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ANOVEL PHOTONIC METHOD ON LOW-NOISE
WIDE-BAND MICROWAVE SIGNALS GENERATION

ABSTRACT

Modern radar systems aim at detecting and tracking the target of interest from hybrid echos
with clutters and high-level noise. A signal source of high quality is needed, since the stability and
spectrum purity of the signal source determine the radar’s ability of abstracting the target of
interest. For the application of high-resolution radar systems, signal’s bandwidth determines the
range resolution. In the field of traditional electronics radar, the signal source is usually produced
by a frequency synthesizer, which is accomplished by frequency-multiplication, mixing, filtering
from a reference oscillator. For there are steps of signal processing, the quality especially the
spectrum purity of generated signal is deteriorated. And the bandwidth limit of some electronics
device makes it hard to realize a wide band signal generation. While photonics possesses the
natural features of low jitter and ultra-high band width, meeting the need of radar systems on low
phase noise and high bandwidth. In this paper, an active-mode-locked-laser(AMLL)-based optical
method on low-noise wide-band microwave signal generation is proposed and demonstrated. This
new method tend to generate a low noise high bandwidth signal for radar use, then to promote
their ability of detecting and tracking. This paper is mainly organized in three parts. First is the
study on the theory of optical microwave generation, unveiling the photonics’ capacity in
low-noise microwave generation from the theory basis. Then introduce the simulation work about
the phase noise’s influence on the detecting ability of radar systems. The outcome of the
simulation make sure the low noise promotion is meaningful in radar systems. In the last, the
experiments of microwave signal optical-generation, transceiving, and signal processing(pulse
compression) is stated. These experiments give the result that the generated signal from the new
optical method has lower phase noise level compared with that from traditional electronics
methods. And the generated wide-band signal is successfully pulse compressed, shown the high
range resolution.

Key word: Microwave photonics, Active mode-locking laser(AMLL), MATLAB simulation,
Photonics-base radar tranceiving systems
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Reference

Optical path

------- Electrical path

— MZM _—— - --+To transmitter
AMLL oc B

To receiver
B 2-1 ETEIIPBBOCRE MG ST 2= ATk
S—0SC: Source oscillator, AMLL: Active mode—locked laser, OC: Optical coupler, AWG:
Arbitrary waveform generator, MZM: Mach-Zehnder Modulator, PD: Photo diode, BPF:
Band pass filter.
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B4 (DAC) 1HEITRMEIE . WS AR, JoRF 780 75 2 K E R g, 7E3m
RO IREMIFIR, AR SO AT EATE NN B 5 AR 20 = A
SRR AR E . A SR A6 A7 Rl HOG TR A RIS AR, ORI
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4y 4R R BT/
N
THZIRBI B EMF
Bk [ P | #E | ME| ) D3 | ZRGTHLNM)F
G XM B as
A3 FAINIF
| wER —— #ER
et | =
N;F
(a) EEARIUAR G R
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%;$7WWMMMMWWMW AT 75 T 3 2 B RS TR A T R
EHER|L OV T Vs HEguE | Ve | EIEIR | Vo
iR 1 & e

(b) [EESR A AL (BUAEFRRER G B

A I |
|
R [tz | oa IEEE
5 ma gt T
(o) HEBFHEER

Bl 2-2 ST SRR G T i

2.2 FFHIRRIE

FEASC A F B B 75 08 75 Sl A5 5 06 ™ A D Tk b BT s 2 P 380 A e B A
BRI EOC AR, SO D ZR B O AR BT B EAT W], ATt Ot 2 A,
E BB R B BSO8R U LEREAT 20 M o AJRER_E BR84S S TR
A AR AL e P o

2. 2.1 s

—NEE RO S RS B B i RE S F T ERIE EARBESIT L X T 2 R
1 SR R AT AT AR PRS2 SRR AR AN R — R Y gt R (R s A R ) DA
A ANBARTE B RG 7 IX AN B VS FE O OGS R0 2 98 o — BRI 2 717 S8 BRI 2 91
JREVEVER R, ARG K8 2 58209 0. 002nm, 158K S A OGAR (14 2 5 98
2974 300nm. BRI, WOGEHIHE S AR S a0 58 N B, 9 N RIE oL SRR AT
KA ARG B AERE 2 /1 5t P N _E S P R A — s KB IR T - AR
KEDEAEIIEFIEARAT ST, I BSME KA TH . STk EsF GL2-D
MK ARRERE R OERREEED A LA BT AN R R K .

A=2L/g(geN") (2-1)

ot A i, L. Frmi e bk 4 mr LA A K i K 2 BNy

—APE, g AR THAER S BT B O E R OB KE 2, B BATE
R q MIEMEE q+1 DMHPBLZ BB ZE R E) .

Av=c/2L (2-2)

c AEPLE. N (2-2) ik VIEKY L MBOGEROCHBIRAR B ) 2 E, W2 —
AN R ER AN A s A R
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2. 2.2 B E

HEROC AT, RS B R ARG 1, N8B [ AL 22 . i DAAE
WOt e i i) BE AR IR 8] 2RIy — AN B R I PR R LA AE — A 5E 1 2 E A
5, WIS PR A B2 A0 K 2 R AT T AR 22 AR B SR I AR 8 A — o R A TGS [ 5E A
N, R RS BRI KR e ph T SR R AR R DA PR AR XA el

Zé(t—nT)<—> Z&(f—n/T) (2-3)
N=—o0 N=-—o0
b TR IA 1 (e B AR 46 T DU AE S B AR 4 v, S 2 [a] AR 22 R (2-2),
Fit LSO A S ) ek () AR R0 (2-4)
f,=2L/c (2-4)

TX b GV ARE P AR 7 22 B e B ] 5 P AF A7 22 AT S B MK o O i X a RE RR A A
(mode-locking) - HAlT, R [a] (A7 B0 e 30 8] e 2248 0 5 vk 2 BT Doy Esh Fgk
NP TG A 285 T R ) 248 1 2 Sl At e Ji AR 3 - Pl o] AR ST P s A i

2. 2.3 FEBhBEYLE

S FL Y U ) 48 1) R S B R B A A% Lo R R O TR A R R OR, AR, A
ZUMEAMRBNZ 5, A KR, AL Z A RAR AL ZE#% [ T A 5 5k
(¥, MIMTHER] T PREE 1 H I

FEPOCASIE AR —DFEEC RS, BRI 00 SR IRE R i 2 v 03 e 2 1 1)
SEARRL ] o Mo BT B 00— AR I A I BE R T 45, AlRs SRR 22 5 — il P 1R il

i EE AR (2-5) , b To mimssin, Vo worgisiz.
e i2rdot e—j27zf0t

2

E(t)- COS(ZﬂfOt) = Poej(z”V0t+(/7o) .

— &[ej(Zﬂ'vOHZﬂfotho) + ej(27rvot727zf0t+(p0)]

(2-5)
2

AT Zat YR R B T Rs Az T 1 To gog, s s g R s

OGRS, AL gk mEre e 220 Ty, £33 ) s, gk K

(IS0 2 47 B B kA5 5

NI 355 B X 3 sl B S B AT AR o P R PR A 1) 45 ST o iR K4 A S P
AICHEL R, FEFI 225 i RGBT R AU RAE R L 24T 5 — AR 0 S 2 )5 FHR
it RIEL R, A 2R A SIER, T AR 26 215 B H ) e R
B, RS2 AR G, ANRAEROGE T AN ZIE S 16 55 R 2R AR A AT
M B KB R IE L B CKE 2 R 988 2 A St 10 i R 88 G e el 5 2 45 2R i S F kb 6 )
SRS AR o ikt ) B B H R 488 2 4 Jo A 7 5
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2.2. 4 WEEhEREHL TR

B T BB AL, I —RAT RSN S 32 5 8B E, RRIEE
TR BT AT AR A X PR R B R o TERRRR S MF R, TAE B A NRIKL,
MR BB 4 H Y o

ATt AT 5 51
(2) WHBHBOERL

? B

[ T T —
WYYy wyw

g

>t

(b) JeMki T B 2 A
B 2-3 HBRBOLREN 5 IRE

AR AL — Aot Tt R EBURR R e A o 0GRS I, T AR ISR AL T AN
MRS, R EAWMAERT o 10206 R, AT AR AR AL TR AR AR IO, X
HAT IS o 10RO VR RIS S A 42 R HG MU R AN VM FRDRE TSI 18] AT L 73 g bRk e AR A
PRI S mT AT AR o A A SRR A v IR i Rt mT o AR, WA A D B8 i3t B e s AR 1
JEE

— AN A BT 8% IR R BT UL 2-5, SBFEDGEEIE A AR . FERFAL —
AN 915 5 TR A AT S5 S s AT AT AT DA S 7E — MRS BRSO S84 € AR
M. SN AL JEIRS I E 5 &

