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Detection Method of Dissolved Oxygen Concentration in Water Based on
Single Source Frequency Domain Fluorescence Lifetime
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Abstract: To reduce the complex optical path and circuit structure in optical dissolved oxygen
concentration detection system., this paper proposes a methodology for detecting dissolved oxygen by
frequency-domain fluorescence lifetime. The single-channel light source is used to detect the concentration
of dissolved oxygen in water, which simplifies the optical path and circuit structure, improves the
dissolved oxygen concentration detection algorithm and enhances the efficiency of inspection process. The
effectiveness of the method is evaluated. Comparing with the results from an optical dissolved oxygen
analyzer, our proposed method performed better in terms of the detection error (reduced from 0.1 mg/L
to 0.04 mg/L in the range of 0~9 mg/L) and the stability ( the standard deviation is decreased by 36 %
to 0.007 mg/L). Leveraging the implementation of a fast Fourier transform-based algorithm , the

response time was reduced by an average of 12 seconds as steady state reached 90% , the response speed
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was increased to the percentage of 40% at the rise of concentration and 28 % at the fall of concentration
separately. The methodology demonstrated the effectiveness of detection accuracy, stability and response
speed.

Key words: Environmental optics; Fluorescence quenching; Fluorescence detection; Dissolved oxygen
concentration; Frequency-domain analysis; Fast Fourier transform; Response time
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JK 5 i 4 (Dissolved Oxygen, DO) ¥R BE 2 PEA 7K BT 1) — 30 85 2248 A, J& /K BT % L0 2 — , 38 5 15 Ml 2]
G DN 5 5 R A8 S5 BN 7K v U A 4 11 S B M D0 - 25 5 S0 S 1 VR 48 £ (Pondus Hydrogenii, PHDH AR 5 &
SV R A5 L i W S PTG AR B Y K B R AN o VA SR D AR T AR TR
G 20 LA B A= Wy B 2y Tt S EL A S 0 I P A 9 018 A A S R ARG Tk A S A 1 R A i
s b P T i DA R R T AR AR AT R Dy T P A SR DU T v R AR D R BT AR —E R
A ] B A A 32 AR AT o 1 X ¥ 7K A5 3 S TG 1k S A 0D B A B ) R R R A 4 Al DAPE O
VAR 1 DAy Rl 1 6 25 T X VS A SV RE 1 A 0 2 380 [ P A Al R g A B 2 DR R A

YNV I S — Pl N P IR e B AT 0 2 1) 5 S I 5 Ty 12k o A R S A YR K ) Bkt g — e S I
18 5 S TR A TG ST L 1T I T AR 2 R O RN R AR A U ke SR I VAR K )
JoT v ) TR 422 D0 . 20 D' AR 3k D T e A e G W0 B 38 SR FH AR AR I S 9 06 TR Sy 38 O o AR i A DU s
82 G 0 I3 4 ¢ D't 7 iy B0 I 5 BE AT AT B H VAR I ) JB ) k. ARG I o AR S AU e T AR R T HLIE H
A G R PR T M A S ARG R RE L A R AL AR 3 TR S R i S e R Y S A

2009 48, FEOLA I Jr 12 i 38 AR5 4G I B 23 5 A S — B oK i ik e bR A DU O kL O LA 36 [ e A
O A DL S AR AR 58 24 3 O HE B T e 2 R, 2013 4F L FENG W SN0 SR FH 96 6V Kk T 1 18 11T i
SR AR IR AR 3 kR 7 2 6 0 A AR S BT 9 51 A i AT ARG I B R sk A v B SO BR 5 LA B AR S i B B el A
DUDHRG B 09 [l LB 1 1 SR FH RO T8 A9 Ol B S Ha i 1, i HH 25 %8 B i 28 48t (Discrete Fourier Transform,
DFT) 35 A AR 35 FIF A5 AR 47 2 (8 39 6 %5 4. 2015 4, LT F M AU B0k 2 55 4, I Xof 6 0 45 52 fig
ZEPRN TR BE R UE TR M UE R R HE LA KOG IR S I L O S H A A SR AR BRI TR
(Personal Computer, PC) i) A7 HLER 23 3EAT AL FH. 2018 4F , I 45 1 208 31 i 17 — Fb ik 38 5% O 75 Ay I 15 iR 4R
AR 5 v I SO T A 2 b AR S SR EE L H SR BE L T B 0 O 97 A O ST A B I A AR B I
X 5 I 5 BE 5K 15 o By 32 B 5R 9 LA S R BOGT YL AFE 2 L 7 VA IR A 0.5mg/ L, 4G RS BE A 38 A7
— s SR B SR H O AR S R T S U R G YR G A BRI R SRR 6 22 1 T iR X RN O A T AR T H
FEVE T AR MRS B2 [R)RE AR, AN AR 5 e b oA 04 7 FH BB 28 6 10 o R D)y 92 5 A ' % S L B
SRS R IR, DR MG T BT — Tl T B A A AR R AR I D7 2, RE 8 A 1T A ARG I e R g [ e o bR T LK
F1R) V2 e S MR FE A .

