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A5 BAL 48 Z2ade] 9o AT Qv A L gL A Baok Brk v A 24
2 S8l Rolehe 74 Z2age] Yol A8E T k. £ ATeldE A% AE 9% Ruw
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o] 9tk FUIAE Ha (1999), Kim S (2015)0] ]3] Z7rel e 24 12

0
R
ob

Hy (B o 2

[
ASAA Hobd] TERBL POz & BENE BT 5
A3 o (2). 2FEYRA (3). WEAT F)E0} B
REEEPES

AT 2ol tiet gk 9l Ul-8-2 Hayes (1996), Lee (2013), Oppenheim3} Schafer (1999) 8]l
Proakis®} Manolakis (1996) & 223ttt Al of tf st Al Al & 2 A -2 Bloomfield (1976) 2} Priest-
ley (1981)& #=3}tt. A} E http://www.wikipedia.com, http://www.dsprelated.com 1]
31 http://wuw.gwinst.com®] W& = FZ 3} )

2. o4t Felol WHT W3

F

OV AIZE A% afn]ol n=0,... N — 13} 22§38 A|7bol jto] FolAd,
N—-1 )
X[k] _ ZL‘[’I’L] . e*jZﬂ'kn/N
n=0

£ DFT (discrete fourier transform; ©]4+F 2o W&)g} A 2]l IDFT (inverse DFT; o]4F 3]0
AW T3 Eef NS

— 1 N71X k j2mkn/N
o] = A >0 XIH] e
k=0
7} fdofZltt.
2ele] 240 o)
N-1
X[k] = z[n] - {cos(—2mkn/N) + jsin(—27kn/N)},
n=0
| N2
z[n] = N X|[k] - {cos(2mrkn/N) + jsin(2wkn/N)}
k=0

2 BAE 45 k. AN 2 AL DFT gaez oslE 4 gk X[k]s B4
FUE W ol AFREI AFREO2 \ro] TUE 2 £ 9 (X[HE olgstel & uel
a8)71% gtk 53] 27] (magnitude)S] AlF (|X[k]]*)& 37 A (average power) T2 A
g skl BE kol tigte] AAS AE AY ~2HEY (power spectrum) ©] 2kl o

AAZA 0|2t A7 AF z[n] = 5sin(27n/10) + 5sin(27n/25), n = 0,...,499] st} AH
A= FA k=29 594 4 AHIE B A ole AE 3 1/25 (=2/50)9 1/10
(=5/50)°l s Fstc} (Figure 8.1).

OJAl z[n]oll WAL (e[n])S B3 y[n| = x[n] + ¢[n]e] DFTQA Y[k & fitds-S o]&3to] #3511
Zo)7} 39 )5 Fe] DFTY H[k]E Y[k|o §3 & 9% (IDFT)S ifft 345 o] §3te] Wazts
S AN AT E Fols FAS Figure 8.20] 2R gtk o] 5379 DFTE k7 15014 35 2%
9] Y[kl ZFS Adtels 29 U du3S H3d Yoldle A EAE= AT S oo =w

o
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B olsduHES A Hedl o= Ax 5ol e o] Figure 8.29] 94159} vt A<
2 e o]r;}_
= v=a T AT

Fold <=4 {... z[-1],2[0], z[1],.. . }& DT T FAOR vHrojFE HFOT - (trans-
formation)©] ofefj 2} 2ol Aol Hrt.

o], 4 {z[n] =a*;n=0,1,2,...} T2 z[n] = a"u(n), u(n) =1,n=0,1,2,...° 3t z-A

o 2
rlo
(et

n=0
b E 3 B faz | < 102
1 z
X(z) = Toarl  2-a 2| > |al
2 Rx¥Enh 5, Al FA 285 Y o] ojakd (52, g AHY)olA shte] T 2dd
t}. oluf, |z| > |a|E $HF (region of convergence)o|gtil Tt WM R 2 = /2 £3 WIS
ThA] 21
X(Q) = Z x[n]e 7"
7} H3 o] F47F 3k ol & Felo WME (fourier transform)o]zfal ). Fejof] W2 -3
oA 27} H}Z]EO] 191 dojeta & wje}t Fatth. f19 dAAlNA T |a| < 109 (F, £HT G0l
23

