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Abstract

This paper describes a 79 GHz frequency modulated continuous wave (FMCW) radar system with a sparse array to achieve high
angular resolution with fewer Rx channels. The system consisted of one Tx channel and eight Rx channels placed in a nonlinear sparse
array. The 79 GHz Tx and Rx chips were designed using a 65 nm CMOS process, and the measured transmission power was 10.93
dBm, conversion gain of the Rx was 30.1 dB, and noise figure is ~13 dB at a 1 MHz IF signal. The Rx antenna array consisted
of a 1x8 array of azimuth directions and a microstrip patch antenna with a simulation gain of ~16.5 dBi was designed for the Tx
and Rx antennas. The chirp time of the system is 100 /s, and the data was given a gain of 20 dB on the baseband board with filtering
and sampled at a rate of 5 MSPS with an eight-channel 12-bit ADC. The corresponding ADC data were acquired by the FPGA, and
the target distance and angle information were obtained based on the FFT. Subsequently, the distance and angle estimation of the target
and angle resolution of the system were verified through measurements.
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Fig. 9. The measurement environment.
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Table 1. Radar system measurement parameter.

Parameter Value
P, 10.93 dBm
G, 16.5 dB
G. 16.5 dB
Target RCS 10 dBsm
Rx conversion gain 30.1 dB
OP-amp gain 20 dB
ADC Sampling rate 5 MHz
Sampling point 500
Chirp bandwidth 3,969 MHz
Chirp time 100 us
IF bandwidth 63 MHz
Range resolution 3.78 cm

ZHHol s WA Ao 7 AT I HA ®F

780

FFT Range detection
0
40 ——Rx1 10 Ra2
-15
-20
-20
0 5 10 15 0 5 10 15
Range [m] Range [m]
0 0
0 —i -0
-20 -20
0 5 10 15 0 5 10 15
Range [m] Range [m]
0 0
10 Res 1
-20 -20
0 5 10 15 0 5 10 15
Range [m] Range [m]
0
0
~10 Ra? -10 _=E
20 -20
0 5 10 15 0 5 10 15
Range [m] Range [m]

J8 10, 249 A 4 2%

Fig. 10. The result of range estimation of target.

Angular FFT result

S
&

Mag [dB]

&
S

-40
100 .80 60 40 20 0 20 40 60 80 100

Theta [deg]
@ 9% 24 ¥ 745 F4 23
(a) The result of DoA estimation after phase compensation

Normalized AF [dB]

-80 -60 -40 -20 0 20 40 60 80
Theta [deg]

(b) WL A= AL A3}
(b) The result of calcuation of array factor

28 1. 34 249 4% 2423

Fig. 11. The result of DoA estimation of center target.



Aol simulation .2 AAFE vl 21z}9} H]
& AT Fold 4 9lr} ek WA 9|0
gk A 2F 0] FAlo] A STy B
< Asisih

19 118 235 Hol
A5l A8 3
Aol Lzt 4 diEEs
ALt Aot o] & vy, I A3E I1d
"Hi’ir)r

1
fu

ATHY. B3 o

=

]/\%9‘ _;‘q_o ok 3ooﬂ o]
WS 747 3050, 24402 34 o}a’ﬂ
main lobed] A ¥ o] S48 HL
SRERE R BB L
F49 gt Ao A AT &
Al 2" 9] ZtE FA] ol ¢ 30001]/\1
BE A% 33 EH”OM XJIS’MU%
M=

1

R

Angu\arFFT resuft
FFT result
SLL = 4.5 dB }

05 deg

=20

-5+

Mag [dB]

=30

-34

-20 1) 20
Theta [deg)
AF simulation

-40

Target x Target x

=25

Mag [dB]

-40

<60 -40 =20 [1}

40
Theta [deg]
() —3° 24 Z#7 54 ZA39)) ¥ simulation A 3K <}eH)

(a) The result of DoA estimation and simulation of —3° target

O8 12, 4 4= 34 23 9 AEHolA 23 v

20 60

g

A Aol A 0.56° 0.05°0] o Gt
[e]

ol
o ol

ol
f

2
Hu‘?i
{0, & ox

Bz > R omle (M

Mooz |o
o

H =22 65 nm CMOS FA<

o

=

N
T
B
=

=y 2 ofy
ﬂH‘ o [

l‘O

o 7%

3%

Amgu\ar FFT result
 FFT result : 2.44
‘|“| SLL = 4 dB
_|+ -
| |\ H ‘ \{\ “ |
| \, ‘ ‘ [0l
|"|| ‘|“|‘ |u ‘ ‘”'
\H | |‘ || ‘ I \\' ‘ 1
“ | " '
| { i

20

deg

o0k

Mag [dB]

-40

I

1

1

1

1

I - 0 A0
[} Theta [deg]
1

1

T

[}

1

|

I
|
1
AF simulation 1
1
|
'
[

\Target X

1 Iﬂ
5 1 | H \
Uu' |“|\||\ H \" \
A .w

‘H .. I h\m
-40

Il

Target x

o

H”
H‘ i uu

ll|H|\ .

v r

20 0 50
Theta [teg]

(b) 3° &4 =&z 54 A3K(S) % simulation 2 IH(ol2h)
(b) The result of DoA estimation and simulation of 3° target

Mag [dB]

I
=}

)
&

-40

Fig. 12. The comparison of DoA measurement and the result of simulation.

