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Abstract
Aiming at challenges including occlusion in complex scenarios and motion blur existing in human
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posture recognition, this paper develops an ultra-wideband (UWB) MIMO array imaging system
grounded on vector network analysis technology. Stepped-frequency continuous-wave signal is adopted
to conduct time-frequency analysis on echo data of human targets for extracting posture-related
characteristic information. Four algorithms, namely the Stockwell Transform, Generalized Stockwell
Transform, Continuous Wavelet Transform and Synchrosqueezed Wavelet Transform, are separately
applied to process measured experimental data for comparative research. Experimental results
verify that the Generalized Stockwell Transform enables superior extraction of two-dimensional
time-frequency features of human postures from data acquired by the proposed imaging system,
which can deliver reliable technical support for human posture recognition.
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1. 5|15

ML —Fis i e . A5 S5 BT i NMRAT A EREOR, EEnE T ENAL
BOGF I NRZ RN BARZ R T 8, HAFAE AL R XU s J A% SR B ) AR 25 TR 4
AR, T EMEAH N A, MERERs, HEGERAE, AEHTKERN]. RHABERZHMAZH
t(Multiple Input Multiple Output, MIMO)R 41 AR BEARSRENARAT AHEE, 2564, WE 55 0m IR
Besgma i, BARmE MR, fE2P s, @RIEN. B3hr. AN BN 2] 1 Tz it
gt, FA)RE N R2] [3].

AR, ERaAL e, dREl. HERRIESE DTS, TR AR B ARAE AR S TR A 21 1
2N SEARETE SAEMER, W AREE SIZERE, XN AAS B 1 Hths 24T 7 8 A1 4y
2, B HTRHEIR ) 22 5, B T8 N NAR &AL R S Ak T

T KU AR B ARTE ANARAT IR R F B AR B 2 S —Fh R =K m iR, FIH
VAN S (Frequency Modulation Continuous Wave, FMCW) % 2= K i ifg R Gu 3R BV SRR B . 3 .
F A B =4 R 8, B IR BN 1R B RSO TE IR RACAL B, K B HUC T o
IR RS HE, AT SEBARAE] . BB ATESEAT NI 732K, 2R R A A e A AR 4B RS T
HAARENS, ZHTERBGEEN, PICABIE RGEERNN S EAR, LR ARSI,
S5 AN H TR )2 B I R BT HOR 0 BB 2R G SRR JER A6 (] R HCHE iR e A B i A
(Short-time Fourier Transform, STFT), 8 ANAAIZ 3™ AR 1) 22 5 A4 22 8 B8 S Ak O —4E B 1, A5 B
A2 I 25 52 R R is B AR AE KR ATCZ I Z8 P20 B AR IS 7 SGHG,  [ I 45 5 A BOon e 0 268 2 Jli A7 LA
TEREA. T A AL, I U AR R AR SRS, SR RAE R, XS, BT
SEANENE X 70 ROR B 4T

B MIMO FEF SR R G T HIIFEAR. o Fedem ., ZRERe IR SE At mi[4], ERZ i 4550 A
FOREAT NARLZS VRN T T OO TR o @i AN H bR A i LGS, U A5 5, R Bk
STZ RN, RRERN B OB EIE A, R RS, AT USRS A PR A A ) 4H
Ak, NI T8 AR ZE S 73 AR o H BT IZEOR C ROy AR R0 1 it 58 77 18151 (6]
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N T REE TR AP bR ORI RFAE , 38 R FH IS 0043 B 5 ARG SRR B AT AR B 7 AR PR A P
BHEESNZE R, FRZE NAK S SR ESMB A . BT, IR B 5 A s R 45 A B 9%
BPRZ—.

