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Abstract

This study presents a method for reconstructing the target signal of a frequency-modulated continuous-wave (FMCW) radar
when it is discarded. The beat frequency spectrum of the FMCW radar is sparse; thus, by applying compressive sensing, a
high-dimensional frequency-domain signal can be reconstructed with a small number of time-domain measurements. After
discarding the electromagnetic interference signals exceeding the critical value, the entire target signal is reconstructed using a
randomly selected portion of the time-domain target signal from the non-discarded region. Jamming tests were conducted on the
FMCW radar to simulate the discarding of target signals caused by electromagnetic interference. The entire target signal, including
the discarded portions, was successfully reconstructed using compressive sensing.

Key words: FMCW, Radar, Electromagnetic Interference, Recovering Signals, Compressive Sensing

.M 2 = e, 49 A% vs s 35S S48k A
717432 (indoor healthcare) A AF3 2H& 53 (auto-
T4 M AL IHFMCW, frequency-modulated cont- nomous driving) < 913t AHEAE Holthrt iE A S8
inuous-wave) |tk 2AE] A& 918 doltEA AHE & 4 Qe
A Fproximity fuze)? A3} A (radar altimeter)ol] 2 FMCW #lo]th= ks W2 E 23] 2300 A2 7]
SHh F2ollE A Eokell A thFe 3-8 Ab7F A Z(timing reference) 213 (encoding)3ty. A7+ AAE

Sojsty A543 53 Department of Radio and Communications Engineering, Chungbuk National University)

*%HH%UP@—? (Agency for Defense Development)
- Manuscript received January 18, 2025 ; Revised January 31, 2025 ; Accepted March 4, 2025. (ID No. 20250118-010)

- Corresponding Author: Bierng-Chearl Ahn (e-mail: bician@chungbuk.ac.kr)

498  © Copyright The Korean Institute of Electromagnetic Engineering and Science. This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial
License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Z3tsle] HE(beat) A5 EHTOE
FEA7HA 9 74\’4% AR AR e o] L3}l
S FMCW #lo|thol| &= 9] 7=}t
=2 Qs J%(noise)oll% 7H4 (interference)©] <1712 4= Q)
=5 = %3 8x2 wasly] 98 203

A Gamming) 7 2 AR 7o) 91E 5 A, AFY
FoplME vl dlolth AAMZE FA &HoRHA 7}
AN MZ 7he] At S 4o £ 9l

FMCW #loltfel A A5t 21418 8lgjehe oz
34+ 5% (hopping) " chip®] 71€715 WAk
HhAll 91 T E(PC, phase-coded)-FMCW 255 £
Mgk wol e FAlske] FAFTF chipo

71€715 mE2A HATOZMN [F(intermediate frequency)
el M Aztat ZHdel ok vEFaee wjAl AL,
A F2 9] BEF o} Akt 7Ho] o3k B|EF a4
Aolg A wEo AA B FEE F Atk
PC-FMCW A28 283 #lojthz $A1919] 145 oAt
"}—’F o]%1 *E(PRBS, pseudo random binary sequence)3} 7
& FEE HEste] AT § FAE NS E st
ZWr ZHE WiAISIL AA 24 A5hE B F Qlh
71E Q7oA = FMCW #lolttel] Q17bs & 3
g A s AIZE FellA AR 24 A
SA AFoEM ARt 7Ho] Slole F3 ©A-F3 0]
7Fe 3t 21 St #-3H1(SNR, signal-to-noise ratio) S & 519
o' e A7 Fo] 54 287} £A4E AR o
507 W3lelH HEFu AT E o] dj5Eo] 74 7
2]9] HSE7h vrobxitk. Aztnt 7Ho] 9lS Wi %4 A
28 Ags] S48k Atk AlZE FollA &4 HFg F
T B AGERE ok gtk ¢, FMCW #lojthe]
At 7Hgo) Q17be = Al olu 7 El e a7 vkl
of wh A7F & %4 4158 SAR W] S R ol
SEA7) Wil B &4 Fiox 54 FEg AE s
EA el B glo] olo] Eol7le E7Fssith
obg R A5l FMCW #Holthe] %4 Ao = ofd®
J-tA" #W237)(ADC, analog-to-digital converter)®] AZ
& (sampling) S 53 tAE 232 Wty gitgoz
FMCW glojth= 4 2158 &4 glo] 53] 918 U
O|FLE A Z-H(nyquist sampling)o] &0l W} o) H|E

