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Abstract. This paper introduces a power supply rejection (PSR) enhancement technique
for capacitor-less low dropout (LDO) voltage regulators with PMOS pass transistor. The main
idea for enhancing the PSR is to create a feed forward signal path, so that variations of the
supply line result in a current injected directly into the node at the gate of the pass transistor
which cancels the effect of the unwanted signal paths between the input and output of the
LDO. Circuit implementation is based on an additional OTA that senses the supply varia-
tions by using a high pass filter and generates the cancelling signal current. The technique is
demonstrated on two LDOs with different error amplifiers based on symmetrical operational
transconductor amplifiers with high Slew-Rate. Both LDOs are designed in a 0.18µm stan-
dard CMOS process and provide a regulated 1.5 V output voltage for load currents up to 50
mA, while burning only 22 µA. These LDOs exhibit PSR values better than –40 dB at 1 MHz
at a maximum load current of 50mA, for values of the load capacitor between 10pF to 1nF
and dropout voltages as low as 300 mV. A new Figure of Merit was introduced to compare
their performance against LDOs with similar design requirements.

Key-words: Capacitor-less LDO, class-A symmetrical OTA, class-AB symmetrical OTA,
high SR symmetrical OTA, PSR enhancer.

1. Introduction
The low-dropout regulator (LDO) usually employs an external capacitor to store the energy

required to respond to fast load transients and to filter out power supply variations that propagate
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to the LDO output. Also, the external capacitor filters the output supply ripples to the ground
above the unity gain frequency (UGF), hence the LDO exhibits large power supply rejection
(PSR) up to high frequencies.

However, using an external decoupling capacitor is not an option for large integrated circuits
such as system-on-chip (SoC) – as they require more LDOs than there are pins available for
them - and for applications that require a small footprint – external capacitors occupy area on the
printed circuit board (PCB).

A typical example is the power management unit of an SoC, that comprises a switched-
mode power supply (SMPS) followed by several LDOs acting as post-regulators that suppress
the ripple of the SMPS and provide steady voltages to various sections within the SoC. The
switching frequency of the SMPS has to be relatively large – hundreds of kHz to several MHz
– to allow for integration of its frequency compensation network. Therefore, the LDOs need to
exhibit a large PSR for frequencies up to a few MHz. Conventional capacitor-less LDOs exhibit
large PSR only at low frequencies where the LDO loop gain remains substantial. For frequencies
larger than the dominant pole of the LDO regulation loop, which is usually determined by the
parasitic capacitors at the gate of the pass transistor, the PSR starts to roll off, leading to poor
PSR performance at higher frequencies.

Several techniques for enhancing the PSR performance of capacitor-less PMOS LDOs have
been reported so far. The most common one is the feed forward supply cancellation technique
[1]-[4], which creates a feed forward path from the power supply line to the gate of the pass
transistor, with the aim of maintaining the pass transistor gate-source voltage relatively constant,
insensitive to the expected supply voltage variations. Another popular technique is the extension
of the LDO bandwidth [5], such that the LDO exhibits a large gain up to higher frequencies, thus
reducing the supply-generated output ripples.

LDOs within an SoC are often require to provide a fast response to steep variations of the load
current, in order to limit the output voltage overshoots and undershoot caused by the load jumps.
For this, the LDO should have a wide bandwidth and be able to inject/sink large currents into the
node where the MP gate is connected to [6]. Several ways for achieving these requirements have
been published recently, based on local feedback loops closed between the LDO output and the
gate node [7]-[9], as well as error amplifiers with large slew-rate (SR) [7]-[9] and wide bandwidth
[10]. However, most such solutions exhibit rather poor PSR performances at frequencies beyond
a few kHz [7]-[10].

The solutions proposed in this paper aim at improving the LDO PSR performance at high
frequency while maintaining the fast response required by SoC applications First, this paper
presents a detailed analysis of the main unwanted signal paths that convey the variations of the
input voltage supply – commonly referred to as the supply ripple - to the output of a conventional
LDO, thus degrading the PSR. It demonstrates that the conventional topology is not well suited
for ensuring large PSR values up to high frequencies. Instead, this paper proposes solutions that
combine an LDO topology that includes a feed forward supply cancellation path with circuit
implementation techniques that ensures both a wide loop gain bandwidth and fast responses to
load transients, while keeping the quiescent current to relatively low levels.

The paper is organized as follows: besides the analysis of the main signal paths between the
supply line and the output of a conventional LDO, Section 2 comprises descriptions of two PSR
enhancing techniques. Two LDO implementations based on these techniques are presented in
sections 3 and 4: the first one employs an EA based on a high SR class-A symmetrical OTA
while an EA based on a high SR class-AB symmetrical OTA is used for the second LDO. The
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performance of the two LDOs is validated through simulations results presented in Section 5. In
Section 6 the performance of the proposed LDOs is compared against several LDOs with similar
design requirements; the final section also presents the main conclusions drawn from this work.

Fig. 1. Input to output main ripple paths in a conventional LDO [2].

2. Two Techniques for Enhancing the PSR Performance of a
Conventional LDO

2.1. Main causes of PSR degradation for a conventional LDO
Figure 1 shows the block diagram of a conventional capacitor-less PMOS LDO, highlighting

the main unwanted signal paths that convey the variations of the input voltage supply to the LDO
output, thus degrading the LDO PSR. The pass transistor MP needs to have a large aspect ratio,
W/L, in order to accommodate the wanted small dropout voltage. The minimum channel length
allowed by the available technology is usually used in order to minimize die area, but this results
in relatively large values for the MP drain-source transconductance gDS . Even so, the MP area
remains large, and its main parasitic capacitances - the gate-source and gate-drain capacitances,
CGS and CGD, and the drain-bulk capacitance, CDB - are substantial.

