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JK flip-flop: asynchronous inputs

S¢ Rs CLK J K | Qni1
0 1 X X X0
|
) R Q- 1 0 X X X 1
1 1 X X X | invalid
—> CLK
0 o0 $ 0 0 Q,
K Q-
54 0 0 i 0 1 0 normal
I 0 0 4 1 1 operation
o 0o ¢+ 1 1 Q
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JK flip-flop: asynchronous inputs

S¢ Ri CLK J K | Qu1
0 1 X X X0
|
) R Q- 1 0 X X X 1
1 1 X X X | invalid
—CLK
0 0 $ 0 0 | Q
K Q-
Sq 0 0 ? 0 1 0 normal
I 0 0 4 1 1 operation
o 0o ¢+ 1 1 Q

* Clocked flip-flops are also provided with asynchronous or direct Set and Reset inputs, Sy and Ry, (also
called Preset and Clear, respectively) which override all other inputs (J, K, CLK).
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JK flip-flop: asynchronous inputs

S¢ Ri CLK J K | Qu1
0 1 X X X0
|
) R Q- 1 0 X X X 1
1 1 X X X | invalid
—CLK
0 0 $ 0 0 | Q
K Q-
Sq 0 0 ? 0 1 0 normal
I 0 0 4 1 1 operation
o 0o ¢+ 1 1 Q

* Clocked flip-flops are also provided with asynchronous or direct Set and Reset inputs, Sy and Ry, (also
called Preset and Clear, respectively) which override all other inputs (J, K, CLK).

* The Sy and Ry inputs may be active low; in that case, they are denoted by Sy and Ry.
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JK flip-flop: asynchronous inputs

S¢ Ri CLK J K | Qu1
0 1 X X X0
|
) R Q- 1 0 X X X 1
1 1 X X X | invalid
—CLK
0 0 $ 0 0 | Q
K Q-
Sq 0 0 ? 0 1 0 normal
I 0 0 4 1 1 operation
o 0o ¢+ 1 1 Q

* Clocked flip-flops are also provided with asynchronous or direct Set and Reset inputs, Sy and Ry, (also
called Preset and Clear, respectively) which override all other inputs (J, K, CLK).

* The Sy and Ry inputs may be active low; in that case, they are denoted by Sy and Ry.

* The asynchronous inputs are convenient for starting up a circuit in a known state.
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D flip-flop

CLKAH\LM
D— —Q CLK | D | Qua D J Q 5 t
CLK—> + 1o o CLK >
-Q REEE Lk q q t
positive edge-triggered D flip—flop t
ty to t3 ty ts
CLK ] ]
. ~Q CLK | D | Qu b J Q 5 t
CLK —> ) 100 CLK 9>
-Q Vo1 LK Q q t
negative edge-triggered D flip—flop :
ty t t3 ta ts
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D flip-flop
CLK

E

P —Q CLK | D | Qua D J Q 5 t
CLK—> 4 00 CLK >

-Q REEE Lk q q t

positive edge-triggered D flip—flop :

ty ta t3 ta ts
CLK ] ]

P —Q CLK | D | Qu D J Q 5 t
CLK—> } 0 0 CLK P>

-Q Vo1 LK Q q t

negative edge-triggered D flip—flop :

ty t t3 ta ts

* The D flip-flop can be used to delay the Data (D) signal by one clock period.
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D flip-flop
CLK

E

P —Q CLK | D | Qua D J Q 5 t
CLK—> 4 00 CLK >

-Q REEE Lk q q t

positive edge-triggered D flip—flop :

ty ta t3 ta ts
CLK ] ]

P —Q CLK | D | Qu D J Q 5 t
CLK—> } 0 0 CLK P>

-Q Vo1 LK Q q t

negative edge-triggered D flip—flop :

ty t t3 ta ts

* The D flip-flop can be used to delay the Data (D) signal by one clock period.

* With J=D, K= D, we have either J=0, K=1or J=1, K=0; the next Q is 0 in the first case, 1 in the second case.
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D flip-flop
CLK

E

P —Q CLK | D | Qua D J Q 5 t
CLK—> 4 00 CLK >

-Q REEE Lk q q t

positive edge-triggered D flip—flop :

ty ta t3 ta ts
CLK ] ]

P —Q CLK | D | Qu D J Q 5 t
CLK—> } 0 0 CLK P>

-Q Vo1 LK Q q t

negative edge-triggered D flip—flop :

ty t t3 ta ts

* The D flip-flop can be used to delay the Data (D) signal by one clock period.

* With J=D, K= D, we have either J=0, K=1or J=1, K=0; the next Q is 0 in the first case, 1 in the second case.
* Instead of a JK flip-flop, an RS flip-flop can also be used to make a D flip-flop, with S=D, R=D.
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Shift register

Q Q2 Q3

D—I|D Q D Q D Q D Qr—~Q | CLK D Qu

> 0 > 0 > 0 > 0 V00

2l
I
Ol
T
O
T
2l
I

CLK

CLK

Q

Q

Q3

Qs




Shift register

CLK

CLK

Qus1

Q: Q2 Q3
D—D Q D Q D Q D Qr— Q4
> > > >
Q- Q- Q- Q-

CLK

L

Q1

Q2

Q3

Qs




Shift register

CLK

CLK

Qus1

Q: Q2 Q3
D—D Q Q D Q D Qr— Q4
> > >
Q- Q- Q- Q-

CLK

; ml

Q1

Q2

Q3

Qs




Shift register

CLK

>

O

Q

O

Q>

Ol

Q3

>

2l
T

CLK

CLK

Qus1

Q

Q

Q3
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Shift register

CLK

O

Q

>

O

Q>

Ol

Q3

>

O

CLK

CLK

Qus1

Q

Q

Q3

Qs




Shift register

CLK

CLK

Qus1

Q: Q2 Q3
D—D Q Q D Q D Qr— Q4
> > >
Q- Q- Q- Q-

CLK

; ml

Q1

Q2

Q3

Qs




Shift register

De—

O

Q

Ol

Q>

Ol

Q3

CLK

CLK

CLK

Qus1

Q

Q

Q3

Qs




Shift register

De—

O

Q

Ol

Q>

Ol

Q3

Ol

CLK

CLK

CLK

Qus1

Q

Q

Q3

Qs




Shift register

De—

O

Q

Ol

Q>

Ol

Q3

CLK

CLK

CLK

Qus1

Q

Q

Q3

Qs




Shift register

O

Q

Q2 5 Q3

Ol
T
Ol
T
Ol

CLK

CLK

CLK Qns1
A 0
A 1

Q

Q

Q3

Qs

SEQUEL file: ee101_shift_reg_1.sqproj
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Parallel transfer between shift registers

As A, A Ao

2l
I
2l
T
Ol
I
2l
T

Register A

t Bs L B, t B: L Bo Register B
D Qr— D QF— D Qr— D QF—

CLK
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Parallel transfer between shift registers

As A, A Ao

£IDI
£I)I
£IDI
Ol
I

Register A

t Bs L B, t B: L Bo Register B
D Qr— D QF— D Qr— D QF—

LID\
»(ID\
LID\
Ol
I

CLK

* After the active clock edge, the contents of the A register (A3A2A1Ag) are copied to the B register.
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Bidirectional shift register

Do

Q2 Ds Q3
Q D Qr
(>
|

M
Do Qo Dy Q1 D,
|5R_ Q Q
¥ ~ ( ~ ( ~
Qr Qr Q
[
- | |
M
| |
CLK
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Bidirectional shift register

M
Do Qo Dy Q D, Q p
— Q Q Q
Dr
¥ >
QF QF QF

=

T 17T —1

(

CLK

* When the mode input (M) is 1, we have
Do =Dg, D1=Qo, D> =Q1, D3= Q2.

