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System-on-Chips (SoC) are the engines of modern computing. Unfortunately, with the

plateauing of performance and energy efficiency benefits provided by each new process tech-

nology, power dissipation has become an overriding concern in computing. As an increasing

proportion of worldwide energy resources continue to be devoted to high-performance com-

puting (HPC), cloud computing, and pervasive mobile computing, energy efficient SoC

design plays a key role thwarting an imminent resource crisis. In SoCs today, voltage mar-

gins due to supply noise or PVT variations are a dominant source of inefficiency. This

dissertation describes research into two new approaches to address this challenge (1) clock-

ing/voltage co-design and (2) exploiting advances in computing in service of more energy

efficient SoC design. Both techniques directly address the problem of SoC voltage margins,

the dominant source of inefficiency in CMOS-based computing. It is expected that con-

tinued advances in this field will enhance both the effectiveness and applicability of these

design approaches.

The key idea behind clocking/voltage co-design is to unify traditionally independent

clock and voltage regulation loops and thus minimize guardband requirements for supply

noise and temperature variations. This thesis presents two versions of unified clock and

power (UniCaP) architecture. For the first UniCaP work, the rationale for combining

voltage and clock regulation loops into a single loop is discussed. This joint loop uses the



supply voltage of the domain (Vdd ) as the control variable to adjust the operating clock

frequency (fclk) and thus lock system clock to REFCLK in order to drastically reduce

voltage guardbands while providing performance guarantees. The UniCaP architecture is

deployed on a 65nm buck-converter based test-chip, demonstrating temperature margin

reductions of 40-55mV and 82% average Vdd guardband reduction across 0.6-1.0V without

any performance loss from adaptive clocking.

While the first UniCaP prototype has demonstrated aggressive margin recovery while

regulating average system performance, slow recovery of Vdd droop due to loop dynamics

and control techniques in UniCaP has limited its applicability in certain applications requir-

ing performance guarantees in sub-20 µs time frames. UniCaP -2, a dual-loop phase-locked

adaptive clocking architecture was then proposed to reduce peak cycle loss (∆Φmax) and

cycle-loss recovery time (Trecovery) while enabling higher Vdd margin reduction. Measure-

ments on a 65nm test chip demonstrate 91-99% Vdd margin reduction and 38X Trecovery

improvement over first UniCaP prototype. The thesis also quantifies the impact of clock

distribution delay (τdist) and Vdd sensitivity on Vdd margin reduction, an open and critical

question surrounding adaptive clocking techniques.

Because supply voltage Vdd plays a dominant role in determining energy dissipation,

Vdd scaling remains the salient approach to energy efficient CMOS computing. Integrated

Voltage Regulation (IVR) – enabling components of an SoC to be partitioned into multiple

Vdd domains, each regulated by an on-chip voltage regulator – dramatically enhances the

effectiveness and applicability of voltage scaling. Fast and stable voltage regulator transient

response helps minimize Vdd margins required to withstand load current transients that are

common in digital systems. This dissertation discusses how computation can be exploited

to achieve improved voltage regulation. Computational regulation is presented on different

VR modalities to enhance transient performance. The concept is first demonstrated in a

Digital LDO and relies on an accurate time-domain model, using low-latency computation

to evaluate the state equations at run time for a rapid response. Measurement results

from a 65nm CMOS test chip demonstrate a 2.9-cycle mean settling time for processor



load variations. Using this fundamental concept, a novel digital control architecture, low-

complexity and low-latency Model Predictive Control (MPC), is deployed in integrated

voltage regulators (IVRs). Control and datapath optimizations, combined with the advances

in computational speed in modern CMOS technology nodes, are key enablers for realizing

an IVR buck with optimal transient response. The proposed MPC-buck architecture was

implemented in 65nm CMOS. The test-chip achieves a measured 2.49X settling-time (τsettle)

improvement over an optimally tuned Proportional Integral Differential (PID) controller.

Typical VR designs include large stability margins to ensure stable response even in

worst case scenarios, resulting in overly conservative designs that degrade VR response

time. Two methods are presented in this thesis to handle the worst-case stability margining

issue. First, Autonomous Gain Tracking (AGT), a low-overhead, low-complexity technique

for run-time loop gain adaptation is introduced to the computational LDO. The main idea is

to track variations in loop gain by examining 1-bit statistics of the output voltage. Measure-

ment results indicate that AGT successfully performs the broad gain adjustments required

for consistently fast transient responses across varying Vin, Vdd , and temperature condi-

tions. AGT is built upon the characteristics of computation LDO response so it cannot be

directly applied to other controller designs. The operation of AGT will also be impacted by

engineered current waveforms that break the assumption of random Iload noise. To address

the limitations of AGT method, the thesis proposes to utilize a pseudo-random binary se-

quence (PRBS) based approach to excite the dynamics of a feedback loop and automatically

adjust loop gain based on the cross-correlation between the injected PRBS noise signal and

control output. Calculating the cross-correlation enables identification of the closed-loop

impulse response and hence adjustment of control parameters accordingly.
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Chapter 1

INTRODUCTION

1.1 Overview

System-on-Chip (SoC) technology has seen rapid growth over the last few decades driven

by Moore’s law and market economics. In the desktop PC era, the primary goal was to

increase processor speed, leading to high-performance SoC capable of integrating multi-core

processors and multiple graphic processing units into a single system. Recently energy

efficiency has become the key constraint in modern SoCs as a result of Moore’s law slowing

down and the power wall issue. Server-class chips are thermally limited and improved energy

efficiency can significantly lower overall data center power consumption and thus lower the

cost for cooling requirements [1]. For portable and wearable electronics, the longer battery

life is one of the key elements to attract consumers. Optimizing for higher SoC system

efficiency is effective for extending battery life given the constraint of fixed battery capacity.

In order to make SoC systems more efficient, various techniques have been proposed.

Clock gating and power gating [2, 3] has become a standard feature in SoCs. Multi-voltage

designs are common in digital SoC domains, where each block can operate at a different

voltage according to its performance requirements. Power consumption can be significantly

reduced by this method as dynamic power is proportional to supply voltage squared. Dy-

namic Voltage and Frequency Scaling (DVFS) is one of the most widely used multi-voltage

design strategies where the voltage level for each block/each core is dynamically config-

ured to follow varying workloads and performance constraints [4]. Near threshold voltage

(NTV) operation, where supply voltage is lowered close to the transistor threshold, has

demonstrated the potential to improve energy efficiency by an order of magnitude [5]. With

the application of these energy-efficient design approaches, especially the ones scaling down

Vdd , variations become a severe challenge for timing across different operating conditions.

Consequently, timing margins are added to the operating clock frequency for phenomena
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including clock jitter, on-chip temperature variations, Vdd noise, process variations and all

other possible effects for safety (Figure 1.1). Worst-case timing margins lead to degraded

system energy efficiency as significant power and performance will be wasted for normal

operating conditions. These margins, especially voltage margin – the largest contributor to

the overall margins, are becoming the dominant source of inefficiency in modern SoCs.

Figure 1.1: Variations in Process, Temperature and Voltage require substantial perfor-
mance/efficiency degrading frequency guardbands.

Solutions to reducing SoC voltage margin can span a variety of areas and this the-

sis will focus on two categories of techniques to minimize voltage margin in SoCs. First

is through clocking/voltage co-design where the core idea is to unify the design of tradi-

tionally independent clock and voltage regulation loops. A new unified clock and power

architecture UniCaP is proposed and the idea is implemented on a buck-converter based

prototype to address the issue of Vdd margins [6, 7] in IVR systems. This UniCaP work

successfully demonstrated a stable adaptive clocking with a compensation architecture ap-

plicable to any VR modality. However, in this implementation, slow recovery of Vdd droop

(and thus fclk) increases peak cycle loss (∆Φmax), leading to increased pointer separation

and even saturation in clock-domain crossing FIFOs. Furthermore, adaptive clocking poses

another challenge to real-time systems, which is to regulate performance within application-

dependent time frames. In some real-time applications, this window can be as narrow as 4-5

microseconds, requiring these adaptively clocked systems to not only phase lock, but also

restore lock rapidly and recover any lost cycles. Existing adaptive clocking implementations

either don’t recover lost cycles, or when they do, they do so slowly, over much longer periods

than 5µs, making the technique unsuitable for real-time applications. Phase-locked adaptive

clocking with rapid cycle recovery – UniCaP -2 – is proposed to tackle these outstanding
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adaptive clocking challenges [8].

The other category of solutions for voltage margin minimization focuses on improving

voltage regulation (VR) performance through computation-enabled techniques. Enhanced

VR transient performance can reduce Vdd noise in SoCs and thus reduce corresponding

voltage margin. This thesis will demonstrate how computation can be used to improve VR

performance and enable fast and stable transient responses. Conceptualization of utilizing

computation in VR control is first applied to digital low dropout regulators (DLDO) [9],

as there is significant interest in viable DLDO solutions due to their ease of portability

across designs, low-voltage capability and scalability across technologies. We construct a

time-domain regulator model, which provides enhanced accuracy over a linear discrete-time

transfer function model, and evaluate it at run-time by a Solver to ensure rapid response.

This idea is then extended for VR τsettle minimization, which aims to minimize the amount

of time it takes to restore Vdd to its reference value in adaptive clocking systems. In this

dissertation, a low-complexity, low-latency model predictive control (MPC) architecture is

applied to realize an IVR buck regulator with optimal transient response [10].

In conventional offline VR controller designs, the controller parameters are usually tuned

based on estimated analytical models and assumptions about expected operating range and

component value uncertainties. The result would be a stable, but overly conservative design,

as significant margins are applied in the design in order to ensure stability under worst-case

scenarios, which adversely affects VR response times and overall system efficiency. This

thesis will discuss how computation can be utilized to enable auto-tuning of VR control

parameters to address the worst-case stability margining issue. Automatic Gain Tracking

(AGT) is employed in the computational controlled DLDO by examining 1-bit statistics of

the output voltage to track variations in loop gain and adjust solver gain accordingly. As the

AGT technique is solely designed for the computational LDO and is susceptible to specially

designed load current patterns, a more generic, impulse response adaptation method, which

calculates the cross-correlation between the control output and the injected noise signal, is

proposed for auto-tuning the loop gain.
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1.2 Organization

The rest of this Dissertation is organized as follows.

Chapter 2 presents a Unified Clock and Power (UniCaP) architecture to address ex-

cessive voltage guardband problems caused by supply noise or temperature variations in

conventional systems. In this architecture, fclk instantly adapts to Vdd and T variations,

requiring minimal guardbands. With UniCaP , Vdd control is absorbed into the clock reg-

ulation loop, so fclk can be adjusted and locked to REFCLK through Vdd change. Uni-

CaP allows for all-digital construction, reduced Vdd guardbands, and on-the-fly dynamic

voltage and frequency scaling (DVFS). We deployed the UniCaP architecture on a 65nm

buck-converter test-chip powering a 0.6–1.0V Cortex-M0 microprocessor with autonomous

transition between continuous and discontinuous conduction modes (CCM and DCM) in

order to support a wide load current range. The UniCaP test-chip demonstrates 82% av-

erage Vdd guardband reduction, without any performance loss from adaptive clocking, and

temperature margin reductions of 40-55mV.

Chapter 3 discusses the limitations of the UniCaP implementation in Chapter 2 and

proposes a new, improved Unified Clock and Power architecture (UniCaP -2) is presented.

A dual-path feedback is utilized in UniCaP -2 to further reduce supply-voltage (Vdd ) margins

in an ARM Cortex-M0 processor while minimizing both peak cycle loss (∆Φmax) and cycle-

loss recovery time (Trecovery) associated with adaptive clocking. Measurements on a 65nm

test chip demonstrate 91–99% Vdd margin reduction and 38X Trecovery improvement over [6].

This chapter also includes measurement results to quantify the impact of clock distribution

delay (τdist) and Vdd sensitivity on Vdd margin recovery.

Chapter 4 describes a Digital Low-Dropout (DLDO) regulator architecture designed for

fast and stable transient response. The proposed technique relies on a time-domain model

that accurately describes regulator behaviour, using low-latency computation to evaluate

the equations that describe this model. These computations are performed every DLDO

cycle by a solver that determines the optimal number of PMOS headers to be turned on in

order to minimize regulator settling time. The proposed DLDO is implemented to regulate

an ARM Cortex-M0 processor and an integrated linear-algebra co-processor in 65nm CMOS.
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Transient response measurements arising from processor load variation demonstrate a 2.9-

cycle mean settling time.

Chapter 5 describes a digital control architecture for integrated voltage regulators (IVRs)

that achieves time-optimal transient supply-voltage (Vdd ) response under random load-

current (Iload ) fluctuation. Implementing low-complexity low-latency Model Predictive Con-

trol (MPC) in a 65nm CMOS test chip is key to achieving a measured 2.49X settling-time

(τsettle) improvement over optimally tuned Proportional Integral Differential (PID) control.

