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Exploiting Algorithmic Noise Tolerance for
Scalable On-Chip Voltage Regulation
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Abstract— With the advent of on-chip digital low-
dropout (DLDO) regulators, distributed on-chip voltage
regulation has become increasingly promising. Environmental
and operating conditions have been demonstrated to degrade
DLDO performance, which directly affects execution accuracy.
The area overhead (OH) needed to compensate aging-induced
voltage noise degradation can be significant. Accordingly, in this
paper, the algorithmic noise tolerance of certain processor
components is exploited as an area–quality control knob to
trade the program output quality for area OH. Furthermore,
efficient and lightweight techniques utilizing a unidirectional
shift register and reduced clock pulsewidth triggering are
proposed to realize a novel aging-aware (AA) DLDO to achieve
a better area and quality tradeoff. Owing to the large number
and distributed nature of voltage regulators, with the proposed
design, both the number of regulators utilized in the system
and the size of each local regulator are scalable to satisfy
the needs of different applications and processor components
with varying algorithmic noise tolerance. It is demonstrated
through simulation of an IBM POWER8 like processor that
the proposed AA design can achieve up to, respectively, 43.2%
and 3× transient and steady-state performance improvement.
Additionally, more than 10% area OH saving can be achieved
over a 5-year period.

Index Terms— Algorithmic noise tolerance, digital low-
dropout (DLDO) regulator, reliability, scalable on-chip voltage
regulation, voltage noise.

I. INTRODUCTION

D ISTRIBUTED on-chip voltage regulation [1], [2] in fine
temporal and spatial granularity enables fast and timely

control of the operating point. Thereby, the operating voltage
and frequency can better match the needs of the workload to
maximize energy efficiency. As a function of the workload,
throughout the execution time, different components of a
processor chip exhibit different microarchitectural activities,
which translates into different demands for current to be pulled
from the respective regulators. Different components of the
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processor chip also show different degrees of tolerance to
errors, which may result from deviation of design parameters
from their target values due to device wearout, voltage noise,
temperature, or process variations. For example, it has been
observed that the emerging recognition, mining, and synthe-
sis [3] applications can tolerate errors in the data flow but not
in control [4].

Heterogeneous distributed on-chip voltage regulation has
been explored to best capture spatiotemporal variations in
current demand of different processor components, where the
regulator operating regimes are tailored to the activity range of
the respective load (processor component). Such tailoring can
be achieved by: 1) keeping the regulator design constant across
chip but making each regulator reconfigurable or 2) by design-
ing each regulator from the groundup to match different load
conditions. A promising direction that has not been explored
is how such heterogeneity can help in trading the program
output quality for area overhead (OH) by, e.g., assigning
error-prone (i.e., slower and/or less accurate) regulators to
feed processor components in charge of data flow which can
tolerate errors. Control heavy components, on the other hand,
should not be permitted to leave the error-free zone to avoid
catastrophic program termination or excessive loss in program
output quality even if the program does not crash.

To this end, we must understand the type and impact of
errors that voltage regulators can introduce to the system, such
that we can assess to what extent such regulator-induced errors
can be masked by their respective loads (i.e., data flow heavy
processor components) and how regulator-induced errors inter-
act with load-induced potential errors in determining the final
computation accuracy. In this paper, we will try to shed light
into this question by quantifying the impact of one of the most
prevalent reliability concerns, aging, on regulator robustness,
without loss of generality.

The major transistor aging mechanisms include bias tem-
perature instability (BTI), hot carrier injection, time-dependent
dielectric breakdown, and electromigration, among which BTI
is the dominant reliability concern for nanometer integrated
circuits design [5]–[7]. BTI can induce threshold voltage
increase and consequent circuit-level performance degradation.
Positive BTI (PBTI) induces aging of nMOS transistors while
negative BTI (NBTI) causes aging of pMOS transistors [6].
The impact of BTI aging mechanism is a strong function of
temperature, electrical stress, and time.

As an essential part of a processor chip, on-chip voltage
regulators need to be active most of the time to provide the
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required power to different components of the processor chip.
The load current and temperature can vary significantly among
these components for different processor applications [8].
All of these variations partially contribute to different aging
mechanisms of on-chip voltage regulators, which should be
considered to avoid overdesign for a targeted lifetime. Addi-
tionally, in certain processor components that can show higher
degrees of tolerance to errors, the regulators can be intention-
ally underdesigned to save valuable chip area and potentially
power-conversion efficiency. In other words, a heterogeneous
distributed power delivery network can be designed consisting
of different voltage regulators with accurate voltage regulators
that house additional circuitry to mitigate the aging-induced
supply voltage variations and approximate voltage regulators
that are intentionally underdesigned to mitigate just enough
aging-induced variations. The quality of the supply voltage
directly affects the data path delay and signal quality, and
fluctuations in the supply voltage result in delay uncertainty
and clock jitter. Accordingly, the supply noise tolerance of
certain processor components is investigated as an area quality
control knob where the quality of the supply voltage can be
compromised to save valuable chip area.

Several studies have been performed regarding the relia-
bility issues in nanometer CMOS designs [9]–[11]. There is,
however, quite limited amount of work on the reliability of on-
chip voltage regulators. Device aging on the immunity level of
electromagnetic interference for low-dropout (LDO) regulators
is characterized in [12]. A method of distributing the aging
stress by rotating the phase to shed at light load is proposed
in [13] to enhance the light-load efficiency for multiphase
buck converters. An algorithm to uniformly distribute the
current provided by the power transistor array of a digital
LDO (DLDO) is proposed in [14] to reduce hot spots and
ensure reliable silicon operation. The reliability of metal wires
connected to on-chip voltage regulators is investigated in [15].
Nonetheless, the quantitative analysis of aging effects on on-
chip voltage regulators considering load current characteris-
tics and temperature variations as well as efficient reliability
enhancement techniques under arbitrary load conditions have
not yet been investigated.

