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(57) ABSTRACT

A heterogeneous power distribution system for an integrated
circuit includes a power network-on-chip that receives elec-
trical power from one or more off-chip power converters.
The power network-on-chip includes a mesh of power
routers to power a plurality of on-chip loads. The mesh of
power routers includes a plurality of integrated simple
routers and a plurality of integrated complex power routers.
Each complex power router of the plurality of complex
power routers includes a microcontroller which is commu-
nicatively coupled to one or more switches and one or more
sensors of the complex power router. The microcontroller is
configured to run a process algorithm that dynamically
routes and controls power according to a power delivery
policy by controlling the one or more switches based on
information received from the one or more sensors. A
method to determine a near optimal distribution of power
supply resources in a heterogeneous power delivery system
is also described.
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HETEROGENEOUS METHOD FOR ENERGY
EFFICIENT DISTRIBUTION OF ON-CHIP
POWER SUPPLIES AND POWER NETWORK
ON-CHIP SYSTEM FOR SCALABLE POWER
DELIVERY

STATEMENT REGARDING FEDERALLY
FUNDED RESEARCH OR DEVELOPMENT

This invention was made with government support under
CCF-1329374 awarded by the National Science Foundation.
The government has certain rights in the invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of U.S.
provisional patent application Ser. No. 62/042,572, HET-
EROGENEOUS METHOD FOR ENERGY EFFICIENT
DISTRIBUTION OF ON-CHIP POWER SUPPLIES AND
POWER NETWORK ON-CHIP SYSTEM FOR SCAL-
ABLE POWER DELIVERY, filed Aug. 27, 2014, which
application is incorporated herein by reference in its entirety.

FIELD OF THE APPLICATION

The invention relates to a power delivery system for an
integrated circuit and particularly to a system that delivers
power more efficiently to the on-chip circuitry of an inte-
grated circuit and a method to design such a system.

BACKGROUND

In the background, other than the bolded paragraph num-
bers, non-bolded square brackets (“[ ]”) refer to the citations
listed hereinbelow.

The delivery of high quality power to the on-chip circuitry
with minimum energy loss is a fundamental requirement of
all integrated circuits (ICs). To supply sufficient power, a
higher unregulated DC voltage is usually stepped down and
regulated within the power delivery system W. Power con-
version and regulation resources should be efficiently man-
aged to supply high quality power with minimum energy
losses within multiple on-chip voltage domains [2].

SUMMARY

According to one aspect, a power network on-chip
(PNoC) for an integrated circuit includes one or more
voltage clusters. Each voltage cluster includes a plurality of
locally powered loads. A plurality of power routers is
disposed in a mesh circuit topology as a mesh of power
routers, the mesh of power routers is configured to receive
power from one or more power converters. Each of the
power routers is electrically coupled to and configured to
power a locally powered load. Adjacent power routers of the
plurality of power routers are electrically coupled to each
other via a switch of a plurality of switches. At least one
programmable unit communicatively is coupled to the plu-
rality of switches. The programmable unit is adapted to
manage power delivery to the locally powered loads of the
one or more voltage clusters by configuring a switch posi-
tion of at least a subset of switches of the plurality of
switches based on sensed voltages and currents within the
one or more voltage clusters.
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In one embodiment, the programmable unit is configured
to apply a new set of the switch positions substantially in
real-time on a time-slot basis.

In another embodiment, the at least one programmable
unit includes a microcontroller disposed on the integrated
circuit.

In yet another embodiment, the one or more power routers
of'the plurality of power routers is a complex power delivery
system including one or more sensors, one or more dynami-
cally adaptable power supplies, one or more switches and a
microcontroller configured to control the one or more
dynamically adaptable power supplies and the one or more
switches in response to measurements based on the one or
more sensors.

According to another aspect, a heterogeneous power
distribution system for an integrated circuit includes a power
network-on-chip (PNoC) is configured to receive electrical
power from one or more off-chip power converters. The
power network-on-chip includes a mesh of power routers
that are electrically coupled to and configured to power a
plurality of on-chip loads. The mesh of power routers
includes a plurality of integrated simple power routers and
a plurality of integrated complex power routers. Each com-
plex power router of the plurality of complex power routers
includes a microcontroller and is communicatively coupled
to one or more switches and one or more sensors of the
complex power router. The microcontroller is configured to
run a process algorithm that dynamically routes and controls
power according to a power delivery policy by controlling
the one or more switches based on information received
from the one or more sensors.

In one embodiment, each power domain of a plurality of
power domains is controlled by a power router of the mesh
of power routers.

In another embodiment, one or more of the plurality of
integrated simple power routers include a linear voltage
regulator.

In yet another embodiment, at least one complex power
router controls a plurality of linear low dropout regulators
within a common power domain.

In yet another embodiment, the power network-on-chip
receives a converted electrical power from a plurality of
off-chip switching power converters and delivers a regulated
electrical power to a plurality of on-chip voltage clusters.

In yet another embodiment, the power network-on-chip
includes one or more real-time dynamic voltage scaling
circuits.

In yet another embodiment, the power network-on-chip
includes one or more real-time dynamic frequency scaling
circuits.

In yet another embodiment, the power network-on-chip
includes one or more real-time adaptable energy allocation
circuits.

In yet another embodiment, the power network-on-chip
includes one or more adaptive RC compensation networks.

In yet another embodiment, the RC compensation net-
work is includes a capacitive block electrically coupled to
two series resistive blocks, the capacitive block and the two
series resistive blocks are digitally controlled and digitally
configured to stabilize a linear regulator under a wide range
of process variations.

In yet another embodiment, the power network-on-chip
includes one or more adaptive current boost networks.

In yet another embodiment, at least one of the one or more
adaptive current boost networks is electrically coupled to
and controls a current through a differential pair of a linear
regulator. When a high slew rate transition at an output of the
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linear regulator occurs, a boost mode is activated, raising a
tail current of the differential pair, or alternatively, during a
regular mode causing substantially no additional current
flows into the differential pair, enhancing a power efficiency
of the linear regulator.

In yet another embodiment, the power network-on-chip
controls an on-chip quality of power factor.

According to yet another aspect, a method to determine a
near optimal distribution of power supply resources in a
heterogeneous power delivery system includes the steps of:
providing an electronic system programmed to distribute
power supply resources in the heterogeneous power delivery
system; accepting by computer process a set of voltage
domain information including a number N of on-chip volt-
age domains and a voltage V and current load I for each of
the on-chip voltage domains and a maximum number
N azex 0f off-chip switching mode power supplies; calcu-
lating by a computer process that is more computationally
efficient than an exhaustive optimal computation by use of
at least a selected one of: a binary power supply clustering
process and a linear power supply clustering process, based
on the set of voltage domain information and the maximum
number N, of off-chip switching mode power supplies,
a near optimal set of voltage clusters including a number and
distribution of linear low dropout regulators associated with
each cluster, the linear low dropout regulators configured to
power each of the on-chip voltage domains; and configuring
the electronic system to the near optimal distribution of
power supply resources based on the near optimal set of
voltage clusters.

In another embodiment, the method further includes at
each step of the binary power supply clustering process a
step of identifying a specific voltage cluster having a widest
voltage range and distributing one or more of the linear low
dropout regulators into two separate clusters.

In yet another embodiment, the linear power supply
clustering process linearly distributes a plurality of linear
low dropout regulators within the voltage clusters.

The foregoing and other objects, aspects, features, and
advantages of the application will become more apparent
from the following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of the application can be better understood
with reference to the drawings described below, and the
claims. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the prin-
ciples of the application. In the drawings, like numerals are
used to indicate like parts throughout the various views.

FIG. 1A shows an illustration of a power delivery system
with four off-chip voltage domains;

FIG. 1B shows an illustration of a power delivery system
with four integrated on-chip voltage domains;

FIG. 1C shows an illustration of a power delivery system
with distributed point-of-load power supplies for voltage
conversion and regulation;

FIG. 2 shows a schematic diagram of an exemplary buck
converter;

FIG. 3A shows a graph of physical area vs. load current
for moderate, high, and ultra-high switching frequencies;

FIG. 3B shows a graph of power efficiency vs. load
current for moderate, high, and ultra-high switching fre-
quencies;

FIG. 4 shows a schematic diagram of an exemplary linear
low dropout regulator (LDO) circuit;

20

25

30

40

45

55

60

65

4

FIG. 5 shows a graph of LDO physical area per 1 mA load
vs. technology length;

FIG. 6 shows a graph of LDO area for typical current
loads;

FIG. 7A shows a graph of voltage vs. technology length
illustrating trends in typical high performance, low power,
and internal core primary voltage supplies;

FIG. 7B shows a graph of V,,/V,\ % vs. technology
length illustrating trends in internal voltage conversion
ratios;

FIG. 8A shows a graph of LDO and buck converter
physical area vs. current for moderate, high, and ultra-high
switching frequencies;

FIG. 8B shows a graph of LDO and buck converter power
efficiency vs. current for moderate, high, and ultra-high
switching frequencies;

FIG. 9 shows a chart of Power and area overhead of a
linear, switching mode power supplies (SMPS), power sup-
ply in a package (PSiP), and preferred power conversion
system,

FIG. 10A shows an illustration of a power delivery system
with four voltage domains, utilizing off-chip power supplies;

FIG. 10B shows an illustration of a power delivery system
with four voltage domains, utilizing distributed point of load
(POL) power supplies;

FIG. 10C shows an illustration of a power delivery system
with four voltage domains, utilizing a heterogeneous system
with off-chip converters and on-chip regulators;

FIG. 11 shows block diagram of a model of a heteroge-
neous power delivery system with N off-chip switching
converters, N, on-chip linear regulators, and N on-chip
voltage domains;

FIG. 12 shows block diagram of a heterogeneous power
delivery system with an equal number of off-chip switching
converters, on-chip linear regulators, and on-chip voltage
domains (N&=N;=N);

