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Abstract: This paper proposes a fast-transient on-chip low-dropout regulator (LDO) with high
loop gain, utilizing adaptive dynamic biasing. A novel error amplifier circuit is designed,
where the tail current transistor of a conventional five-transistor operational amplifier is used
as the feedback amplifier transistor to participate in the amplification process, significantly
improving the loop gain of the LDO and enhancing its accuracy. A current-sampling-based
technique is applied to enhance the transient response at the output node, combined with
adaptive dynamic biasing, to reduce output voltage undershoot and overshoot during load
variations. The proposed LDO is implemented in a 12nm CMOS process. Test results show
that for a 0.9V output voltage, a maximum load current of 30mA, and a loop gain of 114dB
can be achieved with a 0.725V reference voltage. When the load current transitions from
100pA to 30mA and back to 100uA, the undershoot voltage is 5.8mV, and the overshoot
voltage is 7.6mV.
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1. Introduction

The new era of high-speed communication and the increasing demand for higher stability in chips
present significant challenges for the next generation of on-chip power modules. The internal power
management of integrated circuits and the expansion of device sizes have become increasingly
challenging. Low dropout regulators (LDOs) are widely used in communication chips to power
various modules due to their advantages of low noise and good load/line regulation. On-chip LDOs
eliminate large output capacitors, accelerate the manufacturing process, and are thus favored in
modern designs[1][2][3][4][5]. However, due to the absence of large output capacitors to absorb
output voltage (VOUT) spikes, the transient performance of on-chip LDOs is crucial [6]. In the
transmitter (TX) section of SerDes (Serializer/Deserializer), LDOs are typically used to provide a
stable, low-noise power supply voltage to support high-performance data transmission. SerDes
generally operate in the GHz frequency range and experience significant current fluctuations under
high-speed switching conditions. LDOs with good transient performance maintain a stable output
voltage when the load changes rapidly, reducing power noise in both the transmitter and receiver
sections of the SerDes circuit, which is extremely helpful for improving the output eye diagram. In
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summary, LDOs with high precision and fast transient response play a crucial role in communication
interface circuits [7].

This paper proposes an LDO with high loop gain based on adaptive dynamic biasing, implemented
using 12nm CMOS technology. The bias current of the loop error amplifier in the proposed LDO
dynamically adjusts with the load, and a current-sampling-based transient response enhancement
technique is employed to quickly compensate for load current changes when the LDO experiences
sudden load fluctuations. The proposed LDO can accommodate a wide range of load capacitances,
achieving high stability, fast transient response, and minimal voltage spikes when the load
capacitance is between 0 and 100pF. In the first section, we introduce the architecture,
implementation, and operating principles of the proposed LDO. Detailed test results are reported in
the second section, and conclusions are provided in the third section.

2. LDO Circuit Design
2.1. Overall Circuit Design

Figure 1 shows the proposed analog LDO circuit. It employs adaptive dynamic biasing, with transistor
M4 mirroring the current of Mp. The sizes of transistors M4, M5, M6, and M7 are designed to be
equal. Transistors M3 M2 M5 M6, M8, and M3 form a negative feedback loop, while transistors
M3 M1 M4 M7 M9, and M3 form a positive feedback loop. Stability is achieved by ensuring that
the overall negative feedback loop gain, which includes the negative feedback loop formed by M1,
M4 Mp. R1, and M2, is always greater than the gain of the positive feedback loop.
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Figure 1: Proposed Analog LDO Circuit

2.2. High Precision Implementation

After organizing, the following expression can be obtained:
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The above equations represent the low-frequency open-loop and closed-loop gains of the LDO
core. In the design of the operational amplifier, the tail current source transistor M3 participates in
M/
7,9
This significantly improves the open-loop gain of the proposed LDO.

In the proposed LDO design, the grounded capacitor CO acts as a compensation capacitor, playing
a critical role in the system's stability. Through the analysis of the system's response, it is found to
exhibit the characteristics of a second-order low-pass filter. In this LDO circuit, two key poles exist.

The primary pole is located at the gate of transistor M3, and its corresponding frequency is:
1

P Cylrol17as)
The secondary pole appears at the LDO output node, with a frequency of:
1

the amplification process, providing a gain of é miR 2(1 + g3 (107 |r09)) at low frequencies.
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To ensure system stability and good phase margin, we focus on the relative positioning of the
primary and secondary poles. By carefully designing the size of the compensation capacitor CO, and
particularly by adjusting CO at the gate of M3, even under light load conditions, the frequency position
of the secondary pole will not adversely affect the primary pole. This design strategy ensures that the
phase margin of the system remains within a good range, thereby significantly improving the dynamic
stability of the LDO.

