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Abstract—In order to solve the stability problems and increase
the PSRR performance of the Low Drop-out Voltage (LDO) a
novel technique is presented. The main purpose of this work
was to obtain a high PSRR, high power efficiency with a low
load current. To achieve this, several techniques such as Nested
Miller Compensation (NMC), Pole-Zero Tracking Frequency
Compensation (PZTFC) and Single Miller Compensation (SMC)
pole-splitting are used together to guarantee stability and dy-
namic biasing for a high PSRR at high frequencies. The LDO
was simulated in SMIC 0.13μm CMOS technology, the results
show that the LDO provides a full load transient response from
10 μA to 300 mA with a low drop-out voltage of less than
200 mV .

I. INTRODUCTION

The LDO regulators are widely used in present electronic
industry. The growing demand of mobile battery operated
products and hand-held devices increases the use of System
on Chip (SoC) solutions where the analog and digital blocks
are fabricated in the same die. Since they are widely used, it
is important to protect sensitive analog blocks from coupled
supply noise generated by the switching of digital circuits,
RF blocks and DC-DC converters, which can have amplitudes
in order of hundreds of millivolts and frequency components
in the range of tens of kilohertz to hundreds of megahertz.
Furthermore the high frequency noise that is generated by
Radio Frequency (RF) and digital circuits can be propagated
onto supply rails through capacitive coupling, degrading the
performance of the analog blocks.

The LDO regulators, in the follow paper always be referred
has LDO, are used to protect the sensitive analog blocks from
coupled supply noise, thus its Power Supply Rejection Ratio
(PSRR) performance must be high over a wide frequency
range to improve the global performance of the system. This
is commonly considered as the key figure of merit for a LDO
voltage regulator. Moreover the low voltage drop and low
quiescent current are also a requirement to ensure extended
battery life. With this objective in mind, we devised the
topology presented in the Figure 1.

This is focused on the realization of high efficiency cur-
rent consumption, low dropout voltage and high PSRR LDO
voltage regulator. Several techniques for this kind of circuit
were employed in an attempt to improve the power efficiency
of the system and the PSRR performance. The state of the
art of this kind of system is difficult to be defined, since its

Fig. 1. Diagram of the LDO proposed design.

dependent of specifications of the system. The LDO presented
has wide load current operation range from 10 μA to 300 mA,
with the quiescent current variable in the range of 15 μA to
300 μA. The PSRR performance is −70 dB @ 1 kHz and
−30 dB @ 1 MHz.

This paper is organized in the following manner, a brief
description of the problem discussed is presented in section
I, the analysis of the employed techniques are discussed in
section II. The proposed design is presented in section III
and section IV. The simulations and measurements results are
included in section V and finally conclusions are presented in
section VI.

II. ENSURING THE STABILITY AND PSRR OF THE LDO

In this Section the problem of Stability and PSRR in LDO is
discussed. Both are inherently correlated, since the location of
poles, the open-loop gain, the Unitary Gain Frequency (UGF)
and Gain Bandwidth Product (GBW) of the error amplifier
affect the stability and PSRR of the system simultaneously.
It is noticed that there are tradeoffs inherently between the
PSRR and stability of the LDO. The voltage reference must
be selected with the main proposal of the specifications, since
it has an important role in PSRR performance of the system.
The LDO is a system unstable by nature because it has three
poles and only one zero, generated by the Output Capacitor
Co and your Equivalent Series Resistance RESR. The poles



generated by the parasitic capacitances at the output of the
error amplifier stages, as can be seen in Figure 2. Nevertheless
their location can be suited to obtain the stability through a
careful design.

Fig. 2. Typical LDO frequency response, location of poles and zero.

Almost all LDO voltage regulators use a feedback loop
to provide a constant output voltage independently of the
load at output of the system. The location of poles and zero
in feedback loop must be suitable to achieve the stability
criteria. Their location depends on the high gain feedback loop.
However the wide range of possible loads and the variability
of the elements in the loop must be considered.

A. Stability

The stability analysis of a LDO must be done considering all
the components of the system, such as the error amplifier, pass
device, output capacitor, Equivalent Series Resistance (ESR)
and feedback network.

