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ABSTRACT

The Power delivery network (PDN) is an electrical system that provides the supply voltage to

transistors on a silicon chip. With the development of CMOS technology, the transistor density

increases exponentially [1]. However, the supply voltage and the threshold voltage of transistors

have limited room to be further reduced, which leads to a huge increment in chip power density.

Besides, the areas of chips like server-class CPUs are also increasing in order to integrate more

transistors on a chip and fully leverage the benefits of parallelism. Designing PDNs for these

power-hungry and large-scale chips has become a challenge.

In recent years, PDNs with distributed on-chip voltage regulation have emerged as a novel

design solution to deliver power to transistors with high efficiency as well as ensured quality

in many research works and commercial products. With distributed on-chip voltage regulators

(VRs), PDNs with distributed on-chip voltage regulation reduce the demands on power pins. They

also provide fast suppression of voltage noise thanks to the reduced proximity between the VRs

and current loads. Recently, heterogeneous voltage regulation (HVR) architecture was proposed

to provide high-efficiency power delivery and high-performance voltage regulation by utilizing

heterogeneous on-chip and off-chip VRs [2]. However, the effects of inevitable process and tem-

perature variations on the system efficiency and power integrity were not evaluated.

In this thesis, a variation-aware adaption of the HVR architecture has been proposed to adapt

HVR to systems with process and temperature variations using variation tracking circuits and

variation-aware control policy. It improves system efficiency by 1.13% on average, while ensuring

a given power integrity specification in the presence of process variations. In addition, the HVR

architecture is found to possess some degree of robustness to temperature and process variations.
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1. INTRODUCTION

1.1 Overview

In the past few decades, the number of transistors integrated on a silicon chip has been in-

creasing exponentially with CMOS technology scaling [1]. However, the supply voltage and the

threshold voltage of transistors have little room to be further reduced, which leads to a continuous

increase in power density. Meanwhile, with the development of parallel computing, die sizes of

the chips for parallel computing, such as multi-core CPUs and general-purpose GPUs (GPGPUs),

have been growing in order to further exploit the benefits of parallelism. Because of large power

consumption, large die sizes and constraints of power pins, powering these large-scale and power-

hungry chips and maintaining uniform power integrity across the chip have become a challenge.

The Power Delivery Network (PDN) is an electrical system that provides and regulates the

supply voltage for on-chip transistors. Typically a PDN converts the supply voltage provided by

the power source on a printed circuit board (PCB), e.g., 12 V, to the supply voltage for transistors,

e.g., 1 V, using voltage regulators (VRs). Then it delivers the current to the chip through metal

traces on PCB and package and controlled collapse chip connection (C4) bumps, and distributes

the supply voltage to transistors using an on-chip power grid.

Except for power delivery, a PDN is also responsible for regulating its output voltage and

maintaining uniform power integrity across the chip. Because of supply voltage ripples, load

current fluctuations, and PDN parasitics, the output voltage of a PDN, which is also the supply

voltage of transistors, will fluctuate. The deviation of the actual supply voltage from its nominal

value is called voltage noise. The voltage noise can lead to long-term reliability problems like

electromigration [4]. Furthermore, large voltage noise can cause serious timing violations in a

circuit [5].

The delay of a circuit is related to its supply voltage. The undesirable voltage noise introduces

voltage droops to the supply voltage and increases the circuit delay. A voltage emergency (VE)
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occurs when the supply voltage falls below a certain threshold and the circuit delay exceeds the

requirement, which will cause the logic’s malfunction. An example of VEs is shown in Figure.1.1.

The nominal supply voltage is 1 V as shown by the black dot line. Because of the non-ideal effects

of the PDN and fluctuations of the workload, the actual supply voltage fluctuates, as shown by the

solid blue curve. Assuming that the minimum required supply voltage is 950 mV, as shown by the

red dash line, two VEs occur when the supply voltage drops below 950 mV, as shown in the two

red circles.

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Vo
lta

ge
 (V

)

Time (us)

Vth Vdd(Ideal) Vdd(Real)

Figure 1.1: An example of voltage emergencies (VEs)

Apart from power integrity, another critical performance metric for a PDN is efficiency. Be-

cause of the intrinsic resistance in wires and transistors, power loss exists in metal traces and

VRs in a PDN, which increases the total power consumption of a chip and poses challenges to

low-power designs. It also generates additional heat and may cause thermal emergencies [6].
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Many research works and commercial products devise complex PDN structures and control

mechanisms to improve PDN performance. An emerging practice is to exploit on-chip integrated

voltage regulators and design a PDN with distributed on-chip voltage regulation. With increased

proximity to current loads, on-chip voltage regulators usually have fast response time [2] to work-

load changes, which makes fine-grain voltage control and regulation possible. Three types of on-

chip integrated voltage regulators are commonly used: Low Dropout Voltage Regulators (LDO),

Switching Capacitor (SC) voltage regulators, and buck converters.

