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ARTICLE INFO ABSTRACT

Keywords: This work systematically evaluates the capability of generative large language models (LLMs),
large language model specifically GPT-4o, to support the full design, simulation, and optimization workflow of low-dropout
low dropout regulator (LDO) linear voltage regulators. The study covers four core design phases: pre-design specifica-
power management tion mapping, transistor-level circuit topology generation, SPICE simulation guidance, and post-

simulation performance fine-tuning, with an extended investigation into the integration of magnetic
inductive components within the LDO signal path. GPT-40 autonomously proposes a single-stage
differential-pair error amplifier architecture with thin-oxide MOS transistors, provides sizing guidance
for the PMOS pass element, and recommends passive compensation networks to secure closed-loop
stability. The LDO testbench adheres to low-voltage portable electronics specifications: an input
range of 0.8-1.2 V, tunable 0.7-1.1 V output, maximum 250 mA load current, and integrable output
capacitance below 10 nF. Transient and small-signal AC SPICE simulations validate LLM-assisted
circuitimplementations, quantifying settling time reduction via compensation capacitors and verifying
adequate phase margin across operating bandwidth. A key novel extension explores three distinct
inductor placement schemes, input-side supply filtering, out-of-loop LC output filtering, and inductive
loading embedded within the feedback divider, rooted in Maxwell’s electrodynamic principles and
MOSFET small-signal device physics. Comparative Bode and output impedance analysis reveals that
inductors inserted inside the feedback path introduce resonant complex poles, severe gain peaking,
and degraded phase margin, while inductors placed external to the feedback sensing tap preserve
regulator stability while suppressing high-frequency electromagnetic interference. Despite robust
performance in topology drafting and simulation instruction, GPT-40 exhibits notable limitations:
it occasionally omits critical passive components matching design constraints, generates syntactically
flawed SPICE netlists for custom transistor subcircuits, and fails self-correction for unconventional
magnetic load configurations. Overall, this work demonstrates that LLMs function as powerful
auxiliary engineering assistants to accelerate iterative analog design, though rigorous human cross-
verification of component sizing, loop stability, and passive network topology remains mandatory for
reliable LDO implementation, particularly when integrating inductive magnetic elements.

1. Introduction error amplifier’s sensing signal, degrading phase margin,
triggering gain peaking, and generating severe transient
voltage ringing. While prior LDO research has extensively
covered capacitive frequency compensation and op-amp
small-signal transistor physics, few generative Al design
workflows systematically compare the stability impacts
of multiple discrete inductor placement topologies. This
work therefore extends standard LLM-guided LDO design
practice by incorporating quasi-static magnetostatic mod-
elling, LC damping factor optimisation, and comparative
AC small-signal characterisation of three distinct magnetic
circuit configurations, bridging electromagnetic physics,
linear regulator stability theory, and transformer-based cir-
cuit automation.

The growth of transformers has empowered people
with capabilities that surpass what we once thought pos-
sible, particularly through large language models (LLMs).
OpenAI’s GPT-40 are now capable of doing things that
require expertise. The hope is that if these models can
help perform complex tasks, they have the potential to
enable time savings and better workflows, and even lower
the barrier to expert insights. Research has shown that
Al techniques, such as reinforcement learning and graph
neural networks, can optimize analog and mixed-signal cir-
ORCID(s): cuit designs [1], including LDO regulators, by automating

Complementing the core analog design challenges of
LDO regulators, the integration of magnetic inductive pas-
sive elements introduces critical electromagnetic tradeoffs
that demand rigorous first-principles analysis, a topic min-
imally addressed in existing LLM-assisted power circuit
literature. From fundamental Maxwell equations, Fara-
day’s law of induction defines the frequency-dependent
impedance of lumped inductors, which act as near-short
circuits for DC steady-state operation yet inject significant
phase lag at high AC frequencies when embedded within
closed feedback signal paths. For low-voltage integrable
LDOs constrained to small sub-10 nF output capacitors,
series LC filter networks formed by surface-mount induc-
tors and miniature output capacitors create second-order
resonant pole pairs whose location relative to the feedback
sensing tap dictates overall loop stability. Inductors placed
at the input supply or directly on the load side, down-
stream of the feedback voltage divider, only modify supply
and load impedance characteristics without altering the
regulator’s core open-loop transfer function. Conversely,
inductive loading inserted into the feedback resistor di-
vider couples magnetic flux dynamics directly into the
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parameter tuning and topology selection. For example, Li
and Carusone [2] demonstrated the use of relational graph
neural networks to optimize LDO designs in the open-
source Sky130 process, achieving enhanced performance
metrics through automated iteration. Similarly, advance-
ments in deep learning have enabled automated circuit
synthesis [3], as illustrated by approaches leveraging gen-
erative networks to produce novel designs in response to
high-level specifications.

This project explores how useful a ChatGPT-40 can
be during the creation of an Analog LDO design. Analog
LDOs are used to maintain a noise-free voltage supply
and provide the required stable supply for analog circuits.
Typically, the LDO design process is an iterative endeavor
that requires experience and extensive experimentation.
With the introduction of ChatGPT-40 we are hoping to see
if it can speed up this process, provide some sort of insight,
and even highlight early errors.

The objective is to understand the different stages of
the Analog LDO design process where ChatGPT-40 can
be useful. More specifically, we would like to know its
potential in the following areas: navigating us through
design choices; how to narrow down options; what algo-
rithms could fit as well as possible design pitfalls. We
would like to know if LLMs such as ChatGPT-4o0 could
turn into useful engineering assistants, not necessarily just
towards generating any individual design but in enhancing
its process overall when asked these questions.

Here, we shall describe how we employed ChatGPT-
40 in the Analog LDO design process and utilized data
from it to shed light on the parameters and our results with
it through this paper. We will analyze the successes and
failures of the model, before discussing what this could
reveal for future Al in circuit design.

The rising demand for portable electronics has height-
ened the need for low-voltage, low-dropout (LDO) regu-
lators. These components are frequently paired with DC-
DC converters or used independently, often in conjunction
with switching regulators to minimize noise and deliver
a stable output [4]. As portable devices evolve toward
lower operating voltages due to shrinking feature sizes and
reduced breakdown voltages, minimizing quiescent current
becomes increasingly critical for extending battery life in
these systems.

2. Conversation-based model construction

2.1. Design specifications

The design specifications for the low dropout regulator
are: Input voltage range: 0.8 ~ 1.2 V. Output voltage: 0.7 ~
1.1 V (dropout voltage = 0.1 V). For example: In the case
Vin=1.2V, Vout should cover 0.8 ~ 1.1 V. Maximum load
current: 250 mA. Output capacitor: < 10 nF (Integrable).
Thin-oxide devices preferred.

Vin —-—-———-— M1 (PMOS Pass Transistor) --—---—- Vout
| |
Error Amplifier (A1) Feedback Divider (R1, R2)
(-) (+) |
Vref Feedback GND
(0.5v)

Cc @ Connect from output of Al to the gate of M1

Figure 1: Model schematic provided by ChatGPT-40

H pmos

.tran 10

Figure 2: Model construction on LTspice before correctness
check

2.2. Circuit design using simulation program
with integrated circuit emphasis (SPICE)

Analog simulations typically use simulation programs
with integrated circuit emphasis (SPICE) models or similar
tools that can model transistor-level behavior and physical
device properties. Designing an LDO often requires mixed-
signal modeling, combining analog components like the
pass transistor with some digital control logic [2]. Tools
such as SPICE simulators (e.g., Cadence Spectre, LTspice)
are appropriate for LDO design.

To construct the model of the LDO design based on
the conversation with ChatGPT, we first need to provide
the design specifications and ask for the specific schematic
design. Figure 1 shows how the ChatGPT generates the
LDO schematic, which includes the components that are
needed to build the LDO circuit diagram and the position
of the connection of the specific component, for example,
the compensation capacitor (Cc).

Although ChatGPT can not directly generate the LT-
spice circuit diagram, we can still ask ChatGPT to provide
the detailed steps to help us re-create the LDO circuit in
LTspice. Then we followed the design, built the circuit in
LTspice shown in Figure 2, and sent it back to ChatGPT to
check the correctness.

