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Abstract: Deep learning speech enhancement technology is capable of helping listeners improve verbal recognition rate,but the large size
of the neural network makes it difficult to implement in edge devices. Therefore ,a recurrent neural network speech enhancement accelera-
tor is put forward which can be utilized in edge devices such as hearing aids. The calculation of each layer of the neural network is realized
through hardware level independent matrix multiplication and the hardware level pipelining operation between the layers of multi-layer
neural network is also realized ,thus reducing the calculation delay through parallelism and pipelining. Experiments indicate that compared
with noisy speech,the signal-to-noise ratio of the proposed algorithm is improved by 17.302 dB,8.412 dB and 4.732 dB respectively in the
noise environment of volvo,factory2 and babble,the short-time objective intelligibility is increased by 1.4% ,0.8% and 0.4% respectively,
the perceptual evaluation of speech quality is improved by 1.498,0.504 and 0.234 on average,and these three indicators are higher than
the traditional speech enhancement algorithm and neural network algorithm compared. When the clock frequency is at 10 MHz, the pro-
cessing delay of the accelerator is 9.2 ms,which can meet the real-time requirements of edge-side applications.
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BaAA) ) S BARER Y TR £ 56T RNN #2945 1)
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16 M B0 ( Gated Recurrent Unit, GRU) 43 5l 7E
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Noisy speech
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Enhanced speech
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1.1 EiEX S SHETE

WEr R RE A AT IR 5 Tl A R R 2
RO AMSE 2R L AR FHIE S U AIE | T B4
P A ST I AR ( Fast Fourier Transform, FFT) | 15
A BT T 58 (8 B AR 4 TFFT, FET IFFT 4045 f#
M2 AT R A ) RETHAR X T S ok
DUBRKAYTHAE, DRIk, SR FIR 4347 38 I 4
ZHACKEER LI AR FFT %% 8 DA R AR AR AIE SRR 2%
FE R Tt S A 0 L 4 T T B o —
STE A 3, T3 AR R A A BE T AN T T S E
XA B2 T—E I 45, R SCHR [ 23 ] Th AR TR 6
P, ARSI AT 2 (] R A 0 (R AR A S
FEXTR AT AT R M 25 )5 1 A (8138 3 1 5 1 Bk
A5 DR AR SO SCHRT 23 T2 1 AR TR IR A 2 A 718
W, MR B AR B RS AR TR UG I 8 4 . Mg/R
TEDG AL A HATHFIR] 50% 525, T LA 35y 11 3
SERTE AT [ P BEAS BB IR .

O Sotic R REEEA TR B R0 53, MR
R I A NN = R, /E R

i
M=1 1251“(”700} (1)

. M 7R LIAEIR (Mel) S B0 B BN IR | £ 35
RLL Hz Ry 57 SE R AR R R RE R
16 kHz, AR 48 45 28 SRR A e e, b £ B9V [
0~8 000 Hz, Kt mT LAFSH M EE 0~2 835 mel,
FEAG R I P X 8 A 5 v 3 LR AT 38 4y, 9l 2t 5
(1) BEAT A5 2 400 B 1) rhoc B

TR R A

a2 (2)

F(k)= (k-1)Af lsksg (3)

U, JREER N O UE I B8, Af R B
HOF R i, BUSEBRR G d T AR IE DA%
AT R A AR AR B = 8, R s i & H R
N/2,

QTR A A I B 1 08 e e R ey B HL, Hp

SCm) RO

HL:[ai,laai,zy"'aai,ka""ai,zv/z:l
F)~f(m=1) s
o T fm=1) SF(R) <f(m)

f(m+1) —F (k)

%=1t D) ) f(m)<F(k) <f(m+1) (4)
0 F(k)<f(m-1)
0 F(k)>f(m+1)

Xof W L[] 4 H, EAT RO RERRIE S, B
H. = [am 2O oyt O s 0 N s O gt ,ai,z] (5)
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T % 45 BUH — 4k ), BV AT 45 21 B 38 8 3k 2% &
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@F BN IR P f R EUS A5 000 i A
SARFCR BN AT 5] 16 B AME, WF .