All these non-idealities create signal paths that convey variations of the input voltage – de-
noted ∆VIN in Fig. 1 – to the LDO output, as indicated in Fig. 1 by dotted lines. A signal
current caused by VIN variations also appears at the error amplifier output, denoted iEA in Fig.
1. Usually, it is reduced to negligible levels by using symmetrical circuit topologies and by care-
ful design. In the followings we analyze in some detail the main three unwanted signal paths and
their effect on the LDO PSR.

First, the supply ripple is conveyed to the LDO output by the drain-source impedance of the
pass transistor MP , namely its transconductance, gDS , and drain-bulk capacitance, CDB . Thus,
the supply ripple is converted into the current denoted igDS&CDB

injected directly into the LDO
output node. The second path is caused by the finite PSR of the error amplifier, which is modelled
in Fig. 1 by the current iEA. Its value and effect on the LDO PSR depend on the EA topology
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[11]. A third path is created by the parasitic gate-source capacitance of the pass transistor, CGS .
It is a feed forward path that bypasses the EA, conveying the supply ripples directly to the MP

gate. This path causes variations of the gate voltage vG that are in phase with the supply ripple,
therefore reducing the variations of the gate-source voltage, which in turn reduces the signal
current through the channel of the pass transistor, denoted id CGS

in Fig. 1. However, the signal
through this path is not sufficient to maintain a constant vGS regardless of the changes in vIN .

A simplified expression of the output voltage variations resulted from the cumulative effect
of the supply ripple paths described above can be given as follows [2]:

∆vOUT =
∆ivIN · ZL

1 + LG
=

(∆igds&CDB
+ ∆iEA + ∆id CGS

+ ∆iCGD
) ·ZL

1 + LG
(1)

ZL = RL ‖
1

sCL
‖ 1

gds
‖ 1

sCDB
‖ (Rf1 +Rf2) (2)

where LG is the transfer function of the LDO regulation loop.
According to (1), to minimize the variations of the output voltage due to the power supply

ripples, one has three options:

– increase the loop gain. The factor (1+LG) appears at the denominator of the ∆vOUT

expression, so the larger the LG value the better the rejection of the supply ripple. However,
this means both increasing the DC loop gain and extending the LG bandwidth. These
requirements are difficult to achieve while maintaining the LDO stability over a wide range
of load currents and capacitances, and without increasing substantially the LDO quiescent
current.

– reduce the currents caused by the supply ripple that contribute to the factor ∆ivIN in (1).
This approach provides very little design room, as these currents depend mainly on pass
transistor parameters (gDS , CGS , CGD, CDB) which result from its size and the available
technology. In turn, the key factors for sizing the pass transistor are the main requirements
set for the LDO: maximum load current and minimum dropout voltage.

– reduce the impedance ZL. Again, the scope is limited because RL and CL are set by the
user, who also chooses the technology and sets the main LDO requirements that yield the
MP size and ultimately the values of CDB and gDS .

Let us estimate the impact the MP nonidealities have on vOUT , assuming that the vIN ripple
is far larger than the resulting vOUT variations, ∆vIN >> ∆vOUT , and that the EA exhibits a
fairly good PSR such that iEA is negligible. The gate-source capacitance of the pass transistor
conveys the vIN variations directly to its gate. The resulting variation of the gate voltage can be
approximated by [2]:

∆vG ∼=
CGS

CGS + CGD
·∆vIN (3)

The transconductance gmpass of the pass transistor converts the voltage difference between
its source and gate ∆vSG into a drain current, denoted ∆id CGS

in Fig. 1. It can be expressed as
follows [2]:

∆id CGS
∼= gmpass · (∆vIN −∆vG) (4)
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The gate-drain capacitance CGD converts the gate voltage vG variation into a current given
by [2]:

∆iCGD
∼= sCgd∆vG (5)

The signal paths created by the MP drain-source transconductance and drain-bulk capacitance
result in another signal current injected into the output node, denoted ∆igDS&CDB

in Fig. 1. It
can be approximated by [2]:

∆igds&CDB
∼= (gds + sCDB) ·∆vIN (6)

Considering the impact of MP nonidealities have on vOUT and substituting their expressions
in (1) it follows that the output voltage variation vOUT can be approximated by:

∆vOUT
∼=

(gmpass · CGD

CGS+CGD
+ s · CGDCGS

CGS+CGD
+ gds + sCDB) ·∆vINzL

1 + LG
(7)

To conclude, the conventional LDO architecture shown in Fig. 1 is not well suited for ensur-
ing large PSR values up to high frequencies.

2.2. Proposed LDO topology
The analysis of the three signal paths that convey the supply ripple to the LDO output shown

in Fig. 1 indicates that the PSR can be improved by reducing the variations of the vGS voltage
– that is, by ensuring that the gate voltage precisely mirrors the supply ripple. This is the aim of
the LDO block diagram proposed here, shown in Fig. 2.

