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Obtaining 2’s complement

2’s complement: 2N − b

− 1 0 0 0 0
b3 b2 b1 b0

c3 c2 c1 c0 ← 2’s complement (complementary code)

= (2N − 1)− b + 1

1 00002 = 11112 + 1

− 0 1 1 1 1 ← (2N − 1)

b3 b2 b1 b0

+
b3 b2 b1 b0 ← 1’s complement (inverse code)

1
c3 c2 c1 c0 ← 2’s complement
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2’s complement example

102 − 112 = ???

Find 2’s complement of 112:

− 0 1 1 1 1 ← (2N − 1)

0 0 1 1

0 0 1 1

+
1 1 0 0 ← 1’s complement

1
1 1 0 1 ← 2’s complement

102 − 112 = 00102 + 11012 = 11112 = −12
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Converting 2’s complement to decimal

Dec. 2’s Compl. Dec. 2’s Compl.
7 0111 -1 1111
6 0110 -2 1110
5 0101 -3 1101
4 0100 -4 1100
3 0011 -5 1011
2 0010 -6 1010
1 0001 -7 1001
0 0000 -8 1000
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Converting 2’s complement to decimal

Dec. 2’s Compl. Dec. 2’s Compl.
7 0111 -1 1111
6 0110 -2 1110
5 0101 -3 1101
4 0100 -4 1100
3 0011 -5 1011
2 0010 -6 1010
1 0001 -7 1001
0 0000 -8 1000

The most significant bit (MSB) of a negative number is 1
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Converting 2’s complement to decimal

Dec. 2’s Compl. Dec. 2’s Compl.
7 0111 -1 1111
6 0110 -2 1110
5 0101 -3 1101
4 0100 -4 1100
3 0011 -5 1011
2 0010 -6 1010
1 0001 -7 1001
0 0000 -8 1000

The most significant bit (MSB) of a negative number is 1
The smallest representable negative number has absolute value
larger than the larger representable positive.
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Converting 2’s complement to decimal

Dec. 2’s Compl. Dec. 2’s Compl.
7 0111 -1 1111
6 0110 -2 1110
5 0101 -3 1101
4 0100 -4 1100
3 0011 -5 1011
2 0010 -6 1010
1 0001 -7 1001
0 0000 -8 1000

10112 = 10002 + 00112 = −23 + 112

=
−23
1

22

0
21

1
20

1

= −23 + 21 + 20 = −810 + 210 + 110

= −510
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Adder/Subtractor ALU

710 + 310 = 01112 + 00112 = 10102 = 1010

Full Adders
Add/Sub

First operand LSB
Second operand LSB

First operand MSB
Second operand MSB



Outputs

Carry Out
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Adder/Subtractor ALU

710 − 310 = 01112 − 00112 = 01112 + 11012 = 1 01002 = 410

Full Adders
Add/Sub

First operand LSB
Second operand LSB

First operand MSB
Second operand MSB



Outputs

Carry Out
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Other representations of negative numbers

Signed magnitude:

610 = 01102; − 610 = 11102

Complement arithmetic:

a + (−b) = a + ((2N − 1)− b)︸ ︷︷ ︸
one’s complement

+ 1

︸ ︷︷ ︸
2’s complement

− 2N

Excess K (biased) representation:

K = 2N−1 (as a rule, but other values are possible)

b↔ K + b = 2N−1 + b
−b↔ K + (−b) = 2N−1 + (−b)
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Other representations of negative numbers

Number Unsigned ��� ����� 2’s Compl. 1’s Compl. Sign-Magn. Exess 1 K
7 111 - - - -
6 110 - - - -
5 101 - - - -
4 100 - - - -
3 011 011 011 011 111
2 010 010 010 010 110
1 001 001 001 001 101
0 000 000 000 000 100

-0 - - 111 100 -
-1 - 111 110 101 011
-2 - 110 101 110 010
-3 - 101 100 111 001
-4 - 100 - - 000

See also:
Murdocca et al. 1999, chapt. 2;

Walker 1996, “Minus Zero”

1K = 4 = 2N−1, N = 3
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Oscillators

