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Equivalent ways to represent the system
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Causal FIR filter

] . | Causal FIR filter Y [n],

Q:What 1s the definition of an FIR filter?

A: The output y at each sample n 1s a weighted sum
of the present input, x[n], and past inputs,
x[n-1], x[n-2],..., Xx[n-M].



Causal FIR filter

] . | Causal FIR filter Y [n],

Q:What 1s the definition of an FIR filter?

A: The output y at each sample n 1s a weighted sum
of the present input, x[n], and past inputs,
x[n-1], x[n-2],..., Xx[n-M].



Causal FIR filter
y[n] = :E()bkx[n — k]
y[n] = box[n] + blx[n — 1] +...+ be[n — M]

The output y at each sample n 1s a weighted sum of the
present input, x[n], and past inputs, x[n-1], x[n-2],..., X[n-M].



L=3 M=L-1=2
Length 3 2nd order

3 point average

y[n] = :E()bkx[n — k]



3 point average

i =%x[n]+%x[n—l]+%x[n—2]
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y[n] = gx[n]+§x[n—l]+ %x[n —2]
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y[n] = lx[n]+%x[n—l]+ %x[n —2]
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y[n]=%x[n]+%x[n—l]+%x[n—2]
x[n]={0 0 1.11 116 101 1.12 1.01 1.08 0 O}
n=-2 -1 0 1 2 3 4 5 6 7

x[3]+=x[2]+ %x[l] = %1.12+ %1.01+ %1.16 =1.10
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y[n]=%x[n]+%x[n—l]+%x[n—2]
x[n]={0 0 1.11 116 101 1.12 1.01 1.08 0 O}
n=-2 -1 0 1 2 3 4 5 6 7

y|4]==x[4]+ %x[3] + %x[Z] = %1.01+ %1.12+ %1.01 =1.05
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y[n] = %x[n]+%x[n—l]+ %x[n —2]

x[n]={0 0 1.11 116 101 1.12 1.01 1.08 0 O}
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y[n]=%x[n]+%x[n—l]+%x[n—2]
x[n]={0 0 1.11 116 101 1.12 1.01 1.08 0 O}
n=-2 -1 0 1 2 3 4 5 6 7

y[6]=—x[6]+%x[5]+%x[4]=%O+%1.08+%1.01=0.70
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y[n] = —x[n]+%x[n—l]+ %x[n —2]
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x[n]={0 0 1.11 116 101 1.12 1.01 1.08 0 O}
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y[n] = gx[n]+ %x[n —1]+ %x[n —2]

x[n]={0 0 1.11 116 101 112 1.01 1.08 0.0 0.0}
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2 point difference

x[n] — x[n - 1]

u[n] - {
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1 n=0
0 n<0

unit step function



2 point difference

x[n] — x[n - 1]
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y[n] = x[n] - x[n — 1] finite difference
2 approximation to
a derivative.
{n]=10 0 0 % % % i derivatives enhance

- 2n -1 noise (and high frequencies
(=10 0 0 % & & - F=ta-i] noise (and high frequencies)




Impulse response

M
y[n]= N ba[n-k]  FIRfilter
k=0

1
x[n] =0[n] = ~ Delta function
O otherwise

Y[n]=h[n]=zbk5[n—k] 5[rz—k]={1 =k

O otherwise

impulse response



Impulse response

< 1  n=k
nn] = y[n]=Sbo[n-k _k]=
! y[n] ; ¢ [n ] oln = 4] {O otherwise
Bl = bod[n— 0]+ B[ —1]+ ...+ b,0[n—n]+...+ b, o[ M—1]
=b0|n-0]+bo[n-1]+...+b,0[0]|+...+ b, 0| M -1]

=b,0+b0+...+b 1+...+D,,0 M:{l <=0

0 otherwise

=D,  impulse response

The impulse response 1s just the filter coefficients.
Finite length filter, finite impulse response (FIR).