HT T AT AR S A 00 S BUR SREE, FEDG SR KA, WAL R B AR TTHE 2347
5 P ity SR (A48 S A N 1) L #82 —AMECE AE, BT RIS R /N T 2 I, O3S s . T
SHOEMARAFE G, ERFE _E 2B — ke FPa. —BOR UL, #ahBUBEOL 8 A bk i 58 m]
CAEE S S B HT eI B A 58 SE R 10 S BB AT DAL S BIUE AT 7 A= 1A Mk B 2 A0 B

=]
1= o
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AERIG 5 9 s A A5 5 OB Dl 17 A T3

2.3 FCEIENEFIAGIRIE

TBOE T2 R G 1245 H 1 A AT S EATE R A 25 A D9 G T 1) 2 AT F R 2%, D'
FEL PRI 2% R T O AR R i 2 52 DRI BT TELR 1 PR FE AN . A2 B IS, DL T RER KT
WREAZH T I RER I RE . AR 0 FL 7 S BRI 28 A R 28 o R Y B S T P
Z )5 AEAT CAFEBEIARE 2 PR O I Ot PR KR INRE T IEf LS AT B ISR o 24 11 f
CENEEVIESL NER [ 8 A1 b e RN MRSy i) <9 A Y & o 2 by o s A VBTN B A S O
HLERIIES o AR AT LR 7 A I DR A5 S A O B oA P I AL 5 8RR TOL oA AT
T T O 1A AR

Qe B = PR B, A R RO S TR O, B AP TE 1
R AR 22 AT [ 5 (R OR AR o 4 H o s e R (KT L R ol 1 i BE RIS [ L2 — AV
Rt BB AR T ORI it — N Ei R AR — MR EO AR 1)
fartt, Hota Pk BN BIRNESZJ5, A& O IR K77 98 2 5, AT
Ut Ak b A FB AL . SERR B R0t FE SR A A — s v BR 1, 0SBty Y (0 ' FRLIALAS
O REAE A k e B R 55 1 R BE AN BN - 52 T AN R AR LT i 3
I I 8] 1 38 23 (14 D6 T FRARFALL S S D e FRLIAL AR B N TR0 3 IR G o IXRH L G e (KA A3
I TR 3 I A S OR BRI G R4 A 2

— MO AR I bk, R L (2-6)

S (0= A, Y p(t—nT,) 20

e

b, T, msisosssmm oo Esmz, P(t) rmmmkmms, —
T TR B U TE L o S5 R — AP 5 5, AT SRR A A R (5
o, e s sy =T wmme st s o
ShE. Gty R AR O BRI, RS BN RS A BN 1, A
fErL BRI B Ot AR T st omsy, bR LRI ek 2 AT b5
MBI WA, WFR (27 .

S (D) = 3 P, oL i[2205 +nE)T+ 43 o)

Nn=—o0
S, (1) = p, exp{ J[272(v, +nf, )t] + 4y} (2-8)
b P AREBEAPBIEE RN, BT B AR . Vo 2R Ll Kt LA A2 .

P B 58460 Hh 10 AR AR o B 8 2 2 (8, P ML T R — B i B .

WA R Bt e T8 2 Ja I RE BRI . W] DARBIL Ot FL AL ARt R S O E I R 22
% R PR Z R 4R 8 (2-9)
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9 " < SHANGHAI JIAO TONG UNIVERSITY (N 7 55 W O AE S R B oA 7 v

SPD (t) :l Sn (t) + Sn+k (t) |2:| Sn (t) |2 + | Sn+k (t) |2 +2 Re{sn (t) X S:+k (t)}

= P I+ Posc I +2Re{ P, ok €XPL j(27KF )]} (2:9)

R (2-7) (2-8) FUAVIUAT DARE G H A5 25 P 40 800 A2 I A Z2 068 I8 () R LA 5 14
JERE, SR AT DICRBEAT ROL T R G B F 122 R GE AR O e A5 A A 1, DR K ' 11 i S
Blo AN — 19 PR 2 AR S8 s S OR AR AT AV M 75 A% 328 Jir R kb s R ol B, DRt
T A AR T R R B g — 2P e 3% .

2.4 BkAeifEH REE

TE TR el b, AT A5 R B OGS Bkt R R . RS
SHOGT AR, BOGTRSISR I T 1O A F RS S TR I R T . IX M RE
REA% ) FHAEKs Y 8 B B 15 5 IR B NI 7= 28 K 58 S 5 2 v o db i B8 F ik
RO (5 5 628 7= AR 5 iR iR P AR K 945 5 (1 R

FE G 8 ) 2% — PR S T AR I 7 R SR (Pockeels effect) 24 s Y il b b Hiy
JEIS, %7 T T 3 3 R AR AR AL, AT AE [F]— SR A e R0 e R A AR A4k, I 0 mT DL B 2
1) FSCAE ST TR A 2% o T K D' s ) B R, — R S — AR R 2, R TR R 0 L R A B
TRAEE G B 27 T, s 6 Dh 28 5 T iR A ¢ . X P B R i 25 Pk
Th ik v 4 R R %% (Mach-Zender Modulator) , B 2-7. AN 3% Th ik o 48 ) 1 1) % ok
VU 24 58— ANk b6 P S HEAT A, PRI 6 s R 38 30 804 7 A (KOS 5

il

ARk

B 2-4 Tk o 48 R 1R 1 2 IR 2 1 P

HEABDCNESE CRRBRRR) I, Hyf 8 /R 3 ] as RN — D A 1 AR
PERSREE S G, P RDEREZE () BEEMARESIELLRN, mad T2 Rt
FEAR SRR RRRZR R, Wk (2-10) .

E,.. = ACoS(2z vyt + @) + Acos(2z vyt — @)
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SHANGHAI JIAO TONG Uvathuv 'f[‘& ')%I—E J/BZ ;%Eﬁ%ﬁifﬁ%f"ﬁiﬁéﬁ

= 2Acos(¢) cos(2zv,t) (2-10)

E NI COA IR G I, RT LUK 9 B b i i ) AR A 22 i AR50 (2-7) o, W]
CAAS 21 17N P8 AR AL R R R Rk O

Srr(®) = 2 B, &XPL 27+ 1, )1 6}

(2-1D

Sonr(©)= 2 P, X127, + 1, )1 -4}

Supper () Stower (1) 48 127 FRIBIAS rh 1B A T o 1 22 55AR G o) B 95

ABATT KRR H B 1 P R VA 1) A B TR AR, o EERE K TR (15 9 2 S 0 o R Al 2 A
SR — RS HEE S, T,

Sep (t) :| Supper (t) X Siower (t)* |2

1 3. P {il2e(ry + 01+ - (3 by @xp{il2(vy + )~ g0 T

= S0P+ 210, F+23 3 Relp, b oLi(2r(n-m) i+ 200}

(2-12)
FTUFE EPE R, B CRTIHNITERE, e %ﬂmu%ﬁﬁiﬁﬁiﬁﬁ
BIRR IO HE S, LR RN IE BT B a8 s i K/ o 3K — R B3 7 Al
Tu%ﬁ%@ﬁﬁzﬂﬁmﬁméﬁo%?Mﬁﬁ%%ﬁz@ﬁﬁ%ﬁiﬁ%ﬁP%%@
HEMA, T RIR LA ZE A A A A I ok 145 5 M i 1 R 22 i 3. AR
Ja AR AL ] 0 B, A B A DB B FL R ) PR — B e, AL IR A5 S T AR AL D R
EIET . WalEkE, AR S S R s, R B RS S,
ST DA A 308 AT BUAN [ B AR (0 B T 5 5 o X LB BRI Xof WA B (DG ik
HEMEK,

2.5 KRB

AREHEH T — ﬁﬁ”ﬁﬁ%wﬁ3%%%@%?##%%%@@%%&%%&@&%%
AN )y 9 5 T B A AR RR - BB, 70 SN ARl 7 sUPEAH eid 1 BTEOL a8 A BT
Eﬁ M AER VR R U 1 6T S A 5 i A T T RE LA AR A e B (Rt . &