AR SCHR T — ol BROG IR AURR 5¢ D' 75 i 14 VA Ak SRR DN Dy 1 o R AT SO RS DN Dy 12 R AT O 2 0 R B
Wl g #2488 171 14 %)) (Field Programmable Gate Array, FPGA) ;= A= [ & A AV A0 47 48 i o8 1 IE 5% (5 5, il i
BB O IR O 2 R A B B UK DG AR T T AR SOEE S SR A A 0 v B AL BRS B O AE S IR AT R AR IR REAT
P {8 L AR 46 (Fast Fourier Transform, FET) . 4R BUZ YO AT 5 (19 AH A7 AR H5 AN [7] 5 M Sk B S Uk
YN E I ¢ 73w AN [a] o Xof Ffe A5 AF 57 A 22 J5 ) JFH AR A7 22 ) 9 516 75 i 22 18] 19 26 RT3 9O A an A2 b i, e Jm [
R L« IR JRER (Stern-Volmer) 75 #2459 51 4¢ 't 5 i L 8 18] 75 fiff 80k BE 22 18] A OC 3R, 11530 10 K 4R I8 ik 4k
JE1H.

1 BETRAEFRENIEZEZNERXE

AR e E TN 1 BRI TSR FPGA B 408 R s e/ R 58 6 72466 12 )5 19 S8 TN A7
Flash. 2 1/ 3, 3% LA M 565 R T /E2H (Joint Test Action Group, JTAG) B P 4 e 4 0. 80 B N B #2481
TR A LA (Direct Digital Synthesizer, DDS) 7= Az [ %2 917 4 AH AL A1 85 2R 1) 1 5% 98 il {5 5 9K 3h 30 % 6
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18 3 bR e A e 4 7 SO0 A S AR L AT A I, P R 62 4% (Digital to Analog Converter, DAC) FHI5
Kk e 4% (Analog to Digital Converter, ADC)SRH] 24 A7 43 BER 1.8 R DRIESR A5 5 FER MG S B 2
% 1 3 R A Bl T4 AR IR B R T H U 3K B & Ot 48 (Light Emitting Diode, LED)AE Ry it & G5 , 4k
P ) R D R R R ok G I E R K B v A AE IR AR AF 4O L R 45 (Photo Detector, PD) #21i
J5 BB 9 G AR 5 A B P, A A [ 4 45 O TR 3 85 TR B I L K v T R B A L PR IE X AR S 1 A RCR
% K?{Erm{ﬁﬁ’iﬂ{lﬁf“%{ﬂmﬁ?ﬂ”ﬁl? VeIt PT100 A5 Jy i B2 A% J a8 X i B2 0 47 46 IR R 5 19 96 't

STE FPGA WH BT 4G FET 78 N 00808 40 #1 L 4b 33 15 i 45 45 S 3% [R] R B2 A 245 SR DA (208 X i
RS422 Pri & % % PC 1 LG — A5 db 2.
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Fig.1 Design of detecting dissolved oxygen device based on frequency-domain fluorescence lifetime

i AL G 8% A 2 2 Bros. R — A Bivar A AR BEIJE 3 mm B 3 5 A& T4 (Ultraviolet LED,
UVLED)YE R, HC P4 390 nm, 4 588 2.5 nm, ZGA N 15° LI 4 mm #9F 5¢ J1 6 T 2F
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Fig.2 Structure of optical path
JIT 7= A B OGRSl ok — AN A R A, A K 650 nm, A FE N 10 nm, 7RO K
T HE R BENS A B 85 % LA b Ll ad iU OEAE S i A B PD A& I8 v 58 B L R B B 48 Y PD & IR AR 2

