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ABSTRACT 

This thesis proposes Flipped Voltage Follower(FVF) Low-Dropout 

Regulator(LDO) for analog systems and Ring LDO for digital systems. Dual-loop 

FVF LDO is designed and fabricated in TSMC 65nm CMOS technology to meet the 

specifications needed for analog systems. Proposed FVF LDO consists of slow loop 

for high Power Source Rejection (PSR) at low frequency and fast loop for PSR at 

high frequency, which results in PSR across wide frequency range. Fast loop 

includes super source follower to drive pass transistor and enhance loop operation 

speed while consuming less power. State matrix decomposition method is employed 

to analyze the stability of multiloop LDO with parameter variation. The implemented 

FVF LDO achieved line regulation of 1.04uV/mV within an input voltage range of 

1.2V-1.6V, unity gain frequency of 469 MHz, 66dB of low frequency PSRR and was 

stable within output current range of 2mA-20mA. Ring LDO is designed and 

fabricated in Samsung 28nm CMOS technology to meet the specifications needed 

for digital systems. Dynamic bias cascode ring amplifier is used to reduce quiescent 

current and maintain response time. The cascode amplifier enhances closed-loop 

gain and PSRR is significantly improved compared to digital LDOs. Implemented 

Ring LDO has an input voltage range of 0.4V-1.2V, output current density of 55000 

mA/um2, and worst-case settling time of 28ns when load current step from 2mA to 

20mA. The Ring LDO employs scalable ring amplifier, making it suitable for fully-
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integrated LDO for digital systems and occupy small active area since it comprises 

simple logic gates and capacitors.  
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Chapter 1 Introduction 

1.1 Research background 

With rapid growth of portable device and low-power IoT(Internet-of-Things) 

equipment, Power management is one of main concern for electronics. In battery 

operated devices such as biosensor and mobile processor where supply voltage 

constantly varies, Power management circuit should ensure constant supply voltage 

with high efficiency. Switching regulator can be one of the options because of high 

power efficiency it can achieve. However, constant ripple in output and 

electromagnetic interference (EMI) from switching operation can impact circuit 

performance. Moreover, switching regulator typically need bulky off-chip inductor 

which increases overall cost compared to monolithic implementation. Linear 

regulators are known for lower power efficiency, but linear regulators offer clean 

output with less ripple and noise. 

In this thesis, design considerations for each analog and digital systems are 

investigated. Flipped voltage follower (FVF) based analog LDO with full-spectrum 

power source rejection and good low-frequency PSR is proposed for analog circuit 

systems. Ring LDO with dynamic bias cascode ring amplifier is also proposed. The 

ring LDO can be implemented in scaled technologies while not sacrificing PSR and 

transient response. Dynamic bias cascode ring amplifier can reduce quiescent current 

and maintain transient response time. 
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1.2 Thesis Organization 

In Chapter 2, basic operation principle of LDO is explained. Performance 

metrics to evaluate static and dynamic performance of LDO is also introduced. Then, 

key design objective of LDO for analog and digital electronics is discussed. In 

Chapter 3, FVF LDO for analog circuit is proposed. PSR and stability of FVF LDO 

is analyzed and simulated. State matrix decomposition[1] is applied to evaluate 

stability of LDO across parameter variation without breaking the loop. Measurement 

setting and result are also shown. In Chapter 4, Ring LDO with dynamic bias cascode 

ring amplifier is presented. Ring amplifier for scalable analog amplification in 

nanoscale CMOS technology is also explained. Simulation result of PSR and 

transient response is included. Chapter 5 concludes this thesis and suggests future 

research.  
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Chapter 2 Low-Dropout Regulator (LDO) 

2.1 Low-dropout regulator 

Linear regulator regulates output voltage by modulating series resistance. 

Voltage drop across series element is controlled such that output voltage is constant. 

Figure 2.1-1 shows schematic diagram of linear regulator. Series element RPASS, 

control circuit, and load RL, CL is shown. 

Control 

Circuit

IN

OUT

RPASS

VSENSE

RL CL

 

Figure 2.1-1 Linear regulator. 

Low dropout regulator includes transistor for pass element and control circuit 

controls gate voltage of pass transistor. Figure 2.1-1 shows PMOS LDO and NMOS 

LDO. Error amplifier senses output voltage and control the pass element accordingly. 

PMOS LDO employs PMOS transistor as pass element and NMOS LDO employs 
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NMOS as pass element. PMOS and NMOS yields opposite polarity of process gain, 

so error amplifier input polarity should be opposite in order to form negative 

feedback. The drain of PMOS transistor is connected to output of PMOS LDO and 

the source of NMOS transistor is connected to output of NMOS LDO. This makes 

dominant pole design of each LDO different, since resistance seen at output node is 

much lower at NMOS LDO than PMOS LDO. In order to turn pass transistor on, 

gate voltage of NMOS LDO should be at least higher than output voltage by Vth. 

Gate voltage often become higher than input voltage VIN in NMOS LDO. Therefore 

the error amplifier should be supplied with higher VDD, or additional techniques such 

as charge pump is needed. On the other hand, the gate voltage of PMOS LDO should 

be lower than VIN, so no additional components are needed. 

(a) (b)

Mn

Vref

CL

OUT

IN

R2

R1

Mp

Vref

CL

OUT

IN

R2

R1

 

Figure 2.1-2 (a)PMOS LDO and (b)NMOS LDO. 
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Next, performance metrics of LDO are explained. Dropout voltage, line 

regulation, load regulation, and quiescent current are static performances of LDO. 

Power source rejection ratio, line transient response, and load transient response are 

dynamic performances of LDO. 

2.1.1 Static performance 

Ideal LDO should output constant voltage regardless of supply voltage or load 

current. However, real LDOs have regulation region in which voltage regulation 

actually works. The voltage drop across pass transistor for minimum supply voltage 

within regulation region is dropout voltage. The rate of change of output voltage with 

respect to input voltage is line regulation. Figure 2.1-3 illustrates this point. 

VIN

Voltage VIN

VOUT

Regulation 

Region

Dropout

Voltage
Line regulation

 

Figure 2.1-3 Typical LDO Output voltage versus input voltage. 
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The rate of change of output voltage with respect to output current is load 

regulation. Load regulation is also small-signal output resistance seen at output. The 

current consumption of internal circuitry of LDO is quiescent current. Low quiescent 

current is essential for current efficiency of LDO. 

2.1.2 Dynamic performance 

Power source rejection ratio(PSRR) represents the capability of LDO to reject 

the ripple or noise/interference from input. PSRR is given by 

PSRR [dB]=20 log
10

vout,ripple

vin,ripple

 (2.1-1) 

where vin,ripple is input ripple amplitude and vout,ripple is output ripple amplitude. 

Line transient response is how the LDO responses to supply voltage step. Figure 

2.1-4 illustrates typical line transient response of LDO. tSETTLE is time taken for LDO 

to settle to final output. Transient line regulation is 

Tran. line reg. = 
∆Vout

∆Vin

 (2.1-2). 
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time

VIN

VOUT

ΔVOUT tSETTLE

ΔVIN

 

Figure 2.1-4 Typical Line transient response of LDO. 

Load transient response represents how a LDO responds to transient load current 

step. Figure 2.1-5 illustrates typical load transient response of LDO. tSETTLE is time 

taken for LDO to settle to final output. Transient load regulation is 

Tran. load reg. = 
∆Vout

∆IL

 (2.1-3). 