Impulse response of 3 pt. average

y[n] = %x[n]+ %x[n —1]+ %x[n —2]

x|[n]=0d[n]= {1 n=0 Delta function

0 otherwise

y[n] =%5[n]+%5[n—1]+%6[n—2]
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Impulse response of 3 pt. average

y[n] = %x[n]+ %x[n —1]+ %x[n —2]

x|[n]=0d[n]= {1 n=0 Delta function

0 otherwise

y[n] =%5[n]+%5[n—1]+%6[n—2]

H o “ . . y[1]= l6[1] + l(S[O] + l5[— 1]
3 3 3
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Impulse response of 3 pt. average

y[n] = %x[n]+ %x[n —1]+ %x[n —2]

x|[n]=0d[n]= {1 n=0 Delta function

0 otherwise

y[n] =%5[n]+%5[n—1]+%6[n—2]
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x[n]

y[n] = —x[n]+ gx[n —1]+ gx[n —2]

x[n]=4d[n] ={

y[n]

Impulse response of 3 pt. average

n=0

0 otherwise

gé[n] + gé[n — l]

+%6[n—2]

o Téx
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Delta function
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Impulse response of 3 pt. average

n=-2 -1 01 2 3 4
x[n]=5[n]={0 O1 0 0O O}

h[n]= y[n]

x[n]=d6[n] - {O O 333 O O}
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Coeftficients from impulse response

x[n] _ 5[11] N y[n]= /;oka[n - k] J[Vl] = )’[n]‘x[n]=5[n]
001000 0 bysbys- .. by =177 ={0 0 £ 2 1 0 0

n=-2 -1 01 2 3 4

6
h[n] < 0.4T§ xxxxx
0.2}




Coeftficients from impulse response

x[n] _ 5[11] N y[n]= /;oka[n - k] J[Vl] = )’[n]‘x[n]=5[n]
0010000 | {obbi={ti3 =10 0 § £ § 0 0
n=-2 -1 01 2 3 4 ={00b0b1b200}
X[n] £ e
h[n] onwe xxxxx
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Response from 2 impulses

{n]=0ln]
=0 01010 0
n=-2 -1 01 2 3 4

—>

y[n] = 2bkx[n - k]
{bybyoby} = {22,

87878

y[n]=

—>
4 2 1,4 2 1
0 0 %5 § s+i 3 16}

s[n]={0 0 n[o}f0] A[{0] A[2{0]+n[0}{2] A[tI{2] A[2]{2]}

X[n] =7
o 4P

y[n]

Sum the responses of
each impulse



6 16 16 16

n=-2 -10 1 2 3 4

xn]=0-8[n]+L-8[n-1]+L-8[n-2]+2-0[n-3]+1-8[n-4]

Any discrete signal be thought of a weighted sum of delayed impulses



)

Response from 2 impulses

O[]

—>

001010 0}

y[n] = zbkx[n — k]
hln]={byb.b,} ={+.2.3

87878

n=-2 -1 01 2 3 4

x[n]

y[n]

s[n]=10 0 A[o}fo] A[t{0] A[20]+A[0}[2] A[t]

B3 0.4T ??????

Convolution sum



LTI Systems

y[n]=h[n]*x[n]

X[n] —  pn >
yln]= h[n]* h,[n]* x[n]
x[n] —» h[n] —> h,[n] >
+ y[n] = (h[n]+ hy[n])* x[n]
x[n]——> O—>
+

—*  hy[n]




LTI Systems

y[n]=h[n]*x[n]

X[n] —  pn

>

yln]= h[n]* h,[n]* x[n]

Xn] ——> p[n]* h,[n]

x[n]——

—

hn]+ h,[n]

R yln]l=(hn]+ h,[n])* x[n]




x[n]l——>

LTI Systems

hy[n]

h,[n]

hy[n]

yln]



x[n]

LTI Systems

hn]+ h,[n]

hy[n]

yln]




x[n]

LTI Systems

h,* (hl[n] + hz[n])

yln]



Block Diagrams

y[n]=x[n-1]
X[n]  —— ynit delay >

N y[n]=x[n]+z[n]
x[n] —» O—

]T+

z[n



Block Diagrams: Direct Form

x[n] = 5[11]

—>

={0 01000 0
n=-2 -1 01 2 3 4

0.8

0.6 -

X[n] = 4

0.6 -

h[n] = 0.4

]

h

h[n]
—>

= y[n]

={0 0 4
={0 0 b,

x[nl]=6[n]



Block Diagrams: Direct Form

x[n]=5[n] .
={0 01000 0
n=-2 -1 01 2 3 4

y[n] = Ebkx[n — k] h[n] = y[n:”x[n] 5]
k=0
{boablsbz} ={%’%’% ={O O %
L=3, M=L-1=2 =00 0 b 4

y[n] = box[n] + blx[n — 1] + bzx[n — 2]

x[n]

unit delay

x[n-1]

unit delay

Xx[n-2]