In Chapter 6, two methods are presented to track loop gain variations at run-time and

adjust control parameters accordingly for an optimal design across the system operating

range. AGT, a technique that relies on computing the auto-correlation of the sampled

Vdd with single-bit precision in order to classify regulator response and enable loop gain

auto-tuning across PVinVddT variations, is implemented on the computation LDO test-

chip [9]. Silicon measurements indicate that the AGT mechanism performs broad loop-gain

adjustments to track a wide range of PVinVddT configurations: even individual variation in

Vin (0.9V–1.1V), Vdd (0.8V–1.0V) and temperature (-15◦C–105◦C) requires loop-gain mod-

ulation over a range of approximately 2×. The more generic, impulse response adaptation

method is proposed in this chapter to address the limitation of AGT technique. A PRBS

signal, a digital approximation of white noise signal, is added as a small perturbation to the

controller output. Cross-correlation between the injected noise and controller output iden-

tifies the closed-loop impulse response. Comparison results of the measured and expected

impulse response values can then be used to adjust the control parameters.
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Chapter 2

A COMBINED ALL-DIGITAL PLL-BUCK SLACK REGULATION
SYSTEM WITH AUTONOMOUS CCM/DCM TRANSITION

CONTROL

2.1 Introduction

Dynamic Voltage and Frequency Scaling (DVFS) remains a salient technique for energy-

efficient digital design. Integrated voltage regulation (IVR) significantly enhances DVFS

through finer spatio-temporal Vdd control. Buck converter based IVR designs in particu-

lar [11], present advantages over their switched-capacitor (SC) converter and linear regu-

lator (LDO) counterparts in terms of Vdd resolution and regulator-efficiency respectively.

However, several IVR-related challenges persist. Independently regulated fine-grained volt-

age domains fragment shared decoupling capacitance (decap) into multiple smaller domains.

The resulting per-domain decap reduction worsens Vdd droop due to load-current (Iload ) dis-

turbances which are common in digital domains. This supply droop, along with variations

in temperature (T), require the addition of wasteful Vdd guardbands to ensure that digital

logic continues to meet timing under worst-case operating conditions.

Conventional digital systems, with independent Vdd and clock regulation loops (Figure

2.1a) are not well-suited to address mounting guardband requirements driven by increased

Vdd droop and higher sensitivity to PVT variation. In such systems a Phase-locked Loop

(PLL), powered by a clean dedicated supply voltage, delivers a clock that is phase-locked to

REFCLK with frequency fclk. A separate voltage-regulator loop is tasked with maintaining

the target Vdd . A Vdd droop arising from a line-side disturbance at the input supply (Vin),

or a load transient slows down the logic. If fclk is fixed, this slowdown degrades timing

slack (Figure 2.1b). Droop suppression through faster regulation alone is energy-inefficient,

and a Vdd guardband is introduced to margin for the worst-case droop. Buck converters

for SoCs must also maintain efficient operation over a large Iload range. Consequently,

these converters must be capable of both, autonomous CCM/DCM transition, and enabling
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(a) (b)

Figure 2.1: Conventional digital systems with (a) Independent voltage and clock regulation
loops. (b) Dissipative voltage margins to maintain timing-slack under worst-case voltage
droop.

efficient zero-current-switching in DCM, preferably by all-digital circuit techniques.

Prior work has addressed some challenges in fine-grained IVR design for digital SoCs.

Transitions between CCM/DCM operation based on Iload sensing relying on an analog

zero-crossing detector [12] have been presented. In addition to precluding all-digital design,

the technique does not account for bridge driver delays for zero voltage switching (ZVS),

degrading converter efficiency. Ring-oscillator based methods have also been proposed [13,

14] in place of ADCs to quantize Vdd error. However, these techniques do not provide

adaptive clocking [15, 16, 17, 18, 19, 6, 20] and therefore require significant guardbands

for Vdd droop. More recent works have combined clock and Vdd regulation into a single

system [19, 20, 21]. However, none of the works address the problem of maintaining phase-

lock, essential for cross-domain communication in real-world implementations. Combining

clocking and Vdd regulation requires addressing important challenges pertaining to stability

which are addressed by this dissertation. Also absent in prior work is a UniCaP loop

controller design methodology that is broadly applicable to the general class of integrated

voltage converters (buck, switched-capacitor and low-dropout regulators).

This chapter presents a UniCaP framework that is applicable across the general class of

regulator types including LDOs, SC and buck converters [6]. It also addresses the critical
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need for reliable phase and frequency lock to REFCLK while providing adaptive clocking

under noisy Vdd conditions. This chapter also presents an all-digital delay-locked loop

(DLL) based technique for autonomous CCM/DCM transition and Zero Voltage Switching

(ZVS) under various Iload conditions. A buck converter-based UniCaP system capable of

supporting a wide Iload range was implemented in a 65-nm CMOS test chip. An on-chip

ARM Cortex-M0 processor simultaneously serves as a load and enables characterization of

the Vdd margin reduction benefits of the UniCaP architecture. Measurements indicate an

average Vdd margin recovery of 82% over a range of 0.6V-1V due to supply noise and 55mV

temperature guardband recovery at 0.6V. The ability to recover any lost or gained cycles

due to Vdd disturbances is also validated.

The remainder of this chapter is organized as follows. UniCaP architectural details are

described in Section 2.2. Key UniCaP modules including the TRO, a wide-range coarse-

grained cycle-counting time-to-digital converter (TDC) and compensator design are ex-

plained in Section 2.3. Section 2.4 provides circuit implementation details of the all-digital

ZVS operation and automatic CCM/DCM transition. Section 2.5 shows the test-chip mea-

surement results.

2.2 Unified Clock and Power Architecture

The primary goal of Vdd control in SoC domains is timing slack regulation across PVT

conditions at a guaranteed performance target. In view of this observation, the UniCaP ar-

chitecture (Figure 2.2a) implements adaptive clocking, using a Vdd -powered tunable-replica

oscillator (TRO) to mimic both, the delay and the droop or temperature sensitivity of the

critical path in the Cortex-M0 core. As a result, any slow-down (speed-up) in the critical

path is accompanied by a clock stretching (compression) event that avoids any impact on

timing slack. Thus, to the first order 1, use of a Vdd -powered TRO guarantees timing-slack

regardless of supply droop events due to PVT variation and maintains correct function.

Adaptive clocking provides supply noise and temperature variation tolerance. However,

real-world applications require performance guarantees, ensuring that any lost (or gained)

1Non-idealities such as within-die VT variation, insertion delay and imperfect TRO tracking of the critical
path will require additional margin.
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(a) (b)

Figure 2.2: (a) Proposed UniCaP architecture regulating operating frequency through Vdd

control. (b) Elastic clock maintains correct function by compensating for supply noise
induced critical path delay variation.

cycles are recovered. UniCaP achieves performance regulation by using a PLL that locks

TRO clock to REFCLK, thus avoiding any gain or loss of cycles due to adaptive clocking.

Adaptive clocking architectures that inject Vdd noise into a traditional PLL architecture

(block diagram illustration in Fig. 2.3a) have been previously implemented [16, 22, 23].

These techniques provide the desired fclk adaptation in response to a rapid voltage droop

but face two drawbacks. The first is the difficulty in matching Vdd sensitivity between

the VCO or DCO, and the critical path. More critical, however, is that the PLL operates

independently of Vdd : any control voltage or oscillator code changes made by the PLL to

lock fclk to REFCLK do not track the Vdd -governed critical path delay, leading to timing

failure as shown in simulation waveforms in Fig. 2.3b. UniCaP avoids this limitation by

providing a single point of fclk control: the shared Vdd . Any change in Vdd that tunes fclk

to track REFCLK also affects the critical path identically, leaving timing-slack unaffected.

In order to use Vdd control for phase-lock, the voltage converter stage (a buck converter

in this work) is absorbed into the PLL loop, leading to a unified control loop. Such a
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Figure 2.3: (a) Block diagram of regulating TRO frequency through a traditional PLL
architecture. (b) Slow voltage droop causes timing failure.

unified approach enables a synergistic coupling between power and clock, allowing fclk to

vary during a Vdd drop to avoid timing failure, while at the same time controlling Vdd to

enable timing-neutral REFCLK tracking.

Unifying clock and power control affords several SoC design benefits, including voltage-

reference free all-digital construction and effective tracking of chip-mean temperature varia-

tion. In particular, UniCaP provides two critical benefits:(1) To the first order, UniCaP de-

couples regulator bandwidth requirements from Vdd droop margin, enabling a relaxation of

bandwidth requirements, a simplification of voltage regulation, all while improving energy-

efficiency. (2) Adaptive clocking employed to maintain timing-slack despite Vdd droop or

temperature variation remains within PLL control, ensuring that any cycles lost (gained)

during a Vdd droop (surge) event are fully recovered. The duration over which these cycles

are recovered depends on the PLL-regulator bandwidth which must be set in accordance

with system and application phase-tracking performance requirements.
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Figure 2.4: Architecture overview of the buck-converter based UniCaP system.

2.3 UniCaP System Implementation

Figure 2.4 shows a UniCaP-buck system. All modules, with the exception of the bridge,

TRO, and ZVS comparators were designed using a standard synthesis, place-and-route flow.

The buck converter output (Vdd ) powers both, a Cortex-M0 processor and the TRO. The

TRO clock is divided and sampled by a cycle-counting TDC that quantizes the phase-error

for use by the compensator. The compensator provides the digital pulse-width modulator

(DPWM) with the duty-cycle for signals Mp and Mn. Because UniCaP effectively de-couples

required Vdd margins from regulator response time, the need for rapid Vdd transient response

is diminished. Reduced bandwidth requirements allow for lower switching frequencies and

improve efficiency through decreased switching loss. Although UniCaP is ideally suited to

IVR technology, we selected off-chip inductors for lack of access to the necessary technology.

The selected off-chip inductor and filter capacitor values were 10µH and 10µF. A switching

frequency of 1-MHz was chosen for this design.
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Figure 2.5: Circuit diagram of TRO consisting of wire and logic dominated delay cells.

2.3.1 Tunable Replica Oscillator(TRO)

The TRO is implemented as a ring oscillator with run-time programmable Tclk and Vdd -

delay sensitivity to track worst-case critical path delay across the operating Vdd range.

The approach resembles that used in [18], consisting of two building blocks that model

wire (less Vdd sensitive) and logic (more Vdd sensitive) dominated delays (Figure 2.5).

Judicious choice of the number and proportion of each type of element provides the desired

critical path matching. Characterizing fmax(Vdd) on production silicon allows UniCaP to

compensate for both chip-mean, and within-die process variation. However, cost and tester

time considerations limit the number of characterization points, resulting in a modest Vdd

guardband. Additional sources of required margin stem from the delay-sensitivity precision

afforded by the TRO design, clock-insertion delay effects, and within die variation in Vdd

and T.

2.3.2 Loop Compensation

Loop compensation is a critical consideration in enabling a UniCaP architecture applica-

ble across different regulator types. Incorporating Vdd control into the PLL can introduce

stability challenges that need to be addressed, as the dynamics of the PLL and the voltage

regulator are actively combined into a single loop. This combination is especially challeng-
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ing in the case of a buck-converter, whose higher-order nature makes compensation more

complicated (Section 2.3.2). Other common challenges with using Vdd as the PLL oscillator

supply are the risk of cycle slipping (requiring a wide-range TDC), and stability margining

to account for the significant TRO gain variation resulting from Vdd scaling. Notably, TRO

gain varies by 32% over a 0.6-1.0V range.

Time-to-digital Converter(TDC)

Use of a Vdd -powered TRO introduces significant (Vdd correlated) clock jitter, leading to

phase-error potentially exceeding 2π detection range of traditional phase-detectors. Con-

sequently, a coarse-grained cycle-counting TDC is employed to provide a wide capture

range [21]. A 2-9 bit counter (2-bit coarse, 9-bit fine counter) counts TRO clocks within a

REFCLK cycle. Phase-error in excess of 2π, corresponding to a divider-ratio count N no

greater than 512, causes the fine-count (F [n]) to reset to 0 and the coarse counter (C[n]) to

increment. A REFCLK rising edge (suitably re-timed with TRO clk) samples both counter

values before they both resume from 0 in the next cycle. The difference between sampled

counter values corresponds to PLL frequency error: ∆f = F [n]− F [n− 1] + (C[n]−C[n−

1]− 1)N , which is subsequently accumulated to yield the phase error. The 2-9 bit counter

provides the PLL with a detection range of at least 4 REFCLK cycles, effectively avoiding

cycle-slipping. Increasing the bit-width of the coarse-counter can provide additional range,

but was not necessary in this design.

Frequency Acquisition

Figure 2.6a shows the frequency-acquisition portion of the UniCaP system, which uses

feedback to compensate the open-loop output impedance of the buck converter (Zol) .

The goal of frequency-acquisition in UniCaP is similar to voltage-regulation: maintaining

a target Vdd . The key difference is that UniCaP determines this Vdd target to ensure

timing-slack across PVT variation. In the figure, kTRO denotes the linearized TRO voltage-

to-frequency gain around its steady state Vdd value. The cycle-counting TDC produces

∆f which is provided to a PID compensator (Cfreq(z)). The effect of the duty cycle (d)
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produced by the compensator on Vdd is modeled as Gvd. The combined system incorporates

the dynamics of both the buck-converter and the TRO. Achieving frequency-lock for the

resulting system, however, requires the presence of only one open loop pole at z=1. This

requirement greatly simplifies loop-compensation: A PID controller operating on ∆f is

sufficient to compensate the frequency acquisition loop. The controller gain kC is chosen

using a fclk-indexed table, similar to the TRO sensitivity and delay configuration, to provide

maximally rapid but stable response as Vdd varies from 0.6V to 1.0V.

fREF 
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iload

kTRO

vdd
Cfreq(z)

Zol(s)

ZOH
Tref 

 f 

fTRO

 fn

z-1
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C1 z-1
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TDC Gvd(s)
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Figure 2.6: (a) Block diagram of the frequency acquisition loop. (b) Root-locus plot demon-
strates stable closed frequency-acquisition loop response.