FIG. 13 shows block diagram of a heterogeneous power
delivery system with a single off-chip switching converter,
and an equal number of on-chip linear regulators and
on-chip voltage domains (Ng=1, N,=IV);

FIG. 14 shows block diagram of power supply clusterings
for a heterogeneous power delivery system where NS=2,
NL=N=3, and {K0=0, K1=2, K2=3};

FIG. 15 shows block diagram of power supply clusterings
for a heterogeneous power delivery system where NS=2,
NL=N=3, and {K0=0, K1=1, K2=3};

FIG. 16 shows a histogram of a heterogeneous power
delivery system average efficiency using an exhaustive
power supply clustering algorithm;

FIG. 17 shows a histogram of a heterogeneous power
delivery system standard deviation using an exhaustive
power supply clustering algorithm;

FIG. 18A shows a histogram illustrating a decrease in
linear and binary power efficiency from the optimal power
efficiency for randomly distributed voltage levels;

FIG. 18B shows a histogram illustrating a decrease in
linear and binary power efficiency from the optimal power
efficiency for voltage levels grouped within three voltage
ranges;

FIG. 19A shows a graph of linear and binary power
efficiency for 25 voltage domains;

FIG. 19B shows a graph of linear and binary power
efficiency for 50 voltage domains;

FIG. 19C shows a graph of linear and binary power
efficiency for 75 voltage domains;

FIG. 19D shows a graph of linear and binary power
efficiency for 100 voltage domains;
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FIG. 20 shows a graph of linear and binary power
efficiency vs. the Ng,,, /N ratio for 25, 50, 75, and 100
voltage domains;

FIG. 21 shows a block diagram of an exemplary hetero-
geneous power delivery system with two switching mode
power supplies (SMPS), two switched capacitor (SC) volt-
age converters, seven low dropout regulators (LDO), and six
power domains grouped into three voltage clusters;

FIG. 22A shows a block diagram of an on-chip networks
based on the approach of separation of functionality in a
network-on-chip (No C);

FIG. 22B shows a block diagram of an on-chip networks
based on the approach of separation of functionality in a
power network-on-chip (PNoC);

FIG. 23 A shows a block diagram of an exemplary on-chip
power network with multiple locally powered loads and
three supply voltage levels in a PNoC configuration at time
3

FIG. 23B shows a block diagram of an exemplary on-chip
power network with multiple locally powered loads and
three supply voltage levels in a PNoC configuration at time
3

FIG. 24 shows a diagram of an on-chip power network
with routers distributing the current over the power grid to
the local loads;

FIG. 25A shows a schematic diagram of an exemplary
power router for a PNoC Simple topology with a linear
voltage regulator;

FIG. 25B shows a schematic diagram of an exemplary
power router for a PNoC advanced topology with a dynami-
cally adaptable voltage regulator and microcontroller;

FIG. 26 shows graphs of voltage vs. time for four pre-
ferred and supplied voltage levels in PNoC with four power
domains;

FIG. 27 shows a schematic diagram of an exemplary
PNoC with four power domains and four power routers
connected with control switches;

FIG. 28 shows a schematic diagram of an exemplary
power router with voltage regulator, load sensor, and adap-
tive networks; and

FIG. 29 shows graphs of voltage levels vs. time of the
exemplary PNoC with four power domains.

DETAILED DESCRIPTION

In the description, other than the bolded paragraph num-
bers, non-bolded square brackets (“[ ]”) refer to the citations
listed hereinbelow.

The method for heterogeneous method for energy efficient
distribution of on-chip power supplies is first described in
five parts, followed by a power network on-chip system for
scalable power delivery, also in five parts.

HETEROGENEOUS METHOD FOR ENERGY
EFFICIENT DISTRIBUTION OF ON-CHIP
POWER SUPPLIES

Part I Introduction

The delivery of high quality power to on-chip circuitry
with minimum energy loss is a fundamental requirement of
all integrated circuits (ICs). To supply sufficient power, a
higher unregulated DC voltage is usually stepped down and
regulated within the power delivery system [1]. Power
conversion and regulation resources should be efficiently
managed to supply high quality power with minimum
energy losses within multiple on-chip voltage domains [2].
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The design complexity of a power delivery system
increases with greater requirements on the quality of the
power supply, limitations of the passive elements, board and
package parasitic impedances, and limited number of I/O
pins. In a modern system-on-chip (SoC), the power supplies
provide voltages for the ICs within the overall system
(CPUs, GPUs, hard disks, storage, sensors, and others), as
well as the analog and digital circuit blocks within the ICs.
A regulated 12 volt output voltage is often derived off-chip
from a 48 volt battery voltage [1]. The on-chip DC voltage
levels are significantly lower and range from a fraction of a
volt in low power digital blocks to several volts in input/
output buffers, high precision analog blocks, and storage
ICs. Furthermore, to effectively exploit the power-delay
tradeoff, additional power management techniques such as
dynamic voltage scaling (DVS) and dynamic voltage and
frequency scaling (DVFS) are employed, further increasing
the design complexity of the power delivery system. Thus,
to efficiently manage the power delivered to a modern SoC,
what is needed is a methodology to distribute and manage
the power supplies. A method that provides rules for het-
erogeneous power delivery and performance evaluation of
an overall power delivery system is described in detail
hereinbelow.

Traditionally, power is managed off-chip with energy
efficient power converters (FIG. 1A), delivering high quality
DC voltage and current to the electrical grid that reliably
distributes the on-chip power. The supply voltage, current
density, and parasitic impedance, however, scale aggres-
sively with each technology generation, degrading the qual-
ity of the power delivered from the off-chip power supplies
to the on-chip load circuitry. The power supply in a package
(PSiP) approach with partially off-chip yet in package power
supplies has recently been considered as an intermediate
power supply technology with respect to cost, complexity,
and performance [3]. The power is regulated on-chip to
lower the parasitic impedance of both the board and package
(FIG. 1B). To fully integrate a power converter on-chip,
advanced passive components, packaging technologies, and
circuit topologies are important. Recently, several power
converters suitable for on-chip integration have been fabri-
cated [4]-[24]. Based on these power converters, a power
supply system with several on-chip power converters can be
developed to improve the quality of the power delivered
within the ICs.

On-chip power supply integration is an important corner-
stone to the power supply design process. A single on-chip
power converter is however not capable of supplying suf-
ficient, high quality regulated current to the billions of
current loads within the tens of on-chip voltage domains. To
maintain a high quality power supply despite increasing
on-chip parasitic impedances, hundreds of ultra-small power
converters should ultimately be integrated on-chip, close to
the loads within the individual multiple voltage domains
[4]-[7]. A distributed point-of-load (POL) power supply
system is illustrated in FIG. 1C.

While the quality of the power supply can be efficiently
addressed with a distributed multi-voltage domain system,
the limited power efficiency of the on-chip converters is a
primary concern for the POL approach. The high power
efficiency of the off-chip power converters is traded off for
small area and locally regulated current and voltage. To
address the concerns of a POL power supply system, exist-
ing power converter topologies are described and compared
in Part II. Heterogeneous power delivery is introduced in
Part I1I to both decrease the noise and increase the efficiency
of the supplied power. Electronic systems are defined as
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including systems that combine electronic circuits and com-
ponents, and systems which are designed to realize complex
functions (e.g., including computer and telecommunication
systems). Process algorithms to determine how best to
distribute the power supplies within a heterogeneous power
delivery system of an electronic system and related simu-
lation results are presented, respectively, in Part IV and Part
V. The new method is summarized in Part V1.

Part IT Power Converter Topologies

Switching and linear DC-DC converters are the most
commonly used topologies for DC-DC conversion and regu-
lation. Historically, a large switching mode power supply
(SMPS) is preferred over a compact linear power supply due
to the high, ideally 100%, power efficiency of an SMPS.
With on-chip power converters, strict area constraints are
imposed on the DC-DC converters, affecting the choice of
power supply topology. Compact switching power convert-
ers can potentially be designed at higher switching frequen-
cies. The parasitic impedance in these converters however
increases, degrading the power efficiency of the power
delivery system. The physical size and power efficiency of
switching and linear topologies are discussed, respectively,
in Part II.A and Part II.B. Some conclusions reviewing a
preferable choice of on-chip power supply topology are
provided in Part I1.C.

A. Switching Converters

A typical switching mode power supply converts an input
voltage V,, to an output voltage V ,,,, supplying the required
current I, to the load circuitry. These converters are oper-
ated by a switching signal fed into passive energy storage
components through a power MOSFET controlled by a
pulse width modulator (PWM). A common step down SMPS
converter operating as a buck converter is shown in FIG. 2.
The stored input energy is restored at the output at a voltage
level, maintaining high power efficiency up to a frequency f,
of a few megahertz [25]. The operational mode of a buck
converter, output voltage, output current, and transient per-
formance are affected by the output L.C filter and controller
in the feedback loop, as illustrated in FIG. 2. The on-chip
integration of SMPS converters is greatly complicated due
to 1/O limitations, and constraints related to the physical size
of the passive elements [26]. The area required by the
passive components to achieve a specific impedance is
inversely proportional to the frequency, and can be reduced
in on-chip converters by operating at ultra-high switching
frequencies. Conversely, an SMPS operating at a high
frequency is more greatly affected by the parasitic imped-
ances, degrading the power efficiency of the converter.

