BEHOARET, 2013 48 5523 % 453 #9.308 ~312

doi:10. 3772/j. issn. 1002-0470.2013. 03. 014

FFT-CZT ¥ RFE B X & LFMCW T Z&HE S E RPN HA®

T ECRES o

a7

(" HEMEMEAFERANE B ATERLIF RS A 100191)
("hREMEMAAZRFELETRER  Jx 100191)
(™ FACABRIFARFAAREIF L 2N 561000)

W =

Bt T RREARAAELR(LFMCW) REEHERR A, R RAARM R &2t

BHRARMHEKR AL BERRMREERRANE T XA REH L G (FFT) 5 &4
R Z EB(CLT) MW B AR (FA FFT-CZT R AR) AR EFMEREFTRIME W
A 5 AT I AT (8 FET SR SAT S M 47, B CZT SRS AT ¥ 4 &
) UBRARGHEE L EREARTE REALAAEREEMGLTRES . 1 EL
BT RRELIMCW RE B ER RGN TR, (7 EH 4 R% W 4 FFT-CZT &
AP THERELIMCW LB IR YR TN 5EANEIUEHM L, AR NN E
BEAGTRESNHERF  AATEATREFTEUINEENEF,

Rutin) KM RMELW(LFMCW), REEHEX, B X%, FFT -CZT, X A&

2R 14 A IR 3% 22 I (linear frequency modulated
continuous wave, LFMCW) X4 B &5 E FHF 2@
BfE 55 RS HTEZME IR EEN—FNE
RE, AFBRHRNEER SRR BT
PAE R DA R R MR, WE A LFM-
CW XM RERFERABKRERE —EREEE
RPN KL, TR AR EXH A LFMCW T4k
R ERABENRE"™ WL Z R AT/
AL PSS LA BIRE RENGE

fRGE ) LFMCW JC £k v, 155 BE 32 R F AL A 41,
ARG SR LI R EEMES
RIBREE" o B BOF R U R A TR 7
RPN, I ES AR TL B R ERBET
BRI, XRFHERNEZMFES RARFEFESL
FHAR , XA FE Tt =X, Hw e
R s B (FFT) 535 o {HJ2 % FFT
BT Z WA AR EHATIE 24T, B
WP f/N, B f, AREER, N BES
x(n) FARKE, ZERSNEBE LGS

@ 863 H-Ri(2008AA121802 ) FIHES 2 4 (2009ZC51026) WBIT E .

x(n) MEBKE, HXFESEHREERR M, %
JEB MM Z A8k (Chirp Z-Translation, CZT) &
U R AT AT A B RS R4 Ak
TTEZ— AR R K FFT #1 CZT #3454 B FFT-
CZT BB ARG R EImES M 24015 ST AL A
BAR,BERTHERHAREMNHE RN EARL LFM-
CW R&H R ERREF RN LB RS
B4 2 T BRI BT 22 FA 5 SR NG 1 R 43T
HXFEARELR LFMCW JoZk i v BE R A48 2 AR B
BT TR, R B85 53R 5% e R Uk
IT W, G5RRY, FFT-CZT AT B R E R
SR BAE BE AT TIRRE T o

1 FFT-CZT %3

CZT HIERYE R4 m ik 2 — , TERAK
B R G5 AR S B E T R B IE W LR KR
= LFMCW BB, A5 RAK) FFT-CZT &
% FeF H FFT X3 B A5 5 A 29005 TR0 , 4R
J5i2 il CZT P45 B AT R 4k, FE S =400
W ARG, AP ENERENEN, TR E
SHEMMRAESEN FIT BEHEESB L,

® 3B,1978 454 {4, TR HT N LRI E, HREFRA; A A ,E-mail; zengguoqi@ buaa. edu. cn

(ks B #9:2012-04-12)
— 308 —



B &% . FFT-CZT £ R7E KL LFMCW B e = R A i

XEZESE AT N AP B AR i, B AR
BV ESFORAE, TR HI POt 2 R,
EMRRATRERTREEN, RERRRHEA
BRERZS , HFilid CZT ¥ MhE S i AT 40 fk o Xt
FAEZMME ARG, 4040550 L B Kb b R A x
SERY, B CZT B B B2 B2 nA & FFT-CZT 4k
HABE, BITRABHR—IZBAOARRE, &
R ARG E ZHUE (H, RIE AT B A HE
LRI EE(E.