HEA|So] 191 €] ghot) sfelof] Wo] AT =3, 2 U] F4S o8t

8

X(Q) = Z z[n](cos(2n) — 7 sin(2n))

n=-—oo

1

- JjQn
o X (Q)e?dQ

z[n] =

S 9oz & £ 9ty 9o FAFE o4k AZE FElo] ME (discrete time fourier transform;
o o]ak AIZF FE]o] WME (inverse discrete time fourier transform; IDTF)o]2}al st

AT AN = NS z[n]et BHEAT AE 2*[n]E 0|83} A7]|AAFSS (autocorrelation func-

1 L
tion)E (i) ZA 2 (deterministic) A& tfsloi=
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2} Zro] (i) MY (random) AT o) thdlod=
ra(k) = Blalnla® (n — ] = Elo(n + b ()]

= Aosth. AAD BAolMe AR B2 Wdeleka ATk Lela A ABRL
2% 5o Feloashe

k=—o00
Es
P(e) = > rup(k)e ™
k=—o0
2 Bejar
AHOZ (aflin=0,..., N — 1}5} 2o] S BEA7} FolA e 97} ool s A2 ~
HEo] AR Fedunen AoRes suee] AL Foh Adsw P A
713#4d {r.(k);k=0,...,N -1} &
L Nl
fz(k:):ﬁ z(n+k)x*(n);k=0,...,N -1
i=1
9} Zo] e e wa X]'7]’q'-‘4~r°d {#(k);k = 0,...,N — 1} tAsl= Aot} Ay ~dey =
A% £+ 322 =19 (periodogram)-2
_ N-1 _
Po(@) = > alk)e
k=—N+1

2 A"t k7 509 A9 AalBase] S wet iy (—k)=r" (k) 2 ALdeit
oJAl z[n]e] 2 0 <n < N AT Atk ulolA z[n]E zy(n) 22 F713HW F44F (con-
volution)< ©]-&3}o]

Folk) = % 3 en(n+R)k(n) = %xN(k)*:cN(k)
7} 5|3 o] & Fejof sl
Pa(e™) = - Xn (@) Xi(e) = 1| Xn ()P
7} Atk o7 A, N
Xn(e??) = Z zn(n)e ™ = Z x[n]e 7™
n=—oo n=0

o Boz flo) HewaWLe Akt VAL A wE 2mk/N o2 A5
[ Xn ()P

Aol AL Figure 8.3° 18 B9t}
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5. 273723

A zn)2k 2 yln]Atole] A7

o} 25w, o]& A8 A Al AE WA A (linear constant-coefficient difference equation; LCCD
equation)o]2}al sl T P o] €[n], S8 o] z[n]o] A

7} ¥ 3 o)% AAQ BAeIAE ARMA(NM) R gole} £tk LOCD W Aol --0she aishyl

ZaszkY(z) = <Z akzk> Y(z) = (Z bkzk> X(z) = bz FX(2)
k=0 k=0 k=0

7} 531 o] & AHEdte] H(z)E y .
_Y(2) _ Xp—obez
H(Z) - X(Z) - ZkN Oak»’c’*k
2} Zro] Aot 4dY-2Y A|avle] WHo gk (transfer function)2hal Sl AA| 2= Fuke (f)oll
ko] w =27 fe] AT AHE] f WE W3S B AL w7} Q7)o 2 AA Y E TA 5o

H(f) = H(w) = H(2)|.=ci»

g} 3t o] & Ful ¥kS T (frequency response function)2t EEt}h. H(w)+E RY signal #7]#)
9 freqz 32 AFRSlo] 78 4 Q).
A ()3 8 (y) Arololl 4+ (convolution) y[n] = hn] * z[n]] TA 7} A Hsicd,

Py(2) = Puo(2)H(2)H (1/27)

