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STUDY ON OPTICAL PULSE COMPRESSION
REFLECTOMETERY

ABSTRACT

Optical reflectometry is one of the most important technologies in fiber optical sensing, and
it has many applications in telecom networks, deep-sea monitoring, petrochemical industry,
structural health monitoring, power system, aerospace, and so on. By analysis of the characteristic
of reflection light in different time, it can be used to measure the loss, break point of different
locations in a fiber under test. In terms of the basic principle, optical reflectometry can be
classified as Optical Time Domain Reflectometry (OTDR) and Optical Frequency Domain
Reflectometry (OFDR). OTDR has simple structure and well-known principle, but it has a
tradeoff between spatial resolution and measurement range. OFDR breaks this tradeoff but its
measurement range is physically limited by source coherent length.

This thesis proposes a novel optical reflectometry technology, called Optical Pulse
Compression Reflectometry (OPCR), aiming to break the inherent technical bottlenecks of both
OTDR and OFDR. First, this thesis establishes the basic system structure and verifies the
feasibility of OPCR through theoretical analysis, numerical simulation and preliminary
experiment. It also proves that the spatial resolution is irrelevant to the initial pulse width, which
breaks the tradeoff between spatial resolution and measurement range in OTDR. The preliminary
experiment also demonstrates that the measurement range of OPCR can be beyond source
coherent length, which solves the problem of measurement range in OFDR.

Secondly, this thesis performs further theoretical analysis and numerical simulation to
discuss the influence of phase noise on OPCR’s spatial resolution and measurement range. It also
proves the effectiveness of time averaging method on improving the influence of phase noise and
extending the measurement range. Furthermore, it proves that OPCR’s dynamic range is higher
than those of both OTDR’s and OFDR’s.

Eventually, this thesis presents a novel proposal to optimize and simplify the experimental
implementation, which can further verify the influence of phase noise and the effectiveness of
time averaging method. It also analyzes the influence of carrier suppression of a single side-band
modulator (SSBM) in the simplified experiment and waveform mismatch phenomenon on system
performance. As a result, the experimental result shows that the optimized OPCR can achieve 15
cm spatial resolution and 10.8 km measurement range under the conditions of 2-km coherent
length of and 1-GHz sweeping range.

Key words: Optical Reflectometry, Pulse compression technology, Matched filtering, Phase

noise, Coherent detection
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() =i (t)cos(277 fot) * Ngypass (1)
Q(t) =i (t)sin(27 fot) * hyypees (t) (2-12)

s(t)=1()+ QM) =" A( de%i}ﬂ{MK@—ﬂﬂdﬁ

o
=

2o miit3



@) X EALL¥
NI sHaANGHA A ToNG Ui xS S ks 405 S S B e R 5
A 1) FoR HEE, QM)E R QIHIE, hiowpass(t) FANIKIHIER A%, A(r) = AcArAx(z)exp(-2for)
5E SCRNUCEINE 5 AN R ZI ) — AL IR AR

Wit VQ i, — IR SN RGES, B bR T YRR 05
foo BJA, X UQ MG E S ITULECIES: /5, RIS BRI lkeh 46 5 0 5 M EUHE 5, id
Ny

Tsin{izB(l—'t__rd)(t—r)}

y(t)=s(t)*h(t)=|" A(r)rect(tz_TTj @1
A 2.1 4T, 24 BT KT 100 B, JE4if5 @bkt 56 B2 v # 8 1/B, tHT-7£ OPCR
HHRE A (B B B A OTDR —FE A R] -2 [ %2, T LASL 28 18] 93 9 3 5 AT BLSK

F OTDR & X773, I,

C
=55
KEFBERH, M1 OTDR AN, LFM ki & 4615 20 0 R i ik e /e 55 9 (X (2-7)
BE(2-3)), XM A A o BRSBTS R R A ARG 0N BT DATE SRR S HAT)
ALV (2-14) SRALTH OPCR FIZ8 B 43 HE%K

2.3 Bk E4E e 5T N = AR B9 LG TG UE
(1) LIRS

(2-14)

VCO o AWG

B
JARi=2 us Bk SERE=2 s
1P

FUT(5.4 km) Jumper
(55 cm)

I:I Eﬂi -t Balanced PD

PC

B 2-7: Selk i RS R ATBOR I S258 R 4E(DFB-LD: 24 R R R0 — K& ; SSBM:
Bl G AREE: VCO: MEEERY A AWG: EREHEKESRS: MZM: T
TR EIEARIES: EDFA: BEDRABURES: PCL-2: fRiRfEHEs: FUT: AW
K4 Jumper: BkZg; Balanced PD: PG EIRIIAS; OSC:H R HES; PC: H
%)

