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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 FVVF 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/umz2, 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-



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 loT(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.



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.



Chapter 2 Low-Dropout Regulator (LDO)

2.1 Low-dropout regulator

Linear regulator regulates output voltage by modulating series resistance.
\oltage 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 Ry, C. is shown.

IN
0
Control
Circuit _>§ Rehass
T 1 OouT
V/SENSE

RL§ = C_

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



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 Vpp, or additional techniques such
as charge pump is needed. On the other hand, the gate voltage of PMOS LDO should

be lower than V), so no additional components are needed.

Vref Vref

ouT ouT

(a) (b)

Figure 2.1-2 (Q)PMOS LDO and (b)NMOS LDO.



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.

A
Voltage

Dropout
Voltage

Regulation
Region Vin

Line regulation

[

VIN

Figure 2.1-3 Typical LDO Output voltage versus input voltage.



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

Vout,ripple

PSRR [dB]=20log,, (2.1-1)

Vin,ripple
where vi, rippie 1S input ripple amplitude and vy rippie 1S OUtpUL 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. tserrie IS time taken for LDO
to settle to final output. Transient line regulation is

AVout

2.1-2).
NG (2.1-2)

Tran. line reg. =



—
tseTTLE

—>
time

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

AV out

L

Tran. load reg. = (2.1-3).

AVour

tSETTLE

—>
time

Figure 2.1-5 Typical load transient response of LDO.



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 Vcon: 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



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.

l/\_/vum Mm Y

Power Power LDO —
Source Source "| Regulator
v
WOUT-WR
Veont — VCO —> Veont — VCO —» wour

WOUT+WR

(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.



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.

10



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

® |ow area/power overhead
® PSR across wide frequency

® Technology scalable
® |ow output noise voltage

® Fast transient response
® (Good current efficiency

® Sub-threshold operation

11



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

12



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 Myass, M1, and M. Mpass, M1, and M, 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, Vser, sets the
input level of the flipped voltage follower. The input of the EA was connected to the
reference input (Vrer), and Vour formed another feedback loop 2. This dramatically
enhanced the open loop gain of the overall loop. Since Vour 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, C., was connected to the output of the LDO to
make the output node of the LDO dominant pole, and the capacitor, Ci, was
connected to the output of the error amplifier to stabilize loop 2. An additional
compensation capacitor, C,, 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, Mass. The size of the transistors, the capacitor values, and

13



the load current (I0) values are listed in Table 3.1-1.

VIN

VOUT
L 2 D
M
T @
Vin
Ve
Mpass
Vour
M, Vser CL I
VREFI
Va = =

Veo—{[L M,

C1

|||—| |—o as|nd

(b)

14



@ —[Go g
+ EA -

-A +4

(©)

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
M; 8 um/0.13 um Ms, Mg 60 um/1 pm
M, 4 um/0.13 um Mio, M11 40 um/1 pm
M3 14 ym/0.18 um M1z, M13 12 um/1 um
Mg 3 um/0.06 um Mi4, M1s 12 ym/1 um
Ms, Ms 2um/0.18 um Mis, M17 10 pm/1 um
My 3 um/0.18 um Mis, M1g 12 ym/1 um
CL 350 pF I 1 mA-20 mA

15



3.1.1 Fast Loop 1 Analysis

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 Vser
sets the output voltage of the FVF, and any interference or noise in the Viy 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 Vser

works as a reference input of the FVF, and any interference or noise in Vin was a

16



disturbance for the system. The open-loop gain and output of LDO is

LG] :GAGSSFGP (31-1)

Vour = CaGissrGp Veor T Gr Vip =V, +—1 Vi
M1+ GyGssrGp ' 1+ GyGespGp " T GG

(3.1-2)

o o (3.1-3)
4= 8,1 Toillro: 1 +5(r,lr2)Cy
2
1)
1 kNl 3.1-4
Gssr s2 + 2lw,s + w2 ( )
Gp=g,p(Rellrop) .

1+ s(Relrop) Cour

where gm: is the transconductance of My, o1 and o, are the output resistance of My
and My, respectively, Ca is capacitance seen at node A, wn is the natural frequency
of the super source follower, ( is the damping factor of the super source follower,
Ome is the transconductance of the pass transistor, R, is the load resistance, rop is the
output resistance of the pass transistor, and Cour 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 M; and M were
small. The output capacitor, C, was set such that the pass transistor, Mepass, was the
slowest working component, and the dominant pole of the controller gain, Ga and
Gssr, 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

17



absorbed by the large C.. 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°.