The PLL REFCLK also serves as the bridge clock. The applied d is determined a short

delay (τd) after the rising edge of the buck converter bridge clock (REFCLK) due to TDC

resolution-time and compensator latency. Waiting for τd for PMOS turn-on would limit

maximum achievable d, and hinder the ability to address Vdd droop. Instead, the PMOS

turns on at the start of every switching cycle. Once the duty cycle for the current cycle

is determined, the PMOS is immediately disabled if d · Tref < τd. This approach enables

PID compensation without the need to model for loop-delay, but at the cost of limiting

minimum achievable d. Therefore, the PID digital controller is modeled with no transport

delay in Figure 2.6a. Simulations combining suitably chosen kC with judiciously chosen

controller coefficients c0 = 1, c1 = −1.8125, c2 = 0.8203 demonstrate stable closed-loop



15

response (Figure 2.6b).

Figure 2.7: Root-locus plot indicates an unstable phase loop for all K values with conven-
tional PID control.

Phase Acquisition

Tracking REFCLK phase is considerably more involved compared to frequency-lock. The

need for two discrete-time open-loop poles at z = 1, combined with the complex poles

corresponding to the buck converter output impedance makes traditional PID compensation

inviable: Figure 2.7 shows the root-locus plot resulting from PID compensation, indicating

unstable operation.

In this work, we exploit the idea of multi-rate control [24] to achieve stable loop compen-

sation. In this approach, different sections of the feedback-loop operate at different rates

to maintain an overall stable loop response. The frequency path works at the nominal rate

(TREFCLK) to track TRO frequency (and therefore Vdd ). A phase acquisition loop oper-

ating at 10x lower rate (10TREFCLK) to maintain phase-lock (Figure 2.8a). At this lower

rate, the phase loop regulates a closed-loop frequency-compensated system, and is effec-

tively tasked with removing residual phase-offset errors that the fast frequency loop does

not eliminate: any build up of phase-error is precluded by the action of the phase-locked

loop.
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Figure 2.8: (a) Block diagram of composite control with frequency and phase path operating
at different rates. (b) Equivalent phase loop model with model reduction technique applied.
Gvd(z) is the discrete-time representation of Gvd(s) (c) Stable closed loop response for the
reduced order system.
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Figure 2.8b shows the resulting reduced-order frequency-compensated model which presents

a much simpler compensation problem to the phase-acquisition loop. This approach pro-

vides a suitable strategy for stable phase-locked operation even with voltage converters

posing more complicated transient responses. The phase compensator is designed accord-

ingly, using the reduced order model HROD(z), extracted from the balanced state-realization

of the sub-sampled frequency loop (a fourth-order model). Significant poles that determine

system dynamics were subsequently selected based on eigenvalue magnitudes in the state-

matrix to arrive at a reduced second-order model that preserves most of the original system

dynamics. Use of a PI controller with p0 = 1, p1 = −0.78 readily provides stable closed-loop

compensation for phase-lock, as seen in Figure 2.8c.

2.4 All-digital ZVS Operation and CCM/DCM Transition

2.4.1 All-digital ZVS

Significant losses are incurred in switching the considerable output capacitance Cbridge (Fig-

ure 2.9). ZVS can reduce these losses and improve efficiency by recycling the charge stored

in Cbridge through L [25]. Furthermore, DCM operation is often employed under light

load conditions to help reduce conduction losses by turning off power transistors when the

minimum inductor current IL,min< 0 [26]. Autonomous CCM/DCM transition is particu-

larly desirable for SoCs which typically exhibit wide data-dependent load fluctuation. This

section elaborates upon the circuit implementation of ZVS and autonomous CCM/DCM

transition.

Figure 2.9 shows the circuit schematic and timing diagram of the proposed ZVS opera-

tion. Cbridge charges to Vin during the charging phase. A deliberate dead-time is introduced

between Mp turn-off and Mn turn-on, resulting in both FETs not conducting, allowing ca-

pacitor charge transfer to the load through the inductor. Ideally, Mn must be turned on

approximately when Vx crosses 0 to maximize switching loss reduction by 1/2CbridgeV
2
in per

cycle. An all-digital DLL is used to track the Vx = 0 transition, and subsequently tune the

delay between rising edges of p and n so that the turn-on of Mn aligns with the condition

that drain voltage of Mn is zero. A p-type Strong-ARM latch is used as a phase-detector
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to evaluate the polarity of Vx at the instant that n transitions to “1”. The phase-detector

output is used to control a thermometer-coded programmable telescopic delay chain [27]

with a coarse delay of 80ps and a fine resolution of 20ps achieved by tunable MOS-based

capacitor load at the output buffer to adjust tdead to enable the alignment of Vx = 0 and

the rising edge of n. The DLL tracking loop is independent from the UniCaP loop.

Figure 2.9: Circuit and timing diagram of the proposed DLL-enabled ZVS operation.

2.4.2 Autonomous CCM/DCM Transition

Figure 2.10 shows a block diagram of the proposed CCM/DCM controller. DCM operation

requires Zero Current Switching (ZCS) for higher efficiency which ensures IL = 0 when Mn

turns off. Prior work has examined techniques to detect the IL = 0 event [12, 28]. In [12],

this detection is achieved by sensing the direction of current flow based on the polarity of

the VX node voltage. A low-offset analog comparator consuming significant area and power
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Figure 2.10: Circuit diagram of the VX gradient based zero current detection method.

(a) (b)

Figure 2.11: (a) CCM/DCM transition control finite state machine. (b) Timing diagram
illustrates autonomous CCM/DCM transition through a combination of PWM and PSM.

is required to determine the VX polarity change. A digital zero current detection (ZCD)

method is proposed in [28]. This approach connects VX and Vout through a 2Vin gate boot-

strapped switch, and relies on a comparator to determine the polarity of the switch. We

propose a low-overhead, low-complexity approach for ZCD which indirectly measures IL
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direction by evaluating the polarity of the VX gradient after Mn turns off to determine

the direction of charge flow. The VX node voltage is sampled successively on the falling

edge of nd and n2d, delayed versions of n. Once sampled, a clocked comparator performs

comparison on the two voltages. Double sampling of the VX node to determine IL direction

is preferred to measuring the polarity of VX to avoid having to detect a low voltage drop

across the strong Mn switch. Figure 2.10 (b) and (c) illustrate inductor current direction

evaluation based on the comparator output. Adjusting the pulse width, and locking to the

transition edge of the comparator is indicative of achieving Mn turn-off at the IL,min = 0

condition (Figure 2.10 (a)).

Figure 2.11 shows a timing diagram illustrating the operation of the CCM/DCM transi-

tion managed by a finite-state machine (FSM). The converter works in PWM mode during

CCM operation when IL,min – as detected by the ZCD comparator – is positive under nor-

mal load conditions. If the comparator detects an IL,min < 0 condition for three consecutive

cycles during steady state, the FSM transitions into DCM-lock state, adjusting PWM duty

cycle to lock to the IL,min = 0 condition. Once the system enters the DCM tracking state,

pulse skipping modulation (PSM) [29] is used to reduce the switching loss of the driver for

Mp and Mn. The TRO clock frequency ftro is compared with the target frequency ftarg

at the onset of every switching cycle. A switching pulse is generated to charge the output

capacitor only when ftro is below ftarg . If the load current exceeds values achievable by

DCM operation, Vdd and ftro both decline, with ftro falling below ftarg . After three con-

secutive cycles with ftro < ftarg , indicative of a current load that exceeds the capabilities of

DCM at the given Vdd , the FSM transitions back to CCM operation. The three-cycle delay

introduces necessary hysteresis in the mode-transition to avoid dithering between the oper-

ating states. Phase lock was not implemented in the DCM configuration in this test-chip

for logistical reasons. Per our analysis and simulations, DCM does not preclude achieving

UniCaP phase-lock.

2.5 Measurement Results

A UniCaP-buck test-chip was implemented in 65 nm CMOS (Figure 4.9). The inductor

and decap for this prototype were placed off-chip. All characterization tests, and reported
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numbers are qualified by correct operation of the fmax and speed-indicative benchmarks

of the Cortex-M0. Characterization of fmax along with corresponding TRO settings was

performed in steps of 50mV in the range of 0.6 to 1V. At each calibration point, the TRO

is configured to match both the delay and the Vdd sensitivity of the critical path.

Figure 2.12: Die micrograph.

2.5.1 ZVS and CCM/DCM Transition

Figure 2.13a shows measured DLL delay-line codes under various load current conditions

during steady-state ZVS operation. The modulation of the required delay line in response to

IL matches analytical expectations of dead-time delay for ZVS, and demonstrates the track-

ing operation of the DLL. Oscilloscope traces captured in Figure 2.13b illustrate CCM/DCM

transition in response to load changes at Vdd = 0.6V. The system autonomously transitions

to DCM as load current drops due to reduced processor activity, and changes back to CCM

after Iload increases again. Measured buck converter efficiency at Vdd = 1V across 7-105mA

is shown in Figure 2.14. Efficiency over 88% was observed across the range, with a peak

efficiency of 96%.

2.5.2 Transient Response

In addition to the load provided by the Cortex-M0, the chip employs an integrated synthetic

load that is memory mapped to the processor. Load current magnitude is configured by
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(a)

(b)

Figure 2.13: (a) Measured locked ZVS-DLL code vs. load current. (DLL code proportional
to ZVS dead time) (b) Measured CCM/DCM transition waveforms

performing store operations to the memory location mapped onto the synthetic load. This

capability to provide a direct, program-controlled time-varying load can be used to generate

fast, user-programmable Iload patterns. Figure 2.15 shows Vdd oscilloscope captures in

response to Iload step-up and step-down (90mA/1ns). Responses for both, frequency-lock

(f-lock) and phase-lock configurations, are included to highlight their differing behaviors.
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Figure 2.14: Measured buck converter efficiency

The f-lock response, measured by disabling the phase-control path, resembles a typical

voltage regulator response since it involves Vdd recovery to restore fclk. Phase-lock not only

involves fclk restoration but also recovers any cycles lost during the droop by temporarily

driving Vdd above Vtarget. The corresponding behavior is observed for a current step-down.

The increased (decreased) settling voltage resulting from a step up (down) is due to the IR

drop between the inductor pin (our Vdd probe point) and the actual Vdd at the Cortex-M0,

which is the voltage being regulated to enable phase lock.

(a) (b)

Figure 2.15: Measured transient voltage response under load current step with phase and
frequency lock configurations (a) step-up (b) step-down.
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2.5.3 Vdd -margin Reduction

One of the key benefits afforded by UniCaP is its capability to track supply noise, temper-

ature and inter-die process variations and aggressively reduce related Vdd -margins. We ran

Cortex-M0 fmax benchmarks in the presence of supply droop to investigate UniCaP bene-

fits on supply noise margin reduction. Experiments are performed under ideal, conventional

(no elastic TRO) and UniCaP (elastic TRO) modes. The fmax curve corresponding to the

ideal mode is obtained without any Vdd droop injection. Conventional mode measurements

are made by configuring the system to operate conventionally, with independent Vdd and

clock regulation loops. The injected Vdd droop results from a relatively conservative 100%

change in Iload . At a target frequency of 320MHz, the Iload causes a 100mV supply droop

during conventional operation. Under UniCap, elastic clocking allows the recovery of 96%

of the droop margin, providing 96mV of Vdd reduction (Figure 2.16a) over the conventional

approach. To the first order, the timing margin is independent of transient Vdd response

because the TRO immediately stretches the clock in response to a droop. Thus, unlike

conventional regulation, required Vdd margins are not determined by the transient Vdd re-

sponse to load variation, but rather by I/O and buffering considerations. For this reason,

the measured 96% margin recovery was achievable in spite of loop bandwidth well below

1MHz.

One of the several sources that contribute to reduced margin recovery in the UniCaP

architecture (a summary of which is provided in the discussion section of [30]), is the mis-

match between the TRO and the critical path. The number of Vdd points at which the

TRO is calibrated to the critical path impacts the amount of mismatch margin that must

be applied. Figure 2.16b shows the percentage loss in Vdd margin-recovery vs. the Vdd

step-size used for TRO calibration. A 50mV step-size baseline is assumed. In the worst-

case, a single TRO setting across the Vdd range would result in a 36% reduction in margin

recovery at 0.6V. TRO calibration for production silicon is expected to be similar to that

for any canary-based system [31] used in industry. The number of calibration points and

TRO settings will be determined based on the trade-off between testing cost and the impact

of calibration points on Vdd margin recovery.
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(a)

(b)

Figure 2.16: (a) Measured Cortex M0 fmax vs. Vdd illustrating 96% margin recovery
through UniCaP at 320MHz. (b) Measured Vdd margin recovery loss vs. TRO calibration
step size across 0.6-1.0V.

