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3.1 Introduction

Efficient voltage regulation and conversion are essential mechanisms in
modern integrated circuit (IC) design process due to power management and
heterogeneous computing [1]. Specifically, fully monolithic on-chip voltage
regulation has emerged as a critical process for a variety of low-power design
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methodologies, such as voltage islands (ranging from ultralow voltages in
the range of 0.4–0.5 V to higher voltages in the range of 1.2–1.4 V), dynamic
voltage (and frequency) scaling, low-voltage clocking, and near-threshold
computing [2–4]. Furthermore, on-chip voltage regulators play a critical role
to ensure sufficient power integrity since it is highly challenging to maintain
power supply noise within a tolerable range when the supply voltage is low
and the load current is high [5–7]. Power supply noise not only affects the
timing characteristics within synchronous digital circuits, but also degrades
the overall signal integrity in analog and mixed-signal circuits [8]. For exam-
ple, a fully integrated voltage regulator (FIVR) was developed for the Intel
Haswell microarchitecture, allowing dynamically managed multiple power
domains [9].

The rest of the chapter is organized as follows. Opportunities provided
by monolithic voltage regulation and related challenges are summarized in
the following subsections. A broad overview of primary voltage regulator
topologies is provided in Section 3.2 with emphasis on low-dropout (LDO)
regulators, switched-capacitor-based regulators, and switching buck regula-
tors. A fully monolithic hybrid regulator topology is described in Section 3.3
with application to low-voltage systems such as near-threshold computing.
Finally, the chapter is summarized in Section 3.4.

3.1.1 Opportunities Provided by Monolithic Regulators

On-chip integration of a voltage regulator on the same die as the load cir-
cuit, as illustrated in Figure 3.1(b), has several advantages compared with an
off-chip voltage regulator, as illustrated in Figure 3.1(a). These advantages
include

• Reduction in conduction loss due to reduced parasitic interconnect
impedances

• Superior voltage regulation characteristics
• Enhanced power supply noise characteristics
• Reduced number of power pads and less metal resources for multi-

voltage systems

In off-chip regulators, the parasitic impedances of the interconnect among
the devices, pads, and package dissipate significant energy, thereby reducing
the overall efficiency of a regulator. Integrating a voltage regulator with the
load circuit can potentially reduce these parasitic losses since the interconnect
length is significantly shorter [10, 11].

Furthermore, a monolithic regulator outperforms an off-chip regulator in
terms of regulation characteristics since the regulator is physically closer to
the load, producing a faster response. Thus, the regulator exhibits reduced
sensitivity to changes in the load current. The power supply noise caused
by the parasitic interconnect impedances and package inductance is also
reduced.
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FIGURE 3.1
Conceptual representation of an (a) off-chip and an (b) on-chip power converter.

Another advantage of on-chip regulators for multivoltage systems (volt-
age islands) is the reduction in the number of power pads. The metal
resources allocated for the global power grids are also reduced since a sep-
arate global power distribution network for each voltage is not required.
Similarly, on-chip regulators are considered to be an enabling technology for
dynamic voltage frequency scaling (DVFS), where the power supply voltage
is temporarily adjusted based on the required computation [2, 12]. This tech-
nique requires fast voltage transients, on the scale of nanoseconds, which is
possible with the use of on-chip power regulators. The timing diagram of
a fine-grain DVFS scheme is illustrated in Figure 3.2, where four different
voltage and frequency levels are achieved using on-chip conversion [13].

3.1.2 Challenges in Designing Monolithic Regulators

Traditional trade-offs in regulator design are exacerbated when all the com-
ponents are required to be on-chip. Specifically, it is highly challenging to
simultaneously satisfy the following design objectives:

• Sufficiently high energy efficiency (in the range of 80%–90%) to min-
imize power loss during regulation and conversion, while providing
the required output current
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FIGURE 3.2
DVFS scheme utilizing on-chip power converters to achieve fast switching transients in the
range of nanoseconds [13].