T B = (RO LRI A5 4 s B ) T AR T e Ol e A R A R 1 45 £ O
R« VLI T 1% 535 AT BAJE T 98 5 A 5 5 R A R ik 2R S I e (5 55, Hix e
5 HAANF R, I IR AT DS RIS BN IS T . Bk, EERR O AR
H AR R8P 5 e A A 5 AR ROl 77 AR TR aEAT 1 RIE
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Foar )
T &P
W=k & A ATy

i</ SHANGHAI JIAO TONG UNIVERSITY 'fﬁ&ﬂ;‘%?—?ﬁ“%ﬁﬁ}ﬂz =5 H‘]%}ff{!j‘ﬁ%ﬁﬁiﬁ‘{%

BT BAREERIFELBAIEEXNFEMRESZWTE

fik koA s AL B G ik ek ELARAE R B ACT Ty T B ARSI RS, (R I8 I AR
FIRIE R, Kb BB R th 2 H A% O I A O A5 5 AR AL IR S o AR5 — T Ay
T ASCHR S R e BRI T3 R AR i P R —— G B R AR 7 e P e A B . i el 1
TXHE RIATIAL e o e B2 A AL, 30 75 EEIR FURH S 8 75 1) K/ NERT 738 R PERER I A Wk
SE T T AR o AR SCE 1 = A5 TR 0 M o FLA S 1 AR AL A AT B ik R gtk
REMISEMARESE o BRI AN ()5 F 1A BE U I A5 5 IR 77 AR IO

3.1 EMKIE SRR EERRIE

PER— N SERR IR G, BUEEOL 88 7 AL DK B S AF AR BENL IR % o XA REALIR 22—
ek RS (timing=jitter) SRIMIA. 83 5 5E 7 filiR 7 AR A AN (] 4}
ENZ AL R 2R, LA, AT DU AT R0 5 SRt IR T — MBSO i Hh ik A 72 iy
Mo — R, BAhBIUHROY & BRI E TZAEh BUBEEO G A 6 I 0 i R i A 2
A AR 2R o X B PR ZK I 3 24 A 7 A0 ] RE 8 A e s BUBEIO L 23 1 11 3k B AR A
KV, R TP BN S AR BSOS R KRS, ZXMPahieii s R E 2T W E
oo T EZNHOGE T BRI, & /I i s A IR AU S . P A S BIEO
(R A S PRI 3 R R YR A SR o AT 2 B3 T s AU B L A v R P
P DA R TR S LRI 5 4% 338 800 L Hh AR S Mg P R [24]

T LB BRI A DG 7R IR A Rk ah R . TR0 (3-1)
FRDEABRIH A S, .

S, (1) = p, exp{ J[27 (v, + nf )t]+ Ad, ()} (31

Ad. (t) = 27(v, +nf, ) - At(t) (3:2)

b, B RS TE 2 AR S T — AN AR RS T 2R, IX N A e R 5 ) (] B s 1 o
AU UL EHEPBRT (3-2) KkFBa. — R, BOGS RN R a2 — AN 2 = B
A IBENLE o 75 [E]— AN kb 2 N B SR AT Ha A0 D B s o] DU — AN R, T 3RATTF
(3-2) AN (2-12) B LAIS R IR RS P AN IS 45 5 (3-3) &

SPD(t) =

|, P +] Poe [P 2R € B, Py € XPI(27KF t +27KF, - AL(t) )]

AR PLE B, 6 BRI 283050 B U AR AT 1 ZE ANZ I Z1) 32 3 AR O 28 B B[R] £ 3 A0
AR 2 B e, TR R RS AT DUE AN A, BERE HR R 2K, Fris 2
HIE 5 AR R K B RS S AT R E R, WA W ik oh 208 5 0ok 2s £
B IR BE R R R XEWREREE MR LT, SRRk A £ 8h 2 L
7 190 Z A% 156 B A R AORAE 5 AR A Mg e e

S(f): P, p:+k[§(f _kfr)+(2ﬂkfr)2'sm(f)] (3-4)
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3.2 HHIIIREXTEER G M REFWINNTE

FE—ANRIERGA,, OF TR Sl BORImREEZ My, &
PAT 5 ARG S AP EOAR TAR . Tk RGAE—E R EAF R T — s R4, HASR
HICREAE RS i RS — R I RS 5, AEeid AR S 2 ), Rt A A ARAE B RS
(8] 35 £5  HEAT FUAT LA SR L AR A5 5 AR BE SRR H A (0 A B PS54 2o 9 1 AR KA A% B AR
AT, WNE R E A BRI, B EE S RARG G SRS . T
NEIERGNE TP REER LA PG DLECHEBEE Ty, IR E S A BN T
XET—BlSh = R BV IERIARPE . — B RIF IR E R R, £ 05 5 A B L
FErf, WML B TR IA BN RE /7, B RESE BRI HE MR L, Ak FARLE KA 2R AR
HEPEI K. BT HSESESRE ST AR TE SRS IR, hiiEwE
FRAE AR AE X L A P A o o 4 AR B AR M o 1T I AT AR VR 8 2 BAT AR 2 e P AR P
DRSS A B P AL B R R 2R . AERE ROR =, R A R A AR A A A
S MR 5 [ /N B TE PRI PE RE M2 . T MATLAB “F &5 JEATAS UL EOoR B ix 2
e, A AL A PP A 5 5 2R, FrUEfi B, R prsc B 1 2 A5t
ET AR R, N AEBRERIIE LR

3. 2. 1 A P S0 BEOAS 52 0 R i

A 75 () 7K 7 M — T TR R 5t 1 B R) R 30 (1) 7K o RHE 5 a7 AR AR AL 7
WK 1% R SHE SR E AR — AL LE 5 B AT, AR B A ORI F it 2
B 1 BE 2 _F AL K A A o IR I T I R R AN TR AR A

7E MATLAB H 4/ B AR F AR AL e 75 7K an ] 3-1 B, BT e IAUE R 3-1 Fios:
7ESw Y 1kHz. 10kHz. 100kHz. 1MHz. 10MHz. 100MHz 4b A7 1 75 7K F 23 51 J9-60.
-80. -90. -95. -100. -110dBc/Hz. 7E MATLBA v Szii i A i e 75 i A e BT FH B 5 1%

R 3-1 MATLAB 1/ E * {5 F A K F
PR (Hz) 1k 10k 100k 1M 10M 100M

Th#& (dBm) -60 -80 -90 -95 -100 -110

DRI T BB AR A e BN AL bR 2 JE BEATH L, ME I IE]B% 9 100kHz, {2 Ja R H]
AR PR 7 10 A L R A3 T L AR R 75 ) 7 o AT S U N LA SR B R BRI ARAZ
P 75 7P T AL HE AR PAY PR 7 168 7 KT

KX FERIAALIE 5 INE R 10GHZ 1R 5245 5 2 5 3EAT i B - A2 4 45 21 (1 H D 440 fn &
3-2 ffirm . HITHAALME S IR, A NOZ AL 10GHZ 15232k 2L T e i . fEIZ & 10GHz
PR AL I 73 Eh T IR AL P A 2Rt I b 3 IR 75 B2 S Th R AE AR IR B LT BT
DI ERERA T 10GHZ SA N MUE 5, B 3-1 X W A A7 4 7 1 2 28R e 7 1 1Y
UEE S
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) X F ALY

- et/ SHANGHAL JIAD TONG UNIVERSITY (N 7 55 W O AE S R B oA 7 v
70—
-80

| —e— Input SSB phase noise power |

-90

-100

SSB phase noise[dBc/Hz]
=]

-140

-150 L L [ L il L L [ i
10° 10° 107 108 10°
Offset Frequency [Hz]

Bl 3-1 (i EH SR B L AR AL R S 1

Power[dBm]
o ) I
o o o o
T T
1 1 | |

A
o
I

&
=)

-80 [

1 Il 1 1 1 ||
2 4 6 8 10 12 14
Frequency[Hz] «10°

B 3-2 fiEARARRIES CELIRE)

S 5 R H A AL A S E R ek R (2-4) , ATRIR R R AR
P ERARAS R P 7K T 545 2 et 1) #3431 220 75 AR B2 31.8ps. A AT & I8 I (75 R Pl LAAS 21
TR A R) Bl KT B MEAE 2 8] L I BEANHER FE O 4.77mm.

AR — JRMS;C:31.8><10_123-3><108m/3
RMST T, >

MERVE TS 2 ] DU B, A7 e 75 KPR R R N HE A R EL /N, D T Bk
PEANHERA L, AU B T R e A5 5 Bk R4 b3, SR G5 T ARIIIX AN 5 AN i
THRE o A7 B BT R B4 50 1GHz YA 5 1 S M RARE 5o G2 adk ikl R 46 25 PR BE 25
Iy HEZF N 15em.

