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Op-Amp/Comparator Application Note

Operational amplifier ,Comparator (Tutorial)

This application note explains the general terms and basic techniques that are necessary for configuring application circuits with

op-amps and comparators. Refer to this note for guidance when using op-amps and comparators.
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Op-Amp/Comparator Tutorial

Application Note

1 What is Op-Amp/Comparator?

1.1 What is op-amp?

An op-amp (operational amplifier) is a differential amplifier
that has high input resistance, low output resistance, and high
open loop gain. Its function is to amplify the differential
voltage between the + input terminal (non-inverting terminal)

and the - input terminal (inverting terminal).

Each op-amp circuit is composed of five terminals: a power
supply terminal on the positive side, a power supply terminal
on the negative side, a + input terminal, a - input terminal, and
an output terminal. (There are no general terms for the
terminals except classifications such as power source, input

and output.)

@ Power supply terminal on the

+ input terminal
positive side (VCC)
(+IN) C>—-|-\

Output (OUT)
O—

- input terminal
(-IN)

! Power supply terminal on
the negative side (VEE)

Figure 1.1.1. Op-amp/comparator symbol

Table 1.1.1. Examples of names for op-amp

power supply terminals

Bipolar type CMOS type
Power supply
terminal on the VCC VDD
positive side
Power supply
terminal on the VEE VSS
negative side

Providing high input resistance (impedance) and low output

resistance is a function required for the op-amps.

In Figure 1.1.2. Model of voltage controlled voltage source
amplifier (op-amp), Vs is the input signal source, Rs is the
signal source output resistor, Ri is the input resistor of the
op-amp, Ro is the output resistor of the op-amp, Rv is the load
resistor, and Av is the amplification factor of the op-amp. The
relation between the input and output voltages is described in

the equation (1.1.1).

As shown in Figure 1.1.2 and the equation (1.1.1), the signal
voltage Vs is divided into resistance voltages by the signal
source resistor Rs and the input resistor Ri of the op-amp. As

a result, the input signal to the op-amp is attenuated.

However, when the Ri is sufficiently larger than the Rs (Ri
oo), the first term in the equation (1.1.1) can be approximated
by 1 and it can be considered that Vs = Vi. Next, as for the
second term, the amplified input voltage AvV; is divided by the
output resistor Ro of the op-amp and the load resistor R and

output in Figure 1.1.2.

Here, the signal can be output without being attenuated if the
Ro is sufficiently smaller than the RL (Ro=0) because the
second term can be approximated by 1. Such an op-amp is
called an ideal op-amp. Usually, op-amps with high input
resistance and low output resistance are preferred. The
circuit configuration is designed to achieve an ideal op-amp

as closely as possible.

Rs

___________________________

Figure 1.1.2. Model of voltage controlled voltage source

amplifier

Table 1.1.2. Ideal input and output resistances required

for op-amp
Input Output
resistance | resistance
Ideal op-amp
(Voltage controlled co 0
voltage source)

R. R
Vo — —IVS X AV L
R + R, R,+R, (1.1.1)
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An op-amp amplifies a small differential voltage between the
+ input terminal and - input terminal and outputs the amplified
voltage. For this purpose, an op-amp with a large
amplification factor is preferred. The reason is explained
using the voltage follower circuit in Figure 1.1.3.

A voltage follower circuit is a circuit in which the input and
output voltages are equal. It is mainly used as a voltage
buffer.

This circuit provides characteristics such as high input
resistance and low output resistance, as mentioned above.

In Figure 1.1.3, the input voltage Vs and the Vour become

identical.

VIN+

VOUT
Av

- VS

VIN-

777
Figure 1.1.3. Voltage follower circuit

Since the op-amp amplifies the differential voltage between
the terminals by the amplification factor of the op-amp, the

output voltage is expressed with the equation (1.1.2).

Vour =4y Xy, =Viy )= A4, x(Vs =Vour)  (11.2)

The equation (1.1.2) is converted to the equation (1.1.3).

VOUT

AV

(1.1.3)

= VS - VOUT

In the equation (1.1.3), when the open loop gain of the
op-amp is sufficiently high, the left side can be approximated
by 0 and the equation gives Vs = Vour. When the gain is low,
the left side of the equation (1.1.3) cannot be approximated
by 0 and the output voltage will contain an error.

An op-amp with a high open loop gain is desirable because
the error in the output voltage can be minimized by the high
gain.

From another point of view, the high open loop gain means
that the difference in the potentials between the + input
terminal and the - input terminal is minimized. Namely, the
higher the open loop gain is, the better the relation Vin+ = Vin-
holds. This relation in which the potentials of the + input
terminal and the - input terminal become nearly equal is

called a virtual short-circuit, imaginary short-circuit, or virtual

grounding. When configuring and using a negative feedback
circuit, this relation is realized and application circuits are

designed utilizing the characteristic of the virtual grounding.

1.2 What is comparator?

A comparator (voltage comparator) has the same terminal
structure as an op-amp composed of five terminals: the +
input terminal, the - input terminal, the positive side power
supply terminal, the negative side power supply terminal, and
the output terminal. When a comparator is used, the voltage
is fixed at one of the input terminals as a reference terminal,
and the difference between the reference voltage and the
output voltage to the other terminal is amplified. The output
voltage is either higher or lower than the reference voltage.

When the + input terminal potential > the - input terminal
potential

— High level output.

When the - input terminal potential > the + input terminal
potential

— Low level output.
The major difference between op-amps and comparators is
whether or not the phase compensation capacitance exists.
Since op-amps configure and utilize a negative feedback
circuit, they require phase compensation capacitance to
prevent oscillation inside the IC. On the other hand, since
comparators will not configure the negative feedback circuit,
they do not include the phase compensation capacitance.
Since the phase compensation capacitance limits the

response time between the input and the output, a
comparator without the phase compensation capacitance
provides a better responsiveness compared to an op-amp.

In contrast, if an op-amp is used as a comparator, since the
phase compensation capacitance limits the response, it
provides a very poor responsiveness compared with a
comparator.

Therefore, care must be taken when using an op-amp as a

comparator.

© 2011 ROHM Co., Ltd.
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1.3 Internal circuit configuration of
op-amp/comparator

Figure 1.3.1 shows the internal circuit configuration of an
op-amp. Generally, an op-amp is composed of three stages:
the input stage, the gain stage, and the output stage.

The input stage is configured with a differential amplification
stage that amplifies the differential voltage between the two
terminals. In addition, it does not amplify the common-mode
signal component (a condition where no difference in
potential exists between the terminals and an equal voltage is
input).

Since the gain is insufficient with the differential amplification
circuit alone, the gain stage further increases the open loop
gain in the op-amp.

In general op-amps, the phase compensation capacitance for
oscillation prevention is connected over the gain stage.

The output stage is connected as a buffer so that the op-amp
characteristics will not be affected by loads such as the
resistance connected to the output terminal. The changes in
the output characteristics due to the loads (such as distortion
or voltage drop) mainly depend on the circuit configuration
and the current capability of the output stage. The type of
output stage, Class A and B, C, or AB push-pull output circuit,
is classified according to the amount of drive current flowing

in the output circuit (the difference in the bias voltage).

+input terminal 1+~
(+IN)

~ Phase compensation capacitance

o—
' N
1 N Output terminal
C ouT
' Input Gain Output ~. ( )
! ————0
! stage stage stage -
Vo p
; .

- input terminal. g

(-IN)

(a) Internal circuit configuration of general op-amp

o
\Yele} é
-IN Phase compensation
capacitanceg A 4
i A 4 o
4 out
O
+IN
VEE
© 1 1 1 I
1 1 1
! Input stage ! Gain stage E 8:3):‘ !
' ' ! H

(b) BA4558 Internal equivalent
Figure 1.3.1. Internal circuit configuration of op-amp

The difference in the amount of drive current affects the
distortion factor generated in the output stage. In general, the
Class A output circuit has the lowest distortion factor, followed
by Classes AB, B, and C.

Figure 1.3.2 shows the internal circuit configuration of a
comparator. Although the circuit configuration is nearly
identical to that of an op-amp, the phase compensation
capacitance for oscillation prevention is not included in the
comparator since it is not supposed to be used in a negative
feedback configuration. Since the phase compensation
capacitance limits the operating speed between the input and
the output, the response time is remarkably better compared
with op-amps.

The type of output circuit for comparators is classified into the
open collector (open drain) type or the push-pull type.

Figure 1.3.2 (b) shows the internal equivalent circuit of the
BA2903. The BA2903 is an output circuit of the open collector

type.

+ input terminal

[,
/

(+IN) <
O i S

: .
| Output terminal
i (OUT)
! Input Gain Output N
! - - —-———— 0
' stage stage stage It

- input terminal E -

(-IN) : .

(a) Internal circuit configuration of general comparator

;

o

VGC

! stage

+IN ouTt

-IN

(o2 '/

VEE T

o T : v 1
E Input stage 1Gain stage }Output E

(b) BA2903 Internal equivalent
Figure 1.3.2. Internal circuit configuration of comparator
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2 Absolute Maximum Rating

The absolute maximum rating is specified in the data sheet

for op-amps/comparators. The absolute maximum rating

provides the condition that must not be exceeded even

instantaneously. The application of a voltage above the

absolute maximum rating or use in a temperature

environment outside the environment specified by the

absolute maximum rating may cause the deterioration of

characteristics or destruction of the internal circuit. The

absolute maximum ratings for the following items are

explained.

2.1.  Power supply voltage/operating range of power supply
voltage

2.2. Differential input voltage

2.3.  Input common-mode voltage

2.4. Input current

2.5. Operating temperature range

2.6. Maximum junction temperature, storage temperature
range

2.7. Power dissipation (total dissipation)

2.1 Power supply voltage/operating range of
power supply voltage

For the power supply voltage, the absolute maximum rating
refers to the maximum power supply voltage that can be
applied between the positive side power supply terminal
(VCC terminal) and the negative side power supply terminal
(VEE terminal) of the op-amp without causing the
deterioration of characteristics or destruction of the internal
circuit. Figure 2.1.1 shows examples of the power supply
voltage that can be applied to an op-amp/comparator that has
an absolute maximum rating for the power supply voltage of
36 V. The absolute maximum rating for the power supply
voltage specifies the difference in voltage between the VCC

and VEE terminals. The op-amp/comparator must be used

with the value of (VCC-VEE) never exceeding the absolute
maximum rating for the power supply voltage. Therefore,
when 24 V and -12 V are applied to the VCC and VEE
terminals, respectively, the difference in voltage between the
terminals is 36 V and the deterioration of characteristics or
destruction does not occur. It should be noted that the
absolute maximum rating for the power supply voltage has a
different meaning from the operating power supply voltage.
The absolute maximum rating for the power supply voltage
indicates the maximum value of the power supply voltage that
will not cause the characteristics deterioration or destruction
of the IC. It does not provide the voltage range in which the
specifications and characteristics that are described in the
data sheet are maintained. To obtain the characteristics that
are guaranteed in the specifications, the op-amp/comparator
must be used with the voltage value within the operating
range of the power supply voltage. However, the absolute
maximum rating for the power supply voltage of some
products may be identical to the maximum value of the
operating power supply voltage. Op-amps are sometimes
called dual power supply or single power supply op-amps. In
other words, an op-amp may be suited for the usage as a
dual power supply or single power supply. Dual power supply
op-amps have a voltage range in which either the input
voltage or the output voltage cannot be output due to the
circuit configuration on the positive power supply (VCC) side
and the negative power supply (VEE) side. Therefore, the
dual power supply op-amps are often used while applying a
positive power supply and a negative power supply with the
ground being the middle point. On the other hand, the single
power supply op-amps are used while applying the positive
power supply with reference to the ground and the

input/output can be performed nearly at the ground level.

—— —— —6—
VCC=18V VCC=36V VCGC=24V
© + Vout O + Vout O + Vout
SN . 0 o
o - o—— o— |—
—— VEE=GND ——
—é)—VEE 18V A _Q_VEE 12V

VCC-VEE=18V-(18V)=36V
Dual power supply, +18 V applied

VCC-VEE=36V-(0V)=36V
Single power supply, 36 V applied

VCC-VEE=24V-(-12V)=36V
Dual power supply, 24 V and -12 V applied

Figure 2.1.1. Examples of the power supply voltage that can be applied to an IC that has an
absolute maximum rating for the power supply voltage of 36 V
Note: Dual power supply refers to the application of a power supply voltage to op-amps using two voltage power supplies (positive and negative).

Single power supply refers to the application of a power supply voltage to op-amps with reference to the ground.

© 2011 ROHM Co., Ltd. 64ANO70E Rev.007
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2.2 Differential input voltage

Differential input voltage indicates the maximum value of the
voltage that can be applied between the + input terminal
(non-inverting input terminal) and the - input terminal
(inverting input terminal) without causing the characteristic
deterioration or destruction of the IC. This voltage is the
difference in voltage between the + input terminal and the -
input terminal, and either of the terminals can be used as the
reference. The polarity is not very important.

However, the potential of each input terminal is required to be
higher than that of the VEE terminal. The reason for this
requirement is that the current may flow out of the input
terminal via the electrostatic protection element when the
potential of the input terminal is lower than that of the VEE
terminal, leading to deterioration or destruction.

Two types of protection element are available: the elements

are connected between the input terminals and the VEE

+ input terminal
(+IN) o

Output terminal

Specific differential L L

in?)ut voltage such as Input ||| Gain || |Output| - (OUT) .
+36Vor+7Vis stage stage stage ©
indicated. 1 ’

,—"/ /""’ ]

O
- input terminal
(-IN)
Protection element A& &

against electrostatic
breakdown

VEE
(e}

(a) When the electrostatic protection element is located only on
the VEE (ground) side

(potential of input terminal must be higher than that of VEE)

Differential input voltage is
VCC - VEE or VDD - VSS.

(ground) as in Figure 2.2.1(a), or the elements are connected
between the input terminals and both the VCC and VEE
(ground) as in Figure 2.2.1(b).
In the former, since there is no current path on the VCC side,
the differential voltage does not depend on the VCC value
and is determined by factors such as the breakdown voltage
of the transistors (e.g., NPN and PNP transistors) that are
connected to the input terminals. In the latter, since a
protection element is located on the VCC side as well and the
potential of the input terminals must be lower than that of the
VCC, the differential input voltage is determined by VCC -
VEE or VDD - VEE. Some op-amps use an NPN differential
input stage and the clamp diodes for the protection between
the base and emitter of these transistors are connected
between the input terminals. The differential voltage in such
products may be specified to several volts (Figure 2.2.2).
Protection element

against electrostatic
breakdown

Y

+ input terminal
(+IN) o

= ,
= Output terminal

Output \ (OUT) .
stage | .-~

Gain
stage

N Input
stage

o
- input terminal
Protection element =
against electrostatic
breakdown

A

VEE
[e;

(b) When the electrostatic protection elements are located on both
the VCC and VEE (ground)
(potential of input terminal must be higher than that of VEE and
lower than that of VCC)

Figure 2.2.1. Differential input voltage

O

vce
Protection element against |
electrostatic breakdown A
+ input terminal
(+IN)

Differential input
voltage is the forward
voltage of the
protective element
between the terminals.

d—|
L | |
»_a
LBl

J J. - Output terminal
Gain

Output \‘\\ (OUT)
stage stage /,f‘ O

o
- input terminal
(-IN)
Protection element against
electrostatic breakdown
VEE

When the diodes for the overvoltage protection are connected between the + input terminal and the - input terminal

Figure 2.2.2. Differential input voltage (with the protection between the terminals)
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2.3 Input common-mode voltage

For the input common-mode voltage, the absolute maximum
rating indicates the maximum voltage that can be applied
without causing the characteristic deterioration or destruction
of the IC when the potentials of the + input terminal and -
input terminal are set to the same value. Unlike the input
common-mode voltage range in the electrical characteristics
specifications, the absolute maximum rating for the input
common-mode voltage does not guarantee the normal
operation of the IC.