40

20

—1mA
=20 mA

Loop Gain [dB]

200
150
100

PM : 83.7°
PM :37.3°

Phase [deg]

10° 100 100 10 10° 10 100 10
Frequency [Hz]

Figure 3.1-3 Open-loop gain simulation result of Loop 1.

18



3.1.2 Slow Loop 2 Analysis

I

Preececcccaa

(b)

Figure 3.1-4 (a) Slow loop 2 broken at Vour and (b) Its small-signal block
diagram.

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

gives
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G,4GssrGp

LG, = et et S
2= Cmy G4GssrGp

(3.1-6)

G G,GssrGp G4GssrGp
EAT+ G, GesrGp 1+ G GgsrGp 1

v, = V.t V;
- 1+ Gy g GaGssrGp "7 GyGssrGp _ G4Ggsp ™

_GaGssrGp | + Gy —2absseGp
+ G4 GssrGp EAT+ G, GssrGp

_ GpsG4GssrGp — Gp . (3.1-7)
1+ (1 + Ge)GiGssrGp "/ 1+ (1 + Gpy)G,GspGp "

1
= -+ i
Yref (1 + Gg4)G4Gssr -

KEA

N (1+s/wp1)(1+s/wp2)
where Gea is the voltage gain of the folded cascode amplifier. The PSRR is boosted

Gy (3.1-8)

approximately by Gea. Loop 1 is a unity-gain feedback network seen at node Vser,
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, Ci, 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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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

Vour, the output voltage is expressed as

LG = (1 + GEA)GAGSSFGP (31'9)

i (1+ Ggy)G4GssrGp Bt Gp "
1+ (1 + Gpy) Gy GssrGp ref] 1+ 1+ Gpy)GyGyseGp ™ (3.1-10).

X V,r T V;
(1 + Gpy)GyGssr ™

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 + Gg4) term in (11) made a
guadratic 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 + Ggy4)

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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(1 + Gp)G,GsspGp
Vout — Vref+
1+ 1+ Ggy)G,GssrGp

Gp (1 — PSRRgsp + GSSFPSRRA) v, (3.1-11)
1+ 1+ Ggy)G4GsspGp +GGssrPSRR 4 "
a

= + ;
Yref (1 + Gr4)G4Gssr Vin

where PSRsse is the power supply rejection of the super source follower, PSRa
is the power supply rejection of the FVF stage, and PSRex 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

Vin

+ + +
RN ey B W N rey B N reyms 2 oL N oy B
+\J L2EA] U U A Vy SSF U/ L/ l P
- +

(@)
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Vin _'l 1 —PSRgsk + GgspPSRa + GaGssrPSReA |

+

V - v

- +

(b)

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 X; = v,/Kg4 be a state variable, and the gain of the error amplifier is

Vet — KEA
Vref — Vout (1+S/wp,) (HS/%Z)'

Substituting v, = Kg4X; into (3.2-1) and identifying the numerator and the

Gra = (3.2-1)

denominator,
Vief = Vout =X+ (1/a)p1 + l/a)pz)Xl + 1/0)[,10)[,2)'{1' (32'2)
Let a state variable X, = X;, and when substituting it into (3.2-2),

X5 == 0,10, X1 = (@p10,2) X = 102V + Op D2V (3.2-3)
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Let X3 =v,/K, be a state variable, and the gain of the error amplifier is

Va KA

=— .
Vryef = Vset 1+ /CUA

Gy= (3.2-4)

Substituting v, =K X3 into (3.2-4) and identifying the numerator and the
denominator,

Xy =— Kp 0,X) — 0, X5+ 04V (3.2-5)
Let X, =v,/Kgsr be astate variable, and the gain of the super source follower is

Kssp
3 s
1+ Z:/a)nS'i']/a)ﬁsz

-
_Ve
Gssr = v (3.2-6)

Substituting v, = KggpX, into (3.2-6) and identifying the numerator and the

denominator,
Ve = KyX3 =Xy + C/a)n Xyt 1/sz4- (3.2-7)
n

Let a state variable X5 = X, and when substituting it into (3.2-7),
X5 = CU%,KAX:; i O)%X4 - 2(60,,)(5. (32'8)
Let Xs=v,,,/Kp be a state variable, and the gain of the pass transistor is

Vout KP

_:S—.
VSgP 1+ /CUP

p= (3.2-9)

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

Vsgp = (1 = PSRgsp + Kssp PSRy + K Kssp PSRE4)viy — v

. (3.2-10)

Substituting (3.2-10), v, = KpXs and v, = KgeeXy into (3.2-9), and identifying
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the numerator and the denominator,

