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Abstract: A low-latency parallel WOLA ( Weighted Overlap-add) DFT filter bank design method and its implemen-
tation on FPGA are presented. System objective function combined with group delay, asymmetric synthesis window design
and iterative algorithm are adopted to reduce the overall system delay during the optimization of DFT filter banks. Calcula-
tion delay of FPGA implementation is controlled through multichannel parallel multiplication, multistage pipeline addition
chain in key modules of DFT filter banks. The whole design is implemented on a Xilinx FPGA chip of Zynq7020. PESQ test
shows that the design can achieve good speech quality. Compared with the serial WOLA structure , the delay of parallel WO-
LA can be reduced by 1.192 ms at 16 kHz speech sampling rate,with the group delay reduced by 12% and the calculation
delay reduced by 29.2% .

Key words: speech processing ; DFT filter bank;low delay ; FPGA ;parallel design

a|= 5 B st R B 3 R ) A B 1 A TR Y
= O B TR0 SR, 24 5 A BRI 4 5 10ms B A2 R 3
TEVE2 SCI A0 BE L o, AR AN 9 — B2 00 M55 3 ~ Sms B 3 RS AL 8.

S/ AE , Andersen KT 25 i 1o 1 5 P IR 51

TR RE R, [N R A 2 3R 2 5 2 B W 2 g ) 5 7

Wik H 91 :2017-01-03 & (8] H 1] :2017-11-26 5 5TAE S i - P BE
FBUUH « K 3 RFE 34 (No. U1536121)

TR ABETT, (o7 5 M5 2R 90 ) R AT 0B 247 o DA 908 904 45 4L 1Y



696 TR S 2018 4F

i 4E. Deng Ying 28 A i ot MR 0 BRI DG B A i ke 5.

FAGE SR LR £ 1371 o 40 B 2 9 0. v e

Markus ‘Schnell g T ED-AAC gEfy T % ? V

FE A S, S T (A3 25 SR . 11 3 Sk 1L o e

SRS R AR E N TR AT I B SE AR AL, R V i#

XPTR B A BT A ER G I B A8 AT R G i, R R Al ) ol

RSB b I E AL : fif
DFT Ji& i #% 21 ( DFT FB, Discret Fourier Transform o X(ow) H

Filter Bank ) JE AL F(5 -5 Ak R 15 Sl fh AR H 22 1Y) ) v

B, g — 4500 1 5 0 0 0 B A, A B 8

W BRI A S A AT 2
2B P, 5T DET S8 e 2 M -5 25 5 SE BU A8
P14 R ARROX T 5 ALk B 2R G R AR S 4 e A A 05

IE AR BT AL 12 2K HAR B2k HW 2 H AR
PEIRDEE, i /L PR I REEOR A BT 58 R E I
PRAL ™ SR ST SRR DR (LA SRR D A
JERR LRI R GEMERER. Dy AR R eI 4E, SCRR[ 10,
VL] SR 77 RG2S A 1 T A0 58 A AR I
it Wl A8 Lr 3 IR I A I B T Ak
HEARGEREIN AT, SR T 52 PR T U8 I o 28 (9 %38 O ORITR &
REESR st (ug b e K A RE I . Dt — 2P IR
TREFHE , SCHR[ 4 15 AARRS AR B IE A B A A2 725
FrUBH AR BT, (R 7 8 D 2 A A 5 A I i R
e PERER A E. SCRR[ 12 |3 T2 Ik, $2 i T 5
PEARXS FA MRS I TS B TR T B e LR B 08
Pearplans , SC 1 IR A A BRI B (H S R R
Z B . FERT S E A BRATC B S AR T AR
R A SCAEDE P Av 21 11 Ok AR IR R HLA i i L
ERELIE I CLEIPNI B IR P s o h v R AU PES w2 e
%, TR 23 IR B R AR X FR 5 k. 2 —
AE FPGA R 2 B4 547 ek (20 i K N i 45 15
T, 980 FPGA SIEBLFT A f Aef Jo 30 80, AR 350 S
MW, 7 16kHz T F R MR TR T IF 7588
i) WOLA #5544 DFT 8 2 21 7E 1R & 23 i 455 Ab PRAG 1
P 22 1IN A T 10 53 ) B A e A Al SE BN 12% F
29.2% . ART5 ik S A IR B TR o BT AN 23 45 ZR el T 58
B B A 3 S5

