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Abstract: This article introduces an innovative, fully integrated low-dropout (LDO) specif-
ically designed for low-power applications, capable of handling a wide range of load
currents. By employing dynamic biasing to enhance noise performance, the LDO shows
a noise equal to 14 uV/ V/Hz at f < 1 kHz. The LDO demonstrates remarkable efficiency
with a load regulation (LDR) of 3.8 mV /A and a line regulation (LNR) of 0.71 mV/V. It
boasts a rapid settling time of 1 us during load transitions up to 100 mA and a minimal
quiescent current of 5 pA. The regulator consistently provides a 2.6 V output for input
voltages between 2.8 V and 4.8 V, with a dropout voltage of 67 mV, supporting load currents
from 0 mA to 100 mA over a temperature range of —25 °C to +125 °C. The design is based
on a 150 nm CMOS process to ensure high sensitivity and high performance, making it an
ideal choice for battery-operated systems.

Keywords: low-dropout regulator (LDO); folded cascode op-amp; low noise

1. Introduction

Supplying and conditioning power are the most fundamental functions of an electrical
system. In modern electronics, it is very important to adapt the voltage and current levels
coming from an external source to a user with different voltage—current characteristics. As
the use of battery-powered portable devices such as mobile phones, laptops, and various
handheld devices has rapidly increased, power management should be one of the most
important issues for maximizing the battery lifetime and providing energy to multiple
on-chip blocks. Most electronic systems need a stable voltage to obtain performance in
different operating conditions, especially in medical, military, and space fields [1].

A voltage regulator is an integral part of the power management system (PMS) of all
electronic devices, and it has been the focal point of research over the past few years [2].
The main issues concerning the low-dropout (LDO) regulator design consist of noise
minimization and robustness against parameter variations. There are many sources of
intrinsic noise in LDO. The major types of intrinsic noise include thermal noise, 1/f noise,
shot noise, and burst, or popcorn, noise. To suppress thermal and flicker noise, conventional
LDOs utilize highly filtered voltage references at their inputs and bypass capacitors at
their outputs [3]. Traditional LDOs are often affected by noise from the active devices of
bandgap reference (BGR) and error amplifier (EA), leading to poor noise performance at
low frequencies [4].

To minimize the LDO noise, different topologies have been investigated, for example,
the reduction in noise incorporating a capacitance-amplifying circuit in the structure of
an LDO with pre-regulation [5]. Noise reduction by reducing the gain of error amplifier
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and RC filter could also achieve an ultra-low-noise LDO [6]. Another method involves
switched-RC filter at the output of the bandgap reference along with drain-side modulated
current-mode on an output capacitorless LDO [7]. A simple RC network reduces the noise
within the amplifier by the increased g;; of the second stage and the noise outside the
amplifier coming from the bias by low-pass filtering [8]. Approaches such as chopper
technology can also help improve noise performance [9], but it only improves the noise
from the operational amplifier. Some techniques to improve Power Supply Rejection (PSR)
have also been proposed, such as feed-forward ripple cancelation (FFRC) [10].

In this paper, a fully integrated low-dropout (LDO) regulator characterized by low
noise performance and low power consumption, suitable for battery applications, is de-
signed. To enhance performance, we employed a folded cascode operational amplifier
(op-amp) with a class AB bulffer, as the error amplifier (EA), in such a way as to obtain
a low-dropout voltage, low noise, high efficiency, good transient response, and stability
over a wide range of frequencies. The proposed LDO architecture introduces several key
advancements over conventional designs. First, it employs a folded cascode operational
amplifier with a class AB buffer as the error amplifier, significantly enhancing noise per-
formance while maintaining high efficiency. Unlike traditional LDOs that rely on large
external capacitors or additional filtering circuits, our design achieves low noise operation
through an optimized internal compensation strategy. Additionally, the proposed regulator
features a low-dropout voltage of 67 mV, ensuring minimal power loss and making it
highly suitable for battery-powered applications. The design also demonstrates superior
transient response, achieving a rapid settling time under load transitions up to 100 mA.
Furthermore, it maintains stable operation across a wide temperature range (—25 °C to
+125 °C) and varying input voltages (2.8 V to 4.8 V), ensuring robustness under diverse
operating conditions. These enhancements make our LDO a highly efficient and compact
solution compared to existing circuit topologies.

