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Counters

1 Introduction

A counter is used to count the number of clock cycles by using a group of flip-flops
connected together such that their states change in response to the clock input. At any
time, the binary equivalent of the combined state of flip-flops gives the number of clock
cycles passed up to that time. Usually JK flip-flop is used in toggle mode (J=K=1) for
counting operation.

2 Type of counters

Counters can be classified in two categories depending on the method of clocking as
asynchronous counters and synchronous counters. The sequence of states is determined by
the flip-flops connection type. Counters may be classified in two categories as per the
sequence of states i.e., up counters and down counters. The modulus of a counter (same as
the number of states) is determined by the number of flip-flops used. Counters may have
different bit size depending upon the number of flip-flops required to design them so n-bit
counter has n flip-flops.

2.1 Asynchronous counters

Asynchronous counters are simple and easy to design. In an asynchronous counter, clock
input is not same for all flip-flops. As all flip-flops are not triggered together so they do not
change their states together at the same time. The external clock goes to the clock input of
first flip-flop and output of n* flip-flop goes to the clock input of (n+1)™ flip-flop i.e., output
of first flip-flop is given as clock to second flip-flop and output of second flip-flop is given as
clock to third flip-flop and so on. Hence, output of n™ flip-flop works as clock for (n+1)® flip-
flop. In an asynchronous counter, first flip-flop makes second to change state and second
flip-flop makes third to change state and so on, so it is also called as ripple counter.

2.1.1 2-bit asynchronous counter

A 2-bit counter having two negative edge triggered JK flip-flops connected in asynchronous
mode is shown in Figure 1. External clock goes to the clock input of first flip-flop (FFO) and
Qo output of first flip-flop goes to the clock input of second flip-flop (FF1). First flip-flop
(FFO) changes its state at every negative going edge (1 to O transition or falling edge) of
the clock input so Qg output of FFO is considered as least significant bit (LSB). Second flip-
flop (FF1) changes its state at the negative going edge of Qg output. In a 2-bit counter, Q;
output of FF1 is considered as most significant bit (MSB).

Initially, all flip-flops are assumed to be reset (Qy=Q:=0, means 00 state). The timing
diagram of 2-bit asynchronous counter is shown in Figure 2 and its stepwise description is
as follows:

1. The first negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;

output of FF1 remains unchanged. So after first negative going edge of clock Qy=1
and Q;=0 (means 01 state).
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2. The second negative going edge of clock changes Qq output of FFO from 1 to 0 and
Q; output of FF1 changes from 0 to 1. So after second negative going edge of clock
Qo=0 and Q;=1 (means 10 state).

3. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1 remains unchanged. So after third negative going edge of clock Qp=1
and Q;=1 (means 11 state).

4. The fourth negative going edge of clock changes Qg output of FFO from 1 to 0 and Q;
output of FF1 changes from 1 to 0. So after fourth negative going edge of clock Q=0
and Q;=0 (means 00 state) and counter goes back to its original state.

—/Q J; _‘I Q R
CLK <P CLK {——CLK

FF1 FFO

CLK

Qo

Qs

Figure 2. Timing diagram of 2-bit asynchronous counter using JK flip-flops.
A 2-bit asynchronous counter counts number of clock cycles from zero to three (00 to 11

state) and repeats afterward (Table 1). So initial count for a 2-bit counter is 00 and terminal
count or final count is 11.
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Table 1. Sequence of states for 2-bit asynchronous counter.

After clock edge Q. (MSB) Qo (LSB) Count
0 0 0 0
1 0 1 1
2 1 0 2
3 1 1 3
4 0 0 0

Basic concept

Clocked JK flip-flop

clock.

}—OCLK

Ol

> Small bubble on the CLK terminal signifies that this is negative edge triggered
JK flip-flop means it responds to J and K input level at the falling edge of the

» For J=K=1, flip-flop goes to its opposite state on the negative going edge of
clock and this is called as toggling. So if we keep both J and K at 1 then flip-
flop will change its state for each negative going edge of clock and this fact is
used to design counters.

CLK b ) K Q(n+1)
l 0 0 Q(n) (no change)
{ 0 1 0
! 1 0 1
l 1 1 Q(n) (toggles)

Negative edge triggered JK flip-flop symbol and truth table.

2.1.2 3-bit asynchronous counter

A 3-bit counter having three negative edge triggered JK flip-flops connected
asynchronous mode is shown in Figure 3. External clock goes to the clock input of first flip-
flop (FFQO), Qo output of first flip-flop goes to the clock input of second flip-flop (FF1) and Q;
output of second flip-flop goes to the clock input of third flip-flop (FF2). First flip-flop (FFO)
changes its state at every negative going edge of the clock input so Qg output of FFO is
considered as LSB. Second flip-flop (FF1) changes its state at the negative going edge of Qg
output and third flip-flop (FF2) changes its state at the negative going edge of Q; output. In

a 3-bit counter, Q, output of FF2 is considered as MSB.
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Figure 3. Logic diagram of 3-bit asynchronous counter using JK flip-flops.

Assume that all flip-flops are initially reset (Qo=Q;=Q,=0, means 000 state). The timing
diagram of 3-bit asynchronous counter is shown in Figure 4 and its stepwise description is
as follows:

1.

The first negative going edge of clock changes Q, output of FFO from 0 to 1 and Q;
output of FF1 as well as Q, output of FF2 remain unchanged. So after first negative
going edge of clock Qg=1, Q;=0 and Q,=0 (means 001 state).

The second negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 remains unchanged. So after
second negative going edge of clock Qy=0, Q;=1 and Q,=0 (means 010 state).

. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;

output of FF1 as well as Q; output of FF2 remain unchanged. So after third negative
going edge of clock Qp=1, Q;=1 and Q,=0 (means 011 state).

The fourth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 and Q, output of FF2 changes from 0 to 1. So
after fourth negative going edge of clock Qy=0, Q;=0 and Q,=1 (means 100 state).

The fifth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1 as well as Q, output of FF2 remain unchanged. So after fifth negative
going edge of clock Qp=1, Q;=0 and Q,=1 (means 101 state).

The sixth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 remains unchanged. So after
sixth negative going edge of clock Qy=0, Q;=1 and Q,=1 (means 110 state).

The seventh negative going edge of clock changes Qg output of FFO from 0 to 1 and
Q; output of FF1 as well as Q, output of FF2 remain unchanged. So after seventh
negative going edge of clock Qo=1, Q;=1 and Q,=1 (means 111 state).

The eighth negative going edge of clock changes Qo output of FFO from 1 to 0, Q,
output of FF1 changes from 1 to 0 and Q, output of FF2 changes from 1 to 0. So

4
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after eighth negative going edge of clock Qy=0, Q;=0 and Q,=0 (means 000 state)
and counter goes back to its original state.

CLK

Qo

Q1

Q>

Figure 4. Timing diagram of 3-bit asynchronous counter using JK flip-flops.

A 3-bit asynchronous counter counts number of clock cycles from zero to seven (000 to 111
state) and repeats afterward (Table 2). So initial count for a 3-bit counter is 000 and
terminal count is 111.

Table 2. Sequence of states for 3-bit asynchronous counter.

