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Abstract: As the seed-injected lasers widely used in Brillouin Lidar area are too expensive and huge, the
algorithm for a broadband Brillouin signal should be developed, which could accelerate the application of
compact and economic diode lasers. A variation of Thomae’ s function was found during the signal
processing of broadband Brillouin lidar, and the property of this function-reaching minimum value at the
Brillouin frequency shift was used to recover the original signal spectrum and the corresponding frequency
shift from a 1 ¢ 1 superposition of pump light and Brillouin light spectra. Experiments using test data
show nearly 100% accuracies for ideal cases; but for non-ideal cases, only when the noise level is less
than —30 dB and the ratio of pump light to Brillouin light is less than 1.05 can this algorithm obtain
accurate result.
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(a) Spectrum of SBS from narrow linewidth laser (b) Spectrum of SBS from broadband laser
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Fig.1 Typical images of Brillouin spectra that pumped with narrow linewidth laser and broadband laser,

and the corresponding fringe patterns

F TR T, TE IR 1 Ca) ST 63 A L IR 3 FIAR B A AR RS AR 25 ) 43 B (B TR 1 () R i 2R i
S ENG IR FEAIL it 2. 33 2 DA S 1 v 9 258 3 016 A A B DR D AR A0 &5 AR 2 S BRI T B-P AR i R £ AT 20 6k, i
THAHROLBEA R . 2D YDA TS A OISR N L ET —Fn vEE.

E GEUE R AT ZRARTE AT SBS I ABLAF 7 — — X WA & & L B — A Rl C ALk — 4> SBS 1Y Stokes
e SEPR b, IX 48 SBS I8 AN {H AR AR bR R G A — — XN, A b R R M G A i SRR 30
T T 2 AR ST 32 o LN 0 /NME 50 45 R A K

2

g—i<ﬁ_\+5>+iJ<ﬁ_\.+ﬁ>2—4[ﬁgx% (D
KoL E, EFEWOCHIRE, v J& H r A0 R 5. B R B, AR PE G 0 5 Dol B 25, o A T MR B Bl ) 5t R R %K e
BN EE 0 BNTEE o, & .
Al LB, BE e I G R AR K T DL 2 AN B B
D WY/ N T RER . g ~0.
DEWEKRFEAAE.ERERENMSSEM, WER SBS Y EMEL MR K HHERE N ¢

TR TE L oo B | IR 3E o TF HT 5 3 0 B T SBS SRR 25 2 Mk H R R S B

Ef (@)=E{ (0)e* (2)
3) FREAH YL T BRI TC vk A /INME S AL R BN A5 1A, I SBS St i R D't Ot 5 T U 5 B AR

PE I AU 6 T [ B9 A0 JBOR S 36 e ] LA — > i Y SBS g i AR LR,
4) YIDEIER PE— L K, SBS T SRSVHOLTE T i 5 | ve R 15 B4 1 R 95T ) 5 L PR AR

0630003~ 3



TRE.

DL DA B Be mT LA 2 2% SCHR (31, 32 ] w1 47 B0 S 96 25 51 SCHR (32 4l 1 K o 5 4 A HEL DK Al 5
(Wideband Stimulated Brillouin Scattering, WSBS) 1 ®i [a] Bl 2 #{ § ( Forward Stimulated Raman
Scattering) ¥ 52 56 45 5. M iZ SCHK H 9 52 560 45 S T A1 7K (1) WSBS BIE A =7 - 3E 26 31 4 B Bt e 7 15 21
(B 2 J5 3 0 1) AE 1 [ CRT 3k (B RB 2 9 JL T A% ) - WSBS 11 58 £ 4B 11 28 1 o BB 1 i IE Fb. %7 A B BOE &
IR TE SR TAETE XA AERT B, PRt B — NGB, SBS S Y BE 1 #8122 1 O 1 L 5 il SBS 63 ek 850t 2 i) % 44
T RN I G AR 5] AR A A 22 5 AE S BRI b o 38K SBS B S 38 L Ft T R R RAR 2 il i — Fr l
A7 7 1Y SR I G Y RS T LU SBS AL ' A4~ X MR (98 59 B LT A )L X A L SBS By OE 3% a) LA AE
FWEOLIE TR RN RIS N £ () W SBS N £ (o +6)  Hb b J& A B2 (Brillouin
Frequency Shift, BFS).

38 2o 3K B 7 VA A B A Sk i 2= S B I A SBS JEiE Z AL X — s R ZE A SBS S 2 AH W] A H 2,
o TP GIE AR I S8 O6TE A LUK RS A B TC i i HE M b 32 11 R A SCF SR 0 H AR 2 XS R R 182 BE
PUAE = i it 2 b R0t A BLIROURS O 1 Lk R TN T M 2 BOEOEIE R £ (2)  SBS Ok Ry f (2 0D L R
HEHREFNIRGIEIE RN ¢ (O MR BB HKFETES N

). DA —1> 2 1 BRI AL

g)=f()+f(x+b) (€D
KA REL £ () R = DFARL R & b,

IAE BB B f B E XA T R fE B R TR A MFERE . /(O g (o) hryfF B E
AR S i v RS B & 2 — > 2 R BT B o DR I3 A [ B0 AN TT B ik e 9 9K T L 5 28 T R 2 X
A 0] R AN SR — A~ SRR (1) B5 2 () 2R 22 2% S £ (o) B3R B SR X AN BAME L 0 2T RERY.