The remaining margins associated with UniCaP are due to non-zero clock insertion delay,

and within-die Vdd ,T variation not captured by calibration. A detailed analytical treatment

of the impact of insertion delay is outside the scope of this work. To the first order, UniCaP

transient response will be determined by how quickly frequency and cycle-count loss needs

to be recovered rather than the worst-case Vdd droop magnitude.
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The ability of UniCaP to track temperature variation through Vdd control in the range

of -10-to-100◦C also provides opportunistic margin reduction. Figure 2.17 shows measured

Vdd value with target frequency of 40MHz and 320MHz across the temperature range. Con-

ventional systems which require Vdd margining based on worst-case temperature conditions,

consistently operate at the highest required Vdd . In contrast, UniCaP autonomously tunes

Vdd to maintain phase-lock to REFCLK while meeting timing-slack, allowing the system

to trade-off positive timing-slack from favorable temperature conditions for Vdd reduction.

The temperature-induced Vdd margin reduction was measured to be 55mV at 40MHz and

40mV at 320MHz. The differing slope polarities of the two curves are the result of operation

on either side of the temperature-inversion point in the 65nm process.

2.5.4 On-the-fly DVFS

The ability for on-the-fly DVFS, without interrupting processor operation is another signifi-

cant advantage of UniCaP . Figure 2.18 shows UniCaP performing uninterrupted, on-the-fly

DVFS by providing a sequence of new PLL divider ratios to the system to assert a new

target frequency. In conventional systems, DVFS operation requires independent voltage

and frequency codes (voltage-frequency look-up table) to be provided to VR and PLL while

in UniCaP , a new divider ratio and TRO setting are asserted for a new transition. Im-

portantly, the system automatically transitions Vdd to the voltage level required for correct

operation at the new target frequency. As fclk and Vdd are tuned simultaneously without

timing slack degradation, uninterrupted processor operation is possible during DVFS events

and has been verified in our experiments.

Mismatch in TRO sensitivity at the current vs. the target fclk across a large fclk range

can be accounted for by a two-step TRO configuration process. At the onset of DVFS, the

TRO is configured to the Vdd sensitivity based on the target fclk, but with an additional

time-period margin to guarantee timing-slack regardless of current operation away from its

corresponding Vdd . This added TRO time-period margin can be removed once the PLL re-

locks to the target fclk. Use of an additional margin during DVFS transitions has the effect

of adding a temporary Vdd margin to the system to account for Vdd sensitivity mismatch.
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Figure 2.17: Measured Vdd vs. temp. with ftarg = 40MHz and 320MHz.

2.5.5 Total Energy-per-cycle (EPC)

The total energy-per-cycle (EPC) metric accounts for the total dissipation incurred in com-

putation, inclusive of the clocking and power-delivery and regulation system. Total EPC

therefore accounts for inefficiencies of supply noise and temperature-induced margins. At

each frequency point, the conventional system requires regulating Vdd to a higher-than-ideal

value, margining for worst-case supply droop and temperature variation in (-10◦C, 100◦C)

range, resulting in increased energy dissipation. Figure 2.19 demonstrates the EPC benefit

afforded by UniCaP, allowing a system energy consumption reduction of 35% at 1.0V, and

48% at 0.6V.



28

2.5.6 Performance Benefit

Maintaining phase-lock is one of the key advantages of UniCaP , allowing it to recover any

cycles lost or gained during a Vdd transient. Figure 2.20 illustrates this capability, showing

the impact of increasingly frequent fixed-amplitude voltage droop events on the effective

system clock frequency indicated by the normalized clock rate, for conventional, discrete

clock stretching [18, 17] and UniCaP systems. A fixed 15% frequency guardband is required

by conventional systems, which remains steady regardless of droop frequency. Using discrete

clock stretching approaches reduces the voltage margin required for low droop occurrence,

but results in a normalized clock rate degradation due to more frequent clock stretching

events. UniCaP not only requires a much lower guardband but also ensures constant clock

rate throughout the droop event frequency sweep, regardless of the number of droop events

since any cycle losses are compensated for through phase-lock.

2.6 Conclusion

This section describes a unified clock and power architecture to allow IVR enabled systems

to aggressively reduce Vdd margins induced by supply noise and temperature variation. A

buck converter based UniCaP system with all-digital ZVS and autonomous CCM/DCM

Figure 2.18: Measured oscilloscope capture of on-the-fly DVFS transitions by varying PLL
divider ratio.
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Figure 2.19: Measured total energy-per-cycle vs. operating frequency plot.

Figure 2.20: Normalized clock rate vs. droop event frequency for conventional, discrete
clock stretching and UniCaP systems.

transition control was prototyped in 65nm CMOS. The test-chip achieves 10-13.5% Vdd

reduction in 0.6-to-1.0V range by recovering an average of 82% Vdd margin due to supply

droop and 40-55mV due to temperature variation. PLL phase-lock action ensures any cycles

lost or gained resulting from supply noise are fully recovered.
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Chapter 3

UNICAP-2: PHASE-LOCKED ADAPTIVE CLOCKING
WITH RAPID CLOCK CYCLE RECOVERY IN 65NM CMOS

3.1 Introduction

UniCaP adaptive clocking architectures [7, 19, 20, 30], have recently demonstrated aggres-

sive margin recovery while regulating average system performance. UniCaP employs a

tunable Vdd -powered critical path replica oscillator (TRO) to produce a clock (clk) whose

period (Tclk) tracks both the delay and Vdd sensitivity of the critical path across operat-

ing conditions (Figure 3.1(a)). Any Vdd change thus identically modulates Tclk and the

critical path delay (τcrit) to maintain timing slack. This property allows Vdd to be used

as the sole control variable within the clock loop to phase-lock clk to a reference (REF-

CLK) without impacting timing. Unfortunately, using phase error (∆Φ) – a time-averaged

metric of Vdd error – inherently limits Vdd regulation bandwidth. Slow recovery of Vdd

droop (and thus fclk) increases peak cycle loss (∆Φmax), leading to increased pointer sepa-

ration and even saturation in clock domain-crossing FIFOs. Furthermore, a combination of

loop dynamics and existing control techniques limit phase-lock bandwidth to fREFCLK/100

for stability [7], thereby degrading Trecovery and rendering UniCaP unfeasible for real-time

systems requiring performance guarantees in sub-20µs time frames. This paper introduces

UniCaP -2 (Figure 3.1(b)), a dual-loop phase-locked adaptive clocking architecture that re-

duces ∆Φmax and Trecovery while enabling higher Vdd margin reduction. We also leveraged

the 65nm test chip to empirically assess the impact of clock distribution delay on attainable

margin reduction.

3.2 Architecture

Figure 3.2 outlines the UniCaP -2 architecture as applied to a buck converter. Vdd remains

the only control variable in the clock loop but is determined by two distinct feedback paths:
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Figure 3.1: Construction and transient operation of (a) UniCaP , which is slow and leads
to larger Vdd droop and (b) this work (UniCaP -2), which allows rapid Vdd recovery and
phase lock.

(1) a faster Vdd -path that quickly senses and recovers from a Vdd droop (or surge) through

Model Predictive Control (MPC) [10]; and (2) a slower phase-path that rapidly eliminates

∆Φ. The phase-path applies, in each REFCLK cycle, a calculated offset (Vdd,Φ) to the

reference voltage (Vref ). The corresponding fclk adjustment after Vdd settles to Vref+Vdd,Φ,

recovers any cycles gained (or lost) during a Vdd transient by the end of the REFCLK cycle.

Restoring phase lock through a fixed Vdd (fclk) offset achieves the fastest recovery under

random Iload conditions and a given ∆Φmax constraint.
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Figure 3.2: UniCaP -2 test-chip architecture. A fast Vdd loop limits droop. A slower phase
loop achieves phase lock.

Figure 3.3: Proposed TRO design achieves finer delay and Vdd sensitivity control from
improved τcrit and scrit matching.

Critical path replicas, designed to match both τcrit and Vdd sensitivity (scrit = ∂τ/∂Vdd),

are essential to minimizing Vdd droop margins. Traditional TRO designs [7, 30, 18] rely

on wide MUXes to configure the appropriate combination of high- and low-sensitivity delay

cells, thus ensuring Tclk and its Vdd sensitivity (sTRO) match τcrit and scrit respectively.



33

The proposed telescopic TRO (Figure 3.3) avoids the fixed-sensitivity delay overhead of

these MUXes while offering superior per-cell Vdd -sensitivity control and precise τcrit and

scrit matching.

3.3 Silicon Measurements

For Vdd margin characterization, the 65nm UniCaP -2 test chip comprises a Cortex-M0

processor and a configurable τdist of up to 8Tclk with programmable sensitivity. A pro-

grammable synthetic load (Iload ) draws 350mA of peak current in 0.11ns at Vdd = 1V.

These features allow the test chip to emulate realistic designs with larger τdist and power

consumption. A die photograph of the test chip is shown in Figure 3.4.

Figure 3.4: UniCaP -2 die photograph.

To measure the Vdd margin reduction achieved by UniCaP -2, maximum clock frequency

(fmax) experiments were run on the Cortex-M0 core using standard benchmarks under var-

ious conditions (Figure 3.5). Baseline measurements were taken under nominal conditions

without additional Vdd noise. The synthetic load was then used to draw a 350mA current

step to produce 100mV droop at 1V, typical in a product scenario. The fmax measurements

were made under fixed fclk conditions (Conventional) and with UniCaP -2 enabled. Uni-

CaP -2 achieves an average margin reduction of 96.2% under noisy Vdd conditions in the

0.6–1.0V range.
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Figure 3.5: Measured Vdd margin reduction with UniCaP -2 under 100mV supply noise
conditions @ Vdd=1V.

Figure 3.6 shows measured Vdd step-up and -down responses (including snapshots of at

every REFCLK cycle) in response to a 123mA/0.11ns Iload step. UniCaP -2 handles this

transient by rapidly re-locking within a few REFCLK cycles. In the case of an Iload step-up,

the Φ-solver in the phase-path uses the sensed ∆Φ to make the required Vref adjustment by

Vdd,Φ to target phase lock by the end of the REFCLK cycle. MPC rapidly transitions Vdd

to this adjusted voltage. Designs targeting a faster transient response through advanced

(more integrated) package technologies can operate at higher buck switching frequencies

(fsw) to further reduce Trecovery.

The attainable margin reduction depends on matching between the generated Tclk and
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Figure 3.6: Measured Vdd response to Iload step. Runtime values of ∆Φ and Vdd,Φ are
captured by the BIST engine. UniCaP -2 asserts adjusted Vref adjustments to target rapid
phase-lock.

Figure 3.7: Empirical setup to evaluate the impact of τdist and sdist on UniCaP Vdd margins.

τcrit at the ends of the clock distribution. However, Tclk is generated by the TRO at the clock

distribution source and is subsequently delayed, Vdd -modulated, and thus modified before

reaching the sink nodes of this distribution. Ideal performance is thus achieved either when

τdist → 0 or when the Vdd sensitivity of the distribution (sdist) matches scrit; any deviation

from this ideal scenario degrades margin reduction. In this work, we empirically quantify

the impact of dist and sdist–scrit mismatch. Margin reduction experiments at Vdd=0.6V

were performed while varying τdist up to 8Tclk and across a variety of sdist–scrit mismatch

scenarios (Figure 3.7). A programmable frequency (fVDD
) sine-wave generator emulated
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Figure 3.8: Margin recovery vs. τdist across (a) sdist-scrit mismatch and (b) fvDD .

the Vdd noise seen by the Cortex-M0. Measurements indicate a 2.5% (22%) reduction in

recovered Vdd margin at fVDD
= 5MHz (20MHz) when τdist = 2Tclk (Figure 3.8 (a)). Mea-

surements at higher fVDD
(Figure 3.8 (b)) confirm expectations of more rapidly decreasing

margin reduction down to a plateau. Figure 3.9 compares the proposed architecture with

related work.

Figure 3.9: Comparison with related work.
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Chapter 4

A COMPUTATIONALLY REGULATED DIGITAL LDO
WITH 2.9-CYCLE MEAN SETTLING TIME

4.1 Introduction

Low dropout regulators (LDOs) play an important role in enabling fine-grain Dynamic

Voltage and Frequency Scaling (DVFS) [32] for enhanced energy efficiency. Compared to

their switched-capacitor and switched-inductor counterparts, the low area overhead and

rapid transient response offered by LDOs make them particularly well-suited for use in

multi-voltage domain SoC designs. Recently, DLDOs have attracted much interest due

to their capability for use in low-voltage designs, ease of portability across designs, and

scalability across process technology nodes.

Vin

CL

Vdd

Vref

ADC

IL

Solver
(Time-domain)Δvo 

Analyze Vdd  
statistics

GS,model

AGT: Autonomous 
Gain Tracking

AGT

Figure 4.1: Overview of the proposed computationally enabled LDO architecture (CLDO).

Despite significant integration and scalability advantages, DLDOs face several challenges

which currently hinder broad applicability across SoCs. These challenges, elaborated upon
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in Section 4.2, include (1) delayed regulator response to load current (Iload ) due to discrete-

time Vdd sampling; (2) degraded response time and loop-stability due to the significant loop

delay incurred between sensing Vdd deviation from a reference voltage (Vref ) and adjusting

regulator output current; and (3) significantly higher loop gain sensitivity to process, regu-

lator input voltage (Vin), Vdd and temperature (PVinVddT ) which forces stability margins

and degrades response time.

Recent efforts have focused on improving DLDO transient response through non-linear

control techniques and event-driven architectures. Event-driven DLDOs [33, 34, 35] over-

come the limitations of discrete-time sampling by triggering the regulator in response to

threshold crossings in Vdd . Digital loads, however, exhibit significant run-time Iload varia-

tion which can trigger frequent threshold crossings and lead to prohibitive switching losses.

