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Tl training — summary

T1 Op-Amps in ADI Sockets summary:

The Precision Op Amps sales and marketing teams are focused on replacing every competitor op amp with a Tl op amp.
Customers are seeing how Tl's op amp specs are better than or equal to nearly all of the competitor's specs. So naturally,
they request our lower cost, improved performance op amp samples. Only to find out... it doesn't work! Now what and why?
Whether your focus is on personal electronics, industrial or medical, every FAE interested in learning how to combat the
problem of why our higher performance, lower cost op amps don't work in competitor sockets should attend this training.
Learn from a training structured “definition by example”, based on real world cases to de-mystify these “Tl doesn't work in my
competitor socket” occurrences.

What you'll learn: Some of Course details:
the complexities of modern op- » Type: PPT overview/On-demand/ Training
amps that transcend spec tables Series/ Webinar
and influence performance » Format: SWF/ PDF/ etc.
* When to use and NOT to use * Duration: 90 Minutes
different op-amp topologies » Language: English
* How to “Trust But Verify” + Cost: Free
anybody's op-amp macromodel + Audience: Field Engineers

* Op-Amp rules of thumb and
design tricks

Tl Information — Selective Disclosure
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The goal of this presentation is to discuss some of the characteristics of modern op amps that you
wont see in a spec comparison table that can heavily influence the success of a design. By the end of
this you will be equipped with the tools necessary to understand where to look when customers
encounter issues using a new op amp in their design, and even how to fix some of these issues. We
will discuss different op amp topologies and technologies in addition to op amp macromodels and
finally real world applications and rules of thumb.




Overview

* Replacing a competitor device is not always as simple as having better specs or
lower cost.

* Improvements in op-amp technologies have allowed us to develop high quality
precision devices, but achieving this performance entails added complexity, and
added complexity means there are more ways to get in trouble.

« Understanding the application and the role of the op-amp makes it easier to
recommend the right part without customer issues.

* Making the right part recommendation the first time means less time spent
troubleshooting, and more time finding new sockets.

* Recognizing potential design issues before they become a problem increases
mindshare with customers.

TI Information — Selective Disclosure
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I f youobvet oevseerl It rainedop amp to a customer than
having a device with better specs or lower cost. Many improvements have been made to op amps
over the years and new technologies have resulted in a drastic increase in performance. Reaching
these performance involves additional design complexity though, and that complexity can sometimes
make it easier to get into trouble with the amplifier. Understanding the application and the role of the
op amp can make it easier to recommend the right part without encountering issues. If we can make
the right part recommendation early on, it means we can spend less time troubleshooting problems
and more time finding new sockets. Most importantly, recognizing design issues before they occur or
being able to quickly solve customer problems increases our reputation with our customers and
makes them more eager to come to us first.

you




Detailed agenda

* Introduce customer problem

+ Op-amp stability review
— Poles & zeros
— Capacitive loading
— Loop gain, Aol, 1/ and rate of closure
« Op-amp output impedance
— Zovs Zout
— “Trust but verify” series
— Interaction with reactive loads and impact on Aol

Real world applications and commonly encountered issues
— TLVO7 vs. OPO7
— Driving an ADC
— Using different op-amp topologies
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In this presentation we will start by presenting a common application issue. We will then do a brief
stability and output impedance review to equip ourselves with the tools necessary to understand and
fix the issue. From there, we will look at some real world applications and other commonly
encountered issues, including an overview of when to use and when not to use certain types of
devices.




Customer application

5

i TEXAS INSTRUMENTS

L e t 6 sby taking a lbok at a common application issue.




