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WiFi-based people counting via fusion of statistical features
and CNN
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Abstract: To improve the accuracy of people counting in multi-person environments, this paper pro-
poses a gated fusion model that combines statistical features (SF) and convolutional features extracted
from channel state information (CSI). First, twelve statistical indicators closely related to variations in
the number of people are extracted from raw WiFi CSI signals. Through systematic experiments, six of the
most discriminative features are selected to construct a statistical feature vector. Meanwhile, spatial fea-
tures of CSI are extracted using a convolutional neural network (CNN). A gated mechanism is then em-
ployed to dynamically fuse the two types of features, enabling collaborative feature utilization. Experi-
ments conducted on the WiMANS dataset demonstrate that the proposed model achieves a classification
accuracy of 97.08%, with recognition rates of 99.87%, 99.65%, 99.51%, 95.22%, 94.73%, and
93.51% for zero to five people, respectively, outperforming existing classification models.

Keywords: channel state information (CSI) ; crowd counting; feature extraction; convolutional neural

network (CNN) ; gating mechanism

UL AE K, Wiki (1915 18R 25 /5 B (Channel State 3G S8BT R P (A, CSTREGERS I WiFi 5
Information, CSI) ¥ T JCLR B4 Eg , Ju HAE A28 FEAL R L R R RS A AR A, O AR R

Wofs B #3:2025-08-12; & @ H #3:2025-10-15 ZF WL : http: /nyzr.njupt.edu.cn

ERWA :FHEK A ARG (62172235) BB H

TEB BN K0k, B 1 W5 A, zlzhang@njupt.edu.cn

SIAARS k#ETE, 25 EE SETTHIE S CNN (1 Wikt ABU 500 ] B atli i a4 CH SRR , 2026, 46(4) : 49-58.

Citation: ZHANG Zailong, WU Yu. WiFi-based people counting via fusion of statistical features and CNN[J ]. Journal of Nanjing University of Posts
and Telecommunications (Natural Science Edition), 2026, 46(4): 49-58.



50 Rl K AR (B AA )

2026 4

D= A SR 5 N AL BT AT
55 P P OC BB S A , ST LN 2 AR 00 F AR T
P11 1 o R, 20T R X AT 55 T )z Al Y
AN IS 3

& G5 NBEVTH B0 T 24008 T 35 T BZ B 3
RT3 g B 15 Sk B ER MR s A B A 113
SR A GBI . B WiFEER 1 & F5E
N GG F ] CSTAEEA B B Al . A T
BT, CSIAE N RETHE0 PR HL & 28 i i 1 g ) DA
R To T P RS a5 i e, Bl TR AT
(A AE 3 il R 55 o A 9% 2 R SRR
HLOSVM) B S A5 A5 48 73 2 2 (R AE B 4 3R B
THER R . IR TR AN RE ARSI A
CNN AT Ao 26 M#ETF SVM 77k, CNN RE %
A Zh$E ORI, JF BA TR i E 2t B fg
Loz [ E AR G EH FHERNZ A5,
it — AR R R A PR A A K il
(Long Short-Term Memory, LSTM ) % 4% e 2 iF P
A, I FH CST 8 s ) AH DG 1 — 25 e Ak 43 R A
RS54 LSTM BRI I 4R T+ T CSTEE Hh it
RRAE I AR BE 11 (R 2 N3 50 TR I 5 BT
A FRIEGEBEASRG EAE B, Ik, SR ST B A
T I HLAR 2 LA 5 A TR o S B 220 R 2
P W& RE T, AT AR T AHE T BN B S A
Mo BEAh WA B 5 R FH 2B Rl & T ik, i 45
A CSTRTAILGE PR B | 52 B A ] 4 A 5 A B b
DA I N P 2 - =N @ A R (R R
BRI

e NP0 P ™ R B IR A A B
LA DR R IR B N R IR, R
fil G Z FRRIE 2SI B AR A 3 I M R A 5 B R
AUEE . ASCH) FE SRR

(DFEZAGEIHRAE P AT R G I 0
6 I NBUHUB M GeHHERAE , 35 15 TR 55 B M %5
NE A e & S Ge TRl I, O B A A4t
BN A

(2) FIH T ML L LG TR R 5 B BURRIE 1Y
BIASPCE PR, 000 K A5 P SSRRE A B AN A 8%
G 22 N T A0 R DS B R B It

(3)#F WiMANS B di 45 L b4 1 2 vr Al , 52
B 4% SRR AR BRI AE 0~5 A4 KAE S ik E T
97.08% MY #E R MER ., B0IIE T B4 ik A s 5
B,

1 #HxIE

TESER Wikt B 5, IR CST R 42
EORE Y IUR HR ARG R . SRR A
A R BB T 4 1 R ) B AT e B, E RS AT AL ER
s B e N L ECRAZ A B DA UE R, AR £
JE T CSTRY IR ] 4513 % 25 ] AR A e 4t A7 B Al
B AEERS R B AR (Y [R] I 38 B AR T AL g A
SRR

