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Range and velocity measurement in human body using
ultrasound FM-CW wave

Masanori Kunita

Abstract

This paper proposes a new ultrasound FM-CW system for diagnosis use. Proposed
ultrasound FM-CW system provides a significant reduction in ultrasound peak power.
Adoption of the sawtooth and isosceles sawtooth waveform is proposed for frequency
modulation to attain sufficient range resolution in human body. The received signal is
analyzed to calculate the spectrum and range resolution. The calculation results suggest
that the system has similar range resolution to conventional ultrasound pulse diagnosis
system. Caluculated results were verified by the experiments using electrical delay line
and ultrasound. Baseband frequency spectrum in the experiment agreed with the
calculated results. It was confirmed that the peak frequency in the baseband spectrum
increased proportionally to the delay time.

Sinusoidal waveform was adopted as the frequency modulation for the blood velocity
measurement using Doppler effect. Baseband received signal was analyzed applying
frequency dependence attenuation in human body. Analyzed result shows that FM-CW
clutter power depends on the propagation delay between transmitter and receiver. The
result also shows that the clutter power near modulation frequency is extremely less
than dc clutter in FM-CW blood velocity measurement. Improvement of clutter
reduction relative to the conventional CW Doppler system is attained by extracting the
Doppler signal close to modulation frequency spectrum.

Signal processing of FM-CW velocity measuring system was verified using
experimental system. The amount of clutter reduction was measured with ultrasound
Doppler phantom. Measured results agreed with the calculation. These results
concludes that the system discriminates 10 20Hz of Doppler shift.

Applying those analyses and experiments, the new FM-CW velocity measuring system
with phase adjustment function in the reference signal circuit is proposed. Doppler
signal with range information in high SNR is obtained using the proposed system.

This paper concludes that the ultrasound FM-CW system can decrease ultrasound
peak power less than 1/100 compared with ultrasound pulse diagnosis system. The
system helps to protect the human body from damage caused by ultrasound power and

construct handy and economical ultrasound diagnosis equipment.
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2 3
(38) an bn
2 Jm
8 == J‘im cosAa|F (t) - F (t - 7)]- cos(na, t)dt

2

Tm
b, = Tijg cosAw[F (t) - F(t - 7)]- sin(n, t)dt

2

(3.9) 2

Tm
anz_l_ijo2 cosAw[F(t)-F(t—z)]-cos(nw,t)dt n=0 1 2 3 ..

(3.10) 2
br O
sinAw[F(t) - F(t —7)] Cn On
2 JIn
cn=T—j$msinAa)[F(t)—F(t—r)]-cos(na)mt)dt h=0 1 2 3 ..
m 2
2 JIn
dn=T—j 2 snAw[F(t) - F(t-7)]- sin(ne,t)dt n=1 2 3
mo 2
(3.12) 2 cn 0
2
dh (3.14)
4 o
d, =— [} snAe[F (1) - F(t-7)] - sin(ne, et
vy (t)
(B.11)  an cosAw[F (t) - F(t-7)]
Fo Ft 1) 3. (E) T 2 T
4 Th—7 r
a, :ﬁ-[o 2 cos(Aa)-ﬁt)-cos(na)mt)dt
4 o Ao(r-T,)  Ao(T, —7)
+ﬁJ‘Tﬁ2_ cos( T t+ ) )-cos(ne, t)dt
-2AoT, sn (T, —7)(Aw7r + 2n1)

2z

n=1 3

n=1 3

- (Aot + 2n7r)[Aa)(r -T )+ 2n7z] .
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(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.13)

(3.14)



- 2AoT - (Aot -2nrx
. " iy T2 ) 615
(Awr —2n7)[Aw(r -T,) - 2nrx] 74
an Tm T (315) (316)
. Aot+2n7 . Aowt-2nrx
AoT,, Smf AT Snf
e . n : (3.16)
AoT, —-2nzr  Awt+2nz AwT, +2nz  Awt-2nrx
2 2
AwTm 2
fo (@, =24f) + A
nm m
Nyex = Al = AT,
fm
B 100 500 AwTm 2
AoT, = 2t =2 2mn
(3.16)
. Aot+2nr . Awrt-2nrx
shee, o s
a = 3.17
" Awt + 2071 " Awt -2n7 ( )
2 2
sinAw[F(t)-F(t-7)] (3.14)
an

T,- T

n

m m m 2

2A0T

4 o T . 4
— 2 . . 2
d =T jo sin(Aw = t) sm(na)mt)dt+—T ij_,sm(

A”(;_Tm) t+ A“’(rzm ~9).sin(ne, t)dt

m

in (Aot +2n7)(T, —7)

- [Aa)(z' -T.,)+ Znﬂ](sz' +2n7) '

2T

m

2A 0T . (Aot -2nz)(T. -
— ., .gin ( T 72')( m T) (318)
[Aw(r -T,)-2nz[(Awr - 2n7) 2T
Tm T (3.18) (3.19)
. Aot +2nx . Awr -2nx
- —ACOTm .Snf—‘r ACUTm .Snf
"TAoT,—2nz  Awr+2nz  AeT,+2nz  Aer-2nz (3.19)

2
AwTm ni
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. Aot+2nrx . Awot-2n7r
sn————————— INn——————
d ~— 2 + 2

n”~ Aot +2n7 Aot -2n7x (3.20)
2 2
(3.15) (3.18) (3.4
vy (t) (3.21)
snAwr(T_-17)/2T
v, (t) = cos(w,t+ @) - o o
o) = Cos(t + 4y Awr(T, 1)/ 2T
A sn(T, —7)(Awz +2nx)/ 2T, oSNt + ot + )
| (AT +2n7) ] 2T - [Aa)(Tm -7)— 2n7r]
sin(T. —7)(Awz—-2n7x)/ 2T
U )/ 2T, -Cos(na)mt—a)dt—¢o)] (3.21)
(Awr-2n7)/ ZTm-[Aa)(Tm—r)+2n7z]
(3.16) (3.19) (3.4) (1) 3.22
. Aot . Aot+2n1 . Awr—2r
S Yo 2 S 2
Vd(t) =COS@dt+¢%) @_ +n:1 AT+ 2n7z- COS@%t+wdt+¢0)+mcos(’la)mt—a)dt—¢b)
2 2 2
(3.22)
1)
FMCW v, (t) Awt =+2n7x
T T
r - 2Nz _ 2nr _n (3.23)
Aw 27Af  Af
(3.23) T
3.3 T rax
3.3 3.3
sinc
(n+1) (n+2) (n-1)
(3.23) sinc
(3.21)  (3.22) 2

39



3.3

)
(3.21) v, (t) sinc

snAwr(T, —7)/ 2T,

Vo) =costost+do) = T oy

> T, — in(T,, —7)(A 2nz) | 2T
+ Aa)z m—? Sn(y, —o)Aoz + 2n7)/ 2T, -cos(na, t + ot + @)
=l AT, —7)-2nz (T, —-7) - (Awr+2n7)/ 2T,
T,-7 sn(T,, —7)(Awr —2n7z) [ 2T,