iy

e

Fulo] pujHTE &0 72 u}
e A3t 828 A9 v Age] B gHmeasu-
5,2

rements)7HO. 2 lr’i% A+ 2] ﬁ\li% 3%@' T 9«1‘:}1*‘:‘ %L
O

FMCW 311015}91 x4 Ao AT % ol 1 Jio}zl %
Xl“* Fo 08 WgetH e gho] o(uke e

)0l 5@ el Fopr AR A& 3] A SK(sparse) ¢
ng} ok EAA o] 2o w2 FMCW #lolthe]
A AT E Nyquist rate ot A7 AEH sidge 4%
EC HEFIT A3E 598 F Atk 4 s 5
FMCW #lo|tt 4 2359 Y& $3llA4= sub-Nyquist
A Z o] FzQ(random)’ 2 | ofof 3t} thEH Oi
random demodulator2} modulated wideband converter”} €
o, ofdR I NI E 1% PRBSQ]- E3H(mixing), 4=
oﬂ zq__:" tsloi;gq TR o] F
glojtol & 724919
H3E 7} TAEA 4St7] W
<

F B9z QRe de)

l:L:l

(integration) 3t
)

O

>
3
)
X
tjo
-
S
ol
ol
£
2
>

AU
_0|L
2
tllo
=
=
rr
>,
M

gy ol
>
i

2o

)
EOEF

N,
o
frtt
¢
)
oL
o

ox Py

>
4z
S
el
ook
(o

[z
o
ok

r
=
2
e
=Y
o
)
ofo
ol o
2
s}
o

2

ox My o
ot ofmt 2k
A ot fol
o o mm —d

-
= e

ARz 743 Al
o] 7}58 FMCW aﬂ

A&l o]o] [[7]
o] QI7kd wj x4 2l
7li 01% éﬂr% by ks

°]

et

o
LJ

30!
b
Ay
mlm UE
4 2

ol
-
o

2 &
o
o
=
2
_>|~l_,
o

FMC

i

5o r{r

P> B2 = e
:lo{é
¥ Y

o, M
© =
2
rpr
>
_.N_’,
AL
PL

=

}

for

oX >
w do

i r°"
=
folh o 2 i
o o rIf
b
= X
2,

i

.

o

e

i

L e

% or 2 ople (%o

lo 2
il > oX,

.—Q @ ot rir dz

SR b

rir

O,
<
o
=2
X
rr
£
2l
=
oo
o
ofN
oot
e
kel
ity
rhu
tjo

FMCW #lojthe F3t Soll A Ao 54 7F £9
Zh(threshold) ©]4H0) HIEF B2 %7 A2 ZH 5=
B, Axbe} 704wl viet 7 97 e vE

499



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 36, no. 5, May. 2025.

u}

G
=
i
o
<

N
-

Mr e 2 modfo

i

o
o,
[

it

to %o N
a8
2

ot Ao 5
DN
i)‘
N
N
o
01)4

IS AL ok B4 gAo) AT 5
°l

the] Mz & W Aol A7k 3l

C

=
2

)
e
r>
fof
mlm

149 l(a), T3 5 Aos 14
A A 2 AAbek M o] 17k
s & Wb " 1(b)sk 7o) TF-the A <]

ol Fikg F AIWERE ¥
%%01 A ez Qs =

FolMqA 1A %A Alge] F7]|7} FropAdA]

(a)-°Jr 7ro] Aol Mz A7+ o)

1
A7k Ee 2 AEOR Uitk A7 Fel s

4 4150 sk 04 AEe) 1E vstel 9

A H
(critical value)S A4
Axpmt 74 NS R Kol

93, A o) A%
4

0oz Az XMU‘

4000 F

2000

A/D voltage

1000 [

3000

When jamming is applied, Time-domain

—In-phase
—— Quadrature-phase| |

200 400 600 800 1000 1200 1400 1600 1800 2000
Samples

(@) A %

(a) Time-domain

When jamming is applied, Frequency-domain

=20

|

-40F

-60 [

Power, dBm

-80 [

4

1 L

-100
500

500

- FMCW #lojttell Aol d7t=3le o

1000 1500 2000
Frequency, kHz

(0) T34 %
(b) Frequency-domain

3|
)

=<1

N5 B3

. Target signal waveform when jamming is app-

lied to the FMCW radar.

itk Aol 7bE A 2 (
(71 C), A&(—40 C) NS T3l AX F= Zﬂ%k
(noise peak power)= 100,00081 =74
FH2Ho) w= Tk AAFE m309] ¢ 10 dB
£ tal dAstdth A1 e Ao] AAREE ol F
O, mt30 ool 0.14 %5 23E 2, 108 83
FA 7 Qo g QX &(false alarm rate)S =
T Atk FMCW #Holt7t A& &4 Aelsts
F & ASE J9 2), T F ASE I9 200
WATE ol A AIZE FolA HAn 7] E E4 A
Fu4 2 Ao E HEslH, HEF AHE
o] o ]l(spread) %A sidelobe)°] Z7tshe &
st 54 97k beE A5
- m AT A59 AR £AZ 93]

