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ABSTRACT
Design-for-power has become one of the primary objectives
with the continuous demand to improve the battery life
of mobile devices or minimize the cooling costs of servers.
To save power and mitigate thermal emergencies, circuits
typically enter reduced power states when the workload is
light. Voltage regulators, however, operate indifferently un-
der varying workload conditions due to the lack of different
operating modes. When a voltage regulator is optimized
for a particular load current, significant power is dissipated
during voltage conversion while delivering a different load
current. Adaptive activity management of on-chip voltage
regulators based upon the workload information is exploited
in this paper to force each on-chip regulator to operate in its
most power-efficient load current. In the proposed regulator-
gating (ReGa) technique, regulators are adaptively turned
on (off) when the current demand is high (low) to improve
the voltage conversion efficiency. With the proposed ReGa
technique, the overall voltage conversion efficiency from the
battery or off-chip power supply to the output of on-chip
voltage regulators is improved ∼3×.

Categories and Subject Descriptors
B.7.1 [Hardware]: INTEGRATED CIRCUITS

Keywords
On-chip voltage regulation; parallel voltage regulation; power
management

1. INTRODUCTION

With continuous advancements in the semiconductor in-
dustry, transistors with smaller than 20 nm feature size have
enabled the integration of multi-billion transistors on a sin-
gle die [13,28,34]. With the failure of Dennard’s scaling [1],
however, only a fraction of the transistors on a die can op-
erate at full voltage/frequency to not exceed the thermal
design power (TDP) [8]. A large proportion of the circuit
blocks is either inactive (dark silicon) or in a reduced-power
state (dim silicon) at any given time to satisfy the power and
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thermal constraints [4,5]. Despite the significant amount of
research and growing necessity for a holistic power optimiza-
tion technique, existing efforts to minimize power dissipation
are typically not coherent. The existing research efforts are
disjointed into two pieces: i) the dynamic and static power
loss at the load circuits is minimized or ii) the power loss
during power-conversion is minimized.

There is a growing trend for integrating the voltage regu-
lators fully on-chip [10, 18, 19, 27] to improve the quality of
voltage delivered to the load circuits. Voltage regulators are
typically designed to provide the highest power-conversion
efficiency when delivering a particular output current regime
(i.e., typically the maximum current for LDO and SC regu-
lators). Since dynamically changing the design parameters
of a voltage regulator under different workloads is difficult,
existing power management techniques suffer from increased
voltage conversion losses during idle states when the current
demand is low [16,30] and regulator efficiency is reduced. A
new parallel voltage regulation architecture and regulator
management technique are proposed in this paper to im-
prove the voltage conversion efficiency at different utilization
levels.

The related background and motivation for the proposed
voltage regulator management technique are presented in
the next section. The proposed regulator-gating technique
is explained in Section 3 with a sample system of parallel
voltage regulators. The overall power efficiency improve-
ment and the proposed management of regulator-gating are
also offered in this section. The paper is concluded in Sec-
tion 4.

2. BACKGROUND AND MOTIVATION

More than 32% of the overall battery power is dissipated
during high-to-low voltage conversion before even reaching
the load circuits in modern mobile platforms [22]. The pri-
mary reason for this huge power loss is that power delivery
networks are designed to satisfy the stringent noise require-
ments under worst-case loading conditions, which is typi-
cally the full utilization of the overall chip computing and
memory resources when the current demand is the highest.

Parallel voltage regulation has been widely used for buck
and SC regulators to reduce the output voltage ripple by in-
terleaving multiple regulators with phase shifted switching
frequencies [31,32]. Advantages of interleaved regulation in-
clude reduced filter size for buck converters, improved load
response, and higher efficiency [26]. The interleaved archi-
tectures, however, have not been exploited until recently
to regulate voltage close to the load circuits to minimize
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Figure 1: Current efficiency of different LDO regulators. a) Current efficiency of an LDO regulator is sig-
nificantly degraded when the quiescent current increases at light load currents [20]. b) Current efficiency of
an LDO regulator increases monotonically with the load current when the quiescent current is constant [12].
c) Adaptively controlling the quiescent current based upon the load current can improve the current effi-
ciency [23].
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Figure 2: Power efficiency of different SC regulators.
a) The power efficiency of a SC regulator is not nec-
essarily monotonic but the maximum efficiency is
typically obtained while delivering maximum output
current [33]. b) Different techniques can be used to
improve the efficiency at light load currents [27].