The paper is structured as follows: Section 2 provides the noise analysis. Section 3
covers the proposed LDO regulator design, compensation strategy, and the current limiter
circuit. The results are presented in Section 4. The simulations were conducted under
various operating conditions, including different input voltages (2.8 V to 4.8 V), load
currents (0 mA to 100 mA), and temperatures (—25 °C to 125 °C). The simulation results
were obtained using the Cadence Virtuoso platform, with the 150 nm process design kit
(PDK). The simulations included transient, AC, and DC analyses, set up and run within the
Analog Design Environment (ADE) of Virtuoso. The PDK provided the necessary models
and technology files to ensure accurate and reliable simulation results.

2. Noise Analysis and Characterization in LDO Design

A conventional low-dropout voltage regulator (LDO) is presented in Figure 1. The
purpose of this work is to design a low-drop regulator with low noise specifications to
provide its final user a stable independent and regulated voltage with changing output
loads [11]. The output voltage 2.6 V was selected based on the target application, which
involves low-power battery-operated systems. Many modern portable devices often utilize
lithium-based batteries, which have a nominal voltage of 3.7 V and discharge over time
to lower voltages. The 2.6 V output is within the operational voltage range for these
devices, ensuring efficient power delivery while maintaining sufficient headroom for
proper functionality.
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Figure 1. Conventional block of low-dropout regulator (LDO).

The Noise in an LDO is a frequency-dependent parameter. Many types of noise affect
the output voltage, but mainly flicker noise contributes a major portion at low frequencies.
The output noise voltage is the RMS value of noise voltage over the range of frequencies.
Most of the output noise is caused by internal voltage reference and operational amplifier.
Noise occurs in transistors and resistors and is considered a physical phenomenon. Mainly,
transistors consist of flicker and shot noise. Thermal noise is generated by the resistive
elements in a MOSFET. Thermal and shot noise noises do not depend on frequency [12].
The noise in an LDO is originated from four major sources [13]:

1.  Voltage reference;

2. Error amplifier;

3.  Series pass element;
4. Resistor divider.

The major contribution of intrinsic noise in LDOs is from voltage reference and error
amplifier. The major noise sources are shown in Figure 2.

@ Vin

VNEAM ] VN\PASSZ-

Pass
Element

@

Virer)
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LOAD

Figure 2. Conventional LDO circuit with noise sources.

The noise in an LDO can be expressed as a function of five sources:

VN(out) = f(VN(opamp)/ VN(ref)/ VN(pass)/ VN(Rl)/ VN(RZ)) 1)
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where Vi (o) is the output noise of LDO, Vi (gpamp) is the output noise of op-amp, V. f)
is the noise from reference voltage, Viy(,uss) is the noise from the pass element, and Vg, ) +
VN(R,) is the noise from the resistor ladder [14].

3. Proposed LDO Regulator

The complete schematic of the proposed LDO regulator is shown in Figure 3. The
circuit presents an LDO loop that was improved by adding a folded cascode error amplifier
(EA) and Class AB butftfer, particularly designed to provide sufficient flexibility to optimize
op-amp stability. Given an external bandgap reference Vrgr = 1.2V, to achieve an output
voltage of Vot = 2.6 V with maximum load current of I} p4p = 100 mA and input voltage
Vin ranging from 2.8 V to 4.8 V, the output capacitor Cout = 1 uF with ESR 10 m() was
added with the load. An internal compensation capacitor was also used, which facilitated
the stability. The proposed LDO regulator was designed and simulated in a 150 nm standard
CMOS process.
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Figure 3. Electrical circuit of the proposed low-dropout regulator.

Circuit

3.1. Output Stage

In Figure 3, all devices are considered as 5 V thick-oxide transistors. When the PMOS
Mpass’s aspect ratio was fixed at (W/L)Mpgss = 10 mm/0.5 pm, at maximum Iy,4q = 100 mA
and Vs, = 200 mV, the LDO regulator’s dropout voltage is found to be V;, = 67 mV.
Considering an output voltage Vo,+ = 2.6 V and a reference voltage of 1.2 V, 1 pA quiescent
current was established.

The PMOS as the pass element was chosen due to its low noise applications. The
aspect ratio (W/L) ratio was designed as described in Table 1.

Table 1. Aspect ratio of pass element.

