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Engineers face many challenges when designing analog 
circuits. This e-book covers common topics related to 
these products, including operational amplifier (op amp) 
specifications and printed circuit board layout issues, 
instrumentation amplifier linear operating regions, and 
electrical overstress.

The bulk of this content was originally published between 
2013 and 2017 on TI’s Precision Hub, which provides 
a centralized repository of precision amplifier and data 
converter circuit design lessons. Some chapters have been 
updated since their original publication, and all remain 
relevant to the common challenges seen today. The authors 
listed in the acknowledgments have decades of experience 
solving analog board- and system-level challenges. Their 
efforts and experience combine to bring a unique level of 
knowledge about op amps, instrumentation amplifiers and 
other analog components. Allow this e-book to be your 
“hub” for some of the toughest amplifier challenges and 
questions you’ll encounter.

This collection of technical articles is not an exhaustive list 
of all amplifier topics, but it does address many of the more 
common challenges seen today. If you have any questions 
about the topics covered here or any other analog design 
questions, search or submit them to the TI E2E™ design 
support forums.

You can find additional circuit-level resources, including 
individual circuits and downloadable e-books, by visiting the 
Analog Circuits page on TI.com. Another great resource is 
The Signal e-book, which covers additional precision op 
amp design topics. 

Acknowledgments:

This e-book would not have been possible without the 
contributions of current and former TI authors listed below.

Tamara Alani

Richard Barthel

Soufiane Bendaoud

John Caldwell

Tim Claycomb

Tim Green

Scott Gulas, editor

Arthur Kay

Introduction  

Thomas Kuehl

Errol Leon

Marek Lis

Michael Mock

Raphael Puzio

Peter Semig, editor

Collin Wells

Ian Williams 

https://e2e.ti.com/blogs_/archives/b/precisionhub
https://e2e.ti.com/
https://e2e.ti.com/
https://www.ti.com/design-resources/design-tools-simulation/analog-circuits/overview.html
https://www.ti.com/lit/eb/slyt701/slyt701.pdf?ts=1615393637498


An Engineer’s Guide to Designing with Precision Amplifiers                             4       Texas Instruments

ADC analog-to-digital converter

AOL open-loop gain

CMOS complementary metal-oxide semiconductor

CMRR common-mode rejection ratio

DAC digital-to-analog converter

ESD electrostatic discharge

FET field-effect transistor

GND ground

IC integrated circuit

INL integral nonlinearity

IQ quiescent current

JFET junction field-effect transistor

LSB least significant bit

MCU microcontroller

MOSFET metal-oxide semiconductor field-effect transistor

N/C no connect

PCB printed circuit board

PSRR power-supply rejection ratio

Q quality factor

RRO rail-to-rail output

RSS root-sum-square

RTI referred-to-input

RTO referred-to-output

THD+N total harmonic distortion and noise

VCM common-mode voltage

VOS offset voltage

VOUT output voltage

Common terms

The following is a list of common terms that are used throughout this e-book.
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Finding the op-amp ground pin
Originally published March 18, 2016, by Soufiane Bendaoud

Did you know that there are op amps with a ground pin? If 
you’re an experienced analog engineer, you probably know 
that, but for those of you who haven’t worked much with 
older op amps, you might be asking yourself, “What’s a 
ground pin?”

Integrated circuit manufacturers used to label the ground pin, 
which is supposed to indicate zero volts, or ground (GND). 
Today, manufacturers like Texas Instruments label the pin 
on new op amps “V-” (negative supply) or no connect (N/C). 
This is because GND is supposed to indicate 0 V, but an 
op amp never puts out exactly 0 V, making the original label 
confusing.

The LMV321, LMV324 and LMV358 op amps, which are 
decades old, are good examples of amplifiers that still use 
the GND label. You can see the LMV358 and LMV321 
pinouts in Figure 1, including the GND label. The newer, 
improved versions of these amplifiers (the LMV321A, 
LMV324A and LMV358A) no longer use the GND label.

 

Figure 1. Top view of the LMV358 and LMV321 pinout showing the 
ground pin.

Besides the rare examples like the ones mentioned 
above, it seems that the ground pin label has disappeared 
altogether, at least in op amps. The old GND label gave way 
to appellations such as “single supply,” which can also be 
misleading. Does “single supply” mean that you cannot use 
the amplifier in a split-supply fashion? Of course you can, 
as long as you don’t violate your device’s common-mode 
input range. But many engineers who are not accustomed to 
designing with older op amps might not know that.

A shortcoming of the single-supply op amp is that it can only 
accept positive voltages (at most a few hundred millivolts 
below GND) and produce positive voltages at its output. 
The single-supply label was meant for devices targeted at 
high-volume, low-cost consumer applications. After all, an 
additional negative power supply adds additional cost.

Many options exist to get a true zero output without worrying 
whether there is a pin labeled GND. For a dual-supply 
design, consider switching regulators with dual outputs, such 
as the TPS65133 or the TPS65130, which will synthesize 
a dual supply. If your design uses just one positive power 
supply, consider a more cost-effective solution with the 
LM7705, one of my favorite true-zero-output generators. All 
three of these devices will enable you to get a true zero at the 
output of the amplifier. 

Why op-amp supply limits are critical

Originally published Oct. 23, 2015, by Thomas Kuehl

A few years ago, a customer asked me a rather surprising 
question: “I realize I am exceeding the maximum supply-
voltage rating, but how long will your OPA373 op amp 
continue to operate if it is powered by a 12-V supply?” The 
op amp in question has an absolute maximum supply rating 
of 7 V.

I told him that it would only be a matter of time before he 
would begin to have field failures, and all of the op amps 
subjected to the overvoltage would eventually fail earlier than 
he might expect. He assured me that he was in the process 
of correcting the error and that future production would use 
an amplifier that could operate safely with 12 V.

Applying a voltage to a circuit that exceeds the op-amp 
supply – or any other component’s maximum rating – is 
inviting trouble. A small overvoltage probably won’t trigger 
an immediate failure, but as an applied overvoltage becomes 
larger, the possibility for spontaneous, catastrophic failure 
increases dramatically. Integrated circuits (ICs) have some 
supply voltage guard banding to accommodate normal 
process variances. However, they are in place to assure that 
the product always operates when using supplies set within 
the specified power-supply range.

1. Operational amplifiers (op amps)

1OUT

1IN-
1IN+
GND

8

7
6
5

VCC+

2OUT
2IN-
2IN+

GND

1IN-

1IN+

OUT

VCC+1

2
3

1

2

3

5

4
4

LMV358...D(SOIC), DDU(VSSOP),
DGK(VSSOP), or PW(TSSOP) package

(top view)

LMV321...DBV(SOT-23), 
or DCK(SC-70) package

(top view)

https://www.ti.com/product/LMV321
https://www.ti.com/product/LMV324
https://www.ti.com/product/LMV358
http://www.ti.com/product/LMV321A
http://www.ti.com/product/LMV324A
http://www.ti.com/product/LMV358A
https://www.ti.com/product/TPS65133
https://www.ti.com/product/TPS65130
https://www.ti.com/product/LM7705
http://www.ti.com/product/opa373


An Engineer’s Guide to Designing with Precision Amplifiers                             6            Texas Instruments

1. Operational amplifiers (op amps) 

Figure 1. CMOS op-amp power-supply regions. 

Figure 1 illustrates an example of an op-amp power-supply 
range that includes a region where safe operation is assured, 
and unsafe regions where its lifetime may be reduced or 
cut very short. The op amp in this case is classified as a 
low-voltage op amp, fabricated on a complementary metal-
oxide semiconductor (CMOS) semiconductor process.  
The op amp’s supply increases on the vertical scale from  
0 V to a level beyond its absolute maximum voltage, where 
catastrophic failure is inevitable.

Instantaneous failure can happen when the insulating 
dielectric materials separating the IC elements cannot 
withstand the potential difference applied between them. 
Circuit points where V+ and V- (ground) are physically very 
close might exhibit the highest electrical field intensity and 
potential for breakdown. There may be other circuits where 
the voltage difference is less, but because of very high field 
intensity, breakdown might occur first. Should that happen, 
high current flows through the minute metal traces or silicon, 
resulting in very high localized current and power densities 
and near-instantaneous superheating in the immediate 
area. The associated metal or silicon will melt and become 
redistributed on and within the IC structure. It solidifies 
quickly, creating unintended conductive short circuits and/

or open circuits. In addition, damage to semiconductor 
junctions can occur if the current flow through junctions is 
excessive. The IC is damaged and rendered useless, and 
may now draw excessive current.

So what about a different engineer’s case, where the 
amplifiers continued to function despite having the V+ 
maximum rating exceeded by a full 5 V? Immediate 
breakdown did not occur and they continued to function 
in the field. Even so, they should not expect the devices to 
operate correctly in the long term, and they may eventually 
incur catastrophic failure. Delayed failure of an IC can take 
moments, months or even years to happen.

Although an applied voltage may not be high enough to 
trigger instantaneous failure, it may be high enough to move 
the transistor operating conditions from safe and normal to 
unsafe and abnormal. The higher voltage conditions and 
increased field intensities can negatively affect the precisely 
constructed semiconductor structures and junctions, 
resulting in excessive operating current levels, unintended 
current paths (latches), increased leakage currents and 
increased self-heating. The amplifier circuit may still function, 
but it may not operate with the same electrical performance.
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For example, CMOS op amps may enter an unintended 
bias condition called hot carrier injection. This condition 
occurs when an excessively high voltage is applied between 
the drain and sources of metal-oxide-semiconductor field-
effect transistors (MOSFETs). Accelerated electrons injected 
into the transistor’s gate oxide cause a shift in its threshold 
voltage. The shifts continue with continued exposure to 
the high electric field conditions. The MOSFET electrical 
characteristics become affected over time, and in turn, the 
overall performance of the op amp may degrade. Always 
avoid exposing any op amp, CMOS, bipolar or junction FET 
to a moderate-to-high overvoltage supply level, even for a 
moment.

When operated within the specified supply range, an op 
amp can operate continuously and reliably, often for many 
decades. You can predict how long its lifetime might be by 
applying the Arrhenius equation. However, for overvoltage 
conditions, things are not as straightforward, and it is nearly 
impossible to determine how long the op amp will last.

As odd as it might seem, I have encountered instances 
where customers had powered their op-amp circuit with 
too low of a supply voltage, yet they observed mostly 
normal operation from the circuit. This supply condition falls 
somewhere in the power-up region of Figure 1.

 

Operating an op amp when your voltage is  
too low

Originally published Jan. 15, 2016, by Thomas Kuehl

The previous chapter discussed a TI customer who had 
been operating their op-amp circuit with a power-supply 
voltage level that was too high for the op amp. Recently, 
while meeting with other customers, I’ve had similar 
conversations about voltage that is too low.

This may be surprising, but I have come across instances 
where an engineer discovered that the supply voltage they 
selected to power their application turned out to be lower 
than the minimum rated operating voltage of the op amps 
used in their circuit design.

I expect this happens due to an oversight that occurs over 
the time it takes to develop and design a product and 
put it into manufacturing. I can imagine a scenario where 
a designer identifies and selects a particular op amp for 
its electrical performance and ability to meet the low-end 
supply-voltage requirement.

For example, let’s say that the minimum voltage requirement 
is 2.7 V, and you select an op amp that meets that 
requirement. Then later, someone decides to use a different 
op amp due to lower cost or availability, but no one notices 
that its minimum supply voltage is higher, such as 3 V. Initially 
the circuit performs as expected in production. But later, 
when you receive another, different batch of the op amps, the 
circuit performance doesn’t meet the necessary levels. An 
investigation into the performance issue reveals the supply-
voltage discrepancy.

An undervoltage scenario does not sound too scary; the 
bad things that can happen when an op amp is exposed to 
a high overvoltage are unlikely to occur. The main concern 
then becomes how the op amp performs electrically when 
subjected to an undervoltage condition.

When examining the lower end of the supply-voltage scale 
shown in Figure 1, you’ll see that for this CMOS op amp, 
the minimum specified operating voltage is 2.7 V. The op 
amp’s design team takes into consideration its design and 
semiconductor process guard bands when establishing 
the amplifier’s lower supply limit. The process guard band 
compensates for normal semiconductor process variances 
that affect the op amp’s internal operating points and 
provides assurance that the op amp operates at 2.7 V (if 
observing the stated data-sheet conditions).

 

Figure 1. An example of the low operating voltage end for a CMOS op amp.

In fact, because of the guard banding, the op amp actually 
continues to operate with a supply voltage level somewhat 
less than 2.7 V. Casual checks made in the lab on some 
low-voltage CMOS op amps show that their lower supply 
functional limit can be a few tenths of a volt to almost a volt 
below the minimum specified voltage.

1. Operational amplifiers (op amps) 
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1. Operational amplifiers (op amps) 

You can see why some op amps continue to operate with 
a small undervoltage by viewing a set of curves commonly 
found in the data sheet. Figure 2 is a graph of supply 
current, IDD, vs. the supply voltage, VDD, from the TLV2620 
data sheet. The TLV2620 is a wideband CMOS op amp 
with an 11-MHz unity-gain bandwidth. Its recommended 
supply range is 2.7 V to 5.5 V, but it is usable to 6 V on the 
high end.

 

Figure 2. The TLV2620 CMOS op amp IDD vs. VDD and temperature.

Figure 2 provides information on how the TLV2620 IDD 
is a function of both supply voltage and temperature. 
Of particular interest for this discussion is the minimum 
specified 2.7-V VDD level indicated by the vertical red line 
in Figure 2. The temperature curves show that IDD has the 
same slope on both sides of the 2.7-V line. The op amp 
has only slightly less IDD at 2.3 V or 2.4 V (shown as the 
teal line) than it does at 2.7 V. Since there isn’t an abrupt 
change in current at this lower voltage, the op amp is very 
likely operational.

IDD drops quickly as VDD decreases further. Voltages to 
the left of the “cliff” from which the current falls quickly are 
associated with the “power-up region” shown in Figure 1. 
The internal circuits are not fully biased in that region and 
begin to shut down as the voltage continues lower.

Different op amps exhibit different behaviors in the region 
around the cliff. Some, such as the TLV2620, show an 
immediate steep drop-off in IDD, while others show a 
gradual decrease in the operating current as VDD reduces. 
In either case, you have no way of knowing at what level 
the op amp becomes fully functional until its minimum 
specified operating supply voltage is attained.

Other op amps, such as the TLV2332 CMOS op amp, 
exhibit much more gradual IDD vs. VDD characteristics. 
The TLV2332 is a low-voltage, medium-power op amp; 
its IDD vs. VDD graph is shown in Figure 3. Its electrical 
characteristics are specified for VDD levels of 3 V and  
5 V; however, its recommended supply range is 2 V to 8 V, 
indicating that it is fully functional at 2 V.

