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Real-Time Gesture Recognition Algorithm Based on LoRa Signals
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Abstract: To address the real-time gesture recognition problem in occluded environments, this paper proposes a real-
time gesture recognition algorithm based on long range radio (LoRa) signals. By utilizing the low frequency band and good
penetration of LoRa signals, this algorithm calculates the signal ratio using two receiving antennas, and combines short-time
Fourier transform (STFT) to obtain time-frequency maps containing hand motion features. These maps are processed by a
neural network encoder called the Gesture Encoder, generating feature vectors that represent the gesture characteristics,
which are then used for gesture classification and recognition. This algorithm effectively solves the recognition problem in
scenarios with object occlusion, and introduces a system state transition machine (STM) and data augmentation methods to
precisely control the start and end times of gestures, thus enabling automatic segmentation and real-time recognition. At
last, the system is deployed on an edge computing device running Android, and tested in occlusion scenario. Experimental
results show that the proposed gesture recognition system can efficiently and accurately complete gesture classification on
edge devices, with strong practical value and application prospects.
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HE AR . SR TIAR SCHE H 9 7 3 1T DAAR I M 3545 1
W F LR FERREHIRG , REERZE X h
TC SR 5 T3, SR 5 FHT Il 2 DR s

*EHW%M

w2 w4

-

t

hhhhhhhhh

)
P12 SR GEH R A A8 L RSO R Ak B4 G 5

4.2 ELHRSGIEIT

A CHE ALIENTEK [ AtomPi-CA1 JF % bz ') |
BT AR LR . % IF AR 3T Rock Chip
i RK3568 SOC, E £ &% ARM CortexA-55CPU #% i[> |
1 TOPS fig J1 i NPU LA Je— 268 UL ¥ #M &, 4 USB3.0 Fl
DA 1452 e A I HL a4 PF 66 L (Univer-
sal Software Radio Peripheral , USRP )i i USB ¥ % 2]

RIS , HARSECH AR 5Tk . T &R
BATE TR AE Android 11 R4, 2 B B A SN
S HCL, I B4R 28058 5k & (WA REf A L 3 Bl
) G H Android 245 . ABFFALE Android R 48 RS AH
T USRP f# 14 9K 31 (USRP Hardware Driver, UHD)
4.7.0%  Boost 1.85.0"* 1 LibUSB 1.0.27'*' (UHD 1 {&
). A5 A 0 58 X4 19 48 1 & Android NDK
R27°% | % 1% B 45 % ANDROID ABI } arm64-v8a,
ANDROID PLATFORM %545} 21.

WEN3 Frs , R P 3 2R, 268 1
UHD A W32 B USRP $2 H LA R I A AT 28 i XY
(Wahd KB R 3 s) RIEHATE TRt IR e i)
Ti1] 1] B P (A 3235 B A 100 ms ) B 5030 18 3 45 3 BA 37
(First-in First-out, FIFO) & 3% 242 2, A4 718 I8 )%
FERAS B U B . S 2 B 5 X6 eF ] 7 11 0 ) 504 a0
AT STET , A SCH U % R AU I W] (hamming) 7 , &
(Overlap) J2 100, e 33 {8 B 4% 44 (Fast Fourier Trans-
form, FFT) iy 4 B 2 2 048, 15 3] 1 I 451 %6 [ 4k iy
103 x 103. ZbFRSEEE I il FIRO B 5 1% i 2 2 i 3.
£ 338 17 RKNPU API 1.5.0°7 20 191 46 & £k (9 A5 780 (A<
SO SEPRAF RS AL AT Bl H b S8k
INTS) FISE I A5 7 sh B 2k NPU iz 5., 15 2145 S f A
F STMUIRZSHL . STM AR ZS ALK 132 BT S I 2k A REAE £
T rp R B TR AT G, R4 BR 41 T R AR 0 AR B
It FAE R .

