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Frequency Estimation of Multi-Tone by Two-Stage
Windowed Interpolation
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Abstract Frequency-domain interpolation is a widely used method for frequency estimation of multiple
sinusoids. To improve the frequency estimation performance when the interval between adjacent frequencies is
small, a new estimation algorithm based on two-stage windowed interpolation is proposed in this paper. In this
algorithm, frequencies are estimated by a new interpolator which supports arbitrary windows. By choosing
different windows in different stages, the proposed algorithm can reduce the mutual interference between multiple
sinusoids without loss of signal-to-noise ratio. Numerical results show that the proposed frequency estimation
algorithm has better estimation performance than the state-of-the-art algorithms, especially when the interval
between adjacent frequencies is small.

Key words discrete Fourier transforms; frequency estimation; interpolation; windows

2 B S 5 BBk T2 V22 0 ) B AR )
WFEHIAV ML LEE. Wi ELHsas 8 H
(orthogonal  frequency  division  multiplexing,
OFDM) 1B 15 £ 4t 1 &A1+ F1 2 &+ 07
B i@ B 2 H A5 S ARG . WARHETZ
BB ARG L T E A R I AT R
RIS o 5%

N A3 T SRR o W R PRI R AEAE 2>
fife s AR Y, R H U R R B A O(LN?),
Hrh DB EEWEE, NRE R

;7R iy a7 A R S 1 S Rl O By s
(discrete fourier transform, DFT) Fl1 — & 48 {8 /& 2,
KA ) TS B 2R FE— N O (LNTog, N),  3XZE /)N
T A TR, PRI T RS B T2

Wehs H . 2021 - 03— 12; fEEIE#E: 2021 -04 - 13

FIEMBN . S REES, CHRZME R
HE, (HTELLEE 2 E (5 S, ARk it EE s B 4 =
B BP0 PR SR A5 A T RS B . O T RRAIR
SR T, WEE TG ESREER .
MR [6] $2 HH 25 M R —SCRRHF IS T & I Ad (4% - 3C
WA [7] $2 HE 0T B, SCHR (8] 4R AR GLE . SCHR
[91 4 1 — Fid 1 20 9t % R B A 4 (i 4%
SR A R =IO, A E AR RO A TR RERR
ZE o SCHR [10] 8 H 17— i B 2 T 2 (8 5EvE R
AMERFE T & R B T B R 2, SCRFME AT R
Ko FETICHR (101, SCHR [11] 480 7 — B (e
&% AZARE AR DRI B R B B R =AM R, A
PEH G 2R . BARIX L ARRE TR B 7T LAy b 7
BT, HMER NI R K. Ik

EEWH . FEXELATRTIRE (254); EXEREESE LGB H (U19B2014)
EE R MR (1993 ), F, M4, EENETRLSHIEETTmIL.

*EEEE: BT, E-mail: wbtang@uestc.edu.cn



54

[12] $& 8 T 4 il 4k IE 42 VU T JE ¥R (newtonalized
orthogonal matching pursuit, NOMP) &7k, 1% 5 vk
I A=A AR AN SR AR AL TR R, AR
HOE SRR . SCHk [13] 2 1 7 — PPk Al
TR, ZEERAT A&M A, STk [15]
PR T — PR B TR, R T AR
ECRIEE Sl QU =4 LI L a7 AN T = A LT
A FREUINGS, HAG TR REA IR .

T AR B R A B0, R S AR A T
AE, AR T — AT B BN & 4G A (two-
stage windowed interpolation, TSWI) [f] £ % 15 5 il
BAGTFEE, AR E — AN SR R R R AL
MdfE S . RS — BB, @ik H mT AR A
it 5 1) B e BOR I sl T HE s R A B
T BRI AH AR AT DOl Wl aa A THE T R,
i ie FRE T T bR OO B — B B R TR T i R (S
M LY (signal-to-noise ratio, SNR)# 2% FF 15 2K £ 71
. BUEOT RS RERY], ACEERA A L
AL HI v RE .

