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crete prolate spheroidal sequence, DPSS) #4) 7 i) 8] 7 2R B HR & ?J%‘@ﬁ%*fﬁ%‘%(multiple lin-
ear frequency modulation) #7704, 48 4 1 1E ] BRI E ERAH IR (55 2, IR A 3& 1 —
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KR WABRELF A 8 A s 1R G ANV IUE 5 5 J i L AR

K AR M % {5 5 (low probability of intercept
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ear frequency modulation, LFM) FbiZ 5 (5 544 &
AT 9 L e SEAR A i oy Zh o3, ke o g —
PR ML R A5 5, XA 5 70 T 1k 38 {5 55 ek
AETZHRINH . FEARIFRE LIRS T, 3R A LFM
F RIE R T A E AR XY, Az
zouzi SR HGETHRAE ) 5 IR AR e i 1 7

THIHMSE . BT (time frequency analysis) /7
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H 754 (short—time Fourier transform, STFT)fiti it
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W51 S BRI A 8 L ARSI RS o 5O 1
H M 7% ¥ (fractional Fourier transform, FRFT) X
LEM {55 A7 B ARG AR IOSCR . Wang F5R ]
SR ECYY I B AR B A T LM A5 51 RO AR 5 45
ZEIF ], {50 -9 dB I, f759R REL B 90% L
AR IERR AR

AT 5T R FH B HO BR 5L 5] (discrete prolate
spheroidal sequence, DPSS) "W Jy i} [] 14 oK &, i
AT e, IR R B A AL PR Ty
P& S AL B 45

1 ESEE

AWFFORE LEM AR50 56 1 rheC SR bn e o 5
ST A5 B SR A T s e
(additive white Gaussian noise, AWGN) . {55581
H (1)

x(nT)=s(nT) +m(nT)=Ae"" + m(nT) (1)
Horbr,n REE, T R REETIRG , s(nT) HEFS .
m(nT) R E WS HWES J7 258 of ARG SIREE,
O (nT) M EHAHNL

FREAR S IS ] s JR A AR AR 4
(Hilbert transform )44 HA% A0 2 1551,

y(nT)=x,,(nT) +jH[x, (nT)] (2)

Hr, y(T) WEAFS, x.(nT) BEFS5,
[, (nT)| oA KAV A e M R BT

2 5418

21 HEKERFS

1 BR 3 F¢ 1] (DPSS) T 1978 4F 4 Slepian $2
W SR —FhAEH R BR PR R, B N RS
RO iR N R, Hoe LW, R 0<W<
12, 45 %€ N R W, D) 356 5 51) 2 450 5 ™ 4% BR i 76
| FI<W By n A B HCES ] F 51 19 5 4, Horh n=0,
1, ooy N=1o 28 SCES T[] () e B A4y

X(f)= Z x[n]e”™™ (3)

n=-%

BRI 58 X B g BB B I {2 2 OB A% L B
B DTFT {945 58 W, A5 I B S iEsh, 5
ST g TR K B R (5 A2 A, XS 44
EM NG W, 3 F S E R N B e 8
SO s e s R R AE A 4R A B

1>A0 A0, > >0 >0 (4)
H B A TAEE L 1€]0,1,--- N-11, 8 FR0T
Bw(Tn(s(\[)w)) = Af\[‘?W/S%?tx/ (5)

S TR B 50 [n] E SR - i
ERIL 51
2.2 FAbIE
A P % B2 I R AFEA 5 e A A SO
BHERRE S IE B TR S B, K RS
FHRCA N X Q BRAEHIE R, RFFHE RN 22 «
x(1) x(N+1) L «((Q-1)N+1)

R=|*?) ®(N+2) Lox((Q-DN+2)] ()
M M 0 M
#(N)  x(2N) L x(QN)

