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When excessive harmonic distortion appears in the output of an amplifier and you can’t find the source of the
distortion in the obvious places, insufficient bandwidth is the next place to look.

Typically, the closed-loop bandwidth of the amplifier should be at least 10 times the highest frequency of the
signal for acceptable harmonic distortion. Why is that?

Consider the noninverting operational-amplifier (op-amp) circuit in Figure 1.

Figure 1. Noninverting Op-amp Circuit

Assume that the op amp has one input gain stage with gain A and an output stage with a gain A, = 1. Figure 2
shows a model of the op-amp circuit in Figure 1 with e; as the distortion added by each internal stage of the op
amp. Note that the distortion is referred to the output of each stage, since that is where it physically appears with
its full magnitude.

Figure 2. Distortion Model of Op-amp Circuit
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is the feedback factor, or the fraction of the output fed back to the inverting input. (1

Each distortion term will appear in the output, V, with a different attenuation. Why is the distortion attenuated
in the output and not amplified by the various gain stages in the amplifier? A fraction, B, of the distortion in Vg
is fed back to the negative op-amp input, so it is inverted by the op-amp input stage. This inverted fractional
distortion is amplified by all of the gain stages prior to the original source of the distortion. The amplified and
inverted fractional distortion is then added to the original distortion. Because the distortion fed back is inverted at
the negative input, the feedback reduces distortion in the output.

At higher frequencies, the inverted feedback will acquire a phase shift through each gain stage so that it will not
be inverted (that is, 180 degrees out of phase with the original distortion) and the attenuation of each distortion
source will be reduced. Near DC, the phase shift is negligible, so you can do a simple algebraic analysis of the
attenuation for each distortion source.

To calculate the distortion in V due to the distortion, e4, of the first gain stage, use superposition to set V;, and
the other distortion sources to zero.

The equation for V,; then becomes:

Vour = €145 — UpyefA14,. )

Where the second term

— A A
Gutﬁ 1772 is the fractional output inverted and amplified by each stage. (3)
Hence:
€14, €1
Vout = =
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Since 4, & 1:
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The distortion is attenuated at the output by the feedback fraction times the gain of the first stage. The gain of
the output stage does not contribute significantly to the attenuation of the first-stage distortion.

For the distortion at the output stage,

Voue = €3 — VpyefA1 A, and:
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The DC open-loop gain of the amplifier,

Agp = A14, = Ay

, appears in the amplifier specification. (6)
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The distortion at both the input and output stages is attenuated by approximately the loop gain BA, which is the
open-loop gain of the amplifier times the feedback factor.

For the noninverting amplifier circuit, the signal gain is

Vour 1
i B :
s , Which is also the noise gain. 7)

Hence, the attenuation of the distortion is nearly inversely proportional to the signal gain. In other words,
high-gain circuits have more distortion than low-gain circuits.

Signal gain is only one culprit of increasing distortion. The frequency of the input signal increases distortion even
more significantly for three reasons. The first is that the open-loop gain of the amplifier decreases with signal
frequency, as shown in Figure 3.
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Figure 3. OPA8360pen-loop Gain and Phase vs. Frequency

Past the dominant pole at 40kHz, the open-loop gain is falling at a rate of 20dB per decade of frequency. Since
this roll-off is true for any op amp, the gain-bandwidth product determines the open-loop gain at any frequency
between the dominant pole and the gain-bandwidth product. The open-loop gain in this frequency range is
directly proportional to the gain-bandwidth product.

The second reason distortion increases with signal frequency is that the open-loop phase lag of the amplifier
increases with frequency. Note that the open-loop phase lag is 45 degrees at the frequency of the dominant
pole. The fraction of the distortion fed back to the amplifier stage that created the distortion has a phase lag

with respect to the distortion itself. This phase lag — which for a single frequency is a time delay — reduces the
attenuation of the distortion. Higher-bandwidth amplifiers have higher dominant poles, so they can feed back the
distortion to its source with less time delay, which better attenuates the distortion.

The third reason distortion increases with signal frequency is that the distortion appears as multiples of the
signal frequency, with the second and third harmonic of the signal the most significant sources of distortion. My
statements in the previous paragraph about open-loop gain and phase lag refer to two and three times the signal
frequency for the second should and third harmonics, respectively.

Figure 4 shows the effects of frequency on distortion for the OPA836 in a noninverting configuration with a gain
of one (a buffer configuration).
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Figure 4. OPA836 Harmonic Distortion vs. Frequency

Note that the OPA836 has a gain-bandwidth product of 110MHz. At 10MHz (one-tenth the gain-bandwidth
product), the second and third harmonic distortions are already up to -42 and -45dBc, respectively.

The bottom line is that the bandwidth of the amplifier is critically important to getting acceptable distortion.

Additional Resources

» Check out this white paper on designing for low distortion with high-speed op amps.
» Learn more about TI's high-speed amplifiers.

» Read this blog post on how to optimize differential amplifier noise.
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