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W R T B AR R GERT R RE () 5 R H bR AR I, T kv B AR AR I A DA R SRR R R, TR T
FE4E 5N (compressive sensing, CS) ES M AT LI RCRAFESAF T 2w il B e H AR ISR A S0 X — g
FIEALERBEAT /- BT AR T8, B0, M7 O JCRARE AR A3 B T8 5 CS BB I G &R Hik, W3
FEAF BT LT CS B AT DURAE JCRAE S50 T B i i A PO ML EE, 45 M RCRFE RS B0 38 R IRME. (i |
SEIRRE, JORFESRAT T A4 B ik R G0 ] S sl B e H As e, AR ERIE 7 24T CS B R UG 1%
e 5 KRR SRORBUN SN R KA R, 5E 5 W R EL L.
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PACS: 84.40.Xb, 84.40.Ua, 07.07.Df
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B UL T H AR B 2 TSR 4TR B B
S AME. SR, X T E R E e H AR S, # A
BISAR M R T AR R B 7 oK, X S BT AL
KRR, L2 5 o, Rt 2 T s &
Srs A R H e B bR o R R A R AT
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g s v E g H AR AR IR X A
M RIT T A TE. AR AR B 7T ) &
MATRE A NI — R R RFEEMT
B AL JTERE T, SCHR [2] SR FH U3 Hh H 08 )
SCHR (3] 42 th 1 B R B L T 2 3 B - 0 (single
range Doppler interferometry, SRDI) #1T H it H
bR A%, 15 & SRDI A2 B T B 4 43 Bt (14 73 9 5 5K
A SCIGUEE [ A 0] 8, 3E FH VG A B SR [4] Bt AT
T2 EE M (back projection, BP) Bk AT
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FAZ; SCHR [5] #2175 T SE Y Radon 28 4k (real-
valued inverse Radon transform, RIRT) F1 & £
Radon 4§t (complex-valued inverse Radon trans-
form, CIRT) [WlE¥s P — 4 plidg ik, X —3T7
V5 B 3L [RIREAE A2 23R 75 6 SRAE 2K T [ A e K
Z TR, 75 PR 2 AR R A O A X T
Fa I E e H BRI & AR AR M 2 1. 28 2R RAE
RRFE A NG T 7. STk [4]) AR s 4 /2% 0
(compressive sensing, CS) #H i #EAT K RFEFM T
) E e H bR 807, K18 T RIF B BUEROR; 3¢
Wik 6] U] {5 FH A 2 B vy 1 R 4 R A DT LB 7 (com-
pressive sampling matching pursuit, CoSaMP) 5%
ERUR, B AR T VAR A I AR, SCHR [7] 52
T A (R R BE R R TV, (B FER TR E
THE AR A S SE QAT AR P Il . 3% — 25 R ) 3[R
RRAE 2 2R FH T UG 1) B iE B bR T BE A, I
MBS A BT 18 ROR A 26 T mT 4y
BUARFIALEE. S48 H T et SR BUIR AT %N, BEARXT R
KFEZRAT N B B BE H AR g7 vE B — 55, H
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Fig. 1. Geometry of the radar and the spinning target.

repetition frequency, PRF). 4R i #l # 1& 1 PRF
— B R X K, R T R RCR R ) A
L. WA, A kb 32 BT P EE RS EZ AN
G BB Jik v, 4438 B UG B A e %, T Ar
BEAL KA B L. AR SR A )RR FERIBEHL R R
FEGRRNTT LR RAE. B Sy i ROR A [l AR Y.

W B R kST £ M IR A (linear  frequency
modulation, LFM) {5 5, 11y H b5 b3 —HUN &
P 2 5 IE BRI R EE TR N

R, = Ry + rpsin(wtm + ¢p), (1)

Hr, Ry N H b BB LBIEIEMIEE, (1)), 0p)
NP rAE AR R I BRI FE, w A H
PR B, t ATBITTE. B IEA K AN SREUR A,
XT H A% [F1 AT Dechirp LA S M) 52 AH A7 AR AR I
(RVP) &b ¥ 5 15 [¢]