 

time

IL

VOUT

ΔVOUT tSETTLE

ΔIL

 

Figure 2.1-5 Typical load transient response of LDO. 
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2.2 LDO Design objective 

Power management system often incorporates switching regulator along with 

LDO. The switching regulator first regulate the supply voltage close to circuit 

operation voltage to ensure power efficiency, and the LDO rejects supply ripple 

coming from switching regulator. Designer should design the LDO to meet various 

system requirements. Output voltage variation with load current or supply voltage 

can induce circuit performance variation. Adequate line/load regulation of LDO is 

needed to ensure circuit performance. Excess dropout voltage can impact power 

efficiency of power management system. Quiescent current should be minimized in 

order to ensure current efficiency. Dynamic performance of LDO should also be 

optimized. Main design objective of dynamic performance varies according to the 

type of the system, whether the system is analog or digital. 

2.2.1 LDO for analog systems 

For analog systems such as automotive radar, mobile communication, and bio 

signal sensors, Sensitive circuit blocks like PLL, ADC, mixers are widely adopted. 

LDO should reject supply ripple or interference from other components. To ensure 

the proper operation, the power management circuit must supply stable and isolated 

supply voltages to each sensitive block, such as the PLL, mixer, and ADC[2]-[11]. 

Figure 2.2-1 exemplify such situation. Not only control voltage Vcont controls output 

frequency of voltage controlled oscillator (VCO), but the supply voltage can also 

change the frequency. Moreover, Power supply ripple frequency is modulated around 
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oscillation frequency. Even the power supply ripple of the frequency higher than the 

ADC sampling frequency may fold into the ADC in-band. Hence, it is essential for 

the LDO to reject a wide range of the power supply ripple, especially at the low-

frequency range. In some applications, the LDO should have fast transient response. 

We noticed that the FMCW frequency hopping approach[12] required an LDO to 

respond rapidly to the transient load variation. This is because the current 

consumption of the PLL changes relatively rapidly with the frequency hopping. 

Power 

Source

VCOVcont

ωR

ωOUT+ωR

ωOUT-ωR

Power 

Source

LDO 

Regulator

VCOVcont

ωR

ωOUT

(a) (b)
 

Figure 2.2-1 (a) VCO supplied with power source with ripple and (b) VCO 

with LDO rejecting power source ripple. 

In order to achieve a high PSR across a wide frequency range, various analog 

circuit techniques have been introduced. A feedforward ripple cancellation achieves 

a high PSR by combining a feedback and feedforward signal path [13]–[17]. A 

bandgap reference (BGR) recursive configuration [18] and an output-supplied 

voltage reference [19] have been proposed to reduce the effect of a non-ideal PSR of 

the bandgap reference. A multi-loop structure [20]–[24] has been introduced to boost 

the unity-gain bandwidth and the transient response in various configurations. 
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2.2.2 LDO for digital systems 

Low-power operation of digital processor is critical for all types of applications 

from mobile SoCs to large-scale datacenter. Dynamic Voltage and Frequency 

Scaling(DVFS) is widely adopted for optimum power efficiency of digital 

circuits[25]–[28]. During dynamic voltage scaling, LDO output tracks reference 

voltage. To minimize idle time during output tracking and optimize performance, 

LDO output should track reference voltage shift as soon as possible[29]. The DVFS 

also demands the LDO to scale output voltage down to sub-threshold. During 

dynamic frequency scaling, current consumption rapidly changes due to sudden 

change in clock frequency. Memory readout also induce rapid change of current 

consumption. In these case, the output of LDO should recover quickly after load 

current step. In both case, DVFS demands LDO to have short transient settling time 

for both line and load transient. Fully integrated structure with on-chip output 

capacitor is necessary for monolithic implementation to reduce overall cost. Also, 

digital processors are fabricated using deeply scaled technologies. Scalable 

regulation technique is necessary for digital systems. Digital LDO has been 

suggested as scalable voltage regulator. In [30], digital LDO is synthesized using 

standard digital library cells and automatic placement-and-routing tools. Event-

driven computational digital LDO[31] achieved ultrafast transient response using 

digital logic gates. 
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2.2.3 Summary 

From different dynamics related to power supply, digital and analog circuit 

requires designer to set LDO performance priority accordingly. Table 2.2-1 

summarizes required performances for analog and digital circuit systems. Each 

design focus lead to different architecture, device selection/optimization, output 

capacitance value. 

 

 

 

Table 2.2-1 LDO design objective summary. 

Analog LDO Digital LDO 

 PSR across wide frequency 

 Low output noise voltage 

 Good current efficiency 

 Low area/power overhead 

 Technology scalable 

 Fast transient response 

 Sub-threshold operation 
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Chapter 3 Flipped Voltage Follower (FVF) LDO 

The flipped voltage follower (FVF) [32] has become one of the most popular 

analog LDO approaches for the last decade. The FVF LDO has a local feedback loop 

that reduces output resistance. In addition, an independent control voltage generator 

can provide an adequate control voltage for the control transistor. However, the 

transient time of the local feedback loop is relatively slow due to the large pass 

transistor, and the unity-gain bandwidth of the LDO has been limited. A tri-loop FVF 

LDO with buffered FVF was proposed to achieve full-spectrum PSR and fast 

response time in [33]. Although additional loops through a tri-input EA provided 

more loop gain, the resulting low-frequency PSR was not sufficiently improved. A 

dual-loop FVF LDO was reported to provide full-spectrum PSR with high low-

frequency PSR in [34]. As the control voltage regulating loop was removed, it 

created another power supply ripple path through the inverting stage, which 

necessitated an auxiliary LDO.  

In this thesis, a direct feedback FVF LDO was proposed. By constructing an 

error amplifier (EA) that directly controls the FVF local loop, the FVF LDO can 

eliminate the power supply ripple path, resulting in a high PSRR without the need 

for additional components. A local FVF loop with a super source follower realizes a 

fast transient response with a unity-gain bandwidth of 469 MHz, and an outer loop 

incorporating folded cascode EA enhanced a low-frequency PSR to 66 dB. State 
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matrix decomposition[1] was applied to analyze the stability and parameter 

sensitivity of a multi-loop FVF LDO. 

3.1 Direct-Feedback Flipped Voltage Follower LDO 

Figure 3.1-1 shows a schematic diagram of the proposed LDO regulator. The 

LDO consisted of a unity-gain buffer, an error amplifier (EA), an output capacitor, 

and transistors Mpass, M1, and M2. Mpass, M1, and M2 formed a flipped voltage 

follower. Fast and weak shunt–shunt feedback loop 1 in the flipped voltage follower 

enables the fast response of the LDO. The output of the error amplifier, VSET, sets the 

input level of the flipped voltage follower. The input of the EA was connected to the 

reference input (VREF), and VOUT formed another feedback loop 2. This dramatically 

enhanced the open loop gain of the overall loop. Since VOUT was directly fed back 

into EA and the inverting stage was removed, we can eliminate the power supply 

ripple path without the need for an additional component. To enhance the transient 

performance, we needed to make the dominant pole of the fast loop 1 located at the 

output node. The output capacitor, CL, was connected to the output of the LDO to 

make the output node of the LDO dominant pole, and the capacitor, C1, was 

connected to the output of the error amplifier to stabilize loop 2. An additional 

compensation capacitor, C2, was enabled by a start-up pulse generator to guarantee 

more phase margin during the start-up situation. The unity-gain buffer was to drive 

the large power transistor, Mpass. The size of the transistors, the capacitor values, and 
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the load current (IL) values are listed in Table 3.1-1. 

