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CONCURRENT LOGICAL AND PHYSICAL CONSTRUCTION OF
VOLTAGE ISLANDS FOR MIXED SUPPLY VOLTAGE DESIGNS

BACKGROUND OF THE INVENTION

1. Techn_ical Field

_ This invention generally relates to computer-aided placement of circuits on a
semiconductor chip, and more specifically relates to concurrent logical and physical

construction of voltage islands for mixed supply voltage designs.

~ 2. Background Art

The switching power of digital circuits increases as the square of the power supply

- voltage increases. Thus, reducing this voltage is desirable for reduction in circuit power
consumption. However, reduction in power'supply voltage also reduces circuit . '
i)exfonnancé Therefore it is desirable to combine .circuits driven by a higher power
supply voltage and circuits dnven bya lower power supply voltage (hereafter referred to as
bigh and low volfage circuits, respectively) on the same chip. The high voltage cncults are
: used where needed to ach1eve the desn'ed clrcult performance and the low voltage clrcmts

are used elsewhere

When high and low voltage circuits are combmed ona sem1conductor chip i in this
. 'way, it is desnrable to phys1cally group the low voltage GlI'CUltS ‘together 1 i low voltage |
“islands” and to separately grotp the high voltage clrcults together into lngh voltage

b4

“islands”. Thisis preferable because the liigh and low voltage power supplies are’
distributed on separate d1stnbut10n networks and, by groupmg .the circuits into 1s1ands
only one of the two power supplxes needs to be cllsmbuted within each island. This

reduces the amount of extra wiring resource required to disttibute the two power supplies,
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thereby leaving more wiring resource available for signal wiring, Ultimately, this allows

the semiconductor chip to be smaller and/or fewer wiring planes to be required. -

When high and low voltage circuits are combined on’a chip, care must also be

taken for nets that are driving signals from one type of circuit to the other. Typically, high

-voltage circuits can directly drive low voltage circuits with no special intervening circuitry,

but low voltage circuits feeding high voltage circuits must drive them through special
“level-shifter” circuits. Such circuits add area, power, and delay to the network.
Therefore, it is desirable to minimize their use. In many circuit families, high voltage latch

circuits can act as level shifters at no additional cost. Thus, if low voltage circuits are

 selected so that they directly feed latches, the number of level—shiftera needed can be
reduced. The number of leve]-shifters needed is typically reduced by assigning groups of

- closely connected circuits to high or low voltage

'In summary' placing high vdtage circuits in high voltage.islands and low voltage
circuits in low voltage 1slands typ1cally minimizes the number of level shifters used. Th;s
also reduces the number of places to which the high and low Voltage power must route,
thereby reducmg power d1stnbut10n costs. However, these 1slands may not be conduclve
to good logical placement. For example a s1gnal might have to run qmte a long dlstance
to a high voltage island and then from the high voltage island back to circuitry that uses
this signal. This could actually decrease performance instead of increasing it. Thus,a -

~ poor ialacement result oceurs for what should be a better placement.

Another method used for creaung high and low voltage cirouits is loglcal
clustermg In logical cluster, the high and low voltage circuits ate des1gr1ed —not in

voltage 1slands based on connectivity. Elements in a circuit that need to be faster are

changed to h1gher voltage, while slower, non-critical elements are changed to lower °
voltage. This solves the placement issues caused by high and low voltage island
clustering, as the data paths are not moved. . However, the different power supplies must



be distributed everywhere and logical clustering can tremendously increase the number of
level shifters. _

Thus, there is a need to limit the amount of power routing and level shlfters yet
still allow critical data paths to meet timing requirements.

DISCLOSURE OF THE INVENTION

The preferred embodm:lents of the present invention solve these problems by
providing both logical and physical construction of voltage islands. The preferred
embodiments of the present invention combine both physicaland logieal synthesis to

' provide fewer level shifters and less power routing, bi1_t still meet timing and other
" requirements. Additionally, by using an iterative process for construction of the voltage

islands, power usage can be minimized while speed constraiﬂts, in particular, are met.

. Inone aspect of the present invention, a senuconductor ehxp demgn is partmoned

.mto “bins”, which are areas of the design. In this way, a semiconductor ch1p des1gn may |

be “sliced” into various areas and the areas may then be assigned to various voltage levels
Each bin may be thought of as a voltage 1sland Circuits in the deﬂgn can be added to or
removed from the various bins, thereby increasing or decreasmg the speed and power of -

- the circuits: the speed and power merease if a circuit is placed into a bin assigned a hlgher

voltage, and the speed and power decrease if a cirouit is placed into a bin having a lower
voltage. The size and location of the bins may also be changed. By iterating these steps,
the 'optimu'm power consizmption- may be met while still meeting speed constraints and

_ other criteria.

Thus instead of solely adding circuits to a voltage 1sland or solely determmmg

. which cirouits need hlgher voltage and changing these cireuits to-higher voltage levels, the -
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present invention combines these two concepts. The present invention uses both physical

and logical construction of voltage islands to meet predetermined criteria.

Dividing a semiconductor chip design into a number of bins is only one way of
placing circuits in a design. The present invention is applicable to any place1nent
environment that proceeds through successive refinement of the locations of the circuits on

the deszgn and in which the placement process may be interrupted to make changes in

‘placement of the logic.

_ The foregoing and other features and advantages of the present invention will be -
apparent from the following more partlcular descnp’aon of the preferred embodlment of the
invention, as ﬂlustrated mn the accompanymg drawmgs

BRIEF DESCRIPTION OF.THll‘. DRAWINGS

.FIG. lisa prefened method for providing both logical and physical construction of

voltage 1slands m accordance with the most preferred embodlment of the present

mventlon,

FIG.2i5a prefen'ed method for moving circuits ‘between bins to 1mprove speed

and decrease power and congestion;

FIGS. 3 through 7 are examples of a loglc circuit in vanous stages of placement i

. accordance with the method of FIG. 1;

FIGS. 8 and 9 are examples of power reductlon steps taken by a preferred

embodn:nent of the present invention on an exemplary placement and

FIGS. 10 and 1 1 are flow charts of a second preferred method in accordance with a
preferred embodlment of the present invention:




BEST MODE(S) FOR CARRYING OUT THE INVENTION

As stated nreviously, the present invention relates to ccmputereaicled placement of
circuits on a semiconductor chip. For those not familiar with this topic; the following
Overview section briefly introduces some of the concepts associated with placement
processes. Those skilled in the art of computer-aided placement of circuits on a

semiconductor chip may wish to proceed directly to the Detailed Description.
Overview

_ When a semiconductor cl:ip is designed, computer design tools are used. These
tools work on and produce a file called a “netlist.” ‘This netlist contains a description of all
of the gates and the Gonnections between them. A semmonductor chip designer generally |
' works with a simulated loglcal layout of the chip. In other words, the semiconductor chip

‘will perform some function, and the designer erisures that the simulated chip actually
logically performs the function. When the actual chip is ready to be made, chip designers
usea placement tool that takes the ongmal netlist and creates an output. The placement
-tool is given the netlist, tnmng constraints, placement constramts and sw1tchmg
- information. Additionally, it will also be given hbranes that describe the timing of the
wire and the gates and that contain the rules of placement, the size and shapes of the gates,
. etc. The placement tool outputs a modified netlist and placement iriformation. These are
" then fed into a wiring: tccl that generates the masks and other mformatlon used to actually '
‘ create the chip on a semiconductor wafer. - ' -

'I'here are several different types of platcen_rent systems. One important system is
. «called Placement Dnven Synthesie, or PDS." A reference for PDS is “An Integrated
 Placement and Synthesis Approach for Timing Closure of the POWER PC
Microprocessor”, S. Hojat and D. Villarrubia, raages 206 to 210, International Conference ,
+ - on Computer Désign, 1997, which is incorporated herein by reference. A PDS syst_e_m.

