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Application note

AC measurements on op amps

Introduction

The aim of this application note is to first review the main characteristics of an operational amplifier in the frequency domain,
and then explain how these characteristics can be measured.
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1 Main AC characteristics: GPB, FU, phase margin and gain margin

1.1 Frequency response of an op amp in open-loop

In order to analyze the op amp frequency response and the potential stability of the op amp in a closed-loop
system, we first consider the open-loop response on the Bode diagram. The frequency response can be modeled
with its open-loop gain A(w):

Figure 1. Simplified op amp AC model schematic
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Most modern op amps have a Bode diagram similar to the one shown in Figure 2. At low frequency, the open-loop
gain of the amplifier is very high and corresponds to the static AVD documented in the datasheet. Then, we have

a first pole followed by a region where the gain drops at 20 dB per decade. This is due to the compensation of the
op amp by an internal capacitor called the Miller capacitor, leading to a behavior similar to that of a first order filter.

Figure 2. Schematic Bode diagram of an op amp in open-loop
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Figure 3. Actual Bode diagram of TSV631 in open-loop
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In this region, the product of the gain (A) and the bandwidth (f) is a constant:
GBP=A.f (2)

At the point where the gain A = 1 (0 dB), the corresponding frequency is called the unity-gain frequency (FU). If
the decrease of the gain is strictly 20 dB per decade down to unity gain, the FU value is equal to the GBP.

Then, the decrease of the gain with frequency increases to 40 dB per decade after a second pole of the Bode
diagram. This second order behavior is generally a function of the capacitance seen at the output of the op amp,
as a combination of the internal output capacitance of the circuit, and the load capacitance added at the output.
When this output capacitance is low, the second pole is generally after the FU, but as the load capacitance is
increased, the second pole occurs at a lower frequency.

This is why the Bode diagram and the AC characteristics of an op amp are always given for a precise load
capacitance value, intended to mimic the parasitic capacitances seen by the op amp in a real application.

Phase margin and gain margin

Unlike a perfect op amp where the frequency response would be infinite and the output signal would be in phase
with the differential input, each pole introduce a 90° phase rotation, as seen in Figure 2 and Figure 3. This has an
impact on the stability of the system. Indeed, when the phase is rotated by 180°, the negative feedback stabilizing
a closed-loop system is turned into positive feedback. If this happens at a frequency where the gain of the circuit
is greater than 1, the circuit will be unstable.

This is why the phase margin and gain margin are introduced as indicators of system stability. The phase margin
is defined as the difference between the phase value and -180° when the gain is 1 (0 dB). The gain margin is the
gain value when the phase reaches -180°.

If the phase margin is negative, and the gain margin greater than 0 dB, the circuit is unstable. A usual criterion for
very good stability is a phase margin > 45°, and a gain margin > 10 dB.
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Figure 4. Phase margin and gain margin measurements on TSV631 Bode diagram
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2 AC characteristics of an op amp in closed-loop

The open-loop frequency response is practically never observed directly, as the op amp is not stable in open-loop,
so this figure is theoretical. The closed-loop frequency, however, can be measured, and in our work, the aim of
the measurement on a closed-loop circuit is to be able to measure AC characteristics as close as possible to the
open-loop characteristics.

2.1 Case of the non-inverting circuit

Figure 5. Schematic of the non-inverting op amp circuit
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At very low frequencies when
Rp A
A>>1+R—G,andsoE>> 1,
The gain can be expressed:
Vour
=G 7
Vin (7)

When the op amp is set in gain, the gain of this system is limited at low frequencies to the circuit gain, set by the
resistors. Consequently, the AVD value cannot be reached.
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. . R
However, for higher frequencies when A < 1 + R—Z, and therefore % <1,

Your _ 4

We have
Vin

The response will be limited by the op amp's frequency limitation described in the previous paragraph. So the
GBP and the FU will be observable (see Figure 4).