x,(1)= i h,(k)x[x(t—N+k) +x(t+N-k) ] (6)
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PETF R B ISR B AL N 1525k 128, RIVEE 4iE i
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E(i)= kZ (k) (7)
log,E(i)+8
E(i)ng (8)

K F FoR—Wi K, X BB 10 ms, E(i) FR
55 1 ANEIE ) —WOES IO RE R, v, (b) FRIESF 58
[ NEIERE B S TR SRRk
16 bit, PRI AR B 5/ ME Ry 272 ~2° ) BRI B 8
BRL 16 ATLAEIE S E 5 H—fb3)-1~1 ZH,
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KB, (0) Fon e i A AR E, (1) R

ARIIBE ¢ R IR I RE R

1.2 Mg
TEEE A B (R U LT SCHR T4,

Hinibe 2z ASZm ), B, (AT IZEe T 1)
RNN 21 & SR B T, 5
RN FEFEAR BB ARG 8 118 2% 1) f, I AN BE LI M
REFRFR IR B O, < 40 B 1C 42 M 45 (Long Short-
Term Memory ,LSTM) FII J# 4 FF H TG ( Gated Recurrent
Unit,GRU) AT AR G5 Hikh B B B AR RI R, Oy 119
AEFEIINAE, ATIE M T 2 R AR A
SRHEN GRU AAHLE LG

(] 3 AR GA AT T A I 28 S5 48 R T AL X 485 11
B AFRIE A 20 /N8 0 — AR5 O i ae & i 2
16 AMHIE A F S 25, 181 3(a) 1038 RNN f R) 2545
HIZER) L5251 GRU )2 F14 % $2)Z ( Dense ) 3t
PO JZ A, BT AR T 230 02 3 & 05 Sl ( Voice
Activity Detection, VAD ) M 5 fili 3 R 22 ) DL K&
s T EITPRR T I B Rk
R PRZEICTT DA S AT B 3(b) s T A
AT I 28 3 432 A1, AR Sk M ) kol i 4 ( Skip
Connection ) , BkE £ 3¢ B 53 )2 P 45 1) i A AT AR
H AR B4 s S f T AR AT M ELIRS
TR AL G I 45 T

Features
VT S A WA T Ry > TR AR
. Vad_gru_tanh 40
I~ \*/7 \,/%\\
Z o > S
A Y \\ i Noise gru_tanh 50
i : : : : Bz
A . ><>< . ><><>< : ><>>< A
/ \ / \ / = | Denoise_gru_tanh 100 |
[ 25 7): GRU [£5257: GRU L5 GRU | | 9442 74: DENSE | Out_dense_sig 16 |
{EJ11: VAD T e AT TE: o] | [ FEH: A i 2 = =
i PR TANH i PR TANH I PR TANH | |05 R SIGMOID l
HiZe: 40 HZEIE: 50 HiZEot: 100 MZt: 16 Gains
(a) RNN¥Y P25 BRI S5 44 (b) RN [ 2 3% 32
3 RNN #H#REE
1.3 BEEH AR HT A T 5 P 48 AR D {7 M LE ( Signal-to-

e TG B, K RNN AT Faiy 1 45
5 30 T M O M 3R, A ) 2 ok A R S Y B
B FE S BRI 16 A (5 SRR
HAGWIE ,

5= _21 g(i)xmel(i,1:F,)

A B R T, F Wi, mel 4% i E
1
1.4 EWHIESIFMIER

AFIE B A E SR B E O
BHE THCHS-30"" iy SUAHR L [ K4 (08
BEAALE T A 1 & B A T RN 16 kHz,
KA ECH 16 bit, il FH B9 M >k H NOISEX92
JES) M P R 16 b [ PR I R A SRAE
4 19.98 kHz, PRI AF il FH 22 i e K R A 30 R A
| 16 kHz oyl i 50 4 BN TR 1 (5 1 LU SR 7
TRA RGBS ARFE AR TG h Lfa ig
T, AN IR volvo | AE 7 A (A A5 factory2 , LA K
NFEMEFS babble AT & R AURCR

