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Overview

= Registers and counters are sequential
circuits

= Registers and counters are the basic
building blocks from which more complex
digital systems are constructed



Registers

= Multiple flip-flops sharing the same clock can
be combined to form a data register
= Registers allow for parallel transfer of data
o Many bits transferred at the same time
= Shift registers also allow data to be transported
one bit at a time



Parallel versus Serial

= Parallel communication

oProvides binary numbers through multiple data lines at

the same time =
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= Serial communication

oProvides binary numbers as a sequence of binary digits,
one after another, through one data line
A B
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Register with Parallel Load

Register: Group of flip-flops (D
flip-flops in this example)
sharing the same clock

Holds 4 bits of Data

Loads in Parallel on Clock
Transition

Asynchronous Clear (Reset)
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Parallel Data Transfer

= All data transfers on rising clock edge (in this example)

= Data clocked into register Y

Register X
AL
i~ A
Note: After PGT of
transfer pulse,
Y register and 1l = -
X register hold X4 X X3
same data.
D Y, D Yo D Ys
> CLK Y, >CLK Y, > CLK Ys
TRANSFER 17
L J - )

~
Register Y



Shift Registers

Transfer of data from flip-flop A to flip-flop B

A B
—15s Q S Q
—» CLK <3 CLK
kg R Q
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Shift Registers (cont’d)

= Shift register is a cascade chain of flip-flops that share
the same clock

= Bits travel on positive edges (in this example)

= Serial in (SI) — Serial out (SO)

Serial ST |p D D D SO  Serial
input output

> C > C > C > C
el — ]




Serial Transfer of Data

= Transfer from register X to register Y one bit at a time
(negative clock edges for this example)

X Register Y Register
A A
r D i B
1 0 1 0 0
0@ D X5 D X4 D Xo D Y5 D Y4 D Yo
CLK CLK CLK CLK CLK CLK

SRR FHER

(a)

X X X%l e ¥ W

|1 0 1| 0 0 0 —«— Before pulses applied

1 0
R \
0 1 0 —-«—— — After second pulse

o T
0 0 0 F 1 0 1 | «————— After third pulse
L

0 —«—— After first pulse




Serial Transfer of Data (cont’d)

* Transfer from register A to register B

= Data loopback for register A

lime RegA RegB

10
T1
T2
T3
T4

1011
1101
1110
0111
1011

0011
1001
1100
0110
1011

SI

> Shift register A

SO SI
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A
CLK
Clock —

»{ Shift register B —>

A
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R
Shift /
control

(a) Block diagram
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Fig. 6-4 Serial Transfer from Register A to register B



Parallel Addition (Chapter 4)

= Add two n-bit numbers together, n full adders should be
cascaded

Each full-adder represents a column in the long addition.

The carry signals ‘ripple’ through the adders from right to left

A3z B3 A2 B2 A1 Bj Ap Bo

r FullAdder FullAdder = FullAdder 0
1

Sy So
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Serial Addition

= Slower than parallel but
has lower cost

= Only one full adder reused
for each bit

= Start with low-order bit
addition

= Carry (Q) is saved

= Sum, one bit at a time, is
transferred into register A

Shift
control
CLK

Serial
input

S1

YYY

YYYyYy"™

: : SO
Shift register A
> X
S
>y FA
C
> z
) ) SO
Shift register B
Carry Carry
In out
Q
D
c]

.

Serial adder with D flip-flop

Fig. 6-5 Serial Adder




Present Next Flip Flop / \
State Inputs State Output Inputs JK flip-flop Excitation Table
Q - S Q S Ja Kq

0 0 0 0 0 0 x Q Onew J K

0 o 1 0 1 0 x 0 0 0 x

0 1 0 0 1 0 x 0 1 5 X

0 1 1 1 0 1 x {1 0 x 1

1 o 0 0 1 x 1

1 o 1 1 0 x 0 1 1 x 0

1 1 0 1 0 x 0 \

1 1 1 1 1 x 0

State table and JK flip-flop inputs

Jo =Xy

~— FF input equations

Ro=xy =&xty)
S = x@yDQ

Output equation




Serial
input

Shift register A

Shift register B

S50

> C

)
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Serial adder with JK flip-flop




Exercise

Design a 3-bit parallel loading register using T flip-flops, as described in the following
functional table. Draw the logic diagram of the circuit that you designed; explain your work.

|

| LD | Q! (next state
IS D (datainput)
[ 1 | Q" (present state)

2 LD

T
’nZ QZ

Dl—b Inl Ql —>

Dz_’

Dop—» ’no R Qo > i={0,1,2}
_TCLK
Solution Ld = [oadStore ~>O— CLl| ck
Full excitation table solution: | i 0
ull excitation table solution : D : . Q'lQ_
LD [ Q" [Dr[QmM] T, Do — | ok
0 0 0 0 0 i | pres 56 -
0O | 0 | 1] 1 1 ; ; o
0 1 0 0 1 i Ad
o a1 i) D Y Hilmrs
1 0 0 Dii—JL~ | JT, —
1 1 0 i S ol
i TP R e
1 0 0 i i )
1 1 0 i 1 9
L | Q2
=>T,=LD’(Q D/ +Q’ D), i={0.1,2] D: T D i
i || ek | Q2
The circuit can be implemented with gates only ! P & Q—
| |
oo LY



Draw the logic diagram of a 4-bit register
with mode selection inputs S:and S.. The
register is to be operated according to the
function table. Note, allow a serial input for
both shift operations.