IPIGE TR — R TR JC kA5 5 b
I RS AL L A SE TR b, BEAS $2 B Bl I ] )
BehaH LS S R R T 38
T NBIFEAE S R sl il R i) (5 1B e 8, A T 281X
IP AN A AR, JEHE T s s el
SGEP RN . USRS SRR o
Hr CSUAE S FE A FBR 3 i L A BB 20 A, 4l 42
NS & o5 R IGIV-d=0E T i R (A USSP
A b CSIA S AR AR 8 M B2 73 vh AN f 2 1
AR GLARE , A KO i 5 B0 18 vh 2422800 1
5, RS SRR OIS 2%, NI THIS (B, BEAS S
A R KO S AR S R etk Az f . FE4E
AR08 Jok 4 I A CSTAE P SO P v 1 32
OME B PRI BRI B BE 4R b XCI, JE R
AR5 R . AALERAE >l Ge it €SI
HREAR BRI AL 5 20 A Rk, 488 158 iR =
U BRAR AR , JE O RS B sl R vy B
T RHEE TR BE A LR A Xk P 5 A2 A B T AU
AR N AR AR 43

CNNBE g 2] il 1~ 3k 5 K2 Z ] i AR ek
23 [5G 2, SEAR 98 KA 2 (6] RS IR S HURE ) RE 8
U f AT B s A5 R A s 1 18
Pozh o XA AL R T B R SR 1 T ik
HE LS B, JE HGE G Al AR SR Y 22 42 800

A4k
2 REE

F R G TR E B BRI 5 S T i R, B
BRI E WK A 82 20 % 52 05 ok DU B
25 AR AR SCHRE Y T —FP 3k TS HFE 5 CNN Ay
NBETEO T . T EIHFRIES CNN BT T A
BRGNP . 1508, R IR CSUHE S gt it
FRAE , I8 1 G0 TR AE S R R R S5 A 32 ZE R
7N ) 5 TRV, DR E CSTAR 5 2F A 45 FEURp 28 () 4% A
P MR 283 W2 A6 FRERAE | S U 3823 (Rl 4 1E , H



% 4

KRB, F A RIT 4R RS CNN 8 WiFi ASGR A 7 & 51

T TR SR L Z E 2 25 E B 5
HEAKE 2 PR, BRI D 64 2 CNN 275 5 2R
J& s BUAT T HLE 208 32 4k 48 1R AE 5 64 4 CNN
YRR G ; B )5, (8 H 42 3% 4% (Fully Connected, FC)
G RAR X RG T BRI EAT 7328, SE AT 0~5 A 1Y
FEUER .

(GRS
il S !
e B s B e
= ) ﬁ A
ul 1 1 : !
=E|E mi
T I B S T piy
_____________ ——————————— 'I",ué
<o
------------- ey S =
by o ! b
R T I I f
S\g i: ?’E i:i _
| S E L
= mi |F m
v I ! = 1 "
w| i || LA
AN I R A
CNNAFAFFE UL

E1 ETHITHEES CNNR TR S &R

2.1 SITHHERBER
2.1.1 %it4Fse4R IR

AR CSIHE 5 h 5 A MAF AR S B VAR DG
AT R RRAE A T P A MR RS A
K G MG TR LY 12 4EFFAE 1] £, 40 =X
(1) FrR

xsm=[x1,x2,~~-,x]2]TeR'2 (1)

Hor B A 2 0 IR — R GE T HRHIE

SR FH T 220 ] CSTAR 5 8 e ] L ) g 3l 1
AR, w] Rt s/ o I (P sh s .
2% IR BE A5 M 22 (Subcarrier Amplitude Std) 2
WA ]2 = TRl AR E P , N (2) Firs -

¥, = ]1\[20(@) (2)
Horr, a, 08 i T2 R R B2 7 91 (R 2R R 2R 1Y CST
BRBE) o (+) bR 22 PR, N R 28005 SR
M 3 77 22 (Amplitude Variance ) iR 2~ CSI i
FEG s AR, =l (3) I

x, = Var(vec(ICSII)) (3)
Horpr, CSTR IR B CSTHLFE , vec () B B S - B
a4, Var (+) 77 22 R

BEE G5t i NGB T, 25 N REE P i 248 1
Y AR B I 22 MR T A% I A e Y

ek, T2 CSIE S 7E 7 a4 T i e 2
AT I E AR E M . FIR P IURAIE W] A R
FRALFHEI SR, 5 ABRIEAHLLR

H #H & {H (Autocorrelation Value) J it CSI Hif [7]
Fo 9 B~ Ra  , ZE R 1R 3D AOIRES TR 2830
= R UUE S B R ECERR . 2 NG S AT
BT o s T AR DG, 32 35 A DG RO B, =X (4-
5)FTR

_R()
R(k) =D, =), — ) (5)

Horbv o, R W B 1) B P8 e AR w R IME L R(1)
e LR E T 22, R(0) 05 2%

HrifE 2% 228 (Standard Deviation Difference ) JI T
TR CSUAHAR TR AL (A2 . 24 b [a) N B0 b 5
b T ARSI AR TE AR S A5 | & 1 B i
We sl RN B — B, bR 22 AR AR 22 R H AR
1%, an(6) o -

x, = max(o,) — min(o,) (6)
Hor o AT B PR E 2

AR MR T 3 0 CSIAR o EA T 0 R 2 i i
WA SE R R L 38 TR0 ) 2R B A AR S A
Horp | S RE i (High-Frequency Energy Ratio ) £
i CSUF S b AR o3 e o7 L 491, FH T B e A
PP S 20 25 5 2l AT Ry X5 T8 3 U 4 3ok i
W= (7) s

