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Register

¢ A register is a circuit capable of storing data
*» An n-bit register consists of n Flip-Flops and stores n bits
“ Common clock: data is loaded in parallel at the same clock edge

“ Common reset: All Flip-Flops are reset in parallel
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Register Load (or Enable)

“ Question: How to control the loading of data into a register?
* Solution: Introduce a register Load (or Enable) signal
If the register is enabled, load the data into the register
Otherwise, do not change the value of the register

* Question: How to implement register Load?
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Register with Parallel Load

“ Solution: Add a Mux at the D input of the register

* D; = Load - I; + Load - Q;

 If Load is 1 then D; = I; If Load is O then D; = Q;
13 12 11 IO
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Shift Registers

¢ A shift reqgister is a cascade of flip flops sharing the same clock
* Allows the data to be shifted from each flip-flop to its neighbor
“+ The output of a flip-flop is connected to the input of its neighbor
> Shifting can be done in either direction

¢ All bits are shifted simultaneously at the active edge of the clock

Serial Serial
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Input SI Ty e D2 Q2 Dy O Do Qo Output SO
D> D> D> >
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Reset ¢ ¢ ¢

Right Shift Register



Timing of a Shift Register

Serial Serial
Input SI s s Dy @ Dy & Do QO_>OutputSO
D> D> D> D>

J' R l’ R ( R I' R
Clock
Reset ¢

Cycle SI Q3 Q2 Q1 Q0 =SO

TO 1 1 0 1 0

T1 0 \ 1 \ 1 \ 0 \ 1

T2 1 R 0 R 1 R 1 Rt 0

T3 1 \ 1 \ 0 \ 1 \ 1

T4 0 \ 1 \ 1 \ 0 \ 1
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Timing of a Shift Register
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Classification of Shift Register

++ Based on Direction

* Unidirectional Shift Register: A register capable of shifting in one
direction

* Bidirectional Shift Register: A register can shift in both directions

¥ Universal Shift Register: Bidirectional shift register + parallel
load capability

% Based on Transferred Data
% Parallel-in Parallel-out
% Serial-in Serial-out

* Serial-in Parallel-out

» Parallel-in Serial-out



Serial Transfer vs. Parallel Transfer

. Serial Mode of Digital Systems: Manipulation one bit at a
time.

. Serial Transfer: Transferring one bit at a time by shifting the
bits out of the source register into the destination register.

. Parallel Transfer: All the bits of the register are transferred
at the same time.



Serial Transfer
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Timing of Serial Transfer Example

Timing Pulse EShift Register A —>| Shift Register B
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Bit Serial Adder

*» Adding two n-bit numbers A and B serially over n clock cycles

¢ A bit-serial adder can be implemented using

1. A Full Adder

2. A Flip-Flop to store the carry-out

3. A Shift Register to store the n-bit sum

Serial Addition
Starts at the
Least-significant bit
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Serial Shift A I Serial-In Parallel-Out
Regist B Fu Reset — o ,
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Reset Flop < — Clock




B Second Form of Serial Adder: Implemented with JK FF
State Table for Serial Adder

Present Next Flip-Flop
State Inputs State Output Input
Q(Cin) Xy Q(Cout) S JQ KQ
0 00 0 0 0 X
0 01 0 1 0 X
0 10 0 1 0 X
0 11 1 0 1 X
1 00 0 1 X 1
1 01 1 0 X 0
1 10 1 0 X 0
1 11 1 1 X 0

JQ = Xy
Simplified Equation < Kq = x"y’= (x+y)”
S =x®y®Q



B Second Form of Serial Adder: Circuit Diagram
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Universal Shift Register

¢ A Universal Shift Register has the following specification:

<> arallel data input and n output lines
np P n ot Rshift Parallel  L-shift

< Right-shift and Left-shift Serial Inputs Serial  Data  Serial
_ _ Input Input Input
<> Two control input lines s
n
< Clock input l % l
<+ Reset input Control — _
_ Clock Universal
“* Four control functions: Shift Register
Reset R
< 5=00 = No change in value
n
< s =01 =>» Shift Right (Right-Shift Serial Input) %