FEHEAT CZT b}, B SR BRRAEFF] «(n) HIKE
AN, FHIFE Z Yl b N RSB ERBEERN
X(Z,),0 <n<N, ZETH : BHR

X(z) = Zox(n)z_" (1)
4 2 WHRBES 2, R
5 =AW*, 0<sk<sM-1 (2)
A A MW RHERER, ARSI RSN
A = A"
{ ) (3)
W = Wye
AP MAESHIEITE S A—ES NH%; A
NP RERNEECE S ; W HBEREE E& S
ZIRIFI LB s A, WEURERIGHE SRR BT Wo B
5 BSR40 BRER 1) PUE 2 IS 5 0, MR HA SRAE
MHIREA s o NHBARRBE R R MR,
BROGIRA 2 B8 ,E

N-1

X(z) = D a(n)A"W",0<sk<sM-1 (4)

n=0

FIRAEHHER

nk =%[n2+kz—(k—n)2] (5)
g

X(z) = W* - Z)[xw)A‘"W"?z] W (6)

L ESH0R, A, BB B BRI 2R MR IR R,
W, y&%ﬁﬁﬁﬁ%%o %Ao =W, = lﬂﬂ‘,%ﬂﬁ'\‘ CZT
B BT A I

AESTI T BT ot FFT-CZT 73k b FFT 77
A S I, K — A T CLE L R ik A
BHEBENIAGRED, BT ¥ = 2¥ M
{537 raE4R ( DFT ) #2 EEF—E 2 FFT 5 #f74
5 BB MG BB D I, BT

mF:g-M:g-logzN (7)

SKH CZT iR o pint, BRIGEKEN, £
H 2 B4 EHEAT M S IBHE R, A A BE—F
PKEL FHHRERRAL=N+M -1, LK
REHEESTA HHRBIE N THRKE, it
B B MR IR B

me =N+ M+ L+ Llog,L (8)

AEE R BB T, 23 M 512 &K FFT,
2048 S FFT 1IN = M = 512 g5 CZT X475 FanL g
FE RE 2G5 4 H B AT IS 47, TR &R
2,51 mE 1w,

%1 FFT R CZT MIERELLE
FFT(512) FFT(2048) CZT(512)

REizEE 4608 11264 11264
MEEHRE(kH)  25.39 24.902 25.029
B R R (kHz) 25 25 25

RE 1.56% 0.392%  0.116%

I AT FEM RS R BRI T , CZT )
MEIREZERIL FFT /MBS, XAHE B
FFT 27E Z P o B obA7 45 MR iU, B
DAHIRER 7 PR RGN £/, T CZT RFE Z VT
fir [ ER—A~ B R SR IR B, FFEE B E#EAT Z
AR S S IR, ZEREAT R R AR AL , BT BRI B R
FRMLEIZESS N CZT B LG R AW HE IR
RTAEHITEAE, WO HARR BN (f, - f1)/No

2 FFT-CLT AR RLGEXRRGF W
2.1 HBRZLFMCW TZL&HEERES

B 1 HBRL LFMCW T B ERNRAE
B, REWRILH— MR, RARERRS, FIH
REXIHZR 0T AR 203 58 H B B AT R R T I
SHEMESHE— X, R FR 4R U5 I R A 35 45 il S AR
VB 7= A I B B LFMCW & 5= 5, SR FIFFT-CZT

EE=& = ;g 1 |:| r—

[f==q=========="=

|
| [z |«{rrrems j«!
e =
LT i e[ [T

1 HXEZ FMCW TEREBERGWIER

AR & B

— 309 —



ROORE 2013 483 A 5523 % 3 8

R LG 27 = o 4t B BR R A A SR 5K
B ZEME TR B, SRS T R Z MM RE T &
ITBUEAE , AT BE SERS A AL IE TR B 5 BB,
TR RGN S IR B4 BE (L

B2 Al 1 REFREXHESSHWER, RR
AEPA ML T SZEE Q TR, T AR R4 %K
Tt {5 = 1 I SRR B U i ok, 2 1.Q P
BB A 2 R A B BB IR , RS R BRI
FENRARGES . B RE RSN, e
3R S IRAR 5 BEAT I S FAR L B IR T , X AR
SHMRGES KEEMER , MO 2 180°, HER
i, IRBIRHERIRCR . WIRES RBER N, AR
WO R RS I S AR LI A< 1) AL

ﬁ}%%ﬁ

B¢ M B

E2 XEHBER

EEBRERRER TIEDR B iigE
FBREEF R RS, ERRTE PG FFT k6
EELBEET , 5 HA AR A TR
S ETR SR RSl R B E, E R HA
HERS S , R CZT 7ol € 2= ERHE BEfT S5 4
feoi#r il SEkr H 5 e HF A2 R — S HE
W RS Y AR ETE A RN RN, 2R ERTE
FE 4y 25k i, R B HH SRS,

