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 Abstract 

Power Management Integrated Circuit (PMIC) is becoming increasingly 

important in modern moblie applications because high-quality power supply is 

increasingly demanded by mobile electronics such as System-on-Chips (SoCs), 

Mobile Station Modem (MSM), camera image sensor, etc. Low DropOut linear 

regulators (LDOs) is one of the most critical modules in PMIC that ascertain the 

quality of the power supply of the said mobile electronic. Note that PMIC first 

steps down the battery voltage to a lower regulated voltage by high efficiency but 

noisy switching regulators. Thereafter, LDO follows the switching regulators to 

filter out the switching component of the output of the swiching regulator to 

generate a low-noise, high quality supply voltage.  

Amongst all the design metrics of LDO, a fast load transient response with small 

overshoot/undershoot is arguabely the most important yet challenging 

specification for LDO to achieve. This is mainly due to two reasons. Firstly, 

modern mobile SoC is becoming more and more complex with higher 

computional capability. This leads to a large current consumption and fast 

switching activity, which demands LDO to handle large load step/attack (e.g., 

1A/1μs). Secondly, moblie electronics are exploiting the advanced 

semiconductor fabraction process where the supply voltage is small and less 

tolerable to supply spike/noise.   

This Ph.D work pertains to the investigation and study of various design 

techniques for high performacne LDO achieving superior load transient response 

that is suitable for modern mobile application. Specifically, three fast transient 

LDO designs embodying three novel design techiniques are developed and 
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proposed:  

1. The first proposed LDO achieves fast transient response by using a high 

swing dynamic biasing impedance-attenuation buffer. The impedance-

attenuation buffer helps the loop stability and improves the transient 

response. The buffer’s feature of rail-to-rail  swing makes the LDO’s 

power FET size smaller than traditional buffer design for the same current 

deliverability. This thesis also analyzes its design robustness in terms of 

stability and offset. A low-cost trim method is also introduced to achieve 

a high yield for potential production. This LDO with high swing dynamic 

biasing impedance-attenuation buffer has been fabricated in 0.18-μm HV 

CMOS process. The silicon size of the LDO is 137000 µm2. The LDO’s 

quiescent current is 15μA and can deliver up to 600mA loading current. 

The maximum transient output voltage variation is 1.5% with a load step 

of 500mA/100ns.     

2. The second proposed LDO is a dual-loop compensated, fast-transient 

LDO. It is successfully implemented in a 0.18-μm CMOS process with a 

total silicon area of 210 μm × 593 μm. The proposed LDO is composed 

of two feedback loops. The fast feedback loop (FFL) employs direct 

output voltage spike detection through the capacitive coupling, resulting 

in significantly improved, large-signal transient response and loop 

bandwidth at the same time. Its voltage spike is 15 mV for a load step of 

600 mA. The proposed LDO has a loop bandwidth of 2.3 MHz at a load 

current of 600 mA with a 30 μA quiescent current. A power transistor 

with the pseudo-equivalent series resistance (ESR) technique is proposed 
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for loop stability improvement. It enables the usage of the low-cost, 

multilayer ceramic capacitors in mobile applications. The constant biased 

voltage feedback loop (VFL) has a loop gain larger than 60 dB under all 

load conditions, which enables a good line and load regulation. 

3. The third proposed LDO is a high current NMOS LDO with superior 

transient response. It is realized in 0.13µm SOI CMOS process featuring 

a 10mV undershoot and overshoot with 1A/100ns load current. The 

superior transient performance is achieved by a new multi-loop feedback 

scheme. The presented LDO also embodies a new frequency 

compensation scheme, which enables a stable 60dB DC loop gain despite 

1A load current variation. This contributes to a small load regulation of 

0.6µV/A and line regulation of 0.23mV/V. The LDO consumes 35µA 

quiescent current. The silicon size of the LDO is 325µm × 106µm. 

All the proposed designs in this thesis achieve decent performance metrics, while 

consuming reasonable quiescent currents when they are compared with the 

representative prior-art works. 
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Introduction 

 Background and motivation 

The consumer electronics industry has expanded rapidly in recent years. The 

demand for the battery-powered electronic device is growing exponentially. The 

user’s requirement of longer battery life and smaller size drives the engineers to 

come up with more and more advanced techniques for improving circuit power 

efficiency with minimum cost. According to the market research from NPD [1], 

the total smartphone annual shipments increase every year as shown in Figure 

1.1. And the demand will continue to grow. 

 

Figure 1.1 Market research done by NPD [1]. 

To achieve lower standby current consumption and high power conversion 

efficiency at the same time, power management integrated circuit (PMIC) is 

playing a very critical role in the battery-powered devices, such as smartphones 
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and tablets, etc. Generally, power management includes managing the power 

supply to be used, conserved or distributed, and controlling the different power 

supply level generation. A typical PMIC for SOC is shown in Figure 1.2 [2], [3]. 

It integrates not only regulators, but also battery charger, fuel gauge, and high 

accuracy crystal clock reference for the RF circuits and microprocessors. 

Different types of regulators are used to provide the voltage or current sources to 

the loads through the printed circuit board (PCB) traces or Flat Flex Cables [3], 

[4], [5], [6], [7]. The power up sequencing controller and supervisor are also 

included in PMIC.  

 

Figure 1.2 Typical power management integrated circuit for SOC. 

There are typically two types of power regulators in PMIC design: switching 

mode power supply (SMPS) regulator (including switching inductor based 

regulator and switching capacitor based regulator) and linear regulator, as shown 

in Figure 1.3.  Both regulators can produce the almost load-independent fixed 

voltage power supply out of a variable energy source.  SMPS regulator can step 

up/down the voltage for different applications with high power efficiency. 

Although linear regulator is not power efficiency and only support voltage step-

https://www.digikey.com/products/en/cable-assemblies/flat-flex-cables-ffc-fpc/458
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down, one of the important advantages is low noise output voltage, which is 

highly important for some special circuit modules, such as RF, ADC, etc.  

Switching Regulator
 Efficiency, step up, down or both
 Commonly referred as SMPS

Linear Regulator
 Inefficiency, only step down
 Commonly referred as LDO  

Figure 1.3 Typical voltage supply regulator module in PMIC [8]. 

The LDO is one of the most critical modules in power management system as it 

is used to regulate the rippled supply to provide a “clean” voltage source for all 

kind of noise-sensitive or level-sensitive analog/RF/digital modules [9], [10], 

[11], [12], [13]. For commercial products, it becomes very challenging to design 

an LDO with high stability, low voltage dropout, fast transient, and a small area, 

and accurate output voltage under process-voltage-temperature (PVT) variations. 

Firstly, large power FET is needed, as while delivering high loading current, it 

requires a very low voltage drop across the power FET to achieve high power 

efficiency. Secondly, to avoid device being turned off or getting reset abnormally, 

fast transient response with smaller voltage variation at load-switching is 

essentially important for portable applications. Thirdly, a reasonable power 

supply rejection and output voltage accuracy are required for LDO that supplies 

sensitive loading. In short, LDO requires careful design by balancing circuit 

topology, amplifier gain, and quiescent current, etc. [9], [10]. 

Instead of using regulators under the battery to directly supply each module, a 
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two-step approach is widely used nowadays in PMIC design, as shown in Figure 

1.4.  The primary regulators, which can handle large load current, are used to 

generate shared power supply. The primary regulators (i.e., switching regulators) 

are commonly used to provide a wide range of output voltages. The output 

voltage can be either higher or lower than the battery supply voltage with 

different regulator design topologies. Switching regulator works as an energy 

transporter by moving small chunks of energy, bit by bit, from the battery to the 

output. The energy losses involved in such energy-transportation are relatively 

small. Since the energy transportation in the switching regulator is running in a 

non-continuous way, there are always voltage ripples appeared at regulator 

output, which is normally not acceptable for noise-sensitive circuits. 

Then, an array of secondary regulators are LDOs that operate under the shared 

power supply are built to supply individual nodules. They generate multiple 

voltage output independently for the system. As compared to switching regulator, 

LDO has better transient response, lower noise and better power supply isolation, 

but its efficiency is low. As a result, a switching regulator followed by a linear 

regulator topology could be a good solution for both performance and efficiency.   

 

Figure 1.4 The two-steps approach in PMIC design [2]. 
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 Objectives 

The thesis objectives are listed below: 

(i) To investigate and understand the design challenges of high-performance 

LDO designs. To conduct a comprehensive literature review on 

performance metrics, frequency compensation schemes and transient 

response enhancement techniques.  

(ii) To explore techniques that could advance the LDO design for battery-

powered portable devices, with better transient response, smaller area 

and lower quiescent current. This work pertains to the design and 

realization of the fast transient LDOs for battery-powered portable 

applications.  

 Contributions 

The contributions of this thesis are the design and monolithic realization and 

testing characterization of three high-performance analog linear voltage 

regulators (LDOs) in the CMOS process. 

The specific contributions to the LDOs are: 

(1) An LDO with a rail-to-rail  swing dynamic biasing impedance-attenuation 

buffer has been fabricated in a 0.18-μm HV CMOS process. The buffer’s 

featured rail-to-rail swing allows a smaller power FET to be used 

compared with traditional buffer design. This design also improves 

robustness in terms of stability and offset. A low-cost trim method is also 

introduced to achieve a potential high yield in production.  
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(2) A dual-loop compensated, fast-transient PMOS LDO is successfully 

implemented in a 0.18-μm CMOS process with a total silicon area of 210 

μm × 593 μm. The proposed LDO is composed of two feedback loops. 

The fast feedback loop (FFL) employs direct output voltage spike 

detection through capacitive coupling, resulting in significantly improved 

large-signal transient response and loop bandwidth. A power transistor 

with the pseudo-equivalent series resistance (ESR) technique is proposed 

for loop stability improvement. It enables the usage of the low-cost, 

multilayer ceramic capacitors in mobile applications. The constant biased 

voltage feedback loop (VFL) has a loop gain larger than 60 dB under all 

loading conditions, enabling a good line and load regulation. 

(3) A high current with superior transient response NMOS LDO is realized 

in 0.13µm SOI CMOS process featuring a 10mV undershoot and 

overshoot with a 1A/100ns load current. The superior transient 

performance is achieved by a new multi-loop feedback scheme. The 

proposed LDO also employs a new frequency compensation scheme, 

enabling a stable 60dB DC loop gain despite a 1A load current variation.  

All the proposed designs in this thesis achieve decent performance metrics while 

consuming reasonable quiescent currents when compared with prior-art. 

 Organization of the thesis 

The remainder of this thesis is organized as follows. 

Chapter 2 reviews the low-dropout linear regulator. Firstly, the performance 

metrics are presented. It mainly focuses on line/load regulation, power supply 
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ripple rejection, and accuracy. Secondly, both frequency compensation 

techniques and the prior-art transient response enhancing techniques are 

reviewed. Analysis on different types of regulator design is also discussed. 

In Chapter 3, design details on an LDO with a high swing dynamic biasing 

impedance-attenuation buffer is discussed. The buffer’s rail-to-rail swing makes 

the LDO’s power FET size smaller than traditional buffer design for the same 

current capability. This chapter also analyses its design robustness in terms of 

stability and offset. A low-cost trim method is also introduced.  

Chapter 4 presents a dual loop-compensated, fast-transient LDO for battery-

powered applications. The proposed LDO is composed of two feedback loops. 

The fast feedback loop (FFL) employs direct output voltage spike detection 

through the capacitive coupling, resulting in significantly improved large-signal 

transient response and loop bandwidth at the same time. A power transistor with 

the pseudo-equivalent series resistance (ESR) technique is proposed for loop 

stability improvement. It enables the usage of the low-cost, multilayer ceramic 

capacitors in mobile applications. The constant biased voltage feedback loop 

(VFL) enables a good line and load regulation. 

In Chapter 5, a high current with superior transient response NMOS LDO is 

proposed. The superior transient performance is achieved by a new multi-loop 

feedback scheme.  

Conclusions of this thesis are drawn in Chapter 6. Future research 

recommendations are also presented. 
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Literature review 

In this chapter, we will first review the principle and topologies of the low- 

dropout voltage regulator. Then, key performance parameters are discussed in 

details, followed by the power FET design considerations. This thesis emphasizes 

on frequency compensation and fast load transient response techniques. 

Therefore, various frequency compensation techniques are discussed, including 

(a) Miller or Ahuja Compensation; (b) Multi-Stage Nested Miller Compensation; 

(c) Multi-Stage Feed Forward Compensation; (d) Internal zero compensation; etc. 

Subsequently, a few prior-art transient response enhancing techniques are 

reviewed in details.  

 Review of low-dropout voltage regulator principle and 

topologies 

LDO design is quite mature nowadays, and some of the earliest designs can be 

traced back to the early 1970s [14], [15]. The primary function of the LDO is to 

provide a clean and stable voltage source for the loadings. The output voltage 

should be insensitive to supply voltage and load current variations. 

Figure 2.1 shows the generic LDO circuit structure. The design consists of an 

error amplifier (EA), a buffer stage, a power transistor, a feedback network and 

an accurate voltage reference. A large power FET is needed for high current 

delivery capability. A buffer stage is usually introduced to improve the transient 

response. The quiescent current (I𝑄 ) is the difference between LDO’s input 
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current and load current, which is the total current of the error amplifier and 

buffer stage.  V𝐷𝑟𝑜𝑝 is the voltage dropout across the power transistor when the 

regulator is in operation. Based on the analysis of this circuit model, the 

regulator’s power efficiency can be expressed by Equation (2.1). 

 𝜂 =
V𝑜𝑢𝑡 ∗ I𝐿𝑜𝑎𝑑

(V𝑜𝑢𝑡 + V𝐷𝑟𝑜𝑝) ∗ (I𝑄 + I𝐿𝑜𝑎𝑑)
 (2.1) 

 

 

Figure 2.1 Generic low-dropout linear regulator. 

The power efficiency is a function of voltage drop (V𝐷𝑟𝑜𝑝) and quiescent current 

(IQ). The regulator’s overall power efficiency can be improved by reducing the 

V𝐷𝑟𝑜𝑝  and IQ. Figure 2.2 shows the plot of regulator power efficiency versus load 

current under a particular output voltage and dropout voltage condition across 

different regulator’s quiescent current [16]. The power efficiency of regulator in 

light-load condition is a critical parameter for a battery-powered system, since 

the standby mode or light-load condition is the dominated condition for most 

applications. Hence, it is extremely important to reduce the regulator’s quiescent 

current. As shown in Figure 2.2, an improvement of quiescent current from 10μA 
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to 1μA can greatly improve the power efficiency from 45% to 82%. Also, the 

reduction of the dropout voltage across the power transistor will improve power 

efficiency as well. However, reduction of quiescent current and dropout voltage 

degrades the LDO’s transient performance including slewing and ripples. In 

many reports [9], [10], [17], [18], [19], the LDOs have to consume large 

quiescent current to meet transient performance specification.  To address the 

dilemma of efficiency degradation and poor transient response, a slew-rate 

enhancement circuitry is introduced to speed up the regulator’s transient response 

without the penalty of the huge quiescent current [20], [21]. Besides the power 

efficiency, the DC and AC performances (line regulation, load regulation, output 

voltage accuracy, power supply rejection etc.) are also essential for an LDO. 

 

Figure 2.2 Regulator efficiency versus biasing current [16]. 

In view of analog LDO designs, there are many reported LDO topologies, each 

with its specific advantages and limitations. Choosing the appropriate LDO 

topology is always critical for the specific application. Here, several 

representative analog LDO design topologies are reviewed.  
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Generally, there are mainly two ways to categorize the different analog LDO 

topologies. Firstly, The LDOs can be categorized into PMOS LDO [22], [23], 

[24] and NMOS LDO [25], [2], [26] based on the type of the power transistor in 

the LDO design. Secondly, the LDOs can be also categorized into cap-LDO and 

capless-LDO based on the size of the output capacitor.   

(1) Using the first categorization method, the simplified block diagram of PMOS 

LDO and NMOS LDO are depicted in Figure 2.3 (a) and (b) respectively. 

Basically, from a block-level or system-level point of view, an LDO is just a two-

stage amplifier in a negative feedback control loop. This amplifier consists of an 

error amplifier stage and the output stage. However, LDO design is unique and 

different from just a classic amplifier design. LDO is expected to handle a very 

wide range of load current, which can be from zero current up to Ampere range.    

 

Figure 2.3 The block diagram of an (a) PMOS LDO, and a (b) NMOS LDO. 

For the PMOS LDO, a PMOS power FET is used in the output stage, which can 

be treated as a class-A common source amplifier. Given the load variation and 

load profile difference, the overall loop gain varies, and loop poles and zeros 

move all over the place, which makes the design very challenging.  

ILoadC ILoadC

A(s) A(s)

𝑽𝒐𝒖𝒕 =
𝑹𝟏 + 𝑹𝟐

𝑹𝟏
∗ 𝑽𝒓𝒆𝒇 

(a) (b)

𝑽𝒐𝒖𝒕 

𝑽𝒊𝒏 

𝑽𝒓𝒆𝒇 𝑽𝒓𝒆𝒇 

𝑽𝒊𝒏 

𝑽𝒐𝒖𝒕 

𝑹𝟏 
𝑹𝟏 

𝑹𝟐 𝑹𝟐 

𝑨 ≫ 𝟏 
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For the NMOS LDO, an NMOS power FET is used in the output stage, which is 

a source follower. Recent studies have shown that NMOS LDO is advantageous 

over PMOS LDO from both DC and transient perspectives [2], [27], [26]. The 

power stage of NMOS LDO is a source follower featuring low output impedance. 

Therefore, the DC loop gain is relatively insensitive to load conditions leading to 

good line regulation and load regulation over a wide load current range. 

Moreover, the low output impedance also contributes to a small 

overshoot/undershoot during a load transient. Lastly, the NMOS LDO is more 

area efficient than PMOS LDO.  

Specifically, in the PMOS LDO design, the error amplifier and the PMOS power 

FET can share the same input supply, while in the NMOS LDO, it requires a 

higher supply voltage for the error amplifier to achieve a low dropout voltage 

[27], [2], [28]. The requirement of higher separate power supply increases the 

design complexity of the NMOS LDO. In the battery-powered PMIC, this can be 

easily achieved by powering the error amplifier directly from the battery [2], [3].  

(2) With the second categorization method, the type of LDO is defined based on 

the presence of the output capacitor ( in the range of a few µF) [14], [29], [30], 

[31], [32], [3], [33]. The LDO requiring an off-chip capacitor is defined as the 

cap-LDO. The LDO without an off-chip capacitor is defined as capless-LDO. It 

is attractive to have the capless-LDO in the system for the reduction of the printed 

circuit board (PCB) area and Bill-of-Materials (BOM) costs. However, the 

performance of the capless-LDO is compromised, with limited supported load 

current range, poor load transient response and poor PSR at high frequencies. 

Both academics and industry have tried many capless-LDO voltage regulator 
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designs, but many of the architectures have been prevented from practical use 

due to the performance limitation. Most of the reported capless-LDOs only 

improve specific performance parameters such as load regulation, line regulation, 

or fast settling time. And the LDO supports very limited range of load capacitor 

due to stability concern. The maximum supported load current is usually less than 

100mA [26], [34], [35], [36]. They also suffer significant losses in terms of 

dynamic performance and PSR effectiveness. On the contrary, the cap-LDO 

voltage regulator uses the µF-range off-chip output capacitor, which contributes 

to a good power-supply noise rejection and superior line/load transient response 

performance. With the same dynamic performance and PSR specification, cap-

LDO compares favorably with capless-LDO on power consumption, as the 

passive component serves as a charger and can provide instantaneous current 

during load changes. Therefore, cap-LDOs are much preferred in many 

applications. Because there is always a visible pole at the output of cap-LDO due 

to the larger size off-chip capacitor, capacitor non-idealities such as ESR/ESL 

must be carefully considered in the cap-LDO design [37]. A careless selection of 

the type or size of the off-chip capacitor could lead to stability or dynamic 

performance problems. 

 Review of the performance parameter metrics of an LDO 

Before getting into the regulator performance metrics, it is worthwhile to discuss 

the different types of load in the VLSI systems, as power regulator may behave 

differently with different type of load. The type of load refers to not only the 

voltage-current characteristics of the load, but also how the load current varies 

with time.  
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The first type of load is DC constant load. Taking a class-A amplifier as an 

example, the total current, looking from its supply, is always equal to the total 

bias current. That total current is not a function of supply unless we purposely 

design so for certain performance reason. This is typically true in most analog 

circuits with the fixed bias current. Therefore, it is also called an analog load.    

