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Abstract

1 Abstract

Note: The following information is given as a hint for the implementation of our devices only and shall not 
be regarded as a description or warranty of a certain functionality, condition or quality of the device.

This Application Note is intended to provide a description on how to dimension the output capacitor of a
linear voltage regulator with ultra-low quiescent current to obtain a reliable supply circuit.
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2 Introduction
In nearly all of today’s electronic systems, low energy consumption is one of the major challenges. As the
systems’ performance is increasing in all kinds of applications, intelligent solutions need to be found to
compensate at the same time the increasing energy demand. These then help either to save energy costs or
to efficiently use limited energy resources. 
One example for limited energy resources can be found within the automotive area: The car’s battery provides
a limited amount of energy. Therefore, any electronic system being permanently connected to the battery
faces hard requirements regarding its energy consumption. 
For supply ICs, saving energy means keeping the internal current consumption as low as possible. The
challenge is here to ensure a proper operation at very low bias currents of all functionalities that are usually
present within the IC.
To meet these requirements for linear voltage regulators, Infineon has set a benchmark on the market with its
ultra-low quiescent current voltage regulators. These products combine, besides the usual functionalities and
an outstanding quality, sophisticated feature sets like Window-Watchdog and Reset with an ultra-low current
consumption of only 28µA (TLE7273-2). Without additional features, the ultra-low quiescent current voltage
regulators reach a current consumption of even 20µA (TLE7274-2). In addition, to reduce the overall system
cost, Infineon implemented for these regulators an advanced control loop concept that requires only a very
small output capacitor for control loop stability. 
This document is split in two parts: In the first one (Chapter 3), the challenge for circuit design for linear
voltage regulators of combining ultra-low quiescent current with very small output capacitors is
demonstrated. The second part (Chapter 4) shows a procedure for dimensioning the output capacitor to set
up a reliable and robust supply circuit with ultra-low quiescent current. Therefore, if you’re just interested in
quickly setting up your application using an ultra-low quiescent current linear voltage regulator, you can skip
the theoretical part and directly jump to Chapter 4.
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3 Theoretical Background on Ultra-Low Quiescent Current Control 
Loop Concepts

In this chapter, the challenge for circuit design of combining in a linear voltage regulator ultra-low quiescent
current with very small output capacitors is demonstrated. 
For this, we’ll look inside a linear voltage regulator and have a closer look on the influence of the output
capacitor.

3.1 Influence of Control Loop’s Reaction Time on Output Voltage
The main part of every linear voltage regulator is the integrated control loop, that is controlling the voltage
regulator’s output voltage. Depending on the application requirements, different control loop concepts can
be implemented. Each one of these has different advantages and disadvantages regarding their performance.
One important criterion for performance of a control loop is its so-called “reaction time”. Let’s see what it is
and why it is important:
Figure 1 shows a simple application circuit with a microcontroller supplied by a linear voltage regulator. Let’s
assume that the application has a standby mode and a normal operating mode, but is never completely shut
down. This means the microcontroller is always supplied, but in standby mode with few mA or even less (let’s
take 1mA as simple example), in normal operating mode with several 10mA up to few 100mA (let’s assume
70mA). Now, at the moment the microcontroller is triggered to go from standby mode to normal operating
mode, the result is typically a fast current transient with rise times below 500ns at the voltage regulator’s
output. 

Figure 1 Simple Application Circuit

Figure 2 shows the typical behaviour of a standard (not ultra-low quiescent current) linear voltage regulator
at this current transient. The output voltage is set to 5V. It can be seen that at the moment of the current
transient, the voltage is dropping down by ∆V to a minimum value (“Min. Voltage”). During this phase, the
voltage regulator’s control loop is not reacting yet. Only after this short time, called “Reaction Time”, the
control loop is acting and sets the output voltage back to the nominal value by increasing the output current. 
It is now obvious that the reaction time is a performance criterion for a control loop as: The faster the control
loop’s reaction time, the smaller the voltage drop at current transients. 
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Figure 2 Output Voltage at Current Transient at Standard Linear Voltage Regulator

In case the microcontroller is triggered to go from normal operating mode to stand-by mode, a negative
current transient is resulting and the behaviour is the other way round. This is shown in Figure 3. The
correlation between ∆V and reaction time is the same, the faster the reaction time, the smaller the voltage
peak.