_ allows loéical changes to a network to be made durmg placement. PDS consists cf a cut-
5 .



based placement program arid a set of operations to be perfonne;i between cuts. A cut-
based' placement program will recursivel}; divide the c'hip-are_a and the circuits on the chip.
Generally, it starts by dividing the chip in two (though quadrisection methods, which
divide the ehlp into four parts, are also known), then di‘vides- each of these helves in two,
and so. on. At ﬁfst, nothing is known about the eventual location of circuits on the chip,

and after each set of cuts the circuit locations are refined.

The regions into which the-chip has been divided at any point in the placement

- process are referred to as “bins”. In PDS, various f‘Iogie synthesis” actions (generally any
progfam which modifies the netlist) are performed between sets of placement cuts,
‘allowing modifications to be made to the network based on the refined knowledge of
circuit placement now available. Typical actions inélude buffering, cloning (duplicating a
.circuit and distributing its fanout between the original circuit and the copy) factonng, pin
E swapping, etc. Occasionally, circuits are also moved between bins.

. Another example of a placement tool and'memodology is a simulated annealing

. .placer. Sucha placement tool eﬁerates- by analogy with the physical annealing of a crj'/stal, -

" making many trial changes to the placement. Each of these trial changes may be kept or

: ﬁndoﬁe depending on the improvement it makes to some metric of the “goodness™ of the

- placement (e.'g.,‘estimat:ed wire congestion) and a “temperamre”'veﬁable which helps to
control the annea]mg process. The process begins at a high temperature and proceeds' toa
Tow temperature as the placement progresses. Changes whlch improve: the metric are
always kept whlle changes which degrade the metric have a probability of being kept, |
which decreases as the temperature decreases and as the amount of degradanon of the
placement metric mcreases As placement progresses, the average dlstance a c1rcu1t is
moved in an accepted placement change decreases. Thus, the locations of circuits on the

chip are progressively better known.

_ De_tailed Descrij ion




The preferred embodiments of the preserlt invention combine both physical and
logical synthesis to pfo_vide fewer level shifters and less power routing, but still meet
timing and other r'equirenlents. .Additionally, by using an iterative process for construction
of the voltage lélands, power usage can be minimized while speed constraints, in

particular, are met.

In ohe as;lect of the present invention, a semiconductor chip design is partitioned
into “bins™, which are areas of the design. In this way, a semiconductor chip design may
 be “sliced” into various areas and the areas may then be assigned to various voltage levels. '
Each bin may be thought of as a voltage island. Cireuits in the design can be added to or
removed from the various bins, thereby increasing or decreasing the speed and power of
the circuits: the speed and power increase if a circuit is .1.)laced into a bin assigned a higher
- voltage, and the speed and power decrease if a circuit is placed into a bin having a lower .
| voltage. The size and location of the bms may also be changed. By 1terahng these steps
~ the optimum power consumption may be met while still meeting speed constraints and

other criterid.

Thus mstead of solely addmg circuits to a voltage 1sland, or- solely determining
which circuits need higher voltage and changmg these circuits to higher voltage levels, the
present invention combines these two concepts. The present invention uses both physmal
‘and loglcal constructlon of voltage islands to meet predetmmmed criteria.

Dividing a semiconiductor chip design-into’a number of bins is only one way of
placmg cn-cults ina design. The present invention is applicable to any plaoement
envnonment that proceeds-through successive refinement of the locations of the circuits on
_ .the design and in which the placement process may be mtermpted to make changes il
placemcntofthelogm S " N




Before proceeding with more discussion of the preferred embodiments, it is .
beneficial to discuss terminology. As used hereini, a “bin” is an area of ade,sign ofa .
: semicon&uctof chip. ‘Each bin is not necessarily assigned to a particular voltage. A
vdltage island is also an area of the design that is assigned to a particular voltage. All |
circuits in the voltage island will be powered by the particular voltage to which the voltage

island is assigned.

Any placement system may be used to perform both physical and logical synthesis
as disclosed herein. - Such a placement system, in general, would assign a set of cirau_its on
a-portion of a chip design to a particular voltage level, select an area of the chip design,
and assign circuits within the area to a different voltage level. Movement of circuits would
‘occur between the higher and lower (or intermediate) vbltage levels to optimize .the design.
In the most preferred embodiment of the present inventio_r;t,' a chip design is sliced into.
bins, Each bin will be a voltage island and assiéned to a particular voltage. Some of the
bms will be ass1gned a mgher voltage and some will be assigned a lower voltage. Thus,

hysmal synthems is performed. Within these phys1cal constramts circuits are moved
| from areas of hlgher voltage to areas of lower voltage, or vice versa, t6 meet power speed,
‘and other criteria. Thus, logical synthesis is also performed. In anothar_embod1ment of the
preseni invention, an annealmg placement system is used. In this version,'\}oltage islands
will be assigned to particular locations and bins will not be used. Phys1ca1 and logical - |
synthesis will still occur.

' Turning now to FIG. 12, FIG. 12 illustrates a block diagram of the compiter
system of the present invc_mtion. Those skilled in the art will appreciate that the
mechanisms and apparatus of the present invention appiy equally to any coniputer ‘system,
regardless of whether the computer- system isa comphcated multi-user computmg
apparatus or a single user workstation. As shown in the exploded view of FIG 1,

: computer system 1100 comprises a main or central processing unit (CPU) 1 110 connected
. toa mam memory 1120, a mass storage interface 1130, a terminal interface 1 140;- anda '




_ network interface 1 150. These system components are mterconneeted through the use of e
system bus 1160. Mass sterage interface 1130 is used to connect mass storage devices
(such as DASD device f155) to computer system 1100. One specific type of DASD
device is a floppy d1sk dnve _which may store data to and read data from a floppy diskette
1195 '

_ Main memory 1120 contains one or more aﬁplication programs 1122, circuit
elements 1124, data 1126, and.an operating system 1128. Computer system 1100 utilizes
well known virtual addressing mechanisms that allow the programs of combuter system
1100 to behave as if they only have access to a large single storage entity instead of access
to multiple, smaller storage entities such as main memory 1 120 and DASD device 1 155
Therefore, while application programs 1 122 clrcmt elements 1 124 data 1126, and

‘operating system 1128 are ‘shown to reside in ma_m memory 1120, those skifled in the art.
will recognize that these are not necessarily all. completely contained in main memory

' 1120 at the same time. at should also be noted that the term computer system memory’

is used herein to genencally refer to the entlre v1rtnal memory of eomputer system 100.)

Operahng system 1128 is any smtable operatmg system Those skilled mtheart o
" will appreciate that the spirit and scope of the. present invention is not hmlted to any one

~ operating system. Also residing in main memory 1120 are one or more apphcaton ,
programs 1122 that are executed by CPU 1110. One of these appl1ca110n programs is an
integrated éircuit design tool 1134 in accordance with the present invention. Also
‘included within main memory 1120 are representatons (¢.g., electrical and timing _

, parameters) of circuit elemen_ts 1124 that are used by design tool 1134 _ While mtegtated

: clrcult design tool 1134 and circuit elements 1124 are shown reeidipg in main memory i

1120, they may exist anywhere in the virtual memoty space of eomimte; lle. n

| addition, while circuit elements 1124 are shown separate from design tool 1134, these -

circuit élements 1124 could also be provxded as an integral part of mtegrated circuit design

tool 1134. As w111 be d1scussed in greater detail below, mtegrated circuit des1gn tool 1134




is preferably a design tool that performs Placement Driven Synthesis (PDS) of circuit

" elements 1124. As stated in the Overview section, PDS slices a chip design into relatively

small areas called bins. In this most preferred embodiment, the bins are used as voltage

islands and criteria are used to determine when the design has been properly placed.