B 2-7 45 T e kh R 4 S S R IR 5256 R 4t KA 1550 nm, £k % 100
KHz /] DFB-LD 1E AR GOLIE, H 1@ Sel G a8x < 34T 70 2%, — BSR4 LFM ik,
—BAE A S % H AWG 7= AE—AN 2 s J& HA R EE UG B R IR sh 3 AE [ 221 MHz 1) VCO

(2.311 GHz ~ 2.532 GHz), HT VCO ¥ th iz 5Kl o 2 tE ok &, R d@ kX Fh 7
ERTLAFPAE— AN 2 ps 1 LFM EEZRS . K77 R 1) LFM BSR4 N SSBM, il i i 1y
SSBM & HLE, 7o 5l Eue f— Ny (R e R, AR B — ANk (kB
AR, AT AT BLPAE —ANEIAN 2 s () LEM SESE . #7242 10 8 I LFM 3%

EB 10 J\/\ 36
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(@) rFxd Lt

SE SHANGHAIG Tona DR Sl 4 R SR A 5
BopiEd MZM | SRR E 5 IERERTAT DAAS 2 — MK 56 59 2 ps 1) LFM
Helikite H5 LEM e Bloilid BRI B NRFIDBER, P 2E (R B & i R 25 5 A 2
FICHEAT ARTAT AT 2 5 [ B AR S, R RIZ S 5 R IR i, e it
R, FEHC I8 B SeB 1VQ MR AN ILERCIER, MM SRR P 46 J5 )5 U E 5 . X
R, BT SSBM 1 MZM X4 A6 fmRARBBURK,  SOrEF N 2 i 20 S 8 1o i i
RS REER M AR, HEANETEER ACBORASRAME SSBM M1 MZM I A\ 4514E
FIGEF B B 50 o

(2) SEIEER

47 cm

22 22 20
20
-0.30+ 55cm
20 8 [ .
_ -0.35
= 50 55 60 65[m] =
S, 18 5, -0.40-
s /‘VVW\WWWW\/ @l (5.
g o
16 = 050
14. -0.55-
T T 18 T T T 1
0 1 2 3 4 5 5399.75 5400.00 5400.25 5400.50 5400.75
EE% [km] EE% [m]
@ (b)

& 2-8: YIPSEMLER: (a)/5HBETHILZR; (b)) B RERBORE

Kl 2-8 45 H T WIS 45 R, HHF 2-8(a) Tz, OPCR JZhAS I H Y6 4T R bifi 5.4 km &b
RS EAE, BT RGOGIRNZL TN 100 KHz, #HHTFKEACH 2 km, HILEE] OPCR
PIERMNTEEZE L OFDR & (G UONARTKEE—F), & 2-8(a)H 5 Al B th 4 A B o i
TS UL SR AT /N, 33X 32 B BT MZM 2 HLAS S 30N IR I i S 3% R 40 1) B A% DA
KA N E R B S0 A B R RS BT S 8. sk, B 2-8(a) il L ] 2-8(b) R B, R4
Ja Ik 47em 8, U (2-14) AIEIFFSHELRZE R (221MHz F83E FEIXT B 45 cm), I
H AT RLAr HEAHRR AL 55 em PSS S 4, 2[4 3215 3] 55 cm.

2.4 REING

KRBT CHK T A8 SO ISR BR I HEATT %8, VEREL A DL W0 SRS o

£ OPCR [AFEATT AR FLE 7>, AT LFM B ESE . H TG00 LR 1/Q f#E i i) i
B, FFIER] T A A H A S MR AE G 0%, $THE T OTDR 7% [H] 4 HF 3 AR
DG 2 18] B AH L2

FESERRRER Gy, BOE T WP RS REE, SIS RAERWILE 100 KHz Z% (2 km #HF
KD IO B 2 221 MHz G B2, SEBL T 5.4 km FERINYE ]~ 55 cm )23
6] 73 R (PR e, s (8] 70 20 5 B 0 A A AT JF BERMIVE Bl AT 3k 2.7 el T R,
& OFDR [HRMNEE ORIFEAHTE—F) 1 5.4 4.

A& HKRCKRET the 23 International Optical Fiber Sensor Conference (OFS23), 2014. 6.
W5 9157-566.
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(@) X FAdLy

NS Seancrinl o Tana Uty Sk FE 4 R S DU R 5

BZE St ESE RSB EARBIMERE S

S RAHTT OPCR A Mk, I HIHSHIIE T OPCR I RN B T LUt
SIRAA T o R E = B0 AT, SRR SR AR B 0, (LA SEBReh, Ao
RS LATIRSN. AT OFDR, SKFZIFEN CHALMER) WL T & MR RN A
AR TR0, (g, A e 20T OPCR [7 1 4 H LA
FARWT R . 1, 105596 OPCR MIZhAs .

