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Abstract—Dynamic voltage and frequency scaling (DVFS) is chip. This is because 1) heterogeneous cores are desigtied wi
a powerful technique to reduce power consumption in a chip different capabilities and performance levels, and troeef
multiprocessor (CMP). To support DVFS in the multicore power have different core sizes and power densities, 2) hetesmgen
delivery network, we integrate on-chip switched-capacitor (SC) . . '
DC-DC converters that can work with multiple conversion ratios CMPS can dynamically switch workloads between the c_ores at
to provide varying levels of V4 supplies. We study the application runtime to take full advantage of the heterogenous ardhitec
of such SC converters in multicore chips by simulation. Our when executing a program [2].
results show that distributed SC converters can significantly Multicore systems can benefit very significantly from the
reduce the voltage droop seen by the local core loads by providing use of dynamic voltage and frequency scaling (DVFS), which

better localized power regulation. Considering the fact that bl t whil ducti tati
the current distribution in a multicore chip is unbalanced, we enables power management whilé conducting computauons

further develop CAD techniques to automate the design (size) Under stringent power considerations [3]-[5]. It is brgadl
and distribution (number and location) of these SC converters, acknowledged that DVFS is one of the most effective tech-

using the efficiency of the whole power delivery system as the niques to reduce power consumption in CMPs. The variations
optimization metric. This is a major concern, but has not been ;, he power demands over all the cores in a CMP can

addressed at the system level in prior research. We develop . . - .
models for the power loss of such a system as a function of sizebe best met if DVFS is supported by providing multiple

and distribution of the SC converters, then proposes an approde  l€vels of Vy, supplies from either off-chip or on-chip voltage
to optimize the SC converters to maximize the efficiency of the regulators (DC-DC converters) that are essential comgsnen
system, while considering all the possible conversion ratios a SC of the power delivery network.

converter can work with. We verify the accuracy of our models There are two kinds of DC-DC converters — switching

for the power loss in the power delivery system, and demonstrate ¢ d i ¢ C t-d DC-DC
the efficiency of our techniques to optimize the SC converters on CONVErErs and linear converters. turrent-day DL-DL con-

both homogenous and heterogenous multicore chips. verters are mostly implemented by linear regulators, such
as LDOs [6]-[9], but only switching converters can provide

a wide range of output voltage at high efficiency which is
|. INTRODUCTION critical for the application of DVFS in CMPs [10]. Switching
In recent years, the chip industry has migrated towar@enverters may be built using either inductors or capagitor
chip multiprocessors (CMPs), with the purpose of maxingzinThe inductors or capacitors used to build the off-chip shiitg
computation while remaining with an affordable power enve&onverters at the board level are costly and bulky, and this
lope [1]. In this multicore era, larger numbers of smalleoren limits the use of off-chip voltage regulators in CMPs to eesu
power-efficient cores are being integrated onto a singlealiesupply integrity and serve diverse loads [10], [11]. Theref
build CMPs. This change has resulted in major challengest@enable effective DVFS in a multicore chip, it is essertial
the design of power delivery networks. Individual cores maguild fully integrated on-chip switching converters. Caipars
run different kinds of applications and this applicationxmihave advantages over inductors for building on-chip switgh
can change over time so power delivery hotspots may mogenverters because they can achieve higher quality factors
to different parts of a chip. Therefore, temporal and spatighile incurring lower cost overheads than inductors, idaig
variations in power demands are particularly acute in rooié  area and the number of fabrication steps [10].
processors. Such issues are complex even for homogeneoudistorically, on-chip capacitive switching convertersvaa
multicores due to the spatial variations in power deman@®8ly been used for low power applications (in the order of
within each core, which consists of heterogeneous functiphV) primarily due to the limited power density they can
units such as processing units (CPUs), memory units (L1 apevide [12]. Recent progress [13], [14] shows that through
L2 caches) and communication units (I/Os). The integratidhe use of deep trench capacitors, switched-capacitor (SC)
of heterogeneous cores onto a single die further aggravagesverters can provide high current density up to 2.3A7mm

the spatial and temporal variations in power demands of thigh energy transfer efficiency(90%) and minimal parasitic
losses. This implies that now SC converters are feasible for
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input voltage, they can generate different levels of vatag the converters. Compared to a single lumped converter,
supplies) at runtime [11]. distributed converters with the same total amount of
capacitance can significantly reduce the voltage droop by

Power grid providing better localized voltage regulation. With the
GlobalVas |- erter Vou AN Veore same number of converters, the voltage droop is also
Core load dependent on the locations of the converters on the chip.

lout « Second, we consider a holistic optimization of the SC

converters at the system level to minimize the power loss
in the whole system. Due to the fact that the current dis-
tribution in a CMP system is spatially imbalanced, using
SC converters with identical size and evenly distributing
them over a chip area is not the best choice. Therefore,
we develop a CAD approach to automate the design and
distribution of the SC converters for DVFS, with the aim
of maximizing the efficiency of the whole system.

We begin with the development of models for the power
loss in the power delivery system as a function of the
size and distribution of the SC converters, and verify the
accuracy of our models by simulation. Prior work [10],
[11] presented related models for the loss inside the
converters that have only one single interleaving stage.
In contrast, our loss analysis applies to the whole power
delivery system, and we consider converters with multiple
interleaving stages.

We then show that the efficiency optimization problem
with SC converters supporting DVFS can be formu-
Videal = Vipdd.core + Viroop + AV (1) lated as an mixed-integer nonlinear program (MINLP)
problem, and we propose a two-step approach to solve
the MINLP problem. In particular, we show that by
optimizing the distribution of the converters for the chip,
it is possible to control the power loss in the power grid
and enhance the efficiency of the whole power delivery
system. Our results also show that the optimal solution
Pt = LywitVideal 2) for one conversion ratio can be suboptimal for another,
with up to 10% difference in efficiency results.

Fig. 1. Schematic of a power delivery system.

This work studies the application and optimization of SC
converters for DVFS in multicore power delivery system that
may have multiple power/voltage domains. Since each domain
has to be optimized separately, we present an approach for
optimizing a single voltage domain in this work. Fig. 1 shows
a simplified power delivery system including the gloBaj,
supply, an SC converter to translate the inpyt to required
voltage supply level in a power domain, a power grid to
distribute the power to local core loads, and a core load. The
output voltage of the converters ¥$,,;, but the exact voltage
supply seen by the cores is downgraded'tg.. due to voltage
losses such as voltage droop (e.g., due to IR drop) in thepowe
delivery network. To overcome these losses and ensurectorre
core operation, the ideal value ®f,; must be set td/;4cqi,
the specification of supply voltage in the power domain, as
given by:

where Vy44.core 1S the minimum voltage specified at the core
load, Vgr00p is the peak voltage droop betweén,, and
Veore, @and AV is the peak-to-peak output voltage ripple of
the converter. For a core that draws currépt;, the power
supplied to the converters is:

However, the power drawn by the core load is smaller:

]Dload = Ioutvvdd,core (3) . .
To the best of our knowledge, our work is the first to study the

