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Voltage source

Chemistry Voltage [V]

Primary Cell LiFeS2 + Zn/
Alk/MnO2 + 
LiMnO2

0.8 - 3.6

Secondary 
Cell

Li-Ion 2.5 - 4.3

USB - 4.0 - 6.5 (20)
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Core

Node [nm] Voltage [V]

180 1.8

130 1.5

55 1.2

22 0.8

IO

Voltage [V]

5.0

3.0

1.8

1.2
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Name Voltage Min [nA] Max [mA] PWR DR 
[dB]

VDD_VBUS 5 10 500 77

VDD_VBAT 4 10 400 76

VDD_IO 1.8 10 50 67

VDD_CORE 0.8 10 350 75
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A Scalable High-Current High-Accuracy Dual-Loop
Four-Phase Switching LDO for Microprocessors

Xiangyu Mao, Yan Lu , Senior Member, IEEE, and Rui P. Martins , Fellow, IEEE

Abstract— High-performance microprocessors need high cur-
rent (ampere-level), high accuracy, and fast-response power
supplies. Comparing to analog and digital low-dropout (LDO)
regulators, the switching LDO can be a better candidate for such
requirements, as it can drive large power transistor(s) fast and
accurately. However, conventional switching LDOs need large
load capacitance to reduce the output ripple, which restricts
their applications. This article presents a 1.5-A fully-integrated
switching LDO for microprocessors, with an easily scalable load
capability. Here, we introduce three techniques together to relief
the output capacitance requirement: 1) four-phase 500-MHz
pulsewidth modulation (PWM) with inherent current balancing;
2) current-limited power cells resisting processor voltage and
temperature (PVT) variations; and 3) hybrid fast-slow power
transistors. Therefore, we reduce significantly the load capaci-
tance to maximum load current ratio CL/IMAX when compared
with the prior switching LDOs. Also, the proposed dual-loop
architecture not only achieves a fast transient response, but also
provides high-accuracy regulation. In addition, we design the
tunable active voltage positioning (AVP). Fabricated in 28-nm
CMOS, the proposed switching LDO measures a maximum 70-
mV undershoot with a 1-A load current step with 10-ns edge
time. The measured load regulation is 1 mV/A and the line
regulation is 1.5 mV/V. Also, we obtain a good power supply
rejection (PSR) of −63 dB at 10 kHz and −20 dB at 1 MHz.
The PWM automatically moves to a pulse-skipping mode at light
load, reducing the quiescent current to 1.8 mA, while the peak
current efficiency is 99.27%.

Index Terms— Active voltage positioning (AVP), dual loop, fast
response, low-dropout (LDO) regulator, pulsewidth modulation
(PWM) control, switching LDO regulator.

I. INTRODUCTION

IN MULTI-CORE processors, each core has its own set
of power gates (PGs) allowing it to form an independent

power domain that can be turned on or off to cut down
the leakage power. And each core can operate at a different
frequency to realize dynamic frequency scaling. However,
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since the highest frequency core dictates the minimum VIN

level, other low-frequency cores will waste extra power. Fully-
integrated voltage regulator can supply the local voltage
domain for per-core dynamic voltage and frequency scaling
(DVFS), as shown in Fig. 1 [1].

Inductor-based converters usually offer high efficiency with
a high-quality factor (Q) power inductor. However, imple-
menting high-Q inductors on silicon is challenging. In [2],
buck converters have been demonstrated using on-chip induc-
tors. The low-Q resulted in low efficiency of 60% when
VIN = 1.5 V, VOUT = 0.9 V, which is comparable to that of a
low-dropout (LDO). In [3], buck converters using in-package
air-core inductors showed high efficiency of 88%. Although
the high switching frequency allowed the integration of the
LC components into the package/silicon, the overall silicon
footprint required for a proper package inductor hookup is still
very large. In [3], the air-core inductors size is 0.93 mm ×
0.75 mm, while the fully-integrated LDO is usually less than
0.1 mm2 and provides a compact and cost-effective way to
realizing per-core DVFS.

To briefly analyze how much power is saved with DVFS,
we have

PA = CdynA × V 2
IN × F + ILEAK_VIN × VIN. (1)

LDO can make each core operate at the corresponding opti-
mum supply voltage VOUT

PB = CdynA × V 2
OUT × F + ILEAK_VOUT × VOUT

ηLDO
(2)

where ηLDO ≈ VOUT/VIN. The saved power consumption is

PSAVE = PA − PB

= CdynA × VIN × (VIN − VOUT) × F + VIN

× (
ILEAK_VIN − ILEAK_VOUT

)
. (3)

According to (3), we can see that under large dropout
voltage condition (VIN = 1 V, VOUT = 0.5 V), although the
power efficiency of the LDO is very low at this time, it can
still save a lot of system power. In the ultra-LDO condition,
the core can be supplied by the PGs, at this time VOUT = VIN.