Eogl WO > e rlr
-

Mo o 1o rob T
©
o 2
i
RS

)
=3
i
e 4
mlo

When the FMCW radar discards jamming, Time-domain
4000 F T T T T T T T T T T
— In-phase
—— Quadrature-phase | |

1000

w
o
o
o

A/D voltage

1 1 1 1 1 1 1 1 1 1

200 400 600 800 1000 1200 1400 1600 1800 2000
Samples
@@ A7 =
(a) Time-domain

0 When the FMCW radar discards jamming, Frequency-domain

Power, dBm

-100 ! !
500 1000 1500 2000

Frequency, kHz
b) T3+ =
(b) Frequency-domain

4

T8 2. FMCW #oltit Alde &4 A2 3
3 33y

Fig. 2. Target signal waveform when the FMCW radar
discards the jamming,

=5



FAZA Y centoid) A2 5 710 44 A 24 Al

AgeE Asan

Thop W] A Hte] N %4 Q5o g A P
Te XU AA £4 AEE dAze Ak 54
& 7, FIE S 3R wdete] A 4ol gls o
o HEFu AHEYY AR HEE s 5 AT
A A Tl At el 92w FMCW #loths
24 ¥4 3 Ags 27 72 S4o] /e Aot

I =4y ol

FMCW #o|the] H EFuhgy 28 EG 2 Y AJ2F]

o] solth. mrl el @A il o] HiAE 7= 1Y

A 2EL A (HZE 2383 4 9tk
= Z’/’z‘si =z

47N, zER"E
TeR" "= A2E FE(Hinverse] ©]4t F]of M3
9] [discrete fourier transform] 7|14 ¥ F), ;e R" = 71A

o)} Fajo] Wa Y] W) seR"E Fp
£ 05 WEolth A7 % ¥4 A% WE ot 3

reo| g9 1(7]X1)«1 Lk
g9 F Y, 2 v TE FEE T3 7Hsubspace)
of A gk

o] A 2E AE ¥ (nyquist sampling) o] ol whe}t 237
H| EF b4 9] 28l (nyquist rate) ©]F o2 AEFSIH, 4
()2 9] A % (over-determined) A] 2~ 0] ﬂ o A7 &
#4 A WEERY Fo & 34 A WEE A
A 54 4 Atk

FMCW #lo|tte] BIEFa4 AHEHL 7} bind] F
45 2h= FAR(cosine) S 7] A (basis) 2 5= 3
2 WEi(sparse vector)E E & QITh AJ7F ZolA A3
#4235 HHE s4d A 7%7(] AT
e F4 Ae WE7F 24 Agd s gaete 71AGF
syl A et 2 %ko 7 "44 e ‘jrc 71 A el A= ut

7&0 2~Z0] 2O

A7 % EH AE 9

E

3 7 3(linear combination) .=

= ruE AN

=

w T AT

“-*]Ei oA A7|7}F % —3— bm

2 WE7L "k

AFAY el MEW 84 A WEH7}F Fi &
AA B2AE 7HT, ]l %0 A Nyquist rate ]2
2 MZesln] oty Fus 2o A NFTE B
F At o] 79 4 (1)9_ AZE & AE Fm)7t T
Z bin® FmETH N A2 7247 % (under-determined)
Al Z2Eo] B =, o] A4 dubA o R = a7t 75 §
obil Fukr & H4 A5 WEE 5957 ofHth v
o F7Knull space)S )&kl Ar T
A5 e 5o wel g Bkl Y RE WE o9 Fol
0E (s+u)E A ()9 F2874
A 71 B8 g Fo & 14 e
HE7E 84 WEgE A F7IE 88t (s+u)
Zol A 714 8 & dl(sparse) a5 2=l

A ()9 #2244 TAE A 2 wet AlkxAE T
5t -norms HAskehE & ek el B
HA o g AMEHTh

-l>

— . — — —
s* =argmin | s |, s.t. ¥s =z

s )

- 1/2
P, 151, =(33 107 e

=1

A 9% 2 HAs ZA9 e BagE S

(Lagrangian multiplier) o5t 2 = v’ (wa )‘1
o] 3+ —/F Ak IHY [,-nome] HAsE Y

323k b (nonsparse) 815 2T, of 22 3=

% 54 A% WE] 320 7 gEAd e

A o 2'?H °] E}.

WE s & %—‘E —E—Xﬂ lo-norm 43} TAZ A (

s* =argmin |l s Il s.t. ws =

S argm}m slhy s S x (3)

A7, s |y = lnome2 F35 & &
ME 5 7hgE 00] obd 99 AFE vkl

FMCW # et A 24 (3)9] si= 34

A5 g3l %

2
2]
Adge] ot s el obd bine]

501



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 36, no. 5, May. 2025.