noise [7, 35]. Distributed on-chip voltage regulation is an
emerging research area where multiple voltage regulators
are connected in parallel, delivering current to the same
power network close to the load circuits [2,3,6,7,17,21,35].
Although challenges such as device mismatch, offset volt-
ages among parallel regulators, overall system stability, and
balanced current sharing need to be considered, distributed
voltage regulation can provide sub-nanosecond load regula-
tion to attain high performance under increased temporal
and spatial workload variations in modern ICs. Bulzacchelli
et al. achieved 500 ps transient response time with a system
of eight distributed LDO regulators [6]. Ten LDO regula-
tors and a buck converter are connected in parallel to provide
1.4 amps maximum current in a commercial cellular handset
chip [2]. Recently, Lai et al. provided detailed guidelines to
ensure stability of a distributed voltage regulation system
composed of LDO regulators [21] based on a hybrid stabil-
ity theory. Publications from ST-Ericsson [2] and IBM [6]
clearly demonstrate that there is a growing interest not only
from academia but also from industry to realize distributed
on-chip voltage regulation.
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Figure 3: Power efficiency of buck converters. The
efficiency graph exhibits a non-monotonic behavior
and the maximum power efficiency is not obtained
at the full output current [11,25].

One very important observation that is exploited in this
paper is that regulators are optimized at a particular output
current, assuming that the regulator typically operates at
that particular current regime [29]. The voltage conversion
efficiency during the idle periods is therefore significantly
degraded since the regulators are almost always designed
to provide the highest power efficiency at higher load cur-
rent [30]. Aggressive power saving mechanisms are currently
implemented as a result of the modern ICs exhibiting fre-
quent idle periods [24]. It is projected that more than half
of the circuit needs to be idle at 8 nm technology node [5]
to satisfy the TDP requirement in server processors or to
improve the battery life in mobile processors. Sinkar et al.
analyzed the potential power savings from workload-aware
voltage regulator optimization for a single buck converter
and proposed an optimization based on frequency and phase
count of the regulator, achieving 34% lower overall power
consumption [30].

The power efficiency of low-dropout (LDO) regulators,
switched capacitor (SC) regulators, and buck converters are
illustrated in Figs. 1, 2, and 3, respectively. The current effi-
ciency of an LDO regulator depends on the quiescent current
consumption within the regulator. Although the efficiency of
an LDO regulator can be improved by adaptively changing
the the quiescent current, current efficiency is significantly
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Figure 4: Voltage regulators used in the analysis.
a) LDO proposed by Lai et al. [20] and b) modified
DLDO regulator used in this paper to achieve fast
load regulation.

degraded at light load currents, as shown in Fig. 1 [12,20,23].
The power efficiency of an SC regulator typically increases
with the output current as shown in Fig. 2a [33]. Although
advanced techniques can be used to improve the efficiency at
light load currents, as illustrated in Fig. 2b, the efficiency is
typically significantly degraded while providing light output
current [27]. The power efficiency of a buck converter ex-
hibits a non-monotonic behavior and efficiency is degraded
when the load current exceed a certain value. Similar to the
other regulator types, the power efficiency of a buck con-
verter is minimized while delivering light load current, as
shown in Fig. 3 [11,25].

As compared to the conventional schemes where the power
network is designed targeting the full utilization of the over-
all chip area, the proposed technique will provide an adap-
tive power delivery infrastructure that is tailored to provide
high voltage conversion efficiency during both fully-utilized
and under-utilized modes of operation. One of the primary
challenges is to realize a voltage regulator with fast (a couple
of nanoseconds) turn on and off capability. Voltage regula-
tors with fast turn on and off capability tailored to achieve
an adaptive regulator-gating methodology are investigated
in this paper.