Mpass

CL IL

C1

C2

P
u

lse

M1

M2

VREF

M11

M17M16

M13

M15

VIN

VOUT

M10

M12

M14

M9M8

M18

M19

M6

M5

M7

M4

M3

VB2

VB1

VB3

VB4

VB5

VB6

VB7

VSET

VA

VG

(a)

(b)

Mpass

CL IL
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C1

C2

P
u
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M1

M2
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VSET
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1
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(c)

GA GPGSSF

vout

vin

+
-

-
+vavset vg

GEA+
-

vref

 

Figure 3.1-1 (a) Schematic diagram, (b) simplified schematic diagram, and (c) 

small-signal block diagram of the proposed FVF LDO. 

Table 3.1-1 List of the component values in the proposed FVF LDO. 

Component Value Component Value 

M1 8 µm/0.13 µm M8, M9 60 µm/1 µm 

M2 4 µm/0.13 µm M10, M11 40 µm/1 µm 

M3 14 µm/0.18 µm M12, M13 12 µm/1 µm 

M4 3 µm/0.06 µm M14, M15 12 µm/1 µm 

M5, M6 2 µm/0.18 µm M16, M17 10 µm/1 µm 

M7 3 µm/0.18 µm M18, M19 12 µm/1 µm 

CL 350 pF IL 1 mA–20 mA 
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3.1.1 Fast Loop 1 Analysis 

(a) (b)

GA GPGSSF

vout

vin

+
 

 
+va

vset vg

 

Mpass

VIN

1

VOUT

CL IL

VSET

VB

M1

M2

 

VA

Break

 

Figure 3.1-2 (a) FVF LDO without loop 2 and (b) its small-signal block diagram. 

 

At higher frequencies where loop 2 did not work, only loop 1 worked. Without 

loop 2, the LDO simply had the flipped voltage follower (FVF) used as the power 

stage. The proposed LDO without loop 2 is shown in Figure 3.1-2(a). The input VSET 

sets the output voltage of the FVF, and any interference or noise in the VIN works as 

a disturbance for the system. The series-shunt feedback structure reduced the output 

impedance of the system, enabling a high-frequency operation. The noise or 

interference from the power source was reduced by the internal feedback loop. To 

perform the PSRR analysis of the proposed LDO, we established a small-signal 

block diagram of the LDO. The block diagram is shown in Figure 3.1-2(b). The VSET 

works as a reference input of the FVF, and any interference or noise in VIN was a 
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disturbance for the system. The open-loop gain and output of LDO is 

LG1 =GAGSSFGP (3.1-1) 

vout =  
GAGSSFGP

1 + GAGSSFGP

vset + 
GP

1 + GAGSSFGP

vin ≈ vset +
1

GAGSSF

vin (3.1-2) 

GA = g
m1
(r01||r02)

1

1 + s(ro1||ro2)CA

 (3.1-3) 

GSSF = 
ωn

2

s2 + 2ζωns + ωn
2
 (3.1-4) 

GP = g
mP
(RL||roP)

1

1 + s(RL||roP)COUT

 (3.1-5) 

 

where gm1 is the transconductance of M1, ro1 and ro2 are the output resistance of M1 

and M2, respectively, CA is capacitance seen at node A, ωn is the natural frequency 

of the super source follower, ζ is the damping factor of the super source follower, 

gmP is the transconductance of the pass transistor, RL is the load resistance, roP is the 

output resistance of the pass transistor, and COUT is the capacitance seen at the output 

node. Supply noise is reduced approximately by GA at high frequency. The 

bandwidth of the super source follower was boosted due to the internal feedback 

structure, and the pole at node A was also at high frequency, as M1 and M2 were 

small. The output capacitor, CL, was set such that the pass transistor, MPass, was the 

slowest working component, and the dominant pole of the controller gain, GA and 

GSSF, were placed at a higher frequency. Therefore, loop 1 suppressed the supply 

noise through a wide frequency range. The supply noise at a higher frequency was 
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absorbed by the large CL. The downside of loop 1 was that the open-loop gain was 

not large. Thus, the resulting PSRR of the LDO may not be sufficient only with loop 

1. The error amplifier in loop 2 can improve the PSRR. Phase margin simulation 

result is shown in Figure 3.1-3. Unity-gain bandwidth of overall loop was 507MHz 

and phase margin was 37.3˚. 

0

20

40

L
o

o
p

 G
ai

n
 [

d
B

]

 

 1 mA

 20 mA

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

0

50

100

150

200

P
h

as
e 

[d
eg

]

Frequency [Hz]

 1 mA

 20 mA

PM : 83.7  

UGB : 507MHz 

UGB : 84.7MHz 

PM : 37.3  

 

Figure 3.1-3 Open-loop gain simulation result of Loop 1. 
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3.1.2 Slow Loop 2 Analysis 
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Figure 3.1-4 (a) Slow loop 2 broken at VOUT and (b) Its small-signal block 

diagram. 

The folded cascode amplifier can drastically improve the closed-loop gain. 

Since VOUT was directly fed back into the EA and the inverting stage was removed, 

we could eliminate the power supply ripple path without the need for an additional 

component. Figure 3.1-4 shows the loop 2 feedback path. Breaking the loop at VOUT 

gives 
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LG2 =  GEA

GAGSSFGP

1 + GAGSSFGP

 (3.1-6) 

vout =  
GEA

GAGSSFGP

1 + GAGSSFGP

1 + GEA
GAGSSFGP

1 + GAGSSFGP

vref + 

GAGSSFGP

1 + GAGSSFGP

1 + GEA
GAGSSFGP

1 + GAGSSFGP

1

GAGSSF

vin 

 

= 
GEAGAGSSFGP

1 + (1 + GEA)GAGSSFGP

vref + 
GP

1 + (1 + GEA)GAGSSFGP

vin 

 

≈ vref + 
1

(1 + GEA)GAGSSF

vin 

(3.1-7) 

GEA = 
KEA

(1+ s ωp1⁄ )(1+ s ωp2⁄ )
 (3.1-8) 

where GEA is the voltage gain of the folded cascode amplifier. The PSRR is boosted 

approximately by GEA. Loop 1 is a unity-gain feedback network seen at node VSET, 

and the unity-gain bandwidth of loop 1 was far beyond that of the EA. Hence, we 

simply needed to compensate for the folded cascode EA. The folded cascode 

amplifier can be stabilized simply by adding the compensation capacitor, C1, to the 

output of the amplifier. Phase margin simulation result is shown in Figure 3.1-5. 

Bandwidth of overall loop was 31.2MHz and phase margin was 63.6˚. 
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Figure 3.1-5 Open-loop gain simulation result of slow loop 2. 

3.1.3 Overall loop analysis 
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(b)

GA GPGSSF

vout

vin

+
 

 
+vavset vg

GEA+
 

vref

  

 

Figure 3.1-6 (a)FVF LDO overall loop (b) its simplified block diagram. 

Loop 1 and Loop 2 formed a combined global loop. The global loop had the 

largest closed-loop gain, making it critical for the phase margin design. Figure 3.1-6 

shows the combined diagram of loop 1 and loop 2. By breaking the loop at the node 

VOUT, the output voltage is expressed as 

LG = (1 + GEA)GAGSSFGP (3.1-9) 

vout =  
(1 + GEA)GAGSSFGP

1 + (1 + GEA)GAGSSFGP

vref + 
GP

1 + (1 +GEA)GAGSSFGP

vin 

≈ vref + 
1

(1 + GEA)GAGSSF

vin 

(3.1-10). 