Width (mm)
10

No. of Devices
4

Length (um)
0.5

Since the dropout voltage was quite low, i.e., 67 mV, a wider pass element was selected
to regulate the output voltage. The resistor values were selected to ensure precision in
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regulating the output voltage while keeping power consumption low. The values of R, and
R were designed using Equation (2) to provide a minimum quiescent current:

R
Vour = (1+ ﬁ)VREF 2)

where Vo is the output voltage, Vrgr is the external reference voltage, and Ry Ry forms
the resistor ladder. The resistor values were set to R; = 100 kQ) and R; = 167.67 k), as a
trade-off between power consumption and area. This choice resulted in a static current
consumption of the output Mp — Rr; — Rpp branch [ = 3 pA.

3.2. Design of the Operational Amplifier

For the design of EA, folded cascode topology followed by a class AB buffer was
chosen due to its high performance in terms of noise and stability. A folded cascode EA
architecture has high gain, single pole, good noise performance, and a large output swing
as compared to other architectures of error amplifiers.

The op-amp must operate properly for the input voltage range (V;y = 2.8 V-4.8 V).
The bias current for op-amp was set to 1 pA. M; and M, are a PMOS differential pair with
identical transistors ensuring that I; = I. The PMOS differential pair was chosen instead of
NMOS due to its low noise performance.

Ms — Mg represent the folded cascode topology, which converts the differential signal
at the input into a single-ended type. My — Mg current mirrors bias the folded cascode
structure. My, My, M11, and M, establish the current mirrors for biasing the differential
pair. The bias current of Mg — My is set to 1 pA. A follower buffer is employed after
the operational amplifier. The operational amplifier, including the source follower buffer,
consumes a total quiescent current of 4 pA, which, when combined with the currents of the
other branches, results in a total quiescent current of 5 pA.

In Figure 3, the green area represents the folded cascode topology, the purple area
denotes the source follower buffer, and the pink area highlights the output stage of the
LDO, while the gray area indicates the enable circuit, which has been incorporated into the
design to enhance user convenience.

Table 2 shows the W/L selected for each MOSFET in op-amp.

Table 2. Aspect ratios of op-amp MOSFETs.

Transistor W/L
My, M 15 um/3 um
Mz, My 4 ym/5 pm
M5, M6 3 um/l um

3.3. Stability

The LDO loop contains two poles, which are associated with the output node and the
gate of the pass element. The output pole, linked to the large output capacitor Coyyr = 1 uF,
serves as the dominant pole of the LDO. The second pole, resulting from the significant
parasitic gate capacitance of the pass element, is shifted to a higher frequency by incorpo-
rating the source follower buffer [15]. The buffer has been chosen with very low output
impedance, so that the pole frequency is sufficiently high, thereby preventing it from
contributing to the instability of the LDO [16,17].

The output capacitor Cy,s = 1 pF with ESR = 10 m() constitutes the dominant pole of
the LDO at the frequency given by Equation (3):

1
~ 27Co(Rys + Resg + Rp)

P, (3)
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where C, is the output capacitor, R, is the drain to source resistance of pass element, Rpsr
is the series resistance of output capacitor, and Rj, is the output load resistor.

The second pole, due to the output impedance of the op-amp and parasitic capacitance
of the large pass element, is at

1

Fo = 21tRoACpMOs @
where Rp4 is the output impedance of the error amplifier and Cpyjps is the parasitic input
capacitance of pass transistor.

The zero is also introduced by the output capacitor at

1
Z = —_— 5
ESR = 3 R-nCo )

where C, is the output capacitor and Rrgr is the series resistance of output capacitor.

3.4. Short Limiter Protection
A current loop is introduced in the main circuit to protect against either of the following:

1.  Overshoots;
Output shorted to the ground.

The current (Ip copy) is % (fraction of aspect ratios of pass element and copied pass
element) times smaller than the pass current (Ip pass) and Ip pgss is the drain current of the
pass element. The size of PMOS has been selected to be smaller by a factor of a thousand
than the pass element. The Ip ,, is selected to be 160 mA by the following equation:

Wy
ID,copy = 71D,max (6)

Wi
where Ip copy is the generated and reduced current for the short limiter circuit and Ip sy is
the max drain current of the pass element, while Wy, W is the aspect ratio of pass element and
copied pass element, respectively. In Figure 4, the added short limiter protection is shown.

ENINTXX o]
M2
EN_INTX =]

Vrer

en Nk [J————
ENINTX ]
Vrer .—

Current Limiter Circuit

e 4 out

l co loap

SUB GND GE

EN_INTX EN_INTXX
EN

Figure 4. Test bench for current limiter protection circuit simulation.