Although coﬂiputer system 1100 is shown to contain only a Single main CPU-a-nd a
single system bus, those skilled in the art will appreciate that the presént invention may be

~ practiced using a computer system that has multiple CPUs and/or rmﬂtiple buses. In

addition, the interfaces that are used in the preferred embodiment each include separate,
fully prdgramme& nﬁchpmcessprS that are used to off-load compute-intensive processing
from CPU 1110. However, those skilled in the art will appreciate that the present
invention applies equally to computer systems that sunply use /O adapters to perform
similar fonctions. '

Terminal interface 1140 is used to directly connect one or more te:mmals 1165 to

computer system 1100. These terminals 1165, which may be non-mtelhgeni or fully

progra_mmable workstations, are used to allow system administrators and users to
communicate with computer system 1100.

Network inteffaqe 1150 is used to connect other computer systems and/or

- -workstations (e.g., 1175 and 1185 in FIG. 1) to computer system 1100 in'networked

ﬁashlon The present mvention applies fegardless of whether network interface 1150.is

' ‘present or not. F or the purposes of the preferred embodiment héréin,-netWork interface

1150 1s present, and ﬂﬁe present invention applies equally no matter how computer syétem
1100 may be connected to other oomputer systems and/or wo'rkstatibns regardless 6f -
whether the connecuon(s) is made using present-day analog and/or dlgltal techmques or

via some networhng mechamsm of the future. It is also nnportant to pomt out that the
presence of network mterfgce 1150 within computer system 1100 means that computer -
system 1100 may engage in cooperative processing with one or moré other computer
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systems or workstations. Of coﬁrse, this in turn mesans that the programs shown in main

- memory 1120 need not necessarily all reside on cbmputer systém 1100. For example, one
or more programs of application programs 1122 may reside on another system and engage
in cooperative processing with one or more programs that reside on computer system 1100.
This cooperative processiﬂg could be accomplished through use of one of the well known
client-server mechanisms such as remote procedure call RPC).

At this point, it is important to note that while the present invention has been (and
will continue to be) described in the context of a fully functional computer system, those
skilled in the art will appreciate that the pfésent invention is capable of being distributed
as a program prbduct in a variety of forms, and that the present invention applies equally
regardless of the particular type of si,gnai bearing media to actually carry out the
distribution. ‘Examples of signal bearing media include: recordable type media such as

floppy disks (e.g., disk 1195 of FIG. 1) and CD ROMS, and tahémission tsrpe media such
as digital and ;a,lnalog communi_éation Jinks, inbluding wireless communication links.

Tummg now to F 1G. 1, a method is shown for placing circuits using both physwal
and logxcal construction of voltage islands. Method 100 is preferably prefon:ned by
' integrated circuit design tool 1134 as illustrated i 11_:1 FIG. 12. Method 100, wl_xen performed -
by integrated ci_rcﬁit demgn tool 1134 dun'né d‘i;cuit element placement, will facilitate
 circuit element placement results in the best combination of powe_r. and speed, and tomeet .

other criteria.

Method 100 begms when the unplaced de81gn 105 is given to the placement tool
“The unplaced des1gn is described by a netlist, which i is descnp’aon of all of the gates and
the connecuons between them, Along with the unplaced design, the tool is also givena set
. of ummg oonstramts and/or power and area constraints. Also, as some clrcmts needtobe
in a certain location (such as mput/output circuits), there may also need to be some

location constraints. Finally, the placement tool is given libraries that describe the timing
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of the W1re and the gates, and that contain the rules of placement, the size and shape of the |
gates, etc. ' '

Initially, all circuits are set to a particular voltage (step 110). Preferably, all
circuits will be set to a low voltage, as this tends to decrease the overall power
requirements. If the circuits are initially set to a higher voltage, the circuits are already
higher power and the placed design tends to be higher in power. If more than two voltages
are used, then it is recommended that the lowest voltage be chosen in this step. If two -

" (high and low) voltages are used, the low voltage should be chosen as the starting voltage

for the voltage islands.

In step 120, the unplaced design is partitioned into bins. In method 100, cach bin
and voltage islands should be eqmvalent In other words, each voltage 1s1and will be one

' bin. Dunng this partitioning (or “cutting™) process, normal PDS synthesis actions will be

used to try to meet perfonnanc;e objectives, to reduce power by other means than voltage

" island creation, and to meet other design objectives. In particular, 2 PDS system could
" consider global routing constraints at this juncture. If voltage islands are too small, the

amount of power iouﬁng increases. This can have a deleterious effect on system space

considerations.

In step 125, a decision is made as to whether all des1gn criteria are met. Normally,
the desxgn cntcna will pnman.ly bea combmatlon of performance and power. For
msta_nce, the de51gn criteria could be mlmmlzmg power subject to 2 performance
constraint. For these cﬂtexia the performance constraint must be met, and various

placement designs that meet the performance criteria can result in different power

consumpuon One way of judging performance is through “slacks.” Slack is the amount .

. of time between when a signal absolutely must be at a location and when it actually gets

there. If there is a positive slack, the signal arrived before it had to. It might be possible to
make one or"'inore circuits in the path be lower power. On the other hand, if there is a
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negatrve slack, the signal did not arrive in time. Generally, this means that changmg one
or more circuits in the path to hlgher power could increase the performanee For the
criteria of minimizing power subject to a performance constraint, meeting these des1gn
criteria means that all performance objectives are met (i.e., all slacks are positive) and the

placed design has the lowest power of poss1ble design placements

If the design criteria are maximizing performance subject to a power constraint,
meeting these criteria means that assignment of high voltage to any more bins will cause

the power constraint to be exceeded.

It should be noted that criteria other than povlrer and performance rnay be tested in
step 125. For e_x_ample, location is important for some cireuits, such as input/output
_ circuits. Meeting the criteria in step 125 can exitail ensuring that these cironits are in the
" proper location. Additionally, area, noise, rehablhty, and wne—ablhty are other criteria that N
' .maybetestedmstep 125.

If the design criteria are met (step 125 = YES), then placement is. ﬁmshed instep
. 150 In this step, the PDS system is given that constraint that no circuits may be

transferred from low voltage bins to high voltage bins and vice versa Duung this step, the .
modified netlist and placement mformatlon are output. Prior to outputtmg the placement
mformatlon, the PDS system will determine exact locations for each circuit within each bin
so as to create the placement mformatron Preferably, 1IN previous steps, c1rcu1ts are sxmply '

_ placed into pa.ttlcular bins. During step 150 the exact X, Y location of each circuit thhm
~abin is determined. Once the modlﬁed netlist and placement information are output, the
- design is placed and optimized (step 160).. The desrgn may be transferred to a wiring tool |
to create the masks etc., needed to actually make the elnp '

Ifone or more of the cntena are not met (step 125 = NO) in step 130, the PDS .
' system assxgns abintoa second voltage. The selected bin will become a voltage island at
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the second voltage. Preferably, the second voltage is higher than the first voltage. If two -
voltages, -low and high, are used, most preferably a bin is assigned to a high voltage. If
more than two voltages are used, then préferably the next highest voitage is assigned to a
bin. For example, if there are three voltages (low, medium, and high), preferably a bin will
be initially assigned to the medium voltage. On the second pass through step 125, this
same bin can then; if slack fo; circuits in .the bin is still negative for instance, be assigned
to the high voltage. Assigning bins to increasing'véltage, from low to high, generally
results in a placed design that is lower in power than could be achieved by assigning bins
to decreasing voltagé (from high to=low)'. |

In step 130, a particular bin s also selected as the bin to éssign to the second

voltage. There are many ways to determine which bin to assign to the second voltage.
+ When the second -_volta-ge isa hiéﬁe__r voltage, generally the selected bin will be a bin
¢ontaining circuits on the worst slack péth in the design. In this scenario, increasing
voltage wﬂl increase the speed of the c1rcu1ts thereby reducmg or eliminating the slack.
The selected bm may also be chosen at random. Another method for selecting bins (When
the second volte_lge is a high vql_tagp)_ is to select low sw_ltchmg bins, which contain nets

that are not used much or circuits that switch relatively few times. ‘The prior method
" redgees power bacause incrg:ased switching equates with increased power.