The remainder of the powef,.:(Varoop + AV), is Wasted in gppjication of SC converters that can support DVFS in a CMP
various parts of the power delivery network. Note that the%%/stem, and to optimize both the design (size) and distdbut
is additional wasted power from the energy transfer procegfumber and location) of the SC converters to minimize the
within the converter. power loss at the system level.
There has been limited prior work on the optimization of on-
chip SC DC-DC converters in a multicore system. The work The rest of this paper is organized as follows. In Section I,
in [10] has focused primarily on optimizing the internal s we present some basic principles of SC converters. This is
of the converter to reduce wasted powethin the converter followed, in Section Ill, by motivating the use of distrileat
(“SC converter” box in Fig. 1) by controlling the voltagepip  converters by simulation. In Section IV, we first propose
AV, and choosing the optimal switch width and switchingur models for various components of the power loss in
frequency. Under this paradigm, the burden of optimizing thhe multicore power delivery system in Section IV-A, as a
other term for the voltage droof/s.., (corresponding to function of the size and distribution of the SC converters in
the “Power grid” box in Fig. 1) in the system, is placed ofhe system, then present the verification results of our fsode
conventional means for power grid optimization, e.g., grigh Section IV-B. Next, we describe the problem formulation
topology selection and wire widening. of the efficiency optimization problem in Section V. We solve
In this work, we address this problem from two aspects. the problem with single conversion ratio in Section VI, then
o First, we suggest the use of distributed SC convertegpsesent the solution to the more generalized problem with
in a multicore system. Our simulation results show thahultiple conversion ratios in Section VII. The experiménta
the voltage droop seen by the core loads is affecteesults are presented in Section VIII, followed by the cancl
by both the number and location, i.e., distribution, ofion section.
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A block diagram of a general SC converter system is shown
in Fig. 2(a). The system consists &, interleaving stages
(typical values ofN,.s. are 16 and 32), which reduce the
ripple voltage byl/N,,.sc compared to an SC converter
without any interleaving.

Global VDD grid
Za—

On-chip voltage
converter

On-chip voltage
BC-DC 4— converter

Local VDD grid Local VDD grid
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SC Converter with Ny, interleaving stages - 2:1 SC converter _ (a) LumpEd (b) Distributed
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Gl\‘,’balo—J'T/ L.V, Fig. 3. Lumped vs. distributed on-chip DC-DC converters.
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Toploe | o, I (b Topology of a 2:1 SCeomverter  yo\yer sources are close to the utilization points (it is fos t
C°“‘;°”Ef ‘ 1 o o, reason that decoupling capacitors — which deliver poweedbas
DVES signal TopVoT;gy J@:‘i’f Veny on stored charge — are placed close to large noise sources
select signal [15]). In our work, we quantitatively compare the lumped and
oIk Vour 'av  distributed designs of on-chip SC converters by simulation
[SCPLL | using realistic power profiles from CMP applications.

(c) Output waveform
(a) Block diagram of an SC DC-DC converter

Fig. 2. SC DC-DC converter. A. Simulation Setup
At the core of the system is the switch matrix, one for each

phase [11]. This matrix is a reconfigurable arrangement off19- 4 presents a detailed model of the power delivery
switches and flying (charge-transfer) capacitors, thatiges network for the CMP used in our work. The package and C4

the ability to produce a different voltage conversion ratio

allowing the converter to generate one of several output e C4 Contact -

voltage levels from the same input globd); supply [11] to

support DVFS in a CMP. The conversion ratio of the converter, [Lpa  Rus Gloal VDD grid

ratioe,, 1S defined as the ratio between the input supply i I, OnchipsC

voltage, V44, and the desired output voltadé,ig dom. The 2 BCDC converet

control circuit generates the non-overlapping clock dligjdg bc '+ Local power grid

and ®, for the switches in the switch matrix. Core load T OFOT ™ caactance
A switch matrix topology is shown in Fig. 2(b), with a Lio R )= = 27— Global GND grid

conversion ratioratio.,; of 2:1*. Fig. 2(c) (top) shows that i m |

during @1, the flying capacitoCy,, is connected to the input

global V4, to get charged, and durinds,, the charge stored in Fig. 4. Model of power delivery network used in our simulation

Cyiy is transferred to the load and its voltage dropsiy as

it is discharged. This is reflected as the output voltage et thump contacts are modeled as RL pairs. The on-board power

output, V,,,; of the converter, as shown in Fig. 2(c) (bottom}upply is modeled as a DC voltage source. The on-chip power

[10]. Note that the signal®; are generated by a relativelydelivery network consists of a global VDD grid, lumped or

low-frequency clock f., = 100MHz), which is distinct from distributed on-chip DC-DC converters, a local power grid, a

the multi-GHz clock used by the multicore processor. global GND grid, core or decoupling capacitors and current

loads. The global sparse VDD grid supplies power to on-chip
[11. APPLICATION OF SC CONVERTERS INMULTICORE SC converters. The local power grid distributes power to the
POWER DELIVERY SYSTEM local core loads, and its voltage is controlled by the lumped

In this section, we explore the application of on-chip Sdistributed on-chip SC converters. Note that in our work the
DC-DC converters in the context of CMPs. Prior work has néonverters are shared by all the cores on chip, although one
adequately studied the layout implications of on-chip pow&ore may mainly draw power from its nearby converters.
supply design. In particular, when SC converters are iategr ~ In our simulations in this section, we show a realistic
into an on-chip power delivery network, they may be built ifhstance where the lumped and distributed designs of SC con-
either lumped or distributed form, as shown in Fig. 3. For théerters have significantly different performance. We cdessi
lumped case, a large central converter delivers power thell @ test case with three cores, whose floorplan is shown in
blocks in the whole chip. In contrast, for the distributedesa Fig. 5. In our simulations, we model each core as a single
several smaller converters can be distributed across tipe ceurrent source and generate the current profiles for thescore
and each load can absorb power from the nearby convertd¥ simulating a typical SPEC OMP2001 [16] workload using
It is well known that power delivery is most efficient if thean accurate full system multicore simulator GEMS [17].

Fig. 6 shows a typical power trace we obtained from the

‘More complex matrices are used for a larger set of voltagedefddl].  \orkload. From this figure we can clearly see that there are
For simplicity, we stay with a simple converter topology hdret the switch . .. .

both temporal and spatial variations in the power demands of

matrices used for our experiments are more complex and delive dierse i
voltage conversion ratios. these cores in the test case.
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Fig. 5. A CMP test case.

Capacitance density 0.2uF/mm?

