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ABSTRACT
This application report explains how the performance of a PMOS low-dropout (LDO) regulator changes
when the input-to-output voltage decreases to approach the dropout voltage. Specifically, the effect on
several key electrical characteristics is examed: line and load regulation, power-supply rejection ratio
(PSRR), control loop stability and transient response, and quiescent current. These performance changes
can be generalized across all other linear regulators based on both NMOS and bipolar pass transistor
architectures.
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Introduction
Figure 1 shows the simplified block diagram for a typical LDO regulator and its related external circuitry.
The LDO circuit functions as a control loop to provide a dc regulated voltage, VOUT, at the load (RLoad) by
controlling current through the pass FET. Loop gain is the product of three factors: the voltage divider gain
[β = R2 / (R1 + R2)]; the gain of the Error Amplifier (GA); and the voltage gain of the common-source FET
amplifier (GF = gm·[rO || (R1 + R2) ||ZO]), where gm is the transconductance gain of the FET.
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Figure 1. Basic LDO Circuit Diagram
The ability of the control loop to achieve characteristic specifications is a function of the designed loop
bandwidth, loop gain, the accuracy of the reference voltage, and most significantly, the region of operation
of the pass FET: that is, the saturation region or the linear region approaching dropout (VDO). Operation of
the LDO with the FET biased in the active saturation region affords optimal ac performance of the loop
while operation in the linear (ohmic) region, near dropout, yields poorer performance, albeit better
efficiency.
See Figure 2 for a depiction of a set of characteristic curves for a MOSFET; these performance curves are
essentially the same as those for the pass FET of the LDO. As the drain-source voltage decreases from
operating point P1, the pass FET transitions from its saturation region through its linear region, beginning
at P2, to finally reach the dropout voltage (VDO) at P3 where the FET acts only as a linear, drain-source
resistance. In the saturation region (on the right-hand side of the red dashed line), the voltage gain of a
FET amplifier is at its maximum as a result of both the high transconductance gain (gm = ΔIDS/ΔVGS, shown
here as an increasing function of drain-source current) and the high output impedance, rO, illustrated by
the flat, similarly-sloped curves. In the linear region (to the left of the red dashed line), the physics of the
transistor change: the FET changes from a transconductance gain stage to something similar to a voltagecontrolled resistor stage. This effect is illustrated by the narrower spacing between curves, indicative of
very low transconductance, and the wider variations in slope that indicate multiple resistances. For an
LDO with its pass FET at dropout, then, its input-output resistance, rO, is at minimum; the gate-source
drive voltage is at maximum limit; and the LDO ceases to regulate the output
(VOUT = VIN – IO· RDSon, where RDSon = rO at minimum).
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Note: The figure illustrates the relative dependence of the drain-source current, IDS, on the gate-source voltage,
VGS, and drain-source voltage, VDS.

Figure 2. Typical Pass FET Characteristic Curves
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DC Load and Line Regulation Near Dropout
The dc, or low-frequency, model for an LDO can be understood from Figure 1, but with all reactive or
capacitive components removed. This reduction greatly simplifies our analysis. This section discusses the
effect of load and line regulation near dropout on several key electrical characteristics.

2.1

DC Load Regulation
Load regulation expresses the degree to which the regulated output voltage changes after a change to the
load current occurs. When the dc load changes from IOUT to IOUT ±ΔIOUT, the nominal output voltage then
changes by some ΔVOUT value, depending on the dc loop gain alone as shown by Equation 1 ( Ref.1).
DVOUT
1
=
g
G
DIOUT
m Ab
(1)
The larger the product of the tranconductance gain, the error amplifier gain, and the voltage divider gain,
the smaller the output error (ΔVOUT) will be for a given change in IOUT. As the input-output voltage
decreases toward dropout, the gm decreases as the pass FET nears the linear region. Conversely, this
decrease tends to increase the output error, ΔVOUT. For the well-designed LDO, the gain of the error
amplifier, GA, is sufficiently large to ensure regulation (usually by a wide margin) until the drain-source
voltage is very near to the dropout voltage. At dropout, the gate drive reaches its operational limit and the
LDO stops regulating; the output voltage decreases with the input voltage minus the resistive voltage drop
across the pass FET.

2.2

DC Line Regulation
Line regulation expresses the degree to which the regulated output voltage is influenced by a change to
the input voltage, VIN. When the dc input line voltage changes to VIN ±ΔVIN, then VOUT again changes by
some ΔVOUT value as Equation 2 shows ( Ref.1).
DVOUT
1
=
[(rO + RLoad)gmGAb]
DVIN
(2)
As the LDO approaches dropout, both the transconductance gain (gm) and the output impedance of the
pass FET (rO) decrease, causing the ΔVOUT error to increase. For the typical LDO, the overall loop gain
allows the output to stay within specified regulation limits up to the point of dropout.
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Power-Supply Rejection Ratio
The power-supply rejection ratio (PSRR) is the ability of the LDO control loop to reject input ripple (for
example, 1 Hz to 10 MHz) on the VIN rail by maintaining the output (VOUT) in a ripple-free state. The PSRR
function of the loop can be approximated at lower frequencies by modeling the LDO in isolation from its
output impedance as a voltage divider circuit ( Ref. 3). This characteristic is seen in Figure 3 as the
impedance from input to output (rO) and then the impedance of the regulated output to ground, ZO_Reg. The
PSRR has been derived in Equation 3 for the model shown in Figure 3 ( Ref. 2). The loop gain is
bandwidth-limited by the intenal pole, Pa, caused by RA and CG (refer to Figure 1) of the LDO, where Pa =
1/2πRA CA).
s
(1 +
)
(ZO_Reg)
Pa
PSR =
!
s
(rO + ZO_Reg) [G g b(1 +
)]
A m
PaGAgmb
(3)
rO