As compared to other voltage regulator types, the emerg-
ing DLDO has gained impetus due to the design sim-
plicity, easiness for integration, high power density, and
fast response [16]–[18]. DLDOs have demonstrated major
advantages in modern processors including the recent IBM
POWER8 processor [19]. More importantly, as compared to
the analog LDOs, DLDO can provide certain advantages for
low-power and low-voltage IoT applications due to its capabil-
ity for low supply voltage operations [20]. However, as pMOS
is used as the power transistor for DLDOs, NBTI-induced
degradations largely affect important performance metrics
such as the maximum output current capability Imax, load
response time TR , and magnitude of the droop �V as defined
in [21]. Meanwhile, the combined NBTI- and PBTI-induced
control loop degradations can potentially increase the mode
of inherent limit cycle oscillations (LCOs) within DLDOs
and adversely affect the steady-state output voltage ripple
performance. It is, therefore, imperative to investigate aging

Fig. 1. Schematic of a conventional DLDO.

mitigation techniques for DLDOs to achieve reliable operation
of critical components. Alternatively, when a circuit compo-
nent can tolerate higher degrees of errors, the DLDOs can
be designed with minimal area OH, achieving heterogeneous
power delivery. A voltage regulator is proposed in this paper
that can be designed at the design time based on the supply
noise resiliency requirement of the circuitry it powers. Since
the number of voltage regulators can be as high as several
hundred in modern processors [19], the area and number of
voltage regulators can be easily scaled, thereby to satisfy the
diverse needs of systems that house components with varying
degrees of noise tolerance.

The rest of this paper is organized as follows. Background
information regarding conventional DLDO regulator and BTI
is introduced in Section II. BTI-induced DLDO performance
degradation including Imax, TR , �V , and mode of LCOs
is demonstrated theoretically in Section III. The proposed
aging-aware (AA) DLDO is described in Section IV. Benefits
evaluation of the proposed AA DLDO through simulation of
an IBM POWER8 like processor is provided in Section V.
Tradeoff between the area OH of voltage regulators and
program output quality is detailed in Section VI. Concluding
remarks are offered in Section VII.

II. BACKGROUND

A. Conventional DLDO Regulator

The schematic of a conventional DLDO [16] is shown
in Fig. 1. DLDO is composed of N parallel pMOS transistors
Mi (i = 1, . . . , N) connected between the input voltage Vin
and output voltage Vout, and feedback control loop imple-
mented with a clocked comparator and digital controller. The
value of Vout and reference voltage Vref are compared through
the comparator at the rising edge of the clock signal clk. More
(less) number of Mi is turned ON through the digital controller
output signals Qi (i = 1, . . . , N) if Vout < Vref , Vcmp = H
(Vout > Vref , Vcmp = L). A bidirectional shift register (bDSR),
as shown in Fig. 2(a), is conventionally implemented for the
digital controller to turn ON (OFF) power transistors M1 to
Mm (Mm+1 to MN ) with the value of m decided by the load
current Iload. At a certain step k +1, Mm+1 (Mm ) is turned ON

(OFF) if Vcmp = H (Vcmp = L) and bDSR shifts right (left)
as demonstrated in Fig. 2(b).

DLDO needs to be able to supply the maximum possible
load current Imax. It is, however, demonstrated that within
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Fig. 2. Digital controller for conventional DLDO. (a) bDSR. (b) Operation
of bDSR.

most practical applications, including but not limited to proces-
sors [22], [23] and smartphones [13], less than the average
power is consumed most of the time. The application envi-
ronment of DLDO together with the conventional activation
scheme of Mi leads to the heavy use of M1 to Mm and
less or even no use of Mm+1 to MN . This scheme can,
therefore, introduce serious degradation to M1 to Mm due to
NBTI. The BTI mechanism and the subsequent DLDO perfor-
mance deteriorations due to degradation of Mi s are discussed
in Sections II-B and III-A–III-C, respectively. Meanwhile,
the error tolerance capability of different functional blocks can
be different, which necessitates area–quality tradeoff for aging
mitigation-induced area OH as will be discussed in Section VI.

Furthermore, DLDOs experience LCOs in steady state due
to inherent quantization errors [16], [24], [25]. The number
of power transistor M that is periodically turned ON or OFF

in steady state is the mode of LCO. A larger LCO mode
M under a certain load current Iload and clock frequency
fclk condition may lead to larger steady-state output voltage
ripple as demonstrated in [24] and [25]. Larger delay between
the clocked comparator and shift register is shown to be
detrimental to LCOs [26]. The BTI-induced control loop
degradation can potentially further exacerbate the LCO mode
as will be explored in Section III-D.

B. Bias Temperature Instability

NBTI (PBTI) can introduce significant Vth degradations
to pMOS (nMOS) transistors due to negatively (positively)
applied gate-to-source voltage Vgs. The increase in |Vth| due
to BTI is considered to be related to the generation of interface
traps at the Si/SiO2 interface when there is a gate voltage [27].
|Vth| increases when electrical stress is applied and partially
recovers when stress is removed. This process is commonly
explained using a reaction–diffusion model [27]. The Vth
degradation can be estimated during each stress and recovery
phase using a cycle-to-cycle model and can also be evaluated
using a long-term reliability model [6], [10], [28]. As the

long-term reliability evaluation is the focus of this paper,
the analytical model for long-term worst case threshold voltage
degradation �Vth estimation in [6] is adopted in this paper as

�Vth = χ Klt

√
Cox(|Vgs| − |Vth|)e −Ea

kT (αt)
1
6 (1)

where Cox, k, T , α, and t are, respectively, the oxide capaci-
tance, Boltzmann’s constant, temperature, the fraction of time
(activity factor) when the device is under stress, and the
operation time. Klt and Ea are the fitting parameters to match
the model with the experimental data [6]. χ = 1 (χ = 0.5)
for NBTI (PBTI) induced �Vth. Note that BTI recovery phase
is already included in the model.

III. AGING-INDUCED DLDO PERFORMANCE

DEGRADATION

Imax, TR , �V , and mode of LCO are among the most
important design parameters for DLDOs. The effect of aging-
induced degradations on these important performance metrics
is examined in this section.