Switch resistance 20mS2

TABLE |
SUMMARY OF SC DC-DCCONVERTERS

minimum voltage seen by the cores can be improved from

Total area 23.04nm? .
Core2 Total capacitance | 4.608uF 774mV to 823mV, and the maximum IR drop can be reduced
Cored somm g&;afide o by up to 52% if we move from the lumped design to the
Tow 100 Mhz distributed design. Note that in Case2 the IR drops of three

cores are different due to the spatial variation in the power

demands of these cores, as discussed in the previous section
Compare Case2 with Case3, we can see that although these
two cases use the same number of converters, the IR drop and

‘ ] actual voltage seen by the core loads are different due to the
i Power trace of Core0 lLl“ 1 different floorplan of these converters. Therefore, theags

| A droop seen by the core loads is dependent on both the number
and location (i.e., distribution) of the converters on chip

I N
©hon

o

100 200 300 400 500 600 700 800 900 1000

Power trace of Corel

NN NCEN
L
=]

5 ' .
..... SO Y S S SO R U £ I - PO
HO 100 200 301 400 500 600 700 800 90! 1000

<3

Power (in W) Power (in W) Power (in W)
OORrRRKEN

Core2 2 Max IR drop: 59mV for Core0, 48mV for Corel, and 49mV for Core2 1
2.4 ; ; ‘ ;%BSK ,
1o Power trace of Core2 ] Cored S l
1.4- ; . 1 0.8 H h i Nl 1
0.9~ H B Corel !
9% 100 200 300 400T, 5(29 )600 700 800 900 1000 ‘ 075100 200 300 AbOT sigo )660 700 800 900 1000
ime (in ns] Converter ime (in ns)
Fig. 6. Power trace for three cores obtained from the sinanaif a typical (2) Floorplan (b) Simulation results, min voltage=774mV
multicore workload. {;4=1.2V) Fig. 7. Casel with one single converter.
For the SC converters, we use the structures shown in [1 ST Coeo—Coel Coed
The switches are modeled as resistors when they are turn R B { i ! M
on. In accordance with common practice, as outlined at tH (;‘ngvsa— Max IR drop: 44mV for Core0, 27mV for Corel, and 24mV for Core2 |
beginning of Section Il, 16-phase interleaving is use taiced Corer e ' ‘ |
the output ripple of the converters. The parameters for tbe - 7010 20 30 a0 s o0 700 w0 w0 1000

converters studied here are summarized in Table |, and th?a) Floorplan (b) Simulation results, min voltage=823mV
other parameters for the power grid and the CMP are listed ﬂ@ 8 Case2 with three distributed Convene'rs
Table II. o '

TABLE I [—Coreo---Core1  Cored
SIMULATION CONFIGURATION Core2 < 0BG ™ W W

DC VOItage source Vdd:l'zv Core0 §083 Max IR drop:[:&mv for Core0, 33mV for Corel, and m‘v for Core2

Package Lykg = 15pH, Ryig = 1mS2 oot ~ og

C4 bump #bumps= 768, Lyump = 7-2pH, Rpump = 1.5mQ o I I R

Core |oad Capacitance: l nF cO"\’e,(e, ) 100 200 300 AOOTlmg?% ns)600 700 800 900 1000

(a) Floorplan (b) Simulation results, min voltage=816mV

i i Fig. 9. Case3 with three distributed converters at diffelerations compared

B. Simulation Results 9 P

to Case2.
We now compare the performance of the lumped and

distributed designs of the on-chip SC converter. For thiB/. ANALYSIS OF POWERLOSS IN THEPOWER DELIVERY
experiment, we assume that the SC converter(s) works with SYSTEM USING SC CONVERTERS
a 4:3 conversion ratio, i.e., the nominal Vdd supply to the

. X In Section Il we have shown an example that illustrates
cores is 0.9V. We then compare the following three cases:

that distributed converters can significantly reduce theage
« Casel: Lumped design with one single SC converter §}oop seen by the local core loads by providing better laelli
the center of the test Ch|p that delivers pOWer to all thr%”age regulation, and the V0|tage droop is affected by the
cores as shown in Fig. 7(a)), distribution of the converters. Therefore, in the rest db th
« Case2: Distributed design with three SC converters whoggper, we develop a CAD solution to find the optimal size
floorplan on the chip is shown in Fig. 8(a), and distribution of SC converters for a given CMP.
» Case3: Distributed design with three SC converters placedye begin with the development of models for the SC con-
differently compared to Case2, as shown in Fig. 9(a). verter, which will be used within an optimization framework
For fair comparison, 1) the same amount of total availabkes will be described in further detail in Section V, we use
flying capacitance is used for these three cases, and 2) éfficiency, one of the key design metrics for the on-chip
phase interleaving is used in all the converters. DC-DC converters [10], [18] as an optimization objective.
We exercised these three designs by applying the pov&ince the efficiency of a multicore power delivery system
trace shown in Figs. 6, and the results are respectively shois determined by the total power loss in the system, from a
in Fig. 7(b), Fig. 8(b) and Fig. 9(b). Compare Casel witmodeling standpoint, we analyze various components of powe
Case2, we can see that, for a nominal voltage of 900mV, tless in a multicore power delivery system in this section. We



present models for various components of the power lossvilnereM,,, is a constant determined by the converter topology
Section IV-A, as a function of the size and distribution o th(Table Ill), 1, is the total current delivered by the converter,
SC converters, and then discuss the verification of our logs,, is the switch resistance density measuredlinm, and

models in Section IV-B. W is the switch width. For a given topologyyVs,, is
_ proportional tof,,, and C,, [11]:
A. Power Loss Analysis c
We now analyze the inefficiency and power loss in the pow- Wew = 07 fow (5)
. . . Nphase
er delivery system using SC converters. Our analysis barrow

extensively from previous work as well as on conversationghereo is a fitting coefficient, andy is topology-dependent

with designers. Prior work [10], [11] has presented mode(3able IlI).

only for the loss inside the converters, and they only carsid(2) Gate-drive loss of the switchesSimilarly, we generalize

converters with one single interleaving stage. In contrast the model presented in [10] for special case Wity ,sc = 1,

loss analysis applies to the whole power delivery systerd, ai® model the power loss in driving the gate nodes of transisto

we consider converters with multiple interleaving stages. (switches in the converter) for multiple interleaving stag
For each converter, lgt,,, be the switching frequency of the (Nphase > 2) as:

converter,Cy,, = Ct1y X Npnase b€ the total amount of flying

capacitance, and&{/y be tphe output ripple of the converter. Paw = Nphase - Now - fow - (CgateWew) - Vidy 6)

Our model description will utilize the parameters desatie  where C,,;. is the per-unit-width gate capacitance of the

Table Ill, which shows how some key parameters vary witkwitches andV,,, is topology-dependent (Table IlI).

the conversion ratio. These parameters are defined as ®lloyg) Parasitic loss This loss, from the bottom-plate parasitic

o Ny, — number of switches used in one topology, capacitance of the flying capacitors, can be estimated gs [10
o My, — topology-related constant that models conduction 5
|OSS, Ppar(z = Mpfswcswvdd (7)

« 7 — topology-related constant that models switch widthyhere 11, is a topology-related parameter (Table Il1).
« M, —topology-related constant that models parasitic 10§g}) The load loss The load power 108900t (Viaroop + AV),
o M;op, —topology-related constant that models the amoufgscribed in Section |, can be separated into two parts:

of current a converter can provide. (4a) The part determined by the voltage rippls}/, is
TABLE Il AV

TOPOLOGY-DEPENDENT PARAMETEqul]. « |S THE RATIO OF THE PLI = outT (8)
PLATE CAPACITANCE TO ITS EFFECTIVE CAPACITANCE

Conversion ratigNominal Vag [ New [ Maw ] 7 | M, [ Miopo Whe.n syvltchmg at frequencys,,, the current a converter can
1:1 1.2V 2 1 |1 0 172 provide iSlout = Miopo - fsw - Csw - Nphase - AV, i€,
43 0.9V 10 | 7/3 [2/3] 3/8x | 809
32 0.8V 7 | 2 [1]| 13 | 918 AV — Tout ©)
2:1 0.6V 4 2 2 /4o 2 ]\/[topo.fewcszphase
31 0.4V 7 | 2 |3/4|0.277%| 9/8

