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THE RESEARCH OF ULTRA-WIDE-BAND PHOTONIC
TIME-STRETCH ANALOG-TO-DIGITAL CONVERTER

ABSTRACT

Analog-to-digital converter (ADC) is a central component in the modern digital signal
processing (DSP) technique. But the sampling rate and bandwidth of electronic ADCs are limited
by factors such as timing jitter in the sampling clock, so the single-shot signal cannot be sampled
and quantified. Many photonic analog-to-digital converters (PADC) have been proposed to
significantly improve the performance of the traditional electronic ADCs. This thesis mainly
studied the principle of photonic time-stretch method, which is the signal modulated onto the
pulse is stretched in the time domain due to the dispersion effect of fiber. This can significantly
increase the bandwidth and sampling rate of the electronic ADCs. This thesis theoretically
analyzed the single-shot and continuous-time PTS-ADC systems, respectively. As proof of the
concept, 200 GSa/s real-time digitization of a 60GHz signal is demonstrated. Finally, design
issues and performance features of a continuous-time time-stretch system are discussed. In
addition, in this thesis, the time-stretch method is employed in the fiber sensing area and we
demonstrate an ultrahigh-speed multipoint FBG interrogation system based on time-stretch
method. Thanks to time-stretch, the wavelength shift in frequency domain is mapped to the time
shift in time domain, so the single-shot measurement without carrying out any averaging can be
performed in real time and the measurement accuracy can be increased. Finally, real-time
interrogation of FBG strain sensors at a sampling speed of 201 MHz and a dynamic range of 84.2
nm with an interrogation resolution of 0.114 nm is experimentally demonstrated.

Key words: Photonic time-stretch (PTS), Analog-to-digital converter (ADC), Dispersion, Fiber
Bragg grating (FBG)
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Ey(w) = Eq(w)eJ@*B2L1/2 . g=jw*B3l1/6 (2-3)
XH, NS T2 GVD(B) M M EBHUR R (Bs), T ity ERissE, EET RN
S, 2B T BT,
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s iﬁé@??%éﬁﬁﬁi@ OCEPI, 2 BN R, TR Z AR R,
HAZAE B 2 R0 () SR 1A R0 A%, RIS 3 T H R SRR i 24N e oK T 2
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7 s 10 Toe UNIVERSITY AR TR A A RS A S B R RS

F=EF HEH PTS-ADC £

3.1 RGHRK

PTS-ADC £% X %1 (ASE: amplified spontaneous emission) J:i. W5 (o
. B ES (WDM). JEiikas (EDFA). RHIE . iR s SUEA . R 58Xt se
56 rh BT A S8 1SR R 2 DA RS S AR A

3.1.1 s IR

TENAFIEE RS, Hik o SAREOE 8 MR, SR MBS OLA R, &
TEAERS OGRS, SeeF OB REE AR VLI — ), [RUAG AR BIDEAF IR & A OURFER
Regm, mHARERE, e E aIsEZ s AREELT.

FEABOGE CEM) Z FATE RS | SRS, & BLE A TR KR et il
BT RABIG I, 158 mEE S RGO MBSO 2 BN FU IR A BOE 2%
HARHEBSE. REOCBIME . el . M. BN SE 20,

FI R B AR AT LA R0 s 88 = AR B R G kv, i R G R H AT IE LR
TR A BRI b ) — AN AR E TR AT IR, 2 SEIDGET M5 Rl k. KA EAE
IR AR Z — . FRBBEHLHI AR, BUBNE0LE BT U =2 EIBURAH
JaE s BEANVBUEOAFROG R E AR A BUBOC OGS . BTGOS0 BB L
SE LTI AR RN, = A e ik w8 P e S LA AR 7 vk = AR K B BE A, R LB AR K
FEeRkeh, BRI R, O WATRZE T30, AR Z A5 i ke B AR AR
AN, RSN IR R A AT R i Sl .

ARSI R BT ) 56 5 6 TR A — AN B B AIE N 3TMHz IR s 8B Ao ds .