(10)

Noise Ratio,SNR) &2 WA i 1! (Short-Time Ob-
jective Intelligibility, STOI ) F1i# 35 5 F2 8% A1 3T A5
(Perceptual Evaluation of Speech Quality, PESQ), H:
H,SNR {55 5 MR B 2 L, BT ; STOT
AANETE 0~ 1 Z 0], W] LIA K W & 1 A 43 L
PESQ 5 AR W 5E Rz BAT AR i — 2, Ho g
{HAE-0.5~4.5 Z[A]  SHEORAERIE Bt s

2 BRI SXREERSH

2.1 HEEIT5XH

AR S H P 25 D) 24 SR T R R ih 2
ANRGE ERF PR TR, P B TE A 10 mmx
10 mm A9 Xilinx Artix7 &%) XC7A50T-2CPG2361
A I R R PR AR TIAER 28 nm T2, 5
AR A EEBEAIR T 509 ) DIHE

MR TR I FPGA W& R 19 8ds Wi 47 PCB
(Printed Circuit Board) FA) i 3 1 R ﬁ'%ﬁﬂ‘, Kl 4
s A as PCB R %14, % PCB R HI T 1M
Mty 2, F RO T 2 K AR R
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DL FPGA G Fr o T e R 38 77 E g 5 45 L)
VHDL A, 45 B ad 5 il it JTAG g 1 B —
T ST R fin o 25 F b 27 4 R AR
AT B2 e KR AR 7 8

e ZE TR

VHDL

4 hnERE PCB i B BE

28 I 2% 1 3 A BT b SR AR SR R o R
g A5 00 7 ) RCEE R 3R SR BN -
FHIN A S5 2R 285 PO pR B T . B 22 I 26 8 R 254
| v B A AR B SR 7 =X 32 G W 5 () R S R I
O3S AR TF I 5 20 B — Pl 2T e
— ST B TRV A NN s 10 2 1 12 R R TT
(Processing Element, PE) . 1 & 78 T HIF AT 1154 2
JEE T, B3 A FH DR i 6 0 B SR A A i AR L
SRAR AR B . AP Z T 3 52 TR 5 2ok
W28 vh () Z2 A 28 TT S R [R]— s S BT B
ZAL PR TTAE R )l 3% 2 R AT R RS
SO AT T — 207 SO X R U

stagel stage2

3z S G IR A AR D B3 5 T B IR 52 R Y

GG R AR, IARRER
ZRMET I, PE MZHWNE S fis .,
Bias
Reg
Input
Reg
Output Output
Reg c Reg
Weight
Reg

Bl 5 PERI%H

GRU Wit i iR 5 RS R , Ktk , ik —
A4 GRU MR AE R A LZR . W 6 PR,
¥ GRU Wiz 5508 T =25, i b s il s e R n]
BERIMGITRE, B RR TR RO RUK 2R
IR TN S, ZEFeTE AN S 45—
WAL, G AT M)A R R A
e/ e | R B R I AN W O o e i) =3 A i
o) KR AN R R AR AR SRS 4k s A
FAEA AR AT R s b T RS
S0 AT LA S RG2S AN W A T K TR, D K 6
LR T 22 28 A R, Rk
1T GRU AP ik AN IR

stage3
stagel

bias| | i
stepl Wr_h i ‘
=1
[Xt,Yt-1] 1 !
bias| 3 |
| !
step2 Wu_h i :
[Xt,Yt-1] ! !
bias| i :
| |
step3 Wo h ! ‘
[Xtr] ! i
i

Wr_h

[Xt,Yt-l]}

[Xt,Yt-1]

Wu_h

B 6 GRU;