It consists of a pass element which regulates the current at the output. The error amplifier
and the voltage divider ensure the negative feedback loop around the pass element and the output
voltage VOUT is set by the value of the voltage reference multiplied by the ratio of the voltage
divider. The integrated decoupling capacitor CL stores a part of the energy needed for the load
transient response. The voltage buffer creates a low impedance at the pass transistor gate. Thus,
the pole associated with the gate node is pushed to high frequencies, so that the pole associated
with the input of the voltage buffer becomes the dominant pole. With this arrangement the LDO
bandwidth can be extended. The PSR Enhancer creates a feed forward supply cancellation path
directly at the input of the voltage buffer. It brings the right amount of power supply ripples
to the pass transistor gate to make the gate-source voltage to be insensitive to the power supply
variations. Therefore, the ripple currents are minimized and the PSR is improved.
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Fig. 2. Block diagram of the proposed LDO architecture.

2.3. The feed forward supply cancellation (FFSC) PSR-enhancing tech-
nique

The feed forward supply cancellation (FFSC) technique is used to minimize the currents that
develop within the pass transistor as a result of supply ripple. Fig. 3 presents a small-signal
model for analyzing the impact the supply ripple has on the output voltage of an LDO with the
topology shown in Fig. 2.

The supply ripple causes the following signal current ∆ivIN to be injected into the LDO
output node:

∆ivIN
∼=
(
sgmpass ·

CGD − CFF

CGS + CGD
+ s ·

(CGS + CFF )CGD

CGS + CGD
+ gds + sCDB

)
·∆vIN (8)

The sCFF ∆vIN current source that models the PSR enhancer circuit creates a feed forward
path from the power supply line to the gate of the pass transistor. By appropriate sizing of the
PSR enhancer circuit the variation of the gate-source voltage ∆vSG can be minimized:

∆vSG = ∆vS −∆vG = ∆vIN −∆vIN ·
CGS + CFF

CGS + CGD

∼= 0V (9)

Equation (9) shows that a good matching between CGD and CFF (CGD = CFF ) will result
in a constant ∆vSG regardless of any variation of the power supply voltage vIN . Also, consid-
ering CGD = CFF in (8), the first term is canceled yielding a significantly smaller value for the
∆ivIN current. Therefore, the remaining terms in (8) determine a smaller variation of the output
voltage due to the power supply ripples:
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∆ivIN
∼= (sCGD + gds + sCDB) ·∆vIN (10)

The PSR improvement that can be obtained by using the FFSC technique is limited by the
remaining unwanted signal currents, denoted igDS&CDB

and iCGD
in Fig. 1. To cancel the

variations of the MP gate-source voltage, the PSR enhancer enforces a controlled variation of
the gate voltage. But vG variations are conveyed to the LDO output by the parasitic gate-drain
capacitance of the pass transistor, as illustrated in Fig. 1 by the current signal iCGD

, whose
expression is given by (5). Therefore, a loop gain with large value and wide bandwidth is also
necessary

Fig. 3. Small signal model of the main signal paths that convey the supply variations ∆vIN to
the output of the LDO shown in Fig. 2 [2].

Fig. 4. The PSR characteristics of the conventional LDO in Fig. 1 (continuous line), the LDO
with PSR Enhancer (dash-dotted line) and the LDO with PSR Enhancer & bandwidth extension
(dashed line).
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2.4. Improving the PSR by extending the loop bandwidth

The dominant pole of a conventional capacitor-less LDO is usually associated with the gate of
pass transistor (ωG) while the second pole is associated to the LDO output (ωOUT ). Fig. 4 shows
the PSR of a conventional LDO which begins to decrease around ωG – exhibiting a peak around
the unity gain frequency ω0dB – after which the load capacitor CL introduces a pole ωOUT and
filters the output supply ripples to ground. By introducing a PSR Enhancer, the PSR response
will exhibit a shift in frequency of the dominant zero ωG’.

From (1), a larger bandwidth (ω0dB) of the LDO regulation loop ensures a better attenuation
of the output ripples. Therefore, increasing the unity gain frequency to ω0dB’ will push the PSR
characteristic to higher frequencies.

The bandwidth extension of the LDO is achieved by the voltage buffer shown in Fig. 2. With
this arrangement the gate node exhibits a low impedance moving the gate pole to higher frequen-
cies – well above the unity gain frequency ω0dB - while the new dominant pole is now given by
the impedance at the voltage buffer input. The new dominant pole can be better controlled and
is located at a higher frequency, thus increasing the LDO bandwidth (ω0dB) and the PSR at high
frequencies.

The two PSR enhancement techniques described in this section were used to implement two
LDOs based on the topology proposed in Fig. 2. They are described in the following sections.

3. The First Proposal for a High-PSR LDO: LDO1

3.1. Schematic of the LDO based on a high SR class-A symmetrical OTA

The symmetrical OTA topology is a popular choice for implementing the first stage of LDO
error amplifier as it exhibits low offset voltage and good PSR. Also, several SR enhancement
techniques are available for this topology [7]-[9].

The schematic of the capacitor-less LDO based on a high SR class-A symmetrical OTA is
shown in Fig. 5. The LDO combines into a single core two differential stages: a primary one
(Gm1), represented by the transistors M1 −M2 – as EA for the negative feedback loop – and
a secondary one (Gm2), represented by the transistors M3 −M4 – as EA for the feed forward
supply cancellation path.

The load transient response of the LDO is improved using several SR enhancement tech-
niques. First, by using a voltage buffer between the EA and the pass transistor MP , the gate of
MP can be discharged faster reducing the undershoot caused by a transient load jump. Second,
capacitors C2 and C3 create local negative feedback loops that speed-up the discharging and
charging, respectively, the gate of the pass transistor. Lastly, the local common mode feedback,
similar with the one employed in [12], improves the SR of the symmetrical OTA.