• Reasonably low physical area to reduce overall cost of the monolithic
integration

• Enhanced regulation characteristics to ensure sufficiently low output
voltage ripple during voltage conversion

• Sufficient thermal integrity since on-chip regulators that provide
high output current are likely to cause thermal hot spots, thereby
increasing the cooling cost

Linear regulators typically satisfy the area requirement and offer a
low-cost solution, but fail to achieve the energy efficiency constraint. Alter-
natively, switching buck regulators achieve high energy efficiency due to
ideally lossless circuit elements, i.e., the capacitor and inductor. Switching
regulators, however, consume significant area due to these passive elements
within the LC filter, particularly the inductor. Switched-capacitor-based reg-
ulators have received significant attention to simultaneously achieve the
aforementioned four design objectives. An important challenge for switched-
capacitor-based regulators is the difficulty of adjusting output voltage
according to application requirement, i.e., achieving variable voltage con-
version ratios. The primary characteristics of existing voltage regulators are
described in the following section.

3.2 Overview of Primary Voltage Regulator Topologies

There are primarily three types of voltage regulators: (1) linear converters
such as LDO regulators, (2) switched-capacitor-based DC-DC regulators,



On-Chip Regulators for Low-Voltage and Portable Systems-on-Chip 61

and (3) switching buck regulators. These topologies are discussed in the
following subsections. A qualitative comparison of these topologies is also
provided in the last subsection.

3.2.1 Low-Dropout Regulators

LDO voltage regulators are a type of linear DC-DC converter where the
power efficiency is enhanced by lowering the voltage drop across the pass
transistor, i.e., between the input and output of the regulator. This improve-
ment is achieved by replacing the common drain structure with a common
source topology [14–17]. The voltage drop Vdrop−out is

Vdrop−out = Iin × Ron, (3.1)

where Ron is the on-channel resistance of the power transistor. The power
dissipation is reduced due to the smaller voltage drop, making LDO volt-
age regulators a suitable candidate for low-voltage, low-power applications.
LDO regulators can also be used for isolating input power supply noise in
noise-sensitive applications [18].

As depicted in Figure 3.3, a conventional LDO regulator is composed
of an error amplifier, reference voltage generator, power transistor with
a common source configuration, passive resistors to achieve voltage divi-
sion, and output capacitance (or decoupling capacitance) to satisfy stabil-
ity constraints. Resistors R1 and R2 are added since the output voltage of
an LDO converter is at the drain rather than the source terminal of the
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FIGURE 3.3
Block diagram of an LDO voltage regulator consisting of an error amplifier, reference voltage
generator, power transistor with a common source configuration, passive resistors, and output
capacitance.
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power transistor. Any variation in the output voltage is sensed at node S
and compared with Vre f by the error amplifier. The current flowing through
the pass transistor is accordingly adjusted to maintain a constant output volt-
age. Ideally, the output voltage is maintained at (Vre f /R2)× (R1 + R2). The
temperature coefficient of the regulator is determined by the temperature
dependence of the reference voltage generator and the input offset voltage of
the error amplifier [18].

The design process of an LDO regulator exhibits several challenging
tradeoffs. For example, the quiescent current of the regulator plays an impor-
tant role in determining the overall power efficiency. The quiescent current
refers to the input current of the regulator when there is no output (load and
decoupling) capacitance. The effect of the quiescent current on the current
efficiency becomes significant particularly when the load current is lower.
Alternatively, for those applications where the output load current is signifi-
cantly high the majority of the time, the energy efficiency is primarily deter-
mined by the ratio of the output voltage to the input voltage. In this case,
LDO regulators are particularly advantageous when the voltage difference
between the input and output is small. Smaller area and fast load regulation
due to the small output impedance are also important advantages. However,
since a higher load current is typically a temporary condition, the quiescent
current has a vital effect on the overall power efficiency. Resistances R1 and
R2 are adjusted to maintain a sufficiently low quiescent current, such as 1% of
the load current [19]. A low quiescent current, however, typically degrades
the transient response of the regulator, negatively affecting the regulation
characteristics. The transient response time can be improved by increasing
the slew rate at the output of the amplifier, which can be achieved by down-
sizing the power transistors. The lower bound of the size of this transistor,
however, depends on the maximum current load. Finally, LDO regulators
typically require a relatively large capacitor to ensure stable behavior, par-
ticularly when the open-loop gain is high. High loop gain enhances the reg-
ulation characteristics by decreasing the sensitivity of the output voltage to
changes in the output current.

