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Abstract  An estimation method of the nonlinear residual frequency errors for frequency-modulation in LFMCW radar was
proposed based on zero-crossing detection and periodogram, and analysis of the zero-crossing detection errors in phase-

modulation sinusoid signal was given in details. Simulations demonstrate that this method provides an accurate estimation

of nonlinear residual frequency errors with high computation efficiency. An experimental result was also given.
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Fig.1 Block diagram of delay phase-locked loop
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Fig.2 Linear interpolation of the zero-crossing
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Fig.3 Error function for linear interpolation
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te (pp) k=12, N -1 BFIEEE LN EEUR
o L REER [ ARESIME f, MBEHEN,
HA ST BITERFEESME f, ZRHAJLKIEK
SR(FERE) GFAERAEENESTEER
PER AR 2 £, () RE ST 7 B I E o 4 B 43
BMLRFER £ RIESHE f, WEBEN. B o
=1/m(m HEBE), LRIPER f, REERSE
HEBHEER L, 0 AFE (O AR AS R
WERN B E. B AR EEIRZE MIEH
REXR BHEITH, EBRERBLT  LHHE
HiIRE B EMRME, T ZBAEBERENITR
g

{ERIEPR{ES B & AR, il 5 frow B
PLE P OB AR S A AR R 0E A, TE LR M (H AT 5
ATHERMIRE ¢, ()T, HPE ¢ 4+ Fat
FR— LM SR EURTR R

ealn)ng —egln+ g,
eo(n+l)—e(,(n)ﬂeo(ﬂ+1)—eg(n)+ngé‘nM]'
(8)

WEARENTHEARSE BFERN . SHFS
HABRE KSR (SNR) B, T LA 228550 (8) 2+ 5

E,,(k):[

t

s HmIgESEndFRMRE
Fig.5 Error of the zero-crossing

detection due to random noise

PR RR S I, W AT 45 e, (2) B EIEL A B AR OC R BB
REU e, (DR EB®RS B ER

ol =~ 1
T 16 SNRsin®( ma )
[ {1— cot{ma)tan(27Y;) 21
EL( 2nyy) ) N 9)

F(9) Yy = a/2 — f},‘ok,ﬁﬁifﬁ?ﬁ%% lar2,
—a2].

RERX3) RGHFX(D . T FRME 2 H
o F 0 L

Nk o tf(n)
A A Y O
e RNT,. (10)

1.3 EEXREDEH

WA, A o XIS FRW R ZM KDL
HEBEENEWE Y TEHSBIRGES ABERRE
ZEARATUNEREGEENBE BRRERNE
SR SZHMAGSRAR TR mE 6 IR,
YRHEREEET I EAENREHEATRERTS
ETEMRFE e RV ER T R R EER AT B
HERERE . FEEMERNERLET L AT
ot Fut 2 R R Bk A

Sy T BE HE AR UE ¥ (E K B OB R F et 20 69 B
TN ESBENTEENEREREER . HE RIERE
HFHERBENERAFAE — T BRKE ., FEE
TERFER £ fo/ e HR BN AFREE 1
FREMEEARARSKN =30, WEN.WE 6 iR,

2
m&%%#%mﬁaf@szgﬁ=§§m-

V2SNR .EHHARFE H e s, W A E SR
FEEEA LREBESBENT 0.3% .

MR A G S HER LB, TERERIEREE
¥ 0 ] B U B B ) A B DU BROR R R
P E RO AR R EX I TR e R
R EEHRARES. ~

R eo(n+ 1) P2 + 30
My
AN

L
-

K6 SREETHRAESHNHNLTFMERL
Fig.6 Modification of the zero-crossing

position due to random noise under

high sampling rate


http://www.cqvip.com

248 S5 B K ER 21 &

2 FHRUFKMENSHAAT

B 10) AT I, b BB £, R BRI
U 2 T A 2 T AR 25 TTUMY A L TR R B
R K 55 B L R T — AR SR R 4 BUA
SRS AR LR R — T T X B R R S
B0 7 1 S B 2 P R BT SR S AN AR
AHENEH.
2.1 #EBIMpBIE

S T £, o 2 P R IR

y=Bx+ B, x=k£=0,1,---,N-1 (11)
R 1 e B A RS B ) R { ¢ | 7 AR Bo
F13 B, W9 EL BT I B 2 T R/ — R 28 1 81
FEE TS g, M 8, &, 00

A 72-:(1‘&_#1)(1"&'})
‘{3 k=1
1 ; _
A _ 2
J (o) (12)
| A A
Be= e Bix

KU g, BiLIWBE. 2 B WHE,HET
(N-1)72.