< 5 =10 =» Shift Left (Left-Shift Serial Input) Parallel Data Output
< s=11=>» Parallel Load n input bits



Universal Shift Register Design

Right-Shift
Serial Input

Parallel Inputs
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Counter

¢ Sequential circuit that goes through a specific sequence of states
¢ Output of the counter is the count value

¢ Modulo-N counter: goes through 0, 1, 2, ..., (N-1)

¢ Modulo-8 binary counter: goes through O, 1, 2, ..., 7

¢ Modulo-10 (BCD) counter: goes through 0, 1, 2, ..., 9

“ Counting can be up or down

“ Some Applications:

< Timers clock—>

n
<~ Event Counting Counter e Count

reset—j

< Frequency Division




Implementing Counters

Two Basic Approaches:

1. Ripple Counters
<> The system clock is connected to the clock input of the first flip-flop (LSB)
<> Each flip-flop output connects to the clock input of the next flip-flop
< Advantage: simple circuit and low power consumption
<> Disadvantage: The counter is not truly synchronous
< No common clock to all flip-flops
< Ripple propagation delay as the clock signal propagates to the MSB
2. Synchronous Counters

< The system clock is connected to the clock input of ALL flip-flops

<> Combinational logic is used to implement the desired state sequence



Ripple Counters

*+ A binary ripple counter consists of a series connection of
complementing flip-flops, with the output of each flip-flop
connected to the Cinput of the next higher order flip-flop.

*» The flip-flop holding the least significant bit receives the incoming
count pulses.

* A complementing flip-flop can be obtained from a JK flip-flop with
the Jand Kinputs tied together or from a 7 flip-flop. A third
possibility is to use a D flip-flop with the complement output
connected to the D input



Ripple Counter

% Q, toggles at the positive edge of every cycle

_Dg Q3
% Q, toggles when Q, goes from 1 down to O -} 0"
3
“* Q, toggles when Q, goes from 1 down to O |
% Q, toggles when Q, goes from 1 down to O 102 Q2
—
@2 @ a Q MR
0 0 0 0  (
0 0 0 1 Counts Up -1D; @1
T from O to 15 If
0 O 1 1 rom Y 1o +HR 03
o 1 0 0 then back to O
0 1 0 1 |
o 1 1 0 Do Qo
0 1 1 1 Clock P
1 0 0 O Reset —+—R Qo

Qs

Q>

Q1

Qo



4-Bit Binary Ripple Up Counter

Binary Counter with T-FF Binary Counter with D-FF
T A, L D A, Ripple
_~- Propagation
Count Count -7
j _—O>C R —+_ —C C R o— A//
Y |
L Binary Counter Sequence
T A D A
! ! A3 AZ A1 AO
—pPCR —PCr P 0 0 0 0
D 0 0 0 1
! ' 0 0 j)T 0
0 0 1 1
T A, In A, o T [0 o
0 1 0
—pPCR PCr P g 1 ’ﬂ ?
T | T o 0 [0
= i
Negative Edge Trigger
—op C R —pC R P
i i 7

Reset 1 Reset



3-Bit Binary Ripple Up Counter - Timing Diagram
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4-Bit Binary Ripple Up Counter
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4-Bit Binary Ripple Down Counter

Binary Counter with T-FF Binary Counter with D-FF
T A, L D A, Ripple
_~- Propagation
Count Count e
_+— >C R J_ —>C R o— A//
Y T
L Binary Counter Sequence
T A D A
! ' A; A, A, A
D D 0 0 0 T 1 A
‘ 0 0 1 0 e
0 0 1 1 =
T ~+
T A, i D A, 0 2T T &
0 1 0 T 1 -%
cq |- o 1B
)
i L7 DT 00T [T [0
-~
/
T |—A, i D A, /
/
Positive Edge Trigger
1 7