The second type is the resistive load, which is also a DC load. As the name 

suggests, the value of the resistive load current is directly proportional to the 

supply.  

Although they are both DC loads, the way that they impact the system is 

fundamentally different. The small-signal impedance of the analog load is 

decoupled from the DC impedance of the load. Even at full-load condition, the 

impedance of an analog load as if there is no-load, while for resistive load, that 

is not the case. This must be taken into consideration in the regulator design. 

Otherwise, the regulator can be easily unstable. For DC load, although 

decoupling is not necessary, it may still require a capacitor for other purpose, 

such as noise and load/line transient response.  

The third type of load is the switching load, which is usually the digital load. 

Typical digital load current has a high peak-to-average ratio. The peak spike 

current can be high but only lasts for a very short period of time (i.e., in the range 

of pico-seconds). Typically, the loop of regulator is not able to respond to such 

fast current spikes.  Hence, to handle the switching load, it always requires a large 

decoupling capacitor.   

After introducing the types of load, we can now dive into the performance metrics. 

Generally, the LDO’s performance parameters fall into the following categories:  
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(1) DC parameters: quiescent current, Dropout voltage, DC load/line 

regulation, efficiency, and temperature characteristics, etc.  

(2) Dynamic parameters: transient load/line response, start-up time, 

shutdown time, etc.  

(3) AC parameters: loop stability, power supply rejection, noise, etc.  

(4) Other parameters: silicon area, ESR, capacitive range, etc.  

Here are some key performance parameters to be described in detail.  

 DC and transient line/load regulation 

The DC line regulation refers to the DC change in the output voltage as the 

function of the DC change in the regulator input voltage. The DC load regulation 

refers to the DC change in the output voltage as the function of the DC change in 

the load current. DC line and load regulation can be expressed in (2.3) and (2.4) 

[8]. The detailed output-input characteristic curve are shown in Figure 2.4.  For 

a finite DC loop gain, the DC load regulation is not perfect. The load regulation 

error ∆𝑉LD is 

     ∆𝑉LD = ∆𝐼Load𝑅CL=∆𝐼Load(
𝑅OL

1+𝐴OL
)                                                         (2.2) 

Where 𝑅CL is the close-loop output impedance. 𝑅OL  is the open-loop output 

impedance. 𝐴OL is the DC gain across the feedback loop [8]. 

 𝑉𝐿𝑖𝑛𝑒 =  
𝑉𝑜_𝑚𝑎𝑥−𝑉𝑜_𝑚𝑖𝑛

𝑉𝑜_𝑛𝑜𝑚
 ∗  100 % . (2.3) 
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 𝑉𝐿𝑜𝑎𝑑 =  
𝑉𝑜_𝑚𝑎𝑥−𝑉𝑜_𝑚𝑖𝑛

𝑉𝑜_𝑛𝑜𝑚
 ∗  100 % . (2.4) 

 

Figure 2.4 Plot of the DC line/load regulations. 

The transient line/load regulation refers to the transient change in the output 

voltage due to a transient change in the regulator input voltage/ load (Figure 2.5). 

The undershoot and overshoot are the response of the step of the input voltage or 

load current. Similar as the DC line/load regulation, they are defined in terms of 

accuracy normalized to a nominal output voltage.  

 

Figure 2.5 Typical transient response to positive and negative load jumps [8], [9]. 

The response time ∆𝑡1 can be expressed as the below equation.  



 

18 

∆𝑡1 =  
1

𝐵𝑊𝑐𝑙
+  𝑡𝑠𝑟 =

1

𝐵𝑊𝑐𝑙
+  𝐶𝑝𝑎𝑟

∆𝑉

𝐼𝑠𝑟
  (2.5) 

It is the function of the regulator closed-loop bandwidth ( 𝐵𝑊𝑐𝑙 ) and error 

amplifier’s slew rate, which is associated with the power FET’s parasitic 

capacitance (𝐶𝑝𝑎𝑟) and tail current bias (𝐼𝑠𝑟). To reduce ∆𝑡1, the dynamic biased 

error amplifier and power FET drive buffer are proposed in some research papers. 

[22], [38], [39], [40]. 

 Regulator’s input and output impedance 

The regulator output impedance is used to define how one load disturbance 

affects the other load circuit if they are sharing the same regulator output as the 

power supply source. The output impedance determines whether different loads 

can be shared on the same regulator. The regulator input impedance defines the 

ability of the regulator to suppress variation in the input voltage. Figure 2.6 shows 

the typical regulator’s output/input impedance versus frequency. It is a strong 

function of regulator loop bandwidth and output de-coupling capacitance, etc. 

Designing a regulator with high loop bandwidth and smaller de-coupling 

capacitance for a given current consumption budget is always a challenging job. 

 

Figure 2.6 Typical regulator input/output impendence. 
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 Power supply rejection 

The ideal regulator can maintain the output when the supply noise is injected. It 

cannot be realized in the real world. Power supply rejection (PSR) is used to 

describe how well the actual devices can reject the voltage ripple coming from 

the device’s power supply across various frequencies as shown in Equation (2.6). 

In LDO case, PSR is defined as the output ripple over the input supply ripple in 

our interested frequency range as shown in Equation (2.7).  

𝑃𝑆𝑅 = 20Log 
𝑅𝑖𝑝𝑝𝑙𝑒𝑜𝑢𝑡𝑝𝑢𝑡(s)

𝑅𝑖𝑝𝑝𝑙𝑒𝑖𝑛𝑝𝑢𝑡(s)
  (2.6) 

Specifically, for an LDO design, it can be written as 

𝑃𝑆𝑅 = 20𝐿𝑜𝑔 
𝐴𝑣𝑜(𝑠)

𝐴𝑣(𝑠)
   (2.7) 

Here, A𝑣 is the open-loop gain of the whole regulator’s negative feedback loop 

and A𝑣𝑜 is the loop gain defined when the regulator loop is broken. From the 

equation, the power supply rejection can be intuitively improved by increasing 

the regulator’s loop gain and bandwidth and enhance the open-loop isolation 

between the input power supply and regulator output. For a typical regulator 

design, A𝑣𝑜  is normally in a range of -5dB to 15dB, which is limited by the 

regulator’s current rating and transistor parasites related to process nodes. As 

shown in the equation, the regulator loop gain and unity-gain bandwidth are the 

dominant factors for the power supply ripple rejection in our interested frequency 

range. The overall PSR is dominated by the error amplifier for the low-frequency 

range. The bandwidth of PSR is dominated by the error amplifier. When the 
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frequency is higher than the loop bandwidth, the PSR is determined by the output 

capacitance [23], [27], [41], [42].  

 Other design parameters 

Output noise voltage is one of the important design parameters for the LDOs, 

which can be the supply of the noise-sensitive circuitry such as RF and sensor 

node. The specification of the noise voltage is defined as the RMS noise voltage 

over a specified range of frequency with the condition of constant input and 

output. The main contributors to the regulator noise voltage are the voltage 

reference noise and regulator noise itself. The voltage reference is normally 

generated from an on-chip bandgap reference and an off-chip decoupling 

capacitance is widely used for the reduction of noise in many commercial 

products [3]. Most of the noise in the regulator come from the error amplifier, 

including thermal and flicker 1/f noise. It is always a design challenge on the 

trade-off between noise and power consumption to meet certain system 

performance requirements. For most regulators used for sensitive loading, an off-

chip bypass capacitor is normally required at the output node for further noise 

reduction and high PSR.  

Another important parameter in LDO design is the output voltage accuracy. The 

overall accuracy can be defined as below equation. 

Accuracy ≈  
|𝛥𝑉𝐿𝑖𝑛𝑒|+|𝛥𝑉𝐿𝑜𝑎𝑑|+√𝛥𝑉𝑜,𝑟𝑒𝑓

2+𝛥𝑉𝑜,𝑎𝑚𝑝
2+𝛥𝑉𝑜,𝑟

2+𝛥𝑉𝑜,𝑇𝐶
2

𝑉𝑜𝑢𝑡
   (2.8) 
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Here, Δ𝑉𝐿𝑖𝑛𝑒  and  Δ𝑉𝐿𝑜𝑎𝑑  are the line and load regulation, respectively. Other 

contribution factors include reference voltage drift (Δ𝑉𝑜,𝑟𝑒𝑓), sampling resistor 

tolerance (Δ𝑉𝑜,𝑟), error amplifier’s offset and drift (𝑉𝑜,𝑎𝑚𝑝 and Δ𝑉𝑜,𝑇𝐶) [8]. 

 Types of error amplifier for LDO design  

As shown in Figure 2.7, the single-ended output error amplifier in LDO is usually 

realized with a differential input pair and the diode-connected MOSFET for 

differential-to-single-end conversion [43]. Based on the type of diode-connected 

MOSFET used, it can be divided into two types. Type A (a) has PMOS current 

mirror at the supply side, while Type B (b) has NMOS current mirror at the 

bottom.  

Vin

Vout

Vout

Vin

(a) (b)

path 1

path 2

MP1MP2

MP3 MP4

MN1MN2

MN3 MN4

path 1

path 2

B

A

 

Figure 2.7 The types of amplifiers (a) Type A, (b) Type B.  

To determine which type is better for error amplifier in LDO, PSR analysis are 

done on both types.  

For Type A amplifier, as the circuit is symmetric, the voltage at the output node 

(Vout) is essentially equal to the voltage at the PMOS current mirror gate (node 

A). The voltage at this node A depends on the current flowing in the bridge and 
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the supply (Vin). With a fixed bias current, Vgs of MP2 remain unchanged. 

Therefore, node A voltage tracks Vin.  

Similarly for Type B amplifier shown in Figure 2.7 (b), the amplifier’s output 

(Vout) follows the gate voltage of the NMOS current mirror (node B). The voltage 

level is well determined by Vgs of MN3, which tracks the ground, instead of Vin. 

Therefore, this amplifier’s PSR is high, given that the bias current and Vgs of MN3 

do not change when the supply varies.  

As shown in Figure 2.3, the error amplifier’s output is connected to the gate of 

power FET. For PMOS LDO, the power FET works as a current source. 

Therefore, Type A amplifier is preferred for PMOS LDO. For NMOS LDO, the 

power FET works as the source follower. Therefore, Type B amplifier is better 

for NMOS LDO.  

 Design consideration of the power transistor in LDO  

To realize an LDO with good regulations, fast transient response and high PSR, 

a high loop gain is needed. The power transistor is part of the LDO control loop, 

thus its transconductance (gm) and transistor output impedance (rds) directly 

impact the loop gain and consequently the LDO performance. 

Figure 2.8 illustrates IDS (the load current) versus VDS (headroom) of the power 

transistor [43]. To achieve high gm and rds at a given load current, the headroom 

across the power transistor should be high enough to operate the FET in the 

saturation region. Given that rds = dVds/dIds = 1/slope of the curve, rds is high 

where the curve is flat. If the headroom is lowered that the device enters the “gray” 

zone, the LDO performance starts to degrade, particularly PSR.  The LDO may 
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still be able to regulate the output voltage but performance may not be up to the 

specification. 

LDO performance 
starts to degrade

ILoad

Headroom (VDS)

Gray Zone
(drop-out 

voltage is in 
this gray zone)

Linear Region

Saturation Region
(Desired region of 

operaion)

Rds = dVDS/dIDS = 1/slope High rds

Low rds

 

Figure 2.8 The operation regions of the LDO power transistor. 
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ILoad

 

Figure 2.9 LDO ILOAD versus minimum headroom. 

Figure 2.9 further illustrates the minimum headroom required across the power 

transistor at different load currents to keep the FET in saturation. The headroom 

at which the FET enters saturation is defined as VDSAT = VGS − VTH  ∝ √ILOAD 

and illustrated in the figure by the dotted green line. If we define the LDO’s 
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designed headroom at the rated load current, the acceptable operational headroom 

is defined by Equation (2.9), which can be smaller when the load current 

decreases. 

HeadRoom = Designed HeadRoom × √
ILoad

IRated
 (2.9) 

 Review of the frequency compensation techniques for 

LDO regulator 

Basically, all linear regulator design can be treated as a multi-stage amplifier 

design with closed-loop configuration. As shown in Figure 2.3, normally the 

power transistor is designed with a big size in order to achieve low dropout 

voltage and deliver high current. The large parasitic capacitance of the power 

transistor could harm the loop stability. In the linear regulator design, the pole of 

power FET gate is normally pushed to high frequency by introducing a buffer 

with the penalty of extra current consumption. Nowadays, frequency 

compensation for an LDO loop is realized by pole splitting technique, the pole 

and zero cancellation technique or multi-loop compensation (also known as PID 

control method). In this section, we first review the second-order system in terms 

of AC analysis and the corresponding transient behavior. Then, the two-stage 

amplifier designs with Mirror and Ahuja compensation techniques are discussed. 

And to achieve high loop gain and wide bandwidth, design techniques on multi-

stage amplifier are reviewed. Lastly, pole-zero cancellation technique is 

introduced in brief. 
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 Review of the second order system 

Most of the stable systems are second-order systems or can be simplified as 

second-order systems. Studying the behavior of a second-order system can give 

an insight of the relationship between circuit response and pole locations, so that 

the simple rules and design guide can be derived for stability.  

Firstly, the typical second-order system related to the regulator design is shown 

in Figure 2.10. Based on the diagram, the transfer function between Vin and Vout 

can be obtained with the following derivation. 

(𝑉𝑖𝑛 −
𝑉𝑜𝑢𝑡

𝑘
)

𝜔𝑢

𝑠

1

1 +
𝑠

𝑃2

=  𝑉𝑜𝑢𝑡 (2.10) 

𝑉𝑖𝑛 = 𝑉𝑜𝑢𝑡 
𝑠

𝜔𝑢
 (1 +

𝑠

𝑃2
 ) +  

𝑉𝑜𝑢𝑡

𝑘
 (2.11) 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝑘

1 +
𝑠 ∗ 𝑘
𝜔𝑢

+
𝑠2 ∗ 𝑘
𝜔𝑢𝑃2

 
(2.12) 

 

Figure 2.10 Typical second order system. 
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This second-order system can be characterized by its natural frequency and 

damping factor. 

Here, the natural frequency: 

𝜔𝑛 = √
𝜔𝑢𝑃2

𝑘
 (2.13) 

The damping factor:      

𝜉 =
1

2
√

𝑘 ∗ 𝑃2

𝜔𝑢
 (2.14) 

The corresponding transient step response is plotted in Figure 2.11 with different 

damping factors. It is defined as critical damping when 𝜉 = 1; under-damping 

when  𝜉 < 1 ; over-damping when  𝜉 > 1 . Considering the trade-off between 

response time and overshoot, a critical or slightly under-damping is always 

desired in design.  

 

Figure 2.11 Transient step response of second order system [44]. 
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 Two-stage amplifier with Miller or Ahuja compensation 

(1) Two-stage amplifier with Miller compensation 

Miller compensation for a two-stage system is well known in amplifier design. 

The Miller effect is utilized to reduce the total compensation capacitor size, thus 

the final amplifier silicon area can be reduced. To illustrate this compensation 

scheme, the simplified circuity model for a Miller compensated two-stage 

amplifier is shown in Figure 2.12. The second stage can be treated as the current-

controlled voltage source.  

G01 C1 G02 C2

gm1 gm2

Cc

Vout
Vin

V1

 

Figure 2.12 Two stage amplifier with Miller compensation. 

The above circuitry has only two state variables. This is a second-order system 

with two poles. The KCL equation can be expressed as below. 

[
𝑠(𝐶1 + 𝐶𝑐) + 𝐺𝑜1 −𝑠𝐶𝑐

𝑔𝑚2 − 𝑆𝐶𝑐 𝑠(𝐶2 + 𝐶𝑐) + 𝐺𝑜2
] [

𝑉1
𝑉𝑜𝑢𝑡

] = [
−𝑔𝑚1 ∗ 𝑉𝑖𝑛

0
] (2.15) 

After simplification, the Vin and Vout can be expressed as  

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=  

𝑔𝑚1(𝑔𝑚2−𝑠𝐶𝑐)

𝑠2(𝐶1𝐶𝑐+𝐶2𝐶𝑐+𝐶1𝐶2)+𝑠(𝐶𝑐(𝑔𝑚2+𝐺𝑜1+𝐺𝑜2)+𝐶1𝐺𝑜2+𝐶2𝐺𝑜1))+𝐺𝑜1𝐺𝑜2
    

(2.16) 
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The denominator is the second-order equation. System poles can be obtained by 

solving the roots. With the assumption that the two roots are far from each other, 

the transfer function is given in Equation (2.17). 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=  

𝐴0(1 −
𝑠

𝑍1
)

(1 +
𝑠

−𝑃1
) (1 +

𝑠
−𝑃2

)
 (2.17) 

Here are two poles and one right-half-plane zero. The corresponding parameters 

are calculated as the following: 

DC gain: 

   𝐴0 =
𝑔𝑚1

𝐺𝑜1

𝑔𝑚2

𝐺𝑜2
 (2.18) 

The first pole:        

    𝑃1 =  −
𝐺𝑜1

𝐶𝑐(
𝑔𝑚2
𝐺𝑜2

+1)+𝐶1
 (2.19) 

  The second pole:    

    𝑃2 =  −
𝑔𝑚2

𝐶𝑐
𝐶𝑐+𝐶1

+𝐺𝑜2

𝐶2+
𝐶𝑐𝐶1

𝐶𝑐+𝐶1

 (2.20) 

The right-hand plane zero: 

     𝑍1 =  +
𝑔𝑚2

𝐶𝑐
 (2.21) 

Intuitively, P1 and P2 can be understood easily. Due to the Miller effort, the 

effective capacitance at V1 node is much larger than that of CC. The total 

capacitor associated with Vout node is 𝐶2 +
𝐶𝑐𝐶1

𝐶𝑐+𝐶1
 and the effective impedance of 
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Vout is 1/(𝑔𝑚2
𝐶𝑐

𝐶𝑐+𝐶1
+ 𝐺𝑜2). Based on the above equations, by comparing the 

results with and without CC, it is evident that the Miller compensation capacitor 

CC moves the original first stage pole to a much lower frequency while moving 

the second stage pole to a much higher frequency. Hence, this compensation 

scheme can be categorized into the pole splitting compensation.  

From the above equation, a right-half-plane (RHP) zero is introduced, which 

harms the system stability. To understand how the RHP zero is generated, a 

simplified second stage with the compensation capacitor is drawn in Figure 2.13. 

gm2

Cc

     
 

g  Vin

g  

 (  ) =
Vin g  

   
 

I = gm1 Vin

 

Figure 2.13 Signal flow for RHP zero analysis. 

To simplify the analysis, the DC impedance is ignored. We assume the input 

current of this second stage is gm1Vin. For this current-controlled voltage source 

(transconductance amplifier), the ideal output voltage supposedly is gm1Vin/sCc. 

However, it is not the voltage that appeared at Vout since gm2 is infinite. Since 

all the current across CC is also from this second stage transconductance (gm2), 

then the circuit output voltage is expressed as: 
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  𝑉𝑜𝑢𝑡 =  −
𝑔𝑚1𝑉𝑖𝑛

𝑔𝑚2
+

𝑔𝑚1𝑉𝑖𝑛

𝑠𝐶𝑐
= g𝑚1𝑉𝑖𝑛(

1

𝑠𝐶𝑐
−

1

𝑔𝑚2
) (2.22) 

From this equation and above circuit, it is obvious that an RHP zero appears. As 

shown in Figure 2.14, we can add an extra series resistor with the value of 1/gm2. 

The voltage across this series resistor cancels the input voltage of the second 

stage. And now Vout is the ideal voltage we expected, and the value is gm1Vin/sCc. 

In this way, the RHP zero is removed. And the added resistor is called the nulling 

resistor. Also note that when the nulling resistor value is chosen to be larger than 

1/gm2, the RHP zero is moved to LHP, which can be useful for the system 

stability. Figure 2.15 shows the traditional two-stage Miller-compensated 

amplifier with a nulling resistor. 

gm2

I = gm1 Vin Cc

 (  ) =
Vin g  

   
 

     g  Vin

g  
 

 (R ) =
Vin g  

g  
 

Rc

 

Figure 2.14 Signal flow for RHP zero cancelling nulling resistor analysis. 
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G01 C1 G02 C2

gm1 gm2

Cc

Vout
Vin

V1

Rc

 

Figure 2.15 Miller compensation with nulling resistor. 

