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Figure 1 Electromagnetic scattering of two-scaled sea surface
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onn (2o, yo) = (h' - h)ouu(a’), (6)
avv(zo,y0) = (v - v)ayy(a'), (7)
>~ I:Py
2
-1
oun(a’) = 8k[*6%cos*a’ c —3 S(2|k|sina,0), (8)
[cos o + (& — sina) / ]
2
_ 1 1 2 ot 2 7
ryv(a’) = 8lk|62cost! | EZ DL Fsin"a’) Slmz ‘;‘] S(2|k|sina,0), 9)
[ecosa’ + (¢ — sina) / ]

A ke AN RO R, 6 /INREEHBE T2 5 AR R, e oK A R 5, S(2 k[ sina/, 0)
777 E Bragg IR FIHERBACT 1115

FEALGLIOUR L 7 2 T NS AE R I B A GR 5 8L, i LURE & A T 3R i KRR 22t
NS TS DL, R AL AW I, R TS A A B0, AN 2 18 R R I8 (R Y
IR, 25 8 e i it R A 122,

SR 25 AL 80 TR T EAT g T L I, NS AR, BELE T o 2 i AR (R T TS, S BN
NN R, IXAE I 1 B RE RN, FEREAT RN A Bt S 1 T P RS 0 IS A 2225 R IR S
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q=1

g=1m=1

KA, 7o NHEIR g BI5E 0 DRUFETTHIAL IR SE, K SHHRSOUREN A 7gn, RRUIT:

\/ + yq + \/ + yq (15)

Tmgn =

LERBP A AT LR EIEE n MRWE SN

Z Z 5qpm — Tmgn eXp( j27tfc7—mqn)~ (16)
g=1m=1
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Smn(t) = Z /Bqum(t - qun) eXp(—j27'[fCqun), (17)
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M EATUAE SIS m AR SHBTEXT 8 n MRS S 3T ULACIE ST LAY 2 BT m — n
E’J év FERMC R ] — AL ULBCIE B BT M A KE S HEAT 708, W DMS R MN S ANFETE 1
T, BT T — B0 MN SRS, KRR TSI fLAR, (645 MIMO &K W] LR
E%E’JE?I‘T, HAG S S M oy MR A5, Jh4h, 78 MIMO B ik B0k AT DT O o 5 (4 R BF, 58 B T B
B IRAE. £ MIMO 75 1K 55 380 1 Bl dE AT 77 (7 1) SR AR, AT L 5e st B A B2 A — 4 A
FEEI R SFAT T, 7 LI SEAE T DO I SR i 7 i se B, I s T
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FERE T RPN/ MIMO ik E2BHEE, W MIMO FiEKI G LAE H, MIMO ik
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3 HET MIMO FEZEGHERERERRE

AR T 37 57 R B ARAUAR B MIMO 7 3 B (RS RIS /2. B Sext MIMO ik &
BT AT, A E NI S il g B, ARJa N T TR T aRE IR TS, i T
MIMO #5125 i 50T B MR SO 285 SRR L. B fa, @ Sr 1 7 I MG 55 VR il 2 ) £ o o 2 2
BRVAL, 19 BIREIR S (1 S g 2R, HE— 2D st n] AR ] S 15 2 R SR 2 2R 240

3.1 MIMO FiAE/GHALIE

AT MIMO 35 5 i 5 T o G R AT B 8 A P2 — e idg 07 38, 1S 2R IEBMR 1(r,0,1)
# DA AR AR T R I, T TR R POHE Fourier AR EAT 5 70 HT, 7% 221 Joxd 7 0k MG A 9 4
TRALEE, FEK Decare ARAR R T HITEIEER 1(2,y,t), ZJ5 HRKH =4k Fourier A4k 75 H 1A EE 1%, B
BB, LR h:

FO (ke ky, ) = / / / I(2,y, £) exp(i(kp + kyy — wt))dadydt, (19)
LxJLyJT

X Ly A L, FoRTEIEEGAE o Jr AT y J5 T 5E S8, T 2 T8 BB R TR
FEFEEEEPRAUES TIRGER, BOE& T2 AEIR & bR RS £ R EE

AT (1 B R il AN A 5 D 2 B R S (X S 0 ) AN A (R B, X e B > 4t AT TR

15 SR AR 22, 75 2 el myad pE N LA Oxh 7 Tk AR BEAT v 8 P AT AR AN T 2 SRR

F® (ky, kyyw < 3Aw) =0, (20)
Horb, Aw AMBES R TT, HEBRENE T 908, Aw =21/T.
3.2 £T MIMO FEZXEGIWERERRE

RIS TR BN B S I R TP i AL AR 23, R e SRR S BU R A AR
Wi, AR GBI GE T ik, SRR AE 1 m/s A1 2 m/s NI 4ERR 0L R R .
B S W INAL e /s AR SO TR L T MIMO TR ISP 1, 3R45 1R IR A, IS5
AU IAERS L.