The ChatGPT correctness check confirmed that our
circuit design is in accordance with the schematic provided
by ChatGPT. However, according to the self-check, Chat-
GPT did not realize and indicate what the LDO circuit
design was missing. In the model schematic provided by
ChatGPT-40, ChatGPT loses sight of the initial require-
ment for the component output capacitor, which is less
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.tran 10m

Figure 3: Final Model construction on LTspice

than 10 nF. Therefore, we feed the self-check result back
to ChatGPT to ask for the new schematic of the circuit
connection and re-create the LDO circuit shown in Figure
3.

After the correctness check of the final model construc-
tion shown in Figure 3, we ask ChatGPT to assign specific
data to each component based on the design specifications.
To satisfy the required output voltage range, ChatGPT
assigns the input voltage V1 = 1.2V, the reference voltage
source V3 = 0.5 V, feedback resistors R1 and R2 = 6k
Omega and 10k Omega, and load resistor R3 = 4.4 Omega.

ChatGPT did not mention the specific model of the
error amplifier. The error amplifier (EA) we chose is an
AD8034 amplifier with thin-oxide devices, preferred for
speed and integrability. We then asked GPT to validate
the decision and got positive feedback. The input of the
amplifier is tied to the feedback voltage from the output
through a resistor divider, and the other input is connected
to a reference voltage V., which is generated by a bandgap
or other reference source. The output of the error amplifier
drives the gate of the pass element, which is a PMOS
transistor [5]. The PMOS transistor serves as the series
pass element, with its source connected to V;, and its drain
connected to V.. The gate is controlled by the output of
the error amplifier.

In the circuit, a resistor divider made of resistors R;
and R, is connected between V,, and ground, providing

the feedback voltage Vi = Vi, X %. This feed-
back voltage is then compared to the reference voltage
Vet by the error amplifier. The maximum load current is
determined by the sizing of the PMOS pass element, it
is checked whether it can handle the required 250 mA
load [6]. The compensation network for stability includes
a small compensation capacitor C, (figure 7), typically in
the range of a few picofarads, placed between the error
amplifier output and ground. The output capacitor C,
which should be less than 10 nF, is used to ensure stability
and proper regulation. The reference voltage V., often
a stable bandgap or trimmed reference voltage (e.g., 0.5
V), serves as the reference for the error amplifier [7].
The expected circuit schematic would resemble the LDO

= bez. inoo3)
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—ttttt4t oms. me 2me ams ame ome

(a) Output voltage given by (b) Output voltage, LDO with
1.2V input single stage amplifier

Figure 4: Output voltage comparisons

topology in the uploaded image, but with adjustments such
as aresistor divider for feedback, a reference voltage source
for the error amplifier, and the addition of the compensation
capacitor C, for stability.

An input voltage of 1.2V is used for the designed
circuit, the steady output is 1.11V as shown in Figure
4a, the output voltage is 0.8V, which meets the design
specifications.

2.3. PULSE Simulation

The PULSE function in the LDO circuit is used to
define a time-varying input voltage source [8]. See figure 5
for the LDO circuit with the pulse function settings, figure
6 is the voltage vs time graph for LDO with PULSE(0.8 1.2
0 1u lu 5Sm 10m). It generates a periodic pulse waveform
that alternates between a minimum voltage (V;) and a
maximum voltage (V,) with specific timing parameters.

PULSE(WV1=0.8,V2=1.2,Tdelay=0,Trise = lu,
Tfall =1u,Ton = 5m, T period = 10m, Ncycles)

In this case, V| = 0.8V represents the lower end of the
input voltage range, while ¥, = 1.2'V represents the upper
end. These voltages are chosen to test the LDO’s perfor-
mance across its specified input range. The parameters
T = lpsand Ty = 1 us define the smooth voltage
transitions during the rising and falling edges, ensuring the
simulation accurately reflects realistic conditions.

The pulse remains at V, = 1.2V for T,, = 5 ms, testing
the LDO’s ability to regulate the output voltage under a
high input voltage for an extended time. The total period of
one cycle is T, = 10 ms, meaning the pulse alternates
between V| and V, every 10 milliseconds. This periodic
behavior evaluates the dynamic response of the LDO to
input voltage variations and its ability to maintain stability
and regulate the output voltage effectively.

In the LDO circuit, the PULSE function is critical for
validating the regulator’s transient and steady-state perfor-
mance. We will discuss the GPT’s capability of instructing
on analysis guidance. When the input voltage rises to
V, = 1.2V, the LDO should maintain the output within
the specified range (0.7 ~ 1.1 V), while ensuring minimal
dropout and stability. Conversely, when the input voltage
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Figure 5: LDO with PULSE(0.8 1.2 0 1u 1u 5m 10m)
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Figure 6: voltage vs time graph for LDO with PULSE(0.8 1.2
0 1u 1u 5m 10m)

drops to ¥} = 0.8V, the LDO must still regulate the
output properly, even at the lower limit of operation. The
transitions test the transient response, ensuring there are
no significant overshoots or undershoots, while the on-time
and period evaluate the LDO’s performance under steady-
state conditions.

ChatGPT suggested the addition of a capacitor C, for
stability. We then measured the effect of adding this ca-
pacitor. The capacitor C, affects the stability and response
time of the circuit [9]. When C, is added to the circuit, it
provides a bypass or compensation path that smooths out
rapid fluctuations in voltage during the transient phase. C,
works in conjunction with the resistors and active elements
(e.g., transistors) to modify the frequency response and
damping of the system (figure 7). This improves how the
circuit transitions to steady state after changes in input
conditions. Without C,, the circuit may exhibit a slower
response to input voltage changes due to the absence of this
compensation [10]. The absence of C, leaves the circuit
more susceptible to oscillations or ringing, as it relies only
on the intrinsic properties of the error amplifier and pass
element to stabilize. So it takes longer to reach the steady
state, as the system requires additional time to settle around
0.8 ms.

With C, added, the capacitor introduces a pole or zero
into the system’s transfer function, which can dampen

MOS

i
a =

'GLSE(O.S 1.2d.18 1l s5m 10m)

R2 J<t
10k 5n

.tran 10m

Figure 7: LDO with capacitor C, with PULSE(0.8 1.2 0 1u
1u 5m 10m)
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Figure 8: voltage vs time graph for LDO with capacitor C,
with PULSE(0.8 1.2 0 1u 1u 5m 10m)
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Figure 9: LDO frequency response graph

oscillations and increase the phase margin. This enhanced
damping reduces overshoot and allows the circuit to con-
verge to its final output voltage more quickly (figure 8). The
improved response is evident in the reduction of the steady-
state time to 0.3 ms. C, filters high-frequency noise and
transient disturbances, further contributing to faster stabi-
lization. The capacitor C, improves the dynamic perfor-
mance of the circuit by smoothing out transients, reducing
oscillations, and increasing damping, which together allow
the system to reach steady state more quickly.

The .ac analysis command in SPICE performs a small-
signal AC analysis. The ‘.ac dec 100 10 1meg’ command
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specifies a frequency sweep in decades, starting from 10 Hz
to 1 MHz, with 100 points per decade. The AC analysis
evaluates the circuit’s response to small AC signals at a
range of frequencies, providing detailed data over several
orders of magnitude.

The small-signal AC amplitude of 1 indicates that a
unit amplitude signal is applied to the circuit, and its
response is measured (figure 9). The curves on the dB
vs. frequency graph correspond to the gain response and
impedance response. The decreasing curve represents the
gain response of the open-loop transfer function of the LDO
circuit. The gain starts at a high value at low frequencies,
representing the DC gain of the error amplifier and the pass
element. As frequency increases, the gain decreases due
to the introduction of poles in the system. The increasing
curve represents the impedance or load regulation response
of the LDO circuit. At low frequencies, the impedance is
high, and as frequency increases, the impedance decreases,
eventually approaching an asymptotic value. This behavior
reflects the frequency-dependent feedback loop and the
effect of bypass capacitors like C,.