RN TR S2386-18K, Rk 1.2 mm” . A AUEE T AU 1.1 mm” X B 98 Y6 K A6 R AE 0.43. 1511
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SR FH G SR 285 7T 45 3 B0 FH A2 1 DA A A5 66 vz o M D7 ik b g B R[] AR T LR R B KOG B R 5 o A Y
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PSSRz 4T FET BRI T H 30 1 B AR AL, 1] 0 S0RH 62 e A5 B AH 402 22 o AR 40 A A2 22 A [) W] LAAS B A 6] 19 22
6 F7 iy 208 I Stern-Volmer J7 R J& Xof BRAUE #Y L 01051 77 i BRIV AT 3580 24 i s fie 4 2 {1

2 BRFEMEREFaNET L

2.1 RARERERIERN A
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SR o T S BT P8 IR 5 BRI B 7 0 R AR A D < R A B4R O TR A S R O e I A AR BB L
4 My o A W MO B i R 1 DA 2 R 38098 e A5 5 T A IR S I S B R A ) i R v L DO o 22 Ok 1 2%
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JE TH R I 96 BRI Kt B9 DI 5 i 2 A6 L DO B 2 AR B AAVE X 245 Stern-Volmer J5 #277,

I, To

LI, AT 550 Ok TS A SR 1 9 6B B L o0 o 43 B R TG SRR S Y 98 # i, Ksw A Stern-
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SR G R T AT LR A 0 i i SR VR B AU Fl 2 R B A S A2 BIAM A A WO SR R W TR e A ARk
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Vi) A 9 B S50 AR DA 2 AR e 590 7 A 0 3 1 L S W s AN 5 T i g ) R SR D AT 8 o g A5 Sk )
DR SN S 5 i 1 ] 0
TSR G IR R TR IS 7 A O Y R B S R B DR R L A5 B B B DR A ORI A

I(t)y=I,e * (2
AT () MR 2SR OGSR L T, APIER 2GR B ¢ S 3k 8], « S 9O 7 i AR 4 X (2) 15 B LR 1k R Ge
N e O

fay=e-~ (3)
FPGA W& DDS 7 A= (i il & 6 A5 54

A(t)=Asin (2nft) 4)

A A S IEZ GG SR £ LI G SR, o 8 B e O ) AR L ST 2R (3) AT () L PR
(28 A5 5 1T DL 267 b ) 3 & A5 5 R 2R 55 ok B0 46 71

F@)y=A@)* f(@) 5
TERG RS AT LA 3
F @) ZH_(;E][)ZTZsin [2rft —arctan(2nf7) | =A,sin (2nft—0) (6)
PG = Z AN 22 0 e LR RO « BB ENTRA KRR
tan 0=2xn [t 7

.0 R HPOEAF S0 e AL BVARGL 22, /O IE SRR O A 5 5 7 A 9O R 5 iU o« S i ) A2 &
22 BRBEREWNGZE

UnTEL 3 Ji 7 o AR SR R — Al BRI YR A B 7 A R 7 3 ST e bR A L A e e B G 1 T DA B
0 I 4 A A AR SR 5 R O AR AR B AR AL 5 R I A RS DN A5 = 1) RS2 1) G 46 IR F AR 0 ik 2 T 5
THEVOCHF AR Ay, TR L R (D Stern-Volmer J5 #4551 56 % F iy FLAR <, 7] i SR 22 1]
AR APE DG 2R, 22 J0 UL ) 3 B R [ 0 5 8 oA TR V88 0 ik SR B T3 1 Y o A 1090 D7 i BT 45 2]
A I 45 2R A BT BOG IR B ARSI 75 3k o AR D736 J0 s X AN [RDC PR R AT 838 L i AL 1 FL B A5 R L R T R i T
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Fig.3 Flowchart for detecting dissolved oxygen by the means of single source frequency-domain fluorescence lifetime
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Fig.4 Detection principle of single light source phase modulation
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K ARG A L 1109 J5 A o, e 245 30 A 008 VR K A ) e Sk