2 DFT RiEsRAREHIR

2.1 [RESH

W 1 iR, DFT JEI% #4136 15 25 A g 0 7 41
B LA IR VL A AL 43, H TR T FRT PRk 453
R SLHLUE W AR TR I B R RIRL B 1 x(n)hy
WAEEE S, h(n) F g(n) 3R KER L, 1)
ST A EE D L, LRG58 75, N U8 ik 2 4158 1E
B, R NRERRER v (n) SR & Wi 28 A )5 B0 s 35

T ANEEA AR
1 DFTHEVE AR

WOLA Z5F4 & —Fp s B DFT I8 #e A = s H R
W ILER . AR A TR A 0], e b B S S T &)
S AR B R A A B & R AR R JFEFT B
AL PUAS IR X ATE 575 x () (149 55 I [a) 25
W50 2 S R B AR ] R

X, (") =X, () |

®

- Z x(m)h(n—-m)e »™N

m =

7O<k<N—1, O<n< +o (1)
W m B4l n o+ m, I G IS JE— 2P 155

©
2wk/N - j2mkn/N - 2wkm/N
X”(el'rr ):e 2wkn. "lZm x”(m)e 2akm. (2)

S(2) 1 x, (m) L8 T UL 3 25 B s %1 1
WOLA £5Hy DET 383 B401 i 7 40 B 4645 0 76 5 F 1
BT, B

w =2mk/N

x,(m) =x(n+m)h( =m) (3)
& m =g+ Nr fRAS(2) A5

N-1
j2k/N ~ 2mkn/N — 2mkq/N
X, (") =e NN w, (q)e P
7-0

O0<g<N-1,-0 <r<w (4)
Horu, (q) J& x, (m) P9 AE N 58— BRI L/N B
JE AR BN 37 B 9 P 8 SR B TR A 21 Y
—A N GIFA % BB IR 2on

u,(q) = 2 x,(q+Nr) (5)

O, (4) Fi , 5B R 2R R F 5w, (q) 1
DFT(FFT) HA 45 R A— IR B e ™" MR
i L AR I RS R R, TR w, (o) FEAR IR RS AL n )5
FEHEAT DFT (FFT) 38 5. 16 %5 25 A 2238 35 0 B it 6 1
T, AL R AR
2.2 {REHEEFERBE AT

TE DFT R AR 40 R g, B A5 5 AR T AME
PR S N A AR O HE R HE 4 R, TR N AEE 4 2
— P A TE B T RS 2 1 SR R A e AR e



03 M fE—N BT DFT BB AR A IR SE FPCA 1575 2L PRESC BT 697

Fish 402 D) PTG A S 300 ( sl 1 S 30 ) ) 485 4 R R 8 B e oA
R AT T 25 5. 7R SC BT F 5 1) S B i Ak B R 5K
FEPRIE—E JE D% 2 L PERE P T2 T, R AT BB I/ R 42
SVBTAE SRy G S ST P 25 K L 8 A A B E R A B A
H A T
2.2.1 BEMEMRLEZ

DFT 83 a8 20 i B A BT F 2 3 B i f 2 45
(PR Z oM g B R g DR 4% ) A e, TRk, 8 i 4
M F2E & AL B T LA SR AR R ) 2iE.

DB JBE 45 2L 114 1 32 2K L o BIORITRL 32 2R B o 5043 )
K (6) F=(T7) .