M T o) & —A J 30 ek %5, 2K (3) AT LR TT Ay iy HL v 2

g(a) =D F, e + DIF, e 2y = 3 (F, +F e o)t )

ne z ne nez
XL F, 2 f GO R E M REC g (o) 1F S Ja 40 R 80U mT LA e I o B AT A 57 G T 3 7 A ol B I 2R
G, M F, ZIa 55

- G,
G,,:F,,+F,,e b ,:>F”:W (5)
N TRk O AR BB SIA— /N IE R €.
G
F, el (6)

o1+ (d—e)e ™
XAy A LIRS b AR M AYHE b BAER — A28 b i - g o) I BB ILAE b0 3K
BB R B B R R, i n] LA AR DL b SR R R T I (6) R HLE S

F,u)=6,X, ) D)
Forpsg X

1
X]z(blriﬂl)_1+(17€)e i270b trial (8)

KD BEWE TR —A 228 0, TBEA —EX R AR RZEF, AR A8 6008 D5 BT ] fE 8
B, 258 - MG 2EMBE REE, W RES X NES T, DA RET JLIH N —E R Z
BN I B R AR X — 2B, MR e B Ak k- SR — N RO TR RN (F ) R A A

J T HRBX AN E AFH IR (D . BER e >0 R A exp(—i2mnb ) = —1,X, (b)) BIE 2 K HE
F 1/e >0 XD KB exp(—i2mnb ) =—1 A LIS K

bua=q/p pEeven and p.q are coprime
n=kp/2 k € odd

WRIE n N—N/2 88 J75] N /2. 55550 n=rkp/2 FFH k€ odd B n BB p 723 B — K F < b Al R
B0 x [FR AN T o RS T LSBT S 0 BOBORRIB R 2X[((N—p)/2p+1 |5 — 5T 24 e—>0"

0630003~ 4

9



M, ET

=
x

BRI S A LD A S AT R

I, SUA B 78 A SRR 25 i, ARl AAE Sy /i 2 AT T R X A58, T LS A

AR BR

2 X, bu) =2 (N — p)/2p +1 | X (1/e)

n= —N/2

= lim EX(b

Norw _“—
e—>0+"" N/2

De/N =lim
N

T b € R ARADBRER AL

2|(N—p)/2p +1 |

=1/p

s 1/p b.,=q/p,p is even and p ,q are coprime
lim 2 X,(b)e/N=1{ 0 b.=q/p.p is odd and p,q are coprime 12
ot N2 0 b, is irrational
X A2 MR & R B R B X
e ifa—q,wnhpGN and g€ Z N coprime
f(x)= p (13)
0 if x is irrational

PEAT B Al DU e AR 3 AL AU B B0 0B p 2380 B2 B R0 1/p . MK (12) 15 3
E/Jﬂf 0.3 /1> bR BB /AN AT 2., 2 1 3 I 70k [ Pp T8 b T 20 B /N 9 AT R T T L o B R 3 Y
SN /3, 2/3, 1/5, 2/5 4625 B 1 1R HUER AT B AR AR WA il 2 A 26 L0 JE O 45 .

05 F &=0. 001 12 E 0.5 12
N=720720
04 | E 0.4
1/3 2/3
0.3 03 [
EN EN

0.2 0.2
0.1 0.1

0 0

(a) The curve of Eq.(12) (b) The curve of Riemann function

M2 KA @ dh &2 w0 &
Fig.2 Curves of Eq. (12) and Thomae's function
MIECZARR T D0 X, (i) FIELE 58K A AR 0L 10 2 A T A
R G, HAR 0 XAKA DG, X, (b)) BESTENAH (b
{8, FIE AL SZ e R 0 PTRAE BT R (5

G,={U+e #)F,
Kb BB HSEF, RE F e s RIXPHSHA F e MAZEIRE 6

25 Z BT R (D I SR
=q/p.p € odd} L EH.bwu HE— 42

trial ‘ b trial

(14)
o M) F, (D) FF K ADAUA

> \F,,<bma1> I=>] \G,,X,,(bmal) LA R
N/2 N/2 . '
] + e 127tnb real
Fulbua) 1= G X (b o Fnren 15
_H\ o) |= _H\ (o) |= 2 e Fa (15)

WAR AR IERE b AR 2R E B A1 X, (bmn?;zj*ﬁzéﬁn 1 22l 45 (14 e 20 ) A8 1, 0.3 J2: Ry 5
FHBE R 0 6 exp (—i2mnb) = — 1K A SRFNR (15 AT AN b i B PR, I HIZRBER THE b iu =
b BFEEE 12 0, HAh M FT BB e >0 o N— oo [n] T & L. X B YIS, © 428 18 21T 8 ML AE B8 i T
()t A v R B B BAR X, (O ) TETC PR AN 1L AR SEBR BB i A 2] 1.
I FH 3B — SRR A P JBT T LA AR B — R n] 8 A A O i DR AR T I SR AR A IRl L B S LTI g (o) R