Ol
I

Do
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Bidirectional shift register

M
Do Qo Dy Q D, Q Ds
— D Q Q D Q D
Dr
> > >
Q- Q- Q-
[ [
- | |
M
| | |
CLK

* When the mode input (M) is 1, we have
Do =Dg, D1=Qo, D> =Q1, D3= Q2.

* When the mode input (M) is 0, we have
Do=Q1, Di=Q2, Do=Q3, D3=D;.

Do
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Bidirectional shift register

M
Do Qo Dy Q1 D, Q> Ds Qs

— D Q Q D Q D Qr—

Dr
> > >
QF QF QF QF
\ \

i | | ’

CLK ‘ ‘ ‘

* When the mode input (M) is 1, we have
Do =Dg, D1=Qo, D> =Q1, D3= Q2.

* When the mode input (M) is 0, we have
Do=Q1, Di=Q2, Do=Q3, D3=Dy.

* M =1 — shift right operation.
M =0 — shift left operation.
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Shift left operation

27 26 25 94 23 22 ol 0
olojolo|1|1]0|1]0 deci3

original
number




Shift left operation

27 26 25 24 23 22 2]_ 20

original ‘

number OO0 0] 01 110 1‘0 dec. 13
after

shift left ‘O 0|01 1101 O‘ dec. 26




Shift left operation

original
number

after
shift left

1 ‘ 0 dec.13

27 26 25 94 23 22 ol 0
‘ olojofol1|1]o0
‘ olojlofl1]1]0]1

0 ‘ dec. 26

Shift left — x 2
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Multiplication using shift and add

1 0 1 1 A3AAA; (decimal 11)
X 1 1 0 1 B3ByB1By (decimal 13)

1 01 1 sinceBy=1

+ .
0 0 0 0 Z sinceB;=0
N 0 1 0 1 1 addition
1 01 1 Z Z sinceBy=1
1 0 1 1 1 addition
+

1 01 1 Z Z Z sinceBy=1

1 0 00 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.



Multiplication using shift and add

1 01 1 A3AAA; (decimal 11) Register 2 Register 1
X 1 1 0 1 B3B:BiBy (decimal 13) ‘ 7 ‘ 7 ‘ 7 ‘ 7 ‘ ‘ 7 ‘ 7 ‘ 7 ‘ 7 ‘ initialize
: A [T T 1]
0 0 0 0 Z sinceB;=0

01011 addton LR
1 01 1 Z Z sinceB,=1 ‘ ‘ ‘ ‘

N 1 1 0 1 1 1 addition
L01 1777 snebo LT

1 00 0 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are

independent of the numbers being multiplied. I:I:I:I:|

LTI T T




Multiplication using shift and add

101 1 AAAA, (decimal 11)
X 1 1 0 1 B3B,BBy (decimal 13)

1 01 1 sinceBy=1

+ )
0 0 0 0 Z sinceB;=0
N 0 1 0 1 1 addition
1 01 1 Z Z sinceBy=1
1 1 0 1 1 1 addition
+

1 01 1 Z Z Z sinceBy=1

1 00 0 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.

Register 2

Register 1

‘Z‘Z‘Z‘Z“Z‘Z‘Z‘Z‘initialize

LI T ]

load 1011
since Bp =1



Multiplication using shift and add

101 1 AAAA, (decimal 11)
X 1 1 0 1 B3B,BBy (decimal 13)

1 01 1 sinceBy=1

+ )
0 0 0 0 Z sinceB;=0
N 0 1 0 1 1 addition
1 01 1 Z Z sinceBy=1
1 1 0 1 1 1 addition
+

1 01 1 Z Z Z sinceBy=1

1 00 0 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.

Register 2

Register 1

‘Z‘Z‘Z‘Z“Z‘Z‘Z‘Z‘initialize

[1fofr]r]

1 0

LI T T

load 1011
since Bp =1

1‘1”2‘2‘2‘2‘;@



Multiplication using shift and add

101 1 AAAA, (decimal 11)
X 1 1 0 1 B3B,BBy (decimal 13)

1 01 1 sinceBy=1

+ )
0 0 0 0 Z sinceB;=0
N 0 1 0 1 1 addition
1 01 1 Z Z sinceBy=1
1 1 0 1 1 1 addition
+

1 01 1 Z Z Z sinceBy=1

1 00 0 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.

Register 2

Register 1

‘Z‘Z‘Z‘Z“Z‘Z‘Z‘Z‘initialize

[1fofr]r]

load 1011
since Bp =1

‘1‘0‘1‘1”2‘2‘2‘2‘;@

‘Z‘I‘O‘lHl‘Z‘Z‘Z‘shift

LI T T




Multiplication using shift and add

101 1 AAAA, (decimal 11)
X 1 1 0 1 B3B,BBy (decimal 13)

1 01 1 sinceBy=1

+ )
0 0 0 0 Z sinceB;=0
N 0 1 0 1 1 addition
1 01 1 Z Z sinceBy=1
1 1 0 1 1 1 addition
+

1 01 1 Z Z Z sinceBy=1

1 00 0 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.

Register 2

Register 1

‘Z‘Z‘Z‘Z“Z‘Z‘Z‘Z‘initialize

[1fofr]r]

load 1011
since Bp =1

‘1‘0‘1‘1”2‘2‘2‘2‘;@

‘Z‘I‘O‘lHl‘Z‘Z‘Z‘shift

LT

LI T T

LI T T

load 0000
since B; =0



Multiplication using shift and add

101 1 AAAA, (decimal 11)
X 1 1 0 1 B3B,BBy (decimal 13)

1 01 1 sinceBy=1

+ )
0 0 0 0 Z sinceB;=0
N 0 1 0 1 1 addition
1 01 1 Z Z sinceBy=1
1 1 0 1 1 1 addition
+

1 01 1 Z Z Z sinceBy=1

1 00 0 1 1 1 1 addition (decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.

Register 2

Register 1

‘Z‘Z‘Z‘Z“Z‘Z‘Z‘Z‘initialize

[1fofr]r]

load 1011
since Bp =1

‘1‘0‘1‘1”2‘2‘2‘2‘;@

‘Z‘I‘O‘lHl‘Z‘Z‘Z‘shift

NN

LT

LI T T

LI T T

load 0000
since B; =0

o‘1‘o‘1“1‘z‘z‘z‘add



Multiplication using shift and add

1 01 1 A3AAA; (decimal 11) Register 2 Register 1
X 1 1 0 1 B3B:BiBy (decimal 13) ‘ 7 ‘ 7 ‘ 7 ‘ 7 ‘ ‘ 7 ‘ 7 ‘ 7 ‘ 7 ‘ initialize
1011 i Byp=1 load 1011
’ e, lofuf oad 101
0 0 0 0 Z sinceB;=0 | 0 =

dd
010 1 1 addition ‘I‘O‘I‘IHZ‘Z‘Z‘Z‘B

+ .
1 01 1 Z Z sinceBy=1 ‘ 7 ‘ 1 ‘ 0 ‘ 1 H 1 ‘ Z ‘ Z ‘ 7 ‘ shift
. 1101 1 1 addiion load 0000
1011222 snocByet ofolofo] e B0
1000 1 1 1 1 addition (decimal 143) ‘0‘1‘0‘1”1‘2‘2‘2‘3‘“

‘Z‘O‘I‘O“I‘I‘Z‘Z‘shi&

Note that Z = 0. We use Z to denote Os which are

independent of the numbers being multiplied. I:I:I:I:|

L1
HEENEEEN
LT T T

LTI T T
LTI T T




Multiplication using shift and add

1 0 1 1 AsAAA, (decimal 11) Register 2 Register 1
X 1 1 0 1 B3BBBy (decimal 13) ‘ z ‘ z ‘ z ‘ z H z ‘ z ‘ z ‘ z ‘ initialize
n 1 01 1 sinceBy=1 n load 1011
000 0 Z sinceB;=0 since Bo = 1
dd
. 010 1 1 addition ‘I‘O‘I‘IHZ‘Z‘Z‘Z‘B
1 01 1 Z Z sinceB,=1 ‘Z‘I‘O‘IHI‘Z‘Z‘Z‘Shiﬁ
L, 110111 adion load 0000
1011222 dmeByot olofofo] e By = 0
1000 1 1 1 1 additon (decimal 143) ‘0‘1‘0‘1”1‘2‘2‘2‘3‘“
zfofi]o 1 ]1]z]z]shi
Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied. “ load 1011
since B, =1