OE WABIAE (6)
M) =g X 3 I 6 (7)

Hort H, (2) F55 by (n) B 2 2595 G, (2) B g, (n) 9 2
At Hohy (n) =h(n)e 1 n g (n) =g(n)

LR W =il

R EE AL, e 54546 6 ik
BOMFH IR P BE , R G0 R JE R K. SCHR [ 13 K 8 i 4
IR SR A N TR B Ae A TR &k B RIZE 508
W ARG Bl XX PR 4340 i, 43 w4 T
A~ B A5 R ER, DTS 3 B 08 U0 45 20 FD 25 5 8 U A% 4 43
FRER R I B T Ak R v SCHR[ 11 ] 25 jE 2 4 Bt
VR AR AL T B R R A A R 4, X1 R A
WAL 3R, R T A 0 43 D A s DAY
RO BRI B 52 WA, T 2 65 Dt 2 0 06 4 DU SR T 8 1
KB, DI4E T RGBT ZE. f5 55T SCiik [ 11,13 ,14 1 198
e g AL AT i i VAR A SRk R ] — 2 e I i 3
Bred RECh(n) AEGRIES TR PEBE R RTEE T, £ 25 &
FIRMGH R H T(2) FRZE R A(2) 2R 5L AL |, 51
AHERTE 7 29BN 2545 B it R v R s 4 )
TR A X 25 A 6 AR Ak, FLR b, 256 % LAk i B A5
pR N (8) .

E(g) =as,(g) +Be,(g) (8)

Hp e, MLiB R EHIRE, e, W FEWMHNIRE, o F1 8
HIALREL. &, Fl &, B SLATR 7 28 HFRHEF I AE.

e =5 [ -1 e (9)

&,(g) =2L1TJ;1T ‘ angle(T(e*)) —angle(T(e")) +wr | dw

(10)
XTI S I 29 R, BT AR R Xk £ 45 7 A0 R 0 i
ML (11) .

@r oy 12 o oy 2
qo(g)=f0 [1-16G,(e") 1 \+L 1G, (&) I*dw

(11)

Xt E(g) R — A sR e A (), ml AR
WL P SR . MR LA L 3 T AR B A S AR X
FrRea it LR AT,

B} EASEWIGIL. IR AR 4LEE L N,
FERAERE R, B 3 RFEEOR R < N AR IS & A0 3N,
FHXTHERT IE A EER 7, RS S 153 H7 2 FIZR5 T I RS
L, AL, SRS S0E T T M T 8751, B
A BRI R R 0, =, ERHE K
Ay KBRS AT EUIEIUR o, RIEXHETIELS,
FHUBHA ZE8 8, AYEE KA iR 22 AL L W.

W=38,/8, (12)

B2 FEARNE ST B Ve, 0,7, R
LA S5 I B0 A R TR A R R UE U AR, 15 3
glw,,0,7),8(w,,o,r) NAEX (1) ik H5 K
LSRN

B3 EUHEL BT BRI o, [EE, X
BURIIR o, FEATERBEL IR R TR

w,;, =w,; |~ Ap,i—l sign( d)p,iq ) (13)

Hrp A, R BEERWMEREK 0, S
FEPEdeE A 7 1), B e LR

Dy = A=A e T (14)

i1 W, —w

R 2 IR 3 AR T, B A R AR S A
2.2.2 BEEHTBILER

h TR AR Bk PR, v Scik[ 11,16 ]
05 DA B/ NS B B e A T B, IR e N R

(1) R P SCHR[ 11 ) ik o eR AR B 28 A v, e/
XIFRE a;

(2) R SCHR[ 16 ] Frik S5 80k B i A, ie /e

pai-2

XIFRE b
(3) PP B A S/ NI ZE () AR X FR B VR M2 A 7,
TCAE /I 7 5

(4) R FIASC 2. 2. 1 /N5 IR A JE X AR 8 B0k
BOHER G A, I EAE X AR

VEPRE BB H N = 16, R =41, =128 L =64,
7 =20 A3 PURN LA B BT T 8 I B AR 451 ) 1
XL, %3 Ok L TR O L KRR IR AEE 68 L 45 2R 4331 4
2 sk 1 R
£ 1 RANHRELESENREA W FHORKSAMELERT
UEE BRI

