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]asm(p z ]mp (25_1)

Jy(a)=1, J,l(a);—%, Jl(a)E% (25-2)
gt 2L gio & gio (25-3)

2l (24-3)< B2 2 tha3 o] exponential function & A4

9 ol el 5 9lth

(0= R{em(cﬂ”‘iﬁ“ﬂ e S s

A
o /3=27rw—f"sin[%j olth. A (25)% UEW WA dre
fi

ol-g3tel 4 (26)% 2ALakR olalel 2t
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S, () == A,
zf() B

o827 (C,t + '+ A7)

+z,8cos27r{(C T+ff)t+¢ +AOT__ff

+¢_f+1}

4

+z,8cos27r{(C T— f},)t+¢ "+ AT +— fff_(b_f_l}
2z

4
(27)
A @)= aEFYedste T8 Fuk EAdleld #Sshd
FA49) 912 AHE et Wl 2HO ¢ PO® to HolH Rof

b= mH7} Gehtbe A
stk o] o

of wj Ape]= M| A7 20log B [dBc] oW °olE
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© Aelld= FMCW  dolvte] xF3 Fuke ®Mz7F g4
H

s,xm:{EAa,,m <w¢)}
i=0

vt (28—1)
><cos[.[f0 +CRt+ZAﬁ cos(a)ﬁt+¢ﬁ )dtj
i=0

S,x(t>={§Aa,,m cos(wa,,m(t—f)+¢a,,,x)}

i=0

. (28—2)
xcosU]‘O +C, (t—r)+ZAfi cos(a)fi (t—r)+¢ﬁ )dtj
i=0

S, (t)= LPF[S, ()% S,,(1)]

A

ag ,1x g tx

= +Aa0,tx {E Aa,,rx Cos(a)a,,rxt+¢a,,rx )} (28_3)
i=1

N-1
+Aa0,rx {z Aa,,tx cos (a)a,,txt + ¢a,,tx )}
i=1

N-1
| cos 27 (Cprt+¢') + Z,Bl. cos(27zCth + 0 1 +279'+ ¢ ")

i=1
X —

2 —fﬁl_ cos(27zCth—a)ﬁt+27z¢'—¢")

i=1

3 y y P
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2 (28=3)A  ¢'=

oy

4, (o7
, B, =2r—sin T oli, 1 F

Jot =

1
"___
Cer’+d, T, ¢"= Za)_f,,f+¢f,+

WA grel 1A AR ol gt

A7Mska obel g} 2k,

Sy ()

cos 27r

ay,tx

ag,rx

S A
DI

N-1
T+ Zﬂi cos(27rCth + o 1+ 279+ ¢")

o
- Zﬂi cos(27rCth —w t+2rp'- ¢ ")
i=1
cos (27rCth to, t+9'+4, . )
+cos(27rCth —0, t+9'=9, . )
cos(27rCth to t+o, [+ 2np'+ @, "+ ¢ai,rx )
+cos (27rCth to t-,  +27¢'+ ¢ "~ ¢ai,,x)

k=1 +cos(27Ctt—w, t+o, t+270'-¢ "+

+cos(2xCytt— 0, t-@, 1+ 274"~ 4"~ ¢, )

cos(27rCRTt +o, f+o'+ ¢a.,lx)
+cos(27rCth —o, P ¢a-,lx)

cos(27rCth to,t+o, +219'+ ¢ "+ ¢a"m)

,-,rx)

=l +cos(27rCth—a)ht+a)a_,ut+27r¢'— "+,

+cos (27rCth to t-w, +274'+ ¢, " @,

+cos (27rCth —0 -0, f+270'- ¢ "~ @,
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Al 2 o] 5 Held FMCW dlolths o] &3t o] &sh= %49 A

rlr
)
I
)
N
k<)
N
(e
EN
N

gl SR "wAse ddE Wit 2 delA
ZA W ol EA A WU EE X nxE TS
A8k, olE Fef deolth AlARle] NF gl Fuke SA4E 4 oo

oJEss BA9) AT % HE oAF o2F & g v,

[15]e4 FMCW dlolvte] 91 b7k = o H Az &3t
Fueel E4 0 Hio] nldsts £ At TS Wt A%
HE7F EAetE A% s A FA 2 A A5 o] 1EL Zbzy ofgf 9
2o