o RB G, R DRI D) P ) | ARERAE— KT b B BREC 0 H1 I

n= —N/2

A PREAE b o € Q

0630003~ 5



D/ R S 14

YA A 3 O 2 SR R /ML T R R/ IME Y AR AT LR E A — A B S AT 40 R 9K AT LR
7~9 GHz [ Bl A - MR R A0, DA D T3

2 LR

2.1 MR EIEE

S TR A HE R B B — R S A AT 6 TE . I B R el S S OOt 1 b AR B R
FIMOG#8 2 Nd: YAG T Q B0O% OB /) ) Quanta-Ray 290). 8256 vh i FI 19 9% K 7 532 nm , 3 ik o -1y
fiE o 38 mJ L ke i TE A 12 ns FE ORI AR TAERE R OGS BIARARL T84 1 em OB HRHEUS 2
— AR AR MEE (CVI ET-25.4-4.00-UV) | 285 — 14 3k R 48 (Takumar 1:4/150) R F| —4> CCD #
Bl (PointGrey GRAS-20S4M-C, 1/1.8”) I 845255 4% B AN 3. T 85080 1% i 22 A9 BR 1, 76 1 600 pixel X
1200 pixel (43 BERET ,CCD AHALAY R L3 5 m HEER] 7.5 Hz, M0G0 H 4R 30 Hz K, 1143
3 HE AR AL B fih 2 A5 A< 82 3 6 Hz, ] Stanford DG-645 i 8] 4E 38 £ 5k [5] 25 8OG Ik Al CCD e 1719 fish & B
) v L BR R 1 35 3t P AT IR 22 42 A /10, Hid A =632.8 nm, FRFREE M o <<1” b5 7 2 5L AR 28 41 4 2 o)
P AT ST 1,461, BUTH 8 35 99.5 V0t BT 2840 B, 0 4 532 nm, B8 B A HOGIEFE 2 25.67 GHz.
DA E A 14 0 3% B SR A T X, A S PR Y A B IR O T IR TR Y.

Lamp out Demultiplier
F—30Hz | ——6Hz
Mirror (30 Hz fixed) (/5)
Laser
4 output DG645
| Q-switch digital
| external trigger [€ +200 ms delay
|
!
|
S ~ H ----- 0l o M ' E CCD
«— |
Trigger
Mirror = 5
Diffuser Etalon Lens CCD

(aperture inside)

B3 ZhkE
Fig.3 Experimental configuration
CCD MIHLAA$E 2 (9 2 R AT 5 FURE , B — R 31 [W]00 8 20 800G 47 & (data folding) FIER 25 W 75 14 J5 1
ARFRE AT DAAR A i 4 HE R — A R i L O OGS R R AE B BUR S EAT B — R Ik e e A AP
18 Btk 53 A A0S AN AR [E] 1) T DA 35 00 D16 38 R R BRSO ARAI A BE ML 5. R 1 48 3 B A 425 B A TR A% 19 A
-2 IR A O6E s SO B (R sl fb b B 2 )5 SE B B2 B R (circular shift) . 285 H-M1 A Bk
Bz T B A TR AN AL B 4 ) T REAS TR DL SE A IO O VR IR G R bR o EL AR G A OGR G

T T T T T T T T 09 T T T T

0.5} 0.5} : 08l
3 04f 0.4} 0.7¢
< 0.6}
z .
z 0.3 {  Shift 0.3 1 Addost
Q
2 # #0,4 L
1=
v 021 : 0.2 03
2 :
S \
S — Samplel 02}
2 0.1 0.1} .
Ve —Q -

— Samplel Sample2 o1l Sum
0 L 1 L ! 0 1 L ! 1 0 1 1 ! !
0 02 04 06 08 1.0RSR) 0 02 04 06 08 1.0RSR) 0 02 04 06 08 1.0RSR)
0 51 103 154 205 25.7(GHz) 0 51 103 154 205 25.7(GHz) 0 51 103 154 205 25.7(GHz)
Shift Shift Shift
(a) Original spectrum (b) Spectrum with a frequency shift (c) Synthesis

B4 R AR & AR
Fig.4 The synthesis of test data
0630003~ 6



STRZE A5 T B R B S A IO 2 AT STk

B4 RREA 2 BFEAR 1 B BIRS A 1 MEEA 2 Z Ml 7E & 4 (o M B LB 4o Ry th 4ok A Tk
S B0 AT L AR DS B AN W Tk A AR T LA A — RS AT R ) b B0 03 BB 7 A VB 5
HrLXE 200 AR TR BO6 K ob AT EREE L IR 4 B0n 1 8 A RIS 16, =0.28,0.29,0.30,0.31,0.32,0.33,
0.34, 0.35,3% B i) 57k FSR.IX AR, — 32 8 X 200=1 600 4~ i £ 4.
22 AEEHR
Xt F IR ECE P A — A i g (o) TR i — B R G, R (D RITEE | F, () |
N2 N G
;, ‘ Fo o) ‘:,Z\Jz 14+ (0 —e)exp(—i2mnb i) (16
K N Fle BOBUE 2 BIEERE 10" A1 0.1, 2540(H b s — DN 0.0 31 0.999 9 (9%, LKl 0.000 1.8 5
H—A D) \F,,(bum) | fy iR 2 T P 8 IR AR LS N b e = 035, Her Z0 R /IN (A B A5 FH /0N 159 P i
THARIC.b e FOE B AE 2R 1 28 SR AR AT 3 o7 B A 30 ) il £ 40 7 52 B0 76 A B A A T b AR L 7 IX
0.1, 05104 HIZR7E 0.35 Ak 3k B AR A4 - 3¢ W AP K5 00 258 T 2SO (0 F8 e AR IR AR B0 D) | F, |
il 28 s 3% B0 L A AL 19 R A