Hor, N=512,Q=2NxW-1,W=1/8,

158 FH 7 W 2% 22 4 2 15 (Thompson’s multi—taper
method ) A= WA FE R N, 45 58 0 NXW, B BCH Q B
BRBELHE [ H™ F B RNy NXQ, DPSS JF 31 (1) 1~4
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Fig. 1 1~4 orders of DPSS
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2.3 ETFDPSSHIR T

T DPSS (A AR AN T o

1) A p=0,, New/2-1, HH Nep 255 A5 HL
AR 4 S8, FEARRRGE 1, New=N=512 1 T bk
B, EUCRME SURIEN 2 IR R, A
Jop- ) FRFFIN {[Toh,or, ) B8 p 215 12
MR, o, Af=F [Ny, FORFERE T 2K
KL R R IE] , A, FosE q S n s G ER LT
GVKUE s r,, T80 n 505 b U REES

2) % qe{0,-,Q -1} 151 H,(0)
H(0)=T3h,. (7)
3> é\pzov ,NFFT/2—1 ,‘H‘% C(p.Af)
3 J,.(p &) H,(0)
C(p-Af)sz":" 0-1 (8)
> 1:(0)

4) XA qef{0,,0-
NFFT/2_1 ,i+%: jq(k(p.Af)

1} LR A p=0, -+,

_ H,(0)
,L(p Af)_ (p Af) \/T (9)
5) 2 p=0,+,New/2-1, 715 D,(p- Af)
-1)|C(p-Af ]ZH (0)
Dk(p.Af) () 1 (10)
Ap Af)\

6) 4iEl ]KE#I XET%KPH TR IR TR

(Q-1(1-pr,""
n= P( Q-1 ) (11)
FA

7) BRI T 32 D,(p-AF) KT T

FRAGIECREE /N T 1 TRR A (EAE R e s A B
ﬁ,{(p-Af)={Dk(p'Af) = (12)
0 others

2ot A 2 5 TR SRR AR S Ak B AU
[ SR [a] b A, B 18] ] BE VT

3 ESigE

=]
LFM Fikf5

STEMICR I A AR L,

T A A LEM A5 5 DA i M P 5 R 2 i
K ABIEFER G U B 5 e R AR 5 Wi
3.1 HERAEBEZEN

Fe T 4> J5) [ {7 % (global thresholding algo-
rithm)" BT HERIERTT LT o

1) H— LRSS D, (p-Af) -

~ Di(p-8)-min(D,(p-4))
‘max (p Af)) mln( (p- Af))‘

2) WA R w, IR =B L u< B E

ROIAR R o 2

= NLQZB"** (14)

3) R 2R EIE, 0 0E R e Rl e

4) OB JR B A I = ()2

5) T EUR R Y B e B {EL Y 22 E<0.001
WA T —2, W E T LA PR 2) 5 4)

6) fai th g BE BIEIR o

. 1 B, >
Bpk = { Pk M
(0]

AT RSB I 2 I, R 1 Sl 4K LML 5
S AL R R A —(EAR I (R
32 fFSRRN

K —AE AR BRI A3 P45 R P R A4 L K [
BTkt — L ug BRI = IRl Re (R B 15 5
oy BHESIRBONEWT .

1) R FHEE RAR MR AT (ARG I e A4
Tl H(0.p)

p=x-cos(9)+y-sin(h), x,yeB,, (16)

2) MRERLHHAE H(0.p) WEAH, I 1
{6 A = A6/W GEHIE(EAN 1L m, b W=1/8, A6
R S RE AR PR A SO A =1° sm B A T
LEM A

3) M Py B A KT B4 L, SRAS X IO )
WRHEL,IEH,i=1, 2, K, m,

4) X g — SRR R B, BT BRI K 14
(image morphological dilation operation) ¥ B £k il
HLARAENRRN A 3X3.

5) M D,(p-AF) $EHUEE— AT RERY LEM B
LN L(p-Af) Li=1, 2, K, m, Hre Ry iy ik 3 B

(13)

(15)

others
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(Hadamard product) .
L(p-Af)=D,(p-Af)e 1, (17)
Z I, TG LEM P8 9l 32 BOR BAR M ST Y i
WA , FRAR T BOE Z BRI, S iemi il
HHHSHAE .