3.2.2 Switched-Capacitor-Based Regulators

Switched-capacitor-based regulators, also referred to as charge pump
converters, utilize capacitors and several switches to achieve voltage con-
version [20]. Unlike linear regulators, switched-capacitor converters can pro-
duce an output voltage that is higher or lower than the input voltage. The
operating principle of a switched-capacitor DC-DC converter is illustrated
in Figure 3.4, where the schematic of a voltage doubler is shown, without any
regulation [20]. Two phase signals, φ1 and φ2, control the switches within the
circuit. Note that these signals are out of phase to prevent any overlap. In the
first phase, the phase 1 switches are closed and the phase 2 switches are open,
thereby charging the capacitance C1 to Vin, as depicted in Figure 3.5(a). In the
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FIGURE 3.4
Schematic representation of a voltage doubler based on a switched-capacitor DC-DC converter.
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FIGURE 3.5
Operation of a switched-capacitor voltage doubler: (a) phase 1 and (b) phase 2.

second phase, as illustrated in Figure 3.5(b), the phase 2 switches are closed
and the phase 1 switches are open. In this case, the input power supply volt-
age is connected in series with the capacitance C1, which had been charged
to Vin in the previous phase. This series connection produces a voltage of
2×Vin across the capacitance C2, which is the output voltage applied across
the load circuit. Note that the capacitance C1 behaves as a charge pump dur-
ing the second phase. Also note that during φ1, the output voltage is main-
tained close to 2× Vin, assuming that the switching frequency is sufficiently
high. The minimum switching frequency is primarily determined by the load
current characteristics and the size of C1 and C2. For example, the size of
C1 can be reduced if a higher switching frequency is used [21]. This depen-
dence produces two trade-offs in the design of a switched-capacitor DC-DC
converter:

• The switches are typically implemented using metal-oxide semicon-
ductor (MOS) transistors, which are sized based on the switching
frequency. The higher the switching frequency, the greater the width
of these transistors. A trade-off therefore exists between the size of
the capacitors and the width of the transistors operating as switches.

• As the size of the transistors increases, dynamic power dissipation
also increases due to the larger gate oxide capacitance. Another
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trade-off therefore exists between the switching frequency and
energy efficiency of switched-capacitor DC-DC converters.

Switched-capacitor-based converters can achieve any rational conversion
ratio by cascading several converters. For example, the input voltage is first
multiplied by a specific integer, and divided by another integer to produce
the required conversion ratio [21]. Dynamically changing this conversion
ratio to adjust output voltage, however, is challenging.

As illustrated in Figure 3.4, a typical switched-capacitor DC-DC converter
does not use feedback to achieve load regulation. The three methods for
achieving load regulation are

• To vary C1 to compensate for changes in the output voltage
• To vary the conductance of the switches that charge/discharge the

capacitors
• To vary the duty cycle of the switching period

The first option is limited by the energy efficiency since a lower C1
reduces the power efficiency. Alternatively, the second and third options
require energy-consuming feedback circuitry, which also degrades the power
efficiency.

