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Abstract—Design of power delivery system has great influence components of power delivery systems, and traditionally ar
on the power management in many-core processor systems.contained in board-level modules with large inductors or

Moving voltage regulators from off-chip to on-chip gains mae

and more interest in the power delivery system design, becae it

is able to provide fine-grained dynamic voltage scaling. Prdous

works are proposed to implement power efficient on-chip vokge
regulators. It is important to analyze the characteristics of the

entire power delivery system to explore the tradeoff betwee
the promising properties and costs of employing on-chip véhge

regulators, especially the on-chip buck converters. In thg work,

we present a novel analysis and design optimization platfon of

power delivery system called PowerSoC. It employs an analigal

model to provide an accurate and fast evaluation of importah

characteristics, e.g. power efficiency, output stability ad dynamic

voltage scaling, for the entire power delivery system consiing

of on-chip/off-chip buck converters and power delivery nework.

Based on our model, geometric programming is utilized to find
the optimal design for different power delivery systems and
explore the tradeoff of using on-chip converters. Compared
with SPICE simulations, our model achieves a simulation tire

reduction of six to seven orders of magnitude within 5%
model error for the characteristic evaluation of different power

delivery systems. By using PowerSoC, various architectuge of
power delivery systems are optimized for power efficiency uder

constraints of output stability, area, etc. Simulation resilts show
compared with the conventional architecture, the hybrid ore
using both on-chip and off-chip converters achieves 1.0% poer

efficiency improvement and 66.4% area reduction of convertes

on average. We conclude the hybrid architecture has poterdi for

efficient dynamic voltage scaling, small area and the adaphality

of the change of power delivery network parasitic, but carefil

account for the overhead of on-chip converters is needed.

Index Terms—power delivery system, on-chip voltage regula-
tor, analytical modeling, optimization

I. INTRODUCTION

capacitors. However, putting voltage regulators closeprim
cessor becomes a trend of the power delivery system design.
Since the off-chip voltage regulators, e.g. buck convertare
implemented in the board-level with large inductors andacap
itors, the inductors and capacitors slow down the respandin
time of their feedback control. The costs and sizes of the
capacitors and inductors also severely limit their usage fo
fine-grained power domain regulation [2]. The interconnect
effect between the voltage regulator and processor, egqy. th
conduction loss, is considered to be a severe limitatiomef t
power delivery system design [3]. Meanwhile, the growth of
dark silicon area provides an opportunity to implementagdt
regulators on-chip for better voltage tuning using the dark
silicon [4]. All these make it interesting of developing lful
integrated on-chip voltage regulators.

The on-chip voltage regulators are usually implemented and
integrated with the processor in the same chip package [5].
The voltage regulator designs range from buck converters to
switched-capacitor converters to low-dropout linear tatpus.
Linear regulators have a maximum efficiency limit given by
the ratio of output voltage to input voltage, and they suffer
from low efficiency at high ratios [6] [7]. In contrast, swliing
converters can maintain high efficiency across a wide rafige o
output voltages. There are two types of switching convsrter
commonly used, buck and switched-capacitor converters. Th
switched-capacitor converters can not provide dynamiagel
scaling of arbitrary output voltage, but some discreteagst
levels [8]. However, the buck converter relies on an indutdo
generate a step-down voltage on the output capacitor. Téle bu
converter creates a square-wave voltage of varying dutiesyc

Due to the power dissipation limitation of transistors, yxan at the output of the power FETs. By adjusting the duty cycle,
core processor system becomes promising to improve syst@i@ output voltage can be dynamically adjusted with a wide
performance and power efficiency instead of feature sizgnge. Hence, the buck converter is widely used in research
scaling alone. Power delivery system is a key subsystenmwitiyrea and commercial products, because it can maintain power
it, which has important influence towards its performancet agfficiency across a wide range of conversion ratios. Moreove
power consumption [1]. Voltage regulators are the essentiie on-chip buck converters can reduce the current flowing
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through the package and alleviate the power losses of power
delivery network and off-chip voltage regulators. It is pixe

for the hybrid power delivery system employing on-chip
converters to cover the power losses induced by the on-chip
converters, due to the power loss reduction of power deliver
network and off-chip converters.
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In recent years, there has been a surge of interestvmtage regulators. Hazucleh al. proposed a fully integrated
implement on-chip buck converters [5] [9] [10] [11] [12].linear regulator to achieve a fast response time with small
An on-chip buck converter, operating with high switchingapacitor area [6]. Ramadaatsal. presented a fully integrated
frequencies, can obviate bulky inductor and capacitor, asditched-capacitor converter with additional step-doatios
allow them to be integrated on the chip or on the package. extend the range of output voltage [8]. Meanwhile, a lot
It decreases the power delivery path between the converérliteratures focus on the fully integrated buck convester
and the processor decreases, which alleviates the coaduchecause of high power efficiency across a wide range of output
loss of power delivery network. It is also able to provideoltages. On-chip integrated buck converter with différen
fast voltage transitions for fine-grained power managemeitductor implementation schemes are proposed to provgle hi
An on-chip converter can easily be divided into multiple-paquality inductors and improve the power efficiency [9] [10].
allel copies with little additional overhead, readily pidivng Sunet al. proposed fully integrated buck converter in SiGe
multiple on-chip power domains. The fast voltage trangii®o BICMOS process, focusing on the converter power stage to
achieved due to the small capacitors and inductors. Howevienprove the power efficiency [15]. Sturckehal. presented a
these potential benefits are tempered by low-quality iatiegk  complete 2.5D chip prototype containing fully integrateatk
inductor, increased susceptibility to load current stepd aconverter circuitry and a realistic digital load [16]. Dwethe
induced power and area overhead. Previous works focus onide design space, e.g. the selection of channel width oEpow
implementation of on-chip voltage regulators to improve thbridge and switching frequency, modeling and optimization
power efficiency. It is also important to characterize thev@o are used to assist converter designs. leteal. proposed
delivery system, including on/off-chip voltage regula@nd a GP compatible model of on-chip converters with an on-
the passive on-chip/board parasitics, and to explore #luetff die integrated inductor model to find the optimal converter
between promising characteristics and costs of using gn-clesign [11]. Schronet al. presented a model of monolithic
voltage regulators for many-core processors. integrated buck converter, and derived an analytical goludf

In this paper, in order to explore the tradeoff of employingonverter designs for maximum power efficiency [17]. Those
on-chip voltage regulators, an analysis and design opditioz  works mainly focus on the implementation and evaluation of
platform of the power delivery system called PowerSoc iadividual fully integrated voltage regulators. Howevénge
proposed to investigate important characteristics, eagvep on-chip voltage regulator doesn’t come for free. They will
efficiency and transient voltage drop, based on our earliaduce additional power loss, area consumption and ineckas
work [13]. It is publicly available with documentation at4ll  susceptibility to load current steps. There is a need of &Bys
It employs an analytical model to achieve a fast systemklevevel evaluation of the pros and cons of employing on-chip
evaluation with comparable accuracy, compared with SPIGMItage regulators for the power delivery system design.
simulations. Based on our platform PowerSoC, the charac-Some works proposed the case studies of different hybrid
teristics of different architectures of power delivery teyas power delivery systems employing on-chip buck converters
are optimized and compared under design constraints of acedinear regulators. Kinet al. presented a detailed analysis
overhead, transient voltage drop, etc. The hybrid architec of a 4-core chip-multiprocessor system with power delivery
shows the potential of efficient dynamic voltage scalingabm schemes using on-chip integrated buck converters [2]. It
area and the adaptability of the change of power delivedemonstrated the potential benefits of improving the system
network parasitic, but careful account for the overheadmf opower consumption by providing fine-grained power manage-
chip voltage regulators is needed. ment and fast voltage scaling. Gjaretial. proposed a hybrid