I E — N RS A AL AN (S S AE S, T LALGAS HH S2AE A A
A5 BT IS H I PR A i ik o 25 SR AP 3-3 P 1 R B I EE 3 2 508 500m.,
¥ E1 A5 5 5 R HE S AT A DGR, AT AR 21T B kb e 4 45 51

= 477 X10_3m (3-5)
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RIS 7 58 T A 5 AR D 1 R T

— T

— BEES
S10r i _BEIES
=
= 8- i ]
@
& 6| ' 1
he] i
2
S 4 1
o
2 \‘
£ 2 ] 4

0 . |

490 495 500 505 510

Range[m]
(a) BkmPE4a45 R E
10
125
— IR

ol = s2Es
=3
E
>
(=]
)
c
(]
he)
2
o
()]
2
IS

0 L L L 1 L
499.92 499.94 499.96 499.98 500 500.02 500.04 500.06 500.08
Range[m]

(b) B—KRGERBEKE

4
12><10
—1HRT
o 1. l= BE(EE
s | T
£
= 8
2
2
o 6~
o
2
©
5 4"
@
=

N
T

0 1 L |
499.92 499.94 499.96 499.98 500 500.02 500.04 500.06 500.08

Range[m]

(c) BRERBKHE
] 3-3 LI A -0 B B R (0 5 R

ME 3-3 (a) AT LAFE Y, Z2545 5 F152 2R LM 75 B A RO A5 5 Tk s 4 PR e i #4104k
500m 4b, AIGEAARCR IR AR (B 3-3 (b) (o) ) ATLLEEIZHE SRk
AR 25 RIEAH AR 2 40T 500m Ak, 171 32 B AHAL IR S AL 5 -5 Jikh R 46 45 2R 2 78 500m J Fl i
B A B 3-3 (b) M 3-3 (o) K& TIMIRMTEA RITBCKEIE . 55— IRER P23
FARLE PG HIAE 5, FLW AR AL B 22 20 9 +8.6mm, - 58 — Ik 45 R LW AR Y 5 2 22 £
3.7mm. EZRELPEAp, AR —ANLE W RIS A, XS A TR
5 EIRE 4.77mm BUNHEGE, PAIRATAT DUUE B HER 7 0 75 78 T a2 Y0 B Sy SR R AN o
XL RE R, L MR0AR 2 AR AL 75 7K1 B ot 2 e 1] 34 3 AR L
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Al JIAO TONG NIVI:R.IIV 'fﬁ& ')JF—E

TR = B RDE 777 A 077

3. 2.2 FRA M S X ERIN B 2 di B 1Y) 52

—ANEIE RS T LLHEAT B B RN, T UAHEAT bR ORI o 33 P I o A P
F J5 PR 22 R BN AR o Y — AN BRI 285 — MR IS Bl B R I S S BN, 12 I
WA B FRS BN 3 B BB T = A A, B X AR (R HEOHL AT BAERIE] H ARG
RFZHHERE . T EaE 3-2 Frm iRt . S f g A B R 5SS, e L of R
TE, WIRBHTZ HARRIIIE, KBRS S I B A A AR R (RS , 5 e [m] il 2 ]
Se PP AT R TE AT 4%, T A SR 5 — AN B R 2R T B, SRk H AR RAR N 58
A BE IR E RS, TSN BARRI B RS R, B/ B AR TEVE SR E . REhs IR
R E KN B AR BE PR TR IR IEh AT B, o T DA A2 1 P MAOH L Py 3R Sk Al

TR At SRR A7 M 7 o4 M0 25 25 90 O S P47 B, R 8 D R L R v P S B
ZIERZR, T2 RSB SONIETZ U, RN IETZ B fEAs b s 8 i e = 5 8,
A LA S RIAR AL M 75 7K EBh 2590 B (A8 A o 72 ¥ B B MO, i T Rk (1 58
9 Ams, XN 2 85 H 2R 1kHz.

R 3-2 MATLAB 15 & H 3 F %3 P AR AL R 75 K F

Pifm (Hz) 1k 10k 100k 1M 10M 100M
R KFP— -65 -85 -95 -100 -105 -115
(dBm) | k= | -100 -120 -130 -135 -140 -150

EFREMSEU T : FRIEAHR=10GHz,
B &R 3-4 Fios.

HbrizshiE 518 100m/s, 1050m/s.

SRR A2 B 7 AL 1) 10GHZ IR5245
Hbrit 2 E 85k, R4 10GHz ARG5S N 5 AR %

SR Z Rz

o B BE A3 K 1) 22
) AR SN 67kHZ A1 700KkHZ . W3R 3-2 FT7 » AH /KT — BT AR 2R A 8 /K7 4 : 1kHz . 10kHz .

100kHz. 1MHz. 10MHz. 100MHz AbiJ4HE:A-65. -85, -95. -100. -105. -115dBc/Hz.
AR I ARKR FIAHEE K : 1kHz. 10kHz. 100kHz. 1MHz. 10MHz. 100MHz 4bf1)

AH M A3-100. -120. -130. -135. -140. -150dBc/Hz . HLE X0 H A5 1 3h 26 f 5 %4 1 F11 0.0004

MR DU H AR A A7 e

40dB fi 76dB.

ER7
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Power[dBm]
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o

40 ¢ A AT -
ataf VW A RN TTIRTTE A e
ARV VR e AR
20r v
0 ‘ : ‘
-5 0 5 10 15

Frequency[Hz] «10°
B 3-4 FFhAE R KR 34T 0 B AR i BB

3.2.3 MAZMEFE XS HARGI (MTD 2538 B 5 K52

R IE BT Z BIE 5 2 2RI, BR 7R A RO E) H AR, AR S 2%
B, WA, R, =2V ST B[R0, X7 A R AR — RBOR i A i LB 1) B
IBEEFERIE ) FIEFTESEBE) HAREZIZEN, kL. S8 MRS Frelaniam s
IRRENE R X e wh Ik B AR R I 20 BIERR, BT RHL S 9 883l H AR AL OB [, 1X
FEAE AT LA D S L AT ) T LA AT 3 v 5 5 A R g

AR (MTD MBI HARRER (MTD) SRS A 2 R 2 = A2 1), @
BRI B A, AT CLE RS b2 B B R 3 B AR Rl . BATEE,
2l H AR AR L F AR R (8135 85 K AROARS FIE i A8 R T3 A7 AE 2 B B AIAS o M I — PR ) ABETHX
PERTIERR A I UE AT o — DI MTI PRI — D U EES, RIS S
JEIR—ANki S I, FRE E AR X A A A A R A 35 (@)

N T B O AR B ER LA BOERR I B, 18] 3-5 (b) AR TR OO AR
MBI N o AESRF BB LT &b, REMSIARIPERRMIRCR o 1L I A B ik (Ml A5
AR AR I AR R 2 DU AU 1) LT 95, T2 o e e s st T LADIE RS
Ff L 2oy B, T OR BB BRINB) B PRI 2 B (5 0% B AR E SOOI I 813845 5 1)
REE SRR RE R, MR 7 MTIIEES, EaRte BT, OSSR E &L,
T 5 I (15 2% b 5 5 i 945 2= EL R L AEAR O MTI G R 7, 04 1712 M 2 5t
TAR AR (RE ST o R, I BT AR 504 8 A B 18 I et LA SRR AT BAR ek
BT, AEE AR B DR AR R R T BRI T Oy — AR R FEARIRDTE A, Bt
BRI R AR 57158 75 7 R A s DR R PR A1 TR 3
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o fmmc IR 75 5 A U A2 B T RS TP A i

B S N
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N

FERFT

(2) ZIRXHE SR

Responce(dB)

-40

Normalized fr?equencyﬁ .’jl')
(b))  ZURNFTH A3 SRR M L
Bl 3-5 —Fhf B MTI S8 B ———IRHH 28

-2 -1

ok [

BT MTI 3832310 1 B RIEATR N 1S B, 5WIRMA B EC. TH&n bAgks:
KA B rE SR M 10GHz MIE%(ESE N RIMES, i3l HbsaliE ik Hbs
MR SHE MR, fEEUR A 10GHZ IE54(5 5347 N84, MM/ 2I5R(E . BEEET
MTI b, A4 BARRI R IERR, BRZBARMEE . (T NN HEEACERIET, X
FEAT AT UG EETE L AR I KSR, M 3 28 16 20 TR 72 52 BB R 1) PR A 338 4k

BEE I AR KPR — AR ), AHMEKSF—: 1kHz. 10kHz. 100kHz. 1MHz.
10MHz. 100MHz Ab)4H1: H-65. -85, -95. -100. -105. -115dBc/Hz. AHME/KF —: 1kHz.
10kHz. 100kHz 1MHz. 10MHz . 100MHz 4 ffjAH 1 4-100. -120. -130. -135.-140. -150dBc/Hz.
W BT R IR H bR SO ER R H bR, PR H AR IR AR, TR R R B R 0.001

(-30dB) . AILAFFEI4NE] 3-6 ) H AR RIS IR .
# 3-3 ARSI KPS 75T
SRR T MTI #E(%gg%%’stt MTI %ﬁéﬁ)ﬁ%t{: Eb’zja‘.jgﬂ;?r
HHIR K F— -30 12 42
HAREAKE — -30 41 71

BRI, T E R RIE ) H AR KD 3R R R ¥ 0.001,  MITEARJER B x5 3

PREIEHR SRR BRI DR LU E DY 30dB.
RAK,  TUASE & AR A )

Ly =

HE B,

H T L S P T R P B AT X L )
Kt 1 H AR ANS H AR R ) A N HAE 5 fE

A=A

HE B
w. B4,

HE 3-6 () T, FEFHMEAKE—RIZRAETR, fERBEAT MTI S8 R {5 4% bt ~-30dB,
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B seancaiJuo Towg UnversiTy R 75 TP A5 5 OB B T A 7 1%
MHAT T MTI S8 JE AR A BB DERR, R (1 2% 9 D e v] LA el HL i 3 21 v A4 1 1)
REIR, WAL —%M4T, [FXREHNEMGESR] T4 12dB, SER 418 42dB.
TEMME AR 4T (36 (b) ), K& MTI R 2 /T 4E A2 LUK IH/&-30dB, 1Mi7E
MTI W 2 5, ERIIER] 14 41dB, 58 K+t H A5 71dB.

