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D Flip Flop

Considering the widely used
Edge triggered
D-type Flip Flops
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Types of Timing Diagrams

https://en.wikiversity.org/wiki/The_necessities_in_Digital _Design

a timing diagram without delays

D3 no delay (ideal case)

'Y A A J J j
Qso c- no delay (ideal case)

a timing diagram with delays

AYAVAWAWAWAN
Oso X _ output delay Clk->Q
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Setup & Hold Time (1)

https://en.wikiversity.org/wiki/The necessities_in_Digital _Design

| |
P * *
| | Inputs with delays
D3:O
<—> * *
A A
Qao > Output with a delay
/ . .
set up time  hold time
AN A
4 N A
N | Y
Tapped De|ay 7 Young Won Lim

(1 A) 7124124


https://en.wikiversity.org/wiki/The_necessities_in_Digital_Design

Master-Slave D FlipFlop — Rising Edge

https://en.wikiversity.org/wiki/The_necessities_in_Digital _Design

Master D Latch

CK DOC

Ol
@)
Ol
Q|

Slave D Latch
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Master-Slave D FlipFlop — Rising Edge

https://en.wikiversity.org/wiki/The_necessities_in_Digital _Design

Master D Latch

Master D Latch Slave D Latch
D D Q P b Q Q
ck | o—c O C Q Q
CK
N ~ AN ~ J
CK f | ‘ | I
. 2)
(1) the current input (2) the current content
D gets stored P is clocked out
in the master latch to the output Q Q (_ X )
Using inverted clocks enable Slave D Latch
(1) and (2) to be executed sequentially
Tapped Delay 9 Young Won Lim
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Master-Slave D FlipFlop — open and hold
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Master D Latch Master D Latch
ol (1) ] I
open
hold
P @ QM ([ )
open
CK _r | j | |
hold
Q (@ ) )

Slave D Latch Slave D Latch
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Master-Slave D FlipFlop — typical vs. ideal timing (1)

Typical Timing Ideal Timing
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Master-Slave D FlipFlop — typical vs. ideal timing (2)

Typical Timing Ideal Timing

a N [ N

x(n-1) © x(n) X(n-1) = x(n)

hold
Q Q
y(n) y(n)
- / - J
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Master-Slave D FlipFlop — Rising Edge Sampling

Master D Latch

x(n)

c« f,L4 LT

Q

—

l_Xi

)

y(n)

Slave D Latch

https://en.wikiversity.org/wiki/The_necessities_in_Digital _Design

x(n) wi(n) y(n)
Master D Latch Slave D Latch
D p Qf"p 0 Q
ckir o—c 3| —lc @ 3
CK

(1) the current input
x(n) gets stored
in the master latch

(2) the current content
wl(n) is clocked out
to the output y(n)
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Fixed point representation

Floating Point Representation

fractional
numbers
Fixed Point Representation
integer + implicit fixed scaling factor
a 2’'s complement number (11110101)2 = -11
could represent -11-27°=-88,
-11.2°=-0.34375
-11-272 = -0.002 685 546 875
with implied scaling factors -3, -5, -12
fractional x(n) X n-bitwires  attimen
numbers y(n) Y n-bitwires  attimen
wl(n) W n-bit registers at time n
Tapped Dela Young Won Lim
PP y 14 7124124

(1A)



Memory Elements

fractional X(n) X n-bitwires  attimen
numbers y(n) Y n-bitwires  attimen
wl(n) W n-bit registers at time n memory elements

1. using the P outputs of master latches as the name for memory elements

2. using the Q outputs of flipflops as the name for memory elements

Master D Latch Slave D Latch
D D Q P b Q Q
CK _| CK _ _
D=—c gl c o 9
D FlipFlop using Master and Slave D Latches
Tapped De|ay 15 Young Won Lim
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(1) Using master latch outputs P

