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STUDY ON BRILLOUIN DISTRIBUTED FIBER OPTIC
SENSORS WITH SENSING RANGE OVER HUNDRED
KILOMETERS

ABSTRACT

Distributed optical fiber sensors based on Brillouin scattering are potentially applicable to
many areas. Those which are based on stimulated Brillouin scattering can mainly be divided into
Brillouin optical time-domain analysis (BOTDA) technique and Brillouin correlation-domain
analysis (BOCDA\) technique.

BOTDA technique can achieve sensing range over tens of kilometers. Brillouin pump
depletion is one of the major bottlenecks that limit the development of such sensors with longer
sensing range. In this thesis, we study the Brillouin scattering in optical fiber through mathematical
modeling and numerical simulation. We theoretical analyze the systematic errors brought in by
Brillouin pump depletion in BOTDA. Phenomena such as spectrum broadening, gain saturation
and spectrum burning caused by Brillouin pump depletion in bistable structure are investigated and
reasonably explained. Their relationships to the injected light power and fiber length are also given,
which provide guidance for of the study on Brillouin fiber sensors with sensing range over hundred
kilometers.

BOCDA technique can achieve high spatial resolution and effectively avoid Brillouin pump
depletion. However, dependence on the lock-in amplifier in traditional BOCDA systems results in
high complexity and cost. It is also difficult for real-time measurement. In this thesis, a novel
simplified scheme to avoid the use of lock-in amplifier for BOCDA has been proposed and is
preliminarily verified via experiment.

Key words: Sensing range, Brillouin scattering, Brillouin optical time-domain analysis, Brillouin

pump depletion, Brillouin correlation-domain analysis techniques
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RUZEARTE 2 (8] b, BPEEAME R R G0 N o] LA EE SR, HL O &5 153 21 4% 2D S r
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&, EICE AR IR A N 2R s BT 2 WU AOOE ISR AR H T o A
TCEARIREIAR o (B4 2 WU BN BB, 55 SIANFLARARZR MR, (RS2 [, JF HA
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FE A H 1A HLIEUR RS H ik 5 75 B 7E 6 48 A A B I ELAR R T A AR I e A e TR
BRI AR RPN o 5 75 B B TR R B R IR B AR R, UIRR 9 Bk A 5L A
(Spontaneous Brillouin Scattering, SpBS); 5 75 il f2& H1 T Z i e AR e AH ELAE F UK 1,
WIFR 5284 B K B0 (Stimulated Brillouin Scattering, SBS). ZEi Y4 i Aii B HUH 5 &
FERE— AR N, ZAEPR AN BLIMAES  (Brillouin Frequency Shift, BFS):
2n,V,
A
Hrb, ng NEBATHE, V, NERAECE P RERERE (FREE), 18 TARRKE.,
FEAF A ST S F RN P 8 R DA R AR IR S A 0. R, T AT BLH A
RS EF AL B AR JFEEE, R @A BFS Sk AL BOGLF BT db 3R 284 . A

PIERBOLLF S, M TAEAE 1550nm JEEHT, BFS Z14bT 10.85GHz Bftifr, A HELHIE & 1%
(Brillouin Gain Spectrum, BGS) 1 3dB 7 % %14 30MHz.
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&l 1-1 A7 BMER A+ BFS 5HAERE. NERARTEE

1-1 frrnsg BFS 5G4 iR IR EE  BiAR5F 2 8 O, AR B BFS (12840 m) LA,
£ 40km~60km [X [HJ AL i B2 REARAT AR 4K, o

A BN EUE I BE DI ZAK (29709 ImW), 38 28 1505 58 e e dy 2 SO 2245 . Rk, 22T
A LM U PR 6 21 ST 25 B S A B o R s b B ) AR B &, 2 AR B R R T
Ao A B A AL BRI TAE 7 AR 2 9 LA LR EAR

(1) A B s 5+ (Brillouin Optical Time-domain Reflectometer, BOTDR) 57 A9

WKl 1-2(@)Fr7~, BOTDR &4+, G LUK e AR IERGAF, i kol H 280t
SpBS N J &t R R BT R RS BRI, BRI AT IS ER NG A Th R 38 e i BGS, MR
I BFS. Jikoh i s 223 6 M AR 1745 5 7E I [R]_ 2 A5 8 BGS 78 28 8] _E 1143 i o

