Bz Ho5W TSR K & 2 4 C B SRR 32 D Vol. 32 No. 5
2019 4 10 A Journal of Liaocheng University(Nat. Sci. ) Oct. 2019

X H5gY  1672-6634(2019)05-0007-08 DOI 10.19728/j.1ssnl1672-6634. 2019. 05. 002
A 5% 7K 18- 10952/ 397 0 SR i 5 Dl g 3 06k ¥ ik 2o B

KE®' Fage'’

(. P EBEFERY FERES TR K HE 2661002, HF BB FRA¥25HARERLEE
X PE 3 i SEUEAI I AE L % I &R FH 5 266237)

i W EFTEE/ HAE KRB EZKE SR S-S Y ibE 5 F 4 4E. L T Bragg
S IR A I T 4o, K B R B AT EOR B S B BT xE SR R KOk AR iR E kR, R, R IE A
XA T B K I, . B FE K A Wk 6 S S i R A A S ROk AR ik E AR st 6 Bragg R, W
BEAEFMERNEAEEE ATRIFUBEFEX A LD ERKFAR, LPATHRETE
RS — B A E A28 (SSA-D 5 54 48 T F @0k /& Mk R BH o EZ K& G & Bk
WA DR G ERA B ARAER BT R A TRE S IR PRERBRAE T3 . M
FAKBE KL FZGWEILR.

Kt EBREESH: L LY EEARE

w2y P733.6 kb A A

0 gl&

PR PSR T 30 2205 3 5 AR B A TR S O e R R DA G L T AT K, T 2 W AR AE 4 U R R
Wt T A R IR RO AU Bl R I G B H AR I AR AT B )92 G . T T [ £ i
UF A T 7 328 S AU 1) 3 IO T R 3 A8 T 3 22 1A P 308 JR S 3 B O 922 40 3l 7 B R S 6 45 T R T OK
WFgE ) e B AF 5T J7 1 » Crombie ' \Lipa Fl Barrick"” 4% A i T /E HA47 7 #£. Crombie 78 C#k[11 ]
B KT Bragg WU B EEOGHIE 171 35 (9 22 35 B RRAE EAT TR RS SCHR (120 U0 9 5 4 4 T e AR b g R
CHF) 1 T8 171 6% 12 B 22 2 460 33 9 B9 8 3 3, DT ol 453 366 [0 08 22 35 80 ik o F 190 2 VA YR L VA O S 33 8 R g
] fi. BT, SCHRL26 00 5L T Bl 7 B 58 T 9 TR 55 i AR M Creamer 7K T [ 9% A9 491 3% Hp AE L 45 R
N 2 E IR A A K, Creamer 7K THT ] 36 9 45 % 56 5 b 208 1 7K THI A% B 8 ) g B 5 5 59 Ah SCk (27 b bl 4y
T Y IR T T 2 DR X [0 S A A R ) B 4% R L TR RO 3 0 RS B 8 % KT Brage SHHR B
() 225 AR AS .t 15 48 Bragg JLHRBIE AT A0 K T HCGT 91 3 0 22 3% 480 3% 04 A RS i Bragg LR K U 04 4
TR P SE S SR o BT 8 DU 2 A 5 2 3 3 o KR S 06 & B IE S K T [ 38 A 23 B S AUAE 7E Bragg it
R T UG T L3 7 7 5 AT 5 i) P ) T8 I 0 3o 038 D 08 1) 7 7 B AR 5 15 45 Bragg JLAR EC ML A AH A B
), AR SO 4l B T R B R R B By vk R R MoMD X IE 8% K I 1 R AT TR M T L
I3 ) JEE 7% T - 1T 994 015G 307 D0 TR B A [ AR R A R T — 2 i R B D X — PG, SO R
T FBC S A AT A0 AL 9 C/NARE SR B 7 3 5 SSA-D 4 B 57 1 S 18 I8 R R U U AR S R LE 5% K T S T
T D AR R T A S MR S ¢ TE 5% K TET Il 30k 225 W 14 3 0 04 5 A el D IR SR L T2 el T R )
AT 3k AR H ) S 23R 0 O 8 T 5 3K