Introduction of hysteresis [35] overcomes this drawback, but at the cost of transient re-

sponse degradation. A combination of linear and non-linear [36] techniques reduces DLDO

settling time, but faces the challenge of stable and seamless transition between the two

control modes under random Iload . Logarithmic search-based [37, 38] architectures similarly

reduce DLDO settling time but can result in excessive droop in the presence of random Iload

profiles.

In this chapter, we present a DLDO architecture that employs low-latency computa-

tion for rapid, stable response across PVinVddT (Figure 4.1) [9]. Regulator design involves

deriving a time-domain model of the regulator that provides enhanced accuracy over a

linear discrete-time transfer function model. Such a model is capable of capturing non-

linear effects and loop-delay more effectively. A Solver is used for run-time evaluation of

the resulting system of equations to achieve rapid response. Computation also enables the

implementation of autonomous gain-tuning (AGT), a technique that relies on computing

the auto-correlation of the sampled Vdd with single-bit precision in order to classify regula-

tor response and enable loop gain auto-tuning across PVinVddT variations (Details will be

discussed in Chapter 6).

A test-chip implementation of the proposed computationally regulated LDO (CLDO)

powering a Cortex-M0 processor and a linear-algebra co-processor was fabricated in a low-

power 65nm CMOS process. Silicon measurements indicate a 2.9-cycle mean settling time
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under a random current loading configuration.

The remainder of this chapter is organized as follows: Section 4.2 outlines specific chal-

lenges and limitations of synchronous DLDO designs. Section 4.3 provides an architectural

overview of the DLDO architecture, explaining how computation is used to achieve rapid

response. System implementation details of the test-chip are presented in Section 4.4. Mea-

surement results are presented in Section 4.5.

4.2 Challenges in Traditional DLDO Design

DLDOs face three significant challenges that adversely impact their transient response and

stability. This section outlines these challenges briefly, particularly in contrast to analog

LDOs.

Figure 4.2a shows an illustration of a simplified synchronous DLDO [39]. The error volt-

age (Vref -Vdd ) is sensed using an analog-to-digital converter (ADC) to sample and quantize

Vdd . This quantized Vdd is processed digitally to control the number of PMOS headers

that are turned on. Notably, header transistors operate with full gate overdrive (Vgs = Vin).

ADC, control logic, and buffering required to drive the headers account for a loop delay (τd).

Sampling Vdd at discrete times inherently limits the transient response of synchronous

DLDOs. As seen in Figure 4.2b, this discrete sampling leads to a delay between the Iload

step and sampling Vdd . Without any response from the regulator, Vdd continues to drop

during this time, worsening droop. Another consequence of the impact of the time delay

between the Iload step and sampling Vdd is that Vdd droop magnitude and regulator settling

time are become dependent on arrival time of the Iload step relative to the DLDO sampling

clock edge (Figure 4.2c). For such designs, empirical measurement of the load-step response

requires performing multiple iterations of the droop experiment and extracting the relevant

statistics from the measurement of interest (e.g. voltage droop). While transient response

degradation in synchronous DLDOs is unavoidable due to discrete sampling, it places a

further emphasis on suppressing other contributors to droop and settling time.

Loop delay, modeled by τd in Figure 4.2 delays regulator response-time and reduces the

phase-margin of the regulator. One source of delay is the latency incurred in the ADC,

control logic and header buffers. A dominant delay contributor, however, is clocked timing-
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Figure 4.2: (a) Simplified synchronous DLDO schematic. (b) DLDO voltage response to
an Iload step. Discrete sampling of the error voltage (Vref -Vdd ) leads to a delayed response,
which also depends on relative timing between the Iload step and the error-voltage sampling
edge. (c) Simulated peak droop (normalized) resulting from a unit step current at various
times within a DLDO clock cycle.

elements that are inserted in the regulator control path to filter any glitches that arise

either from the ADC or the logic. Preventing these glitches from arriving at the PMOS

headers is critical to avoiding exacerbating both, switching loss and voltage droop. Tradi-

tional implementations employed flip-flops [39, 40], introducing a full-cycle of loop delay.
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Designing a stable regulator with this significant additional loop delay requires conservative

compensator design that results in a slower response. Negative edge triggered flip-flops have

been employed more recently in an effort to reduce this delay [41]. Unfortunately, a half-

cycle latency remains a significant factor in degrading the regulator response time-stability

trade-off. Achieving rapid response in DLDOs requires addressing these contributors to τd.

An important aspect that distinguishes DLDOs from analog LDOs is that they operate

by varying the number of conducting PMOS headers (or NMOS footers, in the case of NMOS

based LDOs), each operating in the linear region with full gate overdrive. The expression

for the current provided by a unit-header device can be written as [42]:

Ilsb =
µCoxW

L
[(Vin − Vth)Vdropout −

1

2
V 2
dropout], (4.1)

where Vdropout = Vin−Vdd. The linear-mode operation of these header devices has major

implications on system-linearity and PVinVddT sensitivity of the design that are in stark

contrast with analog LDOs.

Varying the number of devices, each with a V I characteristic of Equation 4.1 yields a

system whose circuit parameters are not time-invariant: DLDO circuit parameters vary from

cycle to cycle. Thus, although all prior work in DLDO design that the authors are aware

of has relied on transfer function-based analysis, this approach is at best an approximation:

the resulting closed-loop DLDO system does not meet the Linear and Time-Invariant (LTI)

requirement needed for frequency domain analysis. The non-linear behavior of DLDOs

exposes a key limitation of traditional frequency-domain techniques (such as PID control)

which can be avoided using time-domain approaches. Frequency domain approaches rely on

a transfer-function formulation of the system, based on approximating the header resistance

as a current source whose magnitude is varied at a resolution of Ilsb. Time-domain modeling

– repeatedly evaluating (non-linear) RC expressions over one DLDO cycle – provides an

accurate alternative.

Equation 4.1 also highlights the vulnerability of DLDOs to PVinVddT variation compared

to analog LDOs for a given Iload . To elaborate, we first note that loop-gain contribution by

the transconductance (gm) of the header device of an analog LDO depends on the ratio of
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Iload and gate-overdrive (Vgs − Vth). Because analog LDOs modulate header drive current

through gate-to-source voltage (Vgs) control using feedback, scaling Vin at run-time causes

the feedback loop to adjust the header gate voltage, thus maintaining Vgs and therefore

header transconductance. Similarly, modulating the gate overdrive of a saturated device

feedback allows the loop to compensate for threshold voltage (Vth) variation, and diminish

the sensitivity of drain current to mobility variation in the header: both effects result from

temperature variation.

In contrast with analog LDOs, the loop-gain of the DLDO header is determined by Ilsb,

which varies strongly with Vin and Vdropout. Equation 4.1 also highlights DLDO sensitivity

to temperature variation (through Vth and µ) on Ilsb, which directly impacts DLDO loop-

gain. Ensuring stable response across wide variations in loop gain through traditional

control mechanisms requires designers to robustly margin for the worst-case loop gain.

Such margining degrades transient response and is particularly significant in the context of

power-management features such as DVFS, where Vdd and Vin vary over a wide range.

4.3 Computationally-Enhanced DLDO: Architecture

This section describes the architecture for the proposed CLDO. The operation of the Solver

in evaluating a time-domain model of the regulator is discussed in Section 4.3.1. The

rationale and operation of the proposed adaptive gain tuning mechanism will be discussed

in details in Chapter 6.

This work proposes a computational approach to DLDO control as an effective alterna-

tive to traditional PID based control. The approach relies on a time-domain model of the

regulator (at the desired level of accuracy) to solve for, at the beginning of each cycle, the

header width that will minimize settling time. The time-domain approach exploits continued

advances in computing delay and energy-efficiency to perform more complex computations

that allow for the time-varying circuit parameters (header resistance) and loop-delay effects

in the DLDO to be modeled accurately, and thus enable rapid response. Furthermore, we

also demonstrate the use of computation – low-precision analysis of quantized Vdd – to en-

able auto-tuning of the loop gain, avoiding worst-case margining of regulator loop gain that

leads to transient response degradation.
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Figure 4.3: Ideal CLDO response to an Iload step with single cycle recovery.

4.3.1 Time-domain Model

Figure 4.3 illustrates the ideal response of the CLDO to an Iload step. The CLDO periodi-

cally quantizes Vdd in both voltage and time to obtain vo. This ADC function is performed

by a bank of comparators. Successive differences in vo are indicative of a mismatch between

the load current, Iload and the regulator current in the current cycle. Thus the average load

current over cycle n− 1 can be written as:

Il[n− 1] = k[n− 1] · Ilsb +
CL
T
· (vo[n− 1]− vo[n]), (4.2)

where k[n − 1] represents the number of PMOS headers turned-on in the prior cycle. The

number of headers to be turned on in cycle n is governed by the need for the CLDO to

provide Il[n-1], and deliver the additional charge required to restore Vdd :

k[n] =
Il[n− 1]

Ilsb
+

CL
Ilsb · T

(Vref − vo[n]). (4.3)

Combining Equations 4.2 and 4.3 yields an expression for k[n] as a function of vo:

k[n] = k[n− 1] +
CL

Ilsb · T
(Vref + vo[n− 1]− 2vo[n]). (4.4)
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Denoting CL/(IlsbT ) to be the solver gain (GS), the expression in Equation 4.4 simplifies

to:

k[n] = k[n− 1] +GS(Vref + vo[n− 1]− 2vo[n]). (4.5)

Thus, the Solver effectively solves the model to determine k[n] for a single-cycle response:

ideally restoring Vdd after one CLDO cycle. This simplified model–which does not account

for loop delay or the non-linear dependence of Vdropout on Ilsb–can be shown to be identical

to dead-beat control [43]. In dead-beat control, closed loop z-domain poles are positioned at

the origin [43] to provide the fastest possible response. Loop-delay, however, is an important

factor in determining stability, particularly in applications seeking rapid transient response.

Although significantly suppressed in the CLDO architecture (discussed in Section 4.4), this

delay must be accounted for in the regulator model.

Figure 4.4: Block-level description of the DLDO implementation.

4.4 System Implementation

This section outlines the design and implementation of key aspects of the DLDO design (Fig-

ure 4.4) for the test chip, including circuit-architectures such as the voltage quantizer and

datapath design for low-latency DLDO header update. We also discuss the implemented

extension to the time-domain model that incorporates the effect of loop delay. Timing

optimizations on the implementation of the resulting control law are discussed.
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vo[6:0] vo[n-1] vo[n]

solver out k[n-1] k[n]

update pulse τsolver 

FET code k[n-1] k[n]

Figure 4.5: DLDO timing diagram.

4.4.1 Low-latency Header Update

The CLDO achieves low-latency, same-cycle header update while continuing to filter glitches

that occur in the digital logic. Figure 4.4 illustrates the sequence of operations after the

regulated voltage, Vdd , is first sampled and non-uniformly quantized by a bank of compara-

tors. A decoder interprets the comparator-bank output to determine the error voltage (∆vo),

which is used by the Solver to evaluate a loop-delay aware time-domain model of the reg-

ulator. The Solver output is provided to a binary-weighted bank of PMOS header devices

to control the output resistance of the DLDO.

Filtering glitches is necessary for DLDO implementations because both, the comparator-

bank and the compensator (the Solver in the case of the CLDO) produce outputs that glitch.

Process variation, and the dependence between resolution-time and error-voltage causes a

spread in comparator evaluation time, resulting in glitches at the decoder input. Glitching

at the Solver output results from the evaluation of static digital logic. State elements such

as flip flops and latches are traditionally used to filter these glitches [42] but add excessive

loop-delay.

The CLDO architecture fulfills the competing objectives of glitch filtering and reduced

loop-delay by relying on flip-flops that are triggered by suitably skewed clocks. This is



46

achieved by inserting delays of τcomp and additionally τsolver to the flip-flops that sample the

comparator and Solver outputs respectively. These delays represent a conservative bound

on comparator and Solver evaluation times, avoiding any timing violations. Figure 4.5

illustrates the timing diagram of the resulting system, which allows k[n] to be updated at

a time αT (0 < α < 1) after the rising edge of the DLDO clock. Thus, the DLDO allows

a header code update corresponding to the Vdd sampled in the same cycle: the loop-delay

contribution is limited to the sum of the worst-case comparator resolution time and the

Solver critical path delay.

4.4.2 Comparator Bank

Figure 4.6: Comparator bank architecture used to quantize Vdd . A matching resistive
network connects Vdd inputs to the comparators to mitigate kick-back noise. Suitable tap-
off point selection from a chain of identical unit resistors provides non-uniform reference
levels. Non-uniform quantization presents a suitable trade-off between the voltage resolution
requirements and voltage capture range.

The CLDO relies on a bank of 13 comparators for direct flash conversion of Vdd every

DLDO cycle. Covering a target range of 240mV with uniform quantization of 5mV would
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require a 5.6-bit flash ADC. To relax this dynamic range requirement, we therefore imple-

ment a 13-level flash ADC with non-uniform quantization (Figure 4.6): Successive codes

in each direction around the zero-code occur at ∆ (5mV), 2∆, 3∆, 6∆, 12∆ and 24∆.