After clock edge Q. (MSB) Q, Qo (LSB) Count
0 0 0 0 0
1 0 0 1 1
2 0 1 0 2
3 0 1 1 3
4 1 0 0 4
5 1 0 1 5
6 1 1 0 6
7 1 1 1 7
8 0 0 0 0

2.1.3 4-bit asynchronous up counter

Figure 5 shows a 4-bit asynchronous up counter having four negative edge triggered JK flip-
flops. External clock goes to the clock input of first flip-flop (FF0), Qo output of first flip-flop
goes to the clock input of second flip-flop (FF1), Q:; output of second flip-flop goes to the
clock input of third flip-flop (FF2) and Q, output of third flip-flop goes to the clock input of
fourth flip-flop (FF3). First flip-flop (FFO) changes its state at every negative going edge of
the clock input so Qg output of FFO is considered as LSB. Second flip-flop (FF1) changes its
state at the negative going edge of Qg output, third flip-flop (FF2) changes its state at the
negative going edge of Q; output and fourth flip-flop (FF3) changes its state at the negative

5
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going edge of Q, output. In a 4-bit counter, Qs output of FF3 is considered as MSB. This
counter counts upward like 0, 1, 2, ..., N so termed as up counter.

—Q I _'I Q, J, _‘j Q, J; _‘j Q J
CLK <P CLK <o CLK <P CLK {7T—CLK

FF3 FF2 FF1 FFO

Figure 5. Logic diagram of 4-bit asynchronous up counter using JK flip-flops.

Assume that all flip-flops are initially reset (Qy=Q;=Q,=Q3=0, means 0000 state). Figure 6
shows the timing diagram of 4-bit asynchronous up counter and its stepwise description is
as follows:

1. The first negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after first negative going edge of clock Qy=1, Q;=0, Q,=0 and Qs=0 (means 0001
state).

2. The second negative going edge of clock changes Q, output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of FF3
remain unchanged. So after second negative going edge of clock Qy=0, Q;=1, Q,=0
and Q;=0 (means 0010 state).

3. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after third negative going edge of clock Qp=1, Q;=1, Q=0 and Q3=0 (means 0011
state).

4. The fourth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0, Q, output of FF2 changes from 0 to 1 and Q3
output of FF3 remains unchanged. So after fourth negative going edge of clock Qu=0,
Q;:=0, Q,=1 and Q3=0 (means 0100 state).

5. The fifth negative going edge of clock changes Qq output of FFO from 0 to 1 and Q,
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after fifth negative going edge of clock Qy=1, Q;=0, Q>,=1 and Q3;=0 (means 0101
state).

6. The sixth negative going edge of clock changes Qq output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of FF3

6
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remain unchanged. So after sixth negative going edge of clock Qy=0, Q;=1, Q,=1
and Qs=0 (means 0110 state).

The seventh negative going edge of clock changes Qq output of FFO from 0 to 1 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after seventh negative going edge of clock Qy=1, Q:=1, Q>,=1 and Qs=0 (means
0111 state).

The eighth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0, Q, output of FF2 changes from 1 to 0 and Q3
output of FF3 changes from 0 to 1. So after eighth negative going edge of clock
Qo=0, Q;=0, Q>,=0 and Q3=1 (means 1000 state).

The ninth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after ninth negative going edge of clock Qp=1, Q;=0, Q>,=0 and Qsz=1 (means 1001
state).

The tenth negative going edge of clock changes Qq output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of FF3
remain unchanged. So after tenth negative going edge of clock Qu=0, Q;=1, Q,=0
and Qs=1 (means 1010 state).

The eleventh negative going edge of clock changes Qg output of FFO from 0 to 1 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after eleventh negative going edge of clock Qg=1, Q;=1, Q,=0 and Qsz=1 (means
1011 state).

The twelfth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0, Q, output of FF2 changes from 0 to 1 and Q3
output of FF3 remains unchanged. So after twelfth negative going edge of clock
Qo=0, Q;=0, Q>=1 and Q3=1 (means 1100 state).

The thirteenth negative going edge of clock changes Qg output of FFO from 0 to 1
and Q; output of FF1l, Q, output of FF2 as well as Qs output of FF3 remain
unchanged. So after thirteenth negative going edge of clock Qy=1, Q;=0, Q>=1 and
Qs;=1 (means 1101 state).

. The fourteenth negative going edge of clock changes Qg output of FFO from 1 to O,

Q; output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of
FF3 remain unchanged. So after fourteenth negative going edge of clock Qy=0,
Q:=1, Q,=1 and Q3=1 (means 1110 state).

The fifteenth negative going edge of clock changes Q, output of FFO from O to 1 and
Q; output of FF1, Q, output of FF2 as well as Q3 output of FF3 remain unchanged. So
after fifteenth negative going edge of clock Qp=1, Q;=1, Q,=1 and Qs=1 (means
1111 state).
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16. The sixteenth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0, Q, output of FF2 changes from 1 to 0 and Qs
output of FF3 changes from 1 to 0. So after sixteenth negative going edge of clock
Qo=0, Q;=0, Q,=0 and Qs3=0 (means 0000 state) and counter goes back to its
original state.
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Figure 6. Timing diagram of 4-bit asynchronous up counter using JK flip-flops.

Table 3. Sequence of states for 4-bit asynchronous up counter.

After clock edge Qs (MSB) Q> Qo (LSB) Count
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A 4-bit asynchronous up counter counts number of clock cycles from zero to fifteen (0000 to
1111 state) and repeats afterward (Table 3). So initial count for a 4-bit up counter is 0000
and terminal countis 1111.

Important observation

» In an asynchronous up counter using negative edge triggered JK flip-flops, the
Q output of n™ flip-flop goes to the clock input of (n+1)" flip-flop so in an

asynchronous up counter using positive edge triggered JK flip-flops, the Q
output of n™ flip-flop will go to the clock input of (n+1)™ flip-flop.

> Similarly, in an asynchronous down counter using negative edge triggered JK
flip-flops, the Q output of n™ flip-flop will go to the clock input of (n+1)™ flip-
flop and in an asynchronous down counter using positive edge triggered JK flip-
flops, the Q output of n'™ flip-flop will go to the clock input of (n+1)™" flip-flop.

Type of triggering Up counter Down counter
Negative edge Q as CLK Qas CLK
Positive edge Qas CLK Q as CLK

Interesting point

» The frequency of output of a flip-flop is half the frequency of the clock input. In
case of a 4-bit counter, if the frequency of external clock input is 8 MHz then
the frequency of Qg output is 4 MHz and that for Q;, Q> and Qs output is 2 MHz,
1 MHz and 500 KHz respectively. So counters can be used as frequency divider
as frequency of different outputs of a counter are some specific fractions of the
frequency of external clock input.

» In a 4-bit counter, the frequency of Qs output is equal to the frequency of the
clock input divided by 16. That is why 4-bit counter is sometimes called as
divide by 16 counter.
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2.1.4 4-bit asynchronous down counter

Figure 7 shows a 4-bit asynchronous down counter having four negative edge triggered JK
flip-flops. External clock goes to the clock input of first flip-flop (FFO), Q, output of first flip-
flop goes to the clock input of second flip-flop (FF1), Q, output of second flip-flop goes to
the clock input of third flip-flop (FF2) and Q, output of third flip-flop goes to the clock input
of fourth flip-flop (FF3). First flip-flop (FFO) changes its state at every negative going edge
of the clock input so Qg output of FFO is considered as LSB. Second flip-flop (FF1) changes
its state at the negative going edge of Q, output, third flip-flop (FF2) changes its state at
the negative going edge of Q; output and fourth flip-flop (FF3) changes its state at the
negative going edge of Q, output. In a 4-bit counter, Qs output of FF3 is considered as MSB.
This counter counts downward like N, N-1, ..., 1, 0 so termed as down counter.

CLK 9'—|\ CLK 0'—L CLK 0'1 CLK P—CLK
—1Q K. Q K Q K U Q K

FF2

FF3 FF1 FFO

Figure 7. Logic diagram of 4-bit asynchronous down counter using JK flip-flops.