To power the processor, we need the LDO to meet the
following requirements: 1) wide input–output voltage range;
2) large load capability and a wide load current range; 3) fast
transient response; 4) high dc accuracy for precise voltage
regulation; and 5) good power supply rejection (PSR) for
suppressing the large noise on the shared input node coming
from the other cores.

0018-9200 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Per-core DVFS with a shared power supply VIN.

Fig. 2. LDO control methods.

According to different control methods for the power tran-
sistor, we can divide the LDO into three categories, as shown
presented in Fig. 2. An analog LDO regulates the output
voltage VOUT through controlling the gate–source voltage VGS

of the power transistor, while a digital LDO (DLDO) regulates
VOUT by controlling the number of ON/OFF power transistors.
On the other hand, the switching LDO regulates VOUT by
controlling the switching duty cycle of the power transistor.
In terms of output regulation fineness, analog control and
switching control are continuous, while the digital control is
discrete.

The analog LDO can provide a good transient performance
with excellent steady-state performance [4]–[7]. However,
to drive a large load current with LDO voltage (<100 mV),
the size of the power transistor should be large, and the
associated gate pole may cause instability. Most of the prior
fully-integrated analog LDOs are only capable of delivering
a load current of <250 mA, which is insufficient to supply
a high-performance processor. In [8], an LDO/power-gating
dual-function design with 4-A load capability requires a 4-µF
capacitor in package and a 50-nF on-die compensation capac-
itor which increases the cost. Besides, the conventional analog
LDO can hardly operate at the low input voltage.

The DLDO is more adequate for large load current applica-
tions [9]–[17], as there is no above-mentioned gate-pole prob-
lem. In addition, it can operate at low input voltage and reduce
the IR drop with distributed power transistors. However, due
to the intrinsic quantization error, DLDOs suffer from limit
cycle oscillation, subsequently leading to low accuracy [9].
With limited number of bits, the load regulation of coarse-fine-

tuned DLDOs [10], [11] and analog-assisted DLDOs [12], [13]
can hardly meet the dc accuracy requirement over a wide load
range. Higher dc accuracy and faster response require a multi-
bit analog-to-digital converter (ADC). Both Mahajan et al. [14]
and Bang et al. [15] adopt a 6-bit ADC, of which the
quantization error is approximately 5–7 mV. Further increasing
the ADC resolution will exponentially complicate the digital
proportional–integral–derivative (PID) controller design, with
higher power consumption and area. So far, there is no DLDO
achieving a load regulation of <5 mV/A. In addition, as the
power switches operate in deep triode region, DLDOs can
only provide poor PSR. Moreover, since the load current only
goes through part of the power transistors, DLDO may have
reliability issues (self-heating and electromigration) [16], [17],
especially in the fast corner and large VDS condition.

According to prior works [2]–[20], Table I summarizes
the specifications of the fully-integrated buck and three LDO
types. Switching LDO combines the advantages of analog
LDOs and DLDOs. Compared with the analog LDO, it has
no gate-pole problem being more suitable for large-current
applications. The switching LDO can also operate at the low
input voltage and use distributed power transistors like the
DLDO. By using high-speed comparator and GHz frequency,
switching LDOs can achieve sub-ns response time. A motif of
concern is the driving current of the switching LDO. In fact,
for high-current applications, the driving current is far less
than the high load current. Besides, the current efficiency of
a switching LDO could be higher than an analog LDO. The
main drawback of a switching LDO is its self-generated output
ripple. It usually needs a large output capacitor to reduce the
output ripple. The previous switching LDOs in [18] and [19]
achieve large load capability (>10 A) and high dc accuracy
with sub-ns response time. However, they need a special
silicon-on-insulator (SOI) process for a large deep-trench
capacitor (750 nF in [18] and 481 nF in [19]). A switching
LDO in [20], fabricated in 16-nm CMOS, with a 2.7-nF
output capacitor, exhibited a relatively small load capability of
170 mA. Here, we consider the ratio of load capacitance over
the maximum load current CL/IMAX is the key performance
index for fully-integrated LDOs. The CL/IMAX ratio of prior
switching LDOs [18]–[20] are 63.02, 40.08, and 15.88 nF/A,
respectively, as shown in Table II. The energy density of
most current microprocessors is more than 1.2 W/mm2 [21].
Especially in recent 7 and 5 nm technology nodes, the cur-
rent density of high-performance processors is up to several
amperes per mm2. However, the on-chip capacitance density
is only about 10 nF/mm2 in a standard CMOS technology. The
required large CL/IMAX ratio of the switching LDOs obviously
restricts their application.