Figure 3 shows how IDD follows VDD down and doesn’t 
exhibit an abrupt cliff. Interestingly, the TLV2332 data 
sheet provides several graphs plotting various DC and AC 
parameters against VDD. Figure 4 is an example, which 
plots the large-signal differential-voltage amplification, AVD 
(also known as the open-loop gain, AOL) with VDD. Figure 4 
also shows the dramatic effect that VDD has on AOL. Even 
though it falls off significantly with low VDD to about 50 
kV/V with a 20-V supply level, it is still high enough for less 
critical applications.

 

Figure 3. IDD vs. VDD for the TLV2332 op amp.
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Figure 4. Open-loop gain vs. VDD for the TLV2332.

This low supply-voltage capability is particularly useful in 
battery-powered applications. If an application is powered 
from a 3-V battery, it can discharge down to 2 V and 
the op amp will remain functional – albeit with reduced 
performance.

Returning to my original undervoltage topic, it is important 
to understand the performance implications, should you find 
yourself with a supply voltage lower than the minimum rated 
operating voltage of your op amp. Certainly, it is best not to 
use an op amp with a minimum supply voltage rating higher 
than the application’s supply voltage.

Once you discover this issue, immediately begin searching 
for a replacement op amp specified for the lower supply-
voltage level that also provides the correct electrical 
performance.

To learn more about this topic, watch the TI Precision Labs 
- Op Amps training series, “Input offset voltage and input 
bias current.”

 

What an op-amp shutdown pin is  
supposed to do

Originally published April 22, 2014, by Thomas Kuehl

Anyone who works with modern single-channel op amps 
in their analog circuit designs is familiar with the five active 
device pins: two inputs, two supply pins and the output. 
These five pins accommodate the numerous applications 
where designers apply op amps.

Next, in terms of higher pin count, are op amps with a sixth 
active pin function. Most often, that additional pin functions 
as a shutdown, or conversely, a device-enable pin. Figure 1 
shows the OPA320S op amp, which includes enable/shutdown 
capability.

 

Figure 1. The OPA320S has a sixth pin function, enable/shutdown.

So what exactly is this shutdown/enable pin supposed to 
do?

The purpose of the shutdown pin is to idle the amplifier 
function and reduce its power consumption. When the op 
amp shuts down, it goes into a nonactive mode, where 
the quiescent current, IQ, is reduced by many orders of 
magnitude.

The OPA320S complementary metal-oxide semiconductor 
(CMOS) op amp has a typical IQ of 1.5 mA with a 3.3-V 
supply level. Its power consumption is 4.95 mW when 
active. When in shutdown mode, however, the typical IQ 
reduces to 0.1 µA, and the power consumption decreases 
to 330 nW – a decrease in power of 15,000-to-1.

Chapter 2:  Robot system controller
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The shutdown/enable pin makes switching between the two 
modes easy; you simply apply the correct voltage level on 
the pin required for the chosen mode. Figure 1 also shows 
the shutdown/enable levels for the OPA320S when using a 
single VS+ supply.

Where you can get into trouble with the shutdown function 
is when making assumptions about what else the op amp 
should do besides reducing power consumption. The most 
common assumption is that the op amp inputs and output 
become high-impedance open circuits. Another one is that 
the op amp will no longer have any effect on signals and 
circuits directly connected to its pins. One or both of these 
assumptions may be true, but unless there is information in 
the data sheet stating the specific op-amp characteristics in 
shutdown mode, then neither should be made.

The particular op amp’s definition and electrical design 
dictates its exact shutdown behavior and electrical 
characteristics when in that mode.

By virtue of their design, some op amps having shutdown 
do almost disappear electrically from the circuit. They draw 
miniscule supply current, their inputs and outputs appear as 
very high impedances, and signals applied to them couple 
minimally through them. The off pins have little effect on 
circuit signals. This is often the case for modern CMOS op 
amps.

Some op amps, especially those based on bipolar transistor 
designs, may have back-to-back, protection diodes 
connected across their inputs. When applying a large signal 
to the op amp’s output while it is in shutdown mode, these 
diodes can become forward-biased and conduct. In that 
case, the feedback resistor and diodes can provide a signal 
path from the output back to anything connected to the op 
amp’s noninverting input. This scenario is most likely to occur 

in a multiplexer application where the outputs of several 
op amps with enable/shutdown capability are connected 
together.

The OPA211 is an example of a precision bipolar op amp 
with shutdown capability, with the clamping diode protection 
in place across its inputs. The OPA211 data sheet illustrates 
the potential output-to-input signal path.

Even though an op amp may almost disappear during 
shutdown when applying DC levels, AC signals applied to the 
pins may couple to unexpected points or become distorted. 
This is especially true as their amplitude or frequency (or 
both) increase. Evaluate each model of op amp in the 
application circuit where you can observe its shutdown mode 
behavior firsthand.

Seek an op amp whose data sheet spells out and fully 
discusses the device’s shutdown behaviors. Don’t read 
anything into the data sheet regarding the shutdown mode 
behavior that isn’t stated there.

How to interpret an op amp’s offset voltage 
specification and test conditions

Originally published July 22, 2013, by Peter Semig

As an applications engineer, I field a lot of questions from 
system designers about how to decipher data-sheet 
specifications. An example is the Conditions column of a 
data sheet. The OPA188 data sheet, for instance, doesn’t 
list test conditions for the input offset voltage parameter 
(Figure 1). Therefore, the conditions listed at the top of the 
electrical characteristics table apply to the input offset voltage 
parameter. This is true for all parameters in a data sheet 
unless otherwise noted.

1. Operational amplifiers (op amps) 

Figure 1. OPA188 data sheet.

http://www.ti.com/hpa-pa-opamp-thehub-20140422-opa211-pf-en
https://www.ti.com/lit/ds/symlink/opa211.pdf
https://www.ti.com/lit/ds/symlink/opa188.pdf?ts=1615585838492
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In this case, the specification is valid for the supply voltage 
range listed at the top of the electrical characteristics table. 
Changing the supply voltage will change the offset voltage 
according to the power-supply rejection ratio (PSRR) 
parameter, but the final test ensures that the offset voltage 
will not exceed ±25 µV across all supply voltages, as  
Figure 2 specifies.

 

Figure 2. OPA188 maximum offset voltage, ±4 V < Vs < ±18 V.

The input offset voltage of the OPA211, however, is valid only 
for the supply voltage test condition shown in Figure 3.

 

Figure 3. OPA211 data sheet.

Figure 4 depicts the maximum input offset voltage for  
VS = ±15 V.

 

Figure 4. OPA211 maximum offset voltage, Vs = ±15 V.

Changing the supply voltage of the OPA211 from ±15 V to 
±10 V introduces an additional offset voltage because of the 
device’s PSRR specification (±1 µV/V). Equation 1 shows 
how to calculate the additional offset voltage due to changing 
the supply voltage:

  (1)
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Adding the offset voltage from PSRR directly to the initial 
input offset voltage yields the worst-case error. Combining 
the errors in a root-sum-square fashion yields a more 
probable error term. Figure 5 depicts the maximum offset 
voltage of the OPA211 when Vs = ±10 V.

 

Figure 5. OPA211 offset voltage, VS = ±10 V.

While the additional offset voltage may seem small (0.4 µV 
to 10 µV), remember that offset voltage is referred to input. If 
the amplifier is in a gain of 100 V/V, the output of the OPA211 
could vary as much as ±1 mV simply by changing the power-
supply voltage.

Changing the supply voltage of any amplifier will shift 
the offset voltage according to the PSRR specification. 
Depending on the test conditions, however, the offset voltage 
specification may already account for changes in the power 
supply. If not, you may get more error than you expect.

The next time you have too much error at the output of 
an amplifier, be sure to check the test conditions of the 
specifications in the data sheet.

How to calculate total error caused by initial 
VOS, CMRR, PSRR and VOS drift

Originally published Aug. 5, 2013, by Tim Green

Many engineers misunderstand the “real” offset voltage, VOS, 
of an op amp.

Figure 1 shows the specs for the OPA363 op amp, a single-
supply, 1.8-V to 5.5-V op amp with 7 MHz of unity gain 
bandwidth and a 5-V/µs slew rate. The red box in Figure 1  
highlights what you might assume the real VOS of the OPA363 
would be. Not so!

The real VOS of the OPA363 directly depends on how you use 
it in your application.

Let’s look at how to calculate the real VOS, or total VOS, for 
your application so that your designs can reliably meet their 
specifications.

The key contributors to DC offset voltage are:

• VOS_drift (VOS change with temperature).

• VOS_PSRR (VOS caused by the power-supply rejection ratio).

• VOS_CMRR (VOS caused by the common-mode rejection ratio).

• VOS_initial (VOS under factory test conditions).

Each of these individual contributors to VOS can have 
a positive or negative magnitude. Let’s do the initial 
computation assuming that they all have a positive polarity.

Figure 2 uses information from Figure 1 to compute the 
individual contributors of offset from the end application.  
It’s important to decipher the factory test conditions for  
VOS_initial, as listed in Figure 2.
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Figure 1. OPA363 data sheet.
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1. Operational amplifiers (op amps) 

You can calculate VOS_drift by using the temperature 
difference between 25°C and the end application.

You can compute VOS_PSRR by noting the difference between 
the supply used in the end application and the supply used 
for VOS_initial test.

VOS_CMRR requires a conversion of the CMRR specification, 
given in decibels, to a linear attenuation specification given in 
microvolts per volt.

You now have all of the contributing factors to obtain the real 
VOS based on the end application.

So what do you do with the individual contributors to VOS?

All data-sheet specifications are usually obtained using a ±3 

sigma truncation of a typically Gaussian distribution of  
parts over process variations. You can obtain the   
VOS_total _RSS by taking the root-sum-square (RSS) of  
each individual contributor.

This RSS total implies a ±3 sigma coverage, or that 99.7% of 
all devices used in the application will be less than or equal 
to the computed VOS_total_RSS. The RSS total also means 
that 0.3% of parts can be larger than the VOS_total_RSS. You 
can consider the RSS total a realistic method for combining 
uncorrelated errors.

If you want an extremely conservative design margin, you can 
directly add all of the errors to yield VOS_total_max.
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Figure 2. Simulation of multiple voltage offset contributors and accompanying calculations.
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1. Operational amplifiers (op amps) 

Figure 3 shows the contributing sources of VOS as voltage 
sources in series.

Figure 4 shows the summary of the real VOS investigation. 
Whether you decide to use VOS_total_RSS or VOS_total_max, 
remember that the totals can be positive or negative in 
polarity, as shown in Figure 4.

It’s always a good idea to consider the real VOS in your next 
application and avoid any unwanted surprises when your 
product goes to production.

Figure 4. Condensed simulation showing both calculations of VOS_total 
with both polarity scenarios.

Figure 3. Calculations for computing VOS_total from multiple contributors.
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Comparing auto-zero correction, package-level 
trim and laser trim

Originally published Jan. 22, 2014, by Arthur Kay

Package-level trim is a semiconductor manufacturing method 
that achieves highly accurate amplifiers and other linear 
circuits. The key measurement of accuracy for an amplifier 
is its input offset voltage. The input offset voltage is an error 
voltage at the input of the amplifier measured in microvolts. 
This error voltage can range from tens of microvolts to 
thousands of microvolts.

Amplifiers and other semiconductor devices are built through 
a chemical process called fabrication. During fabrication, 
thousands of amplifiers are grown on a silicon disk called a 
wafer. Each amplifier comprises thousands of transistors, 
resistors and capacitors. The input offset error is caused by 
mismatch of the input transistors on each amplifier. Ideally, 
each transistor is identical, but in practice, the semiconductor 
manufacturing process is not perfect, so there is variation 
from transistor to transistor.

After the wafer is fabricated, it’s tested in the wafer form. During 
the wafer test, some amplifiers use a process called laser trim, 
where a laser adjusts the offset of the device by measuring and 
physically cutting the microscopic resistors on each device. This 
process is time-consuming and expensive. Additionally, some of 
the accuracy improvement gained in wafer form is lost when the 
device is removed from the wafer and packaged in a standard 
plastic package (see Figure 1). This accuracy loss is because 
the packaging process introduces stress on semiconductor die, 
causing the offset error to shift. Despite these shortcomings, 
the laser trim method is still popular, and does provide 
significant accuracy improvements.

 

Figure 1. The manufacturing process for semiconductor devices.

Auto-zero correction is another method to minimize offset 
error. In this case, an error-correction circuit included with 
each amplifier measures the offset and adds a signal to 
counteract the offset error. This circuit requires digital 
control and adds cost and complexity to the design. More 
importantly, the periodic nature of the digital circuit causes 
some noise and signal-aliasing effects. Despite these 
shortcomings, the auto-zero correction and other digital 
correction methods are effective and popular techniques for 
minimizing offset error.

A third way to reduce offset is through package-level 
trimming of the device. This method is similar to wafer trim in 
that the resistors are adjusted on the input stage to correct 
the offset voltage. However, in this case, the adjustment 
occurs after the devices are in their final package. The 
process begins with the application of a digital signal to the 
output during the final package-level manufacturing test. 
After the trim is complete, the trim control circuit is disabled 
and the adjustment becomes permanent. In TI’s e-trim™ 
op amps, the package-level trim uses digital signals rather 
than laser trimming or other traditional methods. Figure 2 
illustrates the package-level trim method.

 

Figure 2. Package-level trim method.

Package-level trim has some advantages over the other 
offset adjustment methods. Remember that in the case of 
laser trimming, the adjustment occurs before the packaging, 
since the packaging process introduces stresses that 
contribute to a loss in some of the offset correction. In the 
case of package-level trimming, the adjustment occurs after 
the packaging, so this method is not affected by packaging 
stresses. The end result is that package-level trim produces 
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lower, more accurate offset voltages. Also, this method is 
faster than laser trimming, which reduces costs.

There are also some advantages of package-level trimming 
over auto-zero correction. Remember that in the case of 
auto-zero correction, the digital correction circuit introduces 
some noise and aliasing effects. The package-level-trimmed 
device does not have these issues because the adjustment 
of the internal trim resistors occurs only once during 
the manufacturing of the device, whereas the auto-zero 
correction occurs continuously during the device’s operation.

In general, the package-level trim method is a very effective 
technique for increasing the accuracy of analog circuits. This 
method has some advantages over traditional methods. The 
OPA192 is an example of a device that uses the package-
level trim method to achieve very good offset accuracy.

Learn more about package-level trim in the technical 
article, “Time for a trim?”

 

Benefits of using a zero-drift, zero-crossover 
op amp

Originally published April 21, 2017, by Tamara Alani, 
Richard Barthel and Errol Leon

In applications such as position sensors, data-acquisition 
systems and resistance temperature detectors, it is important 
to design with high precision in mind. In many cases, 
designing with precision integrated circuits reduces signal-
chain complexity, lowers the external component count, 
and minimizes board space and bill-of-materials costs. The 
inaccuracies of one device may propagate through with the 
inaccuracies of another device, resulting in undesirable and 
unpredictable errors. In the case of a buffer-configured op 
amp at the output of a digital-to-analog converter (DAC), it’s 
crucial that your DAC and your op amp are precision devices 
for an accurate output.