Altematwely, the determination of which bm to assign to the second voltage could

- entail trying to find points where many iate paths converge. Methods for ﬁndmg such .
pomts-are described in the followmg, which a1_'e mcorp9rated herein by reference: K.
Usami, et al., “Antomated Low-Power Techniqﬁe Exploiting Multiple Supply Voltages
Applied to a Media Proceséor”, Institute of Electrical and Electronios Engineers Journal of
' Solid-State Circuits, v. 33, no. 3, 463-472 (March, 1998); and L. Berman, et al., “Efficient

‘Techniques for Timing Correction”, Proceedmg of the 1990 International Symposium on

* Cirouits and Systems (May 1990). |
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Additionally, a selected bin could be & bin having large numbers of circuits in
critical paths. For this selection, the bin with the largest number of circuits in the critical
paths may be selected as the bin. Alternatively, the selection could be made by |
detemxiniﬂg which bin will cause the largest delay improvement to critical paths if the
‘circuits the bin centains ere assigned to the second (higher) voltage. Finally, the bin
selection could be made By choosing a bin that has a large nember of inputs directly
feeding latches, as euch a bin will reduce the need for levei-shiﬁers.

It should be noted that multiple bins may be selected in step 130. However for

_ snnphclty, the sélection of only one bin will be discussed herein. Also, in step 130, the
selected bin and its circuitry will be assigned to the second voltage. Assigning exrcmtry to
the second voltage allows the PDS tool to recalculated delays, power consumption, slack,
and other data. This information is then used to determine if criteria are met.- |

- Instep 135, level shifters are added where needed. If the second voltage is a
higher voltage, the selected bin will be converted to a high voltage island. Low VOltege

" circuits that output signals to circuits inthe high voltage island (the selected bin) will have

lével shifters added to the low voltage signals. If the second voltage is  lower voltage,
" then level shifters might not be needed between circuits in a high voltage island and
cncmts ina low Voltage 1slancl This is true because in general, low voltage circuits need

level sh1ﬁers to feed high voltage circuits but high voltage circuits do not neeessanly need
level shxﬂers to feed low voltage circuits.

_ In step 140 level shifters are removed from the outputs of circuits that no longer

- . need the level shifters. For example if a low voltage cirouit had an output signal that fed a-
high voltage circuit, the output sigoal for the low voltage circuit would have a level shifter
onit. When the bin eoﬁtaininé this low voltage circuit s made into a high or higher
velta'ge island, the level shifter is no longer needed on the eutﬁut of the low ;roltage circuit.
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In sfep 145, circuits are moved betv;/een bins to improve speed and decfeaée power
and congestion. Circuits may be moved into a selected bin to increase speed (if thé
selected bin is a higher voltage bin), in increase occupancy, or to’ make room in adjacent bins.
Circuits may be moved out of the selected bin to decrease power (if the selected bin is a
higher voltage bin and the circuits are moved into a lower voliage bm), decrease

congestion, decrease occupancy, or increase the surrounding bin occupancy.

Referring now to FIG. 2 in addition to FIG. l.,'FIG‘. 2 describes stép 145 more
particularly. Step 145 in this example is written such that the selected bin is high or .
higher voltage and some surrounding bins are lower voltage. Diﬁ‘gréﬁces between this
situation and the oppoéit’e situation, which is when the selected bin is low& voltage and
some of the surrounding bins are higher voltage, will be discussed after the descnptlon of

FIG. 2. Tt should be noted that, even though steps are shown in a partwular order in

methods 145 and 100, the steps do not necessarily have to be performed in this order.

~ After each step or operation of method 145, the circuits can be cheé_ked o see if _
they violate tlmmg limits, violate any bin capacities, or violate any congestion limits on cut |
fines between bins. If 50, the operation can be rejected. Timing limits xﬁay be violated due
to increased loading on nets biought about by changes in wire length caused by the circnit -
movement. Bin capacities can be violated if too'many circuits are placed info a bin, sach

 that the circuits and connecting wiring simply cannot fit into the area of the bin. Note that
- different semiconductor technologies may have different area requirements for circuitry.

Congestion limits may be violated if there are too many wires because of too many data’

~ paths going into the bin. Ifthere are 100 ‘many data paths going into a bin, the bin will not
. be wire-able. In method 145 circuit movements may also mclude clomng of circuitsto

reduce the nnpact on net length

sl refen‘ing to FIG. 2, method 145 begins when non-critical circuits are moved

" from the selected bin to lower power adjacent bins (step 210). Critical paths need to meet
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certain timing requirements and also tend to be the hardest to meet timing on. The PDS
system performs a timing analysis and, from this an#lysis,.detennines which paths are
critical. A non-critical circuit is a circuit that is not in a critical path. Conversely, a

critical circuit is a circuit in a critical path. Step 210 lowers power. by moving non-cntlcal
circuits to lower power voltage islands. If necessary, level sh1ﬁers on the outputs of these
non-critical circuits are moved to their inputs. For this step, it possible to preferentially
choose circuits in the selected bin that are sourcing bin outputs that feed circuits in other

" low voitage bins.

" Additionally in step 210, it possible to preferentially choose circuits in the selected -

bin that are fed by circuitfs in other low voltage bins. To reduce the number of level

shiﬁm required, max-flow, min-cut procedure may be perfox.m.ed.- A reference describing
" a max-flow, min-cut procedure is ‘.‘Graph Algbﬁthnis”; Shﬁnpn Even, Cdmputer Science

Press, 1979, whichis herein incorporated .by reference. 'In this procedure, a ﬂofv graph -

R would be cpns&uctéd from the set of all non-critical bin inputs on the selected high voltage
"bin that is fed by cirouits in other low voltage bins and from the non-critical circuits in the

 selooted bin’s fan-out cones, A min-cut through the flow network ¥otild be determiined:
All clrcults that are to the “left” of the nets in a min-cut ihr"ougli this flow ﬁetwo‘rk would
be detelmmed Movmg these “left” or “feedmg circuits to adjacent low voltage bins

" would then minimize the number of level-shifters requxred at the bin inputs. Essentlally,
‘this procedure attempts to create the least number of s1gnals transmomng from low voltage

. to high voltage and minimizes wire length The flow graph is one way of determining

wlnch circuits should be moved to low voltage.

Step 210 may also preferably move high switching circuits out of thé bin. High
- switching circuits are those circuits that switch a relati\fely high amount of times. This
- relatively high amount of switching burns more power. Thus, a way of reducing power is

t6 remove high switching circuits from high voltage bins to lower voltage bins. Note that
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. if the circuits are in critical paths, the circuits would p‘referably femain in the high voltage
bin éven if they are high switching circuits.

In step 220,'if the selected bin drops below minimum capacity (step 220 = YES),
then low voltage circuits fed by outputs of the circuits in the selected bin will be added to
thé selected bin (stép 240). Circuits to move 1n this manner would preferentially be chosen
to minimize the rmmber of level shifter additions required because these circuits could be
along inputs that need level shifters. This step attempts to keep the critical nets at the
~ fastest speed by adding circuitry fed by the critical nets to the mgher voltage bin. Thus,
when the selected bin’s size becomes small, the circuits that are fed by critical né;ts and
that are in lower power bins are added to the higher power seledt‘ed bin, and the non-

_ critical circuits are removed from the selected bin. Alternatively, this step can entail
adding low switching circuits from surrounding areas into the selected bin. This

minimizes power, yet increases capacity of the selected bin.

- . Ifthe selected bin does not drop below minimum capacity. (step 220= NO) a,
determination is. made as to whether all non-critical circuiits have been moved out (step
225). Ifnot (step 225 =NO), then the method proceeds back to step 210. Ifall non-

critical clrcults have been moved (step 225 = YES), then critical circuits in low voltage

bins that feed critical circuits in the selected bin are moved into,the selected bin (step 230).

Thus, lf the eritical cnrcmts m the selected bin are still not meetmg timing lnmta'uons the
c:rcmts feedmg these cntwal circuits are moved from low power to high power. This
should speed the critical path and improve timing. Level shifters, if any, will be moved
from the outputs of the newly added circuits to the inputs of the newly added circuits.