¥as!

Fkl

ot

A3t 3

pud

o
fol

At Vg e Foe &
7}

2 (3)9 #A 3t —“#Xﬂ—t- AlokzAE A
]\:r]- Ex—ls}-/\o || S || 7} ﬁuj]g:_

T a T

2 7M

¥ 2 (convex) 3t
7 pomz 23
&4 (combinatorial search)2 3l oF 3}= np-hard(non-deter-
ministic polynomial time hard) &A1 7} ®th &, Atz
& Uehe Ak 19 S 2, W7 2R do
o 3 A% 20 2 = 4;@% BaHA 3257 3
20 A8 7 5 Qout 59 Agle] Zrbakd AN
o] 7St FH LR FUtely] Wi E7] o Ho,
lo-norme 2] (4)9} 7F0] [ -norm O 2 $ks}slH A u A~
o

me
HAAE Tl ol TAE ANEL F Utk

l~

— . — — —
s* =argminl s | | s.t. ¥s =z

s )

A7NA, sl =

Vg Pk A2 gepolth 4 (E S Erot A
2] BF 2wz gl vz A5 gA7} s
g8 48] F(greedy algorithm)o] L 7AW A~ T2 T
(convex programming)< ©|4-3t4] S|& +& 4 ) 617
A Q) ~AB 1y, ly, l;-norm A28} EAZ 19 37}

N
> | s;| ©I™, I, -norm<- {;-norme]l
1=1

7ol 22k 7l Ve Atk 12-n0rm0] 75k W o)
AL 52 [,-TF(ball)e] FH 9121817, I,-norme] &
A WE o] A2 & Aol 1A [ -normo] 27

2ol [ -7 Ewel A3t} A

(a) ly-norm (b) ly-norm (¢) l;-norm

a8 3. 1y, 1y, I, -norm A3} FA 9] Al7Zks)
Fig. 3. Visualization of the I,, 1, ; -norm minimization
problems.

502

g wol 93] 7153 &9 Ao T 1 39
N Ao = 31;63_% th 4 (2)9] I,-norm & 223} A ol A
A719) 1,-79F e AR e 87} 5
g o] 7 z]O_}:}_ AL wEAI)= &7} 2 Ao el
gk 1o gk 4 (3)9 fy-nom HAeME F
Aol S Zobd YANES BAT £ Atk 4 49 1-
el ARAE WEAT)E 87k

I,-norm & &

(3)/] l,-norm

2 A3
- =
AZ g E 5 U AL 2 F Ak
V. FA 7 A 2 2N 45 =g

FMCW #©]
atal AAs 7444 AE
e A o =
W) & BEo g QNG A B4 ASE &
sl 2ok

4-1 FMCW gi|o|Cte] At 79 Al

Ak (A ) Alddell A3 FMCW dlojth= &
t 300 MHzS] WZ W33 7hAW, 22 72l uhet
Wz g Zo] WAL FMCW dlolth= 24 AYE
4387 S8 7 W] FIke W 29 (sweep)= T
gt A WA 29 Aldle AARE S48 g1, $A
vk atiA AW 5o Axbak A Aleh deAl Sl
I, 5 A A9 wet AR TS S8, TA A Bk

T ASE Flet] 24 AgE SH T FMCW |
ojtke]l M F7]1E 250 50|, IF-th%-& 500~2 MHz
HIE A5 9] A7 F347} 2 MHzO|t}. obd 2 1-tAE
1 27](ADC, analog-to-digital converter)= 12 bit 31445,
10 MHz9] F3rE A EH 8, Mx F7) vlo A&
7t 2,0487H o]t} AApat 7H o] QIhH, o] ALE A&
g o] 2ol uhet A Fake] 2T 41 2 10 MHz
o Forr AZYICER o M =ostdld 249
AR N 2Flo] Hof A7k & R4 A ERE T &



RA ASE s 54T 4 ok 28y AAig 7Hy
o] Sl A 17 13} o] AZF & 1A 450 & A=
o Fgol EAst Fupg oA A A5 A
587}