BOTDR 2T SpBS AR B, #RMIAF5AEH IS, BUREAE, FRE| 7RG MK
PEES; [RINF, ZRHE AR AP AE, ORI TR, #E—PRHAS 7 4 RHEE IR
IR A
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K] 1-2 BOTDR/BOTDA 7~ & & :(a)BOTDR £A: (b)BOTDA HAR

(2) A BIHEE447 (Brillouin Optical Time-domain Analysis, BOTDA) A&

Wi 1-2(b)fi7~, BOTDA Z4i, ZZiHGFEIFE LUK e AR EOLEF, 1R BOLLF
)7 — B E SR PR RARIDE, REOGA kA SBS IR . 18 A I 7E IR v A\ i 4
W BRI, 8 ZRH G S ARG B a4 B m]dak PRI G I D) 23 s iy BGS, MK
HUBFS 73 4iie [RIFER, (55 7ERSE] B3 Axt B BGS Rt AE 7S () B 73 o

BOTDA % BOTDR i 5, H{d kI, AR b i A ar # R 5 s
{BAEALBOCET TR A )2 SBS i A& SpBS, BOTDA [R5 5-¥ L7 BOTDR H1H K,
{EME LR 4F, mT DA PR 25 B A5 B &, AR IR PE B il LA B A B &4, HATH|% BOTDA
FERREE IR AR 2, FlanAm BELIH AT FER. JeLF el S bk ovhil Je b 55, [FIRS, BOTDA
() A% SRR 25 5 % 8] 7 F SR AR A — P EL I 20 00 &R, 718 SRR IR 2 A S [ 1 [ g 3
IRBPKE R B FKREH )T 5.

(3) A ELHAH 154 (Brillouin Optical Correlation-domain Analysis, BOCDA) $7A[10]

WK 1-3 fiizn, BOCDA Z4iH, Z3H G FIR DGR F g, 7 A5 18 1] () AH Tl Hh 4% 8%
LTS 73 MVEN o AR IR B 2 — B 2R AT I, AL SR A 49 15 € fH A
BEF A4, EARR A T 06 o 38 I Al 78 T i A\ i W B PRI, MU R H R
D6 B FA AR ED w] @ i S () T 283 e e AT U AL 1Y) BGS, TSR EX BFS.

TEAR T AL S TR MDD GO E e, 75 RS, HARAE T4 iAE
€, HEy kYR, Bk, BOCDA ## 4% | BOTDR #4ifl BOTDA #4tH i Tk X
FIHCHT R T A i, 25 5y n] DU K 2 g L 28 B K B 2 1) v s () o 35 [
AT BRI A R AR AR U BT, 38 A BN SR RE A — 2K in) . (O ORTEAR 1B
2hh RAFAE AN H T 06, BOCDA HIME BB B AR AR, 7Em 25 N A3 mokE
PP Z TR [FlINE BOCDA ) R 48 5 2% 1 i, B il B I [R]85 K, TVl 38 S vl 2



X s 5 SHANGHAI JIAO TONG UNIVERSITY E’AE{?!@E:}E Egﬁii}ﬂ ﬁ*ﬁﬁ{%ﬁg*ﬁ*
Correlation peak
Pump -AA~ —
Laser I Laser
N N I N N\ AN~ Probe

Pump loss
—

Probe gain

& 1-3 BOCDA ~EE

1.3 AXWEERR

A JBREE B RN 23 [B) Zy F R SR S AR R OB FR bR o TEARIEREE 2 5 1) |, PRf| BOTDA 4k
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FRBOLEr, RDE Dk it o5 — S AR BOGET . BEE Rk Gl A BOL LT 5 4L,
HEMCAWER T, a7k SBS MR . iz, Fmthkahipe s it
B RN, RERINEMICRHRIDEE S FBORR . BOTDA FI I Sk i) I
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KA AT DGR
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B S AT KR, BRSNS T A B SO S RIS 5 . B RE KN L AL K
W, Jefs S AEIR R A v o B2 ER K vt =0 1%, F8A 78 Z 0 ik o8 FE I

LR jftz%ﬂﬂ‘ZlJ, ik oA R e AN\ S R 6 I B i e i D ﬁﬁ?tz%ﬁﬂ‘
Zl, e a—BUS RO, AL SBS RUNHIHRIIDE <ED?t=%Hﬂ‘ZU‘T‘a\E}\1§E‘/§7“ﬁ