3. 1.2 A% %

FREEIIINAIOR B 80E . 75 8 R 2 BRI S 1S BRI R 2, 2R E AR
40Gbps DA PR AHREGE R % . REVEOGIRGIZREIE MM BB R, B TES
JEAR /N e RST 5 A R E, 54, G R I 2 th n] DA b 5 R IR 5 A A A i)
T RA

Sz vb B P 8 o 2 2 7855y LX8901 ) 100Gb/s MZ(Mach-Zehnder) il #% . iX ki
il #s & — N 100G Sl ERIT R GG, A KWE. [RIRHFE. Jetime s
A S SR AR

PRI 12 5% B IR ) 2% () B MR LR 5 45 200, B L BRI RLRIE 17 A R AT 2 AR R
HiF, BIHLET 85 CHMIAET, WOLSMAMIIERN 20mwW, AR N 3GHz. &g —E
B [B], #REFES PRSI R 58 A RAF L0 — B i (] (IR 3l F R (e A8, R IR IE AR RN B 45 T Aot
EPES
LGS RR, PRV, MEBUEEMENZ T B & R RE—3, 7E 85°CIMHEEH T
1 250 /B AN Z0F 12% IR BHA G, 2 5 RITAa. 2 76 SUE BERT R e E A8k, 16
UE T AR R BETE X PP 454 T, 4000 /NI AN 232 B4 o Ve ZECEUE AR LIRS T 10%
FI| 20%[F3E N . X de gk TR IR IX — B RIA RN A TR 85°C T AR e kBN 25 4F, B i)
FRMFE MEREAF B T IR0AIE .

P 3-1 2 100Gh/s MZ if il 35 () 52420 51 BB
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SN 7475L55001813A0004002

& 3-1 AR5 A

LI By e S W AR 254 23 il AR 3-1 Fk 3-2,

%31 5[lHHE
51 g5 31 A4 FR 51 BT Re
. VIN BERF{5E
2 Ibias P AR IR
3 GND Feth

& 3-2 BWTARFM

iR ZH HLAME AT
Viias B E R 0.3 \Y/

Lbias B E R 60 mA

Optical;, EONGIN R 20 mw

W EH H Zad — NG AR /N, BEN—AMIm B g, X R i E
i B B Az o 1X— e N TR LAE R R SIS S T e el Ak . T 8% 5 0w
B ) AR i B 7 SN 3-2 iR

CW Laser > Modulator
] 1-5% coupler/PD
RF Bias Port Or internal mPD

Bias control
output

\4

Bias Control
Board

& 3-2 a5 B R B R A

FEREAT B AR S2 56 2 B, 1 263 AT 1 FH I 48 20 4SOt 12 8 ) g 64T 7 IR 204, s
I 5 22 PR S 06T 5 B 3-3 s

&
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g
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BT B AR FAR B R EAR TR

& 3-3 WA ARIRLEFE

S21 ikt A, WAEE . KNSRI S21 LRI 3-4 s, XA K2
2 P2 RRRINAR, 2 UONSE R ILEIR RS AR E , JT LA & iR da i 1 58 1,
A # R S bRy 9 60GHZ 2248, i R SEEREK .

)

=70 -

$21 Log Mag(dB)

-80 4

0 ' 30 60
Freq(GHz)

& 3-4 JAHIEE S21 %
3. 1.3 A5 = Ui
A SRR SIREUE 5 R AR, TERMIERIAE =40 5 T 2 B . e — b
RESE PR A R AT AN DR I FAE 5 145, B TR U R B R 5 P 2R 0 S i 4% 91
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P/ SHANGHALJ1AD TONG UNIVERSITY I A ERL R TAR M AR TS
W S, ARHIRF RS JELL OB R E S ST, 4 FRAE (S S IR SR «

S e BT FE (R0 13 S5 R 2 HEIR 1 E8257D, [ 3-5 s ALKl B —FhEik
REA G G5 R A%, A Thae s A7 A I SR . 1245 SR ARG B A\ 250kHz
F| 40GHz, HF PN 0.001Hz, A ZAM b & I

B 3-5 BkfESEy R
3.2 BiFt&E PTS-ADC &%t

3.2.1 26 ARG 4E K
K 3-6 s N B R G L IR 2R A

FRM

VOA

)
)
|
)
)
)
)
|
: VDL
[}
[}
[}
[}
[}
[}
]
]

M 3-6 HEHERRGLREME (OCHEHELR; WDM: B ERRE; DL: AR
28; VDL: WA IERER; VOA: FIEGEIEWE: FRM: AN EEHESR; EDFA: KK

K2%, PC: fmiREEHIEE; EOM: HEFHIEE; PD: JBRWEE; OSC: »~F#E)

Horp,  SEEEUE MLL R0k g 1550nm, Jiki s B 120fs, B A% A 37TMHz;
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) X EXALE

s/ SHANGHALJIAO TONG UNIVERSITY BT A B (AR S TSR B AR B 3R
MAEPmHﬂJ FIe R ECN 120ps/inm/km, $FEA 0.6dB/km ) DCF /E Al i, DCF1
f) {0, B0 B -360ps/inm, DCF2 1) {4 B & y-2876ps/nm, T 3 i i {81 {5 BN S = 2876/360 =
7.99; I %% N BT TR BT 55 60GHzZ FI SR A0 1 2% s 5 S IR RS Agilent
Technologies E8257D, fn#ifE EOM L/ RF {554 40GHz; /R #M 5K Tektronix
DSA70804, IHRFEZR Ky 25GSals, AL T8l 8GHz, 7~y as R ANEIE F, — /N S50
BHOGER  FDAS T e il — AVl M F SRie A5 5 e . SRRy, el
PNKEIEIE 1, HArveh 1.5nm, HykK o 1556nm.