However, adding the nulling resistor also introduces an extra pole, whose value 

is given by: 

𝑃3 =  −
1

𝑅𝑐
(

1

𝐶𝑐
+

1

𝐶1
+

1

𝐶2
) (2.23) 

Although adding nulling resistor with a value larger than 1/gm2 can move the 

RHP zero to LHP, the introduced extra pole also starts to come in and harms the 

system phase margin. The extreme case is that the nulling resistor is infinite so 

that the feedback path is “open”. There would be no more Miller effect for pole-

splitting and all poles remain at the original location, making the system unstable. 

(2) Two-stage amplifier with Ahuja compensation 

As shown in the above RHP zero analysis, the feed-forward path creates an RHP 

zero and introduces phase delay. If the feedback path can be kept while 

eliminating the feed-forward path, it would get the full benefit from Miller 

compensation. Therefore, Ahuja compensation is introduced with a better closed-

loop power supply rejection and a higher unity-gain bandwidth [45], [46]. At the 

same time, it is suitable to drive heavy capacitive or resistive load [47], [48]. A 
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popular version of the Ahuja compensation circuitry is shown in Figure 2.16. 

 

Figure 2.16 Typical amplifier structure with Ahuja compensation [48]. 

Since the compensation capacitor is connected to the source of MN3A in Ahuja 

compensation, we can see that the feed-forward path signal is heavily attenuated 

as compared to Miller compensation. Ahuja-compensated regulator also 

produces better performance of PSR than that of Miller-compensated regulator 

in high frequency range. For Miller compensation, Cc creates a “short” from 

output to N1 in high frequency range, resulting in an AC “diode-connected” 

power FET driving the load, which causes PSR degradation. However, for Ahuja 

compensation, Cc helps to improve regulator PSR by degrading PSR at N1 node. 

The loop transfer function based on Figure 2.16 can be expressed as (2.24). 

𝐴(𝑠) =  
𝐴0(1 +

𝑠
𝑍1

)

(1 +
𝑠
𝑃1

) (
𝑠2

𝜔𝑛
2 +

2𝜉
𝜔𝑛

𝑠 + 1)
 (2.24) 

𝐴0 =  𝑔𝑚1𝑔𝑚2𝑟1𝑟2 ; 𝑃1 =  −
𝑔𝑚1

𝐴0 𝐶𝑐
 ; 𝑍1 =  −

𝑔𝑚3

𝜎 𝐶𝑐
   (2.25) 
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𝜔𝑛 =  √
𝑔𝑚2𝑔𝑚3

𝜌 𝐶1𝐶2
  ;   𝜉 =  

1

2
 √

𝐶1𝑔𝑚3

𝜌 𝐶2𝑔𝑚2
 (1 +

𝐶2

𝐶𝑐
) (2.26) 

Here    

𝜎 =  1 +
𝐶3

𝐶𝑐
  ;   𝜌 =  1 +

𝐶3

𝐶𝑐
 +  

𝐶3

𝐶2
  ;  𝜔𝑜 = 

𝑔𝑚1

𝐶𝑐
 (2.27) 

As compared to the Miller compensation loop, the Ahuja compensation loop 

itself is a second-order closed-loop system. As discussed, the closed-loop second-

order system has very different behaviors with different design parameters, which 

could also affect the overall loop stability. For Ahuja compensation, the higher 

the gm3 value, the better the overall loop stability.  The Figure 2.17 plots the AC 

loop analysis of Ahuja-compensated amplifier with the different gm3 values. 

 

Figure 2.17 Simulated gain/phase plots for the Ahuja compensation circuit. 

 Multi-stage nested Miller compensation 

Normally the error amplifier needs a high DC gain for good regulator line and 

load DC regulation. The high gain performance can be obtained by using three 

or more gain stage amplifier topology. However, an amplifier with three or more 
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stages cannot be easily compensated with traditional methods. The nested Miller 

compensation (NMC) is a straightforward and well-known technique for 

multistage high gain amplifier compensation, as shown in Figure 2.18 (take a 3-

stage amplifier as the example) [49], [50], [51], [52]. There is a Miller capacitor 

across the final stage, and an additional Miller capacitor added for every added 

gain stage in the amplifier.  

R1 Cp1 R2 Cp2

gm1 gm2
VoutV1

gm3
Vin

R3 CL

V2

Cm1

Cm2

 

Figure 2.18 Structure of a three-stage NMC amplifier with the nested Miller 

compensation [49].  

The overall small-signal transfer function can be derived with the following 

assumptions: 

(1) Cm1, Cm2, and CL are much larger than CP1 and CP2. 

(2) gm3>> gm1 and gm2. 

Ignoring the two zeros, the simplified transfer function is given by: 

𝐴𝜈(𝑁𝑀𝐶)(𝑠) = 𝐴1(𝑠) ∗ 𝐴2(𝑠) =
𝐴𝑑𝑐

(1 +
𝑠

𝑝−3𝑑𝐵
)

∗
1

(1 + 𝑠
𝐶𝑚2

𝑔𝑚2
+

𝑠2𝐶𝐿𝐶𝑚2

𝑔𝑚2𝑔𝑚3
)
 

(2.28) 

where the overall DC gain and dominant pole are:  
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𝐴𝑑𝑐 = 𝑔𝑚1𝑔𝑚2𝑔𝑚3𝑅1𝑅2𝑅3 (2.29) 

P-3dB=(𝐶𝑚1𝑔𝑚2𝑔𝑚3𝑅1𝑅2𝑅3)−1 (2.30) 

Re-writing the second-order expression at the denominator of 𝐴2(𝑠) with the 

standard form we have: 

1 + 2𝜁
𝑠

𝜔𝑛
+ (

𝑠

𝜔𝑛
)

2

,  𝜔𝑛 = √
𝑔𝑚2𝑔𝑚3

𝐶𝑚2𝐶𝐿
, 𝜁 =

1

2
√

𝑔𝑚3𝐶𝑚2

𝑔𝑚2𝐶𝐿
 (2.31) 

The natural frequency of the second-order equation is between the second and 

third stage’s unity-gain frequency. While the damping factor is decided by the 

ratio of the third and second stage’s unity-gain frequency.  

With the above well-known sub-system, we can get the bode-plot of the overall 

transfer-functions as shown in Figure 2.19. 

From the plot, we can easily determine the stability requirement for NMC 

compensation based on the relationship between 𝜔𝑛  and first stage unity-gain 

frequency 𝜔𝑜: 

(a) 𝜔𝑛 ≪ 𝜔𝑜  , there are two poles within the overall loop unity gain 

frequency and the system will not be stable. A dedicated zero is needed 

to be inserted and in most cases, the damping factor control design can 

also be adopted.  

(b) 𝜔𝑛~𝜔𝑜 , with the natural frequency close to the overall loop unity-gain 

frequency, the overall stability is determined by the damping factor of this 
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second-order system. Typically, 𝜁 =
1

2
√

𝑔𝑚3𝐶𝑚2

𝑔𝑚2𝐶𝐿
 ~ 0.7, with gm3/CL being 

two times of gm2/Cm2.  

(c) 𝜔𝑛 ≫ 𝜔𝑜 , the system can be simplified to first-order single pole system. 

Generally, the MNC will require: 

𝑔𝑚3

𝐶𝐿
>

𝑔𝑚2

𝐶𝑚2
>

𝑔𝑚1

𝐶𝑚1
 (2.32) 

 

Figure 2.19 Bode plot of the nested Miller compensation loop. 

This means that the unity gain frequency of the amplifier stage from right to left 

will decrease accordingly. The NMC compensated amplifier suffers from the 

bandwidth reduction and compensation capacitor area increase. There are many 

reported nested Miller compensation based topologies, such as MNMC [49], 
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NGCC [53]. Other reported papers [52], [54], [55] are also based on NMC 

topology with nulling resistor introduced. As analyzed above, adding a 

feedforward zero could be a good way of improving the bandwidth while still 

maintaining high DC gain. Figure 2.20 shows one example of an NMC with a 

feedforward compensation scheme called AFFC [56]. 

 

Figure 2.20 Basic structure of AFFC amplifier [56].  

Here, the design consists of two paths: one is a high gain path (HGB) and another 

is a high-speed path (HSB). One can treat Ca and FBS as active feedback Miller 

compensation for NMC so that the RHP zero will be removed as compared to 

normal Miller compensation. The gain of FBS (Aa) helps to reduce the capacitor 

size. The FFS helps to improve the bandwidth.  

 Multi-stage feed forward compensation 

The main drawback of NMC is the enormous current consumed to achieve the 

required bandwidth. And many capacitors used for NMC take large silicon area. 

The alternative way of achieving high DC or low-frequency gain is active 
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feedforward compensation. The simplified conceptual diagram is shown in 

Figure 2.21. 

 

Figure 2.21 A circuit diagram of multi-stage feedforward compensation [57]. 

Here the overall DC gain is 

𝐴0 =
𝑔𝑚3

𝐺02
+

𝑔𝑚1𝑔𝑚2

𝐺01𝐺02
 (2.33) 

The overall transfer function is  

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
= (𝑔𝑚3 +

𝑔𝑚1𝑔𝑚2

𝐺01 + 𝑠𝐶1
 )

1

𝐺02 + 𝑠𝐶2
 (2.34) 

Define   

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝐴0(1 −
𝑠

𝑍1
)

(1 −
𝑠

𝑃1
) (1 −

𝑠
𝑃2

)
 (2.35) 

The corresponding pole and zero are: 

𝑃1 =  −
𝐺01

𝐶1
 ;  𝑃2 =  −

𝐺02

𝐶2
 ; 

(2.36) 
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 𝑍1 =  −
𝑔𝑚3𝐺01 + 𝑔𝑚1𝑔𝑚2

𝑔𝑚3𝐶1
 ≈  −

𝑔𝑚1𝑔𝑚2

𝑔𝑚3𝐶1
 

 

 

Figure 2.22 AC gain bode plot of feedforward compensated amplifier [57]. 

Figure 2.22 shows the AC gain plot of the feedforward compensated amplifier. 

From the above analysis, the DC gain and amplifier unity gain frequency are 

decoupled. The gm3 determines the “AC” response while the gm1 and gm2 

decide the overall gain. They can be designed with low power consumption 

circuitry since they are supposed to be designed as “slow” as possible.  

 Internal zero compensation 

The concept of internal zero compensation is by adding a zero inside the loop to 

cancel the load pole. The added zero tracks the circuit’s output stage pole, known 

as pole-zero tracking. The illustration of the idea is shown in Figure 2.23 [3], [58].  
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VREF

𝜷 =
𝑹𝒇𝟐

𝑹𝒇𝟏 + 𝑹𝒇𝟐
 

M1A M1B 

Mp 

𝐶𝑐  

𝑅𝑓1  

𝑅𝑓2  

𝑅𝑐  

𝐶𝐿  
𝐼𝐿  

𝑽𝒐 

𝑅𝑒𝑠𝑟   

𝑽𝒅𝒅  

M2 

𝐼𝐿/𝑁  

M3 

 

Figure 2.23 The structure of the LDO with internal zero compensation [3]. 

It is a three-stage amplifier design with three poles in the loop. Since the 

magnitude of the output pole is proportional to the load current, this inserted zero 

should track the load current. And it should be located between the second pole 

and the third pole. Otherwise, the loop cannot be stable over the entire loading 

range. In this example, the pole associated with the second stage (𝑝2) is designed 

to be higher than the loop Unity Gain Frequency (UGF), and it tracks the load 

current since 𝑔𝑚3 (the transconductance of M3) is proportional to √𝐼𝐿 .  

𝜔(𝑝2) ≈
𝑔𝑚3

𝐶𝑝
 ∝ √𝐼𝐿  (2.37) 

The loop can be stable so long as the slope of the loop gain at the UGF is at 20dB 

per-Decade in the Bode plot, as shown in Figure 2.24.  

From the bode plot, it is obvious that the loop unity gain frequency (UGF) is a 

function of transconductances of the error amplifier and power FET (𝑔𝑚1 and 

𝑔𝑚𝑝), the gain of the second stage gain (𝐴2𝑛𝑑 = 𝑔𝑚2/ 𝑔𝑚3) and the feedback 

factor (𝛽).  
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𝜔𝑜 ≈
𝛽𝐴2𝑛𝑑𝑔𝑚1𝑔𝑚𝑝𝑅𝐶

𝐶𝐿
  (2.38) 

 

 

Figure 2.24 Different Bode diagrams. (a) 𝜔(𝑧) is constant. (b) 𝜔(𝑧) varies [3]. 

To have enough phase margin, the frequency of zero is typically designed to be 

3 times lower than the UGF (𝜔𝑜). 

𝜔𝑧 =
𝜔𝑜

3
 (2.39) 

This gives: 

𝑅𝐶 =  √
3𝐶𝐿

𝐶𝐶

𝛽𝐴2𝑛𝑑

𝑔𝑚1𝑔𝑚𝑝
  ∝  √𝐼𝐿

4
 (2.40) 

It shows that the 𝑅𝐶  needs to be a variable resistor with the resistance 

proportional to √𝐼𝐿
4

. In practice, this can be implemented as depicted in Figure 

2.25 for simplicity.  
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Figure 2.25 The circuit implementation of Rc. 

 Review of prior-art transient response enhancing 

techniques 

The state-of-the-art LDOs with low quiescent current and fast transient 

performance can be found in recent publications [22], [3], [59], [60], [61], [62], 

[63], [16], [64], [38]. However, many of them find limitations in system-on-chip 

(SoC) battery-powered portable commercial applications, where the output load 

current can be 1 A or more with very stringent requirements on DC voltage 

variation and transient load current variations. Obviously, these LDOs usually 

show a poor transient line/load regulation performance with big undershoot and 

overshoot due to the lack of off-chip capacitor [65], [66], [67], [26].  In this thesis, 

we focus on the design of transient response enhanced LDO with the off-chip 

capacitor involved. This section reviews the transient performance enhancement 

techniques, which include (a) the adaptive biased super buffer design for LDO 

slew rate enhancement; (b) LDO design with PI/PID control technique for both 

frequency compensation and transient enhancement.  

http://dict.cn/obvious
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 The LDO with a super buffer stage for slew rate enhancement  

For an LDO design, the dynamic transient response not only relies on the output 

capacitor, but also depends on the loop bandwidth and the slew rate of the error 

amplifier.  

∆𝑡 =  
1

𝐵𝑊𝑐𝑙
+  𝑡𝑠𝑟 =

1

𝐵𝑊𝑐𝑙
+  𝐶𝑝𝑎𝑟

∆𝑉

𝐼𝑠𝑟
 (2.41) 

Cpar is the LDO power transistor’s gate capacitance. For high current rating LDOs, 

large power FET gate capacitance is always a concern, as it affects loop stability 

and slew rate. A buffer is widely used in LDO design to improve loop stability, 

slew rate and transient response [22]. 

The buffer’s current bias tracks the output loading current with a wide loading 

dynamic range and enhances the slewing during high loading transients. Besides 

the slew rate, the undershoot and overshoot of LDO can also be improved by 

adding extra output voltage undershoot and overshoot detection circuit as shown 

below [31], [32], [68], [69], [70]. 

 

(a) 
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(b) 

Figure 2.26 Slew rate enhancement circuitry [70]. 

The main idea is to directly sense the output voltage glitch before the loop 

responses and immediately apply the bias changes to the power transistor’s gate.  

 LDO with PID control: 

As shown in Equation (2.44), other than fast slew rate, a higher loop bandwidth 

is also required for LDOs to achieve fast transient response with small voltage 

glitch at loading current changes. To achieve a balanced speed (requires high 

bandwidth) and accuracy (requires a high DC loop gain), the multi-loop 

compensation scheme is used in many reported designs, which is also called PID 

control.  In those design, a slow (I) voltage loop is dedicated for loop gain 

requirement, which contributes a main low-frequency pole. A fast response (P) 

loop is a wideband path with an equivalent zero that helps to extend the loop 

bandwidth. The D control is always together with the P loop to form a “bandpass” 

transfer function. It only senses the slope information of the LDO for loop AC 

response improvement.  A block diagram of a PID controller in a feedback loop 

is shown in Figure 2.27. 

https://en.wikipedia.org/wiki/Block_diagram
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Figure 2.27 A block diagram of a PID controller in a feedback loop. 

 LDO with PI control: 

Flip voltage follower (FVF) based LDO design is one of the design examples 

with PI control [67], [5], [71]. Figure 2.28 is a cap-less LDO (fully integrated) 

design based on FVF with full-spectrum power supply rejection.  

 

Figure 2.28 schematic of tri-loop FVF based LDO [5]. 

There are a total of 3 loops in this design, which serve different performance 

enhancement purposes. Loop 1 is an ultra-fast low gain loop with a very high 

bandwidth due to the introduced super source follower buffer. Loop 2 is designed 

to be a slow loop, which generates the VMIR and VSET voltage. Loop 3 is the 

overall voltage loop to improve DC accuracy. 

https://en.wikipedia.org/wiki/Block_diagram
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 LDO with derivative (D) control 

As shown in Figure 2.27, a derivative path is a high-pass path, which contributes 

a zero in the overall transfer function. The high-pass path is sensitive to the high-

frequency component of the feedback signal. An LDO with derivative (D) control 

is shown in Figure 2.29. The implementation example is shown in Figure 2.30.  

 

Figure 2.29 The diagram of LDO with derivative (D) control [72]. 

 

Figure 2.30 An implementation example of LDO with derivative (D) control [72]. 

A high-pass derivative (D) path obtains the slope information of the signal, and 

it represents a zero in the frequency domain. In other words, a high-pass 
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derivative (D) path responds only to fast-changing signals. A coupling capacitor 

Cc is a high-pass sensing capacitor. 

It is important to note that the high-pass derivative (D) path is sensitive to high-

frequency signals including noises. To reduce the influence of high-frequency 

noise on the loop, one or two high-frequency poles are always placed in the real 

LDO design. As a result, the high-pass has a band-pass transfer function.  

The Miller capacitor has the effect of D-control as well. In fact, Miller 

compensation pushing the second-pole to higher frequency is the result of its 

high-pass nature. However, the gain of simple Miller compensation is small. 

Therefore, the effect of the D-control is not obvious. 

 Summary 

In this chapter, we have reviewed key design parameters for LDO, including 

line/load regulation, power supply ripple rejection, and accuracy. Comprehansive 

analysis has been conducted to the loop compensation techniques. Since fast 

transient is becoming increasingly important for future LDOs and the design of 

fast transient LDO is challenging, we have reviewed state-of-the-art fast transient 

LDO embodying advanced fast transient techniques. A brief discussion of the 

prons and cons of the said techniques has also been presented. 
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A Low dropout regulator with rail-to-rail dynamic 

impedance attenuation buffer 

A large portion of this Chapter has been published in Microelectronics Journal 

[73]. 

In this chapter, a rail-to-rail high swing super source follower buffer (RRHS-

SSF) is proposed with the optimized minimum power FET size. To achieve a 

higher yield and more predictable performance, an accurate current sensing 

circuit is presented to generate the buffer’s dynamic biasing. The designed LDO 

can deliver current from up to 600mA.  In addition, a trim scheme with minor 

engineering cost is introduced to minimize input-referred DC offset.  

This chapter is organized as follows. Section 3.1 presents the design of our 

proposed LDO and the design considerations. Section 3.2 presents the key 

contribution of the proposed LDO. The detailed circuit implementations and the 

loop analysis are described in Section 3.3. In the end, Section 3.4 draws the 

conclusions. 

 Design of the proposed LDO 

A large power FET is needed for high current delivery capability. To avoid the 

low frequency pole formed by the power FET parasitic capacitor and the high 

impedance of the error amplifier output, a buffer stage is usually introduced. The 

most commonly used buffer is the single-stage source follower, which provides 

low impedance (1/𝑔𝑚) at the PMOS power FET gate with a pole of 𝑔𝑚/Cp (here 
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Cp is the parasitic capacitance of the power FET). To push this pole to a frequency 

much higher than the LDO loop unity-gain frequency, the W/L ratio of the PMOS 

transistor and the DC biasing current have to increase. 