3.2.3 Switching Buck Regulators

A switching buck regulator is a stepdown DC-DC voltage regulator to supply
power to various circuit modules, such as a CPU core, memory core, or accel-
erator module. A typical single-phase buck converter consists of (1) a switch
network that generates an AC signal, (2) a second-order low-pass filter that
passes the DC component of the AC signal to the output, and (3) a feed-
back path that regulates the output voltage by changing the duty cycle of
the AC signal [1]. These primary elements of a buck regulator are shown in
Figure 3.6 where the power transistors, cascaded powers, and a pulse width
modulator to regulate the output voltage are depicted. Single- and multi-
phase operations of a switching buck regulator are described in the following
subsection.

3.2.3.1 Single-Phase Operation

Typical design specifications of a switching buck converter include input and
output voltages, power efficiency, load current, voltage ripple, and transient
response. The low-pass filter, consisting of an inductor and capacitor, is a
critical element within the buck converter since the output voltage character-
istics depend on the quality of this filter. The parasitic effective series resis-
tance (ESR) of the inductor plays an important role in the resistive loss and
the overall performance of the buck converter. A larger inductance (required
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FIGURE 3.6
Schematic of a buck converter utilizing power transistors, cascaded buffers, and a pulse width
modulator to regulate the output voltage.

to reduce ripple) typically produces a larger ESR, which in turn increases the
resistive loss and causes a nonnegligible voltage drop at the output, particu-
larly if the load current is sufficiently high.

For a single-phase buck converter, the required inductance can be deter-
mined by [1]

L =
(Vin −Vout)D

2∆IL fs
, (3.2)

where Vin and Vout are, respectively, input and output voltages, D is duty
cycle, ∆IL is the current ripple (half of the peak-to-peak current), and fs is
switching frequency. Assuming the output voltage ripple cannot exceed 5%
of the output voltage, the minimum required capacitor Cout is determined
by [1]

Cout ≥
5(Vin −Vout)D

4VoutL f 2
s

. (3.3)

Single-phase buck converters are sufficient for applications with low load
current [22], but power dissipation and efficiency suffer at higher load cur-
rents. Thus, interleaved multiphase buck regulators have been considered for
applications with high load current since peak ripple currents can be effec-
tively reduced through this method [23, 24]. Interleaved multiphase buck
regulators are discussed in the following subsection.
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3.2.3.2 Interleaved Multiphase Operation

An interleaved multiphase architecture has been commonly used to reduce
the size of the individual inductors (and therefore ESR) without increasing
the output ripple, as shown in Figure 3.7 [25]. In this method, since the cur-
rent through each stage is reduced, the constraint on inductor current is also
relaxed, thereby permitting a smaller inductor per stage. The ripple due to
each stage is partially canceled at the output. Thus, a smaller output capaci-
tance can be sufficient.

In a multiphase buck converter, the normalized ripple current IRip norm is
determined by [22]

IRip norm = P×
[D− bmcP ]× [ 1+bmc

P − D]

(1− D)× D
, (3.4)

where D is the duty cycle, P is the number of phases, and m = D × P.
This equation is important to determine the number of phases based on the
required ripple current.

In this case, multiple buck converters operate in a parallel fashion with
a 90◦ phase difference. Each regulator has an individual inductor, but shares
the same output capacitor. Thus, the high ripple across each inductor is par-
tially canceled at the output.
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FIGURE 3.7
An interleaved multiphase switching buck regulator architecture.
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3.2.4 Qualitative Comparison

LDO regulators are cost-effective and have a relatively fast transient
response, but these regulators suffer from low power efficiency, less than 60%
in most of the cases [26]. This limitation is exacerbated as the conversion ratio
increases or output voltage decreases.

Switched-capacitor converters exhibit enhanced power efficiency at rela-
tively small area, but suffer from poor regulation capability since the switch-
ing frequency should be modified to regulate the output [27]. This process
is slow since a voltage-controlled oscillator is needed to vary the switch-
ing frequency, increasing the response time. Furthermore, it is challenging
to dynamically tune the voltage conversion ratio.

