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H E MEFHRLBE RN RHELRE AKX EZ(Human Computer Interaction, HCD AR & T A#H 9 L R EH ., BHRA
MREFEERRATFREERFBRGEEARERAPOFARE . ZRA RN E. PAEER MG HRE, Ahkm T, TFRE
AR PTRBGERA . M A THEE IO TERMMNAZHRREALEGY R, TL2FRAP ARG EE, XLREIHR
HTHREBFTEAEPHZEA, AT T X MRE, ZAEH EEBXANTEZ R, H A L LR (Radio Frequency,
RF) AR 8% F Bk 7% 4 5% # (Impulse Radio Ultra-Wideband,IR-UWB) Ff B A ¥ 5 R B Fodbm S M 5 M R F R A, R BT —# 1
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works, CNNs) = GoogleNet B3 69 sURL M AR A R GAF L R A, B2 2K, EREANMR T &
8 A ARSI AR FH A s RA R 94.89% ., F HAERE M X 4 FTHRRFALT 00X R o FE, it —
FIET TR T ke N

KB ANK L ; L& RS BF BT S AFRA

FESES TP391

Contact-free IR-UWB Human Motion Recognition Based on Dual-stream Fusion Network

ZHANG Chuanzong, WANG Dongzi, GUO Zhengxin.GUI Linqing and XIAO Fu
School of Computer Science, Nanjing University of Posts and Telecommunications, Nanjing 210023, China

Jiangsu High Technology Research Key Laboratory for Wireless Sensor Networks, Nanjing 210023, China

Abstract With the rapid development of intelligent sensing technology. the field of human computer interaction( HCI) has en-
tered a new era. Traditional HCI methods, predominantly reliant on wearable devices and cameras to collect user behavior data,
have significant limitations despite their precise recognition capabilities. Wearable devices, for instance,impose additional burden
on users,whereas camera-based solutions are susceptible to ambient lighting conditions and pose significant privacy concerns.
These challenges considerably restrict their applicability in daily life. To solve these challenges,we utilize the exceptional sensiti-
vity and spatial resolution of impulse radio ultra-wideband(IR-UWB) in the field of radio frequency(RF) to propose a novel and
contact-free method for human motion recognition based on a dual-stream fusion network. This method adeptly captures the tem-
poral signal variations caused by target movements and extracts the corresponding frequency-domain features by analyzing
Doppler frequency shift(DFS) changes on the time-domain signals. Subsequently.a sophisticated dual-stream network model,in-
tegrating multi-dimensional convolutional neural networks(CNNs) and Googl.eNet modules,is developed to facilitate precise ac-
tion recognition. Through extensive experimental tests, the results show that the proposed method achieves an average accuracy of
94. 89% for eight common daily human actions and maintains an accuracy of over 90% under varying test conditions, thereby va-
lidating the robustness of the proposed method.

Keywords Human computer interaction, Wireless sensing,Impulse radio ultra-wideband(IR-UWB) , Motion recognition
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Fig. 2 Time-Signal amplitude features of human motions



oA o A L T U Bl P 4% B0 A 1 i X TR-UWB A 1R IR 53 Oy vk

225

-30
-40
T 3
N ~N
W -50 &
K -
-60
-70
02 04 06 08 10 12
B 8] /min
(a) 4T%#
-20
-30
N )
5 -40 3T
N =l
1 50