If normal operation of the IC is expected, the voltage must
follow the input common-mode voltage range in the electrical
characteristics items. Generally, the absolute maximum rating
for the input common-mode voltage is -0.3 V and +0.3 V for
the VEE and VCC, respectively. However, as mentioned in
section 2.2 Differential input voltage, the voltage can be
applied up to the absolute maximum rating for the power
supply voltage (e.g., +36 V for the VEE) in some products in

which the protection element is not present on the VCC side.

Vout

VCM

i

The absolute
maximum rating
for the power
supply voltage

VEE=GND

In summary, the input common-mode voltage is determined
by the protection circuit configuration and the parasitic
element of the input terminals as well as the breakdown
voltage of the input transistors among other factors. Figure
2.3.1 shows the absolute maximum rating for the input
common-mode voltage.

In addition, the value of 0.3 V indicated in “VEE-0.3V”" or
“WCC+0.3V” represents the voltage range in which the
electrostatic protection elements (diodes) are not activated
when the forward voltage is applied to the protective element.
For the protection method when a voltage outside the input
voltage range is applied, refer to the next section, 2.4 Input

current.

VouTt

VCM

.

VEE=GND

777

Depends on the power supply voltage being used

VCC
eg.,36V,7V —
The input
The absolute maximum common-mode
rating of the input range in the
common-mode range electrical
= includes non-operable characteristics

area

VEE=GND

= normal operation

VEE-0.3V™~

When the electrostatic protection element is located only on the VEE
(ground) side (VEE of -0.3 V to the absolute maximum rating for the

power supply voltage)

VCC+0.3V_-g------m-mmomo o
VCC
The input
The absolute maximum common-mode
rating of the input range in the
common-mode range electrical
= includes non-operable characteristics

area

VEE=GND

= normal operation

VEE-0.3V™~

When the electrostatic protection elements are located on both the

VCC and VEE (ground) (VEE of -0.3 V to the working power supply

voltaae of +0.3 V)

Figure 2.3.1. Absolute maximum rating for the input common-mode voltage
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2.4 Input current

In sections 2.2 Differential input voltage and 2.3 Input
common-mode voltage, it is explained that the current may
flow into or out of the input terminals if a voltage is input at a
value lower than the VEE of -0.3 V or higher than the VCC
+0.3 V,

destruction.

leading to the characteristics deterioration or

As countermeasures, a small forward voltage diode for
clamping can be provided on the input terminal, or the current
flowing through the input terminal can be limited by inserting a
resistor. The former is a method to limit the voltage that is

input to the IC, while the latter is a method to limit the current.

Set the resistor value so that the input current is 10 mA or less.

Set the forward voltage of the diode (Vr in Figure 2.4.1) to
approximately 0.6 V.

ESD protection
element ——

i+ |

nt

VCC

Current limiting resistor

VEE=GND
ESD protection

element
VCC
F
1 VF VEE

b

R
R

Vin
Vin

Figure 2.4.1. Connection of input current limiting resistor

ESD protection
element inside
the IC i vee
VCC : """""" y T :
1 1
External diode for i £ i
clamping i i
1 1
é +\ :
I
! 1 Vout
: 1
Vin : — i
/ E
'
I
I
I
1

ESD protection
element inside
the IC

VEE=GND

Figure 2.4.2. Connection of input protection diode

2.5 Operating temperature range

Operation temperature range refers to the range in which the
IC maintains the expected functions and operates normally.
The IC characteristics vary with temperature. Therefore, the
standard values specified for 25°C are not necessarily
guaranteed at other temperatures unless specified otherwise.
There are some specification items that are guaranteed for all
temperatures within the operating temperature range. The
values for such items are standard ones that take into
consideration the variation in IC characteristics within the
operating temperature range indicated in the specifications.
The data sheet lists the temperature characteristics data for

the specification items. Refer to the data for using the IC.

2.6 Maximum junction temperature, storage
temperature range

Maximum junction temperature is the maximum temperature
at which the semiconductor can operate. The junction refers
to the part where the chip and the package join. If the chip
temperature exceeds the maximum junction temperature
specified in the data sheet, a large number of electron-hole
pairs will be generated in the semiconductor crystal,
preventing the normal operation of the element. Therefore,
the usage and thermal design should take into consideration
the heat generation due to the power consumption by the IC
and the ambient temperature. The maximum junction
temperature is determined by the manufacturing process.

The storage temperature range indicates the maximum
temperature of the storage environment when the IC is not
operating, i.e., without consumption power. Usually, this value

is the same as the maximum junction temperature.
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2.7 Power dissipation (total dissipation)

Power dissipation (total dissipation) or PD indicated in the
data sheet refers to the power that the IC can consume at the
ambient temperature Ta = 25°C (ordinary temperature). The
power consumption by the IC causes self-heating, increasing
the chip temperature so it is higher than the ambient
temperature. The temperature that the chip can tolerate is
determined by the maximum junction temperature. Therefore,
the consumable power is limited by the thermal reduction
curve (derating curve). The power dissipation at 25°C is
determined by the temperature that the IC chip inside the
package can tolerate (maximum junction temperature) and
the thermal resistance (heat radiation property) of the
package. In addition, the maximum value of the junction
temperature is determined by the manufacturing process.
The heat generated by the IC power consumption is radiated
through the mold resin or lead frame of the package.

The parameter to describe this heat radiation property
(difficulty for the heat to escape) is called thermal resistance
and is represented by the symbol 6j-a [°C/W].The IC
temperature (Junction temperature :Tj) inside the package
can be estimated from the thermal resistance. Figure 2.5.1
shows the model for the thermal resistance of the package.
0j-a is represented as the sum of the thermal resistance 6j-c
between the chip and the case (package) and the thermal
resistance c-a between the case (package) and the outside.
When the thermal resistance 6j-a [°C/W], the ambient
temperature Ta [°C], and the consumption power P [W] are
known, the junction temperature can be calculated with the
following equation.

Tj=Ta+6j-axP (2.5.1)

Thermal resistance between the junction and the outside:

6j—a = 6j—c + Bc—a [°C/W]

0j-c: Thermal resistance between the junction and the case [°C/W]
Bc-a: Thermal resistance between the case and the outside [°C/W]
Ta: Ambient temperature [°C]

Tj: Junction temperature [°C]

The slope of the derating curve is the reciprocal of 6j-a

Lead frame

Figure 2.5.1. Thermal resistance of the package

Figure 2.5.2 shows examples of the thermal reduction curve

(derating curve). This curve shows how much power the IC

can consume at the ambient temperature. It indicates the

power that can be consumed without exceeding the

temperature that the IC chip can tolerate.

As an example, the chip temperature of the MSOPS8 is

considered. Since the storage temperature range for this IC is

-55 [°C] to 150 [°C], the maximum allowable temperature is
150 [°C]. The thermal resistance of the MSOPS8 is 6j-a =212.8

[°C/W]. Therefore, the junction temperature when this IC

consumes the power of 0.58 [W] at Ta = 25 [°C] is calculated

as follows.

Tj = 25 [°C] + 212.8 [°C/W] x 0.58 [W] = 150 [°C]

(2.5.2)

The result shows that the junction temperature will reach the

maximum allowable temperature of the chip, suggesting the

possibility of deterioration or destruction

if the power

consumption is further increased.

For the thermal reduction curve, the amount of reduction per

1 [°C] is determined by the reciprocal of the thermal

resistance. In the figure, the reduction rate is as follows:

5.5 [mW/°C] for the SOP8
5.0 [mW/°C] for the SSOP-B8
4.7 [mW/°C] for the MSOP8

Note: For calculation of the consumption power of op-amps,

refer to the next section for the circuit current.

Power dissipation [W]

038 1 i
SOP8 : 0.68 [W] —SOP8
07 SSOP-B8 : 0.62 [W] ———SSOP-B8| |
’ ——MSOP8
-Consumable power at 25°C
0.6 \ i
\ \ \ Reduction at the rate of
05 \ N 1/8j-a [W/°C] —
04 | MsOP8 : 058 [W]
qumable power at 125°C
s AN \
0.2 \
01
0

0 25 50 75 100

Ambient temperature Ta [°C]

125 150

Figure 2.5.2. Examples of the thermal reduction curve
(When a 70 mm x 70 mm x 1.6 mm one-layer FR4 glass

epoxy substrate is mounted)
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3  Electrical Characteristics
This technical note explains the electrical characteristics of

op-amps and comparators as well as the precautions during

actual use.

3.1 Supply current

The supply current of an op-amp/comparator represents a
current flowing through the IC alone in the no-load and steady
state as shown in Figure 3.1.1. Normally, the current flowing
from the VCC terminal to the VEE terminal is monitored. The
supply current is commonly called a no-signal supply current
or quiescent current as well. The input range and the
operating voltage range vary with the products, resulting in
different measurement conditions. Normally, the
measurement is performed by applying a voltage in the center
of the input common-mode voltage range or in the middle
between the supply voltages, VCC and VEE. In addition, the
supply current of a comparator takes a different value either
under the High or Low condition that is determined by the
circuit structure. The value is specified under the condition

that gives the higher supply current.

—&— VCC
\ l ICC
+ Vout
Input common mode
range/2 or VCC/2 717 /
VEE=GND

777

(a) Measurement circuit for the supply current of

op-amps

Vout
Vin+
i 1"

b) Measurement circuit for the supply current of

VEE=GND

comparators

Figure 3.1.1. Supply current of op-amp/comparator

Calculation of the power consumption of op-amps

When calculating the power consumption of an op-amp, it is
necessary to consider the output current as well as the supply
current.

We explain the calculation of the power consumption step by
step. There are two types of power consumption by op-amps:
the power consumption caused by the supply current or the
output current. First, we show the calculation of the power
consumption caused by the supply current. When Pawmp is the
power consumed by an op-amp, Equation (3.1.1) becomes
the supply current x supply voltage based on P = current x
voltage.

This power consumption is always consumed as long as the
supply voltage is applied on the op-amp.

Pop =1Lee xVee =Vig) (3.1.1)

VCC

o
ik

— ]

Output: unconnected
Internal |_loutput o
circuit stage
VCC/2
p— — — |
777
777  VEE=GND

Figure 3.1.2. Power consumption caused by

supply current
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Next, we show the calculation of the power consumption
caused by the output current.

The power is calculated for the case when an output sink
current flows, as shown in Figure 3.1.3 (a).

The output sink current flows when Vo is lower than VCC/2,
with which the load resistance (RL) is connected. The power
consumption caused by this sink current is described by
Equation (3.1.2). The power consumption is determined by
the product of the current that flows into the inside of the IC
and the difference in potentials between the OUT and VEE

terminals.

Pong =L X Vo =Vie) (3.1.2)

The total power consumption of the op-amp when the sink

current exists is represented as Equation (3.1.3).

P=Pp+Pox =Lcc XVee = Vi)

(3.1.3)
+ IS[NK x (Vo - VEE)

Next, the power is calculated for the case when an output

source current flows, as shown in Figure 3.1.3 (b).

ICC

+
] e

“-————-
<
Q
o

Internal | loutput Vo A
. circuit stage =
Vin ’// |
— _  —
Ru
1
1
77 | ICCHg
v VCC/2
VEE=GND
777

(a) Output sink current

The output source current flows when the output voltage (Vo)
is higher than VCC/2, with which the load resistance (RL) is
connected. The calculation of the power caused by this
source current is described by Equation (3.1.4). The power
consumption is determined by the product of the current that
flows from the inside of the IC and the difference in potentials
between the VCC and OUT terminals.

Peovree = Lsouree X Vee = Vo) (3.1.4)

The total power consumption of the op-amp when the source

current exists is represented as Equation (3.1.5).

P= PAMP +PSOURCE = Icc ><(Vcc _VEE)

(3.1.5)
+ L souree X Vee = Vo)

When estimating the power consumption, the larger value of

the sink or source current is used.

VCC

“------

ICC+source i

+
1SOURCE
——————— ->

Internal | loutput Vo

circuit stage A
Vin

- ]
[ RL
1

77 ' 1CC
1
v 7]; VCC/2
777 VEEEGND

(b) Output source current

Figure 3.1.3. Power consumption caused by output current
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3.2 Input offset voltage

The input offset voltage represents the error voltage of an
op-amp or comparator. An ideal op-amp or comparator has
the input offset voltage of 0 V. When a common mode
(identical) voltage is input to the input terminal of an op-amp
or comparator, no output voltage is output in an ideal op-amp.
However, when the input offset voltage exists, an output
voltage is output in response to the input offset voltage.

The difference in potential between the input terminals that is
required to make this output voltage 0 V is referred to as the
input offset voltage. This value is the input conversion value.
One advantage of expressing the value as the input
conversion is as follows: since op-amps and comparators are
utilized with various amplification factors and circuit
configurations, the influence on the output voltage can be

easily estimated by using the input conversion.

The unit of the input offset voltage is usually [mV] or [uV]. The
ideal condition is approached when the value is closer to 0.
When the voltage is out of the input common-mode voltage
range, the input offset voltage rapidly increases and the
circuit cannot be operated as an op-amp or comparator.
When the frequency of appearance of the input offset voltage
is observed, the observed values follow a normal distribution
around 0 V. In other words, the values stochastically distribute
within the range specified in the data sheet. While the
standard values are described as absolute values, the input
offset voltages actually have both + and - polarities. The
specific effects of the input offset voltage are explained in the

next section.

VCC/VDD

Input common-
mode voltage

VEE/VSS

Input offset voltage: can be

777 expressed as the voltage
between the terminals.

Input common-mode range
(Input voltage range)

Vosi l\

|
r
|
|
|
|
|
1
1
'
'
'
'
'
'
i
|
!
T
|
|
|
|
|

abeyjon 1asyo induj

Input offset voltage

Change in the offset voltage
for the input voltage range

0 Input common- vV "
mode voltage | "% / Op-amp 2

Op-amp 1
+ polarity
Specification range
Frequenc
> -]

5 - polarity

T

=%

o

@

_______________ @ -

<

% Image of the offset voltage

Q distribution

Figure 3.2.1. Image of input offset voltage
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Effect of input offset voltage

Op-amp

This section explains the effect of the input offset voltage
when an amplifier circuit is configured with an op-amp.

For the non-inverting amplifier circuit in Figure 3.2.2 (a), the
effect of the input offset voltage is calculated as in Equation
(3.2.1).

The input offset voltage is multiplied by the gain and the
product is added to the output voltage. When the input offset
voltage has the + polarity, the output voltage is higher than
the expected value. Conversely, the - polarity results in a

lower output voltage than the expected value.

Rf Rf
Vo =(+ R—‘S)Vm £+ 2 Wos (3:2.1)

N

Next, the effect of the input offset voltage is determined when

the inverting amplifier circuit is configured as in Figure 3.2.2

(b).

Vin *+Vos

W

L
Rsi

(a) Non-inverting amplifier circuit

R, R,
V, = —R—'Vm 1+ R—-)VOS (322

N N
As described in Equation (3.2.2), the input offset voltage is
multiplied by the amplification factor seen from the + terminal
side (i.e., the amplification factor of the non-inverting amplifier
circuit) and the product is added to the output of the inverting
amplifier circuit. As in the previous case, the output voltage is
shifted from the expected value by the product of the input
offset voltage multiplied by the gain.
In Figure 3.2.3, the calculation is performed assuming that the
input offset voltage is +5 mV. In either circuit, the center of the
waveform is shifted by the product of the input offset voltage
multiplied by the amplification factor (5 mV x 16). It is
necessary to choose an op-amp with an appropriate value for

the input offset voltage considering the desired circuit gain.