Setting ∆ to correspond to 5mV provides a converter range of 240mV, necessary to cover

a worst-case voltage surge or droop. Such an approach avoids the complexity and power

dissipation of a wide-dynamic range ADC while minimizing the impact of quantization er-

ror [44]. Non-uniform quantization provides wider conversion range but degrades settling

time, a favorable trade-off that avoids the significant complexity and power dissipation of a

uniformly quantized high-speed ADC.

A preampifier-free strong-ARM latch was used for the clocked comparator. Reliably

achieving the required 5mV ADC resolution requires specific efforts to compensate for ran-

dom variation between the differential MOS devices in the comparator. Suppressing this

variability by increasing the size of the comparator is undesirable due to area and power

overhead. The comparators employed in this ADC consist of an integrated bank of digitally

tunable load capacitors that offers a offset cancellation resolution of 1mV (worst-case), and

a range of 40mV (worst case). These offset cancellation specifications were found to be suf-

ficient for the test chip. Intermediate reference voltages for the comparator were generated

using a resistor chain made up of identical 30Ω salicided polysilicon resistors. The compara-

tors allow for digitally-controlled offset cancellation at a resolution of approximately 1mV.

Kick-back noise was mitigated by matching the impedance looking back from the compara-

tor inputs. This matching was performed by using a resistor chain for the Vdd input of the

comparator identical to that of the reference voltage as shown in Figure 4.6.

4.4.3 Modeling Loop Delay

Incorporating loop-delay into the simple time-domain model of the DLDO from Section 4.3

is an essential component of ensuring rapid regulator response that remains stable across

PVinVddT . Stability considerations constrain DLDO transient response time, motivating

effective modeling of loop-delay, a key contributor to instability. The effect of loop delay

in DLDOs is that the the number of headers enabled in cycle n is k[n − 1] for a duration
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Figure 4.7: Loop delay results in a delayed update of k[n]. The timing model samples Vdd at
the rising clock edge, but adjusts the measurement to determine ṽo[n], the sampled voltage
at the onset of applying k[n], chosen to set ṽo[n+ 1] = 0.

of αT (Figure 4.5), and k[n] for the remaining time (1− α)T . Consequently, the effective

header-drive depends on both k[n − 1] and k[n]. This two-cycle dependence must either

be accounted for in the timing model, or must be compensated for by over-damping the

regulator response. To maintain fast transient response, we incorporate the effect of this

αT delay.

Figure 4.7 shows a simplified timing waveform that illustrates adjustments applied to

the simple timing model discussed in Section 4.3.1. The adjustment adopted to incorporate

loop-delay has the effect of effectively shifting the time-reference of the analysis to αT after

the rising edge of clock. Once the error voltage, ṽo[n] is determined in this shifted reference,

the Solver solves for k[n] using an approach identical to that discussed in Section 4.3.1.

At the start of cycle n, the Solver first samples vo at the rising edge, and estimates the

average load current over the previous cycle:

Il[n− 1] =
CL
T

(vo[n− 1]− vo[n])

+ (αk[n− 2] + (1− α)k[n− 1])·Ilsb.
(4.6)

This loop-delay aware load current evaluation allows for the evaluation of ṽo[n], the projected
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value of vo at time αT after the rising edge of the clock when k[n] is asserted at the headers:

ṽo[n] = vo[n] +
αT

C
(k[n− 1] · Ilsb − Il[n]). (4.7)

With ṽo[n] determined, k[n] can be determined by evaluating the expression for restoring

vo at time αT into the next cycle:

C

T
(Vref − ṽo[n]) = k[n] · Ilsb − Il[n− 1]. (4.8)

Equations 4.6, 4.7 and 4.8 can be combined into a single expression that relies on vo, which

is evaluated by the Solver in each DLDO cycle to solve for k[n].

k[n] = GS [(Vref − vo[n] + (1 + α)(vo[n]− vo[n− 1])]

+ (α2 − α− 1)k[n− 1] + (α2 + α)k[n− 2]
(4.9)

Figure 4.8a illustrates the datapath for computing k[n] according to Equation 4.9. Ad-

ditional multiplications are associated with the loop-delay augmented model (in red) but

these involve scaling by constant factors. Note that although the augmented model accounts

for loop-delay, the uncertainty in estimating ṽo[n] and need to minimize the response time in

reacting to a droop motivates minimizing α. The critical path of the datapath is therefore

determined by the combinational delay from vo to k[n]. In order to reduce this delay, we

optimized the signal-flow graph of the datapath, consolidating terms and scheduling com-

putations corresponding to sequential paths (i.e. from or to flip-flops). The resulting design

is illustrated in Figure 4.8b and achieves significant critical path delay reduction, reducing

it to one multiply-accumulate operation.

The combined effect of using CLDO flip-flops with delayed data-capture (Figure 4.4)

clocked at fs = 100MHz, and an optimized loop-delay aware datapath delivers α = 0.35,

inclusive of buffer delay incurred in driving the header devices.
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Figure 4.8: (a) Datapath for computing k[n]. Modules marked in red are required to
model loop delay. (b) Optimized signal-flow graph of the datapath, reducing the loop-delay
contribution to one multiply-accumulate operation.

4.5 Measurement Results

The proposed computationally-enabled DLDO was implemented in 65 nm CMOS (Figure

4.9). The design uses no off-chip decoupling capacitance (decap), and relies on 0.25nF of

explicit decap. Loading for the DLDO was provided by a Cortex-M0 processor and a linear-

algebra co-processor. We also implemented a synthetic arbitrary load-current generator that

is memory-mapped to the processor in order to offer programmable support for software-
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Figure 4.9: Die micrograph of proposed DLDO test-chip.

defined load-current waveform shape and magnitude.

Figure 4.10 illustrates the voltage response of the DLDO under a rapid load step from

22µA to 5.66mA with a 110ps rise-time. Oscilloscope waveforms are shown both, with

and without loop-delay modeling enabled. Evaluating the loop-delay model affords the

DLDO significantly rapid response, which provides an additional 20% droop improvement.

This droop comparison also provides insight into the significance of accurately modeling

α. Effectively, not modeling the loop delay is equivalent to setting α = 0. Voltage droop

progressively worsens as the error in modeling α continues to increase. Measured transient

response under low Vin is shown in Figure 4.11.

The settling time of DLDOs is an inherently statistical parameter as explained in Sec-

tion 4.2. Consequently, multiple iterations of load-step response experiments were conducted

to obtain a better understanding of DLDO capabilities. The histogram produced from data

obtained over 3000 iterations is presented in Figure 4.12. Measurements indicate that the

mean (max) settling time of the DLDO for a load-step response is 2.9 and 5 respectively.

While both mean and maximum settling time are relevant for voltage regulation and clock-
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Vin = 1.1V Vdd = 1.0V fs = 100MHz
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(a)
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10ns

46mV
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20mV
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(b)

Figure 4.10: Measured voltage response to a load-step (a) without loop-delay modeling and
(b) with loop delay modeling. Settling times are measured from the clock edge when the
droop is first detected till Vdd recovers to within 1% of Vref

ing architectures like UniCaP [45, 46], the relevant metric for DLDOs is the worst-case

droop and settling time.

Analyzing the voltage response to an Iload step is sufficient to determine the voltage

response of a regulator that is a linear, time-invariant system (LTI). However, because the

LTI model for DLDO architectures is an approximation, characterizing worst case regulator

response using a step current is not sufficient: evaluating and validating DLDO operation

under random current loading is critical. Figure 4.13 shows the voltage response of the LDO

resulting from random loading provided by the programmable synthetic load. The processor

was programmed to generate a pseudo-random data sequence which was periodically written

to the memory-mapped synthetic load registers. Peak Iload amplitude was limited to 12mA.

Measured waveforms demonstrate the ability of the CLDO to regulate Vdd under random

loading conditions.
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100ns
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Scan update 22uA→0.92mA/0.11ns

35mV

Vin = 0.65V   Vout = 0.6V   fs = 16MHz

Figure 4.11: Measured voltage response to a load-step under low Vin.

Mean: 2.9
Sigma: 1.15

Figure 4.12: Histogram of LDO recovery time. Measurements were obtained at Vin=1.1V,
Vdd=1.0V.

Measured load regulation and current-efficiency curves for the CLDO test-chip are re-

ported in Figure 4.14. More significant computation relative to a traditional DLDO, and

the design for low-latency same-cycle LDO header update in an older, low-power CMOS

process leads to higher energy dissipation associated with CLDO control. However, switch-
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5µs
20mV

Figure 4.13: Measured voltage regulator response under random load conditions at
Vin=1.1V, Vdd=1.0V, fs=100MHz.

ing losses in the controller can be reduced in faster process nodes, and amortized in the case

of larger and more dissipative voltage domains. CLDO efficiency is therefore expected to

improve with larger voltage domains and in advanced process technologies. The proposed

architecture may be well suited for smaller voltage domains if the system-level efficiency

benefits from reduced supply droop guardbands outweigh regulator efficiency losses.

Figure 4.15 compares the proposed CLDO with related efforts. Leveraging computing

allows for Vdd restoration in the lowest number of cycles. Although total settling time in [36]

is lower, we note that the lower response-time results from a significantly higher switching

frequency. CLDO implementation using faster, more efficient process technologies will afford

improvements in quantizer resolution and enhanced time-domain modeling, including the
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(a)

(b)

Figure 4.14: Measured load regulation and current-efficiency curves for the CLDO.

effect of Vdropout on Ilsb which is currently not captured in the model. While discrete

sampling remains a fundamental limiter to DLDO settling time, these enhancements can

be expected to achieve maximal reduction in droop and settling time.
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Paper [5] [3]  [9] [8] [20] [21] [22] [23] This work 

Technology 14nm 65nm 40nm 130nm 65nm 65nm 65nm 65nm 65nm 

Type Digital Digital Digital Digital Digital Digital Digital Analog assisted 
DLDO 

Digital 

Control topology Time-driven Event-driven Time-driven Time-driven Time-driven Event-driven Event-driven Time-driven Time-driven 

Control type Linear (type-2) 
+ non-linear 

Linear PI Linear PID Linear PI + 
RDS 

Linear PI (Beat 
frequency) 

Linea PI Linear PI + 
residue tracking 

Linea PI Computational 
(digital)  

Autonomous PVT 
tracking 

No No Yes No No No No No Yes 

Vin [V] 1 – 1.15 0.45 – 1  0.6 – 1.1 0.5 – 1.2 0.6 – 1.2  0.5 – 1.0 1.2 0.6 – 1.2 0.65 – 1.15 

Vout [V] 0.5 – 1.12 0.4 – 0.95 0.5 – 1  0.45 – 1.14 0.4 – 1.1 0.45 – 0.95 0.5 – 1  0.55 – 1.15 0.6 – 1.1 

Max ILOAD [mA] 2200 1.44 210 4.6 100 5.6 700 500 16.3 

CL [nF] 18 0.1 20 1 0.04 0.1 0.1 0.9 0.25 

IQ [µA] 14960 8.1 – 258  22.6 – 98.5    24 – 221  100 – 1070 18.1 (min) 254 500 80 – 1200 

Fsample [MHz] 400 (linear) 
800 (nonlinear) 

N/A N.R. 5 - 75 N/A N/A N/A 100 16 – 100  

∆Vout [mV] @ 
∆ILOAD / TEDGE 

100mV @ 
1A/10ns 

34mV @ 
1.44mA 

36mV @ 
200mA 

40mV @ 
0.7mA 

108mV @ 
50mA 

49.8mV @ 
2.3mA/0.1ns 

130mV @ 
700mA 

125mV @ 
450mA/20ns 

46mV @ 
5.6mA/0.1ns 

Droop settling: # of 
cycles (absolute time) 

11.4 
(14.6ns) 

N/A 
(11200ns) 

N.R. 
(13000ns) 

33 
(1100ns) 

N/A  
(1240ns) 

N/A 
(26ns) 

N/A 
(>7us) 

25 
(250ns) 

2.9 
(29ns) 

 

Figure 4.15: Comparison with related works.

4.6 Conclusion

This chapter describes a digital, computationally enabled architecture for rapid, stable volt-

age regulation across PVinVddT conditions. Computation is leveraged to evaluate accurate

time-domain models of regulator behaviour, and to enable AGT, a technique that performs

low-precision statistical analysis of quantized Vdd measurements to classify regulator re-

sponse and autonomously tune regulator loop gain for rapid, stable response. A 65nm

CMOS test-chip demonstration of the proposed CLDO regulating Vdd for a Cortex-M0

processor and a linear-algebra co-processor is presented.
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Chapter 5

MODEL PREDICTIVE CONTROL OF INTEGRATED BUCK
CONVERTER FOR DIGITAL SOC DOMAINS

5.1 Introduction

Minimizing peak Vdd droop (Vdroop) margins in response to Iload transients is increasingly

critical to SoC efficiency. Toward this goal, the increased adoption of adaptive clock-

ing [18, 17] motivates the additional objective of τsettle minimization: the time taken to

restore Vdd to a reference (Vref ). Several techniques for aggressive τsettle reduction includ-

ing Time-Optimal Control (TOC) [47] have been proposed [48]. However, these techniques

either pose stability analysis challenges, or work only for load-step current waveforms – not

random loading. For this reason, PID control continues to dominate. Model Predictive

Control (MPC) is a modern, widely adopted control technique capable of providing stable

and optimal response under random disturbances. However, its computational complex-

ity—requiring a constrained optimization problem to be solved at each time step—has thus

far restricted its use to applications that can tolerate tens of microseconds of computational

latency [49]: achieving sub-10ns loop delay latencies, frequently required of IVR control,

remains elusive. This dissertation describes how control and datapath optimizations, com-

bined with the computational speed in modern CMOS, realize an IVR buck regulator with

optimal transient response.

