
𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

→

𝑚3𝑇𝑟𝑎𝑐𝑘

mmWave

Oblique 
View

Side 
View

Overlook 
View

𝑚3𝑇𝑟𝑎𝑐𝑘

491



𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝑚3𝑇𝑟𝑎𝑐𝑘

42.4𝑚𝑚 21.5𝑚𝑚
𝑚3𝑇𝑟𝑎𝑐𝑘

•

𝑚3𝑇𝑟𝑎𝑐𝑘

•

•

•

𝑚3𝑇𝑟𝑎𝑐𝑘

0 0 0 0 0  0 0 0 01 1 1 1 1  1 1 1 12 2 2 2 2  2 2 2 2

1 1 1 1 1  1 1 1 1
2 2 2 2 2  2 2 2 2

Multi-User Detection and Separation
Multi-User Detection based 
on Spectrum Convolution

Range

Do
pp

le
r

Single-User 3D Posture Reconstruction

Temporal 
Features

Spatial 
Features

Multi-User 3D Posture Tracking
Multi-User 3D 
Posture Tracking

Posture Feature 
Representation

Forked-ConvLSTM

Multi-User 
3D Posture 

Tracking

mmWave 
Radar

Multi-User Separation based 
on Angle Refining

Angle Measurement 
based on TDM-MIMO

Angle Refining based 
on MVDR

Posture Reconstruction based 
on DNN

mmWave
based 

Sensing

t
f

Point Cloud Generation 
and Posture Projection

Point Cloud Generation 
based on CFAR

Posture Mapping with 
Point Clouds

IF signal

x

Xθ 
r

Y

y

Coordinate-
Corrected EKF

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

492



𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑥𝐼𝐹 (𝑡) = 𝐴𝑟 · 𝑒
𝑗2𝜋 ·𝜏 (𝑟,𝑐)

[
𝑓0+

𝐵
𝑇𝑐
𝑡− 𝐵

2𝑇𝑐
𝜏 (𝑟,𝑐)

]
,

𝑓0 𝐵 𝑇𝑐
𝐴𝑟

𝜏 (𝑟, 𝑐)