Assume that all flip-flops are initially reset (Qu=Q:;=Q,=Q3=0, means 0000 state). The
timing diagram of 4-bit asynchronous down counter is shown in Figure 8 and its stepwise
description is as follows:

1.

2.

3.

The first negative going edge of clock changes Qg output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 0 to 1. Similarly, Q, output of FF2 changes from 0 to 1 (as Q, triggers the third
flip-flop) and Qs output of FF3 changes from 0 to 1 (as Q, triggers the fourth flip-
flop). So after first negative going edge of clock Qy=1, Q;:=1, Q>=1 and Qsz=1 (means
1111 state).

The second negative going edge of clock changes Qg output of FFO from 1 to 0 and
Q; output of FF1, Q, output of FF2 as well as Q3 output of FF3 remain unchanged. So
after second negative going edge of clock Q¢=0, Q;=1, Q,=1 and Q3=1 (means 1110
state).

The third negative going edge of clock changes Qg output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 1 to 0 and Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after third negative going edge of clock Qp=1, Q;=0, Q>=1 and Qs=1 (means 1101
state).
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The fourth negative going edge of clock changes Qg output of FFO from 1 to 0 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after fourth negative going edge of clock Qu=0, Q;=0, Q>=1 and Q3=1 (means 1100
state).

The fifth negative going edge of clock changes Qq output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 0 to 1. Similarly, Q, output of FF2 changes from 1 to 0 (as Q, triggers the third
flip-flop) and Qs output of FF3 remains unchanged. So after fifth negative going edge
of clock Qo=1, Q;=1, Q,=0 and Qs=1 (means 1011 state).

The sixth negative going edge of clock changes Qg output of FFO from 1 to 0 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after sixth negative going edge of clock Qo=0, Q:=1, Q,=0 and Qs=1 (means 1010
state).

The seventh negative going edge of clock changes Q, output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 1 to 0 and Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after seventh negative going edge of clock Qy=1, Q;=0, Q>,=0 and Qs=1 (means
1001 state).

The eighth negative going edge of clock changes Q, output of FFO from 1 to 0 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after eighth negative going edge of clock Qy=0, Q;=0, Q,=0 and Qsz=1 (means 1000
state).

The ninth negative going edge of clock changes Q, output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 0 to 1. Similarly, Q, output of FF2 changes from 0 to 1 (as Q, triggers the third
flip-flop) and Qs output of FF3 changes from 1 to 0 (as Q, triggers the fourth flip-
flop). So after ninth negative going edge of clock Qe=1, Q:=1, Q,=1 and Q3=0
(means 0111 state).

The tenth negative going edge of clock changes Qg output of FFO from 1 to 0 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after tenth negative going edge of clock Qy=0, Q;=1, Q,=1 and Q3=0 (means 0110
state).

.The eleventh negative going edge of clock changes Qo output of FFO from 0 to 1 (Q,

changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 1 to 0 and Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after eleventh negative going edge of clock Qo=1, Q;=0, Q>,=1 and Q3;=0 (means
0101 state).

The twelfth negative going edge of clock changes Qg output of FFO from 1 to 0 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after twelfth negative going edge of clock Q¢=0, Q;=0, Q,=1 and Q3=0 (means 0100
state).

11
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13. The thirteenth negative going edge of clock changes Q, output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 0 to 1. Similarly, Q, output of FF2 changes from 1 to 0 (as Q, triggers the third
flip-flop) and Qs output of FF3 remains unchanged. So after thirteenth negative going
edge of clock Qo=1, Q;=1, Q,=0 and Qs=0 (means 0011 state).

14.The fourteenth negative going edge of clock changes Q, output of FFO from 1 to O
and Q; output of FF1l, Q, output of FF2 as well as Qs output of FF3 remain
unchanged. So after fourteenth negative going edge of clock Qy=0, Q;=1, Q,=0 and
Qs=0 (means 0010 state).

15. The fifteenth negative going edge of clock changes Qg output of FFO from 0 to 1 (Q,
changes from 1 to 0 which triggers the second flip-flop) so Q; output of FF1 changes
from 1 to 0 and Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after fifteenth negative going edge of clock Qo=1, Q;=0, Q,=0 and Qs=0 (means
0001 state).

16. The sixteenth negative going edge of clock changes Q, output of FFO from 1 to 0 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after sixteenth negative going edge of clock Qy=0, Q;=0, Q,=0 and Q3=0 (means
0000 state) and counter goes back to its original state.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

CLK —Fjljlﬂj'j |j|j |J |J lj Ij |J |j|J|_

Figure 8. Timing diagram of 4-bit asynchronous down counter using JK flip-flops.

A 4-bit asynchronous down counter counts number of clock cycles from fifteen to zero
(1111 to 0000 state) and repeats afterward (Table 4). So initial count for a 4-bit down
counteris 1111 and terminal count is 0000.
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Table 4. Sequence of states for 4-bit asynchronous down counter.

After clock edge Qs (MSB) Q2 Q, Qo (LSB) Count
0 0 0 0 0 0
1 1 1 1 1 15
2 1 1 1 0 14
3 1 1 0 1 13
4 1 1 0 0 12
5 1 0 1 1 11
6 1 0 1 0 10
7 1 0 0 1 9
8 1 0 0 0 8
9 0 1 1 1 7
10 0 1 1 0 6
11 0 1 0 1 5
12 0 1 0 0 4
13 0 0 1 1 3
14 0 0 1 0 2
15 0 0 0 1 1
16 0 0 0 0 0

Interesting point

> Modulus of a counter is the number of distinct states of the counter. For an n-
bit counter consisting of n flip-flops, the maximum number of distinct states
(maximum modulus) is 2". If a counter has M number of states then the
number of flip-flops (n) required for counter design can be determined by using
the relation given by Eq. (1).

M < 20 Eq. (1)

» If a counter goes through a finite number of states and skips some state in
between (skip counter) then the number of flip-flops needed to design a
counter cannot be decided by using Eq. (1). To find the number of flip-flops
needed, we use the relation given by Eq. (2).

Max +1 < 2° Eq. (2)
where Max is the maximum binary count of the counter and n is the number of
flip-flops required.

» If mod-n counter is cascaded with mod-m counter, then mod of the cascaded
counter is same as the product of mod numbers of the constituent counters.

Institute of Lifelong Learning, University of Delhi
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2.1.5 Mod-10 asynchronous counter

As a 4-bit counter has four flip-flops so it has maximum modulus (full modulus) of sixteen.
In case of a truncated modulus counter, the number of states is less than its maximum
modulus. Mod-10 counter (shorthand notation of modulus-10 counter) is a truncated
modulus counter which counts from 0 to 9. Mod-10 counter is commonly called as decade

counter as it has a total of ten states from 0000 to 1001. As 10<2*, so four flip-flops are

required to design a mod-10 counter.

Figure 9 shows a mod-10 asynchronous counter having four negative edge triggered JK flip-
flops. External clock goes to the clock input of first flip-flop (FF0), Qo output of first flip-flop
goes to the clock input of second flip-flop (FF1), Q; output of second flip-flop goes to the
clock input of third flip-flop (FF2) and Q, output of third flip-flop goes to the clock input of
fourth flip-flop (FF3). Q; output of FF1 and Qs output of FF3 go to NAND gate whose output

is connected to clear (CLR) terminal of all flip-flops.

