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Q(Pézl - ng‘Digl) RENZH por HIEIBIRZS POk

3) THHE MR

Ae(po s Por)

p(Dts PPl = Pk 1DV T,

P(DG Pl Daler = oy DD )

47w ~ U(0,1), Fu < Adpht, piy), T
Pék = POk 50 pf)k = Pf)gl;

5) MR 45 4% 1 B W AT I B R (DY —
Dz, |phy) 1R EIZ S Doy, BUBEIRIRAS Dy

6) TH HEZ %

Ai(Dyts D)
p(D}y., por)4(D3y, — D€21|P6k) )
p(DL b )a(Diyt = Digloby) |

A ~ U(0,1), #u' < Ay(DLY, D),
l Dy = Dy, BN DY = Di??

8) KL R (2)—(7) EE MK, KL Sz
BIHI 7 — 1/MREAS B burn-in, X 58 T HIREA K 1)
ERS EE S (GO W]

M
Dot = {Z;Dik(k)} /(M =)

= min |1

= min |1,

bl
M
o = [;pam] /(M — 7).

BRI AT q(2) FIEF ERRE T 15 KEE
MR # g () 73 AT T o0k, 5 EREE Y
AR, 5 ZAR 2 JORUA e R B i AU E,
BEARSIERCR; 5 Al Tarh BAR R 2 R
(AR CIRE RS VD, FIFE G 2K B %
A RESEIL S IRBEMIIL SR, Gelman 55 VR %32
A P2 1) 75 0.15—0.5 FLACH I, BT AR AR # A o
I I X % 52 MR ) AR U

3.3 (ESEEMMIEMHIT

4R 31 A 3.2 i vH I ER ki =B 2
HEMES
Sk(n)=exp[—j- 4nﬁvk(cos(2nf0kn+ﬁ0k)/A], (23)

W (13) ZHLLER s B 2T U5 N

T'(s;9) = |s - 8"
N K N
Z Ak5k§k(n) + Z Z Azszék(n)
n=1 i#k n=1
2
| (24)

N
+> w(n)é(n)

n=1

A
sk = exp {j - [AmDyk cos(2T forn + pox) /A + Ok]}
R WIMNR SR 5 PSS kA B B AL IS 5
A THE S SERR S HR SR, BB SRR
OH, S ALH I T AN exp(j6r); HT
H A5 H AL B SHORE, BTGS2 00 24 T
A G I SE IR IS 5 SR, £ — AR A 5T
FAEIESF 90, N BB —SBURYE SVR 45 R 1B HUE A
WL A N (S 5 A O, & ad K a) B A
J&, 3 WIEALN 0. e, T 15 20E 5 % B FIAH
BLEAE T
A, = |s- 3| /N, (25)
0, = phase(s - 81). (26)

itk 75 SRS R3] 7 & kA
SR, WEEE KR Apd(n)els | K E MBI RIR S
G5 kR, FIRREDT R4k S0 RS 5 S Huk AT
flitt. SEEK SCMCIR & 15 5 S HUAli v M2 BiR
PR 4 B,

SCMC overlapping
signal s(n)

End

| Design new LF |

!
| MLE by MCMC |

l Doy, pok

| Reconstruct §j |

l Ay, 0,

Remove Akék(n)emk

K4 SCMCHEOLMZE#E 50 BMSH ki
Fig. 4. The flow chart of the estimation and separa-
tion method for the SCMC signal.
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3.4 HAEMDESEHMITHERNESH

i EL F (Cramer-Rao bounds, CRB) &Fr
A ICARAG T 72T REIR B G TH T ZE 1 R ER, HEL
BHRASESEAGHRK, AL, 4%
B FAE VRN S TH RS BE AR E. X T REBSH
1 CRB, H1 Fisher {5 B 40 M R 00 5 0 A 2t &=
e, R

var(i) = [T ()]s, (27)
R var () Bon i MSEAGTHINT 2 o Forty
TR T S H R & I(y) N Fisher {5 246
B, o SCA B8]
I ()]ij
0%L (859 1 [ 8e 1" oe

B E[ 3%‘(31/13' )] E [3%] [3%} - 28)

Wi 2 B 5 SRR (28) 2, WI1R 3% 2
41 Fisher {5 54

AmA12 Nl
Ip,p, = [)\ U} Z cos?(won — po), (29)
¢ n=0
amAl? N
Loopy = [Aa} D? Z sin?(won — po), (30)
¢ n=0