A dynamic biased super source follower (DB-SSF) is introduced in [22] to act as 

a buffer to drive the PMOS FET as shown in Figure 3.1. The buffer current 

biasing will track the output loading current in a wide dynamic range and enhance 

the slewing during transient between the different loadings.  
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Figure 3.1 LDO with intermediate dynamically biased buffer [22]. 

However, DB-SSF might have some limitations during mass production. First of 

all, since the buffer is designed using PMOS source follower, the lowest buffer 

output voltage is around [Vgs+Vdsat], which limits the overdrive of the power FET 

and does not utilize its maximum driving capability. Therefore, a larger PMOS 

power FET is necessary to deliver high current. This shows that the PMOS type 

buffer is not an optimized design for high current rating LDOs. The NMOS type 

buffer can maximize overdrive voltage for power FET, so that it is a better choice 
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where silicon area is a concern. A buffer with rail-to-rail swing can minimize the 

PMOS power transistor size.  

Figure 3.2 shows the proposed high swing dynamic biasing super source follower 

buffer design with new current sensing circuit architecture. The bipolar Q1 

(CMOS technology compatible, vertical NPN bipolar transistor) is designed as a 

feedback device connected in parallel with the buffer’s output transistor. The 

buffer’s impedance is reduced by (1+ β) times due to the shunt feedback (β is the 

current gain of the bipolar transistor Q1, it is around 15 in CMOS process). Hence, 

to achieve the required low impedance (Ro), the DC biasing current can be (1+ 

β) time smaller than the normal source follower buffer and the size of the PMOS 

buffer can also be further reduced. Theoretically, the Q1 can be replaced by an 

NMOS transistor [5].  

 

Figure 3.2 LDO with proposed high swing super source follower buffer with 

dynamic biasing. 

The buffer drives the power FET from rail-to-rail with a variable biasing 
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according to LDO loading. As compared to the traditional PMOS super source 

follower, a new native NMOS device M10B is inserted between buffer output and 

PMOS source, whose Vgs varies according to the LDO output load current. When 

the LDO is loaded with high current, M10B will act as a DC level shifter and the 

buffer will drive the power FET gate with the voltage as low as 100mV, which 

gain extra ~ 600mV for power FET Vgs over-drive voltage as compared to the 

design with the normal p-type super source follower reported in [22]. Therefore, 

the PMOS power FET size is minimized. When the LDO’s loading is small, the 

buffer biasing current will decrease. The Vds of native NMOS devices M10B will 

be close to zero, allowing the buffer’s output voltage to rise close to the power 

rail. Here the load sensing circuit consists of M11A, M11B, M12A, M12B, Mp, and 

Mps. The device Mps is the main sensing FET, which is matched with the power 

FET (Mp).  

In this design, M11A and M11B; M12A and M12B are designed with the same size. 

Vsns will be the same as Vout, such that current sensing accuracy is not affected by 

the transistor channel length modulation effect. In addition, the sensing clamping 

circuit only consists of a current mirror, as a result, a faster clamping response 

and smaller die area will be achieved as compared to the opamp based sensing 

clamping scheme. The RRHS-SSF is biased by the load sensing circuitry. The 

total current of the RRHS-SSF varies from 6µA to 600µA when the LDO’s load 

current varies from 0 to 600mA. Figure 3.3 shows the simulation results of 

RRHS-SSF local loop stability analysis. The local loop can be treated as a single-

pole loop since NPN’s base impedance is low. A minimum loop phase margin of 

68deg is achieved across all the bias conditions. With the total RRHS-SSF current 

varying from 6μA to 600μA, the loop’s unity gain frequency varies from 6MHz 
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to 150MHz, which is much higher than the LDO loop unity gain frequency. The 

gate pole of LDO’s power transistor will not affect LDO loop stability.   

 

Figure 3.3 (a) The rail-to-rail high swing super source follower buffer (RRHS-

SSF); (b) Local super source follower loop analysis; (c) Gate pole analysis. 

Another concern for the LDO design is the leakage current which becomes more 

serious at high temperatures and at light load conditions. It is the source-drain 

current when PMOS is not properly turned off. For the high current rating LDO, 

the size of power FET is large so that its leakage current increases rapidly at fast 

process corners and at high temperature conditions. If the leakage is larger than 

the load current, the LDO will lose regulation and the output voltage will increase 

without loop control, which may cause the reliability issue of the load circuitry 

due to voltage stress. Considering that the power FET leakage current is a strong 

function of its source-gate voltage bias (Vsg), to reduce the leakage, Vsg has to be 

close to zero or even negative for light load or no-load case.     

Under light or no-load condition, the buffer should be designed to allow the 
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output voltage to reach the power rail for leakage reduction. In Figure 3.1, current 

sensing does not work in light or no-load condition. Although the M1 can sense 

the power FET leakage current, it is applied to M5’s drain instead of its source. 

It will be much more difficult to get the buffer output voltage reaching the rail 

voltage (Vps). The Ia shown in Figure 3.3 (value: 6µA) should be designed high 

enough to pull up the buffer output voltage. At light load condition, Mps still 

works as the current sensing for Mp, and the leakage current will still pass through 

M11A to M9A and mirror to M9B to pull up the buffer output voltage. A simple 

circuit which consists of M6, M7, M8 will sense the light loading condition and 

help to pull the buffer output further closer to the power rail. In this way, Ia can 

be set small without losing the sensing accuracy even at the LDO light load 

condition. The proposed LDO design can turn off the power FET at no-load 

condition, enabling it to achieve a good load regulation specification over a wider 

range of process and temperature variations.  

In short, the proposed buffer provides a low impedance node for the PMOS FET 

gate, so that its pole is located at sufficiently high frequency for all loading 

conditions. Considering that the biasing circuit is dynamic and works by sensing 

the load condition, the LDO current at light load condition is small so that good 

power efficiency is achieved. In addition, the proposed buffer with rail-to-rail 

swing also reduces the PMOS FET size and leakage.  
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 Circuit implementation and analysis of the proposed LDO 

design 

As shown in Figure 3.4, the proposed super source follower buffer (RRHS-SSF) 

is inserted between these two stages to push the non-dominated pole introduced 

by the power FET to a frequency higher than the loop unity-gain bandwidth. A 

compensation scheme is designed to accommodate two major poles located at the 

error amplifier’s output node N1 and the LDO output for stability consideration. 

The single-stage folded-cascode error amplifier (M1—M5) in this design provides 

enough DC gain to meet the power supply rejection and the line regulation 

specification. It also provides enough output voltage swing for the dynamic 

requirements at high load condition. The second stage is the power PMOS FET 

in common-source configuration, whose gain varies with the LDO load condition. 

The single-stage folded-cascode structure error amplifier (M1—M5) is shown in 

Figure 3.4, which provides enough DC gain for the whole loop. The off-chip 

loading capacitor used is in the micro-farad range.  

In this design, the Ahuja (cascode-Miller) compensation is adopted for robustness 

concern. The Ahuja compensation capacitor splits the poles at both the error 

amplifier’s output N1 and LDO output Vout. It also avoids the right-half-plane 

zero by removing the feed-forward path while keeping the feedback path, which 

is in favour as compared to the traditional Miller compensation [45]. The loop 

stability is thus achieved over the entire load range. 
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Figure 3.4 Schematic of the proposed LDO design. 
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 Loop analysis of Miller and Ahuja compensation techniques 

Figure 3.5 shows the simplified AC small-signal model of the LDO circuitry with 

both the Miller compensation scheme and the Ahuja compensation scheme. Here 

gm1, gm2, and gm3 represent the transconductances of the input pair, the power 

FET and the cascode device M3B respectively. The super source follower buffer 

pushes the pole introduced by the power FET gate to a higher frequency, and thus 

can be ignored for the simplicity of the loop analysis. We can understand the 

compensation scheme from both physics point of view and the mathematical 

derivation of the AC small-signal model. Both analysis can converge to the same 

conclusion.  
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(a) Miller compensation. 
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(b) Ahuja compensation. 

Figure 3.5 AC small signal model for open loop circuitry. 

The voltage swing at N1 and M3B’source are V(N1) = gm1routVin and V(M3BS) 

= gm1/gm3Vin respectively. Since the impedance at node N1 has: r1 >> 1/gm3, 

it is obvious that voltage swing V(M3BS) is much less than the voltage swing at 

node N1. Since the compensation capacitor is connected to V(M3BS) for Ahuja 

compensation, it is clear that the feed-forward path signal is heavily attenuated 

by Ahuja compensation as compared to the normal Miller compensation. Ideally, 

if gm3 >> gm1, there will be almost no signal directly passing through CC to the 

output so that no right-hand plane zero appears. However, large gm3 required by 

Ahuja compensation will create the DC offset issue.  It can be visualized 

intuitively that the Ahuja compensated regulator has better power supply 

rejection in the middle and high-frequency region as compared to the Miller 

compensated regulator. Power supply ripple rejection at low frequency is 

determined by the DC loop gain. Both Miller and Ahuja will show similar PSR 

provided DC loop gain is the same. At the middle or high frequency, for Miller 

compensation, CC will create a “short” from output to N1, and an AC “diode-
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connected” power FET will drive the load, both leading to PSR degradation. 

However, in the Ahuja compensation, Cc can help improve regulator PSR by 

degrading N1’s PSR. To have a better understanding of the above analysis, a 

mathematical model is derived below for both Miller and Ahuja compensation 

and a design guide is thus provided. 

The loop transfer function and closed-loop power supply rejection for both the 

Miller compensated loop and the Ahuja compensated loop are derived. A 

comparison of these two loops is also shown. For mathematical derivation, 

symbols and assumptions are listed below. 

       (1) 𝐶2 >> 𝐶𝑐>> 𝐶1 

       (2) Loop DC gain 𝑖𝑠 𝐴0=𝑔𝑚1𝑔𝑚2𝑟1𝑟2β, and βis the loop feedback factor.  

       (3) 𝐴1(s) and 𝐴2(s)  are the open-loop transfer function of the Miller 

compensated loop and the Ahuja compensated loop respectively; 

𝐴1ps(s) and 𝐴2ps(s) are their open-loop supply to the output transfer functions. 

Close loop power supply rejections are represented by 𝑃𝑆𝑅1 and  𝑃𝑆𝑅2.  

𝐴1(𝑠)= 
𝑉𝑜𝑢𝑡(𝑠)𝛽

𝑉𝑖𝑛(𝑠)
 

 

=
−𝛽𝑔𝑚1𝑔𝑚2𝑟1𝑟2[𝑠(𝑅𝑐 −

1
𝑔𝑚2

)𝐶𝑐 + 1]

𝑠3𝐶1𝐶2𝐶𝑐𝑟1𝑟2𝑅𝑐 + 𝑠2𝐶2𝐶𝑐𝑟1𝑟2 (1 +
𝐶1

𝐶2
+

𝐶1

𝐶𝑐
) + 𝑠𝑔𝑚2𝑟1𝑟2𝐶𝑐 + 1

 

 

≈ 
−𝐴0[𝑠(𝑅𝑐−

1

𝑔𝑚2
)𝐶𝑐+1]

(𝑠
𝐴0𝐶𝑐
𝑔𝑚1

+1)(𝑠
𝐶2

𝑔𝑚2
+1)(𝑠

𝐶1
𝑔𝑚2

+1)
 (3.1) 
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 𝐴1𝑝𝑠(s) = 
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑝𝑠(𝑠)
 

 

=
𝑠2𝐶1𝐶2𝑟1𝑟2 + 𝑠𝑔𝑚2𝑟1𝑟2𝐶𝑐 + 1

𝑠3𝐶1𝐶2𝐶𝑐𝑟1𝑟2𝑅𝑐 + 𝑠2𝐶2𝐶𝑐𝑟1𝑟2 (1 +
𝐶1

𝐶2
+

𝐶1

𝐶𝑐
) + 𝑠𝑔𝑚2𝑟1𝑟2𝐶𝑐 + 1

 (3.2) 

  

𝑃𝑆𝑅1(𝑠) = 
𝐴1𝑝𝑠(𝑠)

𝐴1(𝑠)
=

𝑠2𝐶1𝐶2𝑟1𝑟2+𝑠𝑔𝑚2𝑟1𝑟2𝐶𝑐+1

𝐴0[𝑠(𝑅𝑐−
1

𝑔𝑚2
)𝐶𝑐+1]

  

≈
(𝑠

𝐴0𝐶𝑐
𝑔𝑚1

+1)(𝑠
𝐶1

𝑔𝑚2
+1)

𝐴0
 (3.3) 

Here (3.1) is the open-loop transfer function of the Miller compensated loop, 

where the open-loop dominant pole is located at  
𝑔𝑚1

𝐴0𝐶𝑐
 .  𝑅𝑐 has to be carefully 

designed to track with power FET transconductance 𝑔𝑚2 and move the RHP zero 

to LHP. For an LDO with a wide range of load conditions, a variable 𝑅𝑐 is needed, 

as the second pole varies with gm2 due to the load variation. To avoid the third 

pole affecting the loop phase margin, the parasitic capacitor 𝐶1 at N1 should be 

designed as small as possible. The smaller the buffer size, the easier the loop 

stability design. The open-loop transfer-function of 𝑉𝑜𝑢𝑡(𝑠) 𝑣𝑠  𝑉𝑝𝑠(𝑠) is shown 

in (3.2). The LDO’s PSR can be obtained by evaluating 
𝐴1𝑝𝑠(𝑠)

𝐴1(𝑠)
 (3.3) and it is 

plotted with a dash line in Figure 3.6. At frequencies below the open-loop 

dominant pole, the PSR is determined by loop DC gain. When frequency goes 

high, the PSR will degrade at the rate of 20dB/Dec. A lower frequency dominant 

pole helps to maintain loop stability while the PSR at the middle or high 
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frequency becomes worse. The trade-off between loop stability and PSR makes 

the Miller compensation scheme not as good a solution for the regulator design. 

ωn
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Figure 3.6 Plot of the LDO loop gain and the power supply rejection (PSR). 

For the Ahuja compensated loop, the open-loop transfer function and PSR are 

derived. 

𝐴2(s) = 
𝑉𝑜𝑢𝑡(𝑠)∗𝛽

𝑉𝑖𝑛(𝑠)
  

=  
−𝛽𝑔𝑚1𝑔𝑚2𝑟1𝑟2(𝑠2 𝐶1𝐶𝑐

𝑔𝑚2𝑔𝑚3
+𝑠

𝐶𝑐
𝑔𝑚2𝑔𝑚3𝑟1

−1)

𝑠3𝐶1𝐶2𝐶𝑐𝑟1𝑟2
𝑔𝑚3

+𝑠2𝐶1𝐶𝑐𝑟1𝑟2(1+
𝐶2
𝐶𝑐

)+𝑠𝑔𝑚2𝑟1𝑟2𝐶𝑐+1
  

= 
−𝐴0(𝑠√

𝐶1𝐶𝑐
𝑔𝑚2𝑔𝑚3

+1)(𝑠√
𝐶1𝐶𝑐

𝑔𝑚2𝑔𝑚3
−1)

(𝑠
𝐴0𝐶𝑐
𝑔𝑚1

+1)(
𝑠2

𝜔𝑛
2+

2𝜉

𝜔𝑛
𝑠+1)

 (3.4) 

Where the natural frequency and damping factor are calculated as: 
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𝜔𝑛 = √
𝑔𝑚3𝑔𝑚2

𝐶1𝐶2
 ; 𝜉 =

1

2
√

𝐶1𝑔𝑚3

𝐶2𝑔𝑚2
(1 +

𝐶2

𝐶𝑐
) (3.5) 

  

𝐴2𝑝𝑠(s)=
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑝𝑠(𝑠)
   

=
(𝑠

𝐶𝑐

𝑔𝑚3
+ 1) (𝑠𝐶1𝑟1 + 1)

𝑠3 𝐶1𝐶2𝐶𝑐𝑟1𝑟2

𝑔𝑚3
+ 𝑠2𝐶1𝐶𝑐𝑟1𝑟2 (1 +

𝐶2

𝐶𝑐
) + 𝑠𝑔𝑚2𝑟1𝑟2𝐶𝑐 + 1

 (3.6) 

  

𝑃𝑆𝑅2(𝑠) = 
𝐴2𝑝𝑠(𝑠)

𝐴2(𝑠)
     

≈
(𝑠

𝐶𝑐
𝑔𝑚3

+1)(𝑠𝐶1𝑟1+1)

𝐴0(𝑠√
𝐶1𝐶𝑐

𝑔𝑚2𝑔𝑚3
+1)(𝑠√

𝐶1𝐶𝑐
𝑔𝑚2𝑔𝑚3

−1)
 (3.7) 

Hence the poles of 𝐴2(𝑠) 𝑎𝑛𝑑  𝑃𝑆𝑅2(𝑠) are 

𝜔𝑜 =
𝑔𝑚1

𝐶𝑐
  ; 𝜔1 =

𝑔𝑚1

𝐴0𝐶𝑐
 ; 𝜔2 = √

𝑔𝑚2𝑔𝑚3

𝐶1𝐶𝑐
 (3.8) 

The zeros of 𝐴2(𝑠) 𝑎𝑛𝑑  𝑃𝑆𝑅2(𝑠) are: 

𝜔𝑧1 =
1

𝑟1𝐶1
 ;  𝜔𝑧2 =

𝑔𝑚3

𝐶𝑐
 (3.9) 

Based on Figure 3.6, it is better to have [74]:  

𝜔2  > 𝜔𝑛 > 𝜔𝑧1  >  𝜔𝑜  >  𝜔1 (3.10) 

From (3.4), it can be treated as a system consisting of a 1st order non-ideal 
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integrator (with exact transfer function from 𝑉𝑖𝑛  to N1) in series with the Ahuja 

loop (the second-order term shown in the denominator). This Ahuja loop will 

create two conjugate poles above unity gain frequency, which creates a peaking 

of the loop gain amplitude at the natural frequency 𝜔𝑛 as shown in Figure 3.6. 

The gain amplitude peaking is a function of the damping factor 𝜉. With proper 

design, a big damping factor can be achieved with a reasonable peaking without 

affecting loop stability. Based on the locations of the poles and zeros, the loop 

gain and power supply rejection (PSR) are plotted. It is obvious that the Ahuja 

compensated LDO has a better power supply rejection than the Miller 

compensated LDO since we can design to make 𝜔𝑧1> 𝜔1. 

It is clear to see that a smaller 𝐶1 helps to improve the LDO PSR performance. 

The proposed super source follower will not only push the power FET pole to a 

high frequency but also reduce 𝐶1to achieve a better power supply rejection. 

Since the second-order effect is determined by the damping factor and the natural 

frequency, a higher  𝜔𝑛 and  𝜉 are required for a better loop phase margin. With 

𝜔𝑛 > >  𝜔𝑜 and   𝜉 ≈ 1, it has:  

√
𝑔𝑚3𝑔𝑚2

𝐶1𝐶2
 >> 

𝑔𝑚1

𝐶𝑐
 (3.11) 

𝜉 ≈
1

2
√

𝐶1𝑔𝑚3

𝐶2𝑔𝑚2

𝐶2

𝐶𝑐
 ≈ 1 (3.12) 

Combining (3.11) and (3.12), we have: 

√
𝑔𝑚3𝑔𝑚2

𝐶1𝐶2
 >> 2𝑔𝑚1√

𝑔𝑚2

𝐶1𝐶2𝑔𝑚3
 (3.13) 

Therefore, 𝑔𝑚3>>𝑔𝑚1 is desired 
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A high quiescent current biased cascode branch is needed for the Ahuja 

compensation loop to achieve better loop stability. Since the LDO load current 

can vary from zero to 600mA, 𝑔𝑚3 ~10 𝑔𝑚1  is chosen to meet the stability 

requirement across process corners and temperature variation. The current bias 

of the cascode branch is much higher than the input pair biasing. With this DC 

biasing condition, there is a risk of DC offset issue, which is also applicable to 

all the Ahuja related compensation schemes. Figure 3.7 shows the designed loop 

AC analysis plot for LDO light/full load conditions. The simulation condition is 

that the input voltage (Vin) equals to 2V and the output voltage (Vout) equals to 

1.8V.  

 

Figure 3.7 AC simulation results of the LDO loop response with different loading 

condition. 