2.5 T T

172

3/8

0.5

1/5 173 2/5 35 403 4/5
0 1 0.35 ’ , 0.65 1
0 0.2 0.4 0.6 0.8 1.0
The “trial” value b,

{5 #A D) |F, | %F bt B8 H 4
Fig.5 Typical E ‘ F, | t0 by curve

Xof A BB K T 2 | F, TR AE (0.1, 0.5 X ) i B A A5 2% B AR A5 B B AR A 0 200 2 B 130
BB SBS B8 . AT b i FNELSEH RS b,on Z 25 /NT 0.000 4 4> FSR(Z 0.01 GHz) , AT TA g 45 5 v . il “ IR 51
WERR R 7] 5 SR VAR T (L6 i — b1 | <20.0004) AUREAR (5 BEAS B KA LL 451,

AR F Y b I 200 NFEARSEATGE T, Go it 25 5 W 76 WA I e A 0 I3 25 di b L BR T
b =0.29 Fl b0y =0.31 PN HERA FE R 99.0 %6 , FAE BE A4 P00 1 B R B & 100.0 %6 %5 F b i Bk 106, 1%
FIHE A FE £ 2838 B B8 o bR o 2L TR 25 4 R K B PR
3 it
3.1 ESME B AIRIE

AT B8 0 # BE R B, g oM f o) BT & A 195 B a2 AR B, AR TR IR G155 g (o) Tid i
HIFIRES (o) BB BB E B B b e MHASCEARE 13X — mi UM SR B T N6 7
B ) e ) A AME R, A R R TR BaR.

T D) | F, | R T b, BT RER £ o) N b BB B 7 T 4 9 S5 A
Bl 6 iR, B 6Ca) (b il PR &L & T — AL EE R 0.3 MK EE ¢ (o). 8 6 (o) & LLIE B 19 2434
M 6 (b H Y g Cao ) Pk 2 A5 30 14 I oR 45, IR AL 6 Ca) ) f (o) BEARHHA] , R 2 17— BB 75 i R

0630003-7




D/ R S 14

AN TE B B 22 Y b oo TR JEHE A SR PR BN 26 Co) WL 6D BT s HH B 77 08 B8 7 2R 1011 A 8 AR 955 3K ¢
AR A 3 T I AR R TE R T il R N Y R LG O Y LA A TR A3 L B 2 L R S
AR AR H B RE T 14 125 U0 3 XA R BE B SR D0 | F (b)) | BRI /IME ™ 33— 2o 78 5 B b gk 2
b i BN T 3 355 97 26 H 00 285 SR 20045/ Cao) 098 g AB0 R 43 W A/

70 I I I I 70 I 1 I T
651 5 o1 - 65 | -
6.0 6.0 |- -
T ss E ss
= B
® 50 § 5.0
<
o~ =}
Q 4.5 é 45
4.0 4.0
35 F E 35
30 l 1 | L 30 | Il | |
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
(a) Original f{x) and the shifted fx+0.1) //Q.\ (c) Ax) recovered from 5,,,~0.1
Synthesis l %
70 I | | I 6 I | I I
63 = 164003 4 |
6.0 | = é
55 J x 2 |
B 50 b ” (i h
T 2 l '
45| - Z l
3 2
a0 - & |
351 : 4
3.0 ] 1 1 I 6 ] ] ] I
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
(b) The sythesized g(x) curve (d) fix) recovered from b,,,,=0.03

H6 THE bk EHEEREEE ()
Fig.6 The f(x) recovered from different b .,

TEIX AN e B X o AFTE— DB B B U0« B 0 R OE I B A — S R AR AR P s, R
ARG , 1A K A4 Do 41 357 48 1 0 406 AASBRE 2 () 94 80 00 S0 4 W (0 7 >4 R /)N 3K o 190 J e U 4 3L 2
MANAESS 119 B B0 8ew R N L B LB LR B ah 597 15 B R R
3.2 EMME D |F, | WESEY

Y \F | AT IR S (LI 5) B A — DA b i = 0.65. 3 A 500 B L AS 31 2 38 43 19 e AR
S0 i = 0.35 JERFR Y. X — AT LT IR RS B9 1R BOK fift BB st — M5 5 h (o) 58 O f (2 40.35) . & 5 fE
T g @) =f )+ f(a+0.35) =h(x+0.65) +h () 3XFE 1) 8RR 1 B0 | 50 R B0 A7 76 7 X 1 . 56—
{0,355 f ()} 8 ZXE{0.65 44 ()} SEBR b, AT RUE B AL D0 | F, | #EXT 0a=1/2 RS IR

N/2 1
2

T4 (1 —e)e Bl :,Zz 1+ Q —e>t*‘2“<*~><*'~m“ - \2 1+ (1 —s>1e*‘2“<“>“*"m'> an

=X, bua) =X, (1 —by)
4TS AT — e g Ho N AT B /AN BT B AE 5 B T 43 R R 9 K (R B B /(i T
VS 1 A BTH LA 4 b SR MB B AT B, D | F, | 4 6 A Rt 207 R B
{5 fELJR o PET PR T BT 0 KR 26 43 o /N 43 9 A BB 308 7 A R 0 A/ (L — 0 2
BRBAMR O ER buu=q/p I p J B B AE 0 BRSO BT 2 th B nb oy =k /2. 2 50
DUV FL | R A p R A T 0 B R A BT E B b = k2 AEKAN SRR | F, | R KA

0630003~ 8




STRZE A5 T B R B S A IO 2 AT STk

I 70 i — ke /2 5 ZE WU /ME.