The rest of the paper is organized as follows. Section Il revo-stage power delivery system with off-chip buck coneest
views the related work. In Section Ill, we present an anedyti and a tree structure of on-chip linear regulators, which was
model of PowerSoC to evaluate the important charactesistible to be efficient, simple and small area costly [18]. Yan
of the power delivery systems, e.g. the power efficienet al. presented an application-aware scheduling strategy to
and the output voltage stability. The model maps over dynamically utilize the on-chip converters for the dynamic
multidimensional design variable space, and the design opioltage scaling sensitive applications with limited areere
mization strategy of PowerSoC using geometric programmihgad of on-chip converters [19]. Those hybrid power dejiver
(GP) is described in Section IV. In Section V, our model isystems are designed and evaluated for targeted platfémms.
validated by comparing to SPICE simulations, and it actdeverder to provide efficient design space exploration fortaaby
comparable accuracy with less simulation time. Based on thewer domain distribution, modeling and optimization oy
model and optimization strategy, important charactesstif is usually introduced to find optimum power delivery system
different power delivery systems are compared, and somesign and maximize the system power efficiency.
observations are discussed to help effectively utilizechip- Design space exploration strategies of different hybrid

voltage regulators. Section VI concludes the paper. power delivery systems are presented, using the different
models and optimization methods [7] [20] [21]. Vaisbaadl.
Il. RELATED WORK presented an optimization strategy of the hybrid powewdsgyi

\oltage regulator is an essential component of the powsystem with off-chip switching converters and on-chip éne
delivery systems in most computing systems. Because of tlegulators to maximize the power efficiency using a power effi
potential of providing fast voltage scaling and multiple- oncient clustering method [7]. Zereg al. proposed a simulation-
chip power domains, there was a surge of interest of on-chipsed optimization strategy to find the optimal number of
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on-chip linear regulators and input voltages to maximize th
power efficiency, by exploiting GPU-accelerated SPICE eval

Oft-chip On-chip
uations and pattern search optimization strategy [20]. lkme W regulator 0
fard et al. proposed an optimization strategy of the voltage e . FE core 1

regulator assignment from a collection of existing comrizrc
regulators to build a two-level tree structure and maxintize
power efficiency, which is solved as a combinatorial problem

using dynamic programming [21]. Those works mainly focus Global power grid
on the design space exploration of the hybrid power delivery VRM hﬂgﬁ'ﬁ%&g"&gﬁgﬁ&
systems employing on-chip linear regulators. In this wovk,
propose an efficient design space exploration frameworkef t
entire power delivery system consisting of on/off-chiptage process technology to be optimized separately for differen
regulators and power delivery network to explore the traden-chip voltage regulators to improve the power efficiency.
off of employing on-chip voltage regulators, especiallycku

converters. It provides a detailed and GP-compatible isaly . o

model of the entire power delivery system with models of eaéAFi Modeling of Switching Mode Voltage Regulators
component, which achieves an accurate and fast estimation olight steady state and dynamic tolerance requirements for
a variety of important characteristics compared with SPICEore voltage set a big challenge for powering high perfor-
simulations, and reduces the computation complexity of tiéance processors. Voltage regulator is an essential coenpon
design space exploration through convex formulation. Basef different power delivery systems. The characteristifs o
on our framework, the characteristics of different arattitees the voltage regulators have significant influence towarés th
of power delivery systems are investigated to quantititiveentire power delivery system, e.g. power efficiency, tramsi

evaluate the benefits of the hybrid power delivery systeffisponse. Interleaved multi-phase buck converter becomes
employing on-chip buck converters. popular to supply high-current processors because of therlo

input and output current ripple and fast transient resp{2izle
The primary building blocks of a multi-phase buck converter
Il. M ODELING OF POWER DELIVERY SYSTEM is shown in Fig. 2. Each phase of the buck converter is

With the development of on-chip voltage regulators, engimplemented with fixed switching frequency and pulse width
neers have more choices to build up the customized povipdulation. The output voltage is adjusted by modulatireg th
delivery systems for many-core processors. On-chip veltaguty cycle of a constant-frequency pulse. The fixed switghin
regu]ators are recommended for power de"very of maniyequency will eliminate the undesirable noise in certain
core processors, because they can provide multiple poi&dauency band. The pulse width modulation with type-Il|
domains and fast voltage scaling more easily. The mulijestafeedback compensation network is adopted in this paper [12]
power delivery system using both off-chip and on-chip \apéta Similar phases of the buck converters will be operated in par
regulators becomes promising. The conventional desigrgus@llel with a common output capacitor. By applyingé0° /N
only off-chip voltage regulators directly steps the povugysly phase difference between sawtooth waves of the adjacent
voltage down to the core voltage, while a two-stage powBhases, the output current ripple can be canceled out while
delivery system is illustrated in Figure 1. Given an inhérefaintaining the fast transient responaeis the number of the
degradation in power efficiency for large conversion ratine  Parallel phases. Because we focus on high performance many-
first stage of off-chip voltage regulators performs theiahit COreé processors, continuous mode operation of conveders i
step-down to an intermediate voltage. The intermediatespovssumed when analyzing the characteristics.
supply then drives the second stage, on-chip voltage regggla  Power efficiency is one of the important features of voltage
which further steps the voltage down to the core voltageegulators, which directly influences the power efficiendy o
The number of the on-chip voltage regulators varies witle power delivery system. There are some important power
different granu|arity to provide at most one power domaih)sses which are Usua”y considered in the literaturestabeu
per core. Different architectures constituting the framew buck converter modeling, e.g. the switching loss of the powe
will be investigated to evaluate the potential benefits of oRridge and corresponding driver circuits, resistive losshe
chip voltage regulators, especially the on-chip buck caeve. Power bridge, resistive loss of the inductor and the power of
The quantitative analysis and comparison of different powhe control circuits [11] [17]. The estimation of those powe
delivery systems will be discussed in Section V. The on-chipsses of one phase is presented as follows:
voltage regulators are usually implemented and integnattd
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Fig. 1: Overview of a two-stage power delivery system

the processor in the same package. They can be implemented Pariver = (Coriage + Cariver) Viyiver fou (1)
in the same die of the processor, or in multiple dies integtat AL,

in the same chip package, e.g. 3D integration [5] [15] [16]. Pron = (DRasn + (1= D)Ras)(Tina + Td) @
For the quantitative analysis in Section V, we assume theat th A2

on-chip voltage regulators are implemented on differeasdi Pr,,, = Rina(Iina + #"d) ®3)
and integrated with the processor in the same chip package

using 3D integration with face-to-back bonding. It allowe t Peontrot = IeontrotVariver “)
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them may be significant during the design space exploration.
Hence, they are considered in our analytical model to improv
the accuracy. Static power loss is induced by leakage durren
of the transistors. The leakage current is usually at ldaetet
orders of magnitude less than other losses in the propegriesi
However, the leakage power will increase exponentiallynwit
the supply voltage, and may influence the design optiminatio

foad results. The static power loss is included in our model, aed t
leakage current of the transistors per unit width is estuat
by numerical fitting from SPICE simulations as a function
of supply voltages. Simple circuits, e.g. the invertershwit
different transistor channel widths and supply voltages, a
used to estimate the relationship between the leakagenturre
and supply voltage based on the SPICE simulations.