The LDO is a type of linear voltage regulator, which is area-efficient and can achieve sub-ns

response time [7], so it is suitable for fast voltage noise suppression. However, the power loss of an

LDO is proportional to its dropout voltage. Thus it is efficient only when the output voltage is close

to its input voltage [2]. Buck converters and SC converters usually have large footprints because

of their bulky integrated inductors and capacitors. They have a relatively long response time to

load current changes compared to LDO, while their conversion efficiencies could remain high in a

wide range of conversion ratios with maximum efficiencies up to 90%[8, 9, 10, 11]. Recent years

have seen the applications of on-chip integrated voltage regulators in commercial products. For

example, Intel Haswell processors use Fully Integrated Voltage Regulator (FIVR) [12] and IBM

POWER8 processor employs 1,764 on-chip distributed linear voltage regulators [13].

Several research works propose various PDN architectures and optimization methods to en-

hance the performance of PDNs with on-chip voltage regulation. [14] formulates the placement

of on-chip voltage regulators and decoupling capacitors as an optimization problem and solves it

based on the workload distribution. On the contrary, [14] optimizes the sizes and layouts of SC con-

verters according to the workload to reduce power loss. However, a PDN optimized for a particular

workload may shift away from its optimal operation point when the workload changes, resulting

in low system efficiency. Therefore, some research works [15, 16, 17, 18] propose reconfigura-

tion methods to adapt the PDN to dynamic workloads. For example, [15] proposes reconfigurable

interconnections of on-chip voltage regulators to dynamically power each core in a chip multi-

processor(CMP). [16] applies a simple control policy to dynamically adjust the number of active

3



on-chip and off-chip voltage regulators. These researches propose ideas of the dynamic control of

the PDN, while failed to explore the adoption of heterogeneous voltage regulators.

Recently a research work proposes heterogeneous voltage regulation (HVR) architecture with

multiple power domains, multi-stage and heterogeneous VRs and distributed on-chip voltage reg-

ulation to provide high-performance power delivery [2]. A workload-aware control policy is also

proposed to maintain a high system efficiency under different workloads by tuning the intermedi-

ate voltages in the conversion chain and gating some of the regulators according to the workload.

The HVR architecture reduces system energy cost by up to 23.9% compared with a static 2-stage

PDN with the same level of power integrity [2].

However, on-chip VRs are vulnerable to undesirable process and temperature variations, so the

system performance of distributed on-chip voltage regulation might be affected. [6] considers the

effects of temperature variations on a PDN. As described in [6], the power loss of on-chip voltage

regulators may create hotspots and cause thermal emergencies. A collection of thermal-aware

runtime policies is proposed to selectively gate the on-chip voltage regulators to reduce voltage

noise and temperature gradient and improve efficiency at the same time.

As for the HVR architecture proposed in [2], the effects of process and temperature variations

on the system performance were not considered. Its workload-aware control policy depends on the

efficiency characteristics of buck converters and LDOs, which will shift from the nominal values

under process and temperature variations. The nominal control policy may generate inaccurate

control signals, which may compromise power integrity and degrade system efficiency.

Therefore, in this thesis, a variation-aware adaption of HVR architecture has been proposed

to adapt HVR architecture to systems with process and temperature variations. The rest of this

thesis is organized as follows: Chapter.2 introduces the HVR architecture. Chapter.3 introduces

the variation-aware adaption of HVR, demonstrates its performance and analyzes the effects of

variations on the original HVR control policy.
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2. WORKLOAD-AWARE HETEROGENEOUS VOLTAGE REGULATION

2.1 Overview

This chapter introduces the workload-aware heterogeneous voltage regulation (HVR) architec-

ture proposed in [2]. Figure.2.1 shows the structure of HVR architecture. It has three stages of

VRs, including off-chip buck converters, on-chip buck converters, and on-chip LDOs, to capital-

ize on both the superior efficiency of buck converters and the excellent regulation performance of

LDOs.

Figure 2.1: The structure of HVR architecture

The off-chip buck converter cluster in the first stage converts the supply voltage on PCB and

powers the on-chip buck converters in the second stage through package and C4 connections. The

on-chip PDN is divided into multiple power domains, each of which is powered by a cluster of

on-chip buck converters and distributed LDOs (Figure.2.1 shows one power domain.). The on-

chip buck converters further step down the supply voltage, and the distributed LDOs drive the load
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circuits and regulate the supply voltage to transistors.

This chapter first describes the voltage regulator characteristics and PDN modelings for PDN

performance evaluation. Then the HVR architecture proposed in [2] and its workload-aware con-

trol policy are introduced.