02 04 06 08 10 12
B [6] /min

(o) 5

HE/Hz
& {&/dB

30 1 —20

20
-30

10
—40

0
-50

-10
-60

-20
=70

02 04 06 08 10 12
B[] /min

(b) B2

30 1 —20
20 -30
10 —40
0 -50
-10 —60
-20 =70

02 04 06 08 10 12
Hf [6] /min

(T

% /Hz
B /dB

B3 AIRShAR kol RS 4

Fig. 3

4 RHEXI|

IR-UWB = 422 il 20 A Sl A 1R 50 9 T4 v, o Je 7 2
i3 IR-UWB 5 15 3R BN R 37 bk o [ 3 5408 7 3 0 i 245 2%
A B0 2 e P U I S Tk o B AT AL B 8 R R A 2R
Bi A NARIZ Bl 3 B0 B T K5 8 a4 T ARAT R B
555 bk i 5 A 1 I () FE S RS R O B L 35 B0 3 £ 5 P
B HsF S5 RN AR AIE L 3 HE AT 0 — fR b B ; d ) L il 2 4E S T
P22 9 2% 1 GoogLeNet A 1y £ XU W) 245 A5, 52 0 26
IR-UWB gl 42 fi sC A AR SR . i F AR TR 17 30
12 S ENK R S 1015 1 IR AR K B L K 2 2 WO R A B Ak
AH I 4 25 Ak PRI 3 A 48 B I 30 15 5 A e 3l R A0 8 R A L 3
6 Y TR il B P 245 455 0 S R0 AR Bl A S AR SC T AR A A% 0

x(t) . P

k] —>| HHFLES

B WA

&5 W HA T

Spectrum diagram of human motion pulse signal

RTINS R R AR A SO R TR T R
fil & M4 1 IR-UWB JE gl AR SRR RS, RGHELR
WE 4PN, ZRGEEEH 4 M, 5 525 5 Bk
PHAE YL AT S e AE B2 TS S A8 T I GRS B AT Oy SR A B,
HE RS WA B S, AR 2R 4558 T B> IR-UWB 3 ik 3K L
25 [H) o A GE B i R THE Sl # A 2e R X5 S b i
A5 011 it o 0 B 45 R P S KR I G e R R S A U AT R
1% Hampel Fil Savitzky-Golay 3% % 714 B A 1K1z 3h 3 &
PR B AR ARG R T AR AR IE 3 S B E S 1R
R AR B A A N 22 0 0T % A A L 4R LR R IR 5 P Y B
SRR R A s B R Bl A 22 dE S BB 4 W 45 AT GoogLeNet
S Bty 8 UL I 265, XoF I 3 0 3 4R A a2E AT WG L 3l 3 softmax
BRI ARSI E IR,

[ WkFZED ]

+ #
TR B %
Zerol

TR A
7

il

| |
| |
| |
| g |
| A
|| Softmaxz%2 | i |
| |
| |
| |
| |
| |

ARAT R 4 R

B4 3T XK A M4 5 TR-UWB JE £ i XA 3h 71 5 51 2 4 He 42
Fig.4 Framework of IR-UWB contact-free human motion recognition system based on dual-stream fusion network

4.1 IR-UWB {Z S Hi4bE 5 Al LU B, 7618 I I 4 BE 2 0 fY I R e A1 o g A

P A7 B A B B PR B2 R 7S L IR-UWB #Y [l % 15 5
HOR TG S AP TE R T L. R RS, i T IR-UWDB &35 1
W e R 2 6 W TE [R] — B8 R b AN T A 2 7 7E S
P PV B B IR0 g o i S BOR AR S P AR HOR . A

WEe {0 3 0 i o T K 0 L I 0 B 5 A ¥ B0 R Y B
EREEC B AT Es R A ES ) G VAT e < -2 N D R LTEZ 8
SHICEE LA 3 C R DI A ETE S CR /R R T QU Ry a4
FCIE AT 5F R AT S, X A8 4 4R B 4 B & 0 AE PR 18 I )



226

Computer Science THHEHLEIZ  Vol. 52.No. 1.]Jan, 2025

B AN SBAKRBEIRFNESRE. XWHES
TR E T A AU

R T T B 1A A B N B B R S B0 T B, DA T o 1
PRI ARSI R AE S A1 B S Xt IR-UWB 48 i 1]
FE P HEAT RS 2R P A . DA B A S BN R A A AR
KR S ER AR X R E . R AR S S Ee H E E AR H B
3 U Y B B O Y XORE R — A bk vk W B AR E
T B4 Bt 4iE S0 AN AR B, S BT A A Bk o Tl gk AR 4 4wk v LA
EE N R Y W QU A SR L e NS QU R
{5 5 R U LA AR A 28 2o i 25 2% e 0 Ak RS A 1 A5 S,
BRI AZ O BARTE T A7 P A 305 AR . ELR R IE 2D IR
g2 T SEXT T B 09 Bk e A S EAT O E AL R LAS B 2 2%
55 BRIEH R B TKoRE Sl E S %GS5 s
B ¢ B B AR LA S