Type-Ill
dan PWM compensator
comparator x

¢
? Phase N Dead-

3 o)
1| |
¢ Phase time + Driver
m-hme roTver—]

‘/anzn = outNIind + N(Pdr'i’ue'r'

7
+PRon + PR + Pstat + Psw + Pcontr'ol) ( )

ind
AN Switching power loss is induced by the current flowing
pffa“:;‘j;jﬁre::‘nhce thI’OlEgh] the tralnsistors of ]EJor\]/ve(; bridge r:1|uring its transi-
i o i i , tion [24]. It mainly consists of the direct path loss and iy
Fig. 2: Simplified block diagram of multi-phase interleaveghgs ~ Most switching schemes incorporate dead-time cbntro
buck converters to ensure both transistors are not conducting for any period
where Chriggqe @and Cyriver iS the effective switched ca- of time, and make direct path loss negligible. The dead-time
pacitance of the power bridge and drivers, afid, is the control is considered to improve the power efficiency [25].
switching frequencyCy,.44. IS estimated by including the gateHowever, the ringing loss may be significant for the conven-
and diffusion capacitance of the power bridge transistamg, tional synchronous buck converter designs [24]. This happe
Cariver IS derived by summarizing the switched capacitanad the instant the power bridge transistors is switchingabse
of all the stages in the entire buffer chain of driver circliite the load current and drain-source voltage of the transiaty
size of the drivers for the power bridge is designed to be fanet go to zero at the same time. The current spike through
out of 4. Although a larger fan-out can provide additionaaar the power bridge transistors will fluctuate until the ringiis
and power saving in the driver, the transition of drivingrgiy completely damped. It will induce additional power loss due
would be compromised for low duty-cycle signalg;.;... is to the ringing current spike. Small testing circuits areltbui
the supply voltage of the drivers and control logic. It may band the ringing loss is estimated based on SPICE simulations
different from the input voltagé/,, for off-chip converters It is calculated by integrating the energy pumped from input
and on-chip converters with high input voltage to reduce ttlsmurce until the current oscillation is completed dampetth wi
power loss of the driver circuit. Those buck converters uske deduction of the load power during this transition perio
two n-channel MOSFETSs as the power bridge, and additiortaénce, we develop the analytical model to estimate the power
circuits, e.g. level shift and bootstrap circuit, are inmpénted consumption of converters in Eq. 7.
in the driver circuit [23].R4s,, and Ry, ; are the on-resistance Besides the power efficiency of the converters, there are
of the high-side and low-side transistors of the bridge, amdher important characteristics which affect the cost dre t
R;nq is the equivalent series resistance of the inducfor. reliability, e.g. the area and output voltage stability.t@u
is the duty ratio of the gate signal;,, and Al;,q are the ripple is one criterion of the output voltage stability. Irder
average value and the peak-to-peak value of the inductor calculate the influence of the output capacitor and the
current. I..tro; Stands for the supply current of the controhumber of working phases, some concepts concerning the
circuit of each phase. The device models of the component,ltiple interleaving should be considered. The outputemnir
e.g. the transistors and inductors, may change with diftergipple cancelation due to interleaving technique depends o
implementation techniques or accuracy requirements. We wthe number of phase¥, and improves with more phases in
discuss the details in Section IV. The other variables can parallel. Assuming that all of the ripple components of the
derived based on principles of buck converters in Eq. 5 anddutput current flows through the filter capacitdy,,;, the worst
case peak-to-peak output voltage ripple with multiple pisas

— Yout Rina + DRasp + (1 = D)Ras1 + Rioaa (5) is derived [26].C},qq is the parasitic capacitance contributed

D

Vi Ricad by the load circuit of the supported power domain, e.g. the
(Vin — Vout)D processor cores [27]. The second term represents the ripple
Alina = FowLind ®)  current cancelation effect of the interleaving technique.

Aling 025 1
8fsw (Oout + Cload) D(l _ D) N2

Besides the power losses above, there are some other power
losses that are usually neglected, e.g. static power lods an
switching power loss. However, it is observed that some of

AVout,ripple = (8)

0278-0070 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://lwww.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation informe
10.1109/TCAD.2015.2413400, IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems

Load transient response is another important criterion émergy overhead, when a large surge current flows into and
maintain the stability of supply voltage, which determihesv  out of C,,,; via the inductor and transistors of power bridge.
much the voltage fluctuates in response to a current chahgdf the output voltage of the final stat&.., i, is higher than
the converters is integrated on-chip, the output voltagthef the initial one,V,,: in:, the stored energy on the capacitor
on-chip converter drops much more in response to the loadd the conduction loss of the inductor and power bridge is
current step [2]. This is because the on-chip capacitor ishmuprovided by the supply,. If Voue, fin iS lower thanVi,: int,
smaller than the total decoupling and filter capacitancel useo work is done by;,,. Hence, the converter induced energy
for off-chip converters, and large load current steps cpidhla  overhead is presented as the first term in Eq. 11, assuming the
drain out the limited charge stored on the capacitor betoge tvoltage upscaling and downscaling occur evenly. The other
converter loop can respond. Hence, there is a need to egaluatthe underclocking related loss, due to the mismatch of the
the transient voltage drop for the stability of output vglta. supply voltage and clock frequency of the processor dutieg t
The maximum voltage drop is derived in Eq. 9 [28]. The&oltage scaling. Taking upsacling as an illustration, tluelc
worst case transient voltage drop tends to approach the opaquency increases until the voltage scaling settles.ingur
loop value, when the feedback loop response of the contthis period, the processor is supplied by an unnecessahy hig
logic is sluggish.« is an user-specified empirical factor tovoltage. The underclocking related loss is estimated as the
bring the open-loop estimation into agreement with thealctuisecond term of Eq. 11, assuming that the output voltagescale
voltage drop. It changes with the response time of the cbnttmearly. As shown in Eq. 11(,,; plays an important role
strategy of converters. Load-current feedforward tealmis for both the converter related and underclocking energy-ove
able to reduce the response time with considerable ovetheadead. Hence, the voltage scaling energy overhead of on-chip
summing the voltage-error signal at the output of comp@nsatonverters also benefits from the reduced filter capacitance
and a signal proportional to the load current [28]. In thipgra
we adopt the voltage mode feedback control at switching Tt _5\/ 2Lina(Cout + Croaa) AD (10)
frequencies of hundreds of MHz, and is about0.6 using Dinin(1 = Dmin)(1 +0.5AD)
the numerical fitting of SPICE simulations. The estimatien i
comparable to the results in [9].

Escale - 0~5(Cout + Oload)‘/in|vout,fin - out,int'
+Cloadm7:n{fsw,int7 fsw,fin} X

Tscale
., 9 ou = ) out,fin, Vout,in ?
Oout T Oluad ( ) [ (V t(t) mm{V t, fin, V. t, t} ) dt

) . . . .
\oltage scaling performance is another important charac-The (?rle_za consutmpngn 1S alsodam |rtnpo(rjtar|1_t rﬁlsuehof the
teristic of converters, which influence the effectivenegs §OWE GCIIVETY System design, and the trend slightly change

dynamic voltage scaling based power management [2]. Wh fcause modern ICs are usually pin limited, the PCB boards

the output voltage scales to a new voltage level, it scalgt® expensive and d_ark silicon area is obse_rved,_ it is_ pessib
gradually. To ensure sufficient timing margins for proceé9 moveda; few Oﬁ;jCh'pb c;n:;]erters ";FO thedchflrp.# |mpl|es(ljith_
sors, the upscaling first attempts voltage scaling and Wamg nee odccl)_n5| er (z deo_n-c Ilp ?rr: ofi-chip area t_urlntg
until the voltage is stabilized. Once the voltage is stabdi { € power de |veryt§ys efmth esign. nt 'S pa:pg_r, W?hes imate
the processor changes the clock frequency. Downsacling f?? area consumption of the converters inciuding the power

the opposite. The clock frequency is changed first, and tHnge’ the driver circuit, the control logic, and the inthrc

voltage is scaled latter. This sequence is commonly usedamg fﬁpzc_ltor Of_ the_tqutgu;[ f||te_r. T(;‘E a;ﬁa oLthe plo:/ver g'dg
the modern processor [27]. At system level, there are t € driver circuit 1S determined by the channetiengiih an