LRERINDG) K BAAE SR Cm . I, IRIEAE [0,2V—L] TR Y, IS I ERIIDEE 5 H)

SR T EBAME BOLLF BGS 55 (MRS, HAF S IERZIt BTt B (A& OG5 (Al A B
z %%ﬁlﬂ:
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BOTDA 58 RG#5 WK 2-2 fion . ZE3M AR B — A TAELE 1550nm K AL 1)
I3 A R RIEOE W (Distributed Feedback Laser Diode, DFB-LD) £t —/> 3dB #4214
Gy PR A A, — B RIRORAIE T 2 e AR I B A B AR TR, B IR KR
T EA G KR IR b, i IR ek B e g oG A HI 48 (Electro-Optic
modulator, EOM) LA 8.3MHz [ E A hl sk d o B J5 # B8RO (Erbium-
Doped Fiber Amplifier, EDFA) i K5 L KZ) 20dBm HI TR N BT 210 1 S im0 (FF 2
S D . TESRMDGES B, RN LL BFS BT Cif T-ARuER B EDELE, N 10.85GHz
BRI 30MHz P F 3 2 4 B0 715 1 A1) 2% (Single-Sideband Modulator, SSBM) i1 31| T 2175
Horb, Y% SSBM HIHTE RS HI#E (Polarization Controller, PC) DL Kz ff & i, ik 3k
FLAN LR A 4 L3 REIA B 20dB 245, BP R A T DA LG R A B 4t 20dB A2 A
IThE, s B R ERNE R EE— EDFA 5 AKPUCA A S IFE - iR iR 1)
SR L T . BG4I —A PC H A8 Y6 4F (Fiber Under Test, FUT) 2R 1%
SR S AR, [ FH RS 35 28 C1solator) BH$4:00 [ 4440 1 S FR 2R 30 't LA 4 oy A
SSBM B HAA . ffa, BRMDEEId FUT HAEH 58kt &k 4= SBS 08 fa 3 AR AT
F 2 Fm 0 (78 3 5 D s IRNDEE I AT 885, A8 G B ERINIES (Photo-Detector,
PD) 4y s S a8 i K42 (Data Acquisition, DAQ) AT 4di 774 Al 4L FH 122,

1:1 PG

DFB-LD

& 2-2 BOTDA % R GiHEE
DFB-LD: Distributed Feedback Laser Diode; PC: Polarization Controller; SSBM:
Single-Sideband Modulator; EDFA: Erbium-Doped Fiber Amplifier; FUT: Fiber
Under Test; EOM: Electro-Optic modulator; DAQ: Data Acquisition.

2-3 45t 7 RATFI A B3R BOTDA HREE444, %f—E& 100m FAE BOGEF 1)l & His 4
B =4 BGS Bl Hbr, #igic&dH— b, FTLAER], BFS #E B 100m (114K
HAFFEAAL T 10.85GHz 4t .

WIHR 2 TR B SRR BN R FE R S me, Sl kP AE AL S R
HRE S 325, BULTEA [FAL BRI G I 3G 65 BOR 2 8085 . IXE BRI, SR
SR HAE 9 — %80 T R4 o (HIH— AL BRAE A IR SIS, B 2 9mAT G 1% 2% 2R %
NI T B LR . XTI AN— BB RR 2 . (HSEhRH BT 100m [P4& IR 27 41 Sk I 4

(hRUEIBAE Y ELF I HFE — ALy 0.2dB/km) FEAK, AL RIS 28 JH A 1R A — AL 3, 3

6 71 £ 30|
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Kl 2-3 BOTDA I 45 R =4k BGS
2.3 gDt
FEF A AT LR RO RN AT DL (2-2) HI =i & 7 R4 Ak 1231,

0O no . 1
(az _EatjEp =19,QF, + 7ok, (2-2a)
0 no . 1
— 4+ —— |E. =i E. —ZaE (2-2b
(az+catj - =79.QE, — aF,
[% + F]Q =—ig,E E (2-2¢)

Hep, By B QRO SRIDE . A, n NITHER, o NEETRDLE,

0, M1 g, A 51 BN 23 A RIS R, o BT IRE, TS A TR0 A K1 R

2. 3.1 BOTDA #{E 1 &
2.3. 1.1 AR g~y

|Z:0 Z:Ll

| |
Pump Probe

—> Fiber <—

B 2-4 1A% H] A A 5E X
PATBCEAEZE L, RIDET 2 =0 Abda MEROLLT, TRMCIke T 2 = L Abda A 1%
BOGET N TTETHE , FEA T TR ITA 07 FOd FE , FRATTBRINAE FX e 23 [R) AR AR 50 E
FEAZEI L BRI T, Jifedl (2-2) "fRifb (2-3):