Rf

MA

Figure 3.2.2. Amplifier Circuit with Op-Amp

VCC=2.5V
+Vos=t5mV

Vo

Vin=0.2Vpp

VEE=-2.5V

A

\
KO 30kQ
GND

Voltage [V]
Voltage [V]

+
(e
1)
/3
<
i
=
V3
V@
s =
=

0.2Vpp

0 e -
Time [ _g, nﬁ \\/

(a) Non-inverting ampilifier circuit

o /\/\/\/ - Vo
——O
jVos +
(b) Inverting amplifier circuit
30kQ
VCC=2.5V

Vo
O
+Vos=t5mV
Vin=0.2Vpp ‘ VEE=-2.5V

s =
© [0}
> g

2 = 3.0Vpp
= >
0.2Vpp +80mV

0 o= =
Time [t] —BOrﬁ\/ Time []

(b) Inverting amplifier circuit

Figure 3.2.3. Example of effect of offset voltage
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Comparator

Effect of the input offset voltage on the overdrive voltage

The difference between the voltage to be compared and the
reference voltage (Vref) is referred to as the overdrive voltage.
When the difference is smaller, the response time tends to be
longer. The response time is generally specified at 5 mV, 10
mV, 50 mV, and 100 mV. As an example, consider a
comparator with the input offset voltage of 6 mV. In an ideal
situation where no input offset voltage exists, the output
voltage is switched even when the applied input is only

slightly higher or lower than the reference voltage (Vref).

However, when the input offset voltage is 6 mV, the
comparator does not respond to the overdrive voltage of 5 mV.
In other words, the input offset voltage appears to be added
to the reference voltage Vref. When the specification for the
input offset voltage is +Vos, the individual circuits may output
either High or Low outputs in the section between Vref + Vos
and Vref - Vos. Datasheet graphs of response time vs

overdrive voltage are measured with compensating for input

offset voltage.

Vin

ouT

VSS=GND

VDD : VDD : : VDD :
Inout ®| I Vref+Vos
P Vref Vref l \ Vref
! Vref-Vos
GND GND ; GND
VDD VDD ' VDD
High
Output .
In the section between
Vref + Vos and Vref -
GND aND GND ! | «——— Vos, both the High and

Ideal situation when no input offset voltage exists

Figure 3.2.4. Effect of

Low output may exist.

(This does not mean

When the input offset voltage (Vos) exists

that the output may

input offset voltage on comparator become unstable.)
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Cause of the input offset voltage

Since the principle of generation is identical for the bipolar
and CMOS types, the explanation is given for the bipolar
type.

In Figure 3.2.5, the input offset voltage is generated by the
difference in the characteristics between transistors Q1 and
Q2 as well as between Q3 and Q4. More precisely, variations
during the manufacturing process make the voltages between
the base and emitter different between Q1 and Q2 as well as
between Q3 and Q4. This causes the difference between
collector currents Ic3 and Ic4, which flow through Q3 and Q4,
respectively. The difference between the collector currents
contributes to the generation of the input offset voltage. (The
base currents of Q3 and Q4 can also affect the input offset
voltage through the variation in the center value. However,
this effect is usually minimized by design and can be

excluded from the consideration.)

+IN [ 1e1
(e,

Ic3=lc1-2Ib)| glo ]| le2=led

Q3 Q4
Vbe3 / \ Vbe4

VEE=GND

Figure 3.2.5. Differential input stage of op-amp

In addition, the effect of the stress from the package and the
board is a cause of input offset voltage generation. This effect
generally becomes more significant in the smaller packages.
When the stress is received, the piezo-resistance effect is
generated by the semiconductor element surface being
pushed or the IC chip being bent. The piezoelectric effect
caused by this piezo-resistance effect changes the
characteristics of transistors.

In op-amps, mainly the differential input stage is subject to the
stress effect and the input offset voltage may be changed by
the stress from the board after the board is mounted. As a

countermeasure, the op-amp should be placed on the center

of the board since the stress is larger in the edges. In addition,
since a larger package is less susceptible to the stress, it is
effective to choose a package with a larger size when

precision is necessary.

Temperature drift of the input offset voltage

The input offset voltage varies with temperature. This
variation is referred to as the temperature drift. As with the
input offset voltage, the temperature drift value is not constant
and follows a normal distribution. For some products, the
standard values may be described in the data sheet. It should
be noted that the input offset voltage may be observed as if
drift has been caused by the piezo-resistance effect as
mentioned above when the degree of bending of the mounted

board changes with the temperature.

Increase of the input offset voltage caused by the input

bias current

When configuring an amplifier circuit with a bipolar op-amp, it
is necessary to take a countermeasure against the input bias
current. The input offset voltage is increased by the product of
the input bias current and the parallel combined resistor value
of the resistors that constitute the amplifier circuit.

A countermeasure is to connect the same combined
resistance to the other input terminal. This will be explained in

more detail in the section for the input bias current.
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3.3 Input bias current and input offset current

A current flowing from or into the input terminal of op-amps is
referred to as the input bias current. In op-amps of the bipolar
type, the base current of the transistor connected to the input

terminal is the input bias current. When the differential input

stage is configured with PNP transistors, the current flows out.

Conversely, when the differential input stage is configured
with NPN transistors, the current flows in. Many products are
designed so that the amount of current falls approximately in
the order of nA (10-° [A]) while some high-speed type products
have a bias current in the order of uA (10 [A]).

Ideally, op-amps are easier to use when the bias current is
smaller. The CMOS type (FET input) op-amps are considered
such op-amps. The bias current in the CMOS op-amp is very
small and falls in the order of fA (105 [A]) to pA (10-'2 [A]).
Therefore, the CMOS op-amps are used as the sensor
amplifiers of sensor elements and other elements with high
impedance.

As shown in Figure 3.3.1 (a), the input bias current flows from
the input terminal when the op-amp is configured with a PNP

transistor as the input transistor.

VCC
ESD

protection ;‘\\j
element

Bifs_cgrr_en_j. Lo ___ P/
O
+IN I\

ESD
protection ZS 27
element

777 GND

(a) Input ground sense (ground sense single/

dual power supply)

ESD VGCC

protection
element

Bias current

é) bl uulind |/ P/
+IN I\ |\
ESD
protection Ry N~
element

GND
(c) PNP/NPN input (full swing)

In the case of the NPN input as shown in Figure 3.3.1 (b), the
input bias current flows into the terminal. In the full swing
op-amp of the bipolar type shown in Figure 3.3.1 (c), the
direction of the input bias current changes depending on the
operating range. In the range where only the PNP transistor
operates, the input bias current flows from the terminal. In the
range where both types of transistors operate, the differential
current flows, and the polarity becomes the larger one. When
only the NPN transistor operates, the input bias current flows
into the terminal. Therefore, the polarity of the bias current
changes within the input common-mode voltage range.

The input bias current in the CMOS op-amp shown in Figure
3.3.1 (d) is the terminal leakage current. The main cause is
the electrostatic protection element connected to the inside of
the IC. This current is very small compared with the bipolar
type, providing an advantage when connecting op-amps of
this type with high-impedance elements such as sensors. In
addition, this type of op-amp has a characteristic in which the
current tends to increase at a higher temperature since the

leakage current increases with temperature.

VCC
ESD
protection ;\\\j

element

Bias current

e S
N

+IN
ESD
protection ZS //\\\5
element
777 GND

(b) NPN input (VCC sense)

VCC

Leakage
current

- - - - -

ESD
protection _ |
Bias current |element |

T

N>
! ESD
Leakage ! .
| ZS protection
current 1 element A
M ~N~r
-7 GND

(d) CMOS input (full swing)

Figure 3.3.1. Input bias current and input transistor

© 2011 ROHM Co., Ltd.

64ANO70E Rev.007

16/51

Jun.2021



Op-Amp/Comparator Tutorial

Application Note

Effect of input bias current

The difference in the input bias currents in the + and - input
terminals is referred to as the input offset current. Since the
base current and the leakage current are affected by the
performance variation in transistors, the values are not

necessarily the same.

The input bias current (Ib) and the input offset current (lio) are

defined by Equations (3.3.1) and (3.3.2), respectively.

b, +1b_
2

Ib= (3.3.1)

lio=1Ib, —1Ib._ (3.3.2)

Ib+

Q3

VEE=GND

(a) Differential input stage

Cancel of the input bias current

The effect of the input bias current in the inverting amplifier

circuit in Figure 3.3.3 is described by Equation (3.3.3).

R,

R1

14

out

Ib_—R,Ib 3.3.3
-1+ R ){R1+R2 } (3.3.3)

Arranging Equation (3.3.3) with Equations (3.3.1) and (3.3.2)
gives Equation (3.3.4), where Equation (3.3.1) defines the
input bias current and Equation (3.3.2) defines the input offset
current.

In Equation (3.3.4), the effect of the input bias current can be
removed if R3 is set to the same value as the parallel
combined impedance of R1 and R2 in order to nullify the Ib
term. Equation (3.3.4) also shows that the presence of the

input offset current affects the output voltage.

RR

=1+ ){(R R, Rg)lb-(R]JrR2

[io
2

(3.3.4)

=V,

+R;)

ouT

VEE=GND

(b) Input bias current in op-amp

Figure 3.3.2. Input bias current

——
VCC
R3
Wy — |t ouT
Ib+
i
DN ==
R b= VEE=GND
T Vin o
777
77 A\
R2

Figure 3.3.3. Input bias current in inverting

amplifier circuit
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3.4 Input common-mode voltage range

The input common-mode voltage range (Vicm) refers to the
range of input voltage within which an op-amp operates
normally. When a signal outside the input common-mode
voltage range is input, the input offset voltage is increased
rapidly and the output voltage is saturated, disrupting the
normal operation.

The input common-mode voltage range is determined by the
circuit configuration of the differential amplifier circuit that is
the input circuit of the op-amp.

Figures 3.4.1 and 3.4.2 show the differential input stages of
the 4558 and 358/2904 series op-amps, respectively.
Consider the input common-mode voltage ranges for these
two types of op-amp.

The input common-mode voltage range of the 4558 series
op-amp is described by Equation (3.4.1), where Vicwm is the
input common-mode voltage. The lower limit of the input
common-mode voltage range is the voltage that is required
for transistors Q1 and Q2 to operate without being saturated.
Conversely, the upper limit of the input common-mode
voltage range is the voltage that is required for transistor Q0

to operate without being saturated.

VEE + Vbe6 + VbeS + V

sat2

- VbeZ < VICMR < Vcc - VutO - Vbe2

S

Equation (3.4.2) shows that the 4558 series op-amp has both
upper and lower limits between which the transistors can
operate. The op-amps of this type are referred to as dual
power supply op-amps. Normally, positive and negative
power supplies are used with the ground being the middle
point potential. However, this type of op-amp can also be
used with a single supply if the bias voltage is appropriately
adjusted.

Next, the input common-mode voltage range of the 358/2904
series op-amp shown in Figure 3.4.2 is described by Equation
(3.4.3). In the 358/2904 series op-amps, level shift circuits Q1
and Q2 are employed so that the input voltage at the ground
(VEE) level can be handled. In addition, this type of op-amp is
designed so that the collector potentials at Q3 and Q4 can be
made nearly equal due to the arrangement of the circuit
configuration. This makes Q3 and Q4 saturated at nearly the
same voltage.

Equation (3.4.4) shows that the lower limit of the input
common-mode voltage is determined by Vsat and Vbe. Since
Vsat is generally lower than Vbe, the input common-mode
voltage range of the 358/2904 series op-amp can include

VEE, allowing the signal input at the ground level.

(3.4.1)

If we assume that all Vbe and Vsat values are equal in Equation (3.4.1),

VEE + (Vbe + Vsat) < VICMR < Vcc _(Vs + Vbe)

at

VEE + VbeS + VVsat3 - Vbe3 - Vbel < V]CMR < Vcc - VatO - Vbe3 - Vbel

S

(3.4.2)

(3.4.3)

If we assume that all Vbe and Vsat values are equal in Equation (3.4.3),

VEE + (VV

sat

- Vbe) < VICMR < Vcc - (V

sat

+2V,,)

»
«

D)
«

Q3 Q4

VEE
»
© ({

(3.4.4)

A
Q9
Q5| Q6 Q7
A
Vbe5

VEE
J »

Figure 3.4.1. Differential input stage of 4558 series op-amp Figure 3.4.2. Differential input stage of 358/2904 series op-amp
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Next, we explain examples of the characteristics and the
measurement method of the input common-mode voltage.
Figure 3.4.3 (a) shows the measurement circuit for the input
common-mode voltage. The input voltage is varied with the
input terminal of the differential amplifier circuit being used as
the common terminal.

Since the common-mode voltage is input, the output voltage
should ideally be 0. However, since the input offset voltage
actually exists, the output offset voltage is output with the
input offset voltage multiplied by the amplification factor as
shown in Figure 3.4.3 (b).

Next, we present images of the input common-mode voltage
ranges for the 358/2904 and 4558 series op-amps, which we
considered in the section for the

previous input

common-mode voltage range.

VCC
R3
Wy + ouT
M o -
R1

R4 § VEE
Vin
1 Wy
777 R2

(a) Measurement circuit diagram

As in Figures 3.4.4 and 3.4.5, the input common-mode
voltage range limits the input voltage. Therefore, it is
necessary to choose an op-amp with an input range adequate
for the application to be used. So far, we have explained that
the input common-mode voltage range and the input offset
voltage are closely related. Regardless of whether the
op-amp type is the CMOS (FET input) type or the bipolar type,
there are commercially available op-amps of the full swing
input type in which the input common-mode voltage range is
extended from VEE to VCC. Since such op-amps can secure
the input dynamic range even with a low supply voltage, they
are ideal for applications operated at a low voltage, such as

mobile devices.

Output voltage

I Output offset voltage

v

0 Input common-mode voltage

(b) Input common-mode voltage vs. output voltage

Figure 3.4.3. Measurement circuit for input common-mode voltage
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Figure 3.4.4. Input common-mode voltage range of 4558 series op-amp
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Figure 3.4.5. Input common-mode voltage range of 358/2904 series op-amp
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3.5 Maximum output voltage (High/Low level
output voltage

The maximum output voltage (output voltage range) refers to
the voltage range within which an op-amp can output. The
voltage values can be separated into the maximum output
voltage High (High level output voltage) and the maximum
output voltage Low (Low level output voltage).

The output voltage range is limited by the output circuit
configuration, the supply voltage, and the load condition (the
amount of output current).

Next, we explain the output voltage range of the 4558 series
low noise op-amp, which is the most standard dual power
supply op-amp.

As we mentioned, the output voltage range depends on the
output circuit configuration. The limit is imposed because a
certain voltage is required for the elements that constitute the
circuit, such as transistors, to operate normally.

Figure 3.5.1 shows the output equivalent circuit diagram for
the 4558 series op-amp. First, we consider the maximum
output voltage High. There are transistors Q1 and Q2 and
output protection resistor R1 along the path from the output
terminal to the VCC terminal. The voltage necessary for the
normal operation is determined by the voltage between the
collector and emitter of Q1 (Vce1), the voltage between the
base and emitter of Q2 (Vbe2), and when the output source
current (Isource) flows, the voltage drop from the Q2 emitter
by R1 x Isource. The output voltage range is reduced when
the load (RL) is higher (the resistor value is smaller) and a

larger source current flows.