AmAl? Nl
Ipypo = LoD, = [Aa] D, Z [ cos(won — po)
n=0

x sin(won — ,00)]. (31)
(29) X —(31) A 5 1 2h 2 H 1) Fisher {5 &
HREL(y), Hrhwy = 2nf,/ fo, X I(3p) R AT 13
B 241 CRB. X4 1 Fisher 5 B HUE 5 K
B b, X R E CRB 5K UL, Frik, 480
R AT, ZHUlTH CRB IS, RERSIE I
il T BRRG FE R y, IXUE B T O AR
BB R AERE B A B BRI

4 5 B AT A SE S B HE
4.1 HEERS5nH

DA 43 5 VR A A BRL T I AT 352 2 IO
Z WS 5 B, AR SO A B A S A
HEBATHERIUE. =10 M =4 K3
SRR IR B BRI 46 AR AL 3 i ¥ O 256 Hz,
5 x 1075 mMn/3 rad, {55 W& & M AL 5 3K
Ay = 3, 0y = /4 rad; 73 E 22X MBS E%
B N300 Hz, 2 x 107° m /6 rad, {55 0 Al

MIBIEEN Ay = 1, 6 = m/5 rad. 55 HHEANE
BIE A, Ert ceh 20 dB, BB K
A = 1550 nm, KFEFAN f = 312 kHz.

ARSI A EN R EAE S WA R
s, 25 R w5 () Fros. F3 5 50
n = 1001 S P46, AdE0.1, B A — P E
FRUEEAE 7E 5 2178 £, BT BAHI SVRAf T i sl 3%
N fi - [1001 4 (2178 — 1) x Ad]~! = 256.0105 Hz,
E XN for. ¥ for VBN E SRS, A Sk ool
SRRET B Dy A poy BIREZE B2 40 A0, a1 5 (b).
5B 2 (a) AT LR ), RHEO6H 2 8 815 5 1
R BRBOEAT T H S, T DAEfE SR R 2 I
Iy AT TGARAS NP1 B () 0 AT, AR T S H0N
RRE LS. BEAMEBEAR T X S 546 1 b
FEMEESR, R BB 0 & B ], A7 B ATt
ITREHRTEE. 5 (c) FIE 5 (d) A T AR ST ik
5 48 77 0O T BN B AT BRI T B
St R, K rp AR CLF” RN R BB XHEL
Pl H DO ot 7 92 T DA H R AR SO T AL R 3L
454 Gibbs HiEHA B s MRCE, A HIE TS
# Dyq A por WCEE FLAE 77 ZE R AR ER D, T
MH 75t T1E 2 S 50500 R 19 58 R AR, T A
WSkos B . AL R, RIRAR S JEok
WEE T FI AR R 3, BT % 4R =) S W18 I A7 1,
AN T F W6 Aoh BV R AN RE AE M A T sk sh 28, ik
S 4 R B AR AE I P 3E AN RO AL 44T
H s Z 8RN (23) 20 K 23 & 1 5 A 1A )
55, FARE (25) A0 (26) it E 1A E LR
FERARAL.

ML [T 5 ek 25 0 & 1, A [E] 1 28
RXT 4R o B AT S HUA . IR 2 SVR U
K6 (a) T, B IEAE LRSS 391 A, AT 3R H XS B
Iy 2 BB N 300 Hz. &6 (b) A4 2 X
MBI Z 2% B A0, FIRE 5 MR A1)
SRR TN B TAR, W] DLORIE 73 & 2 280 IR IR
S &6 (c) A 6 (d) Aoy 2 s Z 8 H MCMC
X g B, AR RSB 5 — 8 FI AL S
ABLSR BR H 45 3 1) ) IRBE A N FE R a6 18 BT, 1 et
(RALLIR bR R DR 1 I AW SR, b4, 5 B 5 T EE
AT RIS 8 2 A5 1T 1) Dy /R v] SRR USSR FLAE AR
FER oy 8 1 TR IR R4 & 1 S8R, i i
i, WEIHE S RBREMR =L G, 782 K
NERES R EE Sy, WA HMESERY
Wi, Pt DAWSCSACRE PR
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Fig. 5. The estimation results of component 1 in the simulation data: (a) SVR; (b) the PDF of Dy; and po1; (¢) vibration