7 90 HE 30|
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0 no .
LY Y% = E (2-3a)
(62 catJ » = 180%
0 no -
Z 42 |E =—ig.O'E (2-3b)
[aercat) - =180,
QJFF Q=-ig,E_E." (2-3¢)
at 2=p s
Xf Q ELIEAR K153«
Q(t)=-ig, I; E,E e ds (2-4)
BRI ERK QAN (2-32) M (2-30) HlA:
0 no t * -T(t-r
0 no . t * -T*(t-7
(2422 e ~ajo,E, [ BT s (250

FATEAL O HAR BRI TR T (2-6), EHFIH = ARENRT (2-5) R #7247
AKCEE, SR P I A 2 [ [ A A PR 22 75«

(B-m)e (e -m) = 28 (e e ) o
(B - Ea?) i (B~ Bt ) - 2R (B Bt pLESE) (260
Hr,
Pl = ( P, +2E,E} )e’rAI (2-7)
WILRE N
p; =E,JE;e"™ (2-8)

BRYIRE T t=00), M TAEREM z, FEE,, =0ME, =EJ. BBAEROLL LT
I, R SR E DR MR AR, TSk I AREA S RO h . [FIR, RS0
WHRFM =04k, ELNFEERE, BVCRENFBRIDCAEED % ST z=Li, E,

HNEFFH], XFF BOTDA RGOSR, FXF N A AN ik pp sk ik & 751
2.3. 1.2 BHyksz

BUEMRIG AR, UGS HFIHCRHME,, « B, E " Eg* A pl, FIAA (2-
6) TS HHT I ZIME, M EL, WILES, KA ”%?U%‘%Eﬁ%ﬁft[&z—\:‘] X 8] A FRIZR I '
FRMEHAR . s b, T (2-6) FaUHMIM E M ES SR ks, TR
Hevi AR LN . FATELFI AT — I ZI E ) A1 E, BARRLL E M EL I9TE, (1575

AL PEAG, AT RT LAS3 50 o A% RO 27 1 3 b ey B A0 E G AR AR M ) 2z 3 SR L E ) AN
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ELt, EAEZW. MR LI T AT T . AN s E ST A E L I
SR (2-6) BUR, (IR RBAEZHHEIL TR (2-6) AR E L BRI, —DHEL
BRI E R OB NS, BB S M B SRS RS, iR/ T

ANFRLERBER, FATATELA Y, RIR O 2+ 0kl TR H SRR 1. — Bk
Y, ERIKECN 5 IR, (ERT B RIR Z REBAEHIE — 2 Nl IREEERAS), [ 2-5 451 T
ER AR .
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1l
l

TEEYES ES Pt
ARG R &

v

i‘l‘HEp”‘\ EM, p*

\
i%ﬁEpul\

t=t+1

).

EIREEB )

HRER

& 2-5 REHEH (2-6) FEMBEZRER

ARREAET L, FRATIESE matlab fEA17 5T 6. matlab BA 75 EREER R 241z H L)
e, IXAETFEEASKRE =4t BGS B2 n] AT AR Z 0T [H] . & KRG R EIERAEW T

(1) e H 4

NSO FE AT NG a5 R, AT A, ESROGIE, SRS ME . XS
AN B AR PR AR, I AR T H P s (EEEE DRy &, A B ot
R, BT, T RRES BRI DA MASE), I3 AR BRI ST
Vit

(2) FENHINSHL

RN EARZ, Ky asmymE s iR RaR8, X Bfafm BN
RV EAT EHERAERY, PRARSE AL XOLE T DAERII 6 320 A2 23 e A A v e e BGS 13l
AR EEHEAMENIEMFERG SRF RN B S, HFE, WSAHFRMARL
IRE(E, b, MAARFEMNEES ER I EEAEARR XA, X EAEN ;s Rk
PRERAY, X BASEMERAY, S B AT K GXANIEITA] LAREFH T DLJE SRS S5 R 17 35

