LDO Regulator Stability
Using Ceramic Output

Capacitors
Introduction

Ultra-low ESR capacitors such as ceramics are highly desir-
able because they can support fast-changing load transients
and also bypass very high frequency noise coming from
switching converter power sources which a linear regulator
can not reject. However, using ultra-low ESR capacitors on
the output of an LDO regulator requires that specific design
changes be implemented to ensure loop stability.

This article outlines the fundamentals of LDO loop compen-
sation with respect to how the output capacitor’s character-
istics affect stability, also detailing the internal design tech-
niques used to make LDO’s which are stable when using
ceramic output capacitors.

For more information on linear regulator compensation
theory, refer to application note AN-1148: “Linear Regulators:
Theory of Operation and Compensation”.

LDO Regulator Basic Operation

The LDO (low dropout) linear voltage regulator is unique
because it can regulate the output voltage with an input
voltage which may be within a few hundred millivolts of the
output voltage. It can do this because the pass transistor is a
single PNP (or P-FET) device, which can be driven fully into
saturation. This means the dropout voltage (the minimum
required voltage difference from input to output) is the lowest
of any linear regulator type (see Figure 1).
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FIGURE 1. Typical PNP LDO Regulator

The LDO regulates it's output voltage by using an error
amplifier to increase or decrease current drive to the PNP
pass transistor as required by the load. Resistors R1 and R2
provide the voltage feedback from the output to the error
amplifier, which compares this voltage to a fixed reference
voltage. Negative feedback within the loop always forces the
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voltages at both inputs of the error amplifier to be equal. The
output voltage is set by the ratio of the two resistors:

Vour = Vaer (1 + R1/R2)

LDO Loop Compensation

The P-type pass transistor of the LDO regulator drives the
load off the collector (or drain), a configuration which has
inherently high output impedance. Because of this, the ca-
pacitor connected to the output forms a pole with the load
resistor whose frequency is given by:

PLoap =1/ (2 X1 X *Rout X Cour)

*Rourt is here defined as the effective impedance from the
output node to ground: this is actually the parallel combina-
tion of:

1. the load resistance R
2. the sum of R1 + R2
3. the output impedance of the pass transistor

However, in most cases, the load resistance is orders of
magnitude less than the other two elements, so Rt can be
approximated as R;:

Pioap =1/(2 X1 XR_ X Coyr)
P.oap Will be designated the Load Pole.

The frequency of the load pole varies with load resistance.
As an example, an LDO using a 10 pyF output capacitor
driving a 3.3 Q load has a load pole at:

Ploap=1/(2 XX 33QX10 yF) =4.8 kHz

However, if the external load is disconnected (leaving only
the regulator’s internal resistive divider for a “load”), the
frequency of the load pole may drop to less than one Hertz.
This illustrates how the LDO load pole varies over a wide
frequency range from “no load” to “full load” operation.

For this example, we will assume that the capacitor Cooump
will be used to add an “integrator” pole which is at a fre-
quency of about 500 Hz. This means that the loop has two
poles, which could potentially produce a phase shift of -180
degrees and cause oscillations. The methods used to add
phase lead to offset the phase lag of the poles will be
discussed in the following sections.

It should be noted that there are additional high-frequency
poles, so care must be taken to ensure that the loop band-
width does not get too wide, or they will add enough phase
lag to create an oscillator. The power device contributes one
such pole: for example, the input capacitance of the P-FET
used as a pass device forms a pole with the output imped-
ance of the circuitry driving it's gate. Because this high-
frequency pole is associated with the power device, it will be
referred to as the Power Pole (Ppyg). For purposes of
analysis, it will be assumed to be a fixed pole at a frequency
located at about 500 kHz.
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Methods For Adding Phase Lead

The poles in the loop of the LDO can cause oscillations if not
compensated for by other zeroes which will add some phase
lead. One of the traditional methods for doing that is to add
a feedforward capacitor across resistor R1 (Figure 2), which
forms a pole-zero pair. The zero is at a lower frequency than
the pole, which allows placing the zero at a frequency before
the unity gain crossover occurs. In this way, the zero adds a
significant amount of lead, while the associated pole (which
is at a higher frequency) adds only a small amount of addi-
tional lag. This results in a net gain of phase lead and
improved phase margin.
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FIGURE 2. LDO Regulator with Feed-Forward
Compensation