AR KB/ fRRE/IB IRZBKH/IB

i} 4/ samples
XIFRET a 64 <4.3 < =75 100
XA b 64 <0.15 < -65 100
BN E 64 <0.75 < -68 83 ~91
X R 64 <0.79 < -63 88

INIEL 2 i At oz 1 RT LR 2 AR SCBETT AR X AR
CRA BRI I P HAT LT XAREE A 3 a HA5 X



EE ¢ 2018 4F

698 B F
ol S T
’ of —e X FRfia  —KJE64
° %Xﬁ/’f\@“b\ K64
0.081 ol %ol [[||® offe —efr/MAM I E64
? —elEXIFRE —KJF6d
(]
0.06| X
% 0.04|
0.02} M
®
T W&%'
[ ]
-0.02} I
0 10 20 30 40 50 60
(a) DUFNET 50 ) Bt S ]
0 AT, / dB
— e K64
0 —XFReIb K64
T MEGLE —KE64
-101 —AEERE K64
20
£ 301
40
g
S50
60 |
70k
-80}
90}
_100 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

JH—1EAI % (xn rad/sample)
(b) VUFI T 5] ) AT i P
2 XPPRERG T S AR PRSI SR L A b ]

PREZG BT b LA e/ IVAE L 1 24 B e 530 e .

BE—25 o3 1 rh B A 20 i 4% 3 Ok ORI 2k 2k
HAERE, RARAEXTFREE & B0 BT T B I8 P a4 & %
HGXPREEE B b Mk, 1838 8 HA R T X FREE &
b. TR SE LU T AT M, doe/ IV 0 il AT 8 A
FZEAT BREI SE I 2y, AR 2R FLWY ., T 78 PR TIE 8 0 A
HVERERIRT IR T, AR SCRYAR X PR 5 1 RE A8 L X PR 458
A a b b 12% HRERT 4.
2.2.3 itEREMRK

VIR G A5 i A B 4 1 BT 2830 1) I Ao ] 300
X Cycles FIRGEM POIRR F R A, RN

Delay,,, = Cycles « (1/F) (15)

TEE AL PR GE— AL R IAR I, 2R R ST Bt
FABERE. AR, LRGN IR E 2 SO0, 1Ak
BRI AN Bh AL Cycles RERBAMR T IME A AR

3 FPGA 3]
FPGA -4 BFELAT 996 17 44 B3 A 520 1 2K

TR 2 R WT ST R A5 2 EE DSP B k) Iz
B RIS B G S I RE A SO FPGA. #53
FRAZE T HAG FEAT R E A A WOLA SEEE 2544 DFT &
WARdl, REBITNT.
3.1 REMEHRLIZITT SiREEDET
RGN 3 Fis SR R S5 F A b i
FbRAE e DT AR, MR AHB 2k 1% I°S
PRt WM FFT IFFT BB J5L8 S I°S %
RO TSI AR S FH AN [R] AT 38 i S G a5
RaENg [l R S AT S AL B D RE AR, SR B2k
NE T EBARIE R S Bk 'S Bl fn I°S %
PRGSO BT i ATE 15 5 PRI R 220 R Geab i
JATE G R AT AT LB A FET A SEEIE & 0 Hr ft
1 IFFT BB RIS £5 A AR S EE 25 A e s P A b
PRI ) AR . T 430 i AR s B N, 75 2R
FIHEAT A SR8, 5 Rl [ P T R Sk Thie , T LA
FIAE R — D DIREBLEUI AR R .