Mode Control

Parallel load

Register Operation

Parallel outputs

1.'5 :1: .r‘ 1 _.,1 ]
: .
Q0 4] 0 0
Clear_b ]
C C C c
A D A D A D A L
CILK
¥ ¥ ¥ ¥
5] —= »
431 4=1
MUX MUX MUX
) —
1210 1 0 1 O 210
m&:-;h:li Lla_LI1Ir Serial
tnput k& —— input for
shillt-right shift-left

Parallel inputs




Binary Counters

Counter is a register that goes through a prescribed or fixed
sequence of binary digits or states

Counters are normally designed to recycle or restart the
sequence

Example: 3-bit counter



Binary Counters: Modulus

= The number of output states is called the Modulus or

MOD
o For example, a mod-8 counter has 8 unique

output states

>



Binary Counters: Sequences

=  Full Sequence Count
o Refers to a natural count that includes all possible binary
numbers. Its modulus is the same as its maximum
modulus
= A Truncated Sequence Count
o When the modulus is less than its maximum, or where
less than all possible binary numbers are used

\
d-6 counter & @ Mod-8 counter & .

ax MOD is 8 / max MOD is 8

.\./.




Binary Counters: Up/Down

= A sequential count refers to a natural numerical count
o The sequence can be Up or Down
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5 ‘Synchronous Counters: Design Procedure

Build state diagram

Choose the type of flip-flops to be used

Develop a binary-coded state table that consists of (1) Current state output,

(2) Next state output, and (3) FF inputs for each flip-flop

Derive the simplified flip-flop input equations using K-maps

Draw the logic diagram




Synchronous Counters with JK Flip-Flop

= Example without missing states
(full sequence count)

@\f\

05152535455 56 57 {{0
; | .
9 T
= 3-bit binary up counter 010 e
d110
= 3 JK flip-flops are needed N __\,—)
= Current state and next state @ \!/: 01
outputs are 3 bits each - \?1\/{@/ -

3 pairs of JK inputs -



Synchronous Counters with JK Flip-
Flop{(cont’d)

Present state | Next state JK flip-flop mnputs
A B C|A B Cl|Jys Kial|dg Kg|Jeo K¢

G flip-flop Excitation Table}
0O 0 0|0 0O 1|0 X 0 X1 X Transition Table
O 0 1 /0 1 0olo0o X |1 X| X 1 Q Oner J K
o 1 olo 1 1o X|X o1 X 6 0 QX

0 1 1 X

0 1 1 1 0 0 1 X X 1 X 1 { 0 % 1
I 0 0 1 0 1 X 0 0 X 1 X | 1 x 0
10 1 1 10 X 0 1 X X 1 \ /
| | 0 1 11 X 0 X 0 | X
1 1 1 0o 0 0 X 1 X 1 X 1

State table and JK flip-flop inputs



Use K-maps
to simplify
expressions
for JK inputs

=d

0 0 | 1 I 0
d d Idl d
Jj,=BC
BC
00 o1 11 10
(4] ll dI d
0 ll d.| d
JB-C
BC
00 o1 1 10
[1 d d 1]
Ln d d 1J
Jc-l

0 d d |d| d
1 0 0 III 0
K,=BC
BC
00 01 11 10
[} d Id 1 | 0
1 d ld 1 I 0
I(B=C
BC
00 01 11 10
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By

~ Synchronous Counters with JK
Flip-Flop (cont’d)

9

Logic diagram of Mod-8 synchronous, full-sequence, 3-bit, up counter



Synchronous Counters with JK Flip-Flop (cont’d)

= Example with missing states (truncated sequence count)

0—>3—>5—>T7T—6—>0 @

= Same design process as before @ @

= One significant change
o Missing states: 1, 2, and 4

o Use don’t cares for these @ @

states
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JK flip-flop inputs

B ClJs Kalldg Kg|Je K¢
0 1 0 X 1 X 1 X
0 X | X X|X X |X X
1 X | X X| X X | X X
1 11 X| X 1 |x 0
0 X| X X|X X|XxX X
0 1 x o1 X | X 0
1 0 X 1 X 1 0 X
1 0o X 0 X 0 X 1