TLVO7: TLVO7ID

Internal Device Positioning e iy op cy
= e OPO 0
Supply Voltage Range \'% 6 to 36 2.7 t0 36
GBW MHz MHz (Typ) 0.6 1
Slew Rate Vips (typ) 0.3 0.4
Rail-to-Rail - Out
Vos pV (Max) - 100
Vos v (Typ) 60 50
Offset Drift uVIeC (Typ) 05 0.9
Input Bias Current nA (Typ) 1.8 0.04
Vn @ 1kHz nV/Hz (Typ) 9.8 19
Quiescent Current mA (Typ, Max) 24,5 0.95,1.8
CMRR dB (typ) dB (Typ) 120 120
Architecture Bipolar CMOS
Operating Temperature Range °C Oto70 -40 to 125
Package Group SOIC, PDIP, SO-8 SOIC
Price (1ku) USD ($) 0.23 0.35

Wi TEXAS INSTRUMENTS

As new technologies become available and newer processes evolve our portfolio does too. In many
cases, we use these newer technologies to refresh legacy parts and allow customers to upgrade their
systems. The TLV0O7 and OPO0O7 are one example of this strategy. Many customers treat these
upgrades as drop in replacements, but as we wil/|
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This OPOQ7 circuit is used to generate a negative 5V reference from a positive 5V reference. A
capacitor is placed on the output to filter out some of the noise and hold the output steady. If we inject
a small current disturbance on the output, such as that which might occur when a light load is
switched on, we see a slight amount of ringing and some overshoot before the circuit settles back to
negative 5V.

While it is generally not good practice to drive a capacitive load with no compensation, everybody
has seen and probably even built a circuit like this. In this instance, though there is some overshoot
and ringing in response to a current disturbance on the output, the OPQ7 is able to respond and

settles reasonably quickly. Letdéds see what happens

circuit with our upgraded TLVO7.

\




TLVO07: Upgrade or downgrade?
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Here we have the exact same circuit, with the OP07 replaced with a TLVO7. From the spec
comparison we would expect to see greater accuracy and a faster response. But unless the intention
was to create an oscillator, this is definitely not the response we are looking for. But if the TLVQ7 is

an upgrade to the OP07 and even has more bandwidth, why does it oscillate in the same
configuration? To understand this weol |l have t

(o]

revi




Op amp stability review
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This section is a revised and condensed version of the Tl precision labs on op amp stability.




Bode plots: Pole
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First, a quick review of Bode plots. A bode plot is an asymptotic approximation of how something
behaves over frequency. A pole in a bode plot causes a negative 20 dB/decade decrease in the slope
of the magnitude response after the pole frequency, fp. The pole also causes a negative 90 degree
phase shift in the phase response beginning roughly a decade before fp and ending roughly a decade
afterwards.

At fp the magnitude response will have decreased by negative 3 dB, and the phase will have shifted
by negative 45 degrees. The equations above give the exact transfer function for a pole.

10
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In contrast to a pole, a zero causes a positive 20dB/decade increase in the slope of the magnitude
response after the zero frequency, fz. The zero also causes a positive 90 degree phase shift in the
phase response beginning roughly a decade before fz and ending roughly a decade afterwards.

At fz the magnitude response has increased by plus 3 dB and the phase has shifted by positive 45
degrees. Again the equations above give the transfer function for a zero

11




Capacitor: Intuitive model
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OPEN SHORT

|

frequency
controlled
resistor
X, = 1/(2rnfC)

12

#i3 TEXAS INSTRUMENTS

This slide defines an intuitive model for a capacitor, that consists of 3 different operating regions. At
ADCO the capacitor wildl be viewed as an open circuif
viewed as a short circuit. In between the capacitor will be viewed as a frequency controlled resistor
with a 1/2" fC decrease in impedance as frequency increases.




Inductor: Intuitive model
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This slide defines an intuitive model for an inductor, which again consists of three distinct operating
areas, exactly reciprocal to the capacitor. At ADCO the inductor

Frequencyo the inductor is viewed as an
frequency controlled resistor with a 2" fL increase in impedance as frequency increases.

is viewed
open circui f




Capacitor and inductor: Impedance vs frequency
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SPICE simulation confirms that the inductor and capacitor do behave as expected over frequency.
Real components will have non ideal characteristics that cause the behavior to deviate from that

shown in these plots, but for most practical purposes we can treat the components as ideal. If we had
this 159nF capacitor and 159mH inductor in a circuit together, then the circuit would have a resonant
frequency at the point where the two impedance curves intersect, or in this case 1kHz.