The analysis evaluates the stability, bandwidth, and
load regulation of the LDO circuit. The gain response
determines stability metrics such as the phase margin,
gain margin, and unity-gain bandwidth. Stability is ensured
if the phase margin at the unity-gain frequency is ade-
quate, typically greater than 45°. The impedance response
evaluates the effectiveness of the LDO’s output voltage
regulation under dynamic load conditions, ensuring that
the output impedance remains low across the frequency
range and minimizing the impact of load transients. This
analysis ensures proper operation of the LDO under various
frequency-dependent conditions.

3. Conversation-based Analysis guidance

To explore the capability of GPT-40 on instructing
analyses. We continue to give prompts within the same
conversation. The prompt used here is “Walk me through
the Transient Analysis on LTspice.” GPT then provided a
step-by-step instruction on transient analysis on LTspice for
the exact circuit we constructed before. The steps include
circuit setup, simulation command configuration, input
voltage setup, and result plotting. As shown in Figure 10a,
GPT can still follow the circuit specifications and provide
corresponding reference configurations for the analysis. We
conclude that with appropriate conversions to allow GPT to
understand the current construction and specification of the
circuit, GPT has the capability to provide a good enough
instruction on how to conduct the analysis on the certain
simulation tool with reasonable reference configurations.

GPT also suggested adding a load current step to test
the circuit’s ability of handling load transients. As shown
in Figure 10b, we can see this step was labeled “optional.”
Labelling the additional step is user-friendly. That means

Step 3: Set Up Input Voltage (Vin) for Transient Simulation Step 4: Add a Load Current Step (Optional)

To test the LDO's abiliy to handle load transients:

1. Replace R3 (load resistor) with a current source ( I from the LTspice library).

2. Right-click the current source and configure it as a pulsed current source:

« Setthe initial load current to 10 mA and step it up to 250 mA after a delay.

ut voltage (€9, 1.2V).
+ Use settings like:

= Delay before the pulse starts (e.g., ons ).
+ Toff = 10n (iitial current)

time (e.g., 1us )

« Tf =Falltime (eg., 1us). + Ton = 250m (peakload current)

e at Vo (e.g. Sas) + Td = Ins (delay before step)
eriod = Total period of the pulse (¢.g, 10ms )

* Tr = lus (rise time).
« This will simulate a step change from 0.8V to 12V.

(a) Vin Configuration

Expected Observations

(b) Optional Step

1. Stable Output Voltage:

+ The output valtage sfould setle ithin the specified range (e.g, 07V-11V) after a

+ The output vokiage should remain steady espite changes i load of input voltage.
4. Setting Time:

+ Measure the time it takes for Vout to tabilize after 3 ransient.

(c) Expected Observations (d) Fine Tuning Suggestions

Figure 10: Transient Analysis Configuration and Observations
from GPT-40

GPT is able to provide extra suggestions without mislead-
ing the users to conduct any additional analysis by mistake.

By the end of the instruction, GPT provided the ex-
pected observations for a successful transient analysis sim-
ulation as shown in Figure 10c and some simple correction
actions for possible failures in Figure 10. The descriptions
for these are not detailed, but still understandable and can
give users a relatively comprehensive understanding of the
purposes and principles of the analysis.

We conclude that when the circuit itself is functionable
and complete, GPT-40 can be capable of guiding analysis
and simulation for it. The instructions are reasonable and
user-friendly. This part of functionality could be a signifi-
cant assistant to circuit designers, especially the amateurs,
to conduct simulation analysis and figure out potential
problems.

4. Conversation-based structure modification
4.1. AD8034 operational amplifier

Key performance metrics can be measured to evaluate
the operational amplifier’s functionality (figure 11). The
output response can be observed on an oscilloscope or mul-
timeter, ensuring Vout follows the expected behavior [11].
For input-output relationships, apply a step or sinusoidal
input and measure the output amplitude and phase.

Using a sinusoidal power supply, such as SINE(Voffset=0,

Vamp=1, Freq=100k), for the op-amp’s positive terminal
creates a test scenario. The behavior observed indicates
that the op-amp is functioning in an inverting amplifier
configuration and successfully amplifies the input signal.
The input voltage oscillates between -1V and +1V in
figure 12a, indicating that the signal applied to the inverting
input is sinusoidal and symmetric about OV. The output
voltage oscillates between -2V and +2V in figure 12b,
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SINE(O 1 100K) =Il_
ULSE(O0.8]1.2 Ofilu 1u 5m 10m)
C 1 R1 R3
i .ac dec 10§ 10 1jheg 6k a.a
Figure 11: AD8034 operational amplifier o
R2 c1
= 10k s5n
N Vin _ V(out) :;p v3
0.8v+ 1.6V p—
051 124 i
0.4v+ 0.8\
0.2 0.4v4 -tran 10m
0.0v- 0.0V
o o Figure 13: LDO AD8034 with 6 transistors
0.4V 0.8
0.6V 12
0.8V L R N 1 N S — )
" Ous 104 20ps 30us 4ops o - ops 10 2ps 30 s S0ps h "
(a) input (b) output »
Figure 12: AD8034 with sinusoidal power supply
demonstrating a gain of A, = —2. This means the op- i -
amp amplifies the input voltage by a factor of 2 and inverts .
the signal phase, which is characteristic of the inverting . = z =

configuration. The output voltage is shown in figure 4b.
In an inverting amplifier configuration, the relationship
between the input and outputis givenby V, = —A,- Vi, =

R . D
—R—2 -V:,. From the observations, A, = —2, which indicates
1

R .. . . . .
that R—2 = 2. This is consistent with the resistor ratio used

in the 1feedback loop and the input resistor.

Although op-amps are typically powered by DC sup-
plies, the sinusoidal power supply effectively fluctuates the
operating range of the op-amp between +1V and -1V. The
input signal (=1 < Vi, < +1) and the amplified output
(=2 £ Vo £ +2) remain within the supply limits [12].
This dynamic operation demonstrates that the op-amp can
amplify without clipping, as the input and output voltages
are within the instantaneous voltage provided by the power
supply.

This behavior confirms that the op-amp responds to
the input and produces a clean, amplified output consis-
tent with the gain A, = —2. This indicates that the
internal transistors and feedback mechanisms of the op-
amp are functioning properly despite the unusual power
supply [13]. Replacing the sinusoidal power supply with a
stable DC voltage would allow evaluation of the op-amp
over its full operating range. Further tests can measure
parameters such as offset voltage, slew rate, bandwidth,
and PSRR, which provide a more complete assessment of
performance.

Figure 14: frequency response graph, LDO AD8034 with 6
transistors

11.980048 Ve

111.980047 Ve

111.980046Ve=4

111.980045Ve=4

111.980044 Ve

ops s 2us

(a) transistor selection for single (b) voltage output for LDO with
stage operational amplifier ad8034 amplifier

Figure 15: transistor characteristics

4.2. Single stage operational amplifier

The following prompt is used: “modify the circuit
schematic to improve the operational amplifier". ChatGPT
suggested a single-stage operational amplifier with several
transistors (figure 15a).

For the error amplifier in the low-dropout (LDO) regu-
lator design, the transistors should be chosen for their high-
speed characteristics and integration capability [14]. Thin-
oxide devices are preferred for their performance. The error
amplifier consists of a differential pair, a current mirror, and
a buffer stage (figure 16).
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Figure 16: single stage operational amplifier
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Figure 17: LDO with single stage amplifier
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Figure 18: frequency response graph, LDO with single stage
amplifier

The input transistors form the differential pair and are
typically NMOS transistors because of their better match-
ing and higher transconductance [15]. These transistors
compare the feedback voltage to the reference voltage. For
these NMOS transistors, a channel length L of around
0.35 um to 0.5 um is suitable for higher speed, keeping
the devices in the thin-oxide range for good performance
(figure 17). The channel width W should be selected so

that the differential pair transistors are in saturation, with
a W /L ratio of around 10:1 for proper matching [16]. A
typical choice could be W /L = 10 um/0.35 um for the
input transistors.