From Equation (9), with the same output currdpi., the
The second column in Table 11l shows the levels of idga) Vvoltage ripple AV varies inversely with the charge-transfer
supplies provided by the converter under different cornwars capacitance’,,.
ratios when the input/;; supply to the converter is 1.2V.  (4b) The power loss associated with the voltage drddps.,.,
Note that most of the loss components described here e
dependent on the particular conversion ratio for a converte Pro = IoutViroop (10)
corresponding to a specific level &f,; supply to the loads,
i.e, on the internal topology of the converters. This is lsea
1) as shown in Table Ill, the values of several major pararaet
are different for different converter ratios (topologie®) when
the cores are working at different levels 6§, supply under

DVFS, they have different demands on the curikpi drawn Fig. 2(a)) are both dependent on the number of used convert-

from the converters. s. We use a penalty term for these two items in the objective
The components of power loss can be categorized as f?f—' u P y WOl : Jectiv

lows: ormulation, as stated in Section VI-B.

(1) Conduction loss This corresponds to the power loss

in the switches as the flying capacitors are charged. Pridr Verification of our Power Loss Model

work [10] presents a model for conduction loss with one €ingl |n this section, we verify the accuracy of our SC-converter-
interleaving stage/Nnqsc = 1), we extend it for the general specific loss models presented in Section IV-A.

case with multiple interleaving staged (... > 2) here. For |y our work, we verify the loss components (1) to (4a) in

Note that the voltage droop changes as we alter the number and
locations of the converters on the chip, since the distaeee b
?ween the converters and the utilization points (coreshghs.

(5) Loss from the control circuitry and clock: The power
losses from the control circuitryP,;,; and clock P, (see

each converter, the conduction loss is modeled as: Section IV-A, which are the key converter-topology-specifi
I3, R, components of loss and are complicated to model in a power
Pcond - Msw (4) i ini
Nphase Wiw delivery system. For the remaining components of power
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Fig. 11. Comparison of efficiency plots with change in loadtagé.
Stage 1 1) Using the analytical loss model presented in IV-A: For
Stage 2 each load voltage, we use the loss models to calculate
Global Vas - — : Yo each loss component, and then estimate the efficiency
omen Load T number from the calculated total power loss and the
actual load power.
A SC converter with Nppgse = . . . .
interlcaving stages - 2) By simulation of the power delivery system shown in
Simpiified del " . Fig. 10(a) in HSPICE: We implement the converter
Ei?i)vin;;mgnlelelump;g\c’ielroag.Nery system with one converter with five possible voltage conversion ratios. For each
o o conversion ratio, we sweep the output load to obtain the
3:1 ratio 3:2 ratio 4:3 ratio effiCiency p|0t
Vlu Vout Vi Vour Vin o Vou . . .
I T I T Fig. 11 shows the results for the comparison over a wide range
FJ F/ F/H of output supply voltage, from 0.25V to 0.9V (0.9V is the
f { maximum output voltage supported by the industrial 32nm
{ SOl process used in our experiments). The red curve shows
- r -+ PH the efficiency plot created by analytical analysis, and tlhe b
; o mio curve shows the plot generated by simulation. We can see that
et { he effici I dicted b lysis closel h
a1 T - T the efficiency plot predicted by our analysis closely masche
[ g r - the simulated efficiency values. Therefore, our loss maoslel i

(b) Topologies for five different voltage conversion rat[@4].
Fig. 10. Experimental setup for verification.

accurate and good enough for the efficiency optimization in
our later work presented in Section V.
The maximum efficiency for each conversion ratio can also

loss, we have used standard models. Therefore, we bu”(j)e.\aseen.from the peaks in Fig. 11. For e.ach conversion ratio,
simplified power delivery system with a single SC converté¥ith @ fixed globalVy, supply and a given current load,
delivering power to a lumped current load representing tfi@ereé is an optimal load voltage at which the efficiency of
core loads in the chip, as shown in Fig. 10(a). As discussEtf System is maximized. This is because, as can be seen in
in Section 11, this SC converter is capable of reconfiguritsg i S€ction IV-A, conduction loss increases as ripAlé’ (the
internal structure to produce different voltage conversatios Voltage difference between ideal and actual output voltige
(Fig. 10(b) shows four of them used in our work), therefor€ converter, see Section II) increases. However, ottes lo
delivering a wide range of supply voltage to the load. components (e.g., gate-drive loss, parasitic loss) deereith
Table IV summarizes the design parameters for otV and therefore, for a given conversion ratio, there is an
simulation-based experimental validation. The convecam OPtmumAV where the sum of the two losses is minimized.
work with four different conversion ratios; therefore, wia N @ multicore chip design, for a certain level of operating
global V; supply of 1.2V, the nominal voltage supplied byVaa, the minimum voltage for the core load is determined by
the converter ranges from 0.4V (3:1 conversion ratio) ta/0.9the circuit specification, such as the working clock frequyen

(4:3 conversion ratio). providing a hard constraint that must be satisfied. However,
the actual voltage supplied to the load is optimizable, and i
TABLE IV determined by the globaly,; supply, the converter design and
DESIGN PARAMETERS . . . . .
its conversion ratio, and the voltage loss in the power dejfiv
Global V4 1.2v .
Voltage conversion ratios 73,32 21 and 31 network connecting the converter output to the load (reder t
Loacé| culrrenthoad 0.025Amp — 0.4Amp Fig. 1). Therefore, in our work, we optimize the globgl,
L tageVy,., 0.25V - 0.9V : : : R
Switgﬁingirsgfencﬁw 200Mhz supply, together WI'Fh both the design (size) and the .dl$|t|[Dh
Number of interleaving Staged, ,q e 16 (number and location) of the converters on the chip, so as to

find the optimal load voltage for a given chip to maximize the
In our experiments, we compare the efficiency numbeedficiency of the whole power delivery system, while meeting
obtained in the following two different ways: the minimum voltage constraints for the core loads.



V. OPTIMIZATION OF SC CONVERTERS IN THEPOWER
DELIVERY SYSTEM

In this section, we propose the formulation for the optimiza 2)
tion of efficiency in the power delivery system using SC DC-
DC converters that can support DVFS by providing multiple

voltage conversion ratios. In the scenario studied heigs#fe
to assume that the switching frequengy, and interleaving
stagesN,nqsc are fixed for the converters.