K
Sif(frrtm) = Z&ksinc[Tp(fk +2yRa/c)]
k=1

X exp < . j4T(RA>
A

+ 1(fi, tm), (2)
Forb fi S R A B S PRI TR B EE, RA =
R, — Ryt = rpsin(wtm + ¢p), Tp NBKIMTEE, A
NBA, v FRBREE, o) RN SIS BN
MRIE, n(ty, tm) NE RS, H (2) X RA FKIE
AT, S A R FLE T IE S I B AR [ R IE
AN, eI e H A o B AR 6 2% R AR A7 78 R
B - B AR R R 2 AR AL 1), AN B A2 Tay-
lor 2L — M i Al @ I 26 A (RF sin(wit) # wit).
T R FH AH TE 52 R W £ A 7 26 A T 3R A = 4 )
YU, G0 RIRT S92 F AL 1 1 5% 8 4k i 4T
JA% 1P CIRT S 95 ) FH e % T30 551 0 15 5% A0 057 95
1 1A T A TR BRI e R D)L (B X
Pl i RAE AR RCRFE S5 N AR, AL F %
JE ) FH BB RULE T S 1) PR AR A A5 2R AT 43
B BT AR UK B JE K ) 2 TR R
RV 45 55 S 100 MHz A2 A7 B Ao 50T o ke o e i
R A B A T AR B T, T TR R
4 I7] Dechirp & M 5 f K ) B0 BT 76 25 29 5. 0G, Bk
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K
4
$(tm) = Z O €xp { — JTTL[:JC;c sin(wty)
k=1

+ Y cos(wtm)]} + n(tm), (3)
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X, Ra = rpsin(wtm + ¢p) = zpsin(wty,) +
yr cos(wtm). AT H 2 MBI s(t) HHE A
b S T8 R SO AR A B A R R, TR
HAR RO — AL T 43 5 s LU AL 3
sEME SRR A E M MR E oG, £
Jifria B3 N AR BT, M —4EERB Oy
X € CMXN il T BAR IS RORBUN SIEH KA,
Whrh K < M x N, 2 Mgt 5t E T4
R, B4 T S R SR A SR IR F [ Y8 R s
o Eith
i (3) AT AE H, B s(tn) 5 =ANEERH
K, BIAG N 8] ¢, 258 ) A7 By, A7 67 A B
xR S X) 3 sk A7 W) &AL AL E, B4
z=vee(X) = [01, 102+, 0ks | nini; FAE
LTI R4, £ = (0: N,)/PRF, HH1 N,
JiRAE I T AL Kb . GBS (R AT A R R N N
s=Y(w)x+n, (4)
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AT
® exp { —i v cos(wt)] ,

® A Kronecker #. W (w) FITHE 5 AIEE w B K,
O A2 E AT T A Bl T 1A OCH 7L,
KRBT AW, — IR IE P X — 2R 3d
fhi v 7732 %2 B PRE B BRI, Al v B £ 12 5 [
PR R B A T A O dX 2ok
A% PRF il 2y, flivhPERe s, AR MAIEE T
HERRAG T
SCHR (L] 48 H, k575 A m) H 2R AP 2B A4 K
B L, WX RS PRF L 2
PRF > 4wrmax/ A, (5)

For rmax A HFRECKRIIRES A2, FESERRAEOL T,
e E A AR A T AL R IR, % N, R
N AR SR I ) K b 2, B RORFE A BN 6, A
2SR R Rl PR h BN N, = [N, /6. 1k
I TR 5 AR B SR A S5 2 (4) 23Te BARCR A JE B
A € RNoxNa [ 02 RCRAE RN 7T 78 N
y=As(tm) = Ow)x + e, (6)

Hrb O (w) AREGNFERE, (6) BN RRFEFAE T
[l AR A 5 S [ S BE LSRG, PS5 R0
NARFETEE.

i (6) Ao g FE v a0, R T B e B AR
SEHBUR AN BOR R X —R-E, 405 A R FE I
PEEERON — DN RRFEF M, X — IRt 5 CS
PRARRF A, BRI BUA A (6) g — AN CS
K ROoRBERL SOk [4, 6] 2 7048 F I 22 DU AL I8 B
(OMP) 1 CoSaMP K E 4 (6) 2, 3RAF 1 BT HL
BRCR. AHRIFBA B FTAE KRS T AT LA
M AR O BB A T 7T, T A S
X I I RLBEAT 23 BT

3 AT CSEWH B e B KA &K
HLE 4 #r

S B A B 3 A A BT CS B AT BLER
UEJCRFE A HUN ROHERR ELR, SR 28 H OR
PR R EAR T IRAA.