This article presents a 1.5-A fully-integrated switching LDO
for microprocessors. We use three techniques to reduce the
required CL/IMAX ratio to 3.33 nF/A, which is at least 4.7 times
lower than prior switching LDOs [15]–[17]. Meanwhile, our
design maintains high dc accuracy and fast transient response.
Besides, we enable the scalable output current capability
and tunable active voltage positioning (AVP) features. The
organization of this article is as follows. Section II presents
the output ripple analysis and the proposed ripple reduction

Authorized licensed use limited to: Norges Teknisk-Naturvitenskapelige Universitet. Downloaded on March 06,2022 at 16:48:26 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 17. System architecture of the proposed LDO with scalable load capability.

TABLE I

FULLY-INTEGRATED VOLTAGE REGULATORS COMPARISON

where KF = RF/R1, !V = VOUT − VREF. According to (7),
(16), and (31), we have

!V = RAMP
1 + KF

(
1
2

− IL

ISW

)
(32)

when S1 and S2 are OFF, the feedback coefficient KF = ∞,
and the LDO is in the high-accuracy mode. When S2 is ON,
KF = 0 and the LDO is in the full AVP mode. When S1 is ON

and S2 is OFF, the LDO is in the tunable AVP mode with a

TABLE II

K RATIO COMPARISON

TABLE III

PARAMETERS OF TRANSISTOR SIZES

variable KF = RF/R1. In both AVP modes, !V is proportional
to IL, as Fig. 16 shows, such that it can effectively reduce
the load transient VOUT variations and the heavy-load power
consumption. In this work, we can precisely obtain the desired
AVP effects by adjusting KF, providing one more degree-of-
freedom in the design to achieve the optimum performances
for different application requirements.

C. System Architecture

Fig. 17 presents the full system architecture comprising one
controller and arbitrary extendable power cells. The controller
comprises the AVP Regulator, the Current-limited Module, the
PWM comparators, and so on. The AVP regulator can provide
either high-accuracy regulation or AVP. The EA output has a
buffer to improve the driving capability and to prevent the
kickback noises. The AVP regulator power value is AVDD =
1.8 V for high dc gain. We use a common 1.8-V power supply

Authorized licensed use limited to: Norges Teknisk-Naturvitenskapelige Universitet. Downloaded on March 06,2022 at 16:48:26 UTC from IEEE Xplore.  Restrictions apply. 
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A 10-MHz 2–800-mA 0.5–1.5-V 90% Peak Efficiency Time-Based Buck Converter With Seamless 
TransiJon Between PWM/PFM Modes
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A 10-MHz 2–800-mA 0.5–1.5-V 90% Peak
Efficiency Time-Based Buck Converter

With Seamless Transition Between
PWM/PFM Modes

Seong Joong Kim , Woo-Seok Choi , Robert Pilawa-Podgurski, and Pavan Kumar Hanumolu, Member, IEEE

Abstract— Time-based controllers are well suited for imple-
menting both single- and multi-phase wide bandwidth high
switching frequency pulsewidth modulation (PWM)-based dc–dc
converters. They also consume very little quiescent current but
their light load efficiency is severely degraded by switching
losses. We explore pulse frequency modulation (PFM) that is
commonly used to improve light load efficiency in voltage-mode
controllers and extend its operation to time-based controllers.
To maintain high efficiency even in the presence of dynamic
load variations, we present techniques to perform automatic and
seamless switching between PWM/PFM modes. Fabricated in a
65-nm CMOS, the prototype buck converter using the time-based
PWM/PFM control achieves 90% peak efficiency and >80%
efficiency over a load current range of 2–800 mA. Output voltage
changes by less than 40 mV during PWM to PFM transitions.

Index Terms— Buck converter, high switching frequency,
light load efficiency, mode switching, pulse frequency modula-
tion (PFM), pulsewidth modulation (PWM), time-based control.