FF3 FF2 FF1 FFO 1
Q, J; _'j Q, L T Q I _"J» Q R
CLK <P CLK 71— CLK <P CLK {o1m—
CLK
—Q, K, - —1Q, K, H —Q, K, - —Q, K,
(CiR) [ | [ I

Figure 9. Logic diagram of mod-10 asynchronous counter using JK flip-flops.

Important point

> The logic for clear (CLR) terminal in case of a mod-M counter depends upon the
flip-flops which have high output corresponding to the modulus of the counter. The
output of these flip-flops go to NAND gate and output of NAND gate is connected to
clear (CLR) terminal of all flip-flops. As in case of a mod-10 counter, Qs and Q; are
high for 10 as 10=1010), so Q; output of FF1 and Qs output of FF3 are input to the
NAND gate.
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First flip-flop (FFO) changes its state at every negative going edge of the clock input so Qg
output of FFO is considered as LSB. Second flip-flop (FF1) changes its state at the negative
going edge of Qg output and third flip-flop (FF2) changes its state at the negative going
edge of Q; output and fourth flip-flop (FF3) changes its state at the negative going edge of
Q, output. In a mod-10 asynchronous counter, Qs output of FF3 is considered as MSB.

Initially, all flip-flops are assumed to be reset (Qy=Q:=Q,=Q3=0, means 0000 state) so
CLR=1. Figure 10 shows the timing diagram of mod-10 asynchronous counter and its
stepwise description is as follows:

1.

The first negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after first negative going edge of clock Qy=1, Q;=0, Q>,=0 and Q3=0 (means 0001
state).

The second negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of FF3
remain unchanged. So after second negative going edge of clock Q¢=0, Q;=1, Q,=0
and Qs;=0 (means 0010 state).

. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;

output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after third negative going edge of clock Qp=1, Q;=1, Q>=0 and Qs=0 (means 0011
state).

The fourth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0, Q, output of FF2 changes from 0 to 1 and Qs
output of FF3 remains unchanged. So after fourth negative going edge of clock Q,=0,
Q;:=0, Q,=1 and Q3=0 (means 0100 state).

The fifth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after fifth negative going edge of clock Qy=1, Q;=0, Q>,=1 and Q3=0 (means 0101
state).

The sixth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of FF3
remain unchanged. So after sixth negative going edge of clock Q¢=0, Q;=1, Q,=1
and Qs=0 (means 0110 state).

The seventh negative going edge of clock changes Qg output of FFO from 0 to 1 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after seventh negative going edge of clock Qpy=1, Q;=1, Q>,=1 and Qs=0 (means
0111 state).

The eighth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0, Q, output of FF2 changes from 1 to 0 and Q3
output of FF3 changes from 0 to 1. So after eighth negative going edge of clock
Qo=0, Q;=0, Q>,=0 and Q3=1 (means 1000 state).
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9. The ninth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged. So
after ninth negative going edge of clock Qy=1, Q;=0, Q,=0 and Qs=1 (means 1001
state).

10.The tenth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 and Q, output of FF2 as well as Qs output of FF3
remain unchanged. So after tenth negative going edge of clock Q¢=0, Q:=1, Q,=0
and Qs=1 (means 1010 state). As Q; output of FF1 and Qs output of FF3 are
connected to NAND gate to generate clear (CLR) signal so as soon as they become
high, the output of NAND gate becomes low which clears each flip-flop. So the
counter is in 1010 state for a small time (sum of the propagation delay of all flip-
flops and NAND gate) and then goes to 0000 state. That is how mod-10 counter goes
back to its original state while skipping some states.

CLR

1
CLK H
|
|
|
|
|
|
|

Qo 1

Qs

Q>

Qs

Figure 10. Timing diagram of mod-10 asynchronous counter using JK flip-flops.

A mod-10 asynchronous counter counts number of clock cycles from zero to nine (0000 to
1001 state) and repeats afterward (Table 5). So initial count for a decade counter is 0000
and terminal count is 1001.
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Table 5. Sequence of states for mod-10 asynchronous counter.

After clock edge Qs (MSB) Q2 Q, Qo (LSB) Count
0 0 0 0 0 0
1 0 0 0 1 1
2 0 0 1 0 2
3 0 0 1 1 3
4 0 1 0 0 4
5 0 1 0 1 5
6 0 1 1 0 6
7 0 1 1 1 7
8 1 0 0 0 8
9 1 0 0 1 9
10 0 0 0 0 0

2.2 Synchronous counters

In case of a synchronous counter, a common external clock input triggers all flip-flops.
Hence, all flip-flops change their states together at the same time.

2.2.1 2-bit synchronous counter

A 2-bit synchronous counter having two negative edge triggered JK flip-flops is shown in
Figure 11. External clock goes to the clock input of each flip-flop (FFO and FF1). As Jy=Ky=1
so first flip-flop (FFO) changes its state at every negative going edge of the clock input and
Qo output of FFO is considered as LSB. Second flip-flop (FF1) changes its state at the
negative going edge of the clock input whenever Qy=1. In a 2-bit counter, Q; output of FF1

is considered as MSB.

FF1

FFO

CLK

Figure 11. Logic diagram of 2-bit synchronous counter using JK flip flops.

Initially, all flip-flops are assumed to be reset (Qy=Q;:=0, means 00 state). The timing
diagram of 2-bit synchronous counter is shown in Figure 12 and its stepwise description is

as follows:
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. The first negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1 remains unchanged as Qy=0. So after first negative going edge of
clock Qo=1 and Q;=0 (means 01 state).

. The second negative going edge of clock changes Qg output of FFO from 1 to 0 and
Q; output of FF1 changes from 0 to 1 as Qp=1. So after second negative going edge
of clock Qu=0 and Q;=1 (means 10 state).

. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1 remains unchanged as Qy=0. So after third negative going edge of
clock Qo=1 and Q;=1 (means 11 state).

. The fourth negative going edge of clock changes Q, output of FFO from 1 to 0 and Q;
output of FF1 changes from 1 to 0 as Qg=1. So after fourth negative going edge of
clock Qo=0 and Q;=0 (means 00 state) and counter goes back to its original state.

CLK

Qo

Q:

Figure 12. Timing diagram of 2-bit synchronous counter using JK flip-flops.

2.2.2 3-bit synchronous counter

A 3-bit synchronous counter having three negative edge triggered JK flip-flops is shown in
Figure 13. External clock goes to the clock input of each flip-flop (FFO, FF1 and FF2). As
Jo=Ko=1 so first flip-flop (FFO) changes its state at every negative going edge of the clock
input so Qp output of FFO is considered as LSB. Second flip-flop (FF1) changes its state at
the negative going edge of the clock input whenever Qy=1 and third flip-flop (FF2) changes
its state at the negative going edge of the clock input whenever Qy=Q;=1.

In a 3-bit counter, Q, output of FF2 is considered as MSB. Assume that all flip-flops are
initially reset (Qo=Q;=Q,=0, means 000 state). The timing diagram of 3-bit synchronous
counter is shown in Figure 14 and its stepwise description is as follows:

1. The first negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;

output of FF1 as well as Q, output of FF2 remain unchanged as Qy=Q;=0. So after
first negative going edge of clock Qp=1, Q;=0 and Q,=0 (means 001 state).

18
Institute of Lifelong Learning, University of Delhi



Counters

. The second negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Q=1 and Q, output of FF2 remains unchanged
as Q;=0. So after second negative going edge of clock Qu=0, Q;=1 and Q,=0 (means
010 state).

. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1 as well as Q, output of FF2 remain unchanged as Qy=0. So after third
negative going edge of clock Qp=1, Q;=1 and Q,=0 (means 011 state).