B (3) 3B ke AN A BAR AL X 1 I ] 5k
CIEGES

Fon = —27“’[% cos(wt) + e sin(wtn)],  (7)

Horb for N BB S 2 B (7) UK
B, A AU S0 2 5 85 B S U S E
BN H AR B A EEG O BT A FEGT AR
BN, PR 3L 2 3 AR AN AR [, R AS R
SRR T AL 238 10 2 S MR AT O 6 o0 Wk 2
A AR T I E T B AR T R AR B2 (7)
RN 7R 15—l B i 2 i B R
b, ARE R BB 5 2 R X 4 AN R U AN
MEFE R R, RN 0 ZURAIE J5 6L 1) SR 33 2R A2 (5)
A, AREANRS. T CS I TG b ke TF 7 B
B 5 258, 76 R FAS R B U 238 8 2% S vk
(1 TR N, @ i e T PR A A B (S B T =
SRAG 0 WG . I AR T A5 22 8 AT
B 5 A7 B 1A A AT 43 R 7 47 2 3 A7 AR
BEOR, -t mT S 3 e E AR AR, X s T CS
A SRR AL AN BB 23 1 AR 1 S A

IR MR, HF CSBEAT RORFE AR 0%
S AE T 2 AL O R R BROS AUAT E BE S M E A 3R
F. LLOMP H A4 A6 Ui B I — )@, B B b
A 45200 K AN SR O A, OMP S92 08 i % 40 3
R S AN B R, D R A TR R
HBUH R 4 RV RIREj — 1 RER IR E,
GY) = @RI~ GU) R § AR IR S
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(O, y)| Jyfe RAE, X5 N R 5~ @ Bl S
RTERIALE. (ERE T IREe B H e, 4T
UBALIY,

Az sin(wty) + Ayg; cos(wty,) = 27{:771’ (9)

bk A, (8) FAH AL T0KE 25 4 exp(j2km),
HUOj,y)| = Ny, MBI HI SR EM AL (H2
SRR b (9) OB FIE R AR /N I 5 3 kS

Az, Ay T B 2 BIZEATE. X (9) PR v [A] B
PL Az, cos(wty), A
Aygi 2kt
=—t tm _ 10
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Fig. 2. Bessel functions of J;(zg;): (a) I=0; (b) I=1; (c) I =
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\<@i,y>|

—1
Zkz

m=0
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K Na—1l K
D ok > Jo(zki) = > oxNado(2ki),
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H
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LIPSl
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BN N!, 4 PRF A RN N
N/
r__a
PRF' = NaPRF

_ O(Klog(MN/K))PRF
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Fig. 3. Scatterer distribution of spinning target.
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Fig. 4. (color online) Eigenvalues comparision of the

sensing matrix in different under sampling rates.
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Abstract

According to the characteristics of spinning targets, the narrow-band radar echoes can be directly used for imaging
spinning targets. However, spurious peaks appear due to azimuth down sampling with a low pulse repetition frequency
(PRF). By exploiting the sparsity of the targets, the compressed sensing (CS) theory can be adopted to obtain super
resolution image under sub-sampling condition. This paper mainly focuses on analyzing the physical mechanism of the
CS-based narrow-band imaging method. Firstly, the narrow-band radar’s under-sampling echoes’ model from rapidly
spinning targets is established. The relationship between CS and the model is analyzed. Then the reasons why the
CS-based narrow-band imaging method can guarantee the exact recovery of the spinning target are given from physical
view. The theoretical lower limit of sub-sampling pulse numbers is provided. Finally, the simulation results verify the
effectiveness of the theoretical analysis. The main results obtained in the paper are listed as follows. One is that the
mechanism of the CS-based narrow-band imaging method differs from those of the conventional range Doppler imaging
methods. The spurious peaks appear due to calculating the Doppler frequency directly under a low PRF. To avoid
this phenomenon, the CS-based method searches the positions of the scatterers instead. The variation from calculating
the Doppler frequency directly to searching the positions of the scatterers is the physical mechanism of the CS-based
super resolution imaging method. The other is that the resolution and the allowable grid mismatch of the CS-based
imaging method are related to the wavelength, which is 0.4\ and unrelated to the bandwidth. So the performance of
the CS-based imaging method is related to the sub-sampling rate, the number of the scatters and the wavelength, and
unrelated to the bandwidth of the wave. However, this paper only considers the ideal point scattering model and the grid
is perfectly matched with the model. In the following, three aspects can be further studied. First, due to the spinning
target distribution on a continuous scene, the off-grid problem would severely affect the performance of the CS-based
imaging method. The continuous compressive sensing theory can be used for solving the off-grid problem and explaining
the related physical mechanism. Second, the illumination of the radar cannot reach some scatterers on the target in
some observation intervals, which results in the occlusion effect and the time-varying scattering amplitude. The dynamic
CS theory can be used for reference in solving this problem. Finally, if the estimated spinning frequency has error, how

to correct and compensate for the error adaptively needs to be further studied.
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