KNS
T
R o1 e
| Fel Bk |
| |
| |
. AHB B2k Bk .
Pz S 3%
Bk ' I R ) T g
| |
|2 BT | FFT | ] it . [ | IFFT ’ﬁé%ﬁ; °
| || Bk i ! (EVEERTES | I8 B || =
S [ R ) S I SR |
\iZ AR S HLAAR

N FH T
513 DFT?[E&%%?EEFPGAL%&EE@%;%'%ff@l§l

3.2 DFTRiKssAXEIMBHHFHITHK
3.2.1 WS HERFITHEEIZIT

TiA BB SE B R AT 5080 1 ST TR Y A
x(n) H5EFH) h(n) (8 s A0SR S BB N K
L,/ NEFTF 5, 3 F5 X R 23 A0 I LA B A 5 8% 7. W %¢
WOLA S50 1 73 Al B 43 al LhR B, 1535 17 5 i ofe s
W BN P AIME Z AL Y EAR B b S Y, B AR 45
S B AT AT, AR X — 4Rk, Bt RAM -3
BB AR-RAM Y JE R 1 BEA BT, B L, a5 83 ofe 7 1
YRS L/N BIF47 Ak AR B IAUT 5 x, (m) i
e ki BT [ 45 4 IR R B (N - 1) /L, £, in &l 4 fr
I Rk AL B AL I B B SRR w, () JF A A
JPHME TR 0 L/N =1 R & s B i log, (L,/N)
PP AIMIERE , B S IR AR SR T L/ N - 1 -
log, (L,/N) A& 4546 /K LA BEHLEN B9 O0 82, 7T 52 BT
B e {25 fin SR 3 RE B T (L/N = 1 = log, (L,/N))
log, (L,/N)f&. Ik, 3833 5 A bk i 476 24 55 2% 45 ) o
LIS TSR BUT A w, (q) PR RS ALERAE , ik fa 1
FHRE AL 25 A7 #5817 > B 4015 AL B S



s ST DFT 0 B4 HO G AT FPGA 1% 25 Ab B S BUBI 699

\
\
\
\
| D Mo
- x - [rcs i
‘ :{> fixt
| y @ Fe
! X V ‘ X (7
AT \ 1 )
I-t =
TIE K NI u,(q) } s Y 6}’ DN
J¥5IRAM K m |
h
WIEONG | G e |
T3 RAM } X }
AN
SMHTEIFSI RAM | |
y | . T i |
> Qe Rerkiz i ‘ i |
| \

\EB* IEIE e ey
o -

K4 BrHrREs A

3.2.2 REAERIEITSHITIERE

JE ARSI A A A i a0 ) A ARl WOLA
R ZE A AR AL BRI IFFT B8 A Vs
Bl IEEA G SRS, B HETT IR A A AL 15 217 51
w,(q) K u, (@) JHVIES BLEA WK IS, FRULS
HTH g (—r) SEBUINAL, IALES 25 5 T 1 4 H 2% o
BB IR BRI R RUBURAE R 5 25 5 B i i
. AN S Fos A IR SE IR F -5 1o A A
A ] 0 B (G JE SV B, 182 L/ R B4 T I AR Uk
AN ERAL L i b, 7E B B B AR A ORI,y
fifo AR IR B A BCAL I 23 45 L/R By _ fifo XN Y
RAM HZ{E AN S BeAR RS im0 R X 7 Y i e ik
AT RS RO E NG LR A A 3 s ek th i HUR
THOH y _fifo HAEA 115 & 92 th . 2h 2840 FeAn iR Al
PASCERTCHERT (1) R 5 i 2 22 o X B A A7
3.2.3 FFI/IFFT #&#

FFT BEHOH AT S A FFT 040 B 1 RAM
BN SRR SR  TFFT B8 5 FET 4855 i) 33 4xk
FEIPRE AL PRZE B4 45 J5 255 L. FRT/IFFT ek
N s 3E-2 B8] FET i858 fE A sl fi vp 38
12 5L TT Y R A PR B0 A 0 1 RAM 1] D[] i B
38 AT I8 Bk 32 B S BT 1 Bl R A
4 LIWMER