Xo =— KgspopXy — wpXs
(3.2-11)
+wp(l — PSRgsp + Kssp PSRy + K Kssp PSRE4)Vip-
Substituting v,,, = KpXg into (3.2-3) and (3.2-5), we finally obtain
X =X,
|X2 = wprPZXI - (wpl + pr)XZ — wplprKPX6 + Wp1Dp2Vyef
{X3 == Kpg0,4X1 — 04X + 0KpXs (3.2-12)
X4 = X5
t{fs = 0K X3 — 03Xy — 2{w,X;
(6 = — KsspwpXs — wpXs + @p(1 — PSRssp + KsspPSRy + KK sspPSRE4)viy
X\ = Veer/Kgs
Xz = Xl
Xz = v/Ky
4 3.2-13
Xy = vg/Kssr ( )
X5 = X4
k)(6 = Vout/KP
Vet = KEAX]
Vit KAX3
3.2-14
Ve = KgsrXy ( )
Vout = KPXé

We have two inputs Vin, Vrer and four outputs Vset, Va, Vg, and Vour. The state space model

of LDO with six state variables is
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_XI_
X
X3
X,
Xs
| X
0 I 0 0 0 0
- pla)pz -a)pl-a)p2 0 0 0 - p]a)png X2
_ [ Kea94 0 -0 0 0 04K, 11X (3.2-15)
0 0 0 0 1 0 X,
0 0 WK, -0} -Xo, o |lxs
0 0 0 'KSSpr 0 -wp, i 6J
0 0
0 C()p]a)pz
0 0 Vin
+ 0 o |l
0 0
|, (1-PSRssr + KgspPSR 4 + K4 KgsrPSRE4) 0
X
vl [Kea 0 0 0 0 07]x
vel [0 0k 0 0 oflx
ve [Tl 0 0 0 Kge 0 0 (3.2-16)
Vout 0O 0 O 0 0 K

XsJ

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

matrix A are negative. The eigenvalues are given as

)“1 =—5.543 -
Jy=—5.543

Jy=—1414-
Jy=—1414-
Js =—3.444 -
Jg=—3.444 -

10° + j4.612 -
10° — j4.612 -
10° + j4.342 -
10° — j4.342 -
108 +,2.297 -
108 —j2.297 -
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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.

0 g i MM i M i
10} = Circuit simulation
= State space model /-

PSRR [dB]
AN

Vi
60
70 _:7’/,

7

100 10° 10° 10" 10° 10° 10
Frequency [HZ]

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
Ky 657.9 K, 12.576
Wy 2m - 5.698 - 104 Wy 27 - 1.058 - 10°
o) 2 - 1.194 - 108 PSR, 0.02778

PSRy, 0.05833 Ky 0.8386

K, 3.178 w, 21+ 1.181 - 10°
w, 2m - 1.363 - 107 ¢ 0.4799
PSR 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:

Vi, Re(4;) <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.

30



! 658

Max(Re())

-2
-3
4
0 500 1000 1500 2000 2500 3000
KEA
(a)
) 510
1 [12.58 /
—_
=<0
~—
D
-1
p—
S
=
-3
4
0 5 10 15 20 25 30
KA
(c)
4 xlUi‘
., | 1.181GHz
=<
p—
[51
&0
~—
<
=
> 2
-4
109 ]D][) 1011
w
n

3 xlOB
2 56.98kHz |
>
T o
o
‘;,'{—1
<
E -2
-3
-4
10° 10t 10° 100 107
“EA1
(b)
1 >c108
[F—1.058GHz
=
T
&
= -2
[<+1
=
-3
4
107 10° 10° 10" 101
“a
(d)
2 %10°
|
|
n 0.48
=<0 |
kot
%—1
=
§ -2
S
4
0 0.5 1 15 2

31




3 w IDH 4
2 3.178 ~2 13.63MHz
> ' o)
E 0 é) 0
.\571 =
2 2 E -2
-3
4 4
0 1 2 3 4 5 6 7 10° 10 10°
K w
P p
(9) (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)Jdamping 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 mm?, 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 frto 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 I 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.

DC Power Supply
1 lrer VRep Keysight E36313A ‘
o O O O Q Signal Generator
Precision Source/Measure Unit ! ! —/ BK 4063B
Keysight B2902A = ==
i ADA4870 fR 3 SEE?'
SPI Module M OPAMP d i
| B
Regulator =
Oscilloscope
DSO-X 6002A
| Ro RiN=1M ohm
N[ <
%
(a)

(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 Vrer to the LDO, and a Keysight B2902A was
used to input Irer 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 pV/mA.