Kim %[ 7] 5 5 @SR AR RGNS ER 2 B ¥ 3 FAAESE, 3@ STFT AF sl — 44
WG, SREBUIG AL ST T RPN AR SURAE, HEC SVM HLER 7 I T VA BIATE . BRER. M3
FERRBENESr S, Ba ik 4RI S ] AR TR S R AERE /1, BE5E AR R G AR IR il ik i AR A8
B¢ STFT [# 28 B B 03 BUN A7) B %7 JE 8K, Shrestha 258K FH /AN AR fay i 2 R i A, F)
F/INE 2 3 FRe Ve o0 B8 N AR SR TSI 30 5 DU i s i, AEAIRAE e LB R 37 5t B OIS BE4E T 8.7%,
AL GE/NB A B TG S REJJAN L, BIRESANE D HBAE IR B . Lai S5[9]& T 4 A AIZE £ (Linear
Frequency Modulation Continuous Wave, LEMCW )il #4 2 iAR R 48, SR FH i Iy ) B it A3 b PN AR 37
BHEN . ATARESESM BB EYE . KA [101K STFT FI4ERS 98-k /R 53 45 (Wigner-Ville Distribution, WVD)
RIS T T, W5 B B 73 0 3E T STET A1 WVD AbE, @it IH—4b & 0. BIE il
FRAEHE R SRNE, sRAL 7 AERIE R RIERE J) . BB RGOS K LEMCW [R5 5, SKRES:
/N S ¥ (Continuous Wavelet Transform, CWT) 4351 g AR5 47 RN AR 5 ik 20 7 Fob 28 285 7 20 R4 T IS 35090
Mo BEEHARKIE, BIENARERS BT EIEBONT AT . Gilles [12])4& HE I8 /N B, BT
155 AE B 3 SR o A # 38  4ER AR, RS IS A TR B 0 . Liu Z5[13]% EWT-Hilbert
IEE AR B R A AT, 5 X4 32 CNN-LSTM W 4%, 4T 3 i A iR A G 7 Bl N, SERUESEN
PSR g B3R, 78 B AR RGEIEEE LR R 95%. J AR AR AR [1410 LR 28 58 938 703l A2 1k
PRI R] 2R ] 2 s P R, SR A R A B 4 fE SRR AERR S, H Bi-LSTM A A
YT EAR A, SEEE SR TG (R W NARZDVE RN, A b s — 2 B S IR AR 2 5 T 6.2%, fR UL N & 4E5)
PRI AR R, WS FOR B AN AR KR SR IAR AT LU, EARSE G IR FE 2% I B B EE I DL
STFT i I B KA I e, PR 7 HAE R TR i) B IE N . WVD FA7ERS SIS ) @, R HAE T
FEA R o AR ORI 22 31 R 8 I 265 23 BT AR 2 ot 0 MIMIO BB SR 2R 48, IR AR 22 25 1 TR I
Y&, KA S ZH(ST) |~ X S ZBH(GST) CWT LA K [F)25 5 s /N A8 4 (Synchrosqueezed Wavelet Transform,
SWT)HEAT ZHERS S5 A, BEIX ) UAh AR # et (R HeH s i AL B SR, Oy i R FH SEAJL PR IR 43093 B B0 e S
ANAEHHE 5 55 LAl
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Figure 1. SFCW signal processing block diagram
1. SFCW {5 S4B REE
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SFCW {5 54 BURE BN 1 Fos, KA RED IR S E()fy RIS RIBOE AT AR N it
B RS P4 o 78 AR K IR RS2 TR 10, WKPPEE RN To #0, BB MINZE F IR f
TR LA AF B — ANk A 138 31 5 — ANk o B0 51 AN A2 Rk o FR 8 52 RAR B0 T BT A
HETEE R, SFCW KEHBIE E()F] AR A[15] [16]:
< J2n 0+ t_iTo_to/z
E(f)= lOR { To+inf)e }rect(Tj 1)
RO B R AT 2 S S (A 2 58 B Ok — B EN BB 5 1, (1) + O, (1) HEN BRI
t, HEHOE AW LR A
L ()40, (1)= 2% e/ M et (—t _iTOT_ o /2j (2)
i=0 0
Jy— oy iE R AR R B AR R K, B S S St — AN RS REON T =T’ M85 H bx
SRR, AR ER 7, ok B8 S HARHEEUE S RO UAFRRA:

R(t)= Ail Re{|F|ej¢e‘/2“('f°+iA'f)(t7T)} rect (—t - iTTO _tO/zj 3)
BG5S 5255 5@ I IRAAS IR 28 J5 b NSO HIES 1(¢)+ jO(1) -
1(t)+jO(t) = Ni|F|ej¢e7‘/2“('f°+m'/)rrect (—t_iTOT_ t"/z) 4)
G T4 ADC SRR TS S, HAUREBUE T RRA:
H[f]=|l“|ef¢ef2"f’rect(—f ;f‘) (5)