Reset 1 Reset



3-Bit Binary Ripple Down Counter - Timing Diagram

Clock

L

0

Time



4-bit Ripple Counter Using JK FF

clock pulses 1 Q ? Q
ad= c
I clock
¢ 0
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BCD Ripple Counter

State Diagram of a Decimal BCD Counter BCD Counter Sequence

Qs Q Q Qs

0 0 0 0

8 bt

o g

e 1 it

£ Qy 2 1 then Q. = 0 Trigger High\esi)igit (1)).'. (1) (1))1. 71)_
2 \\\\(:;I}T 0 0 1]

If (Q2 or Q4 = 0) then QsRemain at 0 3 ‘
If (Q; and Q4 = 1 and Q,{) then Qs Complement



BCD Ripple Counter

Toggle

Q1 : CLK(1—0)
Q2:Qs8=0and Q1(1—0)
Q4 : Q2(1—0) Qs : Q40Q2=11
and Q1 (1 —0)

“* Q1 complements every count

s Q2 comp when Q1 goes 1=>0 while Q8=0 when Q8 becomes 1, Q2 remains at O

% Q4 comp when Q2 Goes from 1=>0

% Q8 =0 as long as Q2 or Q4=0, and Complemented when both are 1 And Q1
goes 1=0



Decades Counter

Os Oy O 1 Os Oy O 1 Os Oy O O1
\ —6
BCD BCD BCD Count
Counter ki Counter il Counter * pulses
107 digit 10! digit 10° digit

“* The inputs to the second and third decades come from Q. of the
previous decade.

“* When C:in one decade goes from 1 to O, it triggers the count for the
next higher order decade while its own decade goes from 9 to 0.



Drawback of ripple counter

Clock-‘

Qo

Q,

Q;
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Qs

** Flip-flops are NOT driven by the same clock (Not Synchronous)
“ Q delay increases as we go from Q, to Q,

% Given A = flip-flop delay =» Delay of Q,, Q;, Q,, Q3 = A, 2A, 3A, 4A




Synchronous Counter

¢+ Avoid clock rippling
“* n-bit Register with a common clock for all flip-flops

*» n-bit Incrementer to generate next state (Up-Counter)

n-bit Incrementer (+1)
i n

n-bit Register

Reset —
Clock —P




Synchronous Up-Counter with T Flip-Flops

Clock

Clock Cycle

—_
f—

SO O = === 0o O

— b e b e = O O

[ J SR )

<

T Q
Q 1 Q2 Q%
Q; Q2 Q; Q In general, for an n-bit up-counter, a give flip-flop
Q changes changes its state only when all the preceding flip-
Q2 changes flops are in the state Q= 1.
Q ; changes

Therefore, if we use T flip-flops to realize the 4-bit
counter, then the 7inputs should be defined as

Ty = 1
Tn = Qo
To = Qo

T3 = QouQ1Q:



Synchronous Up-Counter with JK Flip-Flops

& &
o[ o 2T B
Lﬁ!ﬁjﬁ Output
—+1J oA J o +4y aclH 3+ e}l
Qs
LK L CLK 1 CLK oLk
K Fra K Fre K Fre K FrD

ClockPulse



Timing diagram for a 4-bit synchronous up-counter

E

Time



Enable and Clear Capability

s if Enable =0, then all 7inputs will be equal to 0. If Enable = 1, then

the counter operates as explained previously

** In many applications, it is also necessary to start with the count
equal to zero. This is easily achieved if the flip-flops can be cleared

Enable i

Ol

Clock T
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Q,

M
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-
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Clear
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4-Bit Synchronous Counter with Enable

* An incrementer Is a reduced (contracted) form of an adder

4-Bit Incrementer

EN=0=>
No Change

EN=1=>
Increment

How to
Count
Down?