31 MR AEESHETKE

JCIRAE TARRI 5, o1 TORIRN B0 E AR AT IOBENLYE, At e R, S, AL
SESWARATMNLIES), AL RO A ——AH fg A,

B AL S BRI H OB AT R

Ep (t)=exp| j2zft+jg(t)], (3-1)

A fo A G AT, g(t) AL

F T AL AR AR 2 (R R R 2 i 26 I TP 70D 5 R LA o e 7 3 ik
ST AR (KD FEE—ANER L 8- P,

A

55 [dB]

A 3-1: SFEmEEERERE

12 ] LR S IX NS ECR AR, 2858 10 U DAAESIE, 128 Af, Hn] BL7ER K
W, 12N M, EfZEENFHRELR:

FM’ Aﬂ,:%Af, (3-2)
A ¢ NETHILIE, I AT OREK.

WA, JCIRAILR S SRR R ¢, X DFB-LD, AR ¢(t) AEIME N
FEFEHLIIFE, ANIFEZIET @) [BIAH RS, T AR AL M 7 175 22 AN OGIR 26 v 2 T8I an
9%/%[22]

o, (t)=2m\ft. (3-3)

FH AR R A 3 A D' Al E D' AR BB, TR — AN DGR AN R B ] i EE T RO 2 8]
TR 2] 752, PRI 24 3 P RO 2 18] B SE IR RT3 — AN BB IR, 5l mT BLIAD9IX 2R
WA T, XA BUEFR A CIR AR THS 1) 2o, 52 OB

P12 36 W



= > o
(@) X FXLALS
R SHANGHAL NG TONG UNIVERSITY Fe Rk 28 s S B AR AT A

1
ro=— (3-3)

AR T IR AN 5 T O, BRI T |,
I, =ETC, (3-4)
n

K n AR R

3.2 THIEE 5 X 25 (8] 43 HE ZFR AR TE Bl B9 220

T EEMME S, X (2-9) 1 (2-10) MEIEAN
e (t)=[" A() rect(t__l_—fjexp[ j2rt, (L) K () +ig(t—7) o7
EI’cx:al (t) = Az eXpl:jZﬂ. fct+1¢(t):|!

S 7 FORFEID L R R R I 21
Bk, 25t 1Q MR 5 5 T FoR A

s'(t)=[" A()s, (t)dz
s.(t)= rect(t__l_—r)exp[jzzK (t _T)z]exp[jqﬁ(t)— jo(t-7)],

(3-5)

(3-6)

A s (0% ¢ I 2RI K5 5
T O TN RIEN BRI, I H T AR Z0 g A, FiUARFE
I 2] BRI A B AG ()= §(1)- p(t-0) BN, s ()Tt A

s, (t)=rect (t;—fjexp[jzzK (t _T)z]exp[quﬁ(r)]. (3-D

1T DFB-LD (I AR TR AT RO IAE KT, MIBEHLAS B Ad(x) ORE R 43415 1k A2 39122
NE, TR o ()=2nlt Af=2tlz; (F M 3 A2, Hor AFRCIRER B8 oo IR IOA TN 1

40+ B

ToAR AL 7S

T/1=2

-50 4

_60 4
T/1.=3

-70-
-804
-90

THE/BE [dB/HZ]

-110

300 -200  -100 100 200 300 400 500

0
$AZR [MHz]

3-2: FANIMEFEXHE S ThR B MBI T A 1 ps, FHTEE B N 200 MH2)

B 3-2 S AHAS Mg 75 0k e i ik P 5 D 2R sz iR 345 SR o BT BE N LA AL 208 & Ad(2)
177 2 5 AR TG F] ofee BB R, PRI LA ofre R/ SR BAEAR A7 e 5 ()5 s . 1] 3-2
T, MO ARG A UG S Th 3R, M AR T, R 255 I Th RS
AbT 3 FHUAL, ARG RS 0 58 G IR o A I A P B, PR AR R A 21
OFDR — FfA 45 ik v (115 5 Th 3 35 7 e s o R p B3

P13 36 I
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' Sk 45 B R AR5

07 0
— .23dBI
] —7
g -5 # FWHM,
410+ 0496 0504
lﬂélg
]&_
o
-254
00 02 04 06 08 1.0
B IA] [us]
@ .
0, - 3dB
— 2398 0 N IFWHMMP"
@' 0.496  0.504 S, -5 0495 0.504
B -10 it
k< -10
| -15 =4
g | -154
-20. ‘ ‘ ‘ | ‘ 0
00 02 04 06 08 1.0 -20 : : ‘ ‘ ‘
B ] 5] 00 02 04 06 08 L0
b K BFIE] [us]
( ) (C)

& 3-3:  ARALMRFEXN EAERK BRI (Q)TOARALR B T B 48 ik B 3,

B (D)MAIBRFETE o/r=2 1ERS E4a Mk BT (c) MALRFETE o/r.=3 B E4Ehk

WA (FIEKE RN 1 s , FHVERE B A 200 MHz)

