DSP First, 2/e

Lecture 14
Digital Filtering
of Analog Signals

READING ASSIGNMENTS

This Lecture:
Chapter 6, Sections 6-6, 6-7 & 6-8

Next Lecture: Chapter 7 (DTFT)
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LECTURE OBJECTIVES

TIME & FREQUENCY

Two Domains: Time & Frequency

Track the spectrum of x[n] thru an FIR Filter:

How does the Frequency
Response affect x(t) to produce y(t) ?

M M
yInl= Y bexin —k]= 3 h[kIx[n —k]
k=0 k=0

| FIR DIFFERENCE EQUATION is the TIME-DOMAIN |

N M - A
H(e!”)=> h[k]e ¥
k=0

XO | 0D JH (eja“)) A Dotoop YO,

4J__M FIR 4J__M

@ @
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H (e'?) = h[0] + h[1le ** + h[2]e 7° + h[3Je 1*" + .-

=|H (e!)e}"e"




FIRST DIFFERENCE SYSTEM

Ex: DELAY by 2 SYSTEM

Find h[n]and H (e®) for the Difference
Equation: y[n]=x[n]—Xx[n-1]

L) s[n]-S[n-1] -

Find h[n]and H (e!?) for y[n] = x[n — 2]

] b, ={0,0,1}

h[n]=0o[n-2]

H(e!?)—

il R 4J__M

) @
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DELAY by 2 SYSTEM

GENERAL DELAY PROPERTY

Find h[n]and H (ej“A’) for y[n] = x[n-2]
o[n-2]——

H(e!”) = Zé[k 2]e 1ok
HE) ™\ e

3 k=2 ONLY

Find h[n]and H (e!®) for y[n] = x[n — Nyl
h[n]=dJ[n—ny]

H(e!?) = Z§[k ngle” “"k<‘®
k=0

ONLY ONE
non-ZERO TERM
fork atk=ng
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FREQ DOMAIN - TIME ?7?

FREQ DOMAIN --> TIME

START with H (€/?) and find h[n] or b,

0 hin] R h[n]=?

H (e)?) = 76 12? cos()

x[n]

w
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H (e'?) = 7e71?? cos(d)

EULER’s Formula

=7e7129(0.5e )% +0.5e71%)

- (3.5e‘j<+ 3.5e‘j3Q
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h[n] = 3.55[n\— 1] + 3.5§[n\‘— 3]
b, ={0,35,035}

| RW Schafer
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PREVIOUS LECTURE REVIEW

FREQ. RESPONSE PLOTS

SINUSOIDAL INPUT SIGNAL
OUTPUT has SAME FREQUENCY
DIFFERENT Amplitude and Phase

FREQUENCY RESPONSE of FIR
MAGNITUDE vs. Frequency
PHASE vs. Freq PHASE
PLOTTING

MAG

H (e!?) = ‘H (e“")‘e"H (e™)
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DENSE GRID (\WW) from -n to +x

ww = —-pi:z(p1/100):pi;

HH = freqz(bb,1,ww)

Aug 2016

VECTOR bb contains Filter Coefficients
SP-Firstt HH = freekz(bb,1,ww)

- A M - A
H(e'”)=> be ¥
k=0
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PLOT of FREQ RESPONSE

EXAMPLE 6.2

 _In —Z X 0 z —\ N
8
(a)
” RESPONSE at 7/3
L H(el®)
A
.......................... o
5/ T
SR 7 3
T . .

™ "o @ (radians)

17

{bY={1213 A M Y (ed®) = (2 + 2cos@)e 1P
Find y[n]when H (e!?) is known
;A and x[n] = 2e 74 1(=/3n
I -3 3 (Z) 3 3 = %

,,,,,,,,,,,,,,,,,,,,,,,,,, —— H(e!*)—
o A e : s H(e'®) = (2+2cos@d)e *

PLOT of FREQ RESRONSE | EXAMPLE 6.2 (answer)
{br={121} 41\’ Ol H(eI?) = (2+2cosd)e

Find y[n]when x[n] = 2e’*/%e i}z’@”

One Step - evaluate H(e'®)at®d = /3
H(el®) = (2+2cosd)e 1*

H(e!?) =3 @a=x/3

yln]= (3e‘j”’3)>< 2ei7/4eiz/3n _ ga=in/124i(x/3)n
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EXAMPLE: COSINE INPUT

EX: COSINE INPUT (ans-1)