The capacitor Crr forms a zero with R1 whose frequency is
given by:
Zee =1/ (@2 x7mx R1 X Cgp)

And Cg¢ forms a pole with the parallel combination of R1 and
R2, whose frequency is given by:

Pee =1/ (2 x 1 x R1// R2 X Cep)

It's important to note that at higher output voltages (where
R1 is much larger than R2), the pole and zero are far apart
in frequency, allowing a much larger improvement in phase
margin. At lower output voltages, the frequency of the pole
and zero move closer together. The maximum possible
phase lead provided by this method goes away quickly as
the output voltage reduces, and it becomes completely use-
less when the output voltage equals the reference voltage.
For this reason, relying on this compensation technique
alone is adequate only for higher output voltages.

As an example, the gain and phase of a typical LDO will be
calculated. Since LDO bandwidth is maximum at full load,
that operating point will be used for the calculation. The
following assumptions will be used:

1.25V reference, regulator set to 6.25V output.

Vour/ Veer =5

Open loop gain = 80 dB

Pcowmp = 500 Hz

PLoap = 4.8 kHz (Cour = 10 uF, R_. = 3.3 Q)

Pewr = 500 kHz

R1 =40 kQ

R2 = 10 kQ

Unity gain crossover frequency estimate = 300 kHz

The optimum frequency location for the feedforward zero is
typically about 1/3 of the unity gain crossover frequency.
Therefore, a zero frequency of 100 kHz will be assumed for
the example, giving a Cgr value of 39 pF. The pole formed by

Cer and R1//R2 will be located at about 500 kHz, essentially
forming a double pole with Ppyg at 500 kHz.

Computing the phase for this set of component values and
operating conditions shows a calculated phase margin of
about 11 degrees at the unity gain crossover frequency of
300 kHz (see Figure 3). This is barely stable, certainly a very
marginal design if no other compensation method was used.
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FIGURE 3. Gain/Phase Plot for Typical LDO Using Only
Feed-Forward Compensation

While feedforward compensation is used in most LDO’s to
obtain whatever positive phase shift it can generate, addi-
tional phase lead must usually be derived by other means to
obtain an acceptable phase margin. The following section
details the method used in the vast majority of LDO regula-
tors: output capacitor ESR compensation.
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Output Capacitor ESR
Compensation

Every capacitor contains some kind of parasitic resistance,
which means a real capacitor can be modeled as a resistor
in series with an ideal capacitor. This series resistance is
typically referred to as ESR (equivalent series resistance).

The internal ESR forms a zero with the output capacitor
whose frequency can be calculated from:

Zesrn=1/(2 X1 X ESR X Cour)

The frequency location of this zero for Tantalum capacitors is
typically ideally positioned for LDO compensation: a typical
10 pF Tantalum capacitor might have an ESR in the range of
about 0.5 Ohm, giving a zero at a frequency of about 30 kHz.
This zero will be added to the example previously developed
and displayed in a gain/phase plot. Figure 4 shows the
additional phase margin derived from the addition of the
ESR zero:
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FIGURE 4. Gain/Phase Plot for Typical LDO Using Both
Feed-Forward and ESR Compensation

The inclusion of the ESR zero into the example increased
the calculated bandwidth from about 300 kHz to 600 kHz, but
most important: it increased phase margin from 11 degrees
up to about 68 degrees (which is extremely stable).

This example illustrates why most LDO’s have a published
“stable range” of ESR values which the output capacitor

must meet to ensure stable regulator operation: the ESR
zero is the dominant compensation element for the loop. The
“maximum” value boundary for ESR sets the lower limit for
the zero frequency, which must not be so low that it in-
creases loop bandwidth to the point that high frequency
poles cause instability. The “minimum” ESR value boundary
sets the maximum frequency for the zero, which must not be
so high that it occurs so far after the unity-gain crossover
frequency that it can no longer add enough phase lead to get
sufficient phase margin for stable operation.