Figure 3 Output Voltage at Negative Current Transient at Standard Linear Voltage Regulator
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Let’s now focus on the reaction time of a control loop of an ultra-low quiescent current linear voltage
regulator.
Figure 4 shows now in addition the output voltage of an ultra-low quiescent current linear voltage regulator
(right picture). It can be easily seen that its reaction time is longer, hence its voltage drop higher.

Figure 4 Output Voltage at Current Transient: a) Standard versus b) Ultra-low Quiescent Current 
Linear Voltage Regulator 

The same conclusion can be found at a negative current transient shown in Figure 5: The control loop’s
reaction time at an ultra-low quiescent current voltage regulator is longer, therefore the voltage peak is
higher.
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Figure 5 Output Voltage at Negative Current Transient: a) Standard versus b) Ultra-low Quiescent 
Current Linear Voltage Regulator 

Thus the question is: Why is the reaction time of an ultra-low quiescent current linear voltage regulator higher
than that for a standard one?

3.2 Influences on Control Loop’s Reaction Time
Therefore, let’s discuss the influences on the control loop’s reaction time. 
For this, we’ll look inside a linear voltage regulator. Figure 6 delivers a simplified insight, one can see that all
basic functions like the voltage reference, the error amplifier and the protection functions need to be biased.

Figure 6 Biasing inside a Linear Voltage Regulator
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But what has biasing to do with reaction time, where do the delays come from?
In silicon technology, delays are generally caused by capacitances. Let’s now see, why these capacitances are
present. Some of these are intentionally integrated capacitors, added by the IC designer, some of them are
unwanted, but inevitable due to the used silicon technology. These are then the so-called parasitic
capacitances.
Both types cause delays within the silicon according to Equation (3.1)

(3.1)

Note: This simplified formula provides a sufficient indication as bias currents and capacitance values are 
nearly constant.

Let’s now apply one theoretical example: Assume that the bias current for a device is Ibias = 30 µA, an
integrated capacitor has C = 30 pF, and there’s a voltage delta of ∆V = 1 V. The calculated delay according to
Equation (3.1) would be then tdelay = 1 µs.

Parasitic Capacitances
This type of capacitance is unwanted, but present in every silicon technology. It is typically not one specific
capacitor, but a capacitance value that is resulting from several parasitic effects. Hence it is difficult to
quantize it to concrete values, but we’ll at least give an indication here: Depending on the silicon technology,
it is normally in the range of several pF and has at linear voltage regulators a minor, but not neglectable
influence on delays. By using the above formula and a voltage delta of ∆V = 0.5 V, one would get delays in the
range of 0.5 µs .. 1 µs per capacitance for an ultra-low quiescent current concept, for a non-ultra-low
quiescent current concept considerably less (tdelay < 0.05 µs per capacitor). Again, these values are intended
as theoretical indication to understand the influence of parasitics within the technology on the delays, in real
products different values can occur.

Power Stage
Depending on the application’s requirements, different kinds of power stages are used for linear voltage
regulators. Basically two types of power stage families can be found, bipolar types and MOSFET types. 
To get an idea on the delays occurring in these different types, let’s simplify their circuitry like shown in
Figure 7. Also here, all values need to be considered as indication to understand the power stage’s influence
on delays, as well as the difference between concepts and power stage types. Real products might show
different values.

tdelay
C ΔV⋅
Ibias

----------------=
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Figure 7 Delays in Power Stages

In a bipolar power stage, the main delay results from the compensation capacitor and the parasitic base
capacitance. In a MOSFET power stage, the delay is caused by the gate capacitance, worst case occurs during
start-up, when the gate capacitance needs to be fully charged (∆V = VC = 6 V). 
Important to notice is that the delay caused by MOSFET power stages is typically higher, and the delay caused
by ultra-low quiescent current concepts is even higher. 
To sum up, the longest delay is caused by the combination of an ultra-low quiescent current concept with a
MOSFET power stage. Therefore, linear voltage regulators implementing this combination show a slower
reaction time of the control loop than standard linear voltage regulators.