K| 3-7 i/ N PTS-ADC A4S F 4.

|
R
TR
& 3-7 PTS-ADC RELR P&

3.2.2 sEigeh R
B, M SERRRR RS, B 3-7 NTEAS GRS A AL S EIE 1, Hd 3-8
(a) N%3L DCFL 5, 3-8 (b) N%if DCF1 Fll DCF2 2 5 Ik
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L&

(a)

(b)
& 3-8 &EiE 1 £ (a) DCF1; (b) DCF1+DCF2 J5HI¥ T

F7R A B T RE, @ P e IS4 DCFL lkih 5658 408.60ps, £t
DCF1 #1 DCF2 J& ik 4% & i 4 3.249ns, W) S s i v {15 4543.429 x 103 /408.60 = 7.95,
5B 7.99 iR 25/,

B, IO RREEAT S0, AR R NIBTE 1. & 3-9 Ryl 85 b S Wi 21 (56 ik
M, @ jjfkﬂn%%w;vﬁﬁfcﬁﬂw, (b)) RINERME 5 5 Bk

(a)



BT B AR FAR B R EAR TR

(b)
B 3-9 7RikAs SEh R BBk . () RINBAERMES: (b) MBERES

R 7RSS I SR K P O Sk ZE ok 20, H origin AR, 40 3-10 Fow,
Hr, (@ (b)) B AARIIEAE S ATINERAE 5 )5 BT

0.16

0.08

BE
BE

0.00

1 2 HBTJ'TETJ (ns)4 5 6 1 2 Hi]'rfﬂ (ns)4 : ’
(2 (b
B 310 KIS, (2) RMBRBES: () MRS

3.2.3 SEIS AR AL 5 4 H

T BB 2 OB 2 JE S S, T I A 5 A AR SR IR
i HL# ) matlab 2 f5 Sk S

WFE ST (DSP) ()35 BB HEAT (e FLIH- AR . 1T {4 2L P2 5 9F T ) e 2 I
BRI R 4TS S AT, ARATRE BN TR KIE S 3 TiE 8, MHE
SRHCA R I 1) F BORIEAT 2007 Hoo7idit: IS S op A — B, SR 5 PR i BLt A7 A
SIGES G, TS S AT AR 5 S A T . TEPR K S SR 2, B Ak
AR, JFRE AR )AL RE R B, A THRR AL G L fe R . 9 7 b i
BE BRI, 7T LUF A 5 O AR R B0 {35 S SR E AT 400, AR NT R B T R B, TR T e
T RS, PSSR ARSI A S A A BB R . 5B R iz HH 3 R
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B SHANGHA JIAO TONG UNIVERSITY BT A B (AR S TSR B AR B 3R
MRS EIREREE, "R M ER R [ETaEeE; HeothaEZwEs, Bf
BRI TR P, AZ G S5 I FE /N T R

WTE, NHNTHATEE, 7] AEER 3 A sine (t) YRz A, & e A0 55 5 B AREH
M 2 m AR RE St . RSB, DUT 1 N g FLREAR, 1 55 J 00 BH S 0st )
MBS e B R L A e, T R TAE R .

FIT LA, B S X o g b RS R I 288 R0 A o 28k 81 il 45 5 P g 3l J AR DkdE AT 2 0 2 b 2,
FIN—/NPUT e, SR B e (Fft), 4321 3-11 (a), F matlab 132 H & iR Ad )5
{55 1 & E 5.0049GHZ, M HF7 i 540°440/5.0049 = 7.99, 5HGE . BT MNAE 3-11

() BEHHESEERZ SR &, Wk, 7 —NUME5 EEM5 (Bl 5GHz) A
A, Wotds EAEMNE (RN 37MH2z) Jyair B I 7 I I a8 0 Hodh AT I8, 45 R & 3-11 (b)
Ffim o

(a) (b
B 3-11 F5HEE. (2 WXTEE;: (b MXTEMFEEHESE .