' Aa(T, —7)+2nz (T, —7)-(Awr-2n7)/ 2T, cos(nat-ogt-¢,) | (324)

1 2 3 (T 1) (Bwr+* 2nm)2T
sinc
3 sinc T )
y(z) = (T, —7)(Awr - 2n7) __ Ao (r T, Ao- 2n7zj2 N (T.Aw-2n7)? (3.25)
2T 2T, 280 8T, A0
) 3.4 Nt ) r T 1 Z2nmAAw ¢
3 r 2nm/A w T 1 Z2nm/Aw
sinc
n) ot - T T T omax
T max (3.25)
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nr) (TA w -2nrr )?
8T
TAw A
8
N
>
34 y(t)
. T,Ao—-2nx
e 2Aw
) T
(3.24) sinc T ) T
T nr) y'(7)
A7)=1/y(7) sec/rad
2(r )
2(7) 2n (3.26)
2(7)x2r = 2 __ 2r x 2Ty, - AT,
y'(7) A(20-T _an) (AwT, —2tAw—2n7)
" Aw
(3.26)
(T) 3.5

v, (t) (3.24) sinc g(t )

_ Ao(T, —7)

9(7)= Ao(T, —7)-2n7z
sinc T 2nm/Aw (T )
T,—7
9(r) = T

m
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rad/sec

(3.26)
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(3.27)
3.6

(T )

a(t)

( 1)z uonnjosaiawi] Lepq

AwT, +2nmr

24 w
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(3.26)

Toox =207 Aw (3.28)
A Tm T (3.28)
Aw T A + 7Af Af(z-T_)
Af(r—-m= T2y m
2Af
(3.28)
3.1
3.7 f kHz
Af Af
3.8 SNR
31
Af | 500kHz 10MHz -P
f
I 1kHz 10kHz
B 20 5000
C 1530m/s
100 —

F Frequency Modulation
[— Deviati on(A f) Frequency
[ 500kHz  f =2kHz

/ﬁ
Pad
——
| —=— 1MHz

—A— 2MHz
10 —— 3 MHz

—o—

—0—

= 5MHz o ¢ P
T - 10MHz — —
£ e—* " ) Sy /ﬁi

0 50 100 150 200 250 300 350 400
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3.9 3MHz

fm Im
3.7 3.8 3.9
FM-CW
100.00 7
/? T
_ .7
Modulation Frequency : f_ =2kHz 7
Parameter : Frequency deviation : /f/
7
10.00 | - 7
- =
— e ’/TV ———
OSMIZ ;//TZK».——/” _—
1IMHZ 74____‘45——"""—":‘;;, \ ///
— —— o /,/ _X /
IMHZ = | —
1.00 | -‘W
: —— \
— 3MHz >~ N
\
\
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3.2.3

FM-CW
23
3.10
3.2
3.11 f
Af
35 36 FMCW
3.12
2.34p sec 4.68 sec f
3.13
f kHz Af
(Anritsu M G465B1)
RF
(Toko oscillator (fO}
101JL17T3346-1) ‘ Agilent 33120A
Delay |, Yr(¥ ! EM M odulation
line modulator \évéanveerator
(Anritsu MG465B1)
ATT (HP 8447A) (7;)
(Anritsu ATT Amp
M-215C) (Anritsu M-215C) (HP 8568B)
V(1) V(L
R Amp HATT : oV Sp;'c””m
(HP8447A)  (Anritsu Mixer analyzer
M-215C)  (R&K M12)
LPF : Low pass filter CRT

ATT : Attenuator (Tektronix 2445)
H : Hybrid circuit

3.10 FM-CW
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Af

3.14

3.15 Af 200kHz f
f
f
3.2 FM-CW

Af | 200kHz 800kHz -P
f 2.994MHz
f 500Hz 40kHz
B 50 200
— 7.667u s 23

(10dB/div.)

fO
10kHZ/div.)

FMCW (Av/div.,
f;=2.994MHz, A f=400kH2z)

(1v/div.,
Saw Tooth, f,,=2kHz)

(0.1mg/div.)
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mV)

(10dB/div.)

(2kHz/div.)
=2.34u s =4.68u s

(10mV/div.)
(v/div.)
(0.1mg/div.) (0.1ms/div.)
=2.34u s =4.68u s
3.12
40 I T 25 I I
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>
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3.24

FM-CW
FM-CW
)
)
3.3

10u s 200y s
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3.3 FM-CW

3.3.1 FM-CW
37 3-8
2.2.1
39  3-10
FM-CW
3.16 3.17 (A) (B) 2.4
FM-CW f
317(C (D
3-9
ot et (3.29)
foo =T — 14 (3.30)
fo=(fy+f,)/2 ) (3:31)
fd = ( fbl - sz )/ 2 ( ) (3.32)
RF
(fo) oscillator
v, (t) | sosceles
_ [Power FM .| sawtooth
amp. modulator wave
,\‘/\_/\, gener ator
ITrans— —
AN ducer |— (t”)
P
~{amp. GO X |-{FFT
Mixer | PE
LPF : Low passfilter o0 V() Signal
: b processor

FFT : Fast Fourier transformer

3.16 FMCW
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(A) N N
A <
L f L v’
® O e L e N O R O
............. F % et
©) RS RN
/l\\\\\ /l\\\\\
,’ N ’ N
\\\/' \\\ //
© “ l -
.T I, '
3.17
FM-CW
1.3 27
FM-CW
3.3.2 FM-CW
1) FM-CW
FM-CW
F(t) F(t)
FMCW v, (t)  (3.33)
31 32 310
v, (t) = Asin[w,t + AoF ()] (3.33)
@, Aw F(t)
v, () f.(t)
dF (t)
f(t)=w, + Aw —=%
() 0 dt
FMCW a (3.34)
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Vo (t) = Aasin[(w, + @, )t + ¢y + AwF (t—7)] (3.34)
w T

315 Vo (1) 3-7
Vo (1) =V (1) x Vg (t) = A% sin[(wt + AwF (1) [x sin[(@, + @)t + gy + AaF (t—7)]
:O(A%Zcogf_“’dt_"’oﬂ“": (0)-Aak (t—f)]—a'%zcoi(&% F )+ + Aat) + Ak (t—7)]
LPF 20, LPF

Vv, (t) vy (1)

Vy (1) = [vo ()] o = aTAzcos[a)dt + ¢y — AwF (1) + AwF (t—17)]

“’; cos(w,t +¢,) - cosAw[F (t) — F(t —r)]+a'§sin(a)dt +¢,)-SiNAa|F(t) - F(t—7)]

(3.35)
F(t) T, F(t)-F(t-7) T,
Ft)=F(t+T,)
(335 oA /2 (3.36)

v, (t) = cos(@,t + ¢,) - cosA[F (t) - F (t — 7) |+ sin(a,t + 4,) -SiNA@|F (t) - F (t - 7)] (3.36)