;

——

Vbe2+Vcel
+R1 xIsource

Maximum
output
voltage range

RL
Q4 Vbe3+Vced
+R1 X Isink

Figure 3.5.1. Output equivalent circuit diagram

for 4558 series op-amp

The maximum output voltage High is described by the
following equation.

Maximum output voltage High

=VCC - Vce1l - Vbe2 - (R1 x Isource) (3.5.1)
Next, we consider the maximum output voltage Low. There
are transistors Q3 and Q4 and short circuit protection resistor
R2 along the path from the output terminal to the VEE
terminal. As in the case for the maximum output voltage High,
the maximum output voltage Low is determined by the
voltage between the collector and emitter of transistor Q4
(Vced), the voltage between the base and emitter of Q3
(Vbe3), and when the output sink current (Isink) flows, the
voltage drop caused by protection resistor R2.

The maximum output voltage Low is described by the
following equation.

Maximum output voltage Low

= VEE + Vce4 + Vbe3 + (R2 x Isink) (3.5.2)
Figure 3.5.2 shows an example of the maximum output
voltages for the 4558 series op-amp.

As shown in Figure 3.5.2, there exists dead zones on both the
positive power supply (VCC) side and the negative power

supply (VEE) side where the op-amp cannot operate.

'Maximum output voltage High!

Output voltage [V]

| | L ' ' ' '
. I Maximum output voltage Low
P —— I ] | | | |
| | | [ ‘ | | | |
Il Il Il | Il Il Il Il

0.1 1 10 100
Load resistance [kQ]
VCC/VEE = +15 V/-15 V, Ta = 25°C, VRL = VCC/2

Figure 3.5.2. Example of maximum output voltage

for 4558 series op-amp

© 2011 ROHM Co., Ltd.

64ANO70E Rev.007

20/51

Jun.2021



Op-Amp/Comparator Tutorial

Application Note

Next, we consider the output voltage range of the 358/2904
series op-amp, which is the most standard single supply
op-amp.

Figure 3.5.3 shows the output equivalent circuit diagram for
the 358/2904 series op-amp. As for the maximum output
voltage High, there are transistors Q1, Q2, and Q3, and
current limit resistor R1 along the path from the output
terminal to the VCC terminal. The voltage necessary for this
circuit to operate is determined by the voltage between the
collector and emitter of Q1 (Vce1), the voltages between the
base and emitter of Q2 (Vbe2) and Q3 (Vbe3), and the
voltage drop due to the output source current (Isource) by R1
x Isource. The output voltage range is reduced when the load
(RL) is higher (the resistor value is smaller) and a larger
source current flows.

The maximum output voltage High is described by the
following equation.

Maximum output voltage High

=VCC - Vce1 - Vbe2 - Vbe3 - (R1 x Isource) (3.5.3)
Next, we consider the maximum output voltage Low. The
358/2904 series op-amps feature two routes from the output
terminal to the VEE terminal. One is the path through
transistors Q4 and Q5. The other is the path through Q6. The
Q6 path has a structure in which a constant current of 40 pA
from the output terminal is always supplied by Q6 while the
output voltage is Low. This constant current is referred to as
the Low level sink current. When the output current is
sufficiently smaller than 40 pA, the output voltage Low is

determined by the voltage between the collector and emitter

of Q6 (Vce6b).
) VNSRRI U
( VCC
2 > Vcel I
Vbe2+Vbe3+Vcel
Q14 +R1 X Isource
l Isource Maximum
output
voltage range
R1
Vb . Vceb
eV | Isink RL| @sink << 401 A)
Q5 Vbe4+Vcebd
(Isink > 40 1 A)
8 VRL | _b
) VEE 77 Vv v
40 T
Constant current source: 40 uA I I

Figure 3.5.3. Output equivalent circuit for

358/2904 series op-amp

Since this Low level output voltage is very small (around 10
mV), the output voltage can be output nearly at the ground
level. When the output sink current becomes larger than 40
PA, the output sink current begins to flow into Q4. The voltage
necessary for Q4 to operate is determined by the voltage
between the collector and emitter of Q5 and the voltage
between the base and emitter of Q4.

The maximum output voltage Low is described by the
following equation.

Maximum output voltage Low

= VEE + Vce6 (Isink < 40 pA) (3.5.4)
Maximum output voltage Low
= VEE + Vceb + Vbe4 (Isink > 40 pA) (3.5.5)

In this way, the different circuits operate in the 358/2904
series op-amps depending on the amount of the output sink
current. Therefore, when the 358/2904 series op-amps are
used with the load current value being near the Low level sink
current of 40 YA, the Low level voltage varies as the output
circuits are switched, causing a distortion in the waveform.
This distortion is referred to as the crossover distortion. We
explain this distortion in detail later.

Figure 3.5.4 shows an example of the maximum output
voltages for the 358/2904 series op-amp. As shown in Figure
3.5.4, there exists a dead zone on the positive power supply
(VCC) side where the op-amp cannot operate. On the
negative power supply (VEE) side, the figure demonstrates
that a voltage near VEE (ground) can be output in some

conditions.

5.0
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40 +
35 b—m"
3.0
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R [ T
=

2.5

2.0

Output voltage [V]

|
|
T
|
|
:
15 ;
10 T Maximum output voltage Low
' | I |
[ [ | L

0.0 :
0.1 1 10 100
Load resistance [kQ]

VCC/VEE = 5V/0V, Ta = 25°C, VRL = VCC/2

Figure 3.5.4. Example of maximum output voltage for

358/2904 series op-amp
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3.6 Large signal voltage gain (open loop gain)

This refers to a gain with respect to the voltage difference
between + and - input terminals of op-amps/comparators.

The standard values specified in the data sheet are the
voltage gains with respect to a DC current. To minimize the
gain error that is generated when a feedback circuit is
configured, a high voltage gain (high open loop gain) is
generally considered ideal. When the output voltage is Vour
and the difference in input potentials is Vin_q, the voltage gain

(Av) is given by the following equation.

Av = VOUT

(3.6.1)
VINJJ

Take a non-inverting amplifier circuit shown in Figure 3.6.1 as

an example to consider the gain error.

it
LL¥

Figure 3.6.1. Non-inverting amplifier circuit

The output voltage (Vour) is given by the following equation.

1

R
V = 1+72 X——— XV,
our ( RIJ R, 1 IN (3.6.2)
I+ 1+ —=|x—
L) Ay
In Equation (3.6.2), if we assume that Av is <o, the gain of the
circuit is determined by 1 + R2/R1. Therefore, a gain error

occurs when the open loop gain (Av) has a finite value.

When R1 = 1 [kQ], R2 = 10 [kQ], Av = 80 dB (10,000 times),

the amplification factor is 11 in an ideal situation.

Vour = (1 1)X;1X Viy = L ~10.988 (3.6.3)
1+(1 ) 1.0011

)x —r

10000
Vour is given by Equation (3.6.3), resulting in an amplification
factor less than 11. The difference from the ideal situation is
referred to as the gain error. Figure 3.6.2 shows the relation
between the output voltage and the amplification factor of a

large signal voltage gain.

12

10

Output voltage [V]
'y
Il

0 20 40 60 8O0 100 120 140
Large signal voltage gain [dB]
Figure 3.6.2. Relation between output voltage and large

signal voltage gain

The voltage gain depends on the frequency. It is attenuated
as the input signal frequency is increased. Therefore, the gain
error increases at a higher frequency. Figure 3.6.3 shows an
example of the frequency characteristic of the voltage gain in

the circuit shown in Figure 3.6.1 (using a BA2904 op-amp).

40

30

20 ¢

10

0

Gain [dB]

-10

-20

-30

-40 ;
10 102 10

10* 10° 10° 10’

Frequency [Hz]

Figure 3.6.3. Frequency characteristic of the voltage gain
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3.7 CMRR (Common Mode Rejection Ratio)

The common mode rejection ratio (CMRRawmp) is the ratio of
variation in the output voltage when the input common-mode
voltage is varied, expressed in dB. Generally, the CMRR
specified in the data sheet represents the ratio of the DC input
common-mode voltage and the variation in the input offset
voltage (AVio) when the DC input common-mode voltage is
varied. This ratio expresses the value of the CMRR for the

op-amp itself. We will explain the details in the next section.

AV,
CMRR ,,,, = 2010g(VICM] (3.7.1)

10
Next, we explain a view about the common mode rejection
ratio when an amplifier circuit is configured.

When an amplifier circuit is configured with external resistors,
an error in resistance (pair mismatch) causes an offset
voltage in the amplifier circuit. This offset voltage due to the
resistance error affects the common mode rejection ratio in
the same way that the input offset voltage of op-amps does.
The CMRRRgres due to the resistance error in the amplifier
circuit can be calculated with the following equation. Here, we
suppose that the CMRR of the op-amp is ideal (CMRRawvp =
oo). The error mentioned here is a mismatch between R1 and

R3 as well as between R2 and R4.

o
R3 VCC
M——o——
ouT
M o -
Vin R1 /
R4 g VEE
M
777 R2

(a) Measurement circuit diagram

G is the gain (R2/R1) of the amplifier circuit. Suppose that
CMRRRges = Gpirr/Gem, where Gpirr is the amplification factor
for the differential voltage and Gcew is the amplification factor

for the common-mode voltage (the derivation is omitted).
1+G
R
RR,

CMRR,; =
(3.7.2)

In Figure 3.7.1 (a), the CMRR of the whole circuit (CMRRALL)
is described by Equation (3.7.3).

1+G
CMRR ,,,, RR, (3.7.3)

Therefore, a resistance mismatch affects the common mode

CMRR,,, =

rejection ratio of an associated amplifier circuit. It can be seen
that CMRRAaLL is limited even when an op-amp with a large
CMRR (CMRRawmp) is used.

In the next section, we further consider the meaning of the

common mode rejection ratio of op-amps.

0 Input common-mode voltage

The offset voltage variation is small
relative to the input common-mode
signal level

= CMRR is large (good)

Output voltage

(b) Variation in the input offset voltage

Figure 3.7.1. Relation between input offset voltage and CMRR
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Common mode rejection ratio of op-amps

Introductory books on circuit design define the CMRR of an
op-amp itself as CMRR = Ad/Ac expressed in dB, where Ad
(the differential voltage gain) is the gain with respect to the
difference in input voltages of the op-amp and Ac (the
common-mode voltage gain) is the gain with respect to the
input common-mode voltage. This definition corresponds to
Equation (3.7.1).

Ideally, an op-amp should amplify the difference in voltages
between its + and - input terminals by the gain of the amplifier.
However, the differential voltage gain and the common-mode
voltage gain are altered in an actual op-amp due to changes
in the DC operating points (current and voltage) inside the
circuit that are caused by a variation in the input
common-mode voltage. As a result, the input offset voltage is
varied and a variation in the output voltage is observed.
When the gain with respect to the difference in the input
voltages is Ad (the differential voltage gain), the gain with
respect to the input common-mode voltage is Ac
(common-mode voltage gain), the potential of the + input
terminal is Vin_p, and the potential of the - input terminal is
Vin_n, the output voltage of the op-amp can be described by

the following equations.

Vour = Ad x(V, Vi )+ AcxV e, (3.7.4)

n_p -
A
Vour = Ad x ((I/[n_p - I/in_n)+A_;X V]CM] (3.7.5)

Vicm is the input common-mode voltage and equal to (Vin_p +
Vin_n)/2.

In Equation (3.7.5), the term, (Ac/Ad) x Vic, represents an
error term due to the input common-mode voltage and can be

considered the input offset voltage.

-
Ad

XViear (3.7.6)
From Equation (3.7.6), a variation in the input offset voltage
due to a variation in the input common-mode voltage is
provided as follows.
AV Ad

=—=CMRR

(3.7.7)
AV, Ac

Equation (3.7.7) shows that the ratio of the variations is

equivalent to the ratio of the input common-mode voltage and

the input offset voltage as mentioned above.

As an example, we use Equation (3.7.7) to calculate the effect
of a variation in the input common-mode voltage on the
output.

We calculate Vio_10 when Vio_o = 1 [mV] and CMRR = 80 [dB]
= 10,000 [times], where Vio_10 is the input offset voltage when
Vic = 10 [V], Vio_o is the offset voltage when Vic = 0 [V], and

Vic is the input common-mode voltage.

CMRR = Vchm _V/cfo

(3.7.8)
10_10_V10_0
10[V]
V =———+1[mV]=2[mV 3.7.9
10_10 CMRR{times] [mV]=2[mV] ( )

Therefore, when CMRR = 80 [dB], a variation of 10 [V] in the
input common-mode voltage increases the input offset
voltage by 1 [mV].

The next section explains the mechanism by which the input
offset voltage is varied due to a variation in the input

common-mode voltage.
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Mechanism of the variation in the input offset voltage due to
the input common-mode voltage (reference)

Figure 3.7.2 shows the equivalent circuit for a differential
input stage. We explain the mechanism by which the input
offset voltage is increased by a variation in the input
common-mode voltage. First, we assume that the
characteristics are identical between transistors M1 and M2
as well as between M3 and M4. This means that no input
offset voltage is generated by the differential input stage or
the active loads. Since the characteristics are identical, the
voltages between the gate and source are equal and the
currents flowing through differential input transistors M1 and
M2 are equal. Next, since the characteristics of active loads
M3 and M4 are identical, the currents flowing through the
loads are equal. The identical currents and characteristics
result in identical drain voltages between active loads M3 and
M4. Therefore, we can consider that Vx and Vo is virtually
short-circuited in small signal equivalent circuit 1 in Figure
3.7.2 (b). Based on this point, the small signal equivalent
circuit is described as small signal equivalent circuit 2 in
Figure 3.7.2 (c). Since we can consider that the transistor
elements are connected in parallel to each other, it is possible
to combine the circuits for simplification. The common-mode

voltage gain is calculated with this circuit.

8asV +28,,(Viey =V)+2g,(V-V,)=0
2g,V0+28,V0o 428,V =V)+28,(V-V,)=0

AC = VO :;
View  28malus
V

4, :V_O:gml(”dz 744)

ind

A, ¥V Ve
CMRR = %= =LA =2g o 7,5(r,//1,,)
A Vio

gm1(V]C ~V)

rds rd5

For the calculation of common-mode voltage gain, gm is the
transconductance of transistors, rq is the drain impedance, g4
is the drain conductance, Vicm is the input common-mode
voltage, and V is the drain voltage of M5.

In addition, 1/ra = g¢. Form an equation for nodes Vo and V.
Arranging Equation (3.7.10) and using an approximation that
gms4, gm2 >> Qd4, Qgd2, Equation (3.7.11) is obtained (the
derivation is omitted).

Equation (3.7.11) shows that the common-mode voltage gain
(Ac) is determined by the impedance of transistor M5 and gm
of the active load. Next, the differential voltage gain can be
described by Equation (3.7.12) (the derivation is omitted).
When the input offset voltage is Vio, CMRR is calculated from
Equations (3.7.11) and (3.7.12), in Equation
(3.7.13).

Thus, to obtain a smaller common-mode voltage gain (Ac), rds

resulting

or gma needs to be larger. A larger ras means that the current
flowing through transistor M5 is less likely to be affected by
the input common-mode voltage. However, actual values of
ras and gma are finite and CMRR is therefore limited. In other
words, since CMRR s finite, the input offset voltage is varied

due to the variation in the input common-mode voltage.

(3.7.10)

(3.7.11)

(3.7.12)

(3.7.13)

.

| VeV

\

e

2rgy

0) % Fa2 282(View=V)

;
M2 h :

% 0 Vo Vo

M1
) —0
Vx | Vo

— gmaVo

) a3

% () % a4
gmaVol

2g,VoD

N
o
&

Viem M3 M4
j;7 VSS=GND i

(a) Equivalent circuit for differential input circuit

(b) Small signal equivalent circuit 1

!

