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Choosing a linear regulator for an application involves more than looking for the part with the lowest dropout voltage or lowest
cost. Although IC manufacturers promote regulators with very low dropout voltages, these are often the most expensive part
in their product line and not necessarily the best solution. By considering system specifications such as minimum and maximum
input voltage, load current and system cost, a designer can choose the best regulator for an application.

This application note reviews the three bipolar output structures found in most linear regulators. The advantages, disadvantages
and reasons for using certain output stages in certain situations are discussed. Throughout the article, design examples are
provided to illustrate the process of selecting the right output structure for a given set of system conditions.

Introduction
Some designers classify linear regulators by their output

structure or pass device. Output structures can be either a
bipolar or a FET transistor. The majority of the regulator
market uses bipolar outputs and we will restrict our
discussion to them. The bipolar output structure is either a
simple darlington NPN, a low dropout PNP, or a composite
NPN–PNP device. Bipolar regulators are available in a
variety of output voltages and options and they are usually
less expensive than the FET devices.

The output structure is a critical factor in system design
because it determines the regulator’s dropout voltage
(VDropout), quiescent current drain, power dissipation,
output compensation circuitry and protection requirements.

Figure 1. Typical NPN Output Structure for an NPN
Linear Regulator
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NPN Output Structures
Figure 1 shows the output stage of the older, conventional

linear regulators with their darlington NPN output stage as
represented by the LM78XX series. The dropout voltage for
these types of regulators is the sum of the VCE for the PNP
transistor plus the VBE of each NPN transistor or

2.0 VBE(NPN) � VCE(sat) � 2.0 V

The inputs to the error amplifier are a reference voltage,
VREF and a sample of the output voltage, VOUT. The error
amplifier controls the bias current for the PNP transistor,
which in turn controls the drive current to the darlington pair.
The darlington pair acts as a variable resistor in series with
the output load.

The error amplifier along with the PNP and the darlington
pair minimize the fluctuations in VOUT as it responds to
changing VIN and load current conditions. If the input voltage
(VIN) increases or the output current drops due to changing
load conditions, the output voltage will attempt to rise. In
response, the voltage at the non inverting terminal of the error
amplifier increases, reducing the bias for the PNP transistor.
There will follow an increase in the apparent resistance of the
darlington pair and a concomitant reduction in output voltage.

Conversely, if the output voltage tries to decrease, the
output of the error amplifier will decrease, the PNP bias
current increases and the bias current of the darlington pair
will increase forcing the output voltage higher.

The main advantage of the NPN darlington architecture is
its ability to pass high currents (> 1.0 A) while using
relatively low bias current. (The bias current is one
component of the device’s quiescent current, IQ.)

As indicated in Figure 1, the base current from the PNP
transistor flows to ground while the bulk of the bias current
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for the darlington pair flows to the load. This bias current is
the load current divided by the gain of the NPN darlington
and PNP transistor composite or ILOAD/β3.

The NPN darlington output stage is still quite widely used.
It is the least expensive of the three bipolar types. Its output
circuitry occupies the smallest area on chip, and it often only
requires a small compensation capacitor which in most cases,
is integrated on chip. (Occasionally an application with a
rapidly changing dynamic load will require an external
capacitor. In these cases, the capacitor damps the regulator’s
fast output response and prevents output voltage overshoot.)

The NPN output structure has two main disadvantages: it
has a large dropout voltage (≈ 2.0 V) and it lacks reverse
battery protection. However if low dropout voltage is not a
primary concern, and the system does not require reverse
battery protection, the NPN output structure is the topology
of choice in an application.

PNP Output Structures
The PNP low dropout architecture is a more recent and

popular output structure in linear regulators. The PNP pass
device is driven directly by the output of the error amplifier
(Figure 2). The dropout voltage is simply the VCE(sat) of the
PNP transistor (100 mV to 600 mV, typ) which is a function
of load current and operating temperature.