Multiplication using shift and add

1 0 1 1 AsAAA, (decimal 11) Register 2 Register 1
X 1 1 0 1 B3BBBy (decimal 13) ‘ z ‘ z ‘ z ‘ z H z ‘ z ‘ z ‘ z ‘ initialize
n 1 01 1 sinceBy=1 n load 1011
00 00 Z sinceB;=0 since By = 1
dd
. 0101 1 addiion ‘I‘O‘I‘IHZ‘Z‘Z‘Z‘B
1 01 1 Z Z sinceB,=1 ‘Z‘I‘O‘IHI‘Z‘Z‘Z‘Shiﬁ
N 110 1 1 1 addition load 0000
10112272 seebyet olofoo B 0
1000 1 1 1 1 additon (decimal 143) ‘0‘1‘0‘1”1‘2‘2‘2‘3‘“
‘Z‘O‘I‘O“I‘I‘Z‘Z‘shi&
Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied. “ load 1011
since B, =1
tlrfol1ll1]1]z ‘ z ‘ add




Multiplication using shift and add

1 0 1 1 AsAAA; (decimal 11) Register 2 Register 1
X 1 1 0 1 B3BBBy (decimal 13) ‘ z ‘ z ‘ z ‘ z H z ‘ z ‘ z ‘ z ‘ initialize
" 00007 memoo (o] e ]1] s By 1
0101 1 addiion ‘I‘O‘I‘IHZ‘Z‘Z‘Z‘BM
* 1 01 1 Z Z sinceB,=1 ‘Z‘I‘O‘IHI‘Z‘Z‘Z‘Shiﬁ
N 1101 1 1 addiion load 0000
1 01 1 Z Z Z sinceBy=1 nnnn since B; =0
1000 1 1 1 1 additon (decimal 143) ‘0‘1‘0‘1”1‘2‘2‘2‘3‘“
ol e e [3]a]2] 2]
e R ST oo
‘1‘1‘0‘1”1‘1‘2‘2‘add
‘2‘1‘1‘0“1‘1‘1‘2‘%&
[T T 1]
LT T T T T ]
LT T T T T ]




Multiplication using shift and add

1 01 1 A3AAA; (decimal 11) Register 2 Register 1
X 1 1 0 1 BsBBBy (decimal 13) ‘ ‘ z ‘ 7 ‘ 7 H 7 ‘ 7 ‘ 7 ‘ 7 ‘ nitialize

1 00 0 1 1 1 1 addition (decimal 143)

1 01 1 sinceBy=1 load 1011
+ ! i -
000 0 Z sinceB;=0 - since Bo = 1
dd
. 010 1 1 addition ‘ ‘ ‘1‘ HZ‘Z‘Z‘Z‘B
1 01 1 Z Z sinceB,=1 ‘ ‘ ‘0‘ H 1 ‘ 7 ‘ 7 ‘ Z‘shift
L, 110111 aditon load 0000
1 01 1 Z Z Z sinceBy=1 since B; =0
1 z‘ z‘ z‘add

I‘Z‘Z‘shift

Note that Z = 0. We use Z to denote Os which are

independent of the numbers being multiplied. load 1011

since B, =1

[fefofrfla]e]z]z]a

HEBDINNNEE.
load 1011
since B3 =1




Multiplication using shift and add

1 01 1 A3AAA; (decimal 11) Register 2 Register 1
X 1 1 0 1 BsBBBy (decimal 13) ‘ ‘ z ‘ 7 ‘ 7 H 7 ‘ 7 ‘ 7 ‘ 7 ‘ nitialize

1 00 0 1 1 1 1 addition (decimal 143)

1 01 1 sinceBy=1 load 1011
+ ! i -
000 0 Z sinceB;=0 - since Bo = 1
dd
. 010 1 1 addition ‘ ‘ ‘1‘ HZ‘Z‘Z‘Z‘B
1 01 1 Z Z sinceB,=1 ‘ ‘ ‘0‘ H 1 ‘ 7 ‘ 7 ‘ Z‘shift
L, 110111 aditon load 0000
1 01 1 Z Z Z sinceBy=1 since B; =0
1 z‘ z‘ z‘add

I‘Z‘Z‘shift

Note that Z = 0. We use Z to denote Os which are

independent of the numbers being multiplied. load 1011

since B, =1

[fefofaffa]afz]z]ee
Lz[fafof[rfa]s]z]ee
load 1011
since B3 =1
111 Z‘add




Multiplication using shift and add

101

AsAsA A
B3B,B,B,

since By =1

since B; =0
addition
since B, =1
addition
since B3 =1
addition

(decimal 11)
(decimal 13)

(decimal 143)

Note that Z = 0. We use Z to denote Os which are
independent of the numbers being multiplied.

Register 2 Register 1
[z[z]z]z]|[z][z]z]z]
[1fofr]r]
[afof2frf[z]z]z]2]
[z[efofrf[r]z]z]2]
[ofo]ofo]
[ofafofs][a]z][z]z]
[z[ofafof[s]a]z]z]
[2fofe]r]
[afefofrf[2]a]z]2]
[z[e]efof[2]a]s]2]
EEIENE
[ofofofs][a]a]s]z]
[1fofofof[afa]a]s]

initialize

load 1011
since Bp =1

add
shift

load 0000
since B; =0

add
shift

load 1011
since B, =1

add
shift

load 1011
since B3 =1

add

shift
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Load

Clear

CLK

Clear

Q Q Q Q
J Sy Q 3 Sy Q 2 lJ Sy Q—-O
> —> —> —>

K Ry QK Ry QK Ry Q1K Ry QF

Load

CLK

t 1]

L Q=A | Q=A; |



Load

gAa
J S4Q

gAz
J SQ

gAl
J SQ

gAO
J SQ

Qs Q2 Q Qo
00— ——e—o ot ot e
— — —> —>
1=K R, QK R, QK R, QK R, Q|
Clear I | | |
CLK
Clear
Load
CLK

ol 1 1

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).



h gAa gAz gAl gAO
J S Qb=Hy S f=Hy S Q= S q

— —> —> —>

1=K R, QK R, QK R, QK R, A
Clear I | | |
CLK

Clear
t
Load

ol 1 1

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.




h 8;5A3 é;bAz é;bAl é;bAo
J SeQl=Hy S b=y S o=y S q

— — — >

1——K R, QK Ry QK R, Q K R, QF

Clear I | | |
CLK

Clear [___]
Load (444}
Lt tl

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement




h 8;5A3 é;bAz é;bAl é;bAo
J S Qb=Hy S f=Hy S Q= S q

— — — >

1——K R, QK Ry QK R, Q K R, QF

cl | | I I
cij: ‘ o

o ] [T

Load (444}
ot 41 i

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement




h 8;5A3 é;bAz é;bAl é;bAo
J S Qb=Hy S f=Hy S Q= S q

— — — >

1——K R, QK Ry QK R, Q K R, QF

Clear I | | |
CLK

o ] ponn

Load m
ot 41 i

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement




Load

gAil
J S4Q

gAZ
J SQ

gAl
J SQ

gAO
J SQ

Q3 Q2 Q Qo
00— ——e—o ot ot e
™ —P —P >
1——K R, QK Ry QK R, Q K R, QF
Clear I | | i |
CLK
Clear
Load
CLK

ol 1 1

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement

o [o]efe]e]



Load

gAil
J S4Q

gAZ
J SQ

gAl
J SQ

gAO
J SQ

Q3 Q2 Q Qo
00— ——e—o ot ot e
™ —P —P >
1——K R, QK Ry QK R, Q K R, QF
Clear I | | i |
CLK
Clear
Load
CLK

ol 1 1

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement

o [ofofe]e]



Load

gAil
J S4Q

gAZ
J SQ

gAl
J SQ

gAO
J SQ

Q3 Q2 Q Qo
00— ——e—o ot ot e
™ —P —P >
1——K R, QK Ry QK R, Q K R, QF
Clear I | | i |
CLK
Clear
Load
CLK

ol 1 1

L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement
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ows [ o[ofofo]o]e
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L Qo=Ao| Qo=Ai| Q=A| Q=As |
* All flip-flops are cleared in the beginning (with Ry = Clear=1, 54 =0).
* When Load =1, Sy =A;, Ry =0 — A, gets loaded into the ith flip-flop.