P 7 I AR SCIET T N8 i By W e e HL
AR S, 2% BT 7 2 SR A X JH A 358 23 By W 58 45 ¢
R AEJEAR A A 57 i) 25 At RO B i 3 4%

7 BhWT N i 25 SL 5 E

Wo_h
B
kg

BT & e AT A e oK oAb, s g A A7 vl A
ok R AT R T G i ASIC SR B G
2 NN N S
22 BHHEERYIE

TEIX ARG, Ry 1 e AR SCH Rk Y ROR LA
BT itk B H S R B 2 2 B Ronoise! ™ AL 51
T MR A 2 8 ) ( Multi-Bands Spectral Sub-
traction, MBSS) 4EZNE I 5" (wiener_wt) (Al 2k
X B A A DY (Optimally Modified Log-
Spectral Amplitude , OMLSA) #4755 He
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FIFH MATLAB A= AN [R5 W8 LU T (7 s
FEF B i R A A T R M I il o i
VAR bR E AT X Lo, o T R BN ) 78 40 1, AL
THCHS-30 FEH it R 2 5 Y1451 100 Bk &, 47
W5 NOISEX92 1 {4 volvo Mg 7| factory2 a7

babble M1 B =10, -5.0.5. 10 Af5 e LL b 17 &
A, A3E] 1 500(100x3x5) BEHFEE, X 1 500
B MR & T

HERAEMR LTI . 3R 1 4 TR
B SR Y SNR.,

R1 ARAEELEFHTY SNR BIEEE

M RE(EM L/ dB Noisy Rnnoise MBSS wiener_wt OMLSA This Work

-10 -10 9.29 -3.35 -1.93 12.22 11.24

-5 -5 12.80 1.42 1.83 15.66 14.49

15.86 5.42 4.99 18.10 17.77

volvo

5 5 18.10 8.11 8.40 19.34 20.59

10 10 19.44 9.45 12.33 20.03 22.42
S 0 15.098 4.21 5.124 17.070 17.302

-10 -10 1.48 -0.63 1.46 2.61 2.76

-5 -5 6.66 3.36 3.56 5.12 5.16

0 10.50 6.80 6.0 8.35 8.00

factory2

5 5 13.47 8.95 8.91 11.97 11.28

10 10 16.32 9.80 12.27 15.82 14.86

Ty 0 9.686 5.656 6.440 8.774 8.412

-10 -10 -0.49 -8.0 -1.17 -1.57 0.73

-5 -5 1.76 -2.80 1.86 1.59 1.85

0 0 5.33 1.96 4.93 4.97 3.70

babble

5 5 9.47 5.79 8.41 8.97 6.74

10 10 13.29 8.17 12.24 12.87 10.64

F15 0 5.872 1.024 5.254 5.366 4.732
AR 0 10.219 3.63 5.606 10.403 10.149

AFLUE R, AR e AR 5 e
SRR IR R A BIER T T 17.302 dB.8.412 dB,
4.732 dB, 1S E AR o, OMLSA U AL
Rilf , B2 7F factory2 il babble Mg IAEE T | $2 7+
T 82 PTG o TR 2 2T I 0 5 T IR B 2 ) 1 BTk
Rnnoise , HAE 48 T 5 A SCH A |2 —S0,
AR, A SCFE volvo WE 75 FREE T T LIS 5 61
fEME LLEE T, BOORTE 53 AP s IR 858 T i $2 TR
SEA R (A5 R Z (B 22 0.284 dB, JEAE 1]
DAY

E e o HORE S WS R T 5 R B T, Gk
P B B2 B DRI AR SO 5 388 58 1
(] T EAT LA, SR B H ¢ R 7 S STol, HofE
FERAR T (W T B, 382 2 4 TR Bk
HE R S STOL (V- #515% 53, Horp, DAl M i
Noisy 1) STOL 15531 2% I+ AR BFIETE volvo Al
factory2 MR AT DL R TR R R
WIEi 1.4%F 0.8% ., TMAE babble B/ T {42 F+
T 0.4% ,3X £ F M babble M R4 A 2 4A

