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ABSTRACT
An ultra-low area, current efficient voltage regulator appro-
priate for distributed point-of-load voltage regulation in high
performance integrated circuits (ICs) is described in this pa-
per. The proposed voltage regulator is a hybrid combina-
tion of a switching voltage regulator and a linear voltage
regulator. The voltage regulator can supply over 100 mA
current while generating 0.9 volts from a 1.2 input voltage.
The current efficiency exceeds 99% while the load regula-
tion to a step current ranges between 40 ns and 60 ns. No
output capacitor is required to ensure stability. Hence, the
required on-chip area is as small as 0.026 mm2 for the pro-
posed voltage regulator which is approximately four to six
times smaller than area efficient low dropout regulators. The
proposed circuit therefore provides a means for distributing
multiple local power supplies across an integrated circuit,
maintaining high current efficiency and small area.

Categories and Subject Descriptors
B.7.1 [Integrated Circuits]: Types and Design Styles—
VLSI(very large scale integration)

General Terms
Design

Keywords
On-chip voltage regulator, power delivery, DC-DC voltage
regulation, active filter

1. INTRODUCTION
Delivering robust and reliable power and ground voltages

to high performance circuits has become increasingly diffi-
cult with each technology generation. On-chip decoupling
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capacitors are widely used to provide a low impedance over
a wide frequency range [1, 2]. The decoupling capacitors,
however, can supply a finite amount of charge to the load
devices. On-chip voltage regulators are therefore required
for noise sensitive circuits to generate and regulate the sup-
ply voltage close to the load circuitry. These on-chip voltage
regulators provide charge not only to the load circuitry but
also to the decoupling capacitor, enhancing the efficiency of
the overall circuit. To deliver a high quality supply voltage
to each of the logic blocks in an integrated circuit, multi-
ple on-chip power supplies are required. An area efficient
and fast voltage regulator circuit is therefore necessary to
provide a high quality on-chip power supply.

DC-DC converters are generally used as power supplies in
deep submicrometer integrated circuits. Conventional DC-
DC converters can be grouped into three main categories,
switching, switched capacitor, and linear DC-DC convert-
ers [3, 4]. Buck converters, which are step down switching
regulators, are widely used due to the high power efficiency.
A second order passive inductor-capacitor (LC) low pass fil-
ter is used within a buck converter to filter out the high
frequency harmonics of the stepped down voltage. Due to
the large area requirement of a passive LC filter, buck con-
verters are generally implemented off-chip.

A more area efficient regulator structure is the low dropout
(LDO) voltage regulator [5, 6]. These linear voltage regu-
lators utilize a pass transistor connected to the output of
an error amplifier. A large output capacitor is required
to ensure stability and fast load regulation. These capac-
itors are generally implemented off-chip due to the large
area requirement. Several techniques have been proposed
for implementing a fully monolithic LDO. These techniques,
however, require additional circuitry, increasing the on-chip
area. LDO regulators exhibit fast load regulation as com-
pared to buck converters. The power efficiency, however, is
limited to Vout/Vin.

Switched capacitor DC-DC converters (or charge pumps)
utilize non overlapping switches to charge the capacitor to
transfer charge from input to output. These voltage con-
verters dissipate a significant amount of power through the
resistive switches. Additionally, the feedback circuitry re-
quired to maintain a stable output voltage is difficult to
implement.

In this paper, a hybrid combination of a switching and
linear voltage regulator is proposed for distributed point-of-
load voltage regulation. This circuit provides a means for
distributing multiple power supplies across an integrated cir-
cuit with fast load regulation and small area. The passive
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Figure 1: Proposed DC-DC converter. The bulky
LC filter is replaced with an active filter and the
large tapered buffers are replaced with smaller
buffers. Note that two different feedback paths exist
which separate the line and load regulation.

LC filter of a buck converter is replaced with an active fil-
ter. The idea of replacing the passive filter components with
active components was first proposed by Wu et al. in [7].
In this paper, however, emphasis is placed on evaluating
speed/power/area tradeoffs of several active filter topologies
as well as providing feedback circuitry for enhanced stability.