A traditional rail-to-rail complementary metal-oxide 
semiconductor (CMOS) amplifier architecture includes two 
differential pairs, a P-channel MOS (blue) and an N-channel 
MOS (red), shown in Figure 1. Together, these two transistor 
pairs span the entire input common-mode voltage range. 
When one transistor pair takes over from the other, however, 
a unique and nonlinear phenomenon known as “input 
crossover distortion” occurs, caused by the intrinsic input 

offset voltage of each of the two input differential pairs, 
shown in Figure 2.

 

Figure 1. Traditional rail-to-rail CMOS amplifier architecture.

 

Figure 2. Input offset voltage vs. common-mode voltage.

When you connect a traditional rail-to-rail CMOS op amp at 
the output of a high-precision DAC, the crossover distortion 
will introduce an error and result in a drastic increase in 
integral nonlinearity (INL). This may cause the signal to 
deviate several least significant bits (LSBs) from its ideal 
value.

Now, what does 1 LSB mean? Equation 1 is a simple 

equation to calculate LSB:

   (1)

where N is the DAC’s number of bits.
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The DAC8830 is a 16-bit DAC. If the voltage reference is  
VREF = 5V, then:

(2)

So to deviate more than 1 LSB means that you can have 
more than 76.3 µV of error at your output, an amount that 
can be detrimental to many precision applications like critical 
systems, where failure has the potential to negatively impact 
the end product.

So how do you fix this? Enter zero crossover!

You can span the entire input common-mode voltage range 
by using a zero-crossover op amp such as the OPA388.  
The zero-crossover topology uses an internal regulated 
voltage charge pump to increase the positive supply voltage 
and thus achieve linear operation, with input common-mode 
voltages all the way to its rails with a single input transistor 
pair, shown in Figure 3. This results in true rail-to-rail input 
operation without a crossover region, and thus no crossover 
distortion. If you were to connect this kind of op amp at 
the output of a DAC, the op amp does not introduce an 
error within the common-mode region (1 V to 2 V below the 
positive rail) like a traditional rail-to-rail CMOS device.

 

Figure 3. Zero-crossover amplifier architecture.

In Figure 4, the black curve describes the output of a 
traditional rail-to-rail CMOS op amp (the OPA340) at 
the output of a DAC (the DAC8830), while the red curve 
describes the output of a zero-crossover op amp (the 
OPA388) with the same DAC8830. As you can see, the 

output of the DAC8830 + OPA388 does not suffer from the 
distortion that is easily visible in the DAC8830 + OPA340 
output curve. The High-Precision Reference Design for 
Buffering a DAC Signal describes this output in greater 
detail.

 

Figure 4. INL comparison of rail-to-rail CMOS for the OPA340 and zero-
crossover OPA388.

Let’s put this reference design into perspective and use it 
in an application such as an MRI machine. An MRI uses 
a powerful magnetic field to produce detailed 2D and 3D 
pictures of the human body to diagnose or monitor several 
health conditions. Unacceptably distorted signals that 
exceed the error budget in any way can potentially impair the 
image quality.

The OPA388 was the industry’s first op amp to employ 
zero-crossover and zero-drift technology. Zero-drift op amps 
have an internal self-correcting circuit that produces ultra-low 
input offset voltage, VOS, and near-zero input offset voltage 
drift over time and temperature, dVOS/dT. The technology 
also delivers other advantages, including no 1/f noise (flicker 
noise), low broadband noise (white noise) and low output 
distortion, which can help increase system reliability in harsh 
environments.

Take a swimming pool for instance – pH pool testers 
and monitoring systems must withstand changes in the 
environment’s temperature to correctly determine the deficit 
or excess of chlorine. Since most pools are outside, the 
environment’s temperature can vary many degrees between a 
cold winter’s day and a hot summer’s day. The offset voltage 
will change with temperature deviations, introducing error, so 
it is crucial to select an op amp with low offset voltage drift to 
support system reliability through these changes.
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To assure high performance, high precision and high 
accuracy, carefully select the components for your design. 
Make sure that you understand your system and what you 
can afford in terms of error, and only then sift through TI’s 
parametric device search to find your ultimate solution.

The difference between specified and 
operating conditions

Originally published Nov. 18, 2014, by Marek Lis

The differences between the specified and operating 
conditions used in product data sheets have great technical 
implications, since data-sheet limits apply only to specified 
ranges. Therefore, it is paramount for designers not to use 
operating conditions as a guide for their board design, 
because this may directly lead to system underperformance 
or outright failure.

A common op amp challenge occurs when the system 
designer inadvertently exceeds the specified input common-
mode voltage range. While reviewing the simplified topology 
of the bipolar differential input pair in Figure 1, it is clear 
that the linear range on the upper side of the supply voltage 
extends only to within a total voltage of VSAT of Q1 and 
VBE of Q2/Q3. This means that the input common-mode 
nonlinearity begins around 1 V below the positive rail and 
becomes worse as the input voltage gets closer to the 
positive rail, +VS. Driving IN+ any closer to positive rail results 
in a decrease of the current biasing the input differential 
pair. This condition may not cause an increase in the input 

voltage offset but it will surely result in lowering the op amp’s 
bandwidth (Equation 1) and slew rate (Equation 2), as well 
as increasing the input voltage noise (Equation 3) of the op 
amp, thus greatly diminishing its AC performance.

(1)

(2)

(3)

Similarly, on the lower side of the input common-mode 
voltage range, driving the IN+ within VSAT of negative supply, 
or approximately 300 mV above (-Vs) at 25°C, would cause 
the loss of the transistor’s DC gain (β→1). This would lead 
to a sudden increase in the input bias current, iB, in bipolar 
transistor stage and thus much higher input current noise 
(Equation 4):

  (4)

When it comes to the op amp’s output stage, a given circuit 
topology determines the range of the output voltage swing. In 
the case of common-emitter configuration shown in Figure 2, 
the linear output swing from positive rail is limited by the VBE 
of Q1 and the VSAT of Q2, resulting in VOUT < [(V+) -1V]. The 
same type of analysis for the low side of output voltage swing 
results in VOUT > [(V-) +1 V].
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Figure 2. A common-emitter bipolar output stage.

In case of the common-collector (bipolar) or common-drain 
(CMOS) output configurations shown in Figure 3, the linear 
output swing from the rails is only limited by the VSAT of the 
output transistors, which is a function of the output current, 
IOUT. Therefore, [(V-) + VSAT] < VOUT < [(V+) - VSAT].

 

Figure 3. Common-collector and common-drain rail-to-rail output stage.

Figure 4 shows the change in VSAT with the change in IOUT, 
where a higher output current results in a higher VSAT and leads 
to a decrease in the output voltage swing.

The main distinction between different voltage output swing 
ranges has to do with how they are defined within the data-
sheet-specified parameter (Figure 5). The voltage output swing 
from the rail refers to a nonlinear operating condition of the 
output stage where output transistors are fully saturated. Under 
such conditions, the output will swing closer to the rails, but its 
performance will be significantly compromised by 

a much higher VOS, a lower open-loop gain, AOL, and greatly 
diminished AC performance.

Figure 4. Output voltage vs. output current.

On the other hand, the conditions used in specifying AOL call for 
the output voltage to swing further away from either rail, enabling 
the output transistors to operate in the linear region. Doing so 
results in much lower VOS, higher AOL and AC performance that 
meets all specified limits in the data sheet.

Adhering to product data-sheet-specified – not operating – 
ranges will allow you to take full advantage of the op amp’s 
true performance capabilities. It is especially important to use 
the op amp within its specified input voltage range, as defined 
in the Condition column for the common-mode rejection ratio 
specification, since failure to do so may profoundly affect the op 
amp’s AC performance. When it comes to the output voltage 
range, in order to assure linear operation, follow the conditions 
defined in the AOL specification.

For more information on this topic:
• Learn about the differences of op-amp voltage ranges in 
 the technical article, “Op-amp voltage ranges – input 
 and output, clearing some confusion.”
• Learn how close to the ground rail-to-rail op amps 
 produce output voltages in the technical article, 
 “Swinging close to ground – single supply operation.”
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Typical vs. maximum power dissipation

Originally published July 30, 2014, by Thomas Kuehl

There are two questions you likely ask yourself when 
designing an op amp into a new application:

• What is its “typical” power dissipation?

• What is its “maximum” power dissipation?

You may have other questions as well regarding the op amp’s 
various thermal resistance characteristics. These are part of a 
standard bank of questions used to gauge a device’s power-
handling capability and help disclose any potential long-term 
reliability concerns.

What is an op amp’s “typical” power dissipation?

An op amp’s data sheet may not list power dissipation 
information, but it does usually provide the operating 
voltage range and typical and maximum operating currents. 
Answering the first question about typical power is normally 
straightforward. It’s a matter of applying Equation 1:

    PDQ = VS × IQ  (1)

where PDQ is the quiescent power, VS is the supply voltage 
and IQ is the typical quiescent operating current.

Let’s use the OPA316 complementary metal-oxide 
semiconductor op amp as an example and calculate its 
typical power. Its voltage range and operating current are 
listed in its data sheet, as shown in Figure 1.

 

Figure 1. OPA316 data sheet.

The supply range is specified as +1.8 V to +5.5 V, with a 
typical IQ of 400 μA. Figure 2 shows a simple measurement 
circuit. Assuming a nominal 5-V supply voltage and applying 
VS × IQ, the typical power, PDQ, is 2 mW. Easy enough.

 

Figure 2. The OPA316 configured to determine quiescent power 
dissipation.

Maximum power is a different story, however, especially if 
the operating conditions are not specified. Do you need the 
maximum power when the amplifier is operating in a normal 
linear mode, or in some extreme condition? 
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Figure 3. OPA316 data sheet.

What is an op amp’s “maximum” power dissipation?

Let’s load the output with the lowest load resistance, RL, as 
listed in the OPA316 Electrical Characteristics table, shown in 
Figure 3. The table lists 2 kΩ (the red oval).

The maximum power dissipation will occur when VS and 
IQ are at maximum and the output is biased to a DC level 
half the VS+ supply voltage. Figure 4 shows the OPA316 
configured as a single-supply, noninverting op amp. Its 
output is driving the equivalent of a 2-kΩ load to ground, 
consisting of RL in parallel with the series RF and RI 
combination. The noninverting input is driven by a +1.375 
VDC source appearing as 2.75 V at the output due to the 
100% gain. One of the OPA316’s output transistors sources 
current through the 2-kΩ equivalent load resistance, RL(EQV), 
to ground. It has 2.75 V across its source and drain.

The TI Precision Labs - Op Amps training video, “Power 
and Temperature,” addresses the relationship between 
power and temperature in op amps. The video discusses the 
power dissipation of amplifiers at DC and AC, describes the 
thermal model of an amplifier and using it to calculate the 
junction temperature, and describes the absolute maximum 
temperature ratings of the amplifier as well as its internal 
thermal protection schemes.

Figure 4 shows a circuit used for determining OPA316 power 
dissipation.

 

Figure 4. OPA316 power dissipation when driving 2-kΩ (equivalent) load.

Here are the steps to calculate the amplifier power 
dissipation:

1. Find IO, the current delivered to the load: VO = 2.75 V,   
 RL = 5 kΩ, RF = 1.67 kΩ, Ri = 1.67 kΩ

2. IO = IRL + IFB = (VO / RL) + [VO / (RF + Ri )] = (2.75 V / 5 kΩ)  
 + [2.75 V / 2(1.67 kΩ)]

3. IO = 550 µA + 832.4 µA = 1.373 mA

4. IQ(max) = 500 µA (from the data sheet)

5. PD(max) = [(VS+) × IQ(max)] + [((VS+) - VO) × IO] =    
    [(5.5 V) (500 µA)] + [(5.5 V - 2.75 V) × 1.373 mA] = 6.5 mW

The power dissipation is quite low, only about 3.2 times the 
quiescent level. This might not be the worst-case dissipation 
scenario you’re looking for, but it is a good starting place.

The worst case often occurs when the output is shorted 
to ground, or to a supply rail. Modern op amps, like the 
OPA316, are specified and capable of withstanding an 
output short to ground without being damaged. The OPA316 
short-circuit information is listed in the data sheet’s Absolute 
Maximum Ratings table.

The output current, IO, is not unlimited, but has a limited 
short-circuit current value, ISC, which is the maximum current 
that the amplifier can deliver with a short to ground. Internal 
output transistor characteristics and the circuit design dictate 
ISC. The Electrical Characteristics table shown in Figure 3 lists 
the OPA316 ISC as ±50 mA (the teal oval).

Since the output is forced to 0 V, no current flows through 
the feedback path resistors, or RL. The OPA316 dissipates 
all circuit power internally. Figure 5 shows a short-circuit 
connection. A positive, +1.325 V is applied at VIN to attempt 
to drive the output off 0 V. The output would move to that 
voltage if the output short-circuit weren’t present. Note that 
the full 5.5-V supply voltage is imposed across the output 
transistor that sources the ISC current. Its power dissipation, 
PD(XSTR), can be significant.
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Figure 5. OPA316 in an output short-circuit condition.

To calculate the op amp’s PD with the output shorted:

1. IO = ISC ≅50 mA

2. PD(XSTR) = V(XSTR) × ISC = 5.5 V (50 mA) = 275 mW

3. PQ(MAX) = (VS+) IQ(MAX) = 5.5 V × 500 µA = 2.75 mW

4. PD(MAX) = PQ(MAX) + PD(XSTR) = 2.75 mW + 275 mW = 278 mW

This PD level is 43 times that obtained from the linear DC load 
example.

But is the amplifier OK in this case? A calculation of the 
transistor junction temperature, Tj, should tell you:

1. Tj = Ta + PD × θja

2. Ta = ambient temperature, typically 25°C

3. θja = junction to thermal resistance, 263°C/W

4. θja value listed in the OPA316 Thermal Information table  
 for the SC70-5 package

5. Tj = 25°C + (0.278 W)(263°C/W) = 98.1°C

This is well below the 150°C Tj maximum that the data sheet 
lists. The op amp should be OK. Likely the only way Tj could 
approach 150°C is if Ta were 50°C higher.

Simple DC analysis techniques can help you understand 
the power dissipation of an op amp used in your application 
circuit. The data sheet often provides everything you need 

to perform the calculations. Power dissipation determination 
involving AC signals is more complex because of the time 
element. Such analysis usually involves applying integration 
techniques. Often, however, a DC analysis will provide the 
worst-case dissipation information.

Effects of PSRR over frequency

Originally published Nov. 20, 2013, by Arthur Kay

The power-supply rejection ratio (PSRR) describes how well 
an op amp rejects variations in the power-supply voltage. 
PSRR is defined as the shift in offset per volt of shift in power 
supply, and generally is given in units of microvolts per volt 
(µV/V).