Bl 3-3 S AN e 75 %o kel R 4 J s T sz e, 1] 3-3 4 B AV Mt 75 (1) A7 TE (45 IR i
FEAE TR, EEARIIAESS IRNE RS B I, I ELBE A A AL M R R IR, SN R KT
i (L 3-3(b)F(c)). tbAh, & 3-3(b) Al (c)H iHd IR W, 7E /ee=2 Al ofee=3 HITEHL T,
uﬂ;;f*n 1AL T Rk R T F- 9 98 FE IR LT 2

20-

18-

16-

14 -
o 12- s
S0l >
= 10 T

S
L
g

3-4:  AAALMEFE N [ S A R AR TEE AR (FIGRKER 1 ps » FHEHE

B >4 200 MH2)

N R s BRI TP Y SR DL R NS 2 ) 43 AR AN BRI FE R R, SO A
B, BN, 8 SO Gk 608 15 55 P A R R dB 22 51— MR
RN Pk 5 B 2 B AFWHM, 52 SUA: AFWHM = (FWHMuio pn - FWHMyy pn)/FWHM 0 pn

214 TUHE 36 TT



@ FFALrY

7 skuiam ag Tons Uty Sk 45 B R AR5

H FWHMyo RonTCHIALE RS, BEERARR 0 T O RK R 98 S, FWHMyypn 3275 AH AL 75 17
PR B 5E B o P 3-4 R BHBEEARXHERITE R ofoe O3B N, JMILL 7 SBETR/DN,  T0E4E bk
KPR TE AR AR JEAR B, AN EA TR R, HA SR B AFWHM B 76+ 1.5 %2 [f],
Ik, 76 OPCR 1, AHLZREF W F 25 (8] 0% (kP oifE) e n] LLZREATE, (H PR
TERMTE, R A bt 2 PRI FE R 386 n s R (O 30 B o PRI, 2 fof 45 S 448 ik A V3 1 55
M GRSy HE . BT R OR BE B O IR 3dB TEFE, WON T RERS X 2 FRAE ik 3=
M5 550, AN EE— R UERK T 3dB, I 3-4 W1, TERIEANKTE N 1 ps , FSAVERE B
4 200 MHz [5G T, BRINTEREIRIFRHI7E 1.5 6 TKEN (d<3).

3.3 B HAEST RN Bl i e+

£ OTDR i, ISP 592 m] DU 2 s e e 75 02, 5 OPCR Hh, %07 ¥t i ok
MRS o BT EIREOY N, PR B s ()RR 9

S.ar (1) = rect(t_l_ )exp[mK(t T J{ Zexp[jA@(r ]} (3-8)

X Ag() N5 k TSI AR A2
RIEGETHAER TP ORBCER, & N 2R, —MENAEZ B REECTr S EE
T A R R R, 24 N K,

Sear (D), = <rect(tT jexp[mK(t rz]exp[jA¢(r)]>

o (3-9
_rect( = )exp[JﬂK(t 7) }(eXP[JM’ (7)),
A <>FIRR I
PABERLAS B Ag (o) LI AT J7 % o%(c) =2ult. (IR T 40 A, 1K
r 2
<exp[JA¢ J_I exp| jAd(z }exp{ T( ) }d[Aqﬁ(r)] o)

.
=exp| — |
TC

2 (3-10) FRHIZ FEYUEN RS KI, AHALEE P ARy — A8 KO B0, AT 7
51 R HAR R G

SE XAEL 2T IRHN, I EE 7 AR B2 T 1500 T B KB olee 79 AR GU R S RAR TR
MYEH tmadze. & 3-5 25 TAEANFIRKAT TR T IEOLR, S AR RN F g ze AT
b BEOPEIEN Z R 5¢ & . HIE 3-5(a) Al A1, AEAH R AT 0RECR i ZER R 4 1 L b
/Ny BRI VE BR8] 3-5(b) R WIAEAH R LLAO RS DL R, PR,
AT B KA BRI FEBR K o b4t 18] 3-5(b) FH(c) & WG Ak ik 56 FE T 84 [R) A w] $2 7
OPCR s KAHXTERIMTE, ki 58 BE S 10 A5 A, S RS VG L tmaxdze AT A
£/ W S8
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NC‘:'___..__:'/ AHAMGHA [L1AD TONG UNIVERSITY ﬁ'ﬁﬂ]j(ﬁﬂiﬁﬁ}iﬁﬂ‘?ﬂﬂi?ﬁ*ﬁﬁﬁ
7] N=500 — = T=1ps 6. n=10dB
6- 5
W 5] W 41
\‘>é 4_ \><
WF 3] WE 3
2. 21,
1 19
0 T T T T T T T T 1 0 T T T T 1
4 6 8 10 12 14 16 18 20 0 200 400 600 800 1000
n [dB] N
(a) (b)