The area of a buck converter is dominated by the size of
the passive elements and is

ABuck, MIN = oA
s
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where L and C are, respectively, the inductance and
capacitance per square micrometer of the LC filter. The
voltage regulation is a primary concern for POL power
delivery. In Discontinuous Conduction Mode (DCM) [5],
the current ripple v,1,,, within the inductor L. exceeds the
output current I, and the voltage V,, at the output of a
converter becomes load dependent, degrading the quality of
the delivered power. To support high load regulation, the
buck converter is assumed in this analysis to be loaded with
an output current I, that exceeds the current ripple
(vApp=lpp), yielding expressions for the inductor and
capacitor operating in the Continuous Conduction Mode
(CCM) [5],

Lo Vin —Vop Vbp @
2fvilpp Vv’
1L
c= Jitoo 3
8frVpp
where v,V is the voltage ripple at the converter output,

and V, is the voltage at the load. To satisfy the tight load
regulation specifications, the output voltage ripple is
assumed to range up to 10% of V,, (y,=0.1). Substituting
(2) and (3) into (1), the area of a buck converter is

Vv - VDD)VDD) 1 “)

A = —
Buck ( 2LV fs vilpp

1
—— lyilpp.
* ( 8CyyVpp fs )y o

At low values of current ripple, the area of a buck
converter is dominated by the inductor and increases with
smaller values of v,I,,. Alternatively, at larger values of
vdpps the area of a buck converter is dominated by the
capacitor size and is proportional to the current ripple. An
optimum ripple current ¥, 71 5y, therefore exists that mini-
mizes the area of a buck converter for a target output voltage
ripple v,V o, and input and output voltage levels,

(1 VDD)C VopYaGV, G Vpp <l ©
Yiorrlpp = il — V_IN T DDYG DD YG DD =1ipp ,
(6)
Ipp, YcG-Vpp > Ipp

where 7.;G is the output conductance ripple and depends
upon the technology parameters, converted voltages, and
regulation specification. The minimum area of the buck
converter is therefore

o

¥cG-Vpp < Ipp

®

L Ipp * N( Vpp

VDD)%’

v YcG-Vpp > Ipp
v
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Thus, in CCM at low current loads (1,,<ycG'Vpp), the
minimum area of a buck converter is dominated by the
inductance characteristics and increases with smaller values
of'I,,,. However, for values of I, larger than y;G-V 5, the
minimum size of a buck converter does not strongly depend
on . Alternatively, both the power MOSFET losses and
power dissipated in the L.C filter are dominant at different
frequencies, conversion voltages, and current levels in
CCM. The power dissipated in the power MOSFET com-
prises the MOSFET switching power (xf.V,?), and the
resistive power (xR,\l,,°) dissipated by the effective
resistor R, of the MOSFET, yielding

» _ 2. V2 +4R Vop 2 )
BuckMOS = TV Vin 3Rov v = 1bp-
where [, is the minimum channel length, is the MOSFET

carrier mobility, and V. is the threshold voltage [27].

From (9), increasing the effective resistance of the MOS-
FET reduces the switching power dissipation, while increas-
ing the resistive loss. Thus, an optimum MOSFET resistance
Ron"Z7 exists that minimizes the power dissipated in an
MOSFET, yielding

10
Lin Viv Vv {10

3
ROT = 2™ . f_— . , and
oN 4uViy=VYr) " Vpp Ipp
" 4 2 1
=21 - — £ ViwVbp .
suck,wos = 2o 37 TS fsVinVpp

The power dissipated in an L.C filter [27] comprises the
power losses due to the resistive (ESR,,,) and capacitive

(ESC\p) parasitic impedances of the inductor,
P, Buck,[ND:4/ 3ESRHVD'IDD2+ESCINDfs'VHV2> (12)

and the power losses due to the parasitic resistance of the
capacitor (ESR,»),

13)

The total power dissipation and power efficiency of the buck
converter are, respectively,

Ppyer,cap=ESR CAP(YiIDD)2 .

4 ) 14
Ppuck = (§ESRIND + ESRCAP) “Ipp +

\/4 B
o [ 2 fmin
3uViv—Vr)

Proad

- fsVinVop - Ipp + ESCinp - f5+ Vi,

) (1s)

Nouck = 55— =
Proad + Ppuck

IppVpp

A
(§ESR,ND + ESRCAP)-IIZ)D +

- fsVinVop |- Ipp + ESCp - f5- Vi

v s \/ 4 B,
wo | bmin
o 3uViv = Vr)

Typical passive component parameters, represented by
[28]-[30] and technology parameters [31], are assumed to
demonstrate power and area tradeoffs and trends in buck
converters. Current load levels from a few milliamperes to
several amperes, and input and output voltages of, respec-
tively, 1 volt and 0.7 volts, are considered. The physical area
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(see (7)) and power efficiency (see (15)) trends are depicted
in FIG. 3A and FIG. 3B for moderate (10 MHz), high (100
MHz), and ultra-high (1 GHz) switching frequencies. At low
current loads, the power losses of a buck converter in CCM
are dominated by the parasitic capacitance of the inductor
(ESCp), decreasing the power efficiency at lower I, and
larger converter size (Ag,..*1/1,p for 1,,<vcGVpop).
Alternatively, at high current loads, the power efficiency is
dominated by the parasitic resistance of the inductor (ES-
R,\p) and capacitor (ESR ., ), increasing the power losses
of a buck converter at higher values of I,,,,. Thus, a buck
converter exhibits a parabolic shaped power efficiency with
current in CCM, while the physical size of the converter is
reduced at higher currents. Therefore, by targeting high
switching frequencies, the preferred current load can be
determined to convert a voltage with minimum power losses
and area for a specific value of switching frequency f.. For
example, as shown in FIG. 3A and FIG. 3B, a preferable
current exists for £=100 MHz and f=1 GHz since the
maximum power efficiency is reached at 1,,,>y-G-V,,, but
not at =10 MHz. The minimum power loss in (15) is
proportional to \/TS, significantly degrading the power effi-
ciency at high frequencies. Alternatively, the size of the
power supply converter is proportional to 1/f,, and decreases
at higher frequencies, exhibiting an undesirable tradeoff
between the power efficiency and physical size of a buck
converter.

The high power efficiency of traditional large power
converters operating at low frequencies is therefore traded
off for smaller physical size at ultra-high switching frequen-
cies.

B. Linear Converters

To supply a specific voltage V,,, and current I, to the
load circuitry, a linear power supply converts an input DC
voltage V,,; using a resistive voltage divider controlled by
feedback from the output. The primary drawback of a linear
topology is the resistive power losses that increase with a
larger V ,~V 5 voltage drop, which limit the power effi-
ciency to V,/V .. Alternatively, linear converters exhibit a
relatively small area, an important characteristic for on-chip
integration. FIG. 4 shows a schematic diagram of an exem-
plary standard linear converter, a low dropout (LDO) DC-
DC regulator that operates with a low V,,, V,, voltage drop.

The total current supplied by a linear converter comprises
the useful LDO current 1,,,, that flows to the load, and the
short-circuit current dissipated in the bandgap voltage ref-
erence and error amplifier. Power and area efficient voltage
references have been reported [11]-[14]. The total LDO
current is, therefore, dominated by the error amplifier and
power transistor currents. To mitigate transient voltage
peaks while supporting fast changes in the load current,
larger currents should be utilized within the error amplifier,
increasing the short-circuit current. Alternatively, to satisfy
the current load requirements in modern high performance
circuits, high currents of up to several amperes are used by
the load circuitry. The current flow within an LDO is
therefore dominated by the load current I,,,,. In this case,
both the area and power dissipation of a linear converter are
primarily dictated by the size of the output power transistor
and the dissipated power. Thus, the area of an LDO is
proportional to the width W of the output transistor, yielding

Ipp Ly (16)

Ay ca Wy, =0 ——————
Linear min /,(Cox(VIN _ VT)2
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where o is the transistor area-to-W-l,., is the
minimum channel length, p is the MOSFET carrier mobility,
and C, is the gate oxide capacitance. To accommodate the
effect of the line and load specifications that may signifi-
cantly affect the physical size of an LDO, a typical area per
1 mA load [4]-[14] (FIG. 5) is considered for those L.DOs
with a high current load, exhibiting a parabolic trend of area
with minimum technology length (A,,,../1,5%1...2).

The ratio A, ,,,./1,,,=5107° mm*/mA corresponds to the
28 nm technology node considered in FIG. 6. Typical 28 nm
CMOS technology parameters [31], and input and load
voltages are assumed in this analysis to demonstrate the
need for a large power transistor to supply high current to the
load (FIG. 6). The size of the linear converter ranges from
60x60 um* for 1,,,~0.5 amperes to 150x150 pum* for
1,5=3.5 amperes (FIG. 6), which can be further reduced
with technology scaling (A,,,..%1,.,>) and advanced
design solutions [4]-[24]. The current can therefore be
supplied to the load with an L.DO that is orders of magnitude
smaller than a corresponding buck converter.

The power dissipation of an LDO is

ratio, 1

3 “min

Prinea™=Viv=Vop)Mpp 17

Thus, the power loss in a linear converter increases with
a higher V,~V, drop, degrading the power efficiency of
the converter. Recent supply voltage trends are illustrated in
FIG. 7A and FIG. 7B for the internal core primary voltage
Vv and typical high and low V., levels [31], yielding
efficiency bounds within the 70% to 90% range of the
VooV ratio shown in FIG. 7A and FIG. 7B. Thus, a
moderate LDO power efficiency 1;,,,..,=V pp/ Vv 0f at least
70% can be predicted.

Sub/near threshold computing is a promising technique to
reduce the power consumed by an IC [32], [33]. To provide
a stable supply voltage at sub/near threshold levels, tunable
low noise voltage regulation below 0.5 volts is required. A
conventional analog LDO, however, fails to operate at these
low voltages. A digital LDO can be used to suppress the
analog nature of a conventional LDO [34], [35].