The OPA209 op amp, for example, has a typical PSRR of 
0.05 µV/V. Thus, for the OPA209, the power supply can 
change 1 V with only 50 nV of shift in the offset (see Table 1). 
This error is insignificant compared to the typical offset (35 
µV). Furthermore, supplies in precision systems generally have 
less than a volt of variation.

This might lead you to conclude that you can ignore errors 
from power-supply variation for devices with good PSRR, like 
the OPA209. The problem is that the specification in the table 
is the DC PSRR, and the DC PSRR is often the limiting factor.

Parameter Condition
OPA209, OPA2209, OPA4209

Unit
Minimum Typical Maximum

Offset 
voltage

Input 
offset 
voltage

VOS
VS = ±15 V,
VCM = 0 V

±35 ±150 µV

VS power 
supply PSRR

VS = ±2.25 V

to VS = 18 V
0.05 0.5 µV/V

Table 1. Input offset and PSRR specification for the OPA209.

Figure 1 shows the AC PSRR curve for the OPA209. You’ll 
often find a high-frequency noise signal superimposed on 
the DC supply voltage. This high-frequency noise may be the 
ripple of a switching power supply. The low-frequency PSRR 
is very good, which improves the rejection of low-frequency 
power-supply variations. On the other hand, high-frequency 
power-supply noise rejection is poor because PSRR is low at 
high frequencies.
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Figure 1. PSRR vs. frequency for the OPA209.

The simulation results in Figure 2 illustrate how the reduced 
PSRR at high frequencies introduces errors. In this example, a 
10-mV, 100-kHz signal is superimposed on the power supply 
(VS = 15 V ±10 mV). The power-supply noise is attenuated 
by 45 dB PSRR at 100 kHz and reflects as an input offset 
voltage variation. Notice that the output has the power-supply 
noise and the input signal superimposed on each other.

 

Figure 2. Application example showing PSRR at a high frequency. 

Figure 3 shows the hand calculations for the circuit in 
Figure 2. Note that these calculations compare well with 
the simulated results (simulated output noise = 11.9 mVpp; 
hand-calculated output = 11.2 mVpp).

 

Figure 3. PSRR calculation for the application example.

It is important to consider the effects of PSRR over 
frequency because the PSRR specification degrades at 
higher frequencies. You can apply the same principle to the 
common-mode rejection ratio. Knowing this, I hope you 
aren’t taken by surprise by high-frequency PSRR. 
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Understanding total harmonic distortion and 
noise curves

Originally published Oct. 21, 2014, by John Caldwell

Noise and distortion are two common enemies for engineers 
designing precision analog systems. But when looking at 
total harmonic distortion and noise (THD+N) figures in an 
op-amp data sheet, it may not be immediately clear which 
enemy you’re battling: noise or distortion?

“Noise” describes the random electrical signals produced 
by the op amp. “Distortion” refers to unwanted harmonics 
introduced by the op amp. A harmonic is a signal at an 
integer multiple frequency of the input signal. The total 
harmonic distortion and noise specification quantifies these 
factors by comparing the level of distortion harmonics, Vi, 
and the root-mean-square (RMS) noise voltage, Vn, to the 
level of an input signal, Vf, using Equation 1:

  (1)

This curve, from the OPA316 op amp’s data sheet, 
shows the measured THD+N over frequency for multiple 
configurations and output loads. Unfortunately, it’s not 
possible to know immediately if noise or distortion harmonics 
have a greater effect on the THD+N. To gain some insight 
into this, let’s calculate the noise contribution to the 
measurement.

 

Figure 1. THD+N vs. frequency of the OPA316 in multiple configurations.

First, in Equation 2, simplify the THD+N calculation to 
remove the distortion term:

  (2)

Equation 3 approximates the RMS noise voltage of a basic 
op-amp circuit:

  (3)

AN is the “noise gain,” eN is the op-amp broadband voltage 
noise spectral density, and BWN is the bandwidth over which 
noise is measured. Noise gain, or the gain that the amplifier 
applies to its intrinsic noise, is always measured from the 
noninverting input of the op amp. This is straightforward 
when the op amp is used as a noninverting amplifier; the 
signal gain and noise gain are the same. However, for 
inverting amplifiers, the noise gain will be one plus the 
magnitude of the signal gain. For example, an inverting 
amplifier with a signal gain of -1 has a noise gain of +2.

The OPA316 has a broadband input voltage noise spectral 
density of 11 nV/√Hz, and the measurement bandwidth is 
specified as 80 kHz. For the noninverting amplifier (G = +1), 
Equation 4 expresses the approximate RMS noise voltage:

  (4)

For the inverting amplifier (gain = –1), Equation 5 expresses 
the RMS noise voltage:

  (5)

You can now calculate the noise contribution to the THD+N 
measurements for the two configurations using the output 
amplitude information given below the graph in Figure 2.

Noninverting (G = +1) (Equation 6):

  (6)

Inverting (G = –1) (Equation 7):

  (7)
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These calculated values correspond very closely to the 
measured THD+N at low frequencies (<500 Hz). Here, 
the noise of the op amp almost entirely determines the 
measurement. The THD+N measurement is flat at the noise-
dominated frequencies because the frequency of the input 
signal does not affect the noise voltage.

Likewise, at a low signal amplitude, the THD+N 
measurement is dominated by the noise contribution.  
Figure 2 shows the THD+N vs. output amplitude for the 
OPA316, measured at 1 kHz. Below 300 mV, the two 
curves have a constant slope. The RMS noise is constant, 
regardless of input signal amplitude, so increasing the signal 
amplitude improves the THD+N measurement. For example, 
in the noise-dominated region of the curve, doubling the 
output amplitude will cut the THD+N value in half.

 

Figure 2. THD+N vs. output amplitude at 1 kHz of the OPA316 in multiple 
configurations.

On the other hand, the amplitude of distortion harmonics 
may change with signal amplitude. Once the curve deviates 
from a constant downward slope, you know that distortion 
harmonics are affecting the THD+N measurement.

Circuit design for low noise often has the unwanted 
consequence of increasing distortion. A noninverting 
op amp with low-value feedback resistors may provide 
exceptionally low noise, but the additional loading and 
common-mode voltage can increase high-frequency 
distortion. Knowing whether noise or distortion is limiting 

your system performance is crucial to finding an engineering 
solution. Armed with some basic hand calculations and an 
understanding of data-sheet THD+N graphs, you can quickly 
determine the culprit.

For more information on this topic, explore these related 
reference designs:

• Analog PWM Generator 5-V, 500-kHz PWM Output

• Analog, Active Crossover Circuit for Two-Way 
Loudspeakers

• Active Volume Control for Professional Audio

 

Resistors in the feedback of a buffer:   
Ask why!

Originally published July 15, 2014, by John Caldwell

Whenever I review a schematic or a printed circuit board 
(PCB) layout for an early-career engineer, I make a point to 
pick out items and simply ask them, “Why? Why did you 
choose this component? Why did you place it here on the 
PCB?” My point in asking these questions is that every 
design decision should have a valid reason that the engineer 
understands.

For example, a resistor in the feedback path of an op amp 
configured as a buffer provokes an immediate why.

 

Figure 1. An op-amp buffer circuit with a resistor included in the  
feedback path.
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The ugly truth is that the engineer often doesn’t know why 
they included resistor R2. They may have seen it on a previous 
schematic and felt obliged to include it. Most commonly, 
these resistors are used in low-speed applications (<50 MHz) 
to cancel the DC offset produced by the input bias current of 
the op amp. However, as this technical article on input bias 
current cancellation resistors explains, the approach is rarely 
effective.

R2 may also provide some protection to the inverting input 
in the event of an electrostatic discharge strike at the output. 
Also, some op amps, especially junction field-effect transistor 
input types, may produce lower distortion if both inputs have 
matched source impedances. But without understanding the 
purpose of R2, the value is often selected randomly, leading to 
instability.

To understand how R2 causes instability, let’s add the input 
capacitance of the op amp to the circuit, as shown in Figure 2.

 

Figure 2. Op-amp input capacitances added to the circuit in Figure 1.

R2 forms a low-pass filter at the inverting input with the input 
common-mode capacitance CCM2 and the input differential 
capacitance CDM. The low-pass filter in the feedback path 
produces a zero in the noise gain curve (1/β) of the amplifier 
at the frequency, as illustrated in Equation 1:

(1)

If this zero occurs far above the unity gain bandwidth of the 
amplifier, as shown by fZ(2) in Figure 3, it should not affect the 
stability of the circuit. However, if the zero occurs at or below 
the unity gain bandwidth of the op amp, like fZ(1), the noise 
gain curve will intersect the open-loop gain curve at greater 
than 20 dB/decade, indicating probable instability.

 

Figure 3. Open-loop gain (red) and noise gain (blue) curves for a buffer 
amplifier.

The phase shift from this zero will begin one decade below fZ, 
so Equation 2 expresses a conservative design guideline:

(2)

By substituting Equation 1 into Equation 2 for fZ, you can 
determine the maximum value for R2 to ensure stability 
(Equations 3 and 4):

(3)

(4)

To show this effect, I simulated an OPA172 op amp in a 
buffer configuration and measured the phase margin for 
different values of R2. The unity gain bandwidth of the 
OPA172 is 10 MHz, and the input common-mode and 
differential capacitances are both 4 pF. Using the design 
guideline in Equation 4, Equation 5 calculates the maximum 
value for R2 as:

(5)
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Figure 4 is the TINA-TI™ simulation schematic I used to 
measure the phase margin. The feedback loop is broken at 
the op-amp output by inductor L1, and a source, VG1, is 
AC-coupled into the feedback loop. The loop gain is given 
by the probe labeled LG. I measured the phase margin when 
the loop gain equals 0 dB.

 

Figure 4. TINA-TI simulation schematic for the OPA172 configured as a 
buffer.

Figure 5 is a plot of the phase margin as the value of 
R2 increases. The blue line is the maximum value of R2 
calculated in Equation 5. Below this limit, the reduction in 
phase margin is minimal, with it falling to 62 degrees at R2 = 
200 Ω. Above this limit, the phase margin decreases rapidly.

 

Figure 5. Plot of phase margin versus R2 value for the OPA172.

Remember that this analysis doesn’t include the effects of 
capacitive loads or PCB parasitics, which will also degrade 
the phase margin of the circuit.

In some circuits there may be a valid reason to include R2, 
but ask yourself what you’re trying to accomplish with this 
resistor before putting it in the schematic. If the required 
value is large, you’re probably headed for stability problems. 

For more information on this topic, re-create the simulations 
in this chapter by downloading the OPA172 simulation files. 

Detecting the missing power supplies

Originally published April 14, 2014, by Tim Claycomb

When I was a newly hired employee out of college, I thought 
my learning days were over. But later, I had quite a lesson on 
the electrostatic discharge (ESD) diodes of a device and the 
unintended effects they may cause in an application.

I needed to do some testing on the OPA192 op amp, so I 
grabbed my circuit board, headed to the lab and connected 
everything up. I noticed some very odd behavior when I 
observed the output on the oscilloscope. The device was in a 
unity gain configuration, so I expected the output to be equal 
to the input. Figure 1 shows the input (channel 1) and output 
(channel 2) of what I saw.

 

Figure 1. OPA192 input and output.

After some troubleshooting, I realized that I’d made a rookie 
mistake. I’d forgotten to turn on the power supplies! But 
it got me thinking. How can there be an output without 
powering the device?

I researched this phenomenon and found Figure 2 in the 
OPA192 data sheet, which shows the internal ESD diodes 
of the device.
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Figure 2. OPA192 internal ESD diodes.

If an input signal is greater than the supply voltage by 
approximately one diode drop, then the positive supply diode 
conducts and routes current both around the device and to 
the power supplies. With the power supply turned off, all  
that is present is the internal impedance of the supply.  
Figure 3 shows a simplified version of Figure 2 with an 
equivalent model of the power supplies.

 

 

 

Figure 3. Simplified OPA192 schematic with equivalent   
power-supply model.
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Routing the input signal to the supply will create a voltage 
drop across the impedance of the power supply; this will 
cause a voltage to be present on the power-supply pins. 
Table 1 shows the voltage measured at the output, positive 
supply and negative supply for different input voltages.

Input (V) V+ Supply (V) V- Supply (V) Output (V)

6 4.2 0.294 4.17

5 2.874 0.284 1.658

4 2.502 0.264 0.505

3 1.7915 0.236 0.228

2 1.087 0.216 0.001

1 0.287 0.156 0

0 0 0 0

-1 0 -0.444 0

-2 -0.015 -1.2 -1.189

-3 -0.189 -2.217 -2.07

-4 -0.2 -3.166 -3.148

-5 -.0218 -4.14 -4.12

-6 -0.22 -5.13 -5.1

Table 1. DC measurements.

As you can see, with a positive voltage at the input, the 
V+ supply has a measurable voltage. This is because 
ESD diode D1 is conducting and creating a voltage on the 
positive power supply. Similarly, with a negative input, a 
voltage is present at the V- supply because ESD diode D2 is 
conducting. The voltage at the supplies turns on the internal 
transistors of the device, and it begins to operate as it would 
with the supplies turned on. This is why I saw a distorted sine 
wave at the output with no power to the device.

In a typical system, multiple devices share the same power 
supply. These devices may turn on unexpectedly because 
of the voltage at the power-supply pins. This happens 
when the ESD diodes of the device are turned on. Figure 4 
shows a block diagram of how sharing the same supply can 
potentially power other devices, such as analog-to-digital 
converters (ADCs) or logic gates.

 

Figure 4. Effects of sharing a power supply.

Furthermore, having an unexpected output similar to the 
one shown in Figure 1 is just as problematic. The output 
might be connected to a comparator that interfaces with 
a microcontroller (MCU). If the comparator and MCU are 
powered with a separate supply, the output of the op amp 
could cause the comparator to output false data to the MCU. 
Figure 5’s block diagram illustrates how having an unwanted 
output to a comparator can cause an MCU to receive false 
data.

 

Figure 5. Effects of having an unexpected output.

Powering other devices that share the same supply or 
an unexpected output voltage will give false results in the 
system, which can cause the entire system to fail. The effects 
of this vary, but can be as drastic as turning a car off while 
driving or disabling a piece of medical equipment.

If your design can have an input with the device not powered, 
you may want to consider placing a switch between the 
input signal and the input pin of the device. Eliminating any 
possible input to the device will prevent the internal ESD 
diodes from conducting and powering the device (and 
possibly other devices) with the input signal.
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The mystery of the depleted coin cell

Originally published Feb. 11, 2014, by Thomas Kuehl

Monitoring the voltage level of a coin cell in a portable device 
or in backup service is a common, simple application for 
modern complementary metal-oxide semiconductor op 
amps.

Figure 1 shows an implementation using the OPA333 zero-
drift op amp that you can use with a +V supply of 1.8 to 
5.5 V. The coin cell has a voltage of 3 V, while the circuit is 
powered by a voltage level of 3 V to 5 V.

