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Due to the power dissipation limitation of transistors, maore processor system becomes promising
to improve system performance and power efficiency instédelature size scaling alone. Power delivery
system is a key subsystem within it, which has important arfee towards its performance and power
consumption. Conventional voltage regulators are coathin board-level modules with large inductors
or capacitors, which slow down the responding time of theadback control. The costs and sizes of
the capacitors and inductors also severely limit their adag fine-grained power domain regulation [1].
Hence, there has been a surge of interest to implement gnvoltage regulators, especially the on-chip
buck converters [2] [3][4]. However, the on-chip voltagguators doesn’t come for free. If the voltage
regulator is integrated on-chip, the output voltage dropehlmmore in response to the load current step
than its off-chip counterpart [1]. Because this on-chipamjor is much smaller, large load current steps
can rapidly drain out the limited charge stored on the capatiefore the converter loop can respond.
The on-chip voltage regulators also introduce the powes &gl area overhead. Hence, there is a need of
a design optimization and analysis platform to systemiyyievaluate these pros and cons and conduct
the design of the next-generation power delivery systeralving both on/off-chip voltage regulators. In
this project, we will introduce the PowerSoC, which is short Power Supply On-Chip. It is a design
optimization and analysis platform of power supply tardgeie fast and accurately evaluate the important
characteristics of the complex power delivery system idiclg both on/off-chip voltage regulators and
power delivery network for multi-core processors. Powé&Se based on the analytical study of the
power delivery system using on/off-chip voltage regulatpresented in our previous work. PowerSoC is
a C' + + based program to analyze the important characteristicsonkep delivery system, e.g. power
efficiency, area and transient response, and optimize timplex power delivery system design to tradeoff
among those important characteristics. The overview ofd®8aC is illustrated in Fid.J1. The inputs to
the platform include the device parameters of the on/oiff-sloltage regulators including the transistors,
capacitors and inductors, the parameters of the poweratglivetwork, and the configuration, temperature
distribution and design constraints of power supply sysféhe voltage regulator library includes several
typical designs of different kinds of voltage regulatorasBd on the detailed models of the voltage
regulators and power delivery network, a geometric prognarg based optimization strategy will be
used to efficient explore the design space and guide the pawpgly system design. PowerSoC models
the steady state and transient response of different coemp®f the power supply system.

|. MODEL OF POWER DELIVERY SYSTEM

The multi-stage power delivery system using both off-chifal @n-chip voltage regulators becomes
promising. A two-stage power delivery system is illustdate Figure[2. Given an inherent degradation
in power efficiency for large conversion ratios, the firsigstaf off-chip voltage regulators performs the
initial step-down to an intermediate voltage. The interragdpower supply then drives the second stage,
on-chip voltage regulators, down to the core voltage. Thebwrr of the voltage regulators varies with
different granularity to provide at most one power domain qee.
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Fig. 1: The overview of PowerSoC
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Fig. 2. Overview of a two-stage power delivery system

A. Model of Switching Mode Voltage Regulators

The characteristics of the voltage regulators have sigmtimfluence towards the entire power delivery
system, e.g. power efficiency, transient response. Itz multi-phase buck converter becomes popular
to supply high-current processors because of the lowertiapd output current ripple and fast transient
response. The primary building blocks of a multi-phase brakverter is shown in Fid] 3. Similar phases
of the buck converters will be operated in parallel with a coon output capacitor. By applying3%0°/N
phase difference between sawtooth waves of the adjacesgphidie output current ripple can be canceled
out while maintaining the fast transient respon3eis the number of the parallel phases. Because we
focus on high performance many-core processors, contsatade operation of converters is assumed
when analyzing the characteristics.

Power efficiency is one of the important features of voltaggutators, which directly influences the
power efficiency of the power delivery system. There are somp®rtant power losses which are usually
considered in the literatures about the buck converter fimgjee.g. the switching loss of the power bridge
and corresponding driver circuits, resistive loss of thevgrobridge, resistive loss of the inductor and the
power of the control circuits [4] [5]. The estimation of tleopower losses of one phase is presented as
follows:

Pdri'uer = Cd’l‘i’Ue’I‘Vd%‘iverfsw (1)
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PRy, = Ras(Ijq + —24) (2)
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Fig. 3: Simplified block diagram of multi-phase interleavmatk converters

