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Abstract

In multipath environments, signals received from radars are composed of direct target return and reflected signals from the ground
or surrounding structures, which degrades the accuracy of the RCS estimation. Accurate RCS estimation is essential for target
identification, threat assessment, and reliable radar operation. Although multi-snapshot-based signal processing methods have been
studied extensively, their applicability is limited to single-pulse tracking radars. This study proposes a single-snapshot-based algorithm
that separates the target and reflected signals using the matrix pencil method, and suppresses interference via an LCMV beamformer
designed with the estimated directions of arrival. Simulation results verify that the proposed method effectively mitigates multipath
effects and improves the RCS estimation performance compared to conventional array beamforming.
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Fig. 2. Variation of SNR due to multipath interference.
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Table 1. Simulation parameters.

Symbol Parameter Value Unit

f. Frequency 3 GHz

M Number of antenna 250 ou

elements

L Pencil size 125 -

o RCS 3 m’

h, Radar height 15 m
Rin Minimum target height 50 m
Rype | Maximum target height 120 m
Ah Target height spacing 10 m
R Minimum target range 1 km
Ry, | Maximum target range 30 km
4R Target range spacing 10 m

g, Relative permittivity 7—57 F/m

P, Transmit power 20 w

G Transmit gain 34.8 dBi

G, Receive gain 34.8 dBi

k Boltzmann constant | 1.380649x10 * | /K

T Standard temperature 290 K

F Noise figure 3 dB

B Bandwidth 1 MHz
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Table 3. Simulated RCS estimation results.

Case Without BSL

Value LCMV LEMY compensated
Mean 3.026 2.924 2.991
Variance 0.463 0.221 0213
RMSE 0.681 0.477 0.462
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condition.



without null
LCMV
LCMV(BSL p d)

0 1

Estimated RCS [m?]

J8 11, 469 o& RCS #2
Fig. 11. RCS distribution as 46.

e e
SNRo| 7Ha3}
npA)eto 2 v
202 RCSE 3 m'E S407 22
o AlEdold Az e 2991, EAF
RCSE 71 o2 F43An.

D

A}
of
E

b
)

d

T
oflt
ox
b
>
1o
o|N
AN
i

=
@)
w2
N
N
_
[e]
o,

N,
o
tot
ro
ok

14
rpy o2
>,
o
.
~
>
2
N =
1=
p—

30 oy &

oty Y,
lo & ¥

o o
fuomt gy >
L

[\S]
—_
W

o

2,
>
rir
Y
oy
ki
e
ofN

BN
il
ot
oxl
2,

R
= r>
fols

z

o=

Ju i)

(0]

fu

=5

2>

Ly
rE L o

rl
o
e
[>
o
ofo ok ok
o i
=
-0,
FT o
U
T, ofo 2
QL
SR
off ¢,
EL
o 2
o
:
g
>

M
o
K

pencil methodE ©]
FAY 4 AEE HEOE

_0|L

2

=51

2

5w

e

>

>

r>

fol
LT
oX oXx
AT o
tlo |o

¢

fl

Y

5|

2y
ok
o
1o
>

ot

et
o
)
ol
rd
T3
o o
T H
- &
o mu M

fru
l

o
—
2 o

ox offl ok o g9 o

>
bl
g
2
12
o
o it D4 ofN
o N B oox 24 ¥R rlo ot

i o ofo oN
QL
2L

ro
EN
M
=
o X
oz
O
ox
Kl
o
]
i)
e
24
1L
i
oX
o

N
>~
o
o
l-ﬂ ox,
ofr
Qi
X
N
)
z 1% o
2,
{1 —{O
T
oflt
ox,
rp>
>,
s
o|N
N
=
ofr
e
El

e on
o
rS ol

ES

L

IE SRR deolth @409 4 RCS +4 71

oz A sAlel, RET 7]
RCS 4 71¥ 9] AA &AE gs] A s HolA
997} e,

T AT

References

[11 H. Cho, J. Chun, T. Lee, S. Lee, and D. Chae,
"Spatiotemporal radar target identification using radar
cross-section modeling and hidden Markov models," /IEEE
Transactions on Aerospace and Electronic Systems, vol.
52, no. 3, pp. 1284-1295, Jun. 2016.

[2] H. Darvishi, M. A. Sebt, "Adaptive hybrid method for
low-angle target tracking in multipath," IET Radar, Sonar
& Navigation, vol. 12, no. 9, pp. 931-937, Sep. 2018.

[3] J. Lim, E. Lee, D. Jeong, and S. Oh, "Angle estimation
technique using multi-frequency multi-beam for low-alt-
itude target tracking," The Journal of Korean Institute of
Electromagnetic Engineering and Science, vol. 36, no. 5,
pp. 518-527, May 2025.

[4] M. A. Richards, J. A. Scheer, and W. A. Holm, Principles
of Modern Radar: Basic Principles, Raleigh, NC, SciTech
Publishing, 2010.