%9 71 3L 301
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TR D)% (FEREH BAUEH W AE AR HER D b, (Hl T H W 5d dBm
W, FHRAER A AR, XA S ERANZ dBm AL, TERANR2 A3
W AL D; %Fi;“c?%&f” WML IEOGLT ) BFS,  BRARSERR p FRAT T2 i i 43 21 1) =
4t BGS FRIUXAME B, HEMFE A ERMNFEF LR TXANSEENLIEIZHE; H)J) BGS
SOMI ==

VBRSO AL FEAT FL I TR AN B 2 RSB DA R AR AN O B R Fe R R e S
PR8I, XS HOER, BTS20 e Rk, — 4 BGS Mo #rRtiilm, H
() -, 2 DR P2 b 9 10 477 LA AT (RIS TRLRDGT VBT LI A A7 75 3K o DR AR A 22 B A T — M i
F {8 400, 200 BAK 100 1y ik 2 8 1% A .
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STUDY ON BRILLOUIN DISTRIBUTED FIBER OPTIC
SENSORS WITH SENSING RANGE OVER HUNDRED
KILOMETERS

Optical fiber sensors, as a recently developed sensing technology, gradually shows its
advantages against other sensing technology in electric or mechanical field. Using light wave as the
medium for signal transmission makes optical fiber sensors suitable for many applications in the
environments such as confined space or area under strong electromagnetic interference.

Optical sensing techniques can be classified as single point fiber sensing, quasi-distributed
fiber sensing and distributed fiber sensing according whether the sensing point can spread all over
the system. Distributed sensing technique utilizes the fiber as signal transmission medium and
sensing component based on the elastic/inelastic nonlinear effects in optical fiber, which can make
its sensing range cover the whole optical fiber and can achieve multivariable sensing.

Among the mainstream system of distributed fiber sensing techniques, there are schemes based
on Rayleigh scattering, Raman scattering or Brillouin scattering. In the Brillouin scattering based
sensors, the environment parameters such as temperature and strain can be told through detecting
Brillouin frequency shift (BFS). Brillouin scattering gets the advantages such as the narrow
scattering spectrum and is sensitive to both temperature and strain. More and more researchers have
paid their attention to the distributed fiber sensing technique based on Brillouin scattering effect.

Brillouin optical time-domain analysis techniques (BOTDA) can achieve long sensing range
over hundred kilometers. However, fiber loss and Brillouin pump depletion are two phenomena that
limit the sensing range of BOTDA. We establish a mature BOTDA experimental architecture and
successfully get the measurement result to verify the theory of BOTDA.

In this thesis, we set up a program simulating the optical wave changes while the Brillouin
scattering effects. We start from solving the three-wave coupling equations with finite difference
method. An iteration algorithm is applied to transform the equations to be solved from nonlinear to
linear equations. Matlab is selected as our simulation software due to its outstanding features on
vector operations. And besides we additionally design a feature-rich interface using GUI toolbox to
make sure the simulation be easy to set up.

As we knowing the Brillouin scattering, energy from pump wave will be transferred to the
probe wave. So pump light wave will get more severe attenuation, so called Brillouin pump
depletion in addition to the fiber loss. It should be noted that the energy attenuation caused by
Brillouin pump depletion depends on the intrinsic Brillouin gain spectrum (BGS). Energy
transmission reaches the maximum when the beat frequency between the pump wave and probe
wave equals to the Brillouin frequency shift, which is different to the fiber loss and so that can bring
in more severe interference to the measurement result.

In a long enough optical fiber, the Brillouin frequency shift for most part of the fiber keeps as
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a constant, while the region close to the pump output port gets a change for the Brillouin frequency
shift. We focus on whether the change for Brillouin frequency shift can be detected using the
BOTDA system with the Brillouin pump depletion considered.

One should notice that, the spectrum shown by the measured data is not the exact intrinsic
Brillouin gain spectrum. It is the result of a nonlinear process between intrinsic Brillouin gain
spectrum and pump wave spectrum (i.e. the energy under different beat frequency between pump
wave and probe wave) instead, although both spectrum share the same beat frequency for the peak
value, known as the Brillouin frequency shift.

As the optical fiber is long enough, the pump will be depleted to the degree that we can’t just
ignore. The more beat frequency between pump wave and probe wave be close to the Brillouin
frequency shift, the less energy remains for the pump wave before it reaches the final region. And
when the pump pulse come into the final region, the pump wave spectrum keeps a monotonous
trend so that the peak in the spectrum given by measured data will have a frequency shift instead of
appearing at the Brillouin frequency shift. It can be figured out that the peak measured will always
own a trend that increase the change of Brillouin frequency shift for the final part.