rO

ZO_Reg, where:
VIN

ZO_Reg =

[GAgmb(1 +

s
)]
PaGAgmb

VOUT

Figure 3. Low-Frequency PSRR Model (Output Impedance Ignored)
According to this model, PSRR is entirely a function of the loop gain and the one internal pole, Pa.
As the input-output voltage reduces to near dropout, the PSRR decreases dramatically (logarithmically) as
a result of the reduction in transconductance gain of the pass FET, the reduced effect of the gate-source
voltage on the drain current, and finally the inability of the Error Amplifier to vary the drain current near
dropout. Figure 4 shows a set of typical PSRR plots, in this case for a TPS79501 LDO, to illustrate the
reduction in gain as the input-output voltage approaches the point of full load dropout (where VDO= 110
mV). These graphs show the suggested model of Figure 3 to be valid to about 100 kHz.
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Figure 4. PSRR Plots Showing the Effect of Decreasing Dropout Voltage on Loop Gain
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2.4

Loop Stability and Load Transient Response
The control loop for most recent LDOs consists of multiple, embedded loops with provision for small- and
large-signal behavior. The basic loop model, however, will suffice here. Equation 4 gives the simplified
open-loop gain equation for GOL, based on the PMOS LDO of Figure 1.
1 + sCORESR
GOL(s) = b · GA · gm · Rp ·
(1 + sCGRA) · [1 + sCO(Rp + RESR)]

(4)

Where Rp = rO || (R1 + R2) || RLoad and β = R2 / (R1 + R2).
Decreasing the input-output voltage to approach dropout reduces the loop gain and bandwidth, and shifts
the frequency of the output pole [FP_OUT = 1/2πCO(Rp + RESR)]. Though it is beyond the scope of this report,
it can be shown by Figure 1 that typically, a reduction in gain improves stability (that is, phase margin will
increase) while significantly slowing or worsening the step load transient response as the bandwidth
narrows. Figure 5 illustrates this change in step response by employing the TPS71728 LDO to drive a step
load from 45 mA to 150 mA for three cases where the input-output voltage is decreased toward the
dropout voltage.

(a) Input-Output Voltage = 1 V

(b) Input-Output Voltage = 0.5 V

(c) Input-Output Voltage = 0.2 V

Note: Oscilloscope channel 4 shows the load current step, and channel 1 shows the VOUT transient response.

Figure 5. TPS71728 Step Load Transient and Output Response
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Quiescent Current
As the input-output voltage decreases to near dropout, the drive voltage to the gate of the pass FET and
various other circuits is driven to their operating limits. At dropout, when all these internal circuits are then
saturated, there is often a large rise in quiescent current. Some higher-end regulators, however, use
balanced, differential drive circuitry that always draws the same current whether the device is operating at
drive limits or not.

3

Conclusion
PMOS LDO performance is optimal when the input-to-output voltage difference is great enough to assure
that the FET is operating in its saturation region. The transition between the saturation region and the
linear region of FET operation is not abrupt. As the input-to-output voltage reduces to approach dropout
(VDO), the transconductance gain of the FET rolls off, the output impedance of the FET decreases, and the
gate-source drive reaches practical limitations to effectively reduce or altogether limit LDO performance.

4

References
Unless otherwise noted, these documents are available for download from the TI website (www.ti.com).
1. Lee, B.S. (1999). Technical review of low-dropout voltage regulator operation and performance.
Application report SLVA072.
2. Gupta, V., Rincón-Mora, G.A., and P. Raha. (2004). Analysis and design of monolithic, high PSR,
linear regulators for SoC applications. Downloaded from http://users.ece.gatech.edu/rinconmora/publicat/journals/socc04_psr.pdf
3. Rogers, E. (1999). Stability analysis of low-dropout linear regulators with a PMOS pass element.
Analog Applications Journal, 3Q 1999.

6

LDO Performance Near Dropout

SBVA029 – March 2013
Submit Documentation Feedback
Copyright © 2013, Texas Instruments Incorporated

IMPORTANT NOTICE
Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESD48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI’s terms and conditions of sale
supplied at the time of order acknowledgment.
TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent TI deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.
TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.
TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
Reproduction of significant portions of TI information in TI data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.
Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
TI is not responsible or liable for any such statements.
Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use
of any TI components in safety-critical applications.
In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI’s goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.
No TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.
Only those TI components which TI has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.
TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.
Products

Applications

Audio

www.ti.com/audio

Automotive and Transportation

www.ti.com/automotive

Amplifiers

amplifier.ti.com

Communications and Telecom

www.ti.com/communications

Data Converters

dataconverter.ti.com

Computers and Peripherals

www.ti.com/computers

DLP® Products

www.dlp.com

Consumer Electronics

www.ti.com/consumer-apps

DSP

dsp.ti.com

Energy and Lighting

www.ti.com/energy

Clocks and Timers

www.ti.com/clocks

Industrial

www.ti.com/industrial

Interface

interface.ti.com

Medical

www.ti.com/medical

Logic

logic.ti.com

Security

www.ti.com/security

Power Mgmt

power.ti.com

Space, Avionics and Defense

www.ti.com/space-avionics-defense

Microcontrollers

microcontroller.ti.com

Video and Imaging

www.ti.com/video

RFID

www.ti-rfid.com

OMAP Applications Processors

www.ti.com/omap

TI E2E Community

e2e.ti.com

Wireless Connectivity

www.ti.com/wirelessconnectivity
Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2013, Texas Instruments Incorporated