Finally, switching buck converters can achieve high efficiency and large
output current at the expense of a high-quality inductor [9]. Since integrat-
ing a high-quality inductor on chip is very costly, buck regulators typically
consist of an external, discrete inductor. Another option is to utilize the flip-
chip package for developing a package-embedded spiral inductor. For exam-
ple, in [28], existing wirebond inductance of a standard package (instead
of spiral metals) has been utilized for a buck converter. Similarly, in [29],
both the wirebond and lead frame inductance have been engineered to be
used with an integrated buck converter. These approaches reduce the overall
cost (since an existing package structure is leveraged for inductance) at the
expense of higher inductance variability and reduced flexibility for the value
of inductance. Thus, additional mechanisms, such as extra calibration loops,
are required to alleviate these challenges [28]. In [30], package-embedded
inductors have been discussed with emphasis on building high-Q inductors
within the routing layers of an organic package.

In [31, 32], a higher inductance with a reasonable quality factor was
achieved by exploiting the greater flexibility of package area compared with
die area. This package-embedded spiral inductor was connected to the die
via low-resistance C4 bumps. Thus, the switching frequency of the buck reg-
ulator was reduced to minimize dynamic power loss and enhance power
efficiency. Specifically, the switching frequency was 50 MHz, which is signif-
icantly smaller than typical switching frequencies used in buck regulators
with on-chip inductors (477 MHz [11], 200 MHz [33], 170 MHz [34], and
300 MHz [35]). Furthermore, package flexibility can be further utilized to
develop an array of package-embedded spiral inductors for an interleaved multi-
phase buck regulator architecture. Thus, power efficiency and output ripple
can be further enhanced.

Existing work has also investigated the feasibility of increasing switch-
ing frequency to reduce the required inductance. In this case, however, the
dynamic loss increases, thereby reducing the power efficiency [11]. For exam-
ple, for inductance values in the low nanohenry range, the switching fre-
quency should be increased to several hundreds of megahertz to obtain an
acceptable current and voltage ripple at the output. The switching loss at
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these frequencies increases by two orders of magnitude compared with high-
kilohertz or low-megahertz operating frequencies (assuming constant tran-
sistor sizes) [29].

3.3 Monolithic Hybrid Regulator Topology
for Low-Voltage Applications

Near-threshold computing has received significant attention due to enhanced
energy efficiency, particularly for mobile systems-on-a-chip (SoCs) [36].
Highly parallelized architectures based on near-threshold operation have
been proposed as a possible solution to dark silicon [37]. Developing an
integrated voltage regulator module with application to near-threshold oper-
ation is challenging due to low output voltages in the range of 0.5 V. The
regulator should simultaneously satisfy high power efficiency and power
density (to minimize area overhead). Furthermore, the output ripple should
be minimized since near-threshold circuits are highly sensitive to power sup-
ply variations (due to near-exponential dependence).

Hybrid regulators have also been developed to exploit the advantages
of both LDOs and switching converters [38, 39], as conceptually depicted in
Figure 3.8(a). Existing hybrid topologies, however, suffer in near-threshold

FIGURE 3.8
Conceptual block diagram of a (a) conventional hybrid regulator and a (b) proposed hybrid
regulator.
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operation, as further discussed in the following section. A novel hybrid
topology, as shown in Figure 3.8(b), was developed [27]. This topology
can produce low output voltages at high power efficiency. The proposed
approach achieves approximately 85% power efficiency while supplying
100 mA output current at 0.5 V with a maximum ripple voltage of 22 mV.