ZTCEEN, AL R KRR HE, FH MTI RSS2 5, Frieik B s e 38K,
A R TR AT T IA S 1 R A R R SRR 7S ) R REEE KA B AR A
AR B S H bR 0 B AS 5

------- KL MTI
1201 — ZEMTI
100 - 1
=
m
o, 80+ |
& .
g Y
L 60+
401
20
Frequency[Hz]
() HHEEACE—2%ME T MTI IEEET)E
----- RLATEMTI
1201 — 2 1MTI
100r -,~30dB
o’ P
2 80
o :
= i ﬂ
O i
o 60 i ~-41dB
40 i ': l’ . U PR A) o ™ r\
o0l " y VAN ¥ f\m

Frequency[Hz] «10°

(b) FHMRAKFE ST MTI IBIAETE
& 3-6 ZEFMHBKE T MTI 3838 s -7 it th A A
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3.3 RE/NG

AR TR T OCERBAT T BT RE AR R A DG B A RS T, T 1 A SR
(5T SN BBEROE & REAR 5 BE T 22 7 AR DT IR AR AL R A 7K1 o S 46 T AR IR L R
TP ST R G0 P IR S M8 7 X R T 2R e RE R T ) 017 SR8 R o 30 A 37 I 75 A I 35K
PRI, $Eth T ARG P e TR A RSk Re LIRS J7 T ARSI L, AR ]
CAZEA I T8] LS AR A 21 1AL 75 5 PR AR P 196 &R o JF HIE R AR, BT T
XAKAR o AESURAEE A, AL RO (IR T, W A AN R BUSH TR i 2 A
b IR IS PR Ffe 75 25 18 PR 2l 25V Rl 10 1), DA K AE3EAT 20 F ARG G SR MT 1 18 35 2 )
I A T R 328 28] 1 508 R 1 T o 3K 7 T il e 7 AR R A 51 bk e ARAL R T AT
I HIBE 7 B AR 2] 7z BRI R . WERAR AT A FE, AR 1 AT VA b AR o e 7
AR A LA [FI AR 2 P KT AE B TE R e P AR I, B 17 AR e A 0 S AR 1k RE A RE T
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NP/ SHANGHAI JIAD TONG UNIVERSITY AT 75 T 3 2 B RS TR A T R

k];t].

BT RREFETHRESHATEFERRRL SR

PR R, SRl T T RO T A M S B BOL AR IR IR 584 Sl (5
TR 2R A T 1 o A TR I T 2 B SR FELE AR o e A 7K B BERSAHAL TR Gl
TEE AT A PR e I R S BRSO 8% K e R R, RESSTERK L L
g (R0 551 SR LME MO T Uik BT om. (EAREY, TN A 7%
RN 24 B A T IR I S o A4 1 TR 12 R S BRSO 4% (1 AR 75 98 frltie
15T a7 AL SC A AR RO A A 5 R RSO 545 5 AR B S 06 #E I M 5 58 e
P55 SR R, RSO 77 6, 74 TS s 5, JFHH
BEAT TP o A T RERT DU A N A R R A T, (8 IS O HLE AT T
PP AR RDEAREAE S M REICR S5 T B s, (M Ka dBeRE, X ERfE
THHAT 7RSSR A RIVE R KR DS T ARARARAFEAS 5, X [BIEAE 5 AT T RKAE
A FH 7R A 45 B RN 88 5 RS s SR 5 Se L 17 Rk B 4, S80I 1 BB RDOE A S
TSR AT I DA LB ES 7 R BB AR AT . v 1 7R o0 A BB IOL &R (0 e AR
P, SER TR RS S E Sl A W AR RS . SKIL T By 8GHz TR B
Lacem FEES 73 HER MM Z H B R4t .

4.1 RIRFEHHRESHATFFE~ESITHESR

AT VRS 20 AR SCHR Y A5 AR R 75 98 ol Bl A7 5 1RO 127 AR TR N SR SR B8 e i
P o UL 77V 5 VAR SEBR R o DA T SRR AR ST H T BRI 75 5 SR AR S RO T
SFPEAETTIR, W T AR R ARSI PR AAE S A AL PR R HEAT T SR, O
CAMONZER 5 4% G0 1A e 5 5 7 AR DA ™ AL M5 S BT 7 ARG A5 5 TR B, BAsE
VAL T2 R o 534, BT E RS SRR, BEi T3S S RO T
PRSI, A5 B TE DGR AR S, I PLHON IR B ' 1 2 AR AR K S8 A 5 Y
AT S U .

4.1.1 SEIGEER

S AR R 75 5 B A5 5 B 75 P AR DT IR SR i 1 5 T B T PR A B iR
Ziky. Wil 4-1 proR. FERNSRISE R, BN T RIS BT (ESA) WAL S B
BEAT PR RIS . 3B M0 T DhZ o Beds (PS) FIIRME A BN (LNA) FIRKEHAE =
HRAR (AWG) 7= A IfE 5 BEAT IO JE #EAT HOG R . SRR AT ARSI A5 5 38 1 2
2, RS BRI B S S DR K. M B T 2 WOR BRAR I R e Rl 5 5 . 18
HoRpds (OSCH AT WAL RIEN (PO 55, AT LU 3 AR e T e ML) 5%
PO A5 SIIERAE. RN, RS hid el ChgiD 5 5872 T —MaE 5o
Hdfe AL PR S AR AR E 5 B A5 815 S BEAT kb IS 46 53, 15 Bk R 46 4

TERNEAN RGOS S IR, EEh B0 R IR IS 5 R ERRGE 1A E SR
SR, P DAEIXAS S A AR5 e ) Keysight-E8257D il ANl
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OSA

AMLL MZM p0)---{8pF }---{ Esa |
(a)
Optical path

______ - Electrical path
[s—osc}——ﬂ{ AWG }----*| PS}---- o

Bl 4-1 {RERFE B TR 53 AL F = AR S A
AMLL: Active mode-locked laser, OC: Optical coupler, MZM: Mach-Zehnder
modulator, PD: Photo diode, BPF: Band pass filter, ESA: Electrical spectrum analyzer, LNA:
Low-noise amplifier, S-OSC: Source oscillator, AWG: Arbitrary waveform generator, PS:
Power splitter, OSC: Oscilloscope, OSA: Optical spectrum analyzer.

B A1) 10GHz {55 Ik 3h  shAi B0t 8y (CALMAR A &) 7 FH Esh Bios 8 #1781
1L, R RSB BOL A R RS . Kl MESSEOA BB H M. SR
aE LB : Phase shifter: 4375; Bias voltage: 3.62V; Pump current: 350mA; Cavity
adjuster: 3827. SERCEIRE 2 5l A YRR (OSA) #HATMEE, SEIG A B FH I 6 i 2
YOKOGAWA-AQ6370C. Aot &%t ik il 4-2 Frox. J6ili= 4 REYWE,
T — AR E 2240 & 10GHz, AL ZE[E 52 o I bt Sl v] DAagEAT i v 1Y) S 58

1560, MWVEH SIS m

T o

Tk 8 AR FEOB AR AR (MZMD RAEOE T RE RS ol 5 S LB 2R 5 Rrast,
YR S8 A G E Y R ) 28 2 PHOTOLINE /A A1) 40GHz i MZM. A 3 B4 iz
WE T ARERMFE. TP ERER (P SSERREELER (AWG) i
Keysight-M9502A, % et RFER AL 65GHZ, 7] LA AV seih = AR Lty (bl (55
T 2. RS A SR Ok Es 70 372 Mini-circuits A &) A1 RF-bay 28 & iR FH 23 4F
PD f#i i} ut-XPDV2150R, I PD (#5404 #7 55 7T % 50GHz, 7T LA AL B3 Ka 3 B
BS54 . AR (ESA) /& Rohde&Schwarz-FSUP 2 %1), HEMS K I Z ) FEAS S 45 % ]
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2/ SHANGHAL JIAO TONG UNIVERSITY R 75 TP A5 5 OB B T A 7 1%
1k 50GHz, 7] PAjH 2 B3I Ka i B IG5 Al B 7Rk 2% (OSC) 5 Keysight-DSO-S
IS SR ATIL 8GHz, RFEFAIA 20GHzZ, & TRMIFER (h8D 55, idFfHEm (f
BO AZ SRR N ARG S SRR ER . SR A SLIR AT, ARSI E ISR B Ka BB,
TEEIEANZ Ty 4A0GHz B AF FAT R ChAD (S5 00, i ChaD F 5 5o
N 3GHz, VAHIF %5~ OMHz. 100MHz S5 H 2| 1GHz WZMEIAME S, 8] LA
e BB RS5OSR A 37GHz, AT 56Xt N T30 GR35 5 TR 58 1
Ka I B2k MRS 5 .