Py (') = Po(e’)|H ()2

o= o], AR(1), MA(1)™ ARMA(1,1)9] Ag ~dEzn

b 2 ; ,
! , Po(e’) = 0®|bo — bre” 7|,

1—aie v

P.(e7%) = o°

— 2
bo—b16 Jw

jw 2
Po(e) =0 1—aie v
7 E2 AALE BAMe LR boE 12 FTh RelA AlFdte arma.spec(ar=a,ma=b)<
H(jw) = (14be %) /(1 — ae™7*) & fu|atal A& A] b9 5ol 395 3oF gt} spectrum B+
2 7|EAHo 2 ARREE S 7|Wte g el e=aWE £33 T A3 Mok e 371 FAHALZE spans©]
J=dl 2719 B 7 Daniell?] S AR A% 7208 gt Q%E% Bloomfield
(1976)9] F41& AR&sttiar vho oleh. 2 74A] mElo] A3 ER S Figure 8.49F 8.5 18] &gk}
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6. FIR HE 9} TIR HE

FIR+ finite impluse response®] 2Fz}o] 11 IIR2 infinite impulse response?] 2Fx}o]t}. WA FIRS

oF 2ol F A el oJsfl EHol 2= #AE FIR A2d §2 FIR ¥k gtk oS

yinl = sofnl + galn — 1] + sol — 2]
o} o] B & o5 B0l R o2l AT B,
yln] = Zakm[n — kJor Z arz[n — k]
k=0 k=—o00

9} Zro] Fefe] Y Fo g o]FolR FHIe] A E IIRAIAH =2 [IRFH I dirt. JHsHA
B3l a, S hlk]Z At FHE AL FIR £+ IR Fejeta g

6.1. FIR ZE|
QLR E DERE

it
p
o
N
)
4l
=
=
o+
=i
S
o
73
&
ot
flo
=
=
o
=]
)
(@]
Q.
]
=
Q.
@,
o+
o
=
B
le]
=3
o
=]
o
o
=2
o,
v

0 n#0
FIRZEI A z[n] = d[n]= 3HA y[n] = Sa, hlk]d[n — k] = h[n]7} DT} oluf hln]S _ﬂ 2= 3t
< (unit impulse response) &2 A= 3k (impluse response) 2t £20} FIRZEH+= A hn] 2}

z[n]9] (3 A+ (convolution)

yln] = Zh klz[n — k] = h[n] * z[n]

o= FAIZ F AL 0| AL -8 A7 hn] S} x[n]9] AR 7
Y(z) = H(2)X(2)

o] =t} (xvﬂav R NBA AEANE 1) o8 So] o1 ERBE yln] = (wln] + 2ln — 1] + aln —
2])/32] %< h[0] = h[1] = h[2] = 1/30] 31 D] 2

hin] = %5[71] + %5[71 1+ %5[71 9]

1 1 _ 1 _ 24241
H(Z) gZO+32 1+§ 2 z +3»22+
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6.2. IIR ¥
& E°1,

i) = o] + 56 — 1] + (

v
>
I

1\’ = (1\F

3 on—2]...= 0(3> o[n — K|
AE o] 73t 7l A=2FLE o]|Fo|F Y /28 A AL IR A|AH

Al TS h[n)2 2-HEES F3) 7HdEHA|

= %717} V5.

6.3. 2|3 (rational function)
FIRY} IIRE £¥3= B4 E| w35 X571 (p,q) < FEIT<eka shoh
+

bo+biz 4. —
H(Z): 1+a —1 - P -k
127 o tapzT? 14 ) a2

gA B FIRAAE p =003 g =3, [IRAA = p= 19|31 ¢ =09 %7} A}

Y(z) 1o bz F
X(z) 1435 aez™”

£ Sgetd
yln] + aryln — 1] + - -+ + apy[n — p| = boz[n] + - - - + bgz[n — q]

ZhAnk y[] WA 2] |[Z2 2[ | 22 2] A ¢ |& 22 SAY AL ARMA(p,q) & o] &
th o] ol Az Aot AIALY] AZ2H ] A sttt

Figure 8.6} 8.79] FIR: H(z) = (ZO 2 2 Y B TIR: H(2) = 1/(1 — 271 /3)
#dd FeE 28 wodth 99l v "L freqzdel Z2AEQH HAME (dB)2 dB
2010g10\H(6“)|E ojmstar #AF] T2 ARETE o]F°] ‘Phase’sial @ v I1HL B