Bl 3-5: Tmadte, N,y ZIAIIRR: (@) T=1ps, N=500 B zmadz. M p ZIKIER; (0T

=1ps, #=10dB B 7madz. M1 N Z KRR (FHM7EE B A 200MHz)

B 3-5 145 PR B N Al b g o e (A I B R IR ] el 7e (FIREYE, T B 42
T IR B R IR tmaxdte 5 T IIREU NS KL n Z R R, HRE Ik vE fE T 765
Bl & b — M Se BUE , B EZS @ ik e FE T SO T, S RERIITE ] tmaxlze 5 3K
BN Iy 2R (LK 3-6). B 3-6 B[ &1, 7E 1000 VP18, #0dIEE » KT 3 dB
DA AIUERKTE N 1 ps (BT, OPCR ¥ S KPR MINE BBl AT A 3.5 I T JE (omadl7e=T)
T TN R ) 2.4 £5, OFDR (7 fi5. Ak, BT — R R 5 2R & IR AR
g 7 55oF T 47 Pk R i, 9 ELAE 7S OPCR A4 7 R 2 K 28 501 Y VA T K

T=1 us — ...... 6

10

800 '
15
NS

600 .o -
N 0 20

B 3-6: T=1psk tnalre, N, g ZIEIKIKER EHMERE B N 200 MHz)
3.4 THESEHE

B 7 258 2 B AR INTE ], Zh 2530 B A2 6 SRR IR oh — Tk d R bR, sh& [
B AR 123 W C&sea t, N T RILEIIE 54BN T Ra s &R SGE, 51 AR5k
— A 7 AP,
D:%[F{J—PD—(L+C)+SNR], (3-1D)
R Py WCEENNIIR, Po ARFLBGT MR, L ACHEHIFE, CNRGHE
B2y BIFE AN H513E, SNR N5 S AL G S e L .
=l (3-11) vJH1, RGAFhEE E R 3 EARIE RN R BUE Pp FIE 5 A0 HE
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L

I n,*b.. > ! 'é_‘:
@) L EALAS
Sk A8 B S R AT 5T

T SHAMGHAL [IA0 TONG UNIVERSITY

JRHEMELE SNR, PRI 7353l MIZ A5 TR 70 OPCR R G Zh AT

(1) RGHRICRBE
OPCR ARG ER 7 BTN A7 2, M0 OTDR R A 1 4 ELzeAar il (17 3o

O R PRIN S % L PELHT 9 Ry, D BRI 25 % L R D 208
P =i'R,, (3-12)
U i O BRI a1 PR HLAL
X BRI 7 2 SRR
i=R|A =2RP, (3-13)

A R DRI IR, AR SOEHRIIRIE, PsoAE S6TE.

D) BRI 5 s LRI 25 P FEL DR Pirect out PI 7N N
Piect_ax =4R PR (3-14)
SFFARI, i (2-10) AfAndOEHRN
(3-15)

i =R AA =2R PR,

ﬁqj AIocal y‘jz'giﬁ%%%% EEA:[:ZJ[]@{E’ IDlocal ygz’-‘ﬂﬁ%%j\[ﬁ%%o
DR A0 5 s RN &8 PR 5 S T8 Peon_oue N
Pon_ox =4R PR.aR.- (3-16)

B (3-16) IR (3-14) M, 53]

Pooh_out _ Plocal

R

(3-17)

Riirect _out

T A S 26 TR iz s T3 A UG IO T2, R A A6 be B A A o = ()

et an, REPUVETE S . BT OFDR WIEFERHAH TN, ¥ OPCR 1 OFDR HA M FEH &R
GUIESCR B

SHEAERK

(2) (55 AR5 HIfEME L
OPCR HHRH] T VLHCHES AR » IX 870 A ARG ST UE I DL ACE B 4 v] LAk ey 45

MIfEMELL, $3E40 H VLG UE A 15 1 LU PR Rk 2o
LX) NHAME T, h(O)E TR RN, () AR E S, X(0), Hw)H Y(o)

T EATR RIS AR IE
T Y(w)= X() H(®), tn N ZIH05 S 515 SR RoR A

|)/('fm)|2 :‘Z_izjjx(w)H (w)exp(ja;tm)dwr.