Furthermore, the advantage of this compensation method lies not only in its application to the
specific parameter combination in the current design but also in its broader applicability. By
appropriately adjusting the value of CO, the design can be adapted to different load conditions and
process parameters, thereby enhancing the robustness and reliability of the LDO circuit design [8].

2.3. Adaptive Dynamic Biasing Technology

The proposed LDO design adopts an adaptive dynamic biasing technique that significantly improves
the transient response performance of the LDO. This technique dynamically adjusts the internal bias
currents and voltages of the circuit to achieve a fast response to output voltage fluctuations [9]. When
the output voltage Vout drops, it first results in a decrease in the gate voltage of transistor M2. This
change directly causes a reduction in the pull-down current of M2, triggering a series of dynamic
adjustment mechanisms.

Specifically, through the current mirror structure formed by M5 and M6, the change in the pull-
down current is passed to the next stage, causing a response in the mirror structure formed by M8 and
MO. This eventually leads to an increase in the gate voltage of M3. This change further increases the
current through M1, enhancing the supply capability to the load and suppressing the downward trend
of the output voltage.

To further improve the speed and accuracy of the transient response, we designed a current mirror
structure consisting of transistor M4 and the power transistor Mp. When the current flowing through
M4 increases, this current mirror structure quickly adjusts the bias current of Mp, accelerating its
dynamic response capability. This design enables the output voltage Vout to quickly increase and
return to the target level, significantly shortening the transient response time.

Moreover, the advantage of adaptive dynamic biasing is not only reflected in its fast transient
recovery capability but also in its adaptability to different load conditions. By carefully optimizing
the dimensions and biasing parameters of key devices such as M2, M3, and M4, dynamic performance
can be balanced between light and heavy loads, providing a more stable and efficient operating
foundation for the LDO.
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2.4. Current Sampling-Based Transient Response Enhancement Technique

Furthermore, this paper proposes a current-sampling-based transient response enhancement technique
to significantly improve the dynamic performance of the LDO under rapid load variation conditions.
This technique consists of a resistor R3 and transistors M10 and M11, and features a simple and
efficient structure. It significantly improves the LDO's transient response characteristics while saving
chip area.

Specifically, when the load current suddenly decreases, the output voltage Vout of the LDO will
rise rapidly due to transient effects. This change causes an increase in the current flowing through
resistor R3. Since M10 and M11 form a current mirror structure, the change in current flowing

through M10 is given by:
w
( /L)]() Vout

lasio =
’ (W/L),,R3+g]
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In this expression, the increase in current flowing through M10 compensates for the decrease in

load current, thus stabilizing the LDO output voltage. Conversely, when the load current suddenly
increases, Vout will show a downward trend, leading to a decrease in the sampling current flowing
through R3. Under the current mirror mechanism, the current flowing through M10 will also decrease,
compensating for the change in load current.

The proposed LDO incorporates both adaptive dynamic biasing and transient response
enhancement techniques, which significantly reduce the variation in output voltage and recovery time
during load changes, optimizing the slew rate.

Finally, the output node of the proposed LDO uses a variable resistor voltage divider. We designed

a variable resistor divider with resistors R1 and R2, so that:
_ R/ +R; v
ouT = R, REF

By adjusting the size of R1, the output voltage of the LDO can be raised or lowered, thereby
ensuring stable power supply to other modules in the chip under different PVT (Process, Voltage, and
Temperature) conditions.

3. Simulation and Test Results

The proposed LDO is fabricated using a 12nm process and exhibits significant advantages in both
technical specifications and practical performance. The effective area of the LDO is 0.004 mm?, and
this compact area includes an on-chip load capacitor CL with a capacitance value of 45pF. The small
on-chip capacitor provides a significant area advantage for the LDO. The chip cross-section and
layout of the proposed LDO are shown in Figure 2. The selection of the on-chip capacitor CL is an
important trade-off in the LDO design. A smaller CL can significantly reduce the chip area, thereby
improving chip integration and cost-effectiveness. However, the drawback is that it may weaken the
load transient response ability, leading to a deterioration in dynamic performance. Conversely,
selecting a larger CL can enhance the transient response characteristics, but it occupies more chip
area and, due to the larger capacitance, limits the bandwidth (BW) of the feedback loop, which may
negatively impact the overall performance of the design. Therefore, a balance must be considered
between transient response speed and chip area in the design to meet practical application
requirements. Figure 3 shows the transient behavior of the LDO output voltage when the load current
jumps from 100pA to 30mA, and vice versa, with and without the current-sampling-based transient
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response enhancement technique, at a supply voltage of 1.8V and a reference voltage of 0.8V. Figure
4 shows the power supply rejection ratio (PSR) curve of the proposed LDO.

Figure 2: Cross-sectional and layout diagram of the proposed LDO.