[5] M. 1. Skolnik, Radar Handbook, 2nd ed., New York, NY,
McGraw-Hill, 1990.

[6] B. R. Mahafza, Radar Systems Analysis and Design using
MATLAB, London, Chapman and Hall, 2005.

[71 R. Schmidt, "Multiple emitter location and signal
parameter estimation," [EEE Transactions on Antennas
and Propagation, vol. 34, no. 3, pp. 276-280, Mar. 1986.

[8] R. Roy, A. Paulraj, and T. Kailath, "ESPRIT-estimation of
signal parameters via rotational invariance techniques,”
IEEE Transactions on Acoustics, Speech, and Signal
Processing, vol. 37, no. 7, pp. 984-995, Jul. 1989.

[9] T. J. Shan, M. Wax, and T. Kailath, "On spatial smoo-

317



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 37, no. 3, March. 2026.

thing for direction-of-arrival estimation of coherent
signals," IEEE Transactions on Acoustics, Speech, and
Signal Processing, vol. 33, no. 4, pp. 806-811, Aug. 1985.

[10] Y. Hua, T. K. Sarkar, "Matrix pencil method for
estimating parameters of exponentially damped/undamped
sinusoids in noise," IEEE Transactions on Acoustics,
Speech, and Signal Processing, vol. 38, no. 5, pp.
814-824, May 1990.

[11] J. Koh, T. K. Sarkar, "High resolution DOA estimation
using matrix pencil," in IEEE Antennas and Propagation
Society Symposium, 2004, Monterey, CA, Jun. 2004, pp.
423-426.

[12] O. L. Frost, "An algorithm for linearly constrained
adaptive array processing," Proceedings of the IEEE, vol.
60, no. 8, pp. 926-935, Aug. 1972.

[13] C. H. Lee, S. M. Chon, J. Park, H. K. Na, and S. H.
Kim, "Improving the tracking accuracy of a low-altitude
sea target in a multipath environment using adaptive beam-
forming techniques," The Journal of Korean Institute of
Electromagnetic Engineering and Science, vol. 32, no. 2,
pp. 190-199, Feb. 2021.

[14] M. A. Richards, Fundamentals of Radar Signal Pro-
cessing, New York, NY, Mcgraw-Hill, 2005.

[15] L. V. Blake, Radar Range-performance Analysis, Lan-
ham, MD, Lexington Books, 1980.

A S S A I DERX)
https://orcid.org/0000-0002-1807-0811

2015 2€: F2ul sty AR (
/\]—)
Q 2018 8: Fethsta vk ot (3o
Ty A}
3‘ 2022 49: 71747 714 otk e A4
g
D 2022 49~EA): BstA 28 gojthal
T4 Ao A AlY AdaAF
[F ZAZE0H ot 2", goltt AexE] 5

ol
ol
Lo

)
Rl
-
o

318

[16] S. Huan, M. Zhang, G. Dai, and H. Gan, "Low elevation
angle estimation with range super-resolution in wideband
radar," Sensors, vol. 20, no. 11, p. 3104, May 2020.

[17] G. Peng, I. T. Lu, "Comparison of four super-resolution
techniques for complex spectra or points estimation,” in
2017 IEEE Long Island Systems, Applications and
Technology Conference(LISAT), Farmingdale, NY, May
2017.

[18] N. Tayem, M. Naraghi-Pour, "A fast algorithm for
direction of arrival estimation in multipath environments,"
Proceedings of SPIE: Wireless Sensing and Processing I,
vol. 6577, p. 65770B, Apr. 2007.

[19] L. Griffiths, C. Jim, "An alternative approach to linearly
constrained adaptive beamforming," IEEE Transactions on
Antennas and Propagation, vol. 30, no. 1, pp. 27-34, Jan.
1982.

[20] R. G. Lorenz, S. P. Boyd, "Robust minimum variance
beamforming," IEEE Transactions on Signal Processing,
vol. 53, no. 5, pp. 1684-1696, May 2005.

[21] K. Reaz, F. Haque, and M. A. Matin, "A comprehensive
analysis and performance evaluation of different direction
of arrival estimation algorithms," 2012 IEEE Symposium
on Computers & Informatics(ISCI), Penang, Mar. 2012,
pp. 256-259.

AU A [ A Y

https:/orcid.org/0000-0001-5977-4156

20123 29: ST n AREAFE I}
(&84rh

20209 29: Sorti gty ARFAIYE
(F8HAh

20219 29 ~&A): FHFHEATE MY

S
-l = [ BAROR dolthi 28, AEAY 5

| ==L

2
4
e




A8 A EFsea A7)

https://orcid.org/0009-0006-7053-8115

2018 29: gAMLty F13kE ekt
(F e

20201 2: gt

3} (FEHERA}
2025\ 22 ~AA): FHEArA A7Y
g2 4 34 HgAo 4§ 5

2 dolth g %4 RCS 4 71W

319