AI?
PRind = Rind(lignd + 1—12nd) (3)
Pcont'rol = Icontrolvdriuer (4)

where Cy..0er 1S the effective switched capacitance of the drivers andgodwidge, andf,, is the
switching frequency. The switching capacitance is esthdty including the gate and diffusion capaci-
tance of the transistors, aid,.;.... is derived by summarizing the switched capacitance of allstiages in
the entire buffer chain of driver circuit and power bridgdeTsize of the drivers is designed to be fan-out
of 4. V...er IS the supply voltage of the drivers and control logic. It mMay different from the input
voltage V;,, for off-chip converters and on-chip converters with higlpuh voltage to reduce the power
loss of the driver circuit. Those buck converters use twdarniel MOSFETs as the power bridge, and
additional circuits, e.g. level shift and bootstrap citcare implemented in the driver circuit/[6R,, are
the on-resistance of the high-side and low-side transstbthe bridge, which are assumed to be equal
by adjusting their channel width$z;,, is the equivalent series resistance of the indudibis the duty
ratio of the gate signall;,; and AI;,4 are the average value and the peak-to-peak value of thetorduc
current./.....o; Stands for the supply current of the control circuit of eablage. The other variables can
be derived based on principles of buck converters in[Eq. SGand

_ Vout Rind + DRds,h + (1 - D)Rds,l + Rload
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Besides the power losses above, there are some other p@seslthat are usually neglected, e.g. static
power loss and switching power loss. However, it is obsethatisome of them may be significant during
the design space exploration. Hence, they are consideraurianalytical model to improve the accuracy.
Static power loss is induced by leakage current of the tstmrs. The static power loss is included in
our model, and the leakage current of the transistors perwidih is estimated by numerical fitting
from SPICE simulations as a function of supply voltages. @ncircuits, e.g. the inverters with different



transistor channel widths and supply voltages, are usedtimate the relationship between the leakage
current and supply voltage based on the SPICE simulations.

Switching power loss is induced by the current flowing thitouge transistors of the power bridge
during its transition([7]. It mainly consists of the direcith loss and the ringing loss. If both high-side
and low-side transistors of the power bridge have a commum gignal, then the power supply terminals
will be shorted through the transistors for a short duratlbis called the direct path loss. Most switching
schemes incorporate dead-time control to ensure bothigtars are not conducting for any period of
time, and make direct path loss negligible. The dead-timarobscheme is considered to improve the
power efficiencyl[8]. However, the ringing loss may be siguaifit for the conventional synchronous buck
converter designs [7]. This happens at the instant the pbwege transistors is switching, because the
load current and drain-source voltage of the transistor n@ygo to zero at the same time. The current
spike through the power bridge transistors will fluctuatéilithe ringing is completely damped. It will
induce additional power loss due to the ringing current esp®&mall testing circuits are built, and the
ringing loss is estimated based on SPICE simulations. Iaisutated by integrating the energy pumped
from the input source until the current oscillation is coetptl damped with the deduction of the load
power during this transition period. Hence, we are able telkbg an analytical model to characterize the
power consumption of the converters in Eg. 7.

‘/lezn = outNIind + N(Pdriver + PRds + PRMd + Pstat + Psw + Pcont'rol) (7)

Besides the power efficiency of the converters, there arer atmportant characteristics which affect the
cost and the reliability, e.g. the area and output voltaghkilgty. Output ripple is one criterion of the output
voltage stability. In order to calculate the influence of theput capacitor and the number of working
phases, some concepts concerning the multiple interlgastmould be considered. The output current
ripple cancelation due to interleaving technique depemdthe number of phases, and improves with
more phases in parallel. Assuming that all of the ripple congmts of the output current flows through the
filter capacitorC,,,;, the worst case peak-to-peak output voltage ripple withtiplal phases is derived[9].
Cloaq IS the parasitic capacitance contributed by the load direuthe supported power domain, e.g. the
processor cores [10]. The second term represents the gpplent cancelation effect of the interleaving
technique.