FERH MIMO 5 35 i AR I, 7T AR R IE BR A 35 1 F2 2OR MR [R5 5, T LA A
) =2k BRI ) R B R R A, B AROK BB O R kb, PBOMPR B L U BOR &R, £ R %
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JEIEA GBS R MO, RIS TR — 2 B IE A G o £k, SRR VIR ) RE R T ISR P e
X AT, 1 — T X 2% (0 Bl 20K H i3 R

RIS R B OB R RER. TOKFAER, FOEREN (v, uy) BILPEREIS RO RT L
RRN

w = gk + kpug + kyu,. (21)

W= AE RIS PR R — 0, ZHEAARR (Ko, kyo, wo), FLEBREIRIE RN FO) (Ko, kyo,wo), TR
PR I AE BRI T AV CAZ A B HRER A ™ A2 1, HBEEAR (Ko, kyo) S5 AR ARNRAE wo Z[H]
JSLZ 5 A Bk 2R RIS IR AR T A GBI R, AT LIS (Koo, kyo) FIRERE (ug,uy)
RAF— AR AR, R PR

Wo = v/ gko + kpoug + ky()uy. (22)

AL R /> R Aty VR IAL ) 22 A S8 A i A £ R FH A ) i /s — SR SRR T AL I, P =48 %
U T e R AR BRI, DA et 2 T A A v ARV E . IR B AR e B

Num
2
T =" [wi = (Vgki + kaitia + kyiuy)] W, (23)
=1

Horh Num Dy 52 f) =45 BURE mi K, BURIE o035 52 il o KT R s KB 20%. 7T BL
A HAEIEE I UG RV B A, AU R T 2R TIOE ue A1 uy, BIRREL, AN BN wg, uy
A B iR IR SO I RN . 3 (23) "FBUE W52 0T

FO (kg kyiywi), Wi > Wik,
W, = { (kK ) 4 (24)

0, otherwise,

K FO (ki kyi,wi) MU= EEMGIEE, SIN w N T HEREGE ARSI &
N TSR AR BB IR i, LIRS wp ATy, SRR IF 5 T2, A DS a7

Z Wi(wi -\ gki)kyi = Z (Wluykil + Wiukakw) (26)

Fal (25) 5 (26) G5ATE— RS NFERERIE R, BE A INBUR /N —Fe s SCT MR i 5 {E,
R SR }
{u] B [zWik;- szky] 5 {Wikm(wi—@)]. o

> Wikpiky: > Wik, Wikyi(wi — \/gks)

LTS T AR T RAES R, 35 FBRERA i = 1, FRRERIAYY i = Num.

B 2 25 T PRS0 U IE A AR AR A 4ERER A, B 2(a) HRAREN 1 m/s,
K 2(b) FRECN 2 m/s FINE DL, X PR PR VR B AR 2 AR MR T AR 45° ) MR 327 A 90°, X
N 10 m/s BB R IRISH.

AT RS MIMO B i FUT 500 T A MR S I 45 B, A ORI A A5 21 1) ik UG 3 AT i
R S, RGeSk 1 o, Forb R B 3y S s g v, e B 4B A A b v

Uy
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Figure 2 2D wave number spectrum with different current speeds. (a) u=1 m/s; (b) u=2 m/s

® 1 OREA 2 m/s, REA 45° FENERRIEER

Table 1 Current inversion result with current speed 2 m/s and direction 45°

MIMO radar Navigation radar
ug estimation (m/s) 1.1731 0.4798
uz estimation (m/s) 1.4535 1.0573
Current speed estimation(m/s) 1.8678 1.1611
Current speed error (m/s) —0.1322 —0.8389
Current direction estimation (°) 51.0935 65.5916
Current direction error (°) 6.0935 20.5916

M1 ULV, ToiR R T A B2 I A A 8, MIMO 853k B A TR ZE R B LU T ik
M2, AT UH T MIMO FHIEFEHFASE T RIS, X2 H T MIMO &Ik & EGRER S
SR BRI OE .

3.3 ET MIMO FBiXERHNERESK R

NI T 3 55 1 7 08 AR R AT DAt E TR ) R B 52 R i R B e, DA R R Ak R B A
FRIRZIE, 153 (1) 75 1A BUG T AN 2 g 1 = A2, i DATR 8 R 5 52 PR g IR 2 TR AR AE A 2 3 i 22501
N T A BB IES BRI, D5 T N I RS S5 RS A R OC R, XA 400 R B H
1) 4% 138 R BOR F A

WL KA (modulating transfer function, MTF) A5 - H Keller % 23] 7 1975 4E5| A\,
I TR JBE PRV S B2 381 3k [ 2 ) ) e ek A e e 7 o 450, 3R 1 IR A7 E IS T TA 11 Ji5 17 U o)
WERR T 2 . FAAR g S s

M (k)| = F(k)/S(F), (28)
Horb F(k) B EBR—4EBE0E, AT LoE & R BEOE RS

F(k) = /_ ) F®(k,0)d0 = /_ " kF® (k,, k,)d6. (29)
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Figure 3 Modulation transfer function and curve ak? Figure 4 Sea surface wavenumber spectrum and the re-

trieved wavenumber spectrum

S(k) Fon—HEIFIRPEGE, 78475250 3 AR A5 A s T B, 7R A ST U AT DL P AR AU o i e
K HI RIS B HORAS.
R 10 S 56 R WD U 1) A% 336 o A0 SR AR BAORE UK, A ) 3 e BB 2256 2 s R s

|M (k) o kP = ak®. (30)