SIS R U B AR 8 8GHz, KRER N 25GSals, HILZIX— R GHAT
IS ) A i, ABEARA 95 AT 748 X 7.99 = 63.92GHz, 2 PR TR 2% 17t 7, SehrAgiAF| 60GHz,
FRERN25 x 7.99 = 199.75GSa/s.

Ak, BAELELN PTS-ADC R4t 7 R AT T RTHIRTER IR FAFst T H 1T

3-12 R NS R G S 2 B

-
2
e
B
&
!



BT B AR FAR B R EAR TR

Bl 3-12 ARG LKL K

5B X2 POk ef EN SR S, P AR B /5 om i 1 — A~ 5 i % WDM
ZH W WDM AT EH. krtdB&mE G, BAEE A MEEREA, BAELn
TR T [H) EE B DX I A T AN R KA A, ALy, FES I DX S 08 B AL, A
At = Ay X Dy = AA, X Dy, (3-1)
HA, Dy Dy AN KRR DCFL [thiiE. EEH&ut 5 R
JRJ5E . AEERES BB Ry«
t; = Ay X (D11 + Da1) (3-2)
ty = Ay X (D13 + Da3) (3-3)
Hr, Dyyv Dy ARSI KT R[] DCF2 By fiie, HAW FEARLR:

Dz _ Dpy
D11 * D12, D21 * Dzzy - = "o
D1z Dig

B 3-D) AR (3-2) fIRk (3-3) A5

t = 5% Dy +Dy0) =7 x (1422) (3-4)
D
tz = DLIZ X (Dlz + Dzz) =1TX (1 + D_Z) (3'5)

Wity = t,o X—HESEIRUIIPNIEIEE K20 DCF2 fufd)a, HR 5 EEAHE
HIEER ORI B TR, XS5 AR RIS ISR T — 07 RAATAT

3.3 RE/NG

AT EN PTS-ADC FISRIML 7 Ui B o 1 St B R G0 AL O 1 B i) J5 AN 1)
REHEAT 1 i, AR BURGHOE AL, WHIS A RHE IR E i, AR5 BARUEE T
HER PTS-ADC REHISERMER SSRIGEE R, IR LI EHR AT 1AL B Mo SKIIESE T
PTS-ADC HARFIFIGET i BSOS BERAEA 5 R IR, AUsis 4, w7 LU 3R i
Gii) L ADC HRFEZFIRN T 56, - TAE 48 LINO3 | &% BT 58 2 IR T- 40GHz £ h
T I 4 S 36 P R A 3R 5 0 U ) 8 15 R G2 RO L AUL A 96 AT 0L 60GHzZ, R R ATk
199.75GSals. {H23Z MR T-5080 s H AT BAE SIRM R R, S8 RESSIE 1A B KR 98
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A TR E IR TSN PTS-ADC RGUEEH, SHEBIET 1A, MBI B
ST HALEENESM L E kG, NIEREEME, SHMERILR, iZLiEiE
(R &35 ] L GRAIEA [) (4 3B P 2 R A 5 30N 52 oG YR K AR T 7 0, P AR PRI RE (1) 2,
BoUE 1% 07 R BV AAT I
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G/ SHANGHALI JIAO TONG UNIVERSITY FBE B R F R R AR TR

EME ET PTS FERERMBREZ

FESEIL TR 9E 1K) PTS-ADC R4 , fE 7 T XIS [a] B, FRERBE S8 = (1 /L 3E4T 1 FBG
FRIISESs, 4 PTS IR BN 2D AL, SBT3 PR RE -

4.1 KRR

Je A RA N AE R R ThRE AR B . PR DUHHATI0. m i
JE ot AT SE AN R AT ARSI R JEEF AR HIH(FBG:  fiber Bragg grating)f%
AR T R — BOCELRAS L RS, B — S RIS, mEE i — mAe e R E T
PR T R RE 798 . 15 s U AR FE T IR 45 5 A 2 2 EDLF S E B
TCIRPB AR A EAE R R, B T FOL 2T IR 1 I B AR 25 e L. E— MO
2 LRI AN FBG 1RIECk, BTG BIE T4 41, B a] Rl SR8 2 AT & H AR A 2.
I AR 2 B SR FBG B R AP IR AR A P R R T 3 7 H 28 32 MR
AR J e IR DG IR A 2 —

H AR FBG MR IEEA S, FBG SE sl &R CET LR BT B — At B AR 42 1Y
BB G, XA RDCE N ERDGE S EHATES MRS, WK 41 (@) Fros.
JCIES I DEE S N FBG AY— St N, H1 - HAT S A R R AL, AEAS LT A AR R A
MG HAT R, AT B AT, K ONAR I AR A LR £, AEOLTE PR K
T KNG IWEAE, T S AN RE OB S, W 4-1 (b Frx, W