2.2 SRt

FFT 28 BT3B 0 BB SRAE 6] X A

Ko ABFTHIABIHIE, £, =S0MHz, AR fFiHh
— 310 —

foo SRHFRBRIRRXN £, = 2.5, RERES
HITRSURE R f, =25kHz, BB SHLBIRL
RSB | =3m, RECH 4 BT RE M,
Rekzih 8dB, B LN 1.2, FEHEFT FFT B3R
BER BB N, IR BFRN My =
[/ Nigro BRET T AT 7] DL B ERERSS
A4 T I BRAT 523 5 [ 20k Hz, 30kHz]

HRGFGZERIRS TN, CZT S7ERF G
WH [, L] IEGS T, ARGEF fi =23kHz
NRIGIR, f, =27kHz AL, W TR R
N M i}, CZT BSRBA RN A cor = (o —f1) /Mo

FH CZT Fukmt, B ik BB e B ) =, BT
A, =W, =1, %T%W&%ﬁﬁﬁ&?ﬁ%ﬁ%ﬂ

{-*1 = 4yexp[ - 2mf f]

W = Weexp[ - 2w(fy - f13/ (M f]]

3 WEEREAH

FENHERREGE 3 . RESAER
RS, EIERE T RA FFT HEATME 3,
TEMRES T RH CZT #HATHE ik , R AR B
Ar RS S AT

T

(9}

L3
HSEsEEE

FIE AR ED
K, isN?

Efiece b g ke ks E A

r
LT B EHED
EHEEE

iE}\EﬁE.- |
| Chirp-z AT IR % |
= ke

3 BEXRZLFMCW Z&HEEEREPLABGERER



B %45 . FFT-CZT £ RTE A KL IFMCW Jo28 i i BE 3R th i i
B 4 FEE 5 4 F i =R R 5 R LFM- 191 E#F%Cﬂﬁ%‘ﬁ“’f
CW WAL (55, [ 6 A5t FET M4 K4 ol e ]
g, EP R S8 T {5 (SNR) & 15dB IZE?%EE |
rIRET AT RS 10 Benge] |
] SHALPMCW S 61 330 e ii;
1.5 a P i
1 1 i!= ;=
_\I |'| I| { ' [ H 4 I 2
0=t ‘ f!. .,5[ ! =’i=
ol ‘ ‘ ‘ ‘ ” ‘ : i "-.I"t
£ | | ‘ 0 e TS . AN P
. | ‘ 23 235 24 245 25 235 26 265 27
oSy |I il l| “ | S (1) i
1t vl 7 BESTHERREY CIT BEZE
-1.3 q : ¥
I % CZT # R AT 5 K REEAR
B4 FMCW %5 SRHER &, IHFEA B KRR E 8 B,
o PO R
20 LF"-.{EWE# SRR L300 F ——
i ff
15 1||[| | " '||'|| I “ |||| 1450} /
) lu;l!iwnm.” uutrm. M‘ /
” | &
€ 10 l || || = 1400 f,-"'f
|
|
5 |'| ff
| /! 1330} . . . .
S~ 1 1: 2 25 3 35 ¢
i s " 15 2 25 HEIE RS
aE #107 B8 XA Y 1.5km i} FFT-CZT B8R
El5 LFMCW % 5HE SRR
— AR A i B R s T, A AR ) R B
i r -
2 i ' ' i ea B AR HEE R 9 B,
1.5}h | AR AR HEE
- 15400 : : : .
4 M 1530 ¢ ."il".,l
c1r 520 £ 1
) || [ 151;- ! HN“'-H a’f\‘\\ / |
|]_5l ‘ || Ihl E: Lsan | |.' '.II f."ll \ ,.-""' \
", 2ol | Vo Y, ;’f
o . . . : - - ! Vo k¥
1 ] ; 8 i 12 1480 W 1
=10 147 F! §
1450 \
1451:'1 ? 3 4 ; p -
) LI '