F1) Ft 1)
f.(t)
fi(t)=(—1)”(T2—t—n] 2n4_1Tm£t£2n+1Tm n=0 1 2 3 (3.37)
Tm VT(t)
3.18(A) f.(t) 3.18(B)
(3.37) T (3.38)
3.18(B)

fi(t—f)=(—1)“{@—n} znT_lestszn4+])Tm n=0 1 2 3 (3.38)

(3.37) 3.18(C)

T 8

m

F = f (- (-1)“j;2t_T4”det . (—1)"[i— ntJ—T—m
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@) NA A AAAMMAAANA AN AAAAAMARAA
V"””'”'””‘”””””””
— R

B)

©)
(D)
(E)
(Tt /2
()
3.18
At 1 (3.39)
3.18(C)
oy (terenT)® T,
Ft-7)= oT 3 (3.39)
v, (1) At Ft 1) 3.18(C) 3.18(D)
v, (t) n=0 F(t)
At r) D, (1) Dy(t) Dy(t) @ ,(1)
Fit) Ft 1)

- I/ 1< <Tw/
()= F(t) = F(t-7)=—(2-7)

m

Tm/d< <Tm/4+T1

©,(1) = F(t)_F(t_T):_Ti{t—%(T+T—m)} B 2

m 2 2 2T,
3 Tm/4+17 < <3Tm/4
27
t)=F(t)-F(t-7)=—""t+-— +T,
O (t)=F(t)-F(t-7) = (z )

m m

3Tm/4d< <3Tm/d+T
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O, (1) = F(t)-F(t-r):Ti{t—(%+ 3}“)} p

m

m

3.18(D)  @,(t)+®,(t)+D,(t)+D,(t)

T/
At Ft 1) ( 3.18(E) ) 3.18(E)
Ft) Ft 1) 27 317
3.18(F)
3
(3.36) vy (t) Ft) Ft 1)
34
coshw Fit) Fit 1) T,
cosAo[F (t) - F(t—7)]= a—2°+i[an cos(ne,t) +b, sin(no, )], @, :Tg (3-40)
(3-40 an  bn
2 Jm
anz_l_—j_%n cosAw[F (t) - F(t—7)]cos(new, t)dt ~ n=0 3 ... (341
m 2
2 JIm
b, =— Ii cosAw[F (t)- F(t-7)]sin(nw, t)dt  n=1 3 .. (342
m 2
(3.41) 2 a,

a, =Tij.ogcosAa)[F (t)- F(t—r)]cos( hot)dt n=0 1 2 3 .. (3-43)
(3.42) 2 br O
sinAw[F (t) - F(t-7)] T (3.40)

Cn ah
sinAo[F (t)-F(t-7)]= %0+ 3 (c, cosnw,t+d, sinnw,t) (3-44)
. =1

C, =T£j_$msinAa)[F(t)—F(t—r)]cos(na)mt)dt n=0 123 .. (3-45)

m 2

Tm
d, =T3 EmsinAa)[F(t)—F(t—r)]sin(na)mt)dt n=1 2 3 .. (3-46)

m 2
(3.45) 2 ¢ 0 (3-46)
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2 ah

4 o :
—— | 2 — — .
dn__l_m jo sinAw[F(t) - F(t—7)]-sin(nw, t)dt (3-47)
(3-43)  an cosAw[F(t)—F(t-7)]
Ft) Fit 1) 3.18(E)
14 1 /2 14 1 /2 14 1 /2 14 1 /2 12
a'nl a'n2 an3 an
D (1) 4 112
L , sin(Aa)r+r127_|z_)(Tm—22') sin(Aa)r—r;Iz_)(Tm—Zr)
. T
=—|* 2cosAw-—t)cosha,t)dt= o + m
% TmJ(T @ Tm) sherd) AwT+Nnr AwT—Nnrm
D (1) 4 1 /2 4 1 /2
4 (Imi” 2 T r 7’
a,=—|4 2c0sAwq— —(t— ") + =~ cos( nw, t)dt
” ijTH {Tm< ) ZTm} s(nw,t)
D, (t) a 12 2
T 27
a,;=—1[2 ,C0SAw(——1t+7)cos(nw,t)dt
m 42 T
. | Aot —-nr  t(Awr+nx) . | Aot+nr  t(Awt—nx)
Sin — sin —
2 T, N 2 T,
Aot +nrx Awt —nrx
(3-46) ah sinAo[F(t)-F(t-7)] an
an1  Qnz  ahs ahn
14 1 /2
L , Sin(Aa)rJrnZ;]r_)(Tm—Zr) Sm(Aa)r—n;_)(Tm—Zr)
d,=— [* 2sin(Ae-ZLt)sin(e, t)dt =— m + m
T,%° T, Awt+nx Awt—-nr

14 1 /2 14 1 /2

2

4 Jm.T 2 T r T .
d.=—1[4 2sn Aw!{— —(t——")%2 4+ —— sin( nw _t)dt
w7k { (t=—)" + 2 } (ne,t)

2

m T, 2T

m

4 T /2 12
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4
d,=—
n3 T

7’"

j 2 gin Aa)(—_f_—rt +7)sin(ne, t)dt

2 m

. |Awt —nzr t(Awt +Nn1) . | Aot +nzr  t(Awr —nrx)
sin - sin -
B 2 T, 2 T,
- Aot +Nrx Aot —Nrx
Tm T anl an2 an3 dnl dn2
dn3 a'n dn
. Awt+nzr . Awort-nr . Awrt—-hr . Aort+nrx
SN 5 [n 5 n 5 n 5
XAyt~ + + + 3-48
& = 8o+ 8o Awt+N7 AoT—Nrx Awt+Nn1 AoT—nNr ( )
. Aot+nr . Awt-nr . Awot—-nr . Awot+nr
[n Sn Sn SN
d, & dg; +dgs ~— 2 + 2 + 2 2 (3-49)
AoTt+Nnrx AoTt—Nrx AoTt+Nrx AoTt—Nrx
T, T
an dn
aﬂ dn
1)
(3-48) (3-49) (3.36) (3-40) (3.44)
vy (t) (3-50)
Aot . Aot+nr . Awot—nr
a Sll’lT a o smT nsmT
Vd(t)ZZ A COS(a)dt+¢O)+ZCO§{(nwm+a)d)t+¢o}§ W+(_D W
2 2 2
. Awt—nr . Aot+nrx
o © smi sn?
R L N v S Ay vorrs v S
2 2
(3-50) v, (t) Aot =tnx T
T
n n n
’Z'O = T = 7[ = (3-51)
Aw 27Af  2Af
(3-51) T,
3.19 13 ”
(351)  V,(t)
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3.19

(2)
a2 dn2
t2
2
35 36 311 a, d, cos sin
T a, d,
3.20
T
20dB
3.21
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3.3.3

3.3
an2
dn2
anz dn2
3.22 (f) kHz
3.22 Af
3.23
SNR
3.24 Af 500kHz 4MHz f
f
3.22 3.23 3.24 3
FMCW
3.3
AfF 500kHz 4MHz -P