C. Comparison of Power Supply Topologies

The physical area and power efficiency of an LDO and
buck converter is shown in FIG. 8A and FIG. 8B. Buck
converters that are more power efficient than an alternative
LDO can operate at lower switching frequencies. These
buck converters are, however, inappropriate for on-chip
power conversion due to the large physical size and tech-
nology constraints of the passive elements that make on-chip
integration even more difficult. Alternatively, compact buck
converters can operate at high switching frequencies. These
buck converters, however, exhibit a lower power efficiency
and are therefore less effective for on-chip integration. Thus,
to deliver high quality power to the load circuitry under
typical area constraints, on-chip linear regulators should be
considered. The moderate power efficiency of an LDO
becomes a significant constraint when the power consump-
tion at the load increases. For example, converting 2 volts
into 1 volt while delivering 1 pAmp to the current load
results in a 50% power efficiency and 1 uWatt power loss
that can possibly be absorbed by the power delivery system.
Alternatively, converting 1.25 volts into 1 volt while deliv-
ering 1 mA to the current load results in 80% power
efficiency and a significant 250 pWatt power loss that is
difficult to mitigate. Thus, linear regulators are preferable to
switching power supplies, mainly for small input-output
voltage differences. A heterogeneous power delivery system
that efficiently exploits the power and area characteristics of
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linear and switching converters is desirable to enhance the
power supply quality and efficiency while satisfying on-chip
area constraints.

Part III Heterogeneous Power Delivery System

Both linear and switching power regulators are charac-
terized by an undesirable power-area tradeofl, exhibiting
either high power in compact linear regulators or large area
in power efficient SMPS, as depicted in FIG. 9. Thus, the
overhead of a power delivery system composed of only
switching or linear regulators is significant. Several power
delivery solutions exist that exhibit intermediate power
losses and area as compared to either linear or traditional
SMPS systems. For example, in a PSiP system, lower power
losses as compared to a linear system, and smaller area as
compared to a traditional oft-chip SMPS system, are traded
off for greater design complexity. A desirable power delivery
system minimizes power losses while satisfying on-chip
area constraints, yielding both high power efficiency and
small area, as depicted in FIG. 9.

To exploit the advantages of switching and linear con-
verters, a heterogeneous power delivery system is described
hereinbelow that converts the power in off-chip switching
power supplies and regulates the on-chip power with com-
pact linear power supplies, minimizing [.LDO voltage drops
and on-chip power losses. In a heterogeneous power deliv-
ery system, the area overhead is primarily constrained by the
compact LDOs that regulate the on-chip power, while the
power overhead is dictated by the power efficient switching
converters. Power conversion is therefore decoupled from
power regulation, lowering the power and area overhead of
the overall power delivery system. A heterogeneous power
delivery system moderates the drawbacks and exploits the
advantages of the historically power efficient power supplies
that both convert and regulate the power off-chip with more
recent trends for area efficient distributed power supplies
that both convert and regulate the power on-chip. Off-chip,
on-chip distributed, and heterogeneous power delivery
topologies are illustrated in FIG. 10A, FIG. 10B and FIG.
10C.

Consider a heterogeneous power delivery system with N,
on-chip LDOs and N off-chip SMPSs that deliver power to
N voltage domains {(V,,,1,,?)}, " with an operating
voltage V5, and current 1,,. To supply voltages,
Vo=V 5, 0Vix, the number of on-chip power supplies
N; should be equal to or greater than the number of voltage
domains N=N,. Alternatively, each SMPS drives one or
more LDOs, yielding the relation, N =N, . The effect of the
number of on-chip power regulators and off-chip power
converters, and the distribution of the on-chip power sup-
plies in a heterogeneous power delivery system is described,
respectively, in Part III.A, Part II1.B, and Part III.C.

A. Number of On-Chip Power Regulators

The area of an L.DO is proportional to the current load
(see equation 16), and the power efficiency is primarily
dictated by the current load and voltage drop V,,,, across
the power transistor within the LDO (see equation 17). Thus,
a single LDO that provides a specific current and voltage to
a load consumes approximately the same area and dissipates
similar power as numerous [.LDOs providing the same total
current and voltage to a load. Consider K on-chip distributed
LDOs to maintain a regulated voltage V,,, and load current
I, within a specific voltage domain (V,p, I,5). Let
1(3G=1,...,K) be alocal current load supplied by a single
LDO within the domain, such that 21,=I,,,,. The LDO area
A, is linearly proportional to the supply current I, (see
equation 16), A,=al,, The K LDOs form a distributed
on-chip power regulation system with a total size,
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A=2A ~o-2]=al,,. Thus, the total area of the distributed
regulation system does not depend on K, the number of
LDOs. To maximize the power efficiency of a system, all of
the LDOs operate at the minimum voltage drop V,,,,
exhibiting a total power loss V., -21=V, I, which is
independent of K. Alternatively, the distance between an
LDO and a current load is reduced at higher values of K,
decreasing the on-chip voltage drops and increasing the
quality of the supplied power.

B. Number of Off-Chip Power Converters

Intuitively, the number of off-chip voltage levels increases
with the larger number of off-chip converters, increasing the
granularity of the voltage levels supplied to the on-chip
regulators and lowering the voltage drop across the hundreds
of ultra-small regulators distributed on-chip. To minimize
the voltage drop across an on-chip linear regulator, each
off-chip SMPS converter should drive a single on-chip LDO.
In practice, however, the number of power converters that
can be placed off-chip is limited. Thus, each off-chip SMPS
supplies power to several on-chip LDOs within an SMPS
cluster. As a result, the voltage drop across the on-chip
regulators is greater, degrading the overall power efficiency
of the system. The upper and lower bounds of the power
efficiency of a heterogeneous system for a specific number
of SMPS are described in this section.

Given N voltage domains {(V 5, I5p"™)},_ Y sorted by
the supply voltages V,, <V, ,OVi<j, N,=K'N linear
power supplies should be distributed on-chip to deliver high
quality power to the load circuitry. To explore the area-
power efficiency tradeoft in a heterogeneous power delivery
system, a single linear regulator is assumed capable of
providing sufficient high quality current within a voltage
domain, yielding K=1 and N,=N. The voltage supplied by
an LDO to a voltage domain cannot be stepped up by an
LDO. The output voltage of each SMPS is therefore higher
than the voltage within the individual voltage domains,
increasing the voltage drop across the LDOs within an
SMPS cluster, degrading power efficiency.

An expression for determining the optimal LDO cluster-
ing within the SMPS clusters is presented below. Consider
N switching power supplies to convert the off-chip input
voltage V,, feeding N voltage and current levels {(V,,®,
Lo™},_ ™ into the input/output (1/0) power pins, as shown
in FIG. 11.

To increase the power efficiency of a heterogeneous
power delivery system, the voltage drops across the distrib-
uted on-chip LDOs should be reduced. The granularity of
the converted voltage levels supplied on-chip increases with
additional off-chip SMPS converters, reducing the power
losses within the on-chip LDOs. At the limit, N=N, switch-
ing power converters are placed off-chip, providing voltages
{V,o@},_~ at the I/O power pins, as shown in FIG. 12.

In the configuration shown in FIG. 12, the on-chip L.DOs
operate with a minimum output voltage drop V, yielding

Vie " =VppP+Vy5 i=1, .. . N, (18)
where V. is the voltage threshold of the output transistor
within the LDO. Assuming ideal power efficiency of the
off-chip SMPS, the power efficiency of a system with the
maximum number of SMPS converters

(Ns =NL) is (19
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-continued

N N

@) 40 @) 40
Z VppIpp Z VppIpp
i1 o1

Proad

+VpIE)

Ng =N

i) 40 Q)
S Y
i=1 i=1

In this case, the power efficiency is only limited by the
threshold voltage of the transistor, and exhibits a high power
efficiency for low V. devices.

Area and [/O power pin constraints exist, however, that
limit the number of off-chip power supplies, degrading the
overall power efficiency. Let N 5,5 be the maximum num-
ber of off-chip switching power converters in a heteroge-
neous power delivery system. The worst case power effi-
ciency scenario where N ,,,,=1 is illustrated in FIG. 13.

To minimize the voltage drop across the on-chip LDOs for
N =1, the off-chip SMPS produces a voltage V) that is
higher than the maximum domain voltage by one threshold
voltage V

V,o(l):max{ VDD(i)}i: N+ (20)

exhibiting a power efficiency,

N @D
S ibi
Proaa _ =1 B

Py vy

N

() ()
SV
i=1

N =NNg=1 = N ’
max{VEh + Vi)Y Ih
i
i=1

In a system with a single off-chip SMPS, the power loss
within each domain, in addition to the V. drop, is deter-
mined by the difference between the domain voltage and
maximum voltage in the system. Those voltage domains
with lower voltages exhibit greater power losses, signifi-
cantly degrading the power efficiency of a heterogeneous
system. The upper and lower bounds of the power efficiency
of a heterogeneous system under the Ng=Ng ,, ;- constraint
are given, respectively, by (19) and (21), yielding

22

N N

@) 40 @) 40
Z VppIpp Z VppIpp
=1 =

=< =<
=TNs pax = N

— S
max (Vi + Vr) Y I5p > (Vp + Vo)
i=1 i=1

Thus, the power efficiency of a heterogeneous system is a
strong function of the number of off-chip power converters.

C. Power Supply Clusters

In a practical heterogeneous power delivery system, the
number of off-chip SMPS converters is smaller than the
number of on-chip LDO regulators (N ,,,»<N,). Thus,
several options exist to distribute the on-chip LDOs within
SMPS clusters. Two possible clusterings are illustrated in
FIG. 14 and FIG. 15 for a heterogeneous system with two
SMPS and three LDOs.

