DSP First, 2/e

Lecture 11
FIR Filtering Intro

READING ASSIGNMENTS

This Lecture:
Chapter 5, Sects. 5-1, 5-2, 5-3 & 5-4 (partial)

Other Reading:

Next Lecture: Ch. 5, Sects 5-4, 5-6, 5-7 & 5-8
CONVOLUTION
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LECTURE OBJECTIVES

DIGITAL FILTERING

INTRODUCE FILTERING IDEA
Welghted Average
Running Average

FINITE IMPULSE RESPONSE FILTERS

FIR Filters

Show how to compute the output y[n] from
the input signal, x[n]
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x[n] y[n] y(t)

X(t
L’ A-to-D COMPUTER D-to-A ——

Characterized SIGNALS (Fourier series)
Converted to DIGITAL (sampling)
Today: How to PROCESS them (DSP)?

CONCENTRATE on the COMPUTER

ALGORITHMS, SOFTWARE (MATLAB) and
HARDWARE (DSP chips, VLSI)
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The TMS32010, 1983

Rockland Digital Filter, 1971

First PC plug-in board from Atlanta Signal Processors Inc.
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. Model 4136
PROGRAMMABLE
== % FILTER

Variable-Order Digital Filter for Realizing All Classical Designs

Dgl"l TRANSFER FUMCTION
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Cost was about the same as the price of a small house.
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Digital Cell Phone (ca. 2000)

DISCRETE-TIME SYSTEM

Antenna

M' [Keyboard | [,
Dlsla Confrol

Battery

Battery/Temp

Monitor

dH ]

Now, digital cameras and video streaming rely on DSP algorithms

ﬂ COMPUTER ﬂ

OPERATE on x[n] to get y[n]

WANT a GENERAL CLASS of SYSTEMS

ANALYZE the SYSTEM

TOOLS: TIME-DOMAIN
& FREQUENCY-DOMAIN

SYNTHESIZE the SYSTEM
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D-T SYSTEM EXAMPLES DISCRETE-TIME SIGNAL

_XIn] [Severens | YN, X[n] is a LIST of NUMBERS
INDEXED by “n”
EXAMPLES: Axinl g .
POINTWISE OPERATORS , ) STEM PLOT
SQUARING: y[n] = (x[n])?
RUNNING AVERAGE 24 2
RULE: “the output at time n is the average of three 1 e
consecutive input values” S — ———
4 3 =2 -1 0 1 2 3 4 5 6 17
x[n] 6o
3-PT AVERAGE SYSTEM INPUT SIGNAL s 4
2 2 -
ADD 3 CONSECUTIVE NUMBERS ‘ |
Do this for each “n” 4 3 2 -1 0 1 2 3 4 5 6 7
the following input-output equation Make a TABLE Figure 5.2 Finite-length input signal, x[].
=1 +x[n+1]+x[n+2
yln] =5 (x[n]+ x[n + 1]+ x[n + 2]) el = sl 2 e ==L 24 2
A
n n<-2|-2/|-1 0|1 2|3 |4 |5 |n>5 1473 OUTPUT SIGNAL
x[n] 0 0o | o |24 6 4 2|0 o “ *
vl |0 3 2 (4K a2 3]0 0 2 2
4 2, I I 25,
n=0 | y[0] = $(x[0] + x[1] + x[2]) S S o 0 s 4 4 s ¢ o %

Il = 5[] + x[2] + x[3])

Figure 5.3 Output of running average, y[n].



PAST, PRESENT, FUTURE

ANOTHER 3-pt AVERAGER

SLIDE a WINDOW across x[n]

T\' [€]

| “n” is PRESENT TIME

Past Future

Sliding Window

0 A e
Present: £ =n

Figure 5-3 Filter calculation at the present time (£ = n) uses values within a

sliding window. Gray shading indicates the past (£ < n); orange shading, the

future (¢ > n). Here, the sliding window encompasses values from both the

future and the past.
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Uses “PAST” VALUES of x[n]

IMPORTANT IF “n” represents
WHEN x[n] & y[n] ARE STREAMS

yIn] =% (x[n]+ x[n 1]+ x[n - 2])

n o n<-2 -2 |-1|o|12]3]4]5]|6|7 n>7

x[n] 0 J0 [0 |[2]4]6]|4 [2]0]0]0 0

y[n] 0 0 0 |2 ]2 4| % 421350 0
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CAUSAL 3-pt AVERAGER

Pulse Input Signal

n=0 n=6

—4 =2 0 2 4 6 8 10 12 14 16 18
Time Index for Sum (£)

yln]l =% (x[n]+ x[n =1+ x[n - 2]) @
Output of 3-Point Running-Average Filter

-4 =2 0 2 4 6 8 10 12 14 16 18
Time Index (1)

Aug 2016 (b)

GENERAL CAUSAL FIR FILTER

FILTER COEFFICIENTS {b,}
DEFINE THE FILTER M
yln]= 2 bxln—k]
k=0

b, ={3,-1,2,1}

For example,

3
Vnl= Y bxln k]
k=0

| o o R
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GENERAL CAUSAL FIR FILTER