S,

SIX(f)P
_ =4

X5 =

(7)
X (f)P
/=0

Hor, X (f) 20 CSTIRBEAR 5 i [ L AR e 2551 f,
R AR BE . RHIE S T R R R B X CSIAE
e AR B A O RONE L BE S n i 2 BT O
e NECRAT T B T AL
XA i€ & e (Low-Frequency Ratio) ffif i CSI 18
S A o3 P RE B L), R AN BOE 2 XS
TR, 32 FEARLIZ B B, R it A5 5 &6 4 el AT 3
1] A AR I AR, = (8) IR
Si
SIX(f)P
xg =120 (8)

T e
SIX(f)P

/=0



52 Rl K AR (B AA )

2026 4

Horb X (f) A HL AR 30 5 1 SR BEE £, AR
IR L AR B A

FHifig = e (Main Frequency Energy Ratio) FF
i ik CSUARE vh 32 AR 3 AR T AR BE 10
o AR NBCRD TR S YIS 00 N R N 28
=X (9) fizs

max (IX ( f)F)

Xy =~ (9)

DIX()F

=0
Hrh X (f) R CSUE 5 2 Pk 48 B i A2 46 5 1Y
Wi

B35 4% (Spectral Entropy ) F T & & CSI {5 5 4
T BB B 20T IV IRAEL , 22 A% Sl 5 | B2 A 1 451 30 i 1
ESDINNT¥F  3=125 = 1 < R R K I 0
A (10-11) 7R :

Xg =_jpi.10g(}7i) (10)
pi=M (11)
ZIX(fj)Iz

Hop p, LRI S, A9 IH—FbRE =, X (f)P 2~ CSI
EREAINPI RS ok i el Ry R ¢

RE 128 5 B LRSS RRAE S i CSIAE 5 B R fig &
A RSN o R PR . Horh {55 BB A (Sig-
nal Energy ) 75 25 5N B /D IR 55 T, 43 A5 AH X
e WS ME 2 NG sh 5, R 3 A%
EEE, CSI g & S A, an=(12) Fow

N
Xy = zlxil2 (12)
=1

Horr 2, 2R CSUE S8R i D RAE R S (B VoA
YIS ) E R BT AT T S KRS R R
it SR e P RN SR R BR L
PCA fig 3 [t (PCA Energy Ratio) ffif & CSI {55
Fo T R R, R T AE S S T 1
555 , 76 N BB /D R E AT T R AR,
K13
Ay

P’
2
ji=1

Fovp, O R A B B R R, A, B
AR, R 5 B e e RIS S
HHRAFFIEAEE o

Ir AL SRR, VT (Kurtosis) S Bk CSTAF

(13)

X0 =

AR AR B ) L B S S A T, BRI
Wk BRI o ] N AT S X5 T 1 R A2, an sk
(14) P

X1

=;2V;“y (14)

Forr, o, RN 5 i A SR EE A e 7R CSTIE FE 7571
MY IME , o FoR CSLIE FEF 5 M AR fE 25, N W FEA
S

UG 85 2 B CSTAR 5 o3 A W R 1 o W RE A7 T4
SATIE AT M B, LI R 75 NECh 2~3 ARk
Ffe/ME, BRI UIE

AR ZERFAE H B AH A7 A2 € P (Phase Stability ) ffif
it CSUF 5 7E I [A] B 23 18] b A AH A6 — B0k, Y 85
Gl L0 VAR o (S O S ENTITIRE DG & %) £ A 3
SR = (15) B

x12:%il¢i_d;l (15)

Hodr o, 5 A 2T N B BRI AR AEL, & M T
A TP IIAEAL , N 200 B2

CSUE 7 AR FEER S IR RO A, I 2
NGB 25| KR AR AL 2, S BOH A o 22 W3 T
F o ZARRIEXT SN Bl B A AR ARG R Rk i
TIRAARET A AZCHH .
2.1.2  HFAEL AL S

i E S R GAL LI R, ARG B 1245t
FRAE b th A T M RE R IR AR AE A 2 )
RS R IE 1) i x,, = [, 2050 -oos o, | HoHP R<120
Bifd J5 5 1) i A A RO G A b 3l o = (16) Sk
ARSI R G5 — Yk B A 2 )

fuw=ReLU(W_x,, +b,,) (16)

o, W, R —AYERE R 32xn AL FE IS , b, N
P 1) 5, ReLU (- ) 805 pRAL . e 25 M £, 72
—AKEE 328y m e, TR 225 CNNRRE AT
G .
2.2 CNN $5EfRBUAR B
2.2.1 BBMMERL

Sy B B iy CSECHE Hh 26 5 1 i 4RI e AR X
JRFRESH R, A SCREH] T — MR )ZE I — 4 B b
ML, IZMBEIEN)Z BRI, R R 455
FRARAE A Re LU 076 pRECAL W, FH 138 45 $2 BUR) 0
SAE IR R AR R IARE S .