G %R ] Verilog 18 & i &, 7 Xilinx )
Zynq7020 715 FPGA | k4T 1 S B 52 Bk A SO 5
BAHEARTE - AE X FREE A H WA S8 L, =
128, =64 ,N =16 ,R =4, 3 W EEHE RAERN [ =

|| LGS B y_fifoltshl-ARiR sh 253 Fic !
W e i KPS s s |

A | L l B |

| 1 Y ‘
|| =@ Ge w

1 [fitol) v fifo | |

| 2 y p. B

‘ Q- !

| . I

| : i) I I |

‘ Y i

Lo -Q> O ]

| [y fifol] DR

} Ly/R v L

| O - Xeree-G» |

=1 I RINER & g WA R
%5 RAM - FEH 751 RAM

| RIES NI
J¥45IRAM

VRIE W RIUDHS s Mot
I RAM D PR

K5 ihEaa e it K

16kHz. FPGA IZEA 1R AN 2 FioR. A IE R G5

I AT RIZES B L A O D00 3 2R G I S PR RE L X R 4

(o T AT T PESQ 3% & ML I I A

WOLA J#4745 4 DFT I8 37 w0 R 485 #3147 WOLA iy

DFT JE WA 41 AE FPCA SZBE b 1 2R 58 A N JE AT X L.
&2 FPGA ZAEHE

Device 77020clg484-3
110520ut of 106400 10%
7358 out of 53200 14%
16 out of 200 8%
6 out of 140 4%
38 out of 220 17%

Number of Slice Registers
Number of Slice LUTs
10 Utilization
Number of Block RAM/FIFO
Number of DSP48E1S




700 W T

EE ¢ 2018 4F

4.1 PESQ izt
XA SCH AR BB B2 1T DFT 38 3 2% 41 Matlab
U5 FUBLRLHEAT PESQ M, 138 7E L, =128, L, =64 N =
16 ,R =4 SR HUT , e ITU-T 41475 P. 501 Fff % o
O e TR 2 A0 A 1 0 s T Bk I v 6 B
KN Ss, BRIE , 16kHz RRERIE 515 ki A £
i E R B PESQ 238N 3 s, AR AR 15
TR B9 DFET 38 5 #% 40 RE IS #2350 4. 425 43 1 3 & o
i, T IR I 2E P R RLAT
*3 PESQiX&ER
MHETE S REA filel  file2  file3  filed  fileS SFEYH
PESQ 4.467 4.474 4.306 4.448 4.465 4.425

4.2 ZAX WOLA #1745+ DFT jEiEssH 5 81T
Z¥30) FPGA SSIURTLE

U X BREE A BT a 1 b B9 SRR b L, = 128,
L =64 ,N=16,R =4 4}37E Zynq7020 %2 FPGA |-5¢
I WOLA H 174549 1) DFT JE P 45 41. 7€ 2MHz R G fif
PR ASSOIT R Y 1 WOLA JRA7454 DFT 38 4%
25 H 1T WOLA Z5#y7E FPGA | SEELRT 2R 45 sk 4E Ay %ot
L5 Rk 4 FR.

#4 WOLA 37454 DFT il 405 217 WOLA 47
FPGA SEHURTRORIERT b

P15 R SE
SRyt FERS 2E S SE
KT F Jms  —WUEHEFE  —WUbE
ROmHEP . A/ ms
Pe——
fg@g’;‘:ﬁ% 6.25 3028 4 1514 7.764
A ZG
XA + 5.5 2144 4~ 1,072 6.572

