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Abstract- Modern SoC and IoT devices demand compact
and reliable on-chip voltage regulation, while conventional
LDO designs suffer from stability, quiescent power, and
bulky external capacitor requirements. This study give a
new perspective to overcome this challenge by developing
a dual-NMOS, capacitor-less LDO architecture employing
a simple CMOS inverter-based control method that
eliminates the need for an error amplifier, and
automatically adapts to load variations. The design is
evaluated through LT-spice simulations using a 180 nm
CMOS setup, including transient, DC, and AC analyses of
the LDO and its integrated op-amp. It reaches a stable 1.2
V output and shows strong loop stability with an op-amp
gain of ~70 dB at a 132° phase margin. Moreover, it offers
low quiescent current and clean transient behavior without
any off-chip capacitors. These are indications of how the
proposed design can achieve great efficiency and stability
with minimum Silicon area, suitable for next-generation
SoC and sensor power-management systems.

Keywords— Low Dropout Regulator (LDO), NMOS,
CMOS inverter, on-chip power management, load
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L INTRODUCTION

In modern-day electronics, efficient power
management has become an essential requirement
because of increasing accordingly, there is an ever-
increasing demand for high- performance ICs, low
power, and compactness. With the rapid evolution of
System on Chip platforms, IoT devices, and portable
sensor nodes, there is an emerging need for growing
need for stable on-chip voltage regulation in order to
ensure reliable operation of systems under dynamic as
well as rapid load variations in the on chip systems.
Among all the power regulating solutions, the LDO
voltage regulators were one of the best because of their
simplicity, low output noise, and compact structure,
make them well suitable for fully integrated on chip
power management systems. Conventional LDO
regulators implemented on chip present several
challenges in design. Traditional designs usually use
large off-chip capacitors to ensure the stability of the
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loop and to suppress noise. They also tend to exhibit
high quiescent current, slow transient response, and
also reduced efficiency when operating across variable
load conditions. Although various research efforts
have introduced capacitor-less, adaptive, and digitally
controlled LDO topologies, many designs still struggle
to balance stability, transient speed, and power
efficiency simultaneously. For example, adaptive
biasing improves transient behavior but it increases
quiescent consumption, while advanced compensation
schemes enhance stability at the expense of circuit
complexity and silicon area on chip. Hence, there
remains a pressing need for an area efficient, energy
conscious, and fast reacting on chip regulator which is
capable of maintaining high power supply rejection
and low output noise without depending on external
components. The goal of the work is to design and
implement a fully integrated, without a capacitor on
chip LDO regulator that achieves fast transient
response, high stability, and also low quiescent current
across varying load conditions. The proposed
architecture features two NMOS based LDO
regulators of different drive strengths, selectively
activated through a CMOS inverter based logic control
circuit. In this configuration, the small sized NMOS
LDO handles heavy load conditions, providing fast
response and strong drive capability, while the large
sized NMOS LDO operates during light-load
conditions to minimize static power dissipation. An
operational amplifier is used as the error amplifier.
NMOS transistors serve as the pass devices to enhance
integration and achieve high performance. Apart from
this, frequency shaping compensation and adaptive
biasing techniques are employed to maintain loop
stability and it also suppress output deviations during
sudden load transitions.

The major contributions of this work are summarized

as follows:

e Proposal of a two NMOS, CMOS switched LDO
architecture that automatically adapts to changing
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load conditions to balance efficiency and transient
response.

e Incorporation of adaptive biasing and frequency
shaping techniques to ensure rapid transient
recovery and stable operation without using
external capacitors.

e Implementation in 180 nm CMOS technology,
demonstrating a regulated 1.2 V output, 7 pA
quiescent current, 60 ns transient recovery time,
and a PSRR greater than 65 dB, proving its
suitability for on-chip SoC and sensor applications.

e Realization of a compact and fully integrated PMU
architecture optimized for energy efficient
operation in modern low power electronic systems.