A. Maximum Current Supply Capability

Without NBTI-induced degradations, Imax = N IpMOS,
where IpMOS is the maximum output current of a single pMOS
stage. For DLDO, |Vgs| in (1) is equal to Vin when Mi is active.
The pMOS transistor Mi operates in the linear region when
turned ON and the ON-resistance RON of a single pMOS stage
can be approximated as [6]

RON ≈ [(W/L)μpCox(Vin − |Vth|)]−1 (2)

where W , L, μp , and Cox are, respectively, the width, length,
mobility, and oxide capacitance of Mi . IpMOS can thus be
expressed as

IpMOS = Vsd

RON
= (Vin − Vout)(W/L)μpCox(Vin − |Vth|) (3)

where Vsd is the source–drain voltage of Mi . NBTI-induced
degradation factor DFi for Mi can be defined as

DFi =
I deg
pMOSi

IpMOS
= Vin − |Vth| − �Vthi

Vin − |Vth| (4)

where �Vthi and I deg
pMOSi

are, respectively, the NBTI-induced
Vth degradation and the degraded IpMOS for Mi . Degraded
Imax can be expressed as

I deg
max = IpMOS

N∑

i=1

DFi . (5)

As an example, the percentage IpMOS degradation 1 − DFi

for a smaller value of i , considering Mi is active most of the
time, is shown in Fig. 3 as a function of time under different
temperatures. Equations (1) and (4) are leveraged for evalu-
ation, where transistor model parameters are adopted from a
32-nm metal gate, high-k strained-Si CMOS technology within
the predictive technology model (PTM) model library [28].
A supply voltage Vin = 1.1 V is used for estimation. PTM
is adopted for the aging-induced deterioration analysis and
subsequent DLDO simulations as it is widely used for BTI
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Fig. 3. Percentage IpMOS, TR , and �V degradation of conventional
bDSR-based DLDO.

study due to the availability of fitting parameter values in the
�Vth degradation model [5], [6], [9]–[11]. As shown in Fig. 3,
NBTI can induce significant IpMOS degradations, especially at
high temperatures. Also, most degradation occurs in the first
2 years. Beyond 2 years, the degradation typically plateaus to
within 10%. Degraded IpMOS can further lead to reduced Imax
and lower output voltage regulation capability under high load
current. Moreover, as discussed in Sections III-B and III-C,
degraded IpMOS also exacerbates TR and �V , necessitating
reliability enhancement techniques.

B. Load Response Time

Load response time TR measures how fast the feedback loop
responds to a step load. TR can be estimated as [29]

TR = RC ln

(
1 + �iload

IpMOS fclk RC

)
(6)

where R, C , and �iload are, respectively, the average DLDO
output resistance before and after �iload, load capacitance,
and amplitude of the load change. Considering NBTI effect,
degraded TR can be expressed as

T deg
R = RC ln

(
1 + �iload

DF IpMOS fclk RC

)
. (7)

As 0 < DF < 1 and TR < T deg
R , NBTI-induced degradation

slows down DLDO response. Based on the DLDO design
specifications that will be discussed in Section V-A2, worst
case TR degradation is illustrated in Fig. 3.

C. Magnitude of the Droop

Magnitude of the droop �V reflects the Vout noise profile
under transient response and can be estimated as [29]

�V = R�iload − IpMOS fclk R2C ln

(
1 + �iload

IpMOS fclk RC

)
.

(8)

Considering NBTI effect, degraded �V can be expressed as

�Vdeg = R�iload−DFIpMOS fclk R2C ln

(
1+ �iload

DFIpMOS fclk RC

)
.

(9)

Fig. 4. Nonlinear sampled feedback model of a conventional DLDO.

Let �iload/IpMOS fclk RC = A, A > 0. Under 0 < DF < 1,
the following holds:

1 + A >

(
1 + A

DF

)DF

(10)

thus

IpMOS fclk R2C ln

(
1 + �iload

IpMOS fclk RC

)

> DFIpMOS fclk R2C ln

(
1 + �iload

DFIpMOS fclk RC

)
(11)

and �V < �Vdeg, which means NBTI can degrade the
transient voltage noise profile. Worst case �V degradation
based on the DLDO design specifications in Section V-A2 is
illustrated in Fig. 3.

D. Limit Cycle Oscillation

In conventional DLDOs, when the shift register turns
ON/OFF the pass transistor, the output voltage of the DLDO
cannot change instantaneously due to the output pole of
the DLDO. The delay between the operation of the shift
register and fluctuation of the output voltage, together with the
quantization effects of the comparator and the delay between
the sampling instant and the time of pMOS array actuation
lead to the occurrence of LCO. Such behavior can be examined
by a nonlinear sampled feedback model developed in [24] to
determine the possible modes and amplitudes of LCOs.

The model consists of N(A, ϕ), P(z), S(z), and D(z) as
shown in Fig. 4, which represent, respectively, the describing
function of the clocked comparator, transfer function of the
zero-order hold together with the pMOS array and load circuit,
transfer function of the shift register, and delay element
between the comparator and shift register. A and ϕ stand for
the LCO amplitude and the phase shift of x(t), respectively.

N(A, ϕ), P(z), S(z), and D(z) can be expressed, respec-
tively, as [25], [26]

N(A, ϕ) = 2D

MT A

M−1∑

m=0

sin
( π

2M
+ mπ

M

)
�

( π

2M
− ϕ

)
(12)

P(z) = KOUT
1 − e−Fl T

Fl(z − e−Fl T )
(13)

S(z) = z

z − 1
(14)

D(z) = z−1 (15)
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where KOUT = Kdc IpMOS, T = 1/ fclk, Fl =
1/(RL ||RpMOS)C , and ϕ ∈ (0, π/M). D, Fl , KOUT, Kdc,
RL , and RpMOS are, respectively, the amplitude of comparator
output, load pole, gain of P(z), direct current (dc) proportional
constant, load resistance, and resistance of power transistor
array.

The mode and amplitude of LCO can be determined by the
following Nyquist criterion:

N(A, ϕ)P(e jωT )S(e jωT )D(e jωT ) = 1 � (−π) (16)

where ω = π/T M is the angular LCO frequency. The phase
shift ϕLCO for a steady LCO can thus be expressed as [25]

ϕLCO = π

2
− π

2M
− tan−1

(
π

MT Fl

)
. (17)

ϕLCO needs to be within (0, π/M) for mode M to exist.
Transistor aging can lead to increased path delay [30].