The PSR performance of the LDO is enhanced using the techniques discussed in the previous
section. The FFSC path – created by the high pass filter Rin, Cin and the differential stage
M3,M4 – is embedded into the LDO structure. The bandwidth extension of the LDO is achieved
using a feedforward biased level shifter & voltage buffer (M19 & M20) between the EA and the
pass transistor. Lastly, the DC open loop gain is increased by the cascoded output stage of the
OTA and the local common mode feedback which introduces an additional gain stage.

With this architecture the proposed LDO can achieve both a good PSR performance, and an
excellent response to load transients.



High Power Supply Rejection Capacitor-less Low Dropout Regulators 187

Fig. 5. Schematic of LDO1, the first proposed capacitor-less LDO based on the topology shown
in Fig. 2, with the EA implemented by a high SR class-A symmetrical OTA.

3.2. Stability analysis of the LDO based on a high SR class-A symmetrical
OTA

Let us analyze the stability of the proposed LDO using the small signal model shown in Fig.
6. In this scenario the PSR Enhancer (represented by the grey circuit in Fig. 6) is not active.

The transconductance of the input differential stage is given by gm1 and gm2 - the transcon-
ductances of transistors M1,M2, respectively. The small-signal parasitic capacitance and output
resistance of the first stage are Co1

∼= CGS10,16, Ro1
∼= R3,4. The transconductance of the

second gain stage is represented by the gm10 = gm16 of transistors M10,M16, respectively.
Its corresponding parasitic capacitance and output resistance are Co2

∼= CGS19 + CGD19 and
Ro2
∼= (gm14rds14rds13)//(gm15rds15rds16), respectively.

The voltage buffer between the EA and the pass transistor lowers the impedance at the gate
of MP to the level of RG

∼= 1/gm20, thus pushing the gate associated pole to high frequency.
The R1 − C1 frequency compensation network employed at the input of the buffer, in VB node,
enhances the PSR at high frequency and the phase margin by introducing a zero in the regulation
loop.

The three gain stages LDO in Fig. 6 yields a DC open loop gain of

ADC
∼= (Gm1R3,4)(Gm2Rout2)(gmpassRout) (11)

where Gm1 = gm1 = gm2, Gm2 = gm10 = gm16 and the output resistance is given by:

Rout = rdspass//(Rf1 +Rf2)//RL (12)

One notices that only the gain of the last stage of the LDO, gmpassRout, is dependent on the
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value of the load current. Therefore, the regulation loop can yield a large DC gain over the entire
range of load current values.

Fig. 6. Small-signal model of the LDO1 schematic shown in Fig. 5, suitable for stability analysis.
The PSR Enhancer represented by the grey circuitry is not active.

Capacitor C2, connected between the LDO output and the source of M15, is employed to set
the dominant pole and provide an additional zero:

ωp1
∼= −

1

Ro2(gmpassRoutC2 + C1)
(13)

ωz1
∼=

1

C2

(
1

gmpass
− 1

gm15

) (14)

The output pole is given by the load capacitor CL and the output equivalent resistance Rout:

ωp2
∼= −

1

RoutCL
(15)

The third important pole is given by the gate pole which is shifted to high frequency due to
the low output impedance of the voltage buffer:

ωp3
∼= −

gm20

CGSpass + (gmpassRoutCGDpass)
(16)

The R1−C1 frequency compensation network employed at the input of the buffer, VB node,
enhances the PSR at high frequency and the phase margin by introducing a zero in the regulation
loop:

ωz2
∼= −

1

R1C1
(17)
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At large load current, where the output pole ωp2 is located beyond the LDO unity gain fre-
quency ω0dB , the LDO feedback loop can be approximated by a single pole transfer function. In
this case ω0dB is given by:

ω0dB = ADC · ωp1
∼=

(gm1,2R3,4)gm10,16

C2
(18)

From (18) it follows that the LDO bandwidth ω0dB can be increased by decreasing the capac-
itance C2 or by increasing the resistances R3, R4, without necessarily increasing the bias current
of the input differential stage or the bias current of the second stage.

The two zeroes ωz1 and ωz2 ensure the LDO stability by boosting the phase around ω0dB ,
obtaining a suitable value for the phase margin (PM).

3.3. PSR analysis of the LDO based on a high SR class-A symmetrical OTA
Figure 7 shows the small signal model of LDO1 used for PSR analysis.
The first path is represented by the high pass filter Rin −Cin and the EA. The power supply

ripples are high pass filtered by the capacitor Cin and the resistance Rin. Cin converts the
power supply variations ∆vIN into a current which in turn generates a voltage drop across Rin.
Therefore, the voltage at the vHP node has the following expression:

∆vHP =
s

s+ 1
RinCin

·∆vIN (19)

The differential stage M3,M4 coverts the voltage drop across Rin – (vHP − VREF ) – into
a differential current which is then routed into the main EA and delivered to the gate of the pass
transistor. Therefore, the feed forward current generated by the PSR Enhancer to the gate of the
pass transistor has the following expression:

∆iFF1 =
s

s+ 1
RinCin

·GmPSR∆vIN (20)

where GmPSR is the equivalent transconductance on the feed forward path, given by:

GmPSR
∼= (gm3,4R3,4)Gm2 (21)

It follows that the feed forward current, ∆iFF1, generated by the PSR Enhancer and the
EA, must be adjusted – by modifying the cutoff frequency of the high pass filter – such that the
optimum amount of feed forward current is delivered to the pass transistor gate.

