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Abstract— With 3D technologies, the in-package solution
allows integrated, efficient and granular power suplies to be
designed for multi-core processors. As the convertedesign
obtains few benefits from the scaling, 3DIC allowsthe best
technology to be chosen i.e. one which suits the EEBC converter
design. This paper evaluates the achievable poweffieiency
between on-die and in-package converters using arobination of
active (28 and 65nm CMOS nodes) and passive (poliIM,
vertical capacitor) layers. Based on the same load omer
consumption, on-die and in-package switched capaoit
converters achieve 65% and 78% efficiency, respeugly, in a
1mm? silicon area. An additional high density capacitane layer
(100nF/mntf) improves efficiency by more than 20 points in 65m
for the same surface which emphasizes the need fdedicated
technology for better power management integrationThis paper
shows that in-package power management is a key athative for
fully-integrated, dense and efficient power supplig.

Keywords—Fully-integrated power supply, switched caparcit
converter, multi-core, on-chip voltage regulator, D3 power
management.

I.  INTRODUCTION

Nonetheless, the recently published on-die power
converters integrated in the same process asditaldiore, i.e.
the most advanced technology, still achieves perdoce far
from the industrial targets in terms of power dgnsioltage
regulation, efficiency versus conversion ratio oect battery
connection compatibility [2], [3], [4]-

Due to the difficulty in integrating on-die densgassive
components [5] and high voltage-rating transistorsecent
CMOS technology, 3D integration is a key opportyrtib
propose an alternative and efficient way betwednasfd on-
die converters by using a less recent and more abiohp
technology to integrate active and/or passive carapts in
DC-DC converters [4], [5], [7].

This paper aims to compare the 2D and 3D approaches
using one or multiple active and passive layerisnjorove the
achievable efficiency of the integrated power sigsplof a
multi-core processor. The 65nm bulk (mature, higéldy,
28nm FDSOI (dense integration, large DVFS capgbjB)
process and a potential TSC technology in a patsyes (high
capacitance density [9]) are studied in this papEnis
comparison leads to the key question: how muchiareaeded

Fully-integrated dc-dc converters seem to be a poweto integrate power supplies from this combinatidntlwee

efficient solution to supply a heterogeneous SystenmChip
(SoC) on the same package such as multi-core Eoced-ig.
1). The advantage is to provide clean, fine, hipkesl and
individual power supply modulation for the variobi®cks in
the SoC without bulky off-chip passive components
numerous power pins [1].

2D (single die):
1- digital
on board- PM

2D (single die):
1- Digital + PM

" 1- Digital + PM active part

technologies to reach targeted power efficiency?

To answer this key question, the power partitioning
converter structure, main design trade-off and edfit

otechnology combinations are first introduced. Thehe

converter efficiencies are compared using a contibimaf 28,
65nm and TSC technologies. The analysis leadsitscaission

3D (two dies): 3D (two dies):
1- Digital

2- PM (active and passive parts)

3D (two dies):
1- Digital
2- PM passive part 2- PM (active part)

3- PM (passive part)

Digital Die Size reduced reduced
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External I0s reduced
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Packaging effort reduced reduced
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L7 Power Mngt (PM) 7 Onboard
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w  external I0s

Saved Silicon

Fig. 1. Possible integration of quad-core proceasarits dedicated granular power supplies.



of the opportunities of using 3D technology and plessible
trends for more efficient on-chip power manageminta
single-chip multi-core system.

Il. POWERMANAGEMENT DESCRIPTION

A. Power Tree Partioning

A typical power tree consists of two or three cdecaDC-
DC conversion stages as shown in Fig. 2. The $tegp-down
converter provides an intermediate power ragly Yfom the
primary supply bus ¥ e.g. from a chemical battery. An
inductive-based switching converter is often useainty to
keep high efficiency over a large conversion ratial at high
current. Designing by power electronics commurniityg first
stage is traditionally off-chip converter chosen darrently
available buck type regulator. They\Value is chosen to
provide a compatible input voltage rating for the-ahip
second stage, typically 1.8V where the greater pibiser rail
value, the less current there is, thus requiringefepower pins
for the packaging.