gl Sl A7 BT &tk

FMCW #lojthe] Aztat 7] A1 918 45 19 4
of YeRf At 4 K97 (target simulator)= FMCW
gojthe] $A7|ZFE RF A& Wol RF AloA AR
S &l A AL 24 ALE Rosty, =& A=
TS Bl 249 £S5 Rtk 7h A7E
ggste] 249 #lolth dHA(RCS, radar cross section)
2 24 7gd mE Ao #AE ZoJF F FMCW
ojtte] FAVIE F4 R Ao E Vg Ao A 7]
(signal generator)E ©]-&3td] FMCW #olthe] FAl7|=2
HE Fo g el e AYs kst £4
o Az et WS A8 A3 7](power combiner)E 53l
ZAgrate] FMCW #lojthe] Al71 Ql7bett), E4 R 9]
AAE ol &t 24 AL 200 mE HA 3, FhE
Tol 93 =58 Hole AAsHA ddrh 23 Ad
200 m¥ © FMCW #lojthe] Mz &2 1154 MHz
olth. FMCW #lojth= Wx F7] 250 ps 5% fi~f +
1154 MHzE 2%1313, Wx 5 i FAFI79 2
& fy +57.7 MHz F3+7¢] 1< 3H(continuous wave) 2 ™4

ANTE 2171 W 1/Q(in-phase/quadrature-phase)-= 3} 7|

Signal -
Generator Target Simulator
(Jammer) )

RF Up-conversion
RF Output RF IF Doppler
output < A“'t“"“blf signal
eeeeee Generator
Local
L[] Oscillator
Power (Rx LO)
Combiner RIF
Delay
Y Local
Oscillator
RF Tx LO)
Rx
FMCW Input
Vi Vatiable
Radar Tx ]—'_- © RF |F | Attenuator
Down-conversion

28 4. AAT A AP T4
Fig. 4. Configuration of the electromagnetic interference
(jamming) test.

(mixer)] PIdBE Y #35le] —50 dBme] HAEOoZ Q7}s)
Atk %4 A5 FAHHE —50 dBm AWl o3l H5
7 Asste] 4 gAe] Asfshs Eo] He —70

dBm< 7RI 21719 4l o] 52 50 dBelth

FMCW otk A Al 2¢olA 54 Ae7t gls
af AIZF Fol A AAZE oo & AE9] o] Q17tE
Holg AW 5 AR e E 7HEsta, o] AEE A
FHFATE T HA 2 Al AIZE & 2A 4SS Az
ot ZHdo]l EAE | A WA 2ol AgeAE A
o | Fste FES JE2 A A2 eth 19 5(a)

B H1
ot
~,
1o

o ofgRI-tAY
P2, A wel f=d FEe &4 Aed 59 A
st Al

=2
wA92 A dol

ofr

% E4 N5% 4EA42 99
ElS FASATE £ 250 ps W F7] W 2,04870 WS
: Sl gate 207 AZo] YARE dol

7HEH ok 11 %ol 8 gt
=

rpr
>
_N‘_,l
)
i
32
=
e
F
>
)
S
[}
=
offl
o
'E
N
=2 2

1154 MHz 5 11 %7} €4 A Eon=z 21

< 127 MHzE} & & Ut} B A2 32 1,8280)
7HEE 10 %<1 18270 ] A ES A4 Aaks 915
A2 Addeiich d¥s Z2agds

CVX 7] Aeld A& A st

¥0 = px 12 12 d
fir o e e I

>
=
T
=
2
=

43 AE FASAN. T 5b)e GEAA At
Az BUE A F 24 A2 E el 202 22071 €]
SAE AES et AAE 599 AL & 5 Ak
In-phase 4 21359 A4 o £ £ AE9 5Y Ao
A7} Jlol Holedl, 729 A9 A & = & A&
vl A A7 el AyE AYzHEch o] 4k el W
Al 1 %= $(hanning window)E 483 & W3Sl Z
¥ £ EY AEo] MEFHSF AHEH WA= Y
< mlm|skek

FMCW #lo|th= A
gate] v EFT4

503



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 36, no. 5, May. 2025.

AD voltage

A/D voltage

a8 5.

200

150

-150 -

In-phase Quadrature-phase
T T T T T T

Signal with intentionally discarded segments
under jamming
* Randomly selected samples for CS 150

T T T

Signal with intentionally discarded segments
under jamming

* Randomly selected samples for CS

A H i ” ‘ ‘ } "* ”\

50

AID voltage

il
\u[

” } w:

g

-150

L L L L L L L L L L _200 L L L L L L L L L L
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000

Samples Samples

@ AT RA7F A GFE &4 A NS B gAY S A3 FAIRE dEd dolH
(a) Partially discarded signal when jamming input and randomly selected data for CS

In-phase Quadrature-phase

200

T T T T
Reconstructed signal via CS

T T T T
Reconstructed signal via CS

AID voltage

L L L L L L L L L L -200 L L L L L L L L L L
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000

Samples Samples

Ob) FFALS Foll Hedd A2

=T U

(b) Reconstructed signal via CS

A7 % EA NS

Fig. 5. Time-domain target signals.