Op amp: Open loop model
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It is helpful to use an intuitive model for the op amp when performing ac stability analysis because of
the complexity of modern op amps. I'n this simplifi g
applied to the inputs is passed to the amplifier output stage where it passes through the amplifier

open-loop gain, followed by the open-loop output impedance before it reaches the output terminal.

The open-loop gain, or Aol, of an op amp represents the maximum gain that can be applied over
frequency to the differential voltage applied between the inputs of the device. Aol for an ideal
amplifier is infinite and is not limited by frequency. Modern op amps can have open loop gains in

excess of 1 million volts per volt, or 120dB at low frequencies and unity-g ai n bandwi dt hs

fron
kHz up to several GHz.

The open-loop output impedance, Zo, is a measure of the impedance of the output stage of the op
amp. We will discuss this parameter in more detail in the next section.

15




Op amp: Closed loop model
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To control the large open-loop gain of modern amplifiers, negative feedback is required between the
output of the amplifier and the inverting input. In this circuit, the loop is closed with Rf and R1 which
create a voltage divider, and therefore an attenuation, between the output and the inverting input.
The ratio of the resistors determines the amount of the output that is fed back to the input which is
defined as the feedback factor, or Beta, of the circuit.

Closing the loop results in a closed-loop gain, Acl, that is equal to Aol divided by 1 plus Aol multiplied
by Beta. Aol multiplied by Beta is such a special term that we give it its own name, Loop-gain. When

the loop-gain is large, the closed-loop gain formula can be simplified to equal 1/Beta. In this example
1/Beta equals 1+Rf/R1, which can be recognized as the gain of a non-inverting amplifier circuit.

If Beta is the portion of the output that gets fed back to the input, then you could consider 1/B to
represent how the output of the amplifier must change in order to close the feedback loop.

16




When is an amplifier unstable?

Aol
A =TT AqB
Ao B = -1 when the phase

+ Acircuit is unstable when A, B = -1 at Vg has shifted 180°

« Ao B =-1 sets the denominator of A; = 0 relative to Vin

* Ay B =-1when Ay B(dB) = 0dB and

phase shift(Ay B) = 180° R1 10k RY 90k
* Phase shift is relative to the DC phase l_ +V

VOUT

C

Phase Margin (PM) - ~
How close the system is to a 180° phase shiftin Aq B vin 5 L
* PM = Phase(Ag B) when Gain(Ag B) = 0dB

+ Ex: 10° phase margin = 170° phase shift in Ag 3

17

#i3 TEXAS INSTRUMENTS

So when does an amplifier actually become unstable? Well, looking back at the op amp closed-loop
gain equation, we remember that Acl = Aol / 1+ AolB. Taking a closer look, we can see that if AolB,
or the loop gain, equals -1, we get zero in the denominator and therefore Acl becomes undefined.
This is the mathematical definition of instability. How can this happen in a real circuit?

Well, at some point in frequency AolB will equal 0dB, which is equal to 1V/V. If enough delay is
introduced into the feedback path, the phase in the feedback network will shift 180 degrees relative to
Vin. A 180 degree phase shift is equivalent to an inversion of the input, or -1. Therefore, when the
maghnitude of AolB = 0dB and the phase has shifted by 180 degrees, the result is AolB = -1.

The term APhase Margindo is used to define how close
simply the phase of AolB at the frequency where loop gain = 0dB. For example, 10 degrees of phase
margin means that AolB has shifted by 170 degrees at the point where AolB = 0dB.

As you can see, loop gain is a key component of stability analysis. How can we observe this?

17




Loop gain magnitude: A, B
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Well, first we can consider the loop gain magnitude using a Bode plot. Using the same circuit as

bef ore, we have a gain of 10V/ YV, or 20dB, so 1/ B is
Aol is also shown. To find the magnitude of AolB, we can simply subtract 1/B from Aol. This might not

seem intuitive at fist glance, but thanks to the properties of logarithms it can be justified

mathematically as shown above.

Remember in the last slide we stated that the phase margin is the loop gain phase at the frequency
where AolB = 0. This frequency is called fc. This is also the frequency where Aol and 1/B intersect,
which makes sense because the difference of two equal values is always zero.