Jf47 WOLA 45#y

M4 AT UE A TR R ET , A SCHI AR AR
BABR T EREINAE - BAT 0. 75ms (7R R il id BTy WO-
LA IFATE5H T RE FE H3 7T WOLA 254470 884 /Mif
JE, B A AR 15. 4% . 75 2MHz {9 R GERHBIBR T,
XERET 0. 442ms FYHSF FIEFFALR , T 7E S BB AT (— B2
IRIFERL 755 ) I S B L S s ety ok i i 1
I SEE R AR ASCRY S ST . AT 235 R A B A A7 454 P
R4 29. 2% FITHEE I HE , X TR 49 0 1 A A i 5
I ALk P 2R 8 14 Sl P S g AP R A 050 L

5 #Rig

ASCHR T — I IRET AT DFT 8 35 2% 241 353 5 ik
IR WOLA FRA7 254478 FPGA S8 W FEIR R 4
RIS IE  FELE G 25 B AL 1 Kk R I K B LA L
FERE I 51 A R G0 H s e85, I 2R A AR XS B 25 4 JsU R
IEBE AR BTk R TR UL, LB T DFT IR A
AR SEAE AL BT RS2 IESH b R AR e Al F o o

PR il 2 B I TR I 2 GO AR T B A 5 K
X T AT RIS 255 B 00 AT S5 A v, o2
PEVT TR 4R JE 5. 04t 2 W, R O A B e X R
% /N 12% , 7€ 16kHz 15 RFE R AR TR T, IFATHY
WOLA Z5t 516 FPGA b (1330 I ZE He S8 47 4544 /)
29.2% . ARSIk MM I IE S T LG AR5 E
TS T AL BN U AE R OR A CAE R B gt
X T R M ELAR N T, 52 A B8 1) 117 3 4 R, O
BRI AE R 5 5 AR AR 5T

S & 30k

[1] SUGIURA R,KAMAMOTO Y,HARADA N, et al. Reso-
lution warped spectral representation for low-delay and
low-bit-rate audio coder[J]. IEEE/ACM Transactions on
Audio, Speech,and Language Processing,2015,23(2) :288
-299.

[2] SEBASTIAN J,KUMAR M,MURTHY H A. An analysis
of the high resolution property of group delay function with
applications to audio signal processing [ J]. Speech Com-
munication,2016,81 :42 - 53.

[3] AGNEW J, THORNTON J M. Just noticeable and objec-
tionable group delays in digital hearing aids[ J]. Journal of
the American Academy of Audiology, 2000, 11 (6):330
-336.

[4] ANDERSEN K T,MOONEN M. Adaptive time-frequency
analysis for noise reduction in an audio filter bank with low
delay[ J]. IEEE/ACM Transactions on Audio, Speech, and
Language Processing,2016,24(4) ;784 —795.

[5] DENG Y,MATHEWS V J,FARHANG-BOROUJENY B.
Low-delay nonuniform pseudo-QMF banks with application
to speech enhancement[ J ]. IEEE Transactions on Signal
Processing ,2007,55(5) ;2110 - 2121.

[6] SCHNELL M,GEIGER R,SCHMIDT M, et al. Low delay

filterbanks for enhanced low delay audio coding[ A ]. Pro-

ceedings of IEEE Workshop on Applications of Signal Pro-
cessing to Audio and Acoustics [ C]. New Paltz: IEEE,

2007.235 -238.

SHEIKHZADEH H, BRENNAN R L, WHYTE K R L.

Near-end distortion in over-sampled subband adaptive im-

—
]
[

plementation of affine projection algorithm [ A ]. Proceed-
ings of the 12th European Signal Processing Conference
[ C]. Vienna;IEEE,2004. 413 - 416.

(8] £ EH, 2Rl WIHIHE 58 42 F A4 B BEAS 4L B J5 15
R o[ T]. B F2440,2001,29(10) ;1412 - 1414.
SHI Guang-ming,JIAO Li-cheng. Design of PR two-chan-
nel filter bank based on factorization[ J ]. Acta Electronica
Sinica,2001,29(10) ;1412 — 1414. (in Chinese)

(9] AOEW], 2. o ik it 58 A T M Al g i A 41



%

3 M 155 JEF DFT R ARALIIRATIE FPGA i 5 Ah 35 B 5 701

[10]

(1]

(12]

[13]

[14]

[15]

[16]

[J]. B 7241 ,2002,30(7) :970 - 973.