=L
s B IA
\ AL

a) HLERITH RN

&
S
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BT B AR FAR B R EAR TR

& . .

e 53
" % i kS

A —_—
% * 't ;
i t i i /

] v
= =

A Ay A B 4

b) FBG it
B 4-1 FBG {53tk M

bk 2=t (4-1) FR.
Ap = 2ngppd (4-1)
A A — MR O K
A —ICER RIS S A
Nepr—FBG LRI BN HTH .
A Fllng o 2 Tk JEE R R 1) B H
LY S EEHS FBG LAINHE, FBG MO KAER B (4-2) .
AA Ang AA
G oy A 2)
HAR@G-2)F 553, EBililE FBG MOl KiER S, &M A Y S 5.
BT FBG X4 T H AL KM EA RBER, 1mHEIL LR KSHEERE . NAR%
VIR ARG AR, Rtk FBG B AR R AR BRI R AR e N AR, TEAR IR T
SOJAZE
PATE LM LIS RRAEIK, FrLAFESNH—F FBG BRI AR
TEANFR R E I T, MENAMEHTE FBG L, AR Sl AU i Tk
A FBG BIJEMHHEE, RIS B T80 S AE A AT B 26 = AR I, FBG B Hl A N AE & A1
BT R K A , FBG LK e RAER, HIEREIE
FBG H L KIS & i 2 (4-3) i :

= (1-R)e (4-3)

TR B A AR REP, N 0.22, FrUANAES FBG H O K IR 5 [A] K 5C 2 4

K (@-8)FT7R,
28 = 0.781, (4-4)
T FBG [INAS & — Mt b/, FrUABRATH e (e = 107%e) {2y B iy R i B 3L
AR LB ik KA 1550 nm B, FBG ArCa e B A8 1) 52 R 1 R
fEN1.2pm/pe. TREE N ERF LK IER EREEENEE FBG {42451 NAA

Ho

e 2 U FBG A sl sk, By FBG ZEZTEMILY, EnT LRSI
M2 S AT LK. B LKA R ZA FBG HEHI AT LR RS A 4-2 Fir.
FEOLIRAIH FEE A, ATIIAZ AN FBG, MIRESRLEE b FBG RTINS R oI i i 78
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FEEAS FBG Bt b K YE e, ANFALE R FBG BT Fr e A [F M7 BRI . B
i KA LGl grh FBG P2 AR AR B B 1) AR Ak, & H AR TR OB K R, B
SEUL T A AR IR FBG 2 Af TUAR B ST B ) B R A s IREh AR
oo [12]

FBG! FBG2 FBG3 FBGn

B G

3dBEY S 3%

7 A N A A,

& 4-2 4R FBG WE R4

FIH FBG FRHEMHTAEIRIG, EEPEE MM ok B B A5, X — A
PR, FAR R AR A TR R B B R ) — N ER Y, RN Y P 3 P B R A 1 A R S

FE Gt 7 2 A U T VR AN [R) ] KB R, SR — i B IR IR A i, R
4% Rk FBG 155 1 0oy KRS e Ak N e dR AR A Bk e s A Al iR, IX— ik
Al DA 28 3« BEZIIE oMty 5 43 5 98 53 FE T4 SO il v far 5 B B Ao sk
B, TR ST ARG G5, (HREIRI B sh sl E R B TP R S 1 1%
TR IS 5 4 S ST [RS8 1 5 S0 DK BEAS e, 3 40, TG URAS, DU 5 DA S B s T (1 B A A K
5RO, RE T T EE IR FBG O K AR B NS S AR
RrekAs, 3 G AT DUR T S i 48 /K T3 (MZ1: MZ interferometer)™), 324 FL¥H
PHWA TR FIAECE KA A M (LPG: long-period grating) X443, &1
KUd, AIRRII R TWEER TORIERRIE s, H RS B LRI B s R £, (HR R TEIRK
FRRETFETE, U HEERE), i A e N E S, R, Fhen &
SRR E A R, A4k, T PRI 7 vk O AR P A IR I E T LTk 2%, BhASTEH
g/, 04