3 XBWEERGH

3 S A R AR M LA K i R A 0 S L 36 TR A T vk A R TR B S R AR o e ) R O A
Hog— 5 FE B LA S BT $2 1 05 3 69 3 3 1, AL 5 BTz o o AR BRI B2 R 5 U Y RSB L 23 UL
Do I S350 HEAT S 30 2 T U R B 49 Sy T A S R ) TR e DR P SR BRI N — A R i
RAETS S FRBEHEEE S 20°C . fia) 4 DA R A 28 o P9 v A 355 00 A T 2 ¥k 8 ) 0 SRR A UM, i i i RS422
PR PC Y A HUAH 12 45t R GE b AT R 5 5 FOG IREOI 75 i G I T3k A 9 Ak SR 0 3 DL M
YRR UES 25 (1 3¢ [ AST 2~ 7] DOP1 35 fiff 80 70 A AT S 4 Sk 38 o] 4l A28 3 19 20 8 22 v Sk TR ALK

10 cm, B EH FEALE 24 V.,
PC
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Method Reference
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Fig.5 Fabrication of artificial fingers and fingerprints f{ilm

Sealed container

3.1 WMTENRERBES W
23 IR 6 AR R LUK 2l SRR A T AR K A 5 S A SR O AT A A 4 AN TR] 9 B B 9 SRR, 3
THHIA 6 Fh T 0B U A SE0 U RE A9 K TR X R S B9 6 R RGHE AT R I L O e R (8) BN (1) I A I 7 ik
Oy TR R B S A SR AN 1 .
x1 BABEINHER

Table 1 Results of dissolved oxygen concentration

0, : N,/% [O,]/(mg+L™" 0,/ At/ ps Tdo
21+79 8.963 —69.125 33.107 5.152
10 : 90 4.296 —71.180 27.193 4.944
5+ 95 2.062 —73.820 19.698 2.901
1:99 0.404 —78.388 6.916 1.903

0.01 : 99.99 0.033 —80.532 0.956 1.200
0: 100 0.008 —80.876 0 1.024

X AR R 5 ¢+ 95 BYRCE HEAT 70 B, A I T 3k s S 2 S AG DU 1 0 9 i AR TR
0 2.062 mg/L.ad i 2 (8) T3t B W 2 T B AR A O — 73,8207, 5 4l 0 i A I 45 B I S IR A AL
—80.876 HEAT AHIBUIE 1% 2 — F A AL 22, 45 5 2 (90 Ty Uk BB O A B SO A i i R L B A
19.698 s & MEMB R R TAFHF MR 415 ps s RAXK =10/ (zo — | Ay [ ) FIHFRHIZKE T 9O %
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fiv tUAE <o M 2.901.

W6 R s 2R /D e AT L ME LG IR -7 S 80U 1, 45 B i AR BEL O, R 2t 4w LU AE <,
MR R IR A A [0, 1=2.276 X 4, —2.292. NFp & I U i S8R BE R APESC R B AT LA Y, 7E 0~9mg/L
FR) G ) 91 BT v, S50 2R 8 10 9 O 9 i L VL[] 925 ik S VA 3 LA A I 1 e e R TR b A A R B O R G R B
r=0.999 98LA I A LB R*=0.999 95, Uit B A1 )= T 2 XeJ L3000 {1 1 400 & 2 3 o, U065 2R 47

10 - m Dissolved oxygen content data
Linear fit of data
s L [0,]=2276x1,-2.292
R*=0.99995
r=0.99998
~~ 6 B
o
on
£l
8 Equation y=at+bx
Weight No weighting
Residual sum  0.00252
2+ of squares
Pearson’s 0.99998
Adj R-square  0.99995
Value  Standard error
0+ Intercept —2.29244 0.01876
Slop 227573 0.00727
1 . 1 . 1 . I . I
1 2 3 4 5

7., flourescence lifetime ratio

B 6 B FE A E
Fig.6 Calibration chart of the proposed method

W% 2 7R RS B R © MR BE B9 9EOE A7 LUAE <00 F AT 6 PR A T5 2L O, ]=2.276 X7y, —2.292
H S I DO R BE W EE =3 7, [6) 55— 3 th 52 B DO vk B2 AH D85 21 55 10 371) v i) 266 i 2% . 3 —
AR UL B R B DX [] 34 0] 43 FECHE 43 A, 45 B 28 3 7R A DN Y B DY L R L[] 28 AU O A8 i i A 1) 0.1 mg/
L B RS RS B AR O o K A TUDORS B2 42 8 & 0.04 mg/ L. I HLZE VR BE S ] R 22 R A /N T 1% 0E B R A 5