In the latest N-core processor generation [1], sheond
stage provides individual DVFS technique for N core
dramatically reduce the processor consumptiomdiudes N
converters as close as possible to the N coresowde fast
and clean power supplies. These converters coulaffbehip,
in-package or on-die. Off-chip i.e. an on-boardigoh (Fig. 1,
left scheme) fails to meet the fast power demandthef
different supply domains in the multi-core systeraimty due
to the trace impedance [9]. Moreover, the N offsotnverters
around the N-core processor occupy a large arcthe®CB
and need numerous power pins. Only in-package andieo
seem to be relevant solutions for granular powenagament
(Fig. 1, other schemes). With the prospect of irstggn, the
design of the second stage is mostly handled byWibsl
community.

1.8V and the output varies from 0.5 to 1V leadindetss than
50% efficiency for a linear regulator. Some putdidhwork
suggests replacing the linear regulator by the che
converter for power efficiency improvement ([3], ])i4
However, the inductive-based switching convertéfessi from
low on-chip integration as the magnetic-core indués not
compatible with CMOS process [5]. Therefore, withist
topology, it is difficult to compare on-die and package
solutions. Switched capacitor converters (SCCs)ehbgen
well studied to alleviate this problem. This apmtoaoffers
easier on-chip integration thanks to the high cipace
density in recent CMOS technologies [2], [11]. Heee
SCCs also have different drawbacks such as effigien
dependence on conversion ratio and large inpuestipulse
i.e. a potential EMC issue.

A non-external SCC component needs silicon area to

integrate the capacitor which could be costly i€ythare
integrated on the same die as the digital functiongnost
recent technology. However, 3D technology stackihthe N
converters or their passive components just belmw\ cores
is an alternative. It potentially reduces the olferast of the
chip saving costly silicon die by replacing thet lakgital
technology by thicker or fewer-step processes. adiee layer
can also integrate other functional blocks sucln@svolatile
memory or intra-core communication which slightlairg
performance from the CMOS scaling.

The 2:1 SCC topology is studied here because of its

excellent integration capacity proved in the stadd@MOS
process [2]. Under ideal conditions, the converteluces the
1.8V voltage rail generated by the first stage .@/0 If other
voltages are needed, N:M conversion ratios andagelt
regulation of SCC are possible [3].

The SCC mainly consists of a flying capacitay Charged
and discharged in two phases by four switches @asrsin Fig.

3.a. In the first phase);, T, and T, are in on-state and the
capacitor is charged from the input voltage throtigh output

load. In the second phase, the flying capacitor is discharged
into the load through ;Tand T;. Between the two phases, a

A third stage could be added to protect againsersev
transient signals and so reduce the fluctuatiorthef power
supply even if each step includes bypass capaciadsfast-
transient feedback to smooth the power rails. kamgple, the

current profile varies with tens of A per ns inlrpeocessors
[1]. Typically, N small-area linear regulators amgplemented
on-die i.e. closest to the N cores. As the conwearsatio is
close to one, their efficiency can be more than 900h

B. Converter Topology in the Second Stage

Linear voltage regulators are widely used in theord
stage thanks to their dense integration [10]. Unfaately, they
suffer from low efficiency when the output voltaigenot close
to the input voltage. In the second stage, thetinpliage is

off-chip in-package on-die
N oron-die ", v
V. = o
o] 1 Switching ddIN Switching ! N Linear 1 Veore
Converter Converters | Converters
= ::“‘I'“ N core:
| |
"' First stage Second stage (Third stage)

Fig. 2. Third-stage power partioning

dead time is introduced to avoid cross-conductietwben the
output, input voltage and ground (Fig. 3.b). Theransistor is
an N-type to improve its driving capability wheretloutput
voltage is lower than }/2.

In steady-state and under ideal conditions (irdic@pacitor
and switching frequency values, ideal switchesg tutput

Vag Vg Vil
t
Ve [T - — —
AP
Vdd Vdd
11 —|—C"y o
dt
V3,4
@ Ve """ —

— >

[ R 2
(b)

Fig. 3. 2:1 SCC topology



voltage Vo iS equal to V42 and the converter efficiency higher efficiency.

reaches 100%. In practical conditions, the switahé®duce
conduction and switching losses. Moreover, the cisgrece
value is limited by the finite silicon area whichduces a
charge/discharge loss and output voltage ripplepfedict the
efficiency and gain physical insight, small signadels of this
structure are given in the literature [2],[12] d®wn in Fig.