I’ve heard some engineers report that the circuit drains the 
coin cell long before the expected life – in just a matter of 
days, or even hours! These engineers found that once the 
op amp was removed, the coin cell remained charged. That 
piqued my curiosity, and I began an investigation to find out 
what was happening.

 

Figure 1. OPA333 unity gain amplifier connected to monitor a coin-cell 
voltage.

A popular coin cell, the lithium CR2032, is rated at a  
175-mAh capacity and 200 µA of continuous current. The 
OPA333 input bias current is typically 70 pA. That alone 
wouldn’t deplete the cell for years. Something else was 
draining the battery. A close look at the OPA333 internal 
schematic revealed a plausible discharge scenario.

Figure 2 shows a block diagram of the amplifier core and its 
input electrostatic discharge (ESD) protection. Remember 
that most integrated circuits are protected against ESD 
during out-of-circuit handling. The ESD cells are designed to 
be off under normal operating conditions.

The OPA333 ESD input protection has low-leakage steering 
diodes connected from each input to the supply lines. An 
ESD clamp connects between those lines. These diodes 
are normally reversed-biased. However, if the +V supply 
voltage is turned off, becoming high impedance, diode D3 
can become forward-biased. Then, the amplifier core and 
anything else connected to +V can drain current from the 
coin cell.

The OPA333 quiescent current is only 17 µA, so it is probable 
that other components connected to the +V supply line are 
drawing current, too.

 

Figure 2. The current path through D3 from the noninverting input to the 
+V supply line.

Some op amps have a shutdown pin. When in shutdown 
mode, they draw a tiny amount of supply current. However, 
if the ESD cell uses the design shown in Figure 2, the diode 
can still conduct current.

The solution is to employ an op amp with a different ESD cell 
design.

Figure 3 shows the ESD cell design used in the TLV2450  
rail-to-rail input/output op amp. It uses a fast, low-leakage 
clamp similar to a Zener diode. It turns on fast and limits 
applied voltages to a safe level during an ESD event.  
There is no internal current path to the VDD pin.
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Figure 3. The TLV2450 uses an input ESD clamp, with no internal current 
path from the input to the VDD pin.

It may be difficult to determine the ESD cell design that an 
op amp uses. You may find one hint in the data sheet. When 
you look at the absolute maximum ratings, if the signal input 
has a range listed, such as –0.3 V to (+V) + 0.3 V, the 0.3 V 
is a limit assuring that the ESD diodes remain off. Any higher, 
and they may turn on.

How to lay out a PCB for an op amp

Originally published Jan. 8, 2016, by Tim Claycomb

Application engineers tend to overlook printed circuit board 
(PCB) layout during circuit design. It is often the case that a 
circuit’s schematic is correct but does not work, or perhaps 
works with reduced performance. In this chapter, I will show 
you how to properly lay out an op-amp circuit PCB to ensure 
functionality, performance and reliability.

Figure 1. Schematic of the OPA191 in a noninverted configuration. 

I recall a time when an intern and I were working on a 
design together using the OPA191 op amp in a noninverting 
configuration with a gain of 2 V/V, a 10-kΩ load, and a supply 
voltage of ±15 V. Figure 1 shows the design schematic.

I tasked the intern with laying out the PCB for this design. I 
gave him some general guidelines for laying out PCBs – keep 
traces as short as possible and keep components close 
together to minimize board space – and sent him on his way. 
How hard could it be? It’s just a few resistors and a couple 
of capacitors, right? Figure 2 shows his first attempt at the 
layout. The red lines are traces routed on the top layer, and 
the blue lines are traces routed on the bottom layer.

 

Figure 2. First layout attempt.

That’s when I realized that PCB layout isn’t as intuitive as I 
thought; I should have been a little bit more detailed with the 
guidelines. He did everything I recommended, keeping the 
traces relatively short and the components close together. 
The layout could be improved, however, to reduce PCB 
parasitic impedances and optimize performance.

The first improvement we made is moving R1 and R2 next to 
the inverting pin (pin 2) of the OPA191; this will help reduce 
stray capacitance on the inverting pin. The inverting pin 
of an op amp is a high-impedance node and is therefore 
“sensitive.” Long traces can act as antennas, which allow 
high-frequency noise to couple into the signal chain. PCB 
capacitance on the inverting pin can cause stability issues. 
Therefore, the connections on the inverting pin should be as 
small as possible.
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Moving R1 and R2 next to pin 2 allows R3, the load resistor, 
to rotate 180 degrees, which then allows the decoupling 
capacitor, C1, to move even closer to the positive supply 
pin (pin 7) of the OPA191. It is extremely important to 
place decoupling capacitors as close to the supply pins 
as possible. Having long traces between the decoupling 
capacitor and the supply pin adds inductance on the supply 
pin, which can degrade performance.

Another improvement affects the second decoupling 
capacitor, C2. The via connecting –VCC and C2 should 
never be placed between the capacitor and the supply pin; 
it should be where the supply voltage must pass through the 
capacitor before entering the supply pin of the device.

Figure 3 shows how to move each component and via to 
improve the layout.

 

Figure 3. Location of components for improved layout.

Even after moving the components to new locations, it’s still 
possible to make additional improvements. You could make 
the traces as wide as possible to reduce the inductance of 
the trace – about the size of the pad to which the trace will 
connect. Another is to pour a ground plane on the top and 
bottom layer. This will create a solid, low-impedance path for 
return currents.

Figure 4 shows our final layout.

 

Figure 4. Final layout.

The next time you are laying out a PCB, consider following all 
of these layout practices:

• Make the connections to the inverting pin as short as 
possible.

• Place decoupling capacitors as close to the supply pins as 
possible.

• If using multiple decoupling capacitors, place the smallest 
decoupling capacitor closest to the supply pin.

• Do not place vias between decoupling capacitors and 
supply pins.

• Make traces as wide as possible.

• Do not route traces with 90-degree angles.

• Pour at least one solid ground plane.

• Do not sacrifice good layout to label a component with 
silkscreen.

For more information on this topic:

• Watch our TI Precision Labs - Op Amps: Stability video 
training series.

• Download our popular and free Analog Engineer’s Pocket 
Reference e-book (myTI login required) for commonly used 
analog design formulas.
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Is a decoupling capacitor really necessary?

Originally published Aug. 13, 2013, by Arthur Kay

Before working as an applications engineer, I worked as 
an integrated circuit test development engineer. One of my 
projects was to characterize an I2C temperature sensor. 
After writing some software, I threw together a hand-wired 
prototype board. I was in a hurry, so I left off that pesky 
decoupling capacitor. Who needs it, right?

I collected data for about a week, but none of my results 
matched my expectations. I made numerous changes in an 
attempt to improve performance, but nothing worked. Finally, 
I decided to add the decoupling capacitor. As you might 
expect, this solved the issue.

This got me thinking: Do we always need decoupling 
capacitors? What do they really do?

One way to answer the question is to show what happens 
when you don’t use proper decoupling.

Figure 1 shows a buffer circuit driving a resistor-capacitor 
load with and without decoupling capacitors (C1 and C2). 
Notice that the output signal has a high frequency (3.8 
MHz) oscillation for the circuit without decoupling. Poor 
stability, poor transient response, startup problems and other 
anomalies are common challenges with amplifiers that do not 
have decoupling capacitors.

 

Figure 1. Buffer with and without decoupling (measured results).

Figure 2 illustrates why decoupling is important. Note 
that the inductance of the power-supply trace will limit the 
transient current.

The decoupling capacitor is very close to the device, so 
it has a very low inductance path for current flow. During 
transients, the capacitor can supply very large amounts of 
current to the device for a very short duration.

The device without decoupling does not have a mechanism 
to provide the transient currents, so the amplifier’s internal 
nodes will droop – often referred to as a glitch. The internal 
power supply glitches on the device without decoupling will 
cause inconsistent operation because the internal nodes are 
not properly biased.

 

Figure 2. Current flow with and without decoupling.

In addition to using a decoupling capacitor, you should 
also use a short low-impedance connection between the 
decoupling capacitor, the power supply and the ground 
connection.

Figure 3 compares a good decoupling layout to a bad one. 
You should always try to keep the decoupling connections 
short and avoid vias in the decoupling path, because vias 
add inductance. Most data sheets recommend a decoupling 
capacitor value. In the absence of a recommendation, use 
0.1 µF.
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Figure 3. Good vs. bad printed circuit board (PCB) layout.

Using a properly connected decoupling capacitor can save 
you a lot of trouble. Even if your circuit works on the bench 
without decoupling, it could have issues when you go into 
production from process variation and other real-world 
influences.

Learn from my mistake; don’t fall into the no-decoupling trap.

 

Why you should clean your PCB

Originally published Sept. 23, 2013, by Ian Williams

When troubleshooting nonfunctional or poorly performing 
circuits, engineers often run simulations or other analyses 
that consider the circuit at the schematic level. If these 
methods fail to resolve the issue, even the best engineer 
might be left feeling stumped, frustrated or confused. I’ve felt 
this pain myself. To prevent you from reaching a similar dead 
end, I present to you one simple but crucial tip: keep it clean!

What do I mean by this? Well, some materials used during 
the printed circuit board (PCB) assembly or modification 
process can cause major issues in circuit functionality if 
the PCB is not properly cleaned. One of the most common 
culprits of this phenomenon is solder flux, shown in Figure 1.

Solder flux is a chemical agent used to facilitate the soldering 
of components to a PCB. Unfortunately, if not removed after 
soldering, flux can also deteriorate the surface insulation 
resistance of the PCB, wreaking havoc on the performance 
of your circuit in the process.

Figure 1. PCB with an excess amount of residual solder flux.
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Figure 2 shows the test circuit I used to illustrate the effects 
of solder flux contamination.

 A balanced Wheatstone bridge network, excited by a 2.5-V 
reference, simulates a high-impedance bridge sensor. The 
differential bridge sensor output, VIN+ - VIN–, is connected   
to the INA333 zero-drift instrumentation amplifier with  
gain = 101 V/V. Ideally, VIN+ - VIN– = 0 V, since the bridge is 
balanced. However, flux contamination causes the actual 
bridge sensor voltage to slowly drift over time.

In this test, I simultaneously recorded VIN– and VOUT over one 
hour after various levels of cleaning after assembly:

• No cleaning.

• Hand cleaning and air dry.

• Ultrasonic bath, air dry and bake.

As you can see in Figure 3, the solder flux contamination 
had a drastic effect on the behavior of the bridge sensor 
output. With no cleaning and hand cleaning, the bridge 
sensor voltage never reached its expected voltage of roughly 
VREF/2, even after an hour of settling time. The noncleaned 
board also exhibited a large amount of external noise pickup. 
After cleaning it in the ultrasonic bath and allowing it to fully 
dry, the bridge sensor voltage was rock-solid.

 

Figure 3.  Circuit inconsistencies at VIN- (Figure 2) as a result of solder flux 
contamination.

Observing the output voltage of the INA333 in Figure 4, 
you continue to see performance degradation with improper 
cleaning. The board with no cleaning showed DC errors, 
very long settling time and significant external noise pickup. 
The hand-cleaned board showed strange very-low-
frequency noise. I eventually determined the cause – the 
air-conditioning cycling inside the test facility!

As expected, the properly cleaned and baked board 
performed perfectly and did not shift at any point during  
the test.
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Figure 4. Circuit inconsistencies at VOUT  (Figure 2) as a result of solder 
flux contamination.

Improper cleaning of solder flux can cause major 
performance degradation, especially in precision DC circuits. 
Remember to use an ultrasonic bath (or similar) for the final 
cleaning of all hand-assembled or reworked PCBs. After 
drying with an air compressor, bake assembled and cleaned 
PCBs at a slightly elevated temperature to remove any 
residual moisture; for example, 10 minutes at 70°C.

This one simple tip of “keep it clean” should help you 
spend significantly less time troubleshooting and more time 
designing awesome precision circuits.

Why correct voltage matters for op-amp 
PowerPAD™ IC packages

Originally published Nov. 6, 2014, by Thomas Kuehl

The PowerPAD™ integrated circuit (IC) package enables 
op amps and other linear circuits to deliver otherwise 
unattainable output power from a device packaged in a 
small-outline package. The PowerPAD IC package provides 
a highly conductive thermal path from the back of the IC 
die to an external heat sink, or to a copper PC board plane 
acting like one. The product data sheet is specific about the 
electrical potential to which the PowerPAD IC package must 
be connected, which is usually the most negative supply 
level. That is 0 V, or ground, for an op amp using a single-
supply or V– for one using dual supplies (V+ and V–).

Figure 1 illustrates an example from the OPA569 power 
op amp data sheet, which specifies that the PowerPAD 
IC package should be connected to V–. In reality, it can’t 
be connected to a voltage more positive than V– without 
potential issues. The V– power pin and the PowerPAD IC 
package are hard-wired together. Some high-power op amps 
such as the OPA548 packaged in a transistor outline  
(TO)-220 package have a similar connection requirement for 
its metal tab.

 

Figure 1. Top view of the OPA569 PowerPAD IC package.

If the pad (or tab) isn’t connected to the correct potential, 
which is the most common problem, the op amp may be 
thrown into a completely different realm of DC operating 
conditions that can lead to abnormal operation, excessive 
heat generation or even damage. Other amplifiers may 
exhibit less dramatic effects such as altered DC and AC 
performances.

Analog ICs comprise many different transistor, resistor and 
capacitor structures that must coexist with the others, and 
they are usually electrically isolated from each other. This is 
most often accomplished in ICs by junction isolation and to a 
lesser extent using dielectric isolation. Implementation varies 
by process. Figures 2a and 3 illustrate the basic isolation 
structures.
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Figure 2a shows a cross-section of two N-channel P-channel 
N-channel (NPN) bipolar transistors residing adjacent to each 
other, along with their collector, base and emitter regions. 
A P-region that connects down to the P-substrate resides 
between the two collectors. The N-collector, in conjunction with 
the adjacent P-region, creates a diode. The P-regions between 
the transistors connect to the P-substrate, which is attached by 
an electrical and thermally conductive medium to the small-
outline PowerPAD IC package or the TO-220 package tab.

If the diode anodes are biased at the most negative voltage, 
and the other transistor regions are biased more positively, the 
diodes are reverse-biased, preventing current flow between the 
transistors. They are electrically isolated.

Another structure where the die must be at the most negative 
voltage is the vertical P-channel N-channel P-channel (PNP) 
transistor shown in Figure 2b. The transistor collector is the 
actual P-substrate region. This transistor structure is commonly 
used as the PNP emitter follower in a complementary NPN-PNP 
op-amp output stage.

High-performance analog ICs also may use dielectric isolation 
where the electrical components reside and are isolated within 
nonconductive tubs. Figure 3 shows a cross-section for a 

similar NPN pair. The transistor structures have a thin layer of 
insulating silicon dioxide between them and the polysilicon tubs. 
Both bipolar and metal-oxide semiconductor-based circuits use 
dielectric isolation.