The temperature variation of the resistor Rin leads to an increase with temperature of the
filter cutoff frequency. Therefore, a proportional to absolute temperature (PTAT) current source
is required for the differential stage M3,M4 of the PSR Enhancer to compensate this effect. The
current source IPTAT ensures that the transconductance of M3,M4 will exhibit the same PTAT
behavior. This yields the following expression for gm3,4:

gm3,4 =

√√√√(µpCox
W3,4

L3,4
IPTAT

)
(22)
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Fig. 7. Small-signal model of the LDO1 schematic shown in Fig. 5, suitable for PSR analysis.
The EA transconductor on the main voltage-control loop represented by the grey circuitry is not
active in this scenario.

The second feed forward supply cancellation path used to improve the PSR is the pole-zero
compensation R1 − C1 at the power supply voltage. For the LDO feedback regulation loop, the
power supply voltage is a virtual ground, but in the PSR analysis, the power supply voltage is
considered the input signal. The feed forward current through the R1 and C1 impacts the PSR in
the high frequency region.

Therefore, the feed forward supply cancellation currents – through PSR Enhancer and pole-
zero compensation – minimize the output variations through pass transistor channel by main-
taining the gate-source voltage relatively constant regardless of any change of the power supply
voltage.

4. The Second Proposal for a High-PSR LDO: LDO2

4.1. Schematic of the LDO based on a class-AB symmetrical OTA

To demonstrate the versatility of the PSR Enhancer, the circuit is used to implement a second
high PSR LDO with an EA based on a class-AB symmetrical OTA similar with the one proposed
in [12] as is shown in Fig. 8.

The input stage comprises two cross coupled matched transistor pairs M1A −M1B ,M2A −
M2B . The cross coupling and biasing of the input stage is achieved by employing two flipped-
voltage-followers, M13A and M13B . Therefore, the maximum current available for the input
stage is limited only by the aspect ratio of transistors M14A & M14B and by the value of the
input differential voltage.

A local common mode feedback, similar to the one employed in LDO1, is used to further
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improve the LDO SR and open loop DC gain.

Fig. 8. Schematic of LDO2, the second capacitor-less LDO based on the topology shown in Fig.
2, with the EA implemented by a high SR class-AB symmetrical OTA.

For a fair comparison of the two proposed LDOs, the error amplifiers are sized for the same
quiescent current and the same voltage buffer is employed to drive the gate of the pass transistor.

Moreover, LDO2 also comprises the local feedback by means of C2 in order to achieve
frequency compensation and better transient response.

The PSR Enhancer circuit is connected as in LDO1: the output current of the M3 − M4

differential stage is injected into the NMOS current mirror of the LDO2 main OTA.

4.2. Stability analysis of the LDO based on a class-AB symmetrical OTA
Figure 9 shows the small signal model of the LDO employed for stability analysis. In this

scenario the PSR Enhancer (represented by the grey circuit in Fig. 9) is not active.
The gm1A, gm1B , gm2A, gm2B are the transconductances of transistors M1A, M1B , M2A and

M2B , respectively. The small-signal parasitic capacitance and output resistance of the first stage
are Co1

∼= CGS6 and Ro1
∼= R3,4, respectively. The transconductance of the second gain stage is

given by the gm6A = gm6B of transistors M6A and M6B , respectively. The parasitic capacitance
of the second stage is given by Co2

∼= CGS19 + CGD19 while its output resistance is given by
Ro2
∼= (gm11rds11rds13)//(gm15rds15rds6A).

ADC
∼= 2Gm1(1 +R3,4Gm2)Rout2(gmpassRout) (23)

where Gm1 = gm1A = gm1B = gm2A = gm2B , Gm2 = gm6A = gm6B and the output
equivalent resistance Rout is given by (12).

The small signal analysis of the LDO leads to the same expressions for poles and zeroes as
for the LDO based on a high SR class-A symmetrical OTA.



192 I. Sularea et al.

Fig. 9. Small-signal model of the LDO2 schematic shown in Fig. 8, suitable for stability analysis.
The PSR Enhancer represented by the grey circuitry is not active.

At large load current, the LDO unity gain frequency, ω0dB , is given by:

ω0dB = ADC · ωp1
∼=

2gm1(1 +R3,4gm6)

C2
(24)

One notices the benefit of employing a class-AB input stage: the LDO2 can achieve a larger
ω0dB compared with LDO1.

4.3. PSR analysis of the LDO based on a class-AB symmetrical OTA

The analysis of the feed forward supply cancellation path is based on the LDO small signal
model shown in Fig. 10. In this case the power supply voltage vIN is the input signal. The
differential stage M3, M4 will convert the high passed filtered vIN signal at the vHP node into a
differential current which will be delivered at the input of the second stage of the main EA.

The similarity between the small signal schematic of the feed forward path with the one of
the LDO1 in Fig. 7 leads to the same expression for the equivalent transconductance on the feed
forward path GmPSR given by (21).

Also, the same PTAT current source is employed to compensate the temperature variations of
the integrated resistors R3, R4.
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Fig. 10. Small-signal model of the LDO2 schematic shown in Fig. 8, suitable for PSR analysis.
The EA transconductor on the main voltage-control loop represented by the grey circuitry is not
active in this scenario.

5. Design Examples

5.1. Design requirements
This section presents two LDOs based on the topologies proposed in sections 3 and 4, de-

signed for the same requirements in the same standard 180nm technology. This allows for a
direct, side-by-side comparative analysis of their performance.