Hop 55— 2 EMMEH T 32705,
BRI R 13, 25K 0 1, itk — PR OE



% 4

KRB, F A RIT 4R RS CNN 8 WiFi ASGR A 7 & 53

WRIZFHE 7556 2B i H T 64 B
¥, A BRI KN 13, Ko 1. [, 765
— 2B TR 5 AR A Re LU #8015 PR, T 51 A
R AR ¥, W SRR R (1) R IA R )T . ReLU pREGH
A A R B TEAEL, A RO A T BT 2 R) R
FEPET; T RRAE 0 R B P A Bl AR TR B G bl A
CSI Ay ¢ i Jm 3 22 1k, i & f i sk i o
how € R7 % AR G SERFE g iDL (A, Hop 7
R 2% )E G RS W R 2D E
2.2.2 AR ALAE R
R TN 2 PR ECR ) YRR R 2D
JE 47 G [ 2 4 B8 1) [ i, 7 RRAE G A A HO0E i AT
X (17) FroR i L PE s, 15 31 64 4E 19 CNN FFAIE 7]
o
Soxs = ReLU (W Flatten (hoy ) + boy) (17)
Forpr  ReLU () Ry 005 BRI, W o R G B ASL 2
Flatten (+) 2 5K & B V454 8 Z 4 ok 2t 420U hr o7
T —HE 5] 5 b A i B ) B
2.3 IERE L
R T R A G RHE R AT R REME 5 CNN 3R
TE IR 2T UG B ST T AL P 2R R S 7
ARG o T AL A [ 32 20 [ RRE R U5
Y EE AR, A RO R AR 2L B A IE
fETI.
B G TR IE 43 S Y 32 4EFRAE 1) & 5 CNN
53 3K 1Y) 64 ZEAFAE ] 5 R AT 48 B X 5%, il Y 4R
PEAR N2 (18) s
Fow = Waafon + bu (18)
Hp,w,, e R b, e R?,
WS JS B F x5 o B2 32 GEAFAE ) 1, [ 145
HLHIBEE AR IR (19-20) Bl & AN S B9
g=0(W,f.+b,) (19)

Siion = 8O0f i + (1 = 8)Of (20)
e o (+) M Sigmoid 3% BREL, B P H 7E (0, 1) X
N, W, e R***.b, e R®, g NI TR E W T,OH
LR YR .
2.4 FCHEE
RENZEE T Goi TR AE AN CNN FRE A9 B AME
)5 f s M T 2 58 B AT 55, i) it
A FCor2Eds. FCoRARH — 22 )2 ik
25 I 28 H o, FL T R SR Rl R B B 1) LA
MZEHZS ], B R EME S5 B 44 5 S BORRLT)

S AR SR T B2 A R A i T S A B
(B GEO BE R 6, 5 0~5 N 6 Flig i, fe 25
= (21) FR

y = Softmax (W, fiun + b:.) (21)

Hir, Softmax (+) A Softmax G PREL , FH 15 45 S i
SRR AT, W, R 6x32 IR B SR, b, R4
R 6 Bl B I

3 XWERSHW

3.1 HiEE

R T B T A B T A REAE S CNN Y]
PRl A R A AT R (R T WiIMANS $48 427 i
a2y . BRI Intel 5300 [R5 4E 2.4 GHz 45
BEF 9 WiFi CSI{5 5, CSI{5E 5 LA 100 Hz R HEA T
SKAE, CST i 2 [8] ) [A] 5] B 2924 10 ms, 6155 24~ 55
6] 37 5 PO [ CBOAR A T B CSTE R KX Ry A v
B — 1 CSIREA L SR T AN RN BUIRAS T 8945 18 i
fFE Hob BB it 3x3 MR K2k 2 8] i CSTAL 5
AR BN, B SRR R AR 30 Pk, BT 2704
2 B TE A N 1A

B AR LA 11 286 M FEAS , B 35 0~5 A1 6
KI5 Hh 0 A 5944,1 A 35641 ,2~5 A% 1782
Ao A PRUESE IS 45 5 AT SE 4, 4% 82 19 LU DR 4K
PEEER 3 AN SR FNIAAE | 43510 9 028 1~ F12 258
A IR N BN AE P T R 9 53 A — 3

BEAE o 5 3 ML S N I A Bl B E M
SWE RGN, 2376214, FIE
B2 [ g s TR /> | 58 15 4 I e A B A Xt
CSUE 5 R, 7R SC ) 32 8 S 00 349 16 25 s 0] 37 5
HRIF, ZJGTE3.54 A R E S 4 W E RS
XiF HZE S AR Tk ) vk
3.2 iFMIEERR

h T A R AR M A SFHCNN B AR
AR5 iy o 2evEne R R R RS0 A R
FFL S804 A% VPN 805 o 6 58 S LSS AU 7
FITAT TOUI A AR r 3 1A K1) IR 10 14 HE 051, 2 Ay e A A
G3 IR ST B FEARTE B 5 A B A e A 7R ) o Oy R
FEIEREA RS2 B h 1E Y EE ), T PR AR SR R 1
4 [ 28 0 Jsz B 52 B 1 A A v g A 7R 1l 1y R 531 1 o
() e, i T A S O 5 F 1 BORAG B 5 3
] A I RN EE , FERE AR A 19 5% T B 4 1H]
HPEA BRI 14 73 285500