T el 28X H(w)Y well W 2= W3ls a8 42 Zeoltt. FIRY oAl H(w)7} WHF

°ﬂ Zﬂ%] (spiral)o] £} IIRY] A oAM= Y] =t 1 dAbo] Phase 1A EAET A&
©2 yehdrh Phase Z80A Ao] ©xF7} 4ad] B5s Holet o212 F8tollA] AIZE FollA
o] A (delay)3} FappSolAe] Al Aol fla= omgnt. AAR 384 AL R

e

d

7. ¥ fzgd

olAl WA et g Y= FHE e+ RIS ETh B YA st 2 22 &
S Q1 Uhgo] ohv] B HolAE RS2 215 Ao Zedeiach. Bee 2 A $31 2
E] (low pass filter), 29 53} ZE (high pass filter) 28] th¥ 53} ZE (bend pass filter) 5°] 9J
O ol Sof oF YTl e Fuke 7L AT Wek A £ FAs 702 e B
£ A% B3} Beea Aok Heba Fold ALY I EHFE A5 B4 WaLE 44N A

A 552 ek 5 de AALE WYL A 5 ek
B BTN FeAE0] EAA BHES ve) BE] $ku Do) wheh dlolee] RA WY
3o A8 4 9ltk. oI8 Sof Figure .10 BEAA A $3 BeS9 1YL PP Figure
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S Butternworth o Chebyshewv type 1
1.0 - = : 1.0 S = e R
0.8 0.8 B
0.6} o8| .
0.4 0.4 4
0.2 0.2 -
235 6.5 1.0 15 2.0 °%5 5.5 1.0 1.5 2.0
1, 1,

o Elliptic

(a) representative low pass filters (source: wikipedia)

Pass Frequency {wp}
Cutoff Frequency (w,)

0 = rpn If :
| I
i ]
-1 n ]
i 1
" 1
e n 1
1 1
il
e Passband i Trahsition | Stopband
@ 1
1= 1 :
¥ I 1
1 1
I 1
10 1 |
H : Stop Frequency (wy)
Ly 1 1
tt " Stopband Min Attenuation (a)
el i
1
1

(b) low pass filter specification (source: www.dsprelated.com)

) . : S

: 308

Ml aximurm Fass \ g B

Band Ripple (dBy | Mirirnum Stop Band
i 2 PFo (HZ)  attenuation (dE)

Amphitude

- ' Frequency
Passhand (Hz) Stopband (Hz)

(c) low pass filter specification (source: www.gwinst.com)

Figure 7.1 filter examples and specification



R for signal processing 1009

8.89 ZE = Elliptic ZE1E TJRQIs|E gkth. WA Figure 7.12] (b)) (¢)& ¥ FEQ RENE
TR FEE 7L (Wy, We, Ry, Ag) 2 Ul H7F FolAed] Wt 3 iy 2 A, Wt AA o
Ao Az A, RyE T Y H S (maximum pass band ripple) 18] A, £ R, & AR <
9] H4 4= (minimum stop band attenuation)& 2ju]stcl. oA (0.5, 0.6, 0.5, 29)7} | =& 3
o] ellipord& st @4 A2 A k= 57F A8t W, = 0583 83 . o5 9]
&3to] ellipe w38t A 53 27 (Figure 8.7)2 7|WFe® H(2)9] Y(2)9 X (2)¢] o34 A
T (b, ar) S EF3Eh o] A 570 aAS} 471 bATE EH3 T2 o) E 083}

S 4T 5 ek ©1§ °]83te] ¢ Figure 8.29) 543 e X7k 23 dlolHE
2H ] & A3E Bl 459} A Figure 8.80 1] @3t

8. R-7&=¢l 19

il

oo

A3 2 R-97] A= signal (signal developers, 2013)3} TSA (Chan3} Ripley, 2012)°]t}. si
gjol] 5319 sf7|A2A] fit (FE]oll W, ifft (FE]ol] J3}), freqz (ARMA 239

