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Abstract: A fast and accurate estimation technique of frequency and initial phase of single-tone signal based on the phase of
the DFT spectrum is proposed. To eliminate the ambiguity in DFT phase measurement, the sampled data are divided into two segments
and the DFT is applied on them individually, then the frequency and initial phase of the signal are estimated with the phase difference
of the two DFT specira at their maximum amplitude position. Computer simulation results show that the variance of frequency estimation
is close 1o the Cramer-Rao bound, and the SNR threshold is much lower than that of the ML estimators for moderate N (length of
DFT) . For SNR = 6dB and N = 1024, the RMS error of frequency estimation is about 1% of the frequency resolution of the DFT, and
the RMS error of the initial phase estimation is about 2 degrees. Formulas for evaluating the RMS errors of frequency and phase estima-
tion in white Gaussian noise for different SVR and /N are also presented, which fit well with computer simulation results. This technique

has been used in FMCW level radar and 1mm range measurement accuracy has been achieved.

Key words:

1 58§
EZBESHENMETRER T FHURRFHR
SIRAE S AP BE A BT S80S R i i
BAWEMGTSEFEAEARSBRNBHRA, B TR
5, B R K, AATF L 4R, T2 TF DFT #3457 77
¥, 0 SRFAREE B, B FFT, A E R, HE S T
A3 {58 4b 38 {8 DFT BSR4 3 /7 HOFR A BBk T15
B i) 300 B 1 6 B 155 000 (6] f 6 R B 48 SE B AR TR A 3R
PRIXE , T 76— S5 57 P R (5 S I3 e i e R A IR, RBEIE &
HEK L ES DFT SRR P A AT E TR, B —
it RFIF DFT SRR o -2 SesR[3]48 10 T AU S

WCHE H #4 :2000-07-13; 4 (5] B #4 . 2001-01-07
RETH BB S L ¥H S LT3R E 42 (No.98015101)

frequency estimation; phase estimation; microwave ranging; DFT

WRITEE R DFT SRR THE R . i T B DFT 5% 7E
EMZNE 2 R, A P R 8 £ W B2 AT DAAT LASE 3R
SREAE(E LR B AR B SORR[S]8R T H e IR
KA RN E BT i, F R B A AR THE SRR
FORDAR . T st S 45 0 B 9% B R 137 B B R AT 10 A, SO
[6]4 M TAHAL 2250 J7 ¥ . FE IS I R B AR A TR S &R
MBS BT ERE R ERN. X7 T —FF A
DFT g A R B EN S SR E RS AR E RN
FEE AR - FA RG-S DFT 5% 48 A0 48 W 57 2 0 2 8
BE i 77 8 , FI A4 Bx DFT I BR T A8 AL I B o A9 28 A 1508 17
BRI RS RR, L R ER LRER



£ 9 M

FFEW  E T DFT #8489 1E 5% 3¢ 50 38 R 40 #8509 6 0 BE £ 01 07 % 1165

T B BB AL AR AT T R R L, E R R AR L
BT, 8818 2R B 53 R AW A A IR BE SRR A T S T IR
RERIE CR TR .KITERW LUMETHES W, oG
WITRIREME T CR TR 2%,