important features about the dynamic voltage scaling. OWédth of the transistors, containing the area of the gataindr

is the settling time of voltage scaling, which affects th nd source. The channel length of transistors is relatedeto t
timescale granularity of dynamic voltage scaling. The oth apncaﬂon t(_ecr_mo!ogy, and -the channel wujth wil -be saddc
is the energy loss, including the converter and underd@kiw'th the optimization technique proposed in Section IV. The

related energy overhead. The optimum settling time is adriva'cd of the_drivers is_ derived by s_ummarizing the areas .Of all
according to the minimum time control law [29],..i,, is the the stages in the entire buffer chain. The area consumpfion o

average of the duty cycles of the initial and final state of thtgIe control logic per phase IS est|m.ateq qccordmg o [3] W.e
voltage scaling, and\ D is the difference between these dut ssume that the output filter capacitor is implemented en-di

cycles. The voltage mode feedback control can not achieve ith the deep-trench and thick oxide MOS capacitance, and

optimum settling timeg is used as an user-specified empiricaE € capac_|tance den_sny IS es_umated fefe”‘?‘g to [10]. aie
factor to fit the practical settling time of the converters. Ipackage integrated inductor is selected to improve the powe
(?fficiency of the on-chip buck converter because of its high

is about 2.5 using the voltage mode feedback control a lity factor 191, A ding to th ducts of Coilcrag
switching frequencies of hundreds of MHz according to SPI ality fac or [9]. ceorading o the products ot Lol cra_Q],
the ratio between the inductance and the area is derived.

simulations. The settling time is proportional to the protdof

L;,q and C,,;, while the output ripple decreases with larger

ones. The tradeoff between these two features is achieW®dModeling of Power Delivery Network

using the optimization strategy in Section IV. In order to capture the overall property of the power deliver
\oltage scaling will also induce energy overhead, whickystem, we also need to pay attention to the passive pagasiti

is divided into two parts [27]. One is the converter inducedf the power delivery network, e.g. the parasitic resistanc

(11)
Lind
AVout,t'r‘ =« AIO’ut,t7‘ .

0278-0070 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See

http://lwww.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation informe
10.1109/TCAD.2015.2413400, IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems

j——— PCBboard === |—————————— Chip == =—====——==

Power source | PCB trace &
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|Vs| voltage |Voff’ voltage Processor

ey | |reser S vy gy Lol DY of on/off-chip buck converters are optimized to maximum
_______________________ I the system power efficiency, while provided with the supply

Fig. 3: Model of power delivery network with on-chip voltage/oltage of the power delivery system),,, load distribution of
regulators the processor power domaig,; ;; and ... ;;, and design

. . . S (?cs. It is assumed that the power delivery system consists
capacitance and inductance of the printed board trace arﬁJ . . : i
multiple off-chip converters, and an off-chip converter

packag_e. A detglled model pf the hybrid power (_1e||very negupportij number of on-chip converters. The assignment of

work with off-chip and on-chip voltage regulators is preseh . . L

I . o on/off-chip converters is based the principle of load bedato

in Fig. 3. A ladder RLC network is utilized to capture the :
make sure each on/off-chip converter supports same améunt o

parasitics of the power delivery network. The on-board powe er consumption. The design specs constrain performance

) . oW
supply is modeled as a fixed voltage source. The PCB bogrd ; . X
includes the PCB trace and off-chip decoupling capacitorrse.qu'remem and the boundary of the design variables, leeg. t

The power delivery network of the chip has the followin miaximum output ripples of on-chip and off-chip converters

components: the package and corresponding decoupling \c/:o'%t’gle’e"’a’;’;“ and %i’g’é%‘gf’mf”’ thethr;?nx;r;lramur;r::tzliint
pacitors, package to die connection, die to die connectichr}he %f Voltg/tgoggz‘mgr tr-,off,mas;ndT ’ theg
and the lumped VDD and GND power grids of the processar, 9 “‘ale*""*m“”” q Saalegff-rma””'. ¢
The K . . siea constrainf,y, ez and A, ¢ maq: and the boundaries o
package to die connection, e.g. C4 bumps, are modeled,as. . !
) : design variables of different components.
lumped RL pairs that connect the on-chip voltage reguldtors In order to apply GP, the device models have to be com-
the power pins of the package. The on-chip voltage regwdator_.. . ’ .
) h atible with GP. Our model leverages the transistor models
then delivery the power to the processor through the diedo di."_. . . :
. . Similar to [33] and inductor model in [17]. For the transisto
connection and the power grids of the processor. Because we . . . . o
. . ; . . of the power bridge, since they are in the linear regiBp, is
assume the different dies are integrated using 3D mtegratlex ressed ag% and "2 whereWV is a width of a device
with face-to-back bonding, the parasitics of the die to dié P r w, > '

connection are mainly contributed by the through silicoasvi and kg, and kg, are process and driver voltage dependent

(TSVs). The design of the TSVs refers to [31], and the IumpéSSIStance per unit width at minimum gate length for high-

: : . . ide and low-side transistors of the bridge. The capaditésc
resistance of TSVs is derived based on the density and t’r?ﬁ%deled asec, - W andkc,, - W, wherekc, . andkc,. are

resistance per TSV. The other parasitics of the power dglive fpcess dependent parameters for gate-to-source ¢ ita

network, e.g. the inductance and capacitance of the P& : . .
. ng drain/source-to-body capacitances. The static povesr |
trace, package and power grids of the processor, are adopafe

from [32], and will be scaled to be consistent with the power expressed adp,,,, - W, and kp,,, is the process and
consumptions of processors. supply_ voltage depen_dent leakage power per unit W|dth. The
switching power loss is assumed to be linearly scaled wih th
load current at the time of commutation [34]. It is expressed
askp,, - Lout - fsw- kp., iS the process and supply voltage
The analytical model of the power delivery system is derivatependent ringing loss per unit load current per cycle. All
including the buck converters and the parasitics of the powgarameters are found for each process technology and goltag
delivery network. Those properties of power delivery syste level by numerical fitting to SPICE simulation results of pim
are determined by the selection of the converter desigasting circuits.7. is the ratio between the resistance and
e.g. channel width of the power bridge, inductance and thmductance of the inductors [17]. It is estimated accordimg
capacitance of the output filter. The conversion ratio of thte quality factor, which is assumed to be a constant within a
converters in a multi-stage power delivery system is alg@rtain range of switching frequency.
considered. The intermediate voltage levE], tradeoff the  In order to improve the accuracy, some of the device
power efficiency of different stages by affecting the cosi@r models are still incompatible with GP, and can not be diyectl
ratios. Generally speaking, the power efficiency of corarert used in the GP optimization, e.g. the voltage level dependen
decreases as the conversion ratio increases. Selectihgrhigparameters of transistor model and the parasitic resistanc
V4, will also reduce conduction loss of power delivery networkparameter of the inductor. We adopt the decomposition ndetho
by reducing the supply current through the package. Becausedeal with it. Given a combination o¥;, and a certain
of the wide design space, an optimization strategy is needetige of switching frequency, the corresponding pararseter
to find the optimal design variables. of transistor model and inductor model become constant, and
In this paper, a method using convex optimization is adoptéite formulation of the power delivery system design shown in
to find the optimal converter design that maximizes the powatg. 1 becomes a GP problem. The power efficiency of the
efficiency under the constraints of output ripple, transiepower delivery system can be optimized using the existing
response, area, etc. Convex optimization based on GP hasvex solver [33]. The maximum power efficiencies for
been widely employed to optimize various mixed-mode cidifferent combinations of}, and different frequency ranges
cuits [33]. We utilize GP to find the optimal design variablewill be derived using the convex solver, and then be compared

IV. DESIGN OPTIMIZATION OF POWER DELIVERY SYSTEMS
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Algorithm 1 Optimization of the hybrid architecture

The formulation of optimizing on-chip converters are de-

Require: workload distribution of power domains, intermediscribed in Lines 3-13 referring to Section Ill. The formidat
ate voltage levels, parameters of device models, bourid-simplified as one-channel converter instead of the inter-

®

:‘S’.’S’?ﬁ."‘."\’"‘

aries of design variables of converters, design specs

: minimize 5=
: subject to

Wmln,on < Wh/l,on,ij < Wmaz,onvvivj
fsw,on,min S fsw,on,ij S fsw,on,mamavza]
Lind,on,mzn < LGd on,ij < Lind,on,mawa VZ,]
i Hi,on,ij VZ j

Wl on,ij Kh,on,ij
out,ij Rload on,ij +led on 7,]+Rp1n on,ij +Rds on,ij

Vb 7 Rload on,ij
on 27 VZ .]