1 REGHRE
EL SRR e

L L
rln) = sl[n]+w[n]=ZAlejz“%"+w[n] (1)
=1 =1
K, n=0,1---,N-1, NANFESEG L ERS A
[iFH e N B I 2 & s [l MR BE . AR A A,
FRFEZR win) e A (additive white
gaussian noise, AWGN), w[n]~CN(0,207).
TR BRSNS 2 4l wT LA
HANE N DFT 284, A.

=

-1
RIK = rlne v @)
ety k=010 N =15 N' =N+ Py, PONHFKIE,
B ()RR @), w5

1l
(=)

L N-1
RIK = Y SiTkI+ Y win]e 2 3)
=1

n=0

A,
. ANk +6,—k)
sm—m

_ Y5 (hy+61—k) N’
Sl[k]_Alel ot ] Tf(k[+(8[_k) (4)
s —————
N’
ki=[(N'fi/ fs) +0.5] (5)

WM, & ERTHHBINEGENZ S E SR HIE 683
61 =(N'fil fs) = ki (6)
R (4) 745
5
~ 25 @ gin =
S;l)sinms]lv—/n+S§_l)sinn6;\;n= : nNN @)
sec
N/
A,
SO = 5 kg + X1V, x=-1,0,1 (8)
A (7). mIAE:
, sh_g tan1
6Z=N7arctan ( i : ) N )

N T _
ZS}O)cos— sec — —S} D —S;l)
N’ N’

AN > i}, 3 (9) FIfRIEA:

=D (D
- S, =S
o ~R p— (10)
289 cos N —gEb_gM

! l

2 BT TSWI SR ITES

2.1 FmEiEES

TR (10), ACIRE—FnEiEER, i
FEEWT.

NT T, B =10 INE MRS ST
AR A

#ln]l=hlnlr(n] (11)
AP, AN E RS B, FIaIRATERAE S
N-1
RIKI=$11K1+ ) hlnlwinle 25 (12)
n=0
A,
. NZ] o kpro—k
&m:mzymwhwf” (13)
n=0

RAE R (10), AR —F B, BIfAE—
ZEcCy, H1350 (14) NE.

D _am
Sl _Sl

(14

N

2§ ;O) cos
NI

5[ ~ CN/‘?\
D _gM
_Sl _Sz

A,
§W = § g+ 1"V, x = ~1,0,1 (15)

R4E = (13) 7T %0



684 IR SN 5 2 N A o 50 5
Silki—=x]=Arf (x+6)) (16) R, A R ECNHTE A Cy = 1.
A A, FETQ27), AR T —MmEfEESE, B
= - 5= _ (D)
F@) = hin v (17 5= CyR R R, 29
= 2R§0) cos —N —Ié;_l) —REI)
NI

IR R ERIT AT, f (x+6) P JEFF A
FOe+6) = fX)+f (x)6,+0(07) (18)

A,
.27[N1 S
£ 0 =225 nhny v (19)
n=0
R 15). X ae6) Mzt 18) w41, X (14)
W) o1 R LU I
$77V =8 = A[jag + @161+ 0(67)] (20)
A,
a=3{re ¥ - rne L@
=R {F eV - p e @)
Ffoudth, = (14) H o BERT LRI N
257 —87V -8 = Abo +] ;
-3 D =a|bo+iprsi+0(e7)]  (23)
SeC —
Nl
X,
bo==?§{2f(0)00522{-';£§;%'— e } 4
N’ TN -t
by = {Zf (O)COS—N—&—JP.(_N}])} (25)
Ny iy

K Nag~ ar~ boFbERRSLE, AT LAA:

jao+a161 a1b0+a0b1 2
R = 01+ 0\ 26
{m+me w orol) o

B (20) AR (23) AR (26) AT 15
%(5« D 5(1))
5 = R{ A2 T +o() @

TN -
2§ cos ™ g1 _g(h
NI

HRAR 3 (27) 770, A% /D TR 0 1R %
H, HARMCN TR
b6

Cyt = ——— 28
N a1b0+a0b1 ( )

X, Soe It THE, H:

RY = R[ky+x] ¥ ¥, x = -1,0,1 (30)