Considering BTI-induced propagation delay degradation of
the clocked comparator and shift register, the delay element
in Fig. 4 becomes

D�(z) = z−1z− tdc
T z−

(
tds −tdc

)
T = z−1− tds

T (18)

where td
c and td

s are, respectively, the degraded propagation
delay of the clocked comparator and shift register. Note that
td
c is canceled out in D�(z), and thus, the propagation delay

of clocked comparator has negligible effects on the mode of
LCO. ϕLCO then becomes

ϕ�
LCO = π

2
− π

2M
− tan−1

(
π

MT Fl

)
− π td

s

MT
. (19)

The negative effect of the propagation delay of the shift
register on LCO can be explained as follows. If an LCO mode
Ma exists and the propagation delay of the shift register is not
considered, the phase shift ϕLCO is within (0, π/Ma). That is,
0 < π/2−π/2Ma − tan−1(π/Ma T Fl ) < π/Ma . For a larger
LCO mode Ma + 1 to exist, the following condition needs to
be satisfied:

0 <
π

2
− π

2(Ma + 1)
− tan−1

(
π

(Ma + 1)T Fl

)

< π/(Ma + 1). (20)

Typically

π

2
− π

2(Ma + 1)
− tan−1

(
π

(Ma + 1)T Fl

)

>
π

2
− π

2Ma
− tan−1

(
π

Ma T Fl

)
(21)

and if π/2−π/2Ma−tan−1(π/Ma T Fl ) is very close to π/Ma ,
it is likely that

ϕLCO|M=Ma+1 = π

2
− π

2(Ma + 1)
− tan−1

(
π

(Ma + 1)T Fl

)

> π/Ma > π/(Ma + 1) (22)

such that LCO mode Ma + 1 cannot exist as (20) is violated.

Fig. 5. Schematic of the proposed AA DLDO.

However, if the propagation delay of the shift register is
included, for LCO mode Ma + 1, ϕLCO becomes

ϕ�
LCO

∣∣
M=Ma+1 = π

2
− π

2(Ma + 1)
− tan−1

(
π

(Ma + 1)T Fl

)

− π td
s

(Ma + 1)T
. (23)

The contribution of π td
s /(Ma + 1)T term may push

ϕ�
LCO|M=Ma+1 to be within the range of (0, π/(Ma + 1)),

making a larger LCO mode Ma+1 possible. This demonstrates
the potential negative effect of the propagation delay of the
shift register on LCO.

Note that aging-induced propagation delay degradation is
not a sufficient condition to incite a larger LCO mode. It is,
however, as will be discussed in Sections IV and V, due to a
small aging-induced shift register delay degradation, the lower
boundary of the timing constraint for normal DLDO operation
can be significantly smaller than half of the clock cycle such
that beneficial effects of the reduced clock pulsewidth scheme
can be achieved.

IV. AGING-AWARE DLDO VOLTAGE REGULATOR

Considering the side effects of power transistor array and
control loop degradations, an AA DLDO voltage regulator
is proposed as shown in Fig. 5. The proposed AA DLDO
adopts a unidirectional shift register (uDSR) and reduced clock
pulsewidth triggering to mitigate, respectively, IpMOS, TR , and
�V degradation and LCOs. The proposed uDSR and reduced
clock pulsewidth triggering are explained in Sections IV-A
and IV-B, respectively. Power and area OH of the proposed
techniques as well as compatibility analysis are provided in
Section IV-C.

A. Unidirectional Shift Register

To mitigate NBTI-induced IpMOS, TR , and �V degrada-
tions, distributing the electrical stress among all available
power transistors as evenly as possible under arbitrary load
current conditions is essential. Reliability is not considered
in conventional bDSR-based DLDO designs, and therefore,
too much stress is exerted on a small portion of Mi s. An
uDSR is thus proposed to evenly distribute the electrical stress
among all of Mi s to realize an AA DLDO voltage regulator
and enhance reliability.
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Fig. 6. Proposed uDSR for AA DLDO.

Fig. 7. Operation of the proposed uDSR.

The schematic and operation of the proposed uDSR are
shown, respectively, in Figs. 6 and 7. The elementary D
flip-flop (DFF) and multiplexer within bDSR, as shown
in Fig. 2(a), are replaced with T flip-flop (TFF) and simple
logic gates within the proposed uDSR, respectively. The rest
of the DLDO including power transistor array and clocked
comparator remains unchanged. The idea is to balance the
utilization of each available Mi under all load current condi-
tions. To achieve this objective, control signals Qi−1 and Qi

for two adjacent power transistors Mi−1 and Mi , respectively,
are XORed to determine if Mi−1 and Mi are at the boundary of
active and inactive power transistor portions. Normally, there
are two such boundaries if at least one power transistor is
active, as shown in Fig. 7. Qi−1 and output of the comparator
Vcmp are thus XORed to decide which power transistor at the
boundaries need to be turned ON/OFF at the rising edge of
the clock signal. Inactive (active) power transistor at the right
(left) boundary is turned ON (OFF) if Vcmp is logic high (low).
A uDSR is realized through this activation/deactivation
scheme, as demonstrated in Fig. 7. Qi−1 for the first stage
is QN from the last stage, and thus a loop is formed.
Considering the initialization step when all Mi s are OFF and
the full load current condition when all Mi s are ON, additional
control signals are inserted as Tb and Tc in the first stage,
to avoid inaction under these two situations, where Tb =
Q1 · Q2 . . . QN ·Vcmp and Tc = Q1 + Q2 + · · · + QN + Vcmp.
The logic functions for Tb and Tc can be implemented with
n-input AND/NOR gates [31].

1) Steady-State Operation: Under steady-state conditions,
LCO [16] occurs to supply the required current. The number
of active power transistors changes dynamically at the rising
edge of each clock cycle. Due to LCO, the changing number
of active power transistors leads to the flip of control logics
and power transistors for both conventional and the proposed
DLDO. The number of active/inactive power transistors is the
same during each clock cycle for both bDSR and uDSR control
if all other simulation settings except the digital controller

are the same. The only functional difference between the two
controllers is which portion of the power transistor array is
active during each clock cycle as illustrated in the following.

For example, Fig. 8 illustrates the different operations of
bDSR and uDSR controlled DLDO at steady state with LCO
mode M = 2 for simplicity. The LCO mode M indicates
the number of switching power transistors for conventional
bDSR-based DLDO at steady state. Fig. 8(a) demonstrates
the operation of a conventional bDSR. Assuming at step k
(rising edge of the kth clock cycle) power transistors M1 and
M2 are active, due to mode 2 LCO and bDSR control (right
shift with increasing number of active power transistor and left
shift with decreasing number of active power transistor), power
transistors M3 and M4 become active at, respectively, step k+1
and step k + 2 (rising edge of the (k + 1)th and (k + 2)th
clock cycle). Power transistors M4 and M3 become inactive
at, respectively, step k +3 and step k +4. The subsequent steps
will repeat steps k + 1 to k + 4. Fig. 8(b) demonstrates the
operation of the proposed uDSR. Assuming at step k power
transistors M3 and M4 are active, due to mode 2 LCO and
uDSR control [power transistor is always activated on the
right side of active power transistor region and deactivated
on the left side of active power transistor region, i.e., the
colored region in Fig. 8(b)], power transistors M5 and M6
become active at, respectively, step k + 1 and step k + 2.
Power transistors M3 and M4 become inactive at, respectively,
step k + 3 and step k + 4. The subsequent steps will follow
the same activation/deactivation pattern. The location of the
colored region dynamically shifts right (unidirectional shift).
For a long-term reliability concern, each Mi is active for six
clock cycles before it becomes inactive. When power transistor
MN becomes active, the next activated power transistor will
be M1 such that a loop is formed and electrical stress can be
more evenly distributed among all of the power transistors as
compared to bDSR operation.