2.2 Power Grid Model

The power grid is a network of metal wires on a silicon chip that distributes the current across

the chip to transistors. It contains a VDD network and a GND network connected to the voltage

supply and the ground, respectively. A modern processor contains billions of transistors [19], so its

power grid has billions of output ports to power the circuit. Building a circuit model directly for all

the wires in such a massive power grid, extracting load currents from the hardware for every power

grid node, and analyzing its output voltage are computationally expensive. Thus a lumped model

for the on-chip power grid is adopted for PDN performance evaluation. On the one hand, a lumped

power grid model reduces the number of nodes in circuit simulation, and the block-level workload

currents can be easily extracted using architecture simulators, as described in Section 3.3, which

reduces the computation cost significantly. On the other hand, a properly-sized lumped model is

capable of demonstrating the spatial workload distribution and voltage noise for the purpose of

power integrity analysis.

RC and RLC models are usually used for PDN simulation [4, 2, 20], where R, L, and C rep-

resent parasitic resistance, inductance, and capacitance in metal stacks. The block-level work-

load currents of the PDN can be extracted using architectural simulators, e.g., GEM5[21] and

McPAT[22], and modeled as current sources draining currents from VDD network to GND net-

work.

In this work, an RC power grid model similar to [20] is used. The details about block-level

workload current extraction are described in Section.3.3. Figure.2.2 and Figure.2.3 shows exam-

ples of a VDD network and a GND network in a RC power grid model with a size of 5 by 3.
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Figure 2.2: The VDD network of a power grid

Figure 2.3: The GND network of a power grid

2.3 Voltage Regulators

Voltage regulators are critical components in a PDN because they determine the power integrity

and system efficiency of the PDN. In this section, voltage regulators used in HVR architecture [2]

are introduced, including off-chip buck converters, on-chip buck converters, and on-chip LDOs.

The buck converters can maintain high conversion efficiency within a broad conversion ratio range,
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but they have relatively long response time, and their on-chip integration of can be expensive. In

contrast, the efficiency of an LDO is relatively low, but they are area-efficient and have sub-ns

response time to the load current change. The comparison of these voltage regulators is shown in

the table below [2].

Response Time Area Efficiency
On-chip LDO Sub-ns Small Low with large step down ratio
On-chip Buck 10’s of ns Medium Medium
Off-chip Buck 10’s of us Large High

Table 2.1: Comparison of LDOs, on-chip buck converters and off-chip buck converters.

2.3.1 Buck Converters

The buck converter is a type of DC-to-DC voltage converter. The Figure.2.4 shows the basic

structure of a buck converter. Its output voltage is controlled through pulse width modulation

Figure 2.4: Structure of a buck converter

(PWM). As shown in Figure.2.4, the pulse modulator compares the output voltage Vout and the

reference voltage Vref and modulates the width of its output pulse. The PWM pulse controls the

8



output voltage with switching transistors and an inductor, and the output voltage is given by

Vout = D × VDD

where D is the duty cycle of the PWM pulse [23]. The transistor switching introduces voltage

ripples in its output. Increasing the pulse frequency to hundreds of MHz and using multi-phase

buck converters can reduce the amplitude of ripples[12]. The power loss of a buck converter mainly

comes from switching power and resistive power. The switching power is the power dissipated on

switching transistors, so it’s independent of load current; the resistive power is caused by the

intrinsic resistance of the inductance and the output resistance, so the resistant power becomes

significant with high load current.

Off-chip buck converters are usually deployed on a motherboard to provide the supply voltage

for the on-board chips. With little limitations on area and cost, high-quality capacitors and induc-

tors can be employed to provide high efficiency and low noise voltage conversion. Off-chip buck

converters usually operate at KHz to MHz [24, 25], which is usually lower than the frequency of

on-chip buck converters. Also, because of the off-chip deployment, its response time to on-chip

load current changes is longer.

On the other side, there have been great progress on on-chip buck converters thanks to the

development of on-die/in-package inductors and novel magnetic materials [12]. With a switching

frequency of tens to hundreds of MHz and increased proximity to the current loads, on-chip buck

converters have faster response time compared to off-chip buck converters. Hence they are used

in many dynamic voltage scaling (DVS) applications. That been said, integrating inductors with

high-Q value is still a challenge. Thus the efficiency of on-chip buck converters is lower than the

off-chip ones, but they are still much more efficient than LDOs in terms of voltage conversion.

2.3.2 On-chip Low Dropout Voltage Regulator

The low dropout voltage regulator (LDO) is a type of linear voltage regulator whose main

components are a pass transistor and an error amplifier, as shown in Figure.2.5. It’s very area-
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efficient and easy to be integrated on silicon, which makes distributed deployment of LDOs across

a power domain possible. The error amplifier compares the reference voltage Vref and the feedback

voltageVf generated by resistors R1 and R2 and controls the gate voltage of the pass transistor.