504

Q1% % Itk FMCW #lolthrl 200 m Agle) 2o 24 AEglon), MEFa: 2sERe) 51 oto] B g
g FAske 5 A Qh A MEFHE AMERS o ol W8l I8 6 2 18 6T YL ¥ B

I 6(@ell, A A7 AS] HIEFE 2 EYS Y FHEFE] FFAEE 22 dBm FEOINL, S
60, AT A7 A AAG o e A ADG Fel v o FRAYO] —60 dBm FEOE FEFANE B ¥4

EFvt 2HEDS 9 6c)dl, A4S F3 5 A% B A7 38 dBY Aadi a7t AU
9 Fo WEFSS ANELS Y @0l dERIRT.  FA4 A3 Aol dolEst RA9E Aesng vy
19 6(a) 3 1" 6(b)S Hlashd A A7k Al wpe gt HlEF ok A Edo] 2g¥ g AR of g WS Al
S 2909 A5o Qs AFASH 7} 38 dBelA 14 el A szt AstEe AEst AW A7 Az
BE 4239 18 6b) 2 18 60F Hlastd, A Hzelele 3 dB oSk AFHEe £gela sl
U £ AT F Aot fEH7t 24 dB FE2E ) SHEYS] Jej7t 2w GEAR FATAAE 2E 7



Beat-frequency spectrum before jamming

& A )
3 S S o

Power, dBm

&
3

-100 . !
500 1000 1500 2000

Frequency, kHz
@ A% A7 A
(a) Before jamming

Beat-frequency undar j

ol A\

¥
-40

Power, dBm

-60 |-

-80 |-

-100 L I
500 1000 1500 2000

Frequency, kHz
(b) AT A7F A
(b) Under jamming

0 Beat-frequency spectrum after discarding a portion as a loss

Power, dBm

-100 L I
500 1000 1500 2000

Frequency, kHz
© 232 &4 Ad ¥

(c) After discarding a portion as a loss

Beat-frequency spectrum after reconstruction via CS

EE?‘”VPWMMMAMI\M I

500 1000 1500 2000
Frequency. kHz

@) FEANL 23 By =

fui

Power, dBm

(d) After reconstruction via CS

28 6. WEFHS A9EY
Fig. 6. Beat-frequency spectrum.

s

AEA S ol8sk FMCW #Holthe] &4 A3 59

WAL A I" 6@ A A7 A 24 AR E 2007
me]| Y, 19 6d)°] 4FALE T3 59 Fo 54 A
& 1999 mZ 24 A 2o]7h 343 = (resolution) !
1.6 m oJWSitt. olel vl 17 6(b)l A= TEwe] vt
o FEET vol 4 A FAo| HA ¢okorn, 19
6l A= E4 A7} 1933 mZ AAtE ek v EF 5}
T 29ER] 49 HRG £H9) F7F 24 A

21
F34% % 21 A5 WE 5 o 2AL(bin 5)S 2,0480]
3, ZF A4 717} 107 o]stelH 002 7+ S o
) fﬂ 2%+ in-phased] s = 102, quadrature- phase

86011t &A1Y o] &l WEH [, - norm
a‘quzf o3 ) 7107k NoJ . 3|27} KKesparse)?!
H _] (5)9} 7Lo] M7H o]}\L,] UzLO] 44-371-0]
o %82 Y%3 A5e) Br} spsan)

©)

3714, M #53ke] M5, N& 2159 2, K A
29| sakoltt

40 T T 0
35t -10
20 o
30 &
°
% -30 5
o 25 g
7 —S\R 40 2
— Peak signal power g
20 = = = Peak noise power 50 &
L VN e m -
1500 T N eaeemmmm - oo 80
10 - - -70
0 5 10 15 20 25 30

Percentage of extracted samples, %

a9 7. Qe 420 wg o) AEoEey)
Fig. 7. Proportion of selected samples vs. SNR.

505



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 36, no. 5, May. 2025.

>,
3
=
i)
=
Y
r
_0|L
)
oty
oA

2] T 102, 869 ¥4 A359
S o #A=71e) AgE 30570, 2737001tk o] = A
% XA 2l HA AAE 2,487 Y] 13~15 %
TO2 AT Azt o LR AT EHo] Y

o
i,
D
rir
=
=
=
o
o
=
i} "
3
4o
fu
2
il
o
]
>

-Nyquist obg 2 1-HA]
A9 1/5~1/10
Tl ~HEY
glojth A& AT

[72]
5
)
i
)
oo

ofr
o
s
ut

b
&
.
to |o B
b o
o
k>
>
at
b1
o

=
%o,
o

=
=
E

H]