MAE TR T 1, | RIS B, T R R
LS50 5 X1 3008 15 0000502 F 50 s~

ﬁ ‘ﬁoﬂhﬁ% R FEREREES HP
%‘%s’a’B’Ji?v}ifﬁwﬂﬁiéi%%ﬂl‘}#%‘lﬁﬂ%fﬁﬁB’J
fEiH B R E R PR I, S8 5 B
fEih bRt BT B 1 o AR R R R T
it EE T UARAKRQ2) PR R TR, ME
B A B v RS B I B (B R OB R T E
(— W RN ERE UL T 10 °).

R 38 5% 22 77 5] AT 45 4F 28t R 0 %f(zk)?f]

f&it iy Wﬁf ((qk)’drk/ﬂl T @ A& 1 3
35 T AR 2R M TR A 0 22 19 DT R AT DL SRR P HL
AR EEINRE EREREEEN T, AU AR
SRR E PR IEEIRE RALFHEIR
ZAFER BB A IRE.
2.2 JELMBRMEGOEHFTE

EESEA T BEREE fmEAREE.
B/ RS ERE ARMA ER G MR % RIE
fAOABRBEMREIEN(ZHMAE R, tﬁaﬁlﬁ
A% &S HENEHT PR JELY
BOoRfET B GEXHRAME AABRERS f‘ﬁﬁ

BT EBCE.

LFMCW &M AR R ARUEAE TEETHE
B, (O MBEARBO A T, LEEHREN
BB

f?(!)_ (a cosgiﬂiz‘erjsing%iz). (13
A(13) L ﬁf((t)jﬁgﬁﬁﬁqﬁﬁi%ﬁﬁﬁﬁ~
BMEXXO3IMWEBEHEA K, ELHERKHE

WfEtE S TRARASEI R EARFEHERT . H

TR 7L (e I FE R B B 0 AT LA AE B B 8
%ﬁb%ﬁiﬁﬁﬁﬂﬁ

A
H
(

)

I
|
S

f (l‘k)COb

‘;‘
N A Jj=1,2,.M
Zf (2t )sin 2—”1@].

.
b, N

zlw 4!

(14)
Heb MIN2], [ JABREBEE . M yRWEELA
B 4t I A R K R B
LU NEAR ANKX(MOEEITESHE o o,
MEERER BN, AT RASEER LS R
BIEEHNE HITERNZTFT2"(m HEEE
B, AT AR A P B o R (FFT) B RE M 5
A (14). T Y B AN B R BT 27 6,
RAl GBS HEFREKSIFEE 2" (EFINRE
REEERA) REHEH FPT #7402

XEBETEMHTRE -, i &‘Uf(rk)%ir
FHERRidFE % ¢, ERAERHER AP Z A E B
A OEAFERBEERESWERRBEARNZER. B
ARG AH, FERER AT E £, (O ST Z)
TR -/ EMEh, FE £ () S8EM
HEth RE— 1N ET R AU URIFHE iR
AL RIBRAEA LRI £ (ORI EBEREA

FEEEATRIFTBMEASEAE T, =IN1,
N2, N/M{,HTH T, PEB £ ()BWEIEM
B, T A E e ER RS R % R

B 7 (o s A Gt B S2= S (al+

B2).j= 1.2, M AT S = S T8 IR A
F ,Fisher 8138 1 7 — i J 8 B W (16 30 10 7 v L
GitEN v =S4 8181, 83, . SUIPHE R
FAE . v, BRI F X Fisher 53

H +1
Fiy>yl=Cly IZ('U Cailart

i+ k
L= (k+ )y M1, (15)


http://www.cqvip.com

4 # BRDARH 2R LFMCW SR EMEEL M A EMN 4T 249

Kb r BE1-(k+ )y >0 IR KXERE.
MTAEMBEKE . F Filyv>ywi<a,MUB
EFEKFE « MET =N/, HA(OB -8 K
BEFKF o« —MEH0.012£0.05.
HESIANEERMT,, T, -, T, W3
PERIRE L (OBEES
2 )

A Js A 27 +’“‘ .
jp(t)—k_,l(a,;QCOsT}kt bk}blnTjkl‘). (16)

3 FEAEMIAER

D3 T R (16) G TG B, 52 A B9 AR Xt
WREZ R

Lfﬂ - y «
‘ T, F.(e) — F(e) v de
of = max[ | f,(z) 1] ’ (an
RZIELERRPIE £ (O RBRFRFBEA,
Bl £.(t) = Fsin(2xf,¢+ 0), K EE F =20 kHZ,
fu=5/THO=n/4. 8 7RAEEAFES SNR #
T HXTRE o #HITHMETF FBEKRE R,
B#ERT 3#AEARER B e=0.2,0.1,0.04.
HE 7 AR, N TFE—MRER, Y SNRIKTHE
—{E (XA 11 dB.16 dB F1 25 dB) B, iR
WM, EEFEFE R XL SNR ®{EL, LiR%
B RHEERED TR RER W H TE AR
MR, 3 FRME R T SFHRAAREFRIE K
HRFEESMALE), ANTTFEEENTERE.
HE7 fTH, EBRMERER(N «=0.2)FXR
TLE TR SNR M E W& LS R RT 8 TR
% Hod 2 SNR>15dB B 4 iHRZ M F 0.05, 8
D HHmERZEMETERNETEHAAE MER
BRFER( «=0.0)FR T, TLLEBH T 0.03
fliH ¥ (SNR>25 dB) .