N-1

4,0)=4, +2Aa, cos(a)ait+¢ai) (30—1)
i=1
N-1

A, (=4, +) 4, cos(a)ai (f—7)+¢a,) (30-2)

i=1

N-1 1
Sy (= {Aao,,x + z A4, , cos (a)ai,,xt +9, u )} cos2rx (fot +E Cit’ j

i=1

(31-1)
eriup(t)
N-1 1 5
- Aao,m+ZAai,mcos(a)a“m(t—f)+¢a“m) cos 27 f0t+fdt+ECRt —C,tt
i=1
(31-2)
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Sir ()

g ,1x a,

N-1
Aao t

= +T,ZAa,,rx

i=

N | —

1

A

a; tx

N
Aao r

+_’
2 3

A, A, cos2m (= fyt+Cyrt)

cos (—27zfdt +2rCtt+ @, 1+4, . —0, ,,MT)
+cos (—27zfdt +2rCptt-o, 1—@, , to, ,,mT)
cos (—27zfdt +27Ctt+ o, 2+ ¢ai,,x)

+cos (—27det +2nCrt -, =4, . )

(31-3)
FAg ANE Fa a7 A $4 9 £4 45 9 29
AAgrpAE 2 A2 IF A5E 7o ofzlsh 2}
Stxidown (t)
N-1 T 1
= {Aao,tx + z Aa, NAY COS(_a)a,,txt + ¢a, S )} cos 27[ (ﬁ)t +ECRt _ECthJ
i=1
32-1)
eridown (t)
N-1
= {Aao,rx + zAa,,rx COS(_a)a,,rx (t _T) +¢a,,rx )}
i=1
T 1.,
X cos2r fotJFfdtJFECRt_ECRt + C,1t
(32—-2)
27 -":lx_ﬂ-l I\\'I-- 1ii
| wil ]



S{fﬁdown (t)

A, A, 0827 (ft+Cprt)

g ,1x a,

A, . cos (27zfdt +2nCptt—w, 1+, .+ a)ai,mr)

+T, z Aa, X

= +cos(27zfdt+27zCth+a)av,mt—¢av,m —a)av,mr)

N | —

1 COS(27T](;(t +27[CRTt -, txt +¢av tx)
+—= N 4 ” )

A N
ay T
2 " +C05(2”fdt+2”CRTt+a)a,,txt_¢a,,tx)

(32-3)

2 (32-3)or PP [F As= ADC & A} FFET

Processor oA F34 TH¢l Ao g #A=Hr) o] uf 7pg & A7) =

Zbe T QRS FES] 44 A 3 9 3 H ¥E FI5E
AR 8ker, Wl £H O F7|7F Alolm 2HO 77] Hu} & AL AS

i

xAe] A 8l Hkel eaprh dASH etk AF RxE FFT

A71EY HA% IAY 2] i dutx oz %2

f,x,up(t)=f0+CRt+iAﬁ cos(a)ﬁt+¢ﬁ) (30-1)

i=1

f,x,up(t)=f0+fd+CR(t—r)+iAfi cos(w, (t-7)+¢,) (30-2)

2 SEEOE



T N
S )= o+ Co = Cot + ;Aﬁ cos(-w,t+¢, ) (30—-3)

fmdown(t)=f0+CR§+fd —CR(t—T)+ﬁ:Aﬁ Cos(—a)ﬁ (t—r)+¢ﬂ)

i=1

(30—4)

Foe WMz GRS FAAshs] dAstel WX WxE LA,

Oft

de W e A AIY IF Ase obdef

Sif,up ()

B N
cos2r (—fdtJrCRTl‘—zE'COS(_%“)_;’,TJF% D

i-1 7T

1
=— 4, . cos(—27zfdt+27ZCRTt+a)fit+¢'—Ea)ﬁr+¢ﬁj

+>.B,

i=1

—cos(—27zfdt+27zCth—a)fit+¢'+%a)ﬁT—(Iﬁfij

(31-1)

S;'ffdmvn (t)

B N
cos27z[fdt+CRTl‘—zE'COS(_%“)_;’,TJF% D

i=1 7T

1
cos(2ﬂfdt+27zCth+a)fit+¢'—Ea)ﬁT _¢f’j

DY)

i=1

—cos(27zfdt+27zCth—a)fit+¢'+%a)ﬁT +¢f’j

(31-2)
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4, (o7 }
2 (81-1)—-(@B1-2)°lA B =2r—=sin T o ozt
f,

a),
B>1 oA Ae]l= =Bl Z7[7F HQl 2B A7|RT A o
obef gl ol Fupg Wzl ot Az Bl £o] exprh TS &
ATt

o w=—L1F [ +Cpt (32-1)

‘fbidown :ﬂ iff +CRT (32_2)

