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Abstract: In this paper, a Sinusoidal Frequency Modulation Fourier-Bessel Transform (SFMFBT) is proposed
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Fig. 1 The geometry model of the radar and the group target
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Fig. 3 Time-frequency analysis of the echo signal and the individual reconstructed signals

IOAE, FHBA RS54 B HoughZE ¥ (TF-
Hough) FIsh Z 2 B Mk 47 5t e TF-
Hough /5 ¥E7E X [B] 3 BT I 4540 B 1 S k1, sl
AT M 45 R 58 JE Hough 25 [A] ML 56 R, 58k
X IE 5% M AT R D e S B B, BA4. 1T e H
Fr1El W AS 5 N6, 2 AAESNR=-30 dB&
SNR=20 dB¥ s F1 4 7 244 T 347300/ Monte
Carol 3256, SNRIEHEMM R p FESNR I k) %
1A Hth 2 an P 4P 7 o

1.0
0.8
0.6
<
0.4
—e— k=1
0.2 ) —— k=4
o —— k=10
o - < - TF-Hough
0 — n n n
30 —20 -10 0 10 20 30
SNR (dB)
4 PR FEIUERIME p JESNR I ko3 542 1 ith 2k

Fig. 4 The curve of m-D frequency extraction probability p, in
different SNR and k-resolution conditions

MEATT LA, Blk=1H4SNR>0 dBH,
B 52 AR S U IE #f 2R v ik 90 % BA b o B
YESFH RS, SRS IS S ko 2
REIEL, (HREE LK, AR o O R
qf, BIEMER G MR . AT, EARE AR
/N SR ORGP RIS, (B E s e s N &
Pethifksg . X+ TF-Hough /v, T 45 #r 44
TN P O BUR B 5 2 H K, 4SNR>
15 dBf, IE 5% I Ko A 2 £ B 1F ff Bk 26 ml ik
90%. HITAT W, FEFSFMFBTHI A A—FSH
B AR R 7%, 5 TF-Hough /7 VAL A
B RIS 1, ZEMRSNR A T R0 S M B o

TR BAE BT 8 . B A R4S B R
Ko fELAE A PO L 5104, AT

M

=2 (G /D (GG, )

m=1

= (2w+1) /[kN — (2w + 1)] (27)

Ww=2k, LAAIFESHEERNE . OIS
SEMAEBEARSE (AT HWRERK), A
S = 0.0081 , WU ] 4B~ BR AT & Ay, = 0.0081 ;
QLR 4T, EAH =02 ESHHES
@FESNR=0 dB% I, i HMA3=08F 1L
53 N, = 0.1680, .., = 0.1530 g, . =
0.1179. X HE4K0 L R 5, f£ESNR>0
dB H k=10 K0l IR 2 p,>90%, WA b PR AT
Wohm, = 0.1. kb, TIBRpIEZE T HIEAN . %
T HER SR SO AN SO S U R B
MIREE AR e AR T E B4 S LOSHT & 4 255
— UG R R R, DR Uh B T E X R4
n € [0.01, 0.1] .

bR, XTFAESs(t), ATEAE K
AR T AR, TR AL VA B AT B — e R
FEMISETEs S — 7T, KE/N S VEAEA RISNR 2%
PEF RS e RsR . DRI R EUE B FR T 7 i AT
AR BlUE 5 HIK ASNRILFpE . X F
BT ARG B i 7S TP/ IR, RHUAE B A X
B MRS, A NAHXS N
4.2.2 IRFHFEMEEABENEW  FELLEEH
B, T8 B AR R AR T sl AT S EURS P 1)
2. DUH—463877 % % (Normalized Root-Mean-
Square Error, NRMSE)iﬁﬁﬁ‘?ﬁ%Eﬂﬁ%fA'ﬁ%%
SCRRBIK S BEERREIE R, BINRMSE =[S — /| /.
HI(21) AT &1, SEFMFB & E1 i KA 515 5 1E5%
WAL ARSI B <. FIFE L4 T Ess H bRl
[FIBAE 5 N, EAF R 15 S SNR=-4 dB%



5 1

T HF5% . IE5ZIAFourier-Bessel 2 3 & HAE sl H bRFE S B it 599

SNR=8 dB 4 %li#47300/X Monte CarolSZis, &
VEVEEL ) HE 5 AR 5 S R ATUR I NRMSE #i 28 i
FE5AT 7S

100 =

10" ¢

NRMSE

102 £ ——SNR=8 dB
b --o-SNR=4 dB
L SNR=0 dB - -
[ ——SNR=-1dB! "