I. INTRODUCTION

AGGRESSIVE use of dynamic power management tech-
niques in energy-aware handheld devices requires dc–dc

buck converters to have: 1) fast reference tracking to support
dynamic voltage scaling; 2) an ability to quickly switch from
light to heavy load to support deep power states; 3) high
efficiency across a very wide range of loads; and 4) small form
factor. Operating the buck converter at a high switching fre-
quency (FSW) helps to meet some of these requirements (small
form factor and fast load transient response) [1]–[6]. However,
high FSW complicates the controller design, especially when
designing for a wide loop bandwidth [7].

A time-based controller was recently proposed as an alter-
native to classical voltage- and current-mode controllers to
implement wide-bandwidth high FSW buck converters [8].
Using time as the processing variable, this approach obviates
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November 6, 2017. Date of publication December 12, 2017; date of
current version February 21, 2018. This paper was approved by Guest
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the need for a wide bandwidth error amplifier, a pulsewidth
modulation (PWM) in analog controllers or a high-resolution
analog-to-digital converter (ADC), and a digital PWM in
digital controllers. Time-based controller was also shown to
be very effective for implementing high-efficiency multi-phase
converters [9]. By generating multi-phase control signals with
precisely matched duty cycles, a time-based approach achieves
implicit passive current matching [9] needed for maximizing
efficiency [10], [11]. To summarize, the time-based control
enables high FSW compact dc–dc converters that consume low
quiescent current and achieve high efficiency over a wide range
of load currents through multi-phase operation. However, large
switching losses that come with high FSW severely degrade
efficiency under light load conditions. Consequently, efficiency
of state-of-the-art time-based buck converters deteriorates sig-
nificantly at light loads (<50 mA) [8], [9]. Because efficiency
under light load condition has significant impact on battery
lifetime of mobile devices, techniques to improve light load
efficiency are needed. Control schemes using pulse frequency
modulation (PFM) are shown to be especially effective to
serve this purpose in voltage-mode controller-based buck
converters [12]–[14]. However, PFM-mode degrades efficiency
and increases output ripple at larger load currents. Therefore,
the converter must be operated in the PWM mode at higher
loads and in the PFM mode only under light load conditions.
This requires automatic transfer of control from the PFM mode
to the PWM-mode when the load current transitions from
light to heavy load and vice versa, which as described later is
difficult to realize.

In this paper, we seek to implement PFM-mode in a time-
based controller and propose techniques to perform seamless
switching between PFM and PWM modes. Compared with [8],
the proposed 10-MHz buck converter greatly improves light
load efficiency as a result of combining the time-based PWM
control with ON-time-controlled PFM. Fabricated in a 65-nm
CMOS process, the prototype achieves peak efficiency of
90% and better than 80% efficiency over load current range
of 2–800 mA. Output voltage changes by less than 40 mV
during PWM/PFM mode transitions.

Rest of this paper is organized as follows. After a brief
review of PFM operation in Section II, the proposed PFM
architecture is described in Section III. The problem of the
PWM/PFM mode switching is described in Section IV and

0018-9200 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Loss components and efficiency verses load current in (a) PWM
mode and (b) PFM mode.

techniques for seamlessly switching the mode are presented
in Section V. Circuit implementation details of key building
blocks are provided in Section VI. Measured results are
presented in Section VII and key contributions of this paper
are summarized in Section VIII.

II. PULSE FREQUENCY MODULATION MODE

Loss mechanisms in a PWM-controlled dc–dc converter
can be broadly classified into three categories: 1) conduction
loss; 2) switching loss; and 3) static loss due to quiescent
current consumed by the control and other auxiliary circuitry.
For a fixed FSW, switching loss and static loss are constant
whereas conduction loss scales in proportion to the load
current as depicted in Fig. 1(a). Consequently, conduction and
switching losses dominate at high and light loads, respectively.
Quiescent current effects efficiency only at extremely small
load currents and is usually not an important consideration
especially for a time-based controller. Because the switching
loss is proportional to the switching frequency, it can be
reduced by scaling FSW. To this end, in contrast to the fixed
frequency PWM control, the PFM control scales FSW in
proportion to the load current (ILOAD), resulting in greatly
improved light load efficiency as illustrated in Fig. 1(b).
Note that efficiency and output voltage ripple in the PFM
mode degrades at larger ILOAD, which mandates operating
the converter in the PWM mode for currents beyond ITH
in Fig. 1(b) (see Section V for details about performing smooth
transition between PWM/PFM modes).