The supply of a high load current requires a large pass
device. An increase in the size of the pass device can impose
a high slew rate, which can be sustained by the output current
of error amplifier ability [1], directly correlated with quiescent
current and performance of LDO. Furthermore when a high
output current is required the use of an output capacitor is
needed, the output current specifications of the presented LDO
impose the use of a large output capacitor. This off-chip
capacitor is the main obstacle to fully integrating of LDOs.
Sometimes the use of this capacitor can be neglected, when
the output current specifications does not require its use or a
fully integrated LDO is required [2], [3]. The chosen output
capacitor has an ESR associated which can be critical for
stability, since it defines the location of the zero and one of
the poles.

Several techniques to improve LDO performance have been
proposed. The main objective of all LDO proposals are to
enable a low voltage regulation, reduce the slew rate limit, im-
prove load regulation and transient response with an increase
in power efficiency of the LDO. The conventional Frequency
Compensation (CFC) of LDO uses the zero generated by the
ESR of the output capacitor to cancel the contribution of the
pole generated by the first stage gain of the error amplifier
[4], [5]. Since the poles are located at very low frequencies
the value of the output capacitor Co needs to be large and
have a very small ESR to create an appropriate ESR zero that

ensures closed-loop stability. Furthermore this value depends
on the fabrication process of the output capacitor and this
range can be too high or too small to generate the proper zero
to cancel the pole, making the system will be unstable.

In order to solve this problem other techniques can be
employed, such as the Pole Control Frequency Compensation

(PCFC). This technique can improve the LDO stability,
independently from changes in load current and temperature.
Moreover this technique is almost independent of ESR [3].
This technique is based on NMC [3], [6], [2], [7], [8], [9], that
introduces a feedforward path for high frequencies through a
compensation capacitor between the output of LDO and the
second stage of the error amplifier. However the drawback of
this technique is the potentially unstable for low output current.

Another solution to the stability problem is Damping Factor
Control Frequency Compensation (DFCFC) [2], [10], also
based in NMC. The use of three stages in the design of
the error amplifier allows a low-frequency, load independent
dominant pole in the loop gain of transfer function, which in-
creases the LDO stability. This approach allows high loop gain
and excellent load regulation. However the complex circuits
for DFCFC realization demand a high quiescent current that
affects the global power consumption of the system. Although
this type of solution improves the PSRR performance.

The use of SMC on-chip capacitors at the output of the error
amplifier have little effect on the first pole. The frequency of
the second pole located at the output of the error amplifier is
reduced for high values of the resistance at output of the error
amplifier Roa. However an increase in the load capacitance at
the output of the error amplifier reduces both loop bandwidth
and slew rate, reducing the PSRR performance of the system,
needing more circuit area.

Another proposed solution to the problem of stability is
PZTFC [11]. The proposed solution is based on moving the
series RC network used for compensation into the output node
of the error amplifier, where the resistance is obtained through
PMOS transistor in triode region. If the resistance value
can be controlled, the location of the generated zero can be
adjusted. In order to have pole-zero cancellation, the position
of dominant pole and zero should match with each other.
However this is not optimal method to maintain stability, since
the typical voltage regulator has a wide load current range.
The use of the additional circuitry increases the complexity
of the system and the power consumption. Another drawback
of additional circuitry is that PSRR performance is directly
affected.

The Dynamic Miller Frequency Compensation (DMFC)
[12] is a compensation technique that is based in PZTFC
and NMC for increased system stability. A RC network is
introduced between the output of the error amplifier and the
first stage, thus allows a Miller compensation, which can be
controlled with the same technique used on PZTFC.

A dynamically biased voltage buffer has been proposed to
improve the stability in [13] but a BiCMOS process is needed,
which is limited by fabrication technology process. The use
of error amplifier with a buffer stage cannot effectively turn



off the pass device during load transient and therefore it is
discouraged.