'{0{’ F\O ‘IH’
o

2
=

2 12 a2
olr
it
0% o
oz
=

U g

v}
re
N
rif
9
2
ojo
il
T,
Rl
1

l

=
=
ro
ofr
Qo
Iy
od Ho

& o O o i o rir
ot
rlo
)Y
o
R
~
K
m
ﬁ
)
rO
o ol
it
|o
fu
oX,
olf

i) =).]
ol
%0,
o
P
> =
AN
(2

R b
B3
(B o >
N g ol

2L
ol
=
Lo
2

o
=
=

m
N

=
I e
)«

,

rir
>,

A
=
i —‘3
>
1‘;3 fols
lo
=

o &
E oo
N

1o A
for
2
=
dlo
=
2,

|
19,

N}

LheR Qiek. A7
9= 1154 MHzo|
%21 34.6 MHz ©]4}o]
rs 2,048 ME) 7 614 s

Zslo] AEh g7t F48] A
ek F4 A7 EelA Wz o =
telZo] Fujdolgt strizte AA AE 4 dhu)
o g3 =4 AgHE A o vl okl ¢

3}
ol

A
=
Jg A%

i
o
T

> 18 2 >
oy 2L
o o
wihn o
3 B —

= W =
(o
E o
oo O

rg
fr
o

>

—_
N
—
whn

2
i

N

°

rpr ©
1>
ot

-

o}

<o

N 1S o w EN ot
O

2, e
2
ox

BN
o=
= g

E)

&
2 oE of )y 2

—— SNR
— Peak signal power | - -10
= = = Peak noise power

Peak power, dBm

-

10 20 30 40 50 60 70 80 90
Percentage of discarded samples, %
I9 8. &4 AgsHe AEY HlE o ASoiFaH]
Fig. 8. Proportion of discarded samples vs. SNR.

506

V.4 B

FMCW #ojthel] Azt 7Hdo] 17k w) AI7E o
A x4 MGl A 4 A S B
A A & Fop¢ S WHSEH HEFIG AdEY
o Aot gH|7t g o 54 &

i
-
M
9‘L
Q2
lo,
k1
|

o

gFoz sl %4 AP AL AstEth FMCW

goltte 54 A% ] o

7HES 85t A 54 ANEE EYT &
3

]
A3t 2ol 92 WE QoS EH AL FHol s
[e]

Hv
B
2
9]
fol
o

e 2

o
o do m rfr &

Mo 2

8 K
5 -
1o,

v
1o
™
o
i3
o=
~
it
o
ofo
_0|L
K3
=,
o
k)

o> Mo
o X,
QL
rir
ofN
2
- oR
AJ)
my
rlo
2
)

for
AN
X
o
o0 o
!
1o,
QL
22
N5
2
e
=
o,

&

B Tl x2 o e 3@ > 2 of o> me L&l

of
—_

N
=
1
I
=
N o{))l fr
N
5=
>
K
i
rlo

o 19 B X
o o
2
ox o
>
fols
-3
>
o
L by owy

ol oH
oﬂ [
ey
>
oy
=
il
gy e o

=2
ol 2
=
rir
oo,
-y
g Flof
o
ox
lo
2
il
o
e

>,
Ach
32
O,

e
rpr
>,
X
][4
of\
2,
>,
30 do H

S

X

il

-
£
Ao

[

)
QL
=R
< 20

[ oft
%
=5
2y
>
for
i
Jr -
(o
ot
i)
<]
2
oH
e
N
N

z Mo
N
1=
4
[>
18
[
ot
i
>
for
=
o
dlo

sl
]

—

1

[
i)

o
>

u
=

ro, rfy A
o
w2
1o Ao
N
4
ofX
=)
NS
o
ox
2
i)
of
o
s
s
o ==

w1

E)
oR,
N
N
2l
:i
o
>
el
re
e

i
Sl
N

N,

o

=

it

ne

tilo

o,

2
i_e
2
[
>
=
=
By
o4,
=
[
-3
B
>,
2
ik
12
& oo

éjzl_ﬂrﬂmﬁ._ﬁrﬂozrloé}obéﬁr}ii
O
jus)

T = I [ ¥

o

o
=



References

[1] J. H. Choi, J. M. Lee, M. S. Jung, J. Y. An, and K. L.
Kim, "FMCW transceiver of short-range proximity sensor
in sea clutter," Microwave and Optical Technology
Letters, vol. 59, no. 2, pp. 334-337, Feb. 2017.

[2] J. H. Choi, J. H. Jang, and J. E. Roh, "Design of an
FMCW radar altimeter for wide-range and low
measurement error," [EEE Transactions on Instrumen-
tation and Measurement, vol. 64, no. 12, pp. 3517-3525,
Dec. 2015.

[3] M. Alizadeh, G. Shaker, J. C. M. de Almeida, P. P.
Morita, and S. Safavi-Naeini, "Remote monitoring of
human vital signs using mm-wave FMCW radar," /EEE
Access, vol. 7, pp. 54958-54968, Apr. 2019.