SR, Sk FBG il RETER Z 7 7 A MR TR R, RahSTEH . Yol H e
FEMEEH FBG O il K IR E IR MU RR R 45 44, bl Tolk, MO BRAER AN 2R 7 T
AR IR K ZH1E S5 FBG fif 1 R Su i FEAK T 1000 Safs, 245y [l R A JLAEK .
USUN TS md . B, KRS 4 FBG (LI R4, BBEOLE (MLL) B
AR T @ HIGIR, FEAEF — BB B AT LUK ML & H PR 6 06 kb AT S o St 81 I 3%,
HEBERR ST FBG 00y K (158 nT LAY 28 M b e S ) B 31 ik (] RO 2 8%, AR E
FBG S [F1 K 110 fik v o A B A 455 I 3 e S5 5 Jokaef 3 PO B AR I, 3R AR gkt e i e b g
AN KR P AL b, DO

FEARSCH, FRATTRI A IR R, SRIR IR T — AN I £ 5 FBG A& IE R R
Gi. K 4-3 Fros e R I R A FBG i R B . REEHE—MBEOLRE (MLL), P
BB B (AL 1 BT (SMF: single mode fiber)) 1 FBG. MLL % i85 %
fik i SMFL Ji5 4% i B2 N WRBRO ik, b T F s B LIRS, BN RIS 1 o PE R 2
FERERPEANTR], X — b FE S T TR B K st s B2, Bh&id FBG &UAFEIK, ‘& frik
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s/ SHANGHAI JIAO TONG UNIVERSITY B T BB RS FAR B IR AR
Mt FBG RO KIS B RS EIR, SR SMF2 #rit—bhih. B 4-3 Fy R
R 4 R R R S I S ARk, R 7 R RS R A AR A . (R SMFL KA L,
B RS VD, SMF2 KNL, B Al E D, MEEA KRG R BB R BN

(17)

T 25 AR R 8, DRI TR R, FBG 48R S0 AR A
P B 25 A

Bl 4-3 ZT R EALF L R FBG A& B R R E

4.2 ZREEERK

4-3 FiR NEET I T FBG AR &R R G S IOHE R . A4S — NS = [ il (1B
FEOHOGEE, — AT 8%, PIAEREA %% (OC1, 99: 1 F1 0C2, 50:50), PB4 SMFL
A1 SMF2 (SMF28, J i Fok 3k i (o Bl o —22 fs2 /mm), 5 AN SR e 0 i KRR FBG (3
HP R Al ] 52 1 FEST 6 DA {8 X Lt AR )

SMF1(50m) FBG FBG; FBG
OC1 1 i n
MLL - @ ! 'V32—H+HH+—SS—H+HH+—SS—HHH+—\
SMF2(5km)
PD1 OC2
OSA
PD2
OsC

& 4-3 ETHEHHRZ R FBG ERLRIER

1X HL TS F () AR O G 2 A SR ) R T AR LR M Im PR i ¥ (NPR: nonlinear polarization
rotation) FIREANBUBIROLAS, BIZH T EBRIFEZMEEHE, 15745 1550nm AbEOIE i
EBUERHE T 0, FrRABoLas st A ik oh BB B AR v . B 4-4 B N BB 0L 48 I s
PE, HEGMZN 201.64 MHz, WE 4-4 () Frox, FER{E LRIk 85dB, WKl 4-4 (b)
fiios, Sib T, 7ESZIRIE SEIA S 84.2nm, WK 4-4 (¢ Fin, Hotds BB kb
% B 91.6fs, ¥ HIZ N 50.2mW, Wil 4-4 (d) FioR.
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0
44 _
- 1]
= 20
£ 34 =
z £ b
= = .
s 2
z ‘g 60 | 85dB
T.E 1 E 80k
=
FLIE s Y -r T _100 o
-1 ; : . . -120 L L 1 L
-30 -15 0 15 30 201.45 201.53 201.61 201.69 201.77 201.85
Delay(ns) Frequency(MHz)
(a) (b)
220 1.0 T T
'E — Intensity L6
2 3 e 08 Phase
4 2V T 2 0s
Z a0t / \ =
.-E \ % 0.0
= 50+ -
g = 0.8
i-ﬁﬂ
W -1.6
270 I 1 I L e i " 1 1 i
1450 1500 1550 1600 1650 -400 -200 0 200 400
Wavelength(nm) Time(fs)
(c) (d)
B 4-4 LI = HHIPBHREOE R KREE. () BERHE; (b) EHEMRE; (o #%; (D
i HH Bk b B8 BE AN T 2R