4.1.2 SEYG4S

R T BSAIE T B ME FE E A BOAE T BT 2 A A AR M A R, B e R B A —
MR ENBEGES . R =R5NESERP O, A - NMalE NS E ST L
NS, 0T DA A R AR PR A B . SASTE A MTI A 5GE R TS e . BT
PA, QiR Re et — P B A S /N AR AL M RS RO ™ AR TV, R BRI AE T A R G S i B
TREERIIEM

KA IE A R BN 10GHZ, 4 DR 1B0h 0dBm, 1B S H0K 1 sh BB O G d i
ITBIEL. SERUE MR E 4-2 Fros. SOt Hail B BRI KA 5, I BA K&
PR, R IR 2 A Z MR 10GHz HARNLZ [ €. A3 T B E AT 2 )41,
BRI (5 e — AN EEMR N 10GHZ MRkMEES . BT AR MES, Sutrm
AWG W EANFHIH, BAEMESIMEBEDUES b i 55— 5 2 o (0 ik b ot 3o 5 21
(5 (2-19) ) TLATHE], PD Jaumfrefs 2IM{E 5 8 10GHz BEEURE k(55 . Bhi A
AVESCGEAT R, il 4-3. AT LAFESE & 2] 10GHZz. 20GHz. 30GHz. 40GHz [k,
50GHz % B =i LA 1 4% ol 18 HH RS S A AR S B, TeVRAE A A R

-20 -
-40

-60

Power[dBm]

-80

-100

-120

T T T T T T T T 1
0 10G 20G 30G 40G 50G
Frequency[Hz]

Bl 4-3 BRI BRI A R 45 R

VRIS, BRATIH S R A A A 7 M e Xt P A2 ) 40GHz {5 5 BEATAIALME A Ik, e
BRMESERWE 44 From. W —30e il 7 =2 00 A fh 2k, 7552
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Keysight-E8257D E.#77 4= 40GHz 5 5 AN A5 2k (B) , Keysight-E8257D HHz/™
A1 10GHz 5 S ARG e A 2R (41D, BhfE 5 RN 2 Esh ot 2s aisiE 5, DK
T =R 1) 40GHZ T (5 5 AR AL e s il 28 (D

TR T L R (A A P 7 T R R AT L AT DAAS HH DA R 4518 o 24 R — A FEL P S A A B A
(Keysight-E8257D) = A= A [RI A #6455 A i, b4k /2 10GHz 1 40GHz, % 1 i /£ 20logsoN
(AR A I P R BB 2 Ah, B2 5 NEAMAB AL 75 o BT (1) BRZR RN LT 28 5% b, 7EARA
Ab C ~2kHz) %% i 2 (AR 7 it 7 25 S K2R BB E 12dB A4 . e ikt (2kHz~ )
10GHz 1555 40GHz 15 5 [ AH 7 M 75 22 S 2 Re il 2] 18dB. i B T Fi2E A2 YR AE 7= A= i A
TR A5 5 BIIG 278 BA R ARA e 75 S AL R 22, St PR ) T FL 25 A e AT g 2ok
W R EE SR R . B 282 DL 10GHZ Sk R IR 64 40GHZ
W E S . B a2l 2 e iR IR, v UUEBITEEEAR a1, BB as =k
() Rk e v A A RO A5 5 5 A IR AR 7 B s AR AR AR — 3K, 7E 30kHz &
FHREA — A N AR5 X F U T 3 S BRBOE 23 kv A= A B AS 5 IR AR B 7
TEARKFRRE b dh R 7 Fopp IR I ARAL e A RE I . (HJR, TE it (30kHz~1MHz) 3%
RO 2R BRI A= A= B C AT 5 IR AR R 75 B P R A Bl T 1%, L R IR R 25
R s (R AT 3 B

—— 40G-Keysight

407 —— 10G-Keysight
N —— 40G-Photonic
% -60
[an]
E
o \
c
Q100
™ N
Q.
m  -120 \\“ﬁ~ !
)
w p
-140 ~
1,78 RS RS0 TN L R A4 T N S S L1 NS NS R A1 NN B A1
100 1000 10000 100000 1000000 1E7

Frequency(Hz)

Bl 4-4 A0GHz FEAER AR 5 HH LR 75 PSS R LA IR AL e = % B P

X LE B T HL T2 (Keysight-E8257D) 772 1) 40GHz Tl 5 -5 AH Az e 75 i 26 i 40GHz
AT 5 A AL M 5l 27T A4S 2, ZEARAIAL, BT B2 AR K AR AR e IR I I R 3R
17 =2 BB 38 AR A IR0 15 5 PR AR 87 g 75 1R KA BE B e 1 Y058 (00 A 7 e 75
RePE, A% 9022 AR BRI O AS 5 OG22 AR NS S5 A AL M PR AR ZE AN K, B TR — AL
WH TR TR, BN # T H%. e (30kHz~ ) , 7% H
THOGE IR, B 7RSSR 2 b pr ot ok B A A e A AL, T LA TINEISME
FARLREFS o By AE SAL , S 15 7 AR 0B 15 5 AR T Fo 7287 A B IO AS 5 AE AR AL e 7
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D5 T SE AR R o S H, ASSZIG A BT A A U Keysight-E8257D & — & 4 i it & I 5
SRARE, JLTATLAREE B A E P A RO IR B s KoY S A IO AE S AR AR
A7 R 7 R P 7 TS T2 A8 T 7 2R BB A5 5 B R S T 6 T 28 B ™ AR 7 VA = AR AR
WSS T A ARKNIRS, 5518 RGEEAMEE RA PR S G5 ERETA .
FEF=AE T Ka 3B 40GHz =il K SS9 2 J5, i LAY AWG %t v B o By (Fh
PO 55, HIWIIE N 3GHz, %N OMHz. 200MHz. 500MHz %5, X kE4: I (M 75 i
KA FRORAE FH AT DLRHAE 5 B T3 ORI — A g e S 5 (1401 LA 288 3 mT DAAR 2]
BRIEMEAE T LI, AWG P2AERES (R (55 1R IEIEE Vpp=1V,
NG IR B RS, F0E B IR IR AR Y B N2/2 1% o B J5 P4 M 7 RO 3% Th 280K,
o O\ 3R R I B B 0 Il 20 O 4.6V, b 0 0% (IR T S 5 R R 1
PHOTOLINE-40GHZ  Fa )t i) #% (1) 108 Fo s B P A% o R AT DU & B2 ) HH 45 5 1Y) D0
EIREEE . £ AWG 74 T35 (Rl {55 1A S _EASUE 5 A wiE 4-5 frs .

—O0M@3G
-30 - —200M@3G
—500M@3G
— 1000M@3G
40 -
]
o, -50 1
)
3
o
A 80
-70 4
-80

¥ T ¥ T T T ¥ T ¥ T T T z T X 1
36.2G 364G 366G 36.8G 37.0G 372G 374G 376G 37.8G
Frequency (Hz)

B 4-5 LRSS SHERIRSR

B RoR 124 AWG w242 1 BL 3GHz i, il %y OMHz. 200MHz. 500MHz.
1000MHz [ PUFRAS [R5 5 » 285 r R TR ) 5 ' BRI B8 IR HA A, #3811 2 >l 40GHz
) _EASE S . BATAT LR 2, PR 98 ¥ OMHZz I BRI H —AN 3GHz [ s diifs 5 it 4T
H B S 4 5, AT LADEIR A3 3 40-3=37GHz (1) EASH SE S . HAS S TR AT Uik
FZ9-33dBm. HIATEE AWG [T 9, BT LATE Ka 3 B i 153 2 B 1 R 550 98 0
A EE S BN =2 2R AR R 1A %58 200MHz. 500MHz. 1 1000MHz
I PR R At RS 5 (1) B . ATRUE W, £ 37GHz b iiZeit, 4337 200MHz.
500MHz. 1000MHz (£S5 . MLMERPTE S BS AT &, FIZEIREE T RO v
PITRSIUE S REAEE i BT B D258k, T 50 v iR il 2 — AN 8, T8 B v gl =
SERATDUE WL, A AR VRS S He, I HAER S B L T EIAE S WA Bk