B. PSRR

The PSRR performance of LDO can be divided in three
distinct regions [14], the first region is located at relatively low
frequencies between (100Hz-1kHz) and is dominated by DC
open-loop gain and bandgap PSRR. The second region extends
from GBW of the regulator where PSRR is dominated by
open-loop gain up to UGF where it is dominated by the error
amplifier bandwidth of the system, at midband frequencies.
The third region is above the UGF at high frequencies where
the effects of feedback loop are neglected. In this region the
output capacitor with ESR and any parasitic from vpowersupply

to vout dominate, hence a larger output capacitor with smaller
ESR will increases the PSRR in this region, although it can
decrease the PSRR performance at some other frequencies,
since the capacitances at high frequencies have the behavior
of a shunt circuit. The intuitive mode analysis of PSRR is
presented in Figure 3.

Fig. 3. PSRR Curve of a linear voltage regulator.

The BWA, is characterized by Roa and Cpar, the resistance
and parasitic capacitance at the output of error amplifier
respectively, and is given by the Equation (1),

BWA =
1

2π · RoaCpar

(1)

Numerous techniques can be used to improve the PSRR
of LDO linear regulators. The simplest solution is to place
an RC filter in series with the power supply to filter out
fluctuations before they reach the regulator [15]. However,
considering a low voltage integrated SoC solution, the high
power losses, required silicon area, and reduction in voltage
headroom caused by this resistor discourage the use of this
approach.

Another methodology that can be employed is the use of
two LDO linear regulators in series to effectively improve the
PSRR. However this method has the disadvantage of increased
power dissipation and voltage headroom, and a high PSRR
over wide frequency range cannot be obtained since the two
regulators have limitations.

In an attempt to isolate the power supply noise from LDO, a
NMOS cascode can be used for the pass device, thus isolating
it from the supply line, instead of being connected directly

to it. A NMOS configuration is used to implement the pass
device. Since NMOS cascode is a source follower, it cannot be
used with a gate voltage below the supply voltage, therefore
the voltage at the gate must be boosted using a charge pump
that generates a higher voltage. Moreover a RC filter is used to
suppress fluctuations in the power supply line and fluctuations
of the charge pump. This solution leads to higher circuit
complexity, with large power and area consumption.

The use of internal cascodes in error amplifier improves the
PSRR [16], since their use increases the immunity of the gate
of pass device to power supply fluctuations and consequently
decreasing output voltage ripple, which improves the PSRR
of the system. In an attempt to cancel the contribution of
the error amplifier to PSRR, it can be supplied by the output
voltage of the LDO, which makes the PSRR only dependent
of the differential DC voltage between input and output (i.e.
dependent of pass device properties). However this technique
can only be used in specific cases, since the error amplifier
must be able to cut-off the pass device.

One technique to increase the PSRR over midband fre-
quencies is the use of current mirror technique for the error
amplifier [17]. The use of Miller compensated circuits has the
problem that for high frequency the compensation capacitor
acts as a short circuit with unitary gain, which couples all the
noise to the output. The PSRR of SMC could be improved,
if there were another signal paths that have gain -1 at the
frequency of interest to cancel the first, according to the
superposition principle.

III. CONCEPT OF PROPOSED LDO

The overall design of the error amplifier must be kept
simple, since the specifications for high efficiency power
consumption will impose a low quiescent current flow. The
limiting factors for low quiescent current flow are amplifier’s
bandwidth and slew rate requirements. A tradeoff between
performance and power dissipation is therefore necessary. The
error amplifier design demands careful attention to meet the
required specifications, namely high DC gain to ensure good
accuracy, load and line regulations, and high rail-to-rail output
voltage to ensure the cutt-off of the PMOS pass transistor,
internal poles at significantly higher frequencies compared to
the cross over loop frequency, low quiescent current and high
output current, which allow a fast charging of the pass device
gate capacitance, reducing the slew rate and the settling time.

Load regulation is improved with an increase in open-loop
gain that depends on the gain of error amplifier as can be seen
in equation(2). However the stability of the system is sacrificed
when the open loop gain is too increased. Hence the design
of GBW must be realized with caution, moreover the gain is
limited by the UGF of amplifier and consequently the PSRR
performance of the system. The line Regulation is expressed
by the equation(3).