Based on the analysis in Section IV-A, when converters

are working with a certain voltage conversion rafiothe

components of power loss can be divided into three categjorie 3)

We extend the notation in Section IV-A with a supersc(ipt

which denotes the corresponding power loss at a conversion

ratio of /.
The first component of power Iossl?l(l), includes the
conduction Iosstf),)nd, gate-drive loss of the switcheB!",

parasitic Iosstgé)m and part of load IossPé’l). Pl(” is deter-

cores are working at different levels ©f,; supply under
DVFS.
Since in reality the voltage ripple constraint must limit
AVD < AVY  where AVY, is the maximum
allowable voltage ripple associated with conversion ratio
[, Equation (9) provides a bound dr,, for each ratio
l:
70
Cyw > ”“t(l) OB l=1,...,N (14)
fszphaseMtopoAvaax
To control the capacitance resource used, we require
that:

Z Csw < Cmaz = LCunit * Areama;ﬂ (15)

whereC,,,.;; is the capacitance density, addca,, ., iS
the maximum available area for the converters.

We present our solution to the above efficiency optimization

mined by theC,, and the global;,. The second component,problem in Sections VI for a special case with= 1, i.e, with
P{", is part of load loss. The third componef, is the sum one single voltage conversion ratio, then provide solutmn
of the power loss from the control circuitry and clock. Bothhe more generalized case wilti > 2 in Section VII.

Pz(l) and Pg(l) are determined by the number and distribution
of the converters.

At the system level, the efficiency of the power delivery
systemy(®) is defined as the ratio betwe@ower delivered to
the loadandtotal power extracted from the inpif;; supply
ie.,

VI. SOLUTION FOR SPECIAL CASE WITH ONE SINGLE
VOLTAGE CONVERSIONRATIO (N = 1)

In this section, we show that the efficiency optimization
problem described in Section V can be formulated as an
MINLP, and then propose a two-step based approach to solve
= (11) it. Note that in this section, to simplify the notations ireth
formulas, we drop the superscriptd)*(in the variables and

Fonstants associated with a certain voltage conversiom frat

efficiency of the power delivery system using SC converters Fig. 12(a) presents a simplified schematic of drechip
y PO Very sy ng - power delivery network for a multicore processor, whichastp
for the given conversion rati we should minimize the total

loss in the power delivery system thatﬁél) 4 ph . pO of the power delivery system showed in Fig. 4. The voltage
' .2 3 supplied to the power grid is controlled by a set of on-chi
Further, for SC converters that can providé voltage PP P g y P

. . o ) . SC converters, which can be placed at a list of predefined
conversion ratios, we optimize the weighted sum of norredliz candidate locations on the chip
power loss for each possible conversion rdtias '

N

WherePl(lc)Ld is defined in Equation (3). To improve the overal

Vddgiobat

PP 4+ P 1 pY

minimize Zwl' 0) (12) [DC.DTC, AV; [DC-DC]

=1 Pload Global Vdd z;—>* * *<—V ;

ISITI Sre

where w; is the weighting factor for ratid. In general, s wehip 1 Ty v T® ¥s ;}’"ﬁ;{ T
this factor can be chosen to provide additional weight to (AS) |

|

|

N
some conversion ratios over others, although our expetiahen <§>+soasi' N 4;7_%”33
evaluation sets equal weights for all conversion ratioghkn — !
real designaw; may also be user-specified. (@) (b)

The optimization variables are Fig. 12. (a) Model of power delivery network (b) Network mammadel with
m candidate converters and observation nodes.
o the number of converters used,

« the locations of the used converters, and We now show an optimization formulation for the problem
- the capacitance of each used convedigr, defined in Section V withV = 1 as an MINLP, by introducing
which are common to all théV possible conversion ratios. (0-1 integer variables;s, with z; = 1 denoting a placed

The optimization is subject to the following constraints: converter at candidate locatioin We first macromodel the

1) For each conversion ratib = 1,..., N, the supply power grid in Section VI-A, and then present the complete
voltage at each core load must meet a lower bound: MINLP formulation in Section VI-B.
@)
‘/;((f?)”e > Vudd,core (13)

A. Macromodeling of the power grid

(1) . .. . ] ) )
Here V, 4 core 1S the minimum voltage specified at the \we puild a macromodel of the power grid with only 1) the
core load. Note that/"") is different when the set of selected: observation ports of the core loads, denoted

vdd,core



as OBS, and 2) the set ofi predefined candidate ports forwherec is penalty weight for control circuit and clock network,
the converters, denoted as Src, and abstract away all tee ot eq, V&, ., 15,., Ci, AV; are the continuous variables and
nodes in the grid using the approach in [19], as shown s are the 0-1 integer variables in the optimization problem.

Fig. 12(b). We then transform the problem in Section V into the

By partitioning the ports into set$rc and OBS, the MINLP:
transfer characteristics of the macromodel are: m ,

Is Ay Al [ Ve Ss 6 minimize Py + Py + Py = _ (exesl§, AV; + e2V5.0,Ci)
rc — rc + Tc i—

[ Iops } {Am A22:| { Voss } { SoBs ] (16) m ! " "
where(Is,c, Vare) and(Ioss, Vops) are the (current,voltage) +> (Vérc(férc - 5§rc)) —> (BShps)+cY 2
values at the Src and OBS portsglii, A1o, Aoy, Agy are i=1 J=1 @ 222)

conductance matrixesSs..., Sops) are constant vectors of

current from the ports to the reference node depending on Hifhject to
conversion ratid. The reader is referred to [19] for the details Vj € OBS:
about the derivation of Equation (16).

m

Sincelpps = 0, we have VéBS _ Z(Tji . ng) +B > V}jﬁ (23)
Vops =T - Vsre + B (17) =
Vi € Src:
whereT = —A22 Aoy, and B = — A, SOBS Further, m
i _ vk "i
IST‘C _ A11VST‘C+A12VOBS +SS7’C _ AIVST0+S;TC (18) IS'rc = I;( ik VSrc) +SS’I"C (24)
where A’ = A1 + AT and St = SS + A2 B. i
sre re 0<I, <M-z 25
From Equations (17) and (18) we can see that the current = Tore = : (25)
vector of the Src portds,. and voltage vector of the OBS I;TC =e3-AV;-C; (26)
ports Vopgs are linear functions of the voltage vector of the
Src portsV,.. 0<C; <M -2 (27)
0< A‘/z S A‘/max (28)
B. MINLP Formulation :
VSZ’T(; + A‘/z S ‘/idea,l (29)

Using the macromodel shown in Fig. 12(b), the optimization

problem described in Section V is equivalent to finding thend m

optimal z; assignments, and for each used conveitéwith Zci < Chun (30)
= 1), determining its size’;. =1
Based on Equations (4), (5), (8) and (), (see Section V),

the power loss associated with the converter and the gighal Here, V}j, is the minimum required voltage at the observation
supply, can be written as: nodes of each core, and is a large positive number.