Vb j_Vout 'L]) Don ij

IN

= AIznd on ijvvi .]

fsw,on,ij Lind,on,ij

9: (Cbrque on,ij + Cdrwer on 17)‘/;) 7fsw on,ij + (Rds on,ij +

10:

11:

12:

13:

14:
15:
16:
17:
18:

19:

20:
21:

22:

23:

24:

25:

26:

27:

2 1 2
Rlnd on,ij + Rpln on 13)(Iout 13 + AImd on, z]) +
Pstat ,on,1J + Psw on,ij + ‘/b N control on,ij * Non,lg +
2 . .
Zgrzd,z_] . Iout,zg + V;)ut,z_] - Iout,z] S %,] Ion,zj7VZaj
ind,on,ij 0.25‘/17 J <
8 fsw,on,ij (Cout,on,ij +Cload,ij) Don,ij (Ve,j—Vout,ij) Non i =
‘/ripple.,on.,mamvvlv.]
. L'Lnd,on,ij <
Gon AI_Om?’tr’on’” Cout,on,ij+Cload,ij -
‘/tr.,on.,mama Vl,j
/3 2Lmld on,ij (Cout on,ij +Cload TJ)ADO’I?. ij <
O\ Dmin,on,ij(1=Dmin,on,ij)(1+0.5ADop i5) -
Tscale on,max Vi j
Abmdge on Z Z (Wh on,ij + VVl,on,ij) +
Acontrol ,on Z Z Non 7 +
2
indon 32 33 Lind.onii N 5 +

Acap,on Zl Zj Cout,on,ij < Aon,mam

M; ;
> Tonsij < logyj, Vi
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VWlo _,Ufhﬁ i’ J IR

bj loadoffj 1ndoffj ds,of f.j <D v
Rloadoffj of f.j» ‘7

(meVbJ)Doffj ]
Tocro T = Alindoff.5, 7

(Coriage.osss + Cariverors.i)Virvierof rafswoss +
(Rasorry + Rindorri)Uopr; + 1580[0a0rr;) +
Pstat,oj'f,j + Psw ,off,g + Vdm’uer ofjg . Icontrol off,g °

Noffj + (Zpackage +ZPCB) 'Ioff7 +‘/bg : ofjg S
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ind,of f,j 0.25Vin 1 <
8fsw,0ff,iCout,0ff,5 Don,j(Vin=Vo,3) N3y ; =
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leaved multiple phase one, because most of the properties of
an interleaved converter, except the output ripple androbnt
overhead, can be derived according to an equivalent one-
channel converter [22]. Lines 3-5 define the boundaries@f th
multidimensional variable space of on-chip converterse Th
power consumption of each on-chip converter is calculated i
Lines 7-9. Line 7 estimates the duty cycle, including addiil
conductive loss from the dedicated bumps connecting the on-
package inductors. The conduction loss of the die to die
connection and power grids of the processor is included in
Line 9, whereZ,,;4 includes the resistance of the die to die
connection and power grids. The total amount of the die to
die connection and power grids is fixed, and each on-chip
converter will possess part of it, according to the proportf
its load power. The power consumption of on-chip converters
is conducted in Line 9, including the power losses mentioned
in Section Ill. There are some modifications of the equations
from equality to inequality in order to apply GP. However,
the equality of the equations achieves, if the power losses
are minimized. Lines 10-13 shows the constraints of the
design specs, e.g. the output ripple, transient voltagp dnal
area overhead. The influence of the interleaving technigue i
shown in the calculation of output ripple, and power and area
overhead of control logic. The area overhead is constrained
in Line 13, whereAy,iage on iS the area consumption of the
bridge and driver circuit per unit width of the power bridge,
Acontrol,on 1S the area overhead of the control logic per phase,
and Aind,on, andA.qp on are the area overhead of the inductor
and capacitor per unit inductance and capacitance acgydin
After the optimization of the on-chip converters, the input
currents of the on-chip converters will be used as the load
currents of the off-chip converters. The conduction losthef
PCB trace and package is included in Line 21, Wh&g.1.q e
includes the resistance of the package and package to die
connection. The formulation of optimizing off-chip contens
is described in Lines 14-25, which is similar to that of on-
chip converters. The power efficiency of the system will be
derived in Lines 25 and 26. Alg. 1 shows the GP optimization
formulation with a fixed combination df;, and a constant..

V. MODEL VALIDATION AND QUANTITATIVE ANALYSIS OF
DIFFERENT POWER DELIVERY SYSTEMS

The analytical model of different components of a power de-
livery system has been proposed. Based on our model, design
variables of different power delivery systems can be optéadi
under the constraints of output ripple, transient voltaggpd
and area overhead. It is necessary to validate the accufacy o
our model, before the system level analysis is conducted to
evaluate the characteristics of different architecturfegoover
delivery systems. In this paper, a comprehensive analysis
of different architectures will be carried out to exploree th
design space of power delivery systems. We will evaluate the

to find the optimal power efficiency of the system within theonventional architecture using only off-chip buck conees,
entire design space and the corresponding design variablelbeled asof f — chip. On the contrary, the architecture that
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TABLE I: Parameters of on/off-chip buck converters.
Voltag Power deliver
lat Device e Y Processor Power supply
Off-Chip On-Chin On-Chin ;frguuctau?; parameters parameters configuration constraint
converter converter
converter (1.5 Nm) (130nm) Inputs
kr.p (- pm) 37600 9740 976 P N
kR’l (Q : Hm) 37600 9740 488 mge regulator Power dellvery
kcgs (nF - mfl) 0.48 2.54 1.54 Buckcenysiter model network model /
kc,. (nF -m~ 1) 0.20 1.09 0.66
kpsmt (US mil) 4.4-1073 1.75 5.8-1077 = Powerdellverysvsﬁ
kpsw (nd - Ail) 56.7 1.4 0.03 Linear regulator > de5|gn optimization /
Apridge (1) 2.7 15.7 0.86 —
Te (WH - Q1) 50 0.1 0.1 ) ; \
Switch-ca Power delivery system
Aind (mm2 . nH’l) 12.5- 1073 0.5 0.5 regulatorp design ana\?yz\{er
2 —1 -3
Acap (mm nk ) 0.5-10 0.02 0.02 _ Regulator libaray / N PowerSoCanaIyzer
Icont'rol (mA) 2 2 2
Acontrol (mm?) 0.03 0.03 0.03
3 . Power Power e Output Voltage
puts all the converters on-chip will be evaluated, labeled a delivery e — - voltage scaling
. . . . system deslgn Y P stablllty criteria
on — chip. It is expected to significantly reduce the power