The simulated power transistor array gate voltages with both
bDSR and uDSR implementation under Iload = 300 mA is
illustrated in Fig. 9. The detailed DLDO design specifications
are explained in Section V-A. As shown in Fig. 9, for bDSR
control, power transistor Mas experience electrical stress all
the time while Mbs are always OFF. For uDSR control, three
randomly picked adjacent power transistor gate signals Q59,
Q60, and Q61 together with two additional further separated
gate signals Q20 and Q120 are demonstrated. The falling edge
of Q60 (Q61) demonstrates delay as compared to Q59 (Q60).
However, the percentage of time when power transistor Mi

(1 ≤ i ≤ N) is active is the same for all Mi s, and thus,
the electrical stress can be more evenly distributed.

2) Transient Load Operation: Under transient load condi-
tion, operations of the bDSR and uDSR follow a similar activa-
tion/deactivation pattern demonstrated in Fig. 8. If Vout < Vref
(Vout > Vref ) due to increased (decreased) load current, for
bDSR, inactive (active) power transistors at the right boundary
of the colored region in Fig. 8(a) are gradually turned ON

(OFF) to supply the required output current and regulate Vout.
The colored region always locates at the left side of the power
transistor array. While for the proposed uDSR, inactive (active)
power transistors at the right (left) boundary in Fig. 8(b) are
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Fig. 8. Digital controller operation for DLDO at steady state with mode 2 LCO. (a) Operation of a conventional bDSR. (b) Operation of the proposed uDSR.

Fig. 9. Representative simulated steady-state gate signals of power transistors
with bDSR and uDSR control, where Qa (1 ≤ a < Iload N/Imax − M) and
Qb (Iload N/Imax + M < b ≤ N ) are, respectively, gate signal of active
power transistor Ma and inactive power transistor Mb with bDSR control.
Qi s (1 ≤ i ≤ N ) all have similar waveform with uDSR control.

gradually turned ON (OFF) and the colored region dynami-
cally moves right at all times, leading to a more balanced
distribution of electrical stress. The operation of uDSR under
transient load condition can be elaborated with the conceptual
transient waveforms and active power transistor locations at
different time instances in Fig. 10. A step load current with a
few clock cycles of rise and fall time is utilized for illustration.
Assume at t1 before the load increase, there are three active
power transistors on the left side of the power transistor array,
the deactivation of power transistor at the left boundary at the
next clock rising edge, and the activation of power transistor
at the right boundary at the following clock rising edge lead
to the updated active power transistor locations at t2. The
number of active power transistors continues to increase after
t2 and due to the steady-state operation of the uDSR following
Fig. 8(b), active power transistors with an increased number
move right to reach the new locations at t3. After experiencing
one more activation and deactivation of power transistor due
to load decrease, the updated locations at t4 (the second clock
rising edge after t3) are demonstrated at the bottom in Fig. 10.

Thus, regardless of the load current conditions, electrical
stress can always be more evenly distributed among all of
the available power transistors. Furthermore, as compared

Fig. 10. Conceptual transisent waveforms and active power transistor
locations of the proposed uDSR-based DLDO.

to conventional bDSR-based DLDO, the number of acti-
vated/deactivated power transistors per clock cycle remains
the same, and thus, bDSR and uDSR have the same transfer
function S(z) in (14). Leveraging uDSR to evenly distribute
electrical stress within the power transistor array does not
negatively affect control loop performance.

B. Reduced Clock Pulsewidth

Dual-clock edge triggering has been employed in [26] and
[32] to reduce the control signal delay, where the clocked
comparator and shift register are triggered at the rising and
falling edge of the clock signal, respectively. Considering the
potential side effect of the control loop delay element D�(z) on
LCO as discussed in Section III-D, a reduced clock pulsewidth
tc, as shown in Fig. 5, is proposed to minimize the delay
element. With dual-clock edge-triggering implementation of
the control loop, the following condition needs to be satisfied
regarding tc for proper operation of the uDSR-based DLDO:

tc > td
c + td

l + tst
t (24)

where td
l and tst

t are, respectively, the total propagation delay
of the logic gates connected to the first stage TFF within
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the uDSR and the setup time of the TFF. Aging-induced
degradation of td

c , td
l , and tst

t needs to be considered with the
targeted lifetime to decide the value of tc. The one-shot pulse
generator in [33] can be leveraged for reduced pulsewidth
clock generation.

Within the proposed AA DLDO, ϕLCO becomes

ϕ��
LCO = π

2
+ π

2M
− tan−1

(
π

MT Fl

)
− π

(
td
s + tc

)

MT
. (25)

The effectiveness of the proposed reduced clock pulsewidth
DLDO regarding LCO mode reduction will be shown in
Section V-B.

C. Discussion

1) Overhead: Considering the similar area of DFF and TFF,
the proposed uDSR only induces ∼3.8% area OH per control
stage compared to bDSR. The total area OH including the
one-shot pulse generator is ∼2.6% of a single active DLDO
area designed with μA current supply capability [16]. As little
extra transistors are added per control stage and the bDSR only
consumes a few μW power [16], the uDSR-induced power OH
is also negligible. With larger IpMOS for higher load current
rating, both the area and power OH can be significantly less.
Note that the area OH discussed here is different from the
area OH that will be discussed in Section VI to compensate
aging-induced degradation.