10’1(
102 107" 10° 10

e 142 (m)
Kl 5 SREUIER S NRMSERE e #% 4% S SNRAEAL Hh 28
Fig. 5 NRMSE curves with different rotation radius and SNR

MESTTULE H, M e AR T, SNRS

KA U 2 5 S BR i 2 WO #EE, F MFINRMSE
BN FEMFESNRZEAE TN, e i 420 oK M i oK
SFMFB AR E RN B3, $EHUIR 5 SEFRA R
FINRMSE#/), X 55(14) 4518 —F.
4.2.3 BEESH X EEITEREE .
a0 (24) AT 50, 155 MSFMFEFBZ A i KA 20w %
M5 By RS 5 P 4K N RFURAE B, 5
KN NS 5 k2> $ESFMFB %, HEEE 4%
FE N O(kN) » R 43 3 5k = 20,21 - 2° f 4% 1
T, XFEAIKAN=20, 40, 80, 160815 Si#t4T T
5000 FLSEEG, s AT I R a6 s

B3

10? =

(ms)

10" |

IR 1)

=

19

1

10° 3

10° 10!
kS eH
&l 6 FLiEBATIN (6]
Fig. 6 Computation time of the SFMFB series

HE6r 51, SFMFBAHMIEH &2 2557
FIKR B S E L H ., TS, Hik
KRR BE P R HHEROR, BH R R,
XoFF AR R oy R 3L, A5 5 P AR ) 12 5
Ko E—ZRS5HEIERIENOEN) B RATT .
5 ZHig

AR T —F IE5Z M Fourier-Bessel &8
e, XFARHRATAE S AT THES, FPKSFME-
BT 5| ANHE H AR MSAR SRR, X B s 5 4
AR AR BT T . ETSFMFEBT
ISR BT AR 4305 5P 80K, M T
I SR BEEE S R SRV, k4,
7 VE RS TR H AR I Eh SRR S 15 5 4
BEM ., NPk RS A s R R B
RTS8 A DR EUCE 2 B RFE .

M (24) T, A HmIS 5 m+ 1ISFMEFB R 800 LA A0 EAHAE, B

(A-1)

-2V a? + B g, sin (k1w — o, — @) =2V 4 P sin (kTw — @mi1 — @)
Jact () [, — k2 P2y 4 k2 10 N R Y o

Hrftan g, = (02, — K2 T?w?) /kTw . T 5 mI 5 8054605 5 5 m+ 150098 3 26 00 A0 55, 3%
W= fp/kT ;0= piyi1/kT 5 MARAN(A-1), W, THEH:

©pm = arctan

TRA

sin (kTw — @, —

2 _ k2 T2w2

kTw

Hip

¢) = sin (Mm — ¢)

=0 (A-2)

(A-3)



600

Ej 4 BTE

1]

2]

B3]

4]

[5]

(6]

(7]

(8]

sin (kTw — Pm+1 — ¢) = sin (N’erl - ¢)

(A-4)

/Q"\’Ym _ Hm+1 sin ()\m-l—l - ¢> /Ja+1 (ﬂm-&-l) , g}:%&{a{ﬁﬁﬂ%u hm "}/m| =1, ﬁjﬁ(A—l)*ﬁ(A—éL), )I_\[[J

Hm sin </~Lm - ¢> /Ja+l (;u'm)

\/ 12, (kTw?] + (kTw) = \/ 12,01

By (24) BTk
2 % XM

Chen V C. Doppler signatures of radar backscattering from
objects with micro-motions[J]. IET Signal Processing, 2008,
2(3): 291-300. DOI: 10.1049/iet-spr:20070137.

Tahmoush D. Review of micro-Doppler signatures[J]. IET
Radar, Sonar & Navigation, 2015, 9(9): 1140-1146.

MR, SR8, TR M2 BB 72 TR H Arder Il b i B2 H
JORER()). ISR, 2013, 2(1): 123-134. DOL: 10.3724/SP.J.1300.
2013.20102.

Chen Xiao-long, Guan Jian, and He You. Applications and
prospect of micro-motion theory in the detection of sea
surface target[J]. Journal of Radars, 2013, 2(1): 123-134.
DOI: 10.3724/SP.J.1300.2013.20102.

BN, & DAL, AT, 55 B TR E A SR H Ar = Ykt
BRFAESREL[T]. THIE%4R, 2017, 6(1): 98-105. DOI:
10.12000/JR15129.