The power efficiency of a general heterogeneous power
delivery system, as illustrated in FIG. 11, under the
Ng=Nj .45 constraint, is
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v 23)
> Vbblth
i=1

"~ Ns.max K ’
i
(i) )]
g Vlé)[ Z 1 DD]

=1 =K1+l

N
() )
Z VopIbp

Proaa _ =1

N = =
SMAX = TP T Newax

0 1)
> Vil

i=1

where {K,},_, Vs#4¥is the power supply clustering, K,-K, , is
the number of LDO regulators driven by the i” SMPS
converter, and K,=0. For example, the power supply clus-
tering in the heterogeneous power delivery system shown in
FIG. 14 and FIG. 15 can be described by {K,=0, K,=2,
K,=3} (FIG. 14) and {K,=0, K,=1, K,=3} (FIG. 15). In the
configuration shown in FIG. 14, the first SMPS cluster
contains two LDOs (K,-K,=2) that regulate voltage
domains 1 and 2, and the second SMPS cluster contains an
additional single LDO (K,-K,=1) that regulates the third
voltage domain. Alternatively, in the configuration shown in
FIG. 15, the first SMPS cluster contains a single LDO
(K,-Ks=1), while the other two LDOs (K,-K,;=2) are
distributed into the second SMPS cluster. To maximize the
power efliciency My ».x Of the new heterogeneous power
system under the Ng=Nj ,,, - constraint, the input voltage for
each SMPS cluster V,, that minimizes the voltage drops
across the LDOs within that cluster is

o ) % a
Vio®=max{ VDD(/)}j:Ki,ln V=1, ... Neaax

The minimum power efficiency of a heterogeneous system
with distributed power supplies {K,},

N (25)
@) i)
3 Vi)
. =
" =
SMAX " Ng pax X
;
() \Ki (i)
(max{VEB) e, o+ Ve) D b
=1 ' =K1+l

is strongly dependent on the power supply clustering
{Ki}NiZINSMAX'

The effect of the power supply clustering on a heteroge-
neous power delivery system is illustrated in FIG. 14 and
FIG. 15 for different power efficiencies, yielding, respec-
tively,

o VB3 IbB + VEnIbb + VEpibp (26)
N = s
SMAX  (max{ VD, VY + Vp)-USD + 12 + (VS + V) - 15),
and
(D) _ 27
TNg max = @n

(1) (1) (2) 42 (3) 43)
VopIpp + Vopipp + Vpplpp

(Vhp + Vr)- Iph + (max{ V5, VER) + VUG +I5))

(@)
* INs pax -

For each SMPS converter, the voltage drop across the
driven LDOs increases with a wider range of voltages
included within that SMPS cluster, increasing the overall
power dissipation. Intuitively, for any power supply clus-
tering, adding a voltage domain with a specific voltage in a
SMPS cluster that includes a similar voltage range results in
a lower voltage drop and power loss than including the same
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voltage domain in a SMPS cluster with a significantly
different range of voltages. Thus, the choice of power
clustering directly affects the efficiency of the power deliv-
ery system. To minimize power losses in a heterogeneous
power delivery system, a power distribution network with a
higher n Nosiax is preferred.

The power efficiency of a heterogeneous system is also a
strong function of the current distribution, which is not
necessarily equally distributed to the individual voltage
domains. Optimizing the power efficiency of a heteroge-
neous system based on the current distribution within the
voltage domains should be based on additional assumptions
regarding the behavior and specifications of the currents.
One goal is to provide a framework for a power delivery
methodology and specific rules for efficiently delivering
power.

Part IV Algorithms for Energy Efficient Power Supply
Clustering

The power efficiency of a heterogeneous power delivery
system depends upon the distribution of the power supply
resources. Given a power supply system with N voltage
domains and a limited number of off-chip switching power
converters N ,, .+, the clustering of the N;2Nj ., on-chip
linear  regulators into  Ng,. SMPS  clusters
KOP7={K },_,#iX that minimizes the power losses should
be determined. The optimal solution with minimum power
losses can be obtained by exhaustively comparing the power
efficiency Mg az4x (s€€ equation 25) for all possible clus-
terings, and choosing the configuration with the maximum

efficiency m NSMAXOP 7

OPT

- 28
s max = @8)

nas g 0} =

distributions

N

@) i)
Z Vpplop
o1

max
all (K} | Ns,max K

distributions K
AR
maxjyV,
Z ( { DD}j:K"*IH

i=1

i

+ VT)' Z %

J=K_y+1

The number of possible clusterings {K,}, however, grows
exponentially with N ,,,s, producing a computationally
infeasible solution. To efficiently determine the preferable
power supply clusters, alternative computationally efficient
solutions are used. Binary and linear near-optimal power
supply clusterings are described, respectively in Part IVA
and Part IV.B.

A. Binary Power Supply Clustering

Intuitively, to reduce the voltage drop across the on-chip
LDOs, LDOs that regulate the voltage domains with a small
difference in voltage levels should be assembled into a
voltage cluster driven by the same SMPS, minimizing the
voltage range within each cluster. A binary power supply
clustering, based on a greedy algorithm, identifies in each
step the voltage cluster with the widest voltage range and
distributes the LDOs into two separate clusters. Exemplary
pseudo-code of the algorithm for binary power supply
clustering is:
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List_of Clusters = binary_power_supply_clustering (sorted supply voltages {V,p®},_; )
1. Next_Cluster_to_Distribute = (Vpp™)_; »
2. List_of_Clusters = { Next_Cluster_to_Distribute }
3. (New_Low_Cluster, New_High Cluster) = distribute_a_cluster (Next_Cluster_to_Distribute)
4. List_of Clusters += New_Low_Cluster + New_High Cluster — Next_Cluster_to_Distribute
5. If number of clusters in List_of Clusters < Ngaz4x
5.1 Find Cluster in List_of Clusters such that (max{Cluster} - min{Cluster}) is maximal
5.2 Next_Cluster_to_Distribute = Cluster
5.3 Return to 3.
(New_Low_Cluster, New_High_Cluster) = distribute_a_cluster (Next_Cluster_to_Distribute)
1. Viean = 2 (min{Next_Cluster_to_Distribute) + max{Next_Cluster_to_Distribute})
2. New_Low_Cluster = {V,,,® € Next_Cluster_to_Distribute | V55p®) = Vyrnt
3. New_High_Cluster = {V,,® &€ Next_Cluster_to Distribute | V™) > Vyzpk

The algorithm produces a set of N ., SMPS voltage and (2 volts, 1 ampere), (a) {K,=0, K,=1, K,=3, K;=4}, and
clusters List_of Clusters with a binary clustering of power (b) {K,=0, K;=2, K,=3, K;=4}:
supplies. The third step is executed N ,.,» times, yielding

an algorithm that exhibits linear complexity O(N 5.,5) With 20
the number of switching converters. TABLE 1

B. Linear Power Supply Clustering

The primary weakness of the binary power supply clus- ’s Power Slllpply SMPS output voltages Pof’m
tering is the greedy nature of the algorithm. The number of clustering Vo', Vio®, efficiency
voltage clusters N, is only considered when the algo- 1Ko, Ky, Ko, Ks} Vio'™} [Volts] (%]
rithm is terminated, reducing the power efficiency of the
overall power delivery system. Consider a heterogeneous Binary power {0.1,3, 43 {1+Vp 151+ Vp, o1
power delivery system with three switching converters and 30 SUpPly 2+ Vi)
four LDO regulators that supply power to four voltage clustering
domains. The voltage and current levels within the voltage Optimal power {0.2,3,4} {149+ V5 151+ Vy, 85
domains are (1 volt, 1 ampere), (1.49 volts, 1 ampere), (1.51 supply 2+Vr}

volts, 1 ampere), and (2 volts, 1 ampere). The optimal and 35 clustering

binary power supply clusterings, SMPS output voltages, and
power efficiency are summarized in Table 1, exhibiting,
respectively, 91% and 85% power efficiency for V,=0.2
volts [from (25)].

Table 1 shows power supply clustering for a heteroge-
neous power delivery system with N=3, N,=N=4, and
voltage domains (1 volt, 1 ampere), (1.49 volts, 1 ampere), power supply clustering represented by the pseudo-code

(1.51 volts, 1 ampere) provided as follows:

Alternatively, a linear power supply clustering produces a
40 topology by linearly distributing the LDOs within N,/

voltage clusters, as described by the algorithm for linear

List_of Clusters = linear_power_supply_clustering (sorted supply voltages {V,,P};_; &)
1. List_of Clusters = {( }®},_, » % N az4x empty clusters
2. Cluster_Range = ( max{Vpp®}; 1.y = min{Vpp@}, 3 / Nsazax
3. For each Vpp € {Vp, DYy
31k =] (Vpp-min {Vpp®},_, »)/ Cluster Range | + 1
3.2 Add V5, to the k? cluster in List_of Clusters
4. If number of non-empty clusters in List_of Clusters < N 7%
4.1 Find Cluster in List_of Clusters such that (max{Cluster} — min{Cluster}) is maximum
4.2 Next_Cluster_to_Distribute = Cluster
4.3 (New_Low_Cluster, New_High Cluster) = distribute_a_cluster (Next_Cluster_to_Distribute)
4.4 List of Clusters += New_Low_Cluster + New_ High Cluster — Next_Cluster_to_Distribute
4.5 Return to 4.
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If less than N ., SMPS voltage clusters are produced
within steps 1 through 3 in the linear power supply cluster-
ing algorithm, the linearly generated clusters are distributed
into additional clusters using a binary algorithm. This algo-
rithm produces a set of Ng,..» SMPS voltage clusters
List_of_ Clusters with a linear power supply clustering. In
the worst case, the third and fourth steps are executed,
respectively, N and N, times, yielding an algorithm
complexity that is linear with the number of voltage
domains, O(N).

In modern ICs, advanced power techniques, such as
dynamic voltage scaling (DVS) and dynamic voltage and
frequency scaling (DVFS), are often employed [36]. In some
embodiments, to apply the binary or linear algorithm in a
heterogeneous system with dynamically changing voltage
levels, the average voltage level for each voltage domain is
used. Once the power supply clusters are determined with
either the binary or linear algorithm based on average
domain voltage levels, the maximum voltage level within
each SMPS cluster determines the SMPS output voltage. In
some embodiments, the drop in efficiency of the algorithms
is likely to be higher in a power system with dynamically
changing voltage levels as compared to a power system with
fixed operating conditions

Part V Simulation Results

The optimal exhaustive power delivery network and the
near-optimal solutions described in Section IV were imple-
mented in MATLAB™ (available from The Mathworks, Inc.
of Natick, Mass.). To compare the power efficiency of the
near-optimal and optimal power delivery networks, a het-
erogeneous power delivery system with a small number of
voltage domains is considered in Part V.A due to the
computational complexity of the exhaustive optimal algo-
rithm. To evaluate the power efficiency of the linear, binary,
and hybrid clusterings, heterogeneous power delivery sys-
tems with larger number of voltage domains as described
herein are considered in Part V.B.

