =3 7F% (sensitivity) 9] M-S B}

=
bl

o] gd A= HA 10ppm
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_EH
e
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NI

ppm =

P
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e
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Table 12.9} 7t}

1
.

H
o
[ #H

Table 12. Comparison of the 2f signal with different

standard CO concentration

Absorption(V)

1.753E-02

4.668E-02

5.234E-02

8.311E-02

1.195E-01

1.721E-01

CO = =(ppm)

10

30

40

50

100

150
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Table 13. Measured CO concentration comparison

with deferent DA and method
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7}, AF &4 %338 (Direct Absorption Spectroscopy : DAS)

FF7keR COZF=E ARgee] A% F5 3 od 574
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Fig. 38. Measured CO:2 concentration with deferent standard

gas
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3. CHe 7k2=9 A7A % 54 49

77t E2 CGHF=E AFESte] A3 & B3 93 SAHx210E 2% 296K,
71 (latm), 5 2ol Im ZxolA A3k Voigt A& e HolEl= &7t~
&% 50, 100, 150, 200ppm< AF-8-3F %

CHy 7k A FA94 o] wg 228 3 Wz 5‘%%2& =2 3 HQ
Uiy e ngo=r F =
A st en CHGl F Al 74,
B 25%% 3%°yE Hon ol#]dk 92 A koA o
T 9 el H09 #E7F A e tiell Este] ol 1%k o ASg F
T AEE A7) ofggol A7 wWEolth wekAd E&4 Fwe AAYE &
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Measured C.H conc(ppm)
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Ref. 02H2 conc.(ppm)

Fig. 40. Measured C2H2 concentration with defrent standard

gas
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A, CH, 7h=0] B34 v= %4 A9
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CHiE EF7h22 ALgdle] BEE 248 At Fig 41 9 2tk 34 $E
QAE o 02%% Wylen, e CHs 7 oA o8l B FA0% Fa 450
2715 AE o et 2 FAAQY Aol aeluE AY F5 2YW A
gol FAde o & A
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T

Measured CH, conc.(%)

T : T T T ) T : T
o 5 10 148 20

Ref. CH, conc.(%]}

Fig. 41. Measured CHs concentration with defrent standard

gas
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F7F2=21 CO, CO7F2=9] S 9 S5 Table 14.9F 2t}

ot

Table 14. Comparison of Voigt fit signal with different

concentration for multiplexing measurement.

CO CO2
% 5% | Absorption(V) 9 &% | Absorption(V)
100 ppm 0.083E-03 500ppm 0.104E-3
300 ppm 0.320E-03 0.1% 0.270E-3
500 ppm 0.613E-03 1% 2.016E-3

i
Q
O
N
>
o

= Eg7F=0 CO9F COx7b2~9] &35
o
[e)

21 749 500ppm¥ CO27F2= 9]
2 < 4= 260Torr, &5 o]
=4S 3 7§ HITRAN databaseZ ©] &3}
COz R(40) &4 Fig. 42.9F 2t}

T2 §tu A" *

)

1m, &%

=43 CO R6)#

Absorbance (10*-02)
273

0.00

T T | T T
1.567000

Microns 1.568499 Microns
6381.620930 cm-1

T T T

T

1.570000 Microns
6369.426750 cm-1

Fig. 42. Calculated survey spectra absorbance of CO
R(6), CO2 R(40) transition (296k, latm)
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Fig. 43. Calculated survey spectra absorbance of CO R(6), CO:
R(40) transition (295K, 260Torr)
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Table 16.9} 2t}

Table 16. Standard deviation of exhaust gas measurement(%)
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Table 17. Measured concentration of CO2 for the change
of excess air (latm, 1m, 296K) using WMS method

Standard Deviation (SD)
CO2 con. (%)
FAAA B AA Folg 7k A7
1 11.68 11.31
1.1 10.96 11.65
1.2 10.45 10.82
1.3 10.01 10.14
14 9.54 9.42
1.5 8.97 8.87
1.6 8.27 3.64
Average 9.98 10.12

A Azl CO 7t ZRe

FEte] A%H A7 8T
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