3.1. Transient Response Test

During testing, the load current of the LDO suddenly changes from 100pA to 30mA, and then from
30mA back to 100pA. Both transitions have a rise time and fall time of 1us. Under this dynamic load
condition, the traditional LDO, which does not use the transient response enhancement technique,
exhibits a 31.9mV undershoot during load rise and a 27.5mV overshoot during load drop. This large
undershoot and overshoot reflect the limitations of traditional LDOs, which have slower response
speeds and insufficient adjustments under rapid load changes.

In contrast, the proposed LDO, by employing the current-sampling-based transient response
enhancement technique, significantly optimizes transient performance. Under the same test
conditions, the output voltage of the LDO exhibits only a 5.8mV undershoot and a 7.6mV overshoot,
reducing the undershoot and overshoot amplitudes by approximately 81.8% and 72.4%, respectively,
compared to the traditional design, as shown in Figure 3.

This result indicates that the current-sampling-based transient response enhancement technique
can effectively improve the LDO's response to load transients. Specifically, the technique
dynamically adjusts the compensation current to quickly balance the output voltage fluctuations
caused by load current variations, significantly improving the LDO's stability and transient
performance. This improvement not only enhances the accuracy of the output voltage but also reduces
the risk of system performance degradation due to undershoot or overshoot, making it especially
suitable for applications requiring high voltage accuracy and dynamic stability.
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Figure 3: Transient response performance of the proposed LDO.
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Test results show that when the load switches from light load to heavy load, the rise rate (slew rate)
of the output voltage is 2mV/us, while when the load switches from heavy load to light load, the fall
rate of the output voltage reaches 6.08mV/us. These rise and fall rates not only demonstrate the LDO's
fast response capability to load transients but also highlight the technical advantages of the proposed
design in achieving high dynamic performance.

3.2. Loop Gain and Power Supply Rejection Ratio

From the loop characteristics, the proposed LDO achieves a loop gain of 114dB in the low-frequency
range, with a phase margin of 70 degrees. This combination of high gain and phase margin ensures
the LDO's excellent stability under a wide range of load and power supply variations. Additionally,
under light load conditions, the phase margin decreases slightly but remains at 52 degrees, which is
still sufficient to support stable loop operation.

The optimization of both low and high-frequency loop gain not only enhances the LDQO's stability
but also has a significant impact on its power supply rejection ratio (PSR) performance. The proposed
LDO achieves a PSR of -105dB in the low-frequency range, indicating its ability to significantly
suppress power supply noise and ensure the purity of the output voltage. This performance is
particularly important in noise-sensitive analog circuits. Furthermore, the PSR of this LDO remains
above -8dB across the entire frequency range, as shown in Figure 4. This efficient power supply noise
suppression capability over a wide frequency range lays a solid foundation for the LDO’s application
in various complex operating environments.
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Figure 4: PSR curve of the proposed LDO.

3.3. Comparison with Other LDO Architectures

Table I summarizes the results and compares the proposed LDO with other architectures. The
proposed LDO achieves the best transient characteristics among similar designs while maintaining
high precision. The figure of merit (FOM) of the regulator is 1.3e-7 (the smaller the FOM number,
the better). By using PMOS as the power transistor, the proposed LDO incorporates self-biasing and
transient response enhancement techniques, resulting in a simple and efficient design.

Table 1: Performance Comparison

[10] [11] [12] [13] [14] This work
Year 2017 2022 2016 2016 2015 2024
Technology(nm) 22 28 500 90 65 12
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Table 1: (continued).

VIN(Y) 2.0 0.6-1 2355 1225 11514 162
VOUT(V) 077 0509 1254 I 09512 0.81-0.99
Imax(mA) 15 1500 150 100 50 30
COUT(pF) 30 0.005 — 140 45

DC_gain@l-Imax(dB) 55 80 159 46 50 114
PSR(dB) 35@I0M 20@IM  58@I0k  70@100k  12@5M  102@10k
Hz Hz Hz Hz Hz Hz
Active Area(mm?) 002 0048 0279 0004 0026  0.004
2% * 2
FOM(m‘ﬁm‘g)mW AB* | 64e-4 608  43e-5  TdeT  47e5  13e]

Note: “—” indicates no data available.
Area X At X AVOUT

DCyqin X |PSR| X Alpyr

FOM =

4. Conclusion

This paper proposes a high-loop gain LDO with fast transient response based on a self-biasing circuit.
The LDO is capable of supporting a maximum load current of 30mA. It employs a current-sampling
transient response enhancement technique, which significantly reduces the output voltage overshoot
and undershoot. Specifically, when the load current rapidly switches, the LDO’s output voltage
undershoot is only 5.8mV, and the overshoot is only 7.6mV. The tail current source contributes to the
amplification, resulting in a loop gain of 114dB. This LDO has been implemented in a 12nm CMOS
process and demonstrates satisfactory performance.
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