Increment

Q" (Not Q)

Cq C, Cq I
—¢ EN
D; Qs D, Q. D, Qi Dy Qo[
D> D> D> -
R { R R
v v v v
Q3 Q> Q1 Qo
\ Y

4-bit Counter Output




4-bit Binary Up-Down Counters

Up

HZOI) ﬁ ) S— O A,
Down
b C o—‘

U
D
Function Table
¢ OT Up Down| Function
| 0 0 No Change
kj kj 0 1 Down Count
) 1 0 UpC
® T A, 1 1 ug Count

s

Clock




Timing of a Synchronous Counter

Clock_‘

Qo

I
I

Q,

Q;

Qs

*» Advantage of Synchronous counter:
ALL Flip-flops are driven by the same clock

Delay of all outputs is identical =» Delay of Q; = Q;=Q, = Q3 = A




Frequency Division
¢ A counter can be used as a frequency divider
* Counter is driven by a Clock with frequency F
“ Output Q, Frequency = F/2, Output Q, Frequency = F/4
“ Output Q, Frequency = F/8, Output Q4 Frequency = F/16

Clock_‘

Qo

I
I

Q,

Q,

Qs




BCD Counter

s A BCD counter counts in binary-coded decimal from 0000 to 1001 and back to
0000.

«» Because of the return to O after a count of 9, a BCD counter does not have a
regular pattern, unlike a straight binary count.

s To derive the circuit of a BCD synchronous counter, it is necessary to go through
a sequential circuit design procedure.

Present State Next State Output Flip-Flop Inputs
B Q4 Q o Qs Q4 Q; Q, y TQg TQ; TQ; TQ
0 0 0 0 0 0 0 1 0 0 0 0 1
0 0 0 1 0 0 1 0 0 0 0 1 1
0 0 1 0 0 0 1 1 0 0 0 0 1
0 0 1 1 0 1 0 0 0 0 1 1 1
0 1 0 0 0 1 0 1 0 0 0 0 1
0 1 0 1 0 1 1 0 0 0 0 1 1
0 1 1 0 0 1 1 1 0 0 0 0 1
0 1 1 1 1 0 0 0 0 1 1 1 1
1 0 0 0 1 0 0 1 0 0 0 0 1
1 0 0 1 0 0 0 0 1 1 0 0 1




BCD Counter

1 T Q Q,
>
TQl =1 !
T, =QQy Ql B
Q2 18 -
e ) >T | Q Q
1ot =Q,Q, e Q
TQg =Q,Q5 + Q,Q,Q, 01 B T o Q
Q2 | !
Y = QgQ, Q
Qr |
@ —
Q8 Q
: Y or CO
clock




BCD Counter - Alternative Design

“* Problem: Convert a 4-bit binary counter into a BCD counter

% Solution: When output reaches 9 then reset back to 0

“* Asynchronous Reset: Count to 10 and reset immediately

Ay Ay Ay A
—
L3
Load %

g Counter

of Fig. 6.14
A A A A

Inputs = 0

<— Count =1
<«— Clear = 1

<— CLK

(a) Using the load input

Az Ay Ay Ay

—

Clear

Y

Counter
of Fig. 6.14

< Count =1
<«— [.oad =0

< CLK

Pttt

Inputs have no effect

(b) Using the clear input



Building Larger Synchronous Counters

*» Smaller counters can be used to build a larger counter

s Example: 12-bit counter designed using three 4-bit counters

Counts from 0 to 4095 (212 — 1), then back to O

» The Cout of a 4-bit counter is used to enable the next counter

clock

reset

Cout <€

Cout
>

Counter

4-bit

EN

Cout
>

Counter

Q[11: 8]

4

4-bit

EN

Cout
>

Counter

Q[7: 4]

4

4-bit

EN

Q[3:0]

4



Synchronous Counter with Parallel Load

Count—l_D—
Load Do Do
0 ﬁ
Io * _/ Dﬁ J AO
C
o D) K
¢ ﬂ T\
l; T L JC A, Function Table
o N\ ) K Clear Clock Load Count] Function
—
7 0 X X X Clearto 0
0 1 4 1 X
, - D 1) r A 1 A 0 1 Up Count
}‘K C 2 1 A 0 0 No Change
0 ﬂ K
Sot | ) 1/
0 ﬁ
, ’ |/ )—‘j\\) J A,
C
° ﬂ K
\_‘F_/ 2 T
Clear
Clock
™ Carry-
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3-to-12 Binary Counter