Im 1kHz 10kHz
B 20 5000
C 1530m/s
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3.3.4

1)
3.26
f Af FM-CW
3.27 f
(2) Af
328 f kHz
Af
3.29
3f
330 Af 400kHz f
f
f
(Anritsu M G465B1)
RF
(Toko ()| ossillator | N\
101JL1[7)TeIB346-1) v (1) FMI Iszoscele?]
a \Wtoot
line ’ AMp [— H modulator wave
(HP 8447A) (Anritsu MGa65B1) | generator
ATT (HP 8447A) (Agll?tf 33120A)
(Anritsu AT_T Amp n
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3.4.2

(3.52)
3-12 3-13 Hamming Hanning

FM-CW 3.1 (3.1)

oxp j[ogt+ Aok (O)]-expl- (@t + AeF )] (54

vy (t) = sin[(@gt + AwF (t)]= 2]

FM-CW Vg (1) a T

Ve (t) = a sin[(o, + o )t + ¢, + AwF (t —7)]

_ , &Plil(@, + @y)t+ 4, + AaF (t-7)] - expl- j[(@, + @,)t + ¢, + AR (t-7) |}

2]
FM-CW LOCAL-OSC
Tm
wy(t) ot
w, (t) =k+ (1-k) cos_l_—: k+(1-k)cosw,t (3.52)

m

Vreﬂ 'VrefQ
V,g () = [k + (1K) cosw, t|cod[ew,t + AwF (t)] = [k + (1- k) cosw, t |Re]exp( j (w,t + AwF (t)]

Vio (1) = [k + 1-K) cosw,t]sin[o,t + AwF (t)] = [k + (1~ k) cosa,t]Im[exp( j (ot + AwF (t)]

Vg (1) = [k + @-Kk) cos,t]exp[j (ot + AoF (t)]

Vi (1) Ve(t) Vpu(1)
I Q VDl(t) 2 2600

Vo, (1) = Vi (1) x Ve (t) = [k + 1— k) cos , t]exp[j (@t + AoF ()]

expli(e, + @ )t + ¢, + AoF (t—7) | —expl= j[(@, + @)t + 8, + AaF (t—7)]}

Xa .
~ —zij[k +(L-k)cos o, t]xexp{j(-o,t - 4,) +ZAa)[F t)-F@-2)]}

= —Zij[m (1- k) cosat]x exp[- j(@qt + 4,) < exp[jAe(F (t) - F (t—7)]
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=j %[k+ (1- k) cosw, t|xexp[- j(@,t + @,)|x {cosAa|F (t) - F(t—7) ]+ j SnAa[F (t) - F (t—7)]}

F(t) T T
F(t)-F(t-7) T

m

Vou(1) = | Tk + (1= K) cos wpt]< e j(egt +4,)]

X {{% + i (a,cosna,t+h,sin na)mt)} + ] {0—20 + i (c,cosnw,t+d,sin ncomt)}} (3.53)

n=1 n=1
a, b, 34
T o
a,= 7"1] 2 cosAw[F (1) - F(t-7)]-cos(ne,t)dt n=0,1,2,3...
T2
T o
b, = 7”1[ 2 cosAw[F (1) - F(t-7)]-sin(na,t)dt n=0,1,2,3...
2
2 b,=0
(3.15) a
8= LAY 5 r‘(Aan'+ 2n7)(T,,—17)
(AwzT+ Znﬂ)[Aaﬂm —7) —217[] ' 21
N —2A0T _Sip(Aa)r—anr)(Fm —7)
(Awr—20D)Ae(T,, —7) + 207 T
—a, +a, (3.54)
Cn dn
T o
¢ =3 j 2 sinAw[F(t)- F(t-7)] cos(ne,t)dt n=0,1,23...
2
d, =2 [3 sinA[F (1)~ F (t-7)]- sin(ne, t)dt n=0,123...
2
c,=0
(3.18) d,
d - - 200l .SiP(Aa)z'—Znﬁ)(Tm—r)
" (Awr-2n7)[An(T,, - 7) - 2n7] I 2T,
N 2A@T,, §in (Aot +2n7)(T,, —7)
(Aot + 2n;z)[Aa)(Tm -7)+ 2n;z] T,
=—8y ta; (355)
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anl

Vo () = jak

a,, (3.55)
n (3.56)
(Aot - 2n7) (T, — 1)

AwT,  -sin
2T

. -exp(j(no, t-¢,))

. (Aot - Znﬁ)[Aa)(Tm —-7)+ 2n7r]

.sin (Awr -2(n-Dz)(T, - 7)

AoT,
+ ja(l—k), 2T, Cexp( N 1)
2 (Aot —2(n-D72)[Aw(T, -7)+2(n-1)7 ] m
ay  AoTasn (Aot - Z(r‘zfrl)”)(Trn -7)
& — m X . _
T e o 2N+ D) A (T, — )+ 2(n+1)7] exp( j(Nn,t - ¢,))
AoT, -sin BOTF ZZ”T”)(Tm )
jak - m e — (Pt
ek e 7 zna] SPI(M@nt + 4o)
wg  oTesn (Aot + 2('”2—T1)”)(Tm 1)
AV .
: m o :
T e s 20 D e(T. 1) - 2 D] P (ent +do)
1-K) AoT,, -dn (Awz + Z(nzj_:_l)”)(Tm -7)
AW R .
: m - t
MR (Aot +2(n+ ) 7)[Aw(T, —7) - 2(n+1)7] exp(—j (Nt +¢,))
(3.56)
%o
¢o =0
Af =5MHz f - okHz
T =1/f,_=500us
k=0 1.0
T M 500u
* Mathcad”
0.7 501y 300.1p
3.39
n= 2500
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3.4.4

Tm
w,(t)
w, (t) = k+ (1-Kk) coSZ?I__ﬂ't= k+(1-k) cos? ot =K+ (1 k)m
= k+%+ﬁ(:0$2a)mt:ﬁ+ﬁcoszwmt (357)

\/rdl’\/nﬁq
Vi (1) = [k + (1— K)? cosa, t Jcodw,t + AwF (t)]= %[(1+ K) + (1 k) cos2a, t [Relexp(j (@,t + AaF (t)]

Vi (1) = [k + (1—K)? cos, tJsin[myt + Ao (t)] = %[(1+ K) + (1K) cos2a,t]im[exp(j (a,t + AoF (t))]

v (t) = %[(1+ K) + (1= k) cos 20, t]exp[j (@,t + AwF ()]

Vi (1) Ve(1) Vo, (1)

I Q
Vp, (1) = Vg () x Vg (t) = %[(1+ k) + (1- k) cos 2ot |exp[j (e t + AoF (1)]

o &Pl + @)t + ¢, + AoF (t - 1)} — expl- j[(@, + @)t + ¢ + AwF (-7}
2j

~ —4ij[(1+ k) + (1— k) cos 2o, t|x exp{j(~w,t — ¢,) + Aw[F (t) - F (t - 7) |}

=j %[(1+ k) + (1- k) cos 2w, t|x exp[— j(w,t + ¢,)|x exp[jAw(F (t) - F (t—7)]
Vp, (1) 3-4
Voo (t) = 1 - [A+K) + (1K) cos wpt]< e[ j(@qt + )]