Constraints (23) are transformed from Equation (13), to

m

. i specify the minimum voltage for each core load. Constraints
P= ; (ereally AVi + e2Vigeu i) (19) (24) are from Equation (18), and Constraints (26) from E-
B guation (9). Constraints (25) are structured to ensure that
where the currentl? . is zero when no converter connected to
B M Ron 1 1 candidate port, while Constraints (27) ensure that converter
e = oy + 2M, N T sizeC; is zero whenl!, . is zero, both through the use of.
opoVphase / Jou Constraints (28) and (30) are from Equations (14) and (15)
= sw Nswc ate ) sw M, ti cv . ’
2 Fou gate fawoy + My) - 710G, and Constraints (29) set the bound for the Vdd supply.
€3 = MiopofswNphase We can observe that there are nonlinear (actually non-
Using Equation (17)P,, the power loss in the grid, ang convex) terms in the objective function (22) and co_ns_tlsalnt
are: (26) are also nonlinear. Therefore, the above optimization
m " problem is an MINLP.
P2 = Z(Vér((lg'rc - Sgr()) - Z VOBS OBS
i=1 j=1 C. Two-Step Optimization Approach
— ——mm—————
Power supplied to the macromdel power delivered from the macromodel It is well known that MINLP problems are difficult to
N . i i solve [20]. Therefore, in our work we develop a two-step
= Z (VSTC(ISTC a SSTC)) a Z(B Sops) (20) approach to solve the MINLP optimization problem presented
=1 - =1 in Section VI-B. For the objective function in Equation (22)
Py = Pup+ Paoer = C'Zzi (21) < P2+ Ps is determined by the number/location of the

= converters,



o Py is determined by the converter design, i.e, the size We proceed under the assumption that for each used con-
of convertersC;, and V;g4eq;, the Vyy supply. From verter,AV; = AV, and define
Equation (1) we can see th#l,.,; is determined by the
voltage droop in the power grid and the ripple in the Vioe = Videat = AV (35)
converters. From Equation (29) we can see that
Therefore, we may optimize the power loss in two steps. ;
We first optimize P, + P;, the power in the distribution Vare = Vioe (36)
network, by finding the optimal number and location of th¢he |oss due to voltage droop? (Equation (20)), can be
converters. We present an MILP-based approach for this stgflaxed as
Next, we optimizeP; to determine the optimal size of each m m n
used converte€;. Py <Viee Y Ih — Sd yioy BIgY (37)
1) An approximation for the voltage ripplée introduce < Viee D Tove = 2_(SicVire) = 2 _(B'S05)
the approximation that all converters have the same voltage o ]
ripple, implying that the current delivered by a converiés N the above expression,;”, I, is the total current deliv-
proportional to its capacitand®; (Equation (26)) when work- ered to_ the cores, and therefore, a co_nstant. We can seeythat b
ing with a conversion ratid. We justify this approximation "élaxation we can transform the nonlinear cost functirto
as follows. In Equation (19), leP! be the contribution of the be linear. In our experiments using all approaches, we fiat th

i=1 i=1 j=1

i converter toP;. If z; = 1, V& . is nearly equal for every convertéy so that (36) is in
; ; ) practice an equality, confirming the validity of the minirmg
P = ere3l, AVi + e2Vigeq Cs (1) the relaxedP,.
According to Equation (26)P! is equivalent to Since}_"_, (B’ S}, ) is @ constant, it is unchanged under
(15, )? any optimization. Then the relaxed power lo&8, + Ps),
Pl =e¢ bgf + V20 Ci (32) denoted byP»3 1., Can be minimized by solving the following
@ MILP problem:

If we minimize P} locally by settingd P} /0C; = 0, we get

m

minimize Vo, zm: I =D (SereViye) + cf: 2 (38)

Ii €1
C;=2re [ — 33 : : :
Videal \ €2 (33) =t =t =1
Therefore, according to Equation (26) we can see that ?:;Jg)]ect to the linear constraints in Equations (23), (25 an
AV, = Lsve _ Videa [e2 (34) Note that/%, . is substituted with’¢ . according to Equa-
e3Ci €3 €1 tion (24), so this MILP formulation has 0-1 integer variables

Sinceey, 3, andes are constants, and ..; is common to all (z;s), m+1 continuous variablesi{,. andV¢,__s) and3m+n

the convertersAV;s can be assumed to be the same amongnstraints.

the used converters if they are locally optimized. Thersfor 3) Optimization of Converter SizeAfter determining the

in the following discussion, we assundel; = AV for each number and location of converters using the MILP-based

used converter. approach, the second step is to deterndifiéor each converter
If all C;s were free variables, allowed to take any value,by optimizing P;.
this would not be an approximation. However, according to Let I;o1q = > 1oy I5,. and Ciprar = Yoy Ci. From
Equation (30), the”;s are not unconstrained, therefore this iEquation (34):
an approximation. i I
2) Optimizing Converter Number/Locatiomss stated ear- AV = Sre _ _Ttotal (39)
lier, the number and location of the converters also affects esCi e3Crotal

the efficiency of the power delivery system. Distributing thMinimizing P; in Equation (19) is thus equivalent to mini-
converters with finer granularity and optimized floorplareiov mizing

the chip can help improve the efficiency loss by reducing the 1

voltage droop seen by the local core loads, when placing the P = €1It20mzci + €2VieaiCrotal (40)
converters closer to the utilization points. However, ¢hisran ) ) m.t“l

overhead associated with the power loss in the controlitiycu USing Equation (35), Equation (40) can be further transéafm
and clock network. In our work we ignore the area effect of tH@ .

converters when optimizing the distribution of the coneest 2 2 €2 €2

This is because We? consid%r the SC converters fabricatéd wit €2ViocCrotal + Liorar(e1 + %) Crorat | %Vloe[t“’”
deep-trench capacitors, and the size of these SC convésters (41)

small compgred to the size of cores .in a CMP due to the hiWhereItowl is a constant, anti,. can be found after solving
power density of deep-trench capacitors. the MILP problem (Equation (38)). The constraints for the

MILP-based Approach In th_is section, we present an MILP'above problem are Equation (30), and (from Equations (28)
based approach by reducing the MINLP problem in Seg: q (39)):

tion VI-B through a natural approximation and relaxation oo Liotal
process. T ea AV
max

(42)
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Since P; is a convexfunction of Cy,,;, the optimal solution 1) one individual set of constraints (23)—(26) and (28)}(29

to the unconstrained problem defined in Equation (41) isrgive for each conversion ratibe {1,..., N}, because these
by: constraints have either constants or variables that are
Lorar €1+ & dependent on th(_e specific conversion rdtio .
Co = 3 (43) 2) common constraints (27) and (30) for all the conversion

Vioe €2 ratios, because the size and number/location of the

However, this value ofC, may fall outside the bounding converters are determined at design time, and are there-

constraints (30) and (42). If so, from a convexity argument,  fore independent on the particular voltage conversion

we can conclude that the optimum must be at the extreme ratios. In other words, the MINLP formulation for each

point of the allowable”;;,; interval that is closer t@’y. The ratio [ in Section VI-B has the same variabless,

optimal value ofCyota1, Copt, is that determine the number/location of the converters,
Co i Cy < Cos same variable€’;s, that determine the size of all used

oo C”“” i <mCZ,” <c (44) converters, and same constém;ax,the upperbound for
opt 0 L omin =0 = Tmaz total amount of usable capacitance for all the converters.

Cmax |f CVO > Cmam

It is easy to verify that the resulting optimization problésn
We now calculate the voltage ripplaV” using Equation (39) gtjll an MINLP, and we can also use the two-step approach
and Co,;, and the optimal size of each used conved®rby presented in Section VI-C to break it down into two sub-
Equation (39) sincelg,,. is known after solving the MILP proplems. In the first, we optimize the number/location of
problem (Equation (38)). the converters by solving an MILP problem, and then in
the second, we optimize the size of each used converters
VII. SOLUTION FOR GENERALIZED CASE WITH MULTIPLE using a closed-form solution. We will present the details in
CONVERSIONRATIOS (N > 2) Section VII-B and VII-C.