Ph b ia=1/3 8RB snb i =n/3 W nb u—k/2=n/3—k/2 BEIEN W e /ME R 1/6, B3R IE n=(3/2)k
T1/2. 0 | F, | MR IF, [ =1—(—e)exp(1/6) | UM, % T HABK bou=q/p(p HAFD AT
PIHE S nb i — R /2 (B /AME 1/2p 100 | F, | MEKRME I F, | =11— (1 —e)exp(1/2p) [ X ANFIKXX p
O Ut e B 33 1 PR AR 2 X T R R A RO A A S BN | F | B KA /N AT DA R N AT A TE
a3 BRI BN A B S b 4 22w B R AR /ML
3.3 B ARENEIE

Sk T IR TS A S E A IR SO SO T R i M A R RS S RN — 40 dB #l—20 dB.
P T BT 0 e 7 B = A B S s B LA B 3 DL (B Sk £ it M 7 4 e . EL R e 5 N (dB) = 10log
E i

dB, o E g MR B RE R, T E a2 6 S RE R G IL S/N M N (dB) A #t KR S/N =

T MR 7 5 TS50 A PR A 25 SR 8] 7 (o) 85 SR 3R WY AR SC I BiF 5 104 Ak 3 7 325 o) M 7 2 L e BURR A < R
YR <<—34 dB B, AT AR R A — DR R A KO (ER Y M K B K2 — 30 dB Z )5, HER
SURT R R T R v 3 A B T VR AT R S e i Y R I AR SO RE T — A i B U B (BRI 2 0 =0.02) 3k
o MR A R T D) \F,,(m) | AEIRIG S Z 5 X R 2804 7 > — 30 dB 1Y X BUME A7 I i
T 7.

R TR 7 Ca) HORT e B R A R Lk LR — AT AR T AR IR G 25 L F, iR

F,(bu)=(G,+N)X, (D) 18)
A, N, 2 MRS (1 B R R AR R T MRS PR L N, RIS L 3 AT 00 AR R T R SR G,
VB R —ASE PR A5 5 B M B n OIS BRAR DL R 0L L B T e T i AR A B L N, BB L L G, KAR 2. A N
(14 4513 B W P 7 (o)L 55— 7 T [ — A b = q / p Cp RABEO 13X, (b i) BB 0 768U 1A — A4
A3 XA A AT BRI p oI H X, () B BUAL B K /ANIR 25 B n A8 4. 25 6 3 0 1 i 42 o B0
M AR /N A T S X R R L G, KL BT T R R RS BB D | F, | k.

B W 7 AT BT T R SRR TE S R DD | F, | SRS 2¢) RAIL

Accuracy 3.0 T T T T
L0 : . —— Original signal
24 © —— Noised signal
-26 |- 0.8
el
g 06 2
3 =
) [%2)
3 5
2 =
= 404 A
402
0
028 029 030 031 032 033 034 0.35(RSR) 0 1000 2000 3000 4000 5000
72 74 77 80 82 85 87 9.0 (GHz)
Shift Space frequency/px !
(a) The accuracies when white Gaussian noise is mixed (b) The Fourier coefficients of the original
with the original signal signal and the noised signal

0630003~ 9



D/ R S 14

Accuracy
30 ! ! ! !
24 DN : — Original signal
08 . —— Noised signal
-26
- -28 ...... ...... 06
S -
° : : i F
2 - Lo Lo ko =
2 R &
2 K 04 B
“ 5 I Lo : =
-34 O do2
-36 .. ...
L1 0
0.28 0.29 030 031 032 033 034 0.35(RSR) 0 1000 2000 3000 4000 5000
72 74 77 80 82 85 87 9.0 (GHz)
Shift Space frequency/px !
(c) The accuracies when white Gaussian noise is filtered (d) The Fourier coefficients of the original signal and the noised signal

H7 #EHagrFrlEEriesms m ORMAEREENEHE, L RMEE TR EE
Fig.7 The accuracies when white Gaussian noise is mixed with the original signal, the accuracies for the same

signals when a Gaussian filter is applied during processing,and the corresponding frequency charts of these signals

275 Yo A5 R 75 Y5 YL {5 5 AU AR RS A 1) 7 (b)) FL A W AN 1 5 B 0% L AR 25 5 15 31 R - — IR 0
P 78T BE S AT B TR M M R V5 YA S A RS B Dl S A 5 B0 R AR o A ) 25— I 7 (D) s IR IS
VL M HERR R AN 7o NIEL 7o) AT LA Y 75 KO 85 F — 30 dB B, 5250 B 08 40 UE X MR (PR 7R
IR A G 75 KPR U8 I =2 S B 238 ST A TR B s DU HL R A RS S 0,33 Kb 33 B o Al 3 19 R B L KR 43 1T LA
VS PR 0 8 v AR B % 7 0,33 BT A i 3 AR Ak TR Ry i 2R 7R 1/3 A AR SR A5 — AW /MEL L 45 5 i i
T LKA R I TE b =0.33 B FU TR 15 (4 IS A0 0, A /)M JE AR A 95 78 0.333 3 4, TS T AR 45 19 43 #r
H 1.
3.4 ZRiHSLI0 SBS NUEME > L IR0