FEEE MR BRI S AR X T I
WS HRET 0.9% , HA R m ] R,

R T 2 B RO T A, SN
W5 A2 A —SUrE R PESQ /RN LA 7, %3 &
ANEE P PESQ (9 A4 5

A LU B AR T AR SCHE ) Y i AR 7R
PESQ #2717 0.746 , 3t i T HAB S AL AL FHIL T
MR B, A SR TE R IR S IR BE T 43 AT AR
1.498 .0.504 .0.234,

SN AT G T R R SR A A B 1 R L
FAIXFERA AR | b A MBSS F1 OMLSA 1 %f T
A M bL ol 3 S AR 28 A A I s AN R HAR
G, 0] DL B, AR5k SNR O 2 TF BRI T
OMLSA J51% fH 42 STOI 5 PESQ 2T A& T
O, WK, TE B /N SNR Y [R) B 4R
STOI 5 PESQ Tl Lk & 1 i 2R A 2 XY,
G SRR SR LR GO, A SO I S R R
AR LT Hb b P FRFN AR AR M 7 | R FIME SR 1 1 o
GRERINNTIEN
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%2 FEEEMEE TS STOI HLLE

nyes) REIEWL/dB Noisy Rnnoise MBSS wiener_wt OMLSA This Work
-10 0.87 0.87 0.85 0.74 0.83 0.88
-5 0.90 0.91 0.89 0.79 0.90 0.91
0.92 0.94 0.93 0.84 0.94 0.94
volvo
5 0.94 0.95 0.95 0.90 0.95 0.96
10 0.96 0.97 0.96 0.94 0.96 0.97
Fy 0.918 0.928 0.916 0.842 0.916 0.932
-10 0.60 0.53 0.60 0.52 0.53 0.61
-5 0.71 0.72 0.71 0.64 0.61 0.72
0.81 0.83 0.80 0.74 0.70 0.82
factory2
5 0.87 0.90 0.87 0.83 0.81 0.88
10 0.92 0.94 0.92 0.89 0.90 0.92
-4 0.782 0.784 0.78 0.724 0.71 0.79
-10 0.44 0.32 0.42 0.37 0.34 0.39
-5 0.55 0.49 0.54 0.51 0.46 0.58
0.66 0.67 0.67 0.66 0.60 0.66
babble
5 0.77 0.81 0.79 0.77 0.75 0.78
10 0.84 0.89 0.87 0.86 0.87 0.87
-4 0.652 0.636 0.658 0.634 0.604 0.656
R 0.784 0.783 0.785 0.733 0.743 0.793

R3 FAEEELEFFY PESQ BILLE

Nl IR E% L/ /dB Noisy Rnnoise MBSS wiener_wt OMLSA This Work
-10 1.09 1.34 1.41 1.13 1.79 2.28
-5 1.21 1.61 1.73 1.20 2.20 2.67
1.53 2.02 2.07 1.32 2.64 3.16
volvo
5 2.00 2.57 2.34 1.58 2.97 3.67
10 2.51 3.09 2.59 1.98 3.19 4.05
-1y 1.668 2.126 2.028 1.442 2.558 3.166
-10 1.04 1.13 1.05 1.04 1.12 1.21
-5 1.05 1.18 1.15 1.07 1.21 1.39
1.12 1.37 1.39 1.13 1.40 1.66
factory2
1.32 1.69 1.77 1.25 2.68 2.01
10 1.67 2.17 2.19 1.46 2.13 2.45
- 1.240 1.508 1.510 1.190 1.708 1.744
-10 1.06 1.71 1.06 1.05 1.15 1.15
-5 1.04 1.11 1.06 1.04 1.09 1.13
1.07 1.13 1.13 1.06 1.16 1.26
babble
1.15 1.34 1.30 1.14 1.13 1.50
10 1.38 1.73 1.61 1.32 1.66 1.83
- 1.140 1.404 1.232 1.122 1.238 1.374
AR 1 1.349 1.679 1.590 1.251 1.835 2.095
2.3 INERERAMIALER ST KMERTF 097, FF A B ITESR
ARSCH B Y3 58 53k 4 Verilog HDL AU AL BRsR i T A B WS IS st kAT