W 4-3 s, Wosss R M IKElkig: OCL 4 s, H—if (1%tT%) &Gid—
> 1 GHz e HERM %S (PD: photon detector) Ji& 475 I #5(OSC: oscilloscope) il &, %5 K
(9996 SN SMFL Jf i1 1 HBEAEIMT &, 1 2 Dtk N8 K FBG 7751, FBG
FEHIE 54 FBG, HAubyk K474 1545 nm, 1550 nm, 1558 nm, 1567 nm Al 1575 nm,
Hr FBG3 # FBG4 # [ E/E T -6 b, HAM=A FBG 1E NS RISk IH B B A 5L 1)
o0, FBG A IR ki M EFRT #5141 3 U kN SMF2, B OC2 ¥ D) #1353 h
PEOR, 20 50 FH 7 i 2 AU S 23 4% COSAL: optical spectrum analyzer) e sy st s A5 (1) J5¢
Wo BINGIE SMRF2 5, BKIPTERHERE it — bR, S s4gs, B AR ARG, X)
PD FZRB &5 R 7 T R RO PG

4.3 SEWEERK I

SEIRIGAE T — KA HE N 201MHz [ RS if R FBG & Ak 1 R4, A 4 HER
N 0.124nm. fEE 3 HER 1 SO REATIN B N KA RS, Mg T — N HER —
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THE RESEARCH OF ULTRA-WIDE-BAND PHOTONIC
TIME-STRETCH ANALOG-TO-DIGITAL CONVERTER

In this thesis, we discussed the fundamental concepts of time-stretch ADC technology,
analyzed the working principle of PTS-ADC in both mathematical and physical point of view.
Then we experimentally achieved a practical ultra-wideband ADC using an EO polymer
modulator. We demonstrate a single-shot experimental system with a time-stretch factor of 7.99, a
sampling rate of 199.75GSa/s and a bandwidth of 60 GHz. However, because of the limit of
existing experimental conditions, that is the signal generator’s maximum output frequency is
40GHz, we can only achieve a bandwidth of 40 GHz.

Real-time wideband digitizers are the key building block in many systems including
oscilloscopes, signal intelligence, electronic warfare, and medical diagnostics systems.
Continually extending the bandwidth of digitizers has hence become a central challenge in
electronics. Fortunately, it has been shown that photonic pre-processing of wideband signals can
boost the performance of electronic digitizers. In the TSADC, amplified dispersive Fourier
transform is used to slow down the analog signal in time domain and hence to compress its
bandwidth in frequency domain. This powerful concept transforms the analog signal’s time scale
such that it matches the slower time scale of the digitizer.

Photonics is an ideal platform for performing the time-stretch because the process requires a
broadband chirped carrier wave as well as a low-loss wideband dispersive medium to transform
the fast time scale of the input signal to a slower time-scale output signal. The time stretch
pre-processor is a modified analog optical link. It consists of an optical source, an electro-optic
modulator making up the transmitter, a fiber link, and a receiver consisting of a photo-detector and
electronics ADC. The optical source is typically a mode-locked laser (MLL) producing ultrashort
optical (supercontinuum) pulses (typically 100 to 200 femtoseconds long) followed by a group
velocity dispersive (GVD) element such as dispersion compensating fibers (DCF) or chirped fiber
Bragg grating (CFBG), or a recently-developed chromo modal dispersion device (CMD).

The single-shot time-stretch ADC consists of an analog front-end preprocessor and an
electronic ADC back-end. In the PTS-ADC [also called time-stretch enhanced recorder (TiSER)],
the bandwidth of the electrical signal is compressed prior to digitization by stretching the
waveform in time using a front-end optical pre-processor. Bandwidth compression occurs because
of time stretching and is different from down conversion. In the former, both the carrier frequency
and the bandwidth are reduced, while in the latter, only the carrier is reduced and the bandwidth
remains unchanged. To accomplish the time stretch, the electrical signal is modulated over a
linearly chirped optical pulse that is obtained by dispersing a femtosecond mode-locked laser
output. Propagation through dispersive fiber stretches the modulated pulses in time. The
photo-detector converts these optical signals back to the electrical domain and the resultant
electrical signal is the stretched replica of the original signal with much reduced analog bandwidth.
So, this signal can now be recorded by a slow real-time electronic digitizer that would have been
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too slow to capture the original signal.

To achieve continuous operation, the signal is divided into multiple segments by the
front-end optical pre-processor, in addition to time stretching. These time-stretched segments are
digitized and then combined to obtain the continuous-time signal in the digital domain. The
time-stretch technique effectively extends the bandwidth of back-end electronics digitizers and
hence TSADC is one of the most practical approaches to wideband ADCs. In this thesis, we only
did the basic explanation of the continuous-time PTS-ADC and gave an implementation scheme.
The feasibility of the scheme is verified mathematically. Additionally, we get the result that the
overlap of the adjacent channels will not be influenced by the center wavelength and bandwidth of
the channel, even the influence of environmental change can be eliminated. This result can also be
used in the following experiment.