The previous section considered the simplistic case wherdn summary, the MINLP formulation for the generalized
the chip is operated at a single supply voltage, and laid tR8S€ with multiple conversion I’at.IOS can pe denyed from
basis for the solution for the general case where DVFS is.usée MINLP for one single conversion ratio in Section VI-B
To support DVFS, an SC converter must work with multipl@Y 1) expanding the objective function to consider multiple
conversion ratios by reconfiguring its internal topologg, aconversion ratios, 2) and then replicating part of the vari-
presented in Section Il. In this section we discuss the isoiut ables and constraints, once for each conversion ratio.r Afte
to the efficiency optimization problem for more practicasea S0IVing the resulting MINLP problem, we can find the size
with multiple voltage conversion ratiosV( > 2), based on our and number/location of used converters over all the passibl

discussion in Section VI for the case with single conversidiPnversion ratios. In reality, it is also possible for theideers
ratio (N = 1). to choose different weighting factors;s in Equation (12) to

obtain different optimal solutions of interest.

A. MINLP for Multiple Conversion Ratios withv > 2
The MINLP formulation stated in Section VI-B is for theB. Optimizing Converter Number/Location

case with a single voltage conversion ratio. The formufat®o  The approximation and relaxation process presented in
modified so that each conversion ratibas its own individual gection VI-C can also be used for the MINLP problem defined
set of in Section VII-A. For each voltage conversion ratip we
. topology-dependent parameters presented in Table fitst relax its power loss”” as shown in Equation (37), by
and therefore topology-dependent constanise> and introducing an individual variablé;”) (see Section VI-C2).
es in objective function (22), Then the part in the objective function shown in Equation) (12

« constant vectors from the macromodeling of the powghat is only determined by the number/location of convsrter
grid: B, S§,. andSogs, that are dependent on the loadouyld be relaxed to be

current when the cores are working at a certigjp level, N
« design specification for the converters and core loads: _— wy 0
AV @andVy,, that are dependent on the specific level minimize Z pW ' P23v’“lfr’
of V4 supply, and t=1 7 load
« optimization variablesViear, Vs, Is.c andAV;, that - herepl!) s the relaxed sum of” and P." as described
are also dependent on the specific levelof supply.  in and around (38). This is still a linear objective function
For SC converters that can providé voltage conversion of V\Y's, i{)s andz,s. The constraints can be obtained by
ratios, we optimize the following problem: replicating the linear constraints in Equations (23), (28}
(36), once for each conversion rafio
Then the MILP optimization problem fofV conversion
where the loss?" + P{" + P{" for each conversion ratib ratios will havem 0-1 integer variables;s, N - (m + 1)
is given by Equation (22). continuous variables (onég(olg and m Vgﬁ,lgs for each ratio
The optimization is subject to l) and N - (3m + n) linear constraints.

minimize obj ective defined in Equation (12)
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C. Optimizing Converter Size Fig. 13 (left), which follows the tile-based design for nicdtre

We then optimize the part in in the objective function show®NiP [22]. Each core consists of a CPU, L1 I/D C%Ch? and L2
in Equation (12) that is mainly determined by the size ¢fache with area ratio of 2:1:2. The coresisc 3mm= with a

converters as peak current of 1IA@0.6V. In our simulations, we model the
N current ratio among CPU, L1 cache and L2 cache inside each
minimize Z W 1(1)’ (45) core using gwdelln_es consistent W|_th [23].
= Pl(olid Heterogeneous Chip:We also consider a heterogeneous test

h f ol is defined qi case consisting of a set of ARM Cortex cores [24]. Simpler
where P, for converter ratiol IS defined as stated in (41)'versi0ns of such heterogeneous cores are already on thetmark
As before, the objective here is also a convex function of ﬂdeay [25]. This test case has one power domain of 32 cores

single variableC, ;. as shown in Fi -
L , g. 13 (right). Core types A through E are,
The upperbound fo€ . is still C,,... (see Equation (15)), respectively, the A9, A8, A5, M4, and MO cores.
while the lower bound foC},,,; is updated to

multi 1 N . _— .
Ottt = max{C{)), ..., C\N) Y (46) B. Effectiveness of Our Two-Step Optimization Approach
where Offl)m is minimum total size of converters for ratio  In this section, we present results to show the effectivenes
given by Equation (42). of our approach presented in Section VI-C on optimizing the

Let egl)7e§l)7e§l)71t(ll , and Vz(l) be the coefficients and Size and distribution of converters. For the purpose of this
constants for ratid as stated earlier, then the unconstraingfitial comparison, we assume that the converters are wgrki
solution to unconstrained problem defined in Equation (45) With one single conversion ratio.

given by

TABLE V
(12 ) CONFIGURATIONS OF THE TWO TEST CHIPS FOR THE CASE WITH ONE
Zgziv w; It?lt)al (egl) + 65)2) SINGLE CONVERSION RATIQ
; = P —
C’é"“l“ = load OFOR % 47) Individual parametefdHomol6] Hete32 Common parameters
Zl:N w2 ‘l/L Ratiocyt 2.1 32 fow 100Mhz
=L PG Trotal T6A | 3.14A |[Nphase -
o . . . . AVinas 20mV | 40mV || Cuniz | 200nF/m
This is a generalized expression for the solution preseinted AT€30n 28.8mn? | 1.056mn¥|| Coate 3fE/m
Equation (43). Crax 5.76 uF | 0.21uF || Ron 1300 - um
The optimal total size of’;7//* for all the used converters, c lélToyV
Coulti, over all the conversion ratios, is - Sle/mgMHZ)
‘ Cpttt i Crettt < Oyt Table V shows our experimental parameters in the 32nm
Cotth = & cgrettiif Cmultt < it < Cae - (48)  technology node based on the published literature and PTM
Crnaz 1 CF > Crigy [26]. We assume the available converter area to be 0%

he total core area.

e have presented an MILP-baskeuristic approach for
the optimization of the number and location of the converter
in Section VI-C. Because there is no prior similar work we

] ; ) can compare with, we compare this approach with
OF” t;No-stetp da_p pgffh_riestliﬂrllb;d n bSI ectn_ans \Ill an .V” o Manual design approach that distributes the convert-
are impiemented in - 1he problem 1S SoWVed UsiNg o1 over the chip at different levels of granularity

Then the size for each used converter can be calculated u§?|f1
the same approach presented in Section VI-C.