(c) Small signal equivalent circuit 2

Figure 3.7.2. Equivalent circuit diagram for op-amp differential input stage
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Next, we explain the frequency characteristic of the CMRR.
The differential voltage gain shown in Equation (3.7.13) is the
gain with respect to a given DC voltage. This gain actually
has a frequency characteristic. As shown in Equation (3.7.13),
the differential voltage gain of op-amps is closely related to
the CMRR. The differential voltage gain of the op-amp is
reduced at the rate of -6 dB/oct (= -20 dB/dec) as the
frequency increases, due to the first pole of the differential

input stage.

This causes a simultaneous reduction in the CMRR. Figure
3.7.3 shows the frequency characteristic of the CMRR.
It is important to consider the frequency characteristic of the

CMRR when actually using op-amps.

100
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CMRRI[dB]
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10 102

10° 10* 10°

Frequency [Hz]

Figure 3.7.3. CMRR frequency characteristic
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3.8 PSRR (Power Supply Rejection Ratio)

The power supply rejection ratio (PSRR) is the amount of
variation in the input offset voltage when the power supply
voltage is varied, expressed as a ratio. Generally, the
standard values described in the data sheet are the ratio of
variation in the input offset voltage when a DC voltage supply

is varied.

(3.8.1)

10

PSRR = ZOIOg(AVCCJ
PSRR is generally defined by PSRR = Ad/Ap, where Ad is the
gain with respect to the difference in the input voltages of the
amplifier (differential voltage gain) and Ap is the gain with
respect to the power supply voltage. This definition has the
same meaning as Equation (3.8.1).

Ideally, an op-amp should increase the difference in voltages
between its + and - input terminals by the gain of the amplifier.
However, the differential voltage gain and the power supply
variation gain are altered in an actual op-amp due to changes
in the DC operating points (current and voltage) inside the
circuit that are caused by changing the power supply voltage.
As a result, the input offset voltage varies and a variation in
the output voltage is observed.

When the gain with respect to the difference in the input
voltages is Ad (the differential voltage gain), the gain with
respect to the power supply voltage is Ap (power supply
voltage gain), the potential of the + input terminal is Vin_p,
and the potential of the - input terminal is Vin_n, the output

voltage of the op-amp can be expressed by the following

equations.

Vour = Ad x (ij — VI.,U )+ ApxVCC (3.8.2)
Ap

VOUT = Ad x (ViVLP - Vinin) +EX yce (383)

In Equation (3.8.3), the term, (Ap/Ad) x Vcc, represents an

error term due to the power supply voltage and can be

considered the input offset voltage.
A

v, =Lxyce (3.8.4)
Ad

From this relational expression, the variation in the input

offset voltage with respect to the variation in the power supply

voltage is described by Equation (3.8.5). Therefore, PSRR is

equivalent to the ratio of the variation in the input offset
voltage with respect to the power supply voltage variation
mentioned above.
AVCC  Ad

=—=PSRR
AV, Ap

(3.8.5)

As an example, we use Equation (3.8.5) to calculate Vio_20
when Vio_10 = 1 [mV], where Vio_20 and Vio_1o are the input
offset voltages when Vcc = 20 [V] and 10 [V], respectively.
Suppose that PSRR = 80 [dB] (= 10,000 times).

v V.
PSRR = —S£-2 =10 _ 10000[times] (3.8.6)
V10720 — 710 10
10V
] [mV]=2[mV] (3.8.7)

1010 =1 0000times]

Therefore, when PSRR = 80 [dB], a variation of 10 [V] in the
power supply voltage increases the input offset voltage by 1
[mV].

When an amplifier circuit is configured, the error voltage that
is multiplied by the gain of the ampilifier circuit is output as an
error in the output voltage.

When a non-inverting amplifier circuit with a gain of 100
[times] is configured, a variation of 10 [V] in the power supply

voltage causes a variation of 100 [mV] in the output voltage.
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Mechanism of the variation in the input offset voltage due to
the power supply voltage (reference)

Figure 3.8.1 shows the equivalent circuit for a differential
input stage. Now we will explain the mechanism by which the
input offset voltage is increased by a variation in the power
supply voltage. First, we assume that the characteristics are
identical between transistors M1 and M2 as well as between
M3 and M4. This means that no input offset voltage is
generated by the differential input stage or the active loads.
Since the characteristics are identical, the voltages between
the gate and source are equal and the currents flowing
through differential input transistors M1 and M2 are equal.
However, when considering the power supply voltage
variation, the variation in the power supply also alters the
input common-mode voltage range. Therefore, the input
voltage level should always be adjusted to a value in the
middle of the input common-mode voltage range.

Next, since the characteristics of active loads M3 and M4 are
identical, the currents flowing through the loads are equal.
The identical currents and characteristics result in identical
drain voltages between active loads M3 and M4. Therefore,
we can consider that Vx and Vo is virtually short-circuited in
small signal equivalent circuit 1 in Figure 3.8.1 (b). Based on
this point, the small signal equivalent circuit is described as

small signal equivalent circuit 2 in Figure 3.8.1 (c).

gdS(V_Vps)+2gn1l(V1CM -V)+2g,(V-V,)=0

Since we can consider that the transistor elements are
connected in parallel to each other, it is possible to combine
the circuits for simplification. The power supply voltage gain is
calculated with this circuit. For the calculation of power supply
voltage gain, gm is the transconductance of transistors, rq is
the drain impedance, gq is the drain conductance, Vicwm is the
input common-mode voltage, and V is the drain voltage of M5.
In addition, 1/r¢ = gd. Form Equation (3.8.8) for nodes Vo and
V.

Arranging Equation (3.8.8) and using approximations that
V-Vps=Vds and gm4, gm2 >> ga4, gd2, Equation (3.8.9) is
obtained (the process is omitted).

Equation (3.8.9) shows that the power supply voltage gain
(Ap) is determined by the impedance of transistor M5 and gm
of the active load. Next, the differential voltage gain can be
described by Equation (3.8.10). (The derivation is omitted.)
When the input offset voltage is Vio, PSRR is calculated from
Equations (3.8.9) and (3.8.10), resulting in Equation (3.8.11).
Thus, to obtain a smaller power supply voltage gain (Ap), rds
or gma needs to be larger. A larger ras means that the current
flowing through transistor M5 is less likely to be affected by
the input common-mode voltage. However, actual values of
ras and gma are finite and PSRR is therefore limited. In other
words, since the PSRR is finite, the input offset voltage is

varied due to the variation in the input common-mode voltage.

(3.8.8)
22,V0+28,Vo+28, View —V)+2g,(V =V,)=0
gp=ro=Bo L (3.8.9)
P - - .0.
Vd,\' 2gm4 2gm4r5
VO
Ay =——=g,,(ryylry,) (3.8.10)
Vind
A V V
PSRR =—%=—& :izgnz4r5gnzl(rd2 7y) (3.8.11)
AP ind V[O
Vps [ (: ;:) Vps
8 M5 Yd5 Va5 Vps
g_q Emat(View=V) J Emaz(ViewV)
\ \Y \%
Fd M1 M2 h D ra D Fd1 2g,ai(Viewr VIO 2r4
Viem J_ v 0O % % oY v
h Vo 43 £°7) r
;L M3 ﬁ—{ M4 EnaaVo P %gmdNo) % 2enuaVo O 2ras

VSS=GND

(a) Equivalent circuit for differential input circuit

(b) Small signal equivalent circuit 1

b

(c) Small signal equivalent circuit 2

Figure 3.8.1. Equivalent circuit diagram for op-amp differential input stage
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As with the CMRR, the value of the PSRR is reduced as the
input signal frequency increases. As shown in Equation
(3.8.11), the differential voltage gain of op-amps is closely
related to the PSRR. The differential voltage gain of the
op-amp is reduced at the rate of -6 dB/oct (= -20 dB/dec) as
the frequency increases, due to the first pole of the differential
input stage. This causes a simultaneous reduction in the
PSRR.

120

Therefore, any ripple noise with a high frequency on the
power supply line will alter the output voltage significantly,
causing output noise. As a countermeasure against power
supply noise, you can connect a bypass capacitor near the
power supply terminal of op-amps. Figure 3.8.2 shows an
example of the frequency characteristic of the power supply

rejection ratio.

110

100

90

80

70

60

PSRR[dB]

50

40
30

20

10

10?

10°

10* 10°

Frequency [Hz]

Figure 3.8.2. PSRR frequency characteristic
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3.9 SR (Slew Rate)

The slew rate is a parameter that represents the operating
speed of op-amps. This parameter describes the rate of
variation that the output voltage can undertake per specified
unit time. For example, 1 [V/us] means that the voltage can
be varied by 1 [V]in 1 [us].
An ideal op-amp can exactly follow any input signal and
output the output signal. However, the slew rate sets limits on
the output in practice. The slew rate describes how much the
output voltage can change per unit time when a rectangular
wave pulse with a steep rise and fall is input. Equation (3.9.1)
shows the definition of slew rate.
The slew rates for the rise and fall are calculated with
Equation (3.9.1).
LA A
ATr AT,

The slew rate specified in the data sheet is based on the rate

SR (3.9.1)

for either “rise” or “fall”, whichever is the slower. The slew rate
represents the maximum slope of the op-amp output signal.
When the signal has a steeper change, the output waveform
cannot follow the signal and will be distorted. Since the slew
rate is the rate of output change, it is not affected when an
amplifier circuit is configured.

Consider the meaning of the slew rate when an op-amp is
actually used. Op-amps are used for the amplification of both
DC and AC signals. As mentioned above, since op-amps
have a limit on their response speed, there are signals that
op-amps cannot handle. We explain a voltage follower
configuration shown in Figure 3.9.1. For a given DC voltage
input, limits are set by the input and output voltage ranges.
For an AC signal with a frequency, additional limits are set by
the gain bandwidth product and the slew rate. Here, we
consider the relation between the amplitude and frequency,
namely the slew rate.

We calculate the maximum frequency that an op-amp can
output. To determine the maximum frequency, we calculate
the slew rate that is required to output a waveform as shown

in Figure 3.9.2.

—9—VvcC

+ Vout
Vin
Input

At doagr---

Amplitude [V] .
y = Asinwt

Time [sec]

Figure 3.9.2 Waveform of a sine wave

(3.9.2)

Since the slew rate is the slope of the tangent to the sine

y = Asin wt

wave, we differentiate Equation (3.9.2).

d
Y Awcosat wt=0 (3.9.3)
dt
From Equation (3.9.3), the slew rate is described by
SR=Aw =2 (3.9.4)

In addition, since the amplitude of the sine wave is given by

Vpp = 2A (peak-to-peak), Equation (3.9.4) can be rearranged

as follows.
SR SR SR
= > y = ?[Hz] Vpp =—1[V] (3.9.5)
T X v, af

This frequency f is referred to as the full power bandwidth.
These are the relations between the frequency and the
amplitude that an op-amp can output (within the output
voltage range) when no amplification factor is set for the
op-amp—in other words, when the op-amp is operated as a
voltage follower.

Example: Calculate the frequency at which an op-amp with

SR =1 V/us can output a signal of 1 Vpp.

SR 1 1
f: = X
v o107 zxl

2

=318.4kHz

(3.9.6)

When the frequency increases such that it is higher than the
frequency calculated with Equation (3.9.6) while the
amplitude is kept constant, the slew rate restricts the

waveform, distorting the sine wave into a triangular wave.

0% N
Output AV /_\\ |

waveform

VEE=GND
777

| i |
t waveform E E t
I / o \I
1 [l [l '
10% Y ! ! '
i3 A

1 ] ]
1

Figure 3.9.1. Example of slew rate measurement circuit and waveforms
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3.10 Frequency characteristics of op-amp

Term descriptions

* Gain frequency characteristic:
The gain of an amplifier circuit has a frequency
characteristic.
This characteristic is determined by the phase
compensation capacitance and terminal capacitance of the
inside of the op-amp, the parasitic capacitance of the circuit
board, and the circuit constant.

* Phase frequency characteristic:
This characteristic represents the difference in phase
between the input and output waveforms of the op-amp.
Similarly to the gain, it is affected by the characteristics, the
circuit constant, and the parasitic capacitance of the
op-amp.

» Open loop gain (Av):
The open loop gain represents the voltage gain for direct
current.

* Unity gain frequency (f1):
The frequency at which the gain is 0 dB (1times) is referred
to as the unity gain frequency.

» Gain bandwidth product (GBW):
The frequency characteristic of an amplifier circuit shows
an attenuation at the rate of -6 dB/oct per pole. The product

of the gain and frequency at an arbitrary point in the range

where the -6 dB/oct attenuation occurs is referred to as the
gain bandwidth product. This product represents the
frequency bandwidth within which the op-amp can be used
for small signals.

Gain bandwidth product [Hz] = Frequency [Hz] x Gain

[times]

«First pole:
This is the first of several poles. The amplitude is
attenuated at the rate of -6 dB/oct per single pole. Phase
delay begins to increase when the frequency reaches 1/10
of the first pole frequency. The delay increases by 45deg at
the first pole frequency and by 90deg when the frequency
reaches 10 times that of the first pole frequency.