The goal is to design an LDO suitable for supply-sensitive high precision sensors and analog
sections within an SoC. Specifically, the target LDOs should provide:

– A constant output voltage of 1.5V, when the input voltage takes values between 1.8V and
1.9V and the load current varies from 1µA to 50mA.

– A very good rejection of the input voltage ripple, with PSR better than –40dB at 1MHz.

– A transient response to line steps of 100mV in 1µs with undershoots/overshoots under 2%
of the nominal VOUT value, 1.5V.

– A very good response to load variations, with the output voltage undershoot and overshoot
caused by IL jumping between 1µA to 50mA in 1µs not larger than 20% of the nominal
VOUT value, 1.5V.

– Phase (PM) and gain margins (GM) values above 10 degrees and 5dB respectively, over
the entire domain of load currents and capacitances, from 10pF to 1nF.

This performance should be achieved over the temperature range –40◦C to +125◦C while
maintaining a maximum quiescent current of 25µA at any load condition.
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5.2. Sizing strategy for LDO1 and LDO2

The LDOs shown in Fig. 5 and Fig. 8 can be sized in two steps: first, size the core LDOs,
without the PSR-enhancing circuitry, by using design strategies as those described in [12], as
well as the mathematical analysis performed in sections 3.b and 4.b.

Next, size the PSR-enhancers by using the analysis detailed in Section 3.c. The following
presents a step-by-step sizing strategy for both PSR Enhancer circuits employed by LDO1 and
LDO2.

– - Step 1: For optimal current consumption, set the PTAT bias current of the PSR Enhancer
to a fraction of the current biasing the error amplifier input differential stage. In our case
we chose a fraction of 1 \ 4 resulting in 250nA bias current at room temperature for M3

& M4 of the PSR Enhancer.

– Step 2: Size the differential stage of the PSR Enhancer (transistors M3,M4) such that the
overdrive voltage is large enough to maintain the linearity of the differential stage even
under the maximum ripple of the power supply voltage.

– Step 3: Choose a value for Cin that suits the die area requirements. Finally, the Rin value
is found by adjusting the cutoff frequency of the high pass filter such that the optimum
amount of feed forward current is delivered to the pass transistor gate. For both LDOs,
the chosen value of capacitance Cin was 1pF. The resulting Rin values were 14.6kΩ for
LDO1 and 16.2kΩ for LDO2.

5.3. Simulation results
Figure 11 shows the frequency characteristics of the two LDOs at room temperature for

CL = 10pF and seven values of the load current, IL, that cover the entire range between 1µA to
50mA. For both LDOs the unity gain frequency ω0dB remains large over the entire range of load
currents between 100µA to 50mA. The phase margin remains relatively large for load currents
larger than 1mA due to the zeros introduced by (14) and (17). However, for values of the load
current lower than 1mA the phase margin drops to smaller values because the output pole, given
by (15), shifts to lower frequencies.

The two LDOs are able to maintain a DC loop gain larger than 97dB over the entire range of
load currents. This ensures excellent DC regulation and low frequency supply ripple attenuation.

Figure 12 depicts the loop gain characteristics at room temperature for both LDOs with a
load capacitor CL = 1nF . The large value of the load capacitor gives rise to an output pole
that occurs two decades lower in frequency compared with the test scenario shown in Fig. 11.
This results in a lower phase margin (PM) for both LDOs. Nevertheless, the phase margin is
maintained above 15 and 10 degrees for LDO1 and LDO2, respectively, over the entire range of
load currents. These values are in line with those obtained for stable LDOs previously reported
in [7] and [9].

Figure 13 shows a 3D representation for the Phase & Gain margins of the two LDOs when
IL and CL are swept over their entire range of values: IL = 0 to 50mA and CL = 10pF − 1nF .
For both LDOs the minimum PM is found at very low values of the load current and large values
of the load capacitor. Similarly, LDO1 & LDO2 yield the minimum GM values of 3.3dB & 5dB
at IL = 30µA & 100µA, respectively, and CL = 10pF . These results are explained by the fact
that the small load capacitor CL pushes the output pole ωpout at a very high frequency, above
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ω0dB , while the unity gain frequency ω0dB remains high for smaller load currents. Therefore,
the frequency where the phase characteristics reach 0 degrees is close to the unity gain frequency
ω0dB and the GM of the LDOs is minimum.

Fig. 11. The frequency characteristics of the proposed LDOs loop gain - (a) LDO1 and (b) LDO2-
for CL = 10pF and 7 values of the load currents, from 1µA to 50mA.

Fig. 12. The frequency characteristics of the proposed LDOs loop gain - (a) LDO1 and (b) LDO2-
for CL = 1nF and 7 values of the load currents, from 1µA to 50mA.
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Fig. 13. A 3D representation of the Phase & Gain margins for (a) LDO1 and (b) LDO2 when IL
and CL are swept over their entire range of values: IL = 0 to 50mA and CL = 10pF − 1nF .

The PSR characteristics are shown in Fig. 14 for the two LDOs with and without the PSR
Enhancer circuit. One notices that the PSR Enhancer impacts only the mid-high frequency range
of the PSR characteristic. Without the enhancer circuit, the PSR rolls of at 100Hz, reaching a
value of –27.5dB at 1MHz. By contrast, when the PSR Enhancer is employed, the PSR roll of is
shifted with at least two decades higher in frequency, reaching a value of –40dB at 1MHz.

Figure 15 shows a 3D representation of the PSR measured at 1MHz when IL and CL are
swept over their entire range of values from 0 to 50mA and from 10pF to 1nF, respectively. One
notices that both LDOs obtain a PSR lower than –30dB for load currents larger than 100µA,
regardless of the load capacitor value.