𝑟 𝑐

𝑚3𝑇𝑟𝑎𝑐𝑘

𝐷𝑟𝑒𝑠
𝐷𝑟𝑒𝑠 = 𝑐

2𝐵 𝑐 𝐵

𝑉𝑟𝑒𝑠 𝑉𝑟𝑒𝑠 = 𝜆
2𝑇𝑓

𝜆
𝑇𝑓

77 ∼ 81𝐺𝐻𝑧
𝑚3𝑇𝑟𝑎𝑐𝑘

3.75𝑐𝑚 0.02𝑚/𝑠
𝑐𝑚

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝑚3𝑇𝑟𝑎𝑐𝑘
𝑓

𝑟 = 𝑐 𝑓 𝑇𝑐
2𝐵
𝑟

Range Bins

D
op

pl
er

 B
in

s

0

2

4

6

8

10

0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2 2 2 2

Convolutional Kernel Range BinsC
on

vo
lu

tio
n 

Va
lu

e

h

User-related Range 1 User-related Range 2

𝑓
𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝜔

𝑣 = 𝜆
4𝜋𝑇𝑐

𝜔 𝜆

𝑚3𝑇𝑟𝑎𝑐𝑘

0.5𝑚

𝑚3𝑇𝑟𝑎𝑐𝑘

493



Tx

Rx

L1

User 1

User 20° 

L2

1
2

Range Bins
A

ng
le

 B
in

s
0 25 50 75 100 125

0
25
50
75

100
125

175

150

User 1

User 2

37

36

35

34

33

32

𝑚3𝑇𝑟𝑎𝑐𝑘
ℎ

1
2

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

ℎ 𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝜃

𝜙 𝜃 = sin−1
(
𝜆𝜔𝑎
2𝜋𝑑1

)
𝜙 = sin−1

(
𝜆𝜔𝑒
2𝜋𝑑2

)
𝑑1 𝑑2

𝜔𝑎 𝜔𝑒

𝑚3𝑇𝑟𝑎𝑐𝑘

3
4

3 × 4

𝑚3𝑇𝑟𝑎𝑐𝑘

2λ
Tx3 Tx1

Tx2

Rx4 Rx3 Rx2 Rx1

Rx4 Rx3 Rx2 Rx1 Rx4 Rx3 Rx2 Rx1

Tx2

Tx1Tx3

Time

Tx signals

Fr
eq

ue
nc

y

Tx signals Tx signals Tx signals Tx signals Tx signals

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝑎𝜃
𝜃

𝑤 =
𝑅−1𝑎𝜃,𝜙

𝑎𝐻
𝜃,𝜙
𝑅−1𝑎𝜃,𝜙

,

𝑅

𝑃𝑀𝑉𝐷𝑅 (𝜃, 𝜙) =
1

𝑎𝐻
𝜃,𝜙
𝑅−1𝑎𝜃,𝜙

,

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

494



𝑚3𝑇𝑟𝑎𝑐𝑘

Range-
Azimuth 
Profiles

Range-
Elevation 
Profiles

Ch

Ct

Cl

Range-Doppler 
Profiles

Ch

Ct

Cl

t1 t2

Ch

Ct

Cl

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘
𝑟𝑖

𝜃𝑖 𝜙𝑖
𝑖 𝑟𝑖 , 𝜃𝑖 , 𝜙𝑖

3 𝑀 (𝐶ℎ,𝐶𝑡 ,𝐶𝑙 )
𝐶ℎ (𝑟𝑖 , 𝜃𝑖 , 𝜙𝑖 )

𝐶𝑡 (𝑟𝑖 , 𝜃𝑖 , 𝜙𝑖 )
𝐶𝑙 (𝑟𝑖 , 𝜃𝑖 , 𝜙𝑖 )

60𝑐𝑚

𝑚3𝑇𝑟𝑎𝑐𝑘 2

6

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘 3

2 𝑡1 𝑡2

3

Spatial Features at ti 

Spatial Features at ti-1 Spatial FeaSpapp

eatures at tures at tatuatu

Conv-
LSTM

Spatial FeeaaSpatial FeSpap

atures at teaatu

Global Body-Shape Feature 
Extractor

Spatial Features at ti-2 
C1,0 h1,0 C2,0 h2,0 C3,0 h3,0 

C1,1 h1,1 C2,1 h2,1 C3,0 h3,1

C1,2 h1,2 C2,2 h2,2 C3,2 h3,2

Max-
Pooling

Drop-
out

Local Body-Motion Feature 
Extractor

Convolu-
tional

Max-
Pooling

Fully-
Conn.

Fully-
Conn.

64 128 256

32 64

Fully-Connected 
Layers

Concatenating 
Regression Module

Skeleton Joints

Single-User 3D Posture

Temporal Features at ti

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

495



𝑡𝑖−2 𝑡𝑖−1
𝑡𝑖

𝑡𝑖

𝑍 ′ = FC
(
CL

(
𝐹 (𝑡), 𝐹 (𝑡 − 1), · · · ,Θ′) ) ,

𝑍 ′ FC(·)
CL(·)

Θ′

𝐹𝑑 (𝑡)

𝑍 = Conv(𝐹𝑑 (𝑡),Θ),

𝑍 Conv(·)
Θ

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑃 = G
(
Concat

(
𝑍,𝑍 ′) , Θ̂) ,

𝑃 G(·)
Concat(·)

Θ̂

𝐿1

𝐿𝑝 =

⎧⎪⎪⎨⎪⎪⎩
1
2 (𝑃 − 𝑃)

2 |𝑃 − 𝑃 | ≤ 𝛿

𝛿 ( |𝑃 − 𝑃 | − 1
2𝛿) |𝑃 − 𝑃 | > 𝛿

,

𝑃 𝑃

𝛿

Θ Θ′ Θ̂

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

𝑚3𝑇𝑟𝑎𝑐𝑘

496



𝑚3𝑇𝑟𝑎𝑐𝑘
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