» Second pole:
This is the second of several poles. The attenuation rate
increases to -12 dB/oct. In addition to the phase delay from
the first pole, the phase delay further increases by 45deg at
the second pole frequency and by 90deg when the
frequency reaches 10 times that of the second pole
frequency.
Note: -6 dB/oct = attenuation by -6 dB when the frequency

is doubled. (oct = octave)

180 T T T T L B 1 B B B B M ) 180
TR [ T N IR A AT 1
N Il o H‘ P i
Open loop gain || P 1
188 1 I e :_\*7 First pole P i 185
[T | M [ T e A R I | 1
o T T 1 I R i
TI= =~
90 11 .m [ : H' 7T : ¢‘ :‘r\: : : : I ‘.H i 9o
Gain frequency  |A7] Ny | Teg o Unity gain f y —9—
characteristic il NG PN T T 1Tl VDD
A —— Il S LLSL i
45 o [ N k*\\ 1 4% +IN
o [l [ LISENEE I i —O—
— o [l 1 \f T I N \\ i § + out
m o [l ool Tkt i
S o0 et o o i e e 0 = Vin ZIN - °
c TN [l [ T A A ) o 2 T —
© RN [l Y AT A | Wl ©
V] RN ‘\ [l N 2 TN | N g VSS
. RN [T /1 | AT -
45 I /\ I VR Second pole | 74 Vref
e N [ T B e e A 1 77
I T A I A R AN 1
Phase fre_QU_enCy I LN | ) i .
-90 [— characteristic m T T T T T | ~90 Figure 3.10.2. Measurement circuit
L L e e il R B R 1
e Gain bandwidth product o N e (schematic diagram)
-135 —++—m—++——— Product of the frequency and gain in the |j———+++ -135
} } }H } } } range where the gain is attenuated at : : : \ ‘HH
P the rate of -6 dB/oct I
_180 Ll LLL Ll L L Ll Lol _180
107 1 10 10?10 *  10°  10° 10’ 10°

Frequency [Hz]

Figure 3.10.1. Example of open loop frequency characteristics of op-amp
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» Phase margin:
The difference in phase between the input and output
signals at the frequency where the gain is 0 dB (1times) is
referred to as the phase margin. The phase margin is an
indicator of the margin level and is designed to have a
value between 40deg and 60deg.
In an inverting amplifier circuit, the difference in phase
between the input and output 81 is the gain margin. The
phase of an inverting amplifier circuit begins at 180deg.
Since the phase of a non-inverting amplifier circuit begins
at Odeg, the gain margin is the margin level from 180deg,
namely 180deg + 62
Phase margin of inverting amplifier circuit: 61
Phase margin of non-inverting amplifier circuit: 180deg
+ 02

» Gain margin:
The gain margin is the margin level for the gain to 0 dB at
the frequency where the phase delay reaches 180deg.
Typically, the gain margin is designed to be 7 dB or larger.
The gain margin is used as an indicator of the margin level

similarly to the phase margin.

a%%"
R2
—©— VDD
R1 -IN
AANA 6o —|—
out

Vin +
_|: +IN Vout

Vref
;_I/; 777 VSS

Figure 3.10.4. Inverting amplifier circuit

180 T ==L T T TTT T I T T T T 1o 180
P S T A A T e R Y A A YA T] R A A AN A 111 S NI TT] RN RPpoS
N LT R T TL) R T TT R R T 11] R R R TT| B RN R RN AR
140 £ ool s ol Ssgml | o crm| i 140
- L A R R AL B ANl
120 | Phase characteristic of N || e s o) 120
100 r ) e \m\% RN i 100
non-inverting amplifier circuit ol T L Gain margin |1
80 il . LT 1 | 80
60 Lol Lol e Ll LU LI LI 60
D1 | Phase margin: 61 I L R
40 T T g (IR g 40
o RN AT NIRRT il B A [INA V2T R
5, 2 AT I L R~} A O
c 0 bRt b o = 1 = o e = PPt S =i O
T [ RN AT R ) N HH\ [N
(20 TN T T 7\‘\\\\\\ IO R T | ~20
-40 L INH [T ) [T o [N NN ) LI IR —40
I \H\\H AT R N | R A NN AN NI AT, [AAI
-60 — T T — 62 . iy
_go | Phase characteristic of HHHW I 11| Phase margin: |1 ™~y _80
T o o
-100 [ inverting amplifier circuit |ttt - 180deg+62 1 il _j00
T AL AT L i
-120 T eS| 120
_140 T I R AT B e ] 140
Cocrnl o] el e Ny cron|
-160 AL LA L A LA AL ‘W T 160
~180 1 T ¥ S A X1 R N WA N1 B 11 =S AT RPN
10? 10° 10* 10° 10° 10 108 10°

Frequency [Hz]

Phase [deg]

Figure 3.10.3. Example of frequency characteristics of inverting

(non-inverting) amplifier circuit 40 dB* (100 times)

* The open loop gain of an op-amp is very large near a
direct current (100 dB or larger). Applying a DC
feedback from the output with a resistor stabilizes the
output DC voltage.

When measuring the gain frequency characteristics, the
gain of the inverting or non-inverting amplifier circuit is
set to about 40 dB in order to perform the measurement
stably. Since the characteristics at frequencies higher
than the first pole frequency range are equivalent, the

phase and gain margins can be read from this graph.

NV
R2
—— VDD
R1 -IN
B ouT
Vref ‘
_|_
) +IN Vout
Vin
777 VSS

Vref7:|/_7

Figure 3.10.5. Non-inverting amplifier circuit
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3.11 Phase delay and oscillation

This section describes one of the most general concepts for
oscillations caused by Phase delay, the Barkhausen stability
criterion.

The transfer function of a negative feedback circuit is

determined in Figure 6.

A(S)(I/m - I/in—) = I/c)ut
Ve = BV.

out

From the two equations above, the transfer function is

determined as follows.

Ve __A(S)
Vie 14 PA(s)
B
L~ 1
—— VDD
Vin-
A(s)
—O——| + Vout
Vin
A(s): transfer function of op-amp
VSS .
7; Ve S = jw, w = 21,

f: frequency, B: loop gain

Figure 3.11.1. Negative feedback circuit

e When the phase is delayed by 180deg, the
condition becomes identical to the state
when a positive feedback is applied,

causing an oscillation.

We focus on the denominator of the transfer function, 1 +
BA(s).

When BeA(s) = -1, the denominator is zero and the gain
becomes infinity. This means that the transfer function
diverges when BeA(s) = -1.

In other words, B+A(s) = -1 implies that the signal returned via
a negative feedback is inverted (phase delay of 180deg),
equivalent to the condition when a positive feedback is
applied. Therefore, the circuit becomes unstable, causing an

oscillation.

The following are a summary of oscillation conditions when
the loop gain is 1times. (The loop gain of 1times represents

an unity feedback.)

[BA(S)[= 1
ZBA(s) =-180deg

Here ZBA(s) is the phase delay. When s = jw1 and the loop
gain BA(w1) = 1, a phase delay of 180deg causes an

oscillation with the angular frequency of w1.

eThere are two indicators of stability: the phase and
gain margins. The phase margin indicates how
much margin remains from the phase delay of
180deg when the gain is unity (0 dB). The gain
margin indicates how much the gain is attenuated
from unity when the phase delay is 180deg (phase
margin of Odeg).
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The phase delay is caused by the presence of the poles. We
explain the reasoning using the frequency characteristics of

an RC filter as an example.

Consider the transfer function of an RC filter as shown in
Figure 3.11.2. Figure 3.11.3. shows that a pole is caused by
capacitance in the transfer function (the first characteristic).

This pole produces a phase delay of 45deg at the pole
frequency fc, and a phase delay of about 90deg when the

frequency is about 10times that of the pole frequency.

Vin R Vout

1

C

Figure 3.11.2. RC filter circuit

e One pole produces a phase delay of 90deg.
e The pole frequency depends on the capacitance value.

e Even with a high pole frequency, the phase begins to

delay when the frequency reaches 1/10 of the pole

frequency.

15.0 45.00
: o Transfer function of RC filter
100 Cutoff frequency fc = 1,592 Hz .
Phase delay 45deg Voul (]60) — 1
o V,(jo) 1+ joRC
00 : 0.00 Signal amplitude
o -50 : Attenuation at 6 dB/oct per pole g) 1
< -100 ' 3 (@)= N 2
£ -10 g 1+ (@RC)
-15.0 Phase delay begins around -45.00 Phase
’ a frequency of 1/10 of fc ’
-20.0
0 = —ArcTan(wRC)
-250
-300 _:1 3 3 3 : - +90.00 From the transfer function of the
10 1 10 10° 10° 10 0” 10" 10 RC filter, the pole and cutoff

Frequency [Hz]

Figure 3.11.3. Frequency characteristics of RC filter
R =1kQ, 0.1 pF, fc = 1,592 Hz

Phase delay of 90deg around a
frequency 10 times higher than fc.

frequencies are described as
follows.
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3.12 Cause of phase delay in op-amp

We consider the causes of phase delay in op-amps, including

the load capacitance.

From the transfer function of the circuit in Figure 9, we explain

the cause of phase delay for an unity feedback circuit (voltage |  77TTTTIOTTTTYTTTIA NN i

follower), which is most susceptible to oscillations.

4?? T out
A(S)(I/in - Vol) = I/0 r:\ __C.p
1 il= Load
- Vin E C cg;a)acit nce C_
- st 3 1 V 7'7F7 e
ol rﬁi 1+7,C,s ° VEE
st

Figure 3.12.1. Unity feedback circuit

From the equations above, the transfer function is described A(s): transfer function of op-amp, s = jw, w = 2nf

as follows when the output impedance (ro) and the terminal f. frequency, ro: output impedance,

capacitance are taken into account (Cp represents the total of Cp: parasitic capacitance of terminal, C.: load capacitance

parasitic capacitances).

¢ Pole caused by the output impedance and the

A(s) 1 parasitic capacitance of the terminals

V, 1+rCs+As)

i 1+ Cpros e Pole caused by the output impedance and the
+ [

A(s) load capacitance
(intentionally provided)

A pole is formed by Cp and ro. ¢ Pole caused by the feedback resistor and the

This effect is considered in the op-amp design. parasitic capacitance of the input terminal when

an amplifier circuit is configured

In the equation above, assuming Cp = Cp + C.L gives the

transfer function when the load capacitance is connected.

Vo _ A(s) _ 1
Ve 14r,(C,+C))s+A(s) 1+1+(C,f,+CL)rns
A(s)

A pole is formed by Cp + CL and ro.
Cp varies little since it is the parasitic capacitance inside the
IC. However, the frequency where the pole occurs is reduced

if the load capacitance Cv is large.
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3.13 Stability confirmation method (amplifier

circuit)

As an actual example, we show the variations in the phase

and frequency characteristics according to the value of the
load capacitance Ci for the BA2904.

Gain [dB]

60 T T [ T T 117 180 60 — T
| | I [ I I
PN L e s PN —
40 T T T T T T —r—T 1 120 40 —H——l—l—/& : : H
N [ I I I ;
30 Gain, [ I \\ | I ] ;80 30 7Ga‘|n: : : : ‘ : : : :
L [ I I I \\ | D - Lo
20 [ ! ] 20 L [ R
10 b ! ! = 10 L [ L
f o [N [ Il
0 ﬁ % 0 L [ - >
T TT T T =TT
4 2 '% [ [ inliadinl
-10 ':: 8 o 10 T T |G -
o [N [ ain margin
-20 ! -20 T T 1 9
20 h . L [ I
- - L [ o
1 [ [ [
40 I ; ; ; I I [ H I I ; 40 L - o
. L ‘ ! 1 —140 ~ L [ o
S e | ]
10? 10° 10* 10° 10° 107 10 10° 10 10° 10°

Figure 3.13.1. Frequency characteristics of

* When CL = 25 pF

Phase margin: 55deg — the phase when the gain is 0 dB
Gain margin: -10 dB — the gain when the phase is 0deg

Frequency [Hz]

BA2904 (C. = 25 pF)

Frequency [Hz]

BA2904 (C. = 0.01 pF)

e When CL =0.01 pF

Figure 3.13.2. Frequency characteristics of

Phase margin: 7deg — the phase when the gain is 0 dB

Gain margin: -5 dB — the gain when the phase is 0deg

Although the phase margin is small, no oscillation occurs.

AAAY

100k Q

—6— VDD
-IN _

ouT
+IN + Load
capacitance
77 VS§S

Cﬂ; % Vout

Figure 3.13.3. Inverting amplifier circuit of 40 dB (100 times)

The oscillation stability of op-amps is confirmed with the phase and gain margins.

In an inverting amplifier circuit, the phase margin is the phase when the gain is 0 dB since the phase

begins from 180deg.

In a non-inverting amplifier circuit, the phase margin is the difference between 180deg and the phase

value when the gain is 0 dB since the phase begins from O0deg.

Considering factors such as variations or temperature change, the phase margin is designed to be

35deg or larger, and the gain margin -7 dB or smaller.
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3.14 Stability confirmation method (unity feedback
circuit/voltage follower)

We review the idea of phase margin.

VeC

Vout

AGw)

+
Vin :;

7;7 777 VEE
Figure 3.14.1. Overall feedback circuit

0dB

~

Frequency [Hz] N\

Figure 3.14.2. Measurement result

e The phase margin indicates how much margin
remains from the phase delay of 180deg when
the gain is unity (0 dB).

¢ The gain margin indicates how much the gain is
attenuated from unity when the phase delay is

180deg (phase margin of 0deg).

The methods that we have explained so far cannot confirm
the phase margin in an unity feedback circuit (gain of 0 dB).
When the circuit becomes less stable, a peak gain appears in
the frequency characteristic as shown in Figure 14. The
phase margin is calculated from the size of the produced
peak using the transfer function.

Transfer function of a voltage follower (unity feedback circuit)

A(jo)
1+ PA(jo)

A(jw) is expressed in complex form and substituted in the

Vout .
N w) =
v (Jo)

transfer function.

A(jo) =exp(j0)

Vout o ;exp(jﬁ) ) ;(coseJrjsin 0)
Vin l+exp(j6?) l+cos€+jsin6?
B B

Figure 3.14.3. shows the result of the calculation when the

following values are substituted in the above equations.
6(w1) = -175deg (5deg), B(w2) = -135deg (45deg), B(w3) =
-120deg (60deg), B=1.

As the result shows in Figure 3.14.3, the phase margin of
60deg corresponds to a peak of 0 dB, giving an ideal
condition
40
N I S N I
35 The standard value of a phase
30 margin is between 60deg and 45deg
25 for an op-amp without Ci, and about 1
o 2 35deg for an op-amp with a load
g 15 capacitance.
10 N
5 r \\
0r \
\\
-5
-10
0 20 40 60 80 100 120 140 160 180

Phase margin [deg]

Figure 3.14.3. Result of gain peak calculation

Phase margin Efuih‘:éﬁfm fimes] | Peak [dB]
5deg 115 21
45deg 1.3
60deg 1 0

e By measuring the frequency characteristics of a voltage
follower, the phase margin can be calculated from the
gain peak.

e This method is applicable to any types of general
op-amps.

e When the phase margin is small, the occurrence of
oscillation is actually confirmed using an oscilloscope or

other instruments.
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3.15 Summary of stability confirmation method

When an amplifier circuit is configured

+ Oscillation in an amplifier circuit is confirmed by measuring
the phase frequency characteristic and checking the phase

and gain margins.

* In an inverting amplifier circuit, the reading of the phase
margin is the phase when the gain is 0 dB since the phase

begins from 180deg.

* In a non-inverting amplifier circuit, the phase margin is the
difference between the phase when the gain is 0 dB and

180deg since the phase begins from Odeg.

» Considering factors such as variations or temperature
change, the phase margin is designed to be 35deg or
larger as a standard, and the gain margin -7 dB or smaller.
(Generally, the phase margin is designed to be between

60deg and 40deg for an op-amp alone.)

3.16 Countermeasures against oscillation by load
capacitance (output isolation resistor 1)

Basically, it is possible to prevent oscillation by satisfying the
conditions to avoid oscillation as described in the previous
sections. In this section, however, we explain
countermeasures against oscillation when a capacitor with a

large capacitance is connected to the output terminal.

We calculate the transfer function in Figure 3.16.1.

A(S)(va _Vol) = VO
1
sC 1
Vol = Pl =
o 1+r,C,s
sC,
Voo _ A(s) _ 1
Vi 141,C,s+ A(s) 1+1+CPT’US
A(s)
out __ 1
v, 1+r,C.s
Vol I/out _ A(S) 1
w Vo 1+1,C s+ A(s) A+71,Cs)

When an unity feedback circuit (voltage follower) is

configured

* By measuring the frequency characteristics between the

input and output and checking the gain peak, the phase

margin can be estimated from Figure 15 of this document.

* Figure 15 is applicable to any types of general op-amps.

* When the phase margin is small, the occurrence of

oscillation should actually be confirmed.

» Considering factors such as variations or temperature

change, the phase margin is designed to be 35deg or

larger as a standard.

Since the confirmation of oscillation with the calculations

above is complicated, it is generally confirmed by experiment.

v

out

A(s) 1

V.

m

T (+7,C5+ A(s)) (1+7,C, 5)

While the transfer function without the,isolation resistance

calculated in Figure 3.12.1 is

7

ol __

V.

1

1
1
1

A(s) ,
1+7,(C, +C,)s+ A(s) [

* ) / .
When these two transfer ‘functions.are compared, it can be

\ s
seen that the capacitance CL that is connected to the output

is separated into another transfer function with the dividing

resistance rd.

Vin

Vout

Load—l_

capacitance C.