4.a. The resistances; Rnd R represent the conduction and

switching loss, respectively. In following the setiing loss
means the loss due to the charge and dischargkeofdte
capacitance, not the loss induced by the nonzejgly
product during the switching. The overall loss che
summarized by the following equation from [16] iBLS or
FSL regions [2]:

2 1 2 1

Pioss = /L:fsWVdd 4 + 5 [oredr +
Z 2 Z w;

MOSFET input capacitance

RdSon
1
IczoreRs + Vc%rrekbotcflyl;:sw + Iczo‘re m (1)

Flying capacitor
Y gEsrl{) Bottom plate Switched Capacitor

impedance

where,l; is the width of each transistoF,, the switching

C. Areaconstraint of the on-die and in-package converters

The on-die solution requires the area of the cieeta be
increased as shown in Fig. 5. An additional areh086 seems
to be an acceptable solution for industry. On ttielohand, a
3D solution could offer more flexibility in termsf carea
constraint. For instance, to keep the same chifaceir the
surface of the stacked converter could be equithdcsize of
the digital core. However, the final choice is magdeording to
the cost of the overall chip including the silicale, 3D
assembly and packaging. Unfortunately, the authuase
insufficient data to provide a relevant cost analyslere, the
65nm and TSC process are expected to be far chéesgpethe
28nm allowing more space allocation for an in-pgek&CC
for the same price.

D. Load Profile

The power consumption of an MIPS32 core within the
TSAR architecture [14] in FDSOI is used to defirtee t
converter's consumption profile.,., I..r}- The one digital
core is modelled by a current source controlledabyoltage

ource defined as:

frequency,/, the gate capacitance density (expressed in F/m),

A, the on-state resistance densiyxMm metric) andk,,; the
parasitic to flying capacitance ratio.

Assuming the area of the switches is negligible, ftiing
capacitor is set by the desired surface of the Sfd

Icore = Vc%re + 0'2Vcore - 0.1 (2)

For example, the power consumption is about 0.9%afo
0.9V core voltage. The die area of one core is @pprately

capacitance density (Finoffered by the targeted technology 21mnf. (This value is the S.in Fig.5 and will be kept in the

i.e. an area constraint optimization. The varialpleg, W;} are
the only design freedom parameters to maximize piveer
efficiency under a load profiléV,,,., [..r} defined by the
digital core. As shown in Fig. 4.b, the maximali@éncy is
obtained at an optimal valudF,,, W,,.} where W,,,

represents the total width of the switches. Thénmgdtoutput

following analysis.) The power density is then 43y,
which is relatively low compared to current digithés (about
1wW/mnr).

I1l. COMPARISON OFCONVERTEREFFICIENCY

A. Key Parametersfor an Efficient Converter

voltage Vi is below a 2:1 voltage gain due to the finite

equivalent output resistor.RFig. 4.a). It is important to notice Equation (1) predicts the SCC efficiency using éhre

technology parameterg;., A, andk,,;. For exampled, and

our optimization maximizes the power efficiency hatit
guarantee on the output voltage.

The SCC provides a sufficiently fast transient cese to
meet the load transient requirement as proven]in18]. If a
small voltage regulation range is required, the taving
frequency could be slightly modulated. However,
efficiency is reduced as the SCC acts as a linegulator
outside its optimal 2:1 ratio (Fig. 4.b). As prawity
mentioned, this is one of the limitations of swi&dhcapacitor
topology. For large output voltage regulation, rdgurable
SCC [3] or MISO [17] topologies can be used to ntwn

{Wopt'Fopl}
Vg - Re v . 3 ;
: [a N
o0 \51:5 FN
Rq Rp [Ny
I
5 - Var 1t
Vcorelvdd

(@) (b)

Fig. 4. Small signal model and power efficiencyeltage gain

A illustrate the switch capacity to reduce the cation and
switching losses, respectively, i.e. tH€ and #' terms in this
equation. In this paper, thick oxide 150nm- andri28&ong
channel transistorLg,, in 65 and 28nm technologies,
respectively, are chosen to allow 1.8V input operatThe

thefigure of merit (FoM) for the switch, well used the power

community, results from the trade-off between catidn and
switching capacity and is given by:

FOMS = Ron X Qg = lr X lc X Vdrive (3)

where,R,, is the on-state resistana@, the total charge

digital core
Score mm2

digital core
SCOVS mmz

) 7
in-package converter
> Sore MM?