In step 235, if the seleoted bin falls below mmlmum capaclty then low voltage

: c1rcu1ts fed by outputs of the critical circuits in the selected bin wﬂl be added to the .

| selected bin. Step 235 is similar to step 240. Clrcults to move in thls manner would
.preferentxally be chosen to minimize the numbgr of level shifter addluons requlred. Step
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235 attempts to keep the critical néts at thie fastest speed by adding' circuitry fed by the
critical nets to the h1gher voltage bin. Thus, when the selected bin’s size becomes small,
the circuits that are fed by critical nets and that are in lower power bins are added to the

higher power, selected bin and the non-critical circuits are removed from the selected bin.

Addmonally, in step 235, it may be necessary to make room in ad_]aoent bins for
circuits being moved out of the selected bin, To allow this to happen, low voltage circuits
fed by outputs of the critical clrcmts in the selected bin will be added to the selected bm

Again, circuits to move in this manner would preferentially be chosen to rmnnge the -

.number of level shifter additions rcquned

T step 255, it is determined as to whiether all citeria are met for this bin, Such

criteria will primarily be performance and pbwer criteria, according to the performiance and

. power criteria set for the chip design. Additiohally’, other criteria may be checked, such as

. over-or under—capac1ty, routing or location specifications, efc.. If all criteria are not met

(step 255 =NO), method 145 is performed again; if all criteria are met (step 255 = YES),

.the method ends in step 250.- It should be noted that even though performance and power
_ criteria could be met prior to step 255, method 145  may be performed multiple times to
' reduce power to the maximim extent while still meeting the other criteria. The lowest

power configuration that meets fhe other criteria (and, in partlcular the performance

. cntena) would then be the best solut:on

It should be noted tht method 145 may ééntain all of the steps shown in FIG. 2 ér

may only contain some of the steps shown. For example, only step 210 might be used for

method 145. Preferably, all steps would be used, as this provides the most performance at
the least amount of power. | Additionally,' if any of the steps of method 145 increases
congestion beyond a predetermmed level, circuits can be moved between bins to reduce the

congestion.
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Method 145 as shown in FIG. 2 is applicable any time that the selected bin is
‘assigned to higher voltage than an adjacent bin. If the selected bin-is lower voltage and
the adjacent bins are higher voltage, method 145 would be slightly different. In this
embodiment, it would be more beneficial in step 210 to move non-critical circuits from
' adjade_nt bins into the selected bin anci to move critical circuits out of the selectéd bin. In
step 240, output circuits that are non-critical are preferentiélly moved into the selected bin.
' This is samé for steps 230 and 235: Essentially, non-critical circuiits from surrounding,

higher power bins are moved into the lower power bin.

After step 145 of method i.OO, step 125 of method 100 is performed ag:;.lin. Method
100 continues until the critetia have been met or until the method does not converge.
Generally, the latter is set as a time limit: if the method exceeds 4 particular time, then it is
assumed that the method is not convergmg toa solutlon ‘This could haPPen, for example,
if too low of power criteria are chosen for too h1gh of perfonnance criteria.

' Turning now to FIGS. 3 through 7 in addition to FIGS: 1 and 2, FIGS. 3 through 7
_show an exemplary section of a Ghlp design. FIG. 3 shows a completely unplaced chip
‘design, as such a design would exist in step 105 of method 100, FIGS. 4 though 7 show
" the same chip design at vaﬁous_ stages of the placement pré:oess of methods 100 and 145.

. IFIG: 3, a completely unplaced chip design is shown. Unplaced chip design 300

' 'conr;pnses various mputs 310, 311, 312, 313, 314, 315, and 316 and an output 320. |
Unplaced Ohlp des1gn 300 also comprises a number of c1rcu1ts . sevéral NAND gates 331,

: 332,.10glc blocks 340 and 330, a number of i inverters 350, 351, 352, 353, 354, and 355,
anda NOR @b'360. Unplaced chip design 300 is described by a netlist:

InFIG. 4, a partially placed design 400 is shown. Only some of the

interconnections are shown. Partially placed design 400 is shown after steps 110 and 120

_ of method 100. Bach bin has been set to low voltage, thereby creating low voltage
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bin/islands 410 and 420. Boundary 430 separates the two islands 410, 420. In step 120,
normal PDS synthesis actions will be used to try to meet pe’rfonnénce objectives, to reduce
power b'y other means than voltaée island creation, and to meet other design objectives.
ThlS results in the partially placed design 400 shown in FIG. 4. Path 370 is a critical path, .
" and nets 440 and 460 cross boundary 430. |

In FIG. 5, bin 410 has been assigned to a high voltage bin/island 510. In step 125,
all criteria were not met (step 125 = NO), so bin 510 was selected as a high voltage bin in
step 130. Bin 520 (420 in F IG. 4) has been unchanged and is still alow voltage bin. All
circuits in bin 510 were assigried to higher voltage. Bin 510 was selected as a high
voltage bin because it had the most circuits on the worst slack path (path 370) in this small -
_ de:ngn (step 130 of’ method 100). Level shifters 470, 480, and 490 were added to nets 370, |

370 and 440 respecﬁvely, to shift these signals to higher voltage (step 135). Level shifters
were not added to net 460 and path 370 as it leaves mverter 353 and travels to inverter 354 |
‘because these are high voltage signals. These sxgnals should be able to drive low voltage
'clrcmts In step 140 1o level shlfters were removed. '

.The partially placed design 400 can be 6hecked after any of these steps to
determine if powet, pexformance and other criteria are met. In the case of bin or hlgh .
voltage ; island 510, net congestion is fan'ly high; inputs 310 through 314 requue quite a b1t

_.of wiring-on. one side of the bin. Addltlonally, a non-cntlcal clrcult (NAND gate 332) and

* . -non-critical nets 450, 440, and 460 are in the high voltage bin 510. Moreover, it can be

assumed that critical path 370 either does not meet timing requirements, meamng that :

slack is negative.

FIGS. 5 and 6 should be referred to during the following description of the
éequenée of steps of method 145 of FIG. 2. ‘Because bin 510 is not opﬁmizéd, in step ﬁlO
- of méthod 145, input 314, circuit 332, and nets 440, 460, and 450 are moved into low
‘volfage bin/island 520. Level sluﬁer 490 is.no longer needed aﬁd'is removed. In step 220,
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the selected bin is not below minimum capacity, and in step 224, all of the low voltage
cirouits have been fnoved. In step 230, eritical cirouits 354 and 360 are moved into high
voltage Bin/island 510. Level sﬁiﬁer 470 1s no longer needed, but level shifter 610 is
added to increase the voltage from net 620.

Power and performance criteria are determined in step 255. In this example, it can
be assumed that the power and performance criteria are met, waever, method 145 may
also be made to iterate a predetermined number of time in order to ascertain whether a
better combination of power and performance may be created fhréugh a diﬂ'erefxt
placement. Referring to FIGS. 6 and 7 in addition to FIGS. 1 and 2, after iterating through
method 145, the result is placed design 700 of FIG. 7. It should be noted that the |
placemeni of in FIG. 6 of critical path 370 hs;s made the slack in this path positive.
Because it méets timing requimme:ifs the path 370 is no longer critical in FIG. 7.