[4] J. Hasch, E. Topak, R. Schnabel, T. Zwick, R. Weigel,
and C. Waldschmidt, "Millimeter-wave technology for
automotive radar sensors in the 77 GHz frequency band,"
IEEE Transactions on Microwave Theory and Techni-
ques, vol. 60, no. 3, pp. 845-860, Mar. 2012.

[5] W. L. Melvin, J. A. Scheer, Principles of Modern Radar
Vol. Ill: Radar Applications, Edison, NJ, SciTech, 2014.

[6] G. W. Stimson, H. D. Griffths, C. J. Baker, and D.
Adamy, Introduction to Airborne Radar, 3rd ed., Edison,
NIJ, SciTech, 2014.

[7] T. Moon, J. Park, and S. Kim, "BlueFMCW: Random
frequency hopping radar for mitigation of interference
and spoofing," EURASIP Journal on Advances in Signal
Processing, vol. 2022, no. 4, pp. 1-17, Jan. 2022.

[8] P. Nallabolu, C. Li, "A frequency-domain spoofing attack
on FMCW radars and its mitigation technique based on
a hybrid-chirp waveform," [EEE Transactions on
Microwave Theory and Techniques, vol. 69, no. 11, pp.
5086-5098, Nov. 2021.

[9] F. Uysal, "Phase-coded FMCW automotive radar: System
design and interference mitigation," IEEE Transactions
on Vehicular Technology, vol. 69, no. 1, pp. 270-281,
Jan. 2020.

[10] D. Eser, S. Demir, and S. Kog, "A compound ECCM
technique for FMCW radars,”" IEEE Access, vol. 11, pp.
62942-62954, Jun. 2023.

[11] J. H. Lee, J. H. Jang, J. E. Roh, K. J. Yoo, and J. H.
Choi, "Jamming detection and suppression algorithm for
an FMCW radar altimeter," The Journal of Korean Inst-
itute of Electromagnetic Engineering and Science, vol.
27, no. 2, pp. 147-155, Feb. 2016.

[12] R. G. Baraniuk, "Compressive sensing: Lecture notes,"
IEEE Signal Processing Magazine, vol. 24, no. 4, pp.
118-121, Jul. 2007.

[13] H. N. Lee, S. J. Park, and S. C. Park, "Introduction to
compressive sensing," The Institute of Electronics and
Information Engineers, vol. 38, no. 1, pp. 19-30, Jan.
2011.

[14] J. A. Tropp, J. N. Laska, M. F. Duarte, J. K. Romberg,
and R. G. Baraniuk, "Beyond Nyquist: Efficient
sampling of sparse bandlimited signals," /EEE Transac-
tions on Information Theory, vol. 56, no. 1, pp.
520-544, Jan. 2010.

[15] M. Mishali, Y. C. Eldar, "From theory to practice:
Sub-Nyquist sampling of sparse wideband analog
signals," IEEE Journal of Selected Topics in Signal
Processing, vol. 4, no. 2, pp. 375-391, Apr. 2010.

[16] J. Wang, S. Kwon, and B. Shim, "Generalized orthogonal
matching pursuit," [EEE  Transactions on  Signal
Processing, vol. 60, no. 12, pp. 6202-6216, Dec. 2012.

[17] M. Grant, S. Boyd, "CVX: Matlab software for
disciplined convex programming version 2.0," 2011.
Available: https://cvxr.com/cvx

507



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 36, no. 5, May. 2025.

CEE S e T E )
https://orcid.org/0000-0001-8890-7384
2004 8Y: Uity AR F
Stk (F3HAh
2007 2€: ety GHE4
g (T
20073 1€~2011 109¥: LGAA MCH
T4 FIATd
20119 11E~EA: FLAstA74 A

=

A3y
2018\ 3Y~3A: FEUSw AoEA Tt datay
[F HHEOH ZHAA, AGIEA, FMCW #lolth

of A B [FYFSATLAAATY]

https://orcid.org/0009-0004-9119-3991

2011 29 FRFHhsty HA-Fett
(&St

2013 29: HoF sty AAbgest
(3349 Ah

. 474
[F A E0H FMCW #ojt}, ot} 4l

=
L =

508

F 9 A [FHYSWESF

https://orcid.org/0000-0001-7977-8760

19819 29: Aoty W75t (3-8
/\})

1983 29: S=#HerEd A7 AT
gt (3SR

199213 129 University of Mississippi 2
7183t (3

- 1983 ~1986'd: (F)a 4 FAAT

1992 ~1994: =dfehelra AT

19959 ~3A: FHsty AngAFstat v

T HYZOH HAT S, tEy

e