1% 1) VS e R v A DN 25 T R 0% S B VR R R G K

F2 RESW

Table 2 Error analysis

[O,]/(mg+L" Tdo Test results/(mg « L") Deviation/(mg « L™ ")
8.963 4.944 8.960 —0.003
4.296 2.901 4.309 0.013
2.062 1.903 2.039 —0.023
0.404 1.200 0.438 0.034
0.033 1.024 0.037 0.004
0.008 1.000 —0.017 —0.025

x3 BUERSRSW

Table 3 Segmentation analysis of experimental results

[O,]/(mg=+L" Linear relationship |Almax/(mg+ L")  Error radio/%
0~5 [0,]1=2.276 X 74— 2.292 <10.03| 0.6
5~9 [0,]=2.276 X714, —2.292 < 10.04 | 0.5

32 BREMMEBEETMHIE

X EE 3 ) AST 28 7 A2 P2 1G24 1 1 20 B A DOPT, HEA5 Sk SR FH RO TR A8 7 ' Y0 K ik DR BRI 3 1 ol , &
RIS A <<£0.1 mg/L, B A& ACRANE AT I 75 fifp A% [ i [R] AR S 1 19 B IRUAT S8R ¢ D't 75 i 46 0 1y 2
HEATRE LG T 9000 7 2 A 80P S B D7 12 1 0 2 RS e R R AP R B R O SR I M AR SRR L e R
18 VG YR M SRR A S0 K AR SE K B EBRORE L 48 o S G A Y I A T 20°C AR RS, BRI R E] PR S s
G RE 5 WK, 43 T8 Y A U3 5 22 DL SORE R s o 38 T 2 52 B R e PR A T IR AR

M 25 R UNZR 4 iR g 25 R0 L B FP 7 i D 5 25 R B 4530 . 2 /N T 0.02 mg/L ATy i Fr ik it
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P G 0 2 B VA B P R A ) oA 22 AR X R A G 22 23331 28 0.007 mg /L 1 0.18 %6, [] 5 [ AST Bt
RS 0.011 mg/L F10.27 Yo kA L A 1 A 22 Bl 2D 1 24 36 Yo o AH XS A 1 O 22 % LG A T 0.09 Y631k B 2R T AR
31 V1A e S A 00 G I 2 SR TR AR L A MR TE A

x4 BEHMERERDN

Table 4 Analysis of stability and effectiveness

Detection Measurements/(mg * L") Average value/ Standard deviation/  Relative standard
method 1 2 3 4 5 (mg+L Y (mge+L ") deviation/ %
DOP1 sensor 4.250 4.242 4.254 4.233 4.263 4.248 0.011 0.27
Proposed method 4.224 4.226 4.235 4.242 4.233 4.232 0.007 0.18

M TR SR O A AR SR A SRS R TR R B S 0 AP RS BE R ¢ Ol A i 4 R Ve S 6 B 5 4 [
5 {7 s 225 SCHRL27 Jrb B ads , P2 i T B2 Dy B — 1 AR T B TR IR A e TR I 3 38 S A T 7 A B R T I
Tt T2 A 7R 7S 7K SR A A DA 3 S5 A 85 I S0 W O s v ARG I B o AR AR S 5 i 5 ) A0 88 ok A R
A RIS TE 0~40°CHE M A, B LA 5°C 5925 A7 THIR B8 il B2 A2 AL 7 0. 1°C A IS X s o I S 2 47 K
MLE A, FE 3.1 T 20°C I RS A R 41,5 ps, K ARV BE R A5 21 09 9645 5 4 4738 5 X (8) ~
(1O) 5 O 75 i A8 A i, BE T 31580 1 AN [l it B2 ) Ot 5 i

PEAT 3 2 H S A 0 O 0 il B S L P A 0 2 SR AT A A T AR 9 Ol T i B i R A AR A il et ] 7
Jt s SREE BT AR T e 9O T i I/ 5 SR 28 T 4 B B St A B B PO R i AR L 2 T
1) BE Jk e i 8 32 1k BE 1) 52 e R0 — B O AN e/ RIS AR A B SR A L RP = 0.981 22,
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Table 5 Analysis of stability and effectiveness

The dissolved oxygen concentration to be detected A—B/s
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Detection method
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Proposed method 21 26 23 37
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