AR FE P4 0 S B SR I OGO R A L DK O R A R (R A AR 1 s 1 S R (R S 56 R AE AE IR
22 50 CREE AR 8) . G i 45 M 50 mm AY 5 BT AR 40 B A 20 A0 HL DK it b L A 3R A O B R R 1/ 4

Lamp out Demultiplier
@0 Hzfixed) [ 0121 5 6 Hz
htarar DG645
Laser
Q-switch digital
output external trigger [€ —— 1200 us ————— delay
- N
] [
I W
Mirror Pumping A4 Quartz CcCD
L
laser waveplate e SBS cell trigger
x Mirror
- Translation
stage

M8 WMRFHENMSBS L EEX LT ANERRKE

Fig.8 Experimental configuration to measure the ratio of pump light to SBS light

0630003~ 10



STRZE A5 T B R B S A IO 2 AT STk

FRRS 25 e B A O B B . 2R B S 1 SBS Ol I BE 11 S S O S S AR 24 e A )R L eI At BB
G hRE A6 Bk S B R B CCD SREEH THEPIROEHEA CCD B HLBI R 1« 1, 78 MO A Z 0l
AL E I T — A A 98 i (quartz plate) R G — 340 Z Gk A CCD, Jf 1 e 1 & B )3 5C i Wil CCD &
S THT B ST 8 A5 7E SBS cell 9 A S B 11 A FH 96 7R G BT, CCD SR 4 1Y A IO s )2 TR 48 31 19 2 3 1l
SR A BEL I Y P R S G N LR A S R R AR T/ R A T R AR AR LR CCD B R R 1 2, )
L B 2R 6 G 3 AN A B R OGS AR AE LA 1 ¢ 1.

ST WA A 2 L O 2 3 AR S R R T AR TG G R B UKD RS A IR AR LG A A1 1 — R 5 DL
B X WSO B SRk g 4 R an R 9. B B s R T L U b A ISR R R SR AE £ <71.05 B AR
O HERf R E 1.05<Tk<T1.08 B fERA A L4 5 17 24 £ =>>1.08 B FEAR R Z4E AL

FESEBRSEES R &I, T SBS i B AR B AE AR SRR E M L R AE L kR AR AR BRI An £ 35 C [ aliK h
PEATSEH L JE WG SBS 45 [ R 200 & Mk k. 2 CCD i i 9 88 1115 O 4n 1 10, 5838 6 i 34 7 2 Fa e
£ (RMS stability) g 2.44 %, 1f SBS JGlk b i ¥ 07 2880 0 24.77 % BAR  ZE XA g s R M R, H B iy
SR N JE LA S B T B T et

Accuracy
1.0 T T T
14 L e Pump laser
_ L0 * SBS signal
5 I
%D 0.8 12 + . . L . . ._
§ . ® e oo . .‘ . ° -
L] [ ]
£ 108 10 a R N R PP .'.s. AN SRS
% 06 = .‘.l. ., s % ..o %e ..-: s, o%.. 4
Q s 8 ® o ° P IR )
8 = o S ® o0 .
= 2 [APmR S aed o :
£ 1.06 2 ° oo o ° bt i
a 38 6 ® o0 o . ° . o oY
[ 0.4 E ° . o ° ° ° . . "
S o % o o )
5 , e »
: of . |
S 1.04 .
£
z 0.2 51 . |
1.02 0 0 I I ;
. P 1 1 2
028 029 030 031 032 033 034 0.35(RSR) 0 30 00 50 00
72 74 77 80 82 85 87 90 (GHz) Number of pulses
Shift
H9 ZFilkFr SBS BB 2 b R4 1 B & 3k v 7 % B 10 200 K& #o% ok o 0 ok o AT BN Ok f B A E
Fig.9 The accuracies when ratio of pump light to SBS Fig.10 The stability of pump laser and SBS singal of
light is not 1 200 laser pulses

SBS M BE AR E M L IR OC B 22 R 2, AT RR W R AT« 1) ZE RO B 1 7E (8 BT S SO e TR A A
AT RIS LI SR K TE =50 mm MYEGIL R T 4k SBS BN 30 m]. 1My A 52 56 rh i FH A% 2 1
REfE R 38 m], Mt B{E N 2 1B ST ' B A 1355 A e e e AR, e ke 3] SBS fig i [ A R Ab. 45
4ok S v R T B ik v R o HE K By BOG, xR BT B 18 Bl ek . 2) WO R i 4F (Laser Induced
Breakdown, LIB)3& 4% 52 SBS it AFa e /K A sy BEAR M v 50 L i F B AR TE R WDOC R EME R T &
Sy il ZF KB HL B AR B 23 T AR — 8B 4r S G R R L 50 Ab LIB 77 AR A9 A5 B8 - (X 53 ' i Wl AR B . LIB
PR B AR RIE AR RN A —E BEALIN R B IRESA e Al [, K % SBS it R BB S B —
BEMLYE, ST SBS AEE A E. H BT C HUAFAE — S PERE R E M0 A BT (A SF, 2 Bk AL ¥ 55O N 45 &) 7= Ak
LIB; 73 Ah , $& K i 4 B2 oA B T By 1k LIB.H 25X 2648 i H e 1] T 52 40 2 PR 5. SBS St il 48l iy B 19 2
T AR AKAA L AE B 1k B3 Uy T i B PR R