Output Capacitor
At the output of a linear voltage regulator a capacitor (“Output Capacitor”) needs to be connected. Depending
on the implemented control loop concept, it acts either as simple buffer, or is in addition even part of the
control loop and plays therefore an important role in terms of stability.
In terms of control loop’s reaction time, as a simple qualitative approach, it can be summarized that - similar
to the above mentioned capacitances - higher capacitance values of the output capacitor cause slower
reaction times of the control loop.

3.3 Consequences for the Application
We have seen so far that the reaction time of a linear voltage regulator’s control loop is caused by delays
resulting from different capacitances. It was also shown that this reaction time causes variations on the
voltage regulator’s output voltage at the moment of current transients. Now, let’s concentrate on the
consequences that these voltage variations have within an application.

Potential Malfunction of Load
Every load connected to a linear voltage regulator’s output has a specified operating range. Let’s take as
example Infineon’s XC2000 microcontrollers: They specify proper operation for the “Upper Voltage Range”
within a supply voltage range between 4.5 V .. 5.5 V. In case the supply voltage, that is the linear voltage
regulator’s output voltage, is outside this range even for short time, proper operation is not ensured any more.
A reliable supply behaviour is shown in Figure 8.
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Figure 8 Reliable Supply, Voltage Variation at Current Transients within Load’s Operating Range

Potential Damage of Load
Another painful, but least probable consequence might happen when the voltage variations of the load’s
supply are exceeding its absolute maximum ratings. For example, many microcontrollers have 6 V as absolute
maximum voltage specified; in this case, any voltage peak higher than 6 V on the supply voltage must be
avoided. However, as the absolute maximum ratings are always at least as high as the maximum value of the
operating range, the occurrence of this effect is less probable. Figure 9 shows, how the supply voltage should
be.

Figure 9 Reliable Supply, Voltage Variation at Current Transients within Load’s Operating Range and 
below its Absolute Maximum Rating

Most Probable when Voltage Monitoring Present: Unwanted Reset Triggered
The two previously mentioned cases are not necessarily detected at the moment of their occurrence, except
if the load is completely damaged. Compared to this, the effect of high voltage variations on the voltage
regulator’s output voltage is most probably seen, when a circuit monitoring the voltage is integrated and the
voltage variations lead to voltage drops below the monitoring threshold.
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This can be e.g. a Reset feature integrated in the voltage regulator. In this case, an additional pin on the
voltage regulator is connected to a supplied microcontroller’s RST pin. When the monitored voltage (= voltage
regulator’s output voltage = microcontroller’s supply voltage) falls below the Reset Threshold, the additional
pin resets the microcontroller. This can also happen for short voltage drops at current transients: When the
voltage drop at a current transient is too high and falls below the Reset Threshold, an (unwanted) reset is
triggered. Figure 10 illustrates an acceptable voltage drop at a current transient.

Figure 10 Reliable Supply, Voltage Drop at Current Transient above Reset Threshold

3.4 Influence of the Output Capacitor
So far, we have seen why voltage variations at a voltage regulator’s output voltage can occur at current
transients and what are potential consequences then. But we still don’t know yet what can be done to prevent
these consequences. Therefore, let’s now focus on the influence of the voltage regulator’s output capacitor.
As mentioned earlier, at the output of a linear voltage regulator a capacitor needs to be connected. We’ve
heard that - depending on the implemented control loop concept - this output capacitor acts either as simple
buffer, or is in addition even a part of the control loop and plays therefore an important role regarding the
loop’s stability. Infineon’s voltage regulators that implement these concepts, specify a min. value for the
output capacitor that is at least required, and a range for its parasitic series resistor (“Equivalent Series
Resistance” = “ESR”) that has to be respected to maintain stable regulation. Figure 11 shows this
specification for the TLE7273-2.

Figure 11 Specification of Requirements for TLE7273-2’s Output Capacitor
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Apart from this, as the capacitor acts always as a buffer, it has always a direct influence on the voltage
variation at load steps. Let’s now see why. 