3.3.1 Overview of Hybrid Regulator Topologies

In existing hybrid regulator approaches, a DC-DC switching converter is
combined in series with an LDO, as shown in Figure 3.8(a) [38, 39]. The
switched-capacitor circuit functions as a converter without any regulation
capability, whereas the LDO regulates the output voltage without any con-
version. Thus, the circuit enhances power efficiency since LDO has a near-
unity voltage conversion ratio. Regulation is also enhanced due to an LDO
with fast transient response at the output. Feed-forward ripple cancellation
has also been proposed to further improve the regulation process [38]. This
topology, however, suffers in near-threshold operation with large output cur-
rent and low output voltage for three reasons:

• Power transistor of the LDO suffers from low |VGS| since the volt-
age conversion is achieved by the previous stage (switched-capacitor
converter). This low input voltage makes it challenging to supply
high current at the output.

• At high output current, the voltage drop across the power transistor
(within an LDO) becomes nonnegligible, requiring a higher input
voltage at the LDO. Higher input voltage, however, degrades the
power efficiency.

• The maximum output load current cannot be larger than the current
supplied by the switched-capacitor converter due to the series con-
nection. Thus, the DC-DC switching converter needs to be optimized
for the maximum load current rather than the nominal load current.

These limitations are exacerbated and the power efficiency is further
degraded with reduced output voltages, as in near-threshold computing.
Thus, a novel hybrid topology was proposed where the switched-capacitor
converter and LDO operate in a parallel fashion, as conceptually illustrated
in Figure 3.8(b). Specific design techniques are developed to ensure proper
operation and outperform existing regulators, as discussed in the following
section.

3.3.2 Proposed Regulator Topology Near-Threshold Computing

A simplified circuit schematic of the proposed hybrid regulator is shown
in Figure 3.9. The switched-capacitor circuit and LDO operate in a parallel
fashion where the source node of the power transistor within the LDO is
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FIGURE 3.9
Proposed hybrid regulator consisting of an LDO (push/pull power transistors, error amplifier,
and static current minimization) and switched-capacitor converter.

connected to the primary DC input voltage Vin. Thus, this topology does not
suffer from the aforementioned limitations since LDO has a relatively larger
input voltage. The switched-capacitor circuit provides the nominal output
current while converting the input voltage from 1.15 to 0.5 V. At the nomi-
nal load current, LDO is turned off. Any variation at the output voltage is
directly sensed by the error amplifier of the LDO, and output voltage is reg-
ulated with a fast transient response time. Some of the important character-
istics of the proposed topology are

• No resistors are used within the LDO to minimize power loss.
• A static current minimization technique is developed to maximize

power efficiency.
• Since the output voltage is directly sensed by the error amplifier, a

small gain-bandwidth product is adopted, thereby preventing the
output ripple from being amplified.

These characteristics are described in the following subsections.

3.3.2.1 Switched-Capacitor DC-DC Converter

A switched-capacitor converter consists of several switches and capacitors
to achieve voltage conversion, as discussed in Section 3.2.2. The topology
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shown in Figure 3.9 achieves a conversion ratio of 2, as typically required
for near-voltage computing with existing technologies where the nominal
supply voltages are in the range of 0.8–1 V and threshold voltages are in
the range of 0.3–0.4 V. According to [40], the overall power loss can be
expressed by

Ploss = PC f ly + PRsw + Pbott−cap + Pgate−cap, (3.5)

where PC f ly , PRsw , Pbott−cap, and Pgate−cap refer, respectively, to power loss due
to flying capacitor, switch resistance, parasitic capacitance of flying capacitor,
and that of the switches. PC f ly and PRsw are

PRsw ∝ I2
L

Ron

Wsw
, PC f ly ∝ I2

L
1

C f ly fsw
, (3.6)

where IL is the load current, Ron is the on resistance of a single switch, Wsw is
the width of a single switch, C f ly is the flying capacitance, and fsw is the
switching frequency. The shunt power loss due to fully integrated flying
capacitor Pbott−cap and gate capacitance of the switches Pgate−cap are

Pbott−cap ∝ V2
o Cbott fsw, Pgate−cap ∝ V2

swCgate fsw, (3.7)

where Cbott is the sum of the parasitic capacitance from the top and bottom
plates of the flying capacitor, Vsw is the clock voltage swing, and Cgate is the
gate capacitance of the switches. Following these expressions, the switch size
and flying capacitor are determined to maximize power efficiency [40, 41].
These parameters are listed in Table 3.1.