S wEE ), fifilt (015 AE), zplane (FH-97 1) 5& T2 k. TSAL A4
1A 24 ARIMA (ARIMA 2 37%) Z12]1 spec, periodogram (AHEH  Jg|2E 1

o Mr N

signal Re(FFT)

- 1 &jlﬁfﬁ‘i@%f%?fl "
- - jﬂTTLJT[T?{HLE%’?TTWTT&iliﬂliﬂl lllif o Lo/ T;L

T T T
o 10 20 30 a0 50 o 10 20 30 a0 50

RelX)

-fe-13 -Be-14 0es00 Ge-14

n K
Im(FFT) IFFT]|
= - s 53 2
= g = 7
T 7 g 2
= g < |
. <
s | s -
v
d -
‘
o 10 20 30 40 50 o 10 20 30 40 50
K K

Figure 8.1 DFT example
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AR(2) amplitude

Periodogram

-10 0

0.02 0.12

10 20

0

signal+error

Ro Jin

Pak

Y(k):fft: signal+error

R SQTTHT&AJTL{MLAz%ﬁm%m% % zé
|N(|()\'j filter [H(K)*Y (k)|
. mﬁﬁﬁmﬂWTTMTTTWW Y

K

IFFT; H(K)*Y(K)

- E -TTHTL!TTLIIMP“W

Inverse FFT

1, .

Py

Figure 8.2 DFT

filtering example

0 10 20 30 40 50
time
periodogram : simulation
||I.,|I.I.|.,|.‘ .
0.1 0.2 0.3 0.4 0.5
frequency

model ACF of model
° _
i, R s Sl o
E‘[e Qﬁ?m%mllwew GM&‘dbﬁmg 2 o ] ,H{ T JHWJ M nINSonni s
T T T T T T ! T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
n Lag
FFT /N R: periodogram
I
3 87
KN ee—— R S U
0 10 20 30 40 50 0.1 0.2 0.3 0.4 05
k [0}
AR(2): simulation spectrum
g o :
2 o '

T T T T
0.0 0.1 0.2 0.3

frequency

Figure 8.3 Periodogram example

T T
0.4 0.5



spectrum power spectrum

power spectrum

spectrum

power spectrum

R for signal processing

AR(1)
s
S
s 4
2
s 4
&
o >
T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
frequency
arma.spec(a=0.9)
s
S 4
s 4
2
s 4
&
s
T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
frequency
MA(1)
=]
=
<
B
=]
=
=

frequency

power spectrum

spectrum

power spectrum

Figure 8.4 Parametric

arma.spec(ma=0.9)

o 7
o _|
=
T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5

0

2.

0.0

frequency
ARMA(2,1)
O L
3
LY
=
3
=
B
= -
T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
fequency

spectrum

spectrum

50 500
|

05
|

00 1.0 20 30

AR(1)

0.0 0.1 0.2 0.3 0.4 0.5

frequency

arma.spec(a=0.9); logscale

T T T T
0.0 0.1 0.2 0.3 0.4 0.5

frequency

MA(1)

0.0 0.1 0.2 0.3 0.4 0.5

frequency

modeling example

1.00

0.05 0.20

0.01

150 250 350

50

arma.spec(ma=0.9); logscale

T T T T
0.0 0.1 0.2 0.3 0.4 0.5

frequency

arma.spec(ar = c(1, —.9), ma = .8)

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

frequency

Figure 8.5 Parametric modeling example (continued)
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. Pass band (dB)
using freqz °]
¢ 6]
L] ]
o] ¥
e ]
T T T T T T T
0 3 2 -1 0 1 2 3
Stop band (dB)
direct calculation ]
3 9] g
MR ¢
P ]
o] ]
<} 8
! : T T T T T T
0 -3 2 -1 0 1 2 3
. Phase (degrees)
H s
E ]
; T T T T 1
02 04 06 08 10 8