X W Y
Master D Latch Slave D Latch
X3 R in[3 RI3 Y3
3] Rin3 [o —— wB— o] RE YB_
DOR c o] e o Q
l
X2 R in[2 R|2 Y2
2] Rinl2] o — o "> o] RER YRl
peKle o] e _Q\ Q
l
X[1] R_in[1] [p w(1] R[1]  Y[1]
- - -

| O

D@CK c
X|[0] R _in[O] IB W[O]

CLK otk

o
Ol ©
@)
=
O O
| O
Q

3]__ROI YOl

CK

0O O

ol O

o o
e
O
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(2) Using flipflop outputs Q

X

X[3]

X[2]

X[1]

X[0]

\\') Y
W_in[3] [p 1P 5 ol O WI3] Y[3]>
DO& 5 CK c _ \ Q
|
W_in[2] [p 1P 15 51 @ W[2] Y[2]>
DO& 5 CK c _ \ Q
|
W _in[1] o 5 P o 3 Q WI1] Y[l]>
Doﬁ o CKl c — \ Q
|
W_in[0] [p 1P 5o ° WI0] Y[O]>
CLK D>oCK o] = QJ Q

Register (2A)
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(1) 4-bit Register Using master latch outputs P

4-bit Register using 4 D flipflops

R_in (1) R_in[&] 56 R[3]
ck 1§ LT '
N ()| 2 |
R_in[2] |y 0 R[2]
R —
_>'
R_In[&] D O R[1]
D FlipFlop using Master and Slave D Latches -
Master D Latch Slave D Latch I
D D Q P b Q Q R_in[g] D O R[0]
> CK | cK - B — "
i C Q Q CLK

Register (2A) 18 Young Won Lim



(2) 4-bit Register Using flipflop outputs Q

W_in (1) W _in[3] WI[3]
> D Q —_—
CK ‘ | ‘ l I a
— >
Q
W._in[2] W[2]
_>'
W in[1 WI[1
S o Wit
D FlipFlop using Master and Slave D Latches -
Master D Latch Slave D Latch e
P .
W _in[0 WI[1
D - D Q D Q Q _|nL] e [1]
CK | ck 3 B —™
e 3 £ 9 Q CLK
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(1) Timing diagrams with master latch outputs P

data centered view

- N a N
x(n-1)  x(n)

X Input x(n-1)  x(n)  x(n+1)

\ WR \(3)

A (1) | (2) Internal W1(n-1)\: W:Ién) win+1)

- @|ro @
Y |
y(n) Output y(n-1)  y(n) y(n+1)
\ / N /
Hardware model The same DSP C model
Tapped Delay 20 Young Won Lim
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(2) Timing diagrams with flipflop outputs Q

data centered view

- - N
x(n-1) x(n)
X Input x(n-1)  x(n)  x(n+1)
ck L LT \WR \(3)
Simplified - /
w S WD) win) | wignea)
State “
L @|rD @
Y .
y(n) Output v(n-1)  y(n) y(n+1)
- - /
Hardware model The same DSP C model
Y Won Li
Tapped Delay 21 oung 7324/;2
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Data centered operations

data centered operations

operation spans two time steps (n-1, n)

- _ _ _ A (1) wi(n)=x(n-1) WR wi(n)
time n-1 time n time n+1
(2) y(n)=wi(n) RD wi(n)
x(n-1) )&1) x(n+1) Input
first WR, then RD
(1) WR (3) must avoid RAW (read after write) hazards
here, because the written data is read out,
| ‘ yhere is no RAW (read after write) hazards
1) | Internal
wl(n-1) w:}‘((n) w:k((n+1) Stare
! : v =wi-) wl(n) =wil(n-1)
(2] RD :(4) wi(n) = x(n-1)
\ \ v yim =win) wl(n+1) =wil(n)
o) oY) yinen)  oupur e
y(n+1) = wi(n+1)
wl(n+2) =wl(n+1)
\\ / wl(n+2) =x(n+1)
y(n+2) = wi(n+2)
DSP C model
Young Won Lim
Tapped Delay 292 o o
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Time centered operations