ARCP S HEGN 5 1 A AR A T SCERC28 T LI 25 2R 5 55 2 5 U3 T MoM B Jr vk T T I A

75 B #3:2018-11-05

E&TH: BRELHRITR2016 YFC1401007) ;s B K A AR B H & T H (415761700 5 IR A -E &K H R BE 5 5 4 1A L 4 0
H (U1606405) % % g

BWAES: T, 5, 00K 4, B8z A A J 00 B3 7 1]« Bk ¥ ¥ 38 /8%, E-mail : yunhuawang@ouc. edu. cn.



LI SN e

RCA & FE 2 BO

o ST IR AR B R A % K THT [T 38 ) 22 38 B 3 AT T B B 9 — AP WK T AE XK T [T Bragg 4
W W 5 55 3 RIS 4 35 PO 3 45 11 T BT SSA-T B9 BRAE [ i AR AN S R0 0T 28 5 P Al TR

T RS2 95 % 1 Dol 0% 1%

F YR s A3

SCRRE28 e o R 5 A B AT AT Ak T 7R A UL S 36 B9F 72 1 1 9% 7K I 1) PR T T30 9 W P . A%
S LIRS S VIV AR R A O 3 R REBEIO A, = 0. 88 m, Brage SRy

®1 EmkiEsH™
KPP L A 22 38 s 545 1045
KUEHE [ / Hz 1.88 1.33 1.08 0. 94 0.83 0.53
IKPARIE 7/ cm 1.0 4.0 5.0 10.0 15.0 20.0
IKPEAHESE Vi / m/s 0. 83 1.17 1.43 1. 65 1.83 2.37
LR [ 1.00fB 1.4115 1.73f5 1.99f5 2.21fB 2.87fB
80 100, .
(@) (b) |
X:1.014 90! X07245 |
¥:74.09 Y9324
70
X-1.014
Y61.14 50 X:-0.7245 ]
Z o0/ g e ¥ns
g |
: : HJ
f-H A. i M A Il -
I[N
0 2 3 4 O3 2 1o 2 3 4
Normalized Frequency Normalized Frequency
20 ‘ X057 90 T I
© | ysd7 & X048 o
Y8221 (5
e X:1.159 & ¥:80.94
80 ¥ars, | Y7859
X:1.739
A ¥:69.89
270 £
=60 =
50
40 | | | | I | [ | | |
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
Normalized Frequency Normalized Frequency
(@) Ap: (b2 A3 () 3Ap;3(d) 425 .

4 1

2 i N DR (73

IX LB I AR 2

S iR 1

& (B (a)-(d) i

SCHR [ 28 17K 92 35 P 15 A5 Il K ¢ s 1) v 1 80 5 3 % 0% 8 %
A1 A] L B AT A & B Bragg 4

LAlfy o fo=1.73fs Ml fp=2fp ) + 10 H IR 0] LA B 8 gl i
B B T #T?l‘ﬁﬁﬁ SCHRE28 145 13X 2 dhy T 7 328 AR A K T DXl 2

TH K 351 5 /£ 5t Bragg i

m&}/’:ﬁzﬁﬁuxf ﬂ:fu - fB ’ fD =

» 1 SO IR I U (1Y) 7 AE 5 X B 1Y) Bragg
S [A) ] AT PR Y TR, 224 BR g K T 7S

[H] X

SEF AN — 2 SR, FATIN A 3% L3 1 T T

JE ST W) E R G 8 S B 0 BT 3k BT 5O B B T R T R A M. AR TR S 4 ) N R
MoM F1 SSA-T J7 i , X - a1 I A1 w8 3 35 ok %) 1E 5% 7K T B0 9087 A A0 3 el R PR3 55 700 A 5