2 FFT B EZFMAHaRMyEHEE

BRMES H A —REHEZYES
s(t) = avexpl j(2nfot + $9) ] (1)
H,a.fo M 80 451 RE S IR RRMIHE. X LR
SHTRE, RESHWIERNBIRKER T,ARELBER N,
HRBEFSI G AWM KEMRRIFF, s (n) X RHT N2 &,
SR FFFIATE R
s(n) = a'exp[j(anoTn/N+ ¢0):|,n=0,l,2,"',N— 1 (2)
so(n)XRLIE N/2 &,
si{r) = a'exp[j(ZthoTn/N+ ¢0)], n=0,1,2,-,N2-1
(3)
sz(n)=sl(n)exp(jnfoT),n=0,1,2,"',1V/2—1 (4)
AR 5, (n)H s;(n)BEFT N2 55 DFT, 15 9] AU
$1(k) = Ayexp(j) b =0,1,2,+ ,(N/2-1) (5)
S, (k) = S (k)exp(jnfoT), k=0,1,2,---,(N/2-1) (6)
b A Mg, 55100 S, (k) 08 BE TR -5 48 £ 90
a-sin[n( k- f,7/2)]
+= sin[2n(k - £y T/2)/N] D
o=+ (1-2/N)(fT2-k)m (8)
REFEK(6)A, S, (k)5 S,(k)MIBETEE—F. f=(7),18
ERXELXEWEBOAER k= [LT21([«]RFABRE
i x BB FIFE DT MBI MR N f, = koA, 0f
=2/T 3 DFT B3R R 5 e WK (8) T WL, DFT B K48 )
HOUBAEFESHES DITRAERVENREFE,BET
$o KA, RBEE B F I DFT MAHAIR AR E. H o ® o,
SRIER S ()R S, (R)ERKERL WAL, NF A B =
=9}

Ap =@y - o =nfoT -2k (9
4 foTE(ky20.5)Af EEM M, IR (9) A, Ap 7E - 3
nZB) k. B FI A BT AT £, 5 DFT £ K it £& %t A B9
WE koAf BHRZE f = fo — koAf BT

_Be,,_Bp
]‘}_ 27cAf_ nT (10)

WATMELES TEXWHEMHMERES = /01, 5 f, 7 (ky
+0.5)AfTEEANAN, s 7 £ 0.5 B M. 7T LA A
Ap HEBR 6 MMETHES = Ap/2n. REHR T RITE £ B1&
it

Jo=hit F=(ho+ 8)of (11)
T & 56 A DFT M 8 K54k 1 8 xS S it 47 7 83, DFT
AfrE RFRE I E SR EE R &L B WA E, A
il BA & BN . X (ORAR(S),F

N-2
2N

0= P+ Ap (12)

TRV 6, BfhiHA

N-2 3IN-2
5?’0:?’1_ IN Ap =

4 N B, EXAEEACY

N-2
aIN P17 oy P2 (13)

3 1
¢Oz7¢l—7¢2 (14)

3 BRAEX I EHI R0

FENMEAREERT , MMESHTRRR () =s01) +
2(). Hb (AR RRMAES, () RE RS, H
BER 0, ThRIEEE R Ny BT N2 B RREFFIHEHN ri(n) =
si(n)+2(n) ERENEBHF TN £0, W 2(2) (T E)
H ol = faNog. FRESGHEREL N SVR, = a¥/0?. A RJ
BEDLIE 2, A5 2 Fourer 78 # ity 4 %3 1] B4 44, BB X H it
4T Fourier 4, H It — M R th KT RiEHE K HI EEH
BEAREEHAMER, TE A0 3t ML & A m. X F R
BEEMNABRERS, I DIT AR ERESE TN ER
WRHEL S , BT DFT REAR R EEYVLE B, BT LU A 510 5
DFT 9 BERLAE T . B B ATHT LAE X R A FF) 2(n) fEHE R
B X by N/2 5 DFT T

N2-1

Z(k) = E z(ndexp( - jarkn/N) = b-exp(jp,) ,

k=0,1,2,-,N/2 (15)
FAREMBEL EESL,BANT 2(n) W ARRREH,
Z(k)RMERBEVLE M. b Mo, 4 Bl R Z (k)18 B 141
£, B0 PR . T LA ERAH Z(k) M5 HEE. Y 2
(n)REBEY%E TSI, Z() WA BT, TTE X FH
—iK DFT & , A F ) k, RA— B8R E ¢ AFRKA DFT
ZH (K DFT XA R B RBEFFIHAT), Z(k) BRI R X
B, B A S AR AR, 5 W Z()NSER0, 5 EH var
(Z) = No%22.
TR r(n)# DFT AJ KRR H
R\(k)=8,(k)+ Z(k) = Ayexp(jpy) + bexp(jp,)  (16)
#EX(16),18 R, (k) H0E B FAR {14 518