* Subsequently, with every clock pulse, the data shifts right and appears serially at the output Qp.
— parallel in-serial out data movement

M. B. Patil, IIT Bombay
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. logic .
State transition diagram General configuration

* A counter with k states is called a modulo-k (mod-k) counter.

* A counter can be made with flip-flops, each flip-flop serving as a memory element with two states (0 or 1).

* If there are N flip-flops in a counter, there are 2V possible states (since each flip-flop can have Q =0 or
Q=1). It is possible to exclude some of these states.
— N flip-flops can be used to make a mod-k counter with k < 2N,
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Counters

Qo
Qu
Clock — Counter Q
! Qn-1
Reset : Decoding [~
. logic .
State transition diagram General configuration

* A counter with k states is called a modulo-k (mod-k) counter.
* A counter can be made with flip-flops, each flip-flop serving as a memory element with two states (0 or 1).

* If there are N flip-flops in a counter, there are 2V possible states (since each flip-flop can have Q =0 or
Q=1). It is possible to exclude some of these states.
— N flip-flops can be used to make a mod-k counter with k < 2N,

*

Typically, a reset facility is also provided, which can be used to force a certain state to initialize the
counter.

M. B. Patil, IIT Bombay
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X'is 1 for state 3; else, it is 0.
* The counter outputs (i.e., the flip-flop outputs, Qp, Q1, - -+ Qu—1) can be decoded using appropriate logic.
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Counters

Qo
Qu
Clock—=|  Counter Q
' 1 Qn-1
Reset . Decoding [."
. logic
1 2/ 3/ 4|5/ 6,781 2/ 3/ 4|5/ 6,781
CLK
t
X
t
8T
X'is 1 for state 3; else, it is 0.
* The counter outputs (i.e., the flip-flop outputs, Qp, Q1, - -+ Qu—1) can be decoded using appropriate logic.

* In particular, it is possible to have a decoder output (say, X) which is 1 only for state i, and 0 otherwise.
— For k clock pulses, we get a single pulse at X, i.e., the clock frequency has been divided by k. For this reason, a
mod-k counter is also called a divide-by-k counter.
M. B. Patil, IIT Bombay
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* J=K =1 for all flip-flops. Let Qo = Q1 = Q> =0 initially.



A binary ripple counter

Q Q Q
J o Q— J Q= JooQF’
CLK —> FFO > FF1 > FF2
K Q- K Q- K Q-
CLK
t
Qo
t
Q
t
Q.

* J=K =1 for all flip-flops. Let Qo = Q1 = Q> =0 initially.
* Since J= K =1, each flip-flop will toggle when an active (in this case, negative) clock edge arrives.
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A binary ripple counter

1
Q Q Q
J o Q— J Q= JooQF’
CLK —3> FFO > FF1 > FF2
K Q- K Q- K Q-
CLK
t
Qo r
t
Q
t
Q.

* J=K =1 for all flip-flops. Let Qo = Q1 = Q> =0 initially.
* Since J= K =1, each flip-flop will toggle when an active (in this case, negative) clock edge arrives.
* For FF1 and FF2, Qy and @1, respectively, provide the clock.



A binary ripple counter

Qo Q Q2
J Q J Q J Q-
CLK~—1—=3> FF0 > FF1 > FF2 Q Q@ Q
K QF K QR K Q- 0o 0 0
o o0 1
0o 1 0
CLK
0 1 1
. 10 0
Qo 1 0 1
1 1 0
Q t 101 1
) LI
0 0 0 repeats
t
Q

* J=K =1 for all flip-flops. Let Qo = Q1 = Q> =0 initially.
* Since J= K =1, each flip-flop will toggle when an active (in this case, negative) clock edge arrives.
* For FF1 and FF2, Qy and @1, respectively, provide the clock.



A binary ripple counter

Q Q Q
N S i e e L
CLK~—1—=3> FF0 > FF1 > FF2 Q Q@ Q
K Q- K Q- K Q- 0 0 o0
0 o0 1
0o 1 0
CLK
I ey
. 10 0
Q 10 1
1 1 0
Q t L
' 0 0 0 repeats
t
Q

J=K =1 for all flip-flops. Let Qy = Q1 = Q> =0 initially.

Since J= K =1, each flip-flop will toggle when an active (in this case, negative) clock edge arrives.

For FF1 and FF2, Qy and @1, respectively, provide the clock.

Note that the direct inputs Sy and Ry (not shown) are assumed to be S; = Ry = 0 for all flip-flops, allowing normal

flip-flip operation. M. B. Patil, IIT Bombay
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A binary ripple counter

Q Q Q
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o
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A binary ripple counter
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J Q J Q J Q-
CLK~—1—=3> FF0 > FF1 > FF2 Q Q@ Qo
K QF K QR K Q- 0o 0 0
0o o0 1
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t
Q

* The counter has 8 states, @, Q1 Qo =000, 001, 010, 011, 100, 101, 110, 111.
— it is a mod-8 counter. In particular, it is a binary, mod-8, up counter (since it counts up from 000 to 111).
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A binary ripple counter
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CLK~—1—=3> FF0 > FF1 > FF2 Q Q@ Qo
K Q- K Q- K Q- 0 0 o0
0 o 1
0o 1 0
CLK
Il ey
. 10 0
Q 10 1
1 1 0
Q t L
' 0 0 0 repeats
t
Q

* The counter has 8 states, @, Q1 Qo =000, 001, 010, 011, 100, 101, 110, 111.
— it is a mod-8 counter. In particular, it is a binary, mod-8, up counter (since it counts up from 000 to 111).
* If the clock frequency is f, the frequency at the Qo, Q1, Q> outputs is f./2, f. /4, f./8, respectively. For this counter,
therefore, div-by-2, div-by-4, div-by-8 outputs are already available, without requiring decoding logic.
M. B. Patil, IIT Bombay



A binary ripple counter

1
Q Q Q
N S i e e L
CLK~—1—=3> FF0 > FF1 > FF2 Q Q@ Qo
K Q- K Q- K Q- 0 0 o0
0 o 1
0o 1 0
CLK
Il ey
. 10 0
Q 10 1
1 1 0
Q t L
' 0 0 0 repeats
t
Q

* The counter has 8 states, @, Q1 Qo =000, 001, 010, 011, 100, 101, 110, 111.
— it is a mod-8 counter. In particular, it is a binary, mod-8, up counter (since it counts up from 000 to 111).

* If the clock frequency is f, the frequency at the Qo, Q1, Q> outputs is f./2, f. /4, f./8, respectively. For this counter,
therefore, div-by-2, div-by-4, div-by-8 outputs are already available, without requiring decoding logic.

* This type of counter is called a “ripple” counter since the clock transitions ripple through the flip-flops. M. B. Patil, IIT Bombay
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A binary ripple counter

Qo Q Q2
J Q J Q J Qr
CLK —p> FFO FF1 FF2 Q Q Q
K QR K QR K QR 0 0 0
1 1 1
1 1 0
CLK
1 0 1
T 1 0 0
Qo 0o 1 1
0 1 0
Q -t o 0 1
) —
0 0 0 repeats
[, ¢
Q2

* If positive edge-triggered flip-flops are used, we get a binary down counter (counting down from 111 to 000).