A Power Efficiency in Optimal and Near-Optimal Power
Delivery Networks

The exhaustive algorithm determines the most power
efficient clustering by comparing the power efficiency of all
the possible clusterings. The efficiency of the optimal power
network produced by the exhaustive algorithm is compared
in this section to the power efficiency of the near-optimal
clustering algorithms. To estimate the power efficiency of
the optimal power supply clusters, a heterogeneous power
delivery system S, with ten voltage domains (N=10) and ten
on-chip linear regulators (N,=10) is considered. The maxi-
mum number of off-chip switching converters is evaluated
for one to ten converters (1=Ng ,,,,=<10). A voltage thresh-
old of V;=0.1 volts, and domain voltages and currents of,
respectively, 0.5 volts to 2 volts and 0.5 amperes to 3.5
amperes, are considered. Simulation results are sampled for
100 iterations. The power efficiency of a heterogeneous
power delivery system with the power supply clusters,
determined by an exhaustive analysis, is presented in FIG.
16. A power efficiency above 80% is demonstrated for
Ngazax22, and a maximum 93% power efficiency is
achieved for Ng,,,,=N. Thus, the power efficiency of a
heterogeneous power delivery system with an optimal power
clustering exhibits a reasonable power efficiency of 80%,
using only two off-chip switching converters. The efficiency
increases rapidly with additional off-chip converters.
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Based on the Monte Carlo integration technique [37], the
average error in the efficiency is bounded by GM/\/ M, where
0, 1s the standard deviation of a power efficiency sample
and M is the number of samples. The standard deviation of
the power efficiency is shown in FIG. 17 for 2=Ng ,,5=9.
Values of o,, range from 3.7 for Ng,. =2 to 0.9 for
N 2419, bounding the power efficiency error for M=100
by, respectively, 0.37% to 0.09%. Power supply clustering
for Ng 5,51 and N ,,,,=N is explicit, yielding no error in
the power efficiency.

To evaluate the power efficiency of the near-optimal
power supply clustering topologies described in Part 1V,
algorithms for binary and linear power supply clusterings
have also been implemented in MATLLAB™. The same
heterogeneous system S, is considered for both linear and
binary distributed power supplies. For heterogeneous system
with a single off-chip SMPS converter (N ,,,5=1) or maxi-
mum number of off-chip SMPS converters (N ,,,+=N,), the
linear, binary, and optimal clustering of the on-chip LDO
regulators is identical. For N ,,,+=1, all of the LDOs are
driven by a single SMPS converter, while for N ,,,,=N;,
each L.DO is driven by a different SMPS converter. Thus, the
power efficiency of a heterogeneous system with N ,,, =1
or Ng,.4»=N is optimal with either the linear or binary
power supply clustering. Alternatively for N ,.,+<N;, the
linear and binary clustering of the power supplies may differ
from the exhaustive optimal solution, exhibiting a lower
than optimal power efficiency. Due to the uniform nature of
the linear approach, the linear clustering of the on-chip LDO
regulators within the off-chip SMPS converters exhibits near
optimal efficiency for power delivery systems with near
uniformly distributed domain voltages. Alternatively, for a
power delivery system with domain voltages that exhibit
significant deviation from a uniform distribution, the power
efficiency with the binary power supply clustering may be
higher than with the linear clustering. This behavior is due
to the greedy nature of the binary approach that iteratively
identifies the on-chip power supply cluster with the lowest
power efficiency and splits the cluster, increasing the overall
efficiency of the system. To demonstrate the power effi-
ciency of the binary and linear clusterings, the reduction in
efficiency with both the binary and linear power supply
clustering is simulated for two different power profiles,
exhibiting a maximum 4% drop in power efficiency. The
optimal solution with zero reduction in power efficiency is
demonstrated for both power profiles in FIG. 18A and FIG.
18B for N ., =1 and N ,,, =N, . In the first power profile,
the voltage levels are assumed to be randomly distributed
between 0.5 volts and 2 volts, yielding an average power
efficiency generated from over 100 iterations, as depicted in
FIG. 18A. In this case, for 1<Ng,,,+<N;, the exhaustive
optimal solution produces a power supply that is uniformly
distributed, and the linear power supply clustering yields a
higher power efficiency.

In the second power profile, the voltage levels are
assumed to be normally distributed within each of the [0.5,
1.5], [1.5, 1.8], and [1.8, 2] ranges, prioritizing the mean
value of the groups. Due to the non-uniform clustered nature
of the voltage domain profile, for a heterogeneous system
with three off-chip SMPS converters, intuitively, the on-chip
LDO regulators should be non-uniformly distributed into
three clusters covering the ranges [0.5, 1.5], [1.5, 1.8], and
[1.8, 2]. In this case, a system with uniformly distributed
clusters with voltage ranges [0.5, 1], [1, 1.5], [1.5, 2] is less
power efficient. This heterogeneous system is therefore more
suitable for a binary power supply clustering rather than a
linear power supply clustering. The average power effi-
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ciency for the second power profile, generated from over
100 iterations, is depicted in FIG. 18B. In this case, spe-
cifically for N ,.,5=3, the optimal solution produces three
non-uniform SMPS clusters, covering the three ranges, [0.5,
1.5], [1.5, 1.8], and [1.8, 2]. The binary power supply
clustering with N »,,+=3 also produces three SMPS clusters
with voltage ranges, [0.5, 1.25], [1.25, 1.625], and [1.625,
2], exhibiting a higher power efficiency than the efficiency of
the linear power supply clustering. Based on a Monte Carlo
integration technique, the error in estimating the drop in
power efficiency, illustrated in FIG. 18B, is smaller than
0.63% for all values of N /-

Due to the greedy nature of the binary power supply
clustering, the binary algorithm is better for those voltage
domain levels grouped near specific voltage levels. Alter-
natively, the number of SMPS clusters N, is only
considered at the termination of the binary algorithm, poten-
tially reducing the effectiveness of the binary clustering
algorithm in those systems with uniformly distributed volt-
age domains. As expected, for most values of N ,.,, and
power supply specifications, the drop in power efficiency for
the linear power supply clustering algorithm is lower than
with the binary approach. However, the second power
profile that forms three non-uniform voltage groups is better
addressed by the binary power supply clustering algorithm,
producing a more efficient heterogeneous power delivery
system for N ,,,+=3. Thus, a heterogeneous power delivery
system with a higher power efficiency is usually produced
with a linear power supply clustering. However, for certain
power profiles, a binary power supply clustering is prefer-
able.

To increase the power efficiency of a heterogeneous
power delivery system, a combined hybrid approach should
be employed. The power efficiency should be evaluated with
both the binary and linear algorithms, and the configuration
with the higher power efficiency should be employed. Ana-
lyzing the results depicted in FIG. 18A and FIG. 18B based
on this combined hybrid approach, the drop in power
efficiency from the optimal solution is reduced to 1.5%,
yielding a computationally efficient, O(Nj ,,,+N) com-
plexity, near-optimal, and high fidelity power supply clus-
tering.

B. Power Efficiency with Binary, Linear and Hybrid
Clusterings

The power efficiency of a heterogenecous power delivery
system S, with 25, 50, 75, and 100 voltage domains is
presented in FIG. 19A, FIG. 19B, FIG. 19C, and FIG. 19D,
exhibiting a maximum power efficiency of 93% for
N az4x=N. A reasonable on-chip power efficiency of 79% is
therefore achievable using only a small number (N .,5>2)
of switching converters when the on-chip power supplies are
distributed using a combined hybrid binary and linear clus-
tering algorithm.

The power efficiency exhibits a similar behavior for 25,
50, 75, and 100 voltage domains, as shown in FIG. 19A,
FIG. 19B, FIG. 19C, and FIG. 19D. For a specific number
of voltage domains N and on-chip LDO regulators (N;=N),
the number of LDOs within each SMPS cluster decreases
with a larger number of off-chip SMPS converters
(1=Ng,4x=N). As a result, the maximum voltage drop
across the on-chip LDOs is less, decreasing the losses within
the power delivery system.

The power efficiency, illustrated in FIG. 19A, FIG. 19B,
FIG. 19C, and FIG. 19D, increases rapidly with a larger
number of off-chip converters and saturates for N 5., 5>%2N
for 25, 50, 75, and 100 voltage domains. To avoid the
redundancy of the off-chip power supplies, the power effi-
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ciency trend as a function of the N ,,,+/N ratio, shown in
FIG. 20, considers a heterogeneous system with 25, 50, 75,
and 100 voltage domains. Targeting a specific ratio between
the number of off-chip power converters and on-chip voltage
domains, the overall power efficiency of the system
increases with a larger number of voltage domains. For
example, for a heterogeneous power system with 25 voltage
domains and a limited number of oft-chip SMPS converters
(N 4x=8%N), a moderate power efficiency of 75% is
noted. Alternatively, in a power delivery system with 100
voltage domains and the same N, /N ratio, a higher
power efficiency of 84% is observed. The efficiency of a
heterogeneous systems with a different number of voltage
domains decreases with higher N ,,,+/N ratios, becoming
insignificant for N ,,,+/N>50%. The current load at the
output of an LDO is assumed to be the total current
consumed by the voltage domain, and is therefore signifi-
cantly greater than the quiescent current of an LDO. Alter-
natively, by clustering hundreds of ultra-small power regu-
lators, lower LDO output currents are expected. As a result,
the effect of the quiescent current on the LDO power
efficiency increases, degrading the maximum efficiency of
the overall heterogeneous power delivery system. In addi-
tion, the drop in efficiency of the hybrid binary and linear
clustering algorithm increases in heterogeneous systems
with dynamically changing voltage and current specifica-
tions, lowering the overall power efficiency of the system.
Thus, a heterogeneous power delivery system with a more
complex distributed power supply system and accurate
specifications should be considered as a robust power deliv-
ery methodology.