A )
on-die converter
10% of §,,, mm?

Fig. 5. Small signal model and power efficiencyeitage gain



needed to switch from OFF to ON states, #pd,. the gate
voltage swing (here 1.8V).

The capacitance density. is also a key parameter as the
flying capacitor value is strongly linked to theh#vable
efficiency as shown by the™S5term in (1). The two
technologies offer poly/nwell and MIM capacitancéke high
density poly-type capacitance i.e. thin oxide,a$ permitted in
the SCC design as the maximal voltage value a¢hesflying
capacitor (1.2V max in steady-state, 1.4V in trangiis higher
than its maximal voltage rating (1V in 28nm and\l.ix
65nm). The thick oxide poly-type capacitance wasseh as it
offers a higher voltage rating but lower densityalso suffers
from a non-negligible bottom plate capacitance Wwhic
influences the efficiency as shown by tH&tdrm of equation
(2). Thek,,; parameter is expressed as:

_ Chot

= (4)

Moreover, the poly capacitance area cannot be detese
stack the transistors of the digital core as ieady uses the
polysilicon layer. The MIM-type could be stackedtbe poly-
type capacitor to gain density but the MIM optiatda a slight
cost (a few % more). Here, thg,, coefficient for MIM is
assumed to be zero as the metal layers for thesphate far
from the bulk i.e. typically on the™sand @' layers. For all
capacitor types, the equivalent series resistoRjESassumed
to be negligible (though non-negligible in prac}icghis paper
studies an ideal case which involves a lower SGiCieficy in
reality.

bot

B. Technology Capability

To highlight each technology capability, Table Yes the
most critical parameters which influence the SCfiziehcy.
The best parameters are highlighted in bold. Caoniegrthe
switching capability, the two technologies offer samilar
FoM,. The total stacked capacitance in the same suiface
about 50% higher for the 28nm node which potentiallows

TABLE |
PROCESS PARAMETER&NFLUENCING CONVERTERPERFORMANCE

65nm 28nm .
Parameter bulk FDSOI Unit
N-MOSFET channel resistivity 0.7 0.5 KQ X pm
A (1)
Gate capacitance per transistor unit
lengthik, (1) 1.6 1.8 fF/um
Figure of Merit of the switch 19 18 KQ X £C
FoM
Integrated poly capacitance density 96 66 F/um?
0-c,poly (2)
Integrated MIM capacitance density 5.0 15.9 F/um?
Ocmim (3)
Total stacked capacitance 146 225 fF /um?
Oc,poly + Oc¢,mim
Bottom plate poly cap. Coefficient 1.2 86 %
kbat (4)

Note: in bold, the best benefit value in terms ofherter design (1) Thick
oxide 150nm- and 200nm-long channel transistors 2B and 65nm
technology, respectively; driving voltage 1.8V; (Bhick oxide polysilicon
capacitors at 1.0V bias with 1.8V maximal voltagging; (3) additional
layers needed for Metal Insulator Metal capacitotian, the bottom plate of
the MIM is negligible. In 28nm, the MIM voltage iag is 1.1V (4) included
in the DKit model (not post-layout extracted).

the best power density for the SCC i.e. reducimgsthterm in
(2). In practice, the capacitance density is laéss tthe given
value for both technologies (see Table 1) as soanttipning
is needed to reduce the effective ESR. The FDSOtgss
suffers from a higher bottom plate coefficieh},, thus
increasing the @term in (1).

Table 1 gives an overview of the main advantages an
disadvantages of these technologies but it failsite an exact
figure for the achievable efficiency of an SCC forgiven
surface. However, section I11.D will discuss this.

