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Abstract

This study proposes a novel method for accurately identifying target information by mitigating multipath effects in indoor
environments. First, range - velocity maps were generated by applying a 2D fast Fourier transform to received data. Then, the influence
of stationary clutter was decreased using the exponential moving average. Next, multiple range - velocity maps were grouped, and thresh-
olds were set based on the variance along the range axis of the range - velocity maps and correlation coefficients to select the range - ve-
locity maps for signal processing. Then, eigenvalue decomposition was applied to the selected range - velocity maps to create projection
matrices, and dynamic multipath effects were mitigated by projecting the previously selected range - velocity maps. Subsequently, veloc-
ity - angle maps were produced using the Capon method based on range - velocity maps with reduced dynamic multipath effects. Finally,
noncoherent integration was applied within the group. The performance of the proposed method was verified through experimental
measurements. The proposed method improved the signal-to-noise ratio by up to 18.7 dB, enhanced detection performance, reduced the
sidelobe level by up to 2.4 dB, and decreased the total frame processing time by up to 12.47 %.
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Parameter (unit) Value

Start frequency, fc (GHz) 77
Bandwidth (MHz) 1,789.9
ADC Sample frequency (kHz) 5,000
Slope (MHZ/ 15) 29.982

No. of RX antenna 4

No. of samples per chirp 256

No. of chirps per frame 255

No. of frames 200
Range resolution (meter) 0.0834
Velocity resolution (m/s) 0.0121

Angular resolution (degree) 28.65° at 0°
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Fig. 12. A single person standing in a classroom.
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Fig. 13. Range-velocity man and velocity-angle map with
applying the suggested method in ref. [11].
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Fig. 14. Range-velocity map and velocity-angle map after
applying the suggested method in this paper.
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Fig. 17. Range-velocity map and velocity-angle map after
applying the suggested method in this paper.



™ 172 & =l A Al
A8 AT A-E=
~4 (1W< g8l © =
o 10709 Ae-S= fe e IReE vy
FAARES L3 A o] I1EC TIHA Ty
oA el A7k ¥

1%, 4 (16~ 245 A&3) 54

33 7|1E 7192t Mt 719l ds HIw

9 182 FE3 (11904 Aot 73 &
A Aeket 71 el A% of F-2H(SNR)E v g
g 747 A 19 Ag-

W £t Wl 2% o FH]) I zolth

o4 o A
o £

S

R IR

SNR in VA maps per Frame Index in experiment 2

|—E6—Suggested Method in This Paper (Red)
|—B— Suggested Method n [11) Ble)
% Q

SNR in RD maps per Frame Index in experiment 1

| =6 Suggestad Method in This Paper (Red)
=B Sugested Method in [11) (Bue)
)

SNR(dB)
& 2 ®
o
&
3
a

SNR(dB)
i

M 40 0 8 100 120 140 160 180 200 2 40 B0 B 10 120 W0 160 180 200

Frame Index Frame Index
SNR in VA maps per Frame Index in experiment 1

| == Suggested Method in This Paper (Red)
| =B Suggested Method in [11) (Biue)
9
2 Q
o R <

SR in RD maps per Frame Index in experiment 2

B 2 8 8

SNR(B)
8
SNR(dB)

22 [| =0 Suggesied Method in This Paper (Red)
=B Suggested Method in [11] (Biue)

0
2 40 60 B0 100 120 140 160 180 200 2 40 60 80 W0 120 140 160 180 200
Frame Index Frame Index

8 18, A3 13 200M, FAEH [11]9] 71t & =
oA A 71 Ao o g vl

Fig. 18. In experiment 1 and 2, comparison of SNR between
the proposed method of ref. [11] and suggested
method in this paper.

shte] A& 5 J9e 47 A 29 AZ-EE 9
3 S5 §o A% o &Y Tefzolt) e A
A YR ZeE FIE (1] Aetet 71H S 488 7
9] S o FeHlE AGRE W Iz, AN
B =B Aetet 7|HOoR A% U FSHE A
< we Jejzolrt,

At 7S Bl 72 Igukek 1009 A-SE WS
22 AAgon TEHE YA tEA AR 7t
TFolA AR b M5 Ag-Ek Wel Al 7}
I59 A-&x ol At 71HE AL A3, IF
ol I ZFde] AP Ed BFsiy A5 o F
SHZF R IgdA EEs 998 Ao

I8 195 ZaEd (19 71He & =29 7S
Ae)-5& % Wol X MD-CLEAN ¢ 7252 AHE3E uj o)
$A Asd SE-74% oA BES vwe 9ot
e 53 5 92 474 AF 19 =49 5

y Detected Bins in RD maps per Frame Index in experiment 1 sidelobe level per Frame Index in experiment 1|

=6 Sugaested Method in This Paper (Red)
138 —B—Suggesied Methodin1 1 Ble)

—E—Suggested Method n[1 1) Ble)

# of detected Bin
Sidelobe level(dB)

2 4 6 80 100 120 140 160 180 X 2 4 60 8 10 120 140 160 180 220
Frame Index Frame Index
Delected Bins in RD maps per Frame Index in experiment 2 sidelobe level per Frame Index in experiment 2