2) Compatibility With Quiescent Current Saving Technique:
Freeze mode operation and clock gating technique [32], [34],
[35] are adopted in the literature to save quiescent current at
steady state. For freeze mode operation, the DLDO control
circuit can be disabled once the number of active power
transistors converges to save the quiescent current. In this case,
the operation of the proposed unidirectional shift would also
be stopped. However, after many load current changes and
different steady-state operations for long-term reliability con-
cern, the active power transistor region still moves rightward
and electrical stress can also be more evenly distributed among
all of the power transistors as compared to the conventional
bidirectional shift method. Furthermore, the sliding clock
gating technique in [32] can also be utilized to save the
steady-state quiescent current. The power transistor array and
the control flip-flops are divided into multiple sections with
equal number within each section in [32]. During steady-state
operation, if the left boundary of the active power transistor
region falls within one section and the right boundary falls
within another section, other sections not covering the two
boundaries can be temporarily clock gated to save quiescent
current. The active power transistor region still dynamically
moves rightward to evenly distribute the electrical stress and
the clock-gated sections also dynamically change. For this
case, as not all flip-flops are clock gated, the steady-state
quiescent current can be higher than that in the freeze mode
operation discussed earlier. Thus, the proposed unidirectional
shift scheme is still beneficial even when a steady-state quies-
cent current saving technique is employed. However, a tradeoff
exists between the steady-state quiescent current saving and
reliability enhancement enabled by the proposed scheme.

3) Compatibility With Binary-Weighted DLDO: The pro-
posed technique has certain limitations and it may not be
directly applied to recent DLDO designs with binary-weighted
power transistors [36], [37]. It can, however, serve as a basis
for reliability enhancement of more advanced DLDO designs.
Furthermore, it may still be beneficial for DLDO designs
with binary-weighted power transistors but implemented in an
equivalent or similar form as in [32] and [35].

DLDO designs utilizing binary-weighted power transistors
can be seen as a special case of barrel-based DLDOs with 2N

equal-weighted pMOS fingers and programmable loop gain
capability such as in [32]. In [32], a shift of one, two, or three
pMOS transistors in a single clock cycle is realized. As shown
with the operation of our proposed AA DLDO in Fig. 7,
the power transistor on the right (left) boundary of the colored
region (active power transistors) is activated (deactivated)
when Vout < Vref (Vout > Vref ) at the rising edge of the
clock signal. If the barrel shifter in [32] is modified such
that whenever one, two, or three pMOS transistors need to
be activated (deactivated) in a single clock cycle, they are
activated (deactivated) on the right (left) boundary of the active
power transistor region. Electrical stress can still be more
evenly distributed among all the power transistors if the DLDO
is active for a sufficient amount of time (long-term reliability
concern). In this sense, the proposed idea of unidirectional
shift can be beneficial for DLDO designs with binary-weighted
power transistors if they are implemented in the equivalent
form of [32] with binary-weighted step sizes.

The analog-assisted triloop DLDO design in [35] is real-
ized with the same intention as DLDO designs with binary-
weighted power transistors for faster convergence. Within the
digital portion of the triloop DLDO design in [35], three
different power transistor sizes of 1×, L×, and (L × M)×,
with different number of power transistors L, M , and H ,
respectively, are adopted. Within each group of L, M , and
H power transistors, a conventional bDSR is utilized as a
controller. This bDSR within each group can be replaced
with our proposed uDSR for reliability enhancement as power
transistor sizes are the same within each group.

V. EVALUATION

To evaluate the benefits of the proposed AA DLDO archi-
tecture in terms of reliability enhancement and to provide
design insights for a targeted lifetime, an IBM POWER8 like
microprocessor [19] simulation platform is constructed.

A. Simulation Framework

1) IBM POWER8 Like Microprocessor: IBM
POWER8 microprocessor [19] is among one of the state-
of-the-art server-class processors and, thus, a representative
for evaluation of the proposed AA DLDO scheme. The
corresponding technology and architecture parameters listed
in Table I are adopted from [8]. The IBM POWER8 like
microprocessor core as shown in Fig. 11, includes a load store
unit (LSU), an execution unit (EXU), an instruction fetch
unit (IFU), an instruction scheduling unit (ISU), an L1 data
cache inside LSU, an L1 instruction cache inside IFU, and
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TABLE I

TECHNOLOGY AND ARCHITECTURE PARAMETERS

Fig. 11. Schematic demonstrating the floor plan of one core within an IBM
POWER8 like microprocessor chip.

TABLE II

LOAD CHARACTERISTICS OF DIFFERENT FUNCTIONAL BLOCKS WITHIN

ONE CORE OF AN IBM POWER8 LIKE MICROPROCESSOR

CHIP UNDER ALL EXPERIMENTED BENCHMARKS

a private L2. All benchmarks are from SPALSH2x [38] and
cover a wide range of representative application domains.
Analysis is restricted to the region of interest of the
benchmarks and eight threads are involved in the simulations.
The load characteristics of different functional blocks,
as shown in Fig. 11, under all experimented benchmarks are
summarized in Table II.

2) DLDO Design Specifications: Distributed microregula-
tors are implemented in IBM POWER8 microprocessor [39].
In this simulation example, a switch array of 256 pMOS tran-
sistors, which is typical in DLDO designs [16], is implemented
in each microregulator. Two different DLDO designs with
bDSR and uDSR controls are implemented using 32-nm PTM
CMOS technology where Vin = 1.1 V and Vout = 1 V as
in [39]. IpMOS = 2 mA and Imax = 512 mA are used in
the simulations, leading to 7, 24, 3, 10, and 5 microregu-
lators (DLDOs) in, respectively, IFU, LSU, ISU, EXU, and
L2 blocks to be able to supply the maximum load current
across all benchmarks in each block. Load current of each
block is assumed to be supplied by microregulators within that
block, which is reasonable due to the principle of spatial local-
ity [40] regarding current distribution. Each microregulator
within a certain block is assumed to provide equal current due
to the availability of current balancing scheme implemented
within IBM POWER8 microprocessor [21]. fclk = 10 MHz
and C = 15 nF are used for each DLDO to achieve smaller
than 10% Vdd transient voltage noise [8] most of the time.
The total output capacitance of 735 nF is comparable to
750 nF used in [39]. As resonant clock meshes [41] are already

TABLE III

CONVENTIONAL DLDO PERFORMANCE DEGRADATION FOR DIFFERENT
FUNCTIONAL BLOCKS UNDER ALL EXPERIMENTED

BENCHMARKS FOR A 5-YEAR TIME FRAME

deployed within IBM POWER8 processor, the complexity and
OH of generating and distributing the clock signal for the
DLDOs can be frequency dividers consisting of simple flip-
flops and localized routing wires.