R <A [ 1+ 842000 (17)
1 k A%, A, P — Pk

bsin( g, - @)

o) = o (- ) (1)
5 F 8 A 0 DFT #8450 b ,_E 2T 112%
¢R(k)=qok—A—isin(qo,—sok> (19)

i var| bsin( ¢, - ;) ] = varl beos( @, — ¢,) ] = var( Z)/2,18 DFT
A E T RIREN

v Ne,

Op = 24, (20)
FEKE N, TEEMMHHE, A, FHEWCH
A~ (N/2)a sine(8) (21)

K ¥ sine(x) = sin(xx)/(rex ). Y15 8 B AR, 75 DFT i B
BXEA, R TEMNES DA, K ZEHN var(R) = var
(Z),FrLl  fERE R AL, DFT 5535 A9 15 0 kb 0



1166 Hg, ¥

¥ # 2001 4

A
SNRo = 7or'7 = sinc’(8)(N/2) SNR, = PG+ SNR,  (22)

KB PG = SNRy/SNR, = sin®(8) - (N/2) R N/2 & DFT 8915
Mg L3 2R oW R (2 R (22) R A (20), DFT & K ik £k AL AR
B o, M HFRIREATRRA
1 1

%=/ N-SNR,sinc(8)  +/ 25N
MFERERA,E BREFT r,(n) DFT ML @, B
MERES o, HARFEZRE TR, WHFEMER, B
WAL 2 Ap M RIREN 0y, =V20,. TR, A AER

(23)

RIS H B0 IR 2 4
1
% oo SNy (24
G
=3 SRy @)

BARHX R o WHFTRIREZFETBI L HHHRIR
£ 20,/T. 0T SNR, — BB K, DFT R K E&K AL ERHIRE
BB RET 28, HIk f KA TR EEERRT
£ TR E AR () () TR RS TRER
HM{E SRS DFT B KIS LM RER X, N5 S M
REFMFRAES Eof, R AEITIRER/D, 2518
v 2/(N-SNR)/(xT) 1./ 5/(2N* SNR,) , R F A& i+ # 7 R iR
Z£BATF CR TR, MWARMG 7 RIREN CR FRMO/SE.
ek 055 I A58 IE SF A T DFT M & 38 B 4R RV B, 3
My METIREB KR, %% /(T v/ (2N-SNVR)
7/ 5/(8N-SNR,) . B5 SE AT DFT B &L T, {7
B DT ABRAFTMERE, FSMERTHSHERE
R F. T EEOHELETTERMATHESH—KIEEK,
H RGO I T RIEEHIRTFELN 2 .
EEEMAM B HUEL - A2 180 B, A EM D
% FRARHM XM, Bt DFT 5 4 5 K55 2R H8 A7 BU AL
AT LAMEAR A R AR T T RIRE Rk 1/

V2, 5B E L BE .
4 HHEERLER

K P B8 R R 50 32 IE S IR AR 5o 0 78 T 9 R 7 X AR SR M
SR F P AT A T Y FFT M AL £ 23897 T Monte Carlo HE401.
HF DFT M ELEEMERILEE NN ERESH—+, B
WEEZEERBRMMMITHFERWNNNEFES K 2
& R M FERES, EESNHTERERMAAITHY
FRIBEEWARBER V2. LES BRI HEMGES I
Hi22 CR FREANERES CR TREV2E. B E 5
A DFTHE PR AF BRERER, SR MG T2 X X
FRE 6 HITH, THA oy =20,/ T 4§ 0, B BIARMGITH
BHRRE.

