Indian Institute of Technology Jodhpur, Year 2018-2019

Digital Logic and Design
(Course Code: EE222)
Lecture 20-21: Counters contd....

Course Instructor: Shree Prakash

Tiwari
Email: sptiwari@iitj.ac.in

Webpage: http://home.iitj.ac.in/~sptiwari/

Course related documents will be uploaded on
http://home.iitj.ac.in/~sptiwari/DLD/

Note: The information provided in the slides are taken form text books Digital Electronics
(including Mano & Ciletti), and various other resources from internet, for teaching/academic
use only

Counters Overview

° Counters are important components in computers
» The increment or decrement by one in response to input

° Two main types of counters
* Ripple (asynchronous) counters
* Synchronous counters

° Ripple counters
» Flip flop output serves as a source for triggering other flip flops

° Synchronous counters
 All flip flops triggered by a clock signal

° Synchronous counters are more widely used in
industry.
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Counters

= Asynchronous counters: the flip-flops do not
change states at exactly the same time as they do
not have a common clock pulse.

= Known as ripple counters, as the input clock pulse
“ripples” through the counter — cumulative delay is
a drawback.

" n flip-flops — a MOD (modulus) 2" counter. (Note:
A MOD-x counter cycles through x states.)

® Qutput of the last flip-flop (MSB) divides the input
clock frequency by the MOD number of the counter,
hence a counter is also a frequency divider.

Counters

° Counter: A register that goes through a prescribed
series of states

° Binary counter

» Counter that follows a binary sequence
* N bit binary counter counts in binary from n to 2"1

° Ripple counters triggered by initial Count signal

° Applications:
* Watches
» Clocks
» Alarms
* Web browser refresh



Asynchronous Counters

Egch FF output drives the CLK input of the next

FFs do not change states in exact synchronism
with the applied clock pulses.

There is delay between the responses of
successive FFs.

Ripple counter due to the way the FFs respond
one after another in a kind of rippling effect.

A, A, A A,
0

PR oOOOOOO
corRrOOOO
coocorrLrOO
RPORrRORr O

Binary Ripple Counters with T and D-FF

T — Ap L 1)
Count | T Count $Cp |
° Reset signal sets all outputs
to0 7 Ay L
° Count signal toggles output Ly Lobee |
of low-order flip tlop ¥ ¥
° Low-order flip flop provides Ly R Lh
trigger for adjacent flip flop
° Not all flops change value - TR b
simultaneously : :
* Lower-order flops change first L fr Az Lp
° Focus on D flip flop " L
implementation 8 g
Logic-1 |
Reset Reset
(a) With T flip-flops (b) With D flip-flops

Fig. 6-8 4-Bit Binary Ripple Counter
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Asynchronous Counters

= Example: 2-bit ripple binary counter.

= Qutput of one flip-flop is connected to the clock
input of the next more-significant flip-flop.

HIGH
— —Q — Q
ck JUUUL—pe |5 c
L bl L
FFO FF1
CLK 1 2 3 4

Q| f f Timing diagram
QQ&J: - - 00—->01—->10—->11->00...
o0to 1 1 lao

Asynchronous Counters

= Example: 3-bit ripple binary counter.

HIGH
0 —Q, ¢ —Q —Q.
CLK C C e C
1 Ll T bl [k
FFO FF1 FF2

Q@ ot o t ot o |1t 1t 11 Lo

L Recycles back to 0
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Asynchronous Counters

= Propagation delays in an asynchronous (ripple-
clocked) binary counter.

® |f the accumulated delay is greater than the clock
pulse, some counter states may be
misrepresented!

ok | 11 [ 2 LT 3 1 [ 4 [ ___
% — - iy E—
o | i i
— — f— oy (CLK 10 Q) — fed—— ty (CLK 10 Qo)
tous e Qoo Q) et (Qo10Q)
(CLK to Q) ——n — Q110 Q)

Asynchronous Counters

= Example: 4-bit ripple binary counter (negative-edge

triggered).
HIGH
A Qo —J Q —1J Q, —1J &
CLK C ___l———o C ___1___0 C ___1__‘0 C
K —K Lk L
FFO FF1 FF2 FF3
Kk YT T TTTTTTTTTTTAr

El 52 53 54 55 EG 57 8 59 510511512513514515516

R [ [ A A T

S A Ay o
Q bbb L
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Asynchronous Counters with MOD no. < 2"

= States may be skipped resulting in a truncated
sequence.

= Technique: force counter to recycle before going
through all of the states in the binary sequence.

= Example: Given the foIIowin%circuit, determine
the counting sequence (and hence the modulus

no.)
G B 3 A ) 3
All J, K >—| CLK :>-—| akp— U UL
inputs CLR K Qer K
are 1
(HIGH).