Figure 12 Equivalent Circuit for Snapshot of Linear Voltage Regulator at Current Transient

Figure 12 shows at the left side again the voltage variation at a current transient for an ultra-low quiescent
current linear voltage regulator. The equivalent circuit at the right side shows a snapshot of the voltage
regulator at the moment the current transient occurs. At this point, the voltage regulator doesn’t recognize
the transient yet and can be modelled by a current source adjusted to the previous current, for our example
to 1 mA. Nearly all current (70 mA - 1 mA) needs therefore to be sourced by the output capacitor CQ. As every
capacitor contains an ESR, at the output voltage a small immediate drop can be recognized at this point.
Then, as long as the voltage regulator’s control loop doesn’t react yet, CQ still needs to source nearly all
current (70 mA - 1 mA), the output voltage has therefore the shape of a typical capacitor discharge curve
during this period and is dropping by ∆VC.
It is now obvious that increasing the capacitance value of CQ leads to a smaller voltage variation because of a
smaller ∆VC. This ∆VC is smaller as a bigger capacitor buffers more energy and is discharged more slowly. This
is shown in Figure 13. 
Just to mention, it can be also seen in this figure, what we heard in Chapter 3.2: Increasing the output
capacitance increases the control loop’s reaction time. This means, even if increasing the capacitance value
leads to smaller voltage variations, the relation between capacitance and voltage variation is not
proportional, e.g. the double of the capacitor’s size does not lead to half of the voltage variation, its still more
than a half.
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Figure 13 Comparison Variation of Output Voltage at Current Transient for Different Output 
Capacitance Values

Generally speaking, higher capacitance values will always lower the voltage variations. This is especially
important to keep in mind for ultra-low quiescent current linear voltage regulators, as their control loop is
optimized for ultra-low quiescent current and shows a slower reaction time due to very small bias currents.
Hence, for an application requiring ultra-low quiescent current, the output capacitor of the linear voltage
regulator has to be sized accordingly, not only to fulfill the voltage regulator’s requirements in terms of
stability, but also to buffer sufficiently the worst-case current transients within the application.

3.5 Conclusion
Let’s summarize what we have seen so far: 
• Control loop’s reaction time at current transients influences the linear voltage regulator’s output voltage: 

The faster the reaction time, the smaller variations of the output voltage.
• Control loop’s reaction time is caused by delays within the silicon. It depends therefore on the capacitance 

values of integrated capacitors respectively parasitic effects and the bias currents. The higher the 
capacitances and the lower the bias currents, the longer the delays and the reaction time.

• Potential risks of too high voltage variations are: 1. triggering unwanted Reset, 2. malfunction of supplied 
microcontroller by exceeding its specified operating range, 3. damage of load by exceeding its max. 
ratings.

• Output capacitor of linear voltage regulator buffers output voltage at current transients: Increasing the 
capacitance lowers the voltage variations at current transients and avoids the mentioned risks when 
dimensioned correctly. 

From this information, we can conclude:
Keeping the quiescent current at a linear voltage regulator ultra-low and at the same time the output
capacitor very small, is physically contradicting, as these regulators must have very low bias currents to keep
the current consumption ultra-low. Therefore, at current transients, the control loop’s reaction time is always
slower and the voltage variations are always higher than at a standard linear voltage regulator. Thus, one
needs to pay attention, when these voltage regulators are used in an application where big current transients
can occur: Even if a control loop concept is implemented that requires only small capacitors to maintain loop
stability, higher capacitance values might be needed to buffer big current transients and avoid risks like
unwanted resets or malfunction of supplied microcontrollers.
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4 Dimensioning the Output Capacitor of an Ultra-Low Quiescent 
Current Voltage Regulator