*» Convert a 4-bit binary counter with load into 3-to-12 counter

“ Solution: Detect binary count 12 and then load 3

% Detect 12: Binary count with Q; = Q, =1

m Load

Preset

D3 D, Dy Do
0 011

b

Cout €<

clock —

Cout EN

>

4-bit Counter

<«<— EN

xRl

Q3 Q2 Q1 o

Synchronous
Preset
Load: 0011




9-t0-99 Binary Counter

Problem: Use two 4-bit binary counters with parallel load and logic
gates to build a counter that counts from 9 to 99 = 'b01100011

Add a synchronous Preset input to initialize the counter to value 9

Preset —y—\,

D, D¢ Ds D,

T_O

D3 D, Dy Dy
1 001

-

Cout <

clock —

Cout

4-hit Counter
>

EN

<€

sl T 1

Cout EN<— EN
4-bit Counter

4

vV V VvV
Q7 Q¢ Us Q4

1

v
Q3 Q2 Q1 Qo



Two digits BCD counter (from 00 to 99)

} BCD,

0

= 1R = K~ i M2 -
o000
W L] —_ (=

0

3
Ll\’ld
Clock LJ
Clock

Clear Enable
( D Q
; 2 Q } BCD
0 D Q,
0 D Q;




Two digits BCD counter (from 09 to 69)

INIT

clock

End of 0-9 sequence (CTR 1) line ®

CTR 4 (1) CTR 4 (2)
QO [~¢— O Q4 ——
Load 4D7 Load
Ql Q5 9—
En En
Q2 Q6 *-
: 0 ——
D1 CO D1 CO
D2 0 —| D2
D3 0 D3

End of 0-6 sequence (CTR|2) line

End of 9-69 sequence line




Ring counter

“ Timing signals that control the sequence of operations in a digital system
can be generated by a shift register or by a counter with a decoder

“* A ring counteris a circular shift register with:
< Only one flip-flop being set at any particular time; all others are cleared.

< The output of the last flip-flop fed to the input of the first, making a "circular" or
"ring" structure.

< The single bit is shifted from one flip-flop to the next to produce the sequence
of timing signals.

cu — 1 |

RA




Ring Counter

CLK

il || |1
right

(a) Ring-counter (initial value = 1000)

(b) Sequence of four timing signals



Alternative design

¢ For an alternative design, the timing signals can be generated by a
two-bit counter that goes through four distinct states.

* To generate 2" timing signals, we need either a shift register with 27
flip-flops or an n -bit binary counter together with an 77 -to-2"-line
decoder.

Iy T, T, T;

[ 11

2 X 4
decoder

A A

Count

2-bit counter
enable

(c) Counter and decoder



Johnson Counter

** A k-Dbit ring counter circulates a single bit among the flip-flops to provide
k distinguishable states.

*» The number of states can be doubled if the shift register is connected as
a switch-tall ring counter.

¢ A switch-tail ring counter is a circular shift register with the
complemented output of the last flip-flop connected to the input of the
first flip-flop.

¢ The circular connection is made from the complemented output of the
rightmost flip-flop to the input of the leftmost flip-flop.

s The register shifts its contents once to the right with every clock pulse,
and at the same time, the complemented value of the /astflip-flop is
transferred into the firstflip-flop.



Johnson Counter

¢ In general, a k -bit switch-tail ring counter will go through a sequence of 2
k states. Starting from all O’s, each shift operation inserts 1’s from the left
until the register is filled with all 1’s. In the next sequences, O’'s are
inserted from the left until the register is again filled with all O’s.

Flip-flop outputs

Sequence
5 A D B D C D E number A B C E
& > C C &
El
o— A’ o— B’ o— (' o———

OO N B LW —
jesNesNes il =]
OO PR ==, O0O
SRR EPROoOOoOO
e el el el es an)

CLK —




