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Abstract

In terms of intelligibility and perceptual quality, single-channel speech enhancement technology
has benefited greatly from the success of deep learning. Traditional methods focus on applying the
U-Net model to predict the clean signal from noisy speech, but this model’s skip connections and
sequence modeling modules have limitations. This study proposes a single-channel speech en-
hancement algorithm that combines convolution and attention mechanisms in the skip connections
of the U-Net network. On the one hand, the convolution skip connection applies a convolution mod-
ule with a convolution gating mechanism to extract more important local feature information. On
the other hand, the attention skip connection combines ROPE position encoding and graph convo-
lutional networks (GCN) to better extract contextual global feature information. Besides, the con-
former-block module applies a convolutional gated unit (CGU) and an enhanced multi-head atten-
tion mechanism, which can better model sequence information. The proposed method was vali-
dated on the VoiceBank-DEMAND speech dataset, achieving an improvement of 0.6975 in Percep-
tual Evaluation of Speech Quality (PESQ), 0.0124 in Short-Term Objective Intelligibility (STOI), and
8.4324 in Segmental Signal-to-Noise Ratio (SSNR) on noisy data. Experimental results show that the
proposed method is superior to the baseline denoiser method.
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FERCSR IS, G0 B 118 R S ) R RO TR 2 B S I R R A TR . R, 1R Y
SHAE 22 AR 2 ILARAE B UM R G AN T BBk 1) — 5 73 o D0 T BB TE 1IE & 0, 1V 2 FIE DA 7K.
WL 1] FE TGO RETE2] dEANIEBGE3 LA R TS AE[4] [51# 2 & i TE S G o B . R
TR LT VFAE A B PR P i R I R A, (AR e LE B AR M S I LR, BRIl TE U Y R AR AR A AE
EXRMRE. By R R n . SR 22 3k 5 22 ARIZESM & B & 40, ks, 5l
B RS W S R DL A B NS T IX B SR AR S A AR 2 KOR PR AN R R
BT, FET IR 2 (DNN) R L [6]-[ 12]7F AL B~ R e R i 5 TR IR Z LT g ik, F
A AN UL PP o A T B s R

e M B 2 0 1) S R, RS A 8 DX % 0 DA B A8 B8 4 A g Hp 0 i s R PR . I A
EN TSR b, AR 2 B AR (STET) J5, 155 FIE 5 RS A S5 R SRR R E ST
. B, 1EHINEEIRA(ASRFNE S/ BALS Y, BT conformer BEAS [FI Il H A3 Al 42 Jsy =R S
FIfE R, FELC3H1EAN transformer FIEACTT S[13]-[15]. TESCHER[16]H, conformer FtJ&5 A4 4% A 2
T Conv-TasNet FUHESEH o ARHESCHER[7], BTN T HIFT B conformer A, L REHE IAHXH KA TS
O FE R BRI (B AN AR o 2T T MR FINES A BT AR A BE 5 AR AN R S e ) 1
BN, $EEAHRL VAL T R . BRE 4 (CRN): K H BRI bt - ISR 45 0, Beig A R IGm U
AIE, DA S i AP 2% R 5 400 B b 2 B B B (B, BREM MR TIREr &, 2
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W& ARG . ARG 2> R IBENLE A, X ST AR MER AR VLR N [17] (18] N T Geid A AL Al v
i, I BAR VAR T B S O B R S, X B i o TR B AR AL o IR B R A AR PR I 4%
BAY(DCCRN) [19]FH T — AN 28 1R ) 4 28548 ok L BUOE AT @A, JREOuAG 1 RBE AR 145 2 L (ST-
SNR)#1 % . 5 DCCRN ZfEL, SCHR[10]EA U-Net A28, RS Encoder Al Decoder 242K [F] i 3 2 4
T 2 T R AT AR, A U I R LRI SR 40 ) AT = S P AN AT AL . XA R R T T b
HE