3.3.2.2 Resistorless LDO

The proposed LDO does not contain any resistors to maximize power effi-
ciency, as illustrated in Figure 3.9. Instead, a PMOS push power transistor
provides the additional current to the load, whereas an NMOS pull transis-
tor reduces the output voltage. These power transistors are controlled by the
output of the error amplifier. The error amplifier directly senses the output
voltage and adjusts its output based on the difference between the reference
voltage and output voltage. Two important design characteristics are the

TABLE 3.1
Primary Parameters of the Switched-
Capacitor Converter
Wsw/Lsw 43×25 µm/50 nm
C f ly 1.5 nF
CL 1.5 nF
Switching frequency 482 MHz
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error amplifier and the static current minimization technique, as described
in the following subsections.

3.3.2.3 Optimization of the Error Amplifier

In conventional LDOs, the output frequency spectrum is determined solely
by the error amplifier within the LDO. Alternatively, in the proposed reg-
ulator, the high-frequency components of the output frequency spectrum,
as depicted in Figure 3.10, are dominantly determined by the switched-
capacitor converter since it operates in parallel with the LDO. As listed in
Table 3.1, the switching frequency is 482 MHz. According to Figure 3.10,
the output voltage has a strong frequency component at this switching fre-
quency, demonstrating the effect of the switched capacitor on the frequency
spectrum. Thus, the ripple at the output voltage is primarily determined
by the switched capacitor. This behavior is important since the error ampli-
fier directly senses the output voltage in this approach. To prevent the error
amplifier from amplifying output ripple, the gain-bandwidth product should
be smaller than the switching frequency of the switched-capacitor circuit.
Note, however, that a sufficiently small gain-bandwidth product slows down
the circuit, increasing the response time. Considering this trade-off, the gain-
bandwidth product is determined as approximately 350 MHz.

FIGURE 3.10
Frequency spectrum of the output voltage with 100 mA current.
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FIGURE 3.11
DC analysis of the buffers added to prevent static current.

3.3.2.4 Static Current Minimization

As opposed to traditional LDOs with single PMOS power transistor, the pro-
posed LDO consists of both PMOS and NMOS power transistors to be able
to increase and decrease the output voltage during regulation. Thus, accord-
ing to the error amplifier output, both power transistors can be on, dissipat-
ing significant static current. This behavior should be prevented to maximize
power efficiency. For this reason, a buffer with a different switching volt-
age is added before each power transistor, as illustrated in Figure 3.9. The
DC voltage characteristics of these buffers are shown in Figure 3.11. As illus-
trated in this figure, the buffer preceding the PMOS power transistor has a
much smaller switching voltage than the buffer preceding the NMOS power
transistor. This difference in the switching voltage ensures that either (1) only
PMOS power transistor is on or (2) only NMOS power transistor is on or both
(3) power transistors are off. The difference in the switching voltages is deter-
mined to ensure that the situation when both transistors are on is avoided,
thereby preventing the static current.

3.3.3 Simulation Results

The proposed novel hybrid regulator is designed using a 45 nm complemen-
tary metal-oxide semiconductor (CMOS) technology with a capacitance den-
sity of 30 nF/mm2. The input voltage is 1.15 V and the output voltage is 0.5 V,
which is slightly larger than the threshold voltage. The nominal load current
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is 100 mA, as supplied by the switched-capacitor converter. The total capac-
itance is 3 nF, which approximately occupies 0.1 mm2, thereby achieving
approximately 0.5 W/mm2. As recently demonstrated by [42], regulators for
portable SoCs require this power density to ensure proper operation at rea-
sonable cost.