F13 el RGEBGHHER

5 ZWHER
5.1 WEHMBIEENE
ARSI TN 14 R B 8 MR E T3 X 8T
PO : (@) $T74) 5 (b) 38 35 (o) TR i1 B 5 (o) 305
I I P 5 (e) 22300 5 (DA 405 ()35 T5 (R) T 5.
SEYR B AT W 15 JT 7, AR SCE Y LoRa S AL Fr
J& Micro Chip ) RF96 it A1 , 3 H f# FH Arduino

¥ & @ 9

(a) 117 B %X () IFNEI B (d) WiEEE
G p
(e) %) () A% (o) T () THE

K14 R FHIRER



#0081

SR JET LoRa {5 5 IO SEIT U3 1% 2745

UNO"*' 3 33 SPI B3R 8l H: % 5t LoRa {55, A% S5 B
LoRa 1.0 1 %654 915 MHz, 7 55 4 125 K, & it oh &
20 dBm, 7 1] K Z6 1 R 42 14 25 02 8 dBis A SCHERE T
USRP B210"“"F 2 HL , USRP AL RS2 1 M, {5
S 1A R A 5 ) R 24205 5, HL USRP 32 IOHLI 25 15
BN 20 dB. AR LS H B I & SO SRS LoRa 1241
7, % B iE 2K 1% LoRa 138 24 41, {1 USRP UHD
PEHUERY C++ APL 40 5 BUdl REEFRTT . FEEUE R AL,
USRP il i USB ZR 45 i #2 F M B AL . fESLm 5t F
USRP i 17 28 25 1% 4 1] AtomPi-CA 1 FF & # .

SE ) R AtomPiJF KM

E15  SE¥ies

USRP B210

AT AEE T 607 I8 AT FRE A ) R A,
A FHBAE3 s NI, 7 FHRGH > GHETF) %
TRy (i B KT 45 ) L TR R (BGR T ).
AR S ME 16 TR, AIVAEL R . fE—
IV E W R SRRSO OR A R ) DX 3k 2=,
PR AT T X IR TE . Al R 290 1.5 em (1)
AR BEMAE A R, ASEABL S o ol FH o Sl P 10 . A
FHIRE T 800 1% d , 8 MF-HALLLE T 6 4001
AL MEAM A SR T A I R RS T R L 1
R 3.2 75 HE SR SUREAS , DAl G A A R RS T Y
Hi S5EA FRIRE . CRENE S22 1 g7 kit
TTTRALBLS  BAE AR AR IC T AH R 1 hR % .
5.2 EiEE

AT RN ASCHE P S R e S A A
PRI T B . AR SR 2 A = Jo i 2k pR 2L
YIZRRERD IR B SR 4 I8 7: 2 1 R o0 gl R 4 i,
SERNIAIEAE . 7RV Zrad AR rp , AR SCR IR AIE [7] 2 (14 2 3
koA 128, X F RT3 AR SO T A A i S I FREAE
T P AT, 45 30— 0 RRAE 1] 2, IR A SRR A 1)
SRR P — 4 . T R R 4 R R R

AT . ASCORAFFE NG b 6 B2 B A0 (R R AiE ) i
B DMBETESL N RGP . R kR TIRA
BRI PERE .

5.2.1 M#&LEH

TEFFAGE G2, 1 2090 TAERRCR AT 126
LB P 28 R 2 S SE IR AT SRAT 55 . A B 5>
FHA5 5 A By i MG A TR BE A 2 I 2% . SR 42 148
F T & FR #2445 (Convolutional Neural Networks,
CNN)*HK%E%WE‘IZ(LOHg Short-Term Memory , LSTM ) %]
25 R AR S (] B ] AP AE 5 SCAR [28 T fd T 1 M7 B iy
CNN 4 #4) 3 52 135 T mmWave 09 52 B T30 28 5 T A
FATZ /T TAES, f5 B T ResNet 5 58 AT A 19 43
RIS T AR A 3R [R5 7E T 22 O3 1 rh B O]
TorRBYRRIE . SR, AEAR SO W 7 5, AT 22
T FHor BB AL e it fe, IS TR 2
BRI AUR G, 1 28 R G2 1 HAT A R 4 A7 i A
THHERET .

A SCRE B 1Y Encoder B 4 S A SCHR i fiff
MR L I B A A TR 4y 2 45144 3 LA T e T
AR A L A R PR BT RL IS DAPPAS R £
Hege ), ARG SRR 1 s . b TR AF LA, A
SCUBEI ) 254 B SE A RIS HaAT Tk, A&
SCAE ] Adam P04 25 I 25, 3 00 4R 2% 2] %04 0.001,
batch size } 64, 31 443 R UEW 200 21> epoch YA
LT ZE RIS . SR, R W« BRLAl ) NN FE
o T HELLX Y, 1M CNN+LSTM ! ResNet"* F1 3¢
Wk 043 ]/ 3R %53 31K 95.83% ,95.54% F196.83%,
EASCHR M RS RORE FE LT AR R . SR, AR SO T R
BRI MNAFE DR 2 . S5 RER I A SO £
P 265 LA/ IS SR S T A R A SR B