The current mirror transistors are used for biasing and
providing the necessary current to the differential pair.
These transistors should also be NMOS and configured in a
current mirror. The NMOS transistors in the current mirror
replicate the current from the differential pair. A cascode
structure is often used for these transistors to increase out-
put impedance and improve performance [17]. The channel
width W and length L for the current mirror should ensure
proper biasing of the error amplifier. A suitable choice
couldbe W /L =20 um/0.35 um.

To drive the gate of the PMOS pass transistor, an output
buffer stage is required. This stage is typically implemented
using a PMOS transistor, which will buffer the output of
the error amplifier. The PMOS transistor needs to have a
sufficient W /L ratio to drive the gate of the pass element
effectively. A typical choice for the output transistor could
be W /L =30um/0.35 um.

Optionally, a cascode transistor can be added to the cur-
rent mirror and the output buffer to improve the overall gain
and output impedance. The choice of cascode transistors
will depend on the specific design requirements.

The NMOS transistors should have a low threshold
voltage (V;;), ideally in the range of 0.2-0.4 V, to ensure
that the error amplifier operates correctly even at low input
voltages. The error amplifier should be designed to operate
with the supply voltage provided to the LDO, typically
around 1.2 V.

If the power supply voltage is reduced, the available
gate drive for the PMOS pass device diminishes. To sustain
acceptable output current levels, the aspect ratio of the
power transistor must be increased. However, this adjust-
ment also raises the parasitic gate capacitance. As the size
of the PMOS transistor grows, the parasitic capacitance
(Cpqr) increases, which shifts the parasitic pole (P3) to
lower frequencies. Consequently, the phase margin of the
system decreases, potentially jeopardizing stability, partic-
ularly in environments with low quiescent current.

A technique to improve the gate drive without in-
creasing the input voltage or enlarging the device size is
to forward-bias the source-to-bulk junction of the PMOS
pass device. This method lowers the threshold voltage, a
phenomenon referred to as the body effect. The threshold
voltage (V4,) is described by

WVl = Wl +7 (20, = Ve =20, )

where V,, is the zero-bias threshold voltage, y is the body
effect coefficient, ¢ ) is the Fermi potential, and V, is the
source-to-bulk voltage.

The maximum output current for comparative analysis
is observed in the region where the power PMOS device op-
erates in saturation, which corresponds to the non-dropout
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condition. The drain current (I;) of the PMOS device is

w
Isd ~ Kpf (ng - Vth)

2
ek (e (o o)

where K, is the transconductance parameter of the PMOS
transistor. The maximum output current is achieved when
the gate drive reaches its maximum value, which occurs
when the source-to-gate voltage (V,) equals the input
voltage (V},,).

The LDO employs a classical two-stage architecture:
PMOS pass transistor M1, regulated by a CMOS differ-
ential operational amplifier constructed from transistors
M3, M2 (PMOS current mirror load), M4, M5 (NMOS
differential input pair), and bias current source I1 =50 uA.
Fundamental metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) physics governs the amplifier small-
signal behaviour, open-loop gain, frequency response, and
closed-loop stability of the regulator.

For long-channel MOSFETSs operating in saturation,
the drain current is
1 w

(

ID = EMCOXT

2

Vgs - Vth)2 (l + ’1Vds) ’
where u denotes carrier mobility, C,, is gate oxide capac-
itance per unit area, W /L is transistor aspect ratio, Vy,
threshold voltage, and 4 is channel-length modulation pa-
rameter. Channel-length modulation introduces finite out-
put resistance for every saturated transistor: r, = t. This

parasitic output resistance dominates the intrinsic gain of
the differential amplifier and sets fundamental limits on DC
loop gain.

The core amplifier is formed by an NMOS differential
pair (M4, M5) biased by tail current source I1. Under
differential input voltage v,y, the differential pair generates
a differential drain current:

, w
lg = &mVid> Em = \/Zlucox_ID,tail/2

where g, is the transconductance of the input transistors.
The PMOS devices M2 and M3 implement a current-
mirror active load, converting differential drain current
into single-ended output voltage driving the gate of PMOS
pass transistor M1. The unloaded DC voltage gain of the
differential amplifier stage equals

Apitt = —8ma (Foa Il 702) -

The parallel combination (r,4 || r,y) is the effective load
resistance of the differential amplifier. Any reduction in
transistor output resistance lowers DC gain and degrades
low-frequency regulation precision.

The PMOS pass element M1 operates as a common-
source power transistor within the regulation loop. Its
small-signal transconductance g,y creates an additional

gain stage. The composite open-loop gain of the full
regulator becomes

AoLpc = Apdif - Emmi * Ricadeett - B

with feedback factor § = R,/(R; + R,) defined by the
resistive divider R;, R,. The reference voltage V3 = 0.5V
sets the DC equilibrium condition V.. = V3.

Parasitic capacitances impose frequency rolloff and
determine the loop phase response, critical for stability
analysis performed via the simulation command .ac dec
100 10 1meg. Gate-drain overlap capacitance Cyq and gate-
source capacitance C,¢ exist on all MOS devices. Gate
capacitance C2 = S5pF at the gate node of M1 acts as
an explicit compensation capacitor. This capacitance intro-
duces the dominant pole of the open-loop transfer function:
w, = R;Cz, where R, is the amplifier output resistance
driving MI’s gate. Additional non-dominant poles emerge
from the output load network formed by Ry = 4.4Q and
C, = 5nF. At high frequencies, these poles add phase lag
and erode phase margin.

Transient behaviour, evaluated using .tran 10m, is gov-
erned by charge dynamics across all transistor capaci-
tances. When the LDO experiences load perturbations, the
amplifier must adjust the gate voltage of M1 to stabilise
the output voltage. The rate of gate voltage change is
limited by the available charging/discharging current from
the differential amplifier and the compensation capacitance
C2. Slow gate response creates voltage undershoot/over-
shoot, while insufficient phase margin leads to sustained
underdamped transient ringing.

All capacitive and resistive device parasitics couple
with external passive components R;, R,, R3, C; to shape
the regulator’s small-signal transfer function (figure 13).
When additional inductive magnetic elements are inserted
into the circuit, their frequency-dependent impedance in-
troduces supplementary phase shift. If such elements reside
inside the feedback path, they modify the effective feed-
back factor f(s) and interact with the inherent frequency
limitations of the CMOS amplifier to further compromise
stability. In contrast, inductors placed after the feedback
sensing tap only alter the load impedance and do not
directly modify the closed-loop amplifier dynamics.

Using the four transistor single stage amplifier, the
frequency response graph shown at figures 18, 14 likely
represent the gain and phase behavior of the LDO regula-
tor’s control loop with a single-stage operational amplifier.
The two curves in the graph correspond to the magnitude
(gain) and phase of the open-loop transfer function.

The solid line shows the magnitude of the open-loop
gain of the LDO in decibels (dB) as a function of frequency.
At low frequencies, from 10 Hz to approximately 1 kHz,
the gain remains relatively constant and high, representing
the DC gain of the single-stage amplifier. This high gain
is essential for accurate regulation and minimizing output
voltage error. As frequency increases, the gain begins to
decrease at a certain rate due to the presence of poles
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in the circuit, typically originating from the output ca-
pacitor, compensation network, and internal parasitic ca-
pacitances. The slope of the gain curve is approximately
—20 dB/decade, characteristic of a dominant pole system.
This indicates that the single-stage amplifier has a well-
defined dominant pole responsible for stability and loop
response.

The dashed line shows the phase shift in the control
loop as a function of frequency. At low frequencies, the
phase is close to 0°, indicating minimal phase shift in the
loop. As frequency increases, the phase begins to drop,
eventually approaching —90°. This phase lag is due to the
presence of poles in the transfer function. The dominant
pole introduces a —90° phase shift, which stabilizes the
system while limiting the bandwidth. The phase asymp-
totically approaches —90° and does not reach —180°, indi-
cating that the circuit remains stable within the frequency
range shown.