Find y[n] when H (e!?) is known
and x[n]=2cos(%n+7%)

—— H(e*)—

@ (0

H(e'®) = (2 +2cos@d)e *
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Find y[n] when x[n]=2cos(£n + %)

ZCOS(%I’] +Z)= pl(m/3+7l4) | o=j(mmi3+714)

= X[n] = xg[n]+ X;[n]
y,[n]=H (ej”/3)ej(7m/3+7z/4)
yz[n] =H (e_j”/3)e—j(7m/3+;z/4)
= y[n] = yl[n] + yz[n]

Aug 2016 20

EX: COSINE INPUT (ans-2)

SINUSOID thru FIR

Find y[n] when x[n]=2cos(5n + %)
H(e'?) = (2+2cos@)e
yl[n] - H (ejﬂ/3)ej(7zn/3+7z/4) _ Se—j(ﬂ/3)ej(7rn/3+7z/4)
yz[n] —H (e—jﬁ/3)e—j(7m/3+7z/4) _ 3ej(7r/3)e—j(7zn/3+7z/4)
] = &l e ) o = e=li2)

= y[n]=6cos(fn—-75)

IF H (ejw) — H(e_w)) *—_|When b, are

Multiply the Magnitudes real valued
Add the Phases
x[n] = Acos(a;n + @)
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DLTI Demo with Sinusoids

INPUT SIGNAL

Magnitude of the Filter

OUTPUT SIGNAL

5, 0:769 cos (0.27n - 0.3« )|_| =y[n]

DIGITAL “FILTERING”

Aug 2016

- i FILTER
. x[n] e . X0 ato-p L0 H (e J“)) A0, pgo-a X
% ol"T Tf‘l l‘qﬂh‘l l"”T"l l‘,l 20:2 % ow. 1Tt "H‘ it Lul Tt ‘w. ‘ ‘ ‘ ‘
E ! o 0 E I| |I R I| |I R || || . || ||
2.5 - -o.srmqugmy(mo.sn 2.5 @ ) )

S he @ w . Fhessrere R e SPECTRUM of x(t) (SUM of SINUSOIDS)
S SPECTRUM of x[n] (ALIASING a PROBLEM?)
T - SPECTRUM y[n] (FIR Gain or Nulls)
e & Then, OUTPUT y(t) = SUM of SINUSOIDS

o | -r 0.5z 0  05r Filter Choice:

P — Ptsa Question: how to characterize the effects of a digital filter on

Theoretical Answer the analog signals? Answer: Frequency Scaling
FREQUENCY SCALING 11-pt Running Sum Example
X(t X[n j@ n t
X(t) x[n] y[n] y(t) (t) [| ] H (ejw) y[|] y(®)
| | |
R Tl e Y e P Y N T iy o [ PN Y
“ @ @ Y[n]=ZX[n—k] X
TIME SAMPLING: |1 = nTS\ 250 Hz -
_sin(4 @)
IF NO ALIASING: T - . H ( e—j5a)
FREQUENCY SCALING (() Q) s — f_s Sln(% a))
© 2003-2016, JH McClellan & RW Schafer 26 X(t) - COS(27Z-(25)t) + COS(27Z-(250)t o %7[) 27




D-A FREQUENCY SCALING

TRACK the FREQUENCIES

x(t) x[n]

Aug 2016

© 2003-2016, JH McClellan & RW Schafer

t t
y[n] DA y(t) X(t) - \H(e‘“’)‘ y[n] - ()
TRN Pt 1 P A e AN L =
® @ @ @
250 Hz | © 0.57 H(e10'5”) 0.5z |* 250 Hz
TIME SAMPLING: [t =NT, = n «tf,
j0.057
RECONSTRUCT up to 0.5f, ~ 25Hz | 057 H(e™™) - 057 |© 25 Hz
FREQUENCY SCALING @ =wf |
S Fs = 1000 Hz NO new fregs
11-pt Running Sum EVALUATE Freg. Response
i)
A g A
1ty [NULLS or ZEROS - sintlw) _ -
H (e Ja)) _ .(2 2 e Jow
/ / / / 11sin(3 @)
~ A~ / ‘\v;z / ‘i QY —~Y — _— - At é‘) — 05 i
- 3 - s i T S H(ejé)) _ Sln(ll (0 57[)) —15(0.57r)
=097 [5=05z 11sin(4 (0. 57))
AT
| r\ N q\ " Sln(2 757[) —12.57r
| \ h " \[ \ ‘\.‘ \\ N ‘ X N K\%\
=NEA S TR NN N - 1ls|n(0 2572)
N\ \J \ N =
— 0.0909¢~ 1]
(b)