2 JETF MoM iy ul ki

537 B A G L B s (Mo MDA N 11580 H A v Bl I 0 VA 0 R L e o T o — 2B A A
1 H Ry S &

ELR LI

’ N&
fA S TEAR T FR AR AT MoM J7 3k 7 1) 31550 T 9 /85 397 {6 oK IR B3 1 5% 0K THT I 1o WO 3 1 2



%5 3 A B A5 < XE RN TG/ 155 30T D6 SRR [ e 3 W AR AT 23 9

2.1 HestInlE % % i
B ek MoM Jy 2 #E A7 85 B 28, % F oK - W Ak o B2 30 1 55, 3% T R 37 ER S AT DA R T S R4
TR fige )

E'(p) = %E(p) —G-J{iw,uogoo(p,p’) J.(p) ) +E)H[n" « Ve, (p.pH]idl . (D
A
0= %E(,:) —J{Wm (p.p) J.(p)) +E)[n" « Vg (p.pH]11dl" . (2)
Xﬁ?ﬁﬁmwﬁaﬁmﬁﬁé,mu%ﬁmiﬁn(miﬁa&ﬁ
H(p) = %H(,») +J.{iwsogoo(p,p,) M. (p")} +H(p )"« Vg, (p.pH}dl . 3
A
0= %H(p) —J{iwelgol (p.p) M, (p")} +H(p)H[n" « Ve (p.pH]1dl . D)

FE(DH-(DH X, E' = E'y HIE = Ey 43 B EASHIGREERY, H = H'y 1 H = Hy 435152 A5 #3%
MBS, J, =nXH= ]y MM, =—n X E = M.y 43 51| g 4 0 % 2% B 7 FORE V. WS AR BR B 0 A
o (pop)) =—%Hé”(km p—p D, (5)
X kb AR EES A B A BIA K AR R HEY o) MJESE 28 B 58 R .e0 Al e 0 W E S
FIIK A B, 8 4
FEFAEVCECEE, AT LUK (D) - (4) R BE MEFERIE R, N 451Kt E.J, A1 H M, DI 835 86,08
g EJ, AR T RBEITT3R15 25 (0] p &b ¢ B5F 20 A9 BT HL 3%, B

J%{{Zo J.(p)—EWp)H[n" « kk,yH (k| p—p’ |l V- B 53
E(p.t)— 6

/Q( / /7 ~ B 2 / J A, S,
M{{ZO J.(pH)—Ep)H[n" « &k, JyHI (k| p—p' DGAL 75 1 ik 5 80 %

(6) sl k. SBCI A E2R 20 J2 11 PO B . G = exp(— o) (R E I g 1025 1 BT S
G5 (6 2RI 53 57 0P o B 940K T I3 9 2 0

SH=| % | EWexpGiznfode]| %5
TEE T /205 5 R A B B TRl B AR BT B Rl 72 v, IE 920K T 2R 0R 2
Z(xst) =Acos(kx —wol) » (8)

Hot ke, KB AR w.= /gke.
2.2 BCRE T BTN % 2% Wil

Xt T IE SZ KT 3 T L AR AR 18137 69 2238 A 5 V'V R Ak [T 38 #2235 8 8 A0 AR AR AL DRI R T
T S A2 R e B L VYV OB S T R 3 A P 2 R A [ R T SR K TP T/ o S RIS
(14 22 2 B AL L H P IE B2 IR B O 0. 054, » KT S8 JE ¢ = 340 14 A 0, = 807, &I Al UL, 25 A St
FEL 0 5 g S TR INF [0 9052 25 38 By 3% v AN 2> 77 A6 35 08 Brage L 4R UE . T ELAE 77 76 5 25 (9 25 (] BE 31 i 0 . 3
S 1 SRS R e B0 BLGAR — B SR 25 e H0 8 SR I A O TR ISR T 5 ) 3 D5 U e R s S O i R
F18 A2 7 T 0, 35 AR A 2 W T R S FE S 8 ¢ = L/8 I, U 101 e v A e W T AN TT UL L X — R S AT 1 25 2R
TARANAAAT. SCHRL28 ] it 1 I 06 1) A A8 2 by T 3 228 I 8 A0 A K TRE 2 18] D30 A RO 9 S EAT o (L 25 A BR
2 SR o 30T e R G M S 4 7 T DX L Y- T 5 i TR S A K T 4 (] DXCJCRE /D o T B 0 A B IR 0
DAL IHE  JR S5 K T 2 (] DX 38 R /NI AN 2 H B I e g AR LA