THT [ B 3 7 VR [20]-[22] /2 56 T AR OB (1, X B R 280l 25, R 0% B4 AR A T TR Al th 3%
BV B FERXFMEILT, BB HAE B R, LR E @ TR, 55 1R st
UM 45 (SEGAN) [6]F2 it | — PRk iy 3G siid B2 . TR IR IC R B LRI E SO, HEAT i 23 1) 4k
o R, ASIRIUEAT T LRME. SCRR[20152 H 1 —AMERH T R BB I PR IR 1 2 1S 545 A (denoiser) .
225 MR B T A RO R I A B 2% — AR RS A5 284, IR H DEMUCS [23 1380 i T 15 S Y58 . IX a2t —
ToAE 8 TV A0 A 5 SR VR 40 B T TE R R St B0 o VR84 FL it B 1 — b DR SR i 3G R 38 o 7 SCHR[20] 1) 2k
fih b, SCER[2 188 W T — o 200 09 55 %5 Pk & 751, HDDEMUCS #5574 7 B PR A 5 A4 ffthth 28 AR A 44k
PSSR BEREAT 1R S I . BB S AL o B FE RS A o1 D7 v R B T s K B4l Re 7, IF g
TP R G E M AARLS A R thAh, BRI T — AR A B, S B — N R AE ST R AL
(B RA R 255 RS 28 R o FESCHR[24 1, vt 1 —ANIE FH T o i 15 5 3 2R R 250 1) U-Net )
A, HIEZE U-Net WESAHLL, — 75 @ N 2 A AR08/ B AR A R (S B e; R—mmgIA
THEBEINHE N, 46 T EREEE2HN ETXEER, IRECEREXME L ERREE R . BRCHR
4RI EIRY K TSR, 568 738 & B R I 1R RE, (F2 BRI R AE B B & B A .
TESCHR[251H, $EH —FhRh G 2 SLiE B JIHLHIFT U-Net 385 45 138 507 TU-net, SEILIE T B 48 1) o
I vy BRI V2 3 98 . TU-net (W28 B2 80 R ] U-Net I 45 (1) 2 il 2 00 5 W 55 5 34T 2 REERHIERL G
FHRIH 2 i 2 JIHL SR 42 Transformer, TR SR, A SIS A OCHE . 78 SCHR[9]
o, fEAESE U-Net J44ill 1, SIAZZIRERRZES, TEREEIRZRIRHERR IR . £ 2 iRELW
By BTFAN E B EOER:, DIRE AR RER LN UG R, SRS L . AR 22 Hd H i
DR A A, shaS i 2 RUEE S BRI RAUR .

FEARR T, R T —A U-Net W25 4554511573 5 L] ik sRode e i) Fod i 1 2 3 o s
FETTERAELL N =T 28—, BRBERER R E T EMT 1R I0(CGUN, ER NSRBI+ HIE
Rk BEFHE R FR, ESRE 7 miSSE S A 2 ENE RS, B TEENR. £, £k
FEREIBMRIEEE T RoPE A7 B Ymhtd L BB . EREN S 2 2 BRI LR UK R, HEEH
FRAs B89 K TUAR « ROPE [26]/& —FPALE R A JTE, ERI IR FER RS X0 A BAS B, HAEHER
F1n 2 B AR T B R AR AL B A OC R o (1SR M2, RoPE BA JLANE MME KRS, GFEnT
PLR TGS R EUTAT I FI B, DA S Bt A6 ARG PR BS I3 ,  token [A] (AR OC R 3 ik . BRI AR X 248 A Y
(GCN) [27]/2& —Mrpp 2 [ 2 B8 ke, Ref8 R FH B 4544 3F LB AR I 77 NNAR I 2R &5 ffE B . A3 A
I 20 X 28 SR A 12 22 S (R Sk A G . B RVIEVE R IR Z MMEIEE R . 5=, i 5Mmatse
R HR N ZE A4 conformer-block #E AR . & [FIAERE T-H R 10 5 2 LR B3 L], Ref dpi 4
RS R ERSUERE, SR 7N 1 i R Ok

AT 5T R 185 5 B BN PR 45 (Perceptual Evaluation of Speech Quality, PESQ) [28] %8 i 72 W vl {28 &
(Short-Time Objective Intelligibility, STOI) [29] % 7 Bt {5 M LE.(Segmental Signal-to-Noise Ratio, SSNR) [30]1E
%OV TERR, R R TR LG & Y RE . 7 VoiceBank-DEMAND A JFERLEE I X b sk
B, S5REW], MR TAL G JTE denoiser, AHIEFUHE H I FIELE & WHER_EIYSEIL 7 PERESRTE, BiiE
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Figure 1. The monaural speech enhancement framework based on combining
convolution and attention with skip connection in U-Net.
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Figure 2. Convolutional skip connection structure based on convolutional gated unit
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Z e R Wil R YL FE AT AR EED) 00, BBINAEF S Z,,Z, e R™ o $2 N oK, Z, #E4T Layernorm A&
B, WEBRACE, LPEAACELL K Sigmoid BaFAbEE, A nF:

Zy= Sigmoid(FC(DWConV(Layernorm(Z2 ) ) (D)

CGU B a it B LR A Z =2, 02, « XA IEEPLHIR L T 55 5 ERE (S B0 1) 8
2.3. FEHBEERKIERE (Attention Skip)

2.3.1. EIEHMLE

P22 X 25 (GNNs) AR X AR S22 I 2% X B L9 g, L ] e vk T AR H G 4 0 R B AR L LA 28l
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IR FE 22 215 5.