T T T T T T T
RelH) 3 2 B 0 1 2 3
Frequency

(a) FIR response function example (b) freqz output

Figure 8.6 FIR example

Pass band (dB)
using freqz ]
2] 2]
ér )
I 2
I o |
20 E
“o T T T T T T T 29
-3 -2 -1 0 1 2 3 g . T T T T T T T
H$f -3 2 -1 0 1 2 3
Stop band (dB)
direct calculation o
- Y ol
I-] ]
I o4
2 |
val -
° T T T T T T T o
—3 -2 . 0 1 2 3 ‘ T T T T T T T
W -3 2 -1 0 1 2 3
Phase (degrees)
Z
£

Frequency

(a) IIR response function example (b) freqz output

Figure 8.7 IIR example



R for signal processing

zeros & poles Elliptic H

o -
- o ]

— _ O
o | 3
[ 1 i g i
° i
= A ° o
| T T T I T T T o T T T T T T T

3 -2 -1 0 1 2 3 00 05 10 15 20 25 3.0

(0]
signal & filtered signal
[Tl ] 1
x O ;mljﬁ%

o
2 -

Figure 8.8 Filter design example

Figure 8.1: A|27 F2]o) W3

library (signal)

n < seq(0, 49, by=1)

x < 5*sin(2*pi*n/10)+5%sin(2*pi*n/25)

par(mfrow=c(2,2))

plot(n,x,main="‘“signal”) #original signal

segments(0:49, 0, 0:49, x)

abline(h=0,lty=2)

fx <« fft(x) # fast fourier transform

k < n plot(k,Re(fx), xlab=“k” ylab=“Re(X[k])”,main=“Re(FFT)"”)
segments(0:49, 0, 0:49, Re(fx))

abline(h=0,lty=2)

plot(k,Im(fx), xlab=“k” ;ylab=“Im(X[k])” ,main="“Im(FFT)”)
segments(0:49, 0, 0:49, Im(fx))

abline(h=0,1ty=2)

mag <Mod(fx) # abs(fx)

plot(k,mag,xlab=“k”, ylab=“magnitude” ,main=¢| FFT |”)
segments(0:49, 0, 0:49, mag)

abline(h=0,lty=2)

1013
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Figure 8.2: A|27% 72 A|#

par(mfrow=c(3,2))

e < rnorm(50)

ob < x+e # noisy signal

plot(n,ob,main=“signal+error”)

segments(0:49, 0, 0:49, ob)

abline(h=0,lty=2)

fob <« fft(ob)

mag <—abs(fob)

plot(k,mag, xlab=“k” ,ylab=“magnitude” ;main=“Y (k):ft: signal4error”)
segments(0:49, 0, 0:49, mag)

abline(h=0,1ty=2)

N + 50;M «3

mah « sin(pi*(k/N)*M)/(M*sin(pi*(k/N))) # FFt of moving average filter
mah[1] + 1

plot(k,abs(mah),ylab=“magnitude” ,main=*| H(k)|: moving average filter”)
segments(0:49, 0, 0:49, abs(mah))

abline(h=0,lty=2)

plot(k,abs(mah*fob),ylab=“magnitude” main="*| H(k)*Y (k) |”)
segments(0:49, 0, 0:49, abs(mah*fob))

ifmf < ifft(mah*fob)

plot(n,Re(ifmf),pch="7,ylab=“Inverse FFT”, main="“IFFT; H(k)*Y(k)”)
segments(0:49, 0, 0:49,Re(ifmf))

abline(h=0,lty=2)

z < fftfilt(rep(1,3)/3, ob)

plot(n,0b,main=“moving average”) # smoothed signal

lines(n,z)

segments(0:49, 0, 0:49, ob)

abline(h=0,lty=2)

Figure 8.3: A|4% A¥EY, wgjoc 1
library(TSA)

n « seq(0, 49, by=1)

x « 5*sin(2*pi*n/10)+5%sin(2*pi*n/25)
par(mfrow=c(4,2))

plot(n,x, main=*“model”)

segments(0:49, 0, 0:49, x)
abline(h=0,lty=2)

xacf «—seq(1:50)

xacf « acf(x, lag.max=50,drop.lag.0 = FALSE,main=“ACF of model”)
fft(xacf$acf) #fast fourier of ACF

amp < abs(fft(xacf$acf))/50
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plot(n,amp,ylab=“amplitude” xlab="“k” main=“ FFT /N”) #k=2, 5
segments(0:49, 0, 0:49, amp)

abline(h=0,lty=2)

periodogram(x,xlab=expression(omega),main=“R: periodogram”)