IL. RELATED WORK

A wide range of studies have focused on the improved
design of Low Dropout Integrated power management
regulators. These existing approaches can be broadly
classified into traditional analog capacitor-based
LDOs, without a capacitor or fully integrated LDOs,
and adaptive or digitally controlled LDOs. Every
contributing group adds unique improvements but still
leaves certain challenges that motivate this work.
Early analog LDO designs [1], [2] utilized large off-
chip output capacitors to ensure loop stability and to
suppress output noise. These designs are effective in
providing strong regulation and low dropout voltage
but were not suitable for modern SoCs due to their
large area requirement and poor scalability. Moreover,
the use of high-gain amplifiers in such designs
increased the quiescent power consumption, which
makes them impractical for low power applications.
Some researchers proposed without a capacitor LDO
architectures to avoid dependency on bulky capacitors
[3]-[5]. These methods introduced internal
compensation networks and also transient boosting
mechanisms to maintain stability without relying on
external components. However, the absence of large
output capacitors reduced the phase margin. It resulted
in a trade-off between transient performance and
stability. These designs achieved full integration, but
they showed slow response times for rapid load
changes, transitions takes place and leads to limited
output regulation accuracy. Another direction of
research was adaptive biasing and digitally controlled
LDOs [6]-[8]. Adaptive biasing improves transient
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speed by dynamically increasing the bias current
whenever load changes. But it also resulted in higher
static power dissipation. Digital LDOs achieved
precise control as well as programmability using
clocked comparators and digital feedback loops, but
they introduced design complexity, switching noise
and area overhead due to additional control logic.
More recently, hybrid and multi- path LDO topologies
[9]-[10] have been proposed in an effort to extend the
regulator’s load range by combining several pass
devices or control paths. These designs improved
dynamic response but often had difficulty in achieving
simultaneously low quiescent current and fast
transient recovery in a compact, without a capacitor
form. In contrast to these approaches, our proposed
work introduces a dual NMOS LDO design with a
CMOS inverter based switching mechanism which
automatically adjusts to the load profile. This method
enables efficient voltage regulation across both light
load and heavy load conditions without compromising
stability, and also without increasing circuit
complexity. This integration of frequency shaping
compensation and adaptive biasing leads to fast
transient response and also provides stable loop
behavior even without external capacitors. This
overcomes the key limitations of previous designs.
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Fig. 1. Proposed System Design

A. System Overview

The proposed design introduces a fully integrated on
chip power management unit (PMU) that provides
stable voltage regulation as well as energy efficient
operation for modern SoC and IoT systems. The
regulator operates using two NMOS based Low
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Dropout (LDO) voltage regulators; each is designed
for Different load conditions. A CMOS inverter circuit
acts as the control unit to switch between the two
LDOs automatically according to the instantaneous
load current. A large NMOS LDO is activated during
light load operation in order to minimize static power
dissipation when there is increase in a load, the
inverter logic turns on the smaller NMOS LDO having
a higher drive strength and it provides a faster transient
response. This dynamic switching ensures that the best
efficiency in a wide load range is maintained with
stable regulation without any external capacitors .The
whole system is designed to work as a without a
capacitor, adaptive on-chip LDO, suitable for
integration within compact silicon area and limited
area budget. Figure 2 illustrates the functional block
diagram of the proposed dual NMOS, CMOS switched
LDO architecture.

I1I. METHODOLOGY
The proposed system design encompasses the

complete workflow of Low Dropout voltage regulator
system, as shown in Fig. 1.
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Fig 2: Dual-NMOS, CMOS switched LDO System

B. Circuit Architecture and Operation:

In Dual NMOS structure, the regulator contains two
NMOS transistors as the main pass elements. Each
LDO is constructed with different transistor width to
length ratios (W/L) to be able to handle specific load
levels. The smaller NMOS transistor operates during
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heavy load conditions to provide high current drive,
while the larger one is used during light loads to reduce
leakage and standby current Error Amplifier (EA)
Each LDO contains an operational amplifier, which is
responsible for continuously comparing the output
feedback voltage with a fixed reference voltage. The
output of the amplifier adjusts the gate voltage of the
NMOS pass device such that the output (12 V) is
always constant. The op-amp provides high DC gain.
This enhances output accuracy and overall stability.
The switching element between the two LDO paths is
the CMOS inverter. The inverter monitors the load
condition and accordingly triggers the appropriate
regulator. The inverter output toggles when the load
current exceeds a limit, switching on the smaller
NMOS LDO and switches off the larger one. This
way, only one regulator operates at any given time,
while the static power losses are minimized. An
adaptive bias circuit dynamically adjusts the bias
current of the error amplifier based on Load activity.
Bias current during fast changes in load temporarily
increases to improve the bandwidth of the amplifier. It
helps in transient recovery and decreases deviations in
output voltage. Frequency Compensation An internal
frequency compensation network allows achieving
stability without external capacitors. Shaping the
frequency response and introducing the required phase
margin is done by small on-chip capacitors of about
100 pF with supporting resistors. This approach makes
the regulator stable in all load conditions.

C. Simulation and Design Setup.

The complete circuit is simulated using LT-spice XVII
using the 180 nm CMOS technology framework. The
key simulation parameters are shown in what follows.
The performances of voltage regulation, line/load
response, and stability are verified by transient, DC,
and AC analyses margins. A time step of 1 ns was used
in the transient simulation to catch rapid voltage
transitions because of the heavy load switching.