18




Loop gain phase: phase(Ag B)
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To measure the phase margin, we need to know the loop gain phase, or phase of AolB, over
frequency. Using the same log properties as before, we can simply subtract the phase of 1/B from

the phase of Aol to get the phase of AolB.

In this example, a capacitor was added to the feedback network of the op amp circuit. At DC the
capacitor is open, so the gain is the same as before at 10V/V. At some higher frequency, the
capacitor causes the impedance of the combination of R1 and C1 to decrease, so the gain of the
circuit increases by +20dB/decade. This can be seen from the zero in the 1/B plot. Looking at the
phase, the 90Aincrease in the phase of 1/B creates a 90Adecrease in the phase of AolB, so phase

margin becomes very low at only 8A

19




Phase margin
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o
n

Now that we know how to observe phase margin, I et
that what we want is to avoid the condition where the loop gain, AolB, equals -1. That means we

have a phase shift of 180 degrees at fc, or 0 degrees of phase margin. For optimal stability, we use a

rule of thumb which states that a phase margin of 45 degrees or higher is required. While a circuit

may work with phase margin less than 45 degrees, it is considered to be only marginally stable and

will still show overshoot and ringing. Also keep in mind that different devices will have different
characteristics due to process variation, temperature, component value tolerances, and other

fluctuations, so for a robust design you should really meet the 45 degrees of phase margin minimum
requirement.

That being said, phase margin isnét the only way to
simpler, and can actually give more information about what causes the stability problem in a circuit.

20




Rate of closure: Unstable example
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One quick way to evaluate stability is by looking at the rate of closure. The rate of closure is defined

as the difference between the slope of the Aol magnitude curve and the slope of the 1/B curve at the
frequency where the two curves intersect. These plots have well-defined slopes due to the poles and
zeros in their transfer functions. By analyzing the rate of closure of Aol and 1/B at fC, the point where
they intersect, we can quickly determine the stability of a circuit. The rule of thumb for this method is

that the rate of closure at fc must equal 20dB for optimal stability.

Letdéds use our same circuit example from earlier
capacitor causes a zero in 1/B, which makes 1/B increase with a slope of 20dB/decade. The Aol
curve of the op amp is decreasing at 20dB/ decade

intersect at fc, the rate of closure is the absolute value of the slope of Aol minus the slope of 1/B,
which works out to be 40dB. Since the rate of closure is greater than 20dB, we can conclude that the
circuit is unstable.

Besides being quick and easy to check, the rate of closure method has another benefit of showing us
what in the circuit is contributing to instability. In this example, the slope of Aol is hormal, and we see
only the effect of the op amp dominant pole. However, the rise in 1/B indicates a zero in the feedback
network, so we can then take steps to compensate for it. Phase margin alone does not give us this
information.

The rate of closure method works because the slopes of Aol and 1/B are linked to the poles and
zeroes in the circuit. A 20dB rate of closure means a circuit is only under the net influence of 1 pole,
which means the phase margin is at least 45 degrees, enough for optimal stability.

Another way to think of this problem is to consider what is happening at the output of the op amp in

wi t

d u ¢
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this circuit. Remember 1/B represents how the output of the amplifier must change to maintain
feedback. In this circuit, our 1/B curve tells us that to maintain the desired feedback level the output of
the amplifier needs to increase over frequency. The Aol of the amplifier limits how much gain we can
actually get out of the circuit, and it decreases over frequency. So when these curves intersect with a
poor rate of c¢closure, its |like webre telling
frequency while it is simultaneously running out of gain to do so!

t

he

op
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Rate of closure: Stable example
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We can also analyze this circuit from earlier in the presentation using the rate of closure method. In
this case, there is no capacitor in the feedback network, so there is no zero and therefore no increase
in 1/B. Aol is still decreasing with a slope of -20dB/decade as before. The rate of closure is now the
absolute value of -20dB i 0dB, or 20dB. We can thus conclude that this circuit is stable. In more
complicated circuits there are ways to cause instahbi
of closure, but the rate of closure analysis gives a quick and easy first order look at stability and in
many cases is all you need to look at.
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Rgte of closure (ROC) and phase margin
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As shown in the previous slides, rate of closure and phase margin are closely connected. We can
predict one value based on the other, and this slide gives three different examples of rate of closure
and their corresponding phase margins.