Zhao Shuang, Lu Weihong, Feng Cungian, et al.. Three-
dimensional precession feature extraction of ballistic targets
based on narrowband radar network[J]. Journal of Radars,
2017, 6(1): 98-105. DOL: 10.12000/JR15129.

HR, A2E, RIS, R BTN BN I A [ AE R BRI
KK RATHESHEFHEA, 2013, 35(4): 684-691.

Han Xun, Du Lan, Liu Hong-wei, et al.. Classification of
micro-motion form of space cone-shaped objects based on
time-frequency distribution[J]. Systems Engineering and
Electronics, 2013, 35(4): 684-691.

Shui Peng-lang, Bao Zheng, and Su Hong-tao.
Nonparametric detection of FM signals using time-frequency
ridge energy[J]. IEEE Transactions on Signal Processing,
2008, 56(5): 1749-1760. DOI: 10.1109/TSP.2007.909322.
MR, xlse, EEIR, &5 JET w2 8 Fourier
e T ) B ARRTIN T IR [J]. HB T3], 2014, 42(5): 971-977.
Chen Xiao-long, Liu Ning-bo, Wang Guo-qing, et al..
Gaussian short-time fractional Fourier transform based
detection algorithm of target with micro-motion at sea[J].
Acta Electronica Sinica, 2014, 42(5): 971-977.
Chen Xiaolong, Guan Jian, Bao Zhonghua, et al.. Detection

and extraction of target with micromotion in spiky sea

[10]

[11]

[12]

[13]

[14]

[15]

- (k7w)?] C 4 (BTw)? (A-5)

clutter via short-time fractional Fourier transform[J]. IEEE
Transactions on Geoscience and Remote Sensing, 2014,
52(2): 1002-1018. DOI: 10.1109/TGRS.2013.2246574.

Li K, Liu Y, Huo K, et al.. Estimation of micro-motion
parameters based on cyclostationary analysis[J]. IET Signal
Processing, 2010, 4(3): 218-223. DOI: 10.1049/iet-
spr.2009.0044.

Orovi¢ I, Stankovic S, and Thayaparan T. Time-frequency-
based instantaneous frequency estimation of sparse signals
from incomplete set of samples[J]. IET Signal Processing,
2014, 8(3): 239-245. DOIL: 10.1049 /iet-spr.2013.0354.

Luo Ying, Zhou Liang, Lin Yong-zhao, et al.. Micro-Doppler
extraction of frequency-stepped chirp signal based on the
Hough transform[C]. Proceedings of the 8th International
Symposium on Antennas, Propagation and EM Theory,
Kunming, China, 2008: 408-411.

Zhang Qun, Yeo T' S, Tan H S, et al.. Imaging of a moving
target with rotating parts based on the Hough transform[J].
IEEE Transactions on Geoscience and Remote Sensing,
2008, 46(1): 291-299. DOI: 10.1109/TGRS.2007.907105.
Peng Bo, Wei Xizhang, Deng Bin, et al.. A sinusoidal
frequency modulation Fourier transform for radar-based
vehicle vibration estimation[J]. IEEE Transactions on
Instrumentation and Measurement, 2014, 63(9): 2188-2199.
DOI: 10.1109/TIM.2014.2308031.

Wk, W, Tk, S IR SKIEAE B AR B st H bx
SR BETRERFER(BAREFR), 2016, 17(3): 51-56.
DOL: 10.3969/j.issn.1009-3516.2016.03.010.

Yang Chen, Chi Long, Zhang Qun, et al.. Resolution of
group targets with spinning micro motion based on
sinusoidal frequency modulation Fourier transforml[J].
Journal of Air Force Engineering University (Natural
Science Edition), 2016, 17(3): 51-56. DOI: 10.3969/j.issn.
1009-3516.2016.03.010.

Suresh P, Thayaparan T, and Venkataramaniah K. Fourier-
Bessel transform and time-frequency-based approach for
detecting manoeuvring air target in sea-clutter[J]. IET

Radar, Sonar & Navigation, 2015, 9(5): 481-491.