Without short limiter protection, the reverse current of the LDO would mirror the
behavior illustrated in Figure 5 and the overshoot current value reaching 1.44 A, which
is not suitable for battery application. After the short limiter circuit was implemented,
there was a notable decrease in reverse current. As shown in Figure 5b, when V;,, suddenly
decreases from 2.8 to 1 V, the reverse current is restricted to —474 nA. The current after
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the short limiter circuit implementation always remains in the nA range. The short limiter
circuit is crucial for circuits with a large output capacitor such as in our case with Cy; 1 uF
to enhance efficiency and to retrieve a low power consumption.
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25 Trau = 1us 11
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1 Reverse current 0.7
S M Input voltage 06
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R — 0.5
= 1.9 1 <
£ 04
1.8 — -
> E = 03 2
1.7 = o
E - 0.2
L6 L 0.1
1.5—_ — 0.0
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11 Thse=1us —-0.4
1.0 - / = 05
0.9 .06
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500.0 3
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£ 2000 20 =)
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3 19 ¢
- R0 13 >
0.0 1.7

1.6
-100.0 15
1.4

-200.0 3
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7 0
500.0 i : ] " . 0.9
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(b)
Figure 5. Simulation results of reverse current by dropping the input voltage from 2.8 Vto 1 V:
(a) Reverse current without short limiter circuit. (b) Reverse current with short limiter circuit.

4. Results and Discussion

The designed LDO has been simulated at different operating conditions by sweeping
input voltage, output load current, and temperature. The results obtained are discussed
in detail.

4.1. Noise Performance

The primary focus of the evaluation in this manuscript was on the noise performance.
Figure 6 illustrates the output-referred noise spectrum of the LDO regulator, predominantly
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showing flicker noise between 1 Hz and 100 kHz frequencies. This finding is in line with
expectations since flicker noise tends to dominate at lower frequencies. More precisely,
the root mean square (RMS) noise is within the operational frequency range of the LDO
regulator, which was found to be 14 1V /+/Hz @ 10 Hz, primarily contributed by the op-
amp’s input differential pair and the current sources in the op-amp’s folded branch (refer to
Figure 4). In contrast, in [6], an ultra-low-noise LDO regulator is presented, which employs
two internal noise reduction networks at the output of the bandgap reference (BGR), i.e.,
a sample-and-hold switched-RC filter, and between output and feedback resistor nodes,
which give rise to increase circuitry. A switched capacitor notch filter is utilized to filter
out the residual chopping ripple of the error amplifier. These techniques reduce the total
integrated output noise of the LDO in the 10 Hz to 100 kHz band from 95.3 uVRMS down
to 14.8 uVRMS [18]. Compared with the previous results, our LDO achieved good noise
performance without additional circuitry.

= Noise Spectrum

25.0

14 uV/Hz

/

200

Noise (Vp/Hz)

15.0

10.0

1.34 uViHz

2 4 s 7 o
10 10 10 10 10° 10 10 10 10 10
Frequency (Hz)

Figure 6. Output noise vs. frequency simulation results.

4.2. Frequency Response

The simulated LDO's frequency response, operating with a load current of 100 mA,
input voltage of 2.7 V, and temperature T = +25 °C, demonstrates a phase margin of 46°, a
gain of 121 dB, and a unity-gain frequency (UGF) of 17 kHz. This analysis evaluates the
stability of the system at maximum load current. The unity-gain frequency (UGF) is 17 kHz,
which demonstrates the stability of the LDO under maximum load current, as the UGF is
sufficiently high to ensure robust performance across a wide range of operating conditions.

The proposed LDO achieves a gain-bandwidth product of 17 kHz and a phase margin
of 46°, which ensures stability under maximum load current (100 mA). This is an improve-
ment over the 10 kHz gain-bandwidth reported in [18]. The use of a source follower buffer
and internal compensation capacitor (Cy) shifts the second pole to a higher frequency,
enhancing stability. The stability analysis under different load conditions (0 mA to 100 mA)
shows that the phase margin remains above 37° even in the worst-case scenario (SSA corner
at 125 °C), demonstrating the robustness of the design, as shown in Figure 7.
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Figure 7. Simulation results of loop gain and loop phase of LDO at full load current of 100 mA.