L IR SR 2 S, U B T AR SO R IR B R PR T A A T e TR AR T
MIAAT M. TEF= B R (D 5 71, 8 X ok 7 2 7 i Ml 7% 5%
(Keysight-E8257D) 4= 40GHz USifE S HIARALME S, 153 16152 7 A AL/ A Mk
55 7T AR AR . BT Re Ik B (0 AH A M 7 L oL 2 o R ARAE S IR AR S A o AT UE B
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T T EE R P AR T AR R 5 — T, S SO N A H G TR R 2 (R
D AF 5 MR B, USRIt IR KR S ) 40GHZ HUE 5 R i 1 AR AR 5
WG9, WSS AKE AWG & & 17 5 e/, BEs2it R I6UE T 200MHz. 500MHz.
1000MHz 558, 38 7R SR 56 ARSI E S, XL e — R E BN O e s
FE KT FE Vs o DA AT DIAIE B e T2 0 5 5 = AR i m] DA AR S (5 5o AT 2 T 4
TR AT L SRARG e 75 K B BT SR I PR AN FE A

4.2 REHBRIESHEENALA SESAIELE

FE BT, CEVEAIRNA 1A SO 5 Y RN P 58 5 S 5 5 U D 247 R s vk
FEAG SR 5 T R S48, WRAIE 1 B9 F = A A5 5 AR (57 1 7 R RO AT S8 R e L
3 T TR ] 4N PR s 7 TS SO A A o BT AR T 1 R Xt B kA T T8 B AR L R 5 T 2EAT
B IRAE SR, R G T AR AR T IR A S SRS I R G PRI .
A Ka i BEMIURZR, AT BLSE sRIe A 5 RS R . ARG 5 2 )5, R AE
KAE AR 007 AT AL B, ) DAS SRy AL R R S 5, U B B
T 5 RA ZBT A PE S AT A AR R, AT DA H bk e 4 B B AT 2 H AR B ER RS A S

N T SR IR AR MR 7 B I A5 T IO T AR VA BRI R TR AR SR K N
73, BeiE TSRS . A Ka SEBOR AT IO e, T IRt AR S 5 (K R R S A
AR RE o AT A5 AL BR SIG 1 R F T I R OC A TS 5 75 T A L T R R
B8 SR R B B I 15 5 AL B A PR RE DT T

Receive
antenna
Optical path
—————— -+ Electrical path E T
1
1
1
1 -
! H .
! Transmit

AMLL —-i--——: antenna
Ty s

Y e ) S [ P——— 0sC

Kl 4-6 XEBBEESTFRRRSFESAEEREHREE
AMLL: Active mode-locked laser, OC: Optical coupler, MZM: Mach-Zender modulator, PD:
Photo diode, BPF: Band pass filter, LNA: Low-noise amplifier, S-OSC: Source oscillator,
AWG: Arbitrary waveform generator, PS: Power splitter, OSC: Oscilloscope.

4.2.1 SKIEH

FEHE T b1 P R 3BT AR 1 S Bl A 5 R B SE IR A R S Ak B USOA E RE DA
LefE 5 RETNRE, SLRAHINE 4-6 Fron. 155 K i, EBURIERIRMEA BORES, A

31



37 2E0%;

'; SHANGHAI JIAO TONG UNIVERSITY 'f[‘& l];?';ﬁ'-? 'il—!f %’ﬁ%ﬁ}ﬂz{%‘% EK] %ﬁ'ﬂj‘f%]ﬁ /_:Eﬁ‘/i

gt 75 TSR 2% RO A A 26.5GHZ~40GHz, 9278 36 AN Ka P B, 6 2 AV IG Bk 7E
5 36.5GHz~37.5GHz MMM R il . £ M KERE S EHEE Ka 3Byl K2

(A-INFOMW-LB-28-25-C2) MUK LR Fm ST i )y 26.5GHz % 40GHz, MK 5K
BB SEARRE R, AT DL R ASZIG AT P2 AR I LA 37GHz AR DI, B KA 95 N
1GHz FIME S IR . fEEIm B 15 5 BB N fOG R i 883047 e ik R e BRI, 83t
H—AN o ) PD (Discovery-lab buddy) B LA 2% kit iR ZBARAE S 5. BT Bk
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UEH T AZ BB WSUR ZR G AR I FESE T o e TR I A AERA 1% o S SR R ZR A S A8 SR AT RS
Kk e, AT LU BIAS A BR B AR O P b 5 SERPRIN R AT o XA SIS RAE] 1%
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ik 4-14, SETRDGAEREAE S I EIRNOR S EER A BESRAL, A SEBILE A T e
B R AT RIBWOR RGN, FIRER 2 — A Bt as = AL kO, Rkt
BP0 IR FURSA I EE N 20GHZ, HE BRI RGN IS 58y 10GHzZ, TR
I AR 9609 8GHz, FRASZI BT 98 M 11 0y 0.5GHZz~8GHz. fE4:id B i &
IRV ) 2 OB PO R 2 )5, T RALE PD AR ULIN 2 A RIS B S s G o 22 YR 1
WEFENEPER, T LAMSRIRT & S H RS S . Ik TIRRBOY Ka BB, AH
Ka I B 1 s 9 R, 1T LASE BOSE 6 BETHK 0.5GHZz~8GHz AT 78 15 S Uik . 5 E—%
T IR SO SEIR AR, B RO SEBOR SR BRI, ARATR R S s, 5 5 R A
MBCRE#EE MZM IngE) 130k L, MOt a2 i LG 5 Dh3R BN (H2, 4%
AT SR N A Ka I B 1 AR IR RO #4545 [ 5 D R REAE I /2 15 5 AR BR AR 20K
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'
i
;

------ - Electrical path E T

1 Transmit

AMLL E --:-_J antenna

[S-osc}---—[Awe}--__ __________________ 0sC

B 4-14 BRHWEERT RS TERIRR RS
AMLL: Active mode-locked laser, OC: Optical coupler, MZM: Mach-Zender modulator, PD:
Photo diode, BPF: Band pass filter, LNA: Low-noise amplifier, S-OSC: Source oscillator,
AWG: Arbitrary waveform generator, PS: Power splitter, OSC: Oscilloscope.

4. 3.2 Sz

RV AWG 1% A S AT B, AT PSSO R G R S S e, B
(R AR AR5 R OGS A 3, AT AR BRSSO Bk R 4 45 SR, kb R 45 45 R R S
PRSP SO R CATE b8 A U H - 161770 5 2 BE 29 20 e 5 PRI 98 iR
Eefloe &R, @i N (B 4-15) FRES ik nT DUE XA R Ll oc R EIFP A sk 2
SEEG RSB EE B R, ATLUE Y, SRIR R PR B R SRS EE B MER A, s
P f5 s AT 58 8GHz FURHE, o B A ER S BE 55 73 9 Ry 1.8em,  SEI SEBILA BE 55 43 R
N 1.6em. ERAE L xt F— BARMIBE LS R, w] DUE BB HONTE R — MR B A R
F R BE, IX— AUREE N T R S6 45 F A 8T o B AN R B8 5 20 R BT N 9% AR Sk
AT AR DLUR 4518, A SCHR H 1 5T D BB 6 28 U BO% 72408 5 7 AR T vk e g e
A T SIS S (s 8GH2) , I HAE G TAHS Tk IR R G0 b s m FE 2 0 ke (i
EikE] 1.6cm)
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PRI T AR SCHE H BT B T 2 A5 5 72 AR T VEAE AR e 7 5 TRV T A% Gt H 120 BT S
b5, it WG s RS e S 5 R —ANE O SE I R A A 5 o IS SO A
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S ER M
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T 7 — T B Y T R B R I B RO R B S o 1% S I I AR S S 5 B TR AT
i, IR AR SRR AL B, S S HE IR AT T S R R 2 RIS R, SIS 2Rt
ATATIR, R A IS hE . Sl T &k 8GHz MRS 7, &t 1.6cm [FIEEES 0 #E,

42



AERIG 5 9 s A A5 5 OB Dl 17 A T3
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— A 40GHz 1Y RS 5, XS IXAME S AT T ARRERR A T VR, 2T 7 ATy
PARELE, A T SEARAARALIR A 7K o U SIS AR R 167 S8 e A T i A R
B T2 T IR L P KT I RE AT o 48 AT G IR ) R 2t AT IR I, AT BAAE BR Ka SEBEI 98
A PRI 5o A e 58 A MR RIS 5 0] DAAE 206 7 R B 480 T seBLE 5 o 54k
Bl RIS R o ALK, EAFRIRS 58 T SCBL 15 BT G R ) H
R, I HSEL T A e e R DN &, A SRR BEE AR SO T oA AR IR R A
E LRIV EE S
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ANOVEL PHOTONIC METHOD ON LOW-NOISE WIDE
BAND MICROWAVE SIGANLS GENGERATION

One of the main tasks of modern radar systems is to extract the target of interest from hybrid
echos, including clutters reflected by some unrelated objects and noises coming from space
background radiation or the artificial radiation. Generally, with the large clutters and high-level
noises, radar systems often utilize a serial of coherent signal processing methods to distinguish
which echo is come from the transmitter of their own. Modern radar systems thus were designed
as coherent radar systems. And the long-term research on decreasing the noise feature in radar
systems, modern radar systems mainly faces the noise source which is mostly from their own
signal sources. For the widely use of coherent radars, the signal source in those radars is of
significance. Features of signal sources such as frequency stability and spectrum purity determines
the radar detecting ability in a momentous way. People tried to improve the performance of radar’s
signal source for many years., firstly in the field of electronics.