time centered operations operation spans only one time step (n)
4 . | . A 2) y(n)=wi(n) RD wi(1)
time n-1 time n time n+1
(3) wi(n+1)=x(n) WR wi(n)
X(n;l) X(n)  x(n+l) Input
Ny / first RD, then WR
( 1)\\// WR (3) no RAW (read after write) hazards
)
-1) | Internal
wl(n-1) W:}‘((n) w:kgn+1) Srato
\‘ : y(n-1) = wi(n-1)
‘.II : 1 =wl(n-1
olro @ wi(n) = x(n-1) wil(n) =wi(n-1)
i y(n) = wi(n)
A v 1(n+1) = x(n) wil(n+1) =wi(n)
WL(n = Xx(n
y(n-1)§ y(n) y(n+1) Output
y(n+1) =wil(n+1)
wl(n+2) =wl(n+1)

\ j wil(n+2) =x(n+1)

y(n+2) = wil(n+2)

DSP C model

Tapped Delay 23 ot



Data vs. time centered operations (1)

data centered operations

y(n-1) = wil(n-1)

output from wil(n-1)

wl(n) = x(n-1)

y(n) = wi(n)

wl(n) =wl(n-1)
input to wl(n)

output from wi(n)

wl(n+1) = x(n)

y(n+1) = wil(n+1)

wl(n+1l) =wl(n)
input to wi(n+1)

output from wl(n+1)

wl(n+2) = x(n+1)

y(n+2) = wl(n+2)

wil(n+2) =wi(n+1)
input to wl(n+2)

output from wl(n+2)

(1) wi(n)=x(n-1) WR wi1(n)

(2) y(n)=wi(n) RD w1i(n)
W1l = WR W1
Y =WwW1 RD W1

time centered operations

y(n-1) = wl(n-1)

wl(n) = x(n-1)

output from wi(n-1)
wl(n) =wl(n-1)
input to wi(n)

y(n) = wi(n)
wl(n+1) = x(n)

output from wi(n)
wl(n+1l) =wil(n)
input to wi(n+1)

y(n+1) =wil(n+1)

wl(n+2) = x(n+1)

output from wi1(n+1)
wil(n+2) =wi(n+1)
input to wil(n+2)

y(n+2) = wl(n+2)

output from wl1(n+2)

(2) y(n)=wi(n) RD w1i(n)

(1) wi(n)=x(n) WR w1(n)
Y =W1i RD W1
wl =X WR W1

time n-1

F timen

> time n+1

. time n+2

Register
Transfer
Level

Tapped Delay
(1A)
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data centered operations

y(n-1) = wil(n-1)

| wl(n) =wl(n-1)

wl(n) = x(n-1)

y(n) = wi(n)

wl(n+1) = x(n)

y(n+1) = wil(n+1)

wl(n+1l) =wl(n)

wl(n+2) = x(n+1)

y(n+2) = wl(n+2)

wil(n+2) =wi(n+1)

v
these conditions are met
by using a single register W

WR W
RD W

Tapped Delay
(1A)

Data vs. time centered operations (2)

y(n-1) = wl(n-1)

wl(n) = x(n-1)

y(n) = wi(n)
wl(n+1) = x(n)

y(n+1) =wil(n+1)

wl(n+2) = x(n+1)

y(n+2) = wl(n+2)

time centered operations

wl(n) =wl(n-1)

wl(n+1l) =wil(n)

wil(n+2) =wi(n+1)

v

these conditions are met

by using a single register W

RD W
WR W

25

time n-1

time n

time n+1

time n+2

Young Won Lim
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Data centered operations

data centered Operations in the Register Transfer Level
y(n-1) = wil(n-1) output y(n-1) from wi(n-1) Y = Wi output y(n-1) from W1 .