However, any changes to th1s path should be check to- detenmne compliance with timing, _
| In step 210, cntlcal circuit 350 was moved from high voltage bmllsland 510to low voltage _
bin/island 520. Th1s result has the lowest number of level sh1fters and the lowest power,

: wh11¢ still meeting the performance criteria. During this 1terat1ve process, critical c1rcu1ts
351,352, eto. were also have beei moved from bin 510 to bin 520, However, performance
was not met. Thus, placed design 700 meets performance and power cntena If power is -
less of a criteria, then circuit 356 and perbaps circuit 340 might be added 'to.higl.1 voltage
bin 510 (asS\inﬁng that capacity requirements are not violated). |

 After step 145, additional bins will be selected and optimized in steps 125 through
145, until the entire design'is optimized. Tri the simple example of FIG. 7, bin 520 could
'be assigned to high voltagé. This would provide a performance iﬁpfo%mmt. However,
the power will also increase. Because placed design 700 meets both perfonnané and
power requirements, step 125 will indicate that all criteria are met. .In step 150, the
| placement is finalized and the netlist and placement mfonnatlon are output What results
is the placed, optumzed de31gn (step 160). '
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Methods 100 and 145 may also include normal synthesis operation§ such as
cloning and buffering in order to further reduce power. FIGS. 8 and 9 illustrate a cloning _
operation performed during method 145 to reduce power (by minimizing wire length and
eliminating a level shifter). In F IG 8, a partially placed design 1000 comprises a high
-voltage bin 1020 separated from a low voltage bin 1030 by boundary 1040. On boundazy :
1040 are two level shifters 1055-and 1060. Level shifter 1060 shifts voltage ﬁrom the
lower voltage of bin 1030 to the higher voltage of bin 1020, while level shifter 1055 does
the reverse. Depending on the technology being implemented level shifter 1055 may not

. be needed For the particular technology being used in FIG 8, level shifter 1055 is used.
Path 1090 was a critical path that has been made to meet t1m1ng requlrements in FIG. 8.

- Hi'gh voltage bin 1020 comprises inputs 1010 through 1013, inverters 1070, 1075,
1080, and 1085, logic block 1050, and output 1091. Low voltage bin 1030 comprises
' mputs 1014 through 1016, logic block 1045, NOR gate 1086_ and inverter 1087. When -
method 145 runs on the partially placed design 1000, it is determined that the wire length
happens to be high (pa'rticularlﬁ the nets 1093 and 1094) and level shifter 1055 ‘may be
' removed To support this, inverter G1 1070 and inverter G2 1075 are cloned to beoome
' mvetter G1 Clone 1097 and inverter G2 Clone 1096 (see FIG. 9). This reduoes line length' '
as the lme length is now net 1091." Addmonally, as level sh1fcer 1055 isno longer needed,
the number of level shifters are reduced. '

. The previous methods were described using PDS, or placement driven synthesis.
There are other placement to_ols and methods. The present invention is appliceble to any
placement énvironment that proceeds through successive refinement of the locations ofthe
_ circuits on the design and in which the placement p'ro'cess may be interrupted to make
: changes in placement of the logic. The following discussion centers on a placement tool
and methodology is a smulated annealing placer As stated in the Overv1ew section, such
a placement tool operates by analogy with the physical annealing of a crystal making
" many trial changes to the placement
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Turning now to FIG. 10, this figure shows a tnethod 800 for concurrent logical and
physical construction of voltage islands using a simulated annealing placer. As method
800 is véry similar to method 100, generally only differences will be dlscussed herein
while referring to method 800. Durmg tlus discussion, it may be l)eneﬁc1al to refer to FIG.

1 for companson

One difference between the two methods is in step 820 of method 800. A PDS
system, such as that used for method 100, divides the chip des1gn into areas called bins. A
simulated annealing placement systeth does not use bms In step 820, instead of
B partitioning the chlp design and perfonmng synthesis actions on the design, the normal
annealing placement process is performed until the average distance that circuits are being
moved.is smaller than the smallest recommended voltage 1sland size. Th1s allows the
normal anneahng placement process to finish prior to adding the concurrent loglc and
phys1cal construction of voltage islands. -

In step 830, a circuit is selected as a “seed” circuit. As prewously dmcussed itis
preferable to 1mt1ally set all clrcmts to low voltage The seed circuit is then ass1gned to

o h1gh voltage anda hlgh voltage islarid is created around the seed circuit. ‘The size of the

high voltage island can mcrease or decrease depending on the number of circuits i in the -
island. Itis possible to preferentially choose, as the seed circuit, a circuit that is close to an

- e:nstmg high voltage island. Therefore, moving the seed circuit physically adjacent to the

. emstmg high voltage island will i increase the sme of the existing high voltage island.
- Thus, mstead of having bins Where the entire bm is selected as a voltage island, method

800 selects a clrcult and creates the voltage island around the circuit.

In step 845 circuits are moved between areas (between islands) to improve speed
and decrease power and oongestlon. Step 845 is disclosed more particularly in FIG Ilas
method 845; and is sumlar to steps 230 through 255 of FIG. 2. For step 930, critical .
-clrcults in low voltage islands that feed critical clrcults in the selected 1sland are moved
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- into the s_elect_e& island. Ifnecessary, the island’s size is increased. Thus, if the critical
circuits and paths in the selected island are still not meeﬁng timing limitations, the circuits
feeding these critical circuits are moved from'low, power to high power. This should speed
the critical paths and improve tmnng Level shifters, if any, will be moved from the
oufputs of the newly added circuits to the inputs of the newly added circuits.

In step 935, if the island containing the selected seed circuit falls below miinimum .
capacity, then low voltage circuits fed by outputs of the critical circuits in .ﬂme selected
" jsland will be added to the selected island. Circuits to be moved in this manner would
preferentially be chosen to mmnmze the number of level shifter additions required. Step
940 attempts to keep the. cntxcal néts at the fastest speed by adding circuitry fed by the
critical nets to the h1gher voltage island. Thus when the selected island’s size becomes
small, the circuits that are fed by critical nets and that are m_l_owe: power islands are added
to the higher power selected island, and the non-critical circuits are removed from the
selected'islzind. | . |

. Additionally, 1 in step 935, it may be necessary to-make toom in adjacent islands for
: = cxrcults being moved out of the selected 1sland To allow this to happen, low voltage. _

| circirits fed by outputs of the critical circuits in the selected _1s1and willbe added tothe -
sélected island. Agam, cirouits to move in this manner would preferentially be chosen to
minimize the number of such level shifter additions required. o

' In step 955, it is determined as to whether all criteria are met for th1s island. Such

. criteria will primarily be performance and power criteria, according to the performance and
power criteria set for the chip design. Additionally, other criteria may be cﬁecked, suchas
‘over- or ﬁnder—capacity, routing or location speEiﬁcaﬁoes, etc. Ifall criteria are not met
' (step 955 =NO), method 845 is performed again; if all criteria are met (step 955 = YES),
the method.en_ds in step 950. Tt should be noted that even though performance and power
criteria could be inet prior to step 955, method 945 may be performed multiple times to
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reduce power to the maximurh extent while still meeting the other criteria. The lowest
‘power configuration that meets the other criteria (and, in particular, the performance
criteria) would then be the best solution. '

It should also be noted that step 955 may entail adding additional circuits to the
islancl if the island is less than a preferred capacity; If steps 930 and 935 do net add
enough circuits to the island (eitller because the .criticall input cone is small or becauee the
circuit movement required to achieve physical adjacendy violates other constraints), othet
nearby critical circuits may be selected, assigned to high voltage, and moved into the
island. Steps 930 and 935 can then be continued on the inputs and outputs of the newly
added ciruits. |

Note that, as cliscmssed in reférence to. method 145 of FIG. 2, other actions ihay be

~ taken to meet predetermined'criteﬁa in step 845. For instance, buffering or cloning may be a

used to improve speed, decrease power and/or decrease congestion. As ‘further examples,
the fellowil_ng optimizations (discussed in referenee to method 145) may also be used in
“step 845: high switching circuits may be moved out of high voltage islands and into low
. voltage islands to decrease power; if a voltage lsland becomes too small; circuits in a

: surroundmg, low voltage island that are fed by critical paths or nets in a selected h1gh
voltage island may be moved into the high voltage island (1mproves speed) circuits may
be moved into a selected voltage island based on minimizing level shifters.