06

04
a=02

[
0.2

i0 20 30 40 S0
SNR /dB

H7 fAiTRESHAES SNREXHE

Fig.7 Estimation errors versus input SNR

G3
02
By

[t
=20/T 10/T UT

G ]

0 G4 o8 12

L.

8 fitiRESEMBEMXE

Fig.8 Estimation errors versus phase-modulation index

MFRFEXW £, X Q) B HEHBEE S
B.=2=xrF.FE 84T SNR=30 dB.«a=0.04 l ¢
=1 pus T G IT X R ZHE A BEARE
HREAEME, R e T 3 fERmEE . m
Bl 8 B/~ , 7E 3 Fh A i 45 3 T 77 75 48 18] i i (8L 7 o]
BE(B~0.03) , HREZ THIHRER FH M. 1

(EHTE R B A6 ] 7, (o) o B3 4 i
2 B A/ E A S B R R R 3
R £ o) B W /AT W /A . B DL 2% 58 A 29 B0 B

FCOWADEE AEFEFL 7, (1) B R L A (ry)
S B BHR SR ) R TR . T A E
BRAETE S T PR BT L 2415 e b T B 31 3 — pR A
Z T EASEN SR T AR B, B S
BRI TR 22 A 1 K B R SR SR B B K (8, > 0.
03) f5ME LE IR iR Z B W H/ N B FRE.
Foh, mE S TR BEE AR RN R EF AR
%ﬁ%%gmmﬁﬁg.

Se(t) /[KHz

¢ 02 04 66 o8 i
/T

Ho FaHUBRAAEMNLYSER

Fig-9 An experiment result of nonlinear

residual frequency errors


http://www.cqvip.com

250 g5 ZEXRKE¥ER 21 %

WIEA STk, M LFMCW 8k 9 3E
BPHFBETTEHUNEBERE. FENES N
BIAMES SNR>30dB,a=0.04 Ml =1 us. [ 9 FF
ARARKIELRER A EMNMITSER . HP Bt
SERBAMWESERBEN I/T M2/T. BEWRITE
R AT LI, X B E R AITEEMRTO.
02. 740 EH 9 TSRS LR FBH A SRER
SHMMES RS BRT. s TFERAME M
HHEPHBELITSERSERFETRE /R
FRHELHMESR HE B FXESE RS,
FRUAA S S E o E 3R R AMEMEIIRE.

4R IR BR RO VRS R (512 MHz) F1 [ 9  RIFE
R AP ERXME(EI N 22.5 kHe) , I LA H A
SRERPEE N 0.0044% , 5 H 48 5 B A T
HEER BB ARE RN BEME I L EAE N
LR RMERE ST .

A At kbR A T B AR TRy
BEAET FFTHEABE S AERB ML ENE
AREEXATESMITENE, 2018 L HE AT LU
PR T e £ P T A 0 25 A S et Adi it

REFERENCES

[1]1Stove A G. Linear FMCW radar techniques. IEEE Proceed-

ings-F, Radar and Signal Processing ,1992,139(5):343—
350

[21Piper S O. Homodyne FMCW radar range resolution effects
with sinusoidal nonlinearities in the frequency sweep. Proc.
IEEE International Radar Conference ,1995,563—567

[3]Piper S O. FMCW linearizer bandwidth requirements. Proc.
IEEE Natrional Radar Conference ,1991,142—146

[4THU Xiang, WANG Dong-Jin. New consideration for increas-
ing the frequency modulation linearity in FMCW radar.
Journal of University of Science and Technology of China
(B8, TR —FES LFMCW HX MK ENT
B pERMEERXEER),2001,31(1):61—67

[5]Vladimir Friedman. A zero crossing algorithm for the esti-
mation of the {requency of a single sinusoid in white noise.
IEEE trans. on Signal Processing, 1994, 42 (6):1565—
1569

[6 1LIU Li-Sheng. Post-flight Data Processing of Trajectory
Measurement . Beijing: National Defence Publishing House
(FE S HEEESLE B T8,
2000:77—120

[71WANG Hong-Yu. Nonstationary Random Signal Analysis
and Processing . Beijing. National Defence Publishing House
(FES EFRBNESHFSLHE bR BTl
B3k ),1999:287—313

[8]IFENG Kang. Numerical Computation Method . Beyjing: Na-
tional Defence Publishing House (G . MEH M FH % . 4t
7 EP Tl th AdE ), 1978:210—204


http://www.cqvip.com