32




EVALUATE Freq. Response

x(t) = cos(2m(25)t) + sin(2w(250)¢)

evaluating at 25 and 250 Hz.
H (g i27(29)/1000y| _ sin(7r (25)(11)/1000) 12709100

11 sin( (25)/100 MAG SCALE

fs = 1000

0.8811e TG~
PHASE CHANGE

sin(7r (250) (11) /NOOO) = 127(250)(5)/1000

j27(250)/1000
H(ej o ) 11 sin(7 (250) /10§0)

DIGITAL FILTER|  4/H@?)|

27 =r == 2 T @
Discrete-Time Frequenty (&)
(a)
-~ 2rf
|H(e72F/Ts)| 0=——=271T,
EFFECTIVE RESPONSE | A s

LOW-PASS FILTER |

= 0.0909¢~/7/? ; NNVOARRAVLYVN , >
—1000 —500 0 250 500 1000 i
¥(1) = 0.8811 cos(2m(25)t — x/4) + 0.0909 sin(27 (250)1 — 7/2) andlog Ffeqt;;l“ LR
FILTER TYPES B &W IMAGE
Original Black & White Homework Image B
0 : . . : .
LOW-PASS FILTER (LPF
(LPF) ol '3 'T/ 3
BLURRING \ L2 ( J 1L \
ATTENUATES HIGH FREQUENCIES = } J - Le / —
£
HIGH-PASS FILTER (HPF) . P -
20 . ‘ E
SHARPENING for IMAGES ‘\.\ s. "‘t"\ | > w0 ]
BOOSTS THE HIGHS A I | ® & ' n
5 ® 100 | ln ) 1
REMOVES DC E -— —
= 1 W A 120 - -
BAND-PASS FILTER ,‘N - o 4
120 % T . , . . , ,
(ﬁ) 140 = ”-)0' " ZO — 140 0 50 100 150 200 250 300 350
Column Idex () Column Index (1)
35 Aug 2016 © 2003-2016, JH McClellan & RW Schafer 36
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ROW of B&W IMAGE

BLACK = 255
Row #40 of the Homework Image
256 r
128 1
0 T 1 I 1 1 1 1 1
0 50 100 150 200 250 300 350
Column Index (n)
WHITE =0
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FILTERED ROW of IMAGE

Filtering with 11-Point Averager

Original is gray
Filtered is orange

256
0 | i i i :
50 100 150 200 250 300 350
(a)

11-Point Averager: 5-Sample Delay Equalization

256 +
DELAY adjusted
by 5 samples
128 F
00 56 l(l)O 150 200 2;0 300 350
Column Index (n)
(b) r 38

IMAGE with COSINE ADDED

(a) Homework plus Cosine

0 . - - -

20 '45 F } L ;H/L g

40 L :, ( p .1
It v I
§ 80
“ 100 b'\ 12 ( 7

120 \ "1 ! ‘J T

o 0 56 100 1;0 200 25.0 3(I)0 350

Column Index (1)
(b) Remove Cosine Stripe with Averaging Filter
T = i FILTERED
- - F - a a

_ o R = 1e =1 [with 11-pt running average
E = - . . -
R - across horizontal dimension
e _ - yields horizontal blur

100 | “ ‘f -; ‘

- — —
120F
- ks -l -
I400 56 l(IJO léO Z(I)O 2%0 3(I)0 340\ellan & RW Schafer 39

Column Index (1)

Row Index (m)

FILTERED B&W IMAGE

Homework Image Blurred Along Rows with LPF

O T T T T T T
-
20 fm = Tt ]
- = - o -
40+ o & - -
m * — E_
60 - .
80 .
L] -i t
100 | - ‘T ..: ]
- 3 | —
o — -
1200 < £ & 1 | Horizonal
- Blur only
140 L 1 L 1 1 1
0 50 100 150 200 250 300 350
Column Index ()
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FILTER ROWS & COLUMNS

- Row and Column Filtel dlmg

20

. (f‘

60

Row Index (m)

80 r

100 ‘i Blur in both
0 l B ( dimensions

140

50 100 150 200 250 300 350
Column Index (n)