SR MoM J7 3k S — M it 58 H b i B BIC 3 B WS 9 5 1 L (EUJE: L 38 207 R OF AR BE LR 4 U A
WTE ALY R R T BE IR AR T b SR s DS U Y ) T 1T AT DR 3R T SSA-T 5 i HE S 45 S 1 i A e 30 0
SO S IR TE 52 70 T i 1) R 2 A5 1] e ) 2 38 A9 i L A 5



10 LIISY AN e S - A = IF AN S = 1)

20 20
— Plane wave (a) — Plane wave b)
04 - - - Gausian beam g=1/4 od T Gausian beam g=1/41
N Gausian beam g=1/8 == Gausian beam g=1/8
=207 Ay=A, Aw=2Ay

20 20
—— Plane wave © Plane wave (d)
01 - - - Gausian beam g=1/1 0 - - - Gausian beam g=1/,
e Gausian beam g=1/8 ------Gausian beam g=1

=204
8 40
{{13:»{
Z-60- A
AV
0l | can
100 100
4 3 2 1.0 1 2 3 4 23 24 T 2 3 4
/(B /(B

H:(a) Aps (B2 Ap; (o) 3ap;:(d) 4 2Ap.
Bl 2 MoM Jy i 0t f4 A 6] i 4 5% K i ~F- i 35 /e 307 0 SF 10 ol 3o 26 35 46l %

3 KT SSA-T Inl i 5o i3 f Y

3.1 O i HL R % N S I O i i S b G A
M4 SSA-T BRI HU 3 E; vl LASE R

E, ()=KB, | /273‘ /Zexp(qu.xJrquerjq:Z)dxdy , 9)

ﬁ#mﬁmﬁ’R%%%Eﬁﬂ%%mm%;mﬁWﬂ¢%m7§ﬁBmmﬁ%%¢ﬁyrmﬁ

‘pq’ Fom HH 80 VV ik, .y U Z SRk A7 B R K I 3 T, HoAlh 2 800 23 51 A g, = k. (sind, cosgp, —
sind;cosg;) s q, =k, (sinf,sing, —sinf;sing,) » q. =k, (cosd, +cosd) . X FIFM#HH T 0.=—0, s .=, =0,
q.=2k.sinf, , q,=0 , q. =2k, cosd, .

R L B35 U 3 B, 09 2 3% 83 T LR R

S(f)=%<E;y(f> CED ()

Hoh K=

7 10)
- |K]?th L expllja. (2 2 Dexplia. (o a) 1 j2mf e ¢ Jdede’ dydy dede’.
L, Co) FOR ARGV, T RES G FS £, (0 BRHERE. Cexplie.(Z—ZDD 2 Z(a,y) Fil

Z(x' sy BYERA FRIE PR AL, 254 (8) 3L ARIE R AT R

Cexpljq.(Z—ZH 1y ={(expljq.(Asin(k oz —w.t) —Asin(k o,z —w.t D] (1D
=< iw éwlml (¢.A)],, (—qA)expl k., (miatma’) —jo,(mit+mt)]),
KT RAY m,=—m, Hﬁ,/%%%%;@ﬁmﬂﬂ;?,ﬁtﬁ
Cexpliq.(Z—Z) D= 3 T4 (q.A) expljCmbuu—mw.)] (12)
Rt u= o et R (12) ALY 3 I 62 e R
T :2[ fwexpliguldude’= [ (L= |ul) faexplig.uldu (13)