SHI Guang-ming, JIAO Li-cheng. Design for PR M-chan-
nel filter banks without constraint[ J ]. Acta Electronica Sin-
ica,2002,30(7) :970 —973. (in Chinese)

YIU K F C,GRBIC N,NORDHOLM S, et al. Multicrite-
ria design of oversampled uniform DFT filter banks[ J].
Signal Processing Letters IEEE,2004,11(6) ;541 —544.
HERMANN D,CHAU E,DONY R D, et al. Window based
prototype filter design for highly oversampled filter banks
in audio applications| A ]. Proceedings of IEEE Internation-
al Conference on Acoustics, Speech and Signal Processing
[ C]. Honolulu; IEEE ,2007. 11-405-11-408.

MAKUR A, VIJAYAKUMAR A. Theory,design and ap-
plication of arbitrary order arbitrary delay filterbanks[ J].
IEEE Transactions on Signal Processing,2014,62 (18) .
4811 -4823.

STOCKER C,KURBIEL T,ALFSMANN D, et al. A no-
vel approach to the design of oversampling complex-mod-
ulated digital filter banks[ A ]. Proceedings of the 17th Eu-
ropean Signal Processing Conference [ C ]. Glasgow .
IEEE,2009. 2648 - 2652.

GRBIC N,HAAN J M D,CLAESSON 1, et al. Design of
oversampled uniform DFT filter banks with reduced in-
band aliasing and delay constraints [ A ]. Proceedings of
the Sixth International, Symposium on Signal Processing
and ITS Applications [ C ]. Kuala Lumpur; IEEE, 2001.
104 - 107.

DAM H H,NORDHOLM S,CANTONI A, et al. Iterative
method for the design of DFT filter bank[ J ]. IEEE Trans-
actions on Circuits and Systems II; Express Briefs,2004,5
(11) :581 -586.

BT e, IO S S T DT AR (5 T AL B
19 DFT 8 iyl P 25 4l 53t [T]. 75 % 4R, 2012, 31
(5):517 -521.

CAI Yu,HOU Chao-huan, YUAN lJian-ping, et al. Design
of DFT modulated filter bank for speech processing in
hearing aids[ J]. Technical Acoustics,2012,31(5) :517 -
521. (in Chinese)

[17]

[18]

[19]

CHEN J,LEI Y, PENG Y, et al. Configurable floating-
point FFT accelerator on FPGA based multiple-rotation
CORDIC [ J]. Chinese Journal of Electronics, 2016, 25
(6) :1063 —1070.

IUT-T P. 862. 3. Application Guide for Objective Quality
Measurement Based on Recommendations P. 862, P. 862.
1 and P.862.2[S].

ITU-T P. 501. Test Signals for Use in Telephonometry A-
mendment 3 ;: New Annex D-Speech Files with Male/Fe-
male Sentences Prepared for Use with Perceptual Based
Objective Speech Quality Prediction[ S].

&=

B8 55,1968 AF /L, INPSOUK AL
ARl R A5 5 L AU 2 B ) 202 B
AU FEERTTE TS ) 2 AR AL B 2
PR A B A ORI R L B 15

E-mail ; xueym@ cau. edu. cn

PR B3 J,1992 456 F A, VLY E G
A B R R A A L AR 2 B A
LW, SR RS 5 TR SR

E-mail ; chenyao@ cau. edu. cn

AT 55,1994 4F 6 H W4, Wi i mn K
A B At A AR R TR A PRS2
Bor A BT TR, NS L LS R
BB AR BEE.

E-mail ;: henn@ hed. com. cn