Block Diagrams: lranspose
Form

=>b -k —
x[n]=5[n] N }’[”l] ;0 kx[l’l ] J[n]—y[n:”x[n]_a[ :
0010000 | {obbi={ti3 {00 ¢ 21
n=-2 -1 012 3 4 ={00b0b1b2
y[n] = box[n] + blx[n — 1] + bzx[n — 2]
>
blx[n] box[n]
+ |t +
unit delay | » O_> unit delay >
" y[n]
bzx[n—l]



Block Diagrams to
Difference Equations

>

N/ N

+ |t +
unit delay | » O_> unit delay |— 5
+ [n]
Vl[”] y

bzx[n] vl[n] = blx[n] + vz[n — 1] y[n] = box[n] + vl[n — 1]

y[n] = box[n] + vl[n - 1]
vl[n] = blx[n] + vz[n - 1]

vz[n] = bzx[n]



Block Diagrams to
Difference Equations

X[n] >

N/ N/

|t
unit delay | » O—*

va[n] v,[n]

N

+

unit delay |— 5

+ y[n]

vy|n]=b,x[n] vn]=bx{n]+v,[n-1] y[n]=byx[n]+v [n-1]

y[n] = box[n] + vl[n - 1]

vl[n — 1] = blx[n — 1] + vz[n — 2]
vz[n — 2] = bzx[n — 2]



x[n]

Block Diagrams to
Difference Equations

>

N

+ |+

unit delay | » O—*

v[n]

vl[n] = blx[n] + vz[n - 1]

N

+

unit delay |— 5

+ y[n]

y[n]=byx|n]+v[n-1]

y[n] = box[n] + vl[n - 1]

v[n-1]=bx|n-1]+b,x[n-2]



x[n]

Block Diagrams to
Difference Equations

>

N/ N

unit delay | » O_> unit delay |— 5

+ |+

+

vi[n]

vl[n] = blx[n] + vz[n - 1]

y[n] = box[n] + blx[n — 1] + bzx[n — 2]

+

y[n]

y[n]=byx|n]+v[n-1]



Block Diagrams to
Difference Equations

x[n]

>
block diagram
+ |t +
unit delay | » O_> unit delay |— 5
v,[n] y[n]

vi[n]

vl[n] = blx[n] + vz[n - 1]

y[n]=byx|n]+v[n-1]

y[n]=byx|n]+bx[n-1]+bx|n-2] difference equation

h{n]=byo[n]+bo[n-1]+b0[n-2] impulse response

equivalent ways
of describing system



Block Diagrams to
Difference Equations

v,[n] v,[n]
X[n]  —— ynit delay unit delay
+ |t +
40 +

yln]
valn] = x{n] v[n]=v,[n-1] y[n] = bov,[n]+ by [n]+ by [n~1]

y[n] = bovz[n] + blvl[n] + bzvl[n — 1]
vl[n] = vz[n - 1]

vy[n] = x[n]



Block Diagrams to
Difference Equations

v,[n] v,[n]
X[n]  —— ynit delay unit delay
+ |t +
40 +

y[n]
vo[n]=x[n] v[n]=v,[n-1] y[n] = byv,[n]+ b [n]+ by, [n~1]

vz[n - 1] = x[n - 1]



Block Diagrams to
Difference Equations

V) n] vl[n]
X[n]  —— ynit delay unit delay
+ |t +
40 +

y[n]
vo[n]=x[n] v[n]=v,[n-1] y[n] = byv,[n]+ b [n]+ by, [n~1]

y[n] = box[n] + blx[n — 1] + bzx[n — 2]



Homework:

N _aM N+

hlnt Z o= 1 -«
k=M

| L-1

- Z a*-u(z)

n—z=20
. n— (L-1)
E'[ > aZ-u(z)]

p5_6: FIR & delays

L-point running average
for input sequence
x[n]=a"u[n], n=0

let z=n-k
k=n-z

remember n=>0



Homework:

oM — N+ 1

N
[ ] k=
hint: X © I~ o
k=M

| L-1
E'[ ). aZ-u(z)]
n—z=0

. n— (L-1)
- Z a’-u(z)

Z=1

p5_6: FIR & delays
FIR and single delay

y[n]=ax[n]+bx[n-1]

L-point running average
for input sequence
x[n]=a"u[n], n=0

let z=n-k
k=n-z

remember n=>0



3 point average

y[n]= %x[n] + %x[n -1]+ %x[n - 2] x[n] = sin(2zn/15)- u[n] u[n]= {

1 n=0
0 n<O0