. The fourth negative going edge of clock changes Q, output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qy=1 and Q, output of FF2 changes from 0 to 1
as Qo=Q;:=1. So after fourth negative going edge of clock Q¢=0, Q;=0 and Q,=1
(means 100 state).

. The fifth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1 as well as Q, output of FF2 remain unchanged as Qy=Q;=0. So after
fifth negative going edge of clock Qy=1, Q;=0 and Q,=1 (means 101 state).

. The sixth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Qp=1 and Q, output of FF2 remains unchanged
as Q;=0. So after sixth negative going edge of clock Qy=0, Q;=1 and Q,=1 (means
110 state).

. The seventh negative going edge of clock changes Qg output of FFO from 0 to 1 and
Q; output of FF1 as well as Q, output of FF2 remain unchanged as Qqo=0. So after
seventh negative going edge of clock Qo=1, Q;=1 and Q,=1 (means 111 state).

. The eighth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Q=1 and Q; output of FF2 changes from 1 to 0
as Qo=Q:=1. So after eighth negative going edge of clock Qy=0, Q;=0 and Q,=0
(means 000 state) and counter goes back to its original state.

FF1 FF1 FFO

CLK

Figure 13. Logic diagram of 3-bit synchronous counter using JK flip-flops.
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CLK

Qo

Q1

Q>

Figure 14. Timing diagram of 3-bit synchronous counter using JK flip-flops.

2.2.3 4-bit synchronous counter

Figure 15 shows a 4-bit synchronous counter having four negative edge triggered JK flip-
flops. External clock goes to the clock input of each flip-flop (FFO, FF1, FF2 and FF3). As
Jo=Ko=1 so first flip-flop (FFO) changes its state at every negative going edge of the clock
input so Qq output of FFO is considered as LSB. Second flip-flop (FF1) changes its state at
the negative going edge of the clock input whenever Qqo=1, third flip-flop (FF2) changes its
state at the negative going edge of the clock input whenever Qy=Q;=1 and fourth flip-flop
(FF3) changes its state at the negative going edge of the clock input whenever
Qo=Q;:=Q,=1. In a 4-bit counter, Qs output of FF3 is considered as MSB.

—Q, J, »—'_G{T Q, 3, 1
CLK CLK <ot CLK
—Q, K, — % Ky 7 | Q K
FF3 FF2 FF1 FFO
CLK

Figure 15. Logic diagram of 4-bit synchronous counter using JK flip-flops.
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Assume that all flip-flops are initially reset (Qy=Q:=Q>,=Qs=0, means 0000 state). Figure 16
shows the timing diagram of 4-bit synchronous counter and its stepwise description is as
follows:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
CLK
Y | N Y |Y |Y | Y 1|¥N \\_
T O I A I R A
oL oL
Qo
R T T Y N N E HN ER S NN N N
N (T S S N O
O R
S N ! | | | ! R
B e e
R F T T Y R Y E N EA T N N
T T T s e SO O T B e s ey
Q2 R T R T N E T N F B
S — o I — I T R
R A T Y N N E N EA T N N
e
Qs R HE T R A TR N E S B

Figure 16. Timing diagram of 4-bit synchronous up counter using JK flip-flops.

. The first negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q;=Q,=0. So after first negative going edge of clock Qy=1, Q;=0, Q,=0 and
Q5=0 (means 0001 state).

. The second negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Qo=1 and Q, output of FF2 as well as Qs output
of FF3 remain unchanged as Q;=Q,=0. So after second negative going edge of clock
Qo=0, Q;=1, Q,=0 and Q3=0 (means 0010 state).

. The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q,=0. So after third negative going edge of clock Qy=1, Q;=1, Q,=0 and Q=0
(means 0011 state).

. The fourth negative going edge of clock changes Q, output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qy=1, Q, output of FF2 changes from 0 to 1 as
Qo=Q:=1 and Qs output of FF3 remains unchanged as Q,=0. So after fourth negative
going edge of clock Qy=0, Q;=0, Q,=1 and Q3=0 (means 0100 state).
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The fifth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q;:=0. So after fifth negative going edge of clock Qy=1, Q;=0, Q=1 and Q3=0
(means 0101 state).

The sixth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Q=1 and Q, output of FF2 as well as Qs output
of FF3 remain unchanged as Q;=0. So after sixth negative going edge of clock Q,=0,
Q:=1, Q,=1 and Q3=0 (means 0110 state).

The seventh negative going edge of clock changes Qq output of FFO from 0 to 1 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=0. So after seventh negative going edge of clock Q¢=1, Q;=1, Q,=1 and Q3=0
(means 0111 state).

The eighth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qg=1, Q, output of FF2 changes from 1 to 0 as
Qo=Q;=1 and Qs output of FF3 changes from 0 to 1 as Qu=Q;=Q,=1. So after eighth
negative going edge of clock Qy=0, Q;=0, Q>,=0 and Q3z=1 (means 1000 state).

The ninth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q:=Q,=0. So after ninth negative going edge of clock Q¢=1, Q;=0, Q,=0 and
Qs;=1 (means 1001 state).

The tenth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Q=1 and Q, output of FF2 as well as Qs output
of FF3 remain unchanged as Q;=Q,=0. So after tenth negative going edge of clock
Qo=0, Q;:=1, Q,=0 and Q3=1 (means 1010 state).

The eleventh negative going edge of clock changes Qg output of FFO from 0 to 1 and

Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remains unchanged as

Qo=Q,=0. So after eleventh negative going edge of clock Qo=1, Q;=1, Q,=0 and
3=1 (means 1011 state).

The twelfth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qp=1, Q, output of FF2 changes from 0 to 1 as
Qo=Q;=1 and Qs output of FF3 remain unchanged as Q,=0. So after twelfth negative
going edge of clock Qy=0, Q;=0, Q,=1 and Q3z=1 (means 1100 state).

The thirteenth negative going edge of clock changes Qg output of FFO from 0 to 1
and Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged
as Qpy=Q;=0. So after thirteenth negative going edge of clock Qo=1, Q;:=0, Q,=1 and
Qs;=1 (means 1101 state).

The fourteenth negative going edge of clock changes Qg output of FFO from 1 to O,
Q; output of FF1 changes from 0 to 1 as Qo=1 and Q, output of FF2 as well as Qs
output of FF3 remain unchanged as Q;=0. So after fourteenth negative going edge of
clock Qp=0, Q:=1, Q,=1 and Qs=1 (means 1110 state).
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15. The fifteenth negative going edge of clock changes Q, output of FFO from 0 to 1 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=0. So after fifteenth negative going edge of clock Qo=1, Q:=1, Q,=1 and Qsz=1
(means 1111 state).

16. The sixteenth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qu=1, Q, output of FF2 changes from 1 to 0 as
Qo=Q;=1 and Qs output of FF3 changes from 1 to 0 as Qy=Q;=Q»=0. So after
sixteenth negative going edge of clock Qu=0, Q;=0, Q=0 and Q3=0 (means 0000
state) and counter goes back to its original state.

2.2.4 Mod-10 synchronous counter

Figure 17 shows a mod-10 synchronous counter having four negative edge triggered JK flip-
flops. External clock goes to the clock input of each flip-flop (FFO, FF1, FF2 and FF3). As
Jo=Ko=1 so first flip-flop (FFO) changes its state at every negative going edge of the clock
input so Qp output of FFO is considered as LSB. Second flip-flop (FF1) changes its state at
the negative going edge of the clock input whenever Qy=1 and Qs=0, third flip-flop (FF2)
changes its state at the negative going edge of the clock input whenever Q,=Q;=1 and
fourth flip-flop (FF3) changes its state at the negative going edge of the clock input
whenever Qy=Q;=0Q5=1 or Qy=Qs=1. In a mod-10 counter, Qs output of FF3 is considered
as MSB.

