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Accurate image separation of pedestrians

with UWB Doppler imaging radars
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Abstract A numerous studies have been devoted to developing security systems using ultra-wideband Doppler
imaging radars to detect human bodies. Most of these conventional methods have been designed for a single target,
whereas it is needed to develop alternative methods applicable to multiple targets. One such method based on
hierarchical clustering was developed to separate images of multiple targets, but its accuracy is not satisfactory
in practice. This paper proposes another method using the support vector machine algorithm to achieve better
accuracy. Numerical simulations establish that the proposed method is able to separate images of two targets with
root-mean-square error of 5.24 cm.

Key words UWB Doppler imaging rader, support vector machine, pedestrian identification

goooooooooooooboooooooboooooboobooo

ooo0o0ooooooOooOoooooooooooooo

gooooobooooboooooooboboooooobooo gooooobooooobooooobooooooobooooboooo

gooooobooooboobooobooooooobooooboo gboooooboooooboooooboooooooboooooboooo
goooooboooboooooboooboooobooooboo ooo 2,30

1. 000aod



gooooobooooobooboooooooooobooooobooo
00o0o00o0oo0O00000O0000O00DOO00Ob0O0O0O00n
000000000000Lin O Ling 000 CW(Continuous
Wave) 000000000000 DO0O0DOO0OODOOODOOO
000000 (djeo0ooo0o0oUoooooUDooo
gboooooboooobooooooooooobooooboooo
gooooooooboooooooooooboboooobooo
000000000000 00DOUO0DOOU BoobbOoOooo
O0000000KimO LingODOOODODODOOODOOOOO
000000000 00oO0O0 [7DO00bO0o0obDoooOo
goooooooooooooooooooobobooobooo
gboooooooooboooooboooooooobooooboooo
goooobooooooobooooooooobooooboooo
oo00o0ooooooooooboouwBOOOOOOOOO
000000000000 00000000 EL,EUuoooO
gouwBOOOOOOOOOOOOO0OOOOOOOOOOO
gboooooboooooooooobooooooooooogoo
goooooboooooboooo

goooooboodoooboooooooooobooooooa
gooooooooboooooooooobobooobooon
uUwBOOOOO0OO0OOOOODOOOOOOOOO0O0O0O0O00O0
goooooooooooooooooooobobooobooo
ooooooooouooooooooooooouooooo
gooooooooooooo 200000000000DD0ODO
000000000o00oo0oooO0ooOO SVM(Support
Vector Machine) (11] 00 000000000000000O
oooouwBOOOOOOOOOOOODOOOODOODOOO
00o0ooobOOo0Oo0ooOooOosvMOOOooooOoooo
gooooobooooboooooooooooobooobooon
gboooooboooooooboooobooooooooooon

2. OOoDOOooOOoD

gooooooooocoooooboooobobobOobOoon
gl1ooooooocooooooooooboocOol1ooobooOoo
goo3booooobooooobooobobooo 3000
00o00o0oo0oOo0oooOooooooooooO 26.4 GHzO
goos00MHzOOOOOOO 30emO UWBOOOOOOO
goooooooobo le4msOoooooooooogon
2000000000 6mO000000000O00O 2.10s
goooooooooooooboooooOO0ooooDO zo0o
60 cm0000000 dpy0d, 0000000000 5.68 mm
gobooooooooooooooboooooooo 2000
goboo 000000000O00000O0C000O000 yO
gooooo

0o0000oooO0oOoUoooooooooO (Eyesd
JAPAN 0O Motion Capture Data Pack ) 00000000
000oo0ooUo 1200000000000 0O0 RUOO
01200 200000000 2000000000000
goobooboobooooooboooooboboobooobo
gboooooooooooooooooooon

z
"
Tx ant. 3 y
Y| ¥
Ze—rg dy
= Target2
0 i
ant. 2 dh an{-l{_ 1
Targetl
X
01 000ogoooo
6 — 6 :
Targetl ~ Target] ~
55 Target2 + 55 Target2 +
5 / 5 I\
4.5 . 4.5
E 4 | £+ A
~ ~
A 35¢
35 \
3 1 3 J
2.5 § 2.5 J
2 L 2 |
-0.30 0.30.6 0 051 15 2 25

x[m] Time[sec]