Aling 0.25 i
8fsw(cout + Cload) D(l - D) N2

(8)

AVvout,ripple =

Load transient response is another important criteriondamtain the stability of supply voltage, which
determines how much the voltage fluctuates in response taentichange. If the converters is integrated
on-chip, the output voltage of the on-chip converter dropgimmore in response to the load current step
than its off-chip counterpart. Because the output capacitamn-chip voltage regulator is much smaller
than the total decoupling and filter capacitance used fochiff converters, large load current steps can
rapidly drain out the limited charge stored on the capadigdore the converter loop can respond, resulting
in a large voltage drop. Hence, there is a need to evaluat&rdhsient voltage drop for the stability of
output voltages. The maximum voltage drop is derived in[Hd.19. The worst case transient voltage drop
tends to approach the open-loop value, when the feedbagkrésponse of the control logic is sluggish.
« is an user-specified empirical factor to bring the open-lespmation into agreement with the actual
voltage drop. It changes with the response time of the cbatrategy of converters.
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\Voltage scaling performance is another important charatie of converters, which influence the
effectiveness of dynamic voltage scaling based power nmanagt. When the output voltage scales to a



new voltage level, it scales gradually. To ensure sufficiening margins for the processor, the upscaling
first attempts voltage scaling and waits until the voltagst&bilized. Once the voltage is stabilized, the
processor changes the clock frequency. Downsacling is fip@site. The clock frequency is changed
first, and the voltage is scaled latter. This sequence is aomyrused in the modern processor with the
power management of dynamic voltage scaling. At system,|¢ivere are two important features about
the dynamic voltage scaling. One is the settling time ofagdt scaling, which affects the granularity of
the timescales of dynamic voltage scaling. The other is tlergy loss, including the converter induced
energy overhead and the underclocking related loss. THenopt settling time is derived according to
the minimum time control law [12]D,,.;, is the average of the duty cycles of the initial and final state
of the voltage scaling, and D is the difference between these duty cycles. The voltageenfieedback
control can not achieve the optimum settling tinieis used as an user-specified empirical factor to fit
the practical settling time of the converters. The settlinge is proportional to the product di;,, and
C,.: of the output filter, while the output ripple decreases wilgér inductance and capacitance. The
tradeoff between these two features is achieved using thmiagation strategy.

2LG ou oa AD
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Voltage scaling will also induce energy overhead, which iigdéd into two parts[[10]. One is the
converter induced energy overhead, when a large surgentdiwess into and out of”,,; via the inductor
and transistors of power bridge. If the output voltage of final state,V,,, ;i,, IS higher than the initial
one,V,...int, the stored energy on the capacitor and the conduction fosgeonductor and power bridge
is provided by the supply;,. If V. i, is lower thanV,, .., no work is done byl;,. Hence, the
converter induced energy overhead is presented as theefinstin Eq[ 1], assuming the voltage upscaling
and downscaling occur evenly. The other is the underclackatated loss, due to the mismatch of the
supply voltage and clock frequency of the processor durregvibltage scaling. Taking upsacling as an
illustration, the clock frequency increases until the &gk scaling settles. During this period, the processor
is supplied by an unnecessary high voltage. The undereigcielated loss is estimated as the second
term of Eq.[1l, assuming that the output voltage scalesrlineehe voltage scaling energy overhead of
on-chip converters also benefits from the reduced filter cdtzce.

Tscale
Escale = 0-5(Cout+cload)v;n|V:)ut,fin_‘/:)ut,int|+Cloadmin{fsw,inta fsw,fin} X / (V:)ut (t)Q_min{V:)ut,fina Vout,int}Q) dt
0
(11)

The area consumption is also an important issue of the poelaedy system design. In PowerSoC, we
estimate the area consumption of the converters includiagpower bridge, the driver circuit, the control
logic, and the inductor and capacitor of the output filtere Bmea of the transistors is determined by the
channel length and width of the transistors, containingattea of the gate, drain and source. The channel
length of transistors is related to the fabrication tecbhgg] and the channel width will be selected with
the optimization technique proposed in Secfidn Il. The arfethe drivers is derived by summarizing the
areas of all the stages in the entire buffer chain and powdgér The area consumption of the control
logic per phase is estimated according(tb [3]. We assumethieabutput filter capacitor is implemented
on-die with the deep-trench and thick oxide MOS capacitanod the capacitance density is estimated
referring to [13]. The on-package integrated inductor iected to improve the power efficiency of the
on-chip buck converter because of its high quality fadtgr fZcording to the products of Coilcraft [14],
the ratio between the inductance and the area is derived.