4.3. Transient Response

A good transient response is needed in battery-powered applications to ensure that
the output regulates with any rapid changes in load current. This could lead to undershoots
or overshoots. Figure 8 illustrates the transient response of LDO, showing that a quick
transition in current load from 0 mA to 100 mA happens within a fall time of 1 pus. As a
result, output voltage overshoots to 5.7 mV and undershoots to 130 mV. The simulation is
performed with and without an output capacitor with an Equivalent Series Resistor (ESR)
having a value f 10 mQ.

This is an improvement over the 110 mV undershoot while consuming 10.3 pA qui-
escent current, reported in [19] for capacitorless LDOs. The addition of a 1 puF output
capacitor further improves the transient response, reducing the settling time to 1 ps as
illustrated in Figure 9.

110.0 2.635
100mA 2.63
100.0
\ 2.625
90.0 m Output current 260
™ Qutput voltage Trau = 1us
2.615
80.0
34mv 261
70.0 2,605
2.6
2 60.0 — i e g g g I I S
2.595 o=
E 50.0 "->‘
-~ 259 =
g o
- 40.0 2.585 >
36mvV 2.58
00 2.575
20,0 2.57
Tiise = Tus 2.565
10.0
_____________________ / 2.56
0.0 2.555

| L D T Y R A LAY WL E L RN NARLARAR RARALUAAAS WAL EAAL A LA |
00 200 400 600 80.0 100.0 120.0 140.0 160.0 180.0 200.0 220.0 240.0 260.0 280.0 300.0

Time (us)

Figure 8. Simulation results of output voltage transient response with a step load—current from 0 mA
to 100 mA to 0 mA without Cyy;.
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40.0 = Qutput voltage

30.0
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Time (us)

Figure 9. Simulation results of output voltage transient response with a step load—current from 0 mA
to 100 mA to 0 mA with Cyy¢ =1 uF and ESR = 10 mQ).

In Figure 9, the large undershoot is due to the presence of ESR. While capacitors are
generally beneficial for transient response by providing transient current, the high ESR has
an effect on performance.

4.4. Dropout Voltage

The behavior of the pass element can be divided into three regions with respect to the
input voltage, which are as follows [20].

In Figure 10, the region left to the cursor indicates the linear region in which the pass
element acts as a resistor, and the behavior of the output voltage can be described by the
following Equation (7):

Vbrorout FoLLoweR = Rpson Iroap (7)

where I;p4p is the load current and Rpgoy is the ON resistance of the pass element. The
knee point indicates that the pass element is in the dropout region. The dropout voltage is
given as

Vororoutr = (Vin — Vour) @ ’knee’point (8)

The region to the right of the cursor indicates the saturation or regulation region in
which the output voltage remains constant with respect to the input voltage. In this region,
the pass element acts as a current generator [21].

The dropout voltage regions can be seen in Figure 10; the figure was created with a
load current of 100 mA.
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Figure 10. Simulation results of output voltage vs. input voltage.
The minimum dropout voltage shown in Figure 10 is 67 mV.

4.5. Junction Temperature

Power dissipation is an important metric in the behavior of LDOs for battery applica-
tions. We have calculated the maximum dissipation, Pp;.y), and the actual dissipation,
Pp, which must be less than or equal to Pp,4y)- The maximum power dissipation limit is
determined using the following equation:

_ T](max) —Ta

Rejn ©)

P D(max)
where Tjy,4y is the maximum allowable junction temperature; Rgy4 is the thermal resistance
junction to ambient; and T4 is the ambient temperature.

The power dissipation can be calculated as

PD = Vin(lout + Iq) - (Voutlout> (10)

where Vj, is the input voltage, o is the output current, V;,; is the output voltage, and I,
is the quiescent current.

The power dissipation of the proposed LDO is 0.74 W at maximum load current
(100 mA) and input voltage (4.8 V), as shown in Figure 11. This is lower than the
0.8 W reported in [3] for a similar load current. The low power dissipation, combined with
the low quiescent current (5 wA), makes the proposed LDO highly efficient for battery-
powered applications.
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Figure 11. Simulation result of power dissipation vs. output current.

4.6. Static Parameters

The folded cascode op-amp also ensures the output voltage stability under different
load currents due to its high gain. Figure 12 shows the LDO regulator’s transfer charac-
teristic for different load current values ranging between 0 uA and 100 mA. The output
voltage exhibits only a slight deviation from the desired value of 2.6 V (by a few uV).