wl(n) =wl(n-1) time n-1
wl(n) = x(n-1) input x(n-1) to wi(n) Wl = X input x(n-1) to W1 )
y(n) =wil(n) output y(n) from wi(n) Y = Wi output y(n) from W1

wi(n+1) =wi(n) r timen
wl(n+1) = x(n) input x(n) to wi(n+1) Wi = X input x(n) to W1
y(n+1) = wi(n+1)  output y(n+1) from wi(n+1) Y = Wi output y(n+1) from W1

wl(n+2) =wl(n+1) - time n+1
w1(n+2) = xX(N+1)  input x(n+1) to wi(n+2) Wi = X input x(n+1) to W1
y(n+2) = wW1(nN+2)  output y(n+2) from wi(n+2) Y = wi output y(n+2) from W1 _

> time n+2

(1) wi(n)=x(n-1) WR wi1(n) Wl =X WR W1
(2) y(n)=wi(n) RD w1i(n) Y =W1 RD W1

Tapped Delay 26 T e



Time centered operations

time centered Operations in the Register Transfer Level

y(n-1) =wi(n-1)  output from wi(n-1) Y = Wi output y(n-1) from W1 .

wl(n) =wl(n-1) time n-1
wl(n) = x(n-1) input to wi(n) Wl = X input x(n-1) to W1 )
y(n) =wl(n) output from wi(n) Y = w1 output y(n) from W1

wil(n+1) =wi(n) r timen
wl(n+1) = x(n) input to wi(n+1) Wl = X input x(n) to W1
y(n+1) = wi(n+1)  output from wi(n+1) Y = Wi output y(n+1) from W1

wl(n+2) =wl(n+1) - time n+1
wl1(n+2) = xX(N+1)  input to win+2) Wi = X input x(n+1) to W1
y(n+2) = w1(n+2)  output from wi(n+2) Y = w1 output y(n+2) from W1 _

> time n+2

2 y()=wi(n) RD wi(n) Y =W1 RD W1
Q) wi(n)=x(n) WR w1(n) wl =X WR W1

Tapped Delay Young Won Lim
(1A) 217 7124124



Simultaneous RD and WR actions

time centered operations

wl(n)
[ N
x(n) z* y(n) time n-1 time n time n+1
(2) WR (1) RD x(nil.) x(n) Input
L WR\@)
y(n) = wi(n) y(n+1) =wi(n+1) (1) RD |
wi(n+1) = x(n) wil(n+2) = x(n+1)  (2) WR ’ W];((n) W]‘;((n+1)
@|rRD @
y(n)
at time n at time n+1 | |
/
y(n) = wl(n) y(n+1) = wl(n+l) ~ read internal state
wl(n+1) = x(n) wl(n+2) = x(n+1) UDSP @'modelatc
Tapped'DE1ay: 28 Young V\;(724|7|2r?1
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Simultaneous RD and WR actions

wl(n)

current content  w1(n) = x(n-1)
-1
x(n) £ y(n) next content wl(n+1l) =x(n)
(2) WR (1) RD
at time n at time n+1
y(n) = wi(n) y(n+1) = wl(n+1) read internal state
wl(n+1) = x(n) wl(n+2) = x(n+1) update internal state
at time n,
1) the content of the register wl(n) RD access of wl(n) = x(n-1)
becomes the output y(n)
2) the input x(n) is saved and WR access of wl(n+1) = x(n)
becomes the new content wi(n+1)
Tapped De|ay 29 Young Won Lim
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Current content wl(n) and current input x(n)

wl(n)
x(n) z* y(n)
(2) WR (1) RD

current content  wi1(n) = x(n-1)
next content wl(n+1l) =x(n)

y(n) “==wl(n) = x(n-1)
wl(n+1) &=x(n)

a register holding the previous input sample x(n-1)

(1) the current content x(n-1) is clocked out to the output
(2) the current input x(n) gets stored in the register

It will be held for one sampling instant and

become the output at the next time n+1 D
CK f l ‘ l I
Q

Tapped Delay 30 T



Current content wl(n) and current input x(n)

wl(n)