Q, L H Q J q»f_<::}4-Ql J Q, J 1

FF3 FF2 FF1 FFO

Figure 17. Logic diagram of mod-10 synchronous counter using JK flip flops.

Assume that all flip-flops are initially reset (Qo=Q;=Q>,=Q3=0, means 0000 state). Figure 18
shows the timing diagram of mod-10 synchronous counter and its stepwise description is as
follows:

1. The first negative going edge of clock changes Qq output of FFO from 0 to 1 and Q,
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
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Qo=Q1=Q,=0. So after first negative going edge of clock Qo=1, Q;=0, Q,=0 and
Q3=0 (means 0001 state).

The second negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Qo=1 and Qs=0 and Q, output of FF2 as well as
Qs output of FF3 remain unchanged as Q;=Q,=Q3=0. So after second negative going
edge of clock Qo=0, Q;:=1, Q,=0 and Q3=0 (means 0010 state).

The third negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q,=Q3=0. So after third negative going edge of clock Qy=1, Q;=1, Q,=0 and
Qs=0 (means 0011 state).

The fourth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qo=1 and Qs;=0, Q, output of FF2 changes from
0 to 1 as Qu=Q;=1 and Qs output of FF3 remains unchanged as Q,=Qs=0. So after
fourth negative going edge of clock Qu=0, Q;=0, Q,=1 and Q=0 (means 0100
state).

The fifth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q;=Q5=0. So after fifth negative going edge of clock Qy=1, Q;=0, Q>,=1 and
Q5;=0 (means 0101 state).

The sixth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 0 to 1 as Qu=1 and Qs=0 and Q, output of FF2 as well as
Qs output of FF3 remain unchanged as Q;=Qs=0. So after sixth negative going edge
of clock Qp=0, Q;=1, Q>,=1 and Q3=0 (means 0110 state).

The seventh negative going edge of clock changes Qg output of FFO from 0 to 1 and
Q; output of FF1, Q, output of FF2 as well as Qs output of FF3 remain unchanged as
Qo=Q3=0. So after seventh negative going edge of clock Qy=1, Q;=1, Q,=1 and
Qs=0 (means 0111 state).

The eighth negative going edge of clock changes Qg output of FFO from 1 to 0, Q;
output of FF1 changes from 1 to 0 as Qy=1 and Q3=0, Q, output of FF2 changes from
1 to 0 as Qu=Q;=1 and Q5 output of FF3 changes from 0 to 1 as Qy=Q;=Q,=1. So
after eighth negative going edge of clock Qy=0, Q;:=0, Q,=0 and Qs=1 (means 1000
state).

The ninth negative going edge of clock changes Qg output of FFO from 0 to 1 and Q;
output of FF1, Q, output of FF2 as well as Q3 output of FF3 remain unchanged as
Qo=Q:=Q,=0. So after ninth negative going edge of clock Q¢=1, Q;=0, Q=0 and
Qs=1 (means 1001 state).

The tenth negative going edge of clock changes Q, output of FFO from 1 to 0, Q,
output of FF1 remains unchanged as Qs=1, Q, output of FF2 remains unchanged as
Q;=0 and Q3 output of FF3 changes from 1 to 0 as Qu=Qs=1. So after tenth negative
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going edge of clock Q¢=0, Q;=0, Q,=0 and Q3=0 (means 0000 state). That is how

mod-10 counter goes back to its original state while skipping some states.

CLK

Qo

Q.

Q>

Qs

Figure 18. Timing diagram of mod-10 synchronous counter using JK flip-flops.
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Synchronous counter design

Mod-10 synchronous counter

Steps to design mod-10 synchronous counter which counts from 0000 to 1001 are
given below:

Step 1: Number of flip-flops

A mod-10 counter has ten states from 0000 to 1001 and as 10<2* so four flip-flops
are required to design a mod-10 synchronous counter.

Step 2: State diagram
State diagram shows the sequence of states of the counter as shown below:
—> 0000 —> 0001 —> 0010 —> 0011 —

N

1001 0100
/]

— 1000 €<— 0111 <—— 0110 <—— 0101 <—

Step 3: Next state table

It enlists the present state and the corresponding next state of the counter. After the
present state, next state is the state of the counter with the clock. In mod-10
synchronous counter, Qq is considered as LSB and Qs is considered as MSB.

Step 4: JK flip-flop transition table

Transition table for JK flip-flop lists value of J and K input for all possible output
transitions as shown below:

JK flip-flop transition table.

Output transition Flip-flop inputs
Q(n) Q(n+1) b) K
I > 0 0 X
I > 1 1 X
I > 0 X 1
R Tt etetutats > 1 X 0
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Continued...

Next state table for mod-10 synchronous counter.

Present state Next state
Qs (MSB) Q2 Qi Qo (LSB) | Q3 (MSB) Q2 Qi Qo (LSB)
0 0 0 0 0 0 0 1
0 0 0 1 0 0 1 0
0 0 1 0 0 0 1 1
0 0 1 1 0 1 0 0
0 1 0 0 0 1 0 1
0 1 0 1 0 1 1 0
0 1 1 0 0 1 1 1
0 1 1 1 1 0 0 0
1 0 0 0 1 0 0 1
1 0 0 1 0 0 0 0

Step 5: Logic expression using karnaugh map

K-map is used to find the logic expression for the J and K input of each flip-flop of the
counter. Present state of the counter decides entries in each cell of K-map.

Table showing state transition and corresponding flip-flops inputs for mod-10
synchronous counter.

Present state Next state Flip-flop inputs
Q: | Q> | Q1 | Qo | Q3 | Q> | Qs | Qo | I3 | Ks | I [ Ky | 3y | Ky | Jo | Ko
0 0 0 0 0 0 0 1 0 X 0 X 0 X 1 X
0 0 0 1 0 0 1 0 0 X 0 X 1 X X 1
0 0 1 0 0 0 1 1 0 X 0 X X 0 1 X
0 0 1 1 0 1 0 0 0 X 1 X X 1 X 1
0 1 0 0 0 1 0 1 0 X X 0 0 X 1 X
0 1 0 1 0 1 1 0 0 X X 0 1 X X 1
0 1 1 0 0 1 1 1 0 X X 0 X 0 1 X
0 1 1 1 1 0 0 0 1 X X 1 X 1 X 1
1 0 0 0 1 0 0 1 X 0 0 X 0 X 1 X
1 0 0 1 0 0 0 0 X 1 0 X 0 X X 1
Jomap Komap
1Qo | 00 01 11 10 1Qo 00 01 11 10
Q3 2 Q3 2
00 1 X X 1 00 X 1 1 X
01 1 X X 1 01 X 1 1 X
11 X X X X 11 X X X X
10 1 X X X 10 X 1 X X
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Continued...
Jimap K;map
1Qo 00 01 11 10 1Qo 00 01 11 10
Qs Qs
00 0 1 X X 00 X X 1 0
01 0 1 X X 01 X X 1 0
11 X X X X 11 X X X X
10 0 0 X X 10 X X X X
Jomap Komap
1Qo 00 01 11 10 1Qo 00 01 11 10
Qs Qs
00 0 0 1 0 00 X X X X
01 X X X X 01 0 0 1 0
11 X X X X 11 X X X X
10 0 0 X X 10 X X X X
Jsmap Ksmap
1Qo 00 01 11 10 1Qo 00 01 11 10
Qs Qs
00 0 0 0 0 00 X X X X
01 0 0 1 0 01 X X X X
11 X X X 11 X X X
10 X X X X 10 0 1 X X

Logic expression for each input is derived by grouping the cells in K-map. Expression
for input of all four flip-flops is:

Jo=Ko=1
=K =QQ

Step 5: Logic diagram

Ji=Ki=QQs
J3=K3=QQ3+QyQ; Q

The logic expression of each input is used to draw logic diagram of a mod-10
synchronous counter using JK flip-flops.
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3 Propagation delay in asynchronous counters

Asynchronous counters are also addressed as series counters or serial counters. Due to
propagation delay of a flip-flop, there is a small time difference between negative going
edge of clock and change of output.