In the first case, we have a rate of closure of 20dB/decade, so the circuit is stable and we have
bet ween 45 and 90 degrees of phase margin. Ideally,

In the second case, we have a zero in 1/B right at fc, so the rate of closure is beginning to change. At
fc the rate of closure is somewhere between 20 and 40dB per decade, which corresponds to about
45 degrees of phase margin. Remember that a zero causes a total phase shift of 90 degrees, but 45
degrees of phase shift right at the zero frequency, so we get a total of 90 degrees of phase shift from
the Aol dominant pole and 45 degrees of phase shift from the zero at fc. This leaves 45 degrees of
phase margin.

In the final case, we have a zero in 1/B well before fc, so the rate of closure is exactly 40dB/decade.
This results in between zero and 45 degrees of phase margin, which is generally not acceptable
performance.

23




Why do capacitive loads cause instability?
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We saw earlier in the presentation, and you may have seen in your own experience, that capacitive
loads can cause instability such as the overshoot and ringing shown on the right. Why does this
happen? Letds see i f we can use our plots to under st
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Simulating the effects of output capacitance
Run open-loop analysis on buffer circuit with capacitive load
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Webve spent a | ot of t i mluthowdpke attgallygeneratgtieeseinl oop cur v ¢
simulation? Well if we want to see Aol we have to run the op amp in an open loop configuration, but
this will almost certainly cause the op amp to saturate and give us invalid results. The solution to this
is to provide a way for the op amp to find a linear dc operating point, but run in open loop for ac
signals. This is exactly what the oversized inductor and capacitor do in the circuit on the left. At dc,
the inductor looks like a short circuit and the capacitor looks like an open circuit, so the simulation is
able to find a stable dc operating point that keeps the amplifier in the linear region. Since the
components are so large, once we start to apply any amount of ac, the indcutor looks like an open
circuit and the capacitor looks like a short circuit. This allows us to inject a signal into one of the
inputs and observe the open loop response of the amplifier. In this example we ran an open-loop
simulation on the circuit shown here with a 10nF capacitor on the op amp output. As the results
show, the 10nF capacitive load results in a pole in the Aol curve which degrades the Aol*3 phase to
only 4 degrees at f c. Let s examine why this happert
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Capacitive loads: Stability theory
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If we take a look at a simplified representation of the open-loop circuit, we see that the input signal
passes through the Aol gain block and then the series open-loop output impedance, Ro, before
reaching the op amp output, Vo. With a capacitor, Cload, on Vo, the op amp loaded Aol curve is
divided down by an RC voltage divider. This creates a pole in the output of our amplifier.




Capacitive loads: Pole in Aol
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The AC transfer function of the equivalent load RC circuit has been plotted here. The pole location
can be calculated from the transfer function and is shown at the bottom of the slide.




Capacitive loads: Loaded Aol
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If the original op amp Aol curve and the Aol load curve are combined, the result is the loaded Aol
curve shown on the bottom. As shown, the pole from the interaction of Ro and Cload causes a
change to a -40dB/decade Aol magnitude slope and a degraded unity-gain phase margin. It is this
loss of phase margin in Aol that results in a degraded phase margin for our loop gain, which
ultimately causes the amplifier to become unstable. In a unity gain configuration, we can see in this
circuit our rate of closure would be 40dB.




There are only 2 things you need in an op amp
macromodel to analyze stability problems:

Aol

(AC open loop gain)

VAo

(AC open loop output impedance)
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When analyzing stability problems there are only two parameters the absolutely must be modeled to
see reliable curves: 1) The Aol and 2) The open loop output impedance. We just discussed why Aol
is so important and how it can be used to under st ang
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Op amp output impedance

Closed loop (Zoy7)

Open loop (Z;)
&
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In the previous section, we took a look at the open loop gain of an amplifier and how it relates to

stability. Now | et 6s
probl ems, the

take a | ook
amplifieros

at t he
out put

ot her key

i mpedance.

par amet er
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Op amp impedance: Output resistance

Definition of Terms:

Ro = Op Amp Open Loop Output Resistance
Rout = Op Amp Closed Loop Output Resistance

Re

AVAYAY;
R AN Ro Vour
VWA Py AVAYAY;
‘ J-" L xAol +l <V <« -:
V4 Ves RD\FF ~ ~ Ve - S f |
1 I
\ +IN |
Op Amp Model |
|
%7 Rour = Ro / (1+Aolp) |
From: Frederiksen, Thomas M. Intuitive Operational Amplifiers. Rout = Vourllour

McGraw-Hill Book Company. New York. Revised Edition. 1988.
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There are two types of output resistance we can discuss when looking at an op amp. The first is Ry
the open loop output resistance of an op amp. The second is Ry defined as the closed loop output
resistance of an op amp.

Ro and Ry are intimately related as we can see in the relationship defined in this slide. Rqytis Rg
reduced by one plus the loop gain. If we consider the effects of feedback, then intuitively this makes
sense. Imagine that we sat on the output and injected a current into the amplifier. This current would
produce a corresponding change in voltage through the output resistance of the amplifier. As this
happens, the output voltage would tend to increase. But the output voltage is set by the input voltage
and the feedback network, and the amplifier wants to keep the two inputs at the same potential to
maintain linear operation. To account for this, the op amp tries to adjust its internal Vo to maintain the
same Vout, and this effectively causes the closed loop output resistance to appear much lower than
the open |l oop resistance! Remember that we <can
its output to correct for errors, and this is exactly what our equation for Rout is telling us. The more
loop gain we have, the lower the output impedance and consequently the lower the impact of a
disturbance on the output.
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Op amp Impedance: Derivation of Ryt

—

B =Ves/ Vour= Vour (R /{Re + RDIVour = R/ (Re + R))
Rout = Vour/ lour
Vo =-Vg Aol
Ve = Vour [Ri/ (Rg + R)]
Vout = Vo * loutRo
Vout = -VeAol + Io 1Ry Substitute 3) into 5) for Vi
Vour = Vour [RY(Rg + R)] Aol+ loyRg Substitute 4) into 6) for Ve
Vour * Vour [R/(Re + R)] Aol = Ioy1Ro Rearrange 7) to get V1 terms on left
Vour = loutRo / {1+[RACI(R:+R)]} Divide in 8) to get V7 on left
Rour = Vout/lour =l loutRo / {1+[RA0l / (Re+R)I} 1 / loyr
= Divide both sides of 9) by Iy to get Ryt [from 2)] on left
1. Rour = Ro/ (1+AclB) Substitute 1) into 10)

> Rour=Ro/(1+AoIB) <

OF 00 N O OIS BN QOB D

-—
=
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Using the op amp model in the previous slide we can solve for R 7 as a function of Ry and Aolb.
We see that Aolb, loop gain, reduces R, so that the output resistance of the op amp with feedback,
Rour, Will be much lower than R, for large values of Aolb.
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Op amp impedance: Rgyt VS Rg

=R, does NOT change when closed loop feedback is used
O It does change with output current

= Royt is the effect of Ry, Aol, and B controlling V,

U Closed Loop feedback (B) forces V, to increase or decrease as
needed to accommodate V, loading

U Closed Loop (B) increase or decrease in V5 appears at Vg as a
reduction in Ry

U Rgyr increases as Loop Gain (AolB) decreases
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The key things to remember, Ro is a characteristic of the output stage of the amplifier. It does not
change when feedback is used, however it will change with the output current level as the on
resistance of the output resistance changes.

Rout is the result of Ro, Aal, and B controlling the internal fivol t a
increase or decrease as needed to hold the output voltage constant.
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Op amp impedance: When R is really Z,!

OPA627 has R, OPA2376 has Z,
- OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY OPEN-LOOP OUTPUT RESISTANCE vs FREQUENCY
1k
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=) g 100 =u
g o ¢ N g
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B oo g SR g
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Note: Some op amps have Z, characteristics other than pure
resistance — consult data sheet / manufacturer
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Most of the early op amp designs had purely resistive, low output impedances. While many devices
today still retain this characteristic, it is becoming increasingly common for devices to have complex,
reactive output impedances. In this example, the open loop output impedance of the OPA376 starts
off capacitive, becomes resistive for a decade or so, and then becomes inductive over the remaining
bandwidth of the device before it flattens out again. This can present additional design challenges

that arendét encountered with resistive outputs.

impedance and why would we want to design with devices that exhibit this behavior?