—6—Suggested Method in This Paper (Red) —O— Suggested Method in This Paper (Red)
—B—Suggested Wetod in[1 1) Bloe) —B— Suggesed Wthod in{1 1) Ble)

# of Detected Bin

S
Sidelobe level(dB)

W 6 8 10 120 40 160 180 200 20 40 6 80 10 12 0 160 180 200
Frame Index Frame Index

T8 19, A™ 134 2004, FE (1119 71 & =
wollA Ak 719 e] MD-CLEAN €252
ol A AT B # ¥l

Fig. 19. In experiment 1 and 2, comparison of detection
performance using MD-CLEAN algorithm and
sidelobe between the proposed method in ref.
[11] and the suggested method in this paper.

853



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 35, no. 10, October. 2024.

0 AT BN FA A SEAE Pl A
2ol JEg ekt 1o ee 453 $3 1
B 717k 99 29 ZAQ) TFvH Ag-SE Wol 4]
9 5% 5% PN ¥ JES 1LY
Jgelth =9, P4 Tehmi FLEA [1NA AR
el Astelz, A4 TRZE B ERolA] Ao 7]

el Aol
IR (1114 AGE Y 18
W NEA A 48T W, 54 2
E R REEEIEE S R RIS P
AL FAT F gk, A e
o4 54 WEs EHE Fo] AL
of RE ZaAl N B4 BA7t Bt
o H

=

EorE e ou
N
=

L
o @ N

rﬁé Sl
M b Mo o2 el

o B
2l
= 24
n§ %g
ped)
dlo e
o 1o
fow
2
o 22
N 2 |2
o % ¥
X0 o
ooy

(i

B = A W

ok o
o,
2
2
[k
=
s
i
>,
>
>
i
=
Rl
ol

2L N o = L2

2
rok
BN

I 200 FAEE [11]eA AR
AFete d ZHz 9374324 118.
288tk T whal, & =Tl A AIbS 7 9
of wheh ¥ Eﬂﬂ%‘u& 7111A @Oiﬁﬂ AE 13 2004 7+
ok AFH o= Ak 7]

1 zg Ak Aol FHu)
1247 %7Fg AN A, o= AT Ay ALt A

o

> |H

Comparison of computation fime in experiment 2

Compariscn of computation time in experiment 1

2 educed fofal
Reduced total frame computation
frame computation
time by 12.47%

0
Method in11] Suggested Method Method in [11] Suggesied Melhod

J8 20, Fwd (1119 713 Ak 7MY HA =
g AA AJ7F By T =

Fig. 20. Comparison of total frame calculation time bet-
ween proposed method in ref. [11] and sug-
gested method in this paper.

854

of Aghe &AM At 7ol fr& S AT

N. &2 E

2 =2dMe AF ol FF 53l A FHHY
A 29 AA A& WS A Mg IFS
2 ke F, 74 IgolA A & Aol M 22 A
P-&5 WS 7|F Aot IF WY uE AR BE
o] AY = BT AF ASFE 7He R JARS A
A3 15 el A 2 AT Ag-&% 9& A9 53
o} o], e E AD-&% Yol I BelE 283
T FEg A v, 71E A 91E F9 9
of FAAFCZHN F4 DE|H A RE stel= WY
< AokstSith Tk oy o] vk Al e A
¢ e AE We AT vy, 7 IF Wil vE 714
IS HLsle A4S AR

At 7IHE B8 BE 159 A-£% YoM 54
HE A E3F aRF 0 dstEglon, 7|2 7y
v Ag-&E YoM gx AIAE PIAAL, &
T-ZtE Yol B3-S Y 24 dB A A EE A
g% 93 Se-4% Yo A% o ] 9GA] Aok
71HE E3) 27 Ao 187 dB 27 Z & A g E
of, A3 /WS Ea dF Ty A Ao EZN A

AR 7S A8, 71 7R 42 A7 Yo
£2 0] RS US B3] gtd 5 9lE Aotk 53,
4 gE 2 g3t uive) dAsE AF Wi 54
dlolee At 7HE AL, geAEY A 2
AR N52 Fotets HE Tgo] @ Aot

References

[1] J. Niu, B. Wang, L. Shu, T. Q. Duong, and Y. Chen,
"ZIL: An energy-efficient indoor localization system us-
ing ZigBee radio to detect WiFi fingerprints," [EEE
Journal on Selected Areas in Communications, vol. 33,
no. 7, pp. 1431-1442, Jul. 2015.



[2] A. Yassin, Y. Nasser, M. Awad, A. Al-Dubai, R. Liu,
and C. Yuen, et al., "Recent advances in indoor local-
ization: A survey on theoretical approaches and applica-
tions," [EEE Communications Surveys & Tutorials, vol.
19, no. 2, pp. 1327-1346, Secondquarter 2017.

[3]1 Y. L. Hou, G. K. H. Pang, "People counting and human
detection in a challenging situation," IEEE Transactions
on Systems, Man, and Cybernetics - Part A: Systems and
Humans, vol. 41, no. 1, pp. 24-33, Jan. 2011.