B6 i

(EM S50 SRR = 1548 BT H GRS
RIS SHTE @G T amig

1B A AR A 1A J5 F) R il Ak 5 AT LA i 22 AR E IR B

B9 XERSEX 1. Skm FEHAAELER

AT AR R B A O Bk R B B, 7
PAF 5 ANEBEEAA T 45 A Al AL 3 & FFT-
i SR

MIRRE, RS BEIL, RS ARES, @i CZT
XHEUE ZE AT SR M T AR BEAT 4046 , oAk BOFE Rk
LA, £ ] WAEARIE S, 7B R BB 512,78

ik
1B R RAE 7 PR

CZT A ARG AT R, BB A 8 HH 45 R = 4
— 311 —



ROORE 2013 483 A 5523 % 3 8

# 2577%. BRI BT B BT, R TR MR
N {1 FHRA LEMCW FEEA RN 1 ELE RS0
g DA, MR AN, R k)
2X m i P 3 v v =
AL 3 1490 1004  496.3 99.77 49.13 SR 6 B RIE R AR 2236 H L 8 ST T B £
FFT-CZT 1497 1001 501.1 100.1 50.07 5, BLERAR S LIMCW RUBR R T 0 B R A

; FHNLATE
BOAE o 04 0 023 174 B

WRER(%) PR—
FFT-CZT 0.2 0.1 0.22 0.1 0.14 (1] KEH. B&EFEREIFEISER. Jbs: E Tk
RER(%) HpRE, 1992.3-7,2582
[2] Zhang F, Zeng G Q, Wei Z M. A study of cancelling the
. — leakage signal with a RPC for single antenna FMCW radar
B R G R A AE H FFT-CZT B 3k B U altimeter. Lecture Notes in Electrical Engineering, 2011,
AEMMHEREREER, HIRERYKRT 135:127-135

» = [3] TH, #& FAHEEELLHTERNITEITE.
0.3% RS RELAE BB REE KM, Rt TR, B R

KB, B T AR MRS (4] 8, 55, NEY. T FFT W82 PMCW &%

BRER SN A 5 % TR R FRFHESABMBRI. FRSHFITR, 2009, 7
(1) .48-51
4 2:1:11: -i/ﬁ [5] Rabiner L, Schafer R. The chirp z-transform algorithm.
Audio and Electroacoustics IEEE Transactions, 1969, 17
BEE DB B A AR R, CATER N R (2): 8692

R ERR S E TR T EE [6] Tarasiuk T. Application of CZT transform for spectrum a-

nalysis in system witch varying frequency. In: IEEE Work-

B3R, A0 FFT-CZT B kR H TR AR ENH shop on Intelligent Data Acquisition and Advanced Compu-
B AR fE LIRS LFMCW T B S EE RS ting Systems: Technology and Applications, Dortmund,

Germany ,2007. 329-334

S Ve A4— e S
i ’%Fﬁ FFT SeAATH ﬁﬁﬁ, B CZT HA [7] Leng HJ], YuS, Li X, et al. Frequency offset estimation

HATIRIE AR 43 , fR O T 30 3R B 3R 5158 i Bl I oF for optical coherent M-QAM detection using chirp z-trans-
&, ENEESREMEHERAT T RGN, & form. IEEE Photonics Technology Letters, 2012, 24(9):
787-789

REH XTSRS, B7F AR

The FFT-CZT algorithm’ s application in single-antenna
LFMCW radio altimeters

Zeng Guoqi” , Li Siyin™ , Wang Song” , Qi Dianhai*, Rao Ganxin”
(" UAV Research Academy, Beijing University of Aeronautics and Astronautics, Beijing 100191)

(™ School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191)
( ™ Department of Technology Development, Guihang Aircraft Research Academy, Anshun 561000)
Abstract

A LFMCW (linear frequency modulated continuous wave) radio altimeter system with a single antenna was es-
tablished, which is characterized by using the vector cancellation technology to cancel the RF signal coming from the
circulator’ s leaking and the reflection of the antenna’ s stationary waves. The technique of combining the fast Fourier
transform (FFT) with the chirp Z-translation, called the FFT-CZT technique for short, was used to analyze the IF
signal created by mixing emission signal with echo signal (Firstly the FFT algorithm was adopted to analyze signals’
spectra coarsely, and then the CZT algorithm was used to analyze signals’ spectra precisely) to solve the conflict of
frequency resolution and calculation time and improve the system’ s anti-interference ability and measurement accura-
cy. The working procedure of the single-antenna LFMCW radio altimeter system was simulated, and the simulation re-
sults show that the application of the FFT-CZT algorithm to single-antenna LFMCW radio altimeters is feasible. The
system can be used in height measurement except in the zero altitude instance. And compared with the traditional an-

ek

alog system, the measurement accuracy and the anti-interference ability of the system are improved obviously.
Key words: linear frequency modulated continuous wave ( LFMCW ), radio altimeter, single-antenna, FFT-
CZT, vector canceller
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