MNTFARE £, M ¢ B ERGESERRKER LA
DFT KB &4 F #£ 47 Monte Carlo i #l , B #1545 £ B A~ X F1E
B B, I Af BI NAf/4 BITEE AR f, B, A TR Y

AR TS BRFNRENAAEME T, HITRESE XS
HHARITEERYE. % 1718 —1 DFT MRS
BTANESE T MEL, SNR, = 6dB, N = 256, 4 100 X
Monte Carlo #i#] , R MEMIHTHPENHHTRIEE. R 1K
F—fr ¥ cak[7]h % 1 PRIBEER T RMS(f) TR
o AR, WM EFEAMF, EARCH G E AT HAH DFT
ZEHMGIRET LA X AL T DFT B B 28 2 BT & 6L B W4T
AT, MAFE M B DFT Sl @i 2. 8 T4
EHEHE BB LASAMNAR,TLUEL §=08,0 =
0.0095, ] RERIZE RSB HBEEREAYE. RFBEW
FHESNN 6=0.3 BN 4 IR Blackman-Harris % /5 B9 45 &, N
BI%F DFT R EEMA TR E WA, MBI )i
LA IN—%, X% DFT ML 25T R R E R R/,
#£1 HEFARMETE 100 /X Monte Carlo #3145 R
(N =256, SNR, = 6dB, fo = (51+ 5 ) Af, by BEHL)

5 0 01 ] 02 | 03 | 04 | 05
E(S) | 0.001 | 0.097 | 0.198 | 0.299 | 0.402 | 0.501
0.009 | 0.011 | 0.011 | 0.0L | 0.010 | 0.010
” (0.012) | (0.012) | (0.014)
0.010 | 0.011 | 0.014 | 0.009 | 0.008 | 0.009

*
a8

(0.020) | (0.019) | (0.020)

iog AX[710F LB RMS(OITE N o5 MER
25 R SNR, = 6dB, N =256, f, = 51.1Af % 1F
FL,HEFANRER ¢ 2 100 1K Monte Carlo B8 3| #9511
HEEMY T RIRE A XS B@’L&iﬁﬂ‘ﬁ,% =4.01°,
BHERSBRINERESYS.
%2 WHESLITH 100 X Monte Carlo #3014 R
( N =256, SNR, =6dB, fp = 51.1Af)

$0° 0 5 90 135 167 350
E(3)”° | -0.47] 5.40 89.13 | 134.45 | 166.36 | 349.37
oy /° 4.15 4.21 3.28 4.38 3.62 4.20

B 1 ME 2 RS AR AT A RRAE S
ML DFT KIEHXER B » *{L3 Monte Carlo L5,
ERNEATBUHAR(EES)HHESR, WR B R E
EERFEERNTEGES FRIEECR TR. A 1(a) A1
(B)YFTRSY BIR fo=51.5Af, N= 128 5L, SR A AL A4 1T
RESERLHXER BEERS5ERITRERYE HEM
HHFARIRLEEE CR TR FMW LS 6dB, G B TR
ERE % B 2(e)F 2(0) IR ABIHNTE fo=(N4+0.5)
Af, SNR, = 6dB &£ T , 57 A L A0 AR A6 39 7 iR IR E B
BEEENTLAHER. BERERS5EARNITEERELY
& N B4 FE SRR MG T T RIRERE—E MAE
1RIE 2 7, SRR EBE (EES)CR TR, it
BITHRIREAR(EFES)CR TR 2.

5 HKitRKRREA

ASCHR W T —FF A DFT R A AL E RS K
SFRAMPIAL B %, R L 6dB KR B0 1024 HO1E
BT SR T 07 IR 2 29 3 BL i) DFT B3 5 B R 1)




FrEIE 3T DFT #H {3 0¥ IF 25 3 551 5 MBI AH 80 (o 68 BE A b o B 1167

% 9 M
0.04]
F0.02f=
0.001 ) I 2l vk i P e s
0 6 12 18 n 0 a 12 18 M W

SAVROdEB
(a3 SN T B T it 2 (@Bl )

SMRdB
(B FHHIMS D7 iR i E(9e=30)
1 Bt A TS AR E SRR
(fo=51.5Af, N=128)