Outputs

loss of the power delivery network due to the high conversion
ratio, but suffer from high power losses due to low quality of Fig. 4: Overview of PowerSoC
on-chip components. It is assumed that the on-chip comgertgrocess [35]. The architecture with only on-chip converter
are implemented on different dies, and integrated with thges1.5um CMOS process [35] to implement both power
processor using 3D integration. It is able to implement thsridge and drivers, because the input voltage of the convert
on-chip converters on different dies using proper techgwloers is high. The transistors of on-chip converters driven by
nodes to improve the power efficiency for different inpuintermediate voltage are implemented usilRpnm CMOS
voltage levels. The architecture using both off-chip and oprocess [35]. The bulky inductor and capacitor of off-chip
chip converters, labeled dgybrid, will also be investigated. converters is estimated according to [37] [38], due to thugh hi
It increases the flexibility of power delivery system destgn requirement of the maximum current of inductor for off-chip
combine the advantages of the previous two architectures.converters. The parameters of the inductor and capacitor fo
There are 3 kinds of buck converters required to impl@n-chip converters are derived based on [9], because it is
ment different power delivery system architectures. THe ofassumed that the inductor is integrated on package for on-
chip converter is used to perform the voltage conversion fohip converters. The area and power overhead of the control
of f —chip andhybrid. It utilizes the power trench MOSFETs|ogic is estimated according to [9] [11]. The parametershef t
of Fairchild as the power bridge, and transistorsldium component model are summarized in Table I.
CMOS process for the control logic and drivers [35] [36]. The power delivery system is required to step down the
For the architecture using only on-chip converters, thera i supply voltage from 12V to 1V. The supply voltage of the
need of on-chip converters to provide the voltage convarsidrivers of off-chip converters is 5V. The parasitic resisia
directly from the on-board power supply. We implementedf Z,,.,; is 0.11mQ or 0.09m with or without the TSVs,
its power bridge and the driver circuit usingsum due to and the resistance of,.cxa9c and Zpcp are 1.25m$) and
high input voltage level. The on-chip converters driven g t 0.09m( for the processor witl2561% maximum power con-
intermediate voltage in a multi-stage architectures, ané b sumption [31] [32]. The parasitic capacitance of the preoes
with the transistors in 130nm [35]. The technology is s&édctis around96nF [27]. In order to maintain the stability of
to tradeoff between the conductivity and leakage power gife output voltage, the maximum peak-to-peak output ripple
different technology nodes at the interested range of inpigt10% of its output voltage. The maximum transient voltage
voltages. For example, the unified leakage power of traorsistdrop is also 10% of the output voltage due to a load stop of
at 90nm is about 100 times higher than that of 130nm at tB@% of the load current [9]. The settling time is measured
supply voltage of2V. Hence, we extract the parameters ofiue to the voltage scaling of 40% output voltage, e.g. from
transistors at different technology nodes, and find the grro.6V to 1V. The slew rate requirement of off-chip converters
one according to the requirements of different converters. is 80mV - us™! [39], and that of on-chip converters is
50mV -ns~! [2]. The area of on-chip converters i30mm?
for the processor witl256/¥ maximum power consumption,

A. Smulation Setup d that of off chi - 2 140
The parameters of the device models of different compgfl that of off-chip converters &700mm= [40].

nents will be introduced, before the model validation and .

the comparison of different architectures of power dejiverB- Power Supply On-Chip (PowerSoC)

systems is conducted. The parameters of the MOSFETSs of thén this work, we present the PowerSoC, which is short for
power bridge of off-chip converters are estimated accagrttin Power Supply On-Chip. It is an analysis and design optimiza-
the power trench MOSFET of Fairchild [36], and that of th&on platform of power supply targeted to fast and accuyatel

control logic and drivers are extracted usihggum CMOS evaluate the important characteristics of the complex powe
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Fig. 5: SPICE simulations of transient voltage drop due to 2Rig. 6: SPICE simulations of transient voltage drop due to 4A
load step for different architectures of power deliveryteyss load step for different architectures of power deliveryteyss

delivery system including both on/off-chip voltage regala TABLE Il: Model comparison between the analytical model
and power delivery network for multi-core processors. Povand SPICE simulation of different architectures of power
erSoC is aC + + based program to analyze the importardelivery systems optimized at workload ¢F/.
characteristics .Of power delivery system, €.g. power efficy, SPICEModel [SPICE|Model [SPICE|Model [SPICE[Model
area and transient response, and optimize the complex polfeahte- }goad Effi- |Effi-  [VoipotdViippidVir  |Vir  |[Tscate Tscate
delivery system design to tradeoff among those importdft™ |“¥ |ciency|ciency|mV) |mV) |mv) |mV) |(ns) |(ns)
characteristics [14]. The overview of PowerSoC is illusta |off-chip |0.25 |75.9%|75.8%(7.3 |7.7 |98  |100 %3 '?83
in Fig. 4. The inputs to the platform include the device— 57135
parameters of the on/off-chip voltage regulators inclgdinoff-chip |0.125/75.4%/75.9%/9.4 9.9 199 1100 |7os {43
the transistors, capacitors and inductors, the paramefergon-chip [0.25 [50.1%|49.9%(11.5 |11.3 |102 |100 |24 |23
the power delivery network, the configuration and desigen-chip |0.125/49.6%|50.1%(9.4 9.2 |104 100 |34 |33
constraints of multi-core processors and power supplyesyst [hybrid [0.25 |76.3%|76.2%|3.6 |3.4 100 |100 |25 |25
The voltage regulator library includes several typicaligies [Y2id [0.125[76.0%]76.5%|11 |1.0 1[99 |100 |34 |33
of different kinds of voltage regulators. Based on the dedai conversion instead. The parameters of different component
models of the voltage regulators and power delivery netnmrkmodels are shown in Table I. The parasitic of power delivery
GP based optimization strategy will be used to efficientesegpl network is linear scaled with the power of processors.
the design space and guide the power supply system desigriAs a case study, the power deliver system is optimized
PowerSoC models the steady state and transient responsatdhe workload of 4W or 8W, when converting from 12V
different components of the power supply system. to 1V. As mentioned in Section lll, the voltage regulators
are implemented using the buck converter with pulse width
, L modulation, type-1ll feedback compensation network and tw
C. Analytical Model Validation interleaved phases. The design variables of the converters
The simulation setups are discussed, and it is necessanate derived according to optimization procedure discussed
validate the accuracy of our model, compared with SPIGR Section IV. With the converter schematic and optimized
simulations. A comprehensive comparison between our modelsign variables, the SPICE models of different architestu
and SPICE simulation is conducted for a full system valwtati are built, and the characteristics of power delivery nekwor
including both converters and power delivery network. K inare evaluated based on the SPICE simulations. The SPICE
cludes the comparison among different architectures ofgpovsimulation results of the output voltage responses of wffe
delivery systems. The single-stage conventional ardhitec architectures optimized at 4W are shown in Fig. 5 and Fig. 6,
achieves the highest power efficiency, which directly cohvewhile applying a load step fromA to 44 or from0A to 4A
the supply voltage to the core voltage level. However, theith the slew rate oRA/ns. The transient voltage drops of
architecture using only on-chip converters has to use tages different architectures are aroundOomV or 200mV expected
scheme to improve the power efficiency of on-chip converteas the analytical model evaluations. Table Il summarizes th
by reducing the conversion ratio, and to get the highest powamparison between SPICE simulation and our model at
efficiency. The first stage on-chip converters provide atiaini different workload, in terms of the power efficiency, output
voltage step-down to an intermediate voltage. The interated ripple, transient voltage drop due to load step of 50% load
voltage then drives the second stage on-chip convertersctorent and settling time of voltage scaling of 40% output
the core voltage. The hybrid architecture also adopt tweeltage. The optimized results based on our model are well
stage scheme with off-chip converters for the initial vgta matched with SPICE simulations within 5% difference.
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TABLE lII: Performance comparison of design optimization
[ S—— strategies for different power delivery systems.