Infineon’s ultra-low quiescent current voltage regulators combine the ultra-low quiescent current concept
with a MOSFET power stage. This offers the lowest possible current consumption even at sophisticated
feature sets and requires only very small output capacitance values for the control loop’s stability (TLE7273-
2: CQ ≥ 470 nF). Another advantage of the MOSFET power stage is that the current consumption remains ultra-
low even at high output currents. 
Due to this ultra-low quiescent current concept, the control loop’s reaction on current transients is slower
than for standard voltage regulators. This correlation is demonstrated in Chapter 3. When these voltage
regulators are used in applications where big current transients can occur, e.g. at the transition from stand-
by to normal operation, high voltage variations at the voltage regulators’ output voltage with consequences
on the application (see Chapter 3.3) might result. 
To avoid these high voltage variations, basically two solutions are possible:
1. Avoid big current transients wherever possible.
2. Increase the output capacitor to buffer the voltage regulator’s output voltage.
In the following we will first provide hints on 1., how to avoid big current transients, then focus on 2. and
provide a method to dimension the output capacitor correctly.

4.1 How to Avoid Big Current Transients
To keep the output capacitor’s size as small as possible, one should first of all try to avoid big current
transients within the application. As the most critical transients appear at the start up or at the transition from
standby to normal operation, here several recommendations:
• Many microcontrollers provide solutions for a so-called “soft-start”, the different blocks are then started 

step by step; if possible for your application, apply this kind of start up.
• If your microcontroller doesn’t implement a “soft-start”, try to manually implement delays during the 

microcontroller’s start up and avoid a start of all blocks at the same time.
• Switch off I/Os by default when starting the microcontroller and switch them on step by step after a delay.
• If several loads are present in the application, switch them on step by step after a delay.

4.2 How to Dimension the Output Capacitor

Step 1: Check for Worst-Case Current Transients within Application
As mentioned above, first make sure to avoid big current transients as much as possible. When this is ensured,
the worst-case current transients within the application need to be evaluated. A “worst-case” current
transient is a high transient starting at very low currents < 5 mA. 
It can be estimated, when a detailed documentation of all loads is available. It would be then mostly at the
transition from stand-by (very low current) to normal operation (high current), when several loads are
switched on at the same time. 
The more realistic (and mostly easier) way is to measure it at the bench. For this, run the application and
watch either the overall supply current or - if possible - the voltage regulator’s output current as well as its
output voltage at the scope (see Figure 14). At this time, connect as output capacitor a type that just respects
the minimum values required for stability, no need to consider its buffer effect yet. Try to run all possible
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application conditions and note the current transients caused by their transitions. As mentioned, note
especially high current transients starting at very small currents < 5 mA, these are generally the most critical.

Figure 14 Measurement Setup for Evaluation of Worst Case Current Transients

Step 2: Define Maximum Allowed Voltage Variation ∆Vmax at Current Transient
Now, you need to define, which maximum voltage variation at a worst case current transient is allowed within
your application. As this definition strongly depends on the application, we concentrate here on providing
generic hints:
In case you have an undervoltage monitor, e.g. Reset, implemented, its threshold voltage might be a target as
minimum voltage to maintain. Example: Let’s assume an implemented Reset with a threshold at max. 4.8 V
for a 5 V supply voltage, a target for the maximum allowed voltage variation would be ∆Vmax = 5 V -
4.8 V = 200 mV.

Another parameter that should be considered is the operating range of connected loads. As a malfunction of
the load could be a consequence, its operating range should not be exceeded. Example: The min. operating
voltage of a connected microcontroller is at 4.5 V. When supplying it with 5 V and no undervoltage monitor
present, a target for the maximum allowed voltage variation would be ∆Vmax = 5 V - 4.5 V = 500 mV.
In Figure 15 both scenarios are shown.
In any case, we recommend to consider within your maximum voltage variation a reasonable safety margin.
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Figure 15 Example for Definition of the Maximum Allowed Voltage Variation ∆Vmax

Step 3: Select Output Capacitor
Now we know the “worst-case” current transient as well as the max. allowed voltage variation. With this
information, the graphs in “Typ. Perf. Characteristics Output Voltage Variation ∆VQ vs. Output Current
Transient ∆IQ” on Page 19 can be used as guideline for selecting the right capacitor. These graphs show for
different output capacitors the relation between voltage variation ∆VQ and current transient ∆IQ, using
different start currents as a parameter. They were generated for all of Infineon’s ultra-low quiescent current
voltage regulators that are available today and are therefore valid for:
• TLE7270-2
• TLE7272-2
• TLE7273-2
• TLE7274-2
• TLE7276-2
• TLE7278-2
• TLE7279-2

Note: As the worst-case for the voltage regulator is at high temperature and as current transients won’t 
happen at Tj = -40 °C, graphs are provided for two temperatures each, Tj = 25 °C and Tj = 150 °C.