Therefore, the output voltage of the LDO is given by

Vout = Vref ×
R1 +R2

R2

Figure 2.5: Structure of an LDO

Compared with load current IL, the current flowing through the resistors, R1 and R2, and the

amplifier is small and can be ignored. Hence the input current Iin ≈ IL, and the efficiency of the

LDO is given by

ηLDO =
Pout

Pin

=
IL × Vout
Iin × VDD

≈ Vout
VDD

=
Vout

Vout + ∆V

where ∆V is the dropout voltage.

It’s evident that reducing dropout voltage ∆V can improve the efficiency of LDO, but ∆V

cannot be infinitely small. Figure.2.6 shows the output voltages of an LDO design [26] with

varying input voltage values where the nominal output voltage is 1 V. When ∆V is smaller than

10
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the minimum dropout voltage Vdrop, the LDO ceased to regulate the output voltage and the output

voltage falls below 1 V, which may jeopardize the power integrity. The minimum dropout voltage

Vdrop is approximately proportional to the load current IL for a realistic LDO design [2, 26]. Thus

the minimum dropout voltage is given by

Vdrop =
IL

IL,max

∆Vdrop,max

where IL,max is the maximum load current of the LDO, and ∆Vdrop,max is the dropout voltage when

the load current is maximum [2].

LDOs can also be used to filter input voltage ripples. As shown in Figure.2.6, when the dropout

voltage is higher than Vdrop, the LDO maintains its output voltage at 1 V regardless of the input

voltage values. In practice, LDOs can be designed with high Power Supply Ripple Rejection

(PSRR)[26] to suppress the voltage noise from input.
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2.4 Workload-Aware HVR Control Policy

A workload-aware control policy was proposed in [2] to maintain a high system efficiency un-

der different workloads based on the characteristics of the voltage regulators. The system efficiency

is determined by the efficiencies of VRs in the PDN, which are related to their input and output

voltages and load currents. So the control policy tunes these parameters of VRs to adjust their

efficiency. Meanwhile, the control policy also searches for the best efficiency trade-offs between

three stages to achieve the best system efficiency when tuning the VRs in the HVR architecture.

The applications of hybrid voltage regulators and the multi-stage structure provide rich tunabil-

ity in the HVR architecture. The control variables proposed in [2] and their descriptions are shown

in the table below.

Variables Description
Vout,off Output voltage of off-chip buck converter cluster
Noff Number of active off-chip buck converters
Vout,on Output voltage of on-chip buck converter cluster
Non Number of active on-chip buck converters

Table 2.2: Control variables and the descriptions. [2]

Non and Noff are numbers of active on-chip and off-chip buck converters. With the same

workload current, changing Non and Noff is equivalent to adjusting the load current of each buck

converter, which can be accomplished by gating some of the converters. Two intermediate voltages

in the conversion chain, the output voltage of off-chip buck converters, Vout,off , and the output

voltage of on-chip buck converters, Vout,on, can also be tuned. Note that Vout,off approximately

equals the input voltage of on-chip buck converters and Vout,on approximately equals the input

voltage of on-chip LDOs. The reason why they are not exactly equal is because of the existence of

parasitic resistance between the output of the VRs in the previous stage and the input of the VRs

in the next stage.
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Based on the different response time of on-chip and off-chip VRs, the control policy utilizes

two cycle periods, Ton and Toff , to control the on-chip PDN and off-chip PDN separately as shown

in Figure.2.7. The Ton and Toff are set at 1 µs and 100 µs respectively in [2].

Start

Sweep Vout,off and 
Calculate efficiency

Choose optimal 
Vout,off

Noff=IL/Iopt,off

Tune off-chip VRs
(Vout,off & Noff)

Noon=IL/Iopt,on

Predict Vout,on

Tune on-chip VRs
(Vout,on & Non)

Toff cycle 
ends?

Ton cycle

Toff cycle

Figure 2.7: The control policy of HVR[2]

During the Ton cycle, the control variables for the on-chip converters, Vout,on and Non, are

tuned. Vout,on should be set close to the output voltage of LDOs to reduce the power loss on LDOs,

while it should also keep the LDOs in regulation, especially when there is non-uniform workload
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current distribution across the chip. Since the spatial workload distribution for a multi-core CPU

is difficult to predict, an offline-trained Sparse Relevance Kernel Machine (SRKM) [27, 28] model

is trained to learn the spatial workload distribution and predict the Vout,on online using an SRKM

accelerator to improve the LDO regulation efficiency without jeopardizing the power integrity. The

SRKM model takes the readouts of 10 voltage sensors distributed within the power domain and

the LDO input voltage in the previous control cycle as input features. These features contain the

information on the workload currents and their spatial distribution so that the model can predict

the best input voltage for LDOs. With Vout,on determined, the number of active on-chip buck

converters is given by

Non =
IL

Iopt,on(Vin,on, Vout,on)

where IL is the total load current measured in the previous Ton cycle and Iopt,on(Vin,on, Vout,on) is

the optimal load current of a on-chip buck converter given its input and output voltages, which is

stored in on-chip Lookup Tables (LUTs).