%

[ 3
%
x P
B

o
=
T

— = i
Test bench Power efficiency (%) |Runtime (sec)

sb! ,&' e This work [APPS This work [APPS
P - hybrid 1*2-domain |76.7 76.5 30 89

b hybrid 1*4-domain [76.7 76.2 59 150
N > off-chip, Model hybrid 1*8-domain [76.7 75.7 122 438

o
@

Power efficiency of power delivery system

0.3
i —chip, Model - n
ot X horc, Modsl hybrid 4*8-domain |76.6 75.6 196 2176
: R off-chip, SPICE|
o T voraraeioE | tional architecture of power delivery system, the runtinfe o
% T s s 5 7 s SPICE simulation will take around 6.8 hours to capture the
Workload of the processor (W)

power efficiency curve with 128 points of workload shown in
Fig. 7: Model validation of power efficiency curve of diffete Fig. 8, while the runtime of the Matlab code is about:t. The
architectures of power delivery systems optimized at 4W simulation time of our model stays almost the same, whilé tha

] ] ] _ . of SPICE simulations increases with more complicated power
Besides the important features at the point of the optlmlzggnvery system. The speedup using our model will be more

workload, it is also important to predict the trend of powe,hressive in the case of the hybrid architecture invohioth

efficiency curve of the power delivery system. Power effi/off.chip buck converters, which will cost about 217 reur
ciency curve is usually shown in commercial voltage regulaty, qerive the entire power efficiency curve.
products, because the real workload will fluctuate and theqr framework provides not only a detailed model of

power efficiency should maintain at a high level within &6 gelivery systems to provide accurate and fast evahuat
range of workload. The power delivery system is optimized @hmpared with SPICE simulations, but also a GP-compatible
the average workload instead of maximum power consUMpy el to facilitate efficient design space exploration. Arsh-
tion [41]. The average power consumption of the processgiseq gptimization method is usually used to explore the
is estimated as half of the maximum one [42]. Fig. 7 shoWgssign space and optimize the hybrid power delivery system
a comparison of the power efficiency curves between SP'%'ésigns [20] [21]. On the other hand, we formulate the

simulation and our model. The power delivery systems afgsjgn optimization as a convex decomposition problemhEac
optimized at the workload of\, and the SPICE models areg,,pnroplem with fixed power delivery system topology is
built accordingly. SPICE simulations are conducted t0 Wbt m jated as a GP problem and solved efficiently using the
the power efficiencies of different architectures at défer .,nyex solver [33]. For a fair comparison of the optimizatio
workload, e.g. everylIW, which are shown as markers iNmethod, we replace the SPICE model in [20] with the pro-
the solid lines in Fig. 7. The dashed lines show the powpfseq analytical model for fast characteristic evaluatidar
efficiency curves of_dn‘ferent arch_ltectures_based on oudeho analytical model is used in the asynchronous parallel patte
Those curves con&_st of 128 points at d|ﬁeren_t Worklpad fQarch (APPS) formulation as [20], by assigning the design
each line, and their markers are used to differentiate tfgnsiraints as the penalty functions. We generate 10 sets of
overlapped curves between our model and SPICE simulatiopg, nitial design values randomly from the optimum design
In Fig. 7, the power efficiency curves of our models are weliih the same order of magnitude to accelerate the conver-
matched with that of SPICE simulations within 2% dn‘ferencsence and evaluate the average performance of the search-
for different architectures of power delivery systems. based optimization method. The search-based optimization
Our model is able to provide accurate evaluation ofdiﬁéregrocess is carried out using the APPSPACK 5.0.1 on Intel
power delivery designs. The device model of the componeni&on Processor W5580, and the comparisons of optimization
e.g. the transistors and inductors, are derived based on {8ylt and runtime are summarized in Table Ill. The proposed
model parameter estimation. By integrating the device hodgonvex-based optimization strategy achieves efficienigdes
our model is built to provide the system level charactevistspace exploration with good optimization results and small
evaluation of the system. The device model parameters @i@cution time, when the problem scales increase. Our work
estimated USing the numerical flttlng of SPICE simulatiofis @utperforms the search-based Strategy with 1.3% power effi-
simple testing circuits to improve the accuracy. The SPICEency improvement and 10 times runtime reduction, when the
simulation time of the testing circuits is tolerant, e.go&rd number of design variables reaches 84 for hybrid 4*8-domain
3 minutes for the derivation of the unified Ieakage powehyr framework achieves a h|gh power efﬁciency and good
of transistors at 130nm, and the parameter estimations ge@lability of the design optimization, because convernfor
conducted once for each technology. On the other hand, {aon is able to find the global optimal solution with great

system level evaluation based on our model will be repegptedficiency even for problems with hundreds of variables [33]
used during the design space exploration to find the optimal

design variables. Our model is able to accelerate the ei@tua ]

of different designs compared with the traditional circuip- Performance Evaluation

simulation engine, e.g. SPICE. Our model is implemented in With the improvement of semiconductor technologies, more
Matlab, and the SPICE simulation is carried out using HSPIGQ&ocessing units can be integrated on a single chip. Moltipr
from Synopsys. We run them on Intel Xeon Processor W558tkssor system-on-chip becomes promising to satisfy th@-gro
and the runtime comparison is investigated. For the conveng computation demands from high performance application
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Fig. 8: Power efficiency curve of different architectures dfig. 9: Power consumption breakdown of different architec-
power delivery systems optimized at workload of 128W  tures of power delivery systems at workload of 128W

TABLE IV: Summary of characteristics of different architecandon — chip facilitate fast dynamic voltage scaling by using

tures at 128W workload. on-chip converters. Due to the small filter inductance and
off-chip on-chip 1%8- | hybrid 18- capacitance, the_ settling time of on-ch_ip converters iedhr_
1-domain domain domain orders of magnitude less than off-chip converters. It will
power ef ficiency 75.9% 50.2% 76.7% also reduce the penalty of each voltage scaling. The energy
A (mm?) 2700 248 907 overhead of voltage scaling of on-chip converters is also
Tscale (n3) 28 -10° 39 34 several hundred times less. The small filter capacitance-of o
Escare (1) 121 0.21 0.18 chip converters brings out the advantages of dynamic weltag
AVout,ripple (MV) | 33 8 85 scaling, while it will induce large transient voltage dropda
AVout,tr (mV) 86 100 100 make the output voltage less stable. The output ripple of

The core voltages and currents of high performance procesgéifferent architectures increases because the optimiesiya
are approaching 1V and 130A [22]. As a case study, the pov&giects single phase to reduce the control overhead. Asrshow
delivery system is designed to support a 64-core homoganedu Table 1V, the output ripple and transient voltage drop of
processor with 128W average power consumption. The desijirchip converters are larger than that of off-chip coremsit
variables of different architectures are optimized at tloekw ~ Besides the important features at the optimized workldad, i
load of 128W to maximize the power efficiency under thés also important to show the power efficiency curve, because
constraints of output ripple, transient voltage drop anghar the real workload will fluctuate around the average value.
Different configurations of the same architecture will ateo The power efficiency curves of the optimized power delivery
evaluated, e.g. the conventional architecture with 1 bfpc systems are shown in Fig. 8. Each curve consist of 128
converter, labeled asf f — chip 1 — domain, and the hybrid points at different workload of everglWW estimated using
architecture with 1 off-chip converter and 8 on-chip cotees our model, and the markers are just used to differentiate the
per off-chip converter, labeled asybrid 1 *+ 8 — domain. overlapped curves. The hybrid architecture achieves a flat
For the architecture using only on-chip converters, thea arpower efficiency curve within a large range of workload. It
constraint is alleviated, because it is difficult to put det successfully maintain the power efficiency at the workload
on-chip converters into the small area. above 128W, while the power efficiency curveaff —chip is