amplitude; (d) vibration initial phase.
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Fig. 6. The estimation results of component 2 in the simulation data: (a) SVR; (b) the pdf of Dy and po1; (c) vibration
amplitude; (d) vibration initial phase &.
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&0 B S AU T I L AR g5 SRR G R 22
F1FH. ZBHPRE = (¥ — o) x 100% /v, Fx
XS TR 25 v = |Elsk(n)sk(n)]| - |E[sk(n)])?
E[3:(n))?|~ Y2 £oR B AL, @ X L B A
T 5k (n) HERME SERIY L RABURE R [ i 2
B TH R HERR L, B 1 AR LR e, 3R
WS Hfh TR RET S, R I ATRLE H, A
J7EX HARTUEN ZBUb o B AR R ZE #1075 &
G, BA BN,

N E B Ar BT AR ST VE I S B4 E R B
T B A S M B R B Al T 38 7 1R 2 MSE
Z;V_l (b — ) /n, 35 CRBA bt 4 {50 s

IE N —5—35 dB, &R 5 dB #47 100 RS+~
B Sz 5 MSE, W b B 7.

ME 7RI LA, BT HA 2 S 8E
2 7 P EME T 1) CRBWMAFIEZE R, (H#
EAEME LRI N, 4> 8 1R B 2 M sh S 5
MSE #B3Z 8 #3105 % H 1) s hi 36 B 5L 1 B AR Sk
T MCMC FIE 8 SR bk HOR SE I3 2 5
(1 f KSR T A AR Al THPERE. b Ah, 74
XFEERT R, SAE ML T o & 2 H S Hfh TR 2
HOWE K T3 5 11, 32 BB ot 43 2 2 B4l TR
TR 1MER, e ERELB T

*1 ZHfHIHER

Table 1. Parameter estimation result.

fv/Hz Dy /m p/rad A 0 /rad ¥ Ymix
Component 1 256.0103 5.0001x 105 1.04716 3.0703 0.7846
0.9998
RE1/% 0.0039 0.002 3.5859x 103 2.343 0.1016
0.9986
Component 2 299.9856 2.0004x10° 0.52362 1.0036 0.6373
0.9994
RE2/% 0.0048 0.02 4.0536x103 0.36 1.4294
100 100
(a) ---- CRB(Dy) —— CRB(D.1)
—— CRB(py,) -~ CRB(py,)
1077 —a— MSE(Dy1) 1 10— —a— MSE(Dy) ]
—A— MSE(pm) _____________________

10 15 20 25 30

SNR/dB

35

—a— MSE(p,)

15 20 25 30

SNR/dB

5 10 35

7 WMENSHEM TR E SRR Y AL (a) 08 L SEULTHERE; (b) 2 E 2 S8hTHERE

Fig. 7. Comparison of MSE and CRB: (a) Parameters of component 1; (b) parameters of component 2.

4.2 SCIGISIESRTEE

I FH S 6 B0 A T H AR Bl 2 B0k I H %
ARE, R E N S.

SEG ZE R N AR AR MO SR 45 44, SR
£ 1550 nm FELLPFOGE, HiHIIZE 40 mW, 45
/NF0.1 kHz. o6 90/10 IR Y 4T 7 H 2%,
9% — EAE NG 5o, AT R R G5 R F

PIAN H s by 53— Bl nr 320 28, 1E AR .
P F 11429 80 mum P 325 5 2 B8 50 48 B WAL
AN HFRBURDEE S, B AARIR A NP AR
MIZS, SRJGH A/D RERRE. HIRE S 2EF0H
IR & L) B xR, RS 5350 15 300 F
256 Hz, $RIGLEMOK B, IRZNVILEAEAL IS
ST 2 e . SIS S TR S TS AR A
Kl9.
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Fig. 8. Experiment system: (a) Structure diagram; (b) experiment setup.
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Fig. 9. Experiment data: (a) Normalized time-domain waveforms; (b) STFT time-frequency distribution.
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MBI %, BN E. 06 Radon 728 4 Al 11 25 R
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I A543 A B 2 E Al TE R AR Bl 2 8 0 il v e Ar
B —ANKEX IR, ARG 0 2 AR, 13 LLERE

fl RSB, T H., 33 Radon % 437 1) 2 % X 38 K/
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FEAGIB L. T T A ST o S B R AT Ak
OISR RE R . SRS R 11 A
Kl 12 foR.