G( flip-flop Excitation Tablem

Transition Table

Q Onexr J
0 0 0
0 1 1
1 0 x
1 1 X

O o X X >

State table and JK flip-flop inputs




K-maps to
simplify
JK input
expressions

X=d

00 o1 i 10

[a | a 1 |"|i| B

4/ a o |\ |
I{B=ﬁ+ﬂ

00 01 1 10

d d 0 d

d o |1 a)

i,=B
00 o1 11 10
[1 d d d]
Ld 1 d aJ

Ip=1
00 ol 11 10
(1 d d d)
d d d 0

Jc-K
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S‘yngﬁ‘\ronousCounters with JK Flip-Flop (cont’d)

BCD to 7 Segment Display Decoder
LSB MSB
e B A

e r e e e e e e, e, e e mr e, e e, e ————————— ——
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Logic diagram of Mod-5 synchronous, truncated-sequence, 3-bit counter



Synchronous BCD Counter

Design a BCD counter (or decade
counter) using T flip-flop

4-bit binary up counter

Counter with missing states
(truncated sequence count)

4T flip-flops are needed

Current state and next state
outputs are 4 bits each

4T inputs o) {0

Y



Synchronous BCD Counter(cont’d)

Current State Next State T-FF inputs / - = \
Qs Q4 Q2 Qs QsQsQ:Q TsT, T, T T flip-flop Excitation Table or
0O 0 0 0 00 01 00 0 1 Transition Table
0001 0010 0011 QO Onews T
0010 0011 0001 0 0 0
0011 0100 0111 c 1 1
0100 0101 0001 1 (i' ‘1)
0101 0110 0011
0110 0111 0001 \ /
0111 1 000 111 1
1000 1 00 1 000 1
1 0 0 1 0.0 00 100 1

State table and T flip-flop inputs

Note: The unused states for minterms 10 to 15 are taken as
Don't care terms and have been left out here



Synchronous BCD Counter (cont’d)

T ) Q Q
+ Use K-Maps to Ts 2 T, __

L] L ] L ] 1
minimize the next of 1l of MYl
state function: d Al o g J oY a

X [x x| | x x | x [k || x
Q 12 13 14 QE 12 13 1 14
B
-] L1—ﬂ-—xJ| xl{l 8 o xg X 10
ITs=0Q50Q; + Q 0Q,0Q, Q Q
I4=QreQ T, Q, T, Q,
T2=QS'.Q1 B 1 1 1]3 1 '1“ 11 13 1:
1 |4 10111
T]. — "1” -ih._t_J'.’ & Q4 4 ] 7 [ Qa‘l
- . X X x ) X x X X X
Note: Don't Cares are o |15 u Q, Rt
. X | X 1 1 | X | X
included here. s o]l Tuf T LN LY ™ ¥ |
Q, Q,




Synchronous BCD Counter (cont’d)
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Logic diagram of Synchronous BCD, truncated-sequence, mod-10, 4-bit up counter



Synchronous BCD Counter (cont’d)

= Synchronous BCD counters can be cascaded to form a counter for
decimal numbers of any length (>9)
o By enabling the count of the next-higher significant decade (y=1)

Present State Next State Output Next State
Qy Q, Q, Q, Q, Q, Q, Q v TQ, TQ, TQ, TQ,
00 0 0 00 01 0 0 0 0 1
00 01 001 0 0 0 0 1 1
00 1 0 0011 0 o 0 0 1
00 11 01 0 0 0 0 1 1 1
01 0 0 01 01 0 0 0 0 1
01 0 2 01 1 0 0 0 0 1 1
001 1 0 01 11 0 0 0 0 1
01 1 1 1 0 0 0 0 1 1. 1 1
1 0 0 0 1 0.0 1 0 0o 0 0 1
1 0.0 1 00 0 0 1 1 0 0 1

TQ, =1, TQ,=Q,Q,, TQ=0Q.Q,, TQ;=QQ,+QQ.Q, v=0Q0,
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' Synch ronous BCD Counter (cont’d)

= 2-decade synchronous BCD counter which is mod-100 up

counter

BCD to 7 Segment

Display Decoder

BCD to 7 Segment
Display Decoder

Oy Uy O O,

Oy Oy 07 O

BCD EN
Counter

107 digit

BCD
Counter

CLK
R—T— _

LM digit



Johnson Counter

= A Johnson Counter re-circulates the last flip-flop Q’ (inverted)
output back to the input of the first flip-flop
o Count sequence: 000, 100, 110, 111, 011,001

Clock
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- 2 s | JCLDGK
Q: @ || s
oJolo[l o
1100 1
1|l1]eo 2
11111 3
o111 4
oOjlol1] S5
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1 110 8
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= A ring counter takes the
serial output of the last flip-
flop of a shift register and
provides it to the serial
input of the first flip-flop