 Offset analysis and the proposed solution for commercial design 

Accuracy is another critical specification for the commercial LDO design, where 

the absolute output voltage accuracy, load and line regulation variation [9], [10] 
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are important. The absolute output voltage accuracy is determined by the error of 

reference voltage and the DC offset of the error amplifier in the LDO. The input-

referred offset voltage can be shown by the formula below: 

𝑉𝑜𝑠(𝑖𝑛) = √(𝑉𝑜𝑠1)2 + (𝑉𝑜𝑠2 ∗
𝑔𝑚4

𝑔𝑚1
)2 + (𝑉𝑜𝑠5 ∗

𝑔𝑚5

𝑔𝑚1
)2 (3.14) 

Here, 𝑉𝑜𝑠1, 𝑉𝑜𝑠2, 𝑉𝑜𝑠5 are the offset voltage of the input pair, the current mirror 

𝑀2𝐴 , 𝑀2𝐵 and 𝑀5𝐴 , 𝑀5𝐵 respectively. 

The Monte Carlo simulation was conducted and the offset distribution for the 

LDO is shown in Figure 3.8. The LDO output voltage can vary from 1.77V to 

1.83V without trim.  

 

Figure 3.8 LDO offset Monte Carlo simulation results. 

An LDO with smaller offset normally can be easily trimmed. However, if the 

LDO’s offset is too large, the LDO may potentially run into a real risk: when 𝐼𝑡𝑎𝑖𝑙 

< the mismatched current of the cascode branch, the LDO will lose regulation, 

which is considered a yield loss in commercial design. Normally there are many 
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LDOs integrated into a single chip if any of the LDO runs into such condition, 

the whole chip will be screened out in the production test stage. Even if it does 

not totally lose regulation, the performance is heavily affected since the overall 

DC gain drops, which causes line/load regulation issues. Unfortunately, this 

cannot be detected by production testing and the performance degradation can 

only be verified in the lab bench. Hence, a trimming scheme is proposed to 

overcome such an issue.  

Figure 3.9 shows the diagram of the proposed trim scheme. Since one 

commercial chip would integrate many LDOs, the cost of test time will also be 

taken into consideration. From the previous analysis, when the Ahuja 

compensation is applied to such a wide load range LDO design, the added two 

small DACs play critical roles in the production.  
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Figure 3.9 Block diagram of the offset trim scheme. 

As shown in Figure 3.9 and Figure 3.4, two NMOS current sinks 𝐼1 and 𝐼2 are 

introduced for offset compensation. Their on or off states are determined by the 

LDO output offset sign and value, which is detected by the trim engine. The 
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input-referred compensated DC offset voltage from the current sink is 𝐼2/𝑔𝑚1, 

(𝐼1/𝑔𝑚1).  𝐼1 and 𝐼2  can be designed with the multi-bit DAC for a wider trim 

range. Considering the trade-off between the silicon performance and the 

production trim cost, one-bit offset DAC design might be a better choice, which 

will be woken up only when the LDO’s offset voltage is larger than a certain 

threshold. As long as the LDO’s intrinsic offset is smaller than the threshold, the 

LDO accuracy can be achieved by the feedback resistor trim. If we design the 

threshold such that 90% of the LDO’s intrinsic offset is smaller than the threshold, 

then the total extra trim cost could only be only ~1% more as compared to resistor 

ladder trim alone. There is a trade-off between the trim coverage and the trim 

time as well. As shown in Figure 3.9, only when any of the LDOs in the chip has 

an offset bigger than the threshold, the DAC is wakened, and the trim will add 

extra adjusting steps. If all the LDOs are within the offset threshold, no extra trim 

steps will be introduced. Therefore, the overall trim cost is still acceptable.  

 Hardware measurements of the proposed LDO 

The proposed design is fabricated in the 0.18-μm HVCMOS process. Figure 3.10 

shows the die photo of the proposed LDO with the rated output current of 600mA. 

The LDO is designed with features such as short to ground protection, 

overcurrent protection, and soft slow start, etc. The die area of this LDO is 0.137 

mm^2 (excluding PAD and ESD). The LDO’s minimum input voltage is 2.2V 

and the maximum output voltage is 2V. The output voltage can be programmed 

down to 0.7V with a programmable step size. An on-chip bandgap is used as its 

reference input, and the output of the LDO voltage is adjusted by the feedback 

resistor, which is designed to cover the LDO output voltage programmable range 
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and offset trim range as well.  

 

Figure 3.10 The die photo of the proposed LDO. 

In worse case condition when the input voltage (Vin) is 2.2V and the output 

voltage (Vout) is 2V, the LDO should still deliver 600mA load current for all the 

corners, where the LDO dropout voltage is 200mV and the output capacitor is 

1µF. Figure 3.11 shows the measured quiescent current for different loading 

conditions. The quiescent current is 40µA, while in full load condition (600mA), 

the LDO current reaches 900µA. The increased current is used to lower down the 

buffer impedance for the intermediate stage buffer dynamic biasing. The 

corresponding worst-case current efficiency of the LDO is 99.9%. The typical 

and worst-case line regulation is +/-0.07%/V and +/-0.2%/V respectively. The 

load regulation specification is +/-1% referring to the mid-point load. With this 

dynamic biasing buffer technique, the simple Ahuja compensation scheme is 

used for better stability, which gives the well-behaved transient response as 

shown in Figure 3.11. When the LDO is tested with a step from light load to full 

load condition and from full load to light load condition, it has a 60mV (overshoot) 

/ 55mV (undershoot) output voltage variation, which includes the load regulation 

error of 35mV. The 60mV is translated to 3% of the output voltage as the 
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overshoot/undershoot specification. The load regulation is also reflected in 

Figure 3.11. Loading change of 600mA causes 35mV output voltage shift, which 

translates to a 2% load regulation error.  

 

Figure 3.11 Measured load transient response of the proposed LDO( load step 

between 1mA and 600mA). 

Figure 3.12 shows the measured power-rejection-ration (PSR). The proposed 

LDO regulator can achieve a PSR of -35dB at 100 kHz with a loading of 300mA.  

 

Figure 3.12 Measured PSR performance with 300mA load. 

 Conclusions 

In this chapter, an LDO for portable applications with a dynamic biasing full 

swing impedance-attenuation buffer has been presented. The introduced DC 
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offset trimming method could increase the production yield with negligible cost. 

With this dynamic biasing impedance-attenuation buffer and the Ahuja 

compensation scheme, the loop is stable over the entire load range from zero to 

600mA with good transient response. The LDO can deliver as high as 600mA 

with a 200mV dropout voltage.  
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A 600mA fast-transient PMOS low-dropout regulator 

with pseudo-ESR technique 

A large portion of this chapter has been published in IEEE Transactions on Very 

Large-Scale Integration (VLSI) Systems [75].  

A dual-loop compensated fast-transient LDO has been proposed for battery-

powered applications. It is successfully implemented in 0.18 µm CMOS process 

with a total silicon area of 210µm × 593µm. The proposed LDO is composed of 

two feedback loops. The fast feedback loop (FFL) employs a direct output 

voltage spike detection through a capacitive coupling resulting in a significantly 

improved large-signal transient response and loop bandwidth at the same time. 

Its voltage spike is 15mV at a load step of 600mA. The proposed LDO has a 

30µA quiescent current and a loop bandwidth of 2.3MHz at a load current of 

600mA. A power transistor with the pseudo equivalent series resistor (ESR) 

technique is proposed for loop stability improvement. It enables the usage of the 

low-cost multi-layer ceramic capacitor in mobile applications. The constant 

biased voltage feedback loop (VFL) has a loop gain of more than 60dB over all 

load conditions, which enables a good line and load regulation. 

This chapter is organized as follows: Section 4.1 is the introduction. Section 4.2 

describes the concept and working principle of the proposed LDO. The detailed 

circuit implementations and the loop stability analysis are described in Section 

4.3. Section 4.4 discusses the experiment results and key parameter comparison. 

In the end, the conclusions are drawn in Section 4.5. 
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 Introduction 

The capacitor-based LDO is indispensable for various noise-sensitive or supply 

level-sensitive modules (e.g. camera, Double DataRate (DDR) memory, etc.) in 

mobile devices [2], [3], [27]. These modules are becoming increasingly power-

hungry and their dynamic current profile often contains a fast-transient 

component because the modern mobile emphasizes large scale integration of 

multi-function and fast operation speed.  The LDO for these modules needs to 

provide a well-regulated supply voltage with small output variation, small 

overshoot and undershoot despite the heavy load current and fast load transients. 

For example, DDR memory can draw a few hundreds of mA load current with a 

load transient of 300mA/100ns and it requires a robust power supply voltage with 

less than 1% variation.  

The design of LDO for large load current dynamic is challenging for the 

following primary reasons.  

1. The overshoot and undershoot of the LDO output may be unacceptably 

high during fast load transients. A preliminary analysis is as follows [9]: 

∆𝑉𝑜 =
∆𝐼𝐿𝑇𝑟

𝐶𝐿
+ 𝑅𝑒𝑠𝑟∆𝐼𝐿 (4.1) 

𝑇𝑟 ≈
1

𝐵𝑊𝑐𝑙
+

𝐶𝑝𝑎𝑟∆𝑉𝑔

𝐼𝑠𝑟
 (4.2) 

where ∆𝑉𝑔 is the voltage variation across the pass transistor’s gate parasitic 

capacitor, 𝐼𝑠𝑟  is the slewing current charging and discharging the gate 

parasitic capacitor (𝐶𝑝𝑎𝑟), and 𝐵𝑊𝑐𝑙  is the close loop unity-gain bandwidth 
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of the LDO. From (1), the LDO output overshoot or undershoot ∆𝑉𝑜  is 

largely proportional to ∆𝐼𝐿. In order to achieve a small ∆𝑉𝑜, the LDO needs 

to be designed with small 𝑇𝑟 and/or large 𝐶𝐿, [9], [38], [76], [77]. However, 

these two solutions are arguably impractical for modern mobiles because 

the former typically relies on the large power dissipation of the LDO, and 

the later causes undesirable increase in device form factor [77], [78], [22], 

[21].  

2. Both low-frequency poles at the error amplifier’s output and the LDO’s 

output degrade the loop stability. The equivalent series resistance (ESR) 

compensation technique is used to stabilize the regulation loop [76], [79], 

[80]. It is worth noting that the stability issue is further exacerbated due to 

the utilization of the low-cost Multi-Layer Ceramic Capacitor (MLCC) 

output capacitor in mobile applications. The ESR of MLCC is generally 

small. Consequently, the intrinsic zero of the output capacitor (typically 

facilitates loop stability) is at high frequency. Therefore, the conventional 

output capacitor ESR zero compensation technique would not be 

appropriate for LDO with MLCC. 

3. Load regulation and line regulation are deteriorated in heavy load 

conditions. This is largely due to the substantially reduced loop gain under 

a heavy load condition, particularly when the error amplifier is biased 

adaptively.    

4. The circuit complexity is typically adversely increased. Complex auxiliary 

circuit blocks are often augmented to accommodate the wide load current 

range and fast load transients. The circuit complexity is a practical design 

consideration for real production [3]. For example, a parallel-connected 
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circuit at error amplifier output for transient performance enhancement will 

potentially increase the LDO input-referred offset, which may involve extra 

trim cost in real production.  

 The proposed LDO architecture 

To improve the transient response, the dynamic/adaptive biasing and multi-loop 

schemes are employed in recent LDO designs to achieve a better transient 

response performance without sacrificing the overall power efficiency [22], [39], 

[81], [82], [83]. For the adaptive biasing scheme, the DC loop gain drops when 

the load current increases. A single-stage error amplifier may not be able to meet 

the DC loop gain requirement at a heavy load current condition. The multistage 

amplifier is used for the gain enhancement, which complicates the design of the 

compensation circuit for loop stability. The proposed new LDO design uses the 

dynamic biasing scheme as shown in Figure 4.1. 𝐶𝑓  senses the LDO’s output 

current and adjusts the error amplifier’s biasing current dynamically. Both slew 

rate and loop bandwidth are enhanced, and the DC loop gain is not affected. The 

output voltage spike detection can be internal or external. The direct detection at 

the output node will be faster due to less propagation delay [82], [84], [85]. The 

architecture is based on the Dual Loop Compensation technique (DLC). It 

includes two feedback loops: one is outer slow response Voltage Feedback Loop 

(VFL), which consists of a resistive voltage divider composed of 𝑅𝑓1 and 𝑅𝑓2, an 

error amplifier, a voltage buffer and a power pass transistor. Another is the inner 

Fast-response Feedback Loop (FFL), which consists of a differentiator based 

output voltage spike detector, a voltage buffer and a power pass transistor. The 

capacitor coupling based output voltage spike detector injects an output-
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dependent current to the error amplifier’s output for slew rate enhancement and 

loop bandwidth extension. 

 

Figure 4.1 System architecture of the proposed LDO. 

The capacitor coupling technique has been used for various purposes [61], [86]. 

In [61], the capacitor coupler senses the error amplifier’s output (equivalent to 𝑉𝑥  

node in Figure 4.1) to expedite the transient. However, the long delay of the error 

amplifier may limit the effectiveness of this technique. In [86], capacitor 

couplings are implemented in both the input reference voltage node and the 

output node to facilitate the dynamic voltage scaling tracking. A separate push-

pull transient enhancement loop is utilized for transient performance 

improvement. In this work, we propose an approach that compensates loop 

stability and improves transient response concurrently. We reuse the error 

amplifier’s biasing circuit as the signal feedback path. Hence, the DC bias of the 

error amplifier does not drop when the load current increases compared to those 

adaptive biased error amplifiers. This makes the LDO loop gain high even when 

LDO is in heavy load condition. The high DC gain of the error amplifier enables 

better line regulation and load regulation even when the pass power transistor 
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works in the linear region for smaller dropout voltage, which results in a smaller 

silicon area [19], [87]. Additionally, since the DC bias of the error amplifier is 

consistent, the LDO’s input-referred offset is not impacted by the load current 

neither. The Miller capacitor is connected between the output of the LDO and the 

output of the error amplifier. The capacitor value is chosen such that the 

bandwidth of VFL is much smaller than the bandwidth of FFL, and its value can 

be designed smaller than that in the conventional Miller or cascode compensated 

LDO. A voltage buffer inserted between the error amplifier and pass power 

transistor is designed with low output impedance. The voltage buffer is a PMOS 

super source follower, which is the same design as [22].  Hence, the frequency 

of the pole at the pass transistor’s gate is much higher than Unity-Gain Frequency 

(UGF). 

 Conceptual stability analysis for dual loop compensation 

With the pole-splitting compensation technique, the pole at the LDO output node 

is usually a  non-dominant pole, which is in the order of 𝑔𝑚𝑝/𝐶𝐿 [45], [17]. The 

UGF will be decided by 𝑔𝑚1/𝐶𝑐 typically, and it should be designed to be smaller 

than 𝑔𝑚𝑝/𝐶𝐿  for stability concerns. This limits the transient response 

performance. Hence, the DLC is adopted in this design for bandwidth extension 

and transient response improvement.  
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(b) 

Figure 4.2 (a) Conceptual diagram of the dual loop compensation. (b) Bode plot 

sketch of the dual loop compensation. 

The DLC can be conceptually described in Figure 4.2(a). The proposed design 

has two loops: the VFL provides a high-precision regulation for the LDO and the 

fast response FFL provides the fast response to the load changes. At light load 

conditions, both the VFL and FFL will determine the overall loop stability. At 

medium to heavy loads, the loop stability is determined by the FFL only, and the 

VFL has little impact on loop stability. In Figure 4.2(b), 𝐴𝑆(𝑠) is the loop transfer 

function of the VFL, which is similar to the loop transfer function of the 

conventional cascode compensated LDO [22]. The dominant pole (𝑝1) is located 

at low frequency due to the Miller effect. The inner FFL’s transfer function is 

denoted as 𝐴𝐹(𝑠), which is a bandpass function. It determines the overall loop 

stability and the UGF of the LDO. Since the VFL and the FFL sum at the error 

amplifier output in parallel, the overall loop transfer function 𝑇(𝑠)  can be 

obtained as shown in Figure 4.2(b). A zero 𝑧1 is located at the frequency where 

the VFL gain is equal to the FFL gain in magnitude since the two loops are 

summed together in parallel. At a frequency higher than 𝑧1, the FFL gain is higher 

than the VFL gain, thus the FFL is the dominant loop at high frequency and 
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determines the overall loop stability. As long as 𝑧1 is designed to be lower than 

the frequency of the FFL loop’s dominant pole ( 𝑝3) , the loop bandwidth 

extension is achieved. Since the two loops are summing together in parallel 

instead of in series, the VFL will have less impact on the overall loop stability as 

compared to [83]. If the compensation capacitor 𝐶𝑐 is chosen such that 𝑧1 ≪ 𝑝2, 

the size of 𝐶𝑐 would have minimum impact on the overall loop stability.  Thus, a 

smaller 𝐶𝑐 can be used for this dual loop design with less impact on the slew rate. 

In this design, the loop gain at 𝑧1 is around 20dB, and 𝐶𝑐 is 5pF. Note that  𝐶𝑐 

would be 15pF if in the single loop conventional pole-splitting compensation is 

used. In view of this, the UGF is extended by the proposed technique. 

 Large-signal behavior of the fast feedback loop 

For a large load step, the undershoot and overshoot of the LDO output voltage 

are mainly decided by the slew rate of the voltage changes across the 

compensation capacitors, if the voltage buffer is fast enough. The Equation (4.1) 

and (4.2) can be revised to (4.3) and (4.4): 

𝑇𝑟 ≈ 𝐶𝑐

∆𝑉𝑔

𝐼𝑠𝑟
 (4.3) 

∆𝑉𝑜 ≈
∆𝐼𝐿𝐶𝑐∆𝑉𝑔

𝐼𝑠𝑟𝐶𝐿
 (4.4) 

A smaller 𝐶𝑐 and a higher slewing current alleviate the LDO output voltage spike. 

Figure 4.3(a) and Figure 4.3(b) depict the mechanism of the load step response 

enhancement. The output voltage spike detector has an unique feature of 

efficiently providing significant dynamic current for fast charging and 

discharging the 𝐶𝑐 in response to the load steps. When the load current steps up 
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(from light load to heavy load), the current sensing capacitor (𝐶𝑓) converts the 

output voltage spike to a current that passes through the TIA resistor (𝑅𝑓) to raise 

the M2B’s gate voltage. In this design, M2A and M2B are biased in the subthreshold 

region for optimal bandwidth and slew rate. The 𝑖𝑓𝑛 is the corresponding slewing 

current. It can be expressed as： 

𝑖𝑓𝑛 = 𝐼𝑠𝑜

𝑊

𝐿
𝑒

𝑉𝑔2

𝑛𝑉𝑇 (1 −  𝑒
𝑉𝑑𝑠2

𝑉𝑇 ) . (1 + 𝜆𝑠𝑢𝑏𝑉𝑑𝑠2) (4.5) 

where 𝑉𝑔2  is the gate voltage of M2B, and 𝐼𝑠𝑜  , 𝑛 , 𝜆𝑠𝑢𝑏  are the process-related 

parameters [88]. 𝑉𝑔2  changes when there is an output voltage spike. As  𝑉𝑔2  

changes, 𝑖𝑠𝑛 changes to charge the 𝐶𝑐 and discharge the error amplifier output 

node 𝑉𝑥  respectively, which allows an undershoot reduction. When the load 

current steps down (from a heavy load to a light load), M2A’s gate voltage will 

directly follow the output voltage overshoot spike. M2A conducts an increasing 

slewing current (𝑖𝑓𝑝) to charge the error amplifier output node 𝑉𝑥  and discharge 

the compensation capacitor 𝐶𝑐. Since 𝑖𝑓𝑛 ≫  𝑖𝑓𝑝 for load stepping up and  𝑖𝑓𝑝 ≫

 𝑖𝑓𝑛  for load stepping down, the slewing paths can be simplified as shown in 

Figure 4.3(a) and Figure 4.3(b).  
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(a) 

 

(b) 

 

Figure 4.3 (a) Large signal transient response of the LDO with a step-up load 

transient. (b) Large signal transient response of the LDO with a step-down load 

transient. 