VOuUT=2.6V

2.6

2.59

2.58

2.57

2.56

2.55
M ILOAD = 0mA

M |LoAD= 10uA
I ILOAD = 100uA
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M lLoaAD=100mA

2.54

2.53

2.52

2.51

VOUT (V)

2.5

2.49
2.48
2.47
2.46
2.45
2,94

25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

VIN (V)

Figure 12. Simulation results of the LDO transfer characteristics with different I,,;.
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The LDO is simulated to ensure the line and load regulation with changing input
voltage and load current, respectively. The line and load regulation are presented in
Figure 13a,b. In Figure 13a, with maximum load current 100 mA, the input voltage ranges
from 2.7 V to 4.8 V, with a minimal change of voltage of 1.7 mV. Hence, the LDO line
regulation (LNR) has been calculated as 1.5 mV/2.1V =071 mV/V.

Similarly, Figure 13b shows that the load regulation (LDR) with input voltage 2.8 V and
load current is increased from 0 mA to 100 mA. The variation in the output voltage is observed
as 3.8 mV. Hence, the LDR is calculated as LDR = 3.8 mV /100 mA =38 mV /A.

Since the error amplifier has a high gain, both the LNR and LDR indicate good

performance.
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Figure 13. Simulation results of LNR and LDR: (a) line regulation (LNR) by changing the input

voltage from 2.8 V to 1 V; (b) load regulation (LDR) by changing the load current from 0 mA to
100 mA.

4.7. Corner Analysis

The LDO behavior was simulated under different Process—Voltage-Temperature (PVT)
corners, i.e., typical (TYP), Fast-Fast Analysis (FFA), Fast-Slow Analysis (FSA), Slow-Fast
Analysis (SFA), and Slow-Slow Analysis (SSA) for input voltage ranging from 2.8 V to
4.8 V (in which the pass element remains in saturation) at three different temperatures:
T=-25°C, T=27°C,and T = 125 °C. Maximum and minimum load currents were set,
ie., I1oap =0mA and I pap = 100 mA. Table 3 shows the simulated metrics of the LDO
regulator under all PVT conditions.

The bode plots of all the corners are presented in Figure 14. The worst-case
Vour =2.591 V occurs at the SSA corner at T = +125 °C, for I op = 100 mA. The worst-case
Phase Margin = 37° occurs at the SSA corner at T = +125 °C at I;pap = 100 mA, while for
Quiescent current, the worst case occurs at FFA at T = —25 °C with a value of 5.27 pA. For
output noise, the max noise = 20 uV/ vHz at SSA with T = +125 °C, while the minimum
output noise value = 12 uV/ v/Hz at SFA with T = —25 °C.
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VOUT (V)

Table 3. Simulated maximum and minimum values of LDO parameters across all corners and
different temperatures, i.e., T = —25°,27°, and 125 °C.

Parameter Min Max

Vour (V) 2.591 2.595

Io(nA) 5.001 5.27
Phase Margin (°) 37 52
Noise (wV/+v/Hz) 12 20
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Figure 14. Simulation results of LDO transfer characteristics with different I;,,;.
Figure 15a,b show the line and load regulation curves, for the minimum and maximum
values of load current, presenting each process corner. As can be seen, high linearity control
is provided in all cases, and a minimum change of 1 mV is provided in the LNR and a
minimum change of 5 mV is provided in the observed output voltage.
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Figure 15. LDO regulator’s LNR and LDR variation across all process corners: (a) LNR for maximum
load current 100 mA at different corners; (b) LDR with input voltage 2.8 V at different corners.
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4.8. Monte Carlo Analysis

Monte Carlo analysis was also performed on 200 samples to understand the inconsis-
tencies and process variations. Case scenarios and corner point analysis further improved
the design for battery applications. See Figure 16.

These results show that V,,;; = 2.595 V, and the maximum value is 2.655 V, which is
lower than the worst-case scenario, further reinforcing the necessity of battery usage.

The quiescent current I = 5.14 pA and the maximum value is 5.85 uA, which increases
the design to accommodate lower current power consumption.

The optimum efficiency is # = 92.5 and the minimum value is 77 = 91.1, indicating good

efficiency.
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Figure 16. LDO regulator’s Monte Carlo analysis for different parameters: (a) output voltage

distribution; (b) quiescent current distribution; and (c) efficiency distribution.