The bandwidth of the system is defined by the fre-
quency at which the gain falls to unity (0 dB), referred to as
the unity-gain bandwidth. This bandwidth determines how
quickly the LDO can respond to changes in load current or
input voltage. Stability is determined by the phase margin,
which is the difference between —180° and the phase at
the unity-gain frequency. A phase margin of at least 45° is
typically required for stable operation without oscillations.

This graph demonstrates that the LDO regulator with a
single-stage amplifier has a stable frequency response with
adequate gain and phase characteristics for maintaining
good regulation performance. The use of compensation,
such as the compensation capacitor C,, and the small
output capacitor ensures the stability of the system while
providing sufficient bandwidth.

4.3. Adding inductors to the LDO circuit
topologies

The presented circuit implements a classic voltage-
mode low-dropout regulator (LDO) constructed using an
operational amplifier and a PMOS pass transistor. Inductors
may be incorporated at three distinct locations within the
topology, with drastically different stability implications
and functional purposes [18]. Critically, inductors within
a linear LDO act only as AC filtering elements and cannot
improve power conversion efficiency, unlike inductors in
switching converters; inductors behave as DC short circuits
under steady-state operating conditions and produce no
shift to the DC regulated output voltage.

All inductive components within the LDO topology
are electromagnetic systems governed by the macroscopic
Maxwell equations in differential form

JB
VXE:——, VD:

ot bu
VxH=J+%, V-B=0

Faraday’s law of induction establishes the physical origin
of inductive voltage. Integrating over a closed conductive
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Figure 19: AC small-signal analysis for the LDO topology
under different inductor placement configurations.

(7))
o
L3 z
1

z
Al

.2 30n

Figure 20: LDO circuit topology with multiple inductors. L, =
30nH provides input-side supply noise filtering, L, = 47nH
forms an LC output filter with C; = 5nF after feedback
sensing node, and L, = 40nH is inserted in the lower leg
of feedback resistor divider. PMOS transistor M1 acts as the
pass device, and opamp U1l implements closed-loop voltage
regulation referenced to V; = 0.7V.

contour C bounding surface S yields the integral form

?{E.dlz_i//[;.ds:_ﬂ,
c dt JIs dt

where ¥ = ff ¢ B - dS denotes the magnetic flux linked to
the circuit contour. For a lumped inductor with N turns,
the flux linkage is defined as A = NV [19]. The terminal
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voltage across the inductor is v; = %. Linear inductance
L is defined as the proportionality constant between flux
linkage and coil current i as A = Li, vy = L%,
which is the lumped-circuit approximation derived directly
from Faraday’s law, valid when device physical dimensions
are much smaller than the electromagnetic wavelength of
signal frequencies [20]. Taking the Laplace transform un-
der zero initial conditions recovers the frequency-domain
impedance: V;(s) = sLI;(s) Z(s)=sL.

Ampere’s circuital law governs the magnetic field gen-
eration by current flowing through conductors in the LDO.
At low-to-moderate frequencies, the displacement current
term 0D /0t can be neglected for magnetic field calculation
(VX H = J), forming the basis of quasi-static magneto-
statics used to estimate inductance values for L, L, and
Ls.

For homogeneous, linear, isotropic materials, the con-
stitutive relations close the system

B=uH, D=¢E J=oE

Finite conductivity ¢ introduces series parasitic resistance
(DCR) in physical inductors, while permittivity £ mod-
els inter-turn parasitic capacitance responsible for self-
resonance at high frequencies.

Within the LDO circuit shown in Figure 20, three in-
ductors represent spatially separated electromagnetic sys-
tems: input filter L, output load filter L, and feedback-
divider inductor L,. Each inductor obeys the Faraday-law
derived voltage-current relation. Critically, the topologi-
cal placement of each electromagnetic element determines
whether its dynamic impedance enters the regulator closed-
loop transfer function. When an inductor is embedded
inside the feedback signal path (such as L,), its frequency-
dependent impedance modifies the feedback factor f(s)
and introduces phase lag originating from time-varying
magnetic flux. This electromagnetic phase shift propa-
gates around the control loop, reduces phase margin, and
generates underdamped voltage oscillations observed in
transient simulations. In contrast, inductors placed outside
the feedback sensing tap (such as L and L;) produce flux-
induced voltage dynamics that only affect the load or input
supply, without perturbing the core feedback signal.

This first-principles framework confirms that all ob-
served stability behaviour originates from the electromag-
netic induction captured by Maxwell’s equations, and jus-
tifies the use of lumped s L impedance models for stability
analysis of the LDO with integrated magnetic circuit ele-
ments.

All inductive components are modeled using linear
frequency-domain Laplace representation, where the impedance
of an inductor is

Z;(s)=sL =joL

neglecting parasitic series resistance and self-resonance for
the base analysis. The core closed-loop regulator transfer
function of the LDO without additional inductors is

AoL(8) = Aump(s) - Appi (5) - By

where A, (s) is the op-amp gain, Ay (s) denotes the
small-signal gain of the PMOS pass device, and f; is the
ideal resistive feedback factor:

Ry

ﬁ0=R1+R2

Three distinct configurations for magnetic inductive ele-
ments are analysed in the circuit shown in Figure 20. The
input-side inductor L; lies between the supply source and
the source terminal of PMOS M1. For small-signal pertur-
bations, the supply node is treated as an AC ground, so L;
only modifies supply-domain noise filtering and does not
enter the control loop transfer function [21]. Consequently,
L exerts negligible influence on loop stability. The output
filter inductor L; — R; — C; (outside feedback tap) second-
order network is connected after the feedback sensing node.
The feedback voltage remains sampled directly at the drain
terminal of M1, so the feedback factor f = f, remains un-
changed. The load network creates an independent output
impedance characteristic but is not embedded within the
closed-loop signal path. The load transfer function from the
regulated node to the load terminal is

Vioad(s) _ 1

H, .q.(5) = = )
lOﬁd( ) I/reg(s) S2L1C1 + SR3C1 + 1

With L; = 47nH, C; = 5nF, Ry = 4.4Q, the cir-
cuit achieves near-critical damping, minimising load-side
voltage ringing while preserving the original LDO loop
stability [22]. When feedback-divider inductor L, (inside
feedback path) is inserted in the lower branch of the feed-
back divider, the feedback network becomes frequency-
dependent. The modified feedback factor f(s) takes the
form

R2 + SL2

S) = ———
ﬁ() R1+R2+SL2

This feedback network introduces additional frequency-
domain phase shift into the open-loop transfer function
AoL(s) = Aymp(s)Ap()B(s). At high frequencies, the
impedance of L, rises, altering the feedback magnitude and
injecting phase lag [23]. This phase degradation reduces
phase margin, which manifests as underdamped oscilla-
tions and voltage ringing observed in transient simulations.
For sufficiently large L,, the additional phase shift can
drive the system towards conditional instability.

The analysis highlights a fundamental distinction: in-
ductors placed outside the feedback sensing loop only
modify the load response and do not compromise regula-
tor stability, whereas any magnetic component embedded
within the feedback divider creates a frequency-dependent
feedback factor that degrades small-signal stability.

First, a series output inductor placed outside the feed-
back sensing network forms an LC low-pass filter with
the output capacitor. This configuration isolates the LDO
control loop from the LC resonant poles, preserving loop
phase margin and eliminating oscillation risk [24]. This
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Table 1
Performance metrics for candidate inductance values with
fixed C; = 5nF, R; =44Q.

inductance resonance dam_pmg behavior
frequency f, ratio ¢
22 nH 480 MHz 1.04 overdamped,
minimal ringing
47 nH 330 MHz 0.71 near crl_t|ca|
damping
68 nH 275 MHz 0.59 | light underdamp,
mild ringing
91 nH 238 MHz 0.51 borderline
underdamped
>100nH | <225MHz | <o5 | Strongtransient
ringing

topology is used to suppress high-frequency electromag-
netic interference and damp fast transient load current
spikes. Second, a series output inductor inserted inside the
feedback path places the second-order LC resonance within
the regulator’s control loop [25]. The complex conjugate
pole pair from the LC network degrades phase margin,
introducing voltage ringing, gain peaking, and potentially
sustained oscillation; additional frequency compensation
is mandatory if this topology is required. Third, an input-
side series inductor forms an input LC filter together with
supply decoupling capacitors, blocking conducted noise
propagating between the input supply and the LDO, with
no direct impact on output voltage dynamics.