X {% + Z (a,cosnw,t+b,sin na;mt)} + j {C—Zc’ + Z (c,cosnw, t+d, sin na)mt)}} (3.58)
n=1 n=1
b,=0 c,=0

a, d. (3.54) (3.55)
cosz = [exp( jz)+exp(—jz)/ 2]

n

w, =0

. 200T, -sin [(Aa)r+27z(2nT—2)]-(Tm—r)
. . fz;‘ - m ) o o
Vo = S et s 22 (=) (T, - 1) = 2z (n-2)] TP IN@nt = 160)
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[Awr — 272z (n-2)]-(T, - 7)

2A0T,, -€in
.a 1-Kk 2T .
+ ] : > ~exp( jnao,t)
2 4 (Aot -27(n-2)[Aw(T,-7)+27(n-2)]
2A 0T -sin (Awr +2n7 ) (T, —7)
ca 1+k 2T .
+ ] : -exp( = jnw,t)
2 2 (Aot +2nz)[Aw(T, -7)-2nx]
2A0T. -sin (Aot -2nz)(T,—17)
ca 1+k 2T, . .
- -exp( jnent - jé,)
2 2 (Aot -2nz)[Ae(T, -7)+2nr]
200T, -sn [(Awr + 27 (n+2)]-(T,, -7)
+jﬁ.1_k. 2Tn cexp( - jne,t)
2 4 [(Aor +2z(n+2)][A0(T,-7)-27(n+2)] m
- 20T, -sin [Aa)T—Zﬂ'(g_l-—i- 2)]- (T, - 7)
. a — .
= . . m - ex n t
T [Awr —2z2(n+2)] [A0(T, —7)+ 272 (n+ 2)] PCn@yt)  (3.59)
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T
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3.3.1 3.3.2

(352) u=1 v=1
FM-CW (3.60)
AT -Sin (Awt+2(n-2)7)(T,,—7)
¢ @Y " T, o
Vos0) =) i) DT — 1)~ 2(n-2)7] ot j(nent + o)

AGT. -sin (Awt+2n-D7)(T,,—7)
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(4.14) Vos®]pe,  LPF2 4-18
2 Vp,(t) FMCW Vo, (1)
(4.5) | &, ¢,
VDZ(t) ¢r
B
B
4.3
2 v,,(t) 2 I Q
4.14 4.
B 4.14 v,,(t)
V(1) 9,
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6 model 523A)
A 2. MHz 2.14 MHz
7, 5 kHz 5 kHz
FM £
(UST-2262-2) (UST-2262-2)
Tektronix Tektronix
(RSA230) (RSA230)
3.0
25 F g v
o
<20 |
I Calculation ' .
< © ) b
1.5 e
““““ 25
1.0 ﬂi; §ii
"}T‘g °
0.5 B *f‘f
..... o
0.0 3 [ [
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(m/s)
4.19
455
ATS
Laboratories Model 524
B
4.2 D 4.20
0.1 0.6 /sec 08 1.2
/sec
4.21(A) (B) (A) 300Hz

120
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4.6
4.6.1

4.1

Vpar (1) = Vi, (1) XV, 5,
=—2(cos 2xf ;t + ¢,) I, (kB) cos 2(2af t + @,/ 2) x cos(4xf .t + ¢, )

~ —J,(kB) cos(¢, — 4,) cos(2f ,t + ) (4.15)

Vb2o (t) =vp (D) xV, 2Q
= —2(cos2xf ,t + ¢,) I, (kB) cos2(2af .t + @,/ 2) xSin(4af t+ @, )

~ J,(kB)sin(é,, — 4,) cos(27f 4t + ¢,) (4.16)
VD3I (t )
2 2
Vpg (1) = \/{VDZI (t)} + {VDZq (t)} = J,(kB)-cos(27f st + ¢,) (4.17)
RF Modulation
Oscillator Wave
Ultrasound Generator
Transducer |, | Power |, FM <
TX) | Amp. [ Modulator
First Reference Multiplexer
Transducer | Signal x N
RX) T i F
' ggconij Reference
4 ignal
Blood n/
Vessl |
ol T
v L *
PreAMP , N
]
Signal
Processor
ke |
First 5
Mixer
Second
Mixer LPF
""""" Phase | ndependent Detector
4.25
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(4.16) é
Q 2 (4.18) Vpao(t)

VDSQ(t) = J,(kB)-sin( 2zf 4t + ¢,) (4.18)
(4.17) (4.18)

4.25

4.6.2 100Hz
4.3.5 100Hz

FMCW

Vop (t) = COS(27f t + g, + M, sin 27f pt){Jo(kﬁ) + 2i (-1)"J,. (kB) cos2n(27f t + 4. | 2)}

—sin(27fgt + g, + M sin 27f pt){Zi (~)"J,...(kB) cos(2n + 1) (24t + &, /| 2)} (4.19)

(4.19) f, f,
4.26(a) f,
+f, (4.19)

FMCW

m,
f (4.20)

Vop (t) = COS( 27 4t + ¢,) - (L+ M, Sin 2ﬁrpt){J0(kﬂ) +25 (-1)" 3, (kB) cos 2n(27f t + ¢,/ 2)

—sin(2xft+¢,) - (L+m, sin Zﬁpt){Zi (-D"J,,..(kB)cos(2n+1)(2f t+ ¢/ 2)J2n+1(k,6’)}
(4.20)
(4.20) f

DSB-SC fo+f, f,—f,
DSB-SC 4.26(b)
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f ; f (4.20)

FMCW
(4.5) f,=0 A (4.21)

C

Vop (1) = A (L+m, sin24f 1)< I, (kB) + Zi (-D"J,,(kB)cos2n(2Af t+ ¢, | 2)}

n=1

—A(L+m,sin2xf t) Zi (-D"J,,.,(kB)cos(2n+ D) (24 t+ ¢,/ 2)} (4.21)

(4.21) f, DSB-SC 4.26(c)
+f, (4.21)
10dB AM
DSB-SC
4.23 100Hz FMCW
DSB-SC
FMCW 10 20Hz
f, 2.14MHz 10Hz
3.5mml/sec
/\
¥ clutter f
— R Doppler
LA
mTd i f +f,  Frequency
(a) Frequency Modulated Doppler signal
f /" dutter Doppler signal
' P fs l»/‘
—>
f-fq i f+fy Frequency

(b) Amplitude modulated Doppler signal
s clutter

— ~— Doppler signal

f_ Frequéncy
(c) Amplitude modulated clutter Signal

4.26
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B
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FM-CW