Figure 6. Schematic Bode diagram of an op amp in closed-loop
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As observed in the open-loop bode diagram, the GBP is constant and can be measured at any point in the -20 dB
per decade part of the characteristic, between the 15t and 2"d poles.

Practically, on a real op amp, the GBP measurement point should be chosen far enough from the poles, to avoid
the gain decrease they induce, as shown in Figure 5

Figure 7. GBP vs. frequency on TSV631
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In case the second pole is well after the gain = 1 (0 dB) crossing point, the GBP and FU value should theoretically
be identical. However, the second pole is usually close enough to the 0 dB crossing so that the FU is slightly
lower than the GBP.

Some op amps use a more complex architecture leading to a different poles/zeros structure, and do not have a
strict 20 dB per decade slope. In this case, the GBP is usually measured in the 20 dB per decade region at low
frequency, but it is not significant for a low-gain application. Also, the FU in this case is very different from the
GBP value.

In order to be able to approximate the intrinsic (open loop) AC characteristics of an op amp with a closed loop
measurement correctly, the resistors of the circuit have to be chosen so that the gain of the circuit is large enough
to fulfill the previously described condition:

A+ RE ®8)
Rg

The higher the circuit gain is, the closer to the open-loop values the measurements will be.

By definition, the phase margin is measured with A = 1, so the value of G = 100 is often considered as sufficient.
However, there is still a small residual error on the phase margin. A higher gain value can further reduce the error,
but may introduce another issue that will be explained in Section 5.1.
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2.2 Case of the inverting circuit

Figure 8. Schematic of the inverting op amp circuit
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In conclusion, when the gain is large, we indeed have — A. However, there is a small error when the

Vin
schematic is inverting, which is not present when the op amp is not inverting. The non-inverting schematic is
therefore preferable.
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2.3 Impact of the output impedance: non-inverting

In the previous paragraphs, we have considered the op amp output impedance to be null. This is, however, not
fully the case. Modern op amps usually have an output impedance that varies with the frequency. However, the
impedance values can have very different values from one op amp to another, depending on the bandwidth and
the design of the output stage. Figure 9 shows the output impedance of the TSV631:

Figure 9. TSV631 open-loop output impedance
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This behavior is typical of modern op amps with a capacitive behavior at low frequencies, followed by an inductive
behavior before the GBP. The value of interest for our analysis is mainly the impedance at GBP (900 kHz for the
TSV631). This value depends on the op amp model, and, generally speaking, high-bandwidth op amps tend to
have a lower output impedance.

We can calculate the impact of a non-null output impedance (Z0) in the case of a non-inverting circuit as follows:

Figure 10. Schematic of the non-inverting op amp circuit with output impedance

Rg Rf
V- -
- V
V|N=V+ VZ out
—1+
AC
With:
Vy=A.(Vy—V.) (14)
_ Rp
G=1+ Re (15)

ANG6365 - Rev 1 page 9/28




m ANG6365

AC characteristics of an op amp in closed-loop

We can demonstrate:

Vour _ A
VIN - 1 A Zo (16)
tCt RgERE

WithG=1+&
Rg

In the frequency region where A is very large, the term can most likely be neglected. However, in the

Zy
R+ Rp
region of interest for the phase and gain margin measurements where A < 1, we need the condition Zy < R; + Ry
to be fulfilled in order to be able to neglect the output impedance effect.

In our example for the TSV631, at FU f = 900 kHz, the open-loop output impedance is approximately 800 Q. With
typical resistor values Rg = 10 kQ and Rg = 100 Q, the error on the phase margin introduced will probably be
negligible, but maximizing the Rg and Rg resistor values will lower the impact of the output impedance.

Figure 11 shows the Bode diagram in closed-loop for gain 101 with Rg = 100 kQ, Rg = 1 kQ and for Rg = 10 kQ,
Rg = 100 Q. There is no difference, confirming that the output impedance introduces no significant error for this
op amp with these resistor values. However, the analysis should be carried out for each op amp model.