M. B. Patil, IIT Bombay



Binary ripple counters

;o o o 5 aF"
CLK —> FFO FF1 FF2
K Q K Q K o]
1
F) S Y S S Y
CLK ——> FFO FF1 FF2
L K Q K Q K Q-

* Home work: Sketch the waveforms (CLK, Qp, Qi, @), and tabulate the counter states in each case.

M. B. Patil, IIT Bombay



Up-down binary ripple counters

1
Ty
B
CLK —3> FFO
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Up-down binary ripple counters

1
o
B T Yo SO,
CLK > FFO > FF1 > FF2
Lk Q Lk Q K QF
M
M=1 M=0
aniainisininisiainnasinisininisininis
o t
Qo Qo L
1 t
Q Q
T t
Q2 Q2

* When Mode (M) =1, the counter counts up; else, it counts down. (SEQUEL file: ee101_counter_3.sqproj)
M. B. Patil, IIT Bombay



CLK—

—> FFO

Qo

Q>

Qs

Decade counter using direct inputs

T

L
]

Q
Q:
Qs
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
time (msec)

0.8

Q3 QZ Ql QO
0 0 0 0
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 0 1
0 1 1 0
0 1 1 1
1 0 0 0
1 0 0 1
o o0 o0 0 Trepeats

SEQUEL file: ee101_counter_5.sqproj

M. B. Patil, IIT Bombay



CLK—

—> FFO

Qo

T g S
FF2 FF3
K Ry QF K Ry

Qs

Decade counter using direct inputs

* When the counter reaches
Q3Q>Q1Qy =1010 (i.e., decimal 10),
Q3@Q1 =1, and the flip-flops are
cleared to Q3 Q> Q1 Qp = 0000.

T

L
L L

Q
Q:
Qs
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
time (msec)

0.8

Q3 QZ Ql QO
0 0 0 0
0 0 0 1
0 0 1 0
0 0 1 1
0 1 0 0
0 1 0 1
0 1 1 0
0 1 1 1
1 0 0 0
1 0 0 1
o o0 o0 0 Trepeats

SEQUEL file: ee101_counter_5.sqproj

M. B. Patil, IIT Bombay



0
1 } r } r } Decade counter using direct inputs

— Sq Q Qo J Sq Q & J Sq Q Q. J Sq Q Qs * When the counter reaches
Q3Q>Q1Qy =1010 (i.e., decimal 10),
CLK~———a> FFO FF1 FF2 FF3 Q3@Q1 =1, and the flip-flops are
cleared to Q3Q>Q1 Qo = 0000.
—K R, Q K R, QF K Ry QF K Ry QF * The counter counts from 0000

(decimal 0) to 1001 (decimal 9)
— “decade counter.”

0 O R
0 0 0 O
Qo o 0 0 1
0o 0 1 o0
o o0 1 1
Q 0o 1 0 0
o 1 0 1
o 1 1 o0
@ o 1 1 1
i 0 0 0
Qs 10 0 A
0 0 0 0 Trepeats
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 SEQUEL file: ee101_counter_5.sqproj

time (msec) M. B. Patil, IT Bombay
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* Since all flip-flops are driven by the same clock, the counter is called a “synchronous” counter.
* Jo=Ko=1 Ji=Ki=Qo Lh=Ko=Q1Qo, J3=K3=QQ1Qo.
* FFO toggles after every active edge.
FF1 toggles if Qo =1 (just before the active clock edge); else, it retains its previous state. (Similarly, for FF2 and FF3)
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* Since all flip-flops are driven by the same clock, the counter is called a “synchronous” counter.
* Jo=Ko=1 Ji=Ki=Qo Lh=Ko=Q1Qo, J3=K3=QQ1Qo.
* FFO toggles after every active edge.
FF1 toggles if Qo =1 (just before the active clock edge); else, it retains its previous state. (Similarly, for FF2 and FF3)



A synchronous counter

CLK

Qs |

* Since all flip-flops are driven by the same clock, the counter is called a “synchronous” counter.
* Jo=Ko=1 Ji=Ki=Qo Lh=Ko=Q1Qo, J3=K3=QQ1Qo.
* FFO toggles after every active edge.
FF1 toggles if Qo =1 (just before the active clock edge); else, it retains its previous state. (Similarly, for FF2 and FF3)
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A synchronous counter

CLK

* Since all flip-flops are driven by the same clock, the counter is called a “synchronous” counter.
* Jo=Ko=1 Ji=Ki=Qo Lh=Ko=Q1Qo, J3=K3=QQ1Qo.
* FFO toggles after every active edge.
FF1 toggles if Qo =1 (just before the active clock edge); else, it retains its previous state. (Similarly, for FF2 and FF3)

* From the waveforms, we see that it is a binary up counter.
M. B. Patil, IIT Bombay
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— J=0, K=X (i.e.,, K can be 0 or 1).
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* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
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* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.



Design of synchronous counters

CLK J K |Qu CLK Qn Qny1 | J
97 —Q t 0 o0 Q f 0o 0 o0
CLK—> 3 0 1]0 p 0 1
K— —-Q t 1 01
t 11 Q

* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.



Design of synchronous counters
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* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.



Design of synchronous counters

CLK J K |Qu CLK Qn Qny1 | J
97 —Q t 0 o0 Q f 0o 0 o0
CLK—> 4 0 10 3 0 1 1
K L Q 4 1 01 4 1 0
t 11 Q

* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.



Design of synchronous counters

CLK J K |Qu CLK Qn Quu1| J K
97 —Q t 0 o0 Q f o 0 0 X
CLK—> 4 0 10 3 0 1 1 X
K- L Q ? 1 01 4 1 0 | X 1

t 11 Q

* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.



Design of synchronous counters

CLK J K |Qu CLK Qy Quu1| 4 K
97 —Q t 0 o0 Q f o 0 0 X
CLK—> 4 0 10 3 0 1 1 X
K- o) ? 1 01 4 1 0 | X 1

0 1 1] Q, 4 1 1

* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.



Design of synchronous counters

CLK J Qni1 CLK Qn Quu1 K

97 —Q T Q. t 0 o0 X
CLKH 4 0 0 A 0 1 X
K- o) 4 1 01 4 1 0 1

0 1 1] Q, 7 1 1 0

* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to
make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.
— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.

M. B. Patil, IIT Bombay



Design of synchronous counters

CLK J Qni1
fo Qn
3 0 0
4 1 1
tot Q.

CLK Qn Qny1 K
+ 0 o0 X
ro0 1 X
4 1 0 1
4 11 0

* Consider the reverse problem: We are given Q, and the next desired state (Qn41). What should J and K be in order to

make that happen?

* Qp,=0, Qyr1 =0: We can either force Q,11 =0 with J=0, K =1, or let Q1 = Q, by making J=0, K=0.

— J=0, K=X (i.e.,, K can be 0 or 1).

* Similarly, work out the other entries in the table.

* The table for a negative edge-triggered flip-flop would be identical except for the active edge.
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Design of synchronous counters

state Q2 Q1 Qo CLK Q. Q. J K
|E e Jo Q A Qi Jo Qo =
i 0 0 O —J Q- — Q- — Qr 4 0 0 0 X
2 0 0 1 i - -~ foo0 11 X
3 0 1 0
4 0 1 A K Q- Ml [ Il QF t 1 0 !
5 1 0 0 ’ ' ’ 11 0
e — CLK
1 0 0 0 Tepeats

Design a synchronous mod-5 counter with the given state transition table.
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Design of synchronous counters

state Q2 Q1 Qo CLK Q. Q. J K
|E e Jo Q A Qi Jo Qo =
i 0 0 O —J Q- — Q- — Qr 4 0 0 0 X
2 0 0 1 i - -~ foo0 11 X
3 0 1 0
4 0 1 A K Q- Ml [ Il QF t 1 0 !
5 1 0 0 ’ ' ’ 11 0
e — CLK
1 0 0 0 Tepeats

Design a synchronous mod-5 counter with the given state transition table.