C. Vertical Capacitor Integration: a Relevant Option

The previously mentioned capacitors (poly and Mhdye
planar plates. The surface density(F/m?) is mainly limited
by the thickness of the dielectrie (about 1nm) and is
expressed as:

C

- (5)

Where, S is the surface required for the capadiads is the
permittivity.

N 1
O¢ =€&E-X-
e N

The vertical capacitor is an alternative solutioralieviate
this problem. For example, deep-trench capacithasgoroven
its ability to reach a high density value and éfit SCC on a
smaller area [15], [6].

In recent literature from the 3DIC community, tedugh
silicon capacitor (TSC) is introduced [9]. The maiivantage
is its higher capacitance density compared to pl&&OS
capacitance e.g. poly or MIM. As the SCC efficiestsongly
depends on the capacitor value, this paper widl algplore the
TSC option as well as the planar capacitance.

Fig. 6 shows the three possible stacking arrangesmethe
context of this paper. The first solution consistsntegrating
the TSC in the 65nm die where through silicon \i8Y) does
not take up the total die area). The TSV is notshim Fig. 6.
The second solution is to have an additional layigr specific
technology which integrates the passive componieaitsTSC
capacitors. The third solution is to integrate #otive part of
the converter in a 28nm die i.e. the switches amdrol, and to
use a passive layer for TSC capacitance. In ales;athe
available on-die capacitor (poly and MIM) couldaalse used
to improve the overall capacitance density.

Based on the literature and the expected evolufothis
promising technology, a 100fF/jfneapacitance density with
no bottom plate ;,,; = 0) and no ESR are assumed in the
following sections.

Digital core
D D S

I Digital core+converter

I connected
[ | | m$c | |

Fig. 6. Stacking configuration to integrate TSQha power distribution.

28nm Digital core
TS
65nm[_ coeride +4sC | ]

Passive layer

AR RLALRLELEEL
[ 1 1 m$c] ||

| Tsc
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Fig. 7. Maximal efficiency versus maximal outputtage

D. Smulation-based Optimisation and Comparison

The same 2:1 SCC topology (Fig. 3) in both techgiel®is
optimized to reach maximal power efficiency. Thenditions
are to supply the MIPS32 core defined in 1.C witBV input
voltage for a given die area. The dead time i2s800ps and
the driver loss is taken into account. Figure 8wshdhe
achievable power efficiency versus die area of 8@C
topology using 28 and 65nm nodes with planar (poig MIM
combination) and vertical (TSC) capacitances. Theseilts
come from transistor-level simulations.

Fig. 8 shows the maximal efficiency achievable yCS
occupied a silicon surface from 0.1 to 50mfar different
capacitance options: poly only, poly and MIM staghd TSC
only. As our optimization does not guarantee anypuiu
voltage, the two gray lines illustre the achievaloletput
voltage value. For examle, 0.8V and higher outpltage is
reached at maximal efficiency in few cases: onlyase higher
than 10mrh for TSC option and than 25ninn 28nm with
MIM. To clarify the difference between the maxinefficiency
at the optimal ouptut voltage {)) and the achievable output
voltage at a lower efficiency (W, two optimisation cases are
traced in Fig. 7 where| is the efficiency and M is the
conversion ratio (WrdV qq)-

In a poly configuration, the 28nm node is lesscadfit than
65nm. For example, the power efficiency in 28nrdasreased
by 8 points for the same 1rrsurface or the area is multiplied
by 6 to keep 73% efficiency compared to 65nm. Thimainly

100

TABLE Il
EFFICIENCY IN 2 AND 3D SOLUTION COMPARISON WITH CAPACITANCE OPTIONS
FOR THE PROCESSOR UNDER TEST

Capacitance option available
only poly
MIM, no TSC
MIM and TSC

2D
65
92
92

3D
78
87
96

due to the high parasitic capacitance i.e. tHetdrm is
predominant.