MBI 11 (a) B FAE HE i R T 15 8% 7 2= 11
I 3h JE 1 4, 38 ] LLAS 3 e e 04 AN O R W A L
SVR1/SVRy = 15098, fR#5E 145 H 18R
DA B0 B 4 = A L 29 2.1, RN (17) X
THEAn = 0.815, B ULAS 2 (12 43 A 2 2 AR 1Y
S R TR, AP 11 (b) BTaR, AT CABRAIE Sk R
AR RIS, FIH MCMC J7 352 9%t 2% Dy,
1 por MIBCRAUR AL T, G5 F P 11 (c) FIE 11 (d),
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Markov 38 E 15 2 1 sk, RWBIUE 17155 H %L
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AeERRE S AERINAE 5 R BR 0 1, RSN FIR
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Fig. 10. Results of iRadon: (a) Parameters of component 1; (b) parameters of component 2.
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Fig. 11. The estimation results of component 1 in the experiment data: (a) SVR; (b) the PDF of Dy and po1;
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Fig. 12. The estimation results of component 2 in the experiment data: (a) SVR; (b) the PDF of Dy and po1;
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*2 HEMESUIEARBIE

Table 2. Waveform similarity comparison.

MLE and MCMC STFT and iRadon
Ymix 0.9105 0.5648

MR 2 AT LA, R 5 R B AR At 75 21 A ik
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HEZR B S B0t T VA 3R 115 5 BRI 20 3 7 1%
PO 1k 55 9 B0 3 22 38 B S ORI AT A ] AR
HIPLHS, (B2 e B RN A5 5 (TR 5 1 1 5
A% G AOh SR R B R AR T AR R AR X S
T EEROUE S PR R BT %, TR
FREAE B A E B A T 3, TR B T R0 aR 1k 2

R, i 7 MLE FIHUMERE /). 83 oot = 5 e bL 1
JTERE AR G5 5 M FIYITE, 159210 H bn sl i
FAGE. MAIME LR b6 K Ze T MLE Bt &
i, FEAE R A S SR B B A R A MCMC T3
SEBUX T A Gl h 2 K S R UOR kT, ek T R %%
(I 4ERR Ty (T R A T A s 2 B A A
PSS, Mt 755 IR AR e AR AL, I8 X
HARE T BT S S B AT, KB TR
HWIER S5 PSR IES B AR IR 17 1A
SEIG A O AL BESE RIGAE 1 PR BRI A Rt 1%
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Abstract

Laser micro-Doppler (MD) effect is capable of obtaining obvious modulation in weak vibration detection. It helps
to estimate target micro-motion parameters with high precision, which may extend the application field of MD to subtle
identification and recognition. In laser detection, the multiple scattering points in the field of view will generate the single-
channel multi-component (SCMC) signal. Moreover, the micro-Doppler features of each component will be overlapped
in the time-frequency domain because of the similar micro-motion parameters. The overlapped SCMC signal makes the
estimation of the MD parameters a very difficult problem, and there has been no good method so far. In this paper, a
separate parameter estimator based on the maximum likelihood framework is proposed to deal with this underdetermined
problem. First, the detailed period scanning method is presented to improve the estimation accuracy of micro-motion
frequency from the singular value ratio (SVR) spectrum. Further, the amplitude ratio information of each component
is extracted from the SVR spectrum. Then, the closed-form expressions of the maximum likelihood estimation (MLE)
for the remaining micro-motion parameters are derived, where the mean likelihood estimation is used to approximate
to the performance of MLE. The high nonlinearity and multi-peak distribution shape of the likelihood function (LF)
in laser MD signal will lead to incorrect estimation result. To this end, a new LF based on the energy spectrum
characteristics is designed. The new LF acts as a smoothing filter to the probability density function, through which
the ideal PDF distribution form that has only one smooth peak is obtained. With this modification, the requirements
for the initialization are reduced and the robustness in low SNR situation is increased. The Markov chain Monte Carlo
sampling is employed to implement the MLE. The Gibbs method is chosen to solve the multi-dimensional parametric
problems, and the detailed process is listed. In the end, the simulation results prove the feasibility and high efficiency
of the proposed method. The accuracy of parameter estimation reaches the Cramer-Rao boundary. The inverse Radon
transform is used as a comparison with the experiment, and the results show the precise estimation advantage of the

presented method.
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