02 0000000 (O:@yDOOOO:yODO)

3. UwBUOOOOOOOODODOOOOO

000002000 2000 0mO0y 000 0.6mO000
00000000000000000000([8 000000
000002000 «y0D00000000t 0000000
000 2000000+¢00002000000 2y0000
000 (z1(t),:(8))0 (z2(t),y2(t)) 000000000000
00D000000D000000

(z1(t),y1(t)) = (—0.0442t + 0.1665, —0.931¢ + 4.225)
(x2(t),y2(t)) = (—0.0442¢ + 0.1665, —0.931¢ + 4.825)(1)

go0o00oOooOd 1e8sd00O0ODOODOOX0O0O0O 2000
ooboooooooooooooooooobobooooooon
go00d000OX0000000O0ODOOOOOODOODO 30
gooooooo
gooooobooooboboooooboboboboboooobboo
0000 SDFT(Sliding Discrete Fourier Transformation) [12]
g0oOoOoSbFTOODOOOOOOOOODODOOODOOOO
g04000000000000C000DOCOOOO021s00O
godo20000000000000DO0O0OOODODODOODO
goobooooboobooooboobbooobobooobooobo
oboboooooooooooooooooooooooobn
gooooobooboboobobobobobobobooboog

9



Targetl - TargétZ "

[ ]
n o LI |

z[m]

05 L | 0.5 t

] L

0 0

06 -03 0 03 06 -03 0 03
X[m] X[m]

03 000000 (0:00 100:00 2)

Power[dB]

100

Doppler velocity[m/s]

0.5 1 1.5 2

Time[sec]

04 00000 SDFTOOO0OODDD (Rx(antl)DOOODDDO
00D0ooOoooooo)

0000000000000000000000000000
000D000000D000000000D0000000000
0000000000000000000000000000
000D000000D000D000
000000000000000000000000000
000D00D0000000D0000000000000000
0000000000000000000000000000
01300000000 8 (t,w)0Ss(t,w;) 000000000
0000 ¢000:i00000 6.() 00000000000
0000000000000 4, 0000000000000

(2)

fes(t) = sin~* [isl(t,wi) - ASg(t,wi)}

(27dy /X)
gooooobobobooboboboboboboobooboo
goooOooooOoobo0 dy0OOO0oDCOO0 2000000
0000000000 (1)0D0oo0o0oooDOo0ooDOoooooo

®3)

Gazi(t) = Sil’l_l |:ZSz(t7wz) - ZSl(t, wl)]

(27dn /) cosBer; (t)
go0ooooooo0o0ono —-1odBODOOOOOOOODO
gooboooooboboboooboooboobobOoDbOoo
goooooboooooboocooooooooobboooobooo
0oooOoo 130
gboooooooobooooocoboooosoooooo

Estimated
scattering center

Estimated N
5.5 | scattering | 55
center

y[m]

it

2
-0.6-0.30 0.30.6 0 051 15 2
x[m] Time[sec]

05 00000000000 (D:yOO0OO:y0OO)

ooooooooo40000000000000O0O0O0O0O
U0 zyOOOODOOOOOwwOOOOODOOOO 0000
goboocoo20000000000000O0000DOC00O0
gbooooobooooooooooooooon

4. 0D OO0

000000000000000000000000000
00000000D00000000000[10/0000000
000000000 2zt 0000000000000000
0000000000000 000 2t 000000000
0000000000000000000000000000
0O SVM(Support Vector Machine) [11] 0000000000
000

4.1 00000000
SVMOOOOOOOOO0OO0OO0OO0O0O00000000000
000000000000 6000000 0000000
0000000000000020000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000 20000000000000000
000000000000000000000000-3dB0
0000000000000000000000000000
Ri(t)0Ra2(t;) 000000000 0R: () > Re(t;) 0000
0000 #0000 f;00000000000000000
0000000 xzyz000 x(t, f;)0y(ts, f3)0 2(t, f3) 00
000000000 1000000000000000000
0000000000