For small-signal analysis, the transfer function of each
topology must be derived to evaluate loop stability and
filtering performance. Transient simulations characterize
voltage overshoot and ringing during load-step events,
while AC frequency sweeps quantify noise attenuation and
phase margin [26]. Damping factor analysis for the LC filter
imposes a practical upper bound on inductance value to
avoid underdamped resonant behaviour. For the given load
resistance and output capacitance, near-critical damping is
achieved with an inductance near 47 nH when the filter is
placed outside the feedback loop.

Component sizing for the series LC filter is constrained
by the target damping characteristics of the second-order
L-R;-Cy network, with fixed load resistance Ry = 4.4 Q
and output capacitance C; = 5nF. The resonant frequency
and damping factor are defined by

1 _R /G

_ é’ I
274/LC, 2V L

where { denotes the damping ratio. To suppress severe
transient ringing, a minimum damping ratio of { > 0.5
is enforced, which yields an upper bound on allowable
inductance L < RgCl = 96.8 nH. Candidate inductance
values and their corresponding filter performance are sum-
marised in Table 1. An inductance of 47 nH is selected as
the baseline design point, achieving near-critical damping
to balance high-frequency noise attenuation and suppres-
sion of voltage oscillations [27]. Hardware implementa-
tion requires a low-DCR high-frequency surface-mount

Jo=

inductor with self-resonant frequency at least three times
fo and saturation current exceeding the maximum load
current. If the LC filter is placed within the LDO feedback
loop, substantially smaller inductance (10-22 nH) must be
adopted to push resonant poles far above the regulator
control bandwidth and mitigate stability degradation.

Figure 20 presents the op-amp based PMOS LDO test
circuit constructed to evaluate the influence of inductive
components at three distinct locations. The input supply
voltage V; = 1.2V feeds the pass transistor M1 through
series inductor L3, which acts as an input-side noise filter.
Closed-loop regulation is realised by operational amplifier
Ul, which compares the feedback voltage from the resistive
divider R{-R, against the reference voltage V3 = 0.7V
and drives the gate of the PMOS pass element. The output
node of M1 connects to an external load filter formed by
L, = 47nH and C; = 5nF in series with load resistance
R; = 4.4Q; this LC filter is positioned after the feedback
sensing tap, isolating the resonant network from the control
loop to preserve stability. An additional inductor L, is
inserted within the lower branch of the feedback divider,
enabling comparative testing of inductive loading directly
inside the feedback path. This topology facilitates side-
by-side investigation of input filtering, out-of-loop output
LC filtering, and feedback-network inductance effects on
transient response and small-signal stability.

The small-signal AC behaviour of the LDO with added
inductors is summarized in Figure 19. Figure 19a presents
the baseline loop-gain characteristic of the unmodified
LDO without an inductor; the response exhibits a smooth
single-pole roll-off with adequate phase margin, confirm-
ing stable closed-loop operation. When the series inductor
is inserted inside the feedback sensing path (Figure 19b),
the LC combination introduces a pair of resonant complex
poles within the control loop. This manifests as pronounced
gain peaking and a sharp deterioration in phase near the
resonant frequency, severely degrading phase margin and
producing the underdamped voltage ringing observed in
transient simulations. In contrast, placing the inductor out-
side the feedback loop (Figure 19c) confines the LC filter
after the regulation sensing node. The control loop transfer
function remains identical to the baseline case, and regu-
lator stability is preserved, while the LC network still pro-
vides high-frequency noise filtering for the load. The output
impedance comparison in Figure 19d further illustrates
this distinction: a large resonant impedance peak emerges
when the LC filter is embedded within the feedback loop,
whereas the safe out-of-loop configuration avoids this prob-
lematic resonance. These results demonstrate that the phys-
ical placement of the inductor relative to the feedback
divider is the dominant factor governing stability, rather
than inductance magnitude alone.

5. Conversation-based netlist generation

Netlists are a common way of getting circuits into a
compact, textual form. Schematic diagrams can illustrate
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1 No Plot Appears

(a) Al generated Netlist (b) The bug example

circuits in a more human-readable format, but for designs
that more intricate it leads itself to a visual mess, thus
Netlists, provide a more compact way to describe the
components, the net connections between them, and how to
simulate it (figure 21a). This makes it particularly good for
LDOs vs other firms analog or mixed signal designs, which
are often complex, as designers can focus on detailing
process and become less entrenched into doing specific
visual editing. An example is our design which is the use of
netlists in LTspice to systematically build an LDO circuit
with specifications for an input voltage of 0.8-1.2 V, an
output voltage of 0.7-1.1 V, and a maximum load current of
250 mA. Everything from PMOS transistors, feedback re-
sistors and compensation capacitors, to simulation settings
— it was all defined explicitly through the Netlists, empha-
sizing the flexibility of this approach, even for advanced
electronic designs. Advantages of netlists in circuit design
go beyond their textual nature. The biggest advantage is
flexibility which allows the engineers to directly make
targeted changes in the code without the need for redrawing
charts as it would be complex to do so. Other than that,
changing a resistor value or changing a node connection in
a netlist is easy, and such alternatives are time saver if we
are working on a repeated design. Finally, netlists promote
portability and compatibility between various simulation
tools, which is particularly beneficial in collaborative envi-
ronments where different engineers may be using different
tools. It is also a clear record of a circuit’s design, helping
with debugging because the relationships between compo-
nents and their parameters are explicitly laid out. These
attributes make netlists an essential resource in the field
of electronics design—whether for industry professionals
maximizing high-efficiency systems or students acquiring
insights into circuit functionality.

In such context, the recent advent of Al in the field
of circuit design has opened exciting avenues for automat-
ing netlist generation. Al can also read high level design
specs and generate complete netlists from them, further
decreasing manual input time. Generative Al netlists can
ensure node interconnections and parameter assignments
are accurate, either eliminating human error from the get-
go or allowing designers to spend more time on higher-level
architecture and optimization decisions. In addition, Al can
greatly speed up iterative prototyping by quickly produc-
ing options certainly differing designs based on different

parameters, something especially useful in performance-
critical applications, such as LDO regulators. Not only does
this increase overall productivity, but it also democratizes
circuit design, enabling people with little technical exper-
tise to engage with electronics.

Unfortunately, Al-generated netlists have significant
shortcomings that need to be remedied. A big problem then
is the contextual awareness deficiency of many Al systems,
producing results that do not match specific design intents
or atypical needs (figure 21b). For instance, in this project,
when we tried to incorporate a custom op-amp subcircuit,
the Al produced syntax errors and erroneous connections,
indicating a failure to deal with something atypical or
unconventional. Moreover, Al-generated netlists can be
tricky to debug because the tools do not output enough
information to find out what went wrong, forcing designers
to retrace the error. This was illustrated early on when
the simulation threw errors such as “measurement failed”
and the expected output graphs, for example, Vout vs.
Vin were not produced. These topics underscore that even
though Al may godsend automate mundane tasks, machine
human involvement is critical to shaping and verifying
the output. Looking back on this project, I think it re-
ally emphasized AI’s current limitations of being able to
generate netlists or debug them, but also potential for the
future. However, Al played a key role in automating low-
level and repetitive task and produced a netlist that was
good enough in the first pass but needed to be edited.
With the progression of Al, such techniques could very
well be expanded to provide application-matched, context-
familiar netlist generation and debugging capabilities that
yield usable information. Additionally, dynamic optimiza-
tion using the simulation results can improve the efficiency
of Al tools. They are not quite reliable enough yet to
handle all elements of circuit design, but their introduction
into workflows represents an important leap forward. The
future of Al in circuit design is one where the speed and
efficiency of algorithms are coupled with the experience
and knowledge of human designers to create an efficient
and revolutionary design process.