B. Model of Power Delivery Network

In order to capture the overall property of the power delnsrstem, we also need to pay attention to the
passive parasitics of the power delivery network, e.g. #@agtic resistance, capacitance and inductance
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Fig. 4: Model of power delivery network with on-chip voltagegulators

of the printed board trace and package. A detailed modelehttbrid power delivery network with off-
chip and on-chip voltage regulators is presented in[Fig. ¥adder RLC network is utilized to capture the
parasitics of the power delivery network. The on-board posugply is modeled as a fixed voltage source.
The PCB board includes the PCB trace and off-chip decoumapacitors. The power delivery network
of the chip has the following components: the package angsponding decoupling capacitors, package
to die connection, die to die connection, and the lumped VDD &ND power grids of the processor.
The package to die connection, e.g. C4 bumps, are modeleamed RL pairs that connect the on-chip
voltage regulators to the power pins of the package. Thehgm-eoltage regulators then delivery the
power to the processor through the die to die connection b&gower grids of the processor.

[I. DESIGN EXPLORATION OF POWER DELIVERY SYSTEMS

The analytical models of different components of the powaivdry system are described including
the buck converters and the parasitics of the power delimetwork. Those properties of power delivery
systems are determined by the selection of the convertegrjes.g. channel width of the drivers and
power bridge, inductance and the capacitance of the outfart fihe conversion ratio of the converters in
a multi-stage power delivery system is also considered.ifiteemediate voltage level tradeoff the power
efficiency of different stages by affecting the conversiatias. Generally speaking, the power efficiency
of converters decreases as the conversion ratio incredsese, because of the wide design space, an
optimization strategy is needed to find the optimal desigrabées. In PowerSoC, a method using convex
optimization is adopted to find the optimal converter degiget maximizes the power efficiency under
the constraints of output ripple, transient response,, atea We utilize geometric programming (GP) to
find the optimal design variables for different architeetiof power delivery systems.

In the manual, the optimization strategy of the two-stagdigecture combining both on-chip and off-
chip converters is illustrated. In order to apply GP, theickevnodels have to be compatible with GP. For
the transistors of the power bridge, since they are in thealimegion,R,, is expressed a%, wherelW
is a width of a low-side device, an,, is process and driver voltage dependent resistance pewidtit
at minimum gate length for low-side transistors of the beid@he capacitance is modeled ias- W,
where k¢ is process dependent parameters for switching capacganadiplied by the accumulation of
the channel width ratios of all the stages in the entire buffeain of driver circuit and power bridge.
The static power loss is expressedias,,, - W, andkp,,,, is the process and supply voltage dependent
leakage power per unit width, multiplied by the accumulatad the channel width ratios of the stages
of driver circuit and power bridge. The switching power lassassumed to be linearly scaled with the
load current at the time of commutation [15]. It is expresas@p,, - I,u: - fsw- kp,, IS the process and
supply voltage dependent ringing loss per unit load curpemtcycle. For the transient voltage drop, the
user-specified empirical factor is estimated using the numerical fitting of SPICE simulagidhchanges
with the response time of the control strategy of convertershe example, we adopt the voltage mode
feedback control at switching frequencies of hundreds ofz\Mithda is about0.6, which is comparable to
the results in[[3]. Some of the device parameters are founddoh process technology and voltage level
by numerical fitting to SPICE simulation results of simplstieg circuits. Some of the parameters, eg.
and the channel width ratios of different stages of drivecuit and power bridge, are derived according
to architectural selection of different buck converteriges. . is the ratio between the resistance and



inductance of the inductors][5]. It is estimated accordimghte quality factor, which is assumed to be a
constant within a certain range of switching frequency. @hea consumption of different components of
voltage regulators, e.g. the transistors, inductor anéasgy, are also included based on the selection of
the voltage regulators, inductors and capacitds;,.. .. is the area consumption of the bridge and driver
circuit per unit width of the power bridged....-.1.0n IS the area overhead of the control logic per phase,
and A;,q,., and A, ., are the area of the inductor and capacitor per unit induetamd capacitance
accordingly. Besides the parameters of the voltage remyslathe impedance of power delivery network
at the output of each voltage is also recorded in the confiigurdiles.

