Lecture 12

Digital Signal Processing

Chapter 9

Structures (= ﬁf‘?p4s)






Difference equations

FIR

M
y(n) = ) byx(n—k)
k=0

+ Always stable.
+ Can be made with linear phase if h(n) is symmetric.
— The order M is often large (more computationally demanding).

— Non-parametric (for example, difficult to describe resonance).



Difference equations

IIR
N M
p(n)+ ) ay(n—k)=) bpx(n-k) (2)
k=1 k=0

+ The numerator and denominators orders M and N can be made small (less com-
putationally demanding).

+ Parametric (for example, poles describe resonance).
— Can be unstable.

— Cannot have linear phase.



FIR filters

The following diagram is called direct form, transversal filter, or tapped delay filter.
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From the figure we can immediately identify

3
y(n) = h(0)x(n) + h(1)x(n — 1) + h(2)x(n — 2) + h(3)x(n - 3) =Zh

k=0
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We had from the picture;

3
y(n) =h(0)x(n)+h(1)x(n—1)+h(2)x(n—-2)+ h(3)x(n—-3) = Zh(k)x( — k)

and taking the Z-transform we get

Y(z) = h(0)X(z) + h(1)z ' X(z) + h(¥)z > X(2) + h(

BN



IIR filt
ers Vo)

y(n)+ayy(n—1)=box(n)+byx(n—-1)

First order:

Can be drawn on direct form I.
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Since the system is linear we can change the order of the sub-systems.
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The two delay lines can be merged to direct form II (normal form, canonical form).

x(n) D ——D— y(n)




Second order filter:
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In the Z-domain we get;

V(z)+ X(z)

V(z)+ z_la,l V(z)+z %a,V(z)
/ *

V(z) (z“lal + z"zaz) = X(2)

=X [Z)

B X(z)
V(z)/,l_- z7la, +z %4,
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We had from previous slide;

X(z)
D vin) b — ] -2
o~ ——D— y(n) /#2741 t2Z277°a
Yt
77 Calculate the output signal from v(n).
. a-'b(/(%) Y(2) =byV(2) + 27 0, V(2) + 27°b, V (2)
Y(z)= (bo L8 By ok z‘zbz) V(z)
Z-1 b+ z-1h 1 =2}
: I+z2= a1+ 2“4y
—a‘z > k"\/ —

H(2) .



Parallel or cascade form

: 1 : :
EX: Hiz)= — % = % R —" [poles in py =0.50ch p; 3= i}O.S]
— 11 —=: 11 |cascade coupling of Hs(z) and Hp(z)]
H /) L4352 L—5 &A/
A 1 4
= i f =+ - 2 |[parallel coupling of H;(z) and H;(z)]
+72
b, T N ¥,
Cascade (series) couplin Parallel coupling:
( ) coupling: \H()p SN AE
| 111\ 2 = l\'{n) +1|2[r‘\)
x(n) —| Ha(z) | Hp(2) — v(1) 4y d— y(n)
\_A/'\/ |
Re e (M= hg@ xhg(n {Hel2) :




Lattice filter

A very common structure when modelling signals, especially speech signals.

Second order lattice FIR

Ao(’i’-) AP Az(?‘)
x(n) Lt D K O— y(n)
1 A
By ) — Byl P TB.(%)

If all |K;| < 1 then all roots (zeros) are inside the unit circle.
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Bo 3! aa B, 7 ’B/ B,
Analysis of lattice FIR
Step 0: Step 1: / A (2)=1
Ao(z) = By(z) = 1 A(z)=1+Kyz™!
Bi(z) =Ky +z~* D/S§V Fr & nn
Step 2: ‘/ /42 (-25 e
Ae)=Ai+Kz ' By(a) =1+ (Ki+KiKpa 4?2 k/:'n&i

«—

B,(2z) = K»A{(z) +2 'B1(z) =Ko+ (K{+K{Ky)z7t +272

B,(z) can be obtained from A,(z) with the coefficients in reverse order. 14




Step m:
A (z)= A, (% K,z !B, _(2)
B,,(z) =K,;A,;_1(2) +2z7'B,,_1(2)
In matrix form:
An@| |1 K] [Aua(a)
Bu(z)| | Ky z‘ld Biu-1(2)

— -

Reverse:

1
1 -K7

Ap_1(2z) = ' [Am(z) — KmBm(z)]



Second order lattice all-pole IIR

All-pole filters have poles only (all zeros at the origin).

x(n) () @ 5 (n)
R ~hrz ’
, WS T L W

()¢ z ¢ W) o

Compare with lattice FIR:

If all |[K;| <1 then all roots (poles) are inside the unit circle.

TA's /s used 1n GSM=codecs
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Example ( H(z) to Lattice>
Given:
4 1 .
H(z)=1-2z 1+§-z 2 [pb«—zsmzm:

Find: Calculate lattice FIR coefficients K;.

Solution: Start with

1
H(z)=1-z"" @-2_2 = K, =

>k,

pS
~
2L

|

1

2
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Calculate in reverse:

Finally, the answer is

K={-3 3} = Lk K]

18



Ex: Find H(z) from a given Lattice-structure <Lattice to H(z))

Given: A Lattice-structure with parameters, k; = % K, = % kKy=1

Find: The corresponding H(z)!



Solution:

Formula: A (z) = A, ,(2) + k2B, ,(2)

Start with: Ay(z) = By(z) = 1
;__-__.—____—v

M= ﬂ/z)r#(/@)»&k,i’- B,(2) = 74{’%" (/<

= I (2) = z’ 2! Ay |, B.@)

msl, Ayp(dd=A)+k,T0,l)= @*/‘:m
- 15T 8,0 e
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m:’b

/ ﬂj /?):,41(3) +kj~('/32[g_) = [ £ %“3

Q> /ﬁﬂ$W¢f‘ /‘//—?—):ﬂj(%): /,ng

¢
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Algorithms Summary:

From lattice to system equation

Given: K:{Kl K5 s Km}

Find: H(z)

Solution:
Ao(z) = Bo(z) =1 € S‘/Qflz W’{ A
Am(z) = Ap1(2) + sz_le—l(z) 3 / {e p;sLQ
B,,(z) = coefficients in A,,(z) in reverse order

H(z) = Ap-1(2)
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Algorithms Summary:

From system equation to lattice

Given: H(z)

Find: K:{Kl K, ... Km}

Solution:

Ap-1(z) = H(z) Kf-/g/*{ i EA

K,, = coefficients for the terms z ™"

' )f6r9¢€

Ay (Z) = 1_K2 ' [Am(z) _KmBm(z)]

B,,_1(z) = coefficients in AmLz,) in reverse order
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