T8 2 368 5 TC A B0 R0 T A5 T 5 SS9 A 155040 Dl 30 g 0 — e 22 38 8l A



%5 3 A B A5 < XE RN TG/ 155 30T D6 SRR [ e 3 W AR AT 23 11

S.H=1KB,|* & Ji(gA)sa’ M}bd{zn% : (s
Hodr J, R —2m B D ZEIR BB, sa TR 8L
3.2 R IOT I RN G IR 1 48 d 3 0 R
45 W AR B ) — 4 T X P I L S RS 3 0 23 i el B R R
Ej, (/) =KB,, lﬁzjzgu,r>exp<jq1x +iq. 2 expG2r ) dadr . (15)
A (15) =X b0 3 i 307 7 R R G(«r,z‘):exp(—;%_;—g) AT A (15D A S E T E R IX )
AR ESR g fl g, WBUE BN, B 5 R BAE R L R EE G(a.) | B TE 05 al el
oot
Ey (f) = KBNJ JG(xt,t)exp(quI "+ g2 expG2n fe)dede . (16)

WE 2R MU R RES R g = L/4, 0588 n] DLETUR i I 200 5 20A0 38 0%, X 3 B S Wil s R EE S
Bk h g = L/4 W BR300 2 b 9 8T RN ATS SR AS ] Z 0% o DA T A7 7 0 35 50 R I Rz » e Bt (15) =t R i
LR 6) K. TY g = L/8 B, unlE 2 fras B R ik e R0 ) 52 i 22 280 LA Zms PRI R i e prad B e
KAV BB RTEE S g = L/S Fl g = T/8. Mt AR I8 J& ] & 1k 7T 45 )5 1) BT 3 22 3 3%
Sp(f) = %<E;,1(f) CED ()
an

_ IKB,|* KB;[XI |HJ Cexpljg.(Z —ZH DG .G Dexpljg, (x — ') + j2nf(t — 1) ]dada"dede’,

5 3.1 frh et BRAR L, 2 TR 8 E Uy, (7)) T 15 10— 4k 235 835 0
»© 2 2 ~ g 2 2
Sw (f) = | KB, |* 2 ]i,(th)exp[*M]exp[* 4r’ = mfs/2) g } (18)

2 2
4 BLREIR YN

i A Faike R BB AE AT MRS B - - 101 A S5 I I 52 7K T (913 Brage &A1 1 i 1131 35
TR AL R BB om W E . 48 E B o I 0 2R g i DT ZE R eR BT T, (g A LA K A il R R B

e e L e e SV P R R RS
L) S IE KK 5 SR K S A T RO B AR L) o J7 (g A) s [ 2L 1y

st [ 2 SR I S ) LSRR A TR BT T (0. ) BN B 8 03

e T W xw%:/\mﬁ@fmsw%} i Hh g, = 2k.sing, =— ky {EHE £y W Bragg 247

PR T IESZOK T B9 Brage SEARP I 4 45 NITA ko = kn/4 =—q. /4. HIL G m = ki / ke
= AW A SRR D 5 K I A AR L B I B O Brage JLR U 7. U R T (g, +mk ) = 0. A0TE 3(b)

B BB s (1 Lt AL B Hm — 4 7 X 0 1) B SR 8

(q, +mk. )L

Mom £ 4 LK 3(h) *%ﬁ@%ﬁIﬁsa){ 5

}E‘J%&ﬁ)ﬂﬂi@d\? Lo 3Ce) 25 i 7 b R ek I

s’ | 2n w} F /I + R B 5 P R L 1SR 22 0 B £ 36

f:me/Zs/H\:Eszosilv__‘_Zy'”a (19)
WICL— mfu/2) = 0. B A 2 9% B 3%/ Ab sa? {%Wk AR b 65007 I 4

(g, +mk L

3Ca)-Co) Al L, Y50 1a i A BT i R4S m £ 4 B il R o B I saz{ 5

}mﬁfﬁﬁdx,ﬁﬁﬁ,m%

o < 4 DU B U0 A) BRI L UL () s (LR



12 LIISY AN e S - A = IF AN S = 1)

zﬂM 0 (B A7 SR AT T R e o I T TS BRI €87, T 3 () v 1ot T B8 om =4 b 1330068 % Bragg Tt