Asynchronous Counters with MOD no. < 2"

= Example (cont’d):
G B A

Q J
AllJ, K O—,_ CLKO—
inputs ECLR K
are 1
(HIGH).
Clock A MOD-6 counter
produced by
‘= clearing (a MOD-8
\ binary counter)
C [ [ L. when count of six
NAND 1 e 3l (110) occurs.
OutputO
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Asynchronous Counters with MOD no. < 2"

= Example (cont’d): Counting sequence of circuit (in

CBA order).
1 2 3 4 5 6 7 8 9 10 11 12
Clock

A O0J1]0f1 [0]1]0]1
B 00 |—1—1—|0 0 ,\0 0 i '\_

0000 I—I—00
[ 1 L

NAND

Output 0 4 V

Temporary @

state

Counter is a MOD-6

(010  counter.
,

Asynchronous Counters with MOD no. < 2"

®mExercise: How to construct an asynchronous
MOD-5 counter? MOD-7 counter? MOD-12
counter?

® Question: The following is a MOD-? counter?

Fg 5 E D C B A

oJ_S JOIS JDJ_ oJ_Q JDJ_ oO— UL

CLR CLR CLR CLR CLR CLR

C
D
E AllJ=K=1.
F

Q
o
e
o
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Asynchronous Counters with MOD no. < 2"

= Decade counters (or BCD counters) are counters
with 10 states (modulus-10) in their sequence.
They are commonly used in daily life (e.g.: utility
meters, odometers, etc.).

= Design an asynchronous decade counter.

(A.C)
HIGH 1 5 ! ! 5 LI_B
J Q J Q J Q Q

C
-] J
CLK c c c c
K K K K
CLR CLR CLR CLR
O O O
| | | l

Asynchronous Counters with MOD no. < 2"

= Asynchronous decade/BCD counter (cont’d).

HIGH ] ' ' J‘DO

J Q D J QE' J Q B J Q A (A.Cy
CLK c C c C

KCLR I%:LR KCLR I%LR

[®) [®) [®) [®)

[ l

1 2 4 7 10 11
Clock

Do fi o i lo i o T lo i e [
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Asynchronous Down Counters

= So far we are dealing with up counters. Down
counters, on the other hand, count downward
from a maximum value to zero, and repeat.

= Example: A 3-bit binary (MOD-23) down counter.
N R
g Q%EJ o+ o= 3-bit binary
CLK —obC c c up counter

b o2 3-bit binary
down counter

N

[J T

CLK —

[J T
o
o
[ 5]
3

Asynchronous Down Counters

= Example: A 3-bit binary (MOD-8) down counter.

/‘\.
1y , 0
_Qo J _Q1 K &
CLK %Jc Z c Z c z %}
K K K
0
7
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Cascading Asynchronous Counters

= arger asynchronous (ripple) counter can be
constructed by cascading smaller ripple counters.

= Connect last-stage output of one counter to the
clock input of next counter so as to achieve
higher-modulus operation.

= Example: A modulus-32 ripple counter
constructed from a modulus-4 counter and a
modulus-8 counter.

Modulus-4 counter Modulus-8 counter

Cascading Asynchronous Counters

= Example: A 6-bit binary counter (counts from O to
63) constructed from two 3-bit counters.

Ay AL A Ay A, A
Count 3-bit 3-bit
pulse binary counter binary counter

As Ay A Ay At Ao

0O 0 O 0O 0 O

0O 0 O o 0 1

0O 0 O :

0O 0 O 1 1 1

0 0 1 0O 0 O

o 0 1

10



Cascading Asynchronous Counters

= |f counter is a not a binary counter, requires
additional output.

= Example: A modulus-100 counter using two
decade counters.

freq/10

1 CTENbecade N CTENpecade freq/100
counter TC counter c
CLK c Q:Q,Q:Q r Cc Q:Q,Q: Qo
freq | |

TC =1 when counter recycles to 0000

Synchronous counters

— —— Ap
Synchronous(parallel) pe
counters Count enable + I
» All of the FFs are triggered j |
simultaneously by the clock .
input pulses. K i
« All FFs change at same time ':"‘K(
Remember
» If J=K=0, flop maintains value ./ 7 )
« If J=K=1, flop toggles Le
Most counters are K
synchronous in computer L
systems. L , ,
Can also be made from D b
flops 1k
Value increments on T
pOSItlve edge | I LJ’I T'o next stage

CLK

Fig. 6-12 4-Bit Synchronous Binary Counter
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Synchronous (parallel) counters

= Synchronous (parallel) counters: the fIip-roEs are
C olcked at the same time by a common cloc
pulse.

=We can design these counters usin_? the
sequential logic design process (will be covered
in coming Lectures).

= Example: 2-bit synchronous binary counter (using
T fllp-f;ops, or JK flip-flops with identical J,K
inputs).