F1 AEERZEMTHIRRERE

(=87 SEX1% (al% (b)/% ()% ()% ()% (% (2% (h)% E s wNaNAI
CNN®2 84.56 79.87 76.58 76.55 71.25 88.36 94.63 92.92 96.35 5.32
CNN+LSTM™* 95.83 93.87 94.63 93.75 89.91 99.53 96.99 98.64 99.35 123.21
ResNet 18! 95.54 93.23 94.23 93.61 92.13 97.29 98.51 97.42 97.88 56.32
CHk[43] 96.83 93.32 95.32 96.61 95.43 97.52 98.10 98.94 99.42 89.74
A 95.98 94.31 94.12 95.32 93.40 96.43 98.17 97.32 98.73 11.32
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5.2.2 KB

B0 A7 SCRR 4 5 45 80 1) B 1 B AL 21 Softmax bR
B A BRI B R e KR T IME 3 2R 45, [
Aol FH 22 SUR AR S B 2k R . 3R 7 e B S B 0
T RS ARAFAR = 0 TR 2 RO B A S B F
—NREE ), O3 I B KAk 2 I R R SR AT I
Y. SR, AEARSCI SE I S 5 v, (SO0 i s M 2R 1A
(I ASRE IS BIR AP I RCR . X A A F 3l 5 P A7 e
YA Y X 43 TR, G HR W 3 8 1T AN R T35 I
LR NS AR HA B S AR R . 1 17 R T ZE I FR
R A g Y ) 3 5 -SNE B2 A REAE 1A

cescse
EESTEESEE

i Ry
(a) 23U (b) =TTHIR
P17 ARG pR BT T A5 5 i ) A AR A ]

P P 17 AT, 28 UK eRBIGHS A AL F- 3 B T
1B = oo 2R R BCUILAL T 0 2845 1 i W]
A6 T REAE 2 [A] R R AR AR S 01 22 1] Y FE 2 G &, i H:
FIE A B 0 b A 41 SIS 1) 22 ) 7 25 S AR ARA
5.2.3 #EELED

J T I LoRa & S5 5 Xt T F5 8 00 M 152 1) 52
Mo , A< SCXF Arduino 2 2 & 326 AN [R] 2880 1 B e 41, I i
177 F W . Bk UL, X &2 4 0 Fcdis 60 | [ e £
P60 AN BEMLECHE AL A 1 0, A A0 S T 50 0 8 , Al
H B LN gny g X FHalkmkitir 1

F2IR THE LoRa A5 M 5 T, Rk AR B Hl
AU OIS T AU A HERf R . SCIR 25 SRR I AN R A o
FRIEARE T ERF AL XRRNES T
AR ER T EEA MR R, S n & SHES k.
I, JTF LoRafs 5 W TR B 7E—E BE Lol IfEAR
2388 15 D) B8 A% [] B 2E A 7 I8 11 0 FH S DT Ay SIS 3 /e

—RfE D EE RS T A . 5 Wi-Fi {55l mmWave B ik
A, LoRa {5 5 76 F- #4U Oy Tl EAA 47 (it 55 78
FIN AT

%2 FESHEETHRIERE A%

B (| @ | 0 | @ | @ | @ | (O] @ | ®

BEHLE R | 95.96(93.4294.42(93.32(94.32196.32(97.32|99.73|98.82
[& 52 B4 1 97.07(94.32(95.42(96.8296.2397.84 | 97.32[99.84 | 98.76
20 504E 196.17(93.12(93.32(94.12(97.02|97.41{96.48 [98.19(99.73

5.2.4 AREZHSE

W20 B E A M AR G 00 A R A N P, AR
SCHEEREAEHT I S5 T Al R[] B i gl a4 Hh 3R
MEETERE . fE— W E T ERREE L 4 mm 1Y
Y AR hy B A AT 0 6K, S 50 A s A S ILE S
FEEE T, SEEBERE N A BT AL,
WAL 18(a) Fi7R 5 e BEAEAR R 2 % P FH R 224 3 mm
F 25 RS AR A R B, FERE 2 6 em, SEIR LA 5F
BEAUZAEGERMN L F-H AR5 2, inE 18(b) fr
N TEBAE G Srh WA TF R IR EE T 60
A8 F-HALYEE T 480 M FEAS il H 5 I A E 5L
P A [R5 AT