54 Rl K AR (B AA )

2026 4

3.3 XfLbiRE

R T SRR RRECR A M:  H HS LU 4
BATRFPEMBIRIIET T LR

(1)CNN+LSTM'", —Fh s B AR IoR Ay
K FH CNN $2 BUZS [ FRAE |, 454 LSTM S %% il i) 24 F
by Bh A AR AR, DL A N B % R A A AR Y
R

(2)CNN+LSTM+Attention ', #£ CNN+LSTM %
PR A b | VR R AL ) e AR 3 o
B[R B [H] 25 CST AR 0 8 230 3 am A A4
FaE e S e

(3) Transformer'®', —F 475 FM AT A
B L A N BET O AR | ELAg 0 K ) 4 Jey A
I AER Z5 T R B 093z fhhg

(4)GNN" —Fpif A7 ok i T AR50 0T
MR L P i 25 ) 4% X6k CST 4% - 28 0% B st 1] e
P PR 554, 3 3 3 J2 A 328 ML ) SRR AT ) 1 15
WA, 3G R AT RN 248 TP 5 23 [ 4R FH G Z 1 B
feti.

3.4 EWINESIINZEGEE

FE T PyTorch VR B 2% > HESR SR, A 1 R 45 Oy
#5#k NVIDIA GeForce RTX 4050 GPU ) PC 5 20HL

TERALII Zhad R b, 1 S LR CSLAR 5 Hh
O 6 N GETHERE , i A G TR IE G s
W IBE Ay 32 4R R A ) 4 5 Bl SR 5 IR CSTAE S A
CNN B SR E 4E 2 (B R AE . [ THEHLHI G4
fIE5 CNNFFAESEA T IA Rl G, fl G 235 5 P o 42 i
2R 2 6 28 ANEbRAE 25 1]

SIS R B 2 2% 1 )2 B B R 2, 430
i 32 - Fil 64 B R, BRI R 133, 45
K1, oA [RGB i 350 e h
PR S8 W R A R O FrifE2E R 0.1 19 = 7
3 A AT R R A 5 R FH A8 SO 51 25 VR SR 0 2K pR 4
PeAbARIE T Adam, B4R 2% 21 34 0.001 , Fe /N ) 32
J 107, 24 2] R AE 54 epoch FEIH— K, FIHHR N 0.1;
YNZRILFETT 301~ epoch, BE1> epoch ZE VI ZhdE it
25 T LU, K/ (bateh size) A 1285 78 5 Ik 84X
b ST TN 45 SR bR A 22 TR A A UK A
O, PR o R I R BT R S8 R A
[al @, P ik g gl AT L2 IE WAL, A R0 R 5
B 107 YIZR5E UG , 78 AR L X RS A E 47 4
REVFA -

3.5 KWERSW
3.5.1 SitdFAedp it 25

ARG 12 DG HREAE TR T T B S R A
ZAYEE , BTENZ M B Z A [ N 8037 50 T
CSUFES AR, % BRI AIROR SRR TR
[A] A, AN B Al P 40 12 M RRAIE , T el i — &
GIPEAR Hg bR -5 SEE X E , DA HY e HAC R A
FI T3 ()5 OCBEARRAE VR0 5 SRl AR 0 i A
Fenl, Bt i T3S RS, R 2 2R 4
J7s

WE 2 frs , X 12 > GETEREAE 53 0 A, PEAl
HAENE AT S TR, F IR bR fE 2
Wi 25 T 22 R A DGR AE HEB R 5 FL e B L 34 3R
o5, e B IR B AN P AR AS TR RE T o A0
i S e LR AN R ANE R R E i85 &
TEAECB G R oA 22 57 .

signal_energy

energy_ratio main sub

B2 HEAREMFIELE

D REGRRAE TUAY 5 LM, 22 TR R A OC 2R KK
T IR 3 B o 22 B BT B RRAIE 22 T8 A1
MR, A XF B/ T 0.5, Forp BUA F 40 A OG (IR
SN AN TR B e TS BAR TR T . 3 5 fE
i H A R UG, AU X 73 1 b R RE

NP 4 B 3B A8 B VR AR PEAG A PERE , B R
W AR AE T 6 FRRAE A G T 3E TR, ik — 25
AIRFAEAR THAT R, BE = DI 05 KB . P,
AT B R 22 IR DT 25 BB R [E L H
FHOCAE G5 EARE & LE 6 MR, It 2 4 GE T T
FFEAE ]