[Parameter Specification
Technology 180 nm CMOS
Input Voltage (Vin) 1.8V

Output Voltage (Vout) 1.2V

Load Current Range 10 pA —20 mA
Quiescent Current ~7 nA
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Compensation Capacitance|l 00 pF (internal)
Feedback Network 1kQ/1.4kQ

Simulation Tool LT-spice XVII

.
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Fig 3: Block diagram of LDO

All circuit components and parameters were tailored
using 180 nm CMOS device libraries. The simulation
was performed on a standard workstation (Intel i7
processor, 16 GB RAM) to ensure accurate timing and
noise analysis. The proposed structure was verified in
several iterations of transient and frequency response
simulations until stability and PSRR performance
were optimized. The design is fully capacitor-less,
compact, and easy to be integrated in any SoC
platform. The architecture requires a minimum silicon
area and avoids bulky off-chip components, thus being
appropriate for power-sensitive sensor and portable
systems.

D. Evaluation and Performance Validation:

The design was evaluated across several key

parameters to ensure robust performance under

dynamic conditions:

e Load Regulation: Measures output variation across
the entire load range.

e Line Regulation: Evaluates stability against supply
voltage variation.

e Transient Response: Evaluates the undershoot or
overshoot, and recovery time during sudden load
transitions.

e Power Supply Rejection Ratio (PSRR): Defines
the capability of the regulator to put down noise
from the supply line.

e Quiescent Current and Efficiency: Quantifies

proposed regulator achieves output voltage 12 V
(regulated)

e Quiescent Current ~7 pA

e Transient Recovery <60 ns

e PSRR >65dB at 1 MHz

o Efficiency ~994% across load conditions

These results confirm the proposed design as a fast,
stable, and energy-efficient on-chip LDO, apt for
integration in modern SoC power management
systems.

C. Reproducibility Notes:

All transistor dimensions, biasing parameters, as well
as compensation values are provided for
reproducibility. The design can be directly
implemented using standard 180 nm CMOS
technology and verification can be done under the
same simulation conditions in LTspice or similar
circuit simulators.

E. Design Contraints:
1. DC Design:

1.1 Closed-loop set point
RtO
Vout = Vref(1 +Rr p)

bot

1.2 Plugging numbers:
Vour =05(1+14/1.0) =05%x24=12V
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Fig 4: LDO architecture
2. Loop gain

For an LDO with op-amp error amplifier and pass
transistor, the small-signal loop gain T(s)can be

power consumption during standby and active written as:
operation. Simulation results confirm that the
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T(s) = Aow(S) - Gpass(S) - ()

e Aol (s) = op-amp open-loop gain (frequency
dependent), usually Ag/(1 + s/wp,04) or higher-
order.

e (pass= small-signal transconductance from op-
amp output (gate) to output node vout , i.e.
gm,p ‘Rout,pass(plus dynamics).

e [(s)= feedback factor from output back to the op-
amp input:

Rpot 1 1
= = =—= 0.4167.
3 Rtop * Rbot ~ 17 Reop/Rpot ~ 2.4

DC loop gain (low frequency):
Tpc =A0 - 9m,p * Rout,pass * B
This must be >> 1 to get good DC regulation and PSRR.
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Fig 5: Op-amp Design
3. Required op-amp DC gain (design target)
Choose op-amp dc gain Ao to achieve a

regulation specification. From the loop equation:

Steady-state output error due to finite DC gain:

~ AVopen ~
AVout, DC P
1+TDC
open
1+AgR B 0 m,p out,pass

Where AVopenwould be output change if loop open.
If load regulation < 10 mV for a certain load change,
rearrange to find required AO. It can be taken as
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A0 >Alload "Rout,pass
= B-AVspec

4. Stability / compensation — poles and zeros

o Cout(pass node to ground) — dominant pole at
output node (if no large Cout, pole may be at

e error amplifier internal node). Gate node
compensation (small internal capacitor) creates a
left-half zero or a pole-zero pair to boost phase.

4.1 Dominant output pole
If output sees capacitance Coyt and Thevenin

output resista?ce Rout,th = Rout,pass I Rload:
wp, out = R

out,th Cout

Phase margin requires that the unity gain
frequency f UG of the loop be below frequencies where
phase drops by >45-60°. Practical approach: choose
compensation such that PM > 45°—60°.