- Instep 850 of FIG. 10, changes are disallowed that will cause the high veltage _
islands already defined to-become physically diseonne'cted. The finishing placement
- process contixiues but with the rule that no changes can create physical .d.isco'nnection
between hlgh voltage islands. The exact X, Y placement of circuits within voltage islands
~ is also determined in this step
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Method 800 and 845 are equally applicable to selecting a seed for a low voltage
1s1a.nd In this case, non-critical nets and circuits are added to the low voltage island and

critical nets and circuits are transferred to the high voltage island.

Iﬁ summary, the mefhod of providing both logical and physical construction of
voltage islands is adaptable to a variefy ot_' placement algorithms. In accordance with the
method, a voltage island is chosen and circuits are added or removed to the island to best
analyze design criteria. The two primary criteria are power and performance criteria.
Logical construction of the islands occurs because the logical structure is maintained
within the island and on surrounding islands. The physical construction occurs because

circuits are moved into (and out of) a physical voltage island. The best placement occurs ..

when the logical relatiepship of the circuits and the physical voltage layout combine to

increase performance where necessary and to decrease power where neoessary. The

iterative nature of the method makes finding this combination relatively easy.

What has.been shown are methods that pr‘ovide both, logical-and physical
construction of voltage islands. The preferred embodments of the present mventlon
combme both physical and logmal syntbesis to provide fewer level shifters and less poWer

routing, but still meet timing and other requirements. Addmonally, by using an iterative
* process for construction of the voltage islands, power usage can be minimized while speed
_constraints, m parheular are met

~ The embodlments and examples set forth herem were presenbed in order t6 best-
explain the present invention and its practical apphcatlon and to thereby enable those
skilled i in the art to make and use the invention. However those skilled in the art will
recognize that the: foregomg description and examples have been presented for the . .
purposes of illustration and example only The descnpuon as set forth is not intended to

_be exhaustive or to limit the inverition to thie precise form disclosed. Similarly, unless

otherwme speciﬁed, any sequence of steps of the method indicated in the drawmgs orin
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the text is given as an example of a possible sequence and not as a limitation. Many.
modifications and variations are possible in tht_ of the above teaching without departing

from the spirit and scope of the forthcoming claims.
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1. A method. corriprishlg the steps of:

assigning a set of cifcuits to a first of a plural-ity..o'f voltage levels;
partitioning the set of circuits into a plurality of bins;
. assigning one of the bins to a second of the plurality of voltage levels; and

.assignihg circuits within the one bin to the second voltage level.

. 2: The method of claim 1 wherein the second voltage level is greater than thé first
' voltage level. | '

3 - The method of claim 1 wherein the.second voltage level is less than the first
. voltage level. L |

4. The method of claim 2 wherein the step of assigning one of the bins to a second of -
the phurality of voltage levéls comprises the steps of determining a waorst slack path
in the set of circuits and assigning a bin having at least one circuit in the worst

slack path as the one bin.
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The method of claim 2 wherein the step of assigning one of the bins to a second of
" the plurality of voltage levels comprises the step of assigning a bin having a

predetermined number of low switching circuits as the one bin.

The method of claim 3 wherein the step of assigning one of the bins to a second of
the plurality of voltage levels comprises the step of assigning a bin having a
predetertnined number of high switching circuits as the one bin.

The method of claim'1 wherein the  step of assigning one of the bins to a second of
the plurality of voltage levels compnses the step of assigning & random bin as the

_ one bin.

The method of claim 2 whef_ein the step of as'signing'one of the hms to a second of
- the plurality of voltage levels comiprises the steps of determining a Jocation whete
many late paths converge and assigning a bin having the location as the one bin. -
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10.

11.

A

* The method of claim 2 wherein the step of assigning one of the bins to a second of

the plurality of voltage levels comprises the steps of deterinining a j)lmality of

critical paths, determining an amount of delay improvement for each bin having

circuits in the critical paths if the circuits in each bin are assigned to the second

voltage, determining a bin having a largest delay improvement to at least one of the

_ critical-paths if circuits in this bin are assigned to the second voltage.le{/el, and

assigning this bin as the one bin.

‘The method of claim 1 wherein the step of assigning one of the bins to a second of

the plmélity of voltage levels comprises the steps of determining a bin that has a
predetermined amount of inputs directly feeding latches and assigning this bin as

the one bin.

The_niethod of ¢laim 1 further wmpﬁsing the step of:

iterating, until pred&efmined criteria are hlet, the stéps of:

12

assigning an additional bin to the second voltage level; -

* assigning circuits within the additienal bin to the second volta_ée leveland

moving at least one circuit between a bin assigned to the second voltage level and a

" . bin assigned to the first voltage level.

“The method of claim 11 wherein the step of moving at least one circuit between a

' bm assigned to the second voltage level and a bin assigned to the first voltage level
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13,

14,
1.

. le.

17.

L

comprises the step of moving at least one circuit from a bin assigned to the second

voltage level to a bin assigned to the first voltage level.

The method of claim 11 wherein the step of moving at least one circuit between a
bin assigned to the second voltage level and a bin assigned to the first voltage level
comprises the step of movmg at least one circuit from a bin assigned to the second

voltage level toa bin ass1gned to the first voltage level.

The methiod of claim 1 1 wherein the predetenmned criteria compnse mmmzmg- |

power subject to a performance constramt

The method of claim 11 wherein the predetemuned cntena compnse max:mxznng -

performance sub_] ecttoa power constramt

‘The method of claim 1 Wheréin the step of assigning cﬁcﬁts vmhm the one bin to.

the second voltagé level cémpriSes the step of adding a level shifter to an input of

one of the circuits within the orie-bin, wherein the input crosses a boundary

separatmg the one bin from an adjacent bm that is ass1gned to the ﬁrst voltage

- level.

The method of clan'n 12 whierein the second voltage level is greater than the ﬁrst '

o Voltage level, wherem the step of movmg at least one circuit from a bin assigned to
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19.

20.
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the second voltage level to a bin assigned to the first voltage level comprises the
stép of moving at least one high switching circuit from the second voltage level to
the first voltage level, and wherein the at least one high switchiﬂg circuit is moved

only if it is in a non-critical path.

The method of claim 11 wherein the step of moving at least one circuit between a

. bin assigned to the second voltage level and a bin assigned to the first vbltaée level

‘comprises the step of selecting the at least one circuit based on criteria of

minimizing level shifters.

| The method of claim 11 wherein the step of moving af'least one circuit betweena -

" bin ass1gned to the second voltage level and a bin assigped to the first voltage level

causes a first bin assigned to the second voltage level to meet a predetermined

' minimum size.

The method of olaim 19 wherein the second voltage level is- greater than the first
voltage level, and wherein the sﬁp of moving at least one circuit between a bin
assigned to the eeoond voltage level and a bin assigned to the first voltage level
further comprises the step.of moving at least one low switching circuit from a

: surroundmg bin assigned to the first voltage level into the first bin.

The method of claim 19 wherein the second voltage level is greater than the first _

' voltage level, and wherein the step of movmg at least one circuit between a bin

ass1gned to the second voltage level and a bin ass1gned to the first voltage level

33



22.

-23.

24, -
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further comprises the step of moving at least one surrounding circuit into the first

_ bin, the at least one surrounding circuit being in a surrounding bin assigned to the |

first voltage level and being fed by critical paths in the first bix.

The method of claim 19 wherein the step of moving at least one circuit between a
bin assigned to the second voltage level and a bin assigned to the first voltage level

comprises the step of selecting the at least one circuit based on criteria of

minimizing 1evel, shifters.

The method of claim 11 wherein the step of movmg at least one circuit between a
bin ass1gned to the second voltage level and a bin ass1gned to the first voltage level

' compnses the step of buffenng at least one circuit.

‘The methbd of claim 1 1 wherein the step of moving at least one circuit between a
‘bin assigned to the second voltage level and a bin assigned to the first voltage level

: compnses the step of clonmg at least one cn'cult.
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25. A method performed on a design for a semiconductor chip, the method comprising

the steps of:

assigniné a set of cirouits to a first of a plurality of voltage levels;
selecting a seed circuit from the set of circuits;
assigning the seed circuit to a second of the plurality of voltage levels; and .

creating a second voltage island around the seed circuit.