Figure 16 shows the simulation results yielded by 200 Monte Carlo runs for the PSR mea-
sured at 1MHz. For both LDOs the mean value of the 1MHz PSR is –37dB. One notices that
LDO2 exhibits a standard deviation of σ = 3.3dB, 18% smaller than the one yielded by LDO1.
Consequently, the spread of the LDO2 PSR value measured at 1MHz is lower, from –47.3dB to
–27.4dB, compared with the one yielded by LDO1, from –49.4dB to –25dB.
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Fig. 14. The PSR characteristics for (a) LDO1 and (b) LDO2 with and without the PSR Enhancer
circuit at IL = 50mA and CL = 100pF .

Fig. 15. A 3D representation of the PSR measured at 1MHz for (a) LDO1 and (b) LDO2 when
IL and CL are swept over their entire range of values: IL = 0 to 50mA and CL = 10pF − 1nF .



198 I. Sularea et al.

Fig. 16. Simulation results for the PSR measured at 1 MHz yielded by 200 Monte Carlo runs
on (a) LDO1 and (b) LDO2. Test conditions: VIN = 1.8V , VOUT = 1.5V , CL = 100pF ,
IL = 50mA.

These results are validated by the two LDOs transient response, shown in Fig. 17, to a 100mV
voltage ripple of 1MHz applied on the LDOs supply inputs. The voltage ripple measured at the
LDOs outputs vOUT1 and vOUT2 is 1mV peak to peak, which corresponds to an attenuation of
40dB of the supply ripple vIN .

The LDOs load transient response to a load step between 10µA to 50mA with Trise =
Tfall = 1µs is shown in Fig. 18. The LDOs were tested in different PVT conditions, for Worst-
for-Power (WP) and Worst-for-Speed (WS) corners. Also, the extreme temperatures –40◦C and
125◦C were considered to provide a thorough comparison of the LDOs. Table 1 summarizes the
undershoot and overshoot values measured at each LDO output.
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Fig. 17. The output voltage of the two LDOs when a 100mV voltage ripple of 1MHz is applied
at the supply inputs. Test conditions: IL = 50mA and CL = 100pF .

Fig. 18. The two LDOs response to IL stepping up from 10µA to 50mA and back to 10µA:
Trise = Tfall = 1µs, VIN = 1.8V, VOUT = 1.5V, CL = 100pF .
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Fig. 19. The two LDOs response to a line transient stepping up from 1.8V to 1.9V and back to
1.8V: Trise = Tfall = 1µs, VOUT = 1.5V, CL = 100pF .

Table 1. Load transient overshoot and undershoot for different PVT conditions
Output
voltage Parameter Nominal Worst-for-Power Worst-for-Speed

–400C 270C 1250C –400C 270C 1250C

VOUT1
Overshoot (mV) 164 115 171 271 120 169 258

Undershoot (mV) 135 98 139 232 99 138 208

VOUT2
Overshoot (mV) 192 133 191 279 141 201 285

Undershoot (mV) 169 125 171 261 130 177 256

One notices that the temperature is the main external factor to influence the transient response
of the LDOs. At high temperature (125◦C), the transient performance is degraded by 50% while
at low temperature (–40◦C) the transient performance is improved by 25% when compared with
the values obtained at 27◦C. Nevertheless, the simulation results meet the specification and the
LDOs provide a load transient response under 20% of the nominal output voltage in any PVT
conditions.

Figure 19 illustrates the line transient response of both LDOs when a line step between 1.8V
to 1.9V with Trise = Tfall = 1µs is applied at the LDOs supply input. One notices that the PSR
Enhancer yields the same response when it is employed by the two LDOs: the output exhibits
a variation corresponding to a derivative of the LDOs output without the PSR Enhancer circuit.
The peak-to-peak output variation is maintained below 2mV.

6. Comparison with State-of-the-art and Conclusions

6.1. Comparison with state-of-the-art
For a fair comparison of the proposed LDOs described in Section 3 and Section 4 against

state-of-the-art, we propose a new figure of merit (FOM), (25), based on the one employed in [4],
that highlights the PSR performance of the LDOs at high frequency. The proposed FOMPSR

accounts for the quiescent current Iq at full load and normalizes the values for load capacitor CL
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and VDROP . Moreover, the proposed FOMPSR is effective for comparing LDOs designed for
different maximum load currents IL and minimum load capacitors CL. A large CL achieves a
better suppression of the power supply ripples at the output of the LDO, thus improving the PSR
at high frequencies. Therefore, the same PSR achieved with lower values for CL yields a better
FOMPSR.

FOMPSR =
IL · PSR1MHz

Iq · CL

1pF ·
VDROP

Vout

(25)

In addition, two of the most popular figures of merit used in literature were also employed to
compare the LDOs proposed here against LDOs published previously that target similar output
voltages, load currents and load capacitors.

The first one, called here FOMLoadStep1, was introduced in [13] to compare the LDO tran-
sient performances considering their quiescent current, Iq , their nominal load capacitor CL and
their maximum load current ILMAX :

FOMLoadStep1 =
∆Voutpp · Iq · CL

ILMAX
2 (26)

where ∆Vout pp is the maximum output voltage variation (the sum between overshoot and un-
dershoot) when a large load step is applied.