Load Regulation =
ΔVout

ΔIload

=
ro−pass

1 + Aolβ
(2)



Line Regulation =
ΔVout

ΔVin

⇔

≈
Gmpro−pass

Aolβ
+

1

β
· (

ΔVref

ΔVin

) (3)

where Aol is the open-loop gain at low-frequency, Gmp

and ro−pass are the transconductance and output resistance
respectively of pass element and β is the result of voltage
divider feedback network.

As discussed previously in section II-B the performance of
the error amplifier is directly correlated with the PSSR of the
LDO system. The intuitive mode analysis of PSRR helps in
the definition of error amplifier specifications. Since the PSRR
specifications of the LDO system are −70dB@1kHz, the error
amplifier must have a open-loop DC gain of 70dB for dropout
voltage, with a GBW of 1kHz. It is difficult to achieve a high
DC gain with a single stage, therefore the use of two-stage
amplifier topology is mandatory for the gain specifications.
However, the two-stage amplifier topology is not optimal since
the power transistor cannot function as a high-gain stage in
dropout condition. Thus the pole-splitting effect is not effective
and the output precision is also degraded.

In an attempt to reduce the quiescent current Iq, a push-pull
configuration is used for the second stage of the error amplifier.
It maintains a low static power consumption with the capabil-
ity to generate output currents larger than the output stage
quiescent current. Thus the second stage is able to charge or
discharge the gate capacitance Cpar quickly, allowing that both
positive and negative direction slew-rates can be successfully
enhanced, even if low quiescent current is used. Moreover
the amplifier-output voltage is able to go from nearly zero to
supply voltage of the error amplifier, thus an high rail-to-rail
output voltage can be ensured, which with the are of other
second-stage topologies is difficult to achieve. The design
of very symmetrical Operational Transconductance Amplifier
(OTA) helps this improvement and is crucial to obtain a good
PSRR improvement [18]. The impedance between the two
stages must be low to ensure that parasitic poles are located at
high frequency and the UGF of the error amplifier is restricted
by the location of the parasitic poles of the system. Moreover
the GBW can be be improved with the use of cascodes, which
also improves the PSRR performance.

As mentioned previously the power transistor will be con-
sidered as the third gain stage. Since the load current opera-
tional range is large from 10 μ A to 300 mA, the PMOS pass
transistor can operate in cut-off region for small load current,
or operate in saturation region or even triode region to handle
heavy load currents. When the input voltage increases, the
operating region of the power transistor changes from linear
to saturation region. Hence, a PMOS pass transistor with a
very large size is used in an attempt to improve the PSRR of
the LDO system and meet the output current requirement. The
large size results in a large gate capacitance, which imposes
a large slew rate, and a large transconductance of the pass
transistor (Gmp), thus increasing the gain of the pass transistor.

It should be noted that the gain of the PMOS pass transistor
may be less than the unity.

One of the major concerns of the error amplifier is the cur-
rent consumption, hence its complexity must be low. Since an
increase in complexity has inherently an increase in quiescent
current consumption. Thus appropriate design techniques were
used to ensure the 15μA of Iq.

The initialy proposed LDO circuit is composed by the pass
element and error amplifier that were discussed previously,
which is presented in Figure 4. A resistive feedback network
with the resistances R1 = 2.5MΩ and R2 = 2.5MΩ is used
to obtain the feedback voltage Vfb.

Their large value allows a low quiescent current and im-
proves the PSRR at DC and low frequencies. The output
capacitor and ESR are not presented in Figure 4, although
they are considered for analysis and are located at the output of
the circuit. The value of the output capacitor ESR is very low,
RESR = 2mΩ. Since it has a low value, it helps to improve the
PSRR at high frequencies and decreases the overshoots and
undershoot. However a low ESR output capacitor decreases
the stability of the system.

The stability of the system is ensured by the use of several
techniques discussed in section II-A. Such is required since the
use of only one technique would not have allowed to achieve
the proposed specifications.

The proposed scheme has a bias current input Ibias of
0.5μA to ensure low power consumption. The aspect ratio
relationship between the transistors in Figure 4 is shown in
Table I.