Let’s take an example to see how to work with these graphs: 
We assume as worst-case current transient 0.5 mA to 60 mA and a max. allowed voltage variation of 200 mV.
Furthermore, let’s say that the voltage regulator can reach at the worst-case transient high temperatures.
With this information, we concentrate only on the graphs where Tj = 150 °C. At all these graphs, we need to
consider only the curve with IQ1 = 0.5 mA as a parameter, as our worst-case transient starts at 0.5 mA. Start at
the curve for a 470 nF capacitor. At the considered curve, check at 60 mA whether the voltage variation is less
than 200mV. If not, go on with the curve for the next capacitor and do the check again, otherwise you have
found a potentially suitable capacitor for your application and can proceed with Step 4. This example is
illustrated in Figure 16.
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Step 4: Verify Selected Output Capacitor within Application
After having selected a potential output capacitor, you should solder it in the application and run it again at
all possible conditions, like done at Step 1. Watch again the supply current / voltage regulator’s output current
and its output voltage with the scope like shown in Figure 14. In case the voltage variation stays within your
defined maximum value, the selected capacitor is the right one. Otherwise, go for the next higher capacitor
value and do the verification test again.

Figure 16 Example for Selection of a Suitable Capacitor Using the Below Graphs
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Typ. Perf. Characteristics Output Voltage Variation ∆VQ vs. Output Current Transient ∆IQ
1)

Conditions: CQ = 470 nF ceramic type; Tj = 25 °C Conditions: CQ = 470 nF ceramic type; Tj = 150 °C

Conditions: CQ = 1 µF ceramic type; Tj = 25 °C Conditions: CQ = 1 µF ceramic type; Tj = 150 °C
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Conditions: CQ = 2.2 µF ceramic type; Tj = 25 °C Conditions: CQ = 2.2 µF ceramic type; Tj = 150 °C

Conditions: CQ = 4.7 µF ceramic type; Tj = 25 °C Conditions: CQ = 4.7 µF ceramic type; Tj = 150 °C

Typ. Perf. Characteristics Output Voltage Variation ∆VQ vs. Output Current Transient ∆IQ
1)
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Conditions: CQ = 6.8 µF tantalum type, ESR = 0.3 Ω; 
Tj = 25 °C

Conditions: CQ = 6.8 µF tantalum type, 
ESR = 0.3 Ω; Tj = 150 °C

Conditions: CQ = 10 µF tantalum type, ESR = 0.26 Ω; 
Tj = 25 °C

Conditions: CQ = 10 µF tantalum type, 
ESR = 0.26 Ω; Tj = 150 °C

Typ. Perf. Characteristics Output Voltage Variation ∆VQ vs. Output Current Transient ∆IQ
1)
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Conditions: CQ = 22 µF tantalum type, ESR = 0.26 Ω; 
Tj = 25 °C

Conditions: CQ = 22 µF tantalum type, 
ESR = 0.26 Ω; Tj = 150 °C

Conditions: CQ = 47 µF tantalum type, ESR = 0.3 Ω; 
Tj = 25 °C

Conditions: CQ = 47 µF tantalum type, ESR = 0.3 Ω; 
Tj = 150 °C

1) valid for: TLE7270-2, TLE7272-2, TLE7273-2, TLE7274-2, TLE7276-2, TLE7278-2, TLE7279-2

Typ. Perf. Characteristics Output Voltage Variation ∆VQ vs. Output Current Transient ∆IQ
1)
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5 Additional Information
Information regarding the product portfolio of Linear Voltage Regulators with ultra-low quiescent current as
well as the related data sheets containing the product information and specification can be found on our
webpage: http://www.infineon.com.

http://www.infineon.com/
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