- T
RC/D=R(f 1) =4 % XR(f.0) )
i=0

Hp T RES I S8 X B T=96, A& e e s f 2

10 2 30 40 5 60 70 8 9
Jot 5

Ca) 1 25 2% A ) i

200
400
600
800
1000
1200
1400
1600
1800
2000

B

10 20 30 40 50 60 70 8 90

Bt 5
Cb) 5 285 2% B A i Jei
PR 5 s 2R A ) 28R
Fig.5 Static clutter suppression renderings

PRI v i M R R T RS R U e B AR S R A
SR AR AR B S DL R RS S B s A
7 EL AR T8 A B 1 8 B3 Mt 22 BE AL 7™ A A0 17 A A 75, DA T
SFERENNFESTAAEREME. T HBRFI DR
{BL 7 96 5% Hampel 118 36 ok A6 0 138 B )3 510 o i) 5 4 4K
J& K Fl Savitzky-Golay 3§ 3 ok i 4 4> 58 4% B9 1 7 )5 51 58 n %
W A F TR AARZ 35 5

Hampel 8 & — il 5E T v (57 K00 e (80K 00 0 45 46 7
i B3 XHE S HEAT A BB T TR A SR S P 4R
22 R) 1 B SR AR S35 A, SR R R T R A (R, D 1% 8
PR S a0 IR P A B . B Hampel 383 )5
®H

3
i=nt3
o). ¢<n>—g,,(7z><J%7272<<p(i>—¢,,1<i>>2
o =

3
i=n+3
@,,,(n),¢(n)—g,,(n)>J% S (D) — g (D)
i=n—3
(8)
o, n S WS 8] N 1 4L, ¢, 9 Hampel 38 3% &% 85 H P
AHAL HE

T T T T T T

002 [ | |

1
i\
ly

il

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
(@) IR 5

1=}
2

: ]
002 |

b

| | |

A

L
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

(b) Hampel 3§ Ji%
T T T T T T I
002 - . ;
N '

“‘ ﬁff‘ 1 A
uh.i;‘." L L
| 1 AHRR )

0
;

04

=3
2

0.0:

2

| i Gl <

Nk L hEA W x I P
JJ‘\'MM\J*M\JWM w}‘n»wﬂf
% zo‘m 4600 60’00 ao‘oo 10(;00 12(;00 146% 16(’}00 18000

(c) Savitzky-Golay JE %

Pl 6 Ao B S 1 T B FVECHE T
Fig. 6 Signal data outlier removal and data smoothing

Savitzky-Golay I8 J& —F JH T H0 8 - 1 19 5 4 R ]
D B X £ JR) W R AR HEAT Z2 LS . i A D TR R
8 DO Z 8, TG SE IR 3l B0 1 i AT B e . &k
AL B 1 B RS A AR BR RS RRAE . R SG u K T
®EH

S e
rk,s(;=rk=?’:¥wrk+ipi €D

Horr, po /P ORI R B R A IR-UWB 5 5 ik o 5 51 45
B/ e ARG 50 N SG IEWE MM BT 0K L AR SO Y
IR-UWB % 15 R B R & R 60 Hz. X0 AY & K JE R 60,
B 6(h) A 6 (c) B — ik o {5 5 28 i Hampel € 3% F
Savitzky-Golay €I J5 1915 5 B (8] -8 {5 7 51, B B nl LA H
5 IE IG5 P FIAH LG LB B T 5 9 (6, 6 B A5 3 77
R B 75
4.2 BHE4FEREX
4.2.1 B BRAFAER IR