R= R+AR—TT cchf (32-3)

y=vy +Av=—c‘fD J_r—c.ff (32—4)
’ 2f, 2/,

A0B3-3), 4 @B3-49 A B &= A= Fyg WMz

[e)
2
2 B4 932 4 G0-(G29 FI@ 9L Fi 79T 5 A,
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Sff,up (t)

N
cos2iz(—fdt+Cth+z¢u’ j
i=1

_ AO,LOAO,LO
- N
i1
N-1
Ao,w A, wr
n i1
2

N-1
AO,RF Z Aa, ,LO
i=1

2 N

+cos(—27z(fd +Ct )t =, gt + ) 274, +wa,,RFTj
By

i 2 +cos(—27z(fd +CT) =0, 1~ @, 4ot + 270, —¢’+a)a”RFT)
2 N

+cos(—2n(fd +CyT) -0, ot +Z2ﬂ¢ukj

b

cos(—27z(fd +CRT)t+a)f’t+27z¢u’ +¢’)
[ —COS(—27Z(fd+CR‘[)I—(0/’[+27Z¢M’—¢')

k=1

N
cos(—2n(fd + CRT)I +wa,,RFt +22n¢“k _w“"RFTj

=1
N B COS(—27Z(fd +CR‘[)t+wf’t+wa,,RFt+2n¢u, +¢’_wa,,RFT)
= +cos(—27z(fd +CRr)t+wf’t—wa’,RFt+27z¢u’ +¢'+a)a”RFr)

COS(—27Z (fi+Cr)t—o t+ 0, 4ot +274, —¢’—a)a”RFT) }

k=1

N
cos(—27z(fd +CR‘[)t+a)a”wt+z27Z¢ukj

k=1

cos(—27z(fd +CRT)t+a)f’t+a)a”wt+27z¢u’ +¢’)
- 2 +mm(—2n(ﬁ,+(;r)t+a7t—a%ior+2n@’+¢j
' cos(—27z(fd +CRT)t—a)f’t+a)a”wt+27z¢u’—¢’) }

B
2
i 2 +cos(—2iz(fd +Cpt)t =0, 1=, ot + 279, —¢')

(33)
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S[f _down (t)

N
cos27z(fdt +CRTI+Z¢M’ j
i=1

_ AO,LOAO,LO
== | {cos(zn(fd +CR'[)t+a)f’t+27Z¢d’ +¢u) }
+ 1

. _Cos(zﬂ(fd +CRT)t_wf,t+2n¢d, _¢u)

i=1
N
cos(27z(fd +CoT )t + @, et + D274, —wa’,RFTj
k=1
2 N
+cos(27z (fd +CRT)t_wa”Rpt+22n-¢dk +wa,,RFTj

k=1

N-1
AO,LO[ZI:ALI,,RF Y B {008(271(]{6, + CRT)I +O 1+0, gl + 27T¢d, +¢"- wa,,RFT) }
—_— + —_—

2 =

+cos(27z(fd +CT)t+ 0t -, ppt +274, +¢”+a)a”RFT)
iﬂ' {cos(bz(fd +CT)t =0, 1+ @, ppt +274, —¢”—a)a”RFT) }
=5
i=1

+cos(27z(fd +Ct) =0, 1~ @, 4l + 270, — "+ a),l”RFT)

k=1

N
X cos(27z(fd +CRT)t+a)a”wt+z27z¢dkj

> N
+cos(2iz(fd +CR‘[)t—a)a”wt+z27Z¢dkj
pa

2 ~ 2 +cos(2n(fd +CR‘[)t+a)f’t—a)a”wt+27Z¢d’ +¢-,)

N-1
Ao,RF;Aa,,Lo +N &{cos(bz(fd +C )t + o L+, ot + 270, +¢-.) }

ZN:ﬂ[ {cos(bz(fd +CRT)t—a)f’t+a)a”wt+2iz¢d’—¢”) }
o 2

+cos(27z (f, +CRT)t—a)f’t—a)a”wt+27z¢d’ —¢”)

(33-2)

1 1
of W gl=-Cortd, Pt =—Cwr—g ol A (B oRTH
FukE Wz 9% ea7l BAsHE 2 B>10] wEE w Fake
Hzo| 93 Aol ZHOl FY|7} HEI FEZ-_Fa5 AFTHF
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A5 7