Vot £)? + (b, £5)7 + 2(t, £5) > Ba(t) ()

goboooobooz2000000000000000DOC0O00
ooooooooon

\/x(ti, )yt £i)% + 2(ti, £5)° < Ra(ti) (5)

0@3)0(4)0000000000000000000000

— 3 —



-130

Estimated received signél Targeti
Estimated received signal(Target2
Received signal

-135

140 Ee Yo
-145

-150 7

10 1lp12 13
Ry®)

Range

Power[dB]
3

4
Y
:
-
5!

06 0O0O0OO0OOOOOOOGOOOOOO

Targetl Echo False Echo Target2 Echo
@ Targetl
©® Target2

07 0000000000

4.2 00000

SVMOOOOO0OOO0OOOO0OOO0O0OO0O0O00O000000
000 2000000000000000000000000
000000000000000O0O0O0O0O0O0O0O0O0000O
0000000000000000O0O0O0O000000000
0003000000000

000000000000D00000000 SVMOOO
00000 1040000000000 2yt0000000
O:1(wi,y:,t;) 00000000020 ;0000000000
eyt 0000000 Os(xy,y,,t;,) 0000004000000
0000000 »00000000000000000 0,0
0.000000000 v00,00000000000000
0000000000000000000000000000
ooooo

o > 02/01 (6)

bbb «b0bOC00ooboboooooboboboooobboooo
00000000 7000000000 Oi(as,ys,t) 0000
gboooooooooooobooooooooooroooo
ooo2000000000

4.3 0 O0OO

05000000000000SVMO0000O00DOOO
gooooooooobooooboooooDooon «y0o00O0
tydO0ooooooobogsuuuooooooocouoooboo
0r000000000010emO0000 «=3/70000
2000000000DOO00OOCODOOOODOO 200000
0000 Xz0000000000000009000D20
goooooboooooboocooooooooobobooooboooo
gbdbobooooooooooooooooooooooooo

goooooooo0oooooOooooXxXoO0o0oo00o0oo

Target] ' ~ Target]

Target2 + Target2 .
5.5 | Traming] = | 5.5 Tramgmgl x
Training2 » Training2 o

-0.6-0.30 0.30.6
x[m]

0 051
Time[sec]
08 00000000000 O0D (D:xy0000:#y00)

15 2

2 ; 2 : ‘
Estimated Estimated .
scattering scattering center
centero % 8§ WTruc.

1.5(True 4 1.5 .

RE
th *
E 1 E o gk oy é%f
N N "
* %
X
0.5 0.5} ﬁﬁq’ ]
0 i i 0

09 -06 -03 0 03 0.6 -03 0 03
X[m] X[m]

09 J000O0ooOoo (0:00 100:00 2)

0000000000000C00000D000X20000
oood R,O00D0D00 R, OO0O0OO0O0O0O0OOOO NDOO
gobooooooooobooobooooooooboooooobo
goooooooobOOoOboooooODbODO 20000000 X
oooo0O0O0 Xooooooooooooooooooooo
000000 [0b00b000 R, =5em0000O0OD0O
R,=15cm 000000000 NOOOODOOOOOOD
gooooboobooobooooboooooooobooooooo
obobooooooooooooooooooboooooOobn
0o06% 0000000000000 DOOODOUDOOUOO
ooooooooOoooo06% 00bD000oUuooonon
gbob000 1434003368000 ooooooooooOon
o9b00210000000000O0O0DOOO0O0O0O0O0O0ODbO
gbooboooocobooboooooooboobo 1obooo0oo0oo0oo
0 RMS(RootMeanSquare) 00000000000 O0OO
00000000000000 nO0000:00000 (X,2)
000 (Xrs,2r:) 000000000000 OOCOmOOO
000000 (X,2)000 (Xuy,2n;) 000000000
RMSOOOOOOOOOODOOOODOOOO e0O0O0OO0O



" True o " Trie
Estimated Estimated +

L [V 3'1

q ;
| i 0.5 !f
& J by

0 i
-06 -03 0 03

z[m]

0.5

0 &
-06 03 0 03

X[m] X[m]
010 000000000000 (0:00 100:00 2)
4.5 , .
Target] —
Target2 —
r
4 :/://
oA .
35
£
A3
¥
2.5 ¢