Outline of method:
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Design of synchronous counters

state Q2 Q1 Qo CLK Q. Q. J K
|E e Jo Q A Qi Jo Qo =
i 0 0 O —J Q- — Q- — Qr 4 0 0 0 X
2 0 0 1 i - - foo0 11 X
3 0 1 0
4 0 1 A K Q- Ml [ Il QF t 1 0 !
5 1 0 0 ’ ' ’ 11 0
e — CLK
1 0 0 0 Tepeats

Design a synchronous mod-5 counter with the given state transition table.

Outline of method:
* State 1 — State 2 means

QQZ 0—0,

Qli 0 — 0,

Q: 0 — 1.
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Design of synchronous counters

state Q2 Q1 Qo CLK Q. Q. J K
|E e Jo Q A Qi Jo Qo =
i 0 0 O —J Q- — Q- — Qr 4 0 0 0 X
2 0 0 1 i - - foo0 11 X
3 0 1 0
4 0 1 A K Q- Ml [ Il QF t 1 0 !
5 1 0 0 ’ ' ’ 11 0
e — CLK
1 0 0 0 Tepeats

Design a synchronous mod-5 counter with the given state transition table.

Outline of method:

* State 1 — State 2 means
QQZ 0—0,
Qli 0 — 0,
Q: 0 — 1.

* Refer to the right table. For Q: 0 — 0, we must have J, =0, K> = X, and so on.
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Design of synchronous counters

state Q2 Q1 Qo CLK Q. Q. J K
|E e Jo Q A Qi Jo Qo =
i 0 0 O —J Q- — Q- — Qr 4 0 0 0 X
2 0 0 1 i - - P
3 0 1 0
4 0 1 A K Q- Ml [ Il QF t 1 0 !
5 1 0 0 ’ ' ’ 11 0
e — CLK
1 0 0 0 Tepeats

Design a synchronous mod-5 counter with the given state transition table.

Outline of method:

* State 1 — State 2 means
QQZ 0—0,
Qli 0 — 0,
Q: 0 — 1.

* Refer to the right table. For Q: 0 — 0, we must have J, =0, K> = X, and so on.
* When we cover all transitions in the left table, we have the truth tables for Jy, Ko, J1, K1, J2, K> in terms of Qp, Q1, Qo.
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Design of synchronous counters

state Q2 Q1 Qo CLK Q. Q. J K
|E e Jo Q A Qi Jo Qo =
i 0 0 O —J Q- — Q- — Qr 4 0 0 0 X
2 0 0 1 i - - P
3 0 1 0
4 0 1 A K Q- Ml [ Il QF t 1 0 !
5 1 0 0 ’ ' ’ 11 0
e — CLK
1 0 0 0 Tepeats

Design a synchronous mod-5 counter with the given state transition table.

Outline of method:

* State 1 — State 2 means
QQZ 0—0,
Qli 0 — 0,
Q: 0 — 1.

* Refer to the right table. For Q: 0 — 0, we must have J, =0, K> = X, and so on.
* When we cover all transitions in the left table, we have the truth tables for Jy, Ko, J1, K1, J2, K> in terms of Qp, Q1, Qo.

* The last step is to come up with suitable functions for Jy, Ko, J1, K1, J2, K> in terms of Qy, Q1, Q2. This can be done
with K-maps. (If the number of flip-flops is more than 4, other techniques can be employed.)
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Design of synchronous counters

state Q2 Q1 Qo (2 Ky Ji Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 0 0 X
2 0 0 1 T
3 0 1 0 bt oo 171 X
4 0 1 1 $ 10 1
5 1 0 0 r 1 1 x o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ky Ji Ki Jo Ko
CLK Qn Quna| J K
ctooo0o 0 o x
2 0 0 1 T
3 0 1 0 bt oo 171 X
4 0 1 1 $ 10 1
5 1 0 0 r 1 1 x o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ky Ji Ki Jo Ko

CLK Qn Quna| J K
1 ( 0 0 0 0 X 0 X
2 0 0 1 T 0 0
3 0 1 0 bt oo 171 X
4 0 1 1 $ 10 1
5 1 0 0 r 1 1 x o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ky Ji Ki Jo Ko
0 0 0 0 X 0 X

CLK Qn Qny1 | J

K

C $ 0 0 0 X
o 1 1 X

1 0 1

- = =

1 1 X 0

- 00 » WO N =
o = O o o
o O = = O
o O = O =




Design of synchronous counters

state Q2 Q1 Qo (2 Ky Ji Ki Jo Ko

CLK Qn Quna| J K
1 0 0 ( 0 0 X 0 X 1 X 0 X
2 0 0 1 T 0 0
3 0 1 0 bt oo 171 X
4 0 1 1 $ 10 1
5 1 0 0 r 1 1 x o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko
CLK Qn Quna| J K

1 0 0 0 0 X 0 X 1 X 0 X
2 0 0 1 T 0 0

< 3 0 1 o0 p 0 1 1 X
4 0 1 1 b 1 0 1
5 1 0 0 f 1 1 X o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X 0 X
2 0 0 1 0 X T 0 0
3 < 0 1 0 p 0 1 1 X
4 0 1 1 b 1 0 1
5 1 0 0 f 1 1 X o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1 0 X 1 X t o o
3 0 < 10 p 0 1 1 X
4 0 1 A y 1 0 1
5 1 00 f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X 0 X
2 0 0 1 0 X 1 X X 1 T 0 0
3 0 1 < 0 p 0 1 1 X
4 0 1 1 b 1 0 1
5 1 0 0 f 1 1 X o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ky Ji Ki Jo Ko
CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X 0 X
2 0 0 1 0 X 1 X X 1 T 0 0
oot o bt oo 171 X
4 0 1 1 $ 10 1
5 1 0 0 r 1 1 x o
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0]0 X 0 X 1 X S
2 0 0 1.0 X 1 X X A t o o
3 ¢ 0 1 00 X v o0 1 1 X
4 20 1 1 $} 1 0 1
5 1 00 f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0]0 X 0 X 1 X S
2 0 0 1 0 X 1 X 1 t o o
3 0 ¢ 1 0,0 X X 0 v o0 1 1 X
4 0 M1 1 b1 0 1
5 1 00 f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1 0 X A X 1 t o o
3 0 1 ¢ 00 X X 0 1 X ¢ 0o 1 1 X
4 0 1 ™ y 1 0 1
5 1 00 f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko
CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1 0 X A X 1 t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 Y10 1
< 5 1 0 0
y 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t o o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 ¢ o 1 1 1 X y 1 0 1
5 1 00 f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t o o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 ¢ 11 /1 X X 1 y 1 0 1
5 1 700 f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko
CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 _1 1 X X 1 X 1 $} 1 0 1
5 1 0 < 0
y 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko
CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t o o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 1 X X 1 X A1 + 1 0 1
> o f 1 1 X 0
1 0 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 1 X X 1 X 1 $} 1 0 1
5 ¢ 1 0 0 X 1 f 1 1 X o
1 20 0 0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 1 X X 1 X 1 $} 1 0 1
5 1 ¢ 0 0 | X 1 0 X f 1 1 X o
1 0 ™0 o0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 1 X X 1 X 1 $} 1 0 1
5 1 0 ¢ 0 /X 1 0 X 0 X fo1 1 X o
1 0 0 “0




Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 1 X X 1 X 1 $} 1 0 1
5 1 0 0 X 1 0 X 0 X f 1 1 X o
1 0 0 0

* We now have the truth tables for Jy, Ko, J1, K1, J2, K2 in terms of Qp, Q1, Q2. The next step is to find
logical functions for each of them.