During the Toff cycle, the control variables related to off-chip buck converters, Vout,off and

Noff , are tuned. First, Vout,off is determined by sweeping its possible values in a given range. In

each sweep step, average Vout,on in the previous Toff cycle is used for estimation and estimated

Non is calculated with the same method mentioned above. The estimated value for Noff can be

calculated using the same approach for Non, which is given by

Noff =
IL

Iopt,off (Vin,off , Vout,off )

where IL is the total load current measure in the previous Toff cycle and Iopt,off (Vin,off , Vout,off )

is the optimal load current given the input and output voltages of a off-chip buck converter, which

is also stored in LUTs. Given all the control variables, the system efficiency can be evaluated using

the efficiency values of on-chip and off-chip buck converters stored in LUTs and indexed by input

and output voltages and load currents. After sweeping all the candidate Vout,off values, the one

with the maximum estimated system efficiency value is selected. The Noff is calculated again as a
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system control variable, given the actual input and output voltages of the off-chip buck converters.

The HVR architecture and the workload-aware control policy provide high-quality and high-

efficiency power delivery, which reduces system energy by up to 23.9% compared with static

2-stage PDN while ensuring the same power integrity specification[2].
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3. VARIATION-AWARE HETEROGENEROUS VOLTAGE REGULATION ∗

3.1 Overview

As described in the previous chapter, the HVR control policy requires efficiency characteristics

of buck converters to estimate the system efficiency and determine the system control variables.

Besides, the SRKM module for Vout,on prediction is trained with the data generated from the PDN

without any temperature and process variation. Therefore, when inevitable variations exist in the

system, the efficiency characteristics and the SRKM module predictions become inaccurate, which

may compromise the power integrity and degrade the system efficiency. In this chapter, a variation-

aware adaption of HVR is proposed based on the control policy proposed in [2]. Figure.3.1 shows

the proposed variation-aware control policy. By exploiting mechanisms of variation tracking, the

variation-aware control policy takes the chip’s variations into account when generating control

variables for the system. Finally, the performance of the proposed variation-aware adaption of

HVR is evaluated and analyzed. The effects of temperature and process variations on the original

HVR control policy are also analyzed.

3.2 Tracking Variations in PDN

This section explains the tracking circuits shown in Figure.3.1 and how they are used in the

variation-aware control policy.

First, the off-chip buck converters are assumed to be free from variations because it’s possible

to employ high-accuracy inductors and capacitors on PCB to reduce variations.

The on-chip buck converters are assumed to be auto-tuned so that their regulation performances

are not affected by temperature and process variations. A measurement circuit is proposed to

measure the efficiencies of buck converters with variations online at −40 ◦C and 125 ◦C. The

efficiency measurements are stored in on-chip LUTs during the setup stage, and the efficiency

∗ c©2020 IEEE. Reprinted, with permission, from J. Riad, J. Chen, E. Sánchez-Sinencio, and P. Li, "Variation-
Aware Heterogeneous Voltage Regulation for Multi-Core Systems-On-A-Chip With On-Chip Machine Learning",
2020 21st International Symposium on Quality Electronic Design (ISQED), March 2020.
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Figure 3.1: Variation-aware control policy.
Reprinted, with permission, from [3] c© 2020 IEEE

values used by the variation-aware control policy during runtime are interpolated from these stored

values with the temperature measured by integrated temperature sensors.

A variation tracking circuit for LDOs is proposed to measure two variation-related parameters:

average loop gain and bandwidth of LDOs. These parameters are used as additional features of a

variation-aware SRKM model to predict the LDOs’ input voltage based on both the workload and

the variations of the LDOs. The variation-aware SRKM model is trained offline using 3000 training

samples collected from different variation cases. It is loaded to the on-chip SRKM accelerator

during the setup stage, and make predictions during runtime.
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3.2.1 Tracking Variations of On-chip Buck Converters

The regulation performance of a buck converter is determined by it’s loop dynamics. [29]

proposed a technique for adapting buck converter’s loop dynamics to process variations using low-

cost digital circuits. It ensures fixed values for loop crossover frequency and its phase margin

regardless of load current or process variations. In this thesis, we assume that this auto-tuning

technique is adopted so that the regulation performance of on-chip buck converters is not affected

by process variations.

However, their efficiencies will still be affected by variations. The efficiency of an on-chip

buck converter is related to the switching transistors and the inductor which are vulnerable to the

process and temperature variations. In this thesis, the efficiency values of on-chip buck converters

are measured using a efficiency measurement circuit.