The rest of the paper is organized as follows. The pro-
posed circuit with different active filter topologies and types
are discussed in Section 2. Operational amplifier (Op-Amp)
design considerations are also discussed in this section. In
Section 3, simulation results for several load current demand
characteristics are provided for different output voltages. Fi-
nally, the paper is concluded in Section 4.

2. ACTIVE FILTER BASED VOLTAGE REG-
ULATOR

To provide a small area on-chip power supply, the passive
LC filter in a conventional buck converter is replaced with an
active filter structure and the tapered buffers are replaced
with smaller buffers, as shown in Fig. 1. Small buffers are
sufficient to drive the active filter in the proposed circuit.
Replacing the tapered buffers with smaller buffers signifi-
cantly decreases the power dissipated by the input stage.
Alternatively, the output buffers within the Op-Amp dissi-
pate power within the proposed converter. Another char-
acteristic of the proposed regulator is that the feedback re-
quired for line and load regulation is satisfied with separate
feedback paths, as shown in Fig. 1. Feedback1 is generated
by the active filter structure and provides the load regula-
tion whereas feedback2 is optional and can be implemented
to control the duty cycle of the switching signal for line reg-
ulation. In most cases, feedback1 is sufficient to guarantee
fast and accurate load regulation. When only one feedback
path is used, the switching signal is generated by simpler
circuitry (e.g., a ring oscillator) and the duty cycle of the
switching signal is compensated by a local feedback circuit
(a duty cycle adjustor). The primary advantage of using a
single feedback path is smaller area since feedback1 is pro-
vided within the active filter and no additional circuitry is
required to implement the compensation structure.

Active filters have been well studied over the last half cen-
tury [8, 9]. The objective of this section is to review those
properties of active filters which affect the design of the pro-
posed voltage regulator while providing relevant background
material. Active filter configurations and topologies are re-

viewed in Section 2.1. In Section 2.2, the design of the Op-
Amp is discussed.

2.1 Active Filter Design
Active filter structures have no passive inductors. Alter-

natively, capacitors, resistors, and an operational amplifier
are utilized to implement the filtering function. Certain de-
sign considerations should be considered when utilizing an
active filter as a voltage regulator since the appropriate ac-
tive filter topology depends upon the application [9]. For
a voltage regulator, the on-chip area requirement, sensitiv-
ity of the active filter to component parameter variations
(due to aging, temperature, and process variations), and the
power dissipated by the active components should be low.
Two topologies are popular for implementing an integrated
low pass active filter, multiple feedback and Sallen-Key [8].
Multiple feedback low pass filters use capacitive and resis-
tive components within the feedback path from the output
to the input node. A DC current path exists between the
input and output nodes due to the resistive feedback. The
DC current increases the power dissipated by the multiple
feedback active filter. Alternatively, Sallen-Key low pass fil-
ters only use capacitive feedback. Hence, the static power
dissipation of the Sallen-Key topology is significantly less
than the multiple feedback topology.

A third order low pass unity-gain Sallen-Key filter topol-
ogy is shown in Fig. 1. The first section, R1 and C1, forms
a first order low pass RC filter. R2, R3, C2, C3, and the
Op-Amp form a second order Sallen-Key low pass filter. No
DC current path exists between the input and output. Since
reducing power dissipation is crucial to the proposed circuit,
a unity-gain topology is chosen. The transfer function of the
active filter, shown in Fig. 1, is

Vout

Vin
=

1

a1s3 + a2s2 + a3s + a4
, (1)

where

a1 = R1R2R3C1C2C3,

a2 = R1C1C3(R2 + R3) + R3C2C3(R1 + R2),

a3 = R1C1 + C3(R1 + R2 + R3),

a4 = 1.

A Chebyshev filter type is chosen for the active filter due
to the steep roll-off factor as compared to other filter struc-
tures which do not require resistive components connected
to ground to implement finite zeros. Since a third order
Chebyshev filter exhibits no attenuation at DC, the ripple
amplitude can be chosen to be high to increase the quality
factor Q of the filter, thereby, increasing the slope of the
cutoff transition. Larger capacitors in the active filter are
required to implement the filter with a larger ripple ampli-
tude. A tradeoff therefore exists between the rolloff factor
and the size of the capacitors, C1, C2, and C3. The ripple
amplitude is selected to be 1 dB. The value of the parameters
a1, a2, and a3 are selected from Chebyshev filter tables [9].
The per cent change in the cutoff frequency and the Q fac-
tor of the third order Sallen-Key filter shown in Fig. 1 are
listed in Table 1 when the parameter values are individually
increased by 1%.