In traditional radar systems, the signal sources is conducted by a frequency synthesizer,
which is composed by several electronic signal processing devices. Frequency multiplication and
demultiplication, mixing, filtering is often used in synthesizing frequencies. In the past few
decades, many electronics engineers and researchers made plenty of contributions on improving
the performance of frequency synthesizers, especially on the phase noise level lowering and
frequency spur suppression. Base on a stable reference oscillator and a serial of phase locking
technologies, many works has made the phase noise feature and the spur suppression ability
supremely good. In some high frequency microwave or millimeter wave generation, phase noise
level lower than -100dBc/Hz is realized. However, electronics-based frequency synthesizing
methods is limited by three basic methods, direct analog synthesizing(DAS), phase-locking loop
synthesizing(PLL), direct digital synthesizing(DDS) and their combination. All of these
synthesizing methods faces the problems that the extra noise and large loss brought in by many
electronics devices will degrade the generated signal quality. Furthermore, when an ultra
wide-band signal is required by some high-resolution radar systems, the electronics devices’
bandwidth limit will make it hard to meet the need.

While photonics technologies holds its natural vantages of ultra-low jitter and ultra-high
bandwidth. To utilize these features, it’s obviously fit the signal generation of radar systems. Low
jitter give the generated microwave signal low phase noise property and ultra-high bandwidth will
make it possible to generated an ultra-wide band signal surpassing that electronics generated. First,
on the low phase noise feature of photonics generated microwaves, researchers such as Duo Li, J.
Kim has measured the phase noise of photonics generated signal and outcome shows the phase
noise of photonics generated microwave can be lower than -170dBc/Hz or even lower. Their
experiments perfectly showed the ultra-low phase noise when the microwave signal is generated
using photonics. As is mentioned above, for modern radar uses, not only high spectrum purity is
required but wide frequency tunability is important in high resolution radar systems. In order to
generate wide-band signal, plenty of microwave photonics methods are proposed, such as direct
space-to-time mapping(DST), wavelength-to-time mapping(DFT), dual-signal laser injection, and
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external modulation method. Nearly all of them has demonstrated that photonics is a promising
way to generate ultra-high bandwidth signals required in high-resolution radar systems.
Nevertheless, microwave photonics signal generation methods are not as perfect as above stated.
In the typical direct space-to-time mapping, the generated signals are with limited time scale,
which make it hard to promote time-bandwidth product. And the DST system is only can be
conducted in bulk space light systems, blocking the way of integration and miniaturization. The
DFT methods rely on pulse spectrum shaping and controllable dispersion. For state-of-the-art,
optical spectrum shaping is not as perfect as to generate sinusoidal-shaped spectrum and there’s no
perfect dispersion fiber to make an ideal wavelength-to-time mapping. So to make use of
electronics technologies in waveform generation along with the photonic low noise single
frequency signal is a reasonable way to generate large bandwidth and low-noise radar-required
signals.

In this paper, a novel photonic microwave signal generation based on active mode-locking
laser(AMLL) is proposed. When input with a source oscillation, an AMLL will produce hundreds
of longitudinal modes separated from each other with the same frequency of the source oscillation.
In time domain, the AMLL outputs a serial of light pulse with the repetition frequency of the
source oscillation. Use a photo diode(PD) to finish the photo-eletric conversion then we can obtain
the microwave sinusoidal signal with several frequency components. Each frequency component
is of integer times of the laser repetition frequency. The above mentioned microwave generation is
called heterodyning or beating. Before we conduct beating to get a microwave signal, we can take
use of the electro-optic modulator to load some baseband signal onto the pulse light. Then the
beating output is not of just some pure frequency but is modulated with the baseband we feed. A
key point of this method is that carrier frequency is generated with an AMLL to make sure the
carrier signal is of high-stability and low noise. At following experiments results will show the
low-noise feature. And another advantage of this method is that a large bandwidth baseband signal
is allow to load onto the low-noise carrier. In the previous photonic radar system work, 400MHz
repetition rate passive mode-locking laser is employed to generated the carrier signal. With low
repetition rate, the bandwidth of baseband loaded onto the passive MLL generated carrier is
greatly limited. However, by using the AMLL, whose repetition rate is normally several tens of
gigahertz, we are able to modulate the carrier with more wide bandwidth baseband. As is
mentioned above, the wider bandwidth promote the range resolution of radar systems.

In order to definite why radar systems require low noise signal and how large impact will be
given to the radar system by noises, simulation based on MATLAB is conducted. Since in modern
electronics and photonics devices, flicker noise takes its significant place compared with other
noise forms, in this paper’s simulation, phase noise is mainly studied and simulated. To begin with,
phase noise can be conversed to jitter characteristic so we are naturally think of the relation
between phase noise and ranging accuracy. Higher phase noise give a larger jitter, so for different
time, echos from the target will suffer from the jitter deterioration, which make the post-processed
signal’s timing delay or move up compared to an accurate timing. With the conversion from time
domain to space domain, ranging accuracy is deteriorated by the jitter. The simulation results give
the same conclusion, when phase noise is loaded onto the pure carrier signal, the
pulse-compressed ranging results are not accuracy as no phase noise contaminated carrier.
Calculate the jitter corresponding to the phase noise level, then converse to the space domain, we
can get a theoretical ranging inaccuracy. Compared with the simulation inaccuracy, they are close
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so that we can conclude the simulation results agree with the theoretical values. Then phase noise
can be characterized in spectrum spanning. Which naturally leads to the radars’ inability to
distinguish two echos with adjacent frequency shift. In radar practice, dynamic range depict the
ability to distinguish two strong and weak signals with different Doppler frequency shift. No
problem that phase noise degrade radar’s dynamic range. As the simulation has also shown the
phase noise make the dynamic range degrade a lot, nearly tens of dB. In the moving target
indication(MTI) technology, simulation results also give the conclusion that high level of phase
noise will limit the MTI improvement factor. The degradation is of the same scale of that on
dynamic range. When simulation results make certain that phase noise’s deterioration of radar’s
detecting ability, it’s meaningful to lower the phase noise introduced by the signal source.

Based on the proposed novel microwave photonic generation method, several experiments
are conducted to verify this proposed method is capable to generated low-noise high bandwidth
microwave signals. And to demonstrate these generated signals are able to be deployed in a
practical radar system. First experiment is using the AMLL to generated low noise carrier signal
by PD heterodyning. With no baseband is modulated on the carrier, PD-heterodyning-generated
carrier is characterized with a signal spectrum analyzer. The phase noise of this
40GHz-photonic-generated carrier is compared with that of an electronic generated signal,
showing that photonic generated carrier possesses a better phase noise feature than the electronic
generated. Adding that this electronic generated signal is output of Keysight-E8257D, which can
be regarded as the state of art of electronic signal generators. So that we can conclude, photonic
generated carrier’s phase noise quality surpasses the electronics. The following experiment exists
to prove the photonic generated signals from this new method is able to be deployed in real radar
systems. Based on the Paolo Ghelfi’s all-photonic radar architecture, the signal is generated by
photonic techniques and received by photonics techniques. The experiment shows, carrier
modulated with large bandwidth baseband can be transmitted and received using corresponding
antennas. After pulse-compression processing, the photonic generated wide band signal hold the
range resolution close to the theoretical value. By changing the reflect object’s range, the radar’s
ranging correction and accuracy is verified.

With the theoretical analysis of the newly proposed microwave photonic generate method,
and experimental demonstration of the newly proposed method. It’s verified this method is able to
generated low-noise and large bandwidth signal, meeting the requirement of modern radar systems.
The scale how much this method can improve radar’s detecting capability is simulated by
MATLAB tool on the aspect of source’s phase noise. And how the bandwidth advantage can be
utilized in real radar systems is experimental demonstrated by several experiments. All of the
results shows that this newly proposed method perfectly satisfies the needs and will improve the
detecting capability of modern radar systems.
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