4 RBA, F Bk ST AE S CNN 89 WikFi ARGR A 5 % 55
subcarrier_std 05 038 015 -023 014 | =046  -0.039 046 0.000 75
amp_var 033 0016 -0085 0074 =029 -0.11 =029 -0.01 0.75
high_freq_ratio [ o - 0.34 - 02 0059 001
1 0.50
autocorr 038 033 . 25 025 0022 -025 -0.049 0016
spectral_entropy 015 0016 0.17 0.092 00016 4 0.25
low_{[req_ratio -023 -0.085 0.19 015 0,057 ~0.004
pca_energy_ralio F 0.4 0074 034 025 ~0.082 0.00051 0
main_[req_ralio [-0.46 7 -029 - -0.25 ~0.07  -0.012 1 _025
kurlosis F-0039 -0.11 02 002 017 -0.15 023 0.011
energy_ratio_main_sub =046 029 -0.25 - -032 -0.012 -0.50
signal_energy 0059 0049 0092 -0057 -0.082 -007 -0. 075
phase_stability }0.00075 -001 001 0016 00016 -0.004 000051 -0.012 0011 -0.012
= .3 = 2 .8 .8 .8 B 2 fary
a §| E § 2 8 § & B 7 g =
g = =~ | | . 3§ = £ =
] = o = 3 o ) jou = ) 8
= 3 o ® | 4 &0 o —~ g ) ?
« E= Tc‘ B (5} E= < o
2 < 5 g < Jd 5 oz
n =% >l
2
v
g
3 BEREH™A
091 SR RIERE M W RIS IE 5 IR Z 1R
087 - FROE A —E BAME . SR, X540 R 25 TR AR R]
¢ 071 N NV D S N =1
5 FR T SR 28 53 A AFAE BB 3 SR . 4
- 0.6 I e > =\ He NIV N
£ R T 42 5 R A i AT R0 v 24 Jre B B
~ 05F N o o N
sl / B NG B Rl e e T Z A5 ,5
0’3 L NGy e R AR T 2 93.51%. X R 1ML Ak
1234567 89wl AT BITUA 2 B A B AE AT B
Ed4 SIS E THE RS 52 37 50 3 1 512 L RE
TNIEL 6 T , 4 SR i) B AR UE R AR UCH < SF
3.5.2 il CNN TGl 42 BHERT TR AR . 45 5R 0o, —

B 22 A GE T HRRAE [ e A LR L o0 T SR IR AR A
ARG A R 38 A T Al S 56 A0 S R I
T G5 K6y v ) S B AL R 43 L 43 R A e R AIE A
CNN .SF 5 CNN (% ] B Pf 42 45 44 F1 SF 5 CNN [1917]
PRl A 45

W 5 iR, 4 AR R R B AT 55 h 6
2= S . AE PG RRAE (B R AR AR B
s P REE— B UM AR ) B 2 B DL iR )
LU HIE S AR R HER RN 74.30% , 2 Pl
55, MHHZ T, CNNALELLE R 280200 b R BN
FoE (0 2 NE 5 B A AE B S TR, Ul B X
ZA T A R e et . MR APz
PIEAFAE S, A MR 3 3k $2 71, 0 AR 4~5 N3

03 SO YA EAE PR BRI, T Rp A0F 15 SR 7T 3%
FETF 2R Ty, o 1AL R 29 3.319% 1 ik —
AR A, Ul B A AR B R S Rl A R v Y G B
YERL
3.5.3 xfrgig

SF+CNN K7 55 i FAT AU Y 4 R R 24
PR LSS 45 R AN 1 FIER 2 R

M LRI LUE Y, SF+CNN AR 7 6l R O
FE AR5 FL o E4 mide br B BUS AL gs
FEARVERE L T oAt 44X LUAHY , 30 3IE T A ST 4
R AR AT 251

S A4 Transformer 5 CNN+LSTM+Attention 4 4
T AR 7 T B — e L3 (B E 2 N7



56 B K FFIR(A RAFIR) 2026 4
W 88.50% 230% 230% 2.30% Y o7.18% 0.56% 0.56% 0.56% 0.56% 0.8
1 85.10% 298% 2.98% 2.98% 1 96.63% 0.67% 0.67%
0.6 0.6
£ 2 3.46% INOA 3.46% 3.46% 3.46% £21095% 0.95% 0.95%
3 3
g g
E3}4.14% 4.14% 79.30% 104 £3}211% 89.43% 211% | 104
4+470% 4.70% 76.50% 41286% 2.86% 2.86% 85.69%
{0.2 10.2
515.14% 5.14% 51330% 3.30% 3.30% 3.30% 83.49%
0 1 2 3 4 - 0 1 2 3 4 5
Predicted Label Predicted Label
(a) G TTHHHE (b) {LCNN
W 99.10% 0.18% 0.18% 0.18% 0.18% R ©9-87% 0.03% 0.02% 0.01% 0.02% 0.8
1 (IR 0.30% 030% 0.30% 0.30% 1 99.65% 0.10% 0.07% 0.10%
0.6 0.6
&2 F0.58% 97.10% 221 0.04% 99.51% 0.10%
5 i
g &
3} 1.76% 194 E31010% 020% 238% || 194
4F2.14% 89.30% 4}+005% 030% 94.73%
{0.2 10.2
512.52% 87.40% 51005% 035% 020% 1.50% 93.51%
0 1 2 3 4 - 0 1 2 3 4 5
Predicted Label Predicted Label
() GEHH R AE NN fa] BAPFE (d) GEi AR 5 CNNY T Rl A i 1y
Es5 AREBLEFRENREHERETLE
100 97.08 F1 FREBEESEMEEEREOMEER %
951 o1y e Bt MR OWEE AR P
g N CNN+LSTM 09418 09421 09423 09421
g 85 8107 CNN+LSTM+Attention  0.9574 09578 09579  0.957 8
= .
~ 80 Transformer 09456 09459 09460 0.9459
75+ GNN 09330 09333 09334 09333
70 - - SF+CNN 09708 09711 09712 09711
SF CNN Jel 1% SF+CNN
BRI GEHy
= . -~ R2 ZEBNSZESHEBREITLE
E6 ARBLEREIERRIERE - -
e viel FLOPs/ E R ]/
B o ‘ ‘ p— - Opy  fERErif
st NARAFTEIRVE R A, R BLBE D T SF+CNN, f£5¢ i A ms
CNN+LSTM BB YE & 22 sh I ia h & A R, 4 CNN+LSTM 287 510 1520 000 3.41
KPEREZ IR . AR T, GNN RS i) (4 CSI 4% CNN+LSTM+Attention 289 990 1 680 000 3.63
fft I‘ET‘[ E@@gt*@%% , 1Eﬂ€ﬁ§}ﬁﬁj\$ljﬁﬁ$ﬁiﬂjz§'6%_\%ﬂ Transformer 302 412 2 100 000 4.12
L, SRR A o a7 00012
SF+CNN 197 190 623904 0.36