PRUE TR LT ma= 4 B0 5 WA D) Ay 3 e WL T L S A AT 3 K — R ) AT M R 1A 1 S 3G v Bragg 4 e I I I
LAY S
T3 AR P4 DU T T S A R A R T 52 T 1) B 7 1 223 PR R AL XS EE AT 3 AT 4 T

2,2
L b A SCb) 2 FLAT 325 B ACh) o1 S m = 0 0 B BT exp — (g
AL AR BT s | LG AU BT LRI 2t R O

(q, Tmk,)?g"

30 B R Y R B MR O x| —

] B R . LA B B SR B 4 () o

LB AL o = 4 ) e SEIRHE ST 5 9 EULHE 20K 08 exp — (L

(EL AR R DBl /N T 9 2 fR 1B 4 i D R SE I S B @ = L/8 L LI T D R BE A 2K HEETH’JE?ZﬂiﬁK
JEZI 0 L/8 wam /N T T ¢ F IR S 89 TE 3% K TR R Ll UL A I L 38 982 06 90 A O AN Sy 7 7 s IR IXC O

A R /N3 AR T 55 0T 2R T B ABUEE 20 M7 07 A 6. 2 TR A B I, 2 30 (1) i S A o i TR B0
JE A R DX 8] PN AR 23 DAL 2 ] 32 0 R ) doR A e FEL b2 8 28 A 204 7 R T B0 R I 7 o o 7 AR 0 00 5% Ak AT 80

A ORI o 09 RS0 5 BT 13 ) ol B o O s {“’*f’”’“} B

5 AR RS TS5 T IR ) 8. AT 26 ot 0 exp — (L)

ST AR AR sa® | SR ke 0 s A U 0 R SR

I P 1S 46 25 SR v R i At R A AR A R AT o A e AR e 22 A R i 250 Y i PR RS S T
7 HR) T U5 WA 5 A S LS AFAE O W BB AR

0 *
ol () * (b}
~20F
* *
* * -40 * 3
-50 *
o= 2] * &
2 * * E _p0F k #* ®
= = %
-100F  * * -80
x x —100
-150 .
4 —120;
25 4 B3, 20 40 0 1 % 3 4 3 -5 -4 -3 -2 -1 0 1 2 3 4 5
m m
14 0—
(e} (d)
12 -20
I_
08F =
@ e} =
041
0.2}
£s =) ~1 0 1 2 3 Ns—r——5—=5 1 0 1T 2z 3 4 5
#f B # B
- o) TSR BEOTE T CqeA ) M/ (b AR B BOT s a‘z{(‘b*’#}a@m\m ?ﬂl#ﬁjﬁlﬁsaz{znww@

TN () 101 3 35
Pl 3 i e N Sk IR, o 5% 30 i Dol i S 35 4 53 B



%5 3 A B A5 < XE RN TG/ 155 30T D6 SRR [ e 3 W AR AT 23 13

0 ——————
ol @ = ] )
* * ~100}
* *
_sof 1 —200f
m
g * * = * *
[ =
23001
-100+ % * A ©
—400}
T *
-150} 1
1 1 1 1 1 1 1 1 1 _500 1 1 1 1 1 1 1 1 1
5 4 3 2 -1 0 | 2 3 4 5 5 4 3 -2 -1 0 LI 2 3 4 5
m m
1.4 T T T T T 0 T T T T T T T : .
(c) (d)
1.2 T 20| 4
i i
—40| J
% 0.8 £
& Iﬁ( -60 L 4 _
X m=
5 06 8
-80| J
04
9 -100
05— 1 0 i 2 3 57 T 6 1T 2z 35 4
B B

. () TR REOR T3 (A DK (b) 55 RE exp [—%] /s (o) MR B

eXP|:*4772 w] Egj(/]\;(d) @(&%%’E

Pl 4 R 90Dk RN SN IE 5% 35 i o0 3 0 0 R P g3 A
2k
AR SR XSV TR /1 Ur e b BRI, 0 527K THT [0 38 FR AR R P AT T 05, O Bk Tl RGO SSACT B