LA, bk E, BREEE T4 1.
2.2 TSWI HIE—MER

AR — M, R RIA > |Asl > > 1ALl 1E
A B, RIR B N2, Ly ET- 145y
BHAA TS, ATRARSE SN (31) B L s B IR
55 I B DA 43 2 8] BT

ri[n] = rn] Z Jzn n 31

I'=

MSARE SCHR [16] AT, kAT AT A

ki =arg max {IRi K]’} (32)
A,
N-1 . kn
Rilkl = rinje v (33)
n=0
RN n) 2 R T80 T —ANERE, Bk

[k] = R KR (30) BEIRY, RIFHRVFICY =
O (29) 15316, XFE, [Tt
ﬁl—h+&ﬁ (34)
T BRAR A3 B ) HL PR R T 067 o AT 2
RS s, nf DUE L £ 6 550 4 2 HI AR
2 F M LA N SR I, R RIS T R e RR
A FE AR &, B

Faln] = hlnlryln)e 2R (35)
PG L —T B el 50, AT A T A
fi=fu+nh (36)

A, AfAAS = fi- fukafhitE, H

; 2D O
7 s [ T
Afi= ﬁc’v% —0 N =D - (37)
2R, cos——-R;, -R,
Nl




54

R, S HTPBBONEHRERNZ HE

PR 685

) N-1

R, _el"TXZ e %, x=-1,0,1  (38)
n=0

BEsk, AR T
1 N-1 ) Jfl
A== > nne 5" (39)

N n=0

X —M B &G, AR TA S8
THA.
2.3 TSWI BB B ER

R — W B AR T B AT LA BRI A itk 5%
H 4 i — 5 ) SNR #12, BRI — B B
BRZRAG VHE RS BE 0 ARG i — 2042 Tt o

EX—Br B, SRR AR IR B B A, 2, -

KA TE ~M&%ﬁ“am%ﬁﬁﬁﬁﬁaﬁﬂ
JiT LA 8 8] () LB AT AT B oA«
L oy
i [n] = rn] - }:1&8“%” (40)

U'=1I'#l

FM BRI E, A Cy =10 hinl =
I i = Sl n] = A UR N 3 (35)~ 30 (38)  #i
fir RIEHr 0] = iy M AAARRAN (39) FEHTA,

R B EE, A S THEH T
o BT TSWI B2 &5 SHRAM T BE R AP
BUNF—T R, EE, N TR ESE, fh
FKJF P S E fy2lleaNl _ N, I DFT 7] LLiE
ik P e 5L AR 6 (fast Fourier transform, FFT) S
W, RIER TIREMSTIRE, PoREAM, MA—
ANz KT N HIEERL

3 MEESHR
M5 2T TSWI 1 £ 5 15 5 SR Ak 1F Bk mT

W, SRERAE TR B A LR E
N rlnls AEH T & b M 6N R B

N+M
it fy, Hdi=12L
for/=1,2,---,L

M5 (3 1) WHBRr [n]HPR - &, 453 [n);
fEr n)JEthallonN] - NAE, N = 2llaN];
XN I B [n]HEAT FFT 15 2R, [k]

HaR TR (32) 193k s

KR K] = R (KRR (30) B RIRY, Horpx=
+1,0;

HROMCy = RN (29) 13515;

Pk AGARN (34) 145 .15

BHN =N+M, Cy =Cnius
%ﬁhnmmmmﬁkﬁgyﬁﬂﬂm
7 RN (38) R EIR, , Hx= 1,05
R, CyAf A (37) B EIAL:

K haFIAFARNR (36) 13145

B r [ AAARN R (39) 5 EIA);

end

HB B
HHh(nl=1, Cy =1;
for/=1,2,---,L

MR 48 5K (40) W B H A o &, 19 B iy [nl;
¥ rilnl =i [ A fr0 = RN R (35) 73 2
ri[nl; o

W7 RN (38) B HIR, , Hihx=+1,0;
4R, Ff = AR (37) B EIAS:

¥ fr1 = AAAARNT (36) BT s

Br n A AR (39) BEHIA s
end

A5 (37) AT %0

f —(=1) E(_l) W
A s —9] + 1

41
i~ g %{ S } @

ﬁl:':],

—O N <D~
S =28, cos%;——Sl -3, 42)

—(x) T X\,
5, = aeit Zh[]J2 Frk @

N-1
Wi =2 ];)w [1] sin 2n(r]lv M) (44)
W _21§v[ 1 1tN_ 2n(n—N) 45
h = nzown cosﬁ cos N (45)
— —j21[f]—?ln
wln] = h[n]w[n]e Ts (46)
=(N-1/2 (47)
4 SNR &R, WAL/ f~0, STRfE:
N-1 o
S =24, Z h[n] [cos 71%/ —cos 271(;]1\; M) (48)

n=0



686 SRR = N A N =

50 &

F3, 2 @1) o LAt A

AN’ e N’
Afi=Afi+ o - (49)
hn] [cos——c 2nn—N)
NI
n=0
RUNBAS = fi— finllfi= fii+Af, BT
fi-fi=Afi-Afi (50)

F 20 (49) R (50) T4

1

. N-— ~
R 1w > W nlsin 2”('11\]_ N)}

’

f=fiy = - (51)
N 2n(n—N)
Z h[n] [cos —, —Cos - ]
T N N
HRHE (46) 7T
w[n] ~CN(0,2h? [n] o2) (52)

R 4E X (S0 F1 X (52) w7 E, A3 U7 R 2
(mean-square error, MSE) A] &K/~ N:

2,2 N-I ~
, 2n(n—N
SN 5 th [n] sinz—n(n - )
5 2SNR/N"* £ N
i 5 (53)

{N_l [ N 2n(n—N) }
Zh[n] COS —- —CO8 -
g N N

A, SNR; = A/2/(202)
T 58 W BRI A, 5 (53) AT BAfi]
fEA:

s “ N
2N/2

f2¢? (N N . 27‘CN)

4 BEME

KA E T AR 2 BG5S RN RE, FHxT
HAEREHAT T X, DiESHW T L=2,
All=1421=1, fi~U[0.f), fr=fita, aNHIFHIHE
Fg, <A,~U[-n,n), (A,~U[-n,m), M=3N, N-=
256, I SCHR [13] ByERIERIRECN 2,

K125t 7 TSWI 5 —Bir B FH AN 5] T oR £
[ 5 A 43 5 167 3 33 77 MSE (root MSE, RMSE)
tERE, Hda=24f/N, —A DFT W48 N f,/N,
SNRANFTE &5, HS5SNR /IR LLEE
N

L
SNR, = JAJ’SNR/ ) A/’ (59)

M T F e LA, SRR AR TR & B B R A
THERE LT R A & B At v PERE, X2 A
X LEERE TR T AT DARRA AR &, Jak/b 2y 5 (A (1)
B4 ok, SR E R TSWI BA AL i
FAETHPERE, 24SNR > -5 dBAf, H: RMSE 1/ £ i
4 5712 RMSE kR A&E S, H5 CRLB A
AEA, 2GRS, TSWI S —Br BERR H
PR

10°

—>— L E
—F— NAE
—— WTH
—— =M
¥ RMSE
-8- CRLB

RMSE/DFT %
=

N
10 L L L !
0 10 20 30 40
SNR/dB
Bl 1 TSWI ZE—F BER A AN R 6 R 0 1
Wi 5> = 715 RMSE

Bl 2 JB7R T a = 2.4 NI AN 22 35 15 5 AR Ah
THEVEIFY) RMSE, BT8R B FR RN, 4 i E
HFPECR, SCHR [11] 509k SCik [13] F A
MR E A ISR E TR . SREHEIEAR
[, TSWI RHIUGTHRZEFE, *4SNR > -5 dBHY,
H RMSE #4345 7 CRLB, XK N TSWI ££45
— B B ik SR ) AR R, RS M Bod
THAETE B R A 15— B BOSOB I LK) SNR 55K