3. REGULATOR-GATING

3.1 Proof of Concept

A distributed power delivery network is constructed with
parallel LDO and digital-LDO (DLDO) regulators to pro-
vide a proof of concept for the proposed ReGa methodology.
Although similar results have been obtained with parallel
SC and DLDO regulators, in the interest of limited space,

LDO

DLDO

Load

LDO1

LDO7 LDO3

LDO5

LDO2

LDO6 LDO4

DLDO1 DLDO2

DLDO3

Figure 5: Illustration of a distributed power net-
work with 7 LDO and 3 DLDO voltage regulators
connected in parallel.

preliminary results from the system designed with LDO and
DLDO regulators are reported in this paper since parallel
LDO regulators tend to have more stability problems and
are considered to be more difficult to realize.

A DLDO regulator with two skewed inverters to sense
the changes at the output voltage and to generate a tran-
sient signal to control the gate voltage of a pass transistor
Mpass, permitting an instant response to transient changes
is shown in Fig. 4b. A drop at the output voltage Vout causes
the pass transistor to provide higher current due to the in-
creased gate voltage. This DLDO regulator is similar to the
circuit proposed in [9] with certain differences. The voltage
sense portion of the circuit is simpler and a single pass tran-
sistor is used without a pull-down NMOS transistor. Due
to the smaller area of the sense transistors, multiple copies
of this modified DLDO regulator can be distributed across
the die in parallel with LDO regulators and can provide a
fast response time of ∼400 ps (see Fig. 6). Multiple copies
of these DLDO regulators are connected in parallel with the
LDO regulator proposed by Lai et al. in [20]. The inverting
amplifier stage of the LDO regulator, shown in dotted box in
Fig. 4a, has been modified to enhance the dynamic response
while minimizing the quiescent current consumption at this
stage.

Seven LDO and three DLDO regulators are connected to
a small power network with 400 nodes, as depicted in Fig. 5.
The current contribution from individual regulators to the
power grid is shown in Fig. 6 when the load current demand
increases from 11 mA to 80 mA. While only one LDO regu-
lator (LDO 7) is sufficient to provide a robust 11 mA current
to the load, the rest of the LDO regulators turn on and start
providing current to the power grid when the load current
demand increases to 80 mA. DLDO regulators turn on im-
mediately after sensing a voltage drop at the power grid and
provide instant current to the grid while the LDO regulators
are turning on, as shown in Fig. 6. The DLDO regulators
remain active only for a couple of nanoseconds (∼4 ns) un-
til the LDO regulators turn on. The DLDO regulators are
self-activated, whereas the LDO regulators are controlled by
the system-level (global) controller, as explained in the next
subsections.
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Figure 6: Response time of multiple LDO and DLDO regulators connected in parallel to the same power grid
when the load current is increased from 11 mA to 80 mA.

3.2 Regulator Gating to Improve Overall Power
Efficiency

The current efficiency of the LDO regulators is around
98% (∼300 μA quiescent current while providing 11 mA
current). The quiescent current increases while providing
a lower output current, as discussed in [20], and doubles
to ∼600 μA when the output current is lower than 2 mA.
In this case, the current efficiency of the LDO regulator
becomes 2/2.6=∼77%. The increase in the quiescent cur-
rent is typically observed when an LDO regulator has an
AB amplifier type output stage. In the case study where
the load current is 11 mA, a single LDO regulator provides
the required current with 98% current efficiency. If all of
the seven LDO regulators were active while providing 11
mA load current, each LDO regulator would contribute less
than 2 mA current to the load with a current efficiency of
less than 77%. Without regulator-gating, the total power
dissipated during voltage conversion while providing 11 mA
load current is Vin ∗ Iin − Vout ∗ Iout = 1.2 V * (11 mA +
7 * 0.6 mA) - 1 V * 11 mA = 7.24 mW. Alternatively, with
regulator-gating, the total power dissipated during voltage
conversion is Vin ∗ Iin − Vout ∗ Iout = 1.2 V * 11.3 mA - 1 V
* 11 mA = 2.56 mW. This preliminary study demonstrates
that power delivery system is ∼3× more power-efficient with
ReGa when certain regulators are gated during the idle peri-
ods of time. If the idle period lasts 1 ms, the energy savings
will be greater than 8 μj for this sample circuit.