2) 9k o] Agtalth o] 2 E wx THS AL FMCW
gojtk Al B4 & A#E MATLAB & o]&3te] AlEolA
stk 29" 7 2 AlEYoldAN AREE o]FthY FMCW #Heolth
AxEe] BEwoltt [16]. S(3.0-3.4 GHz) W= 2 X(9.0-10.0
GHz) ¢] FMCW Al57F QI7bE ol Fapp Fuj7] o)A Y& A€ot

ofF ol APt ARE A AN AAA7 Bt Y

Txolth ERV1Y Y Az A¥S FH-AAA-ERVE
olojA = FARES o533 AFZA-Fug Buj7|-#¥E Ay
23719 LO XER B9t A3Fo AE Wz Foz Szt

ol2 77t RF 99 8 LO #91ebw st 19 83 o] vehvl,

N
\
/\/\ “+1or<3 :
; N
Wideband Frequency
Chirp signal Divider ‘[
Buffer Band Delay
Selection
SW
LNA(X-band
LO | X-Dand)
IF RF . <
- \ _/lI
A
LPF Mixer

LNA(S-band)
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x40 Ad AR AEUCld 4 AR Adew diAE L,

glolth R E 15 m Wolxl 2ol $A e EAL /HESA ol 800

term & NFGE AA A5 oyA HEZ kst F=Hs Aol
Algdold d3E vlwsk Aotk 1 A, B4 Faae tle ol A
ZH3 oUAE ZEEE Fourier—term 52 X3AAH AE WHEE
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Parameter Value Units
Waveform Triangle -
S(3-3.4)
Frequency X(9-10.0) GHz
Chirp Rate S(8,000), X(20,000) GHz/s
Time Span 100 s
Resolution Bandwidth 10 kHz
Analog to Digital
Sampling Frequency 5(30), X(120) GHz
Target distance 15 m
Beat frequency S)((O(f))’ MHz
. . S(LO-0.43, RF-0.19)
Amplitude variation X(LO-1.44, RF-0.36) dB
Modulation frequency interval 10 kHz
L S(-22.9),
First side lobe level X(-28.5) dBc
Estimation error of
First side lobe level, when }S((((()) ?331)) dB
N=40(S), 100(X) ‘
S(3,000,000) .
FFT length X(12,000,000) Points
FFT frequency bin 10 kHz

¥ 1-1] A& Az &5 F4 - AEHNA A2lvE
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A2 A AxGY WS Y
£49 AZ 9 & 04 37
A3 & 4 HeA FMCW dojrte] X% 9 Fukg W x7t
olFst= A Y B FE HAC mAe= ¥ HIH &2
deM= ol& MATLAB AlEdolds §ato] AT e
F 3-1 o AAE stebvlE ge gt IAF 9 Fag Hx A7l
A= W Ae W os He WE AZE FFT & &
ZrRleld wEetd Hd AV|E e FHsE FESH] 4 (15—
A} A5-4el g A 9 L x5 Fekddvh. 19 10 2

Fobp wzw Qe 4%, 29 11 & AEF Fis wzsh B
%

6.7 %, 20 %°|tt.

Parameter Value Units
Chirp range 3.0-34 MHz
Beat frequency 300 kHz
Doppler frequency 100 kHz
AM-amplitude 1 /Ag
AM-frequency 10 kHz
FM-amplitude 20 kHz
FM-frequency 20 kHz

—-1]1 AY 2 & 24 - AEF A HAFHvH
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Al 5 & FMCW dolt A& f3 IAZ 4

Fops Wz 7)F

Al 1 A Amplitude Modulation Index

ddtxlo g E WMEXE Y= x4 A 3EZE modulation

index ¢} depth 7} 9t} 7| EA o7 AZ Wxd A&

rir

a9 12 9 2
o] carrier 4A1& 9 modulation 21&%E 3EHo] HTh ©] AT E time
domain °|A #=38H Al$ 9 peak amplitude 7} modulated ¥ o] 474
s Hagd Aok AleledA E"ole Ae B 4 Atk o
modulation index += carrier amplitude ©| ™3t modulation amplitude

o] Hj &= Aot

Modulation Ampliutde

; : (34)
Carrier Amplitude
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E FMCW #o|tt A|AH9]

B Ao Amplitude Modulation Index 2 S+ HEE
el Parameter 7} 718 s =] mA= QS HEAsta o]
el FMCW #ojvh AA A 279+ Ad A EsE gAer] Sl
Amplitude Modulation Index #¥ F3 WX Parameter %
Ies AAsERY. W% WxE tfEsk= Modulation index &
Modulation Amplitude 7} Carrier Amplitude Xt FIA H+=
Overmodulation = Yojux] ¢k=vhar 7Hgsiaich =31 AA 7ES
AAst7] flal 1% WxE FAske Rl e WHAse A7)