#AR(2) simulation

ar.ts < arima.sim(n = 50, list(ar = ¢(0.5, -0.5)))

plot(ar.ts,ylab=“AR(2)” xlab=“time” ,main=“AR(2): simulation”)
spec.ar(ar.ts,main="‘" xlab=‘“frequency”)

# AR spectrum

abline(v=0.207414830,lty=2,main=“spectrum : simulation”) # maximum at 0.2074

periodogram(ar.ts,xlab=“frequency” ,main=“periodogram : simulation”) #highest spike at 0.2

Figure 8.4-5: A4, 53 AHExy, AR, MA, ARMA

par(mfrow=c(3,2))

#AR

f « function(x,a){(1/(1-(a)*exp(-(0+1i)*x)))} # AR(1) H(f)

x < seq(0,0.5,by=0.01)

plot (x,Mod (f(x*2*pi,0.9))? type= 1" lty=1,xlab=“frequency” ,ylab= “power spectrum”,
main=“AR(1)”)

lines(x,Mod (f(x*2*pi,0.75))?,lty=2)

lines(x,Mod (f(x*2*pi,0.5))2,lty=3)

legend(” topright” lty=1:3, c¢(“a=0.9",“a=0.75",“a=0.5"))

plot (x,Mod (f(x*2*pi,-0.9))? type= 1" lty=1,xlab=“frequency” ,ylab= “power spectrum”,
main=“AR(1)”)

lines (x,Mod (f(x*2*pi,-0.75))? lty=2)

lines(x,Mod (f(x*2*pi,-0.5))? 1ty=3)

legend(” topleft” lty=1:3, c¢(“a=-0.9",“a=-0.75",“a=-0.5"))
arma.spec(ar=0.9,main=“arma.spec(a=0.9)” ,log=“no”) # AR(1) spectrum
arma.spec(ar=0.9, main=“arma.spec(a=0.9); logscale”)

#MA

f «— function(x,b){(1-b*exp(-(0+1i)*x))} # MA(1) H(f)

x4+ seq(0,0.5,by=0.01)

plot (x,Mod (f(x*2*pi,0.9))? type=“1" lty=1,xlab=“frequency” ,ylab= “power spectrum”,
main=“MA(1)")

lines(x,Mod (f(x*2*pi,0.75))? lty=2)

lines(x,Mod (f(x*2*pi,0.5))2,lty=3)

legend(” topleft” lty=1:3, c¢(“b=0.9",“b=0.75",“b=0.5"))

plot (x,Mod (f(x*2*pi,-0.9))? type= 1" lty=1,xlab= “frequency” ,ylab= “power spectrum”,
main=“MA(1)")

lines(x,Mod (f(x*2*pi,-0.75))? lty=2)

lines(x,Mod (f(x*2*pi,-0.5))?,1ty=3)

legend(“topright” lty=1:3, c(“b=-0.9",“b=-0.75", “b=-0.5"))
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par(mfrow=c(2,2))

arma.spec(ma=0.9,main=“arma.spec(ma=0.9)", log=“no”) # MA(1) sepctrum
arma.spec(ma=0.9, main=*“arma.spec(ma=0.9); logscale”)

# ARMA(1,2)

f + function(x,a,b,c){(1-c*exp(-(0+1i)*x))/(1-a*exp(-(041i)*x)-b*exp(-(0+2i)*x)) } # ARMA(1,1)
spectrum

x < seq(0,0.5,by=0.01)

plot (x,Mod (f(x*2*pi,1,-0.9,-0.8))? type=“1" Ity=1,xlab=“frequency” ,ylab=“power spectrum”.
main=“ARMA(2,1)”) arma.spec(ar = ¢(1, -.9), ma = .8, main="“arma.spec(ar = c(1, -.9), ma =
.8)7, log=“no”) # ARMA(1,1) spectrum