51
FM-CW
PW Cw
SNR Cw

SNR PW Cw

Cw SNR PW Cw

PW
DC
FM-CW
“ O”
FM-CW
52 FM-CW
CwW SNR FM-CW
FM-CW FM-CW
4.18

5.1 FM
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(FMCW)

AT (0dlay tirr;e between tx and rx)
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Pomer odulation
J Amp. M odulator \C/;Véanvee}ator
WITransr vr(tl )| Delay (f,)
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Amp ®— ~LERT .
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v.(t Pr ocessor
oY %}—2 [FFT | ——= 1
M ixer LPF
Vi(t)
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5.2(a) (b)
(e)
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(d)
2f, 28 FM
)
FM-CW
fm
5.2(f) 2
5.3(b) (c)
5.3(c)
5.4 FMCW B
X
Yy Z
Cw
5.4
( ““JHIH‘ A ‘
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time
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d, fq
fd
d,
54
Cw
B
5.3 FM-CW
5.3.1
B
d,
B 100
25 B
5.3.2
B
B
BW (4.13)
BW ~ 2(f,_+Af)=2(f, + ff,)=2f (1+f)
B
PwW
FM-CW
PW
5.3.3 SNR
PW SNR
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PRF,pulse repletion frequency

/

51
5.8

Cw

Cw

534
FM-CW

5.3.5
CW PW

Cw

PRF

Cw
RF

SNR
FM-CW

PW

SNR

5.4.3
PW
SNR

PW

1im/

FM-CW

PW /100
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54
54.1
FM

FM-CW (4.1)
¢,

FMCW
(4.1) (4.4)

Vp (1)
V(1) = Asin[24ft + Bsin(24f t + ¢, )|x Asin[2z(f, + f )t + ¢, + Bsin(2A4f, t+¢,)]

aA’ {cos[27(2f,+ T,)+ ¢, + fSin(24f t+¢,) + psin(2f t+4,) ]}

ah” {cos[- 27 t— g, + Bsin(24f t+4,) - psin(24f t+¢. )]

+
2f, Vp (1)
2
vy (t) ~ “g {cos[2nf t + g, + BSN( 27 t+ )~ Bsin(2Af t+ )]}
= ak” {COS{Zﬂfdt + ¢, + 23 cos Aol + fu + 4, -sin b — 9 }}
2 2 2
ah’ P + &,
== cos{kﬂ cos(2af t + 5 )+ 27f 4t + ¢O} (5.2)
(5.2)
k = 2sin ¢m_¢r (5.3)
2
(5.2)

Vo (1) = “22 co{kﬁ cos(27f 1 + @)} - COS(27f t + )
—sin[k,Bcos(Z:zfmt +¢m—;¢f)]sin(2ﬂfdt )
oA’ { & o + &, }
= cos( 2xf t + ¢y)| I, (KB) + 22 (-D"J,,(kp)-cos 2n(2xf t + T)
¢m + ¢f
2

23" (-1)"3,,.,(kB) - cos( 2n +1)(27f 1t +

n=0

2
_ “’; sin( 27f ,t + ¢0){

_ ag\z cos( 27 4t + ¢y) - I (KB)
— R SN t+g,) - I, (KB) COS(Z/met-I-%—;ﬂ)—(ZAZ cos(24 t + ¢) - I, (kD) COSZ(Z/met+¢m;'¢r)

2

+aN Sin(at t + ¢y) - J5(KB) cos3(27zfmt+¢m—;¢f)+aA2 COSA,t + b) - J, (k) cosd(2A, £ + In 4.
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SN2+ )35 (59) 0SS+ P ) o oot -+4) - 3,(8) oot + P
SN £+ 1) 3,(68) coST(2A P2 1) 4 o oot -+ 1) 3, (65) cosa, £+ P Py

— a2 SNt + ) - I (KB) CosH2Af £+ ¢mz+¢f) —al cos2/A t+¢,) - I, (k3) coslO(2Af  t +¢m-2’_¢r)

5.4)
(4.5) (4.5) 612
k=29n(¢m/2) (¢m+¢r)/2 kzzsn@m_ﬁ)/z)
(5.4)
5.4
(5.4) f, =0 v, (1)
P P = &,
Vg (t) = “gz cos( 27 4t + ¢,) (5.5)
(5.5) P =&,
O = &,
G = &,
cwW cw

V; (t) = Asin 2zf t Ve(t) = aAsin[(24f, + 22f )t + ¢, |
Vp (1) = V; (1) x Ve (t) = @A? sin 27f t x sin[(2zf , + 22f )t + ¢, |
= —“—’; {cod27(2f, + f, )t + ¢, |- cos(=27f jt — )} = “%2 cos(24 .t +¢,) (5.6)

(55) (5.6) FM-CW CW
5.4.2
(5.1)

5.5
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5.5

55
B
B B
(4.1)
V; (t) = Asin( 2af,t + g sin 2af _t) (4.1)
1y (4.1)
f(t) 27f, + B cos(2af t)-2af = 2xf, + 24f, 3 cos( 24, t) (5.7)
f,(t) “ "
f (t)——[Zﬂ'f + 27f 3 cos( 2t t)] [f + f_pcos(2Af t)] (5.8)
fq(t) ¢4 (1)
gy (t) = jf (t)dt—— [f, + f, B cos(2zf t)]dt :4Tﬂvfot+%ﬂsin(2ﬂfmt) (5.9)
(5.9) Vg (t) (5.9)
fy f, f

™\

f, +[$’sin(2n ft+9,./2) f,+'sin(2m fnt+<pm/;2)
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Vg (1) T Ve(t)
Q) $q (1) T

Ve(t)  (5.10)
Vg (t) = aASin{Zﬂfo(t +7) 0 (t+%)+%ﬂsin[2ﬂfm(t +%)}+ﬂsin[2ﬂfm(t+r)]}
— aAsin{Z;zfot + 27t + Mo g +%) +% ﬂsin[Zﬂfm(t +%)} + Bsin[2Af, (t+ z‘)]}
27,7 = ¢, 24t =6, Ve(t)

f (T +£) +%ﬁsin(27zfmt+¢—2m) + psin(2Af t +¢m)}

Vg (t) = cAs n|:272'f0t +g+— 1,
(5.10)

Vp (t) = aA?sin[27f t + gsin(2xf, t + ¢, )]
— f(t+ —)+—ﬂsm(27zf t+¢ )+ﬂsin(27zfmt+¢m)}

><sm[27zft+¢50
“A2 s[—f(t AW ¢0+—ﬁs|n(2ﬂft+¢m)}
_ oA cos[ f0t+2ﬂvr+¢o+—vﬂsin(2ﬂfmt+¢—m)}
2 C C 2
27V : AP _ 4
gty PP =T
vD(t)—a';Z COS|:27Z'f t+g¢, + B'sin(2A t+¢7m}
aA2 cos(27f ,t + 4,) - cos{ﬂ sin(2af t+¢7"‘}

“’; SNQA t+4,)- sr{ﬂ sin(f t+¢—)}

J, (B )+zz J,.(B") cos2n(2Af t+

t)