TEREPEIE G RS S, I AT EAL L TR RGO dB MRETT 18] 8 /s o HCRE F1g i i
VCS X it 9 RTL AU BEAT 05 BBk, M fFR S Ais i, Hob, 181 8 (a) W2l & AR AT, n]
HSFH CHEF O B RS RIEAT XL Al HDRXTEE I 8 (b) Syl M 35 i TR 1 1415 18 8 () Hy
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BRAF O ELA A B 5 T T 5 1 8 (d) SR aE
A TR I, Ik xs be, al DUA B A

Fi% /kHz

e b
lé‘ ))4‘41)3))1
- Ty
=

NS
(a) Al

Fi% /kHz

] /s
(c) ARSI

AT UL 98 22—
BR T RS

A L LT

FiR /kHz

HiJ 1) /s
(b) i M

14 )

FiiR /kHz

QJLQ Ml didl,

Fif /s
(d) B P B i

B8 HEHIEREFNIFEE

WA, AR SO A 4 BIp [R] B2 3 10 O ik A 7 Al
BT, B PC s MR (s [R5 503, 78 PC dmgtAT
WK ZR B0 R, EA T RE AT PREE A5 | B Jm fs I 25
AR T S 000 2 B A g BV A 58 CRE A 3T, R 4
E?E“%J?X@#ﬁti@%“ﬁéiﬁ%}: 1) PESQ FIHAHE R
BOM e, HrPiE T 108 2085 3 435X B volvo
factory2 . babble [ u}’r%rﬁ Wi, AT LA B, A SRk
FTF A FE PF Y PESQ 70 FEA — 2, HOC R 2K
FRAT N 1, BE— 2R BT AR SCH I Y S T A AT

FEME
F4 PEGLETEREEFTEN PESQ FIEEXRHITLE
PESQ :
. A
MAAEA Noisy A T 274
BE 1 1.761 0 3.438 3.398 0 0.999 7
B2 1.2350 1.851 1.792 0 0.999 0
HE3 1.116 0 1.346 1.324 0 0.995 7
S 1.370 7 2.2117 2.171 3 0.998 1

ARSCHE I N AR RGEBR T RNN P8I )
WA A AR B L R B A s {H i T iX
SuAgE e TR B L T VR R s B R A AN
Bk, L XA RGENRE, FPGA Zid K4
91 548 /MRt 45 5%, B B A% 2 10 MHz R,
SIERFZ° 9.2 ms, TR SRR ZER . S AN
HASTE FPGA “F- B HIIFEN 32.61 mW , X T B &

FR A A% As Fa I (LR 1.45 V, &5 4310 mAh) |
AT SR AT LA TAE 13 h A6 47 6 T35 A 4 B4 5
LIt A LA T 20 4%, T LA SR B R E], R
SRRFSE 233 — % FPGA 1% v B B 1 158 3
ASIC Jr RSB, v S o o 245 D RE 7 T B — A
B,

5 WoR TN 8 RGUTE A Jay A 2k 58 S
FIGEIRA HITE O, Hp A 33 (LUT) B 5 i A
62.25% fB& DSP F1 BRAM 5 FH I A5, i &k
H LI 2R GeATS T LSR5 5K 1 I 45 254, HL AT

PIAE S 2 o R RN,
R5 WHFIZITEFEN FPGA B

VAR BHVER AW %
LUT 20 292 32 600 62.25
FF 31 576 65 200 48.43
DSP 30 120 25
BRAM 31 75 41.33
3 2%

ARSCRIH RS ) T — P TR 22 25 1
TEE RS A 528 o A P B ] B R O ke
WA T 2 s i g AR FH A Bl W gt 55 2 0 0z
SRE SR A I 3 R A 0 Bl o LA DR ) FFT
T A RE I A, L % L SR F o 52 T B/ N B
TOIH MK A AR EAT B0t SEgRas SRR W],
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