MR 2 BT, SF+CNN FELRF5F 2 U R 5 14 A




% 4

KRB, F A RIT 4R RS CNN 8 WiFi ASGR A 7 & 57

Af, A5 A B8 AL 375 /)N T Transformer £l CNN+LSTM 4%
), S50 19.7 T1, SRR HEBRIE SUB B RO
(Floating Point Operations,, FLOPs) X & 62 J7 , ‘-1
HEFRIN RN 0.36 mso X —Z5 R K], A ST AR
RUAA B 3 (A e ), LA RAF i 8 ik
AN, 3 ] T30 Gk e Sdix AU 8 45 BT I 52
Ry
3.5.4 T EBEE

Ry 20 B UE T4 T WA 2 Fh R SRR Y
BN TE3 M R B T R3S T3
T3 500 73 2 R RERT LE .

*3 AEHETHZEITLER %
Yt iRTES bt PR F14341
=z B lH) 0.970 8 09711 0.9712 0.971 1
e 0.961 4 0.961 8 0.961 9 0.961 8
SWE 0.958 2 0.958 5 0.958 6 0.958 5

W3 PR, 25 By Il st i TN 3= A i
RIVERE B, ME AR Ml s b, i T B i
WA BIEACE A A BRI REMG A e, (HR
PRHER FAAERFAE 95% LA F o PRI RS B0 IE A SC
R EL A8 By iRz AP A e

4 LERIF

ARSCH T —Fh RS SRR 5 A B b2
TR A AR TR T 4 5T BN
BUKE BE o %A S DA B AT AR S &, B EF
AR IE 2 IR Ty 25 R R R L L A DG (E
5 FARBE & L 6 DGR 4 E 2 4E G T RRE
i) £ 5 B F i 3k CNNASEE P B CST A5 T RHAIE , 51 A
IR ML S S Bl P ISERAE | 78 RO TS 1) 6
YES R GETT o 7E 0~5 NRGITE S5, SF+CNN A5
RUERAS T 97.08% B HERR 2, A0 T HA 2 A | 45
WE T AL A A R0E S5 e o IRl B e AN [R) 3 5 ik
177525 B0 T B B 32 fh Pk Ak

Sk

[1] ZHANG L, BAO R, CHEN J H, et al. Smart city health-
care: non-contact human respiratory monitoring with
WiFi-CSI[J]. IEEE Transactions on Consumer Electron-
ics, 2024, 70(3): 5960-5968.

[2] BISIO I, FALLANI C, GARIBOTTO C, et al. Analysis

of CSl-based human activity recognition for contactless

[3]

(6]

[11]

[12]

[13]

patients monitoring[ C ] //2024 TEEE Global Communica-
tions Conference (GLOBECOM). 2024 : 438-443.

S, BB, PREDE. CGAC: —FhIETF CSTAY A I
SR [T ], B AR i R o i (A SRR ERRD)
2024, 44(6): 12-24.

SU Jian, ZHENG Yuhuang, CHEN Siguang. CGAC: a
CSl-based human activity recognition method [J]. Journal
of Nanjing University of Posts and Telecommunications
(Natural Science Edition) , 2024, 44 (6) : 12-24. (in
Chinese)

CHEN X C, ZOU Y, LI C L, et al. A deep learning
based lightweight human activity recognition system using
reconstructed WiFi CSI [J]. IEEE Transactions on
Human-Machine Systems, 2024, 54(1): 68-78.

LIU X, WU R H, ZHANG H M, et al. Graph temporal
convolutional network-based WiFi indoor localization us-
ing fine-grained CSI fingerprint [J]. IEEE Sensors Jour-
nal, 2025, 25(5): 9019-9033.

XU X D, ZHU F Z, HAN S J, et al. Swin-loc:
transformer-based CSI fingerprinting indoor localization
with MIMO ISAC system [J]. IEEE Transactions on Ve-
hicular Technology, 2024, 73(8): 11664-11679.
LIANG D K, XIE J H, ZOU Z K, et al. CrowdCLIP: un-
supervised crowd counting via vision-language model
[C] /2023 IEEE/CVF Conference on Computer Vision
and Pattern Recognition (CVPR). 2023: 2893-2903.