In the poly and MIM stack configurations, the 28nm
process offers the best efficiency over the whadeadea range.
This is mainly due to better capacitance densityalasady
shown in Table 1. The poly-type capacitance is reddrom
the stack in 28nm due to a high,,, parameter. The
capacitance density, ,,;, is lower but the overall efficiency is
better allowing higher switching frequency. Now,ng8 has
four points of efficiency more than 65nm at 1fifo keep the
same efficiency, the converter needs to be 50%targ65nm
than in 28nm. Thus, the surface area saved in xpensive
28nm die could cover the additional cost of a lafigm die.

The vertical capacitance improves power efficieimcigoth
technologies. For lmfnconverter area, the efficiency is
improved by 23 points in 28nm. The gap between 2&mnih
65nm is negligible as the switch characteristies equivalent
(see Table 1). This option confirms the major i@i¢he dense
passive layer to propose efficient and dense iategrDC-DC
converters. A decrease in surface highlights tmefieof using
TSC.

For the processor being studied here, 10% additarea is
allocated for its on-die power supply (see sectibg),
meaning 2.1mfmof 28nm using poly-type capacitance. From
Fig. 8, the power efficiency is equal to 65%. Fompackage
solution, the 65nm area could be up to 2Fnmplying 87%
power efficiency. If the MIM could be integrated tre top of
the digital core, the surface dedicated to the 8C%e In this

! T
Vopt> . Y
T;‘:------g—--ﬂ -----

i

B . < > —
= .-
.g /',/' » +8p. 250,
2 [poveme e J / 5%
i /ﬂ/ e —28nm MIM
’ »
007 7 el --=65nm poly+MIM
el ~28nm TSC
/,/ oy --65nm TSC
5 / -*28nm poly 7
*-65nm poly
4 I | i i i Lo L i - i
10'1 100 0.1xScore 101 Score

Surface (mm?2)

Fig. 8. Power efficiency v. die area in 28 and 65mades from transistor-level simulations.



case, 92% efficiency is possible in 28nm, bettantthe in-
package solution. The TSC option improves the iefficy to
96% in both technologies as.g is used to integrate TSC
capacitors (Fig. 6). Table 2 resumes the diffeogtions in 2D
and 3D contexts.

If the power density of the load increases e.g. 1imstead

with poly and MIM stack configuration at 27mm2 &ilh
surface (&9 when the frequency or transistor widths vary.
The losses are distributed between DC and AC cdimhsg
bottom plate and driver which correspond t§ 2", 3" and #'
terms in equation (1) respectively. lereth(g) coefficient

places the SCC behavior in the SSL or FSL regid2% [ In

of 21mnf, the dedicated area in 28nm-poly case is reduzed Fig. 10 and 11, the optimal point to reach the meki

0.1mnf leading to less than 50% efficiency i.e. lowernttsa
linear regulator. Therefore, we can say that theduction of
TSC increases the efficiency to 90% as the flyiagacitor
covers the same area than the digital load i.e. 4nim
conclude, high power density digital load needscisppdayer
such as TSC to reach acceptable efficiency andubugitage.

E. Optimal Snitch Width and Switching Frequency

efficiency is {Fyp., Ws} = {9IMHz,34mm} (see Fig. 9). For
example, if the switching frequency decreaseseffieiency is
reduced due to the AC conduction loss (Fig. 10}hla case,
the SCC is in SSL region. In opposite, if the shiig
frequency increases (FSL region), the power fegdthé gate
drivers and the bottom plate charge/discharge phena are
increased then reducing the SCC efficiency. To kemlg; these
Figures clearly show the optimal point and lossisfidution

The optimal{F,,., W5} parameters of the four SCCs are yhen the{F, ., W3} couple varies.

given in Fig. 9. The total switch width is given:by
Wopt=2?=1Wl=3XW3+2XW3+W3+2XW3 (6)

A decrease in surface area, increases the switchi
frequency to compensate th8 ®rm in (1), but also decreases
the total switch width to limit the®iterm in (1). For 1mf) the
on-die converter operates at a 100MHz switchingdescy
with a total transistor width of 10mm for both teckogies.
These similar results can be explained as thetretal global
optimization of all terms in (1).