Here, the open-loop gain had a dominant pole at the output of the EA, and the 

second pole was at the output of the LDO. The (1 + GEA) term in (11) made a 

quadratic zero near the unity-gain bandwidth of the EA. This zero was set to cancel 

out the second pole, which was below the unity-gain bandwidth of the LDO. It was 

noted that the LDO would be unstable without this zero. As a result, the (1 + GEA) 

term boosted the unity-gain bandwidth of the LDO. Figure 3.1-7 shows the phase 
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margin simulation result. The unity-gain bandwidth of the overall loop was 469 MHz, 

and the phase margin was 44.1°. 
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Figure 3.1-7 Open-loop gain simulation result of overall loop. 

 

3.1.4 Effect of non-ideal PSRR of each components 

There was more than one power supply ripple path in the FVF LDO. Circuit 

blocks with a non-ideal PSRR can provide an additional path for the power supply 

ripple. shows the effect of non-ideal components on PSRR. With the simplified 

model, the output of the LDO is given as 
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where PSRSSF is the power supply rejection of the super source follower, PSRA 

is the power supply rejection of the FVF stage, and PSREA is the power supply 

rejection of the folded cascode amplifier. The PSRR of the FVF stage and EA should 

be as low as possible. On the other hand, the super source follower with a poor PSRR 

helps the LDO reject the power supply ripple by working as a feedforward path 

(a)

GEA GA GP

PSRSSF

GSSF

voutvref

+
-

vin

+
+

+
-

-+

va

vea vg
+

+

PSRA

-
+

PSREA

vout =  
(1 + GEA)GAGSSFGP

1 + (1 + GEA)GAGSSFGP

vref + 

 
GP

1 + (1 + GEA)GAGSSFGP

(
1 − PSRRSSF +GSSFPSRRA

+GAGSSFPSRREA
) vin 

 

≈ vref + 
𝛼

(1 + GEA)GAGSSF

vin 

(3.1-11) 
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+
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+
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Figure 3.1-8 (a)Small-signal block diagram of FVF LDO including the effect 

of nonideal PSR and (b)its simplified model. 

 

3.2 Stability analysis of FVF LDO 

Since the proposed LDO has two feedback loops, state matrix decomposition[1] 

must be more suitable for analyzing the stability than a classical open-loop ac 

analysis. Without looking at each loop separately, the closed-loop analysis is given 

below. 

Let X1 = vset KEA⁄  be a state variable, and the gain of the error amplifier is 

 GEA = 
vset

vref  −  vout

=
KEA

(1+ s
ωp1⁄ )(1+ s

ωp2⁄ )
. (3.2-1) 

Substituting vset = KEAX1  into (3.2-1) and identifying the numerator and the 

denominator, 

 vref − vout = X1 + (1
ωp1
⁄ + 1

ωp2
⁄ )X1̇ + 1

ωp1ωp2
⁄ X1̈. (3.2-2) 

Let a state variable X2 = X1̇, and when substituting it into (3.2-2), 

 X2 ̇ =− ωp1ωp2X1 − (ωp1+ωp2)X2 −ωp1ωp2vout + ωp1ωp2vref. (3.2-3) 
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Let X3 = va/KA be a state variable, and the gain of the error amplifier is 

 GA = 
va

vref − vset

=
KA

1+ s
ωA⁄
. (3.2-4) 

Substituting va = KAX3 into (3.2-4) and identifying the numerator and the 

denominator, 

 X3 ̇ =− KEAωAX1 − ωAX3 + ωAvout. (3.2-5) 

Let X4 = vg/KSSF be a state variable, and the gain of the super source follower is 

 
GSSF = 

vg

va

 = 
KSSF

1+
2ζ

ωn
⁄ s+ 1

ωn
2⁄ s2
. 

(3.2-6) 

Substituting vg = KSSFX4  into (3.2-6) and identifying the numerator and the 

denominator, 

 va = KAX3 = X4 +
2ζ

ωn
⁄ X4̇+ 1

ωn
2⁄ X4̈. (3.2-7) 

Let a state variable X5 = X4̇, and when substituting it into (3.2-7), 

 X5̇ = ωn
2KAX3 − ωn

2X4 − 2ζωnX5. (3.2-8) 

Let X6= vout KP⁄  be a state variable, and the gain of the pass transistor is 

 GP = 
vout

vsgP

=
KP

1+ s
ωP⁄
. (3.2-9) 

Assuming the PSR of each component is constant, the effective source-gate voltage 

vsgP is 

 vsgP = (1− PSRSSF + K𝑆𝑆𝐹PSRA + KAK𝑆𝑆𝐹PSREA)vin − vg. (3.2-10) 

Substituting (3.2-10), vout = KPX6  and vg = KSSFX4  into (3.2-9), and identifying 
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the numerator and the denominator, 

 X6̇  =− KSSFωPX4 −ωPX6                                                          

 + ωP(1− PSRSSF + K𝑆𝑆𝐹PSRA + KAK𝑆𝑆𝐹PSREA)vin. 
(3.2-11) 

Substituting vout = KPX6 into (3.2-3) and (3.2-5), we finally obtain 

{
  
 

  
 

X1̇ = X2                                                                                                                                       

X2̇ =− ωp1ωp2X1 − (ωp1 + ωp2)X2 − ωp1ωp2KPX6 + ωp1ωp2vref                               

X3̇ =− KEAωAX1 − ωAX3 + ωAKPX6                                                                                  

X4̇ = X5                                                                                                                                       

X5̇ = ωn
2KAX3 − ωn

2X4 − 2ζωnX5                                                                                          

X6̇ =− KSSFωPX4 − ωPX6 + ωP(1− PSRSSF + KSSFPSRA + KAKSSFPSREA)vin      

 (3.2-12) 

 

{
  
 

  
 

X1 = vset KEA⁄

X2 = X1̇            

X3 = va KA⁄     

X4 = vg KSSF⁄  

X5 = X4̇            

X6 = vout KP⁄   

 (3.2-13) 

 {

vset = KEAX1   

va = KAX3   

vg = KSSFX4

vout = KPX6     

 (3.2-14) 

We have two inputs vin, vref and four outputs vset, va, vg, and vout. The state space model 

of LDO with six state variables is 
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[
 
 
 
 
 
 
X1̇

X2̇

X3̇

X4̇

X5̇

X6̇]
 
 
 
 
 
 

=

[
 
 
 
 
 
 

0 1 0 0 0 0

-ωp1ωp2 -ωp1-ωp2 0 0 0 -ωp1ωp2Kp

-KEAωA 0 -ωA 0 0 ωAKp

0 0 0 0 1 0

0 0 ωn
2KA -ωn

2 -2ζωn 0

0 0 0 -KSSFωp 0 -ωp ]
 
 
 
 
 
 

[
 
 
 
 
 
X1

X2

X3

X4

X5

X6]
 
 
 
 
 

+

[
 
 
 
 
 

0 0

0 ωp1ωp2

0 0

0 0

0 0

ωp(1-PSRSSF + KSSFPSRA + KAKSSFPSREA) 0 ]
 
 
 
 
 

[
vin

vref
] 

(3.2-15) 