DC Power Supply
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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 mm? 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 pA. 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

,2c AV,T,
To= % (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

Iq
L(max)

FoM = Ty (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]
Analog Analog Analog
Type Analog (FVF) (FFRC) (ocL)
Process
[nm] 65 65 130 130
Area
[mm?] 0.037 0.053 0.049 0.008
Vin
1.2 1.2 1.15 1-14
[Vl
VOLII
1 1 1 0.8
[Vl
g
[UA] 290 27-82 50 112
MaX lload
[MA] 20 20 25 25
Load capacitor 0.35 0.3 4000 0.025
[nF] y ' [
Load transient 30.3 71 15 48
Overshoot [mV] @8ns step @0.8ns step @10ns step @3ns step
Settling Time
@Max. current 16 200 500 80
step [ns]
Tr [ns] 2.99 1.31 219 0.197
Transient FoM
43.4 1.45 438 0.9
[ps]
Settling Time 16 200 500* 80
PSRR 66.2 @1kHz" 60 @1kHz 60 @1kHz 63 @1kHz
[dB] 43.5 @1MHz 42 @1MHz 67 @1MHz 57 @1MHz
23.5 @10MHz 10 @100MHz 22 @10MHz
Load regulation
[UV/mA] 141 15 48 173
Line Regulation
[MVIV] 1.04 1 26 2.25

* Estimated from figure. T 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

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 Vo 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 Vpz; is

Vin=Vin-Vis (4.1-1)
V
Vg = % (4.1-2)
1

where Vy is inverter threshold and A: 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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Weak-Zone

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 My 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 My, 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 zq. The overshoot voltage is expressed as

_ TrarpTa
Vovs - C
L

Gy Irampta
Gi+G ¢

Va=Vyu-Vpzi+

(4.1-2)

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

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

error is decreased by Vpz. 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,

Gy Trampta
c,+¢, ( -

—Vpzi <

Gy Trampta
c,+C¢, (C

<2Vpz.
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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

|
Vg = % (4.1-4)
1

_l M
Ve E_ P
+Vpz -
v {(DRST
REF
v Vm— Vpz Vs
Vour - v b

m+ Vpz

M pass
Vum P
DpsT < Vour
—Vpz +
_l = Mn S
R|_ :: C|_

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 C. by a sudden
decrease of load current. Then, the ring amplifier fully turns on the transistor Mp by
the increase in Vou, Which causes initial slewing of V4 and discharging of C.. Initial
slewing continues until Vo, reaches dead-zone. The overshoot voltage is expressed

as
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similar to the switched-capacitor case, the effective output error is decreased by
input-referred dead-zone voltage, Vozi. 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 luVpk 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 378 MHz. On the other hand, the voltage gain is reduced

from 57.1dB to 33.5dB.

400

300
200 Weak-Zone |

100 /

lout [UA]

-100
-200 /

-300 /

7

-400

350 400 450 500 550 600 650
Vin [mV]

Figure 4.2-3 Simulation result of output current.
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Figure 4.2-4 Periodic state state (PSS) simulation result.
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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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38.77 um
Figure 4.3-1 Layout of proposed ring LDO.

4.3 Simulation result

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

0.0036mm?. We performed simulation using commercial circuit simulator. The

simulation included parasitic elements from layout effects.



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

fc|k:100kHZ and fc|k=1|\/| Hz.
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Figure 4.3-2 PSRR simulation result with f.x=100kHz.
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Figure 4.3-3 PSRR simulation result with fox=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 fa=10kHz and -32.77dB with fclk=100kHz.
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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 f.x=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.
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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
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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 mm? 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/mmz2, 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]
Digital -
Type Anglog An_alog (Coarse- Dlglta_l
(Ring) (Ring) fine) (Computational)
Process
[nm] 28 40 28 22
Area
[mm?] 0.0036 0.0057 0.021 0.165
Vin 0.4-1.2 0.4-1.2 1.1 0.55-1.2
V] 4-1. 4-1. . . :
Vout 0.3-1.1 0.2-1.18 0.9 0.5-1.15
[Vl o h ' o
Il
[UA] 0.1-119 4.4-1280 110 2400
MaX ||oad
[MA] 200 400 200 2000
Current
Density 56275 70175 9524 12121
[mA/mm?]
Load capacitor
[nF] 0.01 0.09 235 7
Load transient 77 45 200 100
Overshoot [mV] @>5ns step @10ns step @4us step @0.25ns step
Settling Time
@Max. current 28 25 40000* 15
step [ns]
Tr [ns] 0.197 0.636 457 0.79
Transigg‘]t FoM 0.0418 0.864 251.3 0.948
PSRR -50.6@10kHz -34@10kHz i i
[dB] -14.3@1MHz -25 @1MHz
Load regulation 503 50* i i

[uvimA]

* 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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