0.05 ——— 20—
; i v RO L

T L e I T s sl

0.03[™ b CREH | )

Fo0zf - -,

Q.01

24

T 32 o :‘23 Ty
(YR 1y R 2 30}
H2 sEREHAEGTAYFREES VXA

(fo=(N/4+0.5)Af, SNR, = 6dB)
19 .50k [ 71492 & M F) F DET S50 19 4 A 15 57 S SR 60
T, A SO B ) BY O Bk 6 T A8 R BT ) B, M {3 A B
DFT BeJOIE sk ab ot G 3 3 TR RIER 2 BT ER ErfE
SEREEAEE RN B RS, AR A M DET AR 0
frekfiTabes, WRG I REE8E CR TR, 53
TR & R A MR . 2 T 30 ) SR ot i, E A FFT 2
WA B B A o A R, ST S MM BB R 8 R, I 4 DFT
MEHERGIHRERmE L, ma DET A Z Bk iFiR2E
FRR A o A SCIR ARG TT LAk i S S e, A
YT RRERE T CR FRM 2 . A R W 0m%FER
WAg kI ik L ICER 5 10 6]R R 2715 S Bk o A0 AL pd 400
A 1 TR A fe R b R (AR TR 25 , 76 4 (R L AR I 0 25444
TR A, YRR B R (T RETS BRI R SEE 1Y
it AR SN T O E R T REATA TSR
ES5EREE DFTEENXRR, ARIFERSITEIER
B RARE M & A 3 S BEARE A 5 B FMCW B
UM EAPEAINH. ARRXHATRSNEFRETHE
MEFMREE NSRBI H IR, £ 555 .00
% 10CHz, FIRHF I 1. 5GHz, B FI I DFT 5738 88 5 i 7
HAEN 0cm. AXBER(ZHHEESHERILAE 1048 ELE)

oL— i
& 32 64 128 256 3121004
() IR LI A is 2 1 uBlifIL)

RN ES A 8 R A SCER i 1 DT A i 25 o308 1)
FTEMEEBMTRIRE DT 0.5mm, 8T R HEEES
T RA PR R R .

SE 300k :

[1] DCRife,C A Vincent. Use of the discrete Fourier transform in the
measurement of frequencies and levels of wones [J . Bell Svs. Tech.J .,
Feb_ 1970: 197 - 228.

[2] L € Palmer. Cosrse frequency edimaion using the diserste Fourier
wansform [ J] . [EEE Trans. Info. Theorv, 1974, IT-20(1): 104 - 109,

| 3| DCRife,R R Boorsiyn. Single tone parameter estimation from discrete-
time: ohservations {J] . 1EFE Trans. Info. Theory , 1974, IT-20(5):591
—598.

L4 ] VK Jain, W L Collins Jr, D C Davis. High-nccuracy analog measure-
ments via interpolated FFT [J].[EEE Trans.on IM,1979,28(2): 113
122

[51 S A Tretler. Estimating the lrequency of a noisy sinusoid by linear re-
gression ¢ J] . IEEE Teans. Info. Theary, 1985, IT-31{6) :832 - 835.

[ 6 % Kay.A fast and accurate single frequency catimator [ J ], IEEE Trans.
1989, ASSP-37(12) : 1987 — 1990.

[ 75 0¥ thme s B BB TR &8k (1) B TR,
1999.27(6) - 126 - 128.

1E& BT

FEF L0904 11 AETIHFRED.
FEE, G HA LBPgE A 1982 SEREAE FRIE T A
RETFIRE, B TANEGSFRAFIR
FAKH {31993 4E E 1995 4F 7 B 0t b
5 LBl A PMOW il W B AR T
. BEETFXERE P LTRESER LB
2. EEWRF N -EFE S, FMCW E

oy

i A S A

-

BRE B934 TATIOHEN, #4E,
TG0 1959 SR FRRE AR,
WHKEBT LM TREE. 2
HEREFHATTHAMRENGRRAE.