FIERGIHINEFE Y AR, HIIEE LN No/2 WIHZ,  TUE 5 Ab PRARCER Jo i H AR e 75 1)

(3-18)

A (No2)| H(w)? WIHZ, UL B H e 7 T 26y
N +o0 2
n, =—4;LO|H(@)| do. (3-18)

VUIEE to BN 221400 H FAOA5 1 LE
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(@) X Fxd1%

NS suanoin o Towg U S 4 S5 DR AR 5

1 e ) 2
SNR:'y(tm)|2 ‘Mjmx(a))H(w)eXp(Ja)tm)dm(

- = N - . (3-19)
p 4—7‘;J‘m|H(a))| dw
A FL7R (Schwarz) A&
[A(@)B(@)def <([|A(@) do)([|B(e) do). (3-20)
K25 Y HAVY B(w)=aA (w) KL, a AT H.
(At
SNR < 1 jj:|X(a))exp(ja)t)|2dwjj|H(w)|2dw_

1 RNY)
= X(w)exp(jat) do, (3-21)
7N, j |H(a))|2da) ”NO'LO' ( ) ( )|

A5 24 H ALY H(w)=aA" (0)exp(-jotn) AL, B h()=ax (ty-t), UG HLHE 2% i i i
Fis . Bk, UCHECHEB A AT MG A 5 B R RIS L.
HPEMHZETFL/R (Parseval) 2% & :

E=["x(t) dt=["|X(o) do, (3-22)
At ECAES xR, Xt (3-20) 1Rt —Akfi,
1 N 2 o 2 2E, i
SNR_;N;LJX(wkﬂKydMdw—RELJXU+%NdL—NO. (3-23)

A (3-23)K B, VLELIEN G, RGMMEREIL ABULFMAG SRR, SHAESHHE
Hil 77 EEFT IR, Kk OPCR R G5 Me LL A B R AT (At

tHT OPCR [RIF KA 1 AHF R0 ANUCAC e, HiEZ REUEE ST OTDR, bk, H
S A A E M Lt E T OTDR A1 OFDR, JfH. OPCR [ &4t/ etk [RIny B R 47
B, NSHMAESEER S, Kk OPCR [Hzh & JuEfEM R 2+ ~ Ltk OTDR 11 OFDR #f
B,

3.5 KRE/NhE

AR B30 1 ikt S SR B e AR PR REREAT T 28 AT, 32 MRS g 7 X 1 ] 43 R R
DG R REME L IS 38920 RN B R 3 T DA K shaAS e Bl = AN 7 Tk 4

TEAHAL MRS 73 M 5, B e el 7 AL A (1) B DL . DFB-LD HAHA M A5, i
J& I NFEA R A 5 — F rh R IA AT T IE . il BUE T B, AT EIE AT AN 7 1
I3 T ARSI P 0 s i Bk b B RE R, A5 200 R WP S5 AR R A s 4 Bk i 1) Th 2R ) AT
ISR AT LS, 5K R, FEARIAE S50 1 A

N T 0 e B AAR AL RS I FENR, S ST I EL 5 AR K FE 2R B AFWHM,
BT B4 SRR W BEAE A AL e A (PRINSE BRI ), I EL n 2oBRoRBRAIS,  EAFOS Ik 58 25
AZE AFWHM fUH AN+ 1.5 % B REs). ik, 78 OPCR Hr, AHALME 5 X177 (8] 73 7
kP E R [sga ] DL AT, AERR S 7 IRINTE ], PRy BEAE SRI0 0 B 3G s Sk i
FHIEE 7 BOURIN, S AL AT 4 K i S AE 55 e A b eV o ot . BB B85 R, 7EWIIR
kG891 ps BARAMHIEL 7 KT 3 dB BYIEHL T, #8005 [ FR #1)7E 1.5 6V AH T4 N (2/7<3)

FEIS P75 2 Al oy, S e A MEUE 07 5, SRR 1 ISP 8] DA R
ARCAF A7 M 75 X6 B T2 A R M) AT 2 751 OPCR IR Bl o KA {E 07 EL 45 W, £ 1000 k134
HIHIEE 7 KT 3 dB LA SHIEARKE N 1 ps BIIEHL T, OPCR B KRG AT ik 3.5 #4561k
MTEKE Gnadt=T)
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“EE= SHANGHAL MG TONG UNIVERSITY ek e 26 B N BRI 7T

FEBNASTEE TSy, B OPCR RS20 R U FIME 5 A 5 45 e LL ke it
& OPCR R4AHIZNAIEH . BT OPCR R4k FMAHT Rl iUl 7 =8, Hof i Th A e
TAMSENND)Z, BT AMSE TR — T K TE 5005, B bR
[EitE T OTDR R4GtH EEAS I MBI R U . 55— 5T, T OPCR R T VLACHED: 25,
AEE R T RS A% 1 f B s i E ek, R A EMR L R SRNG5S NREE A %,
A RUFriEdE, b OTDR 1 OFDR 1) & 415 e th R 24 . Kk, OPCR [MzhAa
Z LY OTDR A1 OFDR [¥] .
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RN
Ul
_'Lh é’\-

