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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
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Master-Slave D FlipFlop — Rising Edge
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Master D Latch

CK DOC

Ol
@)
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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
x(n) wi(n) y(n)
D D Q Y Ip 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 Y 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
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Master-Slave D FlipFlop — Rising Edge Sampling
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Master D Latch

x(n) Master D Latch Slave D Latch
x(n) wil(n) y(n)
D D Q"o ©Q Q
ck [ Q| (e @2
CK
CK f l ‘ l I
2)
(1) the current input (2) the current content
x(n) gets stored wl(n) is clocked out
Q (_ X ) in the master latch to the output y(n)
y(n)
Slave D Latch
Young Won Lim
Tapped Delay 10 o on

(1A)


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

Master-Slave D FlipFlop — open and hold
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Master D Latch Master D Latch
ol (1) ] I
open
hold
v (@ @[ )
open
CK _r | j | |
hold
Q (@ ) )

Slave D Latch Slave D Latch
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Master-Slave D FlipFlop — ideal timing

Typical Timing Ideal Timing
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Master-Slave D FlipFlop — DSP C model

a N N
X(n-1). x(n)
D f Input xX(n-1) x(n)  x(n+1)
S I e B \WR \(3)
open hold /
Y Internal wi(n-1)  wi(n) wi(n+1)
QNG State R *
ck 1 F 11 -~ @|rRD |
open hold 2
Q output yn-) | yn) | yn+1)
y(n)
\ / /
Hardware model DSP C model
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Master-Slave D FlipFlop — DSP C model

a N
(1) wl(n) = x(n-1)
WR wl(n
X(n-1) x(n)  x(n+1) Input ()
Cwr \(3) 2 ym)=wim)
RD wi(n)
wl(n-1) | W]*(n) W]*(“"'l) g,tt:t; nal No RAW (read after write) hazard
but we must simulate
i (] RD | (4) the parallel hardware
by a sequential code
‘ at time n,
y(n-1)  y(n) y(n+1) Output use only x(n) and y(n)
= J
DSP C model
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Master-Slave D FlipFlop — DSP C model

at the time n RAW (read after write)
a N
(2) y(n) = wi(n)
RD wi(n
X(n+1) Input -
3) (1) wl(n) = x(n)
WR wi1(n)
wl(n-1) W]‘}Sn) W]é""'l) g,tt:t; nal No RAW (read after write) hazard
olro | y(n) = wi(n)
wi(n) = x(n)
\ wl(n+1) = wi(n)
y(n+1) = wi(n+1)
- n
y(n 1) y( ) y(n+1) OUtp ut wi(n+1) = x(n+1)
wl(n+2) = wl(n+1)
\ / y(n+2) = wil(n+2)
wl(n+2) = x(n+2)
DSP C model
Young Won Lim
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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 16 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
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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
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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 19 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
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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 21 Young Won Lim

(1A) 3/28/24



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
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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 23 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)
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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 25 ronav



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)

26

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 27 Young Won Lim
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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

28
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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 29 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 30 Young V\gigsblzrz
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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

31

input output

x[n] yn]

D te

w[1]

3)

w[0] w[D]

Shift to the right by one

Young Won Lim
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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 32 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 33 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 34 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 35 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 36 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 37 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
pPp y 38 3128124
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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 39 Young Won Lim
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