Figure 11. Closed-loop Bode measurement of TSV631 in non-inverting configuration
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24 Impact of the output impedance: inverting
We can run the same analysis for the inverting configuration.

Figure 12. Schematic of the inverting op amp circuit with output impedance
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In the frequency region where A is very large, the term can most likely be neglected and the equation

_Zo
R+ Rp
reduces to the case of Section 2.2:

Vour —Rp
Zour _ 4 “RE 19
Vin Rg (19)

However, in the region of interest for the phase and gain margin measurements where A ~ 1, the condition
Zy < Rg + R is not sufficient to neglect the output impedance. Indeed, the numerator term gives:

Z Re ... Rp
ey -y Ly -y o

1, so

Zy
m KA (20)
In our example for the TSV631, at FU f = 900 kHz, Zy ~ 800 Q. With typical resistor values Rg = 10 kQ and Rg =
100 Q, the error on the phase margin introduced will not be negligible. This error is difficult to evaluate with the
equation as Zj is a complex impedance and also introduces a phase rotation, but maximizing the Rg and Rg
resistor values will lower the impact of the output impedance.
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Figure 13. Closed-loop Bode measurement of TSV631 in inverting configuration

T T
— Rf=t00k  1°
—— Rf=10k
o 90 T
k) o
£ S
S T
-20 Vce=5V
Vicm=2.5V -180
RI=10kQ2
-40 | CI=100pF
Gain=100 .
60 Y E I BRI BV )
1000 10000 100000 1000000 1E7

Frequency (Hz)

Obviously here, the phase and gain margin measurements are different with the two resistor sets.
To summarize the results for both inverting and non-inverting configurations:

Table 1. AC measurements in closed-loop on TSV631

RrF =10 kQ 1013 51.2 14.1
Non-Inverting
Rg =100 kQ 911 1013 49.1 13.3
RrF =10 kQ 880 1083 42.2 7.9
Inverting
RF =100 kQ 879 996 45.6 9.6

We can conclude that the error introduced by the output impedance is much lower with a non-inverting
configuration. In an inverting configuration, the errors on both the phase margin and on the gain margin are quite
high. The GBP is also slightly lower than in a non-inverting configuration.

So, generally speaking, it is advised to use a non-inverting configuration.
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3 Stability and output capacitance

As explained in Section 1.1, the second pole in the Bode diagram is linked not only to the circuit itself, but also to
the external capacitance seen by the circuit output. Indeed, the second observable pole on the op amp gain is a
combination of the output impedance and the external capacitance C| seen by the op amp output with:

1

fe= 20750, (21)

The higher the output capacitance, the lower the pole frequency. Thus, a higher capacitive load usually reduces
the stability of the circuit and lowers the phase and gain margin. This is illustrated in Figure 14.

Figure 14. Closed-loop Bode simulation of TSV631 in non-inverting configuration
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Table 2. Closed-loop Bode simulation of TSV631 in non-inverting configuration

Cload (pF) GBP (kHz) FU (kHz) Phase margin (°) Gain margin (dB)
0 880 800 70 33

100 888 890 44 1
220 897 840 18 5
330 908 766 3 1

470 918 691 -8 -3

Characterizing the AC characteristics of an op amp, it is essential to take into account the parasitic capacitances
introduced by the measurement system: board layout, cables and measurement instruments.
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The capacitance at the op amp input also plays a role in the op amp stability. This capacitance is composed of the
intrinsic capacitance of the op amp inputs (typically a few pF), and the parasitics (board trace, coaxial cables and
so on) plugged directly into the input.

This capacitance has an impact on the op amp stability because it can alter the feedback voltage V-.