Let us consider a 3-bit asynchronous counter to understand the effect of propagation delay
(Figure 3). The output of first flip-flop (FFO) changes after negative going edge of external
clock input, output of second flip-flop (FF1) changes after negative going edge of Qg output
of FFO and output of third flip-flop (FF2) changes after negative going edge of Q; output of
FF1. Due to propagation delay of previous stages, output of next stage is furthur delayed
and this accounts for cumulative propagation delay in asynchronous counters.

If trLno=trHLo=tprLH1=trPHL1 =tpLH2=tPHL=...=tp SO cumulative propagation delay (means total
propagation delay) of n-bit asynchronous counter will be nt,. An asynchronous counter will
work properly if time period of clock input (T¢k) is more than its cumulative propagation
delay (ntp) as given by Eq. (3).

TCLK > ntp Eq' (3)
1 1
or
fog = — < —
T Tk ntp

So cumulative propagation delay puts an upper limit on the frequency of the clock and thus
limits the clocking frequency of the counter.

1 2 3 4

CLK N J
Q | | |
Q: P ! P
Q; B B e

t b - : tPHLO Lol i : tPHLl

PLHO | > s

v I S I ' "l

Figure 19. Effect of propagation delay on output of 3-bit asynchronous counter.
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Figure 19 shows the effect of propagation delay on different output of a 3-bit asynchronous
counter, where

tpLho
tpHio
torht
tprLy
tormo

trrLz !

delay time for Qg output to change from 0 to 1 after falling edge of the clock.

delay time for Qg output to change from 1 to 0 after falling edge of the clock.

delay time for Q; output to change from 0 to 1 after falling edge of Qq output.
delay time for Q; output to change from 1 to 0 after falling edge of Qg output.
delay time for Q, output to change from 0 to 1 after falling edge of Q; output.

delay time for Q, output to change from 1 to 0 after falling edge of Q; output.

4 Propagation delay in synchronous counters

Let us consider a 3-bit synchronous counter to understand the effect of propagation delay
(Figure 13). Output of each flip-flop will change after negative going edge of the clock input.
As in a synchronous counter, all flip-flops respond to a common external clock input so
propagation delay in synchronous counter is same as propagation delay of a flip-flop. If
triHo=trHLo=tpPLH1=tPHL1=tpLH2=TtpH2=...=tp SO propagation delay of n-bit synchronous counter
will be only tp.

Figure 20. Effect of propagation delay on output of 3-bit synchronous counter.

CLK N J

Qo

Q1

Q>

PLHO

PLH2
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Figure 20 shows the effect of propagation delay on different output of a 3-bit synchronous
counter, where

tpLho
tpHio
torht
tprLy

tpLha

trrLz !

delay time for Qg output to change from 0 to 1 after falling edge of the clock.
delay time for Qg output to change from 1 to 0 after falling edge of the clock.
delay time for Q; output to change from 0 to 1 after falling edge of the clock.
delay time for Q; output to change from 1 to 0 after falling edge of the clock.
delay time for Q, output to change from 0 to 1 after falling edge of the clock.

delay time for Q, output to change from 1 to 0 after falling edge of the clock.

Interesting point

> Propagation delay in asynchronous counter is the sum of propagation delay of
all flip-flops and gates whereas propagation delay in synchronous counter is
propagation delay of a flip-flop. So propagation delay in synchronous counter is
smaller than asynchronous counter.

> The clocking frequency depends inversly on propagation delay so the upper
limit on clocking frequency is increased in synchronous counter due to reduced
value of propagation delay. Hence, synchronous counters are faster than
asynchronous counters.
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Summary

o A counter counts number of clock cycles by using a group of flip-flops.
o JK flip-flop is used in toggle mode to design counters.

o Up counters count upward like 0, 1, 2, ..., N whereas down counters count downward
like N, N-1, ..., 1, O.

o The number of flip-flops in a counter is same as its bit size.
o Asynchronous and synchronous counters have different type of clocking.
o Clock input is not same for all flip-flops in an asynchronous counter.

o The external clock goes to the clock input of first flip-flop and output of n* flip-flop
goes to the clock input of (n+1)™ flip-flop.

o A common external clock input triggers all flip-flops in a synchronous counter.

o The number of distinct states is same as the modulus of a counter so maximum
modulus of n-bit counter is 2".

o A 2-bit counter counts from 0 to 3, 3-bit counter counts from 0 to 7, 4-bit up counter
counts from 0 to 15 and 4-bit down counter counts from 15 to 0.

o A skip counter or truncated modulus counter goes through a finite humber of states
and skips some states in between.

0 Modulus-10 counter is a truncated modulus counter which counts from 0 to 9.
0 Mod-10 counter has total of ten states so commonly called as decade counter.

o The flip-flops which have high output corresponding to the modulus of a counter
decide the logic for clear (CLR) signal.

o In asynchronous counters, J=K=1 for all flip flops.
o In 2-bit synchronous counter, J;=K,=1and J;=K;=Q,.
o In 3-bit synchronous counter, J,=K,=1, J;=K;=Q, and J,=K,=Q,Q; .

o In 4-bit synchronous counter, J,=K;=1, J;=K;=Qy, J,=K,=Q,Q, and J;=K;=Q,Q,Q, .

o In mod-10 synchronous counter, J():K(,:l,J1:K1:Q063,J2:K2:Q0Ql and J;=K;=Q,Q5+
QQQ; -
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The frequency of output of a flip-flop is half the frequency of the clock input.

In a 4-bit counter, the frequency of Qs output is equal to the frequency of the clock
input divided by the mod number.

As frequency of different output of a counter are specific fractions of the frequency of
the clock so counters can be used as frequency divider.

Propagation delay in asynchronous counter is the sum of propagation delay of all flip-
flops and gates

Total propagation delay of n-bit asynchronous counter is nt, whereas of n-bit
synchronous counter is only t, where t, is the propagation delay of a flip-flop.

Time period of the clock input (Tck) should be more than cumulative propagation
delay (ntp) for an asynchronous counter to work properly.

Cumulative propagation delay limits the clocking frequency of the counter

Synchronous counters are faster than asynchronous counters as propagation delay in
synchronous counters is smaller than asynchronous counters.
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Exercise

Solved problems

Counters

Problem 1. Draw the logic diagram of 4-bit asynchronous up counter which counts from

0000 to 1111, using positive edge triggered JK flip-flops.

Solution: As in a 4-bit asynchronous up counter using negative edge triggered JK flip-flops,

the Q output of n'™ flip-flop goes to the clock input of (n+1)" flip-flop so in a 4-bit

asynchronous up counter using positive edge triggered JK flip-flops, the Q output of n*" flip-

flop will go to the clock input of (n+1)" flip-flop. The logic diagram of 4-bit asynchronous up
counter using positive edge triggered JK flip-flops is shown in Figure 21.