Figure 3.16.1. Example of output isolation resistor connection 1

e The value of the isolation resistor is set to between
50Q to several hundred ohms, according to the
capacitance and the required frequency bandwidth.

e Since a low pass filter is configured with rd and CL,
the circuit bandwidth

capacitance is large.

is reduced if the load
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3.17 Countermeasures against oscillation by load
capacitance (output isolation resistor 2)

When using the method to insert an output isolation resistor vV 1
out __
as described in the previous section, the configuration of a - CL +C (SCL _|_1)
in p
low pass filter may be disadvantageous in some applications. A(s) +r, C R +1 s+1
L%

The peak gain is reduced by inserting a resistor in series to

the capacitance. While the transfer function without“‘the isolation resistance

We calculate the transfer function in Figure 3.17.1. calculated in Figure 3.12.1. is

1
1
1
1

1
1
1
1

V A(s
AV, =V,) =Y, Vor ()
Vi 141,(C,+Cp)s+A(s)
Vo = A(S)I/m - A(S)I/out “~\ '/I
YA y This part of the transfer functions is different.
out g ° We analyze the frequency characteristic of the underlined
o

part in equation A. Suppose that s = jw = j21f.

C,+C (sC, +1)
r _ L P L
(1+2)V,,, =AYV, =AYV, X=—
L%
r
(A(s)+1 +E°)V0m =A(s)V,, Whenf — 0:s = 0and X = CL+Cp
When f — o0:s — o0, sCLRd >> 1, CL << Cp (sCL + 1),
4 and sCL >> 1. Therefore, X is converged to Cp/Rd.
V"”f = (S) This result shows that the effect of the load capacitance CL is
Vin A 1
+—=-r +1 removed.
Z
out 1 e The value of the isolation resistor is set to between 50Q2
Vin 1+ SCp (Rd +L) to several hundred ohms, according to the capacitance
A(s) + : SCL r,+ 1 and the required frequency bandwidth.
R+
sC,
1
IC inside Z= I
ittt z SCp + 1
5 R, +——
: : : sC,
I8 S Vout | |
i Tcp i i 1
Tt 5 : Ry+—
vin : Rd - - sC,
I ' ! 1 =
H _l—Cp Load E i 1

N

e - J;capacitance C < ;l/; 1+ SCP (R, + E)

Figure 3.17.1. Example of output dividing resistor connection 2
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3.18 THD+N (Total Harmonic Distortion + Noise)

The value of THD+N (total harmonic distortion + noise)
describes the percentage of the harmonic and noise
components included in the output signal.

When the harmonic component or noise is included, the
waveform of the output signal is not an exact reproduction of
that of the input signal. In other words, the waveform of the
output signal is distorted.

THD+N = (Sum of harmonic and noise components)/(Output
voltage)

The harmonic component arises from the non-linearity of
op-amp circuits. For example, bipolar transistors have static
current-voltage characteristics described by an exponential
function. Therefore, the amplification factor is a non-linear
function for the input voltage, causing the harmonic
component.

We explain details of the noise in section 3.13 Input Referred
Noise. Noise also arises from semiconductor elements inside

the IC or from peripheral parts such as resistors.

=~ vee
+

Vout

Vin 1kHz
VEE=GND
777

Fundamental wave
1kHz

Output voltage

Second order harmonics

Third order harmonics

|
1

Frequency (None Scaled)

(a) Noise frequency spectrum of voltage follower

These components are mixed in the output signal of an
op-amp, distorting the waveform.

We explain effects of the amplification factor and noise when
an amplifier circuit is configured with an op-amp. An amplifier
circuit amplifies not only the input signal but also the noise
component. When you configure a circuit with a larger
amplification factor to amplify the signal and the same
magnitude of the output amplitude is obtained, the noise
voltage is amplified by the gain and the distortion rate of the
output signal becomes larger as the circuit gain increases
(Figure 3.18.1).

When the amplification factor is constant, a smaller output
amplitude results in a larger percentage of the noise voltage,
exacerbating the distortion rate.

As we mentioned in the section for the slew rate, the
amplitude that can be output becomes smaller as the signal
frequency increases. Therefore, the slew rate limits the

waveform and increases the distortion rate.

Vout

Fundamental wave

1kHz

Output voltage

Second order harmonics
Third order harmonics

Frequency (None Scaled)

(b) Noise frequency spectrum of amplifier circuit

Figure 3.18.1. Noise frequency spectrum of THD+N

Next, Figure 3.18.2 shows examples of THD+N vs. the output voltage

characteristics.

10
g 1
_5 20dB
£ 40dB
2 0.1
a
L
f =
g \
E 0.01
©
I
s 7\\/
(s}
F 0.001 048

0.0001 ‘
0.01 0.1 1 10

Output Voltage [Vrms]

(a) THD+N when the gain is varied

1
2
B 0.1
T
L
7]
2
2 0.01
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£
@
z
£ 0.001
o
0.0001 ‘ |
0.01 0.1 1 10

Output Voltage [Vrms]

(b) THD+N when the frequency is varied

Figure 3.18.2. Examples of THD+N vs. output voltage characteristics
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Next, we explain a cause of distortion in the output waveform
of op-amps.

Input crossover distortion

Input full swing op-amps, especially op-amps equipped with
two types (PMOS/NMOS or PNP/NPN) of differential input
stage, have independent input offset voltages in the operating
region of each differential input stage. Therefore, the input
offset voltage varies within the input common-mode voltage
range as shown in the figure. When the input signal passes
over the step (crossover), a distortion is generated in the

output signal.

Input common-mode range

Offset voltage varies within
the input common-mode
range

Input offset voltage

ol|l-/frmrmmm 2

Input common-mode range

Figure 3.18.3. Offset voltage variation in input
common mode range

Output crossover distortion and output circuit of op-amp
Output crossover distortion is generated as a result of the
op-amp’s output circuit configuration. It is also referred to as
switching distortion. As we described in section 3.11 for the
negative feedback system effect, you can restrain distortion
generated in the output with a negative feedback effect. The
distortion is restrained by the feedback amount when the
open loop gain, A(s), of the op-amp is large at lower
frequencies, as shown in Equation (3.11.5). As A(s) is
decreased at higher frequencies, the restraining effect
diminishes and the distortion gradually increases. However,
as described in the next section for Class C operation, the
output stage of 358/2904 series op-amps switches between
Classes A and C operations according to the amount of the
output sink current. Therefore, such distortions cannot be
restrained by feedback.

The following sections explain how crossover distortion is
generated as well as Classes A, B, C, and AB push-pull
circuits for the types of op-amp output stages. Figure 3.18.4

shows an image of crossover distortion.

Output voltage

t: Time

Figure 3.18.4. Output crossover distortion

Class A output circuit

A Class A output stage is an output stage through which a
drive current flows at all times from a constant current source.
One advantage of a constant current is that no crossover
distortion is generated, since Q1 is always in the operating
region. However, since the drive current keeps flowing even
when there is no signal, power consumption increases. Since
the output is driven by a constant current source, the capacity
of the constant current source limits the source current, which
flows from the amplifier, and a heavy load cannot be driven.

(A heavy load distorts the waveform.)

VCC

Q1
<: ) ': RL
VsatZ
7; Vbe1
GND 77~ 7L

Figure 3.18.5. Class A output circuit
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Class B push-pull output circuit

In Figure 3.18.6 (a) for Class B push-pull circuit, the vertical
and horizontal axes are the output and input voltages,
respectively. Since the operating regions for Q1 and Q2 are
discontinuous, a distortion is generated in the output
waveform. An output stage that has a discontinuous output
characteristic with a gap of two Vbe is called a Class B output
stage. It features low current consumption, since no idling

current flows in the output stage.

Class C push-pull output circuit

The Class C push-pull circuit shown in Figure 3.18.6 (b) is
used for general single power supply op-amps, including
2904 and 358. When operating an op-amp with a single
power supply, a bias voltage is applied to set the DC
operating point of the circuit. In addition, when a load
resistance is connected with the output of the op-amp—and
especially if the voltage with which the load is connected is
close to the bias voltage—no current flows into the output
stage of the amplifier, since there is no potential difference
between both ends of resistance RL. When the output voltage
amplitude of the op-amp is varied from this condition, a
potential difference between both ends of the resistance
arises and a current flow into the amplifier. When this inflow
current is 40 [uA] (value of the current from the constant
current source) or less, the output stage operates as Class A.
—

—€
VCC Vo

Q1

1 V.
Ny et
Vbe1\

Vo
Vhe2

/ RL
Q2 VsatZ .
Intermediate
potential 717

7L(vcc-VEE)/z
GND 77~

Output range Vo

VCC+Vpe1~Veatt
)

When the inflow current exceeds 40 [uA], transistor Q2 starts
to operate and the operation of the output stage transitions to
Class C, causing discontinuous operation of the transistor.

This discontinuity contributes to crossover distortion. To
reduce this distortion, you can decrease the amount of
current flowing into the op-amp’s output to the value of the
current from the constant current source or below. It should
also be noted that the feedback resistance serves as a load in
addition to the load resistance that is connected with the

output.

Class AB push-pull output circuit

The Class AB push-pull circuit shown in Figure 3.18.6 (c) is
used for dual power supply low-noise op-amps, including
4558/4560. Class AB push-pull circuits are output stages that
are modified so that a drive current flows in the output stage.
The bias voltage is set so that transistors Q1 and Q2 are
always ON by connecting two diode-connected transistors
with a Class B push-pull circuit. Since the NPN and PNP
transistors on the output stage are always operated by the
drive current, switching operations are performed smoothly
and crossover distortion is less likely to be generated.
However, when a heavy load is connected—one that the
current capacity of the output stage cannot drive—distortion

may be generated even in a Class AB output stage.

Biased by the forward VCC
voltage of diode-connected
transistors, a current keeps
flowing in the output stage

Output range vo

VCC_Vsan

Operating region of Q2-Vie, | _

Intermediate

V,
Constant sat!
Va1 current source
40pA
Vo
RL RL
' Vsar2
Intermediate
potential potential
L(VCC-VEE)/Z l (VCC-VEE)/2
GND GND 7~

VCC+Vpe1+Vpe3=Vsatt

Vin

voltage of diode-connected !
transistors, a current keeps E
flowing in the output stage !

|

GND-Vpez+ Va2

GND~Vper+Vsat
(a) Class B push-pull circuit

' 0
Ve |
! Operating region of Q1 ' L
Biased by the forward ©_— \

/
........ PR

’I'Vbe1+vb53 Vin
Operating region of Q1
Operating with a constant
current of 40 pA. (358/2904)
Q2 is turned OFF.

GND+Viaty

(b) Class C push-pull circuit

Figure 3.18.6. Op-amp output equivalent circuit

Operating region of Q2

Vo VCC+Vpe1=Vsat1=2Vbe

~Vbe2

Vin

0 Operating region of Q1

GND+Viary

GND-Vbez+Veatz

(c) Class AB push-pull circuit
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Output distortion with a heavy load

Connecting a load resistance or load capacitance with the
output terminal of an op-amp may cause distortion,
depending on the values of these variables. Here, we explain
distortion generated when an RC filter is connected with the
output. When a charge/discharge current to the capacitance
exceeds the source and sink current capacities of the op-amp,
distortion is generated. Figure 3.18.7 shows an RC filter

circuit.

Figure 3.18.7. RC filter

Based on Figure 3.18.7, we calculate the initial value
(maximum value) of the current that is charged in the
capacitor. We assume that the capacitor has no electric

charge initially.

—— VCe Output voltage

Vin R1

Source current

The initial current that flows into the capacitor is given by
Equation (3.18.1).

V 1

1(t) = Eexp(—at) (3.18.1)
The above equation shows that the initial charge current is
determined only by the resistance and current. Therefore, it is
possible to check whether the maximum value of the charge
current will exceed the output current capacity of the op-amp.
The effect on the output voltage when an excessive current
flows is also explained in section 3.5 for the maximum output
voltage.

For example, consider the output current for 2904. When you
configure a filter with R = 100Q), a current of 50 mA is required
for outputting an amplitude of 5 Vpp. Since this current value
exceeds the standard current capacity of 20 mA for 2904, it is
expected that the output voltage range will be reduced and a
distortion will be generated in the waveform. When R = 10kQ,
the current value is 0.5 mA, which causes no distortion in the
waveform. Discharge current can be viewed similarly. Figure
3.18.8 shows the relation between the output current and
distortion. Figure 3.18.9 shows an example of waveform

distortion.

Load RL is light

_________ -
\Sink current AN ' ) Load RL is heavy
1

output current increases

74> VEE=GND

oL
" ]

R2

Qutput Voltage [V]
=y (4]
/

0.0 0.5 1.0 1.5 2.0

Time [ms]

t: Time

Output Voltage [V]
w =

0.0 0.5 1.0 1.5 2.0

Time [ms]

Figure 3.18.9. Example of waveform distortion for BA2904
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3.19 Input referred noise

. . . Thermal noise
There are two types of noise: external and internal noise.

L This noise arises from a random thermal motion of free
Input referred noise in an op-amp—for example, thermal

. . . s , . electrons. Free electrons in a conductor move around
noise, 1/f noise, shot noise, and partition noise—is generated

inside the electronic circuit and observed as noise at the randomly due to Brownian motion. This motion produces a

. . . tiny fluctuation i ltage, Iting in th | noise. Th |
op-amp’s output stage. Output noise that is referred to input iny fluctuation in voltage, resuiting in thermal noise. Therma

noise is termed input referred noise. Typically, the input noise is distributed over a wide range of frequencies; it is also

. . . . . ferred t “whit ise”. Th t of thi i
referred noise voltage is described in a unit such as Vrws, referred 1o as “white noise e amount o IS noise

representing the magnitude of noise in the specified depends not on the amount of current flowing through a

frequency bandwidth. The input referred noise voltage density conductor, but on variations in temperature.

is described in the unit of nV/{ Hz, representing the noise Thermal noise Vnr generated with resistance R [Q] is

described by the following equation.
When k is the Boltzmann constant (1.38 x 1023 [J/K]), T is the

voltage density per frequency. The product of the noise
density multiplied by the noise bandwidth is the noise voltage.

. . oo ) . . absolute temperature [K], and Af is the bandwidth to estimate
Op-amps are used in various circuit configurations with

various amplification factors. Therefore, it is convenient to the noise [Hz],
express the noise voltage as an input referred value in the VHZT =4kTRAf (3.19.1)

same way as the input offset voltage.

Type of noise

Noise arises from the random motion of electrons, which is
discontinuous in time. Primary noise generated from resistors
and semiconductor elements includes thermal noise, shot
noise, and 1/f noise (flicker noise). Primary mechanisms of

noise generation are as follows:

External noise
Commercial power
supply
Electromagnetic waves Input referred noise voltage
from electronic devices

i, Vi VCC

Signal source ouT
resistance: Rs
Signal source: Vs
VEE
M . M
R1 \ R2
Input referred noise current
Figure 3.19.1. Op-amp noise
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Shot noise

When a current flow inside a semiconductor, each carrier
(electron or hole) passes through a depletion layer (PN
junction) while moving randomly, causing a fluctuation in the
current like waves on a river surface. The magnitude of the
generated noise depends on the average current value
flowing through the junction. It is also related to the traveling
time of the carriers and is nearly constant in regions where
the traveling time can be ignored. (It cannot be ignored at
higher frequencies.)

This noise is distributed over a wide range of frequencies
(white noise). When Ip is the current flowing through the
junction, q is the elementary charge (1.6 x 1079 [C]), and Af is
the bandwidth for estimating noise [Hz], ins (noise current of
the generated shot noise) is described by Equation (3.19.2).
iz =2ql ) Af (3.19.2)
1/f noise (flicker noise)

When carriers are trapped by and released from uncombined
bonds that are generated on a semiconductor interface, a

current occurs that is different from the normal carrier travel.