The design guideline for the slewing current can be expressed with given 

undershoot or overshoot specifications:  

𝑀𝑖𝑛𝑖𝑚𝑢𝑚(𝑖𝑓𝑛 , 𝑖𝑓𝑝) >
∆𝑉𝑔𝐶𝑐∆𝐼𝐿

∆𝑉𝑜𝐶𝐿
 (4.6) 

 The properly biased M2A and M2B are required to meet the above equation.  
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 The pseudo-ESR technique 

As mentioned earlier in the first section, the small value of the ESR of the ceramic 

capacitors will make it impractical to have a useful ESR zero for the loop stability 

improvement. A unique feature of the DLC is that the signal feedback points for 

the two loops can be different. The loop stability is mainly dominated by the fast 

loop. Thus, the ESR zero is only necessary to be added in the fast feedback loop. 

In this design, a power transistor with the pseudo-ESR technique is introduced to 

generate a functional equivalent ESR zero, which only exists inside the FFL. As 

shown in Figure 4.1, the FFL starts from the MPS’s drain instead of the LDO’s 

output node. The added 𝑅𝑍 can emulate the off-chip capacitor’s ESR and it can 

be well controlled by design. Figure 4.4 shows the relationship between the 

conventional ESR technique and the pseudo-ESR technique. The power 

transistor (MP) and the output current sensing transistor (MPS) have a ratio of 𝐾: 1, 

where 𝐾 is much larger than one. These two transistors are driven with the same 

gate voltage. With the assumption that the voltage across 𝑅𝑒𝑠𝑟 is much smaller 

than the 𝑉𝑑𝑠  of MP, the drain current and the transconductance of the MPS are 

proportional to the output current with a coefficient of 1/𝐾. The transfer function 

from 𝑉𝑔  to 𝑉𝑓  node can be expressed as: 

𝑉𝑓

𝑉𝑔
≈

𝑔𝑚𝑝 (1 +
𝑠𝑅𝑧𝐶𝐿

𝐾 )

𝑠𝐶𝐿
 (4.7) 

𝑉𝑜

𝑉𝑔
≈

𝑔𝑚𝑝(1 + 𝑠𝑅𝑒𝑠𝑟𝐶𝐿)

𝑠𝐶𝐿
 (4.8) 

As shown in Equation (4.7) and (4.8), 𝑅𝑍/𝐾 has the same effect as 𝑅𝑒𝑠𝑟, which 

means that an internal resistor 𝑅𝑍 can be used to replace the external off-chip 
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capacitor’s ESR resistor. Therefore, it is an ESR compensation with a 

controllable equivalent ESR resistor of 𝑅𝑍/𝐾. The small size multilayer ceramic 

capacitors with small ESR can be used in this proposed LDO regulator with a 

properly designed internal resistor 𝑅𝑍 and current sensing ratio, 𝐾.  

𝑽𝒇
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≈
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𝑽𝒅𝒅 𝑽𝒅𝒅 

 

Figure 4.4 The relationship between the conventional ESR technique and the 

pseudo-ESR technique (AC small signal). 

In the LDO design, a large ESR degrades the load transient performance. The 

pseudo-ESR also degrades the load transient performance, since it is 

fundamentally the same as the real ESR. The pseudo-ESR resistance value can 

be optimized based on the trade-off between load transient performance and loop 

stability. It benefits the transient performance by using the low ESR ceramic 

capacitors. And it also helps improve the loop stability with its extended loop 

bandwidth, especially for a fast transient LDO
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Figure 4.5 Schematic of the proposed LDO design. 
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 Circuit implementation and stability analysis 

 Circuit implementation 

Figure 4.5 depicts the transistor level implementation of the proposed LDO. The 

error amplifier is a folded cascode structure with a PMOS input pair (M1A and 

M1B). The feedback path from output voltage through the resistive divider to 

M1A forms the VFL. A transconductance and impedance boosting circuit (M3A, 

M3B, and M6A, M6B) are embedded inside the error amplifier for further 

performance enhancement. The dynamic biased super source follower (DB-SSF), 

which consists of M9, M10, and a bipolar transistor Q1, serves as a voltage buffer 

to drive the pass transistor MP [22], [89]. This voltage buffer pushes the pass 

transistor gate pole to a frequency that is much greater than the UGF. Hence, this 

pole can be ignored in the following loop stability analysis. A pseudo-ESR 

technique is introduced for loop stability improvement. The FFL consists of the 

pseudo-ESR resistor (𝑅𝑍), the output voltage spike detector, the DB-SSF, and the 

power transistor. In the diagram, 𝐶𝐿 is the off-chip capacitor, 𝑅𝑒𝑠𝑟  is the total 

ESR of the off-chip capacitor. 

A larger 𝑔𝑚3 is desired to reduce the Q factor of the complex poles in the VFL 

[45]. Increasing 𝑔𝑚3  by increasing the bias current will not only consume a 

considerable current but also decrease the gain of the error amplifier. The self-

regulated loop formed by M3B and M6B boosts the transconductance gm3 and the 

output impedance of the error amplifier. This boosted VFL gain will further 

enhance the LDO’s line regulation and load regulation performance. 
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As shown in Figure 4.5, the FFL starts from the MPS’s drain instead of the LDO’s 

output node. The output voltage spike detector consists of M5A, M5B, M2A, M2B, 

𝐶𝑓, and 𝑅𝑓. Any output voltage spike can be detected by the capacitor 𝐶𝑓 directly. 

The significant dynamic current from this voltage spike detector can quickly 

charge and discharge 𝑉𝑥  for slew rate enhancement. The capacitor type of sensing 

scheme naturally lets the fast feedback loop behave similarly as a high pass or 

bandpass filter, which does not affect the overall DC performance as compared 

to the adaptive biased LDO design.  

Figure 4.6 shows the small-signal model of the voltage spike detector, where the 

transconductance of M2A, M2B, and M4B are denoted as 𝑔𝑚2  and 𝑔𝑚𝑓 . The 

transfer function of the voltage spike detector is derived as:  

𝑖𝑓(𝑠)

𝑣𝑓𝑏(𝑠)
=

2𝑔𝑚2𝑅𝑓𝐶𝑓𝑠(
𝑅𝑓𝐶𝑓

2 𝑠 + 1)(
𝐶𝑜𝑓

𝑔𝑚𝑓
𝑠 + 1)

(𝑅𝑓𝐶𝑓𝑠 + 1)(
𝑅𝑓𝐶𝑓𝐶𝑜𝑓

𝑔𝑚𝑓
𝑠2 +

𝐶𝑓

𝑔𝑚𝑓
𝑠 + 1)

  (4.9) 

Rf

𝒈𝒎𝟐 

-𝒈𝒎𝟐 -𝒈𝒎𝒇 

(M2A) 

(M2B) 
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𝑅𝑓   𝐶𝑜𝑓   𝐶𝑓   
𝑽𝒇𝒃  

to 𝑽𝒙 

𝒊𝒇  

 

Figure 4.6 Small-signal model of voltage spike detector. 

The equivalent transconductance (𝑖𝑓(𝑠)/𝑣𝑓𝑏(𝑠)) of the voltage spike detector is 

a band-pass function with its transconductance larger than 𝑔𝑚2 after its first pole 

frequency (1/𝑅𝑓𝐶𝑓). For the folded-cascode amplifier, the transconductance of 

M2A and M2B (𝑔𝑚2) is much larger than the transconductance of the amplifier 
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input pair (𝑔𝑚1). From (4.9) and Figure 4.2, it is obvious that the overall loop 

bandwidth is extended. 

 Small signal analysis 

The complete equivalent small-signal model of the proposed LDO is depicted in  

Figure 4.7. 𝑔𝑚1models the transconductance of the error amplifier input pair, 

while the error amplifier’s output impedance and parasitic capacitance are 

denoted as 𝐶1 and 𝑅1  respectively. The effective transconductance of cascode 

compensation current buffer is represented by 𝐺𝑚3.  𝑔𝑚𝑝  represents the 

transcconductance of the pass transistor. For analysis, the loop is broken at the 

common path of the VFL and the FFL. The transfer function of the output voltage 

spike detector can be replaced by the transfer function (4.9). Note that the 

capacitor 𝐶𝑓 is in the order of pF range, which is considerably smaller than the 

off-chip capacitor. The loading effect of the voltage spike detector can be ignored 

in the following analysis. In this design, the current through the resistor divider 

is only 2 µA, which is absorbed into the load current, such that the resistor divider 

(𝑅𝑓1 and 𝑅𝑓2) can be modeled as the scaling factor 𝛽 alone.  

X
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Figure 4.7 Small-signal model of the proposed LDO. 
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The transfer function of the LDO loop is derived based on the following 

considerations:  

a) The off-chip capacitor: 𝐶𝐿 ≫ (𝐶𝑐 , 𝐶1). 

b) The overall loop DC gain is 𝑔𝑚1𝑅1𝑔𝑚𝑝𝑅𝐿𝛽. The gain of the error amplifier 

remains constant and the pass transistor gain decreases with the load current 

and it is inversely proportional to √𝐼𝑙𝑜𝑎𝑑. 

The overall loop transfer function 𝑇(𝑠) can be written approximately as (4.10).   

 𝑇(𝑠)

=

𝑔
𝑚1

𝑅1𝑔
𝑚𝑝

𝑅𝐿𝛽 (
𝐶𝑐

𝐺𝑚3
𝑠 + 1) (

𝑅𝑧 + 𝐾𝑅𝑒𝑠𝑟

𝐾
𝑠 + 1) (

2𝑅𝑓𝐶
𝑓
𝑔

𝑚2

𝑔
𝑚1

𝑠 + 1) (
𝑅𝑓𝐶𝑓𝐶𝑜𝑓

2𝑔
𝑚𝑓

𝑠2 +
𝑅𝑓𝐶𝑓

2
𝑠 + 1)

(𝑔
𝑚𝑝

𝑅𝐿𝑅1𝐶𝑐𝑠 + 1) (𝑅𝑓𝐶𝑓𝑠 + 1) (
𝐶1𝐶𝐿

𝐺𝑚3𝑔
𝑚𝑝

𝑠2 +
𝐶1𝐶𝐿

𝑔
𝑚𝑝

𝐶𝑐
𝑠 + 1) (

𝑅𝑓𝐶𝑓𝐶𝑜𝑓

𝑔
𝑚𝑓

𝑠2 +
𝐶𝑓

𝑔
𝑚𝑓

𝑠 + 1)

 

≈

𝑔𝑚1𝑅1𝑔𝑚𝑝𝑅𝐿𝛽 (
𝑅𝑧 + 𝐾𝑅𝑒𝑠𝑟

𝐾 𝑠 + 1) (
2𝑅𝑓𝐶𝑓𝑔𝑚2

𝑔𝑚1
𝑠 + 1) (

𝑅𝑓𝐶𝑓

2 𝑠 + 1) (
𝐶𝑜𝑓

𝑔𝑚𝑓
𝑠 + 1) (

𝐶𝑐

𝐺𝑚3
𝑠 + 1)

(𝑔𝑚𝑝𝑅𝐿𝑅1𝐶𝑐𝑠 + 1)(𝑅𝑓𝐶𝑓𝑠 + 1) (
𝐶1𝐶𝐿

𝑔𝑚𝑝𝐶𝑐
𝑠 + 1) (

𝐶𝑓

𝑔𝑚𝑓
𝑠 + 1) (𝑅𝑓𝐶𝑜𝑓𝑠 + 1) (

𝐶𝑐

𝐺𝑚3
𝑠 + 1)

 

      (4.10) 

Re-writing (4.10), we have:  

𝑇(𝑠) = −
𝑣𝑓𝑏(𝑠)

𝑣𝑜(𝑠)
 

 ≈
𝐴0 (1 −

𝑠
𝑧1

) (1 −
𝑠
𝑧2

) (1 −
𝑠
𝑧3

) (1 −
𝑠

𝑧4
)

(1 −
𝑠

𝑝1
) (1 −

𝑠
𝑝2

) (1 −
𝑠

𝑝3
) (1 −

𝑠
𝑝4

) (1 −
𝑠

𝑝5
)
 

(4.11) 

𝐴0 is DC gain: 
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𝐴0 = 𝑔𝑚1𝑅1𝑔𝑚𝑝𝑅𝐿𝛽 (4.12) 

Table 4.1 List of loop poles and zeros of the proposed PMOS LDO. 

Zeros Poles 

  

𝑧1 = −
𝑔𝑚1

2𝑅𝑓𝐶𝑓𝑔𝑚2

 𝑝1 = −
1

𝑅1𝑔𝑚𝑝𝑅𝐿𝐶𝑐

 

 𝑧2 = −
2

𝑅𝑓𝐶𝑓

 𝑝2 = −
1

𝑅𝑓𝐶𝑓

 

 𝑧3 = −
1

(
𝑅𝑧
𝐾

+ 𝑅𝑒𝑠𝑟) 𝐶𝐿

 
𝑝3 = −

𝑔𝑚𝑝𝐶𝑐

𝐶1𝐶𝐿

 

 

 𝑧4 = −
𝑔𝑚𝑓

𝐶𝑜𝑓

 𝑝4 = −
𝑔𝑚𝑓

𝐶𝑓

 

 𝑝5 = −
1

𝑅𝑓𝐶𝑜𝑓

 

 

The loop transfer function of the proposed LDO has 4 zeros and 5 poles. They 

are summarized in Table 4.1. It can be verified by setting 𝐶𝑓 to zero so that the 

overall transfer function 𝑇(𝑠) can be simplified as the conventional single loop 

cascode compensated LDO design. The DC loop gain is 𝐴0 and the dominant 

pole is 𝑝1 = −1/𝑅1𝑔𝑚𝑝𝑅𝐿𝐶𝑐. The low-frequency pole 𝑝2 and zero 𝑧2 are close 

to each other. They will cancel each other and have no impact on the overall 

transfer function. Without adaptive biasing, the gain of the error amplifier, which 

is 𝑔𝑚1𝑅1, remains constant regardless of loading current.  There are no complex 

conjugate poles in 𝑇(𝑠), which makes the loop stability analysis much simpler. 

The 𝑝3 varies with the load condition, which also determinates the UGF. The 

UGF can be approximated as:  
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𝜔𝑜 ≈
𝛽𝑔𝑚2𝑅𝑓𝐶𝑓

𝐶1

𝑔𝑚𝑝

𝐶𝐿
 (4.13) 

which is a function of load current.  

 

Figure 4.8 Loop frequency response of the proposed LDO at medium to heavy 

load conditions (simulation). 

The gain plot of the VFL, FFL and overall loop are plotted in Figure 4.8 

respectively. The VFL is similar to [22] and its UGF is small. The FFL loop is a 

bandpass function with its UGF in the order of a few MHz at medium and heavy 

load conditions. Combining the VFL and the FFL, the overall loop gain, and its 

phase are shown in Figure 4.8, which matches the conceptual diagram of Figure 

4.2(b). At full load condition, a DC gain of 60dB and a phase margin of 65 

degrees are achieved. The UGF is widely extended comparing to the 

conventional design.  
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At light load condition (0-6mA), 𝑔𝑚1, 𝑔𝑚2, 𝑔𝑚3, 𝑔𝑚𝑓 remain constant, and 𝑔𝑚𝑝 

is small, and the DC loop gain 𝐴0 is inversely proportional to √𝐼𝑙𝑜𝑎𝑑.  As the load 

current decreases, the DC loop gain will increase. In this design, the DC loop 

gain is approximately 80dB for light load conditions. Under light load condition, 

𝑝1and 𝑝3 move to a lower frequency and the UGF is reduced, which is much 

smaller than the frequencies of 𝑧3, 𝑧4, 𝑝4, and 𝑝5. The transfer function can be 

simplified as: 

𝑇(𝑠) = −
𝑣𝑓𝑏(𝑠)

𝑣𝑜(𝑠)
 ≈

𝐴0 (1 −
𝑠
𝑧1

) (1 −
𝑠

𝑧2
)

(1 −
𝑠

𝑝1
) (1 −

𝑠
𝑝2

) (1 −
𝑠

𝑝3
)
 (4.14) 

𝑧2 and 𝑝2 are in the same order and they cancel each other. Besides,  𝑧1 and 𝑝3 

are close to each other so that it is similar to a single-pole system with a dominant 

pole of 𝑝1. As compared to the conventional pole-splitting compensation scheme 

[22], the loop phase margin is not a strong function of 𝐶𝑐.  

At medium to heavy load condition, 𝑔𝑚1, 𝑔𝑚2, 𝑔𝑚3, and 𝑔𝑚𝑓  still remain the 

same as at light load condition. When the load current increases, 𝑔𝑚𝑝 becomes 

much larger. Hence, 𝑝3 frequency becomes higher and it is the dominant pole of 

the FFL, which determines the overall UGF. The loop magnitude plot is shown 

in Figure 4.8. The loop gain above 𝑧1 is denoted as  𝐴1with the expression: 

 𝐴1 = −
𝑅𝑓𝐶𝑓𝑔𝑚2

𝐶𝑐
 (4.15) 

where 𝐶𝑐, 𝑅𝑓, 𝐶𝑓, and 𝑔𝑚2 determine the magnitude of  𝐴1. A smaller  𝐴1 could 

help to improve the loop phase margin. However, there would be less bandwidth 

extension if  𝐴1  is small. The UGF trades off with the phase margin by  𝐴1 
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magnitude.  In this proposed design,  𝐴1 is close to 20dB. From Figure 4.5, the 

transistors M5A and M5B are reused from the original current bias circuit such that 

it does not consume extra quiescent current as compared to the original pole-

splitting compensation scheme. As the loop bandwidth is extended, the transient 

response performance is enhanced. Besides, the phase margin and the UGF are 

not strong functions of 𝐶𝑐  anymore. A smaller size 𝐶𝑐  can be used for area 

savings and further bandwidth extension. Therefore, the proposed approach is 

advantageous over the conventional pole-splitting approach.  

In this proposed design, the pseudo-ESR zero is designed to be close to UGF. 

The pseudo-ESR resistor 𝑅𝑧 is 100Ω and the output current sensing transistor 

(MPS) has a ratio of 𝐾 = 2000. Figure 4.9(a) depicts the simulated loop 

gain/phase of the LDO over all the load conditions (from 10µA to 300mA). From 

the simulation, the circuit optimization ensures that the LDO is stable for all load 

conditions. Besides, as shown in Figure 4.9(b), the loop is stable at different 

process corners, proving the effectiveness of the proposed technique. The loop 

DC gain is 67dB at ff -40degC and 64dB at ss 120degC with a 300mA load. 

Monte Carlo simulations were performed to verify the effects of process spreads 

on loop stability. Figure 4.9(c) shows the loop phase margin with the load current 

of 300mA. The mean loop phase margin is 61.5 degree and the standard deviation 

is 2.4 degree with components mismatch.  
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(a) 

 

(b) 
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(c) 

Figure 4.9 (a) Simulation results of loop gain/phase of the proposed LDO with 

load current at 300mA, 10mA, 100µA, and 10µA. (b) Loop stability versus 

process corner/temperature. (c) Monte Carlo simulation result of loop stability of 

the proposed LDO. 

Since the dominant pole (𝑝3) of the fast feedback loop (FFL) is a function of  

𝑔𝑚𝑝𝐶𝑐/(𝐶1𝐶𝐿).   A larger off-chip capacitor helps loop stability and transient 

performance.  

 Experimental results 

To verify the concept of this dual loop high DC loop gain linear regulator, a 

prototype IC is implemented and fabricated with a 0.18µm CMOS process with 

NMOS and PMOS threshold voltage of 0.5V and -0.7V respectively. The layout 

and micrograph of the proposed design are shown in Figure 4.10. The active area 

of the whole LDO is 210µm × 593µm, excluding the PADs for testing. The chip 

area occupied by the controller is 210µm × 142µm, which is 24% of the whole 

LDO. The silicon area of the power FET is 210µm × 394µm.  This LDO can be 

Phase Margin
Number=300

Mean=61.54

Std Dev=2.42
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used for the supply of DDR or other loads which require a fast-transient response.  

 

Figure 4.10 Chip micrograph and layout. 