3) Evaluation of Aging-Induced Performance Degradation:
Equations (1), (3), (6), and (8) are leveraged for the eval-
uation of aging-induced performance degradation. A typical
temperature profile [8], [42] of 90 ◦C, 69 ◦C, 67 ◦C, 63 ◦C,
and 62 ◦C for, respectively, LSU, EXU, IFU, ISU, and L2 is
adopted for evaluations. The activity factors for both DLDO
designs under different benchmarks and functional blocks are
estimated through simulations in Cadence Virtuoso. The worst
case IpMOS degradations are used for evaluations of both
designs, which is reasonable due to load characteristics of
typical applications [23] and the consequent heavy use of a
portion of Mi s in conventional DLDOs.

B. Simulation Results

1) Performance Degradation Within Conventional DLDO:
Conventional DLDO performance degradation regarding
IpMOS, TR , and �V for different functional blocks for a 5-year
time frame is summarized in Table III. These degradations
apply to all the experimented benchmarks as the worst case
IpMOS degradation is considered. As shown in Table III, NBTI
can induce serious IpMOS, TR , and �V degradations for all
functional blocks. IpMOS degradation can lead to the deteriora-
tion of DLDO Vout regulation capability and possible Vout drop
under large load current conditions. Larger than 10% Vout drop
can lead to voltage emergencies and potential execution errors
for microprocessors. Similarly, TR and �V degradations can,
respectively, increase the duration and frequency of voltage
emergencies, which can slow down microprocessor executions
as further actions may need to be taken to remedy the errors.
Moreover, for a longer targeted lifetime of more than 5 years,
the degradations are expected to be more disastrous as IpMOS
degradations are even worse, as seen from Fig. 3, which may
not be tolerable for critical applications where the replacement
of the devices can be costly or even impossible.

2) IpMOS, TR, and �V Mitigation With Proposed Aging-
Aware DLDO: Simulation results for all benchmarks are
summarized in Figs. 12–14 regarding, respectively, IpMOS, TR ,
and �V degradation mitigation of the proposed uDSR-based
DLDO as compared to the conventional DLDO design for a
5-year time frame. Up to 39.6%, 43.2%, and 42% performance
improvement is achieved for, respectively, IpMOS, TR , and �V .
The highest performance improvement is obtained for LSU
with the highest operation temperature. Even at the lowest
operation temperature within L2, degradation mitigations of
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Fig. 12. Percentage IpMOS degradation mitigation of the proposed AA DLDO
as compared to the conventional DLDO design for different functional blocks
under all experimented benchmarks.

Fig. 13. Percentage TR degradation mitigation of the proposed AA DLDO
as compared to the conventional DLDO design for different functional blocks
under all experimented benchmarks.

Fig. 14. Percentage �V degradation mitigation of the proposed AA DLDO
as compared to the conventional DLDO design for different functional blocks
under all experimented benchmarks.

up to 15.1%, 16.4%, and 15.9% are achieved for, respectively,
IpMOS, TR , and �V .

3) LCO Mitigation With Proposed Aging-Aware DLDO:
To verify the benefits of the proposed reduced clock
pulsewidth DLDO regarding LCO mitigation, the theoretical
maximum LCO mode for dual-edge-triggered and reduced
clock pulsewidth DLDOs with uDSR implementation is,
respectively, examined by considering BTI-induced threshold
voltage degradation of the control loop. An average IBM
POWER8 microprocessor temperature profile of 70 ◦C is

Fig. 15. Maximum LCO mode with simulation results superimposed for
conventional and AA DLDO under different load current conditions after a
5-year aging period.

TABLE IV

TFF SETUP TIME, LOGIC DELAY, AND COMPARATOR DELAY
BEFORE AND AFTER A 5-YEAR AGING PERIOD

utilized for Vth degradation evaluation. NBTI and PBTI are
considered as the major Vth degradation factor for pMOS
and nMOS transistors in the control loop, respectively. Under
different load current conditions, the activity factor of each
transistor within the control loop is obtained through simula-
tions in Cadence Virtuoso. Equation (1) is then leveraged to
calculate the Vth degradation for each transistor within a 5-year
time frame. The calculated Vth degradation is embedded in
each transistor by adopting the subcircuit model for BTI effect
in [43] within Cadence Virtuoso simulations. The fresh and
aged TFF setup time tst

t , logic delay td
l , and comparator delay

td
c are summarized in Table IV. The aged tst

t , td
l , and td

c are
approximately load current independent. tc = 1 ns is adopted
to satisfy timing constraint in (24). The maximum LCO mode
for dual-edge-triggered and reduced clock pulsewidth DLDOs
under different load current conditions after a 5-year aging
period is illustrated in Fig. 15.

As seen from Fig. 15, with reduced clock pulsewidth consid-
ering aging imposed limitations, the maximum LCO mode can
be greatly reduced, especially under light-load conditions. The
simulated steady-state output voltages for both conventional
dual-edge (CDE) triggered DLDO and the proposed AA
DLDO under 10-mA load current are demonstrated in Fig. 16.
LCO mode reduction from 4 to 2 and 3 times output voltage
ripple amplitude reduction are achieved. As the minimum and
average Iload can be way smaller than the maximum Iload
shown in Table II, especially for LSU, light- and medium-
load conditions are experienced most of the time such that
outstanding benefits can be achieved with the proposed AA
DLDO considering the negligible power and area OH induced.

Furthermore, in many applications, the clock frequency
can be much higher than 10 MHz such as 1 GHz in [44].
However, the 1-GHz sampling clock sacrifices the quiescent
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Fig. 16. Simulated output voltage ripple and LCO mode reduction with the
proposed AA DLDO under 10-mA load current.

TABLE V

MAXIMUM LCO MODE UNDER DIFFERENT SAMPLING CLOCK

FREQUENCY AND LOAD CURRENT CONDITION

FOR CDE AND AA DLDO

Fig. 17. Percentage �V degradation mitigation of the proposed AA DLDO as
compared to the conventional DLDO design for LSU under all experimented
benchmarks and different temperature profile.

current. Recent works such as [32] and [45] utilize a high
clock frequency for fast transient and a much lower frequency
for steady-state operation. For a better verification of LCO
improvement utilizing the proposed reduced clock pulsewidth
scheme, the maximum LCO mode under different sampling
clock frequencies and load current conditions for both CDE
and AA DLDO is shown in Table V. Seen from the table,
the proposed reduced clock pulsewidth scheme demonstrates
the maximum LCO mode reduction under a wide fclk range,
especially under light-load current condition. For a clock
frequency of 1 GHz, there would be no room to further
reduce the pulsewidth due to the timing constraint. However,
as discussed earlier, clock frequency utilized at steady-state
operation is typically much lower.