Figure 15. Schematic of the non-inverting op amp circuit with simplified input impedance
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As compared to the ideal case where C)y is negligible, let's consider an impedance Zg constituted of Rg and Cy
in parallel:

Figure 16. Simplified schematic of the impedance seen by the op amp output

We can express the feedback transfer function with:

a Ze
- - _ZG 22
Vour Zg+Rp (22)
With Zg = ———,
JCivw + 75

V. R;
Vour Rg+ Rp+ jRGRpCiyw

Finally, the input capacitance will be negligible if RGRrCiyw < Rg + Rp
So,
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R; + Ry
Ciy K —RGRF.Zﬂf (24)
The input capacitance will NOT be negligible when:
. The gain is low (but, as previously stated, it is not a suitable configuration for AC measurements)
. The resistor values are high
. And, of course, if the capacitance value is high.

Practically, the input capacitance should not be a concern for moderate-bandwidth op amps. Indeed, for the
TSV631 at Fy (900 kHz), with Rg = 100 k and Rg = 1 k, the Cjy should be lower than 180 pF. As both the
parasitic input capacitances and the board parasitic are usually in the few pF range, this should not be an issue.
However, connecting a scope input with a coaxial cable directly to the op amp input would impact the stability.
Therefore, using a low capacitance probe is recommended.
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5 Practical measurement considerations

5.1 Hardware setup and measurement conditions

The general principle of the Bode measurement is to provide a small sine at the input of the DUT, and measure
the gain and phase at the output.

Such a measurement can be done with a sine generator and an oscilloscope, measuring the amplitude of the
input and output signals, and the outphasing between them. In the case of an op amp with a very low GBP, where
measurements below 10 Hz can be necessary and dedicated analyzers are hard to find, this may be the best
option. Sine generators with a small amplitude can be difficult to find, but a signal attenuator can be used.

However, it is more convenient to use a network analyzer as it integrates the small sine source and the
measurement, and is able to compute and display the gain and phase. Only the forward transmitted signal (S21)
will be used to plot the Bode diagram. So, the network analyzers dedicated to Bode measurements at low
frequencies are often not able to measure the reverse S-parameters because no signal source is available at the
output port.

Although any network analyzer should be able to measure the Bode plot of an op amp, most VNA (vector network
analyzers) available on the market are not able to operate a low enough frequency for usual op amps. As
analyzers able to operate at such frequencies are difficult to find today, or discontinued by the equipment
suppliers, the best solution is to use oscilloscopes with an integrated or piloted voltage source and a dedicated
integrated software for spectral analysis.

When characterizing usual op amps with a GBP < 10 MHz, it is not necessary to perform open, short and load
calibrations, as the extracted parasitic effects are negligible at these frequencies. Unless abnormal attenuation on
the signal path or excessively long cables are present, it is also not necessary to perform a thorough calibration.
Indeed, as long as the total cable signal length is negligible versus the electrical length, no signal distortion or
outphasing are seen.

The input amplitude should be low enough to ensure that:

. The op amp output does not saturate, given the circuit gain and the characteristics of the output stage. The
possible value of the input offset (also amplified by the circuit gain) should also be taken into account.
. The op amp stays in a linear regime, where V+ ~ V-_ If the output voltage variation is close to the slew-rate,
2.m.f

this condition is not fulfilled anymore. V| should be kept lower than Viy ;4 = SR Cain’

Network analyzers and instrument input impedance

The input impedance of network analysis is usually 50 Q, which is not compatible with most op amps. Indeed, the
output stage is usually not capable of driving such a low impedance. So, an active probe with a high impedance is
needed.

Figure 17. Schematic of the op amp AC measurement using a network analyzer and high-impedance
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The parasitic capacitance of this type of probe is usually low, but should be considered in the probe choice, and in
the definition of the Cjoaq value.

In case an oscilloscope coupled to a frequency generator is used, it can usually be switched to high-impedance
input, which allows the op amp output to drive the oscilloscope input directly without an additional probe.
However, the parasitic capacitance of the scope input can be high, and the cable parasitics also has to be taken
into account.

5.2 Frequency generator output impedance

When using a inverting circuit (although this is not recommended), the output impedance can interfere with the
circuit schematic. Indeed, in most cases the frequency generator has a 50 Q output impedance than should be
taken into account to compute the circuit gain.