The characteristics of the optimized power delivery systersignificantly affected by the conduction loss of power detiv
are summarized in Table IV. The hybrid architecture achieveetwork. The optimization of off-chip converters can not
1.0% power efficiency improvement and 66.4% area reductiotitigate the quadratic increase of the conduction losshas t
of buck converters, compared with the conventional architeworkload increases. Hence, the power efficiency of —chip
ture of f — chip. The on-chip converter is able to providgs higher at light workload, but significantly decreaseshwit
higher voltage at the package and reduce the supply currgrgreasing workload. It keeps the conventional architectu
through it. It decreases the conduction loss of package dindm supporting the instantaneous power consumption gurin
PCB, and the power losses of off-chip converters, due lirst mode. The architectuoe — chip is outperformed within
the smaller load current. These gains compensate the poiter entire range of workloads. The power efficiency curves of
losses from on-chip converters, and make the power effigier@ifferent configurations of the same architecture are simil
of hyrid and of f — chip comparable. The area of hybridbecause it supports a homogeneous processor. Some of the
architecture is also reduced due to the decreasing loadrauroptimized design variables, e.g. the transistor width dvel t
of off-chip converters. It alleviates design requiremenftsff-  inductance, are linearly scaled with the workload.
chip converters, e.g. the output capacitance, and dear#fase The simulation result is explained with the help of the
area 0f69%. The power efficiency obn — chip is 34% lower power breakdown shown in Fig. 9, where different kinds of
than others. The power losses of first stage on-chip convenpewer losses correspond to the notations in Section Ill. The
becomes dominate. Itis difficult to maintain comparable @owconduction loss from the interconnect between the converte
efficiency without the help of off-chip converters. and processor, e.g. the package and PCB, plays an important

As for the dynamic voltage scaling, the architecthgérid role for the conventional architecture. It costs 52.7% af th
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total power loss of the system, and can not be alleviated &y fload. Hence, the area of off-chip converters in the hybrid
optimization of off-chip converters. The conduction los#l w architecture significantly decreases, which consists with
increase quadratically with the increase of workload, d@gd s observation from Haswell [5]. Fig. 11 shows the minimum
nificantly decrease the power efficiency at heavy load. On theea of converters in different architectures, with défer
other hand, for the architecture using only on-chip corrsrt power efficiency constraints at 128W workload. The area of
the power loss of power delivery network is negligible, hesea converters in hybrid architecture decreases about 83.2% on
of the small current flowing through the package. Howeveayerage, with the same power efficiencies as the convehtiona
the power losses of the first stage on-chip converter beconagshitecture. The area of converters increases sharply wit
dominate. The old technology, e.g.5um technology, has to tighter power efficiency requirement, because more effort i
be used to maintain the low leakage power at the high inpag¢eded to make improvement at higher power efficiency level,
voltage level, and the power losses are further enlargedadueand it requires larger power bridge, inductor and capacitor
the high switching frequency for the on-chip implementatio Switching converters and linear regulators are the most
of small filter capacitor and inductor. commonly used designs for voltage regulation. Switching
The hybrid architecture take advantages of these two arcbdnverters, e.g. buck converters, are preferred due toigie h
tectures to facilitate the fine-grained dynamic voltagdisga power efficiency over a wide range of conversion ratios. @n th
without inducing significant power losses. Compared with thother hand, linear regulators achieve a compact area, bet fa
conventional architecture, the power losses induced bypithe the power efficiency limitation given by the conversion oati
chip converters are covered by the power loss reduction frdrimear regulators are preferable mainly for small conwersi
the conduction loss of power delivery network and the poweatios. Multiple works are proposed to evaluate the hybrid
losses of off-chip converters. The on-chip converter igdbl power delivery system architecture using off-chip cormest
provide higher voltage at the package and reduce the supahd on-chip linear regulators [7]. It is assumed that the are
current through it. It decreases the conduction loss of @gek of a single linear regulator that provides a specific curestt
and PCB, fron21.4W to 6.0W. Meanwhile, the power lossesvoltage to a load consumes approximately the same area and
of off-chip converters also decrease frdm.61/ to 11.8W, power consumption as the summation of multiple small linear
due to lighter workload. Hence, different kinds of powersles regulators that provide same total current [7]. The desifgn o
are evenly distributed in the optimized hybrid architeetdt the small linear regulators refers to [6]. It achieved(@m A
achieves a flat power efficiency curve, and has the potentiating linear regulator with a minimum dropout voltage of
for maintaining the power efficiency at heavy workload dgrin0.2V, consisting of pre-driver, operational amplifier, output
the burst mode. The hybrid architecture is also able to ataptstage and on-chip decoupling capacitor. ThénF on-chip
the change of the parasitics of power delivery network. Iy malecoupling capacitor is used to maintain a comparable load
provide an solution to deal with the conduction loss of thigansient response, and the total area of the linear regutat
package by adjusting the intermediate voltage level in sorabout0.019mm? using the on-chip capacitance density shown
cases, e.g. less pin count or more I/O pins are required. TiheTable I. The current efficiency of the linear regulator is
influence of the resistive parasitic of power delivery netwo assumed to be 1. In this case, if supporting a power domain
is investigated in Fig. 10. The hybrid architecture adjubts with 1A maximum current, 10 of this small linear regulators
intermediate voltage from 2.0V to 2.3V under the change afe needed, and area cost is ab@udmm?.
the parasitic from 80% to 120%. It maintains almost the sameThe model of linear regulators is integrated into our opti-
performance, e.g. 1.0% difference on average. Comparéd witization framework, and the design of the architecturegisin
the conventional architecture, the hybrid one maintai®84l. off-chip converters and on-chip linear regulators is ojad
power efficiency improvement on average at 128W workloagt the workload ofl 2817 to maximize the power efficiency. To
The area consumption is also important for next genenaaximize the power efficiency of the power delivery system,
tion processors, e.g. the Haswell processors [5]. Compaiatl the linear regulators operate at the minimum voltage
with the conventional architecture, the hybrid one all®aga drop with 1.2V input voltage. The power efficiency curves
design requirements of off-chip converters by decreadimg of different optimized systems are shown in Fig. 12. Our
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delivery systems optimized at workload of 128W 4

strategy outperforms the conventional architecture, bsza
of reduced power losses of power delivery network and Oﬁ[s]
chip converters. The conventional architecture outperfothe
architecture using on-chip linear regulators, due to théstige
power loss of linear regulators. Compared to Convention%]
architecture at128W workload, when employing on-chip
linear regulators, the power efficiency of off-chip coneest
increases fron87.9% to 89.2% due to the increase of output ]
voltage from1V to 1.2V, while the power efficiency of on-
chip linear regulators is arours$.3%. The power efficiencies [8]
of three architectures are.7%, 75.9% and66.1% at 128W
workload. Without the advantage of the current reduction
through the package for on-chip buck converters, the powes]
loss induced by the on-chip linear regulators will degrdue t
system power efficiency. In order to support the processor
with 2561 maximum power consumption, the area of the
on-chip linear regulators is abougmm?, while our strategy [1°]
implements the on-chip converters usifgmm?. For the
off-chip converters, our strategy outperforms the archite
using on-chip linear regulators with the area reductiomfto
2228mm? to 813mm?2. Hence, the hybrid architecture using
on-chip linear regulators is desirable to provide fine1gedi [12]
power management with tight on-chip area constraints. @n th
other hand, the hybrid architecture using on-chip convertg, 3

[11]

13

necessary, and currently it is difficult to maintain coméea
power efficiency without the help of off-chip converters.
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