The output voltage and error amplifier output are plotted in Figure 3.12
when the load current varies from 65 to 130 mA. As illustrated in this figure,
the output of the error amplifier is reduced as the load current increases.
Thus, additional current is supplied by the PMOS power transistor. Output
voltage remains approximately at 0.5 V with a maximum ripple of 22 mV.

The power efficiency is plotted in Figure 3.13 as a function of load cur-
rent. At the nominal load of 100 mA, the regulator achieves approximately
85% power efficiency. Note that the power efficiency is maintained above

FIGURE 3.12
Simulation results as the load current abruptly changes from 60 to 140 mA with a step size of
10 mA: (a) output voltage of the regulator and (b) output voltage of the error amplifier.
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FIGURE 3.13
Power efficiency of the proposed regulator.

70% across a relatively broad range of load current, from approximately 82
to 130 mA.

Finally, the transient response of the proposed regulator is depicted in
Figure 3.14. When the load current changes from 65 to 130 mA, the regula-
tor requires approximately 18 ns to regulate the output voltage back to 0.5 V.
Alternatively, when the load current changes from 130 to 65 mA, the regu-
lator responds more quickly with a response time of 10 ns. The maximum
overshoot and undershoot are less than 50 mV in both cases.

The proposed regulator is compared with several recent existing works,
developed for similar applications. The comparison results are listed in
Table 3.2. According to this table, at comparable current density, this work
outperforms other works in both power efficiency and output ripple. Specif-
ically, the output ripple is reduced by more than 60%, enabling a more
robust near-threshold operation. A reasonable transient response time is also
achieved.

FIGURE 3.14
Transient response of the proposed regulator when the load current abruptly changes.
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TABLE 3.2
Comparison of the Proposed Regulator with Existing Work
Reference H.-P. Le R. Jain M. Abdelfattah This

2013 [43] 2014 [44] 2015 [45] work
Technology 65 nm 22 nm trigate 45 nm SOI 45 nm
Input 3–4 V 1.23 V 1.15 V 1.15 V
voltage
Output 1 V 0.45–1 V 0.5 V 0.5 V
voltage @ 88 mA @ 5–125 mA @ 65–130 mA
Power 73% 70%@ 0.55 V 74–80% 84.4%
efficiency 84%@ 1.1 V @ 5–125 mA @ 100 mA
Response N/A 3–5 ns 3–95 ns <20 ns
time

Current 0.19 A/mm2 0.88 A/mm2 1.25 A/mm2 1 A/mm2

density
Ripple N/A 60 mV 62 mV Max: 22 mV
voltage Min: 9 mV

3.4 Summary and Conclusions

The significant opportunities and fundamental challenges related to mono-
lithic voltage regulators have been discussed in this chapter. An overview
of primary voltage regulator topologies such as linear dropout, switched-
capacitor-based, and switching buck regulators has been provided. A quali-
tative comparison of these topologies was also considered to describe design
trade-offs related to on-chip integration.

In the second part of this chapter, a novel hybrid regulator topology was
described with application to near-threshold computing in portable SoCs.
Contrary to existing approaches, a switched-capacitor converter and an LDO
operate in a parallel fashion to convert and regulate the output voltage. The
proposed LDO does not contain any resistors to minimize power loss. A
static current minimization technique has also been introduced to maximize
power efficiency. The error amplifier within the LDO is optimized by appro-
priately choosing the gain-bandwidth product, thereby minimizing the out-
put ripple.

The primary emphasis is on maximizing power efficiency while main-
taining sufficient regulation capability (with ripple voltage less than 5% of
the output voltage) and power density. Simulation results in 45 nm technol-
ogy demonstrate a power efficiency of approximately 85% at 100 mA load
current with an input and output voltage of, respectively, 1.15 and 0.5 V.
The worst-case transient response time is under 20 ns when the load current
varies from 65 to 130 mA. The worst-case ripple is 22 mV while achieving a
power density of 0.5 W/mm2.
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