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CONCURRENT LOGICAL AND PHYSICAL CONSTRUCTION OJ_? 

VOLTAGE ISLANDS FOR MIXED SUPPLY VOLTA..GE DESIGNS 

BACKGROUND OF THE INVENTION 

1. Technical Field 

This invention generally relates to computer-aided placement of circuits on a 

semi~nductor chip,. and mor~ specifically relates to concurrent" logical and physical 

c0nstruction of voltage islands for ~ed supply voltage designs. 

2. Background Art 

The switching power of digital circuits increases ~s the square of the power supply . 

. voltage increases. Thus, reducing this voltage is desirable for reduction. in circuit pow~ 
. . . 

consumption. However, reduction in power supply yoltage also reduces circuit · 
. . . 

performance. Therefore, it is desirable to combine circuits driven by a higher power 
. . . . . . 

supply voltage and circuits driven by a lowefpower supply voltage (h~ referred to a·s 

high and low v~ltage circuits, respectively) on the same chip. The high. voltage ~cuits. are 
. . 

used where ·needed to achieve the 4esired circuit performance and the low vol~ge circuits 

are used elsewhere. · 

When·high and low voltage circuits are combined on a semiconductor chip· in this 
. . 

. way, it is ~irable to ~hysically group the low yoltaSe circwts · tog~th.er in low ~oltage 
. . 

"islands" and to separately gro~p the b.iSh voltage circwts together into.high voltage 
I • • • 

.. islands".. This is preferable. because the~ and low voltage power supplies are· 

distributed on sePafate distribution networks and, by groiip~.the circuits intO islands~ 
. . . . . 

only one of the two power supplies needs to be distriliuted within .each island. Thi~ 
. . . . . 

reduces the amount ·of extra wiring resource r~quired to distribute the tWo .power·suppli~, 
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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 si~ls from one typ~ 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 througp. 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 v~ltage 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-shifters needed can be 

,reduced. The number of leveJ-shifters needed is ~ically reduced by assigning groups of 

closely conD.~ted circuits· to high or low voltage. 

·In swmnary, placing high_ voltage circuits in high volqige.islands and low voltage 

circuitS in ~ow voltage islands typically minimizes the num~ of level shifters used. This 

~so ~~s the number of places to which the high and low voltage power inust route, 

th~by reduc~ power dis~bution costs. _However, these islands may n<;>t be ~d~ive·. 

to good logical place'm~t.. For example, ·a signal migh~ have to run quite a long diStan9e 
. . 

to a high voltage isbµid and the.n from the ·mgh voltage islaild back to circuitty that. us~s 

this s~~- This could aCtually decrease performance instead of increasing ~t. Thus, a · · 
. . 

p<>Or plaetmient result occurs for what should be a better placement. 

. . 
Another method .used fo/ creating· high and low voltage circuits is logical 

cfostering. In logicai cluster, the high.and low voltage circuits~ designed-. n~t in 

voltage islands·- based on connectivity. Elements in a circuit that ·need to be faster are 
. . . 

changed _to higher voltage, wpile slower, non-critical elements are changed to 19wer · 

~oltage. .This solves the placement issues caused by high and l~w voltage island 

clus~ring, as the data paths ~not moved. However, the different power supplies must 
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t>e distributed everywhere and logical clustering can tremendously increase the number of 

level shifters. 

Thus, there is a need to limit t;4e amount of p<>wer routing and level shifters, yet 

still allow criti_cal data paths to meet timing requirements. 

DISCLOSURE OF THE INVENTION 

The preferred embodiments of the present inventi.~n solve these problems by 

providing both logical and physical construction of voltage islands. The preferred 

embodimentS of the present invention comb~e ·both physical-and logicat synthesis to 

provide fewer level shifters and less power ro~ but still meet tj.ming and other '. 

· requirements. Additionally, by using an iterative process. for construction of the voltage 

islands, power usage can be minimized while spee4 constrairits, in particular, are met. 

.. In one aspect of th~ pteSent in~on, a semi00nduct<?.r chip design. is partiti.o~ed 

.mto «bins", which aie ateas of the d~sign. In this way, a semiconductor chip design may , 

be "sliced" into various· areas and the areas may $,en be assigned to vanous voltage l~vels. . . 

Each bin may be thought of as a voltage island. Circuits in the design can be added to or 
. . 

removed from _the ~ous biz)s, thereby increasing or decreasing the s~ and power of· 

the ~~: the sPeecI ancl power· in.crease if a circuit is placeq into a bin assigned a :high.er 
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 bills may also be _changed. By _iterating these steps, 
. . . . 

th~ optimum po~ consUm.ption may be met while still meeting speed constraints and 

other criteria. 

Thus, .instead of solely adding c~uits to a voltage jsland, or solely determininS 
. . . . . . 