To understand how output voltage is regulated in the
PFM mode, consider inductor current, IL , waveform shown
in Fig. 2. Load current, ILOAD, discharges output capacitor and
the lost charge is compensated by dumping charge packets of
value, QPFM, at a rate of FSW,PFM = 1/TPFM in to the output
node. Assuming fixed inductor peak current of IL ,pk, QPFM
equals

QPFM = 1
2

× IL ,pk × (TON + TOFF) (1)

Fig. 2. Inductor current waveform in PFM mode.

where TON and TOFF are rise and fall times of the inductor
current and are equal to

TON = L × IL ,pk

(VIN − VO )
and TOFF = L × IL ,pk

VO
. (2)

Output voltage can be regulated by setting FSW,PFM such that
the rate of charge transferred to the output is equal to ILOAD.
Mathematically, this is represented by

FSW,PFM = ILOAD

QPFM
= 2 × ILOAD

IL,pk × (TON + TOFF)
. (3)

Note that FSW,PFM varies in proportion to ILOAD, as desired,
to reduce both switching and conduction losses.

Efficiency in the PFM mode can be optimized, similar to
that of in the PWM mode, by investigating loss mechanisms.
To this end, referring to Fig. 2, conduction loss (Pcond,PFM)
and switching loss (Psw,PFM) can be expressed as

Pcond,PFM = I 2
L ,rms × ESRtot (4)

= 1
T

T∫

0

(IL (t))2 × ESRtotdt (5)

= I 2
L ,pk × (TON + TOFF) × ESRtot

3
×FSW,PFM

(6)

Psw,PFM = Ctot × V 2
IN × FSW,PFM (7)

where ESRtot is total resistance in the current path (inductor,
power transistors, and so on) and Ctot is total capacitance of
the gate driver. From (3), (6), and (7), total power loss in the
PFM mode can be calculated to be

Ploss,PFM = IL ,pk × 2 × ILOAD × ESRtot

3
+ Ctot

× VINVO(VIN − VO ) × 2 × ILOAD

L × I 2
L ,pk

(8)

and PFM-mode efficiency equals

ηPFM = PO

PO + Ploss,PFM
. (9)

Note that ηPFM is independent of ILOAD. Static loss due to
quiescent and leakage currents that are neglected in above-
mentioned analysis degrades efficiency further if the output
power (PO = VO × ILOAD) becomes comparable to static
power.
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Fig. 6. Illustration of setting ON-time under different ILOAD conditions.

Fig. 7. Simplified buck converter that uses both PWM and PFM modes.

operation of the control loop. This benefit comes at the expense
of added digital FSM and the need for a high-speed clock. The
overhead becomes more acceptable in finer CMOS processes
as is the case with the implemented prototype.

IV. MODE SWITCHING

While PWM and PFM modes help maintain high efficiency
at both high and light loads, dynamic load current varia-
tions present in all practical systems also require seamless
transition between the two modes. However, achieving this
poses many challenges. To elucidate this further, consider
the simplified buck converter shown in Fig. 7. It uses PWM
and PFM controllers that generate duty cycles DPWM and
DPFM, respectively. Now, consider the scenario when the load
current is initially small during which the PWM controller is
turned OFF to save static power and the output is regulated
by the PFM controller using the DPFM signal. When the
load current sensed by current sensor exceeds a predetermined
threshold value (ITH), the PWM controller is turned ON and
the mode controller switches the control from PFM to PWM
mode. At this instance, the PWM controller starts from an
undefined state where duty cycle (DPWM) can be very different
from its desired value in the steady-state value. Consequently,
the converter experiences a long transient resulting in a large

Fig. 8. Output voltage transient during PFM to PWM mode transition with
different initial conditions.

Fig. 9. Waveforms during mode transitions.

Fig. 10. Voltage-mode compensator with presetting switches for initializing
VCTRL.

output voltage drop. Long transition time needed for the output
voltage to settle severely restricts the ability to enter deep
power saving states in dynamically power-managed systems.
This situation becomes more severe in high FSW converters
that use a small output capacitor. Fig. 8 shows simulated
VO during PFM to PWM mode transition for different ini-
tial values of control voltage VCTRL. For easier illustration,
the PWM modulation voltage (VM ) is set to be equal to VIN
so that VCTRL equals VO in steady state. As expected, larger
the difference between the initial and final values of VCTRL,
the longer it takes for VO to settle to its steady-state value
(1 V for the case shown in Fig. 8).

Output voltage ripple can be minimized by presetting the
PWM controller close to its steady state before making the
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