LI B, ZHANG Y, XU H H, et al. CCST: crowd counting
with swin transformer [J]. The Visual Computer, 2023,
39(7): 2671-2682.

PADUA A G, DELA CRUZ CJ A, MIRANDA G ES, et
al. People counting and gesture recognition system using
indoor Wi-Fi sensing[C] //2024 TEEE International Con-
ference on Industry 4.0, Artificial Intelligence, and Com-
munications Technology (IAICT). 2024 285-289.
TRIPATHY S K, SHANMUGAM P. Real-time spatial -
temporal depth separable CNN for multi-functional crowd
analysis in videos[]J]. International Journal of Image and
Graphics, 2025, 25(5): 2550047.

GOLAM MOWLA A I, HOSSAIN R, ASADUZZAMAN
A. CSlI-based people counting in WiFi networks: leverag-
ing occupancy detection [C] /2024 IEEE International
Conference on Computing, Applications and Systems
(COMPAS). 2024 1-6.

YANBM, LIY, DONG L M, et al. Crowd counting with
WiFi sensing based on iterative attentional feature fusion
[J]. Computer Communications, 2025, 241: 108245.
CUI'Z, LI Y L, TRAN L N. A transformer-based multi-

modal fusion model for efficient crowd counting using vi-



58

Rl K AR (B AA )

2026 4

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

sual and wireless signals[ C]//2025 IEEE Wireless Com-
munications and Networking Conference (WCNC).
2025: 1-6.

MAO C, TAN C, HU J Q, et al. Time-frequency analysis
of variable-length WiFi CSI signals for person re-identifi-
cation [ J]. IEEE Signal Processing Letters, 2024, 31:
2285-2289.

SHEN L H, HSIAO A H, CHU F Y, et al. Time-selec-
tive RNN for device-free multiroom human presence de-
tection using WiFi CSI[J]. IEEE Transactions on Instru-
mentation and Measurement, 2024, 73: 1-17.

SUN J C, BIAN X, LI M Q. Non-contact heart rate moni-
toring method based on Wi-Fi CSI signal [J]. Sensors,
2024, 24(7): 2111.

WANG Z J, L1 J H, WANG W C, et al. Review of few-
shot learning application in CSI human sensing[J]. Artifi-
cial Intelligence Review, 2024, 57(8): 195.

MAIZY, CHEN Y Y. A CSI entropy-based estimation al-
gorithm and modified recurrent neural networks for time-
varying non-stationary channels [J]. IEEE Transactions
on Vehicular Technology, 2024, 73(5): 6614-6625.
ZHANG J J, MASOUROS C, HANZO L. Joint precoding
and CSI dimensionality reduction: an efficient deep un-
folding approach [J]. IEEE Transactions on Wireless
Communications, 2023, 22(12): 9502-9516.
SHOWMIK I A, SANAM T F, IMTIAZ H. Human activ-
ity recognition from Wi-Fi CSI data using principal
component-based wavelet CNN [J]. Digital Signal Pro-
cessing, 2023, 138: 104056.

LI L, ZENG X, LIU Y F, et al. CSI sensing from hetero-
geneous user feedbacks: a constrained phase retrieval ap-
proach [J]. IEEE Transactions on Wireless Communica-
tions, 2023, 22(10): 6930-6945.

DIAZ G, SOBRON I, EIZMENDI I, et al. Channel phase

(23]

[29]

processing in wireless networks for human activity recog-
nition[ J ]. Internet of Things, 2023, 24: 100960.

YANG J M, HAN M C, WU Y. A crowd counting method
based on connected field image generation of CSI phase
difference [C] //2024 TEEE Smart World Congress
(SWC). 2025: 1035-1042.

EL ZEIN H, MOURAD-CHEHADE F, AMOUD H. CSI-
based human activity recognition via lightweight CNN
model and data augmentation [J]. IEEE Sensors Journal
2024, 24(15) : 25060-25069.

DE SOUSA C, FERNANDES V, COIMBRA E A, et al.
Subcarrier selection for HAR using CSI and CNN: reduc-
ing complexity and enhancing accuracy [ C]//2024 IEEE
Virtual Conference on Communications (VCC). 2024 .
1-7.

LIUW Y, LIJ D, WANG H J, et al. LCD-net: a light-
weight remote sensing change detection network combin-
ing feature fusion and gating mechanism [J]. IEEE Jour-
nal of Selected Topics in Applied Earth Observations and
Remote Sensing, 2025, 18: 7769-7780.

HUANG S K, LI K H, YOU D, et al. WiMANS: a
benchmark dataset for WikFi-based multi-user activity
sensing[C] Y European Conference on Computer Vision
(ECCV). 2025: 72-91.

DENG M F, ZHAO H L, GAO M. CLFormer: a unified
transformer-based framework for weakly supervised crowd
counting and localization [J]. The Visual Computer,
2024, 40(2): 1053-1067.

ZHANG C Y, ZHANG Y, LI B, et al. CrowdGraph:
weakly supervised crowd counting via pure graph neural
network [J]. ACM Transactions on Multimedia Comput-
ing, Communications, and Applications, 2024, 20(5) :
1-23.