IR-UWB & 35 [0 15 5 F e 7 8% 50 X388 o 1) BT A R 4 1
S N EE S AR BR AR A R . i 7 () T
IRSIBINE S BT . R AR SR AT RRAE SR AT . T
B RE  AE ER A BT O . R T ARIZ B 5 B
23 (] rp ) 75 5 R BE 5 B0 R 380 e 1 A8 Ak 8/, B0 IR-UWB
[ 35 15 5 1532 2y 32 AR B 30T B bl b 160 4 8 vl o B0 e K ity G £ 9
3, FIL R BB A B NS 1E Bk, Bk, Bk



oA o A L T U Bl P 4% B0 A 1 i X TR-UWB A 1R IR 53 Oy vk 227

WE BN SN O AR JE X H P9I (E U 825 03 SR FTA
T B B O R AEAE B AE A, IR-UWB 20015 5 (9 58 2
SR El . I 2 Y R R S S e SR B (A, 1D
A=A TE YT ] O 1R S K 20 9 3 1R &R R R
Frgin 3¢5 S W& N A5 548 1k, 24 3 30 /9 IR 2/ T B
P SCH (RIS, DU A SV 45E b, O30 S 1 A I [ 6 1 AR R
S E Y S5 A

T R AR IR (Y S 5HE 5 B XS 2 BR R S RO R 18
B i) 46 L 1 5 R JH RS Bk P Y Hot-Zone ™ 5875 SR 3R BUH)
FHB B X, 1B 7 (b) Sy 2R ] Hot-Zone 53 48 U] 19 A &
S X B . Hot-Zone™ B ik F2 AR 45 D1 nt 347 2 [h] 4 22 8
%08 Sz S DX 3 T e i s A S 3 SRR AT e HE T AR R E AR
N EHE S 25 (o) o i T AR 2l 1 47 22 0 8] 71 3 7R
RG22 S5 30 11 A O 2 5, R W 43 8 0 gl A 17 PR ) i) A I o
A PR IR 8] 20k B A7 TE 22 5 L 3K 23 0 R SRR AL 1 B A AR 3
PRI s 222 8 T 90 2 M A R B 4 B . R SCSR Il MATLAB R
B imresize X AE A RE AT 4EE IH — 1k,

x107%

10

5

0
500 ~
400

300

0
C ) MU 5 8 I ST e S s 1

Fast-time/bins

Slow-time/s

Cb) PR o ) 6 2 2 551 PR
P 7 HR AR S DR I i) A ]

Fig. 7 Diagram of fast-slow time matrix of received signals

4.2.2  FRIRAFAESR B

20038 U ARAEAE AR ST 2 i, t T 223 R0 i 77 7
ISR A5 5 0% 5 A5 5 R SR 2 ) A7 2R AR S
THE 22 SR A B I A % s VR AR AE . e iR
U 3K W AE 5 A 2w/ SRR B RF Y 2 (0,

a()=s(t—nT,) * cos2nfy(t—nT,) + o) (10)
Horb, fo R R GHIRE @ Y IRAHAL,

TR W A T, (0

z, (D) =st—nT,) * cos2nf,t—nT,—t,)+P) an
Hoe, =2R@) /e AMPAF 5 MM T L HHE 5 HIIER , R0
HEBEERZEMIER ., c L,

2R B AR R U RO N H L, B4 R =R, Jk Al
W5 R GHE S Z MM EEAR L2 N 2nf, (1) =2xf, » 2R, /c=
4nRo /A, Hoh A A,

WISR H b 5 35 Z B AL AR X i 3l BE B R (o) Bl ] 42
A B B AR 7R K B 42 1 38 2 Ko, I R() =R, — v,z
A ] 4 S 3R g

, —ZR(W 2R — 1)

(12)
C C
AR WIS 5 5 RS S Z A 2258 -
A@=*2nf(.2(13067‘7ut) (13)
X I 7 A B AR 2
_ 1dAo
fd*ZT( & (14)

Hob, o 2B . B8 S NS 1R (5 5 4R B DFS 3%
. 4 B AR R ks 3 i 2238 B BRS B AR R B fs 5 0
R T RG24 F b i 8 H ks S, 28 588 O 1
B AEWAE SRR T LM E S . BEARIIMER{E S DFS
T AT 3 A R 22 52

'I.al’ |' |

Frequency/Hz
Frequency/Hz
Frequency/Hz

b.l\-- |,‘I" ~I' ” m R

Time/s Time/s Time/s
(T % (b) 2 (e 5

Frequency/Hz
Frequency/Hz
Frequency/Hz

Time/s Time/s Time/s
(¥ (e)fi (DT B
B8 AMRBSIEE S DFS il &
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