The parameters of different components are derived baseldeodevice and architecture selections of
voltage regulator designs, and the results are recorddtkicdnfiguration files of voltage regulators and
power delivery network. Besides the configuration of déf@rcomponents, the topology and temperature
distribution of the power delivery system is required as dpémization input. The topology assignment
of the voltage regulators is required to identify the coniogcrelationship among different regulators.
The supply voltage of the power delivery systém, the load distribution of power domains of the
processorV,,.;; and I, ,;, and the intermediate voltage levels of the internal vataggulators are
provided. The temperature distribution of the power delivieystem will adjust the device parameters of
the transistor resistance, leakage current and the nesestaf the inductor and power delivery network.
The temperature coefficients of the parameters are alsvedean the SPICE simulations of the simple
teste circuit at different temperatures. The design spestcaints of each voltage regulator indicate the
performance requirement and boundary of the design vasablthe configuration files, e.g. the boundaries
of design variables of different components, the maximunpwuripples of regulators/.;,,ic on ma: and
Viipple,of f,maz» the maximum transient voltage draf, on maee and Vi, orr.maez, and the area constraint of
different stagesi,, ma: and Ayffmas -

The formulation of optimizing voltage regulators are ddéssl in Lines 3-11. The formulation is
simplified as one-channel converter instead of the integ@anultiple phase one, because most of the
properties of an interleaved converter, except the outfymgle and control overhead, can be derived
according to an equivalent one-channel converter with maating the design variables. Lines 3-5 define
the boundaries of the multidimensional variable space aftup converters. The output stability constraints
of each voltage regulator are shown in Line 7 and 8, e.g. thpubuipple and transient voltage drop.
The influence of the interleaving technique is shown in thieutation of the output ripple, and the
corresponding power and area overhead of the control Iddie. power consumption of each voltage
regulator is calculated in Lines 9-11. The conduction losshe impedance among different voltage
regulators is included in Line 11, e.g,,s indicates the resistance between voltage regulators and th
processor. There are some modifications of the equations éaquality to inequality in order to apply GP.
However, the equality of the equations achieves, if the pdagses are minimized. Similarly, the power
consumption and design constraints of the voltage regslatothe other stage is shown in Line 12-20.
The voltage regulator assignment of the power deliveryesgsis shown in Line 21 and 22, indicating
the relationship of the input and output voltage and cureanbng different voltage regulators. The area
overhead of voltage regulators in each stage is constraméthe 23 and 24. The power efficiency of
the entire power delivery system will be derived in Lines 2 26.

In most cases, the intermediate voltage levels are alsortantadesign variables in the power delivery
system design. Selecting higher intermediate voltageldewél tradeoff among the power losses of the
voltage regulators in adjacent stages. It will also redheecbnduction loss of power delivery network, by
providing higher voltage level and reducing the supply entrWe adopt the decomposition method to deal
with it. Given a combination of intermediate voltage levelse corresponding parameters of transistor
model and inductor model become constant, and the forroulaif the power delivery system design
shown in Alg[1 becomes a GP problem. The PowerSoC will g¢aerdatlab-based optimization script.
The power efficiency of the power delivery system can be apedh using the existing Matlab-based
convex solver ofC'V X [16]. The maximum power efficiencies for different combinas of intermediate
voltage levels will be derived using the convex solver, amehtbe compared to find the optimal power



Algorithm 1 Optimization of the hybrid architecture

Require: parameters of different components, voltage regulatoigaseent, workload distribution of
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power domains, intermediate voltage levels, temperatisteiltlition, boundaries of design variables
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efficiency of the system within the entire design space aedctitresponding design variables.

IIl. POWERSOC FILE FORMAT

A. The parameter file

The parameter file of the voltage regulatopsi(@m_V R.txt) describes the file names of the detailed
parameters of different voltage regulators. The parammetérdifferent voltage regulators are shown in
Tablell. The number of the parameters of the voltage reg@abay changes for different kinds of voltage
regulators. For example, the bulky buck converter usualeldifferent supply voltages of the driver circuit



TABLE I: The format of the parameter file of voltage regulator

type the type of the voltage regulator with different parameters
N the number of the parameters of the voltage regulator
kr,, (2-m) the resistance of the low-side transistor of power bridgeysét width
ke (F-m™Y the switching capacitances of the driver circuit and powde per unit width of the bridge
kp., (J-A™1) the ringing power loss per unit load current per cycle
kpeyo, (W-m™1) the leakage power of the driver circuit and power bridge pet width of the bridge
T (H-Q1) the ratio between the resistance and inductance of the timduc
@ the user-specified empirical factor of the transient vatdgop estimation
Teontrot (A) the supply current of the control logic per phase
Adriver (M) the area consumption of the driver circuit and power bridge ymit width of the bridge
Aind (m2 SHTY the ratio between the area and inductance of the inductor
Acap (m* - F71) the ratio between the area and capacitance of the capacitor
TCry.1 (K1) the temperature coefficient of the transistor resistangeowfer bridge
TCRry,,2 the temperature coefficient of the transistor resistangeowfer bridge
TCpyr1 (K1) the temperature coefficient of the leakage power of the dgireuit and power bridge
TCP,yar,2 the temperature coefficient of the leakage power of the digireuit and power bridge
TCina the material identification of the inductor
regulator assignment the number and indexes of the voltage regulators based smiésign type