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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“It then becomes obvious that a “1” chases itself
around the ring and the network oscillates.” :)

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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Oscillators

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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“It then becomes obvious that a “1” chases itself
around the ring and the network oscillates.” :)

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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Ring oscillator

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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Ring oscillator

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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Ring oscillator

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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Clock oscillator

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-
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Clock oscillator

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that can
be built using CMOS logic elements. These circuits offer the
following advantages:

• Guaranteed startability

• Relatively good stability with respect to power supply
variations

• Operation over a wide supply voltage range (3V to 15V)

• Operation over a wide frequency range from less than 1
Hz to about 15 MHz

• Low power consumption (see AN-90)

• Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applications
will probably require the stability of a crystal. Some applica-
tions that require a lot of stability are:

1. Timekeeping over a long interval. A good deal of stability
is required to duplicate the performance of an ordinary
wrist watch (about 12 ppm). This is, of course, obtain-
able with a crystal. However, if the time interval is short
and/or the resolution of the timekeeping device is rela-
tively large, an RC oscillator may be adequate. For ex-
ample: if a stopwatch is built with a resolution of tenths of
seconds and the longest interval of interest is two min-
utes, then an accuracy of 1 part in 1200 (2 minutes x 60
seconds/minute x 10 tenth/second) may be acceptable
since any error is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid exceed-
ing the limits of the logic family being used, or in which
the timing relationships of clock signals in dynamic MOS
memory or shift register systems must be preserved.

3. Baud rate generators for communications equipment.

4. Any system that must interface with other tightly speci-
fied systems. Particularly those that use a “handshake”
technique in which Request or Acknowledge pulses
must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if they
are tied together in a ring as shown in Figure 1. Many begin-
ning logic designers have discovered this (to their chagrin)
by inadvertently providing such a path in their designs. How-
ever, some people are confused by the circuit in Figure 1 be-
cause they are accustomed to seeing sinewave oscillators
implemented with positive feedback, or amplifiers with
non-inverting gain. Since the concept of phase shift be-
comes a little strained when the inverters remain in their lin-
ear region for such a short period, it is far more straightfor-
ward to analyze the circuit from the standpoint of ideal

switches with finite propagation delays rather than as ampli-
fiers with 180˚ phase shift. It then becomes obvious that a “1”
chases itself around the ring and the network oscillates.

The frequency of oscillation will be determined by the total
propagation delay through the ring and is given by the follow-
ing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates

This is not a practical oscillator, of course, but it does illus-
trate the maximum frequency at which such an oscillator will
run. All that must be done to make this a useful oscillator is
to slow it down to the desired frequency. Methods of doing
this are described later.

To determine the frequency of oscillation, it is necessary to
examine the propagation delay of the inverters. CMOS
propagation delay depends on supply voltage and load ca-
pacitance. Several curves for propagation delay for Fair-
child’s 74C line of CMOS gates are reproduced in Figure 3.
From these, the natural frequency of oscillation of an odd
number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input is
driven by each inverter, the load capacitance on each in-
verter is at most about 8 pF. Examine the curve in Figure 3c
that is drawn for VCC = 10V and extrapolate it down to 8 pF.
We see that the curve predicts a propagation delay of about
17 ns. We can then calculate the frequency of oscillation for
three inverters using the expression mentioned above. Thus:

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 3.

Since this frequency is directly controlled by propagation de-
lays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 3. In order to build a usefully stable oscillator it is nec-

AN006022-1

FIGURE 1. Odd Number of Inverters
Will Always Oscillate

Fairchild Semiconductor
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S R S R Q
0 0 1 1 Q ←
0 1 1 0 0

←

1 0 0 1 1
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Take home messages

Negative integers are represented in 2’s complement in
modern computers, but other methods exist and are also
used.
Modern computers are synchronous – they use clock
generators to drive their computations
Feedback is essential to build clocks and memory cells
From the fundamental RS trigger, gated latches and edge
triggered flip-flops (D-, T-flip-flops) are built.
From D- and T-flip-flops we can further build essential
computer components: registers and counters.
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