4 EHRHR
41 ESF&E
N T B B R 8 5 BB A
LEM AR5 #4750 07, 05 IR G55 =,
REEPURIA M 1, {5 -20 dB, [TFRRAIE
1‘%%?‘7 PFA:lO_Ao
s(t) = 1-exp(j2m(0.2+0.5x 1071)) +
1-exp(/2m(0.3+1x1071)) + (18)
1-exp(j2m(0.1+3x107t))
5 AFMELLR S, = 10log,(07) /(o) , Hothr o
5 o2 SR E S MR I 5 2% . {55 Y
DA Ko 28 3 Pt el BRI A5 ) 285 SR AN 8] 2 s, Herp
& 2(a) BT IEGRIE , B 2(b) A .
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Fig. 2 Details of signals
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2R, B 3(h) & = 4EEMR L B R R 4E . 74T
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Fig. 3 Time frequency distribution of
signals based on DPSS
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Fig. 4 Time frequency distribution of
signals based on STFT
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Table 1  Proposed method compared with STFT
HIAMES ST DPSSMyEPA gmbpigety
. Ji 2% /B
fRMEE/AB AR 22 IR T 2
-8 5.1x10™ 1.1x107 3.39
-12 6.0x10™ 1.7x107 4.52
-16 7.5x10™ 3.4x107 6.56
-20 1.3x107 6.1x107 6.76
-24 1.7x107 8.4x107 6.87

HIE 1R DL Bl A {5 15 EE A BT
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4.3 EBZEk3ttt

KSR THEAE ML 22 dB B, AR 59 50
i e L A 48y vk 28 A 5 1 R 2 s ) B ]
5o e, o s gk O 2 Jo ik N (B AR ]
B ERECE L, A K IH R TR R E

(a) KBTI

(b) JLis (b BRI s 485 [l 1R

K5 [EIGgE —EA G T
Fig. 5 Proposed method compared with STFT
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KRR IR, BTt A5 L A PR R DL R )
AR M LA

3 2H LEM 155 1% I3 — Ak 400 3 451 58 R ] 43 Ak o
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0.1000/0.0030, JLT> DPSS fit i #5128 B 7E At 11254
YR 1 [ ) i S B I W L 2 FR 5 EL A 7 VA7
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DPSS [4) A5 AL 48 77925 5 J s A FEL i AR 360y vk A B

(a) FAfEMELL—24 dB

(b) iy AfFMELL-26 dB

K6 T DPSS I AT AR —(HALEI
Fig. 6 Binary image of time frequency

method based on DPSS
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M 2R PRSI 7(b) R —18 dB AYRRLIEMG , Wi
T
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Fig. 7 Binary image of time frequency method

based on STFT
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Multiple linear frequency modulation signal extraction in highly
noisy environment using discrete prolate spheroidal sequence

HOU Changman', YU Biao’, CHEN Yuanhang’

1. Chinese People’s Liberation Army 92493 Unit 2, Huludao 125000, China
2. Chinese People’s Liberation Army 92493 Unit 12, Huludao 125000, China

3. Beijing Institute of Aerospace Control Devices, Beijing 100854, China

Abstract With the continuous development of countermeasure and anti—countermeasure technology as well as the increasing

application of low intercept signals, traditional signal extraction methods are no longer to satisfy user’s needs for extraction of low
intercept signal waveforms. In this paper, based on the discrete prolate spheroidal sequence (DPSS), the time—window function is
used to analyze multiple linear frequency modulation signals. A method employing horizontal threshold decision probability to
capture signal is proposed, and extraction of signal waveform is completed by adaptive binarization and improved Hough
transform (HT). Simulation shows that the proposed method is better than the short—time Fourier transform algorithm in terms of
noise control and can accurately extract the waveform at low SNR.

Keywords discrete prolate spheroidal sequence; Hough transform; multiple linear frequency modulation; short—time Fourier

transform
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