K G Rttt T — a7 ORISR I A Sk 45 Rl Z RIS B . DUAE AT U 6 A R 48 (GCNs) X
TR 2 2] SRR OG R o BLHT GON i 27 21BN 19 s T AT JE B3RO, RO mURHIE 27 > S i il 5
B BEEG=(V.&), EBEMIMLGONXH N X e RV BATARE A e, N BT
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Figure 3. Multi-head self attention skip connection structure based
on GCN and RoPE
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3. IWMERS S
3.1. WS

AT VA TR R ORI Rt A SC{#E B VoiceBank-DEMAND f£4%[33], i%{F45 614 Voice Bank &
HHAEHE[34]F15K Hf DEMAND %4 FE 351K S . 4T Voicebank 244, WZELFERKE 28 ALiiih
HI 11,572 ANMEE, WRREAFERE 2 UGS 824 MEWE. YIRS IITEE /YA A [F 15 L
(SNR) 443k DEMAND %04 2 g A y5 4. 0. 5+ 10 A1 15 dBo MRS 7E DUFR {5 M b B F el
DEMAND M5 HL: 2.5, 7.5, 12.5 f1 17.5dB. Felth, MIIZREFRE H 7 RE 770 AMliEH TAE A%
HESEAE A

N TR BR AR R ONERNZ AR T, AR TR T 5 — AN IR . 2 IS S R s A
FH I JE R P51 B, (RIS A58 FH oK ) NoiseX-92 05 5[ 361 1A [ 28 7Y e 7 o L dh 4775 G, ARSI
T P P 5 o T )M 7 SR 1] NoiseX-92 AU 4 1) — i 75 babble. pink JZ f16. HIUL=A: [0 7=
F BASMEEL(SNR)Z: A N-5+ 0+ 5 Al 10dB. {ESERME, Frfa T SE3 MLl 16 kHz RFEFE
WrRAE .

3.2. SLWRE

A FEHE H R UTE VoiceBank-DEMAND 1145 LIl 45 30 4~ epoch, [FIBS{# ] adam BEATIEAL, 2D
KEE N 3e—4, BEEZEMSFENESHIEE N 0.9 M 0.999. #ANEE N 24, Jy7 HIFHB R T
BRIPERE, RIS 175 denoiser J7VE—FERIMI R REL. B I b ISP 35 40 i 22 DL KOG S
R FEE e FH 1940 22 43 1% 2 St I A L B 45 (STFT) 454 2R (37

BRI SR FH G & o 5 B VP4l (PESQ) REI 000 A {8 & (STOT) A 73 B A5 1 LH(SSNR) Fi b %o 1 528 284
BARATVRM . B4, BT TS R E T (CSIG) 5 5 M 75 42 N 5 TN {EL (CBAK) [ 38415 35 i 2 T
MHE(COVL) =AME R 5 HAlBEAE VoiceBank-DEMAND 4F45_E#E47 5256 7 1: (AT EE

3.3. SCIGHER

3.3.1. SHMSENELEER

NT ATHVENBE H EE s SR e RE, ALK T denoiser Hik K& B 7R HDDEMUCS #EAT 5256
Xof Bl , 3% 6% B 0 28 45 78 3414 ] VoiceBank-DEMAND 35 453547 S B0AIE o Sy BLWL M b 45 A ) i ek 4
SRR ROR, T ST FR AR 5, I8 AT 1M R R sRIE R HIE IS . K 1 fIR T 2 R 5R
BRI 0T LE SR B 28 A . i th A2 (1) 14 5 35 1R 25 O 48 FR 13 70 Bk 17 COVL Z AMAEAR T HoAh A AY o
L1 denoiser J7iEAHLEL, $RHIBIALAE PESQ fabs LI T 0.0554, 7E STOI #EHs LHEF+ T 0.0020,
£ SSNR #8A5 E4ETF T 0.4389. [AIRF, & (RIA ) S HEARX B /b — 28 ZRG R & T AL PP 25 51
A UL, AT H I SRR TR 48K 2 50 O Ve REFa A 300 T 24 80 - T BB | ax — s BG4 R o K,
SRR IR A2 IE A ROR e S B a vh I SOC AR B, A RS ARl R AR AL, SR T
5 g L8 R I S R AR