Figure 8.6-(a): #|63 FIR

w <+ seq(-pi,pi,length=500)

b « ¢(1/5,1/5,1/5,1/5,1/5) #coefficients of numerator

a < 1 # coefficients of denominator

par(mfrow=c(3,1))

H < freqz(b,a,w)

# z-transform plot(H$f,abs(H$h),main="“using freqz”, xlab=expression(omega),
ylab= expression(abs(H(omega))),type="“1")

abline(h=0,lty=2)

H + (14exp(-1i*w)+exp(-1i*2*w)++exp(-1i*3*w)++exp(-1i*4*w)) /5 # Z-transform
plot(w,abs(H),main="“direct calculation”, xlab=expression(omega),
ylab= expression(abs(H(omega))),type="*1")

abline(h=0,lty=2)

plot(H, ;main="“H” type=*“1")

H <+ freqz(b,a,w)

plot(H,type=*1")

par(mfrow=c(3,1))

b+ ¢(1)

a < c(1,-1/3)

H <+ freqz(b,a,w)

plot(H$f,abs(H$h),,main=*“using freqz”, xlab=expression(omega),
y lab= expression(abs(H(omega))),type=*1")

H + 1/(1-(1/3)*exp(-1i*w))

plot(w,abs(H),main=“direct calculation”, xlab=expression(omega),
ylab= expression(abs(H(omega))),type="“1")

abline(h=0,1ty=2)

plot(H,type=*1",,;main=“H" xlim=c(-.2,1.5))

abline(h=0, v=0, lty=2)
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Figure 8.6-(b): #A|6% FIR
H < freqz(b,a,w) # z-transform of FIR
plot(H,type=*1")

Figure 8.7-(a): #1673 IIR

par(mfrow=c(3,1))

b < c(1) # coefficient of numerator

as ¢(1,-1/3) #-coeflicient denominator

H <+ freqz(b,a,w)
plot(H$f,abs(HS$h),type=*“1",main=“using freqz”)
H « 1/(1-(1/3)*exp(-1i*w))
plot(w,abs(H),type=“l",main=“direct calculation”)
abline(h=0,lty=2)

H + 1/(1-(1/3)*exp(-1i*w))

plot(H,type=*“1" xlim=c(0,1.5))
abline(h=0,v=0,1ty=2)

Figure 8.7-(b): #1673 IIR
H « freqz(b,a,w) # z-transform of IIR
plot(H,type=*1")

Figure 8.8: A|73 ¥ t]jzx}el
par(mfrow=c(2,2))

ellipord(0.5, 0.6, 0.5, 29) # Wp, Ws, Rp, Rs
coeff + ellip(5,0.5,29,0.5) # n, Rp, Rs, Wc¢
b <« coeffb

a < coeffa

zplane(b,a,main=*“zeros & poles”)
abline(h=0,v=0,lty=2)

w < seq(0,pi,length=500)

H < freqz(b,a,w)

plot(H$f, abs(H$h), main=*“Elliptic H”,
xlab=expression(omega),
ylab=expression(abs(H(omega))), type="“1")
n <+ seq(0, 49, by=1)

e < rnorm(50)

x  5*sin(2*pi*n/10)+5*sin(2*pi*n/25)+e
plot(n,x,main="“signal & filtered signal”)
segments(0:49, 0, 0:49, x)

abline(h=0,lty=2)

ellipfilter <—ellip(5,0.5,29,0.5) # ellip filter construction
z < filter(ellip_filter,x) # ellip filter implementation
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lines(n,z, type=*“b”, col="red” lty=1)
segments(0:49, 0, 0:49, z)
abline(h=0,1ty=2)
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Abstract

The signal processing is a field of the electrical engineering but it is very much
related with the time series analysis. Thesedays the commercial softwares are widely
used by the reseachers. We have attempted to make a guide for using the R-package in
the digital signal processing. It would be good to read the materials in each section first
and to follow the plots in the section 8 and to run the attached R-codes. The article
consists of (1) Fourier transform and Fourier inverse transform, (2) spectral analysis
(3) parametric and non-parametric estimation for the period (4) filter design. Simple

theoretical explanations are provided and R implementations are added.
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