L2t

ol& 7ME 7474 3.7 cm, 0.3 cmol

o
Lo
g
:E
I o
o
iin)
:d

l
[d o
)

53 A& 79 GHz
< AHEete A9 AR e Eeld RS
ojth Al 2”& Attt e B&A < Ad
TE 47] Sal w9l k] BA

oF
=

781



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 10, October. 2023.

Azimuth
25 T

_a0 -
a5 -

a0t

Mag [dB]

a5 -

Angle : -1.95° , 1.74°

50 F

55 L L L
-40 -20 0 20 40 60

Theta [deg]

28 13. ¥ E49 4% #4 23

Fig. 13. The result of DoA estimation of tow targets.

=
ne
2
o)
M

U 2 AZsiinh FET 715 A2 8 =
= Ak AA 249 94 9 e
AT F7H2 w2ol= g &

Jolth 7k sl dEE MAshks +
:":

LL9| trade-off Abolell 4= 24'd
3

e

do

o bl gy do 1

>~
5

N ol

I, o
+

KD =3
S
o o

X Ho S og
o

tlo

N
—_
(&
e
|2 ")

gk
rO l:oiu r_&
2,
., to o et

o
ey
ox
S
e
o
B
>,
N
4
%0
rir
T
%,

£
=2

[1] C. Waldschmidt, J. Hasch, and W. Menzel, "Automotive
radar: From first efforts to future systems," IEEE Journal
of Microwaves, vol. 1, no. 1, pp. 135-148, Jan. 2021.

[2] O. Y. Kwon, C. Cui, J. S. Kim, J. H. Park, R. Song, and
B. S. Kim, "A compact integration of a 77 GHz FMCW

radar system using CMOS transmitter and receiver

782

adopting on-chip monopole feeder," IEEE Access, vol. 7,
pp. 6746-6757, Jan. 2019.

[3]J. S. Kim, H. J. Kim, M. Shin, J. H. Park, O. Y. Kwon,
and R. Song, et al., "79 GHz active array FMCW radar
system on low-cost FR-4 substrates," IEEE Access, vol.
8, pp. 213854-213865, Nov. 2020.

[4] C. Y. Chen, P. P. Vaidyanathan, "Minimum redundancy
MIMO radars," in 2008 IEEE International Symposium
on Circuits and Systems(ISCAS), Seattle, WA, May 2008,
pp. 45-48.

[5] Z. Xu, Y. Chen, and P. Zhang, "A sparse uniform linear
array DOA estimation algorithm for FMCW radar," IEEE
Signal Processing Letters, vol. 30, pp. 823-827, Jul.
2023.

[6] S. Sun, Y. D. Zhang, "Four-dimensional high-resolution
automotive radar imaging exploiting joint sparse-fre-
quency and sparse-array design," in ICASSP 2021-2021
IEEE International Conference on Acoustics, Speech and
Signal Processing(ICASSP), Toronto, ON, Jun. 2021, pp.
8413-8417.

[7] F. Schwartau, S. Preussler, M. Krueckemeier, F. Pfeiffer,
H. Stuelzebach, and T. Schneider, et al., "Modular
wideband high angular resolution 79 GHz radar system,"
in 2019 12th German Microwave Conference(GeMiC),
Stuttgart, Mar. 2019, pp. 194-197.

[8] M. Lou, J. Jin, H. Wang, D. Wu, L. Xia, and Q. Wang,
et al., "Performance analysis of sparse array based
massive MIMO via joint convex optimization," China
Communications, vol. 19, no. 3, pp. 88-100, Mar. 2022.



R [ R 1 S P o

https://orcid.org/0009-0001-1794-4708

2022 29 AU sy A7
5 (3%

2022 3€~EA): oA [dad
71AFFE 38 A

[F ZHAEOH RF, ol Al~¢

=

3]
o}

ol

oA A Ao/ - e ]

https://orcid.org/0000-0002-8303-6273

20169 24 AFASty HHEA| A
83 (F3HAh

2016%d 3E~&A: AFFy AAA
NNAFEHEE A - s

[F 2+ F0f] RF, RFIC

A 5 A AaEdgta/A - AR ]

https://orcid.org/0000-0002-4807-9294

2017 84: Sgthsta AAE S (o
/K]—)

2020 9 ~FA: AdetAdiety A
Z1AFE S A - A A

[+ A 20H RF, St RF #1713

2 8ad £ 1A'd 79 GHz Sparse Array FMCW # o]t} A| 28]

@ o F (R

https://orcid.org/0009-0006-9848-9853

2023 2¢: FHEUSE HAYRFAS
3} (T84

20239 39 ~dA: Agddsy AxA
NAFEZ R A

[ T4 RF, el

of A 9 PSR TE)
https://orcid.org/0009-0009-7677-7995
2023 2€: Zhedi oty Aot (et
Ah
&= 2023 9€ ~EA: AFIgy veA

Feta A
£

o

e

H=0H RF, <relv

AW A [(ATdd g a/aT

https://orcid.org/0000-0003-3084-6499

19891 29: Mgty Axlg-sta (gt
b

19919 29: Mghsta AAgst3} (38
)

19974 29: Mgt AAbgsta} (8t
LA

19979 3¢ ~ dA: AgAosta 4

e
oft

783