Fig. 18. Percentage �V degradation mitigation of the proposed AA DLDO as
compared to the conventional DLDO design for LSU under all experimented
benchmarks and different process corners (FF = fast-fast, TT = typical-
typical, and SS = slow-slow).

4) Discussion: Regarding the temperature variation effects
within each functional unit, representative results for �V
degradation mitigation are shown in Fig. 17. Fig. 17 demon-
strates the percentage �V degradation mitigation of the pro-
posed AA DLDO as compared to the conventional DLDO for
LSU unit under all experimented benchmarks and different
temperature profiles. As shown in Fig. 17, as the temper-
ature increases, the percentage �V degradation mitigation
only slightly increases since the performance degradation for
conventional and proposed DLDOs both increase. As com-
pared to temperature variations, load current profile plays a
more important role regarding the relative advantages of the
proposed AA DLDO, as shown in Fig. 14.

The proposed approach is still beneficial considering
process variations. Representative results are shown in Fig. 18
with percentage �V degradation mitigation of the proposed
AA DLDO as compared to the conventional DLDO for LSU
unit under all considered benchmarks and different process
corners. For a fair comparison, the conventional and proposed
DLDO are assumed to have the same process corner. As shown
with the results, process variations have negligible effects on
the effectiveness of the proposed approach. Comparison with
related work is shown in Table VI.

VI. TRADEOFF BETWEEN AREA OVERHEAD AND

PROGRAM OUTPUT QUALITY

Considering aging effects, regulators are typically designed
and optimized for the expected service life of the processor.
Deploying regulators optimized for a shorter service life can-
not guarantee error-free operation, however, if such regulators
are confined to feed error-tolerant loads, the service life
can be traded for lower hardware complexity, which almost
always directly translates into area savings. Note that the area
represents a scarce on-chip resource for distributed voltage
regulators as many of these regulators are squeezed between
various circuit blocks. Such area savings can enable a higher
number of on-chip voltage regulators, and hence enhance
the scalability of on-chip voltage regulation. To illustrate
this point, the percentage area OH within each functional
unit to achieve the same fresh �V performance utilizing the
conventional DLDO is examined in Fig. 19. The relative area
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TABLE VI

COMPARISON WITH PREVIOUS AA ON-CHIP VOLTAGE REGULATORS

Fig. 19. Percentage area OH utilizing conventional DLDO and percentage
area OH saving (OH_S) utilizing AA DLDO for �V degradation mitigation
within each functional unit.

between pMOS array and shift register and output capacitance
is based on the data in [45] for estimation. Adding extra output
capacitance to mitigate �V degradation is considered in the
estimation. The percentage area OH is relative to the original
DLDO area including output capacitance designed in an aging-
unaware fashion. The percentage area OH saving within each
functional unit for �V degradation mitigation utilizing the
proposed AA DLDO is also demonstrated in Fig. 19. As shown
in Fig. 19, a large area OH can be introduced to mitigate aging-
induced transient voltage noise degradation for conventional
DLDOs. Similar to the trend demonstrated in Fig. 3, the area
penalty required to compensate for the aging-related deteri-
oration of �V is significant, especially in the first 2 years.
The percentage area OH also plateaus to within 10% after
2 years. These trends need to be considered to realize optimal
design based on different application environment and lifetime
targets. Furthermore, leveraging the proposed AA DLDO, due
to mitigation of aging-induced �V degradation, significant
area OH savings compared to the conventional DLDO case
can be achieved as shown in Fig. 19. Our proof-of-concept
analysis reveals approximately 1% total DLDO area, which
corresponds to ∼36% active DLDO area, savings for per year
service life reduction.

The temperature variation effects on percentage area OH
(saving) within LSU are demonstrated in Fig. 20. As seen
from the figure, as the temperature increases, the percentage
area OH needed for the conventional DLDO to mitigate �V
degradation increases significantly. The percentage area OH
saving achieved by the AA DLDO also greatly increases.
Although the relative benefits of AA DLDO do not improve
significantly as the temperature increases shown in Fig. 17,

Fig. 20. Percentage area OH utilizing conventional DLDO and percentage
area OH saving utilizing AA DLDO for �V degradation mitigation within
LSU under different temperature profile.

Fig. 21. Percentage area OH within each functional unit for percentage error
rate degradation mitigation utilizing bDSR and uDSR-based DLDO.

the area OH saving is considerable due to the relatively large
ratio between the area of output capacitance and that of active
DLDO.

For a proof-of-concept analysis, considering a 5-year aging
period, the percentage area OH within each functional unit for
percentage error rate degradation mitigation utilizing bDSR
and uDSR-based DLDOs is demonstrated in Fig. 21 based
on the relationship between the error rate and supply voltage
demonstrated in [47] and [48]. The percentage error rate
degradation mitigation is with respect to the degraded error
rate utilizing bDSR-based DLDO and a 100% error rate
degradation mitigation means the same error rate within each
functional unit is achieved as the fresh one after a 5-year
aging period. As seen from Fig. 21, contrary to the bDSR
curves, the uDSR curves do not start from the origin, which
means with negligible area OH, uDSR-based DLDO achieves
a certain amount of error rate degradation mitigation compared
to bDSR-based DLDO. Also, for the same amount of error rate
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degradation mitigation, the area OH needed for uDSR-based
DLDO is lower than that of bDSR-based DLDO.

VII. CONCLUSION

As an emerging and essential part of the modern processor
power delivery network, DLDO regulators experience serious
aging-induced performance degradations including IpMOS, TR ,
and �V . In particular, DLDO degradation can increase noise
in the supply voltage and further deteriorate the program
output quality. Area OH needed to fully compensate these
degradations can be significant, especially when a conventional
DLDO design is utilized. Algorithmic noise tolerance of differ-
ent processor components is leveraged as an area–quality con-
trol knob to alleviate the area OH requirement through scalable
on-chip voltage regulation at design time. Furthermore, DLDO
designed in an AA fashion is proposed to mitigate aging-
induced performance degradations with negligible power and
area OH. With reduced DLDO performance degradation, a sig-
nificantly better area and quality tradeoff can be achieved
due to AA DLDO-induced area OH savings. Therefore, more
efficient scalable on-chip voltage regulation can be realized
with the proposed AA DLDO. Up to 43.2% transient and
3× steady-state DLDO performance improvement as well as
more than 10% area OH saving can be achieved utilizing the
proposed AA paradigm.
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