Vin

Rsense bank RL bank

Voltage
sensors

ADC

Digital
logic

module
Set
Rsense

Set
RL

Set
Vref

Set
Vin

N

N
N buck converters

Efficiency estimates

Figure 3.2: Proposed variation tracking circuit for on-chip buck converters.
Reprinted, with permission, from [3] c© 2020 IEEE

Figure.3.2 shows the proposed measurement circuit for on-chip buck converters. The control

module sweeps the load current and input and output voltages of a on-chip buck converter by

selecting Rsense and RL and setting Vin and Vref . The voltage drop across Rsense and RL can be

measured by voltage sensor and digitized using an analog-to-digital converter (ADC). Then the

efficiency can be calculated using corresponding resistance values of Rsense and RL and voltage
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measurements. Resistors, voltage sensors and the required digital logics can be easily integrated

on the die. Since ADCs are essential components of large SoCs, so they can be reused to prevent

additional hardware costs.

3.2.2 Tracking Variations of on-chip LDOs

Control loop gain and loop bandwidth are two metrics directly related to the regulation perfor-

mance of the LDOs. The loop gain determines the accuracy of the output voltage while the loop

bandwidth decides the response time. Since the effects of process and temperature variations on

LDO performance can be reflected in the changes of these two metrics, a circuit used to measure

the loop gain and bandwidth of LDOs online is proposed to track the variations in LDOs.

M Distributed LDOs

R1

R2

vi

−
+

Vref

vx

Vin

Voltage
sensors

M

M

ADC

Digital
logic

module

Set RL

Set Vin

Set vi

α, BW and A0

estimates

Figure 3.3: Proposed variation tracking circuit for LDOs.
Reprinted, with permission, from [3] c© 2020 IEEE

Figure.3.3 shows the proposed circuit to measure LDO’s loop gain and bandwidth. The loop

gain can be estimated by sweeping vi and measuring vx, which gain can be given by

L(s) =
R1

R1 +R2

· vi(s)
vx(s)

− 1
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Using a sinusoidal test signal with varying frequency vi(jω), the value of L(jω) can be measured

at different frequencies and the loop bandwidth and low frequency gain can be estimated.

3.2.3 Temperature Variations

Apart from the process variation, the temperature change is also important to be tracked be-

cause it also affects the characteristics of the on-chip devices. In this thesis, a temperature sensor

is employed on chip to provide the temperature information.

For buck converters, their efficiency values at a certain temperature is interpolated using effi-

ciency values measured at two temperature extremes (−40 ◦C and 125 ◦C). Since the efficiency

change caused by temperature is quite linear, the two-point measurement and interpolation are

sufficient for efficiency estimations.

As for LDOs, temperature variations can also change their loop gain and bandwidth, so the

proposed variation tracking circuit can capture the temperature change of the silicon. The tem-

poral temperature change can be captured by measuring the parameters periodically. It can be

accomplished using replica LDOs and will not cause significant overheads because the temporal

temperature is relatively slow and the measurement can be repeated in a low frequency.

3.3 Experiment Setups

In this section, the details about experiment setups are introduced. The experiments in this the-

sis include circuit simulations for power integrity assessments and system efficiency evaluations.

In circuit simulations, a circuit of a PDN containing a RC power grid model, LDOs, behavior

models of on-chip buck converters, and package/C4 connections is simulated to observe the voltage

noise in the power grid.

The RC power grid model described in Chapter.2 is adopted, and current traces in the power

grid are extracted using architectural simulators. In this thesis, we use the full-system multi-

core simulator, GEM5[21], to generate the runtime statistics of a processor. Then they are fed

to McPAT[22], an integrated power, area and timing modeling framework for multi-core proces-

sors, to generate the runtime power traces for all components of the processor. Finally, the current
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traces, which are the workloads in our PDN, can be given by I = P
VDD

, where I is the dynamic

current trace, P is the dynamic power trace generated by the GEM5 and McPAT and VDD is the

supply voltage which is assumed to be 1 V. We run the PARSEC[30] benchmark suite for a 45 nm

four-core processor with configurations shown in the table below. Eventually, the current traces

for 11 different components in each core are generated with a granularity of 100 ns.

# of cores 4
Frequency 1.8GHz
Vdd 1V
Imax (per core) 25A
Core area (per core) 40.4mm2

Table 3.1: Configurations of simulated processor

Besides, a transistor-level implementation of LDO proposed in [26] with a maximum load

current of 100 mA and the same PCB and package connection model proposed in [20], which is

derived from Intel Pentium 4 processors, are used in circuit simulations.

Because behaviors and efficiency characteristics of on-chip and off-chip buck converters are

more complicated than LDOs, we adopt different models for different evaluation purposes: circuit

simulations and system efficiency evaluations. A behavior model of on-chip buck converters with

ideal switches and passive devices is adopted to accelerate circuit simulations. The off-chip buck

converters are modeled as ideal voltage sources in circuit simulations because they are assumed

to be unaffected by variations and the voltage noise introduced by them will be further filtered

by on-chip buck converters and LDOs. On the other side, PowerSoC [31] is used to find the best

design parameters for on-chip and off-chip buck converters, such as switching frequency and filter

inductance, and generate analytical efficiency models for system efficiency evaluations.