Part VI Summary

On-chip power integration is necessary for delivering
high quality power to modern high performance circuits.
With on-chip power supplies, new design challenges have
arisen that require advanced circuit design solutions. A
power delivery topology has been described hereinabove
which minimizes power conversion and regulation losses
while satisfying specific design constraints. Accurate, com-
putationally efficient methods to distribute on-chip power
supplies have also been described.

The tradeoff between power efficiency and area for
switching and linear power supplies is discussed in this
paper. To convert power with minimum power losses while
avoiding area consuming on-chip passive components,
power efficient SMPSs should be placed off-chip. In addi-
tion, area efficient LDOs should be employed on-chip to
regulate and deliver the converted power to the load cir-
cuitry, reducing power losses from the low voltages dropped
across the LDOs. Thus, to maintain high quality on-chip
power delivery, the power conversion and regulation opera-
tions should be decoupled. Based on this decoupling prin-
ciple of power conversion and regulation, a heterogeneous
power delivery system has been described as a solution to
the problem of efficiently managing IC power delivery. To
optimize a specific heterogeneous system given the number
of voltage domains and off-chip SMPS, clustering of the
on-chip LDOs within the SMPS clusters can maximize the
power efficiency of the overall system.

An exhaustive solution that produces the on-chip power
supply clusterings with the highest power efficiency is,
however, computationally inefficient. Thus, computationally
efficient binary and linear algorithms for determining a
near-optimal heterogeneous power supply clustering have
been described hereinabove, which when combined exhibit
a drop in power efficiency of less than 1.5% from the optimal
solution. A power efficiency above 80% was demonstrated
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for power delivery systems with more than two off-chip
switching converters. Power efficiency has also been shown
to increase rapidly with additional SMPS converters and
voltage domains, saturating when the number of off-chip
converters exceeds 50% of the voltage domains. A hybrid
methodology for linear and binary heterogeneous power
delivery can therefore be employed to determine the pre-
ferred number of voltage domains and the efficient cluster-
ing of the on-chip power supplies in large scale systems. A
heterogeneous integrated power delivery system has been
shown to be a power efficient alternative to existing topolo-
gies that employ either switching or linear on-chip power
supplies.

POWER NETWORK ON-CHIP SYSTEM FOR
SCALABLE POWER DELIVERY

Part I Introduction

The delivery of high quality power to the on-chip circuitry
with minimum energy loss is an important component of
integrated circuits. To facilitate the integration of diverse
functions, architectural, circuit, device, and material level
power delivery solutions are needed. The quality of the
power supply can be efficiently addressed with point-of-load
(POL) distributed power delivery [40, 41], which requires
on-chip integration of multiple power supplies. Distributed
power delivery requires the co-design of hundreds of power
converters with thousands of decoupling capacitors and
billions of current loads within multiple power domains,
significantly increasing the design complexity of power
delivery systems. Per core dynamic voltage and frequency
scaling is a primary concern for efficiently managing a
power budget, and requires the on-chip integration of com-
pact controllers within hundreds of power domains and
thousands of cores, further increasing the design complexity
of these power delivery systems. While in-package and
on-chip power integration has recently became a primary
concern [38, 39], research remains focused on developing
more compact and efficient power supplies. A methodology
to design and manage in-package and on-chip power has to
date not been a topic of emphasis. Thus, power delivery in
modern ICs is currently dominated by ad hoc approaches.
With the increasing number of power domains, the greater
granularity of the on-chip supply voltages, and domain
adaptive power requirements, the design of the power deliv-
ery process has greatly increased in complexity, and is
impractical without a systematic methodology. One objec-
tive described in detail herein is to provide a systematic
methodology for on-chip power delivery and management.

To cope with design complexity in functional communi-
cation, the concept of “separation of different concerns” is
used—a fundamental and cost effective approach for
increasing performance and design productivity since the
complexity of ad hoc solutions has become excessively
high. Specifically, networks-on-chip (NoC) separate com-
putation from communication, enhancing the performance,
scalability, and control of the quality of service (QoS), while
supporting heterogeneous integrated systems. Recently, a
principle of separation of power conversion and regulation
has been introduced [45] that addresses the issue of power
efficiency in distributed power supply systems. Consistent
with this separation principle, power should be primarily
converted with a few power efficient switching supplies,
delivered to on-chip voltage clusters, and regulated with
linear low dropout (LDO) regulators within the individual
power domains, as illustrated in FIG. 21.
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The concept of a power network on-chip (PNoC) is
introduced here based on this separation principle. The
analogy between a NoC and PNoC is illustrated in FIG. 22A
and FIG. 22B with simplified NoC and PNoC models.
Similar to a network-on-chip, a PNoC decreases the design
complexity of power delivery systems, while enhancing the
control of the quality of power (QoP) and dynamic voltage
scaling (DVS), and providing a scalable platform for effi-
cient power management.

The description is organized as follows. The principles of
the PNoC design methodology are described in Part II. In
Part 111, the performance of the PNoC architecture is com-
pared with existing approaches based on the evaluation of
several test cases. Design and performance issues of the
PNoC architecture are also discussed. Some concluding
remarks are offered in Part IV.

Part I Power Network-On-Chip Architecture.

An important concept in systemizing the design of power
delivery is to convert the power off-chip, in-package, and/or
on-chip with multiple power efficient but large switching
power supplies, deliver the power to on-chip voltage clus-
ters, and regulate the power with hundreds of linear low
dropout (LDO) regulators at the point-of-load [45]. A power
network-on-chip as described herein is believed to be a new
systematic solution to on-chip power delivery that leverages
distributed point-of-load power delivery within a fine
grained power management framework. The PNoC archi-
tecture is a mesh of power routers and locally powered
loads, as depicted in FIG. 22A and FIG. 22B. The power
routers are connected through power switches, distributing
current to those local loads with similar voltage require-
ments. A PNoC is illustrated in FIG. 23A and FIG. 23B for
a single voltage cluster with nine locally powered loads and
three different supply voltages, Vp 1, Vpp s, and Vpp ;.
The power network configuration is shown at two different
times, t; and t,.

The concept of a power network-on-chip is described
herein which virtually manages the power in SoCs through
specialized power routers, switches, and programmable con-
trol logic, while supporting scalable power delivery in
heterogeneous ICs. A PNoC is comprised of physical links
and routers that provide both virtual and physical power
routing. This system senses the voltages and currents
throughout the system, and manages the POL regulators
through power switches. Based on the sensed voltages and
currents, a programmable unit makes real-time decisions to
apply a new set of configurations to the routers per time slot,
dynamically managing the on-chip power delivery process.
New process algorithms are used to dynamically customize
the power delivery policies through a specialized microcon-
troller that routes the power. These algorithms satisfy real-
time power and desired performance. A PNoC composed of
power routers connected to global power grids and locally
powered loads is illustrated in FIG. 24.

Global power from the converters is managed by the
power routers, delivered to individual power domains, and
regulated within the locally powered loads. These locally
powered loads combine all of the current loads located
within a specific on-chip power domain with the decoupling
capacitors that supply the local current demand within that
region. In some embodiments, to support DVS, power
switches in the PNoC are dynamically controlled, connect-
ing or disconnecting power routers within individual voltage
clusters in real time. Current loads powered at similar
voltage levels therefore draw current from all of the con-
nected power routers, lessening temporary current varia-
tions. Similar to a mesh based clock distribution network
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[44], the shared power supply lessens the effect of the
on-chip parasitic impedances, enhancing the voltage regu-
lation and quality of power.

The power routers and local current loads are described in
more detail hereinbelow. Different PNoC topologies and
specific design objectives are also considered.

A. Power Routers

The efficient management of the energy budget is dynami-
cally maintained by the power routers. Each power domain
is controlled by a single power router. A router topology
ranges from a simple linear voltage regulator, shown in FIG.
25A, to a complex power delivery system, as depicted in
FIG. 25B, with sensors, dynamically adaptable power sup-
plies, switches, and a microcontroller. In one embodiment,
the new structure features real-time voltage/frequency scal-
ing, adaptable energy allocation, and precise control over the
on-chip QoP. With the PNoC routers the power is managed
locally based on specific local current and voltage demands,
decreasing the dependency on remotely located loads and
power supplies. Thus, the scalability of power delivery
process is enhanced with PNoC approach.

B. Locally Powered Loads

Locally powered loads with different current demands and
power budgets can be efficiently managed with PNoC as
described hereinabove. The local power grids provide a
specific voltage to the nearby load circuits. The highly
complex interactions among the multiple power supplies,
decoupling capacitors, and load circuits are considered,
where the interactions among the nearby components are
typically more significant. The effective region for a point-
of-load power supply is the overlap of the effective regions
of the surrounding decoupling capacitors [13, 6]. Loads
within the same effective region are combined into a single
equivalent locally powered load regulated by a dedicated
LDO. All of the LDO regulators within a power domain can
be controlled by a single power router. A model and closed-
form expressions of the interactions among the power sup-
plies, decoupling capacitors, and current loads are used to
efficiently partition an IC with billions of loads into power
domains and locally powered loads.

Part III Case Study

Example: To evaluate the performance of the power
router, a PNoC with four power routers is considered,
supplying power to four power domains. IBM power grid
benchmarks [5] model the behavior of the individual power
domains. To simulate a dynamic power supply in PNoC, the
original IBM voltage profiles have been scaled to generate
the target power supplies between 0.5 volts and 0.8 volts.
Target voltage profiles with four voltage levels (0.8 volts,
0.75 volts, 0.7 volts, and 0.65 volts) within a PNoC are
illustrated in FIG. 26. The number of power domains with
each of the four supply voltages changes dynamically based
on the transient power requirements of the power domains.