GENERAL CAUSAL FIR FILTER

FILTER COEFFICIENTS {b,}

vl =Y bxln k)
k=0

FILTER Is M

FILTER iIsL=M+1
NUMBER of FILTER COEFFS is L
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SLIDE a WINDOW across x[n]
M
y[n] = Zbkx[n —k]=byx[n]+bx[n—-1]+---+b,x[n—M]

k=0

T»\'[L’]
Running off
signal

‘. of M +1 samples .
L0 ero out|

X[n-M] x[h].
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FILTERED STOCK SIGNAL

SPECIAL INPUT SIGNALS

Period: [ YTD 3 Chart Type: [ Closing Prices |

INTC B4 3/4 + 178 [5] = Stock split
a0
AR a0
INPUT | &
7o

OUTPUT
S0
Jan Fek Iwlar fYaly Il=ry June July £ug Sept
790 M

1999

50-pt Averager

FREQUENCY RESPONSE (LATER)

X[n] = SINUSOID
X[n] has only one NON-ZERO VALUE

1 n=0
o[n]=
0 n=#0
UNIT-IMPULSE 1
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Moving Averages: (»None (325 @50 (100 (200




UNIT IMPULSE SIGNAL §[n]

Sequence Representation

n .| =2 =1 0|1 |21|3|4 5|6
8[n) 0 0 o f1fojo|ojo|o0o]0] O
dn=3 |0 | 0 | 0 0]0]|0|1|0 0]0]|O
n=3
dIn] is NON-ZERO Ao[n-3]
When its argument
is equal to ZERO 1
& & L 4 & L & & { & & 4 *—»

Figure 5.7 Shifted impulse sequence, 8[n — 3].

Example: 4 4

-4 -3 -2 -1 0 1 2 3 4 5 6 7

xn=0]=x{0]=2 x[ﬁ =1]=A1]=4
x[n=2]=x[2] =6 x[n=3]=x[3]=4

x[n]=---+ 0 O[n+1+ 2 o[n]+ 4 o[n-1]
+ 6 O[n-2]+4 o[n—3]+---
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UNIT IMPULSE RESPONSE

Example: 4-pt AVERAGER

FIR filter description usually given in terms
of coefficients b,

ylnl= Y bxln— k]
k=0

Can we describe the filter using a
instead?

What happens if input is a unit impulse?
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CAUSAL SYSTEM: USE PAST VALUES
yIn] =% (x[n]+ x[n =1+ x[n — 2]+ x[n - 3])

INPUT = UNIT IMPULSE SIGNAL = J[n]
x[n] = o[n]
y[n]=%6[n]+46[n-1++58[n-2]++6[n-3]

OUTPUT is called
Denoted h[n]=y[n] when X[n]=d]n]

Aug 2016 © 2003-2016, JH McClellan & RW Scha 25




Unit Impulse Response

SUM of Shifted Impulses

—y[n] =2 x[n]+ 5 x[n -1+ 3 x[n—-2]+ % x[n-3]

An]'[0] of o1 ofol O 0 O
I AT RTTTRT T AT v v v
y[n]:OOO%%%%OO
x[n] = o[n]
yn]=18[n]+16[n—1]+1[n-2]+15[n-3]
= h[n]
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h[n] =% 06[n]+ % 0[n -1+ % 0[n—2]+%6[n—3]+05[n—4]

n -1 0123 4567

A0 £ 3130000
AOlsf2] |0 + 0000000
Mis[n-110 0 £ 0000 0 O
A2Joln=2] 0 0 0 £ 0 0 0 0 O
A3loln=3]1 0 0 0 0 £ 0 0 0O
M4ln=41' 0 0 0 0 0 0 0 0 O
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FIR IMPULSE RESPONSE

3 Ways to Represent the
FIR filter

y[n] = Zbkx[n — k] h[n] = Zbk5[n — k]
k=0 k=0

n n<0/]0 1 2 3 ]... | M [ M4+1 |n>M+1
x[n] = d[n] 0 1 0 |0 |0 0 0 0 0
y[n] = h(n] 0 by | b1 | b2 | by | ... | by 0 0
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1 Use IMPULSES to write h[n]
h[n] = o[n]-o[n—-1]+20[n—2]-6[n— 3]+ 5[n—4]

T
|1
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h[n]

2: Plot the values

3: List the values
b, ={1,-1,2,-1,1}
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True for any signal, xX[n]




FILTERING EXAMPLE 3-pt AVG EXAMPLE

Input : x[n] = (1.02)" + cos(2zn/8+x/4) for0<n<40

6
7-point AVERAGER . [n] =) (A)x[n—4k] | *

Re;r;on:/ae;nc;c:fsi r;iqplitude (A) smallerkzo ; k il m m m m ......... |

-5 0 5 10 15 20 25 30 35 40 45 50

USE PAST VALUES

valnl= 2 Gpln—-k1 |

' T W _h _______ |

Qutput of 3-Point Running-Average Filter

3-point AVERAGER
Changes A slightly
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7-pt FIR EXAMPLE (AVG)

Input : x[n] = (1.02)" +cos(2zn/8+x/4) for0<n<40

3
2 L
. L

L il

() sesss TTT TII 88808
-5 0 5 10 15 20 25 30 3p 40 45 50

CAUSAL.: Use Previous [Output of 7-Point Running-Average Filtef

3

2+ ral :

0 ====9TTTTT TT“:
-5 0 5 10 15 20 25 30 35 40 45 50

Index n LONGER OUTPUT