X current content  w1(n) = X(n-1)
x(n) £ y(n) next content wl(n+1l) =x(n)
(2) WR (1) RD
y(n) ¢=w1(n) = x(n-1)
® x(n) wi(n+1) ¢=x(n)

current

2 ?
CK ‘ l ‘ l I simulate a clocked hardware

ignoring delay constraints in hardware

Q zero-delay simulation

Tapped Delay Young Won Lim
(1A) 31 7124124



Delay element modeling

w1(n) w1(n) y(n) y(n) = wi(n)
x(n) 71 y(n) (1)RD
x(n) wl(n+1) wil(n+1) = x(n)
(2) WR (1) RD o

The content of the delay register at time n _ _ _
as the internal state of the filter by timen-1  timen time n+l

Internal state at time n wil(n) = x(n-1) WR at time n-1 D
internal state at time n+1  wa(n+1) = x(n) WR at time n CK f l ‘ l I
output at time n y(n) = wi(n) RD attimen Q

RD before WR WAR (Write after Read) Access
simulate a clocked hardware
ignoring delay constraints in hardware
zero-delay simulation
Tapped Delay 32 Young Won Lim
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WAR (Write after Read)

y(n) = wil(n) (1) RD
wl(n+1) = x(n) (2) WR X(n-1)  x(n)
y(n+1) = wi(n+1) (1) RD
wil(n+2) = x(n+1) (2) WR

 wiln) win+)

*
wl(n+1) = x(n) (2) WR
y(n) = wi(n) (1) RD "
wl(n+2) = x(n+1) (2) WR
y(n+1) = wi(n+1) (1) RD y(n)
WAR (Write after Read) Violation g
] /
DSP C model
Tapped Delay 33 Young Won Lim
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Single Delay

wl(n
x(n) (1 ) y(n) y(n)=wi(n) (1) RD
“ wi(n+1) =x(n) (2) WR
) 1 (+1) =x(n)  (2)
n_x(n)  wi(n) y(n)
x0 x1 X2 X3 O XO O O
1 x1 x0 x0
0 0 o - 2 X2 x1 x1
3 X3 X2 X2
4 x4 X3 X3
0 X0 x1 X2
Tapped Delay 34 Young Won Lim
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Double Delay

wi(n) w2(n) y(n) = w2(n)
y(n) w2(n+1) = wil(n)
wl(n+1) = x(n)

X
~
)
~—~
N
=
N
=

x(n) n  x(n) wil(n) w2(n) y(n)
x0 x1 X2 x3 O XO O O O
- 1 x1 x0 0 0
wl(n+1)
0 \ o\ 1 | o 2 X2 x1 X0 X0
3 Xx3 X2 x1 x1
L ewo b soxa d o x
0 ‘ 0 X0 x1
ey ey
0 0 x0 x1
Tapped Delay 35 Young Won Lim
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Triple Delay

wi(n) w2(n) w3(n)

N x(n)  wi(n)  w2(n) w3(n) y(n)
x0 x1 X2 X3 0 X0 0 0 0 0
1 x1 X0 0 0 0
wl(n+1)
o o\ a4 | o 2 X2 X1 X0 0 0
3 X3 X2 x1 X0 X0
N Y ORI ) 4 x4 X3 X2 x1 x1
0 \ 0 X0 x1
w3(n) W3(n+1)- y(n) = w3(n)
0 0 0 X0 w3(n+1) = w2(n)
w2(n+1) = wil(n)
D FORECE wi(n+1) = x(n)
0 0 0 X0
Tapped De|ay 36 Young Won Lim
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Single Delay — 10 Equations

wl(n) y(n)

x(n)
Z-l

single delay double delay

y(n) =wl1(n) output y(n) =w2(n) output
wl(n+1) = x(n) w2(n+1) = wil(n)
wl(n+1) = x(n)

triple delay

y(n) =w3(n) Ooutput
w3(n+1) = w2(n)
w2(n+1) = wil(n)
wl(n+1) = x(n)