Design of synchronous counters

state Q2 Q1 Qo (2 Ko 21 Ki Jo Ko

CLK Qn Quna| J K
1 0 0 0 0 X 0 X 1 X o x
2 0 0 1.0 X 1 X X A t oo o
3 0 1 0 0 X X 0 1 X ¢ 0o 1 1 X
4 0 1 1 1 X X 1 X 1 $} 1 0 1
5 1 0 0 X 1 0 X 0 X Y11 0
1 0 0 0

* We now have the truth tables for Jy, Ko, J1, K1, J2, K2 in terms of Qp, Q1, Q2. The next step is to find
logical functions for each of them.

* Note that we have not tabulated the J and K values for those combinations of Qy, @1, Q2 which do not
occur in the state transition table (such as Q2 Q1 Qo =110). We treat these as don't care conditions.
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Design of synchronous counters

state Q2 Q1 Qo 2 Ko Ji Ki Jo Ko
1 0 0 0 0 X 0 X 1 X
2 0 0 1 0 X 1 X X 1
3 0 1 0 0 X X 0 1 X
4 0 1 1 1 X X 1 X 1
5 1 0 0 X 1 0 X 0 X
1 0 0 0

QQy

Qo> 00 | 01 | 11 | 10
0/ 00X
110 1A X
Q2Qu

Qo 00 | 01 | 11|10
0/ 0| X 0
111X X)
Q2Q:

Qo> 00 | 01 | 11 |10
0 (1 1] X0
11 x [ xJ X

Q2Q4

Qo> 00 | 01 | 11|10
0 (XX N
1 x| x xJ
QQ:

Qo 00 | 01 | 11|10
0l X |0 X
1 (X1 X)
QQ1

Q> 00 | 01 |11 |10
o /(X XXX
BCEE X
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Design of synchronous counters

state Q2 Q1 Qo 2 Ko Ji Ki Jo Ko
1 0 0 0 0 X 0 X 1 X
2 0 0 1 0 X 1 X X 1
3 0 1 0 0 X X 0 1 X
4 0 1 1 1 X X 1 X 1
5 1 0 0 X 1 0 X 0 X
1 0 0 0

QQy

Qo> 00 | 01 | 11 | 10
0/ 00X
110 1A X
Q2Qu

Qo 00 | 01 | 11|10
0/ 0| X 0
111X X)
Q2Q:

Qo> 00 | 01 | 11 |10
0 (1 1] X0
11 x [ xJ X

Q2Q4

Qo> 00 | 01 | 11|10
0 (XX N
1 x| x xJ
QQ:

Qo 00 | 01 | 11|10
0l X |0 X
1 (X1 X)
QQ1

Q> 00 | 01 |11 |10
o /(X XXX
BCEE X

* We treat the unused states (Q,Q; Qo =101, 110, 111) as (additional) don’t care conditions. Since these are different
from the don't care conditions arising from the state transition table, we mark them with a different colour.
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Design of synchronous counters

state Q2 Q1 Qo 2 Ko Ji Ki Jo Ko
1 0 0 0 0 X 0 X 1 X
2 0 0 1 0 X 1 X X 1
3 0 1 0 0 X X 0 1 X
4 0 1 1 1 X X 1 X 1
5 1 0 0 X 1 0 X 0 X
1 0 0 0

QQy

Qo> 00 | 01 | 11 | 10
0/ 00X
110 1A X
Q2Qu

Qo 00 | 01 | 11|10
0/ 0| X 0
111X X)
Q2Q:

Qo> 00 | 01 | 11 |10
0 (1 1] X0
11 x [ xJ X

Q2Q4

Qo> 00 | 01 | 11|10
0 (XX N
1 x| x xJ
QQ:

Qo 00 | 01 | 11|10
0/ X | o X
1 (X1 X)
QQ1

Q> 00 | 01 |11 |10
o /(X XXX
BCEE X

We treat the unused states (Q,Q; Qo =101, 110, 111) as (additional) don’t care conditions. Since these are different
from the don't care conditions arising from the state transition table, we mark them with a different colour.
We will assume that a suitable initialization facility is provided to ensure that the counter starts up in one of the five
allowed states (say, @, Q1 Qo = 000).
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Design of synchronous counters

QQy Q2Q4
Q00 | 01 | 11| 10 Qo> 00 | 01 | 11 | 10
0] 0 0 X 0 (X X 1
oI | |
1] 0 |(7 [ X 1 x| x X
state Q; Q1 Qo J2 Ko Ji Ki Jo Ko
1 0 0 0 0 X 0 X 1 X Q.Q, Q,Q,
2 0 0 1 0 X 1 X X 1 QO\ 00 | 01 11 10 Qo 00 | 01 11 10
3 0 1 0 0 X X 0 1 X 0| O X X 0 0| X 0 X X
1 1
4 0 1 111 X X 1 X 1 11T X X1 X 11X 1 X %
5 1 0 0 X 1 0 X 0 X
1.0 0 0 QQ. QQ
QO\ 00 | 01 11 10 Qo 00 | 01 11 10
1 1 X X X X X
e @ |
1x | xJ| x| x BCEEREIRS

* We treat the unused states (Q,Q; Qo =101, 110, 111) as (additional) don’t care conditions. Since these are different
from the don't care conditions arising from the state transition table, we mark them with a different colour.
* We will assume that a suitable initialization facility is provided to ensure that the counter starts up in one of the five
allowed states (say, @, Q1 Qo = 000).
* From the K-maps, h=Q1Qo, Ko=1, h1=Qy, Ki=Qo, Jo=Q2, Ko=1.
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Design of synchronous counters: verification

J J IL
=y o 2y o 2 o]
— _> —
KzK Q KlK QF KoK QF
CLK
)
CLK

QO_J \_J \—J \—J
QI—J \—J

Q [ 1

Il Il Il Il
0.04 0.14 0.24 0.34
time (msec)

SEQUEL file: ee101_counter_6.sqproj
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Design of synchronous counters: verification

I
* Jo=Q1Qo,
) Q|| o | [ Q Ko=1,
J - J J —

“ ¢ “ =0,

— —> — K1 = Qo,

_ _ _ Jo=Q,

Ak Q Ak e Koo Q- Ko=1.
CLK
)

CLK

QO_J \_J \—J \—J
QI—J \—J

Q [ 1

Il Il Il Il
0.04 0.14 0.24 0.34
time (msec)

SEQUEL file: ee101_counter_6.sqproj
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Design of synchronous counters: verification

* Jh=Q1Qo,
J Q2 Ji Q IJL Qo Ka=1,
J Q- J Q J Qr—
4= Qo,
— — — Ki = Qu,
~ = = Jo=Qz,
K K — K —
K, Q Ky Q Ko Q Ko=1.
CLK * Note that the design is independent
1 of whether positive or negative
edge-triggered flip-flops are used.
CLK

e % I I I N I B W |
Ql I—,

0.04 0.14 0.24 0.34
time (msec)

SEQUEL file: ee101_counter_6.sqproj
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Combination of counters: Approach 1

Counter 1 |72
ounter .
Clock 1—s mod-k, |-

k=4 |Aw

_Bl

Counter 2 | 02
Clock2—s| ~OUTEr= |+
mod-k, |

k2:3 _BN2




Combination of counters: Approach 1

Counter 1 |2 Counter 1 | .
ounter 1 |, ounter .
Clock 1— mod-k, |- Clock 1— mod-k; .
ki=4 FAn —
B Clock 1
Counter 2 5
Clock 2 —= mod-k, Counterlstate 4123 /4|1 2 3 4|1/2/3/4]1/2/3/4|1
k2:3 _BN2