E st [ e T DRk s 4 S S I BRI

BOE SthiohEdE R HMEBHEARPMILT R

B EAE T YD IS RGURKHIE OPCR IRIATYE, 25 8] 23 3 28 DLKARINYE . A
AP IR R G, KSR A I HLitE— 2D IR OPCR ITERE

4.1 ZERESthOR = £ SR G R
(1) LMK 7 A

__________ mEEES
' V4474 '
| |
i veo e AWG :
| [ ] |
o _EE .
#wE (O ——1 Q) | [: _______ — LEMt ikt
rpcy | S5BM MzM ]
. ________EDFA ]
T %R 4y
(a)
_________ RS
[ momr

L _wmAs
74
|
.- - - T ______
(b)

B 4-1: LFM JeRkm=EREwE: @FRBAER: O)IRHEHFE (SSBM: #

WA GRS VCO: i ERRY %S AWG: AREFRAER: MZM: D

WSS EDFA: BEDRARS: 01 TBEHOKS: PCL~2: fmiRiZdH]

2

Bl 4-1 45 H T LEM SRk =4 IR G677 RAMRAL G 7 %6, JRa7 R (LA 4-1(a) H
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STUDY ON OPTICAL PULSE COMPRESSION
REFLECTOMETERY

Optical fiber sensing has shown its advantages against other sensing technology in both
electric and mechanical fields. 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 reflectometry is one of the most popular methods in optical fiber sensing. It inputs
optical signal into test fiber and collects the backscattering light. The backscattering light has three
mechanism, Rayleigh scattering, Raman scattering, and Brillouin scattering. Rayleigth scattering
does not change the light frequency but both Raman and Brillouin Scattering do. The frequency
shift caused by Raman scattering is far beyond the one caused by Brillouin scattering. Because of
the different characteristics of different backscattering mechanisms, with analyzing such
characteristic, such as wavelength, frequency shift, phase, intensity, optical reflectometry can be
used to measure the fiber loss, temperature, strain, disturbance and many other physical or
chemical parameters. It has shows its great advantages in many areas, including structural health
monitoring, optic fiber communication and oil pipeline. In this thesis, the optical reflectometry
based on Rayleigh scattering, including the system principle and implementation, will be
discussed.

Up to date, optical reflectometry can be basically classified as Optical Time Domain
Reflectometry (OTDR) and Optical Frequency Domain Reflectometry (OFDR), which are
different in terms of the interrogation approach of the event locations in the fiber under test. In
OTDR, the position is determined by the time difference of the input light and the backscattering
light. In OFDR, the position is determined by the frequency shift of the reference light and the
backscattering light. There are three main parameters that can be used to evaluate the performance
of an optical reflectometry system. The first one is spatial resolution, defined by the minimum
distance keeping to two adjacent events distinguishable. The second one is measurement range,
defined by the maximum distance that events can be measured. The third one is dynamic range,
which is defined by the decibel difference between the power of input light and the peak power of
system noise.

Traditional OTDR uses a single optical pulse as the measurement light and collects the
backscattering light with simple photodetector, so its structure and principle are the simplest. Its
spatial resolution is determined by the optical pulse width, and the narrower the pulse width leads
to the higher spatial resolution. However, because of the limitation of output power, narrower
pulse width means lower energy, which will decrease the measurement range and dynamic range.
Hence, there is a tradeoff between the spatial resolution and measurement range (dynamic range)
in traditional OTDR.

In order to improve the dynamic range in OTDR, coherent OTDR (C-OTDR) was proposed.
Differing from the traditional OTDR, C-OTDR uses coherent detection rather than single
photodetector to collect the backscattering light. Because with coherent detection the
backscattering light will be amplified with the high-power local reference light and the signal to
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noise ratio remains, the dynamic range is improved. However, C-OTDR does still not break the
tradeoff between spatial resolution and measurement range in traditional OTDR.

To break the tradeoff in OTDR, OFDR was developed. OFDR uses frequency-modulation
continuous-wave (FMCW) light as the measurement light and also utilizes coherent detection as
the receiver. The local reference light is the FMCW light as well. Because the frequency of the
measurement light is changing along with the different location in the fiber the light propagates to,
frequency shift between backscattering light and local reference light is relevant to the position in
the fiber. Hence, by transferring the received signal from time domain to frequency domain and
calculating the frequency shift, the backscattering curve along the fiber can be obtained. The
spatial resolution of OFDR is only related to the sweeping range, so OFDR can break the tradeoff
in OTDR. However, the measurement range of OFDR is limited by the source coherent length
since once the delay between the backscattering light and local reference light is beyond the
source coherent length, they will be no longer coherent with each other and the coherent detection
is unable to collect the backscattering light. As a result, the measurement range of OFDR cannot
be higher than half of the source coherent length.