2
030 030609 121518
x[m]

011 0000000000000

gooooo

1 — . 2 2
= |— i— i i — i
€ E 1 min (Xri — Xmj)” + (210 — 2m5) (7)
naz

O (0000 RMSODODOOOOO0OO 10 4.8 cm000
20562cm0000 524 emO000000O0O00OOOOO
goooooooo

5. Ugnooooood

000020000000 2000 OmOy 000 0.6m 0
000000yO000000000000 100000000
000000000000000000000000 2000
000000000000000000000000

011 000000000000000000000000
wy000000¢00000000000000000000
00002000000000000002000000000
rO2zy 00000000000 60000000000000
00 z=0mOy=25mO00000000001000000
0000000000000000000000000000
0007 = 0.6m00.9m01.2m0 § = 0°010°020°0 - - 090° O O
0000000000000zy00000y0000 (¢=0°)0
00 (¢=45°)02 0000 (¢=90°)00 30000000
¢ =0°45°90° 0000 200000 RMSOOODO 120
1301400000000 0000 12013014000000

0.5 ; :
=0.m —
0.45 =09m —
=12m —
04 \ single ___
= 0.35 (Targetl)
5 03 \
5 025 \
2 \
E 0.2
0.15
0.1 _
0.05 Lmmmm SRR I e — -
0

0 10 20 30 40 50 60 70 80 90
O[degree]

012 ¢=0°0000 000000 RMSOOOO

0.3 ,
r=0.6m —
=09m —
0.25 r=12m — ]
\ single ___
Targetl
02 (Targetl)

RMS error[m]
=] o

- &
/%

0.05[~ 77" N —— = i

0 10 20 30 40 50 60 70 80 90
O[degree]

013 ¢=45°0000 0600000 RMSOOOO

0.14 70.6m —
=0.9m —
0.13 r=12m — |
single  _
0.12 (Targetl)
E 0.11
B .
% [ \ —
»n 0.1 \ / /\
0.08
0.07

0 10 20 30 40 50 60 70 80 90
O[degree]

014 ¢=90°0000 0600000 RMSOOOO

D000000RMSOOO0OOOOOO¢ =0°0r =0.6m0O
fp=0°0000200000000000000000000
gooboooboobobooboobobbooboboobobooo
01200000000000¢ =0°0¢ =45°0¢ =90°0
00000o0o0ooooo RMSOODOOOOO 5.50 cmO6.12
cm09.43 ecm 0000¢=0°000 6 >30°0¢ =45°00
060>2000=90°00000000000000 RMSDO
pooooobbooobbooobbooobbooooboo
gooo
RMSOOOOODOOOOODODOODOOO0ODOOOOO¢ =45°0
r=0.6m00=0°00000000000000000000



" [Target]:true —
Target2:true —
2 Target]:estimated =
Ta§ggl1;l$§ — K +|Target2:estimated x
Targetlfestimated s
Target2:estimated x |, %
5 1.5
E F
=
0.5 %
8
0 & &
25
-0.5

0 05 1 1.5 2 2.5
Time[sec]

015 ¢=45°0r=06mbO0=0°00000000
(O:w@yOOOO:t200O)

. Target]:true —

Target2:true —
: Target] :estimated =
larget2:estimated »

Targetl:true
Target2:true
Target
Target2:

ym]

0 05 1 1.5 2 2.5
Time[sec]

016 ¢=45°0r=0.6m0O0=0°00000000
(O:w@yOOOO:t200)

01 000000000000 0000000 (6 £90°)

$=0° | p=45°| = 90°
r=0.6m|6>20°|0210°| 0 =20°
r=0.9m | 0>10°|0>=10° | 0 = 10°
r=12m| 020° | 0>10° | 6>0°