26. The method of claim 25 wherein the second voltage level 15 greater than the ﬁrst
: voltage level. '

27.  The method of clalm 25 wherem the second voltage level is less than the first
voltage level. '

28.  The method of claim 25 furthier comanmg the steps of creating a first voltage
island around some of the set of circuits that are asmgned ta the first voltage level .
and moving at least one circuit between the ﬁrst voltage island and the second”

voltage island in order to meet predetermined criteria.
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The method of claim 28 wherein the step of moving at least one circuit between the

first voltage island and the second voltage island in order to meet predetermined

- criteria comprises the step of buffering the at least one circuit,

The method of claim 28 wherein the step of moving at least one circuit between the
first voltage island and the second voltage island in order to meet predetermined

criteria corhpriseé the step of cloning the at least one circuit.

The method of claim 28 wherein thé second voltage is higher than the first voltage,
wherein the at least one circuit is a high switching circuit that is non-critical, and

wherein the at least one citcuit is moved from the secqnd voltage island to the ﬁrst.

“voltage island.

The method of claim 28 wherein the predetermined criteria comprise mlmmmmg
power subject to a performance consiramt

‘The metiod of claim 28 wherein the predetermmsd criteria compnse maxumzmg

performance subject toa power conslramt
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-The method of claim 28 wherein the at least one circuit is moved from the first

voltage island into second voltage island, wherein the second voltage is higher than

the first voltage, and wherein the at least one circuit is a critical circuit.

The method of claim 28 further comprising the step of iterating, until the _
préedetermined criteria are met, the steps of selecting a seed circuit from the set of :
circuits, assigning the seed circuit to a second of the plufality of voltage levels,
creating a second volfage island around th;e seed circuit, and moving at least one
circuit between the first voltage island and the second voltage island in order to
meet predetermined criteria. |

’

- The met_hdd of claim 35 wherein oﬁé of the seed circuits is selected next té an

é}iisting voltage island as_signéd to the second voltage level, wherein an additional

voltage island-is created around the one seed circuit, aﬁd wheréin the additional

and existing voltage islands are merged to create a larger voltage island.

The_metho& of claim 35 wherein the step of iterating causes one of the second
voltage islands to fall beneath a minimum capacity.

The method of cléim 37 wliereip the second voitage is higher than the first vé)ltage,
and wherein the method further comprises the step of moving an adjacent critical

cirouits into the one voltage island.
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42,
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The method of claim 37 wherein the second voltage is higher than the first voltage,
and wherein the method further comprises the step of moving an adjacent low

switching circuit into the one voltage island. ]

A program product compn'sing:

@Aa computer program mcludmg a integrated circuit des1gn tool the mtegrated
circuit design tool as31gmng a set of circuits to a first of a plurahty of voltage

levels, partitioning the set of circiits into a plurality of bins, ass1gmng one of the

bins to a second of the plurality of voltage levels, and assigning circuits w1thm the

_ one bin to the second voltage level;

: '(E) signal bearing media bearmg computer prograin.

The program product of claim 40 wherein the s1gua1 beanng medla comprises

_ recordable media.

The program product of claim 40 wherem the signal beanng media oompnses

tansmlsswn msdm
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The program product of clann 44 wherem the mtegrated cireuit des:gn tool ass1gns
_ one of the bins to a second of the plurahty of voltage levels by ass1gmng abin

., % € . L M-S @ x.

The program product of claim 40 wherein the second voltage level is greater than

the first voltage level.

1)

The program product of claim 40 wherein the second voltége level is less than the
first voltage level.

The program product of claim 43 wherein the i-ntegratéd circuit design tool assigns
one of the bins to a second of the plurality of volfage levels by determining a worst
slack path in the set of circuits and assigning a bin having at least one éﬁcqit in the
worst slack path as the one bin. . '

" The program product of claim 43 wherein the integrated circuit demgn tool asmgns

one of the bins to 2 second of the plurahty of voltage levels by ass1gmng 2 bin

. having a predetermined nurnber of low switching circuits as the one ‘bin.

havmg a predetermmed number of high sw1tchmg circuits as the one bin.
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The program pfoduct'of claim 40 wherein the integrated circuit design tool assigns :
one of the bins to a second of the plurality of voltage levels by assigning a random _

bin as the one bin.

The program product claim 43 wherein the integrated circuit design tool assigns

. one of the bins to a second of the plurality of voltage levels by determininga

location where mally late paths converge and assigning a bin having the location as

the one bin.

'Ihe program product claim 43 ‘whereiri the mtegrated circuit design tool ass1gns

one of the bins to a second of the plurallty of voltage levels by determmmg a
plurality of critical paths, determining an amount of delay 1mproyement for each -
bin laving circuits in 'the crifical paths if the cirouits in eaeh‘bin. are assigned to the
second voltage determmmg abin havmg a largest delay 1mprovement to at least
one of the critical paths if circuits in this bin are ass1gned to the second voltage
level, and assigning this bin as the one bin.’

The program product of claint'40 wherein the mtegrated circuit design tool assigns’
one of ﬂ1e bms toa second of the plurahty of voltage levels by determining a bin
that has a predetenmned amount of i mputs duectly feeding Jatches and ass1gmng

‘this bin as the one bin.
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53,

54.

55.

" 56.
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The program product of claim 40 wherein the integrated circuit design tool assigns
an additional bin to the secon& voltage level, ass'i.gns circuits within the additional '
bin to the second voltage level, and moves at least one circuit between a bin
assigned to the second voltage level and a bin ass1gned to the first voltage level

until predetermined cntena are met:

The program product of claim 52 whetein the integrated circuit des1gn tool moves
at least one circuit between a bin assigned to the second voltage level and & bin
assigned to the first voltage level by moving at least one circuit from a bin assigned
to the second voltage level to a bin assigned to the first voltage level. |

~ The program product of claim 52 Whgremthe integrated cirouit design tool moves

-at least one circuit between a bin assigned to the second voltage level and a bin

assigned to the first voltage level by 'mdving at_least one circuit f_rom a bin ésﬁigﬁe&
to the second voltage level to a bin assigned to the first voltage level.

The program product of claim 52 wherein the predetermmed criteria oompnse

mm1m1zmg power subject to a perfonnance constraint.

The program product of claim 52 wherein the predetermined criteria comprise

maximizing performance subject to a power constraint. -
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57.  The program product of claim 52 wherein the integrated circuit design tool moves
at least one circuit between a bin assigned to the second voltage level and a bin
assigned to the first voltage level by selecting t_hé at least one circuit based-on

criteria of minimizing level shifters.

58 - 'fhe‘ program product of claim 52 wherein the integrated circuit design tool moves
at least one circuit between a bin assigned to the second voltage level anda bin
assign_éd to the first voltage level to cause a first bin assigned to the second voltage

. level to meet a predetermined minimum size. |

59.  The program product of claim 58 wherein the second voltage level is greatér than
. the fixst voltage level, anid wherein the integrated circuit design tool 'méve_s at least
one circuit bétWeen a bin assigped to the second voltage ievel and a bin assigﬂed to
" thie first voltage level further by méving at least one low switching cirouit from a |
surrounding bin assigned to the ﬁ_rst voltag_e level mto thq ﬁrsf bm |

60.  The program product of claim 58 wherein the second voltage level is greater than |
the first voltage level, and wherein the inte'grated circuit design tool moves at least
- ofie circuit between a bin assigned to the second voltage level and a bin assigned to
the first voltage level further by moving at least one surrounding circuit into the
- first bin, the at léast one surrounding circuit being in a surroundiﬂg bin assigned to
the first voltage level and beiﬁg fed by critical paths in the first bm
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The prbgram product of claim 58 wherein the integrated circuit design tool moves
at least one circuit between a bin assigned to the second voltage level and a bin
assigned to the first voltage level comprises the.step of selecting the at least one

circuit based on criteria of minimizing level shifters.
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