Figure 18. Schematic of the op amp AC measurement, impact of the signal generator output impedance
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However, as the circuit gain and Rg value are not directly needed to compute the op amp AC parameters, this
effect can usually be neglected.
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Closed-loop or pseudo-open-loop?

A perfect op amp with inputs polarized at the same bias would have its output at the same voltage. However, with
a real op amp with a non-null V|g, the Voyr is:

Vour,nc =Vio-A(f = 0) (25)

Given the large value of the gain A in DC, the output is saturated either at high or low rail, and AC measurements
are not possible in this configuration.

A negative feedback path is mandatory to properly polarize the op amp in DC, which is why measurements are
carried out in closed-loop with a large gain. However, even in a closed-loop configuration, it is possible to
measure the open-loop response of the op amp by going back to the definition of the open-loop gain:

A@) = 3% (26)

Two probes should be used, one (either differential or not) connected to the output, and one differential probe
between the positive and negative inputs.

On a network analyzer with a reference input, this is straightforward as the signal actually analyzed is Input/
Reference. On an oscilloscope with Bode functionality, it is usually possible to perform such a numerical operation
between the two probes signal.

Figure 19. Schematic of the op amp AC measurement in pseudo-open-loop

| ]
Rg Rf
V-
VOUT
A(w) < V') Active probe
Network +

analyser
reference

Cload s Rload @

Network analyser input

Network analyser NV

output

page 18/28




‘_ ANG6365
, l Practical measurement considerations

Figure 20. Measurements of the TSV631 in closed-loop and pseudo-open-loop
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In the high-gain region, the pseudo-open-loop measurement allows to measure the op amp intrinsic gain even for
a gain larger than the circuit gain. It is also possible to get rid of the gain condition stated in Section 2.1, and
perform the measurement for a low circuit gain. However, for a very large op amp gain the measurement starts to
be noisy because the signal measured by the probe is very low. Indeed, from equations 1 and 7 we can write:

Vin
Vy-V_= (27)
" 1+4

When A is large, the signal V+ - V- is small. For this reason, it is usually not possible to measure constant DC gain
regions at very low frequencies for modern op amps, with a DC gain usually well above 100 dB. This is even more
problematic when the gain G is low, so using a large circuit gain is also advised here.
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However, pseudo-open-loop measurement can be useful because it allows to access the op amp intrinsic gain for
a frequency range larger than the usual closed-loop measurement, and independent of the circuit gain set by the
resistors values. As shown in Figure 21, the frequency range where the GBP is stable is much larger than in
closed-loop measurement (Figure 7), making it easier to achieve a reliable GBP measurement.

Figure 21. Measurements of the TSV631 GBP versus frequency in pseudo-open-loop
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54 Board design
In order to measure the AC characteristics of op amps with a GBP lower than 10 MHz, no specific board design is
needed. However, it is useful to:
- Reduce the trace lengths in order to reduce the parasitics between the op amp and the gain resistors, and lower
the noise.
- Decouple the power supply as close as possible to the op amp.
- Calibrate the parasitic capacitance seen by the op amp on its output. Indeed, as the phase and gain margins are
largely dependent on the capacitive load, these parasitics have to be taken into account in the total capacitive
load.
The STEVAL-CCA057V01 to V05 boards available on the STMicroelectronics website (st.com) for commonly
used packages (SOT23-5, MiniSO-8, SO-8, DFN8) are very well suited for this purpose.

Figure 22. STEVAL-CCA057V1 for SO-8 package
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6 Conclusion

General principles and theory for the measurement of op amps AC characteristics (gain-bandwidth product, unity
frequency, phase margin and gain margin) are given. Practical measurement methodologies and schematics are
provided. These techniques can usually be used for op amps with a GBP of up to 10 MHz. For higher
frequencies, theses methodologies need to be adapted — please consult the application note “AC measurements
on high-speed op amps” AN6369.
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