= This is also known as a re-
circulating shift register
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Synchronous 4-bit Coiinter

Present state S"

Next state Sn+1

De S | g N Step 1 Q| Q| Q| Q|| Q| Q| Q'

Sequential Circuit Block Diagram JK-FF 0jo0jojoO}|]1|]0]O0]O

Excitation Table o|{o0ojo0of1]J0|0]|0]|O

L o [omt|a|kn|lofjo|l1|oflo]|o]|1]1
Next State R :

Excitation 19 Q. 0 0 |O0] x ofof1 1|00 ]|O0]|1

S_n’ gq;l?gotns H ‘|:<'k 0 1 111 x O[1]0] 0| x| x| X |X

Ma/ona EState 11 0 Ixl1 o101 | x| x| x| x

' Register—— 11 1 |xlollOoj2f2]j0o]Oo]joOo]1]o0

Clk 0111 1 X X X X

1lololoflz]2]o]o

1100 1 X X X X

110(1 0 X X X X

110]1 1 X X X X

111]0 0 1 1 0 1

111]0 1 1 1 1 1

1111 0 0 1 1 0

111 1 1 1 1 0




Synchronous 4-bit Counter
Design

Step 1

To derive the State Table, go through the state
diagram, starting from initial state (0000).

Transition Table

Present state S"

Next state Sn+1

Q| Q| Q| Q|| Q"R | Q'
O(0|O 0 1 0 0 0
O(0|O 1
O[O0 |1 0
O[O0 |1 1
O(11|0 0
O(11(0 1
O(1]|1 0
O[1]|1 1
110((0|O0
110(0 1
1101 0
1101 1
11 1(0 0
11 1(0 1
111 0
111 1




Synchronous 4-bit Counter

State Diagram

Design

Step 1

Transition Table

Present state S"

Next state Sn+1

Q3 QZ Q1 Qo Q3+ Q2+ Q1+ Qo+
1 0 0 0
1 1 0 0

I, IPIP|IPIP|IPIOOCO|IOC|]OO|OC|O|0O|O

Rlr|lr|r|lo|lo|lo|lo|r|r|rr|r|lolo|lo|o
Rr|lr|lo|lo|lr|r|lo|lo|r|rr|lo|lolr|rr|lo|o
R |lo|lr|lo|lr|lo|lr|lo|lr|lolr|lolrr|lolr]|o




Synchronous 4-bit Counter

State Diagram

Design

Step 1

Transition Table

Present state S"

Next state Sn+1

Qs | Q[ Q| Qo [R5 A7| R
Ooj]o0ojo|O0}|1]|]0]0{|0O0
00|01
00|10
0|01 ]| 1
0Oj1]0] 0
0O|]1]0]1
0Oj1]1]0
oOj1]1]|1
110|002 |1)|0]O0
11001
1{0]1 |0
1 (011
1{1]0/|O0 1 110 1
11101
1 ({110
11111




Synchronous 4-bit Counter

State Diagram

Design

Step1

Transition Table

Present state S"

Next state Sn+1

Qs | Q| Q| Q[ R Q"
010]0 0 1 0 0 0
010]0 1 0 0 0 0
0|10 1 0 0 0 1 1
0|10 1 1 0 0 0 1
0O|11]0 0
01110 1
0111 0 0 0 1 0
0111 1
110((0|O0 1 1 0 0
110]0 1
1101 0
1]10(1 1
11110 0 1 1 0 1
11110 1 1 1 1 1
1111 0 0 1 1 0
111 1 1 1 1 0
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Step 3
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Synchronous 4-bit Counter Design

Excitation Equations Step 4
11120 QQ,|00[01[11|10 Q,Q,|00|01|11]10| Q,Q,
Q:Q, Q;Q,
010 00 X | x| x§ x 00
X 01 X | X | XX 01
X | X 11 O(0([O0Qg1 11
X | X 10 0| x| xXJX 10

QQ,| 00|01 11|10 Q,Q,
QuQ, Q:Q,
00 0 |0 [x |X 00
01
11
10

01 X

11 0

10 0




NEXT S;?TE LOGcl'qu %E%ETER | Syn C h ronous

e ] 4-bit Counter

S [ SE JK flip-flops

_ "eLmn i J3 :Q_lQ_O_
0<; 2N | K,=0Q,-Q,

: ;u'n-tﬂ"';:lj ...... | J2 — Q3
T TR L e P 5
7 : —4 = T I

\Ij'ﬁ”ji ! ............................................. K2 =Q3

- 3,=Q,Q
120 1 3 0
N % | K, =Q,-Q,

: Sl e TR I
]D — o g Jy =Q, ®Q,
: K0 :Qs ®Q1