http://dx.doi.org/10.1049/iet-spr:20070137
http://dx.doi.org/10.1049/iet-spr:20070137
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.12000/JR15129
http://dx.doi.org/10.12000/JR15129
http://dx.doi.org/10.12000/JR15129
http://dx.doi.org/10.1109/TSP.2007.909322
http://dx.doi.org/10.1109/TSP.2007.909322
http://dx.doi.org/10.1109/TGRS.2013.2246574
http://dx.doi.org/10.1109/TGRS.2013.2246574
http://dx.doi.org/10.1049/iet-spr.2009.0044
http://dx.doi.org/10.1049/iet-spr.2009.0044
http://dx.doi.org/10.1049/iet-spr.2009.0044
http://dx.doi.org/10.1049/iet-spr.2013.0354
http://dx.doi.org/10.1049/iet-spr.2013.0354
http://dx.doi.org/10.1109/TGRS.2007.907105
http://dx.doi.org/10.1109/TGRS.2007.907105
http://dx.doi.org/10.1109/TIM.2014.2308031
http://dx.doi.org/10.1109/TIM.2014.2308031
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.1049/iet-spr:20070137
http://dx.doi.org/10.1049/iet-spr:20070137
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.3724/SP.J.1300.2013.20102
http://dx.doi.org/10.12000/JR15129
http://dx.doi.org/10.12000/JR15129
http://dx.doi.org/10.12000/JR15129
http://dx.doi.org/10.1109/TSP.2007.909322
http://dx.doi.org/10.1109/TSP.2007.909322
http://dx.doi.org/10.1109/TGRS.2013.2246574
http://dx.doi.org/10.1109/TGRS.2013.2246574
http://dx.doi.org/10.1049/iet-spr.2009.0044
http://dx.doi.org/10.1049/iet-spr.2009.0044
http://dx.doi.org/10.1049/iet-spr.2009.0044
http://dx.doi.org/10.1049/iet-spr.2013.0354
http://dx.doi.org/10.1049/iet-spr.2013.0354
http://dx.doi.org/10.1109/TGRS.2007.907105
http://dx.doi.org/10.1109/TGRS.2007.907105
http://dx.doi.org/10.1109/TIM.2014.2308031
http://dx.doi.org/10.1109/TIM.2014.2308031
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010
http://dx.doi.org/10.3969/j.issn.1009-3516.2016.03.010

%5 55 IEZRMFourier-Bessel A8t R HAERBN H ARFRIE SR EL 1) 2 A 601
[16] Suresh P, Thayaparan T, Obulesu T, et al.. Extracting decomposition based on Bessel function basis[J]. Journal of

(17]

micro-Doppler radar signatures from rotating targets using
Fourier-Bessel transform and time-frequency analysis[J].
IEEE Transactions on Geoscience and Remote Sensing,
2014, 52(6): 3204-3210. DOI: 10.1109/TGRS.2013.2271706.
FRAE, LT, B T SR RS S RS REE
PRFFE SR MOTIE[T]. BT S5E B %, 2016, 38(12):
3056-3062. DOI: 10.11999/JEIT161036.

Zhang Qun, He Qifang, and Luo Ying. Micro-Doppler

feature extraction of group targets using signal
£ & &

75 (1993-), %@, BRAATEZAN, BH

TETRKE LS MBI LT 7

A, WEALTT RO R IE AR T AL B S H AR R

Vil

E-mail: qifanghe@163.com

ik BE(1964-), 55, BRAEEFA, BA
TEIERPEES BN ERER, H
+4:FJifi, IEEE Senior Member, 7%
JAEIAE S A, FERES iR
Pl

E-mail: zhangqunnus@gmail.com

[18]

[19]

[20]

Electronics & Information Technology, 2016, 38(12):
3056-3062. DOI: 10.11999/JEIT161036.

Spiegel M R, Lipschutz S L, and Liu J. Mathematical
Handbook of Formulas and Tables[M]. Third Edition, New
York: Academic Press Co., 2009.

McLachlan N W. Bessel Functions for Engineers[M].
Oxford, England: Clarendon Press, 1955.

Mathematical Handbook[M]. Athens, Abbrev. State: ESPI
Publishing, 2007.

w1984 ), B, WM, B
BETREKE B 5 MR8 0,
2R I, BRSSO RIS S A
., FiERA.

E-mail: luoying2002521@163.com

ZIFI(1982 ), B, WLPEREA. By
TEITERAE RS MBI, o
T3 T TR IR A8 e H AR IR o
E-mail: likaiming1982@163.com


http://dx.doi.org/10.1109/TGRS.2013.2271706
http://dx.doi.org/10.1109/TGRS.2013.2271706
http://dx.doi.org/10.11999/JEIT161036
http://dx.doi.org/10.11999/JEIT161036
http://dx.doi.org/10.11999/JEIT161036
http://dx.doi.org/10.1109/TGRS.2013.2271706
http://dx.doi.org/10.1109/TGRS.2013.2271706
http://dx.doi.org/10.11999/JEIT161036
http://dx.doi.org/10.11999/JEIT161036
http://dx.doi.org/10.11999/JEIT161036