 [

vset

va

vg

vout

]= [

KEA 0 0 0 0 0

0 0 KA 0 0 0

0 0 0 KSSF 0 0

0 0 0 0 0 Kp

]

[
 
 
 
 
 
X1

X2

X3

X4

X5

X6]
 
 
 
 
 

. (3.2-16) 

The LDO is asymptotically stable when all the real parts of the eigenvalues of 

matrix A are negative. The eigenvalues are given as 

 

λ1 =− 5.543 ∙ 109 + j4.612 ∙ 109 

λ2 =− 5.543 ∙ 109 − j4.612 ∙ 109 

λ3 =− 1.414 ∙ 109 + j4.342 ∙ 109 

λ4 =− 1.414 ∙ 109 − j4.342 ∙ 109 

λ5 =− 3.444 ∙ 108 + j2.297 ∙ 108 

λ6 =− 3.444 ∙ 108 − j2.297 ∙ 108 

(3.2-17) 
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Since all the eigenvalues have negative real parts, the LDO was asymptotically 

stable. The parameters used in the analysis are given in Table 3.2-1. The parameters 

were extracted from the circuit simulation results, including parasitics. Figure 3.2-1 

compares the PSRR simulation results from the circuit simulator and state space 

model. The state space model fits the circuit simulation result and can predict the 

pole/zero location of the transfer function. 
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Figure 3.2-1 PSRR simulation of the proposed LDO. 
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Table 3.2-1 Parameters used in the state space model 

Parameter Value Parameter Value 

KEA 657.9 KA 12.576 

ωp1 2π ∙ 5.698 ∙ 104 ωA 2π ∙ 1.058 ∙ 109 

ωp2 2π ∙ 1.194 ∙ 108 PSRA 0.02778 

PSREA 0.05833 Ksf 0.8386 

Kp 3.178 ωn 2π ∙ 1.181 ∙ 109 

ωp 2π ∙ 1.363 ∙ 107 ζ 0.4799 

  PSRsf 0.0104 

 

The red line represents the simulation result with the state space model, and the 

blue line represents the simulation result with Cadence Spectre. We also identified 

the parameter variation sensitivity by computing the real part of the critical 

eigenvalue with variation in each parameter. Plotting the highest real part of the 

eigenvalues, the circuit should follow the conditions: 

 ∀λi, Re(λi) < 0   (3.2-18) 

Figure 3.2-2 shows parameter variation sensitivity simulation results with 

various circuit parameters. Nominal design values are marked as the green line. 
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13.63MHz3.178

(g) (h)
 

Figure 3.2-2 Parameter sensitivity simulation result for (a)voltage gain of 

folded cascode EA, (b)dominant pole at folded cascode EA, (c)voltage gain of FVF 

stage, (d)pole at FVF stage, (e)natural frequency of SSF, (f)damping factor of SSF, 

(g)voltage gain of pass transistor, (h)pole at output. 

 

 

3.3 Measurement result 

We implemented the LDO in TSMC 65 nm CMOS technology with an active 

area of 0.037 mm2, including a 350 pF on-chip output capacitor. Figure 3.3-1 shows 

a chip photograph of a fabricated FVF LDO. A 350 pF output capacitor was 

implemented on-chip using a MOM capacitor. We performed the on-chip probe 

measurements and the chip-on-board measurements. 
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Figure 3.3-1 (a) Chip photograph of the fabricated FVF LDO and (b) layout of 

the FVF LDO. 

 

3.3.1 Power Supply Rejection Ratio (PSRR) 

The power supply rejection ratio measurement setting is shown in Figure 10. 

The Analog Device ADA4870 OPAMP supplied the DC power and ac ripple at the 

frequency of fR to the LDO. The OPAMP was used to reduce the output impedance 

and combine the DC voltage with the ac ripple. A Keysight E36313A DC power 

supply sets the reference voltage and voltage bias for the OPAMP. A BK Precision 

BK4063B arbitrary signal generator provided the input ripple signal to the OPAMP. 

A Keysight B2902A SMU supplied Iref to bias the internal amplifiers and buffer. The 

biasing point was controlled by the SPI Module. A Keysight DSO-X oscilloscope 

was used to measure the input and output ripple. The PSRR was calculated using 

measured input and output. Figure 11 shows the PSRR measurement result. The 

fabricated FVF LDO achieved a full-spectrum PSR of 64.6 dB at 100 kHz and the 
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worst measured PSRR of 10 dB at 200 MHz. 
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(b)  

Figure 3.3-2 (a) Schematic diagram of the PSRR measurement setting and (b) 

a photograph of the measurement setting. 
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Figure 3.3-3 Simulated and measured PSRR of the FVF LDO. 

 

3.3.2 Transient Response 

The load transient measurement setting is shown in Figure 3.3-4. A Keysight 

E36313A was used to supply VIN and VREF to the LDO, and a Keysight B2902A was 

used to input IREF to bias the internal amplifiers and buffer. The load control signal 

was given from the BK precision BK4064B arbitrary signal generator. The load 

current was stepped from minimum to maximum, with an edge time of 8 ns. The 

load transient measurement result is given in Figure 3.3-5. The maximum voltage 

droop was 30.3 mV, and the settling time was about 16 ns. Transient load regulation 
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was 141 µV/mA. 
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Figure 3.3-4 (a) Schematic diagram of the load transient measurement setting 

and (b) a photograph of the measurement setting. 
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Figure 3.3-5 Load transient measurement result. 

The line transient measurement setting was the same as the PSRR measurement 

setting, and the only difference was that the ripple signal, fR, was replaced with a 

square wave. The line transient measurement result is given in Figure 3.3-6. With 

the power supply voltage changing from 1.2 V to 1.4 V within 20 ns, the output 

voltage changed by about 25.7 mV. The settling time to the final value was about 40 

ns. 
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Figure 3.3-6 Line transient measurement result. 

 

3.3.3 Discussion 

Table 3.3-1 summarizes the performance of the proposed FVF LDO with other 

state-of-the-art LDOs. The proposed FVF LDO occupied a 0.037 mm2 active area. 

The LDO output was 1 VDC with a supply voltage of 1.2 VDC. The maximum 

output current was 20 mA, and the quiescent current was 290 µA. An output 

capacitor of 350 pF was used. The worst-case load transient overshoot was 30.3 mV 
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with a load current step of 8 ns edge time, and the output was settled within 16 ns. 

When the response time of the LDO is comparable to the edge time, the assumption 

in the simple response time equation [35] is no longer valid. Assuming that the load 

current varies at a constant rate[36], the response time is given as 

 TR=√
2CLΔVoTedge

ΔIL

 (3.3-1) 

The shorter the response time, the better the performance is. The response time, 

calculated according to (3.3-1), is shown in Table 3.3-1. The response time of the 

LDO was 2.99 ns. Transient FoM [35] is given by 

 FoM = TR

IQ

IL(max)

 (3.3-2) 

where the smaller FoM represents better performance. The proposed FVF LDO 

achieved an FoM of 43.4 ps. The low-frequency PSRR of the FVF LDO was 66 dB, 

and the worst-measured PSRR of the LDO was 10 dB at 200 MHz. 
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Table 3.3-1 Performance comparison with state-of-the-art LDOs. 