10*2 -

RMSE/DFT #itk%

—*— TSWI B
—b>— SCHR[11] -
—+— SHR[13] ~
—— PO LA

Fi& RMSE
-8- CRLB

10

0 10 20 30 40
SNR/dB
K2 a=24f/NIAFEZ Z R THE L1 RMSE



54

R, & ST BONE R E R 2 515 SR TR 687

W 3, ot B N31.9f /N, T AR b
BOK, P SRR HBUIR Al iR = TR, R
1M, TSWI FIAG T PEREVS IR T o S92

10° —*%— TSWI
—>— SCHR[11]
—+— CH#R[13]
| —— A
g it RMSE

b -a8- CRLB

3.6

'iﬁix > {\

19.8 200 202 |

RMSE/DFT Mt
>
X
>
s

10
0 10 20 30 40
SNR/dB

B3 o=31.9f/NI AN 2 F M Al TH 5% 1124 RMSE

Kl 4 XFEE T A RIS E] R T % 2 515 S h
THREERSF ) RMSE, H A SNR=30 dB. 7] DLk
W, TSWI HARKIREM RS, Me>2f/N
i, TSWI ) RMSE #AIA 2| | CRLB, HAh R %
1o e 22 T KA (] B8 A REAS 52 40 = 8] BT 1)

AR

10°

—*— TSWI

—>— SCHR[11]

—+— JCHR[13]

—— YL AGH DS
it RMSE

-8- CRLB

RMSE/DFT #iH%
S

—_
S
s

Kl 4 SNR=30 dB B} A [A] 2 & W AT HE 035 RMSE

SHLHRR) 4, JHEMBE RIS /N
72f/N~ 16.3f,/NFI35.8f/N, # 7 & K IE FE#R
1, HAIFHA M X 8N —n~ a5 A BT
L¥RE] 4, FrABEEMHILT SR 2, A
T TSWI 7E SNR>30 dB i 4 HH Bl 27 2, HAth
SVEAE SNR>20 dB B S UL T iR 22, Ak,
TSWI iR 2 2 i/ T HAh 5.

10° %

—*— TSWI

—b— HR[11]
—+— SCHik[13]
—— PP RIGHEY
P11 RMSE

RMSE/DFT #iH%
2

107 : : : :

0 10 20 30 40
SNR/dB

K5 L=4 B ASE 2 3 WA VL3 RMSE

5 HRIB

ARSI T — M T TSWI 2 505 5 A
%, AREAE DI REES, HamESR
FAAERCE BRAL, BRSSP B £ T DL A
MR AR TSR I BUERIE IR &, FE R
o BRI R A2k SNR. 7 LA R R,
ASCHVEBA A SRR R A TR R .

2 £ X M

[1] DING Y P, SUN Y H, HUANG G W, et al. Human target
localization using Doppler through-wall radar based on
micro-Doppler frequency estimation[J]. IEEE Sensors
Journal, 2020, 20(15): 8778-8788.

[2] &&% &, Kis P, Bos, 5. 5G & %4 F PSS A= SSS b
S AE 7 & [1]. B HFR, 2020(6): 65-69.

GAO S L, ZHANG Z Z, DUAN 'Y, et al. A joint frequency
offset estimation method for 5G system based on PSS and
SSS[J]. Study on Optical Communications, 2020(6): 65-69.

[3] fT4 3. NC-OFDM % 4 F #sf i A H 7 5 £ IA[D].

AR BT ALK, 2020.
HE J P. Research and implementation of jamming
cancellation technology in NC-OFDM system[D]. Chengdu:
University of Electronic Science and Technology of China,
2020.

[4] IVANOV D, ZHDANOV A. Weighted total least squares
for frequency estimation of real sinusoids based on
augmented system[C]//2020 IEEE East-West Design &
Test Symposium. Varna, Bulgaria: IEEE, 2020: 1-5.

[5] SERBES A. Fast and efficient sinusoidal frequency
estimation by using the DFT coefficients[J]. IEEE Trans on
Communications, 2019, 67(3): 2333-2342.

[6] BELEGA D, PETRI D, DALLET D. Frequency estimation
of a sinusoidal signal via a three-point interpolated DFT
method with high image component interference rejection
capability[J]. Digital Signal Processing, 2014, 24: 162-169.