A, f=fo. o+ A fu+(N=D) A, P HUESHITh0HE, B=(N-1)Af J§ SFCW {55 53
T o A% HUE B 10 AR e (Invert Discrete Fourier Transform, IDFT) 455 e8 £ H[ /28 #6215 A7

h[t]=IDFT{H [ f]} =|T|e’e’*™ " Bsinc(B(t-)) (6)
A, 1=0,1/2B,--,(N —1)/2B FoR PRI TARAE S, HAEGUE— N8 H b S R EURIE IR I 18] ) £
EEITHE
3. BSRSHG%
3.1. ST # GST

Stockwell FEH T ST[17], &5 Ak 1 I8 BLH-AR e AN BE R T 20 M7 8 IR [Pk i, 9F H I NN
a1 22 o MR T IR R, HRIE W

" / oi2afi
S(z.f)=[" h(r) \|/f1 d (7
W A[KT], k=0,1-, N 1 FRABLELEE 5 h(r) (BSHO 17 5, HCRRERINGS T, 0B Bt
A4 A
1 N= 1 12]7'\[]nk
{NT} ST ®)
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Hepn=0,1--,N-1, {EEBUHN T, ST RHWE T A[AT] & CH L — A S 4 B
& f—>n/NT, t— T, ESETEE ST nRRA:

\

n “ m+n ‘27122”12 2y
S[jT,ﬁ}:ZH[ NT }e e N nz0 ©)
m=0
M EF =08, WA
1 E( m
s[T.0)=~ z[NTj (10)

ST ISR Wk HUL A €, BReste[ 18I0 HdtAT 7 H#E™, #8117 GST, Rk T:

2 .
Bl A e
S

GS(z.f)=[" h(r) o 2 dr (11)

2n

X po A BT, pe[% ﬂ A > 1IN RIS & B8 BE BB A 5 A S S LEAR R E , ez 2 A <1

I 9 R S R
HI I LA RS RUE B, N A 12) AT B BT, SR BB R ) S A e, A5

wr:
N-1 _i2nnk
X(%j:k_ox(kT)e N
on?m?| 1 (NTVPR| (12)
e

N-l 12mmy
GS{]T—} ZX(’"JF”j i

n

eV ,n#0

3.2. CWT §1 SWT

fRGif) CWT Acffeifiid 2 R M R T A% Gl AR g BB, T AR IR STFT 32k [ 52 )
%, BAREMMCR. SWT EES/NEARBAIEAE b, 72 ORI AT S, T UG s i P g,
I HARASHE B e R N A 22197 o

SN PR E [FD B I A BRI A, JE RUR R 7 5P 8 8 1SS 5 (10 2 23 R i A

W, (a.b)=[" s(t)a‘“v/[ﬂjdt (13)
e a

b, s(1) JRAR A A BT 5 y/( jﬁi‘ﬁ%ﬁtﬁxﬁﬁld\/ﬂzﬁﬂﬁ o JRFEET, FIFR N

AR, X RAR S IRREE s b N PRI, HI T N BAE R SR S L B, X AR 5 I AR . 3
/NP AR ARG — AE AR 5 AN & AR (] RF?E SE R T I UL (R B125 20 Ak -
X IR N A AR T I RUEE Uz (a, b), A5 5 BRI A SR AR A P DL IR

W, (a,) =—i(, <ab>>l 1 (h) (14)

FCH R AL G RO RAE 75X, KT (8] - B IHI(D, @) /NI AR e R, 38 p LSS A3 (] - A%
FIH(b,  (a, b)), BITRERRATIEWEER L TREL KRS TR AR . /N R B S8R D H A AT
PLRIR N
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I, (Wl’b) = (Aw)_l

w, (ak,b)a,f/2 (Aa)k

a; :‘w( a; ,b)-w ‘SAW/Z

(15)

Fobt, w—w =Aw. g, —a,, =(Aa), . a NEHUREERS], (Ad), RAERLR TN, w, A B A
by, Aw ARSI . %8 B SR AU B A, 7T R T TSI S R A4

MT o
4. SEEGUGE
4.1. RGLERL

A58 MIMO FEF U RS 2 B R Se B 2 fis. RS HA BRSO FFRmME. Fi
THHEHLA 8 & 6 U Vivaldi RLFEFIZEM R, TAESEHWZE 1 fin, HREFE 1 GHz~4 GHz, 407 5%
50 kHz, FFES%8201 4, EIB#E5i 15 MHz,

Table 1. Imaging system operating parameters settings
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Figure 2. Schematic diagram and physical photo of ultra-wideband MIMO array imaging system
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4.2. TR =

NYGAE ST+ GST. CWT FlI SWT XA SRR RGUH) e A SOR , B SL 5t p AT 1 SEa6l
s, Mk 3 Jrs.