6. Conclusion

This study demonstrates the application of GPT-40 in
assisting with the design, simulation, and analysis of a
low-dropout voltage regulator (LDO). GPT-40 has various
suggestions in multiple stages of the design process, from
brainstorming and proposing circuit topologies to guiding
simulation setup and optimization. ChatGPT-4o0 will not
directly feedback on the actual LDO circuit diagram, but it
will feedback on the schematic of the LDO circuit diagram
and the actual step based on the provided software. The
biggest problem of ChatGPT-4o0 is the correctness check.
It may miss the design specifications and will not be found
by ChatGPT itself during the correctness check. The self-
check is needed for the circuit design. However, ChatGPT
can help the user to do accurate data distribution to satisfy

Xi Liu?, Wenxi Fang?, Ken Perlin®: Preprint submitted to Elsevier

Page 12 of 14



Electromagnetic analysis of low dropout regulator circuit with small-signal stability characterization for inductive LC filters and
transformers

the output requirement. In the design phase, GPT-40 was
effective in suggesting a foundational LDO architecture,
including key components such as a PMOS pass transistor,
an error amplifier, and compensation elements. Notably,
the operational amplifier design played a critical role in
ensuring the stability and performance of the circuit. GPT-
40 proposed a single-stage operational amplifier compris-
ing a differential pair, current mirror, and buffer stage,
with carefully chosen transistor dimensions for optimal
performance.

Simulation results validated GPT-40-assisted designs.
In transient analysis, the LDO exhibited stable output volt-
age under varying input conditions, maintaining a dropout
voltage within the design specifications. The addition of
compensation capacitors significantly enhanced circuit sta-
bility, reducing the steady-state time. Frequency response
analysis confirmed a stable phase margin and adequate
gain bandwidth, ensuring robust performance across a wide
frequency range. Furthermore, GPT-40 provided step-by-
step guidance for conducting these simulations, making
it a valuable tool for users unfamiliar with platforms like
LTspice.

The operational amplifier, designed with thin-oxide
NMOS and PMOS transistors, achieved high-speed op-
eration and adequate gain. Its performance metrics, such
as phase margin and DC gain, were validated through
frequency response analysis, demonstrating that the design
met stability requirements. The integration of a compensa-
tion capacitor further improved transient response, reduc-
ing the settling time and mitigating oscillations.

An investigation into integrated inductive magnetic el-
ements reveals critical topology-dependent stability trade-
offs unique to linear LDOs, a layer of analysis also guided
by iterative prompts to GPT-40. Three distinct inductor
placements are evaluated: an input supply filter inductor,
an output LC filter positioned outside the feedback sens-
ing tap, and an inductor embedded within the resistive
feedback divider. Rooted in Maxwell’s electromagnetic
induction laws and MOSFET small-signal amplifier theory,
the analysis confirms inductors act as frequency-dependent
impedance loads that introduce supplementary phase lag
into the control loop only when placed inside the feedback
path. The LC resonant pole pair formed by an inductor
within the feedback divider triggers pronounced gain peak-
ing, sharp phase degradation, and severely compressed
phase margin, which manifests as sustained transient volt-
age ringing. By contrast, an identical inductor—capacitor
LC network installed after the feedback sensing node exerts
no influence over the core loop transfer function, fully
preserving the original regulator stability while delivering
high-frequency EMI filtering for the load. Component siz-
ing analysis further identifies 47nH as the near-critically
damped baseline inductance value for out-of-loop output
filters, balancing noise attenuation and transient damping;
inductances exceeding 96.8nH produce underdamped res-
onant behavior even in the stable external configuration.

Input-side inductors solely isolate supply-borne interfer-
ence without altering LDO regulation dynamics. This com-
parative study highlights that the relative position of mag-
netic inductive components with respect to the feedback
divider dominates stability performance, rather than raw
inductance magnitude, and underscores the necessity of
small-signal AC verification when augmenting LDOs with
LC passive filters—an important design caveat the LLM
partially highlights but cannot fully quantify without user-
specified simulation follow-up.

According to the experiment results we discussed
above, we need to notice that, GPT-40 have some limits and
disadvantages. For example, GPT-40 may miss a few com-
ponents’ data or configurations in a long conversation. With
basic knowledge of circuit topologies and technologies and
limited access to outer simulation tools like LTspice, GPT-
4o failed to generate functionable Netlist for direct use.

To a certain degree, GPT-40 can be a significantly
useful tool for cricuit designers, especially amateurs, to
brainstorm, construct, test, analyze, and optimzie the cir-
cuits. With appropraite and information-rich conversation,
GPT-40 has a larger tendency to follow the correct path.
However, while using the GPT-4o, users still need to pay
attention to the possible missing context or midsleading re-
sponses. When realize there is any incorrect information or
misleading response, users should give prompts that claim
these mistakes and ask for double check and corrections.

To sum up, ChatGPT-40 is not a perfect tool but still
powerful. It is not long since the LLMs became popular,
and LLMs from different development teams have been
ungraded for many times. A large number of plug-in or
extension tools for different LLMs have been created. We
can optimically expect for more professional and specific
field-oriented LLMs to be developed and improved in the
near future.

7. Declaration of competing interests

The authors declare there is no competing interest.

References

[1] F. El-Turky, E. Perry, Blades: an artificial intelligence approach
to analog circuit design, IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems (1989). doi:10.1109/43.
31523.

[2] Z. Li, A. C. Carusone, Design and optimization of low-dropout
voltage regulator using relational graph neural network and rein-
forcement learning in open-source skyl30 process, 2023. doi:
10.1109/ICCAD57390.2023.10323720.

[3] K. Settaluri, A. Haj-Ali, Q. Huang, K. Hakhamaneshi, B. Nikolic,
Autockt: Deep reinforcement learning of analog circuit designs,
2020. doi:10.23919/DATE48585.2020.9116200.

[4] G. Rincon-Mora, P. Allen, A low-voltage, low quiescent current,
low drop-out regulator, IEEE Journal of Solid-State Circuits (1998).
doi:10.1109/4.654935.

[5] K. N. Leung, P. Mok, A capacitor-free cmos low-dropout regulator
with damping-factor-control frequency compensation, IEEE Journal
of Solid-State Circuits (2003). doi:10.1109/JSSC.2003.817256.

[6] G. Anusha, A. Kumar, K. Kandpal, A fully on-chip low-
dropout regulator for soc applications, Procedia Computer

Xi Liu?, Wenxi Fang?, Ken Perlin®: Preprint submitted to Elsevier

Page 13 of 14


https://doi.org/10.1109/43.31523
https://doi.org/10.1109/43.31523
https://doi.org/10.1109/ICCAD57390.2023.10323720
https://doi.org/10.1109/ICCAD57390.2023.10323720
https://doi.org/10.23919/DATE48585.2020.9116200
https://doi.org/10.1109/4.654935
https://doi.org/10.1109/JSSC.2003.817256
https://www.sciencedirect.com/science/article/pii/S187705092031084X
https://www.sciencedirect.com/science/article/pii/S187705092031084X

Electromagnetic analysis of low dropout regulator circuit with small-signal stability characterization for inductive LC filters and
transformers

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

(20]

(21]

(22]

(23]

ScienceThird International Conference on Computing and
Network Communications (CoCoNet’19) (2020). doi:https:
//doi.org/10.1016/j.procs.2020.04.108.

URL https://www.sciencedirect.com/science/article/pii/
S187705092031084X

S.-K. Kao, Y.-H. Chiu, W.-S. Chang, C.-H. Liao, A low drop-
out regulator with feed-forward ripple cancellation technique, IEEE
Nanotechnology Magazine (2024).

S. Zhan, L. Xue-Kang, Z. Ye, F. Chong, B. Chun-Juan, Design of
a low-noise low dropout regulator for cmos pixel sensors, IEEE
Access (2024). doi:10.1109/ACCESS.2024.3419798.

R. M. R, A. V. R, Design of a low dropout voltage regulator (1do)
using scl 180nm cmos technology, in: 2024 International Confer-
ence on Smart Electronics and Communication Systems (ISENSE),
2024. doi:10.1109/ISENSE63713.2024.10872390.