To solve the problem about measurement range in OFDR, phase-noise-compensation OFDR
(PNC-OFDR) was introduced. It adds another reference arm to simulate the phase noise in real
time and use it to compensate the real phase noise in measurement light. Thus the problem of
coherence no longer exists, and the measurement range can be beyond the source coherent length.
However, the implementation of PNC-OFDR is very complicated.

In this thesis, a novel optical reflectometry technology, called Optical Pulse Compression
Reflectometry (OPCR), to break the bottlenecks in both OTDR and OFDR will be proposed. The
principle and structure of OPCR will be introduced first and a preliminary experiment will be
conducted to verify the feasibility (the spatial resolution and measurement range) of OPCR. Then
further theoretical analysis and numerical simulation about the system performance will be
provided. Finally, an improved experimental implementation and methods will be raised and
further experimental results will be showed to verify and analyze the performance of OPCR.

The principle of OPCR is inspired from modern pulse-compression radar system. Once the
phase-modulated pulse goes through a matched filtering, the output pulse will be compressed and
the new pulse width is unrelated to the initial pulse width. The principle can be explained as:
matched filter flattens the phase part of the input signal, so the time duration of the output signal is
just relevant to its bandwidth. Clearly, it offers a method to break the tradeoff in traditional OTDR.
There are several ways of phase modulation, Linear Frequency Modulation (LFM), Nonlinear
Frequency Modulation (NLFM) and phase coding. In this thesis, LFM pulse compression
technology is acquired because of its simplicity. LFM pulse compression technology uses a chirp
pulse as the initial signal. After pulse compression, as long as the time-bandwidth product is larger
than 100 (BT>100), its new pulse width is equal to 1/B, where B is the sweeping range and T is the
initial pulse width. Hence, the spatial resolution of OPCR based on LFM pulse compression
technology is the same as the one of OFDR, which breaks the tradeoff in OTDR.

A preliminary experiment is performed. A distributed-feedback laser diode (DFB-LD) is used
as the system optical source, and its output is divided into two branches. One of them is used to
generate LFM optical pulse, and the other one is used as the local reference signal. An arbitrary
waveform generator (AWG) generates a sawtooth wave and a synchronous pulse. The sawtooth
wave is used to drive a voltage control oscillator (VCO) to generate electrical periodical LFM
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wave. A single sideband modulator (SSBM) is used to modulate the periodical LFM electrical
wave into optical domain. Then a Mach-Zehnder modulator (MZM) is used to modulate the
synchronous pulse onto the periodical LFM optical wave and generate LFM optical pulse. The
LFM pulse then goes into the test fiber and the back scattering light is coherent detected with the
local reference light to obtain the phase information. The experimental results shows that with
source whose coherent length is 2 km and 221 MHz sweeping range, OPCR can achieve 55 cm
spatial resolution under 5.4 km measurement range, which verifies the spatial resolution and
demonstrates that the measurement range of OPCR can be beyond source coherent length.

As we all know, the phase noise is the main reason why the measurement of OFDR cannot be
beyond half source coherent length. The further analytical results demonstrate that the phase noise
in OPCR will cause the waveform distortion of compressed pulse and also limit the measurement
range (about 1.5 times of source coherent length), but time averaging method is an effective
approach to improve the influence of phase noise and extending the measurement range.
Numerical simulation results show that with 1000 averaging times, the measurement range can at
least be beyond 5 times of the source coherent length. Theoretical analysis also shows that the
dynamic range of OPCR is higher than both of OTDR and OFDR, attributing to its high receiving
sensitivity and system SNR.

To further verify the performance of OPCR, an improved experimental system is introduced.
The method of LFM pulse generation is improved by removing the MZM and simplifying the
optical implementation. Because the new method of LFM pulse generation is MZM free, the
system performance no longer suffer the insufficient suppression ratio of MZM and the
modulation instability caused by the drift of bias voltage and fluctuation of polarization. Two
microwave amplifiers are added to the system. The first one is used to raise the dynamic range,
and the other one is used to increase the modulation depth of SSBM for higher sensitivity to weak
Rayleigh scattering signal.

The experimental results significantly verify the influence of phase noise and the
effectiveness of time averaging methods. Furthermore, the influence of carrier suppression in
SSBM is analyzed through the experiment. It shows that without sufficient carrier suppression, the
weak Rayleigh backscattering light cannot be detected. The waveform mismatching phenomenon
is also observed and analyzed, which depicts that the waveform mismatching raise the level of
sidelobe of compressed pulse and wider initial pulse width cause higher sidelobe level. Thus, the
way of matched filter generation has to be improved in future work. As a result, the experimental
result shows that the optimized OPCR can achieve 15 cm spatial resolution and 10.8 km
measurement range under the conditions of 2-km coherent length of and 1-GHz sweeping range.