M T T AR LAY AT AT SO A5 R R 28 T BRI 1) IO [T 3 A A T AN Brage MLk
W, T EL 3 A7 7 1 D e, (ELJE: 2 5 T e o R Gk g o RSB0 v U A7 7R Brage 4 e, S48 - 11 3 IR IR I
5% 7N THT RIS 1m0 e A0 1% v 388 D5 D A A o (EL K O AN LS A W BB G L TR o A o A o A R O 7 ek KT 5

[1]

2]

[3]

[4]

(5]

[6]
[7]

(8]

(9]

z % X ik

Chapron B, Collard F, Ardhum F. Direct measurements of ocean surface velocity from space:interpretation and validation[]J]. ] Geophys
Res,2005,110:C07008.

Johannessen ] A.Kudryavtsev V,Akimov D.et al. On radar imaging of current features;part 2:mesoscale eddy and current front
detection[ J]. ] Geophys Res.2005,110:C07017,

Kudryavtsev V,Akimov D,Johannessen J A,et al.On radar imaging of current features,partl:model and comparison with
observations[ J]. ] Geophys Res,2005,110.:C002505.

Karaev V,Kanevsky M, Meshkov E. The effect of sea surface slicks on the Doppler spectrum width of a backscattered microwave
signal[ ] . Sensors,2008,8:3780-3801.

Mouche A A,Collard F,Chapron B.et al. On the use of Doppler shift for sea surface wind retrieval from SAR[J]. IEEE Trans Geosci
Remote Sensing,2012,50(7):2901-2909.

Barrick D E. Extraction of wave parameters from measured HF radar sea-echo Doppler spectral ] ]. Radio Sci,1977,12(2) :415-424.
Johnson J T,Burkholder R J, Toporkov J V,et al. A numerical study of the retrieval of sea surface height profiles from low grazing angle
radar data[ ] ]. IEEE Trans Geosci Remote Sensing.2009,47(3):1641-1650.

Hwang P A,Sletten M, Toporkov J V. A note on Doppler processing of coherent radar backscatter from the water surface: With
application to ocean surface wave measurements[ ] ]. ] Geophys Res.2010,115,C03026.

Chae C S.Johnson J T. A study of sea surface range-resolved Doppler spectra using numerically simulated low-grazing-angle backscatter

data[ J]. IEEE Trans Geosci Remote Sens,2013,51(6) :3452-3460.



14 LIISY AN e S - A = IF AN S = 1)

[10] Wang Y H.Li H M,Zhang Y M,et al. The measurement of sea surface profile with X-band coherent marine radar[J]. Acta Oceanol Sin,
2015,34(9):65-70.

[11] Crombie D D. Doppler spectrum of sea echo at 13. 66Mc/s[J]. Nature,1955,175:681-682.

[12] Lipa B J,Barrick D E. Extraction of sea state from HF radar sea echo: mathematical theory and modeling[ ] |. Radio Sci,1986,21(1)
81-100.

[137 Bass F G,Fuks I M,Kalmykov A I,et al. Very-high frequency radio wave scattering by a disturbed sea surface,part 11;scattering from an
actual sea surface[ ] ]. IEEE Trans Antennas Propagat,1968,16(5):560-568.

[14] Wright ] W, Keller W C. Doppler spectra in microwave scattering from wind waves[ J]. Phys Fluids,1971,14:466-474.

[15] Soriano G,Joelson M, Saillard M, et al. Doppler spectra from a two-dimensional ocean surface at L-band[]J]. IEEE Trans Geosci Remote
Sensing.2006,44(9) :2430-2437.

[16] Fuks I M, Voronovich A G. Radar backscattering from Gerstner's sea surface J]. Waves in Random Media,2002,12(3) ;321-339.

[17] Toporkov J V,Brown G S.Numerical simulations of scattering from time-varying randomly rough surfaces[J]. IEEE Trans Geosci
Remote Sensing,2000,38(4) :1616-1625.