5.2 MPC Buck Architecture

Figure 5.1 shows the proposed MPC buck regulator test-chip architecture. A Solver module

incorporates the sampled Vdd at cycle n (Vdd[n]) into an accurate (non-linear) predictive

model that tracks and updates the impact of the applied duty cycle (d[n]) on inter-dependent

buck state variables – cycle-averaged inductor current (Il) and capacitor voltage (Vdd ). Tra-

ditional MPC uses this predictive model to plan an optimal buck duty-cycle trajectory for
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Figure 5.1: MPC Architecture and non-linea buck model used by Solver.

Figure 5.2: MPC Constraint Equations of d∗[n] for 2-cycle Vdd restoration.
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the next k-cycles (d∗[n + i], i=0,1. . . k) which minimizes any desired objective function

subject to constraints. However, to realize IVR-feasible low-latency control of an (ap-

proximately) 2nd order buck, the proposed formulation sets k=2, and avoids constrained

optimization instead solving a much simpler problem of constraint satisfaction: the Solver

must plan a 2-cycle trajectory (d∗[n], d∗[n + 1]) so that Vdd[n + 2] = Vref and IL[n + 2]

= Iload , to satisfy the minimum τsettle criterion under non duty-cycle saturated conditions

(d[n] 6= 0 or 1) to achieve Vdd recovery (Fig. 5.2).

Figure 5.3: Stable MPC response under d[n]n saturation through Qs tracking.

MPC also achieves optimal response under practical worst-case droop conditions involv-

ing duty-cycle saturation. For a large Iload step-up, such a response involves (1) maximally

slewing IL (d∗[n]=1) beyond Iload to stop and reverse Vdd droop recovery before (2) slewing

IL back toward Iload (d∗[n]=0) at time nImax. Eventually, (3) IL=Iload at nImatch, after

which IL tracks Iload (Fig. 5.3). Timing nImax precisely is critical for a stable, minimal

τsettle response and is achieved by tracking the surplus charge Qs[n], delivered to the load
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Figure 5.4: Dataflow evaluating stability criterion with saturated dn.

if IL were maximally slewed back to Iload at cycle n. Avoiding an under-damped response

requires that Qs[nImax] − CL(Vref − Vdd[n]) = 0, so that the surplus current provides just

the right quantity of charge to restore Vdd without overshoot. Continuously evaluating

the stability constraint (Dataflow graph shown in Fig. 5.4) to identify nImax allows stable,

rapid MPC response even with random Iload disturbances. In contrast, traditional TOC

techniques sense the Iload step magnitude and commit to a determined nImax, unable to

adjust to further Iload changes until Vdd is achieved.

Figure 5.5: Dataflow graph for d∗[n] computation.

Although the proposed MPC architecture avoids computationally intensive constrained

optimization, datapath optimization remains necessary to lower computational latency and

power dissipation. First, only d∗[n] is computed in cycle n, because the computation of

d∗[n + 1] is speculative under random loading conditions. The dataflow graph of the d∗[n]
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computation (Fig. 5.5) is optimized by migrating computations away from the critical path

between Vdd[n] and d∗[n] to reduce both latency and power dissipation (Fig. 5.3).

5.3 Test Chip and Measurement Results

Fig. 5.6 details the MPC-buck architecture implemented in 65nm CMOS (Die photograph

in Fig. 5.7). An off-chip 1µH inductor and 1µF capacitor were used by the converter which

was clocked at 10MHz. The error between Vdd and Vref , Verr is first quantized by a 5mV

resolution comparator bank before being forwarded to the MPC controller. A Digital Pulse

Width Modulator (DPWM) converts the controller output code (d[8 : 0]) to pulses p and n.

Delayed-clocked registers enable glitch-free same-cycle feedback while providing sufficient

time for the comparator banks (2ns) and the MPC controller (4.5ns) to evaluate. The

Solver consumes 0.7mW at 10MHz.

Figure 5.6: MPC Test chip architecture. Delayed clocks provide time for Comparator and
Solver evaluation with glitch-free operation.

Fig. 5.8 shows measured MPC-buck step-up and -down responses to a 305mA/0.12ns

Iload step at Vdd=1V and a 191mA/ 0.12ns step at 0.7V. The test chip includes a tunable

PID controller for a baseline comparison. Vdroop and τsettle parameters corresponding to an

optimally tuned PID controller are also annotated. Despite non-idealities resulting from
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Figure 5.7: Die Photograph.

non-zero dmin and non-uniform quantization, the system achieves near time-optimal tran-

sient response. Compared to the baseline, MPC achieves marginal Vdroop improvement

(d[n]= 0 or 1 during droop/surge) in both designs but a 2.49X τsettle reduction. MPC can

be applied to other VR modalities (LDOs, SC-regulators) and further leverage area and

speed benefits offered by advanced CMOS nodes. These improvements, obtained through

enhanced control, are compatible and expected to be additive with other circuit and package

technology advances [50].

MPC stability, whose analysis is well documented in the literature [51], is also experi-

mentally validated in this work. The synthetic load was configured with a pseudo-random

Iload sequence in the 0-200mA range and the system transient response was measured (Fig.

5.9). Over 50ms (corresponding to over 500,000 Iload transitions), stable Vdd regulation was

observed from the MPC-buck. Also shown is the stable transient Vdd response to an Iload

pulse, where the step-down transition occurs during transient recovery of the preceding Iload

step-up (Fig. 5.10). Fig.5.11 presents a comparison with related work.
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Figure 5.8: Measured Vdd response to a load-step for MPC and optimally tuned PID con-
trollers. Both incur d[n] saturation resulting in similar Vdroop.

Figure 5.9: Measured MPC Vdd waveforms under random loading conditions.
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Figure 5.10: Measured MPC Vdd responses to Iload pulse with step-down occurring during
τsettle.

Figure 5.11: Comparison with related work.
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Chapter 6

AUTO-TUNING OF DLDO DIGITAL CONTROLLERS

6.1 Introduction

As has been explained in Chapter 4, DLDOs face the challenge of high loop gain sensitivity

to process, regulator input voltage (Vin), Vdd and temperature (PVinVddT ) which forces

stability margins and degrades response times. Adaptive techniques have also been proposed

in the literature to compensate for current-loading effects on loop dynamics [41], and to

reduce Vdd ripple magnitude [52]. However, techniques capable of adapting to the broad

PVinVddT range experienced by SoCs today remain critically important.

This chapter presents the implementation of autonomous gain-tuning (AGT), a tech-

nique that relies on computing the auto-correlation of the sampled Vdd with single-bit

precision in order to classify regulator response and enable loop gain auto-tuning across

PVinVddT variations on the computational Solver . Measurement results from the test chip

in Chapter 4 indicate that the AGT mechanism performs broad loop-gain adjustments

to track a wide range of PVinVddT configurations: even individual variation in Vin (0.9V–

1.1V), Vdd (0.8V–1.0V) and temperature (-15◦C–105◦C) requires loop-gain modulation over

a range of approximately 2×. This chapter also outlines the limitations of the proposed AGT

technique and presents a more general method for adjusting loop gain parameters of DLDOs

automatically.

6.2 AGT Architecture

The Solver in the Computational LDO discussed in Chapter 4 relies on accurate knowledge

of GS (Equation 4.5), which must be modeled with sufficient accuracy. From the (ap-

proximate) perspective of a discrete-time linear system, situating the poles at origin at

design-time leaves them susceptible to drifting into the left half plane in the z-domain un-

der PVinVddT variation during run time, leading to regulator instability. Indeed, GS is
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Figure 6.1: Motivation for using the sign of Rvo[1] to guide gain-tuning. Varied polarities
of Rvo[1] are indicative of varied conditions of regulator transient response.

susceptible to variation in CL (especially in the case of off-chip capacitors) and in Ilsb which

is highly sensitive to PVinVddT . Thus, the need to adapt loop-gain to variation, already im-

portant for DLDOs, is critical to achieve rapid, PVinVddT -robust transient response in the

CLDO. This need for adaptation motivates the idea of autonomous gain tuning (AGT), an

all-digital technique for tuning the internal loop-gain parameter of the controller (GS,model).

AGT relies on the lag-1 auto-correlation of discrete-time Vdd samples (Rvo[1]) defined as:

Rvo[1] := E(vo[n]− vo[n])(vo[n− 1]− vo[n− 1])

= E(∆vo[n])(∆vo[n− 1]).
(6.1)

Simplification of the expression is enabled by observing that vo is regulated to Vref by the

CLDO. In this work, we propose a heuristic: using Rvo[1] to detect and correct PVinVddT -

induced loop gain variation. We proceed by first describing the rationale for the AGT
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approach by examining the case of a CLDO step-response. We subsequently generalize the

approach to the case of random current loading, and finally demonstrate that using only

the sign-bit of Rvo[1] is sufficient for AGT computation, vastly simplifying implementation.

Figure 6.1 illustrates the Iload step response of the CLDO under ideal, under-damped and

over-damped conditions. We observe that for a design targeted for a single-cycle response

time, Rvo[1] = 0 under ideal conditions. Similarly, Rvo[1] < 0 in the case of an under-

damped response and Rvo[1] > 0 for an over-damped response. This observation points to

the usefulness of sign(Rvo[1]), the polarity of Rvo[1], in classifying whether the LDO is tuned

for an ideal response under current PVinVddT conditions. We note that more realistic load

0

R[1] > 0

Gs,model < Gs,actual

R[1]    0

Gs,model   Gs,actual

R[1] <  0

Gs,model > Gs,actual

t

R[1]

deadband

Figure 6.2: MATLAB simulation waveforms of calculated Rvo[1] under ideal conditions, and
under over-damped and under-damped conditions. Rvo[1] is observed to be close to 0 under
ideal tuning conditions.
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currents can be viewed as a combination of time-shifted and scaled unit step load current

events. Scaling and time-shifting does not affect the above observations about Rvo[1] and

consequently, simulations confirm that this heuristic extends well to the general case of

current loading. This assertion is validated through silicon measurements in Section 6.4 .

Figure 6.2 shows waveforms of Rvo[1] obtained in the presence of random current loading

in MATLAB simulations under three different conditions: (1) ideal-tuned response where

Gs,model–the loop-gain modeled by the controller–equals Gs,actual, the real PVinVddT de-

pendent loop-gain; (2) over-damped response (Gs,model > Gs,actual); and (3) under-damped

response (Gs,model < Gs,actual). The figure shows that the Rvo[1] calculation converting to

stable values whose polarity is consistent with our expectation, motivating its use to classify

regulator response.

6.3 AGT Implementation

Section 6.2 presented the idea of using the statistics of the quantized vo signal to determine

nature of the regulator response, and autonomously tune the loop gain across PVinVddT

conditions.

Precision requirements for the evaluation of Rvo[1] can be significantly relaxed for AGT.

The key simplifying observation is that the lower tracking bandwidth requirements of the

AGT loop allow Rvo[1] computations to occur over a long duration. Recall that evaluating

Rvo[1] involves accumulating the product of successive ∆vo samples over time. Equation 6.1

can be re-written in terms of a quantized sample of ∆vo (∆vo,q), and its corresponding

quantization error σvo:

Rvo[1] = E(∆vo,q[n] + σvo[n])(∆vo,q[n− 1] + σvo[n− 1]) (6.2)



69

0

Original 
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Original 
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t

R[1]

Overdamped
Response

Underdamped
Response

Figure 6.3: Matlab simulation waveforms corresponding to full-precision and 1-bit precision
tracking of Rvo[1]. The offset term corresponding to Equation 6.3 is verified to be sufficiently
small to justify 1-bit characterization of sign(Rvo[1]).

Further simplification yields:

Rvo[1] = E(∆vo,q[n]∆vo,q[n− 1]) + E(σvo[n] ·∆vo,q[n− 1])

+ E(σvo[n− 1] ·∆vo,q[n])) + E(σvo[n]σvo[n− 1])

= E(∆vo,q[n]∆vo,q[n− 1])

+ 2cov(σvo,∆vo,q) + E(σvo[n]σvo[n− 1])

(6.3)

where cov(σvo,∆vo,q) is the co-variance between the quantization noise and the quantized

signal. Thus, using a quantized version of ∆vo to compute Rvo[1] introduces an offset error.

This offset error is low under typical loading conditions because quantization noise in cycle

n is significantly uncorrelated with the sampled value in cycle n and with the quantization
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error in the previous cycle. In such cases, the use of only the sign bit to estimate Rvo[1] may

be sufficient to determine its polarity. Notably, this offset vanishes in the case of perfect

de-correlation.

Figure 6.3 shows the results of MATLAB simulations that evaluate the use of the sign bit

of ∆vo for Rvo[1] calculation. Simulations indicate relatively small error and good fidelity

with the full-precision calculation. In this work, we therefore used only the sign-bit of vo to

evaluate Rvo[1], relying on long-term averaging to suppress quantization errors.

Figure 6.4: Block diagram of the AGT implementation relying on the sign-bit of the quan-
tized vo signal to auto-tune GS,model.