LDO This Work [34] [13] [36] 

Type Analog 
Analog 
(FVF) 

Analog 
(FFRC) 

Analog 
(OCL) 

Process  
[nm] 

65 65 130 130 

Area 
[mm2] 

0.037 0.053 0.049 0.008 

Vin 

[V] 
1.2 1.2 1.15 1-1.4 

Vout 

[V] 
1 1 1 0.8 

IQ 

[uA] 
290 27-82 50 112 

Max. Iload 

[mA] 
20 20 25 25 

Load capacitor 
[nF] 

0.35 0.3 4000 0.025 

Load transient 
Overshoot [mV] 

30.3 
@8ns step 

71 
@0.8ns step 

15 
@10ns step 

48 
@3ns step 

Settling Time 
@Max. current 

step [ns] 
16 200 500 80 

TR [ns] 2.99 1.31 219 0.197 

Transient FoM 
[ps] 

43.4 1.45 438 0.9 

Settling Time 16 200 500* 80 

PSRR 
[dB] 

66.2 @1kHz† 
43.5 @1MHz 

23.5 @10MHz 

60 @1kHz 
42 @1MHz 

10 @100MHz 

60 @1kHz 
67 @1MHz 

 

63 @1kHz 
57 @1MHz 

22 @10MHz 

Load regulation 
[uV/mA] 

141 15 48 173 

Line Regulation 
[mV/V] 

1.04 1 26 2.25 

* Estimated from figure. † Simulated. 
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The proposed FVF LDO was successfully implemented in 65 nm CMOS 

technology. The PSRR measurement results confirmed that the analytic model and 

simulation results corresponded quite well with the measured PSRR. Our work has 

demonstrated that a simple direct feedback structure could improve low-frequency 

PSRR without additional components. The proposed LDO operated stably with 

various line/load transient situations, and the output settled rapidly to the final value. 

For future research, current efficiency can be improved by using an efficient buffer 

structure or an adaptive bias scheme. 
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Chapter 4 Ring LDO 

Digital LDOs were considered to be a scalable regulation solution for digital 

systems, due to its ability to regulate with wide range of input/output voltage, being 

able to adapt well into deeply scaled technologies. Despite active researches, digital 

LDO has not been able to achieve regulation performance that was considered 

average for analog LDOs. Event-driven PI control[37], [38] achieved good current 

efficiency, but the output capacitor value (0.4nF, 0.1nF) was too large considering 

maximum load current(3.5mA, 2.8mA). Unary pass transistor array with linear 

controller and residue-tracking loop[39] enabled accurate line/load regulation 

without large output capacitor, but linear controller was still not able to respond 

rapidly to load current variation. Computational LDO[31], [40] achieves fast 

transient settling time at the cost of consuming large quiescent current up to 

staggering 2.4mA, which does not change appreciably with load current. 

Though digital processors are more robust to power source ripple than analog 

systems, a variation in supply voltage can induce timing mismatch, which can reduce 

frequency margin for high-performance processor. Moreover, in subthreshold 

operation, time delay and maximum operating frequency varies significantly with 

supply voltage[41], [42]. LDO should also provide accurate supply voltage and reject 

power supply ripple. Power source rejection of digital LDO highly depends on ADC 

sampling rate or control mechanism, and output accuracy is limited by ADC 
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resolution. Many digital regulation techniques cannot reject the power source ripple 

if the magnitude of the ripple is below certain threshold. 

These tragedies are mainly from absence of analog amplification techniques. 

The Basic analog amplifiers and operation transconductance amplifier (OTA) are not 

suitable for deeply scaled technology. Ring amplifier is considered to be a next-

generation analog amplifier[43]. Intrinsically unstable ring oscillator is stabilized by 

dead zone biasing. Recent researches demonstrated high-accuracy, fast slewing, 

compact and scalable characteristics of ring amplifiers with pipelined ADCs[44]-

[48], ringamp-based LDOs[49], [50]. 

 

 

4.1 Ring Amplifier 
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Figure 4.1-1 Schematic Diagram of Basic Ring amplifier. 
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Basic three-stage ring amplifier is shown on Figure 4.1-1. The ring amplifier 

consists of three cascaded CMOS inverter with second stage split into two signal 

paths. Dead zone bias voltage VDZ is applied before second stage. The typical short-

circuit output current of ring amplifier is described on Figure 4.1-2. With sufficient 

dead-zone biasing, the last stage of amplifier is shut down. This ringamp 

configuration is often called class-B ring amplifier. The input voltage range at which 

the amplifier is shut down is dead-zone. Weak-zone follows dead-zone, where the 

last stage is in weak inversion. The input-referred dead-zone VDZi is  

 Vin
 '  = Vin - VM (4.1-1) 

 VDZi = 
VDZ

A1
 (4.1-2) 

where VM is inverter threshold and A2 is the voltage gain of first stage. Generally the 

amplifier has high voltage gain and slew rate, as it uses most of the advantage of 

scaled CMOS technology, but the ring amplifier is very nonlinear and operating 

speed heavily depends on input signal. 
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Figure 4.1-2 Typical short-circuit output current of ring amplifier. 

Ring amplifier exhibits very special characteristics when it is put in feedback 

configuration. Ring amplifier inside a switched-capacitor feedback structure is 

shown in Figure 4.1-3. Without dead-zone biasing, the circuit is simply a ring 

oscillator. It achieves excellent open-loop gain, unity-gain bandwidth, and slew rate, 

except it is unstable. The circuit is stabilized through moving the pole at output to 

lower frequency with sufficient dead-zone biasing using capacitors. The last stage is 

totally slowed down because the transistors MP and MN is shut down. During 

transient situation, the transistors are turned on again and slewing efficiency is 

restored. Typical transient response of switched-capacitor ring amplifier is shown on 

Figure 4.1-4. Initially, the amplifier fully turn on/off the MP and MN, which leads to 

efficient and rapid slewing with slew current IRAMP. The output ramps into desired 

value. Once the fed back signal VA reaches lower boundary of input-referred dead-
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zone, the amplifier should stop slewing. But the slewing continues because of 

nonzero delay τd. The overshoot voltage is expressed as 

 

Vovs = 
IRAMPτd

CL

 

VA = VM - VDZi + 
C2

C1+C2

IRAMPτd

CL

. 

(4.1-2) 

The output voltage does not change until discharging starts. Discharging starts τd 

after VA reaches upper boundary of input-referred dead-zone. The effective output 

error is decreased by VDZi. As shown in Figure 4.1-2, the ramp current depends on 

the difference of VA and input-referred dead-zone. Therefore, the discharge current 

during discharge is smaller than initial ramping current and overshoot voltage is 

progressively decreased. This process repeats until overshoot voltage arrive at input-

referred dead-zone. Then, the output reaches steady-state and follows small-signal 

stability. For the output to reach steady-state,  

 

−VDZi ≤ 
C2

C1+C2

IRAMPτd

CL

− VDZi ≤ VDZi 

C2

C1+C2

IRAMPτd

CL

 ≤ 2VDZi . 

(4.1-3) 
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Figure 4.1-3 Ring amplifier in a switched-capacitor feedback configuration. 
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Figure 4.1-4 Typical transient waveform of switched-capacitor ring amplifier. 
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We can take advantage of fast transient response of ring amplifier when ring 

amplifier is an error amplifier of LDO. A low-dropout regulator incorporating a ring 

amplifier as an error amplifier is exemplified in Figure 4.1-5. With sufficient dead-

zone biasing, the amplifier is shut down when it is in steady-state. With VG being 

slowest operating node, the regulator is stabilized around dead-zone. The steady-

state error of LDO is 

 VDZi = 
VDZ

A1
 (4.1-4) 
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MN
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VOUT
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+

+VREF

VOUT

VM
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VN
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+ VDZ  

  VDZ +

ΦRST

VM   VDZ

VM + VDZ

ΦRST

 

Figure 4.1-5 LDO with Fundamental Ring Amplifier. 