Figure 2. Typical PNP Output Structure for a Low
Dropout Regulator
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Figure 3. PNP Dropout Voltage as a Function of
Output Current and Temperature for the CS8129
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Most manufacturers provide graphs of the dropout
voltage as a function of load current and temperature in their
data sheets (Figure 3, CS8129). When determining the
minimum battery voltage for a low dropout system, consider
the worst case system conditions; i.e. highest operating
temperature and maximum load current. Use these values to
calculate the minimum battery voltage under which the
regulator will operate. For example, assume the maximum
regulator load current is 600 mA at 125°C.

According to Figure 3, the typical dropout voltage would
be 600 mV. The minimum battery voltage needed to provide
a 5.0 V regulated supply would be

Vbattery(min) � Vdropout � 5.0 V

� 600 mV � 5.0 V � 5.6 V

   

The PNP output structure offers two advantages over
either the darlington NPN or the composite NPN–PNP
outputs. It has a very low dropout voltage and inherent
reverse battery protection. The low dropout voltage lets the
regulator remain in regulation longer as the battery voltage
decays with use. This phenomenon “extends” the battery life
of the system. The PNP’s base–emitter junction protects
against reverse battery damage.

Low dropout PNP regulators have three main
disadvantages: a relatively high quiescent current (the bias
current of the PNP pass transistors flows to ground not out to
the load), an output that requires a large external compensation
capacitor, and a larger die size that raises the device’s cost.

The PNP’s higher quiescent current means that more
power (heat) must be dissipated in the regulator.

Power dissipation, PD, for any linear regulator consists of
two terms, one for the output stage and the other for the
remaining internal circuitry or

PD � (VIN � VOUT)ILOAD � VINIQ (1)

The second term in the equation contains the IQ term. Under
high input voltage and load current conditions, the second term
in equation 1 may dominate and force the use of a more
expensive power package and a heat sink where either of the
other two bipolar output types with their lower IQ’s would not.

The other drawback to using a PNP regulator is the need
for a large (≈ 10 µF) external compensation capacitor on the
output to ensure stability. The PNP transistor introduces a
pole in the regulator loop at approximately 200 kHz – much
too low a frequency for compensation by an integrated
capacitor. (For more information see the ON Semiconductor
applications note, “Compensation for Linear Regulators,”
document number SR003AN/D, available through the
Literature Distribution Center or via our website at
http://www.onsemi.com.) This capacitor adds cost to the
system.

Finally, a PNP transistor occupies more die area to pass
the same amount of current as an NPN transistor. Due to the
fact that bipolar processes are optimized around the NPN
device, leaving the PNP with a substantially lower area



SR004AN/D

http://onsemi.com
3

efficiency. Some area savings can be salvaged by using a
vertical rather than a horizontal PNP but the pass device is
still larger than its NPN counterpart.

Composite NPN/PNP Output Structures
The third type of bipolar linear regulator and the most

recently developed, is a compromise between the NPN and
the PNP regulators. It is known as a composite, quasi–low
dropout or compound output structure. Figure 4 shows the
basic structure. The pass device is a single power NPN
transistor, driven by a PNP transistor. The total dropout
voltage is

VBE(NPN) � VCE(sat)(PNP) � 1.25 V

or approximately half way between the dropout for an NPN
(2.0 V) and a PNP (0.600 V) regulator.

This structure eliminates one of the VBE drops that
contributes to the large dropout of the NPN regulator and
takes up less die area than the pass device in the PNP
regulator.

Figure 4. NPN/PNP Output Structure for
Composite Linear Regulator
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Figure 5. Dropout Voltage as a Function of
Output Current and Temperature for the
Composite Output Stage of the CS8121
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Figure 6. Quiescent vs. Output Current for the
CS8129
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The composite regulator’s bias current for the output stage
is equal to ILOAD/β2, making it more efficient than its PNP
counterpart. In the composite structure, the base drive of the
NPN pass transistor flows into the load and only the smaller
bias current for the PNP flows to ground.

The dropout voltage of the composite regulator also varies
as a function of load current (see Figure 5) because the VBE
of the pass transistor dominates the dropout voltage. This
variation must be kept in mind as one calculates minimum
battery voltage and package choice for the application.

The composite regulator does not have inherent reverse
battery protection and, like the PNP regulator, it requires a
large external capacitor for output stability.