Ceramic Capacitors:
ESR = milliohms

Ceramic capacitors do contain some parasitic ESR, but for
capacitance values greater than 1 uF, the value of ESR is
usually in the range of a few milliohms at high frequencies.
This makes ceramic capacitors extremely attractive for by-
passing high frequency noise and supporting rapidly chang-
ing load transients, but it also makes them unsuitable for use
with LDO’s which were designed to rely on the output ca-
pacitor’'s ESR for the loop compensation zero. A 10 pF
capacitor whose ESR is in the 5 milliohm range is providing
a zero at a frequency above 3 MHz. As illustrated in the
previous example, that frequency is too high to add enough
phase lead to provide adequate phase margin at the unity-
gain frequency.

LDO'’s which are stable with ultra-low ESR output capacitors
have a zero built into the error amplifier compensation net-
work. Instead of a simple integrator using only a single
feedback capacitor Coomp, @ resistor is added in series
(Figure 5). This combination of feedback elements creates
both the integrator pole as well as a zero. This resistor
(shown as Rcomp), provides a zero which performs the
same function as the ESR zero, and will allow the use of
ceramic output capacitors while maintaining good phase
margin.

This design technique lowers the “minimum stable ESR” limit
down to essentially zero Ohms, but it also lowers the maxi-
mum stable ESR limit as well. To understand why, it should
be noted that since the error amplifier provides a zero inside
the loop bandwidth, adding another zero will increase the
bandwidth too much and allow high frequency poles to cre-
ate instability.

A typical LDO designed to work with electrolytic output ca-
pacitors may have a stable ESR range of about 0.1 Ohm up
to 10 Ohms. The “ceramic stable” version with an internal
zero added allows ESR values down to zero Ohms, but the
upper limit may be as low as about 0.5 Ohm (depending on
load current and size of Coyr)-
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Ceramic Capacitors:
ESR = milliohms (Continued)
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FIGURE 5. Ceramic-Stable LDO with Internal
Compensation Zero

An example of the stable ESR range of a typical “electrolytic
stable” LDO is shown in Figure 6. This is a reproduction of
the ESR curve shown in the LP2988 data sheet. The data
points used to generate such ESR curves are empirically
derived from bench testing by using a ceramic output capaci-
tor (which has essentially no ESR) and soldering in discrete
resistance values in series with it to find the point of insta-
bility at various load currents, with data being taken at both
temperature extremes.
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FIGURE 6. Coyr ESR Stability Boundaries for Typical
"Electrolytic Stable" LDO

As show, the lower limit of stable operation is approximately
50 milliOhms, which is too high to allow the use of ceramic
output capacitors, unless some external resistance is added
in series with them. The upper ESR Ilimit (which sets the
lower frequency of the ESR zero) shows a ramp up at very
light loads. This is due to the fact that the load pole moves to
a lower frequency at very light loads (reducing loop band-
width), allowing the frequency of the ESR zero to go lower
and still have stable operation.

The ESR curve for a “ceramic stable” LDO regulator is
shown in Figure 7. The lower limit of stable ESR is zero
Ohms, and the upper limit is about 0.5 Ohms except at very
light load currents where the upper limit rises. As before, the
reason the limit rises there is that the load pole drops to a
very low frequency at light loads making the loop stable with
the compensation zero at a lower frequency.
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FIGURE 7. Coyt ESR Stability Boundaries for Typical
"Ceramic Stable" LDO

Based on these curves, it can be seen that the use of
ceramic output capacitors is generally reserved for parts
which are designed to use them. However, the “ceramic
stable” LDO does have enough headroom on the upper ESR
limit that low-ESR Tantalum and aluminum electrolytics may
be used.
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Additional Poles From Ceramic
“Bypass” Capacitors

In many designs, especially ones where digital IC’s are
present, bypass capacitors are often sprinkled throughout
the PC board at the V¢ pin of every device powered by the
voltage regulator. In most cases, these are small ceramic
capacitors whose value is in the .01 pF to 0.1 pF range.
These capacitors can cause LDO regulators to oscillate, and
the reason is often not understood by the user.