Simulation result for time-domain response of the LDO by a load step is shown 

in Figure 4.1-6. In Figure 4.1-6(a), the pass transistor charges CL by a sudden 

decrease of load current. Then, the ring amplifier fully turns on the transistor MP by 

the increase in Vout, which causes initial slewing of Vg and discharging of CL. Initial 

slewing continues until Vout reaches dead-zone. The overshoot voltage is expressed 

as 
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 Vovs = -
IRAMPτd

Cg

g
m

RL. (4.1-5) 

similar to the switched-capacitor case, the effective output error is decreased by 

input-referred dead-zone voltage, VDZi. Through the progressive decrease of slewing 

current during stabilization phase the LDO reaches steady-state. 
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Figure 4.1-6 Simulated transient response of Ring LDO. (a) is load step down and 

(b) is load step up situation. 

The final error of the LDO follows (4.1-4). For dead-zone biasing of 200mV 

and voltage gain of first stage being 10V/V, the input referred dead-zone voltage is 

about 20mV. This means the output voltage of LDO could vary up to 40mV. This is 

often too large for most of applications. The operating speed of ring amplifier is very 

slow at steady state, which means the LDO can only reject supply ripple of low 

frequency or need another continuous-time signal path. The dead-zone bias is 

applied before second stage using capacitor. Reset phase is required to ensure proper 

operation. During reset phase, the feedback is disabled. While the class-B ringamp 

example demonstrated the prospect of scalable analog regulation, it required some 

modifications.  
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4.2 Ring LDO with Dynamic Cascode Bias 

As we discussed earlier, using ring amplifier as an error amplifier of a LDO 

brought up several design objectives that have to be addressed. The ring amplifier 

should work with continuous-time signal with no dead-zone, consume small 

quiescent current, and get the most out of advantage of deeply scaled CMOS 

technology. Enabling sub-threshold operation can also improve the practicality as a 

regulator for digital systems. Using adaptive dead-zone ring amplifier[49] achieved 

continuous-time regulation along with adaptive bias to stabilize the LDO across wide 

load current range, but the transient response was not fast and lacked the information 

about PSRR and subthreshold operation. Replica-based PSR enhancement[50] 

demonstrated power supply rejection across wide frequency range and class-B ring 

amplifier path for transient response. Moreover, using time-interleaved auto-zeroing 

inverter made the LDO operate at wide range of supply voltage, even to sub-

threshold region. The LDO separated signal path into main regulation path and class-

B transient path. However, this resulted in a quiescent current up to 1.28mA at 

maximum power supply, degrading current efficiency. 

The class-AB biasing is more suitable to reject power supply ripple over wide 

frequency. With class-AB biasing, the last stage of ring amplifier operates at sub-

threshold region which is weak zone. By removing dead-zone, the amplifier 

continuously operates with reduced speed at steady-state. One way to realize it is 

self-biased ring amplifier[51]. Dynamic cascode bias can improve voltage gain 
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without compromising output slew current[52]. In this thesis, Ring LDO using class-

AB dynamic cascode bias is proposed. Schematic diagram of proposed LDO is 

shown in Figure 4.2-1. Time-interleaved auto-zeroing switch enabled continuous-

time regulation. Power cycling can reduce quiescent current by turning off the 

amplifier during reset phase. Replica-based PSR enhancement improved PSRR of 

the LDO. Applying MOS switch enabled sub-threshold operation of the LDO. 
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Figure 4.2-1 Schematic diagram of proposed LDO. 
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4.2.1 Dynamic Cascode Biasing 

Dynamic cascode bias ring amplifier using MOS pseudo-resistor is shown in 

Figure 4.2-2. Using small switch can provide sufficient offset bias. In normal 

operation, transistors in second stage operate at sub-threshold due to reduced gate-

source voltage with offset bias.  
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Figure 4.2-2 Schematic diagram of proposed ring amplifier. 

Simulation result of short-circuit output current with respect to input voltage is 

shown in Figure 4.2-3. Through offset bias with MOS resistor, a weak-zone is 

formed. Input referred weak-zone voltage was 20mV. With input voltage larger than 

weak zone voltage, the effective transconductance and unity-gain bandwidth is 

dramatically increased. Periodic steady state (PSS) simulation result is shown in 

Figure 4.2-4. With input voltage of 1uVpk to 30mVpk, the short-circuit 

transconductance is increased from 187uS to 1.9mS, the unity-gain bandwidth is 
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increased from 26.9MHz to 378MHz. On the other hand, the voltage gain is reduced 

from 57.1dB to 33.5dB. 
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Figure 4.2-3 Simulation result of output current. 
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Figure 4.2-4 Periodic state state (PSS) simulation result. 

 

4.2.2 Transient operation and Power Cycling 

Transient simulation of a ring amplifier is shown in Figure 4.2-5 and Figure 

4.2-6. When put in a feedback loop of LDO, The ring amplifier quickly responds to 

load transient step and sources/sinks current much larger than steady state current 

consumption. Once the output of LDO reaches desired value, the last stage of ring 

amplifier goes back to sub-threshold, stabilizing loop and enhancing accuracy. In 

reset phase, the MOS resistors are turned off and internal nodes are reset. The output 

of the amplifier is controlled by another ring amplifier. As a result, current 

consumption of time-interleaved ring amplifier almost equals that of single ring 

amplifier. 
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Figure 4.2-5 Transient simulation result of ring amplifier. 
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Figure 4.2-6 Transient simulation result of ring amplifier. 
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4.3 Simulation result 

With Samsung 28nm CMOS technology, the circuit occupied active area of 

0.0036mm2. We performed simulation using commercial circuit simulator. The 

simulation included parasitic elements from layout effects.  
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9
1
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m

 

Figure 4.3-1 Layout of proposed ring LDO. 
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4.3.1 Power Supply Rejection Ratio (PSRR) 

We performed power supply rejection ratio simulation with periodic ac 

simulator. With load current of 20mA and power supply voltage of 1V and dropout 

voltage of 100mV, the proposed LDO achieved PSRR of -58dB both with 

fclk=100kHz and fclk=1MHz. 
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Figure 4.3-2 PSRR simulation result with fclk=100kHz. 
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Figure 4.3-3 PSRR simulation result with fclk=1MHz. 

 

With auto-zeroing switch, the LDO is reset to appropriate amplifier DC input 

value. In addition, the on resistance of MOS is increased with low supply voltage. 

As a result, offset embedding with MOS resistor can track supply voltage variation 

better than normal resistor. With power supply voltage of 400mV, dropout voltage of 

100mV and load current of 250uA, the proposed LDO achieved power supply 

rejection ratio of -30.86dB with fclk=10kHz and -32.77dB with fclk=100kHz. 
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Figure 4.3-4 PSRR simulation result for sub-threshold with fclk=10kHz. 
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Figure 4.3-5 PSRR simulation result for sub-threshold with flck=100kHz. 
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4.3.2 Transient Response 

We performed transient simulation with load step. Simulation result with supply 

voltage of 1V, dropout voltage of 100mV and fclk=100MHz is shown in Figure 4.3-6. 