The TSC option reduces the optimal switching freupye
from 100 to 20MHz for 1mf This lower frequency leaves
room to increase the total switch width as all ®im (1) are
optimized at the same time. However, it is impdrtanpoint
out that the surface of the switches is far loviemtthe SCC
area confirming the negligible surface of the shétg, as:

Ssw (@)

= Wopt X st < Score

F. Lossesdistribution
Figures 10 and 11 show the loss distribution inn63mde

9

Fig. 12 shows the loss distribution at the maximal
efficiency when the SCC surface varies from 0.05nim

mnt. At higher surface i.e. higher flying capacitaveadue,
the bottom plate loss contribution increases. Tl SCC
region is between SSL and FSL asth(g) is close to the
unity.
G. Towards Reducing the Pin Number

By using higher voltage-rating components, the tnpu
voltage can be increased which then reduces theentur
through the power pins. Therefore, the number ofs ps
reduced in the final packaging. In the contexthig paper, the
65nm process offers a 2.5V voltage rating transiata 1.8V
capacitor and so the 2.5V input voltage rail cavidéi the
current by 0.7 compared to 1.8V case. The |0 pmms loe
reduced by 50% to keep the current constraint. $téding is
more difficult in 28nm as the maximal voltage o&tMIM
capacitor is limited to 1.4V. Moreover, the switshwave to be
cascaded reducing the Fghiefined in (2).

° —28nm MIM
5 & ---65nm poly+MIM
S o — — _ ~-28nm TSC
5 [ ; T ~+-65nm TSC
2 —— T —
[} L ~-...Tr\
%107, \% ) ~.-..__\_.-.\\ ]
§ B S .:::_ =

\Q'ni
= s
= /.-.-—
3 pnsnansns™ '_/f«-
k= g iR e
B 107 e T .
= e :
3 ‘ -
S
Z 10° ‘ 3
-1 o :
10 10 "

Surface (mmZ), log axis

Fig. 9. Power efficiency v. die area in 28 and 65mdes from transistor-level simulations.



H. Limitations and strengths of this analysis

A comparison has been made using assumptionsedsitif
the previous sections: i) maximal capacitance dgng) no
capacitance ESR, iii) no effect of the interconioec{layer to
layer), iv) no power consumption from the feedbagkpnly
2:1 ratio analysis, vi) negligible effect of theydtaut especially
onk,,;, Vvii) low density digital core, viii) no static @lynamic
FDSOI back biasing, ix) only results from transidtvel
simulations, x) no driving swing optimization, xip interleave
scheme, xii) no thermal analysis, xiii) no outpubltage
guaranteed in the optimization procedure. Howevier,
practice, the power efficiency will be lower. Theductive-
based converter is also not studied even if pubdisivork [1]
has proven their capacity for a dense and effictamtverter
with a passive layer.

The above assumptions are chosen to analyze thienadax
efficiency achievable by the two technologies unither same
constraints. Our aim is to avoid a table comparpngvious
published work using heterogeneous technologied/(Mleep
trench, SOI) under different constraints (load entrprofile,
input voltage, die area) [11], [1]. On the one hatiet key
advantage of these tables is to access the acleesfiisiency
in practice. On the other hand, the comparisoneangy be
too large to clearly underline the effects of thregess and
design choices.

IV. DISCUSSION ANDTRENDS

This study confirms that 3D technology is a reldévan

candidate to provide an efficient integrated posgoply in a
multi-core processor context. As DC-DC converteos robt

directly benefit from scaling technology, the agtdial active

or passive layers in a 3D context allow a highdtage rating

transistor or higher capacitance density whichebegtits the
converter requirements. This solution saves themsige die-
area of digital cores, improves the silicon yidlt;reases the
acceptable input power supply and therefore redtivesin

number for the external package. The recent impneve for

high capacitor and inductor value integration inpcess
including a small number of steps argues in fa¥dhis.

The authors believe that the future of granulawgro
management is 3D with dedicated layers for poweshasvn in
Intel's choice [1] rather than on-die converte®. @&sign also
allows multiple layers to integrate N convertersparallel to
again improve the power density. However, the bazblogy
between inductive-, capacitive- or resonant-baseverters is
not clear cut as it strongly depends on the pagsviormance
offered by the emerging 3D technologies.
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