As previously explained, a capacitor connected to the output
of an LDO forms a “load pole” in conjunction with the effec-
tive resistance from the output node to ground:

PLoap =1/ (2 X1 X Royr X Cour)
What may not be obvious is that small capacitors connected
to the output can add an unwanted pole at a frequency which
can reduce or eliminate phase margin. LDO regulators which
use electrolytic output capacitors (and rely on their ESR for
the compensation zero) are vulnerable to this effect.
The previously derived example (gain/phase plots are shown
in Figure 4) will be used to explain how this can occur:
Open loop gain = 80 dB
Vour / Vrer = 5
Pcowmp = 500 Hz
PLoap = 4.8 kHz (Coyt = 10 puF, R_. = 3.3 Q)
Pewr = 500 kHz
R1 =40 kQ
R2 = 10 kQ
Cer = 39 pF (Pgr = 510 kHz, Z = 100 kHz)
Court = 10 pF Tantalum / ESR = 0.5Q
(ESR zero frequency = 30 kHz)
Unity gain crossover frequency estimate = 600 kHz
Phase margin = 68 degrees (without ceramic output capaci-
tance added)
The previously calculated phase margin is about 68 degrees
(very stable) with only a 10 pF Tantalum output capacitor.
What happens if a total of ten 0.1 pF ceramic “bypass”
capacitors are connected to the output of the LDO, effec-
tively creating a 1 pF ceramic capacitor in parallel with the 10
pF Tantalum?
To calculate the new pole created by the ceramic bypass
capacitors:

PLoap =1/ (2 X X Rour X Cour)
In calculating Royt, Wwe are most concerned with the imped-
ance from output to ground at frequencies near the unity-
gain crossover (about 600 kHz). In that frequency range, the
10 pF Tantalum capacitor would effectively look like a 0.5Q
resistor from output to ground, the 3Q load resistor would be
in parallel with it, yielding an effective value for Royr of
about 0.43Q. The pole resulting from this impedance and the
ceramic capacitors is:

Peyp=1/(2 X1 X043 X1 pyF) =370 kHz
Assuming the unity-gain frequency is still approximately 600
kHz, this added pole would drop the phase margin from 68
degrees down to about 9 degrees (very poor). This gain/
phase plot is shown in Figure 8.
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FIGURE 8. Phase Margin Reduced by 1 yF Ceramic
Capacitor Connected to the Output

This example illustrates how even a relatively small amount
of ceramic capacitance added to the output of an LDO not
designed for ceramics can cause it to go unstable. The
incorrect assumption typically made is that when a small
capacitor is in parallel with a larger capacitor, the smaller
one’s effect will be “swamped out” by the larger one. How-
ever, the smaller value of capacitance made up by the
“bypass capacitors” will form it’'s own pole. If that pole is near
or below the unity-gain crossover frequency of the loop, it
can add enough phase lag to create an oscillator.

Minimizing Effect of Bypass
Capacitors

Since small value ceramic capacitors placed on the output of
LDO regulators can reduce phase margin, care should be
taken to keep these as far as possible from the output
terminal of the regulator. Capacitors whose value is in the
range of about .01 pF to 0.1 pF are usually the most prob-
lematic.

Trace inductance in series with these capacitors will help
decouple their resonant effect. Since board layouts vary, a
“safe distance” boundary for all applications can not be
given. Narrow copper traces have significantly higher induc-
tance than copper planes, so the “affecting distance” of the
capacitors increases when power planes and ground planes
are used to route power across the board.

The reliable way to determine if board capacitance is reduc-
ing phase margin is to perform load step testing on the actual
board with all capacitors in place. The IC’s which the regu-
lator powers should be removed (or not installed) and a
resistor should be used at the output of the regulator which
provides the same load current. The load should be stepped
from no load to rated load while the output is watched for
ringing or overshoot during the load step transient: exces-
sive ringing indicates low phase margin.
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