K. Wang, J. Tang, S. Yuan Sim, X. Zhang, C. Huang, Design
of a wide-loading-range cap-less ldo with enhanced power supply
rejection and speed, IEEE Transactions on Circuits and Systems I:
Regular Papers (2026). doi:10.1109/TCSI.2025.3627223.

K. Xu, Y. Wang, Z. Wang, Y. Kong, Design of error amplifier with
clamp circuit for buck dc-dc converter, Association for Computing
Machinery, 2025. doi:10.1145/3766671.3766798.

URL https://doi.org/10.1145/3766671.3766798

H. Lai, Operation amplifier special design and development, in:
2021 International Conference on Electronic Information Engineer-
ing and Computer Science (EIECS), 2021. doi:10.1109/EIECS53707.
2021.9587978.

M. Hershenson, S. Boyd, T. Lee, Optimal design of a cmos op-
amp via geometric programming, IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems (2001). doi:
10.1109/43.905671.

S. Pashmineh, S. Bramburger, D. Killat, Design of a high-voltage
rail-to-rail error amplifier based on standard cmos used in an ldo,
in: 2016 IEEE Canadian Conference on Electrical and Computer
Engineering (CCECE), 2016. doi:10.1109/CCECE.2016.7726693.

K. N. Leung, P. Mok, W. H. Ki, A novel frequency compensation
technique for low-voltage low-dropout regulator (1999). doi:10.
1109/ISCAS.1999.777521.

B. Shem-Tov, M. Kozak, E. Friedman, A high-speed cmos op-amp
design technique using negative miller capacitance (2004). doi:
10.1109/ICECS.2004.1399758.

C. Li, Optimizing two-stage cmos operational amplifier design:
application of innovative algorithms and circuit techniques, in: 2nd
International Conference on Mechatronic Automation and Electrical
Engineering ICMAEE 2024), 2024. doi:10.1049/icp.2024.4466.
G. Gruosso, Modeling of magnetic components for power electron-
ics: a circuit equivalent approach, in: 2019 IEEE 5th International
forum on Research and Technology for Society and Industry (RTSI),
2019. doi:10.1109/RTSI.2019.8895577.

X. Liu, G. Kayar, K. Perlin, A gpu-based hydrodynamic
simulator with boid interactions, Parallel Computing (2024).
doi:https://doi.org/10.1016/j.parco.2023.103062.

URL https://www.sciencedirect.com/science/article/pii/
S0167819123000686

W. G. Hurley, M. C. Duffy, J. Acero, Z. Ouyang, J. Zhang, Magnetic
circuit design for power electronics, in: M. H. Rashid (Ed.), Power
Electronics Handbook (Fourth Edition), Butterworth-Heinemann,
2018. doi:https://doi.org/10.1016/B978-0-12-811407-0.00019-2.
URL https://www.sciencedirect.com/science/article/pii/
B9780128114070000192

H. A. Leupold, Permanent Magnet Design: Methods of Magnetic
Circuit Design, Springer Netherlands, Dordrecht, 1997.

N. Borchardt, R. Kasper, Analytical magnetic circuit design opti-
mization of electrical machines with air gap winding using a halbach
array, in: 2017 IEEE International Electric Machines and Drives
Conference (IEMDC), 2017. doi:10.1109/IEMDC.2017.8001995.

S. D. Sudhoff, Magnetics and Magnetic Equivalent Circuits, 2022.
doi:10.1002/9781119674658.ch2.

[24]

[25]

[26]

[27]

T. Mion, M. Staruch, N.J. Jones, J.-H. Yoo, I. Olsson, Roy H., M. G.
Allen, P. Finkel, Stress tunable multiferroic magnetic circuit: The
magnetic rheostat, Applied Physics Letters (2025). doi:10.1063/5.
0283411,

URL https://doi.org/10.1063/5.0283411

X. Liu, W. Fang, K. Perlin, Effect of al-zn alloy wafer grain boundary
diffusion on the magnetism and microstructure of sintered ndfeb
magnets (2026). arXiv:2607.21870.

URL https://arxiv.org/abs/2607.21870

E. Lwithwaite, Magnetic equivalent circuits for electrical machines,
Proceedings of the Institution of Electrical Engineers (1967).
doi:10.1049/piee.1967.0344.

URL https://digital-library.theiet.org/doi/abs/10.1049/piee.
1967.0344

S. Giingor, S. Altay, Simulation of magnetic circuits including
hysteresis nonlinearity, in: W. H. A. Schilders, E. J. W. ter Maten,
S. H. M. J. Houben (Eds.), Scientific Computing in Electrical
Engineering, Springer, 2004.

Xi Liu?, Wenxi Fang?, Ken Perlin®: Preprint submitted to Elsevier

Page 14 of 14


https://doi.org/https://doi.org/10.1016/j.procs.2020.04.108
https://doi.org/https://doi.org/10.1016/j.procs.2020.04.108
https://www.sciencedirect.com/science/article/pii/S187705092031084X
https://www.sciencedirect.com/science/article/pii/S187705092031084X
https://doi.org/10.1109/ACCESS.2024.3419798
https://doi.org/10.1109/ISENSE63713.2024.10872390
https://doi.org/10.1109/TCSI.2025.3627223
https://doi.org/10.1145/3766671.3766798
https://doi.org/10.1145/3766671.3766798
https://doi.org/10.1145/3766671.3766798
https://doi.org/10.1145/3766671.3766798
https://doi.org/10.1109/EIECS53707.2021.9587978
https://doi.org/10.1109/EIECS53707.2021.9587978
https://doi.org/10.1109/43.905671
https://doi.org/10.1109/43.905671
https://doi.org/10.1109/CCECE.2016.7726693
https://doi.org/10.1109/ISCAS.1999.777521
https://doi.org/10.1109/ISCAS.1999.777521
https://doi.org/10.1109/ICECS.2004.1399758
https://doi.org/10.1109/ICECS.2004.1399758
https://doi.org/10.1049/icp.2024.4466
https://doi.org/10.1109/RTSI.2019.8895577
https://www.sciencedirect.com/science/article/pii/S0167819123000686
https://www.sciencedirect.com/science/article/pii/S0167819123000686
https://doi.org/https://doi.org/10.1016/j.parco.2023.103062
https://www.sciencedirect.com/science/article/pii/S0167819123000686
https://www.sciencedirect.com/science/article/pii/S0167819123000686
https://www.sciencedirect.com/science/article/pii/B9780128114070000192
https://www.sciencedirect.com/science/article/pii/B9780128114070000192
https://doi.org/https://doi.org/10.1016/B978-0-12-811407-0.00019-2
https://www.sciencedirect.com/science/article/pii/B9780128114070000192
https://www.sciencedirect.com/science/article/pii/B9780128114070000192
https://doi.org/10.1109/IEMDC.2017.8001995
https://doi.org/10.1002/9781119674658.ch2
https://doi.org/10.1063/5.0283411
https://doi.org/10.1063/5.0283411
https://doi.org/10.1063/5.0283411
https://doi.org/10.1063/5.0283411
https://doi.org/10.1063/5.0283411
https://arxiv.org/abs/2607.21870
https://arxiv.org/abs/2607.21870
https://arxiv.org/abs/2607.21870
http://arxiv.org/abs/2607.21870
https://arxiv.org/abs/2607.21870
https://digital-library.theiet.org/doi/abs/10.1049/piee.1967.0344
https://doi.org/10.1049/piee.1967.0344
https://digital-library.theiet.org/doi/abs/10.1049/piee.1967.0344
https://digital-library.theiet.org/doi/abs/10.1049/piee.1967.0344

	Introduction
	Conversation-based model construction
	Design specifications
	Circuit design using simulation program with integrated circuit emphasis (SPICE)
	PULSE Simulation

	Conversation-based Analysis guidance
	Conversation-based structure modification
	AD8034 operational amplifier
	Single stage operational amplifier
	Adding inductors to the LDO circuit topologies

	Conversation-based netlist generation
	Conclusion
	Declaration of competing interests