VIIl. EXPERIMENTAL RESULTS

CPLEX [21]. with total number of converters set to W, k =
0,1,2,...,|logy"|, wherem is the numbers of candidate
A. Test Cases locations for the converters,

Our approaches were exercised on two chips, one of which» Greedyapproach which explores the number and location
is a homogeneous multicore while the other is a heterogenous Of converters at different levels of granularity: from one

multicore processor. converter at each candidate location, to a single lumped
converter for all the cores in the chip.
1} ‘ el o H Core type For the greedy approach, we begin with a design with one
b | oomwaosev ool t.2mm X 1.2mm individual converter at each candidate location, then ahea
i”“““ e e 1.enév;°§§$xé§2%ng iteration we greedily merge two neighboring convertershwit
! e |, 2 oot minimum possible increase of power loss at the next level
= ¥ 12mmXogmm CLC1 Ctmmoiom of granularity. The increase in the power loss from comignin

Fig. 13. Two test cases with 16 homogeneous cores (left) ande8&o- two Con\_/ertersvi ande Into a smglg anvertevij’ is the total
geneous cores (right), together with the distribution @& tonverters used in change in the power log3,+ P, which includes 1) the change
the results oHeuristic-MILP shown in Table VI. in power loss from the change in voltage drodﬁ/dmop
Homogeneous Chip:Our homogeneous test case consists of[Bquations (1), (2) and (10)] @A Pr2 = AViad,dom - Y, Leore
chip with one power domain of 16 identical cores, as shown #) the change in power loss from the control circoif,;,;
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. TABLE VII
, and 3) the change in power loss from the clock Networkoyparison oF OPTIMIZATION EFFICIENCY WITH SAME LIMITATION ON

AP, - With m candidate locations, our approach will repeat NUMBER OF CONVERTERS

the merging process. — 1 times to evaluate all possible levels Chip Max.[ Manual Greedy Heuristic

of converter granularity. #evt [#evt] n [#cvi] n [CPU[#cvi] n [CPU
These three approaches differ in the way to explore the|Homol6| 16 | 16 |80.3] 16 |81.7] 2.9 | 16 [82.1/360.4

distribution (number and location) of the converters over t (Heter034 8 | 8 [84.8] 8 [86.6] 1.7] 8 [87.6374.4

chip. For each approach, once the best number/location of

converters is found, we further optimize the size of corarsrt bsg L EPImPZEERS 600 Brlo@p2 Bps

; . . . 100% 100%
using a closed-form solution as presented in Section VI-C.% 20 B 8% Z 480 87%
The results of these approaches are shown in Table VI an 3 150 £ 360
Fig. 14. Table VI showsn, the numbers of candidate locations %5 1000 £ 240
é 500 2 120
TABLE VI 0 . i = = )
COMPARISON OF THREE APPROACHESWITHOUT LIMITATION ON THE Manual  Greedy Heuristic Manual ~ Greedy Heuristic
NUMBER OF USABLE CONVERTERS Homol6 Hetero32
chip |m| n Manual Greedy Heuristic (a) Homogeneous (b) Heterogeneous

#ovt| n [#evt) n [CPUJ#evt] 1 | CPU| gy 15 comparison of power loss for three approaches, \ithsame
Homo16[56|208| 32 |84.5 26 |84.8| 5.8 | 44 |85.7|353.1] |imitation on the number of usable converters.

Hetero32 76| 203| 16 |83.8| 11 |87.2| 7.3 | 13 |88.2|362.7

for the converters, and, the number of observation nodes foffor number of usable converters. From the results we can
the cores. For each approach, it sha¥est the total number see that compared to manual design, on aver&gesdyand

of used converters in the solutions for each approach, aréuristic can still improve the results respectively by 12%
n, the system-level efficiency of the power delivery systerand 17% in terms of the total power loss. This is because,
It also shows CPU, the runtime dBreedy and Heuristic for purposes of fairness, with the same number of converters
approaches in seconds (on a 64-bit 2.5GHz Intel Quad-cdhe heuristic approaches can search different combirstibn
platform). Fig. 14 shows the breakdown of total power logbe converters. Even for the homogeneous chip, there Is stil

(see Section V)Py, P, and P53, in mW. room for improvement because of the unevenly distributibn o
current within each core and the asymmetry in the power pads
2000 @plaPzaps 750 _ ®Pl P2 @P3 shared by different power domains in a single chip.

1600
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C. Optimization Over Multiple Conversion Ratios

In the previous section, we had made the temporary as-
sumption that each converter utilizes a single conversion
Manual - Greedy Heuristic Manual  Greedy Heuristic ratio. While this is useful in determining the effectiveneds

Power loss in mW
Power loss in mW
w
=3
=1

Homol6 Heterod2 our optimization methods, in a practical DVFS scenario, the
(a) Homogeneous (b) Heterogeneous assumption of a single conversion ratio is clearly invalid.
Fig. 14.  Comparison of power loss for three approaches, withimitation In this section we present the results for the optimization

on the number of usable converters. of SC converters for DVFS, over multiple voltage conversion

On average, compared to the manual design, the greégéc)os:_ 1:1, 4:3, 3:2_, and 3:1. The values for most pararseter
approach can redudg, (the power loss due to voltage droop)u ed in the expgnments are ta!<en from Table V. The core
by 16%, and total power loss by 15% with higher syste _urrent and maximum voItage r'pPIAVm‘” are scaled ap-
level efficiency. The heuristic approach based on MILP Camopnately for each conversion ratio.
reduce P, by about 50% and total power loss by 21%. The
system-level efficiency is improved from 84.5% to 85.7% fc ™ 2 Solion wih 13 comonc. o miad xcoshely o o 43
the homogeneous chip, and rom 83.8% to 88.2% for t =7 = oo i 33 v, ohhaed el o ot 51
heterogeneous chip. The runtime of the MILP problem @ Solution with 38 converters, optimized for all 4 ratios
tractable, it takes only a few minutes for CPLEX to solvi
these two chips.

As stated before, the manual design has limited search sp
with respect to the number of converters, as compared to1 5,
greedy and heuristic approaches. For a comparison thatris m
favorable to the limited search space of manual design, @nc
explore the quality of our approach under stringent comgsa -
we perform another set of experiments by setting the sar&a’,
upperbound for the available number of converters for these
three approaches. The results are presented in Table VIl anérig. 16 shows the results of optimization for the homoge-
Fig. 15. Column 2 in Table VII shows the upper boundeous test case shown in Fig. 13 (left). The first four bars
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16. Results of optimization over multiple conversioriagton homo-
eous chip.
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of each ratio present the results evaluated for the solutianfunction of size and distribution of the SC converters,
optimizedexclusivelyfor one single conversion ratio. In otherand verify the accuracy of our models by simulation. We
words, in objective function (12) we set all the weightinghen optimize the size and distribution of SC converters to
factors w;s to be 0 except for the particular ratio we arenaximize the efficiency of the whole power delivery system
interested in. As an example, the red bar of ratio 1:1 shoais thusing these converters. We show that the efficiency opti-
if we only optimize the number/location of converters faiima mization problem for converters supporting DVFS can be
1:1, then 56 converters are used andpbekefficiency of the formulated as an MINLP, and we propose a two-step approach
whole system with the converters working under conversida solve the MINLP to maximize efficiency over a variety
ratio of 1:1 is 92%. The red bars for the other ratios show that converter conversion ratios that are invoked during DVFS
if we use these 56 converters in the design, then the effigienthe effectiveness of our approaches are demonstrated bn bot
numbers of the system with converters working under otheomogenous and heterogenous multicore chips.
three ratios 4:3, 3:2 and 3:1 are respectively 83%, 82%, and
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