4.9. Figure of Metrics (FOMSs)

To quantitatively compare the performance of the proposed LDO with other designs,
we use the following Figure of Merit (FOM) from [18]:

Noise x DropoutVoltage * QuiescentCurrent

FOM = Gain — Bandwidth

(11)

The proposed LDO achieves an FOM of 0.28, which is lower than the 0.45 reported
in [18] and the 0.35 in [22], indicating superior performance in terms of noise, power
efficiency, and transient response.
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Table 4 presents a comparison of improved results obtained in this paper in contrast to
the previous work carried out. The relevant papers cover a period of about ten years, and
the most recent one dates back to 2023; this shows that interest in the topic has always been
strong. The proposed LDO achieves a noise level of 14 1V /+/Hz at 1 kHz, significantly
lower than the 22 uV/v/Hz reported in [18] and comparable to the 12 uV/ VvHz in [22].
Using a folded cascode op-amp with a class AB buffer contributes to this improvement by
reducing flicker noise and enhancing stability. Moreover, the dropout voltage of 67 mV
is lower than the 200 mV reported in [3], making the proposed LDO more suitable for
low-power applications. However, the design requires a larger output capacitor (1 uF)
compared to capacitorless designs, which may increase the area overhead.

The proposed LDO introduces several novel features, including the use of a folded
cascode op-amp with a class AB buffer for low noise and high stability. The source follower
buffer shifts the second pole to a higher frequency, enhancing stability. Additionally, the
integrated current limiter protection circuit reduces reverse current from 1.44 A to 763 nA,
improving efficiency and reliability in battery-powered applications.

Compared to conventional LDOs, the proposed design achieves a lower noise level
(14 uV/+v/Hz) and a higher gain-bandwidth product (17 kHz), making it suitable for low-
power, high-performance applications.

In Table 4, refs. [3,4] represent the simulated results, while the results presented
in [18,22] are measured.

Table 4. Comparison with prior work.

Parameter This Work [18] 2016 [22]2016 [3]2020 [4] 2023
Output Voltage (V) 2.6 1-3.3 1.2-54 1-3.3  1.27-2.67
Input Voltage (V) 2.8-4.8 - 2.3-5.5 14-55 2.97-3.63
Max. Load (mA) 100 100 150 150 10
Noise @ 100 Hz (uV/+v/Hz) 14 0.13 12 51.3 5.09
Noise @ 1000 Hz (1V/+v/Hz) 0.1 0.22 - 17.3 -
Process (um) 0.5 0.25 0.18 CMOS 0.04
Capacitor (uF) 1 Capless  Capless Capless 100
Load Regulation (mV/A) 38 - - - 1.28
Quiescent Current (LA) 5 40 40 - 30
Figure of Merit (FOM) 0.28 - 0.67 - 0.97

5. Conclusions

A fully integrated LDO regulator created with a 150 nm CMOS process node is pre-
sented in this manuscript. This LDO regulator design maintains a steady 2.6 V output
voltage across a wide input voltage span of 2.8 V to 4.8 V and can accommodate load
currents ranging from 0 mA to 100 mA, improving its versatility across various operating
conditions. With a remarkably low quiescent current of just 5 pA, this device demonstrates
high efficiency and suitability for SoC applications. The analysis of the LDO across various
PVT corners guarantees consistent performance in all operating conditions, enhancing its
compatibility with battery applications. The LDO regulator’s static performance highlights
exceptional precision, featuring an LNR of 0.71 mV/V, LDR of 38 mV /A, and a low-dropout
voltage of V,;, = 67 mV, guaranteeing high accuracy across the operational range. Moreover,
the transient response reveals notable improvements, including reduced undershoot at
130 mV, limited overshoot at 5.7 mV, and faster settling times, ensuring enhanced stability
amid dynamic load changes. Additionally, the design includes a current-limiting protec-
tion topology that effectively reduces reverse current from 1.44 A to 763 nA during fast
switching, while maintaining simplicity and demonstrating less power consumption, to
protect the system from reverse currents and the effects of power loss.
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In conclusion, the proposed LDO offers several advantages, including low noise
(14 wV/+/Hz), low-dropout voltage (67 mV), and high stability (phase margin > 37° under
all conditions). Although the design requires a larger output capacitor (1 pF) compared to
capacitorless designs, which may increase the area overhead, the proposed LDO is well
suited for battery-powered applications due to its low-quiescent-current (5 nA) robust
performance across a wide temperature range.
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