Tapped Delay 37 R



Double Delay — 10 Equations

wl(n) w2(n)
x(n) z* y1(n) z* y(n)
y1(n) = wi(n) y(n) = w2(n)
wl(n+1) = x(n) w2(n+1) = yl1(n)

yl(n) = wi(n)
w2(n+1) = y1(n)
w2(n+1) = wil(n)

y(n) =w2(n) output
w2(n+1) = wil(n)
wl(n+1) = x(n)

an o 38 rona



Triple Delay — 10 Equations

wi(n) w2(n) w3(n)
() z y1(n) zt y2(n) z! y(n)
y1(n) = wi(n) y2(n) = w2(n) y(n) = w3(n)

wl(n+1) = x(n)

w2(n+1) = y1(n)

w3(n+1) = y2(n)

y1(n) = wl(n)
w2(n+1) = y1(n)

w2(n+1) = wil(n)

Tapped Delay
(1A)

y2(n) = w2(n)
w3(n+1) = y2(n)

y(n)  =w3(n)
w3(n+1) = w2(n)
w2(n+1) = wil(n)
wl(n+1) = x(n)

39

w3(n+1) = w2(n)

output

Young Won Lim
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Delay C Model

Timing Chart

array x
o
register l
\ register l array w W[O]|VV[1]|W[2]
T eww %
‘ l array y
L e ey v oy |y
y(n) = w2(n) y =w2 y[n] = w[2]
w2(n+1) = wl(n) w2 =wl w[0] = Xx[n]
wl(n+1) = x(n) wl = w[2] = w[1]
w[1] = wi[0]
Tapped Delay 40 Young Won Lim

(1A)

Register Transfer

DSP C Model for simulation




|O Equations for the Triple Delay (1)

y(n) =w2(n)
wO(n) = x(n)
w2(n+1) = wi(n)
wl(n+1) = w2(n)

yln] = w[2]
w[O] = X[n]
w[2] = w[1]
w[1] = w[O]

Tapped Delay

(1A)

D=2,1

/Il get the output
// put the input
/] shift

/I shift

41

Young Won Lim
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delay.c

[* delay.c - delay by D time samples */
/* w[0] = input, w[D] = output */

input

void delay(int D, double *w) Shift to the right by one
{ 0 1 D

int i

. . . array w w[0]w[1]w[2]
for (I=D; i>=1,; i--) \\

w[i] = w[i-1]; W{O] -

Il reverse-order updating

output
} w[D] = w[D-1]
order of execution W[2] _ W[l]
w[1] = w[0]
Tapped Delay 42 Young Won Lim
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Using the delay function

double *w;
w = (double *) calloc(D+1, sizeof(double)); // (D+1)-dimensional

for (n = 0; n < Ntot; n++) { x[n] yln]
y[n] = w[D]; /1 (1) write output | M 1(2)
w[0] = x[n]; Il (2) read input
delay(D, w); /Il (3) update delay line w[1]
}
3)
w[0] w[D]
Tapped Delay 43 Young V\;(724|7|2r2
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Delay Functions

y(n)=w,(n)
w, (n+1)= x(n)

y(n)=w,(n)
w,(n+1)=w, (n)
w, (n+1)= x(n)

y(n)= w,(n)
w,(n+1)=w,(n)
w,(n+1)=w, (n)
w, (n+1)= x(n)

y(n)= w,(n)

w,(n)= x(n)
w(n+1)=w_ (n),
i=D,D-1,...,2,1

Tapped Delay
(1A)

time index : n

memory location : W,
memory index : i

Wi(n+1): Wi—l(n)
the current value at w_,

will become
the next value at w

At time n

At time n+1

44

input output

x[n] yn]

D te

w[1]

3)

w[0] w[D]