150000« 0000000000000 O0O00O0OOOOO
0000000000000D00000000 160 ¢ =45°0
r=06m00=10°0000000000000O00O0O0O0OO
god 10000000000 000D0O000DDOOO
goooooboooobooooooooooobobooooboooo
gooooobooooboboooooooooobobooooboooo
gboooobo cyOOooooobooboooooboooobooo
goooooboooobooooooooooobbooobooo
00o00o0ooo0o0oooDésé000OOOOsbOD 15016000
gooooooooooooo20000000000C000
00 17.2%03.06% 0000000000 §<10% 0000
gooooobooboooobooboooooooooobobooobooo
00000000000000000000 10000 ¢=0°
oooOoooRMSOOO O02mOIO00000O0OOOOOO
O000¢=0°0000000000000000000 Xz
goooooboooobooooooooooobbooooboooo
goooooboooooboooobooooooobobooobobooo
gboooooboooooooobooboooboooooo

6. U g

goooouwBOOOOOOOOOoOoOoOoOoOoODOOO

goooooboooobooooooooooobooooboooo
oo0oooooooooo svMooooooooooooo
goboooooooooooooob oemtonooOO 200
O0ooopoooRMSOO 24 emO000000O0O0ODOO
goooo20000000000o0o00oo0ooocoooboOoon
oooooooooOonDoem<r0d20°<900000000
gooooooooobooooooooooobooooboobooo

g g

[1] S. Nobuhara, Y. Tsuda, I. Ohama and T. Matsuyama,
“Multi-viewpoint Silhouette Extraction with 3D Con-
textaware Error Detection, Correction, and Shadow Sup-
pression,” IPSJ Trans. Comp. Vis., vol. 1, pp. 242-259,
2009.

[2] S.H. Seo, M.R.A-Sadjadi, and B. Tian, “A least-squares-
based 2-D filtering scheme for stereo image compression,”
IEEE Trans. Image Process., vol. 9, no. 11, pp. 1967-1972,
Nov. 2000.

[3] V. Lippiello, B. Siciliano and L. Villani,
visual servoing in industrial multi-robot cells using a hy-

IEEE Trans. Robot., vol. 23,

“Position-based

brid camera configuration,”
no. 1, pp. 73-86, Feb. 2007.

[4] A. Linand H. Ling,
radar for multiple-mover sensing,” IEEE Trans.Aero. Elec.
Sys., vol. 43, no. 4, pp. 1496-1509, 2007.

[5] A. Lin and H. Ling, “Frontal imaging of human us-
ing three element Doppler and direction-of-arrival radar,”
Electronics Letters, vol. 42, no. 11, pp. 660-661, 2006.

[6] A. Lin and H. Ling, “Three-dimensional tracking of hu-
mans using very low complexity radar,”
ters, vol. 42, no. 18, pp. 1062-1063, 2006.

[71 Y. Kim and H. Ling, “Through-wall human activities
classication using support vector machine,” IEEE Trans.
Geoscie. Remote Sens., vol. 47, pp. 1328-1337, 2009.

8] OO0, 0000, 000, “UWBOOOOOOOOOOO
oooooooooooooooo, ooooooooo, RS
11-05, 2011.

[9] Y. Wang and A. Fathy,
intelligent human gait recognition using a UWB impulse

Electronics Let-

“Micro-Doppler signatures for

radar,” IEEE International Symposium on. Antennas and
Propagation, pp. 2103-2106, 2011.

[1o) OO0, 0000,0000,000,0000,0000,
“UwWBOOUOUOOOOOOOOOUOOOOODUOOOOOUOOO
0000ooooooooy, 0000o0ooooooooooo
0, B-2-12, 2011.

[11] G. Bilgin, S. Erturk, T. Yildirim, “Segmentation of Hy-
perspectral Images via Subtractive Clustering and Clus-
ter Validation Using One-Class Support Vector Machine”,
IEEE Transactions on Geoscience and Remote Sensing,
Sayi 49, No. 8, pp. 2936-2944, 2011.

[12] E. Jacobsen, R. Lyons, “The Sliding DFT”, IEEE SIG-
NAL PROCESSING MAGAZINE, pp. 74-80, 2003.

[13] M. Wehner, R. Richter, S. Zeisberg, O. Michler, “High
Resolution Approach for Phase Based TOF Ranging using
Compressive Sampling”, Positioning Navigation and Com-
munication, pp. 28-32, 2011.

“Doppler and direction-of-arrival(DDOA)