On-chip voltage regulation introduces certain overheads,
such as area and reduced power efficiencies. In spite of these
overheads, on-chip voltage regulation can enable per-core-
DVFS, lower the on-chip noise, and reduce the number of
dedicated I/O pins [15]. The primary overheads of ReGa
assuming that the system already has on-chip voltage regu-
lation are summarized below.

Speed of ReGa: With the utilization of DLDO regula-
tors, the turn on time is decreased to sub-nanosecond range
(400 ps in our example). For most of the applications, this
turn on time does not degrade system performance.

Area overhead of ReGa Assuming that the power de-
livery network already has control circuitry for power/clock
gating, on-chip voltage or current sensors, and performance
counters, the area overhead of ReGa will be the additional
area requirement for the DLDO regulators. Please note that
DLDO regulators already exist in certain designs without
ReGa [9]. When a firmware is used, there is no additional
area overhead for ReGa power management.

Power overhead of ReGa The additional power over-
head of the proposed ReGa methodology occurs during turn-
ing on and off voltage regulators. The power dissipation to
turn on an LDO is less than ∼0.1 mW, and the power dis-
sipated by the DLDO is negligible (i.e. ∼0.02 mW) when
providing 15 mA output current.

3.3 Proposed Regulator-Gating Management

The proposed ReGa control methodology is based on two
control loops: i) local control and ii) global control, as illus-
trated in Fig. 7. A local control provides a sub-nanosecond
response to the transient changes in the supply voltage.
DLDO regulators are immediately activated based on a sim-
ple voltage feedback and provide instant current to the power
grid in ∼400 ps. When the voltage emergency is over (i.e.,
the transient spike is mitigated), these burst mode DLDO
regulators are self-deactivated and wait for another inter-
rupt to be activated. Alternatively, a global control loop
continuously monitors the overall power consumption of the
distributed regulators and compares this information with
the available power budget dictated by the system-level con-
troller. If the power consumption exceeds the available power
budget limit, certain regulators are turned off. Global and
local control loops are fundamentally separate during nor-
mal operation, however, the global control loop can override
the local control at any time during the operation and can
permanently turn off the regulators which are actually con-
trolled locally. When the global controller turns a voltage
regulator off, the local control loop cannot turn the regula-
tor on unless the global controller asserts the turn on signal.
The proposed power management system is partially imple-
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Figure 7: Proposed regulator gating (ReGa) tech-
nique. The local control, which is shown with the
dotted box, has been implemented in this paper.

mented at the circuit level as demonstrated in the previous
section that includes the local control and a portion of the
global control which is illustrated in the dotted box in Fig. 7.

4. FUTURE WORK

Since the ReGa technique is orthogonal to other power
management techniques, ReGa can be implemented within
an existing power management flow with negligible area and
power overhead. The system-level workload information to
control the DVFS, power-gating, and clock-gating will be
leveraged in the proposed ReGa methodology and there will
be no additional overhead for workload prediction. A re-
quirement for the proposed methodology is the design of a
flexible system-level controller to balance the competing ob-
jectives of power, noise, and temperature based upon the
data obtained from distributed sensors at runtime. The
system-level controller will employ power allocation deci-

sions based on multiple objective optimal control [14]. Dis-
tributed sensors within the power management system will
report the power, temperature, and noise requirements to
the system-level controller, which also considers workload
estimations while allocating available power to local regula-
tors through the local controllers. This hierarchical power
management organization will be implemented to control the
activity of the individual voltage regulators. The stability
and feasibility of the overall power management system will
also be evaluated.

5. CONCLUSIONS

More than 32% of the overall power is dissipated during
voltage conversion in modern integrated circuits. A new
power management technique, regulator-gating, is proposed
in this paper to improve the voltage conversion efficiency
by adaptively controlling the activity of individual voltage
regulators within a system of parallel on-chip voltage reg-
ulators. The proposed regulator-gating technique achieves
∼3× lower power consumption during voltage conversion in
a sample circuit with seven LDO and three DLDO regulators
which are connected in parallel. A modified DLDO regulator
is utilized to achieve fast turn on capability A power manage-
ment technique to control the regulator-gating is proposed
and partially implemented. The related overheads of the
proposed technique are addressed.
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