4 #Fig

ARSCHR T —Ff ] T A B GEE A DK S 45 0 BT SR R A O A 2 T F-P AR iE R AT CCD R4
BB A A BLINOCIR B OEIE 5 5. 8 e % M5 5 W i 3 = s B — AR AR PR T AR 8 eR B B S

0630003~ 11



D/ R S 14

Bl U TR AR5 g () = f () + f (e o) Tl I OE(E S o) At ELINRL b, o8 T 5k 1% 5

2 NTCA 71 AR 2B Q T A O & EoREEGIR(E 5  JF 7E I B filt b A 3 A& Fh 425 1 0 3 K 30

JCME 7S A ARG 0N L SR B HER R AR T 100 %628 1R AR A0 T BRI, O T A e B

) DU 5 B B AETOE AN SBS iR Z LA R 1 A I B s 42 . 25 R = B, A g /T —30 dBLJF H A

{H G SBS JElE B Fe /N T 1.05 I 500k A REAT 2 v 45 1. O3 — T T FUHA ¢ T 22 &2 ok B0 T A T 5 1

YEAR L AR SCrh A 22 2 R B0 50 22 UGBS G b B AR S B L JF AN 00 B R RN G 1. axX e R 22 2 pR 01 g FH A

EDE( Y
AR SO 3 00 SRR B UE T 2 A B 5k 0 AT AT PR L R AR R AR B R HR L X TR Ok SE PR A S 5

T R FE M LY | BE AR E P SR AR 2 BT JC VA G A S B R I — 0 1 U

S % 3Lk

[1] SHI Jin-wei, GONG Wen-ping, BAI Jian-hui, et al. Brillouin scattering and its application in LIDAR[J]. Physics, 2007,
36(10):777-782.

AT, 530, HEE, & A BINHEUN M EROEE R Ry R L] M B, 2007, 36(10): 777-782.
[2] SHIJ, OUYANG M, GONG W, et al. A Brillouin lidar system using F-P etalon and ICCD for remote sensing of the
ocean[J]. Applied Physics B, 2008, 90(3-4): 569-571.
[3] REN Xiu-yun, TIAN Zhao-shuo, ZHANG Yan-chao, et al. Theoretical and experimental investigations on measuring
underwater temperature by the coherent Brillouin scattering method[J]. Applied Optics, 2015, 54(30): 9025-9029.
[4] LIU Da-he, XU Jian-feng, LI Rong-sheng, et al. Measurements of sound speed in the water by Brillouin scattering using
pulsed Nd: YAG laser[J]. Optics Communications, 2002, 203(3): 335-340.
[5] HE Xing-dao, WEI Hong-jun, SHI Jiu-lin, et al. Experimental measurement of bulk viscosity of water based on
stimulated Brillouin scattering[J]. Optics Communications, 2012, 285(20); 4120-4124.
[6] ROCHEA, KUMER J, NIGHTINGALE R, et al. Validation of CH, and N; O measurements by the cryogenic limb
array etalon spectrometer instrument on the upper atmosphere research satellite[ J]. Journal of Geophysical Research
Atmospheress 1996, 101(D6): 9679-9710.
[7] KUMMROW A, MENG H. Pressure dependence of stimulated Brillouin backscattering in gases [ J ]. Optics
Communications., 1991, 83(5-6) . 342-348.
[8] BRIGNON A, HUIGNARD ] P. Phase conjugate laser optics: volume 9[ M]. New Jersey: John Wiley &. Sons, 2003.
[9] DAMZEN M, VLAD V, MOCOFANESCU A, et al. Stimulated Brillouin scattering: fundamentals and applications
[M]. CRC press, 2003.
[10] BAI Zhen-xu, YUAN Hang, LIU Zhao-hong, et al. Stimulated Brillouin scattering materials, experimental design and
applications: A review[J]. Optical Materials, 2018, 75. 626 - 645.

[11] LIANG Kun, MA Yong, HUANG Jun, et al. Precise measurement of Brillouin scattering spectrum in the ocean using
F-P etalon and ICCD[]]. Applied Physics B, 2011, 105(2) . 421.

[12] SCHORSTEIN K., POPESCU A. GOBEL M, et al. Remote water temperature measurements based on Brillouin
scattering with a frequency doubled pulsed Yb: doped fiber amplifier[J]. Sensors, 2008, 8(9): 5820-5831.

[13] LIU Da-he, KATZ J. Edge technique for the measurements of Brillouin scattering in water [ J]. Chinese Journal of
Lasers, 1999, 26(4) . 307-311.
XIKRA, KATZ J. oK A BOHT8OR A9 30 S g 5 0], i EOE . 1999, 26(4) 2 307-311.

[14] REN Xiao-bin, GONG Wen-ping, DAI Rui, et al. Accurate measurements of Brillouin shift in water by the filters with
resonating absorption of iodine molecules[J]. Acta Optica Sinica, 2004, 24(10): 1429-1433.
B, =530, WG, 5. FIUA S i 5 R B DU A K TP R A TR AR L. DA, 2004, 24(10)
1429-1433.