[18] Johnson J T,Toporkov J V,Brown G S.A numerical study of backscattering from time-eVolving sea surfaces: comparison of
hydrodynamic models[ J]. IEEE Trans Geosci Remote Sensing,2001,39(11):2411-2420.

[197 Hayslip A R,Johnson J T,Baker G R. Further numerical studies of backscattering from time-evolving nonlinear sea surfaces[J]. IEEE
Trans Geosci Remote Sensing,2003,41(10) :2287-2293.

[20] Saillard M, Forget P,Soriano G,et al. Sea surface probing with L.-band Doppler radar: experiment and theory[J]. C R Physique,2005,6:
675-682.

[21] Zavorotny V U, Voronovich A G. Two-scale model and ocean radar Doppler spectra at moderate-and low-grazing angles[]J]. IEEE Trans
Antennas Propagat,1998,46(1) :84-92.

[22] Romeiser R, Thompson D R. Numerical study on the Along-Track interferometric radar imaging mechanism of oceanic surface
currents[J]. IEEE Trans Geosci Remote Senging,2000,38(1) :446-458.

[23] Wang Y H,Zhang Y M,Zhao C F. Doppler spectra of microwave scattering fields from nonlinear oceanic surface at moderate-and
low-grazing angles[ J]. IEEE Trans Geosci Remote Sens,2012,50(4) :1104-1116.

[24] Wang Y H.Zhang Y M,Guo L X. Microwave Doppler spectra of sea echoes at high incidence angles:influences of large-scale waves[]J].
Progress in Electromagnetics Research B,2013,48:99-113.

[25] Wang Y H.Zhang Y M, Li H M,et al. Doppler spectrum of microwave SAR signals from two-dimensional time-varying sea surface[]]. ]
Electromag Waves Appl,2016,30(10):1265-1276.

(260 FR S0 80, RO IR o5 0 3F 2R P 1 1w P W U 2 R A PR ST T ], M B4 . 2018, 67(22) : 224102,

(270 R4EM .ok £ A, 2558 55, JE TS R BOR AL ARAE 19 5 2 38 1 A8 22 3% b A R0 L) 1. Py 3 4% 4, 2018, 67(3) : 034101,

[28] Wen B Y,Li K. Frequency shift of the Bragg and Non-Bragg backscattering from periodic water wave[ ] . Scientific Reports,2016,
315(88):1-7.

[297 Franceschetti G,lodice A,Riccio D. Scattering from dielectric random fractal surfaces via method of moments[]J]. IEEE Trans.Antennas
Propag»2000,38(41) ; 1644-1655.

[30] Voronovich A G. Wave Scattering from Rough Surface[ M]. Berlin: Springer-Verlag Heidelberg,1994.

Spectral Peak Characteristics of Plane /Gaussian Beam
Scattering from Sinusoidal Water Waves
ZHANG Yan-min' WANG Yun-hua'*

(1. School of Information Science & Engineering,Ocean University of China, Qingdao 266100,China;2. Laboratory for Regional Oceanography
and Numerical Modeling, Qingdao National L.aboratory for Marine Science and Technology.Qingdao 266237 ,China)

Abstract The spectral peaks ol electromagnetic (EM) scattering echoes are presented when the
sinusoidal water surface is illuminated by a plane EM wave and a Gaussian beam. It is generally recognized
that the Doppler frequency corresponding to the spectral peak is determined by phase velocity of the water
wave. However, the results of the recent wave tank experiment demonstrate that not only the spectral peak
corresponding to the phase velocity of water wave but also other equally spaced harmonic peaks can also be
found when an EM wave is illuminated on a sinusoidal water surface. To better explain these phenomena,a
theoretical model {or the spectra [rom the simple water wave are derived by the [irst-order small slope
approximation theory (SSA-I). The theoretical model results show that the harmonic peaks are caused by
the frequency leakage effect,rather than the real physical phenomenon of the water surface echoes.

Key words electromagnetic scattering; Doppler spectrum;sinusoidal water surface;gaussian beam