Figure 6.4 shows the block diagram of the AGT implementation in our design. Note that

this work focuses on tuning GS,model alone: an investigation into low-complexity techniques

for jointly tuning GS,model and α is outside the scope of this effort. The product of successive

sign-bits of ∆vo is performed using an XOR gate, and accumulated over a user-defined

number of cycles. The number of accumulation cycles is user-programmable, although 40

cycles were found to provide sufficient accuracy. Because only the polarity of Rvo[1] is of

interest, the sign of the accumulated result can be directly used, avoiding the scaling required

to compute Rvo[1] itself . In this manner, efficient, low-precision statistical analysis of vo

enables auto-tuning Gs,model in order to maintain rapid, stable response across the range of

PVinVddT conditions.
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Vin = 1.1V   Vdd = 0.85V   fs = 50MHz

100ns

Gopt @ Vdd=1V

0.2mA→5.66mA

(0.11ns)

(a)

Vin = 1.1V   Vdd = 0.85V   fs = 50MHz

20mV

100ns 0.2mA→5.66mA

(0.11ns)

(b)

Figure 6.5: CLDO voltage response to Iload step (a) with AGT disabled and (b) with AGT
enabled.

6.4 AGT Measurement Results

Silicon measurements demonstrate the effectiveness of AGT relying on single-bit precision

computations. Figure 6.5 demonstrates the effect that AGT has on stable operation when
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Vin = 1.1V

~2.5x

Vdd  [V] 

(a) (b)

(c)

Figure 6.6: Recorded values of GS,model with AGT enabled across target operating range of
Vdd , Vin and temperature.

the CLDO operates before and after a Vdd scaling event. In this experiment, the CLDO

was first operated with Vin, Vdd at 1.1V and 1.0V respectively. At this time, AGT was

enabled, allowing the system to auto-tune the loop-gain based on the prevalent PVinVddT

conditions. For the first experiment, AGT was next disabled, and Vdd was scaled to 0.85V

without any loop-gain update. The increased Vdropout significantly increases Ilsb, decreasing

GS,actual and causing instability (Figure 6.5a). Margining for this instability would require

the loop-gain to be conservatively set at the maximum possible Vdropout setting, severely

degrading performance for minimum Vdropout configurations, when supply noise is worst. To

measure the effect of AGT, the experiment was repeated, but AGT was enabled throughout

the voltage scaling process. The resulting measured CLDO voltage response is shown in
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Figure 6.5b. Thus, AGT effectively tunes regulator loop gain for effective operation at

Vdd = 0.85, maintaining rapid, stable response.

AGT was implemented to enable tuning across a broad range of PVinVddT variation.

To demonstrate auto-tuning capability over a wide Vin, Vdd and temperature range, we

performed three experiments, sweeping each of these variables while maintaining the re-

maining variables constant across a targeted range. In each experiment, stable response in

the CLDO was validated at every point, and the GS,model determined by the AGT was cap-

tured. Figure 6.6 summarizes the results and the recorded GS,model values demonstrate that

regulator loop-gain varies by approximately 2× due to variation in each of these operating

parameters.

Figure 6.7: Run-time evolution ofGS,model by AGT starting from three distinct and incorrect
initial values. GS,model is found to converge in all three cases.

To test the capability of the AGT to approach the optimal loop gain under random Iload

conditions, we ran three experiments using distinct initial values for GS,model. Random load

current was provided by executing the linear algebra co-processor to perform a sufficiently

long sequence of matrix multiplications. Rvo[1] statistics were gathered over 40 cycles in
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each iteration and the AGT-tuned value of GS,model was registered. Figure 6.7 shows the

trajectory of the recorded GS,model values, which experience constant-value corrections over

successive tuning intervals of the AGT. The loop gain was found to converge well in all

three experiments, regardless of the initial GS,model setting.

6.5 Limitations of AGT Technique

The proposed AGT technique, which performs low-precision statistical analysis of quantized

Vdd measurements to classify regulator response and autonomously tune regulator loop gain

for rapid, stable response, has been successfully implemented on a 65nm CMOS test chip.

And silicon measurements demonstrate the significance and effectiveness of the mechanism

in tuning loop-gain across PVinVddT variations. However, there are several key challenges

associated with this technique which prevent it being applicable to a wide variety of designs.

First, the motivation of AGT is from the observation that vo autocorrelation provides a

low-complexity approach to determining transient LDO performance in Figure 6.1. Using

the polarity of Rvo[1] to indicate the relationship between Gs,model and Gs,actual is specific

to the Computational LDO Solver design, targeting for single-cycle voltage recovery, and

cannot be directly applied to other compensator designs. Second, in order to make the

AGT technique valid, some assumptions have been made for the load current condition.

Figure 6.8: Matlab simulation of engineered current waveform to break the AGT loop and
track solver gain GS,model incorrectly.
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Figure 6.1, 6.2 show the classification of loop gain based on the sign of R[1] is a valid

approach for current steps and random loading conditions. However, engineered current

waveforms can hinder this approach and make the AGT loop mistrack solver gain.

An example of manipulated Iload pattern breaking AGT operation is shown in Figure 6.8.

Blue curve shows the Iload waveform and run-time normalized gain ratio (Gs,model/Gs,actual)

values under random loading condition while the orange one represents the case for a special

designed Iload pattern. From this waveform, the AGT loop successfully tracks the actual

solver gain and Gs,model converges to Gs,actual eventually under random current. In contrast,

due to the specific Iload pattern, Rvo[1] does not exhibit the expected result as for current

steps or random current and AGT is unable to properly track Gs,actual. Instead, Gs,model

stays at the incorrect initial value.

6.6 PRBS-based Cross-correlation Method

Figure 6.9: Architecture overview of PRBS-based cross-correlation technique.

To address the limitations of AGT technique, we propose a pseudo-random binary se-

quence (PRBS) based method which injects a PRBS signal (white-noise approximation)
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at the controller output (kC ) and evaluates the loop impulse response measured via the

cross-correlation of injected noise signal (ku) and controller output after noise injection

(k̂C).

6.6.1 Theory Background

The cross-correlation approach [53] is utilized to measure the impulse response. In Fig-

ure 6.9, considering k̂C as a system output, its value is affected by two system inputs, ku

and iout . Introducing the regulator (power-stage) transfer function G(z), digital compen-

sator Gc(z) and the DLDO open loop output impedance Zout(z), the transfer functions of

ku to k̂C (Hu(z)) and iout to k̂C (Hi(z)) can be represented as

Hu(z) =
k̂C(z)

ku(z)
=

1

1 +Gc(z)G(z)
(6.4)

Hu(z) =
k̂C(z)

iout(z)
=

Zout(z)Gc(z)

1 +Gc(z)G(z)
(6.5)

For small-signal disturbances, the regulator can be approximated as a linear time-

invariant discrete-time system in steady state so the time-domain representation of k̂C(k)

becomes the sum of the convolution of kuwith the associated impulse response hu[k] of

Hu(z) and the convolution of iout with impulse response hi[k] of Hi(z).

k̂C [n] = (hu ∗ ku)[n] + (hi ∗ iout)[n]

=
∞∑

k=−∞
hu[k] · ku[n− k] +

∞∑
k=−∞

hi[k] · iout[n− k]
(6.6)
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The lag-m cross-correlation of the input noise signal ku[k] and the output signal k̂c[k] is

Rkuk̂c [m] =
∞∑

n=−∞
ku[n−m]

=

∞∑
n=−∞

hu[n] ·Ruu[m− n] +

∞∑
n=−∞

hi[n] ·Ruiout [m− n]

(6.7)

Now if the input signal ku[k] is selected to be white noise, then the following equation

holds:

Ruu[m] = δ[m] Ruiout [m] = 0 (6.8)

Under the condition in Equation 6.8, 6.7 is reduced to

Rkuk̂c [m] = hu[m] (6.9)

Therefore, the loop impulse response can be measured by the cross-correlation between

ku and k̂C .

6.6.2 Implementation Details

For DLDO designs, PI controller is one of the most commonly used compensator types. If we

assume the controller Gc(z) is denoted as cz+d
z−1 , then the open-loop transfer function of the

system becomes L(z) = K(cz+d)
(z−1)(z−α) , where K is the power stage DC gain. From the transfer

function of Hu(z) = 1
1+L(z) , we can derive the impulse response h[0] = 1, h[1] = K ·c. As h[1]

changes monotonically with respect to controller gain c (given a fixed K value), h[1]measured

can be used to compare against the target value h[1]targ and based on the comparison result,

the auto-tuning mechanism adjusts controller gain accordingly to achieve expected impulse

response. The block-level implementation of the cross-correlation method for auto-tuning

is shown in Figure 6.10

8-b PRBS signal is generated through a feedback shift register at the rate of the DLDO

switching frequency. After every N (N=1, 2, ...) PRBS period, the accumulating cross-
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Figure 6.10: Block-level description of the cross-correlation based auto-tuning method.

correlation result h[1]measured is captured and compared against target impulse response/cross-

correlation h[1]targ. If the difference between h[1]measured and h[1]targ exceeds pre-defined

threshold value, it indicates that the feedback loop are not operating with proper gain value

and the auto-tuning loop will update controller gain accordingly. Figure 6.11 shows the co-

simulation results of the proposed cross-correlation method with analog circuit simulated by

Hspice and digital logic in verilog description by VCS. The simulation was repeated using

three distinct initial controller gain value (Gs). All three curves converge to a common level

representing optimal Gs.

Figure 6.11: Simulation result of cross-correlation based impulse response adaption.
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Chapter 7

CONCLUSION AND FUTURE WORK

The dissertation presents several techniques to minimize voltage guardbands and im-

prove digital SoC system efficiency. In Chapter 2 we presented a unified clock and power

architecture that combines the separate Vdd and clock regulation loops in conventional

systems into a single loop. With the only control knob being Vdd , it avoids any possible

timing violations in adaptive clocking systems using conventional PLLs. UniCaP archi-

tecture achieves aggressive Vdd margin reduction while providing performance guarantee

at the same time by tracking the REFCLK. The buck-converter based prototype in 65nm

CMOS demonstrated 10-13.5% Vdd reduction by reducing supply noise and temperature

variation induced voltage margins. Over a wide range of voltages from 0.6-1.0V, a Vdd

margin recovery of 95% was achieved with the regulator bandwidth well below 1MHz.

Chapter 3 identified outstanding issues within existing adaptive clocking architectures

and presented a new, improved UniCaP architecture. The phase-locked adaptive clocking

architecture relies on dual path feedback for rapid Vdd/fclk restoration and phase recovery.

A telescopic TRO design was also introduced to improve the matching between TRO and

the critical path, further improving Vdd margin reduction. The 65nm CMOS test chip

demonstrated 96.2% average Vdd margin recovery across 0.6 to 1.0V and achieved 38X

Trecovery improvement over prior work [7]. Measurements that quantify the impact of clock

distribution on Vdd margin reduction on adaptive clocking systems were also reported in

this chapter.

Chapter 4 presented computational regulation, a technique for fast and stable transient

response. The new approach which exploits advances in computing performance and effi-

ciency was first applied to realize DLDOs with stable and fast transient responses. The key

insight in computational regulation is to develop a time-domain regulator model with en-

hanced accuracy over a simplified linear discrete-time model and keep evaluating the system
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of equations in run time for stable and rapid response. With the advances in computing

speed and efficiency in advanced technology nodes, this relatively more computing-intensive

regulation technique has become possible.

With increased adoption of adaptive clocking, τsettle minimization becomes an additional

objective in voltage regulation besides peak Vdd droop minimization. Inspired by the suc-

cess of computational regulation applied on a DLDO, Chapter 5 described the application

of Model Predictive Control on an integrated buck converter. Continuously evaluating the

Solver module every cycle to plan for an optimal two-cycle recovery trajectory, MPC-buck is

capable of realizing 2.49X settling-time improvement over optimally tuned Proportional In-

tegrated Differential (PID) control and achieving stable and near-optimal transient response

under random disturbances.

Chapter 6 discussed the issue of worst-case stability margining for loop gain variations

across PVinVddT conditions, which impacts VR response and overall SoC system efficiency.

AGT, a technique that performs low-precision statistical analysis of quantized Vdd measure-

ments to classify regulator response and autonomously tune regulator loop gain for rapid,

stable response, was introduced in this chapter. Silicon measurements demonstrate the sig-

nificance and effectiveness of the implemented AGT mechanism in tuning loop-gain across

PVinVddT variation. Additionally, limitations of the AGT technique were discussed, as well

as a cross-correlation-based method for automatically adjusting controller gains to match

target impulse response.

All the techniques presented in this dissertation are mostly limited to power management

blocks in a digital system and are constrained to reactive approaches in response to load

disturbances. The on-going research in the group is exploring potential opportunities to in-

corporate information from hardware performance counters in microprocessors and possibly

predict supply droop based on this information and take countermeasures to prevent droop

events from happening. This technique is expected to be more computationally intensive

compared to existing approaches but be more effective due to its proactive nature.

As an increasing proportion of world-wide energy resources are consumed for computing,

energy efficient design is a critical component to addressing the imminent scarcity challenges

that ensue. This dissertation has explored some of the impactful areas of inquiry into
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energy efficient computation. It is hoped that the work will inspire further inquiry into

the potential for effectively leveraging computation and co-design to address important

problems in energy efficient computing which have proved to be stubborn to traditional

circuit-dominated techniques.
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