[15] BREWERR G. Stimulated Brillouin shifts by optical beats[J]. Applied Physics Letters, 1966, 9(1): 51-53.

[16] FRIMAN S. Field test of a Brillouin LIDAR for temperature profiles of the ocean[ D]. Stockholm, Sweden: KTH Royal
Institute of Technology. 2016.

[17] LI Wen-hai, BAO Xiao-yi, LI Yun, et al. Differential pulse-width pair BOTDA for high spatial resolution sensing [J].
Optics Express, 2008, 16(26): 21616-21625.

[18] ZHOU Deng-wang, WANG Ben-zhang, BA De-xin, et al. Fast distributed brillouin optical fiber sensingfor dynamic
strain measurement[J]. Acta Optica Sinica, 2018, 38(3): 0328005,
JFIBHE, EARRE, CMERR, & T 3h 8 0 A8 W 0 P o XA BWOLa LRI a4k, 2018, 38(3):
0328005.

[19] ZHANG Li-xin, LI Yong-gian, AN Qi, et al/. Temperature sensing technology based on rayleigh brillouin optical time
domain analysis with pulse coding[J]. Acta Optica Sinica, 2017, 37(11): 68-75.
KSR S 2R L 223 ST G B B R A L R O B 4 BT IR B A IR R [T D R, 2017, 37(11) :68-75.

0630003- 12



STRZE A5 T B R B S A IO 2 AT STk

[20]

[21]

[(22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

DAI Rui, GONG Wen-ping, SHI Jin-wei. et al.Submerged objects detection based on brillouin scattering [ J]. Laser and
Optoelectronics Progress, 2008, 45(2) :65-69.

W, 53O, AT, S SR T A NSO K BARRILT ], WOt 5Ot m T2 R, 2008,45(2) : 65-69.

BRIVIO S, POLLI D, CRESPI A, et al. Observation of anomalous acoustic phonon dispersion in SrTiO; by broadband
stimulated Brillouin scattering[ J]. Applied Physics Letters, 2011, 98(21): 211907.

LI Wei, HE Bin, ZHANG Chun-feng, et al. Coherent acoustic phonons in YBa, Cu; O; /La; /3Ca, /3MnQ; superlattices
[J]. Applied Physics Letters, 2016, 108(13): 132601.

BOJAHR A, HERZOG M, MITZSCHERLING S, et al. Brillouin scattering of visible and hard X-ray photons from
optically synthesized phonon wavepackets[ J]. Optics Express, 2013, 21(18): 21188-21197.

TRIFONOV V., PASQUALUCCI L, DALLA-FAVERA R, et al. Fractal-like distributions over the rational numbers
in high-throughput biological and clinical data[ J]. Scienti fic Reports, 2011, 1: 191,

MEIER J. ROBERTS C. AVENT K. et al. Fractal organization of the human T cell repertoire in health and after stem
cell transplantation[]J]. Biology of Blood and Marrow Transplantation, 2013, 19(3): 366-377.

SAVELJEV V, KIM S K. Probability of the moiré effect in barrier and lenticular auto stereoscopic 3D displays[]].
Optics Express, 2015, 23(20): 25597-25607.

LUNDHOLM D. Many-anyon trial states[]J]. Physics Review A, 2017, 96(1): 012116.

ROZENAS A. Detecting election fraud from irregularities in vote-share distributions[ J]. Political Analysis, 2017, 25
(1): 41-56.

NECHAEYV S. Non-euclidean geometry in naturel M. arXiv preprint arXiv:1702.06757, 2017 61-111.

YARIV A. Quantum electronics| M]. Shanghai: Shanghai Science and Technology Press, 1983.

WANG Yu-lei. Investigation on a 100-] laser system and high-energy and high power stimulated Brillouin scattering
phase conjugation[ D]. Harbin: Harbin Institute of Technology, 2007.

EWTE. E B OGS B 68 Y RS2 O UK AN AR A R 5 (DL MR < WA R IE Tl K%, 2007,

SHI Jiu-lin, CHEN Wei, MO Xiao-feng. et al. Experimental investigation on the competition between wideband
stimulated Brillouin scattering and forward stimulated Raman scattering in water[ J]. Optics Letters, 2012, 37(14):
2988-2990.

XIA Xu-sheng, YUAN Hong, LIU Jin-bo, er al. Method to improve the resolution of a non- parallel Fabry-Perot etalon
[1]. Applied Optics, 2018, 57(29); 8757-8765.

HUANG Jun. MA Yong, ZHOU Bo, et al. Processing method of spectral measurement using F-P etalon and ICCD[]].
Optics Express, 2012, 20(17) . 18568-18578.

SU Hong, ZHANG Wei-jun, GAO Xiao-ming, et al. Investigation on threshold of stimulated Brillouin scattering[ J].
Chinese Journal of Quantum Electronics, 2002, 19(3): 210-213.

TREL, BRONR, R, S RO RO B RE BT S [T, BT AR, 2002, 19(3):210-213.

Foundation item: National Natural Science Foundation of China (Nos. 11475177, 61505210), Innovation Foundation of Key Lab of
Chemical Laser (No.KLCL-2017-N13)

0630003-13