For the PTS-ADC system, there are still some strict problems need to be further considered.
First of all, for the single-shot system, the following data processing can be improved in many
aspects, such as learning the methods of removing the non-uniformity of the spectral. Then, we
can get parameters, such as effective number of bits (ENOB) and signal to noise ratio (SNR), and
have a more detailed analysis of the system. So we can improve the system’s performance much
easier. In order to obtain the time-stretch ratio we want, we used two very long dispersion
compensation fibers as the dispersion and transmission medium. Thereby, reducing the
transmission loss of the system and to explore new dispersive medium is a very important and
urgent work. At present we can consider the LCFBG instead. The use of LCFBG can also reduce
the system size; in that case, we can achieve the miniaturization and integration of the system. For
the continuous-time PTS-ADC system, we only did the theoretical research and demonstration.
Following experiment should be carried out to realize the system. At the same time, we should
learn how to rearrange the subsection signals and eliminate the mismatch using the overlap
between the adjacent channels, and analyze the influence of offset error, gain error and clock skew,
etc.

After accomplishing the ultra-wide-band PTS-ADC, in the spare time, | applied the
time-stretch method to the fiber sensing and did an experiment of Fiber Bragg grating (FBG)
interrogation with a doctor in the laboratory, using a home-made broadband passive mode-locked
fiber laser (MLL).

First, 1 did some theoretical study of FBG sensing interrogation, and then we design and
experimentally demonstrate an ultra-fast FBG interrogator based on time-stretch method. Through
the experiment, we proved that the application of the PTS principle significantly improved the
interrogation resolution. As a result, we achieved an ultrafast real-time interrogation of FBG strain
sensors at a sampling speed of 201 MHz with an interrogation resolution of 0.114 nm and a
dynamic range of 84.2 nm.

FBG can be highly multiplexed which enables efficient quasi-distributed sensing because it
has the advantage of narrow linewidths. FBG-based optical sensors have been extensively
investigated and developed in the last decades, for it could find a wide range of applications in the
monitoring of strain, temperature, and other mechanical, chemical, and biomedical parameters in
smart structures, civil engineering, maritime area or other harsh environments due to the
advantages such as small size, low cost, multipoint sensing capability, high resistance to chemical
corrosion, and immunity to electromagnetic interference .

Most of the FBG sensors are functioning based on wavelength modulation, in which the
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sensed information such as strain or temperature variation is directly encoded as the grating
wavelength change. To monitor the wavelength shift reflected from an FBG, various FBG sensor
interrogation techniques have been developed.

High-speed interrogation of FBG sensors with a speed up to hundreds of megasamples per
second is desirable in many applications such as molecular dynamics sensing and aerospace
diagnostics. In particular, the ability to high-resolution readout variations of the wavelength at
high speed and large dynamic range can be of great relevance for monitoring special structures,
such as oil industry, geophysical and maritime area research. Most conventional FBG interrogator
with a speed of less than 1,000 samples per second and dynamic range are limited to a few
nanometers. In order to obtain high-speed, high precision and large dynamic range interrogation of
multiple FBG sensor system, the mode-locked fiber laser has been proposed as a suitable optical
source. The use of an optical dispersive element to map the power spectrum of an ultrashort pulse
to a temporal waveform has been first proposed for FBG interrogator by M. L. Dennis. Its main
advantage with a mode-locked fiber laser is that the FBG wavelength change is linearly mapped to
time shift for an ultrashort pulse which can be recorded and processed in a high-speed real-time
oscilloscope. The series of reflected wavelengths in the spectral domain exactly correspond to the
series of pulse positions of the reflected signals in the temporal domain. Furthermore, the pulsed
nature of the optical sensing signal enables an ultrafast and single-short measurement.

As a result, the sensing system can operate at an ultrafast speed, a large dynamic range is also
ensured. With two SMFs, the pulse is stretched in time. In addition, the larger the time stretch
factor, the wider the pulse and the time spacing will extend in the time domain. As a result, the
measurement accuracy is significantly increased. We also demonstrate that the wavelength-related
time shift will not be influenced by the center wavelength and bandwidth of the FBG, even the
influence of environmental change can be eliminated when more than one FBG sensor are used.
This result is inspired by the demonstration of continuous-time PTS-ADC system. The
experiments show that such time-stretch-based interrogation system is promising for multi-point
FBG sensing with a high accuracy and ultrafast measuring speed. Moreover, by broadening the
spectrum of the MLL, the maximum dynamic range may be larger and more FBG sensors can be
interrogated. With a higher performance OSC, a higher interrogation resolution can be realized.
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