Amplifiers with reactive Zo: Zero drift

OPA388 | OPA333/0 | OPA188/0/9 | OPA334/5 | OPA2187 | OPA378 | LMP2021 | LMP2011
mpliementation

« Zero-drift (chopper stabilized or auto-zero) operational Zero-drift topology in OPA388
amplifiers continuously correct for error to achieve the lowest
possible input offset voltage and drift, as well as minimized
low-frequency noise.

« This circuitry also ensures excellent DC specifications (AOL,
CMRR, and PSRR), allowing better performance in harsh
environments.

Problems solved

50 1000 -

F Device Example:
=
= Zero-Drift Non-Zero-
Ultra-low z Specifications o
2 100 [——— ==z
temperature drift | § | V.. () DEAICIR OIMLATIR
(-40°C to +125°C) | § (Tyo Max) 0.25,5 |200, 1000

10 3 1
’ Pt V., drift (UV/°C)
Minimized low- ,K(: | ’ ! (Typ, Max) _0:008,008| 0.3, 15
frequency noise 1

1 10 100 . on 00k 0.1Hz - 10Hz voltage| 0.14 25
Frequency (Hz) noise (UV._.)

Volt:

Tl TechNotes (::"/ Zero-Drift Amplifiers: Features and Benefits”  L|T #: shoa182 Q’ TeEXxAS INSTRUMENTS
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There are a lot of benefits to zero-drift amplifiers. These devices achieve incredibly low offset voltage

and drift by continuously correcting for the offset error. This has the added benefit of eliminating 1/f

noise. For dc precision zero-drift devices are hard to beat, but that precision comes at a cost. Every

zero-drift amplifier exhibits a reactive output impedance that tends to be inductive over most of the
amplifierds usable bandwi dt h. Consequently, this ad
actually hope to see the performance improvements zero-drift amplifiers can offer.
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Amplifiers with reactive Zo: Multi-stage feedback
OPA376 | OPA209 | OPA211 | OPA140 | TLVO07 | OPA277 | LPV811

Overview plementatic

+ Some Op amps use multiple gain stages to achieve the
desired open loop gain.

« This is especially useful in low voltage rail-to-rail applications E:";Eﬁ';f:ﬁm
that want to avoid cascoded input stages. FrSene - P
« This requires compensation between stages for overall loop T x | | \L

N I
stability. < | |

Advantages N *; |||t _ || = \

+ Many bipolar devices use this architecture to improve the

output swing to the rail, because wider swing requires

additional base current.
* Using a three-stage architecture allows for optimized distortion

performance.
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Zero-drifdevi ces aren6t the only kinds of amplifiers
Some amplifiers are designed with multiple stages. There are a variety of reasons to do this, for

bipolar output devices it is necessary to have an intermediate stage to boost the base current to allow

the device to swing closer to the rail. Having multiple stages is a simple way to increase the overall

gain without having to design a single high gain stage. When multiple stages are used in order to

achieve stability in the amplifier as a whole you have to have compensation between the stages. As
different compensation capacitors come into play across frequency, the output characteristics of the
amplifier change. Texas Instruments is not the only company that uses these techniques. In fact you

can find op amps across industry that exhibit these same output characteristics!

t
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As previously stated, to analyze the stability of an op amp circuit in simulation there are two
parameters that must be accurately modeled: 1) the open loop gain and 2) the output impedance.
This slide shows how we can make a slight modification to our Aol test circuit to test the open loop
output impedance instead. The inductor serves the same role of establishing a dc operating point,
and the capacitor keeps the inverting terminal shorted to the same ground potential as the non-
inverting input for ac signals. By perturbing the output with a current source and observing the
resulting voltage response, we can characterize the open loop output impedance of the model. It is
always a good idea to verify that the model matches the datasheet to a reasonable degree of
accuracy.