Output Structures and System Efficiency
To illustrate the impact of quiescent current on efficiency,

let’s compare a typical PNP with a composite NPN/PNP
regulator. In this application, the linear regulator must
deliver 400 mA at 5.0 V up to an ambient operating
temperature of 85°C. VIN to the regulator is 8.0 V.
Consulting the Output vs. Quiescent Current graph for the
CS8129, Figure 6, we find that for this load current, the
quiescent current is 30 mA. Substituting these numbers into
the power dissipation equation we get

PD � (8.0 V � 5.0 V)400 mA � (8.0 V)30 mA

� 1.20 � 0.24 � 1.44 Watts

A regulator’s efficiency is calculated as

Efficiency �
POUT

PIN
� 100%

�
VOUTILOAD

VIN(IQ � ILOAD)
� 100%

(2)
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The efficiency of the CS8129 regulator under these
conditions is

Efficiency �
5.0 V � 400 mA
8.0 V � 430 mA

� 100% � 58%

By comparison, the composite NPN/PNP regulator,
CS8121, has a power dissipation of

PD � (8.0 V � 5.0 V)400 mA � (8.0 V)2.0 mA

� 1.200 � 0.016 � 1.216 Watts

and an efficiency of

5.0 V � 400 mA
8.0 V � 402 mA

� 100% � 62%

Further analysis of package heat handling capabilities will
reveal whether these regulators require a heatsink in a
particular package. But even if both could operate in the
same type of package without the added expense of a
heatsink, the PNP still remains the least efficient of the two,
consuming more power to produce the same output power
as the composite regulator.

Output Structures and Package Selection
Package selection is determined by the power that the

circuit must dissipate, the thermal characteristics of the
package, and the ambient temperature of the system. These
three factors are related by the equation

PD �
TJ max� TA max

R�JA

where TJ = 150°C is usually specified by IC manufacturers,
TAmax is the maximum ambient temperature of the
application and RθJA is the thermal rating of the package as
reported in the packaging section of the data sheet.

The TO–220 package has an RθJA of 50°C/W. With a
TAmax of 85°C, the maximum PD for the TO–220 will be

PD �
150°C � 85°C

50°C�Watt
� 1.3 Watts

Looking at the PD’s of the two regulators cited above, it’s
clear that the composite regulator (PD = 1.216 Watts) will
operate in a TO–220 power package but the PNP regulator
(PD = 1.44 Watts) will require additional heat sinking in that
same package. For additional information on Thermal
Management see the application note AND8036/D,
available through the Literature Distribution Center or via
our website at http://www.onsemi.com. A heat sink will add
cost and inventory to the system. Here again, if low dropout

is not a critical requirement, the composite regulator is the
better choice.

Summary
A summary of the different output structure advantages

and disadvantages is presented in Table 1. If low dropout is
the driving requirement for a system, a PNP output structure
is a necessity. If price pressures are the critical concern, an
NPN output stage should be your first consideration.

Table 1. Summary of Output Structure Advantages
and Disadvantages

Output
Structure Advantages Disadvantages

NPN • smallest die size

• fastest transient re-
sponse

• small compensation
capacitor

• large dropout voltage

• no reverse battery
protection

PNP • low dropout voltage

• reverse battery
protection

• high quiescent cur-
rent

• large compensation
capacitor

• large die size

Composite
NPN/PNP

• moderate dropout
voltage

• lower quiescent cur-
rent than PNP

• large compensation
capacitor

• no reverse battery
protection

Table 2 gives the main performance parameters for the
representative devices with NPN, PNP and NPN/PNP
output structures.

Table 2. Performance Comparison for Three Bipolar
Output Structures @ 5.0 V 500 mA @ 25 °C

Regulator P/N
Output

Structure
Dropout

(typ) IQ (typ)

LM109 NPN 1.6 V 5.15 mA

CS8129 PNP 0.37 V 45 mA

CS8121 Composite 0.95 V 2.5 mA

The NPN and the PNP regulators have widely different
dropout voltage and quiescent current values. The
composite regulator’s dropout voltage lies in between the
NPN and PNP regulators while its quiescent current is much
closer to that of the NPN regulator.
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