Although the situation mentioned above is the worst one as the unknown environment usually
make the distribution of the Brillouin frequency shift be a random one so that the measurement
errors will be relieved to some degree, this situation does standardize the deterioration caused by
the Brillouin pump depletion in BOTDA. Besides, as the distortion happened in the pump wave
spectrum cannot be restored, the Brillouin pump depletion will be unrecoverable once it occurs.

Simulation results for several other typical situations are also given. We conclude that: The
more the region own a Brillouin frequency shift change be close to the pump input port, the less
affect brought in by the Brillouin pump depletion; The more Brillouin frequency shift change, the
more measurement error. Couple regions of opposite changes will relieve the measurement error,
but cannot eliminate the error.

In order to get more understanding of the Brillouin pump depletion, we bring in the bistable
structure. Under bistable setup both the pump wave and probe wave remain to be a time-invariant
function, which makes the three-wave coupling equations reduced to a one-dimensional equations
so that we can figure out these equations with the explicit solution. Although bistable structure is
not used in Brillouin distributed fiber sensors, it is applied to other field such as amplifier based on
Brillouin scattering. In bistable structure, the phenomenon caused by Brillouin pump depletion
including spectrum broadening, gain saturation and spectrum burning.

Spectrum broadening is easy to explain. As the result of Brillouin pump depletion, the pump
wave spectrum is distorted. And as mentioned above, the spectrum from the measured data is the
result of the nonlinear effect between intrinsic Brillouin gain spectrum and pump wave spectrum,
while the pump wave spectrum gets the opposite variation against the Brillouin gain spectrum (At
the Brillouin frequency shift, the spectrum reaches the minimum instead of maximum). It will
weaken the contribution from the intrinsic Brillouin gain spectrum. Finally the spectrum given by
the measurement seems to have an amplitude compression. Because we usually take absolute
attenuation as demarcate for the bandwidth such as 3dB bandwidth, also known as full width at half
maximum (FWHM), these compressions always result in the broadening of the spectrum. We can
find out that the more injected light wave power (Both pump wave and probe will do) or the longer
optical sensing fiber, the wider the spectrum broadening.

Gain saturation is a phenomenon that is always found at the output region of the probe wave,
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the peak that should has appeared in the spectrum measured is flattened. In fact, in bistable structure,
the total energy, or energy proportion more strictly, given from pump wave to probe wave, is
positive correlation to the injected pump wave power, probe wave power, optical fiber length and
Brillouin gain in Brillouin frequency shift. We should notice that the maximum of the amount of
energy transmission is exactly the total injected pump wave energy. When the first three parameters
mentioned above are large enough, it is not required that the beat frequency be equal to the Brillouin
frequency shift to make the whole energy of pump wave transfer to probe wave. So that the gain of
the probe wave reaches the maximum around the Brillouin frequency shift, or so called gain
saturation. And we should point out that although the fiber loss exacerbate the energy attenuation,
it in fact relieves the gain saturation phenomenon.

Spectrum Burning is similar to the gain saturation, it just happens at the middle of the sensing
fiber, and the gain measured at the Brillouin frequency shift no longer the maximum value of the
whole spectrum, it becomes lower than the gain of other beat frequencies nearby. The more it is
close to the probe input port, the more easily the Spectrum Burning takes place. We shows the
critical condition on injected light power for the Spectrum Burning both from experiment results
and simulation results, and two critical conditions are well coincide.

As the result, Brillouin pump depletion affects the BOTDA system so as to limit its sensing
range. Such shortage can be well avoided in the Brillouin correlation-domain analysis techniques
(BOCDA). The essence of the Brillouin pump depletion is that Brillouin scattering happens
everywhere in the sensing fiber. And the principle of the BOCDA can perfectly prevent this
phenomenon. However, the principle of BOCDA determines it cannot achieve long sensing range.
And the complexity of the BOCDA is much higher than the BOTDA.

The dependence for the lock-in amplifier is the main factor that causes the high complexity of
the BOCDA. In this thesis, we propose a novel experiment structure without use of lock-in amplifier.
In this setup, the noise will be removed by subtracting the signals. The experiment result shows that
our scheme can also extract the spectrum from the noise part without lock-in amplifier.