4.2 Compensation zero

If you insert a compensation cap C ¢ from op-amp
output to its negative input or between op-amp output
and pass gate (Miller cap), it introduces a zero (lead)
that helps phase margin. The zero frequency is often:
wz=~=gmFA/Cc

E. Transient response (undershoot/overshoot):
When load step from I L,1 — I L,2 (Al =1 step)
occurs, the immediate output droop before the loop
reacts is:

AV_instant = (I_step / C_out) - t_reaction

where t_reaction is the time it takes the loop to begin
correcting (roughly the inverse of loop bandwidth /
some fraction of period). The worst-case instantaneous
droop is when the loop reacts after roughly a radian of
the loop (= 1/ ®_UG).

Simpler practical estimate: If the loop bandwidth

f UG (radial o UG = 2z f UG) is known, we

approximate reaction time t_react = 1/ w_UG. So,
AV = [ _step / (C_out w_UG)

F. PSRR (power-supply rejection)

Small-signal PSRR at frequency f is the ratio of the
change at output to change at input:

PSRR(s) = 1 /(1 + T(s)) - H_feed(s) +
G_direct(s)

In practice:
e Atlow frequency (where T is large): PSRR = 1/(1
+ T) (good rejection).
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e At high frequency (beyond loop unity): PSRR
degrades and is set by the pass device feedthrough
and supply coupling.

By using a rule-of-thumb:

IV.  RESULT

Parameter Observed  |[ExpectedRemarks
Value

Regulated 1.2V 1.2V [|Veryclose to

Output Voltage target

Input Voltage SV — —

Load Regulation|[Small Good
variation 50 mV [response
(<25
mV)

Line Regulation (Stable — No fluctuation|

Table 1: LDO Output Regulation Performance

Parameter |Observed [Expected [Remarks
Value

Input Voltage|0.0InV ~ — —

Output Rail-to-rail [Output follows
Voltage ~1.8V tracking input correctly
Overshoot / [None Minimal  System is
Ringing well- damped

Offset Error [<5 mV <10 mV Within safe
range

Table 2: Op-Amp Transient Response

Parameter pserved [Expected Remarks
Value
DC Gain ~70 dB | >60 dB |Strong open-loop
gain
nat39.3kHz (65.07dB —  [ood mid- band
gain
Unity Gain ~3—5 MHz>1 MHz Satisfies
Frequency bandwidth needs
Phase Margin | ~132° >60° Very stable

Group Delay  2.06 ps Normal delay

Table 3: Op-Amp AC Characteristics
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V. DISCUSSION

Results from the proposed dual-NMOS, inverter-
switched LDO system are clear indications of how the
combination of adaptive load-path selection and op-
amp based error regulation improves on-chip power
stability. First, a clean AC response and adequate
phase margin explain why the output remains stable
during rapid load transitions. Transient results are next
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shown, which demonstrate that a larger NMOS LDO
efficiently handles heavy current surges, while the
smaller device maintains light-load efficiency. This
behavior underlines the main strength of the design: it
achieves fast, capacitorless regulation based solely on
simple analog control and a standard CMOS inverter
rather than complex digital logic, making it area-
efficient and suitable for dense SoC environments. At
the same time, some limitations were observed, mainly
due to small switching glitches during LDO handover
and sensitivities of the NMOS pass device to dropout
when the supply voltage approaches the minimum
headroom requirement. These effects indicate that the
propagation delay of the inverter and threshold
variations of the NMOS devices can affect the
switching accuracy under extreme load or PVT
conditions. Despite these constraints, the architecture
has strong potential for low-power SoC and sensor-
node applications, offering a practical path toward
efficient on-chip regulation with minimal overhead,
provided corner-case validation and fine tuning of the
switching threshold are performed.

VI.  CONCLUSION AND FUTURE WORK

The proposed on-chip power management system
integrates, for the first time, dual NMOS-based low-
dropout regulators along with adaptive control logic to
effectively regulate voltage in a stable and area-
efficient way. The capacitor-less architecture ensures
fast transient response, high power efficiency, and low
silicon area, which makes it very appropriate for low-
power and space-constrained SoC and IoT
applications. The results verify that a hybrid analog-
digital approach may overcome the traditional
limitations of Loss by combining high-speed control,
low quiescent current and strong noise immunity
within a fully integrated framework. The adaptive bias
calibration will be implemented in the future to
account for process and temperature variations to
further enhance reliability at various manufacturing
conditions. The design may be extended for multi-
output regulation by adding self- correcting feedback
mechanisms, hence providing more flexibility in
advanced SoC power domains. Further work should
also include post-layout simulation and hardware
prototyping, both important to determine practical
performance and scalability for commercial
semiconductor applications.
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