Combination of counters: Approach 1

_Al —
Counter 1 [.'2 Counter 1 Decodi Counter2 |,
ounter . ounter . ecoding ounter .
Clock 1—=1 mod-k; | * Clock 1—=1 mod-k; . Logic Clock2| mod-ko |-
ki=4 A —
B Clock 1
Counter 2 5
Clock2—=t "5 7 | Counterlstate 4[1[2/3/4[1(2/3 4[1]2|3/4]1/2|3/4]1
=3 By Clock2 _J 1 1 1 1 M




Combination of counters: Approach 1

_A2 —
Clock1 Counter 1 |, Clock1 Counter 1 . Decoding Counter2 |,
OCKLI™™ modk;, |- OCKLI™™ mod-k; . Logic Clock2| mod-ko |-
ki=4 FAw —
B Clock1
Counter 2 B
Clock2—=t "5 7 | Counterlstate 4[1[2/3/4[1(2/3 4[1]2|3/4]1/2|3/4]1
=3 By Clock2 _[ 1 1 1 1 M

Counter 2 state ‘ 1 ‘ 2 ‘ 3 ‘ 1 ‘



Combination of counters: Approach 1

—Ap
Counter 1 |72
ounter

Clock 1—s mod-k;
ki=4 Aw

—B,
Counter 2 | 02

Clock2—s| ~oU™er
mod-ky
kx=3 [=Bn2

Clock 1—={

Counter 1 . Decoding

mod-k;

Logic

Counter 2
Clock2 | mod-ko

Clock 1

Counterlstate 4]1[2[3[4|1|2/3/4]|1]2[3]4]1]2/3/4|1

Clock2 _| 1 [ 1 1 1 [
Counter 2 state ‘ 1 ‘ 2 ‘ 3 ‘ 1 ‘
Combined e 3|1/ 1111 1[2]2]21213/3]3/3|1/1]1 1|2
ombinedstate 41112 3041/ 2/3/4|1/2/3 4|12 3 4|1



Combination of counters: Approach 1

_Al —
—A2 —
Counter 1 |, Counter 1 . Decoding Counter2 |,
Clock 1—=1 mod-k; : Clock 1—=1 mod-k; : Logic Clock2 | mod-ka :
ki=4 FAw -
—B1 Clock 1
Counter 2 B
Clock2—=t "5 7 | Counterlstate 4[1[2/3/4[1(2/3 4[1]2|3/4]1/2|3/4]1
o3 s Clock2 _J 1 1 1 1 M
2 N2
Counter 2 state ‘ 1 ‘ 2 ‘ 3 ‘ 1 ‘
T 3(1/11/1(2/2/2/2/3/3/ 3 3]11/11]|2
ombneCsat 4111213 41 213 4|1 23 4|12 3/4|1

— the combined counter is a mod-k;k, counter.
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Combination of counters: example

e s | e ] el
CLK — = — =
1 KOK Q- KzK Q KlK QR KoK Q-
CLK
1
CLK CLK
t t
N I I “
t t
Q
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Combination of counters: example

SEQUEL file: ee101_counter_7.sqproj

o] b ——p
JAJ Q_(g/f\”’: 2 Q—2 1 Ql 0 Q_()
CLK — — -+ —
= 1 K Q K [ = K Q-
A Ar Kz . Ky - Ko -
1
CLK
t
Qa
t
Q
LT [ ]
t
Q

- il il

1 2 3 4586 7 89101 2 3 456 7 8 910 t
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Combination of counters: Approach 2

— A
Counter 1 |2
ounter 1 |

Clock 1— mod-k, |-
k174 _ANl

—B,
Counter2 |, 2

Clock2—=| U
mod-k, |
ko=3 [=Bn2




Combination of counters: Approach 2

_Al —
_A2 —
Clock1 Counter 1 |. Counter 1 |,
oc ™ mOd*kl ° Clock 1 ] mOd*kl
k174 _ANl _
~B1 Clock 1
Counter 2 B
Clock 2 —=| mod-k, Counterlstate 4|12 3 4|1 2|3|4|1[/2/3/4]1/2/3 /4|1
ko=3 [~Bn2




Combination of counters: Approach 2

_Al — —
_A2 — —
Clock 1 Counter 1 |, Counter 1 |, Clock?2 Counter2 |.
oc ™ mOd*kl ° Clock 1 ] mOd*kl M ™ mOd*kg *
ki=4 —An — =
~B1 Clock1
Counter 2 B
Clock 2 —»| mod-ks Counterlstate 4|1/2/3 /41123 41112341123 4|1
kg :3 _BN2




Combination of counters: Approach 2

_Al — —
_A2 — —
Clock 1 Counter 1 |, Counter 1 |, Clock?2 Counter2 |.
oc ™ mOd*kl ° Clock 1 ] mOd*kl M ™ mOd*kg *
ki=4 —An — =
~B1 Clock1
Counter 2 B
Clock 2 —»| mod-k, |- Counterlstate 4|1/2/3 /41123 41112341123 4|1
k2 =3 _BNZ Clock 2




Combination of counters: Approach 2

_Al — —
_A2 — —
Clock 1 Counter 1 |, Counter 1 |, Clock?2 Counter2 |.
oc ™ mOd*kl ° Clock 1 ] mod—kl M ™ mOd*kg *
ki=4 AN — —
~B1 Clock1
Counter 2 B
Clock2—=f 07 | Counterlstate 4[1/2|3]4[1]2/3/4]1]2/3/4]1]2|3]4]1
k2:3 _BNZ Clock 2

Counter2state 3|1/2/3|1/2/3]1]2[3]1/2/3]1/2/3]|1)2



Combination of counters: Approach 2

_Al — —
_A — —
lock Counter 1 |, 2 Counter 1 |, Clock2 Counter 2
Clock 1—= mod-kq Clockln_ mod-kq ™ mod-k,
ki=4 [~Am - —
B Clock 1
Counter 2 B
Clock2—={ 21 Counterlstate 4[1/2|3]4[1]2/3/4]1]2/3/4]1]2|3]4]1
2
k2:3 _BNZ C|0Ck2
Counter2state 3|1/2/3|1/2/3]1]2[3]1/2/3]1/2/3]|1)2
Combined stas 1/2/3/1]2/3/1/2]3/1/2/3]1 2/3][1]2
ombmea st 4111213 4|1/2/3/4(112/3/4]1 2 3 4|1



Combination of counters: Approach 2

— A
Counter 1 |2
ounter

Clock 1— mod-k;
k174 _ANl

—B,
Counter2 |, 2

Clock2—=| U
mod-ky
ko=3 [=Bn2

Clock1

Counter 1
mod-k;

Clock1

Clock 2
—

Counter 2
mod-ksy

Counterlstate 4|1[2/3/4|1/2/3]4|1]2/3]4]1]2]3

Clock?2

Counter2state 3[1/2/3|1/2/3|1 2/3|1]2[3]1/2]3]

Combined state

1
411

2134

=N

3/1.213/1/2 3|1
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Combination of counters: example (same as before)

e s | e ] el
CLK — = — =
1 KOK Q- KzK Q KlK QR KoK Q-
CLK
1
CLK CLK
t t
N I I “
t t
Q
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Combination of counters: example

SEQUEL file: ee101_counter_8.sqproj
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555 timer IC

The 555 timer is useful in timer, pulse generation, and oscillator applications. We will look at two common
applications.
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555 timer IC

The 555 timer is useful in timer, pulse generation, and oscillator applications. We will look at two common
applications.

* Monostable multivibrator

Vtrigger
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555 timer IC

The 555 timer is useful in timer, pulse generation, and oscillator applications. We will look at two common
applications.

* Monostable multivibrator

‘Vtrigger

\ t
Vout

T

* Astable multivibrator

Vout
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555 timer
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555 timer
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555 timer
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555 monostable multivibrator
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555 monostable multivibrator
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555 monostable multivibrator
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555 monostable multivibrator
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555 monostable multivibrator
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555 monostable multivibrator
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555 monostable multivibrator
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555 monostable multivibrator
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SEQUEL file: ic555_mono_1.sqproj
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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555 astable multivibrator
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