Figure 21. Logic diagram of 4-bit asynchronous up counter using JK flip-flops.

CLK

Qo

Qs

Q>

Qs

Figure 22. Timing diagram of 4-bit asynchronous up counter using JK flip-flops.
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Figure 22 shows the timing diagram of 4-bit asynchronous up counter that has sixteen
states, from 0000 to 1111.

Problem 2. Draw the logic diagram of 4-bit asynchronous down counter which counts from
1111 to 0000, using positive edge triggered JK flip-flops.

Solution:

19 VA FQz J, M —Q, I —1 % bt

CLK CLK CLK CLK

FF3 FF2 FF1 FFO

Figure 23. Logic diagram of 4-bit asynchronous down counter using JK flip-flops.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

ew UL U UYL

Qo

Q1

Q>

Qs

Figure 24. Timing diagram of 4-bit asynchronous down counter using JK flip-flops.

As in a 4-bit asynchronous down counter using negative edge triggered JK flip-flops, the Q
output of n' flip-flop will go to the clock input of (n+1)" flip-flop so in a 4-bit asynchronous
35
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down counter using positive edge triggered JK flip-flops, the Q output of n™ flip-flop will go
to the clock input of (n+1)™ flip-flop. The logic diagram of 4-bit asynchronous down counter
using positive edge triggered JK flip-flops is shown in Figure 23. Figure 24 shows the timing
diagram of 4-bit asynchronous down counter that has sixteen states, from 1111 to 0000.

Problem 3. Draw the logic diagram of mod-12 asynchronous counter which counts from
0000 to 1011, using JK flip-flops.

Solution:

FE3 FE2 FFL FEQ )
Q, LM 19 Jz-a__(——ol ), Al_{—— Q, I H
CLK <P CLK <p CLK <o cLk K
—Q  kH o, kH o kH o kM
[ | [ [

o ARARAARARHAR
o L
o L T

Figure 26. Timing diagram of mod-12 asynchronous counter using JK flip-flops.
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As the logic for clear (CLR) signal in case of a mod-M counter depend upon the flip-flops
which have high output corresponding to the modulus of the counter. The output of these
flip-flops go to NAND gate and whose output is connected to clear (CLR) terminal of all flip-
flops. So in case of a mod-12 counter, Qs and Q, are high for 12 as 12=1100), so Q; and Qs
are input to the NAND gate. The logic diagram of mod-12 asynchronous counter using
negative edge triggered JK flip-flops is shown in Figure 25. Figure 26 shows the timing
diagram of mod-12 asynchronous counter that has twelve states, from 0000 to 1011.

Problem 4. Draw the logic diagram of 4-bit asynchronous up counter which counts from
0000 to 1111, using positive edge triggered D flip-flops.

Solution: External clock goes to the clock input of first flip-flop (FFO), Q, output of first flip-
flop goes to the clock input of second flip-flop (FF1), Q, output of second flip-flop goes to the
clock input of third flip-flop (FF2) and Q, output of third flip-flop goes to the clock input of
fourth flip-flop (FF3). The logic diagram of 4-bit asynchronous up counter using positive
edge triggered D flip-flops is shown in Figure 27. The timing diagram of 4-bit asynchronous
up counter using positive edge triggered D flip-flops is same as 4-bit asynchronous up
counter using positive edge triggered JK flip-flops as shown in Figure 22.

CLK

J

L

CLK

J

©

CLK

J

Ol

CLK

— CLK

FF3 FF2 FF1 FFO

Figure 27. Logic diagram of 4-bit asynchronous up counter using D flip-flops.

Problem 5. If propagation delay of a flip-flop is 20 ns. Calculate the maximum frequency of
clock input at which 4-bit asynchronous counter will work properly.

Solution: A 4-bit asynchronous counter has four flip-flops so its cumulative propagation
delay is nt,=4x20 ns=80 ns. If fc« is the frequency of clock input having time period Tci«k
then from Eq. (3), we have

1 1

foxk =m—<—
Tk ntp
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1 1

7+20-10° —80»10- _ 125 MHz

fork <

Hence, the maximum frequency of clock is 12.5 MHz for 4-bit asynchronous counter to work
properly.

Problem 6. If time period of Qs output of 4-bit asynchronous counter is 80 ps then what
will be the frequency of clock input.

Solution: As one cycle of Qs output is same as 16 cycles of clock input so time period of
clock input will be 80/16=5 ps. Hence, the frequency of clock input is 1/(5x107°)=200 KHz.
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Objective problems

1. The difference between an asynchronous counter and a synchronous counter is
(A) Modulus value
(B) Type of flip-flop
(C) Number of states
(D) Method of clocking
Answer: (D)
2. How many flip-flop does a mod-32 counter have
(A) 5
(B) 6
(C) 16
(D) 32
Answer: (A)
3. What is the maximum modulus for a 4-bit counter
(A) 4
(B) 8
(C) 15
(D) 16
Answer: (D)
4. A counter having truncated modulus is
(A) Mod-4
(B) Mod-8
(C) Mod-10
(D) Mod-16

Answer: (C)
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5. How many flip-flop does a mod-12 counter have
(A) 3
(B) 4
(C) 11
(D) 12
Answer: (B)
6. What is the terminal count of mod-15 counter
(A) 1011
(B) 1101
(C) 1110
(D) 1111
Answer: (C)
7. How many states does a mod-11 counter have
(A) 10
(B) 11
(C) 12
(D) None of the above
Answer: (B)
8. The largest decimal number that a mod-6 counter can count is
(A) 5
(B) 6
(C) 12
(D) 64

Answer: (A)
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9. If the propagation delay of a flip-flop is 10 ns. How much time is taken by 4-bit
asynchronous counter to cycle from 1111 to 00007

(A) 10 ns
(B) 20 ns
(C) 40 ns
(D) 150 ns
Answer: (C)

10. What is the maximum frequency of clock input at which 2-bit synchronous counter
will work properly if propagation delay of a flip-flop is 10 ns:

(A) 10 MHz
(B) 25 MHz
(C) 50 MHz
(D) 100 MHz
Answer: (D)

11.A mod-12 counter is cascaded with a mod-5 counter. If the frequency of clock input
is 90 MHz then the frequency of output is:

(A) 1 MHz

(B) 1.5 MHz
(C) 60 MHz
(D) 90 MHz
Answer: (B)

12.If the frequency of Q, output of a 3-bit counter is 1 MHz then the frequency of input
clock was:

(A) 1 MHz
(B) 3 MHz
(C) 6 MHz

(D) 8 MHz
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Answer: (D)

13. Which outputs of mod-12 counter should go to NAND gate to generate the clear
signal:

(A) Qo and Q
(B) Q2 and Qs
(C) Qo and Qs
(D) All four
Answer: (B)

14. Which outputs of mod-15 counter should go to NAND gate to generate the clear
signal:

(A) Qo only
(B) Qo, Q1 and Qs
(C) Q1, Q2 and Qs

(D) All four

Answer: (C)

42
Institute of Lifelong Learning, University of Delhi



Counters

Glossary
Counter: counts number of clock cycles by using a group of flip-flops

Toggle mode: change of output to its opposite state corresponding to each positive or
negative edge of clock

Asynchronous counter: all flip-flops do not change their states in synchronism with the
applied clock input

Synchronous counter: all flip-flops change their states in synchronism with the applied
clock input

Modulus of a counter: nhumber of states that the counter goes through in a cycle

Decade counter: a counter that counts ten states from 0 to 9

Propagation delay: time difference between negative going edge of clock and change of
output
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