 Since the transistors are isolated by insulation, you may 
wonder why tying the P-substrate to V– would be necessary. 
Electrically, there isn’t a concern about shorting two different 
potentials together. It comes down to the transistor DC and 
AC characteristics, and the circuit’s design is established with 
the substrate at the V– potential. Electrical characteristics 
such as the capacitances shown in Figure 3 are defined and 
incorporated into the circuit design under that condition. Biasing 
the substrate at a different potential may alter the amplifier’s AC 
bandwidth, transient response or distortion performances.

If a data sheet indicates that the PowerPAD IC package is 
internally connected to V– but doesn’t say much more, connect it 
to the V– PC board plane. This ensures that the amplifier’s V– pin 
and the PowerPad IC package will be at the same potential.

If the data sheet says that the PowerPAD IC package must 
be soldered to the plane, do it! This assures not only good 
electrical and thermal connections between them, but also adds 
structural integrity to the package itself.
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How to design cost-sensitive battery-
monitoring circuits

Originally published July 15, 2016, by Collin Wells

In portable electronics designs, typical battery-monitoring 
systems measure battery voltage and battery current to 
detect when the battery needs charging or replacement.   
In this chapter, I’ll demonstrate battery-voltage and  
current-monitoring circuitry for cost-optimized systems  
using op amps. 

Op amps used in battery-monitoring circuitry must meet the 
required accuracy levels while consuming minimal power-supply 
quiescent current, IQ, to conserve battery life. Table 1 lists the 
key specifications for two devices, the TLV369 precision op 
amp and TLV379 general-purpose op amp, which are both 
designed for low-power, cost-sensitive applications.

Specification
TLV369 TLV379

Typical Min/max Typical Min/max

Input offset voltage (VOS) 0.4mV 2mV 0.8mV 25mV

VOS drift 0.5µV/°C – 3µV/°C –

Common-mode rejection 
(CMRR)

110dB 80dB 100dB 85dB

CMRR specified range V- < VCM < V+ V- < VCM < (V+ - 1V)

Input bias current (iB) 10pA N/A 5pA N/A

Gain bandwidth product 12kHz 90kHz

IQ 0.8µA 1.3µA 4µA 12µA

Supply voltage range 1.8V-5.5V 1.8V-5.5V

Table 1. Key specifications for TLV369 and TLV379 op amps.

Figure 1 is an example battery-voltage measurement 
circuit using the TLV379 configured as a unity-gain buffer. 
To prevent violations of the op amp’s common-mode input 
voltage range or output voltage swing, the battery is divided 
down using R1 and R2. In this case, a 1.8-V to 5.5-V battery 
voltage will create a 0.393-V to 1.2-V output voltage, which 
fits within the common 0-V to 1.2-V range for analog-to-
digital converters on many low-power microcontrollers.

Equation 1 shows the transfer function for the circuit in 
Figure 1:

(1)

Be sure to use high-value resistors for the divider to minimize 
current consumption. You can place a low-pass filter at the 
output of the circuit to limit the signal bandwidth and output 
noise. However, like most low-power op amps, the TLV379 
does not perform well while driving capacitive loads, so 
check the stability of the circuit when designing output filters 
with capacitances to ground (GND).

The main error contributors in the circuit shown in Figure 1 
are the tolerance of the resistors in the divider and the offset 
voltage of the op amp. Other error sources come from 
the op-amp’s common-mode rejection ratio (CMRR) and 
the input bias current flowing through the voltage-divider 
resistors.

Table 2 uses the typical specifications for the TLV379 listed 
in Table 1 to calculate expected circuit performance. The 
resistor divider tolerance, RTOL, is set to 0.1%.

1. Operational amplifiers (op amps) 
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Figure 1. Battery-voltage measurement circuit using the TLV379.

http://www.ti.com/product/tlv369
http://www.ti.com/product/tlv379
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Measuring the voltage drop across a low-side current-shunt 
resistor is often the simplest method to determine battery 
and load current. Figure 2 shows an example low-side 
current-sensing circuit using the TLV379. The circuit in Figure 
2 was designed to create a 0-V to 1.2-V output voltage for a 
0-A to 1-A load current, iLOAD. Equations 2 and 3 calculate 
the input voltage, VIN, and output voltage, VOUT, respectively; 
you can use these equations to adjust the circuit for other 
ranges:

  (2)

  

(3)

In Figure 2, the shunt voltage, VSHUNT, was limited to 100 
mV with the maximum 1-A load current; you could use other 
VSHUNT values depending on what the load can tolerate. Be 
sure to make a good Kelvin (or four-wire) connection across 
the shunt resistor, RS, to reduce the effects of printed circuit 
board impedances.

 

1. Operational amplifiers (op amps) 

Error source
 

Error equation
 

Error calculation
 

Total error  
(%FSR)

 

VOS
VOS

(VOS
2) + (CMRR2) + (iB2) + (RTOL

2)

VIN_FS

VIN_FS

VIN_FS

VBAT_MAX

–CMRR VIN_FS – VIN_MIN

 100 ×  100 ×
0.8mV

 0.067%  

CMRR  100 × 10 20 × 100 × 10
− 100dB

20 ×

×

1.2V – 0.393V
1.2V

1.2V

1.2V

 0.0007%  

iB 100 ×
(R1 || R2) iB×

 100 ×
899kΩ 5pA

 0.0004%  

RTOL  
 

0.156%  

Total error
 

( 0.067 2 ) + ( 0.0007 2) + ( 0.0004 2 ) + ( 0.156 2 )  0.17%
 

Total current
consumption 

 

TLV379IQ +

R1 + R2  
4µA + 5.5V

4.12MΩ + 1.15MΩ  5.04μA
 

 
Table 2. Error calculations for the TLV379 voltage-measurement circuit shown in Figure 1.

Figure 2. Low-side battery current-measurement circuit using the TLV379.
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-

0.00 500.00m 1.00
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Refer to the technical article, “Resistor divider drift: when 5ppm + 5ppm = 5ppm,” which I used to 
determine the gain error from the resistance divider.

https://e2e.ti.com/blogs_/archives/b/precisionhub/posts/resistor-divider-drift-when-5ppm-5ppm-10-ppm
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Table 3 lists the error calculations for the circuit in Figure 2.  
Shunt-resistor values with <1-Ω tolerances are typically 1%, 
which matches well with the error from the TLV379 VOS. The 
tolerance of the gain-setting resistors, R1 and R2, is set to 0.1%.

The voltage drop across the shunt resistor in a low-side current-
measurement circuit affects the voltage potential of the load 
GND, which is undesirable in some applications. Figure 3 shows 
a high-side battery-current-sensing circuit using the TLV369, 
which features a rail-to-rail input stage with >100 dB of CMRR 
over the full supply voltage range. The circuit was designed to 
keep the output voltage below 1.2 V for a 1-A load current and a 
5.5-V battery voltage.

Equations 4, 5 and 6 show simplified transfer functions for 
the circuit. The bias voltage, VBIAS, created from the resistor 
divider pushes the output voltage away from the negative rail, 
enabling current measurements down to 0 A. You must combine 
this circuit with the battery-voltage measurement to obtain the 
value of VBIAS. While I didn’t include them in this post, the error 
calculations for the circuit in Figure 3 are similar to those shown 
in Table 3.

(4)

(5)

 (6)

given that: R1 = R3, 
                 R2 = R4 + R5 || R6

Battery-powered electronics almost always include battery-
voltage and current-monitoring circuitry for gauging and 
protection purposes. The circuit examples in this chapter for a 
voltage-measurement circuit and low- and high-side current-
sensing circuits use TI op amps that provide an excellent  
price-to-performance ratio.

For more information on this topic, read the technical article, 
“Resistor divider drift: when 5 ppm + 5 ppm = 5 ppm,” 
which was used in this chapter to determine the gain error from 
the resistor divider in Figure 1.

1. Operational amplifiers (op amps) 

Error source
 

Error equation
 

Error calculation
 

Total error (%FSR)  
 

VOS  0.08%  

 0.001%  iB

1%  
R1/R2_RTOL

RS_RTOL

0.19%
 

Total error  1.29%  
Total current
consumption 

 

4.5μA
 

N/A N/A

 

VOS

VIN_FS
100 ×  

VIN_FS
100 ×

(R1 || R2) iB×
 

100 × (0.8mV/100mV)

102.5kΩ × 5pA
100 × 

50mV

 
107kΩ + 2.46MΩ

4µA + 1,2V

(0.082) + (0.0012) + (12) + (0.192)(VOS
2) + (iB2) + (RS_RTOL

2) + (R1/RS_RTOL
2)

VBAT_MAXTLV379IQ +

R1 + R2  

Table 3. Error calculations for the TLV379 current-measurement circuit shown in Figure 2.
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Figure 3. High-side battery-current measurement circuit using the TLV369.

Refer to the technical article, “Resistor divider drift: when 5ppm + 5ppm = 5ppm.” 

https://e2e.ti.com/blogs_/archives/b/precisionhub/archive/2014/06/19/resistor-divider-drift-when-5ppm-5ppm-10-ppm
https://e2e.ti.com/blogs_/archives/b/precisionhub/posts/resistor-divider-drift-when-5ppm-5ppm-10-ppm
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How to design cost-sensitive DC 
instrumentation circuits

Originally published Aug. 19, 2016, by Collin Wells

Many sensors produce low-level DC outputs that require a 
high input-impedance amplification stage to increase the signal 
amplitude. Sensors used in personal and portable electronics 
require op-amp circuits that provide high input impedance and 
DC precision, while also being low power and cost-effective.

In this chapter, I’ll explain how to design a few cost-optimized, 
low-power DC-accurate circuits using the TLV333 op 
amp, and others in this device family, in different circuit 
configurations. These op amps provide high levels of DC 
accuracy with maximum input offset voltages, VOS, less than 
15 µV, and a typical VOS drift of 0.02 µV/°C. The 0.1-Hz to 10-
Hz low-frequency noise specification is only 1.1 µVpp, and the 
0.01-Hz to 1-Hz noise specification is only 0.3 µVpp. Table 1 
shows the key performance metrics for the TLV333 family.

Specification
TLV333 family

Typical Min/max

Input offset voltage (VOS) 2µV/°C 15µV

VOS drift 0.02µV/°C –

0.01 – 1Hz noise 0.3µVpp

0.1 – 10Hz noise 1.1µVpp

Common-mode rejection (CMRR) 115dB 102dB

CMRR specified range (V- -0.1V) < VCM < (V+ +0.1V)

Input bias current (iB) 70pA N/A

Gain bandwidth product 350kHz

IQ 17µA 28µA

Supply voltage range 1.8V-5.5V

Table 1. Key specifications for the TLV333

Single-ended sensors can interface with standard 
noninverting amplifier circuits, as shown in Figure 1. 
Equation 1 shows the transfer function:

(1)

Noninverting op-amp circuit-offset errors are dominated by 
VOS and the VOS temperature drift of the op amp. Additional 
offset errors come from the common-mode rejection ratio 
(CMRR) and the input bias current of the op amp. The 
tolerance and temperature coefficient of the resistors in the 
feedback network set the gain error and gain-error drift. The 
circuit shown in Figure 1 is configured for a gain of 500 V/V, 
and the closed-loop bandwidth is 1.14 kHz.

Figure 1. The TLV333 used in a noninverting amplifier configuration. 

Sensors with differential outputs such as bridge sensors and 
strain gauges require a circuit with differential inputs. One of 
the simplest options to interface with a differential sensor is 
the four-resistor difference amplifier circuit shown in Figure 2.

 

Figure 2. The TLV333 used in a difference amplifier configuration.
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If R1 is set equal to R3 and R2 is set equal to R4, then the 
transfer function simplifies to Equation 2:

(2)

where R1 = R3 and R2 = R4.

The tolerance of the resistors in the difference amplifier 
will directly affect the CMRR of the circuit. Selecting 0.1% 
resistors achieves at least 54 dB of CMRR, while 0.01% 
resistors achieve at least 74 dB. Discrete difference amplifier 
designs will typically not match the performance of integrated 
solutions, but they often offer advantages in flexibility and 
cost. The circuit in Figure 2 is configured for a gain of 499 
V/V, with a closed-loop bandwidth of 1.16 kHz.

High-impedance sensors with differential outputs often 
require circuits with input impedances >1 MΩ. Achieving 
input impedances >1 MΩ is often not practically possible 
using a discrete difference amplifier topology. Large resistors 
will increase the DC errors from input bias current, increase 
circuit intrinsic noise, increase susceptibility to extrinsic noise 
and will likely require stability compensation.

Figure 3. TLV2333 used in a two-op-amp instrumentation amplifier.

Figure 3 shows a discrete two-op-amp instrumentation 
amplifier using a dual-channel TLV2333. The two-op-amp 
instrumentation amplifier presents a high-impedance differential 
input to the sensor while only requiring two op amps and five 
precision resistors.

Assuming that R1 is set equal to R3 and R2 is set equal to 
R4, Equation 3 shows the transfer function:

(3)

where R1 = R3 and R2 = R4.

The circuit in Figure 3 is configured for a gain of 500 V/V, with 
a closed-loop bandwidth of 1.02 kHz.

Instrumentation amplifier designs often require a buffer 
for a high-impedance reference or an op amp used as an 
integrator to high-pass filter the input signal. Figure 4 shows 
a TLV4333 used to create a three-op-amp instrumentation 
amplifier with a reference buffer. The circuit in Figure 4 is 
configured for a gain of 500 V/V and has a closed-loop 
bandwidth of 1.16 kHz.

 

Figure 4. TLV4333 used to create a three-op-amp instrumentation 
amplifier with buffered reference.
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You can also construct a discrete three-op-amp 
instrumentation amplifier using a dual-channel op amp, 
a single-channel op amp and seven precision resistors. 
Equation 4 shows the transfer function for the three-op-amp 
instrumentation amplifier:

(4)

where R1 = R3 and R2 = R4.

You can use the TLV333 family of devices in several ways 
to create DC-accurate circuits that are a good fit for 
cost-sensitive precision-sensor acquisition and precision-
instrumentation applications.

 

How to reduce noise from active filters

Originally published March 24, 2014, by John Caldwell

Engineers hate surprises. Whether it’s a surprise in our 
social lives or a surprise in a project, anything unexpected 
is unwelcome. In analog circuits, a very unwelcome surprise 
is the noise produced by active filter circuits. After all, active 
filters are supposed to remove noise!

All active circuits produce some amount of noise, and filters 
are no different. We can uncover the source of this noise 
by looking at their noise gain. Noise gain is a term used to 
describe the amount of amplification that a circuit applies to 
its intrinsic noise source(s). In a typical op-amp circuit, the 
noise gain is measured from the noninverting input.

Figure 1 shows the TINA-TI™ simulation circuit I used to 
measure the noise gain of two second-order Butterworth 
1-kHz low-pass filters. One circuit uses the Sallen-Key 
topology and the other uses a multiple feedback topology. 
Grounding the signal input and inserting a signal source in 
series with the op amp’s noninverting input measures the 
noise gain of an active filter.