Since the output voltage spike detector in the FFL does not require extra bias 

current, the currents of the LDO is 30µA at light load condition and 700µA at 

maximum load (600mA). The maximum current efficiency is 99.88% at 600mA 

load. Transient load regulation was also tested for with an off-chip 1µF capacitor 

at Vout of 1.8V and Vdd of 2V, as shown in Figure 4.11. When the load current 

changes with a 600mA/100ns step, the measured undershoot and overshoot are 

15.6mV and 15.4mV respectively, as shown in Figure 4.12(a). When measuring 

with a 600mA/1µs load step, the undershoot and overshoot are 14mV and 

12.8mV respectively as shown in Figure 4.12(b). The output voltage errors were 

less than +/- 1% over the entire operation range. The DC variation across 600mA 

load is less than 5mV, giving a load regulation of 8.3µV/mA. The good DC load 

regulation is achieved in such high load current due to the high DC loop gain 

with a dynamic bias scheme.     
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Figure 4.11 Testing setup for the proposed PMOS LDO. 
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(b) 

Figure 4.12 Measured output transient response of 600mA load step.  (a) The 

transient response of the load current steps of 600mA in 100ns. (b) The transient 

response of the load current steps of 600mA in 1µs.  

The power supply rejection (PSR) was tested by injecting a sinusoidal signal 

superposed to a DC input voltage of 2V through a bias tee and by observing the 

output [70]. PSR against different load current is shown in Figure 4.13. PSR at 

100kHz is 32dB and 39dB with 300mA and 10mA load current, respectively.  
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Figure 4.13 Measured PSR versus frequency for ILoad=10mA and ILoad=300mA 

when Vout=1.8V, Vin=2V, and CL=1µF. 

The line transient responses are measured with 300mA load current and 1µF off-

chip capacitor. When the input voltage varies from 2V to 2.5V with a rise and 

fall time of 10µs, as shown in Figure 4.14, the measured LDO output voltage 

overshoot and undershoot spike in this testing condition are both 2.5mV.  

 

Figure 4.14 Measured line transient response at the load current of 300mA. 
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A performance comparison with some recent capacitor-based LDO designs is 

shown in Table 4.2, which provides a clear picture of the performance 

enhancement of the proposed LDO.  The proposed LDO architecture offers many 

advantages as a regulator for heavy load, which can be widely used in battery-

powered systems. Without specifying a requirement for output capacitor ESR, 

the proposed pseudo-ESR technique makes the loop stable even with an extended 

loop bandwidth. While delivering the highest load capability among all the 

reported LDOs, a decent DC loop gain is still maintained to achieve 8.3µV/mA 

DC load regulation. Since the loop gain of the LDO is inversely proportional to 

the load current in most LDO design, it is not an easy task to achieve a good load 

regulation with large load current. The proposed LDO achieves the best load 

regulation. As the proposed design has a high slew rate during the load transient, 

it achieves the smallest undershoot and overshoot among these state-of-art LDOs. 

Finally, a figure of merit ( 𝐹𝑂𝑀1 = 𝐶𝐿∆𝑉𝑜𝐼𝑞/∆𝐼𝐿,𝑚𝑎𝑥
2  [2]) is adopted for 

comparison. Where 𝐶𝐿, ∆𝑉𝑜 , 𝐼𝑞, ∆𝐼𝐿,𝑀𝑎𝑥  are the output capacitor, the output 

voltage variation due to the load transient steps, the quiescent current, and the 

maximum load current step. This study obtains good FOM factor, making it a 

good candidate for battery-powered portable applications.  
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Table 4.2 Performance summary of the proposed PMOS LDO. 

References 

TPE  

2010 [89] 

JSSC  

2010 [84] 

TPE  

2016 [82] 

TPE  

2017 [39] 

JSSC  

2017 [2] 

This 

work 

CMOS technology 0.35µm 90nm 0.18µm 0.18µm 0.13µm 0.18µm 

Power-MOS type PMOS PMOS PMOS PMOS NMOS PMOS 

Chip area [mm2] 0.146 0.00274 0.024 0.0285 0.1825 0.1245 

Output capacitor, CL [µF] 1 1 1 1 1 1 

Nominal output voltage [V] 1.8 0.9 1 1.2 1 1.8 

Dropout voltage[mV] 200 100 200 200 30 200 

Quiescent current, IQ [µA] 30-75 9.3 135.1 1.6-200 14-120 30-700 

Max. current efficiency [%] 99.9 99.9 99.86 99.6 99.96 99.88 

Max. load current step 

[mA] 
160 50 100 50 300 600 

Edge time [µs] 0.1 0.01 0.01 0.01 1 0.1 

Load transient undershoot 

[mV] 
30 6 25 24 56 15.6 

Load transient overshoot 

[mV] 
65 12.1 7.5 5 24 15.4 

Load regulation1 [µV/mA] 90 82 75 100 6 8.3 

Line regulation [mV/V] 6 14 22.7 5.5 0.44 0.23 

PSR @ measured frequency 

and load current [dB] 
N/A 

-54 
(100kHz, 
50mA) 

-35 
(100kHz, 
100mA) 

-30 
(10MHz) 

-50 
(10kHz, 
300mA) 

-43 
(10kHz, 
300mA) 

FOM [ps]* 111.3 67.3 439 18.5 12.44 2.58 

* 𝐹𝑂𝑀 = 𝐶𝐿∆𝑉𝑜𝐼𝑞/∆𝐼𝐿,𝑚𝑎𝑥
2  
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 Conclusions 

In this chapter, a fast-transient response LDO for portable mobile applications 

with dual loop compensation has been presented. By modifying the amplifier’s 

biasing circuit, a voltage spike detector circuit and the DC biasing circuit form a 

fast feedback path for the LDO. This significantly enhances the large-signal 

transient response and extends the loop bandwidth without consuming extra 

quiescent current as compared to the conventional one. The DC bias of the error 

amplifier is constant across different load conditions. Thus, a high DC loop gain 

is kept across different load conditions for a better line regulation and load 

regulation. The pseudo-ESR technique enables the use of small size multilayer 

ceramic capacitors in real applications. Since no extra stage is needed for loop 

gain boosting, the LDO design is much simpler and achieves a better current 

efficiency. The LDO can deliver up to 600mA load current with 200mV dropout 

voltage. It achieves 15mV voltage spike with a load step of 600mA within 100ns.  
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A multi-loop slew-rate enhanced NMOS LDO handling 

1A load current transient  

A large portion of this chapter has been published in IEEE Journal of Solid-State 

Circuits [90].  

Compact LDOs with high current handing capability and superior transient 

response are gaining more and more attention in battery-powered 5G mobile 

applications. In this chapter, a new multiple-loop design technique for fast-

transient response LDO design has been proposed and successfully implemented 

in 0.13µm SOI CMOS. Its supply current capacity is more than one Ampere, and 

its output voltage is 1.8V. The proposed LDO features a 10mV 

undershoot/overshoot with 1A/100ns load current on a 1-µF output capacitor. 

This superior transient performance is achieved by employing a novel frequency 

compensation scheme without compromise in DC loop gain reduction under 

heavy load current condition. The DC loop gain is 60dB and constant regardless 

of the load current between 0 to 1A. This contributes to a small load regulation 

and line regulation of 0.6µV/A and 0.23mV/V, respectively. The LDO consumes 

35µA quiescent current in mission mode, and 5µA in standby mode.  The LDO 

silicon size is 325µm × 106µm.  

This chapter is organized as follows. Section 5.1 delineates the concept and 

working principle of the proposed LDO. The detail circuit implementations and 

the loop stability analysis are described in Section 5.2. Section 5.3 discusses the 
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experiment results and key parameter comparison. In the end, Section 5.4 draws 

the conclusions. 

 The proposed LDO architecture 

The simplified circuit diagram of the proposed LDO is shown in Figure 5.1. It 

consists of three feedback loops: one is outer slow response Voltage Feedback 

Loop (VFL), which consists of a resistive voltage divider composed of 𝑅𝑓1 and 

𝑅𝑓2, an error amplifier, a voltage buffer and a power pass transistor. Another is 

the inner Fast-response Feedback Loop (FFL), which consists of a differentiator 

based output voltage spike detector, a voltage buffer and a power pass transistor. 

The output voltage spike detector injects an output signal dependent current to 

the error amplifier’s output for slew rate enhancement and loop bandwidth 

extension. The adaptive biased voltage buffer itself is a current feedback loop 

(CFL), which not only pushes the pole at power FET gate to high frequency, but 

also speeds up the response to load changes. The sensed load current 𝑖𝑥 and 𝑖𝑏𝑓 

can further improve 𝑉𝑥  and 𝑉𝑔  voltage response to output load changes. The error 

amplifier is a folded cascode structure with a fixed DC biasing current. Hence, 

the DC gain of the error amplifier does not drop when the load current increases 

as compared to those adaptive biased error amplifiers. A high DC gain of the 

error amplifier enables better line regulation and load regulation even with the 

pass power transistor working in the linear region for smaller dropout voltage, 

which results in a smaller silicon area [19], [91], [92].  
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Figure 5.1 System architecture of the proposed LDO. 

 Conceptual stability analysis of multi-loop compensation 

The proposed multi-loop compensation concept (MLC) is conceptually described 

in  Figure 5.2(a) [82], [75]. It has three loops: the first one is VFL, it provides a 

high-precision regulation for the LDO. Second one is the fast response FFL. It 

provides a fast response to the load changes. The last one is CFL. It senses the 

load current and directly feedback to 𝑉𝑔 . At light load condition, both VFL and 

FFL determine the overall loop stability. With medium or heavy load, the loop 

stability is determined by the FFL only, and the VFL has little impact on loop 

stability. In Figure 5.2(b), 𝐴𝑆(𝑠) is the loop transfer function of the VFL. The 

dominant pole (𝑝1) is located at the error amplifier’s output. 𝐴𝐹(𝑠) is the inner 

FFL’s transfer function, which is a bandpass function. It determines the overall 

loop stability and the loop Unit-Gain-Frequency (UGF) of the LDO in medium 

and heavy load conditions. In the stability analysis, we do not break the CFL loop 

and treat it as part of 𝐴𝑆(𝑠) and 𝐴𝐹(𝑠). Since the VFL and the FFL sum at the 

error amplifier output in parallel, the overall loop transfer function 𝑇(𝑠) can be 

obtained as shown in Figure 5.2(b). A zero 𝑧1 is located at the frequency where 
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the VFL gain is equal to the FFL gain in magnitude since the two loops are 

summed together in parallel. At a frequency higher than 𝑧1, the FFL gain is higher 

than the VFL gain, thus the FFL is the dominant loop at high frequency and 

determines the overall loop stability. As long as 𝑧1 is designed to be lower than 

the frequency of the FFL loop’s dominant pole ( 𝑝3) , the loop bandwidth 

extension is achieved. Since the two loops are summing together in parallel 

instead of in series, the VFL has less impact on the overall loop stability as 

compared to previous work  [83].  

 

(a) 

 

(b) 

Figure 5.2 (a) Conceptual diagram of the multi-loop compensation. (b) Bode plot 

sketch of the multi-loop compensation. 
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 Large-signal behavior of the fast feedback loop 

Both FFL and CFL improve the LDO’s load step response. For a large load step, 

the undershoot and overshoot of the LDO output voltage are dominated by the 

slew rate (SR) of 𝑉𝑥  and 𝑉𝑔 . The FFL improves SR(𝑉𝑥) and the CFL improves 

SR( 𝑉𝑔 ).  Figure 5.3(a) and Figure 5.3(b) depict the load step response 

enhancement mechanism. The mechanism is similar to the PMOS LDO design 

in Chapter 4.  

 

(a) 

 

(b) 

Figure 5.3  (a) Large signal transient response of LDO for load step-up. (b) Large 

signal transient response of LDO for load step-down. 
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 Circuit implementation and stability analysis 

The full transistor level implementation of the proposed LDO is depicted in 

Figure 5.4. The error amplifier is a folded cascode structure with a PMOS input 

pair (M1A and M1B). The voltage feedback loop (VFL) consists of a resistor 

divider, the folded cascode amplifier, buffer and the power FET. The loop gain 

of VFL is high since the DC bias of M2A and M2B is not affected by the load 

current. It helps to improve the line/load regulation at heavy load condition, 

which is one of the main challenges of high current LDO design. A simple high-

pass trans-impedance amplifier is applied to the existing error amplifier’s DC 

bias circuit. Together with the amplifier output stage, buffer and the power FET, 

they form the fast feedback loop (FFL). Since the transconductance of M2 (𝑔𝑚2) 

is larger than M1 (𝑔𝑚1), the loop bandwidth is extended, which helpes to speed 

up the load change transient response. For a heavy load LDO design with large 

power FET, a strong voltage buffer is typically used to improve the slew rate of 

the power FET gate voltage (𝑉𝑔). In this design, an adaptively biased super source 

follower (AB-SSF) is used as a voltage buffer. The buffer consists of M7, M8A, 

M8B, and a bipolar transistor 𝑄1 , and it drives the pass transistor MP. This voltage 

buffer pushes the pass transistor gate pole to a frequency that is much higher than 

the UGF. Hence, this gate pole generally has minimum impact on the loop 

stability [22], [89]. In the proposed design, the loop dominant pole 

(−
1

𝑅1∗(𝑔𝑚2𝑅𝑓𝐶𝑐)
) is determined by 𝐶𝑐 instead of 𝐶1, which is shown in Figure 5.4.  

Both 𝐶𝑐 and 𝐶1 are small. 𝐶𝐿 is the off-chip capacitor with the equivalent series 

resistance (ESR) of 𝑅𝑒𝑠𝑟 
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Figure 5.4 Schematic of the proposed NMOS LDO design. 
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 The adaptive buffer with the fast current feedback loop 

The super source follower voltage buffer with adaptive bias is widely used in 

PMOS LDO design [22], [39]. The same technique can also be used in this 

NMOS LDO. Similarly, the power FET gate pole is moved to a higher frequency 

minimizing its impact on the loop stability. Besides, the unique feature of this 

adaptive voltage buffer is also a current feedback loop (CFL). When the load 

current suddenly rises, the sensed current change is instantaneously applied to 

the gate (𝑉𝑔 ) of power FET through the current mirror M9C, M8A, and M8B. 

Concurrently, the sensed current is also applied to the resistor 𝑅𝑧  (formed by 

transistor M6), so that the voltage across the resistor 𝑅𝑧 increases proportionally 

to the load current. Hence, letting aside FFL and VFL, this CFL itself can help 

reducing the LDO output (𝑉𝑜) drop during the load current stepping events. 

 

Figure 5.5 Small-signal model of the voltage spike detector 

Being part of the main LDO loop, this adaptive biased voltage buffer helps 

achieving low LDO’s output impedance, which is in the order of 1/𝑔𝑚𝑝. The 

circuit model can be depicted in Figure 5.5. And the output impedance is   
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𝑅𝑜𝑢𝑡 ≈
1

𝑔𝑚𝑝
∗ (

𝐾 ∗ 𝐺𝑚

𝑔𝑚𝑝 + 𝐾 ∗ 𝐺𝑚
), (5.2) 

where K is the current sensing ratio, 𝐺𝑚  is effective transconductance of the 

voltage buffer. 𝑔𝑚𝑝 is the power FET’s transconductance. The adaptively biased 

voltage buffer itself further improves the load step response with its lower output 

impedance. However, the adaptively biased buffer in PMOS LDO does not help 

to reduce the output impedance.  

The transfer-function from 𝑉𝑥   to 𝑉𝑔  can be derived as: 

𝑉𝑔

𝑉𝑥
=

𝐺𝑚𝐾(𝑠𝐶𝐿 + 𝑔𝑚𝑝)

𝐶𝐿𝐶𝑔𝐾𝑠2 + 𝐶𝐿𝐺𝑚𝐾𝑠 − 𝐶𝐿𝑔𝑚𝑝𝑠 + 𝐺𝑚𝑔𝑚𝑝𝐾
 (5.3) 

Its bandwidth is much higher than the loop UGF, and it has no impact on the loop 

stability.   

 The auto-self-voltage-shift circuit network (ASVS) 

Although the dominant pole is no longer a function of 𝐶1 anymore, 𝐶1 is kept for 

transient enhancement by voltage steps across 𝑅𝑧 . A large 𝑅𝑧  and small 𝐶1 

enhance the 𝑉𝑥  response, while not loading the node 𝑉𝑥 . As shown in Figure 5.3, 

an automatic self-voltage-shift network (ASVS) is formed by 𝑅𝑧, 𝐶1 and the load 

current sensor. The voltage across 𝑅𝑧 is proportional to the load current. It lifts 

or suppresses 𝑉𝑥  node voltage when load current changes:  

∆𝑉𝑥 =
∆𝐼𝐿

𝐾𝑒
𝑅𝑧   (5.4) 

Here, 𝐾𝑒  is the current sensing ratio from 𝐼𝐿  to the drain current of M8C. A 

properly designed 𝐾𝑒  and 𝑅𝑧  can enhance the transient response significantly.  
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The optimized value of 𝐾𝑒 and 𝑅𝑧 are shown in the equation: 
𝐾𝑒

𝑅𝑧
≈

1

𝑔𝑚𝑝
, Since the 

power FET’s transconductance 𝑔𝑚𝑝  varies with the DC load current. 𝑅𝑧  is 

realized by the transistor M6, which is reverse-proportional to the load current. It 

compensates the 𝑔𝑚𝑝 variation by first order.   

       The complete equivalent small-signal model of the whole LDO is depicted 

in Figure 5.6. The transconductance of the error amplifier input pair is modeled 

as 𝑔𝑚1. While the error amplifier’s output impedance is denoted as 𝑅1. The drain 

resistance of M6 is 𝑅𝑧. While the effective output impedance of the super voltage 

source follower (M7 and 𝑄1) is 1/𝐺𝑚. 𝑔𝑚𝑝 represents the power FET transistor. 

For analysis purpose, the loop is broken at the common path of the VFL and FFL. 

The transfer function from 𝑉𝑥  to 𝑉𝑔  is represented by (5.3). Note that the capacitor 

𝐶𝑥  is in the order of pF range, which is considerably smaller than the off-chip 

capacitor. The current through the resistor divider is only 1 µA, which is absorbed 

by the load current. In this way, the resistor divider (𝑅𝑓1 and 𝑅𝑓2) can be modeled 

as the scaling factor 𝛽 without loading effect. 

 

Figure 5.6 Small-signal model of the proposed LDO. 
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The transfer function of the LDO loop is derived based on the following 

considerations:   

c) The off-chip capacitor: 𝐶𝐿 ≫ (𝐶𝑐 , 𝐶1). 

 

d) The overall loop DC gain is 𝑔𝑚1𝑅1𝛽. The gain of error amplifier remains 

constant. 

e) 𝐺𝑚, 𝑔𝑚𝑝 and 𝑅𝑜 vary with the load current.  

The overall loop transfer function 𝑇(𝑠) can be written as (5.5), (5.6), shown at 

the end of following page. The DC loop gain is 𝐴0, which is expressed as (5.7).  

𝐴0 =
𝑔𝑚𝑝𝑅𝑜

𝑔𝑚𝑝𝑅𝑜 + 1
𝛽𝑔𝑚1𝑅1 (5.5) 

𝑇(𝑠)

=
−𝑔𝑚1𝑅1𝑔𝑚𝑝𝑅𝑜𝛽(𝑅𝑧𝐶1𝑠 + 1) (

2𝑅𝑓𝐶𝑥𝑔𝑚2

𝛽𝑔𝑚1
𝑠 + 1) (𝑅𝑓𝐶𝑥𝑠 + 1)

(𝑅𝑜𝐶𝐿𝑠 + 𝑔𝑚𝑝𝑅𝑜 + 1)(𝑔𝑚2𝑅𝑓𝑅𝑧𝐶1𝑅1𝐶𝑐𝑠2 + 𝑔𝑚2𝑅𝑓𝑅1𝐶𝑐𝑠 + 1) (
𝐶𝑥

2𝑅𝑓

𝑔𝑚𝑓
𝑠2 + 𝑅𝑓𝐶𝑥𝑠 + 1) (

𝐶𝑔

𝐺𝑚
𝑠 + 1)

 
 

≈
−𝑔𝑚1𝑅1𝑔𝑚𝑝𝑅𝑜𝛽(𝑅𝑧𝐶1𝑠 + 1) (

2𝑅𝑓𝐶𝑥𝑔𝑚2

𝛽𝑔𝑚1
𝑠 + 1) (𝑅𝑓𝐶𝑥𝑠 + 1)

(𝑅𝑜𝐶𝐿𝑠 + 𝑔𝑚𝑝𝑅𝑜 + 1)(𝛾𝑅𝑧𝐶1𝑠 + 1)(𝑔𝑚2𝑅𝑓𝑅1𝐶𝑐𝑠 + 1) (
𝐶𝑥

2𝑅𝑓

𝑔𝑚𝑓
𝑠2 + 𝑅𝑓𝐶𝑥𝑠 + 1) (

𝐶𝑔

𝐺𝑚
𝑠 + 1)

  

(5.6)  

𝑇(𝑠) =
𝑉𝑜(𝑠)

𝑉𝑓𝑏(𝑠)
 =  

−𝐴0 (1 −
𝑠
𝑧1

) (1 −
𝑠
𝑧2

) (1 −
𝑠
𝑧3

)

(1 −
𝑠

𝑝1
) (1 −

𝑠
𝑝2

) (1 −
𝑠

𝑝3
) (1 −

𝑠
𝑝4

) (1 −
𝑠

𝑝5
) (1 −

𝑠
𝑝6

)
  

(5.7)  

In the light load condition, 𝑔𝑚𝑝𝑅𝑜 ≫ 1. The loop gain is 𝛽𝑔𝑚1𝑅1. With heavy 

load, 𝑔𝑚𝑝𝑅𝑜 could be less than 1. Hence, the loop gain s a few dB lower than the 

light load condition, which agrees with the simulation results. While most of the 
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reported LDO either only deliver less than 100mA current or suffer a load/line 

regulation drop due to adaptive biased error amplifier design, this design achieves 

a loop gain of 61dB even when the load current reaches 1A, giving a much better 

load/line regulation. 