K545 7RIS TS S AN R RLE S omiE 3 RIS . {551 B VoiceBank-DEMAND i
HARE IR 232 SULIE AR 5 KIEHE S ME S LA, denoiser HIEAEX 1R & B 114 58 1%
FREPEEAR, RAREARZ RS XE 5 BEITHEF I8 S8 S A5 o &nl UKL, &
B MR L 26 AF T, 2 tH R B0 1 St 75 (4 SN 78 43, JF HOWHE & & i e I ORFF R 4F . DL EXT LG
Y], SRHEMEIEZEERMA T U-Net 402 RERERISRE ), AR ST R ) B R B R b
PEERERE ST, AHEEE T I AR S v .
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Table 1. Experimental results of different methods on VoiceBank-DEMAND
7 1. FREIFATE VoiceBank-DEMAND ##E [ _EHISLIGZE R

WARr XS ZHEM) PESQ STOI SSNR CSIG CBAK COVL
Noisy — 2.1163 0.9210 1.6758 3.3610 2.4429 2.6398
denoiser 32.01 2.7585 0.9314 9.6693 3.5677 3.1876 2.9597
HDDEMUCS 39.99 2.7750 0.9195 9.1263 3.4019 3.0699 2.8046
Proposed 29.99 2.8139 0.9334 10.1082 3.5763 3.2051 2.9553

(a) noisy

Frequency (hz)
Frequency (hz)

Tim.e (s)

(d) proposed
8k 3 ;

~ ~
N N
= =
= =
g )
o o
0] [
— -
=~ B~

: 0.5 1.0 1.5
Time (s) Time (s)

Figure 5. Spectrogram examples of different speech enhancement methods

Bl 5. TREMIESIEES EREEE

Table 2. Experimental results of different methods under varying noise levels and signal-to-noise ratios

% 2. RS TEIR A T RIEMELL T HM St LE R

R 7 S Y PR A AR PR A
{5 Eb(—5 dB) pink fl6 babble
denoiser 1.3322 1.2371 1.1809
PESQ HDDEMUCS 1.2964 1.2731 1.2378
Proposed 1.3331 1.3047 1.1948
denoiser 0.6342 0.6094 0.6383
STOI HDDEMUCS 0.5756 0.5631 0.6343
Proposed 0.6920 0.6613 0.6682
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B3k

denoiser 1.4432 1.0006 0.9226

SSNR HDDEMUCS —0.4303 —0.6950 0.3231
Proposed 1.7249 1.4677 1.0136

{ZME (10 dB) pink f16 babble

denoiser 2.1447 2.0781 2.5523

PESQ HDDEMUCS 2.0376 2.1360 2.4276
Proposed 2.2888 2.3102 2.5474

denoiser 0.8883 0.8704 0.8982

STOI HDDEMUCS 0.8737 0.8684 0.8887
Proposed 0.8796 0.8778 0.9009

denoiser 7.3849 7.2366 8.0792

SSNR HDDEMUCS 6.9161 6.8693 7.9550
Proposed 7.6355 7.9934 8.6969
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Figure 6. Indicator curves of three algorithms under different signal-to-noise ratios
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P 3 PR TR FERE R T RIS A R AN EVEE A B AT CGU B B DL K T GCN
H1 RoPE 122 Skt s JIML, T2 L 75 1145 26 M B 0 (GLU) A AR e DL K A R ARG A B 2 i 1) 22 Sk i
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Table 3. Ablation experiment results of different models

3. FRIERAHERMSIINER

PIRES PESQ STOI SSNR

raw conv + raw attention 2.7686 0.9307 9.9934

conv skip + raw attention 2.7695 0.9317 9.7934

raw conv + attention skip 2.7899 0.9305 10.0043

conv skip + attention skip (Proposed) 2.8139 0.9334 10.1082

4, i

AHFFCR IR 1 AL Oy FUEIE T S R BT O AR SR . %7 IRAE U-Net 28 N 125 T6
BEHCSTEE UGB E S, AT TR T, KBRS B iR AERAR . BRIE
BT EET RMFHER % I A EZE R TRiL. RN, BB T2 R0 T
—WPETHERE, AFNEIESINT — M B iR NG, 1ZSRIRAE 2 Sk FE R g rh WA i 1 AT
B N TIRIESR I VAR R, AW T VoiceBank-DEMAND % G247 SE IR UG IE, JF
KT Z R TEAR(PESQ. STOT Jz SSNR)BEAT 1Al o SEARAE RIFMi b R 1 JATH R et . R
K, WETEH b it A R T 30R A B A BN R o, DL B 5 4 S B A e 81 b e R i
KFo BN, A TR LS H R K R PR 1.
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