= a'gz cos(2f t+¢o){
_ oA sin(27f ,t+ ¢,) - 22 J,...(B)sin(2n+1)(2Af t+¢_m) (5.11)
(5.11) cos(2rf ,t +¢,)  sin(2Af ,t + ¢,) i
f_ FM 5.6
5.6 Jo(B) * 7 J.(B) 3.(8)
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JAB)
Doppler
Signal
) CIutter\\
HON NP 5 emlt o
L0 5o Iar)
J 1
7, 2
7,
5.6
358 3.(8)
(5.11) Jo(B)  3(B) I (B) I(B) (B
B
3. (8
B =100 1530 /
ﬂ!
A _2><V>< _ "
P =P = 155y ¥100= 01307 xv (5.12)
(5.12) S
B 56A B C D
B
B 100
20dB 40dB

PW
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543

1)
RF FM-CW
(5.13)
5-2
n(t) = p(t) cos[2zf,t + O(t)]= p(t) cos 2xft - cos O(t) — p(t)sin 2af,t-sin O(t)

= X(t) -cos(t) — y(t)-sinO(t) (5.13)

(5.13) X(t) = p(t)cosO(t) y(t) = p(t)sino(t)
2(t)
53
2(t) = x(t) + jy(t) = p(t) cosO(t) + jp(t) SnO(t) = p(t)e'® (5.14)
y(t)
p() = XM+ ¥y (1) o =30
o(t) x(t) y(t)
5-2
x(t)=yt)=0  p(t)coso(t) =1 p()sind(t) =1 (5.15)
p® o(t)
BW
(5.13) 2(t)
5-4 fo BW Band width
f, BW
RF f,=5MHz BW = 2MHz
f, BW
(5.11)
2) FM-CW
n(t) RF
Ve(t) = aAsin[27z(f,+ )t + @, + fsin(24f, t+ 4, )]+ n(t)

¢, Vp (1)

Vp (t) = Asin[2aft + gsin( 2af t+ 4,)]

x{aAsin[2z (f, + f )t + ¢, + Bsn(2af t+ ¢, )]+ p(t) cos[2af t + 6(1) ]}

- 002\2 {~cos[2z(2f, + T )t + g, + BSin(2af t+¢,) + BSin(24f t +¢,.)]

+ cos[2xf t + g, + Blsin( 24f t + 4,,) —sin( 2xf, t+ ¢,)]] }

+Ap—(t)sin47rft+ sin(2af t+¢,)+6(t)[+sin[gsin(2xf t+ ¢, )-0(t 5.16
5 isin[4afot + fsin(27f,t+4,) + O]+ Sn[Bsin(27f,t+4) - 0] (5.16)
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(5.16)
21,
N, (t)

o = 220 sinfpsin(aat,t+4) - (0]
- A,Oz(t) {sn[psin(24f .t +¢,)] cosO(t) - cos[ g sin(2zf .t + ¢,)]-sin O(t) }

_ A/Jz(t) cosH(t)~2§ Jona(B)sin[(2n+2)22f t+ (2n+1)g, |

Ap(t)sm o(t)- {J (B)+23 3,(8) cos(2n- 24, t + 2ng, )}

n=1

= Ap(t) cosH(t)z Jona(B)sin[(2n+1)24f t+ (2n+1)g, |

A'O(t)sm o(t)-J,(B)—Ap(t)sino(t)- ZJZn(,B)cos(4n7z'f t+2n¢,)

n=1

__ A,02(t) 3,(f)sin B(t) + Ap(t)cos O(1)J,(B) sin( 2af,t +4,)

- Ap(t)sin 6(t)J,(B)cos( 4xf t+2¢,. )+ Ap(t)cos&(t)I,(L)cos( 6zf t+34,)

—Ap(t)sin &(t)J, (L) cos(8xf t + 44, )+ Ap(t) cosO(t) I, (L) cos(10xf .t + 5¢,)
— Ap(t)sin (t)J,(B) cos(12f t + 64, ) + Ap(t) cosO(t) I, (L) cos(14nf t+ 74, )

— Ap(t)sin 9(t) I, (p)cos(16zf t +8¢,) + Ap(t) cosO(t) I, (L) cos(18xf t + 9¢, )

(5.17)
(5.17) pt)coso(t) p(t)snot) f,
RF BW
RF f, BW/ BW/
(4.30) Dc f_
BW/ BWI/
(A1, ()]
DC f, NP(Noise Power)
(5.18) (5.17) DC

f

m

NP = *J (ﬂ)+*J (ﬂ)+*J (ﬂ)+*3 (ﬂ)+*3 (ﬂ) J (ﬂ)+*3 B+

A [J (5)+23. 3] (ﬂ)} LaX (5.18)

(5.18) 5-5
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3,2(8)+23 3,2() =1

(5.17) (5.18)
DC (5.15)
J2 2
BW (5.19)
DC A?Js (B)
4BW
)t A2IZ(p)
" 2BW
4f AIL(B)
" 2BW
2BW
(5.18) A FM
(5.13)
(5.18) A% /2
21,
5.8(a) f,
A? | Watt]
FMCW (b)
FMCW
2wWB
()
fm
fm
(d)

Power Density, Watt/Hz)

(5.17)

(5.18)

f A*IZ(f)
m 2BW
ALIZ(P)

2BW
ATIZ(P)
m 2BW

3f

m

5f

(5.19)

(5.15)
A FM
(A/-2)2 = A?/2
A?]2

BW
A? [ 2BW|Watt / Hz]

(©
(©)
DC
DC

(5.18)
NPD(Noise
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npp = X% +(A2Jf(ﬂ) JRBB) | NIB)  KILB)  AIB) , AI(P) +J 5

4BW

2BW 2BW 2BW 2BW 2BW 2BW

A0 {AZJf(ﬂ) JAAB) NBP) KIB) , NP KIP) +}

_ANp) | A

RF

@)

(b)

©f,

(d)

4BW

BW BW BW BW BW BW

W [32(8)+ 32(B)+ I2(B) + IZ(B) + J2(B)+ IZ(B) +---]

4BW
AR, K [1-049)|_ A [3p), 2 24p)|_K@-3B) K
BW BW| 2 | BW| 4 4 4 4BW 2w ©20)
BW
NPD
A? [ 2BW|watt / Hz]
CW PW
fm
(5.19)
~ BW RF X
RF I al
2BwW
RF l 1 l A >
| Cf .*—»f
/w ----- AN
: M“ '''' ;y[AJ:(B)]’IZBw R
| Lo I:Illlil“: .“ A, (B )F/2BW s
BRI D VA
{4 L D 2V
i e ——————— A I
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\_ [, (@ )F r2BW- mw_,
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A? [ 2BW|watt / Hz]