TABLE I
RELATIONSHIP BETWEEN THE ASPECT RATIO OF TRANSISTORS OF THE

ERROR AMPLIFIER AND CASCODES.

Transistors Ratio

M1 : M9 : M8 : M6, M21 : M22 : M62 1:1
M40 : M45 : M7 : M60, M59 : M29 : M61 1:1

M52 : M58, M3 : M4 : M73M71 1:1
M21 : M59, M18 : M3, M25 : M71 1:2

M84 : M83 and M168 : M169 1:4
M2 : M43 and M17 : M5 1:6

The resulting structure can be viewed as a three-stage
amplifier driving a large capacitive load, where the capacitive
load is the output capacitor Co, which has a large 1μF

capacitance. Typically a high loop gain is required for all
loads, however in this case the power transistor cannot function
as a high-gain stage in dropout condition, since its gain is
inversely proportional to the output current.

The transistors M83 M84 M168 M169 M9 M1 M8 M6
and M22 M21 M62 M59 M29 M61 form the current mirror,
which supplies the bias current to the error amplifier’s first
stage and cascodes. The transistors M52 and M58 form a
single-stage differential amplifier. The M3, M4 and M73,
M71 form the cascodes, which are biased by the M18 and
M25 transistors respectively. The transistors M24 and M35
are in the triode region to provide a variable resistance, which
will provide the necessary voltage to guarantee the biasing of



Fig. 4. Initial topology of the proposed LDO.

cascodes. The push-pull amplifier stage is formed by the pairs
M45 M40 and M5 M43. It is biased by the transistors M7
M60 and M17 M2 respectively. The design of current mirrors
is critical for PSRR performance. In an attempt to reduce the
contribution of parasitic capacitances at the pass device gate
the transistors M45 M40 have the same aspect ratio. This will
ensure that the disturbance at the pass transistor gate generated
by power line and ground line noise is equal, which improves
the PSRR performance of the system.

As mentioned previously the circuit architecture is based on
a three-stage amplifier design driving a large capacitive load.
In multistage amplifiers with a large capacitive load, the pole
at the output is located at low frequency and is very close
to the dominant pole. Thus the LDO has to be stabilized by
removing the effect of the pole at the output. This can be done
via pole-splitting using compensation capacitors or pole-zero
cancellation using feedforward paths.

In order to achieve stability of the system the NMC tech-
nique with a null resistance is used to split the poles, allowing
the pole-zero cancellation. This is done by the use of MOScap

capacitors M117, M114 and M152 shown in Figure 4. The
transistor are in parallel since their contribution to stability
is independent due to the parasitic capacitance of the first
stage of the error amplifier. The linearity of the capacitance
is not a concern the MOScap can be used, otherwise a
single capacitor solution must be considered. The generated
feedforward path adds the AC signal current through a bypass
path to the first-stage of the error amplifier, which increases
the output conductance of the stage and pushes the pole at the
output of the first stage to higher frequencies. However low-
frequency pole-zero doublets can appear if the feed-forward
path if not canceled properly, which can affect the stability
and the settling time of the amplifier, thus the design must be
done carefully. The use of large integrated capacitors is not
considered since it increases the area consumption.

The equivalent small-signal circuit of the initial LDO pro-
posal depicted in Figure 4 is shown in Figure 5.

The use of single Miller pole-splitting technique is imple-
mented by the capacitor XC0. This reduces the GBW of the
error amplifier, and therefore it must be designed carefully. The



Vfb

V −

=
K · (1 + s

z1

)(1 + s
z2

)

(1 + sCMRoa1Roa2Roa1ro−passgma2gmp + s2CM148CMRoa1RM112)(1 + s
p3

)(1 + s
p4

)
(4)

1 + sCMRoa1Roa2ro−passgma2gmp + s2CM148CMRoa1RM112 = 0 (5)

Vout

ro-pass

V2

gma1·V
+
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-

R1

RM112

CM148
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CM114

CXC0

Fig. 5. Equivalent small-signal circuit of the initial LDO proposal.

Miller capacitance between the gate and drain of the PMOS

pass device is not considered since its use does not affect the
position of the pole and a error amplifier properties. When
the load current increases significantly, the transconductance
of pass device also increases accordingly and the complex
conjugated poles will shift to high frequencies.