[4] R. Igual, C. Medrano, and 1. Plaza, "Challenges, issues
and trends in fall detection systems," Biomedical Engi-
neering Online, vol. 12, p. 66, Jul. 2013.

[5] P. Nallabolu, L. Zhang, H. Hong, and C. Li, "Human
presence sensing and gesture recognition for smart home
applications with moving and stationary clutter sup-
pression using a 60-GHz digital beamforming FMCW ra-
dar," IEEE Access, vol. 9, pp.72857-72866, 2021.

[6] F. Adib, Z. Kabelac, D. Katabi, and R. C. Miller, "3D
tracking via body radio reflections," in //th USENIX
Symposium on Networked Systems Design and Implemen-
tation, Seattle, WA, Apr. 2014, pp. 317-329.

[7]1 E. L P. Copa, K. Aziz, M. Rykunov, E. de Greef, A.
Bourdoux, and F. Horlin, "Radar fusion for multipath
mitigation in indoor environments," in 2020 [EEE Radar
Conference(RadarConf20), Florence, Sep. 2020, pp. 1-5.

[8] P. Setlur, M. Amin, and F. Ahmed, "Multipath model
and exploitation in through-the-wall and urban radar
sensing," [EEE Transactions on Geoscience and Remote
Sensing, vol. 49, no. 10, pp. 4021-4034, Oct. 2011.

[9] R. Feng, E. D. Greef, M. Rykunov, H. Sahli, S. Pollin,
and A. Bourdoux, "Multipath ghost recognition for in-
door MIMO radar," IEEE Transactions on Geoscience
and Remote Sensing, vol. 60, p. 5104610, 2022.

[10] P. Stoica, R. L. Moses, Spectral Analysis of Signals, Upper

Saddle River, NJ, Pearson Prentice Hall, 2005.

[11] J. K. Park, J. H. Park, and K. T. Kim, "Multipath signal
mitigation for indoor localization based on MIMO
FMCW Radar system," [EEE Internet of Things
Journal, vol. 11, no. 2, pp. 2618-2629, Jan. 2024.

[12] J. Jung, S. Lim, S. C. Kim, and S. Lee, "Solving dop-
pler-angle ambiguity of BPSK-MIMO FMCW radar
system," [EEE Access, vol. 9, pp. 120347-120357, 2021.

[13] D. Zhang, Y. Hu, and Y. Chen, "MTrack: Tracking
multiperson moving trajectories and vital signs with ra-
dio signals," IEEE Internet of Things Journal, vol. 8,
no. 5, pp. 3904-3914, Mar. 2021.

[14] G. Strang, Linear Algebra and Its Applications, 4th ed.
Boston, MA, Cengage Learning, 2005.

[15] J. Renard, L. Lampe, and F. Horlin, "Scaled largest ei-
genvalue detection for stationary time-series," IEEE
Transactions on Signal Processing, vol. 64, no. 5, pp.
1161-1172, Mar. 2016.

[16] H. Krim, M. Viberg, "Two decades of array signal proc-
essing research: The parametric approach," IEEE Signal
Processing Magazine, vol. 13, no. 4, pp. 67-94, Jul.
1996.

[17] R. Schmidt, "Multiple emitter location and signal pa-
rameter estimation," /EEE Transactions on Antenna and
Propagation, vol. 34, no. 3, pp. 276-280, Mar. 1986.

[18] R. Roy, T. Kailath, "ESPRIT-estimation of signal pa-
rameters via rotational invariance techniques," IEEE
Transactions on Acoustics, Speech, and Signal Process-
ing, vol. 37, no. 7, pp. 984-995, Jul. 1989.

[19] J. Li, P. Stoica, and Zhisong Wang, "On robust Capon
beamforming and diagonal loading," IEEE Transactions
Signal Processing, vol. 51, no. 7, pp. 1702-1715, Jul.
2003.

855



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 35, no. 10, October. 2024.

of A W [EFFIhSu/AAAA] A 7 H [EFAU S/
https://orcid.org/0009-0000-6650-1308 https://orcid.org/0000-0003-1200-5282
2021 2 et ekl A Aot (wst 19943 29: ¥ty AzA7]F
A st} (35hA))
I 20239 28 ~FA: EEgTAU S A 19969 29: TZFHdista AAA7F

i A7) 2etz AALA

~ [ BYEOH deoltt A5Ae, B4 @
A% A, el olv)d

83} (-8HA })

1999 2 Xy AUy AAA7E
&3} (38

20029 3€9~2011d 29: JdEisty A

Ay e dg
2011 3 ~3A: 2P AL A7) 3t wp
201213 9920173 12€: FoltHIR BHAE &
20183 1€ ~3A): £ Z:Al*é%ﬂ%ﬁ%ﬂﬂ%
2019 49 ~AA: ZAU G oA 27 AFAE
2020 119 ~3A): xHﬂEH Hg)e ATAEA
[F HAZOf] #Holth Az A & 97, dolth 24 Q14 3
el 4], Mzb7] 3] 14 ¢ RCS EA

856