=

TAHE 7HA AL, E3719 LO XEQ RFXES] 213 W

Modulation Index Range Resolution (x:/25)
1 2 -3 dB BW
0 1

1 0.8 54.4
0.6 47.47
0.4 41.53
0.2 36.64
0.75 - 27.82
0.5 - 17.51
0.25 - 9.86
0.1 - 5.58

[ 3] Amplitude Modulation Index ¢ @& Ag AT
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#Hotel Asks 7Hdeith. & 3 ¥ ¥ 13 & HE Fugs b
7Pk A AR WE wWx F32 modulation index o W& 3dB
BW & uEldTE Modulation index 7} 2245 3 dB Bandwidth 7}
o] 5o WA EE IS 4 9, A WA modulation index 7} 1 ¥}

= A9de F WA modulation index gkel w2} 3dB
Bandwidth o zto]7b itk Chirp F71¢] ¢F 10 % olulell 3]dat=
AZE A Zte 249 A AF dx Feol Al wEk A9

dAstar, olrtt "y Q= A Aze FA AT

B o
)
lo
E
r1r

It
i
1o
o2
o
o

F3+=7} cross over HE

Aelel wheb ul@lske] Lhebrht.

$Alste] Apol= =u}

30

-3dB BW(/3dB_ideal)

0.1 0;2 0;3 0;4 0;5 0;6 0.7 0.8
Modulation index

[2¥ 13] Amplitude modulation index | W& 3dB Bandwidth
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S, Wz 2o S e &= Parameter =

4, (o7 . .
B =27 —"sin T 2 yepd $ Qla, x4 ¢ 19 14 = el &

Oy

3dB Bandwidth & Yetdith B o] E4= 3dB Bandwidth 7} # # A
H

Ag) AEsE JuAT AE Wxe] 49 urh A% Ass) A

FM Parameter _ 3dl]§a];l§f1§v:is:l)tlll:gzl/123)
0 1
0.8 101.18
0.7 90.56
0.5 46.6
0.25 23.3
0.1 14.03

[ 4] F3<5 HZ Parameter o] W& A7 A=

120

-
(=1
o

80

-3dB BW(/3dB_ideal)
B =2}

%]
o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
FM Parameter

[(1¥ 14] FM Parameter o] @& 3dB Bandwidth
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2 AoA  amplitude modulation index % @ FyuF WHFE
parameter ° W& 7z #HFLE WIS sk, eTHE 7Y

AYEE FAs] S A Ve ANEIT. 2 Helde te

x4 gAE A% I1F 9 Foe Wlx AA Vs AARH oOF
24 G924 Al 7k A F& RCS 7F & RH o ZRE BAsE A%

Az 2 Fue d1z gl dste] b2 ZHo] stEd & 9k o
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Abstract

An analysis of nonlinear
distortions in FMCW radar

Jongseop Koo
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

In this paper, the amplitude modulation and frequency
modulation of FMCW radar are analyzed.

Radar has been mainly used in the defense field, but recently it
has been actively used in various fields such as automotive radar,
synthetic radar (SAR) and satellite radar. Especially, an automotive
FMCW radar uses 77 ~ 81 GHz band. In automotive radar,
distortion due to noise causes malfunction and causes fatal safety
accidents. The distortion is caused not only by the noise caused by

the clutter existing in the external environment but also by the
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internal amplitude modulation and the frequency modulation
generated in the radar module itself.

The ideal FMCW signal has a nonlinear characteristic in which
the amplitude is constant and the frequency varies linearly with
time, but in real situation, due to unintended distortion, the
amplitude and the frequency slope are not constant. As a result,
observing the signal passing through the mixer and filter of the
radar at the spectrum, noises occur around the beat frequency.

In this paper, a modeling method to accurately represent noise
caused by amplitude modulation and frequency modulation, and an
estimation method that can predict amplitude and frequency
modulation noise given amplitude and frequency modulation
characteristics of signal source are proposed. In addition, the
amplitude —frequency intermodulation noises that occur additionally
as well as the pure amplitude and frequency modulation noise are
clarified.

Furthermore, the effects of amplitude and frequency modulation
when estimating the distance and velocity of a moving object is
analyzed. And it is verified by simulation results for FMCW radar.

Finally, we proposed the amplitude modulation criterion of the
system to prevent the distortion due to the amplitude and frequency

modulation in the FMCW radar system design.

Keywords : FMCW Radar, Amplitude Modulation, Frequency
Modulation, Beat frequency, Doppler frequency

Student Number : 2015—20886 .
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