In order to analyze the frequency response of the LDO
initial proposal the following assumptions are assumed. The
CM is the compensation capacitor that is equal to the global
capacitance formed by the MOScap transistors M117, M114.
The variable resistance composed by PMOS transistor M112
working in the triode region is denoted as RM112 and the
MOScap capacitor M148 as CM148. The transconductance,
output resistance and output parasitic capacitance of the first
and second stages are denoted by gma(1−2), Roa(l−2) and
CPAR(l−2), respectively. The PMOS pass transistor in the
Figure 4, M67, operates in the linear region and is denoted
by the transconductance gmp and its source to drain resistance
as ro−pass. The value of the compensation capacitors CM

and COUT is larger than CPAR(l−2) and CXC0. Moreover
RESR � ro−pass, R1, R2, RLoad and RM112. The parallel
between ro−pass and RLoad can be simplified to ro−pass since
the RLoad is greater in magnitude. The open-loop transfer
function is expressed by the Equation (4).

Where K is the DC open loop gain of the system and
is given by the Equation (6). The poles p1 and p2 can be
calculated solving the polynomial Equation (5).

|K| =
gma1gma2gmpRoa1Roa2Ro−passR2

R1 + R2
(6)

Therefore the poles and zeros of transfer function are given
by the follow equations:

P1 =
1

CMRoa1Roa2ro−passgma2gmp

(7)

P2 =
Roa2ro−passgma2gmp

CM148RM112
(8)

P3 =
1

Roa2CPAR2
(9)

P4 =
1

Ro−passCOUT

(10)

Z1 =
1

RESRCOUT

(11)

Z2 =
1

RM112COUT

(12)

where the P1 is the dominant pole and P2 becomes a high
frequency pole. The pole P3 is located beyond the UGF,
thus its contribution for a potential unstable system can be
neglected.

As discussed previously the DC open loop gain of the sys-
tem is inversely proportional to the output current. Thus when
ILoad increases the open loop gain decreases and stability is
improved (i.e. the phase margin increases), otherwise the gain
increases and therefore the stability of the system decreases.

Both load and line transient response improvements are
achieved due to the fast and stable loop gain provided by
the compensation scheme. The amount of frequency shifting
of the poles under temperature variation is the same for all.
Therefore, any increase in temperature only changes the UGF
but not the stability of the LDO. The high and wide open-loop
gain, and GBW of the error amplifier ensure that the PSRR
specifications of −70 dB @ 1 kHz are achieved. However the
low quiescent current limits the UGF of the system as shown
in Figure 6, which does not allow to achieve the specifications
of −30 dB at high frequencies. Variations of output current
can be seen and also its effects on gain and stability of the
system.

IV. THE PSRR IMPROVEMENT STRATEGY

The proposed strategy consists of changing the biasing
conditions for the variations of the load current, increasing the
bias current of the circuit, proportionally to the output current,
through a dynamic biasing which senses the output current as
shown in Figure 1, which allows a larger UGF and improves
the PSRR. Furthermore the open-loop gain will be increased,
since the position of the poles as well as the UGF are directly
proportional to the transconductance of the gain stages. The
power efficiency of the system is not affected, since the
quiescent current consumption increases proportionally to the
output current. As can be seen from Figure 7, the power
efficiency of the system is improved with the increase of the



Fig. 6. PSRR of the initial LDO proposal for all load currents.

load current, which can be verified by the Equation (13). The
power efficiency for low load current is identical for the two
topologies due to the use of dynamic biasing, which ensures
that the quiescent current consumption is minimum for low
load current condition, thus the battery life can be extended.
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Fig. 7. The Iq consumption and the power efficiency of the initially proposed
and proposed LDO topology.