DC A? [ 2BW|watt / Hz]
5.7(d) FMCW
2 DC 2BW
5.44PW CW SNR(Signal to Noise Ratio)
PW SNR
RF
2f,
2 PW
PRF FMCW f
5.8
Ccw PW
PW
PW CW SNR
PW CwW
PW CW
PW DC
PW B s PRF pulse repetition frequency 2kHz
PW CW SNR 500
FM-CW FM-CW
FM
FR 5.9 PW
RF
CWwW
5.8 RF
FMCW  SNR Ccw PW 100 (20dB)
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BW/ 2
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12
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§< BW RE ’ l BWFFMCW ' g
59
55
55.1
VDO(t)
Voo T = [a(d) ] x[vo 1)F = [a(d) v, ()] (5.10)
5.10 5.10
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552CW FM-CW
cw
DC
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Ve (1) p76  3.4.2 Ve (1)
A T
T F(t)-F(t-17) T

Voo (t) = j%[k+ (1- k) cos w,t]x exp[- j (a4t +4,)]

X {iju i (a, cosnw,t+b,sin na)mt)} + j[c—z"+ i (c,cosne,t+d, sin na)mt)}} (A1)

2 n=1 n=1

a, b, 3-4
T o
a, = ?’“I 2 cosAw[F (t) - F(t—7)] cos(ne,t)dt n=0,1,2,3...
2
T o
b, = ?mj 2 cosAw[F(t) - F(t-7)] sin(na,t)dt n=0,1,23...
2
5 b, =0 a, (3.15)
aﬂ
a - —2AT | ' .P(Aa)r+ 2nz)(T., —17)
(Awt+2n7) AT, — 7) — 2n7] ' 2T
N - 2AwT,, sin (Awr-2n7)(T, —7) N (3.15)
(Aot - 2n7)[Aa(T,, - 7) + 2n7] 2T, e T Gz '
c, d, 3-4
T o
C, =2 [2 sinAa[F (1) - F(t—1)]-cosna, bt n=0,123...
2
d, =2 [2 sinad[F (1)~ F (t—7)]- sin(ne, t)dt n=0,1,2,3...
2
c,=0 d, (3.18)
d,
d- —2AaT .Sip(Aa)T—Zn”)(Tm_T)
" (Awr—2n7)Ae(T, —7) - 2n7] ' 2T,
2A0T,, . (Aot +2n7)(T,, —17)
+ -sin =-a,+a, (3.18)
(Awt + 2n7z)[Aa)(Tm -7)+ 2n7z] 2T,
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a d (Al

n n

Voy (t) = ,-z[k+ (1- k) cos@,t]x expl— j(@gt + ¢,)]

{ i [(a, +a,)cosnm,t+ j(-a, +a,)sSnna, t]}

= 13[k+(1— k) cos @,t]x exp [~ j(@4t + ¢,)]

x {%+ i [a,,(cos nw,t - jsin ne,t)+a,,(cos no,t+ jsin na)mt)]}
n-1

= j = [k+(@-k)cos w,t]xexp[- j(@,t +¢,)]x { Zw:[anlexp(—jna)mt)qtanzexp(jna)mt)]}

l\)lQ

jaz‘{k+[exp(1wt)+exp( Ja)t)]}xeXd— (@4t+4,)] { i[amexp(—jnmeanzeXp(jnwmt)]}

Vo (t) = J%{_ exd_ (gt + 4, )]"'exd_ (0t + ¢, )]Z[anl exp(—jna,t) + a,, exp(jne t)]}

n=1

n=1L

18 feing- - el Kot ) 3 Sl nat) el )

. oK : S
= J%{%exp[_ J(wdt+¢o))]+zanlexp J(nw t-'-a)dt+¢o)]+an2 eXp[J now t a)dt ¢0
n=1

- 1% el flo Al 3 awenl ino, ot 4 enliot- o4

+J#{2exp[1(a)t w4t — ¢)]+79Xp[ j(@nt + gt + ¢, )]

+Y ayfexp[- j((N-Dont+ gt +4,) ]+ exp[- j(n+ Doyt + oyt +4,)]]

n=1

+ i a,[exp[i(n+ Dot - ot -¢,)) [+ exp[i(n-Dot-ot-¢)]] | A2

n=1
w, =0

o (0) = 1 262 exp(—4;)

+ ] ;Z 2 exp(—(ine,t +¢,)) + a,, exp(j (@t - ¢,))]

. -k : :
: 1%&[exmJ(wmt—¢o»+exp(—1(wmt+¢o»]
OIS e (1 Dot ) + o0 § (1 + Dt )]

n=1
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+a,,[exp(j(N+ D)ot —¢,)) + exp( j (N—Daw,t —d,))] }

(Aot —2nz)(T, —7)
2T

; _ oK. m . i _
Vou (1) = | 2 (Aot - 2n7z)[Aa)(Tm -7)+ 2n7z] &xp( j (Nt = o))

2A@T, -Sin

2AwT,, -sn (Aoz —2(n -1z )T, ~7)

+j0£(l—k). 2T

2 (o 20 Do)ae(, )+ 2n-px] TPt =0

2AwT, -sin B0 =20+ D7)(T, = 7)

. a(l— k) 2Tm . . .
+ 4 (Aot -2+ )m)[Aa(T, —7)+2(n+1)x] exp( j(no,t—d,))

2A®T, -sin (Aot +2n7)(T, —7)

. ak oT _
o . -exp(—j(no,t+
! 2 (Aot +2n7r)[Aa)(Tm—T)_2nﬂ] p(—j(no.t+4,))

2AwT,, -sin (Aor +2(n-D7z)(T, —7)

L2k oT

4 (Aot +2(n-Yr)[Ae(T, _r;) 20 _1)7[].exp( —j(no.t+d,))

2A0T, -sin (Aot +2(n+ )7 )(T, —7)
ca(l-Kk) oT

B (Aot +2(n+ ) 7)[Ae(T, _”;) ~2 +1)”].exp(— j(no.t+¢,) (A.3)
(A.3) FMCW
(A.3) jal?2
(A-3) jal?2 (A.49)
2A@T,, -sin (Awr - er_]r”)(Tm —7)
le(t) =k- m -eXp(j(na)mt—¢0))

(Awt - 2n7)[Aw(T, —7) + 2n7]

2AwT,, -sSin (Aor —2(n-N)7)(Ty —7)

M ClN 2T -exp( jnw,t)
2 (Aot -2(n-D7)[Aw(T, -7)+2(n-1)r] m

2A@T,_ -sin (Aor —2(n+)7)(T, ~7)

(1_ k) 2Tm . . _
T2 et —2n+)m)pa(, —1) + 2(n+ 7] exp( j(nw,t—4,))
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(Aot +2nx)(T,, — 1)

2T, ' N
ke (Aa)r+2n7r)[Aa)(Tm_T)_2n”] exp(—j(no,t + ¢,))

2A®T,, -sin

. _ T _
2A@T, -sin (Aoz +2(n-D7z)(T, ~7)

(1-K) 2T, o
T2 (dor +200-Ym)pe(T, - 1) - 2(n-1)x] exp(— j(N@,t + ¢))

(Awr +2(n+)7)(T,—7)

(1-k) 2T, o
+ 2 '(Aa)z-+2(n+1)7r)[Aw(Tm_T)_Z(n+l)7[] exp(—j(no,t+4¢,))

2AoT,, -sin

(A.4)

Do
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