1/f region

Flicker noise

White noise region

This current is referred to as flicker noise. Since it is more
frequently generated as the frequency decreases, it is also
referred to as 1/f noise in the sense that the noise is inversely
proportional to the frequency. In principle, this noise is said to
arise from the presence of uncombined bonds referred to as
dangling bonds on the interface between SiO2 and silicon
crystals. Since atomic bonds with which silicon molecules
form covalent bonds are discontinuous at the SiOz2 interface,
trapping and releasing occur as the carriers travel on the
silicon interface. As a result, a fluctuation occurs in the current,
generating noise.

When Kr is a constant determined by the manufacturing
process, | is the DC current, f is the frequency, and Af is the

bandwidth for estimating noise [Hz],
o 1

-2

Ly =K, —Af (3.19.3)
There are other types of noise generated in semiconductors.
For example, partition noise is generated when a current is

split into different routes. Burst noise (popcorn noise) occurs

in a low frequency region near the audio bandwidth.

Partition noise region

Partition noise

Noise voltage/current density

fc
Corner frequency Thermal noise
/ Shot noise
Frequency (None Scaled) I

Figure 3.19.2. Image of frequency spectrum for input referred noise voltage
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As mentioned above, various types of noise are generated in
op-amps and appear as a noise in the output. Using a
non-inverting amplifier circuit shown in Figure 3.19.3, we
consider how the input referred noise of an op-amp affects an

application circuit.

Input referred noise voltage/noise voltage density of op-amps
When the input circuit is short-circuited, noise generated
inside an op-amp (primarily the differential amplification
stage) is amplified and appears as noise in the output.
Dividing this output noise by the amplification factor of the
circuit provides the input referred noise voltage (Vn). Since it
appears as if noise is input to the amplifier and amplified, it is
termed input referred. However, the noise is actually
generated inside the op-amp and no noise voltage is

generated on the input terminal, as shown in Figure 3.19.3.

Input referred noise current/noise current density of op-amps
As mentioned above, the input referred noise current arises
from a fluctuation in the transistor current or from noise
caused by a split in the current.

This current is actually output from the input terminal to the
outside. It is converted into voltage by external resistors or by
signal source resistance, and it acts as a part of the input
referred noise voltage. lts effect depends on factors in the
external environment such as the circuit constant and circuit
configuration. In Figure 3.19.3, a noise current is converted

into a noise voltage by R1, R2, and Rs.

VCC

in+
Vn

Op-amp Vour
in— in+ | without

_— noise

—&— VEE

AMA— M

Figure 3.19.3. Equivalent circuit for non-inverting

Signal source resistance: Rs:

Signal source: Vs yg

amplifier circuit noise

There is no correlation between the noise currents in the
inverting terminal (i-) and non-inverting terminal (i+). Each
noise current is generated at random. Therefore, they will not

cancel each other out.

Thermal noise from external resistor and signal source
resistance

External resistors and signal source can be sources of
thermal noise. Thermal noise voltage is described as a noise

voltage source connected in series to each resistance source.

The input referred noise voltage density is calculated based
on these considerations. The thermal noise voltage density
for the resistance is calculated by Equation (3.19.1). The
noise voltage generated at each resistance source is
calculated. The input referred noise current is converted into
noise voltage at the external resistors. Since the noise is
handled as power, its mean square is provided. In addition, it
is assumed in Figure 3.19.3 that in+ = in- = in. Since the noise
is generated at random, each term has no polarity. When Vx
is the input referred noise voltage density of the op-amp and
“in” is the input referred noise current density of the op-amp,
the input referred noise voltage density is described by
Equation (3.19.4). This equation corresponds to a situation
where all sources of noise are combined together and
connected with a non-inverting input terminal, as shown in
Figure 3.19.4.

V2 =V +[R2+(R 1/ R,) |2 + 4KkT[R, + (R, // R,))]

na

(3.19.4)
—o—
VCC
Vna
C +
Op-amp Vour
without
noise
Signal source: Vs —
—&— VEE

7£\N\ y M
R1 R2

Figure 3.19.4. Equivalent circuit for non-inverting
amplifier circuit noise

(Noise sources are combined together into IN+)
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Next, we determine the output noise voltage of a
non-inverting amplifier circuit.

Equation (3.19.5) shows the output noise voltage due to
resistance.

Equation (3.19.6) shows the output noise voltage due to the
input referred noise voltage of an op-amp.

Equation (3.19.7) shows the output noise voltage caused by
the input referred noise current of an op-amp.

Suppose that the noise gain of a non-inverting amplifier circuit
(1 + R2/R1) is G1 and (R2/R1) is G2 and assume in+ = in- = in.
The total output noise voltage is described by Equation
(3.19.8).

R
anz = 4kTR2 an = 4kTR1 (Fz) an = 4kTRS (1 + %)
1 1

R
Vo =V, (14 20)

1

V. =i (R/IR) V

ni+

. R
= ln+RS (1 + Fz)

1

V2 =(V,G,) +(i,RG, +(i,R, /IR, +4kTR, + J4kTRG, | +(J4TR,G, )

The noise gain is the gain from the location of the noise
source to the output. If you divide each term in Equation
(3.19.7) by the square of the noise gain, it is equivalent to
Equation (3.19.4) determined above for the input referred
noise voltage.

As a measure to reduce noise in application circuits, you can
use metal film resistors that do not generate flicker noise,
avoid increasing the circuit constant (resistance value)
excessively, or use low-noise op-amps. Products referred to
as low-noise op-amps are designed so that the input referred
noise voltage of the op-amp itself is small. They are mainly
used for high-precision amplification applications, such as

sensors, and audio applications.

(3.19.5)

(3.19.6)

(3.19.7)

(3.19.8)
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Items unique to comparators

3.20 Response time (rise/fall times and propagation delay time)

The response time of comparators is specified in terms of the
rise time, fall time, rise propagation delay time, and fall
propagation delay time.

The rise time refers to the time during which a signal is varied
from 10% to 90% of the output signal amplitude. The fall time
refers to the time during which a signal is varied from 90% to
10% of the output signal amplitude. The propagation delay
time is specified in terms of the time during which the voltage
is varied from the reference voltage to 50% of the output
voltage amplitude. The propagation delay time is evaluated
by varying the potential difference between the reference
voltage and the signal level (overdrive voltage) as shown in
Figure 3.20.1. The propagation delay time becomes longer as
the overdrive voltage is reduced. In addition, an input signal
at the TTL level (3.5 [Vpp]) may be supplied for evaluation.
Figure 3.20.1 shows the input and output waveforms of a

comparator.

|

I Overdrive voltage

Vref

Input waveform

Output waveform

L—H

Rise time: tRI

Output waveform

There are two types of comparator: open-collector type (open
drain CMOS) and push-pull type (CMOS).

As a feature of the open-collector (drain) type, the output
stage of the comparator has no circuit for outputting at the
High setting and external resistors are required to pull-up the
output. By varying the value of the pull-up voltage (VrL), you
can adjust the High setting of the output voltage to a value
different from that of the power supply of the comparator. It
should also be noted that the rise time of an open-collector
type comparator is affected by a time constant resulting from
the external pull-up resistor and the load or from parasitic

capacitance.

Input waveform Overdrive voltage

Vref l

H—L

' Rise time: tr

Figure 3.20.1. Response time of comparator

Re

Vin

;/—7- Vref

(a) Open-collector (drain)

VRL

Vin

7]/—7- Vref

(b) Push-pull

Figure 3.20.2. Measurement circuit for response time of

comparator
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Notes for using an op-amp as a comparator

In the output waveform of an op-amp in which phase
compensation capacitance has been installed, the rise and
fall times are limited by the slew rate. The slew rate is
determined by the time for charging and discharging the
phase compensation capacitance. Since comparators have
no phase compensation capacitance, they can respond with
faster rise and fall times compared with op-amps. In addition,
some op-amps are not appropriate to use as comparators
due to their inside circuit configuration.

In general, rise times and propagation delay times are not
specified for op-amps. However, you can estimate rise and
fall times based on the slew rate (SR = [V/ u s]) if the output

amplitude is known.

Since the propagation delay time is not specified, the use of
comparators is also recommended when a high-speed
response is required or when variations are of concern.

As we explained in section 2.2 for the differential breakdown
voltage of the terminal structure, the protection diodes for
clamping are connected between the terminals in some
op-amps. Such op-amps cannot be used as comparators,
since a current flow between the terminals. Equivalently,
when a model whose differential input breakdown voltage is
lower than the maximum rating for the power supply voltage
is used as a comparator, care must be taken not to exceed

the maximum rating.
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4 Reliability Items

4.1 Electrostatic Breakdown Voltage (ESD

Breakdown Voltage)

The breakdown resistance to static electricity is one of the
reliability test items.
The following phenomena are examples of the breakdown
when static electricity is applied to the IC.
* Dielectric breakdown of the oxide film
When the transistor has a MOS structure, this type of
breakdown occurs when a high electric field is applied to the
gate oxide film.
» Thermal breakdown of the PN junction
Static electricity causes an overcurrent through the PN
junction inside the IC, resulting in thermal breakdown of the
junction.
* Fusing in the wiring
Thermal breakdown in the wiring occurs if an overcurrent

that exceeds the allowable current flows through the wiring.

The following are models for the electrostatic stresses that

may be applied during the handling of semiconductor

products.
* HBM (Human Body Model)
The human body model describes the discharge

phenomenon that occurs when the electrically charged

human body contacts semiconductor products. The values

of capacitance and resistance are used for the modeling.
Cesp = 100 [pF], Resp = 1.5 [kQ]

* MM (Machine Model)
The machine model describes the discharge phenomenon
that occurs when an electrically charged machine made of
metal contacts the semiconductor products. The
capacitance is larger while the resistance is lower than those
used for the human body model.
Cesp = 200 [pF], Resp = 0 [Q]
This is an old standard and is currently slipping out of
mainstream use.
* CDM (Charged Device Model)
This is a method to evaluate the resistance to the
electrostatic discharge that occurs when the semiconductor
itself is electrically charged and contacts metals or other
materials.
Figure 4.1.1 shows a simple test circuit for the human body
and machine models.
The capacitance of Cesp is charged with a high voltage
source, the charge is discharged through the resistance of
Resp, and then the occurrence of destruction is checked.
The test is performed for both the positive and negative
polarities. Generally, the common terminal for applying static
electricity is the VEE terminal (ground terminal) or the VCC
terminal. Usually, the IC is provided with a protection circuit
against static electricity and a countermeasure is taken so
that an overcurrent will not flow inside the circuit. The role of
the protection circuit is to release the surge due to static

electricity to the common terminal and a current path with low

R Reso . . .
AMN 0 impedance is secured. Moreover, a resistor may be
\ connected in series to the terminal in order to prevent the
charging of hot carriers to the gate of the CMOS device.
) Figure 4.1.2 shows an example of a protection circuit.
High voltage Measurement - vee )
_— c device
source ESD D it \ ¢ A Current path with low
‘ — impedance is secured
Protection "/‘r by the protection circuit
circuit | against the
) electrostatic surge.
AT b iy =7 Internal
) - - Applicat
57 HBM: Ceso = 100 pF, Reso = 1.5k0 ppicaton U1 _ _ ciru
MM: Cesp = 200 pF, Resp = 0Q '
Protection |
circuit ,
Figure 4.1.1. Simple test circuit for HBM and MM ,"
"""""""" / )
. VEE Current flows inside €

= destruction or deterioration

Figure 4.1.2. Example of an electrostatic protection circuit of an IC
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Figure 4.1.3 shows the equivalent circuit diagram for the CDM

test.

i

High voltage
source

|
1

\

Measurement device

r

Figure 4.1.3. Equivalent circuit for the CDM test

4.2 Latch Up Test

The Latch up phenomenon occurs in an IC that is configured
mainly with CMOS devices. The parasitic bipolar transistor
that occurs between the elements is operated by the pulse
current or voltage created by electrical noise or the
electrostatic testing, causing abnormal operations.

This phenomenon shows various symptoms such as
breakdown caused by a continued flow of overcurrent, or a
fixed output voltage due to an increase of the circuit current. It
also has a feature that enables the normal operation to be
recovered by turning the power OFF and then ON again if a
breakdown has not occurred. The occurrence of the latch up
can be judged by monitoring the circuit current since the
circuit current increases in all cases.

Usually, the latch up phenomenon is addressed using layout
techniques during the design phase of the IC so that the

capability of the parasitic element is restrained.

®

The following methods are available for evaluation of the IC
resistance to the latch up.
* Current latch up test
A trigger by the current pulse is supplied to the IC and the
occurrence of the latch up is checked.
A current with both negative and positive polarities is
applied.
« Voltage latch up test
A trigger by the overvoltage pulse is supplied to the IC and

the occurrence of the latch up is checked.

In both tests, the latch up is judged by monitoring the circuit
current.

Figure 4.2.1 shows the latch up test circuit.

VDD

VSS

Power supply

Measurement
device

Figure 4.2.1. Latch up test circuit

© 2011 ROHM Co., Ltd.

64ANO70E Rev.007

51/51

Jun.2021



Notice

10)

11)

12)

13)

Notes

The information contained herein is subject to change without notice.

Before you use our Products, please contact our sales representative and verify the latest specifica-
tions :

Although ROHM is continuously working to improve product reliability and quality, semicon-
ductors can break down and malfunction due to various factors.

Therefore, in order to prevent personal injury or fire arising from failure, please take safety
measures such as complying with the derating characteristics, implementing redundant and
fire prevention designs, and utilizing backups and fail-safe procedures. ROHM shall have no
responsibility for any damages arising out of the use of our Poducts beyond the rating specified by
ROHM.

Examples of application circuits, circuit constants and any other information contained herein are
provided only to illustrate the standard usage and operations of the Products. The peripheral
conditions must be taken into account when designing circuits for mass production.

The technical information specified herein is intended only to show the typical functions of and
examples of application circuits for the Products. ROHM does not grant you, explicitly or implicitly,
any license to use or exercise intellectual property or other rights held by ROHM or any other
parties. ROHM shall have no responsibility whatsoever for any dispute arising out of the use of
such technical information.

The Products specified in this document are not designed to be radiation tolerant.

For use of our Products in applications requiring a high degree of reliability (as exemplified
below), please contact and consult with a ROHM representative : transportation equipment (i.e.
cars, ships, trains), primary communication equipment, traffic lights, fire/crime prevention, safety
equipment, medical systems, servers, solar cells, and power transmission systems.

Do not use our Products in applications requiring extremely high reliability, such as aerospace
equipment, nuclear power control systems, and submarine repeaters.

ROHM shall have no responsibility for any damages or injury arising from non-compliance with
the recommended usage conditions and specifications contained herein.

ROHM has used reasonable care to ensure the accuracy of the information contained in this
document. However, ROHM does not warrants that such information is error-free, and ROHM
shall have no responsibility for any damages arising from any inaccuracy or misprint of such
information.

Please use the Products in accordance with any applicable environmental laws and regulations,
such as the RoHS Directive. For more details, including RoHS compatibility, please contact a
ROHM sales office. ROHM shall have no responsibility for any damages or losses resulting
non-compliance with any applicable laws or regulations.

When providing our Products and technologies contained in this document to other countries,
you must abide by the procedures and provisions stipulated in all applicable export laws and
regulations, including without limitation the US Export Administration Regulations and the Foreign
Exchange and Foreign Trade Act.

This document, in part or in whole, may not be reprinted or reproduced without prior consent of
ROHM.

Thank you for your accessing to ROHM product informations.
More detail product informations and catalogs are available, please contact us.

ROHM ROHM Customer Support System

SEMICONDUCTOR

https://www.rohm.com/contact/
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