(a) FHgEST (b) 24T ESN (c) AT 7E3)

Figure 3. Experimental scenarios for time-frequency analysis of various human actions

3. FEIENMERTSRS # SR 3MiXA =

4.3. BIEALIE

FEFIBSHERE S 0.7 K, APREEES MIMO BEFIBUE RGP E v 1.5 K, TEREF IERT 7 T ik
SLANE, RGN RIS ST RESS, B ST fl, HdRaMmrEmE 4 s, RSP SECH N, 12
I (AR SR AR T IR, B JSURHEE T x N, (E RIS 8] 4 5 b 22 A JUE 10 (i B A8 4 (Inverse Fast Fourier Trans-
form, IFFT), 133 T x 1024 {44, 7120 H4ERE 2B, SR FXHRET AgE R FY, 53] Tx 1
HHE, (EM I R 4ERE 34T ST, 13 3H &%

LHIA
oo BF B fE ST
TN - Tx1024 Za Tx1024 Tx1 1024x1

Figure 4. Data processing flow

4. BIRLIERIZ

KA ST. GST. CWT Ml SWT #4T —4erf 4o 41, 284 s R a5 Bis .

4 LA, ST (E 5(a)f CWT (K 5(b))i A —4E B ELASHIML, EAEK A CWT B8R AER, 77
[ 1R - A R 500k, B TR S RS AATE R IE R R, MR R M B i A R AR e
SEE B TR SRR U ARG, DR R B AE SRV, AR SRR A A, Al
HARR MDA RSB, AEE— EAREEENE. 10 ST AFEEIXANHIE, A8 TR be A5 (3.
5(c)s& GST (G5 R, GST BT LMRHEA R 1B (8] 73 B MR o e T S 40, TLUEH, AHXT S B4k,
5(c)ff1 GST HIBT R oy 1] 5(d)A& SWT MBI 4e 45 I8, XS T CWT, EEFHT T hes
OYEC, SRR T R, (HREANR Y, — T 2R AN, 57 RS 2 A E
Yo, DLSCRAREPHIER AN, REEMfE B =& el A b, 153 SWT g5 AR,
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Figure 5. Two-dimensional time-frequency transformation of squat-to-stand motion
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Figure 6. Two-dimensional time-frequency transformation of side-to-side walking
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Figure 7. Two-dimensional time-frequency transformation of back-and-forth walking

7. BB EN SRR

4.4. GST &% 4 #1 p BOIEHF

PRAE AN RS, N AR BN (1) G- 5 BT 4775 B 18] 3 8 A A3 e AR AN AR M, 43R ek [
RN RBUR N T AR IET TR] 73 e, AT T3 E 3R IR, et R s, W
)y (R R A 22 o DRI T AR TR 75 BEAE — e YU BBl N I 98 A R0 p MR, WY GST I #ee, LLA
BRI, — RIS, p BAEE K, BIR GST Hig A Rt HBUE A T 2 MR, (H7E SRS 5t
i, p (EXIER AR RGUR, BUEE K& R 4, 6o b B 7= AE AR R 18] [20].

AR F P AR ' 5 HTE§i4Kb1’Fﬁffﬁﬁ1‘ﬁﬁﬁJ, JelllE A=1, p BUETNME 0.5~1.5 Z Il
{8, F 53 B (0 B 45070 46 B 1] 8 BT/ o AR A0 W 452 Ptk 2 IO R AN S B CRE R 22, W p HUELTE 1.2~1.5
Z IR AE. REEE p=12, 20T > 1 0E, S BUE AR b EREaE 9 BroR. @i
SR, ABUATE 1.3~1.6 Z[AILLBOE H, MWl 7 AR 53 3 2 N 8] 2 HE 2 o

GST, =1, p=0.5 GST, =1, p=0.8

— [ ) w S W (=)}
A Hz
o = N
(=) (9.1 — (9.1 (3] W w
E
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—_— N w S w
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Figure 8. Two-dimensional time-frequency transformation when A= 1,p=0.5, 0.8, 1.2, 1.5
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JE R TR R ARG MBEE 2 AT AT G, 32T R GURAR IR, S m R 2 AR R M, 0
JEZ RIS, SER MIMO FE51 o B A7 38 T8 i A i B 2R, v 2 2 il s pddi g, Jf
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