In addition to nominal models, VRs with process and temperature variations are also modeled

in both circuit simulations and efficiency evaluations to assess the performance of different control

policies under temperature and process variations.
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In system efficiency evaluations, on-chip buck converters with process and temperature varia-

tions in their transistors and passive devices are simulated using a standard 90 nm technology and

their efficiencies are measured. The passive devices are assumed to have a standard deviation of

20% because their characteristics tend to have a large variance [32]. The Monte Carlo simulation

is used to sample the random process variations and generate multiple instances of on-chip buck

converters with variations for efficiency measurement. However, variations in on-chip buck con-

verters are not modeled in circuit simulations since the auto-tuning technique is expected to adjust

the converters and ensure their regulation performance as described in Section.3.2.1

For the LDOs, the Monte Carlo sampling is used to generate multiple LDO instances with vari-

ations using a standard 90 nm technology. These LDO instances are used in circuit simulations to

assess the power integrity of different control policies. Besides, the simulations of PDNs consist-

ing of LDOs with process and temperature variations and the measurements of their loop gain and

bandwidth are used to build a dataset and train the variation-aware SRKM model mentioned in the

previous section. 3000 training samples are collected from simulations with 200 different process

variation cases at temperatures of 27 ◦C, −40 ◦C, and 125 ◦C. The variation-aware SRKM model

achieved a normalized mean square error (NMSE) of 0.0343.

3.4 Performance Evaluations and Discussions

In this section, we compare the efficiency and power integrity of the original HVR control

policy and the proposed variation-aware control policy in systems with process and temperature

variations.

For a fair comparison of performance of both control policies, we first adjust both policies

so that they provide the same level of power integrity. Since designing a PDN based on worst-

case scenarios to guarantee the power integrity would be costly and degrade the system efficiency

significantly, rare occurrences of VEs are allowed. Fail-safe mechanisms like rolling-back recovery

[33] and adaptive frequency tuning [34] are assumed to equip the target hardware and protect

it from these rare VEs. A guardband voltage was added to the prediction of the SRKM model

to compensate for prediction errors. It is adjusted for both nominal and variation-aware control
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policies to provide the same level of power integrity measured by the frequency of VE occurrences.

3.4.1 Efficiency evaluation

With the same level of power integrity, we can evaluate and compare the efficiency of both

control policies. The results of efficiency evaluations are shown in Figure.3.4.

Four different optimization schemes are evaluated with nine workloads extracted form nine

benchmark programs in PARSEC benchmark suite [30]. The original HVR control policy is de-

noted by Nominal in Figure.3.4. Control policies with variation-aware LUTs for on-chip buck

converters or variation-aware SRKM model are denoted by LUT_OPT and ML_OPT, respectively.

Finally, the proposed variation-aware HVR control policy, which utilizes both optimization mech-

anisms, is denoted by LUT_ML_OPT. The efficiency of each scheme is evaluated under 4 different

process cases and 3 different temperatures, −40 ◦C, 27 ◦C, and 125 ◦C. The average system effi-

ciency under these 12 different cases are shown by the bars, and the maximum and the minimum

efficiencies are shown by the error bars in Figure.3.4.

As shown in Figure.3.4, the variation aware control policy outperforms other schemes in every

benchmark. The maximum efficiency improvement is 4.28%, and the average efficiency improve-

ment is 1.13%.

The efficiencies of the original HVR control policy in a system without any variations, denoted

by Nominal System, are also measured. Comparing the efficiency values of Nominal and

Nominal System, it’s easy to find out that the process and temperature variations can increase

or decrease system efficiency, but the average effect is efficiency degradation. Therefore, the sig-

nificance of the variation-aware HVR control policy is to compensate for the negative effects of

variations on the system by tracking the variations and adjust the system accordingly. It can also

be seen that the disturbance of variations on the system efficiency is not significant. The maximum

efficiency deviation from the nominal system is 3.28%.

To sum up, the variation-aware control policy improves the system efficiency under process

and temperature variations. However, the efficiency improvement is not substantial. Meanwhile,

the efficiency disturbance of variations on the original HVR control policy is also small. These
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results show that the original HVR control policy possesses certain robustness against process and

temperature variations, which will be explained in the next two subsections.
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Figure 3.4: Efficiency evaluation of improved schemes for different benchmarks.
Reprinted, with permission, from [3] c© 2020 IEEE

3.4.2 Effect of variations on off-chip buck converter control

First, we compare control signals generated for off-chip buck converters, Vout,off and Noff . As

described in Chapter.2, Vout,off is determined by sweeping possible values of Vout,off and select the

one with highest estimated system efficiency. ThenNoff is decided accordingly. So we analyze the

searching process of Vout,off to assess the effects of variations on off-chip buck converter control.