from the input voltage of the voltage regulators to redu@pbwer loss of the driver circuit. The thermal
influence towards the on-state resistance and the statierpofirtransistors and the material of the metal
wires are also considered in our framework. The thermal enfbe of transistors is estimated based on
SPICE simulations of the simple test circuits at differarhperatures to estimate the relationship among
on-state resistance, leakage current and temperaturendrherical fitting using linear regression is used,
and the coefficients are given in the parameter file of theageltregulators. The temperature coefficient
of the inductor and power delivery network is estimated base the selection of the used material, e.g.
aluminium and copper. The parameter file of the power dsfinetwork param_P D N.txt) indicates the
parasitic impedance, material identification and tempeeabf the power delivery network at the output
of each voltage regulator.

B. The configuration file

The configuration of a power delivery system includes the dbefiguration files of the multi-core
processor, voltage regulator assignment and the designcgpestraints. The configuration of the multi-
core processorcf g_proc.txt) includes the number of the power domains of the multi-cooe@ssor, and
each row represents the voltage level and current load df pawer domain. Besides, it also includes
the number and design space of the intermediate voltagéslevéhe order of voltage regulator indexes.
In each row, it describes the number of the steps and lowewuppdr bound of the intermediate voltage
levels. The configuration file of the voltage regulator assignt ¢fg_P DS.txt) indicates the connection
relationship among different voltage regulators. It imida the number of the stage of the power delivery
system. In each stage, the number of voltage regulatorsisnsthge is described, and for each voltage
regulator, the number and indexes of the successive voltgdators or the on-chip power domains are
described in each row. At last, the maximum area constrdirih@ voltage regulators in this stage is
described. The configuration file of the design spec comgt aig_con.txt) presents the boundary of
the design variables and performance requirement of ealthgeoregulator in each row. It includes the
lower bound and upper bound of the transistor channel witti,switching frequency, the inductance
and capacitance of output filter of the voltage regulator tnedtemperature of the voltage regulators in
each row. The default values of the design variable boueslasi assumed to bel, which means there
is no constraint of lower bound or upper bound of the desigraltes.
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C. The output file

For the design space exploration of the power delivery systesign, the output of the C++ based algo-
rithm generates both a Matlab scriBDS_optimization.m and a python scripP D.S_optimization.py to
automatically solve the design optimization using the papconvex solve’'V X [16] andC'V X O PT [17].
The optimization results based @V X or CVXOPT convex optimization, e.g. the design variables
of voltage regulators and intermediate voltage levels,ramrded in the text filePDS_optvals.txt.

It contains the optimum power efficiency of the entire powelwtry system at the first line, and the
optimization results of each voltage regulators in eacBisasFor each voltage regulator designed using
the buck converter topology, it describes the optimizatiesults as follows: the input voltage level and
current, the output voltage level and current, the powecieficy of the voltage regulator itself, the output
ripple of output voltage, the transient voltage drop dueotdlstep of 50% load current, the settling time
of voltage scaling of 40% output voltage, the area conswmgif voltage regulator, the channel width of
the bridge, the switching frequency, the inductance of tigkictor, the capacitance of the output capacitor
and the number of interleaved phases. It provides not ordysifstem-level properties, e.g. the power
efficiency, output voltage stability and the area consuamptbut also the detailed design of each voltage
regulator, e.g. the switching frequency and the inductamcecapacitance of the output filter. The detailed
design of each voltage regulator can be used to further atallifferent design characteristics according
to the requirements of users.

IV. USAGE INSTRUCTIONS

To compile the software, use g++ PowerSoC.cpp -0 PowerSudaelrun the software, put the required
input parameter and configuration files in the same folder @&l ./PowerSoC to generate the Matlab
script PDS_optimization.m and python scriptP D.S_optimization.py To optimize the power delivery
system design, run the Matlab scriptDS_optimization.m using the Matlab with the”'V X package
installed, or run the python scrigt DS_optimization.py using the python with th€'V X O PT package
installed
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