2.2 Op-Amp Design
The performance of an active filter depends upon the per-

formance of the Op-Amp. The gain-bandwidth (GB) prod-
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Table 1: Sensitivity analysis for a third order Sallen-
Key filter. Per cent change in cutoff frequency and
Q factor when individual parameter values are in-
creased by 1%.

R1 R2 R3 C1 C2 C3
Q 0 -0.4 0.4 0 -0.5 0.5

Cut-off frequency -1 -0.5 -0.5 -1 -0.5 -0.5
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Figure 2: Maximum current delivered to the load
circuitry when various output voltages are gener-
ated. The maximum current for a particular output
voltage can be increased by adding more parallel
output stages within the Op-Amp.

uct of the Op-Amp determines the bandwidth of the active
filter. Most of the power loss takes place within the Op-
Amp structure. The current provided to the output load is
supplied by the Op-Amp output stage. Hence, the Op-Amp
provides hundreds of milliamps of current to the load devices
while maintaining sufficient performance to support reliable
active filter operation.

A three stage differential-input single-ended CMOS Op-
Amp structure is utilized in the proposed circuit [10]. The
first stage is a PMOS differential-input stage, the second
stage is a common-source stage, and the third stage is a
source follower. The size of the transistors in the third stage
is considerably larger than the transistors in the first two
stages to supply sufficient current to the load circuitry. The
first and second stages are the gain stages which provide a
cascade gain of more than 50 dB. The gain of the third stage
is close to unity. The overall three stage gain is therefore
close to 50 dB with a phase margin of 51◦.

3. SIMULATION RESULTS
The proposed active filter based DC-DC voltage converter

has been designed in a 90 nm CMOS technology. The in-
put switching signal frequency is 100 MHz. A modified ring
oscillator is utilized to supply the switching signal to the
input. Since there is no need for large tapered buffers, the
power dissipated by the ring oscillator and output buffers is
relatively small. The size of the transistors at the output
stage of the Op-Amp can be changed for different output
voltage or load current demand. The on-chip area of the
proposed regulator therefore depends upon the required out-
put voltage and load current characteristics, as illustrated in
Fig. 2. A 52% increase in area results in more than a three
times increase in the current supplied to the load circuitry.
The maximum total on-chip area is less than 0.026 mm2.
Unlike other linear regulators, no capacitor is connected at
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Figure 3: Load regulation of Circuit I. The output
current ranges between 50 mA and 150 mA with rise
and fall transition slopes of (a) 1 A/µs and (b) 10
A/µs. The output voltage waveforms are shown in
(c) for 1 A/µs and (d) for 10 A/µs transition slopes.
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Figure 4: Load regulation of Circuit II. The output
current ranges between 25 mA and 75 mA with rise
and fall transition slopes of (a) 1 A/µs and (b) 10
A/µs. The output voltage waveforms are shown in
(c) for 1 A/µs and (d) for 10 A/µs transition slopes.

the output node, making the proposed circuit convenient for
point-of-load voltage regulation.

Two circuits, Circuit I and Circuit II, are described that
generate, respectively, 0.8 and 0.9 volts from a 1.2 volt input
voltage. The size of the transistors at the output stage of
the Op-Amp is larger for the circuit generating 0.9 volts.
The area required for Circuit I and Circuit II is 0.017 mm2

and 0.026 mm2, respectively. The duty cycle of the input
switching signal is 67% and 75% to generate 0.8 and 0.9
volts, respectively. The load regulation is shown in Figs. 3
and 4 for Circuit I and Circuit II, respectively.