The output voltage varied up to 77mV by a load step from 2mA to 200mA within 

5ns. The quiescent current was 42.4uA. Response time and transient figure-of-merit 

calculated by (3.3-1) and (3.3-2) was 197ps and 41.8fs, respectively. The LDO 

settled to final value within 28ns. 

 

Figure 4.3-6 Transient simulation result. 
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Simulation result with supply voltage of 0.4V, dropout voltage of 100mV and 

fclk=100kHz is shown in Figure 4.3-7. The output voltage varied up to 164mV by a 

load step from 25uA to 2.5mA within 5ns. The quiescent current was 101nA. 

Response time and transient figure-of-merit calculated by (3.3-1) and (3.3-2) was 

1.2081ns and 48.8fs, respectively. The LDO settled to final value within 590ns 

 

 

Figure 4.3-7 Transient simulation result with subthreshold operation. 
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4.3.3 Discussion 

Table 4.3-1 summarizes the performance of the proposed Ring LDO with other 

state-of-the-art LDOs. The proposed Ring LDO occupied a 0.0036 mm2 active area. 

The LDO output was from 0.3V to 1.1V with supply voltage from 0.4V to 1.2V. The 

maximum output current was 200mA, and the quiescent current at 1V supply was 

42.4uA. And output capacitor of 10pF was used, occupying very less area. The 

proposed LDO could handle large current for less area. The current density was 

56275mA/mm2, which was second in the table. The proposed LDO achieved better 

PSRR and faster load regulation than digital LDO. It achieved best response time of 

0.197ns and 41.8fs transient figure-of-merit, yet consuming 10x less current than 

previous ring LDO implementation. Computational digital LDO achieved very fast 

transient response with large current step at the expense of consuming staggering 

2.4mA, which was less dependent to load current. The proposed ring LDO also can 

vastly improve PSRR. While many digital LDOs have shown unsatisfactory PSRR 

or have not proven PSRR performance, the PSRR of proposed ring LDO could reach 

−50 dB at 10kHz. In general, the ring amplifier with dynamic cascode bias could 

achieve fast and accurate regulation with less current consumption. In future research, 

advanced switching mechanism could be applied to reduce clock feedthrough. 

Integrated clock generator could also be included to reduce system complexity of 

power management IC. 
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Table 4.3-1 Performance comparison between state-of-the-art LDOs. 

LDO This Work† [50] [53] [31] 

Type 
Analog 
(Ring) 

Analog 
(Ring) 

Digital 
(Coarse-

fine) 

Digital 
(Computational) 

Process  
[nm] 

28 40 28 22 

Area 
[mm2] 

0.0036 0.0057 0.021 0.165 

Vin 

[V] 
0.4-1.2 0.4-1.2 1.1 0.55-1.2 

Vout 

[V] 
0.3-1.1 0.2-1.18 0.9 0.5-1.15 

IQ 

[uA] 
0.1-119 4.4-1280 110 2400 

Max. Iload 

[mA] 
200 400 200 2000 

Current 
Density 

[mA/mm2] 
56275 70175 9524 12121 

Load capacitor 
[nF] 

0.01 0.09 23.5 7 

Load transient 
Overshoot [mV] 

77 
@5ns step 

45 
@10ns step 

200 
@4us step 

100 
@0.25ns step 

Settling Time 
@Max. current 

step [ns] 
28 25 40000* 15 

TR [ns] 0.197 0.636 457 0.79 

Transient FoM 
[ps] 

0.0418 0.864 251.3 0.948 

PSRR 
[dB] 

-50.6@10kHz 
-14.3@1MHz 

-34@10kHz 
-25 @1MHz 

- - 

Load regulation 
[uV/mA] 

5.03 50* - - 

* Estimated from figure. †Simulated. 
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Chapter 5 Conclusion 

This thesis demonstrated LDO design approach for analog and digital electronic 

systems. A direct feedback flipped voltage follower LDO is proposed as a suitable 

LDO design for analog circuits. Such simple structure is easier to design, and 

improved power supply rejection of LDO while not sacrificing transient response. 

Stability and parameter variation sensitivity analysis of FVF LDO through state 

matrix decomposition is also presented. The LDO is fabricated with TSMC 65nm 

CMOS technology. The fabricated FVF LDO supplies maximum load current of 

20mA with 1.2V power supply. Proposed FVF LDO achieves full-spectrum PSR 

with low-frequency PSRR of 66 dB, unity-gain bandwidth of 416MHz, 20ns 

transient settling time with load current step from 1mA to 20mA. A ring LDO with 

dynamic cascode biasing is proposed as a suitable LDO design for digital circuits. 

Class-AB ring amplifier enables continuous-time regulation along with accurate 

steady-state output. Compact amplifier comprising simple digital elements enabled 

area-efficient implementation. The proposed ring LDO achieved transient response 

time of 0.197ns and 41.8fs transient FoM and 50.6dB PSRR at 10kHz. 

For the future research, current-mode feed-forward ripple cancellation may 

improve PSRR of FVF LDO over wide range of frequency. Ring amplifier with 

adaptive bias can be also studied to improve stable current range of ring LDO.  
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국문 초록 

본 연구는 아날로그 시스템에 적용 가능한 FVF 저 드롭아웃 전압 

레귤레이터(Low-Dropout Regulator, LDO)와 디지털 시스템에 적용 가능한 

링 LDO 구조를 제안한다. 아날로그 시스템용 전압 레귤레이터 사양을 

만족하기 위해 TSMC 65nm CMOS 공정으로 이중 루프를 사용하는 

FVF(Flipped Voltage Follower) LDO를 설계 및 제작하였다. 제안된 FVF 

LDO는 높은 전원 리플 제거(PSR)를 위한 저속 루프와 고주파 전원 리

플 제거를 위한 고속 루프로 구성되어 효과적으로 넓은 대역의 전원 리

플을 제거한다. 고속 루프에는 패스 트랜지스터 구동을 위해 super source 

follower를 사용하여 적은 전력 소모로 루프 작동 속도를 향상시켰다. 상

태 행렬 분해 기법(State Matrix Decomposition Method)을 사용하여 매개변

수 변동에 따른 다중 루프 LDO의 안정성을 평가하였고 시뮬레이션 결

과와 일치함을 확인하였다. 구현된 FVF LDO는 unity gain frequency 

400MHz, 저주파 PSRR 66dB, 1.2V-1.6V 입력 전압 범위 안에서 

1.04uV/mV의 Line regulation, 출력 전류 범위 2mA-20mA에서 안정적으로 

작동하였다. 디지털 시스템용 전압 레귤레이터 사양을 만족하기 위해 삼

성 28nm CMOS 공정으로 링 LDO를 설계 및 제작하였다. 루프 작동 속

도를 유지하면서 대기 전류를 줄이기 위해 동적 바이어스 캐스코드 링 
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증폭기를 사용하였다. 캐스코드 구조가 포함되어 폐쇄 루프 이득이 향상

되었고 디지털 LDO에 비해 PSRR이 비약적으로 향상되었다. 구현된 

Ring LDO 는 0.4V-1.2V 입력 전압 범위, 55000mA/um2의 출력 전류 밀도

를 가지며 부하 계단 응답에서 최대 28ns의 정착 시간을 달성하였다. 제

안된 링 LDO는 미세공정에서도 스케일 가능한 링 증폭기를 사용하여 

디지털 시스템용 전집적화된 전압 레귤레이터에 적합하며 단순한 논리 

게이트와 캐패시터로 구성되므로 적은 면적으로 실현 가능하다. 
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