Performing an AC transfer characteristic analysis on the two 
circuits reveals their noise gain, as shown in Figure 2.

Although these two circuits have identical filter characteristics 
(signal gain and attenuation, quality factor [Q], corner 
frequency), their noise gain is quite different. Notice that 
the multiple feedback filter has a noise gain of 6 dB in 
the passband because the op amp is in an inverting 
configuration.

 

Figure 1. Circuit configuration for measuring the noise gain of Sallen-Key 
(top) and multiple feedback (bottom) active filters.

 

Figure 2. The noise gain of Butterworth 1-kHz low-pass filters: the 
multiple feedback filter is shown in teal, and the Sallen-Key filter is shown 
in red.

Also notice the increase in the noise gain that occurs near 
the filter’s corner frequency. The magnitude of this noise gain 
“hump” is proportional to the Q of the filter. To illustrate that 
point, let’s compare several Sallen-Key filters (Figure 3) with 
the same signal gain and corner frequency, but different Q 
values.
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Figure 3. Noise gain comparison of Salley-Key low-pass filters of differing 
Q values.

Higher Q filters have substantially greater noise gain near 
their corner frequency, which affects the total integrated 
noise. I used TINA-TI software to simulate the total integrated 
noise of three Sallen-Key low-pass filters in a 10-kHz 
bandwidth, all built with the OPA172 op amp. The corner 
frequency of the filters was identical (1 kHz), but their Q 
values were different. Table 1 summarizes the results.

Filter characteristic Q
Total integrated noise 

(10 kHz bandwidth)

Bessel 0.580 709 nVRMS

Butterworth 0.707 771 nVRMS

Chebyshev (1 dB) 0.957 981 nVRMS

Table 1. Total integrated noise in a 10-kHz bandwidth of Sallen-Key filters 
with different Q values

Engineers often select higher Q filters for their greater 
attenuation without considering the increase in noise from the 
filter itself.

Here is a list of my basic rules for low noise filter design.         
I tried to implement all these design practices in the Analog, 
Active Crossover Network for Two-Way Loudspeakers 
reference design.

• Use the Sallen-Key topology if possible.

• Avoid high Q filters if a low Q filter can do the job.

• Use the lowest resistor values possible, as long as you:

 – Use high-quality capacitor types (film or NP0/C0G 
ceramics). Other types of capacitors may produce 
distortion.

 – Avoid excessively loading the op amp or other circuits.

• Pay attention to the source impedance presented to the 
op amp. A field-effect transistor-input op amp may provide 
lower noise when the filter resistor values are large.

• Place low-pass filters at the end of the signal path to 
attenuate the noise of preceding circuits.

Following these rules can help avoid some of the unwanted 
surprises engineers have to cope with daily.

For more information on this topic, read the author’s 
EDN articles, “Signal distortion from high-K ceramic 
capacitors” and “More about understanding the 
distortion mechanism of high-K MLCCs.”

 

How to design high-performance, cost-
sensitive transimpedance op-amp circuits

Originally published June 20, 2016, by Collin Wells and 
Raphael Puzio

Photodiode-based light sensing is a common application of 
op amps used in medical equipment, industrial automation, 
robotics, point-of-sale (POS) machines, drones, smoke 
detectors and building automation equipment. This chapter 
demonstrates how to build a cost-effective, accurate 
photodiode circuit.

A photodiode sensor produces a current proportional to 
the light level presented to it. Depending on the application, 
the photodiode operates in either a photovoltaic or 
photoconductive mode; each has its own merits.

Most applications operate the photodiode in 
photoconductive mode, with an op amp in a transimpedance 
configuration to amplify the current. In photoconductive 
mode, the photodiode is held at a zero-volt (Figure 1a) or 
reverse-voltage bias (Figure 1b), preventing it from forward-
biasing.

Equation 1 calculates the DC transfer function for the circuits 
shown in Figure 1 (note that the photodiode current, iD, is 
flowing away from the op-amp inverting node):

 (1)
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The three-step process outlined in the technical article,  
“What op amp bandwidth do I need?” determines the 
minimum required op-amp gain bandwidth for 
transimpedance configurations. The minimum bandwidth 
is based on the required transimpedance gain and signal 
bandwidth, along with the total capacitance presented to the 
inverting node of the op amp. The diode capacitance often 
dominates the inverting-node capacitance, but don’t forget 
to include the effects of the op-amp input capacitance. The 
three steps are:

1.  Choose the maximum feedback capacitance, CF,   
 based on the feedback resistor, RF, and the signal –3-dB  
 bandwidth, fP, using Equation 2:

 (2)

2. Calculate the total capacitance, CIN, at the inverting input  
 of the amplifier. For the circuits shown in Figure 1, this is  
 equal to Equation 3:

  (3)

where CJ is the diode junction capacitance, CD is the op-
amp differential input capacitance and CCM2 is the op-amp 
inverting input common-mode input capacitance.

3. Calculate the minimum required op-amp gain bandwidth  
 product, fGBW, using Equation 4:

(4)

By following these three simple steps, you can avoid many of 
the stability and performance issues commonly associated 
with transimpedance amplifier circuits by selecting an 
amplifier with sufficient bandwidth to perform the required 
transimpedance gain at the desired signal bandwidth.

Along with meeting bandwidth requirements, the op amp 
must also meet the system’s DC accuracy requirements. The 
most important DC specification in many transimpedance 
applications is the input bias current, iB, of the op amp. iB will 
directly sum or subtract with the input signal current, which 
can cause large errors depending on the magnitude of iB 
compared to the signal current.

The example shown in Figure 2 uses a 5-MΩ resistor to 
apply a 5-MV/A gain to a 100-nA full-scale input current. 
With the input bias current set to 0 A, the full-scale output 
voltage is 500 mV – which is expected based on the transfer 
function in Equation 1. The circuit on the right in Figure 2 
displays the effects of the same circuit with an op amp iB 
of 10 nA. In this case, the output voltage is 450 mV, which 
shows that the 10-nA input bias current caused a 50 mV (or 
10%) error from the ideal 500-mV output signal.

Equation 5 calculates the percentage error of the full-scale 
range (%FSR) based on the full-scale input current, iIN_FS, and 
the op amp’s iB:

  (5)

The TLV6001 family of general-purpose op amps is designed 
for a wide variety of cost-conscious transimpedance 
applications, such as consumer drones, POS machines, 
smoke detectors and building automation equipment.
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Figure 1. Photodiode in photoconductive mode with zero-volt bias (a) or reverse-voltage bias (b).
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The features that make this family an option for 
transimpedance applications are the 1-MHz bandwidth, 1-pA 
input bias currents and input capacitance of 6 pF. Other 
features include a quiescent current of 100-µA maximum, 
rail-to-rail input and output swings, and low current- and 
voltage-noise densities of 5 fA/√Hz and 28 nV/√Hz, 
respectively.

Table 1 lists different transimpedance gain and bandwidth 
combinations for this op-amp family based on Equations 1 
through 4. Be sure to keep the total input capacitance below the 
maximum input capacitance, CIN_MAX, to avoid stability issues.

Gain Bandwidth RF || CF CIN_MAX

5MV/A

50k 5MΩ || 650fF 6pF

10k 5MΩ || 3.2pF 309pF

1k 1MΩ || 31.8pF 31.8pF

1MV/A

100k 1MΩ || 1.6pF 8pF

50k 1MΩ || 3.2pF 54pF

10k 1MΩ || 15.9pF 1.57nF

1k 1MΩ || 159pF 159nF

500kV/A

100k 500kΩ || 3.2pF 22.6pF

50k 500kΩ || 6.4pF 115pF

10k 500kΩ || 31.8pF 3.14nF

1k 500kΩ || 318pF 318nF

100kV/A

100k 100kΩ || 15.9pF 137pF

50k 100kΩ || 31.8pF 598pF

10k 100kΩ || 159pF 15.7nF

1k 100kΩ || 1.59nF 1.59µF

Table 1. Quick design calculator for TLV6001 family transimpedance 
applications (for the TLV600x, fGBW is 1 MHz, CD is 1 pF and CCM is 5 pF).

Figure 3 shows the simulated step-response results for a 
1-MV/A gain and 50-kHz bandwidth, with the maximum  
54 pF of input capacitance from the photodiode. The output 
overshoot and ringing are minimal, indicating a stable design.

Many applications use op amps in the transimpedance 
configuration to amplify low-level currents. Designing the 
transimpedance circuit can be simplified to a few easy steps. 
First, follow the three steps outlined in this chapter to select 
the required op-amp bandwidth. Then sort the remaining 
results to find a device with an iB specification that meets the 
system’s DC requirements.

For more information on this topic, read about the differences 
between photovoltaic and photoconductive modes in the 
technical article, “Illuminating photodiodes.”

Figure 3. TLV6001 step-response results; gain = 1 MV/A,   
bandwidth = 50 kHz.

1. Operational amplifiers (op amps) 

Figure 2. Input bias current effects in transimpedance amplifier circuits.
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Have you ever wondered why a traditional three-op-amp 
instrumentation amplifier’s offset voltage changes with gain? 
Figure 1 is an excerpt from the INA333 data sheet that 
shows an example of the dependence of the offset voltage on 
device gain. Let’s walk through how to determine the equation.

Traditional three-op-amp instrumentation amplifiers have two 
stages. The input stage consists of two noninverting amplifiers 
that buffer (or amplify) the differential input signal. The output 
stage consists of a difference amplifier that converts the 
differential signal to a single-ended output. It also provides 
the ability to add a reference voltage to the output. Figure 2 
depicts a traditional three-op-amp topology.

Given GDA and GIS are the gains associated with the difference 
amplifier and input stage, respectively, Equation 1 is the 
general transfer function of the circuit in Figure 2 (assuming  
R2 = R4 and R1 = R3):

(1)

Each op amp in the instrumentation amplifier has an input 
offset voltage. The offset voltages associated with A1 and A2 
are amplified depending on the ratio of RF and RG. Modeling 
the input offset voltage as voltage sources in series with 
each noninverting terminal of A1 and A2 yields the output 
equations shown in Figure 3.
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Figure 2. Traditional three-op-amp instrumentation amplifier.

Figure 1. INA333 offset voltage specification.

Figure 3. Output of A1 and A2 with an offset-voltage model.

Offset voltage vs. gain with instrumentation 
amplifiers

Originally published Oct. 10, 2014, by Peter Semig

https://www.ti.com/lit/ds/symlink/ina333.pdf?ts=1615404014221
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An intuitive way to look at the equation for VOA2 in  Figure 3 
is that the sources in series with the noninverting input are 
amplified by the noninverting gain of A2. The sources in 
series with A1’s noninverting input are essentially connected 
to A1’s inverting terminal, which ultimately add to A2’s output 
after being gained by A2’s inverting gain. Performing the 
same analysis for A1 yields the equation for VOA1.

Equation 2 shows the equation for VIN-DA, which is the 
difference amplifier’s input voltage:

(2)

Notice that the input stage offset voltages are amplified by 
the gain of the input stage, GIS, as defined in Equation 1.

Figure 4 depicts the output stage difference amplifier with 
the offset voltage model. The gain of the difference amplifier 
is set to 1 V/V, which is consistent with most instrumentation 
amplifiers. The offset voltage, VOS3, appears in the output 
equation. It is amplified by 2, which is the noninverting  
gain of A3.

 

Figure 4. Difference amplifier with an offset voltage model.

Since the gain of the difference amplifier is fixed, the offset 
contribution of A3 cannot change with gain. Therefore, you 
can represent the offset voltage that appears at the output 
(referred-to-output [RTO]) of the instrumentation amplifier as 
shown in Equation 3:

(3)

where GIS is the gain of the input stage, VOS_IS is the net 
offset voltage of the input stage and VOS_DA is the offset 
voltage of the difference amplifier stage.

Even though Equation 3 appears the same as the offset 
shown in Figure 1, it is not! Looking carefully at Figure 1 
shows that the parameter is “Offset Voltage, RTI,” which 
means that the offset voltage is referred-to-input. You 
must divide Equation 3 by the gain in order to refer the 
offset voltage to the input, as shown in Equation 4 (which 
corresponds to Figure 1):

 (4)

Figure 5 is a plot of the input stage and overall 
instrumentation amplifier offset of the INA333 (referred 
to input). Notice that in a gain of 1 V/V, the offset of the 
instrumentation amplifier simplifies to VOS_IS + VOS_DA  
(25 µV + 75 µV = 100 µV). As the gain increases, the offset 
voltage approaches VOS_IS (25 µV). When referred to output, 
however, the offset voltage increases with gain, as expected 
and shown by VOS_RTO in Figure 5.

 

Figure 5. Plot of VOS_RTI and VOS_RTO vs. gain for the INA333.

Remember that the offset voltage specification is referred-
to-input and must be multiplied by the gain to determine its 
contribution at the output, as shown in Equation 5:

(5)

In summary, the total offset voltage of a traditional   
three-op-amp instrumentation amplifier depends on the 
gain of the device and the offset voltages of the input and 
output stages. The value is referred to the input and must  
be multiplied by the gain in order to determine the value   
at the output.
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VCM vs. VOUT plots for instrumentation 
amplifiers

Originally published Jan. 10, 2014, by Michael Mock

Engineers have struggled for decades to understand the 
mysterious plot of common-mode voltage, VCM vs. output 
voltage, VOUT. The most common VCM vs. VOUT shape 
appears in Figure 1, although the shape often varies by 
device and setup configuration. While this chapter discusses 
how to simulate the VCM vs. VOUT plot for the INA114, you 
can also use TI’s Analog Engineer’s Calculator to easily 
generate these plots for many different instrumentation 
amplifiers.

As VCM approaches the supplies, the input/output limitations 
of the internal op amps restrict the VOUT range of the 
device. Therefore, the output swing for an applied VCM often 
depends on internal op-amp topology, supply voltages, gain 
and reference voltage.

 

Figure 1. Common-mode vs. output-voltage range of the INA114.

The test conditions for the data-sheet plot in Figure 1 are   
VS = ±15 V and VREF = 0 V.

Because many applications require different operating 
conditions, customized VCM vs. VOUT plots are a good thing. 
An accurate SPICE model and PSpice® for TI or TINA-TI™ 
simulation software can generate these plots to provide 
further insight.

Figure 2 shows a TINA-TI software test circuit that generates 
the VCM vs. VOUT plots for the INA114.

 

Figure 2. TINA-TI software test circuit for generating VCM vs. VOUT plots.

The CM source generates a 1-Hz common-mode signal, 
with a peak-to-peak amplitude equal to the full range of both 
power supplies.

The DM source and two dependent sources, VCVS1 and 
VCVS2, generate the differential input signal amplified by the 
device. I set the amplitude of DM at 600 mVpp to keep the 
inputs from greatly exceeding the supply voltages.