[7] DIAO R P, MENG Q F. An interpolation algorithm for


https://doi.org/10.1109/JSEN.2020.2983104
https://doi.org/10.1109/JSEN.2020.2983104
https://doi.org/10.1109/TCOMM.2018.2886355
https://doi.org/10.1109/TCOMM.2018.2886355
https://doi.org/10.1016/j.dsp.2013.09.014
https://doi.org/10.1109/JSEN.2020.2983104
https://doi.org/10.1109/JSEN.2020.2983104
https://doi.org/10.1109/TCOMM.2018.2886355
https://doi.org/10.1109/TCOMM.2018.2886355
https://doi.org/10.1016/j.dsp.2013.09.014

688 SRR = N A N =

50 &

discrete Fourier transforms of weighted damped sinusoidal
signals[J]. IEEE Trans on Instrumentation and
Measurement, 2014, 63(6): 1505-1513.

[8] BELEGA D, PETRI D. Frequency estimation by two- or
three-point interpolated Fourier algorithms based on cosine
windows[J]. Signal Processing, 2015, 117: 115-125.

[9]1 LUO J F, XIE Z J, XIE M. Interpolated DFT algorithms
with zero padding for classic windows[J]. Mechanical
Systems and Signal Processing, 2016, 70: 1011-1025.

[10] DUDA K. DFT interpolation algorithm for Kaiser-Bessel
and Dolph-Chebyshev windows[J]. IEEE Trans on
Instrumentation and Measurement, 2011, 60(3): 784-790.

[11] CANDAN C. Fine resolution frequency estimation from
three DFT samples: Case of windowed data[J]. Signal
Processing, 2015, 114: 245-250.

[12] MAMANDIPOOR B, RAMASAMY D, MADHOW U.

Newtonized orthogonal matching pursuit: Frequency

estimation over the continuum[J]. IEEE Trans on Signal
Processing, 2016, 64(19): 5066-5081.

YE S L, ABOUTANIOS E. Rapid accurate frequency
estimation of multiple resolved exponentials in noise[J].
Signal Processing, 2017, 132: 29-39.

ABOUTANIOS E, MULGREW B. Iterative frequency
estimation by interpolation on Fourier coefficients[J].
IEEE Trans on Signal Processing, 2005, 53(4): 1237-1242.
DJUKANOVIC S, POPOVIC V. Efficient and accurate
detection and frequency estimation of multiple
sinusoids[J]. IEEE Access, 2019, 7: 1118-1125.
DJUKANOVIC S, POPOVIC T, MITROVIC A. Precise
estimation based on parabolic
Belgrade,

sinusoid  frequency
interpolation[C]//Telecommunications Forum.
Serbia: IEEE, 2016: 1-4.

% %8 XI¢H


https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1016/j.sigpro.2015.05.005
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1016/j.sigpro.2016.09.010
https://doi.org/10.1109/TSP.2005.843719
https://doi.org/10.1109/ACCESS.2018.2886397
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1016/j.sigpro.2015.05.005
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1016/j.sigpro.2016.09.010
https://doi.org/10.1109/TSP.2005.843719
https://doi.org/10.1109/ACCESS.2018.2886397
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1016/j.sigpro.2015.05.005
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1109/TIM.2013.2289585
https://doi.org/10.1016/j.sigpro.2015.05.005
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1109/TIM.2010.2046594
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1016/j.sigpro.2015.03.009
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1016/j.sigpro.2016.09.010
https://doi.org/10.1109/TSP.2005.843719
https://doi.org/10.1109/ACCESS.2018.2886397
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1109/TSP.2016.2580523
https://doi.org/10.1016/j.sigpro.2016.09.010
https://doi.org/10.1109/TSP.2005.843719
https://doi.org/10.1109/ACCESS.2018.2886397

	1 系统模型
	2 基于TSWI的多音频率估计算法
	2.1 新加窗插值器
	2.2 TSWI的第一阶段
	2.3 TSWI的第二阶段

	3 性能分析
	4 数值仿真
	5 结 束 语