The curves in Figure.3.5 show six searching processes under different system configurations.

The solid red curve shows the searching process of the original HVR control policy in a nominal

system. The curve shows a peak efficiency value at 1.3 V, so 1.3 V is selected by the control policy.

The dashed curves show the proposed variation-aware control policy’s searching processes in five

systems with different variations. All curves shown in the figure have the same workload current,

and the only difference is the system configurations and control policies. The original HVR control

policy will select the same value for Vout,off regardless of system variations because it only relies

on the workload. In contrast, the variation-aware control policy will select different Vout,off values

based on system variations, as shown by the dashed curves.
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For 3 out of 5 variation cases, the original HVR control policy selects the optimal Vout,off

value that the variation-aware control policy selects, which is 1.3 V. For the rest two variation

cases, the original HVR control policy failed to select the best Vout,off , but the variations only shift

the optimal value by 200 mV.

Meanwhile, Figure.3.5 also shows the estimated system efficiency. In the cases when the orig-

inal control policy failed to select the optimal operation point, the degradation of the estimated

efficiency is minimal and less than 1%. Even though this estimation is not accurate considering

the rough estimates of control variables for on-chip buck converters, it can still shed some light

on how little system variations affect system efficiency. In conclusion, the original control policy

manages to select the best Vout,off or a value that is close to the optimal value despite the existence

of variations. Since the nominal control policy performs sub-optimally in some cases, it can be

expected that adding variation awareness can improve system efficiency.
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Reprinted, with permission, from [3] c© 2020 IEEE

3.4.3 Effect of variations on on-chip buck converter control

Then we consider the other two control variables, Vout,on and Non. Vout,on is determined by an

SRKM model, and Non is decided based on input and output voltages and load current of on-chip
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buck converters. So we analyze SRKM models to estimate the effects of variations on on-chip

buck converter control.

SRKM models are responsible for Vout,on prediction, which should maintain power integrity

and reduce LDO power loss at the same time. The prediction of SRKM models, Vout,on, is related

to LDO input voltage, and the input features of SRKM models, voltage sensor readouts, are related

to LDO output voltage. Hence we observe the waveform of input an output voltages of LDOs

to analyze the performance of SRKM models. The waveforms generated by the nominal and

variation-aware SRKM models are shown in Figure.3.6.
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Figure 3.6: Predicitons in variation-aware and nominal SRKM models.
Reprinted, with permission, from [3] c© 2020 IEEE

The waveforms are simulated with a segment of the Blackscholes benchmark. The guardband

of both nominal and variation-aware SRKM models have been adjusted to provide the same level
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of power integrity.

As shown in the figure, At 23 µs, a current surge causes output voltage drops in both waveforms,

and both SRKM models raised the input voltage for LDO to prevent potential VEs as expected.

Another current surge between 24 µs and 25 µs also triggers the SRKM models to raise LDO input

voltage between 25 µs and 26 µs. It indicates that both nominal and variation-aware control policies

can function correctly in the presence of variation; i.e., they can react to voltage drops in voltage

sensor readouts and raise LDO input voltage to prevent potential occurrences of VEs accordingly.

However, the voltage increment applied might not be optimal due to variations. As shown in the

figure, the variation-aware SRKM model could predict lower voltages without jeopardizing power

integrity to reduce LDO power loss.

In conclusion, the nominal SRKM model can function appropriately in systems with variations,

but they might not be as efficient as the variation-aware SRKM model because of the inaccurate

predictions. Both on-chip and off-chip buck converter controls in the original HVR control policy

exhibits a certain degree of robustness in systems with variations. Thus the efficiency disturbance

caused by variation is small, and the efficiency improvement provided by the proposed variation-

aware control policy is limited.

3.5 Conclusions and Future works

A variation-aware adaption of HVR architecture is proposed to adapt the HVR to systems with

process and temperature variations. Two variation tracking circuits were proposed to enable the

tracking of process and temperature variation effects on VRs in HVR architecture with minimal

hardware overhead. Using the variation tracking circuit, a variation-aware control policy is imple-

mented to improve HVR performance in systems with variations, resulting in an efficiency increase

of up to 4.28% and 1.13% on average with the same level of power integrity. A detailed study of

the effects of process and temperature variations on the original HVR architecture was presented,

and the HVR architecture was found to be robust against the process and temperature variations.

However, one drawback for this project is that the stability of the control policy is not guaran-

teed. The proposed control policy uses the workload information gathered in the previous control
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cycle to determine the control variables in the next control cycle, forming a feedback loop with

delay. Even though there were no issues during the evaluation and simulations, the stability of this

feedback control loop is not guaranteed. Thus more researches should be conducted with regard to

the stability of the control policy.
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