Table 5.1 List of loop poles and zeros of the proposed NMOS LDO. 

 

Zeros Poles 

 𝑧1 = −
𝛽𝑔𝑚1

2𝑅𝑓𝐶𝑥𝑔𝑚2
 𝑝1 = −

1

𝑔𝑚2𝑅𝑓𝑅1𝐶𝑐

 

 𝑧2 = −
1

𝑅𝑧𝐶1
 𝑝2 = −

1

𝛾𝑅𝑧𝐶1
 

 𝑧3 = −
1

𝑅𝑓𝐶𝑥

 𝑝3 = −
𝑔𝑚𝑝

𝐶𝐿
 

 𝑝4 = −𝜂1

𝑔𝑚𝑓

2𝐶𝑥
 

 

𝑝5 = −𝜂2

𝑔𝑚𝑓

2𝐶𝑥
 

𝑝6 = −
𝐺𝑚

𝐶𝑔
 

 

 

The loop transfer function 𝑇(𝑠) has 3 zeros and 6 poles. They are summarized in 

Table 5.1. It can be verified by setting 𝐶𝑥  to zero so that the overall transfer 

function 𝑇(𝑠) can be simplified to the transfer-function of conventional single 

loop LDO. The loop dominant pole is 𝑝1, which is a function of the compensation 
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capacitor 𝐶𝑐  instead of 𝐶1 in the conventional NMOS LDO. Since the size of 

𝐶1does not affect the loop stability, a smaller size 𝐶1 is used for a better slew rate 

at 𝑉𝑥  node. To simplify the derivation, an adjusting parameter 𝛾(close to 1) is 

introduced for 𝑝2.  𝑧2 and  𝑝2 are very close. Hence, effectively they cancel each 

other. The third pole 𝑝3 varies with the load condition, and it determinates the 

loop Unit-Gain-Frequency (UGF).  𝑧3  locates between  𝑝4  and  𝑝5  to improve 

the loop phase margin. Here,  𝑝5 > UGF.  𝑝6 is always far away from UGF and it 

has no impact on loop stability.  𝑝4 and  𝑝5 are the eigenvalues of the second-

order polynomial in the denominator.  The two parameters 𝜂1 and 𝜂2 are: 

𝜂1 = 1 − √(1 −
4

𝑔𝑚𝑓𝑅𝑓
) (5.8) 

𝜂2 = √(1 −
4

𝑔𝑚𝑓𝑅𝑓
) (5.9) 

It requires 𝑔𝑚𝑓𝑅𝑓 > 4  to avoid the complex conjugate poles in 𝑇(𝑠), which 

makes a more stable loop.  

In medium and heavy load condition (>10mA), 𝑔𝑚𝑝  is large and it is sqrt-

proportional to the load current. The third pole  𝑝3 varies with load current. When 

the load current increases, 𝑔𝑚𝑝  becomes larger. Hence, 𝑝3  moves to high 

frequency and it becomes the dominant pole of the FFL, which determines the 

overall UGF. Meanwhile, 𝑔𝑚1, 𝑔𝑚2, 𝑔𝑚𝑓, and 𝑅1 remain same as their values at 

light load condition. The loop magnitude plot is shown in Figure 5.7. The loop 

gain at 𝑧1 is denoted as  𝐴1with the expression:  



 

114 

𝐴1 ≈
2𝐶𝑥

𝐶𝑐
 (5.10) 

Where the ratio of 𝐶𝑥  and 𝐶𝑐  determines the magnitude of  𝐴1 . A smaller  𝐴1 

helps to improve the loop phase margin, but results in narrower bandwidth 

extension. Therefore, the UGF trades off with the phase margin on  𝐴1 magnitude.  

In this proposed design,  𝐴1 is close to 20dB. The UGF can be approximated as 

（5.11）. 

𝜔𝑜 ≈ 𝐴1 ∗ 𝑝3 =
2𝐶𝑥

𝐶𝑐

𝑔𝑚𝑝

𝐶𝐿
 (5.11) 

 

Figure 5.7 Loop frequency response (simulation) of the proposed LDO at 

medium to heavy load conditions. 

It is a function of load current. The gain plot of the VFL, FFL and overall loop 

are shown in Figure 5.7. The VFL is the slow feedback loop and its UGF is small. 
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The FFL loop is a bandpass function with its UGF in the order of a few MHz at 

medium and heavy load conditions. Combining the VFL and the FFL gives the 

overall loop gain and its phase. At full load condition, a 61dB DC gain and a 600 

phase margin are achieved. The UGF is widely extended compared to the 

counterpart conventional design without consuming extra quiescent current.  

At light load condition (0-10mA), 𝑔𝑚1, 𝑔𝑚2, 𝑔𝑚𝑓 maintain constant, and 𝑔𝑚𝑝 is 

small, and the DC loop gain 𝐴0 is equal to the gain of the error amplifier. In this 

design, the DC loop gain is approximately 61dB for light load conditions. Under 

light load condition, 𝑝3moves to a lower frequency and the UGF is reduced, 

which is much smaller than the frequencies of 𝑧3, 𝑧4, 𝑝4, 𝑝5, and 𝑝6. The transfer 

function can be simplified as: 

𝑇(𝑠) =
𝑉𝑜(𝑠)

𝑉𝑓𝑏(𝑠)
≈

𝐴0 (1 −
𝑠
𝑧1

) (1 −
𝑠

𝑧2
)

(1 −
𝑠

𝑝1
) (1 −

𝑠
𝑝2

) (1 −
𝑠

𝑝3
)
 (5.12) 

𝑧2 and 𝑝2 are in the same order and they cancel each other. 𝑧1 and 𝑝3 are also 

close to each other. The overall loop now becomes a single-pole system with a 

dominant pole of 𝑝1 . The UGF can be simplified to (5.13).  

 𝜔𝑜 ≈ 𝐴0 ∗ 𝑝1 =
𝛽𝑔𝑚1

𝑔𝑚2𝑅𝑓𝐶𝑐
 (5.13) 

At both heavy load and light load conditions, the loop UGF does not depend on 

𝐶1. As a small size 𝐶𝑐  is used as the compensation capacitor instead, it benefits 

the slew rate during the load transient response and extends loop bandwidth. 

From Figure 5.4, M4A and M4B are reused from the original current bias circuit 

such that it does not consume extra quiescent current as compared to the 
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conventional counterpart. In the simulation, 𝑅𝑒𝑠𝑟  value is set to a few mΩ to 

emulate the ceramic capacitor. The off-chip capacitor ESR zero has minimum 

impact on the stability of the regulator. Figure 5.8. depicts the simulated loop 

gain/phase of the LDO over different load conditions (from 10μA to 1000mA). 

However, Equation (5.12) does not exact match the simulation because we have 

to do some simplifications. The circuit simulation optimization ensures that the 

LDO is stable for all load conditions.  

 

Figure 5.8 Simulation results of loop gain/phase of the proposed LDO with load 

current of 10μA, 50μA, 500μA, 1mA, 5mA, 10mA, 50mA, 500mA. 

 Experimental results 

To verify the concept of this multi-loop high DC loop gain NMOS linear 

regulator, a prototype IC is implemented and fabricated with a 0.13µm SOI 

CMOS process where NMOS’ and PMOS’ threshold voltages 0.5V and -0.7V 

respectively. The layout and micrograph of the proposed design are shown in Fig. 

10. The active area of the whole LDO is 325µm × 106µm, excluding the PAD 
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for testing. The chip area occupied by the controller is 161µm × 106µm, which 

is 49% of the whole LDO. To provide high output current (>1A), power FET size 

is 25000µm/200nm (W/L) with a silicon area of 164µm × 106µm.  This LDO 

can be used for the supply of DDR or other loads which require fast transient 

response and small voltage variation window.  

 

Figure 5.9 Chip micrograph and layout. 

Since the FFL circuit does not require extra bias current, the quiescent current for 

the error amplifier is 25µA regardless of the load condition. The quiescent current 

for the voltage buffer is 9µA at light load condition and 1000µA at maximum 

load (1000mA) respectively. The maximum efficiency is 99.9% with 1000mA 

load. For stability, the compensation capacitor 𝐶𝑐  is 120fF, which is much 

smaller than the compensation capacitor (typically, 5-15pF) in the conventional 

LDO. In this design, 𝐶1 is 1pF, which is for the transient voltage boost rather than 

loop stability compensation. 

The fabricated silicon has been tested for transient load regulation with an off-

chip 1µF capacitor at 𝑉𝑜  of 1.8V. The results are shown in Figure 5.10. When the 
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load current changes at the 1000mA/100ns step, the measured undershoot and 

overshoot are 11mV and 12mV respectively as shown in Figure 5.10(a). When 

the load current changes at the 1000mA/1µs step, the measured undershoot and 

overshoot are both 8mV as shown in Figure 5.10(b). The output voltage error is 

less than +/-1% over the entire operating range. The DC variation across 1000mA 

load is around 600 µV, giving a load regulation of 0.6µV/mA. This good DC load 

regulation is achieved with very high current loading, thanks to the high DC loop 

gain with dynamic bias scheme.    

 

(a) 

ILoad(max) :1000mA

Edge Time :100ns

100µs 10mV

200mA

10mV 4µs

1000mA

@100ns
200mA

4µs

10mV

1000mA

@100ns
200mA
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(b) 

Figure 5.10 Measured output transient response of 1000mA load step. (a) The 

transient response of the load current steps of 1000mA in 100ns. (b) The transient 

response of the load current steps of 1000mA in 1µs. 

The power supply rejection (PSR) was tested by injecting a sinusoidal signal 

superposed to a DC input voltage supply through a bias tee and observing the 

output voltage ripple amplitude [70]. is shown in Figure 5.11(a). The proposed 

LDO achieves -51dB PSR at 100kHz, -50dB PSR at 1MHz when ILoad=500mA. 

The measured load regulation is shown in Figure 5.11(b). 

ILoad(max) :1000mA

Edge Time :1µs

100µs 10mV

200mA

10mV 4µs

1000mA

@1µs

200mA

4µs

10mV

1000mA

@1µs
200mA
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(a) 

 

(b) 

Figure 5.11 (a) Measured PSR versus frequency for ILoad=500mA when 

Vout=1.8V, Vin=2V, and CL=1µF. (b) Measured load regulation when Vout=1.8V, 

Vin=2V. 

A performance comparison with some recent capacitor-based LDO designs is 

shown in Table 5.2, which clearly proves the performance enhancement of this 

design. The proposed LDO architecture offers many advantages for a regulator 

with heavy load applications, which is widely used in battery-powered systems 

nowadays. Without specifying a requirement for output capacitor ESR, the 
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proposed multi-loop design technique makes the loop stable even with an 

extended loop bandwidth. Meanwhile, to the best of our knowledge, the 

maximum 1000mA load is also the highest load capability over current state of 

arts. A decent DC loop gain is still maintained to achieve 0.6µV/mA DC load 

regulation.  

As the proposed design has a very high slew rate during the load transient, it 

achieves the smallest undershoot and overshoot with heavy load attack. Finally, 

a figure of merit (𝐹𝑂𝑀 = 𝐶𝐿∆𝑉𝑜𝐼𝑞/∆𝐼𝐿,𝑚𝑎𝑥
2 ) (written as a new formula)  from [2] 

is adopted for a fair comparison, where 𝐶𝐿, ∆𝑉𝑜 , 𝐼𝑞 , ∆𝐼𝐿,𝑀𝑎𝑥  are the output 

capacitor, the output voltage variation due to the load transient steps, the 

quiescent current, and the maximum load current step. This study obtains the 

smallest FOM, which demonstrates to be a good candidate for battery-powered 

portable applications. 
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Table 5.2 Performance summary of the proposed NMOS LDO. 

References 
TPE 2010 

[89] 

JSSC 2010 

[84] 

TPE  2016 

[82] 

TPE 2017   

[39] 

JSSC 2017  

[2] 
This work 

CMOS technology 0.35µm 90nm 0.18µm 0.18µm 0.13µm 0.13µm 

Power-MOS type PMOS PMOS PMOS PMOS NMOS NMOS 

Chip area [mm2] 0.146 0.00274 0.024 0.0285 0.1825 0.0345 

Output capacitor, CL [µF] 1 1 1 1 1 1 

Nominal output voltage [V] 1.8 0.9 1 1.2 1 1.8 

Dropout voltage[mV] 200 100 200 200 30 200 

Quiescent current, IQ [µA] 30-75 9.3 135.1 1.6-200 14-120 35-1000 

Max. current efficiency [%] 99.9 99.9 99.86 99.6 99.96 99.9 

Max. load current step [mA] 160 50 100 50 300 1000 

Load transient undershoot [mV] 30 6 25 24 56 11 

Load transient overshoot [mV] 65 12.1 7.5 5 24 12 

Load regulation1 [µV/mA] 90 82 75 100 6 0.6 

Line regulation [mV/V] 6 14 22.7 5.5 0.44 0.23 

PSR(dB)@ measured frequency and 

load current 

N/A 

-54 

(100kHz, 

50mA) 

-35 

(100kHz, 

100mA) 

-30 

(10MHz) 

-50 

(10kHz, 

300mA) 

-51 (100kHz, 

500mA) 

FOM [ps]* 111.3 67.3 439 18.5 12.44 0.805 

∗ 𝐹𝑂𝑀 = 𝐶𝐿∆𝑉𝑜𝐼𝑞/∆𝐼𝐿,𝑚𝑎𝑥
2 . 
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 Conclusions 

In conclusion, a fast-transient response low-dropout regulator (NLDO) for 

portable mobile applications with multi-loop compensation has been presented. 

By modifying the amplifier’s biasing circuit, a voltage spike detector circuit 

together with the DC biasing circuit forms a fast feedback path for the LDO. This 

adaptive biased voltage buffer is the part of the whole LDO loop, which makes 

the LDO’s output impedance lower compared to the conventional design. These 

significantly enhance the large-signal transient response and extends the loop 

bandwidth without consuming extra quiescent current as compared to the 

conventional one. Without using the adaptive bias scheme to adjust the DC bias 

of the error amplifier, a high DC loop gain (>60dB) is kept across different load 

conditions for a better line regulation and load regulation performance. The 

proposed compensation scheme relaxes the output capacitor’s requirement, 

which enables the usage of small size multilayer ceramic capacitors in real 

applications. The LDO can deliver as high as 1000mA load current with 200mV 

dropout voltage. It achieves a 10mV voltage spike with a load step of 1000mA 

within 100ns.  
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Conclusions and future works 

This Chapter draws the conclusions of the work reported in this Ph.D. research 

program and delineates recommendations for future work. 

 Conclusions 

This work pertains to the design and realization of the high-performance analog 

linear voltage regulators in the CMOS process. The target applications for these 

LDOs are the battery-powered portable devices. The conclusions of this research 

work are as follows. 

With a clear understanding on the background and motivation, objective has been 

set to explore techniques that could advance the PMIC design for battery-

powered portable devices, with better transient response, smaller area and lower 

quiescent current. 

LDO Architecture, performance metrics, and general design considerations have 

been discussed and summarized. A comprehensive literature review is done on 

loop stability compensation techniques, where Ahuja compensation, multi-loop 

compensation, and pole-zero cancellation techniques are discussed in detail. 

Prior-art transient response enhancing methods are also reviewed. 

Several novel techniques have been developed to improve loop stability, transient 

response, and line/load regulations, while maintaining low quiescent current and 
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small silicon area. Three LDOs have been designed, fabricated and tested to 

verify the proposed solutions. 

The first LDO features a novel buffer design, which reduces output impedance 

for better loop stability while giving rail-to-rail output swing that enables a 

smaller power transistor for cost saving. A dynamic sensing scheme is also used 

to make the design robust. And a low-cost offset trimming method is introduced 

for high production yield. 

The second LDO uses a dual-loop compensation scheme, where the fast feedback 

loop (FFL) employs direct output voltage spike detection through the capacitive 

coupling, resulting in significantly improved, large-signal transient response and 

extended loop bandwidth, and the constant biased voltage feedback loop (VFL) 

has a loop gain larger than 60 dB, ensuring a good line and load regulation. A 

pseudo-equivalent series resistance (ESR) technique is also proposed to further 

improve loop stability and makes it possible to use low-cost, multilayer ceramic 

capacitors. This LDO can drive up to 600mA load current with good transient 

response. 

The third LDO implements a novel multi-loop feedback scheme, which delivers 

superior transient response, achieving 10mV overshoot/undershoot at 1A/100ns 

load steps. It also includes an unique frequency compensation method that 

enables a stable 60dB DC gain across 1A load current variation. Significant 

improvement on load/line regulation is thus achieved compared to state-of-art 

LDO designs. 
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The designs achieve decent performance metrics while consuming reasonable 

quiescent currents when they are benchmarked against several state-of-the-art 

counterparts. 

As a general conclusion, we have made significant contributions to the design 

and realization of a high-performance LDO with fast transient and good load line 

regulation performance for portable battery-powered applications.  

 Future works 

Based on the literature review and the research work in this research program, 

we recommend the design of low noise, high PSR LDO for the mobile cameras 

as future work.  

Modern mobiles often integrate multiple high-resolution cameras. Image sensors 

for these cameras are very sensitive to supply noise. In view of this, low noise 

LDOs are in great demand and is becoming the key for high-resolution mobile 

camera.  

(1) An investigation into the design of an LDO with the extremely low noise 

level for camera sensor applications. Figure 6.1 depicts the block diagram of 

the typical low noise LDO design. 

 

Figure 6.1 The typical circuit diagram of the low noise LDO design. 
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With a feedback factor of one, the error amplifier’s input-referred noise is not 

amplified. A local RC filter is added to filter away the majority of the noise from 

bandgap and voltage reference (vref) generator. However, the overall output 

noise is still dominated by the bandgap reference noise. To achieve a noise level 

Vrms(noise) < 10μV, the design of a low noise bandgap reference is as important 

as the design of a low noise LDO itself. Figure 6.2 depicts the system solution of 

the extremely low noise LDO design. 

 

Figure 6.2 The system solution of the extremely low noise LDO design. 

The flick noise of the bandgap is the main noise contributor for the whole system. 

A chopper stabilization and dynamic elements matching (DEM) can be used for 

noise reduction.   

(2) An investigation into the design of an LDO with high power supply rejection 

for camera sensor applications.  

As delineated in Chapter 3, the Ahuja compensated LDO structure has a superior 

power supply rejection compared to the normal Miller compensated LDOs with 

the same designed loop bandwidth. In the design examples in Chapter 4 and 

Chapter 5, the multi-loop compensation techniques are used not only to extend 

the loop bandwidth to improve the load transient response performance, but also 
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to improve the supply rejection. However, the supply rejection at the frequency 

of zero (z1 in Table 4.1 and Table 5.1) is not improved as compared to Ahuja 

compensated LDOs. It is worthy studying further on the mechanism of supply 

rejection of the bandwidth-extended LDO. A feedforward path from supply to an 

internal node can be added to achieve supply ripple cancellation while not 

impacting the original frequency compensation scheme for transient response 

enhancement.  
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