N T SRAG R AR S5 R S S S T, 7 0 A 3ok R B B R ) R B o AR B AT
PROE. EHEREOLN, WAL ROy R S T IE R GUH R, P ART DL I S2A6 T SEBR H i I
IR 55 75 K PR AR 2 1R i) 1% 38 R KK S 50, L ol T AAE AR 2 27 1) 8 1) 42 328 bR RO AT R B
SR

HT MIMO BN SLI 2 A A B, AR UGB AR T 5t 1) MIMO
TIK MR, XA A FCSR58 73 H 1A ) A 3 bR KPR M T AR AR SCIE I L A s AR R AU il N S PR T
TR 55 o ) R A BRI EAT MIMO o 38 8 1) % 32 b b o2

B3 gt TR 10 m/s I MIMO 3K BRI SR 2 8 RS2 L] ok R 5 2 bR E 19
Al % 3 o B 2, T T SR D 0 ORI THSRAS BRI LB 5C &R, ke 2 T ) % 3 pR B 28, 2808
=018, 8 =2. B 4 45 707 ST I R BRI LUK R P R i) A 23 R 4505 o T8 s B s
75 2 IR B

M 3 T LU H b7 SO TS AR B LA 5k 2R 5 IR A e ot 2 0L & R AT, FFA 1R800
B =2 KFRECEIE . R DA T AR, Hh AR OURRE AR R 3 N7 i T ) T PO A 2, el T
RPN /N R (R R R A, %A T 0 A ) B 8 PR 5 P I LU T3 T, i o A 7
2T AR 2k P AR e R 1 2 ¥ T PO 80 PV 1T AN 8 v 3, I LR A% iR RS 5 6 = 2 B A
4 T DAF H AU i A A P A TR G 5 S s A G B, B T BT SR ) £ 3 R B
IEWYE, it — 0 SRR T RS S IR S HER 3t 7 21T

R FH 7 308 R < ) 2 MR R b s B ) ) A 238 bR K, T DASRAS IR, 20 T 50

S(kaky) = F® (ke ) /IM(E))* = o~ kPP (ky, ). (31)
PR AS [RIHIR 77 1) 1 2 TB] B A 406 R, 1T AP BIAN R T 20 = 4R IR 1S
S(k,0) = kS(ky, ky), (32)
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Figure 5 (Color online) Electromagnetic scattering model of sea surface with wind speed 10 m/s. (a) Elevation drawing
of simulated sea surface; (b) shadow function; (c¢) distribution diagram of RCS by HH polarization; (d) distribution diagram
of RCS by VV polarization
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Figure 6 (Color online) (a) Simulated sea surface; (b) MIMO radar image; (c) navigation radar image
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Figure 7 Sea surface directional wave spectrum and retrieved directional wave spectrums. (a) Wave directional spectrum;
(b) retrieved by MMO radar; (c) retrieved by navigation radar
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Figure 8 The retrieved wave frequency spectrum
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Table 2 Retrieved sea wave parameters

Effective wave height (m) Frequency (Hz) Cycle (s) Direction (°) Cross-zero cycle (s)

Real parameter 1.46 0.13 7.5 90 5.88
MIMO radar 1.42 0.15 6.6 88.7 5.77
Navigation radar 1.54 0.15 6.6 86.5 5.72
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Abstract Multiple-input-multiple-output (MIMO) radar is an emerging radar system that has significant po-
tential. MIMO radar can provide a higher resolution real-time imaging solution than traditional phased-array
radar schemes and is well suited for the imaging of complex sea surfaces. MIMO radar imaging of sea scenes is
still in the exploratory stage and several key issues need to be resolved and improved further. With the objective
of achieving sea surface monitoring using MIMO radar, some basic research work on MIMO radar imaging simu-
lation of sea surfaces, and MIMO radar sea current and wave information retrieval were conducted in this study.
In order to analyze the feasibility and advantages inherent in MIMO radar imaging simulation of sea surfaces,
ocean surface imaging based on MIMO radar was carried out via computer simulation. The curvature-modified
two-scale method and shadowing modulation were used to build a back scatter section distribution model of a
sea surface, which is taken as the object of MIMO radar imaging. In terms of sea current and wave information
retrieval from MIMO radar images, the weighted least square method was used to fully explore the advantages of
MIMO radar surface imaging. While retrieving the wave spectrum and wave parameters, the modulation transfer
function of MIMO radar was determined via imaging simulation experiments. The retrieved significant wave
height, main wave direction, and cross-zero cycle from MIMO radar images were found to be more precise than
those from navigation radar images. The simulation results obtained also showed that MIMO radar sea surface
imaging and parameter retrieval are superior to and more effective than marine radar.

Keywords MIMO radar, sea surface simulation, radar echo simulation, sea current retrieval, sea wave retrieval
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