Shift to the right by one

Young Won Lim

7/24/24



Holding a delayed input sequence

w, (n)= x(n)

w, (n)= x(n-1)= w,(n-1)
w,(n)= x(n-2)= w, (n-1)
w,(n)= X(n—=3)= w,(n-1)

input

array w w[O]Jw[1]w[2]

output

an o 45 T



Single Delay (1)

w,(n) [XO’XI’X2’X3’°"]_)[O:XO,X1:X2;X3:---]

for each input sample x do:

w,(n) = x(n—1) (internal state at time n) \i} _: :1
w,(n+1) = x(n) (internal state at time n+1) .
y(n) = w,(n) n o x(n) win) yln)
w,(n+1) = x(n) 0 X 0 0
1 X X, X,
y(n+1l) = w,(n+1) 2 x, X, X,
w,(n+2) = x(n+1) 3 X, X, X,
4 Xx, X, X,
w,(0) = 0
Tapped Delay 46 Young Won Lim
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Double Delay (1)

Wl(n) Wz(n) [XO’XI’Xz’XSv°°]_)[O:X0ax1:-x2:x3:---]

for each input sample x do:

Yy = W,

w,(n) = w,(n—1) = x((n—-1)-1) = x(n-2) Wo = w
wiln) = x(n=1) e x
wy(n+1) = w,(n) n x(n) wi(n) wy(n) y(n
w,(n+1) = x(n) 0 X 0 0 0

1 X X 0 0
y(n) = w,(n) 2 X X4 Xo Xo
w,(n+1) = w,(n) 3 X, X, X, X,
w,(n+1) = x(n) 4 X, X, X, X,
w,(0) = 0

Tapped Delay 47 Young Won Lim
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Triple Delay (1)

W1(n) Wz(n) W3(n) [XO,Xl,X2,X3,...]-)[O,XO,Xl,XZ,X3,,..]

for each input sample x do:

y 1= ws

wy(n) = wy(n—1) = w,(n-2) = x(n-3) W= w,
w,(n) = w,(n—1) wo = w
w,(n) = x(n—1) W, = x
wy(n+1l) = w,(n) n x(n) wyin) wyn) y(n)
w,(n+1) = w,(n) 0 x, 0 0 0
w,(n+1) = x(n) 1 x X, 0 0

2 X, X, Xo X
y(n) = wy(n) 3 x, X, X, X,
wy(n+1) = w,(n) 4  x, X, X, X,
w,(n+1) = w,(n)
w,(n+1) = x(n)

Tapped Delay 48 Young Won Lim
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D Unit Delay (1)

w,(n) w,(n) ws(n) [ X0, X15X5, X5, ]2[0,X0, X;, X5, X5,... ]

for each input sample x do:

. Yy = Wp
w,(n) = w,_,(n—1) fori=1,2,...,D W, = x
Woi=X

wy(n+1) = w,(n) 0 X 0 0 0 for each input sample w, do:
wi(n+1) = x(n) 1 x %o 0 0 fori=D,D-1,...,1do:
2 X, X, X, X w, - W,
y(n) = wy(n) 3 X5 X, X, X,
wo(n) = x(n) 4 x, X, X, X,
w.(n+1) w,_,(n)
i=D,D-1,...,2,1
Tapped Delay 49 Young Won Lim
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D Unit Delay (1)

[* delay.c - delay by D time samples */

void delay(int D, double *w) w[0] = input, w[D] = output
{ int i;
for (i=D; i>=1,; i--) reverse-order updating
wl[i] = w[i-1];
}
Tapped Delay 50 Young Won Lim
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dot

[* dot.c - dot product of two length-(M+1) vectors */

double dot(int M, double *h, double *w) Usage: y = dot(M, h, w);
{ h = filter vector, w = state vector
int i; M = filter order
double vy;
for (y=0, i=0; i<=M; i++) compute dot product
y += h[i] * w[i];
return vy,
}
Wy
y = howothyw +...+hyw, = [hy,h,, -+, hy] M,/l = h'w
IWM -
Tapped Dela Young Won Lim
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Direct Form

Considering the widely used
Edge triggered
D-type Flip Flops

H(Z) = —
1 )
D(z) 1+a,z +a,z
Yo = —@Q1Y,.1~ Y, ot byx,+bx,_,+b,x, _,
Tapped Delay 52 Young Won Lim
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