Efficiencypower =
VoutIo

(Io + Iq)Vin

≤
Vout

Vin
(13)

The LDO needs a large biasing current for the large UGF of
the error amplifier, especially when the load current is high,
since this represents the worst case of PSRR. It would be
advantageous if the bias current of the LDO was adaptive
to the load current variations, specially for low load current
conditions, since for this conditions the power efficiency is
greatly affected by the quiescent current consumption. The
bias current would be low, and at high load the bias current
would be high enough to ensure a large UGF, and a high speed
of the error amplifier, also improving the settling time of the
system. Thus a current sensing of the output current is used

to change dynamically the bias current of the circuit as shown
in the Figure 8.

However low-frequency pole-zero doublets can appear due
to the generated feed forward path, thus a delay in the feed
forward must be considered to improve the stability. This can
be implemented with a RC network, as can be seen in Figure
8, where the M146 transistor acts like a variable resistance.
Since it is in the triode region and M167 is the MOScap
capacitor. The output current sensing is designed through a
mirror of PMOS pass transistor by the M164 transistor,
which scales the output current. The M158 M157 M163 M81
M77 M82 M78 transistors form the current mirror of scaled
ILoad. Although its complexity increases the Iq of the circuit,
other techniques can be used to sense the output current as
shown in [10], decreasing however the PSRR performance,
since a feed forward path is created between the output voltage
and the voltage of the bias circuit, yielding that fluctuations in
the output voltage are introduced in all elements that compose
the LDO.

The scaled output current is inserted in the bias circuit
of the error amplifier by the current mirror composed by
M160 M165 transistors, increasing the quiescent current, and
changing the position of the poles and UGF. As mentioned
previously the small signal model shown in Figure 5 is main-
tained, since the position of all poles and zeros changes only
proportionally to Iq. Therefore a careful design is required,
since the transistors that compose the system will have to
work in the saturation or weak inversion regions resulting from
changes in their bias current. Thus the stability of the system
is not affected, leading to an increase of the UGF and GBW
of the error amplifier and with a low value of ESR allowing
the achievement of a high PSRR at high frequencies.

As mentioned previously the contribution of the quiescent
current to the power efficiency of the LDO can be neglected
for high load currents, thus the dynamic biasing is suitable to
the system requirements, since it allows a high PSRR at high
frequencies without affecting the power efficiency.

V. SIMULATION AND MEASUREMENT RESULTS

The simulations results that characterize the proposed LDO
topology will be presented in the the follow of this section.

The variation of the DC open-loop gain and phase-margin
of the LDO system is presented in Figure 9. As can be seen
the stability is improved with the increase of the load current,
it behaves poorly for Iload = 10 μA with a phase-margin of
approximately 1.85, however this value can ensure the stability
of the system. The greater value of the phase-margin is 56 and
is achieved at Iload = 25 mA, when Iload = 300 mA the value
of the phase-margin is 33. Testing the proposed LDO under
all load current conditions.

A. AC analysis

The AC Open-Loop Analysis for all alters conditions was
realized and is presented in Figure 10 for Iload = 300 mA,
Figure 11 for Iload = 150 mA.



Fig. 8. Topology of the proposed LDO.

Fig. 9. AC open-loop analysis for all load conditions of the proposed LDO
topology, under typical condition.

B. Transient

The analysis of the measurement results is realized by
applying different current pulses at the output of the regulator
and observing the output voltage, as presented in Figure 12,
where all alters condition are considered.

The feedback loop responds to drops in output voltage

Fig. 10. AC Open-Loop Analysis for all alters condition with Iload =

300 mA.

and the proposed LDO topology adjusts to the new loading
conditions, with the output voltage coming back to the nominal
voltage of 2.4 V .

The worst case response time corresponds to the maximum
output voltage variation as shown in Figure 13 and is less
than 25 μs. This time limitation is determined by the closed-



Fig. 11. AC Open-Loop Analysis for all alters condition with Iload =

150 mA.

Fig. 12. Transient response of the proposed LDO topology under all alters
condition.

loop bandwidth of the system and the output slew-rate current
of the error amplifier, that has a high slew-rate improvement
since a push-pull topology is used and yields a better settling
time. This is affected by the output capacitor discharging
through feedback resistors, however the large output capacitor
improves the stability of the system.