The output current is varied from 50 mA to 150 mA and 25
mA to 75 mA with different transition slopes while generat-
ing 0.8 and 0.9 volts, respectively. These simulation results
are summarized in Table 2. An advantage of the proposed
circuit is the output voltage settles at the desired voltage
level regardless of the output current demand. That is, the
current demand from the load circuitry does not produce
a significant DC voltage shift in the output voltage. Addi-
tionally, the amplitude of the voltage spikes at the output
voltage node is less than 9% of the output voltage despite
abrupt changes in the output current demand (e.g., 10 A/µs
slope).

The proposed regulator dissipates 0.25 mA quiescent cur-
rent and can deliver over 220 mA current to the load cir-
cuitry while generating 0.8 volts. The quiescent current in-

379



Table 2: Simulation Results
0.8 volts 0.9 volts

Output current transition slope Fall transition Rise transition Fall transition Rise transition

1 A/µs
Response time (ns)a N/Ab 40 57 55
Amplitude of voltage spike (mV) 7 -9 21 -14
% of voltage spike 0.88% 1.13% 2.33% 1.56%

10 A/µs
Response time (ns) 42 43 47 20
Amplitude of voltage spike (mV) 33 -36 66 -73
% of voltage spike 4.13% 4.5% 7.33% 8.11%

aResponse times are recorded when the amplitude of the voltage spikes is less than 1% of the generated voltage.
bSince the amplitude of the voltage spike is already less than 1% of the output voltage, the response time is N/A.

Table 3: Performance of the Proposed Circuit
[5] [6] Circuit I Circuit II

Year 2005 2007 2009 2009
Technology (nm) 90 350 90 90
Vin (V) 1.2 2.0 - 5.5 1.2 1.2
Vout (V) 0.9 1.8 - 3.15 0.8 0.9
IQ (mA) 6 0.02 0.25 0.38
Imax (mA) 100 200 220 140
Current eff. (%) 94.3 99.8 99.8 99.5
Response time (ns) 0.54 270 43 57

Chip area (mm2) 0.098 0.264 0.017 0.026
Output shift (mV) 90 54 8 9

Figure 5: Microphotograph of the active filter-based
voltage regulator.

creases to 0.38 mA when the output voltage is 0.9 volts
due to the larger output buffer. The current efficiency is
greater with increasing current demand. When the output
current demand is more than 40 mA, the current efficiency
exceeds 99%. A limitation on the maximum output volt-
age exists due to the NMOS transistors at the output of the
Op-Amp. When the output voltage is larger, the effective
voltage across N5 is smaller, limiting the maximum current
that N5 can supply to the load circuitry.

A performance comparison of the proposed circuit with
other linear DC-DC converters is listed in Table 3, where [5]
and [6] are LDO regulators. Note that the on-chip area re-
quired by the proposed circuit is significantly less than the
other circuits (about four to six times smaller than an area
efficient LDO [5]). Furthermore, the DC shift at the gener-
ated voltage is around 1% of the output voltage for differ-
ent voltage and current requirements, which is significantly
smaller as compared to the other example regulator circuits.

Circuit II has been fabricated in an 0.11 um CMOS tech-
nology. A microphotograph of the circuit is shown in Fig. 5.
The voltage regulator occupies 0.025 mm2 on-chip area.

4. CONCLUSIONS
A hybrid combination of a switching and linear voltage

regulator appropriate for distributed point-of-load voltage
regulation is proposed in this paper. The bulky passive LC
filter within a buck converter is replaced with an active fil-
ter structure to minimize the on-chip area while realizing
distributed point-of-load voltage regulation. Design require-
ments and tradeoffs of both an active filter and an Op-Amp
structure are discussed. The area required for the proposed
active filter power supply is approximately four to six times
smaller than a low area LDO regulator [5]. The amplitude
of the voltage spikes at the output is less than 2.5% of the
desired output voltage when the output current transitions
with a slope of 1 A/µs. When the output current transi-
tions faster (such as 10 A/µs), the amplitude of the voltage
spikes is less than 9% of the desired output voltage. The cur-
rent efficiency is over 99% when the output current demand
is greater than 40 mA. The need for an off-chip capacitor
or advanced circuit techniques to satisfy stability and per-
formance requirements is eliminated in the proposed circuit.
This circuit provides a means for distributing multiple power
supplies across an integrated circuit, maintaining high effi-
ciency and small area.
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