Present Next Flip-flop

state state inputs
@ @ Al Ay AT A TAL TAg

o 0o o0 1 0 1
@@ 0oyl
1 0 1 1 0 1
1 1 o o 1 1

Synchronous (Parallel) Counters

= Example: 2-bit synchronous binary counter (using
T flip-flops, or JK flip-flops with identical J,K

inputs).
Present Next Flip-flop
state state inputs
Al Ao Al A TAL TAo TA, = A,
0 O 0 1 0 1 TAO=1
0o 1 1 0 1 1
1 0 1 1 0 1
1 1 0 0 1 1

CLK

12
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Synchronous (Parallel) Counters

= Example: 3-bit synchronous binary cqunteréusing
T flip-flops, or JK flip-flops with identical J,

inputs).
Present Next Flip-flop
state state inputs
Az A1 Ag A AT Ay TA: TAD TAg
0O 0 O 0 0 1 0 0 1
0 0 1 0 1 o0 0 1 1
0 1 0 0o 1 1 0 0 1
0 1 1 1 0 O 1 1 1
1 0 O 1 0 1 0 0 1
1 0 1 1 1 0 0 1 1
1 1 0 1 1 1 0 0 1
1 1 1 0 0 O 1 1 1
A A A
(1] (1] 1) (il 1]1)
4 { (1] A [ald Al a] 1]
[ — N — [—
Ao Ao Ao
TA2 = Al.Ao TA]_ = Ao TA() =1

Synchronous (Parallel) Counters

= Example: 3-bit synchronous binary counter

(cont’d).
TAZ = Al.Ao TAl = AoTAo =1
A2 Al AO
Q Q Q
K K K
cp l l |
1
CF

13



Synchronous (Parallel) Counters

= Note that in a binary counter, the n'" bit (shown
underlined) is always complemented whenever

011...11 - 100...00
or  111...11 — 000...00

®EHence, X, is complemented whenever
X R o Xy Xo = 11...11.

= As aresult, if T flip-flops are used, then
TX, = Xq - Xioe oo Xq . %

Synchronous (Parallel) Counters

= Example: 4-bit synchronous binary counter.
TA;=A,. A . A
TA, = A, . A,
TA, = A,
TA =1

Al A,

c | e
KQ°’,—KQ

O

CLK

3/6/2019
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Synchronous (Parallel) Counters

= Example: Synchronous decade/BCD counter.

Clockpulse Q3 Q2 Qi Qo
Initially 0 0O 0 O
1 0 0 0 1 TO =1
2 0 0 1 0 T1=Q5.Qp
: o 10 0 I
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1
10 (recycle) 0 0O 0 O

Synchronous (Parallel) Counters

= Example: Synchronous decade/BCD counter
(cont’d).
To=1
T1=Q5.Qq
T,=0Q4.Q
T3=Q,.Q4.Qp + Q3.Qq

Q(jTD‘L
1—T Q T Q Q T Q Q T Q &
C C C C
’/ QI O F Q' O F Q' O ’7 QI o_
CLK . o .

15



Synchronous UP/Down counters

Up
D>
. - Y D>
° Up/Down Counter can either """ D Le
count up or down on each
clock cycle

¢ Up counter counts from 0000 UuU
to 1111 and then changes [y S
back to 0000 = |l

° Down counter counts from
1111 to 0000 and then back 1]
to 1111 JU

° Counter counts up or down ] vt
each clock cycle

° Output changes occur on
clock rising edge Uu

CLK

Fig. 6-13 4-Bit Up-Down Binary Counter

Up/Down Synchronous Counters

= Up/down synchronous counter: a bidirectional
counter that is capable of counting either up or
down.
= An input (control) line Up/Down (or simply Up)
specifies the direction of counting.
“Up/Down =1 — Count upward
“Up/Down =0 —» Count downward

«— Ap

3/6/2019
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Up/Down Synchronous Counters

= Example: A 3-bit up/down synchronous binary

counter.
Clock pulse Up Q2 Qi Qo Down

0 0 0 0

1 é 0 0 1 :))

2 o010 3

3 0 1 1 D)

4 “ 1 0 0 %

5 & 1 0 1

6 £ 1 1 0 2

7 « 1 01 1
TQy =1 Up counter ~ Down counter
TQq =(Qo.Up) + (Qy.Up") TQo =1 TQp=1

TQ,=(QeQuUp) +(Qy. Q. Up') | TQi=Q  TQ=Q
TQ,=Q0.Q; TQ,=0Qy.Qy

Up/Down Synchronous Counters

= Example: A 3-bit up/down synchronous binary
counter (cont’d).
TQy=1
TQ; = (Qo.Up) + (Qy.Up")
TQ,=(Qo-Q4.Up ) +(Qy. Q4. Up")