An important specification is the maximum allowable output
voltage change (i.e. overshoot and undershoot) for a full
range transient load-current step. If the regulator is used to
provide power to digital circuits which inherently have high
noise margins, this specification can be relatively relaxed,
however this is not the case for many analog applications. The
worst case of overshoot and undershoot voltage corresponds
to a load-current transition from its minimum value to its
maximum value and the inversely case as can be seen in Figure
12.

Settling time is not as important as maximum overshoot
because the overall accuracy is not affected. Settling time
could only become an issue when considering noise injection
as a result of a sudden load-current change.

C. Load Regulation

The load regulation of the proposed LDO is presented in
Figure 16. As can be seen the output voltage of 2.4 V is

Fig. 13. Transient response of the proposed LDO topology for variation step
of the Iload from 10 μA to 300 mA under all alters condition.

Fig. 14. Transient response of the proposed LDO topology for variation step
of the Iload from 300 mA to 10 μA under all alters condition.

Fig. 15. Transient response of the proposed LDO topology for variation of
Iload from 10μA to 300mA under all alters condition.



ensured for a range of load current from 10 μA to 350 mA.
The use of a current limiter circuit limits the range of the load
regulation, without this circuit the range of the load current
for a good load regulation can be extended up to 400 mA,
since the large size of the PMOS pass transistor allows a
large output current much greater than 400 mA.

Fig. 16. Load regulation of the proposed LDO topology over all alters
condition.

D. Line Regulation

The line regulation of the proposed LDO is presented in
Figure 17.As can be seen the analysis was realized for three
load current ranges of the proposed LDO, 10 μA, 150 mA and
300 mA. The line regulation is improved by the high DC open-
loop gain of the proposed system. The line regulation tends
to be worst for small load currents as shown in in Figure 17,
since for these conditions the zero is closer to the loop unity
gain frequency which reduces the bandwidth of the system.

Fig. 17. Line regulation of the proposed LDO topology.

E. PSRR

The achieved PSRR performance of the proposed LDO
topology for all load current condition from 10μA to 300mA

is presented in Figure 18. As can be seen by inspection of
the Figure 6 and Figure 18, the proposed strategy allows
a large improvement of the PSRR when compared to the

initial proposal. Furthermore this improvement can be obtained
without an increase of the feed-back loops and complexity
of the circuit, although the quiescent current consumption
is increased to yield this PSRR performance. Although as
mentioned previously this increase does not have a significant
impact in power consumption of the regulator.

Fig. 18. PSRR response of the proposed LDO topology for all load currents
condition.

The PSRR response of the regulator circuit for Iload =
300 mA and Iload = 150 mA is presented in Figure 19 and
Figure 20 respectively. The system achieves a better PSRR
performance for the low load current. As can be seen in Figure
19 the system has −82dB@1kHz and less than −30 dB at
1 Mhz, for the typical corner line in black in Figure 18.

Fig. 19. PSRR response of the proposed LDO topology for Iload = 300 mA
over all alters condition.

The overall specifications of the proposed LDO topology
are presented in Table (II).

VI. CONCLUSIONS

This paper presented a new compensation scheme that
provides both a fast transient response and full range AC
stability from 10 μA to 300 mA of the load current. It is
composed by the use of the NMC technique, DMFC which is
based in PZTFC and SMC pole-splitting.

Thus the stability of the system is ensured for all the load
current conditions. The high PSRR performance is obtained



Fig. 20. PSRR response of the proposed LDO topology for Iload = 150 mA
over all alters condition.

TABLE II
SUMMARY OF THE LDO PARAMETERS SPECIFICATIONS.

ParametersDescription V alue

Vin 2.6V to 3.6V

Vout 2.4V

Io−max 300mA

Io−min 10μ

Iquiescent 15μA to 300μA

Vdrop−out@Iload = 10μA − 300mA ≤ 200mV

Transient ΔVo−forIloadstep ≤ 75mV

Temperature −40Cto125C

OutputCapacitance 1μF

ESR 0 to 200mΩ

PSRR@1kHz −70dB

PSRR@1MHz −30dB

by a dynamic biasing which increases the performance of the
error amplifier. A detailed description of the implementation is
presented. The measured results show that a high PSRR LDO
can be achieved without power efficiency degradation.
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