A schematic of a PNoC with four power domains (I, II, II1,
and IV) and four power routers (PR, PR, PR, and PR,;)
is shown in FIG. 27.

Each of the power routers is composed of an LDO with
four switch controlled reference voltages to support dynamic
voltage scaling. In addition, the power routers feature adap-
tive RC compensation and current boost networks controlled
by load sensors to provide quality of power control and
optimization, as shown in FIG. 28.

In one exemplary embodiment, the adaptive RC compen-
sation network is comprised of a capacitive block connected
in series with two resistive blocks, all digitally controlled.
These RC impedances are digitally configured to stabilize
the LDO within the power routers under a wide range of
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process variations. Those skilled in the art will appreciate
that the exemplary RC compensation network described
hereinabove is merely representative and that any suitable
adaptive compensation network can be used with PNoC.

In one embodiment, the current boost circuit is composed
of a sensor block that follows the output voltage at the drain
of transistor M,, (FIG. 28), and a current boost block that
controls the current through the differential pair within the
LDO. When a high slew rate transition at the output of the
LDO occurs, the boost mode is activated, raising the tail
current of the LDO differential pair. Alternatively, during
regular mode, no additional current flows into the differen-
tial pair, enhancing the power efficiency of the LDO.

The power routers are connected with controlled switches
to mitigate load transitions in domains with similar supply
voltages. To model the RLC parasitic impedances of the
package and power network, non-ideal LDO input and
output impedances (PN,, PN, PN, and PN, are consid-
ered, as shown in FIG. 27. The load current characteristics
are listed in Table 2 for each of the four domains

TABLE 2

Qutput load in a PNoC with four power domains.

Domain I I 11T v
Minimum output current [mA] 10 75 20 20
Maximum output current [mA] 50 10 30 20
Output transition time [ns] 50 50 10 N/A

The exemplary PNoC was simulated in SPICE. Simula-
tion results are shown in the graphs of FIG. 29, exhibiting a
maximum error of 0.35%, 2.0%, and 2.7% for, respectively,
the steady state dropout voltage, load regulation due to the
output current switching, and load regulation due to
dynamic PNoC reconfigurations. Good correlation with the
specified power supply of FIG. 26 was demonstrated.

The power savings in each of the power domains range
between 21.0% to 31.6% as compared to a system without
dynamic voltage scaling. These average power savings show
that the PNoC architecture can control the power supplies in
real-time, optimizing the power efficiency of the overall
power delivery system.

Part IV Summary

To address the issues of power delivery complexity and
quality of power, a power delivery system should provide a
scalable modular architecture that supports integration of
additional functional blocks and power features (e.g., DVS,
adaptive RC compensation, and efficiency optimization with
adaptive current boost) without requiring the re-design of
the power delivery system. The architecture should also
support heterogeneous circuits and technologies.

The concept and architecture of an on-chip power net-
work was described hereinabove. Important objectives of an
on-chip PNoC based power delivery system include 1) to
exploit the concept of on-chip networks for systematic
power delivery in SoCs to reduce design complexity while
increasing scalability, 2) to provide a methodology that
separates power conversion and regulation for efficiently
enhancing the quality of power, 3) to enable the application
of'local power routing through a specialized microcontroller
for on-chip power management, and 4) to utilize small area
power supplies as point-of-load voltage regulators.

Computer processes used to perform the heterogeneous
method for energy efficient distribution of on-chip power
supplies as well as software (e.g. complex power router
microcontroller firmware) for a power network on-chip
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system for scalable power delivery can be provided on any
suitable computer readable non-transitory storage medium.
A computer readable non-transitory storage medium as
non-transitory data storage includes any data stored on any
suitable media in a non-fleeting manner. Such data storage
includes any suitable computer readable non-transitory stor-
age medium, including, but not limited to hard drives,
non-volatile RAM, SSD devices, CDs, DVDs, etc. Firm-
ware, where appropriate, can be stored, for example, on-chip
in ROM, EEPROM, or any other suitable non-volatile
memory structure or memory device.

It will be appreciated that variants of the above-disclosed
and other features and functions, or alternatives thereof, may
be combined into many other different systems or applica-
tions. Various presently unforeseen or unanticipated alter-
natives, modifications, variations, or improvements therein
may be subsequently made by those skilled in the art which
are also intended to be encompassed by the following
claims.
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What is claimed is:

1. A power network on-chip (PNoC) for an integrated
circuit comprising:

one or more voltage clusters, each voltage cluster com-
prising:

a plurality of locally powered loads;

a plurality of power routers disposed in a mesh circuit
topology as a mesh of power routers, said mesh of
power routers configured to receive power from one
or more power converters, each of said power routers
electrically coupled to and configured to power a
locally powered load, adjacent power routers of said
plurality of power routers electrically coupled to
each other via a switch of a plurality of switches; and

at least one programmable unit communicatively
coupled to said plurality of switches, said program-
mable unit adapted to manage power delivery to said
locally powered loads of said one or more voltage
clusters by configuring a switch position of at least a
subset of switches of said plurality of switches based
on sensed voltages and currents within said one or
more voltage clusters.

2. The PNoC of claim 1, wherein said programmable unit
is configured to apply a new set of said switch positions
substantially in real-time on a time-slot basis.

3. The PNoC of claim 1, wherein said at least one
programmable unit comprises a microcontroller disposed on
said integrated circuit.

4. The PNoC of claim 1, wherein one or more power
routers of said plurality of power routers is a complex power
delivery system comprising one or more sensors, one or
more dynamically adaptable power supplies, one or more
switches and a microcontroller configured to control said
one or more dynamically adaptable power supplies and said
one or more switches in response to measurements based on
said one or more sensors.

5. A heterogeneous power distribution system for an
integrated circuit comprising:

a power network-on-chip (PNoC) configured to receive
electrical power from one or more off-chip power
converters, said power network-on-chip comprising a
mesh of power routers electrically coupled to and
configured to power a plurality of on-chip loads, said
mesh of power routers including:

a plurality of integrated simple power routers; and

a plurality of integrated complex power routers, each
complex power router of said plurality of complex
power routers comprising a microcontroller commu-
nicatively coupled to one or more switches and one
or more sensors of said complex power router, said
microcontroller configured to run a process algo-
rithm that dynamically routes and controls power
according to a power delivery policy by controlling
said one or more switches based on information
received from said one or more sensors.
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6. The power distribution system of claim 5, wherein each
power domain of a plurality of power domains is controlled
by a power router of said mesh of power routers.

7. The power distribution system of claim 5, wherein one
or more of said plurality of integrated simple power routers
comprises a linear voltage regulator.

8. The power distribution system of claim 7, wherein at
least one complex power router controls a plurality of linear
low dropout regulators within a common power domain.

9. The power distribution system of claim 5, wherein said
power network-on-chip receives a converted electrical
power from a plurality of off-chip switching power convert-
ers and delivers a regulated electrical power to a plurality of
on-chip voltage clusters.

10. The power distribution system of claim 5, wherein
said power network-on-chip comprises one or more real-
time dynamic voltage scaling circuits.

11. The power distribution system of claim 5, wherein
said power network-on-chip comprises one or more real-
time dynamic frequency scaling circuits.

12. The power distribution system of claim 5, wherein
said power network-on-chip comprises one or more real-
time adaptable energy allocation circuits.

13. The power distribution system of claim 5, wherein
said power network-on-chip comprises one or more adaptive
RC compensation networks.

14. The power distribution system of claim 13, wherein
said RC compensation network comprises a capacitive block
electrically coupled to two series resistive blocks, said
capacitive block and said two series resistive blocks digitally
controlled and digitally configured to stabilize a linear
regulator under a wide range of process variations.

15. The power distribution system of claim 5, wherein
said power network-on-chip comprises one or more adaptive
current boost networks.

16. The power distribution system of claim 15, wherein at
least one of said one or more adaptive current boost net-
works is electrically coupled to and controls a current
through a differential pair of a linear regulator, and

wherein when a high slew rate transition at an output of

said linear regulator occurs, a boost mode is activated,
raising a tail current of said differential pair, or
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alternatively, during a regular mode causing substantially
no additional current flow into said differential pair,
enhancing a power efficiency of said linear regulator.

17. The power distribution system of claim 5, wherein
said power network-on-chip controls an on-chip quality of
power factor.

18. A method to determine a near optimal distribution of
power supply resources in a heterogeneous power delivery
system comprising the steps of:

providing an electronic system programmed to distribute

power supply resources in said heterogeneous power
delivery system;
accepting by computer process a set of voltage domain
information including a number N of on-chip voltage
domains and a voltage V and current load I for each of
said on-chip voltage domains and a maximum number
N az4x Of off-chip switching mode power supplies;

calculating by a computer process that is more computa-
tionally efficient than an exhaustive optimal computa-
tion by use of at least a selected one of: a binary power
supply clustering process and a linear power supply
clustering process, based on said set of voltage domain
information and said maximum number N,/ of
off-chip switching mode power supplies, a near optimal
set of voltage clusters comprising a number and distri-
bution of linear low dropout regulators associated with
each cluster, said linear low dropout regulators config-
ured to power each of said on-chip voltage domains;
and

configuring said electronic system to said near optimal

distribution of power supply resources based on said
near optimal set of voltage clusters.

19. The method of claim 18, further comprising at each
step of said binary power supply clustering process a step of
identifying a specific voltage cluster having a widest voltage
range and distributing one or more of said linear low dropout
regulators into two separate clusters.

20. The method of claim 18, wherein said linear power
supply clustering process linearly distributes a plurality of
linear low dropout regulators within said voltage clusters.
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