i) 2O o T o2

1 1 € op

Up —

CLK

17
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Designing

" As Covered Earlier

_~(000)
= Example: A 3-bit Gray code

counter (using JK flip-flops). @ @D
Present Next Flip-flop
state state inputs
Q Q1 Q Q" Q. Q  JQ KQ, JQ: KQ:i JQo KQo
0 0 O 0 0 1 0 X 0 X 1 X
0 0 1 0o 1 1 0 X 1 X X o0
01 0 1 1 0 1 X X 0 0 X
0 1 1 0 1 o0 0 X X 0 X 1
1 0 O 0 0O O X 1 0 X 0 X
1 0 1 1 0 o0 X 0 0 X X 1
11 0 1 1 1 X 0 X 0 1 X
11 1 1 0 1 X 0 X 1 X 0
Up/Down Synchronous Counters
® 3-bit Gray code counter: flip-flop inputs.
L% (212
o 01(38 0 1 10 (X S0 01 11 10 o, ‘90 01 11 10
20 B of i [x][x oflL Ix [x
1 x| x| x |4 1 X | x 1 x |x 1)
JQ,=Q,.Q, JQ;=Q,.Qq JQp=Q,.Q; + Q,.Q¢
=(Q.®Qy)
01O 01O A1
@, \ 00 01 11 10 @, \ 00 01 11 10 @, \ 00 01 11 10
Ofx][x |x |x 0fx [x 0f x 1 [x
1{(1] 1lx [x 1) 1|x_[1) X
KQ,=Q,".Qy' KQ; = Q,.Qq KQp=Q,.Q;" + Q,.Q,
=Q,®Q,

18
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Up/Down Synchronous Counters

® 3-bit Gray code counter: logic diagram.

JQ, =Q:.Qy JQ;=0Q,.Qy JQy=(Q;® Q)
KQ,=0Q;.Qy KQ;=0Q,Q, KQ;=Q,®Q,

DO_J QQU . JQ Q, JQ Q.
—pC —pC pC
) D KQ'O—I Lk ol Lk Qo
o2
CLK
Counters with Parallel Load
('t)tll‘ll—.D
Load e
— —

° . Iy . _/'.—D {7 Ay
Counters with parallel load | — —pcC
can have a preset value L D——fu_

° Load signal indicates that ) —
flatg ((ljg._..|o) sri]muld be S B R N ST Deundinats
oaded into the counter by [ ¢

° Clear resets counter to all - —
zeros I L T T4

° Carry output could be used Dol ) H ] > *
for higher-order bits _ —

I3 - .__> I ) [>— _____ N
[ ! }, +——=C
LoD HH— T D1 |
Clear
CLK . ]
L —1 = }— Carry-output

Fig. 6-14 4-Bit Binary Counter with Parallel Load

19
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Counters with Parallel Load

Clear Clk Load Count Function ™ 1D
0 X X X Clearto Q  Lead == .
1 1 1 X Load inputs ~ fo———LJ7 D f
1 1 0 1 Count D) o1
1 1 0 0 No Change L— | 1 = !
D= D
I ] S e e
Function Table Bt HT— daspeasiy
° If Clear is asserted (0), the PR - g5 E— N N Y
counter is cleared L — T e
-t D H 1> =
° If Load is asserted data oy Lk — =
inputs are loaded R B g NS DgunMans
Lo ) HH= D
° If Count asserted counter lear > |
value is incremented LK [

_I__) Carry-output

Fig. 6-14 4-Bit Binary Counter with Parallel Load

Binary Counter with Parallel Load and Preset

« Commercial version of binary counter

PL Py Pa Py Py Pin Description
l T T T T CRy Count-up clock input
a {active rising edge)
CPy TC,
—_— 74ALS193 - CPp Coc:_nt-agu_vn c!zck input
Py MOD-16 upidown T, {active rising edge)
- counter (O— MR Asynchronous master reset input
{active HIGH)
1 PL Asynchronous parallel load input
{active LOW)
MR Q; Q, Q, Q
PyPy Parallel data inputs
(a)
Qy-Qy Flip-flop cutputs
Mode Select
— TCp Terminal count-down (borrow) output
MR | PL | CP,|CPp Mode (active LOW)
H X X X Asynch. reset .
L L X X Asynch. presat TCy Terr!'llnal count-up {(carry) output
L H H H Ma change (active) LOW
L H| T|H Count up b
L H H t Count down ®
H=HIGH; L= LOW
X = Don't care; 1= PGT

(e)

20
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Summary

° Binary counters can be ripple or synchronous

° Ripple counters use flip flop outputs as flop triggers
* Some delay before all flops settle on a final value
» Do no require a clock signal

° Synchronous counters are controlled by a clock
» All flip flops change at the same time

° Up/Down counters can either increment or decrement a
stored binary value

« Control signal determines if counter counts up or down

° Counters with parallel load can be set to a known value
before counting begins.

21