The second one, called here FOMLoadStep2, was proposed in [14]. Besides the maximum
output voltage variation and the quiescent current considered by FOMLoadStep1, it also con-
siders the rise/fall time of the load current step, which has a considerable impact on the LDOs
response to load step. Furthermore, it introduced the process dependent factor FO4Delay, the
propagation delay of a standard CMOS invertor with fan-out of four, to obtain a process normal-
ized FOM:

FOMLoadStep2 = K1/3

[
∆V outpp · (Iq + ILmin)

FO4Delay ·∆IL

]
(27)

where K =
trise/fall used in measurements

the smallest trise/fall among desings for comparison .
For the FOMPSR a larger value translates in a better PSR performance of the LDO. By

contrast, the better transient performance is shown by the lower value of FOMLoadStep1 and
FOMLoadStep2.

Table 2 shows a comparison of the proposed LDOs and other similar works reported previ-
ously, which also used PSR enhancement techniques.

The main parameters of the LDOs are listed and the corresponding values of the three FOMs
are calculated.

The proposed LDOs yielded the best FOMPSR values due to their low quiescent current at
full load - only 22µA - and to their excellent PSR – better than –40dB up to 1MHz. It is worth
noting that the FOMPSR was computed for the PSR values obtained for the smallest CL value
of 10pF.

For the FOMs which take into account the transient performance, the two LDOs proposed
in this work yielded values comparable or better than the four previously published LDOs. Our
LDOs came second best in respect to both FOMLoadStep1 and FOMLoadStep2. On this crite-
rion, LDO1 – the proposed LDO based on a high SR class-A symmetrical OTA – is slightly better
than LDO2, the proposed LDO based on a class-AB symmetrical OTA.
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Table 2. Performance comparison with similar LDOs

Reference [3] [2] [5] [4]
LDO1

this work
LDO2

this work
Y ear 2011 2014 2017 2020 2021 2021

CMOS[nm] 180 180 40 180&500 180 180
FO4Delay[ps] 47 47 11 47 47 47

VIN [V] 1.8 1.8 – 2.6 1.1 1.8–5.5 1.8 1.8
VOUT [V] 1.5 1.6 1 4.5 1.5 1.5
VDROP [V] 0.3 0.2 0.1 0.5 0.3 0.3
Iq[µA]* 300 580 275 35.6 22 22
IL [mA] 25 50 200 250 50 50

PSR@1MHz[dB] 40∗∗ 70∗∗ 60∗∗ 70∗∗ 40∗∗∗ 40∗∗∗

CL[F] 25p 100p 100p 2.2µ 10p–1n 10p–1n
−∆Vout[mV] – 80 124 36.36 135 169
+∆Vout[mV] – 120 124 28.7 164 192
Loadstep

ILMIN − ILMAX
25mA

0A–
50mA

0A–
200mA

100µA–
250mA

10µA–
50mA

10µA–
50mA

ILmin[µA] – 0 0 – 1 1
Avg. IL trise[ns] – 100 100 250 1000 1000
Risetimeratio[K] – 1 1 2.5 10 10

FOMPSR 1.66e3 21.8e3 72.7e3 0.09e3 75.7e3 75.7e3
FOMLoadStep1[fs] – 4640 170.5 81593.2 263.2 317.8
FOMLoadStep2[V/µs] – 49.36 31 1.02 6.31 7.61

*For maximum load current / Measured PSR / ***Simulated PSR

6.2. Summary and conclusions

This paper presented a topology for high-PSR LDOs and effective circuit techniques for
improving the PSR, as well as the response to load transients, of LDOs. The proposed LDO
topology includes a PSR enhancement circuitry that realizes a feed forward supply cancellation
path and an open-loop voltage buffer placed between the EA and the pass transistor, that helps
extend the loop gain bandwidth while ensuring the LDO stability over a wide range of load
currents and capacitances. SR-enhancing techniques were used to implement the EA, in order
to improve the LDO response to load transients. The PSR enhancement circuitry was embedded
into the main EA, thus reducing its impact on the LDO power consumption.

Two design examples demonstrated the effectiveness of these proposals: the first LDO used
an EA implemented by a class-A symmetrical OTA with SR enhanced by using a local common
mode feedback while the second LDO used a class-AB symmetrical OTA to implement its EA,
which used the same quiescent current but exhibited a larger transconductance than its class-A
counterpart.

Both LDOs were designed in a 0.18µm standard CMOS process targeting the same require-
ments: to provide a regulated 1.5V output voltage for load currents up to 50mA, and load capac-
itors between 10pF and 1nF. The quiescent current was restricted to 22µA.

Simulations results performed for both proposed LDOs demonstrates the capability of the
circuits and validates the theoretical analysis. The LDOs met the main requirements mentioned
above and achieved PSR values better than –40dB at 1MHz at a maximum load current of 50mA,
minimum load capacitor of 10pF and dropout voltages as low as 300mV. The PSR Enhancer
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added only 250nA to the LDO quiescent current but improved the PSR substantially, over a wide
frequency domain. Note that the same PSR Enhancer was employed for both LDOs, yielding
practically the same PSR improvement, which demonstrated its versatility.

The overshoot and undershoot of the LDO output voltage caused by the load current jumping
between 10µA and 50mA in 1µs remained well below 200mV for both LDOs.

A new Figure of Merit focused on PSR was introduced to compare their performance against
four LDOs designed for similar requirements. The proposed LDOs yielded the best FOMPSR

values due to their low quiescent current at full load - only 22µA - and to their excellent PSR –
better than -40dB up to 1MHz. It is worth noting that the PSR values obtained for the smallest
CL value, 10pF, were considered when computing the FOMPSR.
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