(b) FBERAIE

& 18

LIAIRAMNZ 3 Prn AR AN RS,
PIIRE] 949 DL 1 ARG R IR BIBUACR . X0
LoRa {lAI (5 5 HAT AR UGS 19 55 1k, [R) IR AS SCH 3 1)
MEARBOTT 1k RE S AR 4y i 202 B TP AR . fE 2 i)
Y2 b BUREAR G IR T PRARS N A A SRR, S
BUE S HON , WA OISR B 25 e =51
o R (S S E MR REEIE L NIE T A R R
A BE AR (5 i1 T LoRa 15098 B & 7EAE R v, FH 10
NI PR, PR B G, N IR 2 AR
BB G I E G R A

£3 FEBETHIRAETRE A 2 %
5758 T (a) (b) (c) (d) (e) (0] (2) (h)
IvnE Y 95.98 94.31 94.12 95.32 93.40 96.43 98.17 97.32 98.73
SWEYE 95.82 94.77 93.21 93.76 96.76 95.47 96.54 98.30 97.74
SWEY2 94.17 92.98 93.98 91.31 93.43 95.43 95.43 96.43 94.34
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5.3 SERFHERETT(E

AR T AE SR O0 T PR 04 oA B LA
WATIBATIIMERE . A SCICE R BB 48 s R 5B
$}10.85,E,,.,..07500,R, . . }0.87.
5.3.1 EWmE

TEEAT LI 5 T By Mg il v, 057 B840 S il
B RS E SR 200K . R ML R G EOF
G H KA B LR BE e R b B I A
A7 X AR NPU. RGeS W T PR A7 STM Y i
AR G Gt T AR SE U MR R 45 R
TAPUR.

threshold

F4 EHIFETHIRRNERE L%

it | @ | b)) | © | @ | (o) N | & | &

HERR | 79.73 | 82.31 | 84.32 | 86.31 | 89.32 | 86.43 | 87.21 | 92.21

SCU A5 R F W] A SO D Y B AR S 3 T R
T & T F 0 2600 7 X U0 HE i R AR AR B 18 35 B
85.98%. X —HEHHFIEAR TAE S IE AL T IR B, I A
TET S g 5o A i 252 K &R A s e Al vp
ARG FER R BRI A A1 S8 3l T35 R MR 43 51 DL S
S AR AL L R SR AR R R A S 3 T SER
SR 3 R UERR FRAR T AR SEIP I O T B HER %
5.3.2 REG#ER

RGP REARFERT QN 3R 5 s, A48 B0 R 4 (G
TR SIS L STFT . Gesture Encoder #1STM i i .
TS H I, BR T Gesture Encoder, F: 433 i F C AL
5 CPU 44T, 171 Encoder W2 7E RK3568 i) i~ |- NPU
FHATHY . ZERALS , Encoder BRI K /MUK 4.8 M. 7E
RAFFAAEA FET sl 51 2 5 00 | i hth 2840 75 46 9%
K27 1212 ms. A SCHE 9 TP R G275 & HFEF
YRR, A0 R Sh 7T 11 E] 2 100 ms, 7] LUAR -4
T AL S P R M R

R5 LHZETHREERE P ms
i H S HEHL(NPU) HAFSHCPU) | EIHFERS
P-4 ] 12.12 8.84 20.96
6 ZERIF

AR T — M EET LoRa {5 510 SR T30 5
e BT R T AR SCHE 0 T S B VB B 5
B ARSI b it T — R A B R g
i, LA STM AR ZS ML AR D S i T34 431 [ 0. 7 S
35 rh, 8 A o T 3 1 SF- 359 43 S A SR AT LAk F)
85.98%. A 5 M B IS F RPN R G HAT T 1L
B FEAIEN] 7% AR PR ST AT R
BUNR AT M BEAh A SCER T — AN S &R
FAPRNETE Z R G T 3T NPU RO RE R fin sk #5%

BEAS7E K 24 20.96 ms [N 58 i F- 025 . X bR 51
RGEA NN A TAEZ A HClHEH R 5. E/F 20
WFFE TAEH W 2 — 20t Ak R G0 10 S REUIRG 2
IR R AR 25 e i
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