To test the output limits of the device, I chose a gain of 50 
V/V by setting R1 to 1.02 kΩ. A 1-s transient analysis yielded 
the plot in Figure 3.
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As VCM approaches the supplies, VOUT approaches zero.  
To get the transient analysis to look more like the data-sheet 
curve, I plotted the output voltage (X) vs. the common-mode 
voltage (Y) using the XY plot feature of the post-processor. 
The plot in Figure 4 shows that under these test conditions, 
the simulated plot correlates well with the data-sheet curve 
for the INA114.

You can use or modify this TINA-TI software test bench to 
quickly evaluate the accuracy of a SPICE model’s VCM vs. 
VOUT characteristics, as well as to simulate the effects of 
changing the operating conditions, as shown in Figure 5.

So the next time you find yourself puzzled by an 
instrumentation amplifier, be sure to consider how the  
applied operating conditions are affecting the device’s plot  
of VCM vs. VOUT.

For more information on this topic, re-create the simulations 
in this chapter by downloading the INA114 simulation files.
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Figure 4. INA114 simulated TINA-TI software plot (a) and data-sheet plot (b).
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Figure 3. Transient analysis of VCM and VOUT.
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Why CMRR and PSRR specifications of an 
instrumentation amplifier improve at higher gains

Originally published Nov 25, 2013, by John Caldwell

Electrical engineers are accustomed to dealing with rejection. 
From common-mode rejection to power supply rejection, 
and even electromagnetic interference rejection – the more 
rejection, the better!

However, in the case of instrumentation amplifiers, it’s easy  
to get confused when calculating the offset shift caused  
by a change in the power supply or common-mode voltage. 
The root cause of this confusion is plots like the one shown 
in Figure 1.

 

Figure 1. A typical power-supply rejection ratio (PSRR) curve for an 
instrumentation amplifier.

In Figure 1, the PSRR of the instrumentation amplifier 
increases as the amplifier is configured for higher gains. It’s 
tempting to think that in high gains, it would take a massive 
change in the power supply to cause any shift at the output. 
But remember that both common-mode rejection ratio 
(CMRR) and PSRR are input-referred specifications, as 
illustrated in Equations 1 and 2:

 
 (1)

 

  (2)

PSRR and CMRR are defined as the change in the input 
offset voltage, ΔVOS(IN), divided by the change in the supply 
voltage, ΔVS, or the common-mode voltage, ΔVCM.

To understand how gain effects these specifications, 
consider that most instrumentation amplifiers are actually two 
amplifier stages in series – an input-stage amplifier, shown in 
Figure 2 as G1, and an output-stage amplifier, shown as G2. 
A change in the power supply or common-mode voltage will 
cause a change in the offset of each of these amplification 
stages, which is shown as ΔVOS1 and ΔVOS2.

 

Figure 2. A conceptual diagram of most instrumentation amplifiers.

The change in the second offset, ΔVOS2, is divided by the 
input stage gain G1 when it is referred-to-input. Finally, 
because the polarities of the two shifts in offset are unknown, 
they may either add or subtract, leading to the format of 
Equation 3:

(3)

You will see this format in instrumentation amplifier data 
sheets to specify the change in input offset caused by 
different factors such as temperature, power supply and 
common-mode voltage.

 

Figure 3. Excerpt from the INA118 data sheet, showing the change in 
input offset caused by different factors.
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By inserting Equation 3 into Equations 1 and 2 to create 
Equations 4 and 5, it now becomes apparent how gain 
affects the PSRR and CMRR of an instrumentation amplifier:

(4)

(5)

These specifications improve as the gain increases, because 
the change in the second amplifier’s offset, ΔVOS2, is divided 
by the gain of the input stage.

So far, I’ve focused on changes in the input offset, but what 
happens at the output? After all, it’s usually the output of 
the amplifier that’s important. Intuitively, you can multiply 
the ΔVOS(IN) by the total gain of the amplifier to calculate 
ΔVOS(OUT), as expressed by Equation 6:

(6)

Many instrumentation amplifiers have an output stage gain of 
1, meaning that the input stage gain determines the total gain 
of the amplifier. This enables the simplification of Equation 6 
into Equation 7:

(7)

The CMRR and PSRR specifications of an instrumentation 
amplifier improve at higher gains because the input stage is 
becoming the dominant source of error. But there is another 
effect that I haven’t discussed yet – if you look closely at 
Figure 3, you may have noticed that the output stage offset is 
worse than the input stage. I discuss this in the next chapter. 

Why CMRR and PSRR output-stage offset is 
worse than in the input stage

Originally published Dec. 4, 2013, by John Caldwell

In the previous chapter, I discussed why instrumentation 
amplifier power-supply rejection ratio (PSRR) and common-
mode rejection ratio (CMRR) improve as the amplifier’s gain 
increases.

Returning to the simplified model of an instrumentation 
amplifier shown in Figure 1, remember that PSRR and 
CMRR are input-referred specifications.

 

Figure 1. A conceptual model of an instrumentation amplifier.

In higher gains, the shift in the second-stage offset is divided 
by the gain of the input stage when it is referred-to-input, 
expressed as Equation 1:

(1)

Here is where the conceptual model of the two-stage 
amplifier is somewhat incomplete. For example, what if the 
changes in the offset of the two stages are equal and of the 
same polarity, as shown in Equation 2:

(2)

Comparing the improvement in PSRR for an amplifier in a 
gain of 1,000 vs. a gain of 1 results in Equation 3:

(3)
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The input-referred offset shift is cut in half, which is a 
6-dB improvement in PSRR. But the PSRR of a typical 
instrumentation amplifier may improve by up to 30 dB 
when increasing the gain from 1 to 1,000. Clearly, ΔVOS1 
must be much less than ΔVOS2 to account for this level of 
improvement.

A closer look at the internal structure of the three-op-amp 
instrumentation amplifier in Figure 2 reveals how this is 
possible. The output stage, consisting of amplifier A3 and 
resistors R3, R4, R5 and R6, is configured as a difference 
amplifier. If resistors R3, R4, R5, and R6 obey the ratio 
shown in Equation 4:

(4)

Then the output stage will amplify only the differential voltage 
from the input stage and reject any voltages common to both 
inputs.

 

Figure 2. The standard topology of a three-op-amp instrumentation 
amplifier.

The input stage of the amplifier consists of two amplifiers: A1 
and A2. A change in the power supply voltage or common-
mode voltage produces a corresponding shift in the input 
offsets of these two amplifiers, shown in Figure 3 as ΔVOS1A 

and ΔVOS1B.

 

Figure 3. The input stage amplifiers of an instrumentation amplifier with 
their individual offsets.

Let’s consider the case where the noninverting inputs of A1 
and A2 are grounded, and the input stage is configured for 
a gain of 1. Now assume that a change in the power-supply 
voltage causes a shift in the input offset voltages of A1 and 
A2. The output of each amplifier with respect to ground will 
mirror this shift in offset voltage. Equation 5 calculates the 
output common-mode voltage of the input stage:

(5)

And Equation 6 calculates the output differential voltage:

(6)

Recall that the output-stage difference amplifier rejects 
common-mode voltages; only the differential voltage passes 
to the output. Therefore, the input-referred offset shift of the 
input stage, ΔVOS1, is actually determined by the difference 
between ΔVOS1A and ΔVOS1B, and not their absolute 
magnitudes.

With careful integrated circuit (IC) design and layout 
practices, these two offsets are matched fairly well, reducing 
the input-stage offset shifts to about a tenth of the output 
stage on average.

The CMRR and PSRR specifications of an instrumentation 
amplifier don’t magically improve with increasing gain. It is 
really the result of the multistage topology and difference 
amplifier output stage.

Careful matching of the input amplifiers and trimming of the 
output-stage resistors allows modern IC instrumentation 
amplifiers to provide significant CMRR and PSRR 
performance.
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Why doesn’t your instrumentation amplifier’s 
CMRR change with gain?

Originally published Feb. 28, 2014, by Peter Semig

The previous chapter discussed instrumentation amplifier 
power-supply and common-mode rejection ratios (PSRR 
and CMRR, respectively). That chapter explained that the 
PSRR and CMRR performance of most instrumentation 
amplifiers changes with gain. But what about the handful of 
instrumentation amplifiers whose CMRR does not change 
with gain?

Figure 1 shows the CMRR vs. frequency data-sheet plot 
for the low-power, single-supply INA331, which exhibits this 
behavior.

 

Figure 1. INA331 CMRR vs. frequency.

Although CMRR is measured according to Equation 1, 
Equation 2 depicts the academic definition of CMRR, where 
Adm is the differential gain and Acm is the common-mode 
gain:

(1)

(2)

Differential amplifiers, including instrumentation amplifiers, 
attempt to reject common-mode signals and amplify the 
differential signal. Therefore, according to Equation 2, 
increasing Adm will increase CMRR. The 36-V low-power 
rail-to-rail output INA826 depicts this behavior, as shown in 
Figure 2.

 

Figure 2. INA826 CMRR.

Why do the INA331 and INA826 behave differently when you 
change the device’s gain?

Figure 3 shows simplified schematics of the devices. They 
both have three op amps, differential inputs and single-ended 
outputs, and the gain is set using external resistor(s).

 

(a)

(b)

Figure 3. The INA826 (a) vs. the INA331 (b).
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Even the gain equations, expressed as Equations 3 and 4, 
look similar:

(3)

(4)

Examining the input and output stages of both devices will 
lead you to the answer.

Figure 4 shows the input (A1-A2) and output (A3) stages of 
the INA826. RG determines the overall gain of the device. The 
gain of the output stage is fixed because of the integrated 
resistors. Since the input stage is differential, RG controls the 
differential gain of the device. Therefore, as the device’s gain 
changes, so does the CMRR performance.

 

Figure 4. INA826 simplified schematic.

Figure 5 shows the output stage (A3) of the INA331. R1 and 
R2 are external resistors that set the device’s gain according 
to Equation 4. Notice that the output stage is single-ended.

 

Figure 5. INA331 output stage, external resistors.

Figure 6 depicts a redrawn version of the INA331 input stage 
(A1-A2). Equation 5 is the transfer function for the circuit in 
Figure 6:

(5)
 

Figure 6. INA331 input stage with all resistors internal.

The input stage of the INA331 performs three functions: 
It converts inputs from differential to single-ended signals, 
applies differential gain and adds the reference voltage.

All of the resistors in this stage are internal to the device. 
Therefore, the differential gain of the INA331 is fixed by the 
ratio of RF to RG.

Even though R1 and R2 change the gain of the INA331, they 
do not change the differential gain. The integrated resistors of 
the input stage fix the differential gain. This is why the CMRR 
of the device does not change with gain.

Other devices that exhibit the same behavior are the 
single-supply, low-power, complementary metal-oxide 
semiconductor INA321, INA322 and INA332 instrumentation 
amplifiers.

The next time you’re changing the gain of an instrumentation 
amplifier, make sure that you understand which gain you’re 
changing. The CMRR depends on it.
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How to lay out a PCB for an instrumentation 
amplifier

Originally published Oct. 14, 2016, by Tim Claycomb

This chapter discusses and demonstrates common 
mistakes when laying out a printed circuit board (PCB) for an 
instrumentation amplifier, with an example of a proper layout.

Instrumentation amplifiers are suitable for applications 
that require the amplification of a differential voltage, such 
as when measuring the voltage across a shunt resistor in 
a high-side current-sensing application. Figure 1 shows 
the schematic of a typical single-supply high-side current-
sensing circuit.

 

Figure 1. High-side current-sensing schematic.

In Figure 1, a differential voltage is measured across Rshunt, 
with R1, R2, C1, C2 and C3 providing input common-mode 
and differential-mode filtering. R3 and C4 provide output 
filtering for the instrumentation amplifier, U1. U2 buffers the 
reference pin of the instrumentation amplifier. R4 and C5 
form a low-pass filter that minimizes noise introduced by the 
op amp to the reference pin of the instrumentation amplifier.

While the layout for the schematic in Figure 1 seems 
straightforward, it is easy to make mistakes in the PCB layout 
that might degrade circuit performance. Figure 2 shows a 
PCB layout with three mistakes I often see when reviewing 
instrumentation amplifier layouts.

 

Figure 2. Common PCB layout for an instrumentation amplifier.

Mistake No. 1 – how the differential voltage is measured 
across the resistor, Rshunt

Notice that the trace from Rshunt to R2 is much shorter, and 
therefore has less resistance than the trace from Rshunt to R1. 
This difference in trace impedance may create a differential 
voltage at the input of U1 given the input bias current of 
the instrumentation amplifier. Since an instrumentation 
amplifier’s job is to amplify a differential voltage, having 
unbalanced traces at the input can cause an error. Therefore, 
it’s important to keep the input traces of an instrumentation 
amplifier as balanced and as short as possible.

Mistake No. 2 – the gain-setting resistor of the 
instrumentation amplifier, Rgain

The traces from the pins of U1 to the pads of Rgain are longer 
than necessary, which creates additional resistance and 
capacitance. Having additional resistance may introduce 
error in the desired gain of the instrumentation amplifier, since 
the gain depends on the resistance between the amplifier’s 
gain-setting pins, pins 1 and 8. Additional capacitance may 
cause stability issues because the gain-setting pins of the 
instrumentation amplifier connect to the feedback node 
inside. Therefore, keep the traces connected to the gain-
setting resistor as short as possible.
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Mistake No. 3 – the positioning of the reference pin 
buffer circuit may need improving

The reference-pin buffer circuit is positioned far from the 
reference pin, which increases the resistance connected to 
the reference pin and opens up the possibility for noise and 
other signals to couple onto the trace. Additional resistance 
on the reference pin will degrade the high common-mode 
rejection ratio that most instrumentation amplifiers provide. 
Therefore, position the reference pin buffer circuit as close to 
the reference pin of the instrumentation amplifier as possible.

Figure 3 shows a layout that corrects the three mistakes.

 

Figure 3. Improved PCB layout.

In Figure 3, you can see that the traces from the shunt 
resistor to R1 and R2 are equal lengths and have a Kelvin 
connection. The traces from the gain-setting resistor to the 
pins of the instrumentation amplifier are as short as possible, 
and the reference buffer circuit is as close to the reference 
pin as possible.

The next time you lay out a PCB for an instrumentation 
amplifier, be sure to follow these guidelines:

• Keep all traces on the input perfectly balanced.

• Reduce trace length and minimize capacitance on the gain-
setting pins.

• Position the reference buffer circuit close to the reference 
pin of the instrumentation amplifier.

• Place decoupling capacitors as close to the supply pins as 
possible.

• Pour at least one solid ground plane.

• Do not sacrifice good layout to label a component with 
silkscreen.

• Follow the guidelines discussed in the earlier chapter of 
this e-book about op-amp PCB layout.

For more information on this topic:

• Use TI’s universal instrumentation amplifier evaluation 
module to test your instrumentation amplifier sample.

• Read the Analog Applications Journal article, “Getting the 
most out of your instrumentation amplifier design.”
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We hope that you find the contents of this e-book helpful, 
whether you’re brushing up on your analog design skills or 
learning them for the first time. For more advanced reading, 
we invite you to explore these additional articles from the 
Precision Hub.
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