. which circuits need higher voltage an_d changing these circuits to· higher voltage levels, the 
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present invention combines these two ~ncepts. 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 ~s qnly one way of 
. . . . 

placing circuits in a design. The present invention is applicable to any placement 
. . 

environment that proceeds through suceessive refinement of the locations "of the circuits on 

the design and in which the placement process may be interrupted to rruµce changes in 

placement of the logic. 

The foregoing and other features and advantages of the present invention will be 

a{>p~t from the folloWing more particul8r description o~ the preferred em~odim~t of the 

invention, as illustrated in tl;le accompanying drawings. 

BRIEF DESCRIPTION OF.THE DRAWINGS . 

·.FIG. 1 is a preferred m~thod fcir providing both.logical aµd physical.construction of 
. . 

voltage islands in accordance with:the 1:11ost preferred embodllnent of the present 

· invention; · · 

. . . . . . 
FIG. 2 iS a pref~ method for m9ving circuits betWeen bins to improve speed 

and decrease power and eongestion; 

FIGS. 3 through 7 are e~ples .of a. logic circuit in various stages of placement m 
accOrdance with the n;i.ethod·ofFIG. l; 

FIGS. ~ and 9 are examples of power reduction steps taken by a preferred 
. . 

embodim.eIJ.t of the present inventi~ on an exemplary placement; and . 

FIGS. 10 and 11 are flow charts of a second preferred method ·in accordance with a 

preferred einbodiment of th~· present invention: 
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BEST MODE(S)".FOR CARRYING OUT THE INVENTION 

As stated previously, the.present :iilvention relates to computer-:aided placement ·of 

circuits on a semiconductor chip. For those not fainiliar with this topic, the following 

Overview section briefly introduces soIQ.e of the concepts associated with placement 

processes. Those skilled in the art of computer-8.ided. placement of circuits. on a 
semicond1:1ctor chip may wish to proceed direCtly to the Detailed Description. 

Overview 

When a semiconductor chip is designed, computer design tools are used. These 

tools work ~ and produee a file ~led a "netlist" This netlist contains a deseription of all 

of the gates and the conneetions betWeen them. A .semiconduct~r chip designer generally 

works with a smmlated logical lay.out of the chip. In other words. ~e semioonductor chip 
. . 

. will perform .some function, and the designer ensures that the sim.Ulated· chip actually 

logiCally performs the function. when the actual chip is ready to be made, chi:t> d~igners 
. . 

rise a. placement tool that .takes the original netlist and creates .an output The placement 
. . . . 

. tool is given 1'.he netlist. t:iiping-oonstraints~.placement constraints"~ and switching · 
. . 

· · informatioii. Additionally. it will also be given libraries ~tdescribe the timing of the . . . . 

wire and the gates and that eontain the rules of placement, fll:e size and sbapes·ofthe gates, 

. etc .. The placement tool outputs a modified netliSt and placement itlformation. The$e are 
' I • • • • \ 

then fed into a· wiring "tool tl_iat ·generat,es the ~ks and other information used to actually · 

·create the chip on a semicondtictor ·wafer. · 

There are ~everal different ~s of placement ~stems. One important system is 
. . . . . . . 

. called Placement Driven SyJ,ithesis, or PDS:· A reference for PDS is "An Integrated . . . . . . 
. . 

Placement and Synthesis Approach for Timing Closure of the POWER PC 

Microprocessor", S. HojatandD. Viliarrubia, pages 206 to_210, Internatio~·~erence 

. bn CoinpureJ.: Desi~ 1997, which is incorporated herein: by reference. A_PDS sys~ 

allows logical changes to a network to~ made ciuririg placement PDS 09D.Sists ~f ~cut-

5 



ba.sed placement program and a set of operations to. be performed between cuts. A cut-
. . 

based placement program will recursively div_ide the chip area and the circuits on the chip. 
. . 

Generally, it starts by dividing the chip in two (though quadrisection me~ods, which 
. . . . .. 

divide the chip into four parts, ~ also known), then divides each of these halves in two, . . 

and so on. At first, nothing is knoWn about the eventuat location of ciicuits on the chlp, 

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

The regions into which 1he-chip has been divided at any point in the placement 

· process ·are referred to as '°bins,'. In PDS, various ~'iog!c synthesis,, actions (g~erally any 

program which modifies the netlist) are performed between sets of placement cuts, · 

allowing modifications to be made~ ~e network based on the refined knowledge of 

circuit placement now available. Typical actions inclu~ buffering, cloning (duplicating a 

. circuit and distributing its fanout between the original cll:cuit and the copy), factoring, pin. 
. . 

· swapPing, etC. Oceasionally. circuits are also moved between bins . 

. Another example ofa placement toOl and.me~odology is a ·~imulated annealing 
. . . . 

. placer. Such a pl~cement tool operates. by analogy with the P,hysical annealing of a ctjrstal, 

making many trial c~ges to the placement. Each of thes~ ttjal c~ges may be kept or 

· undone depending on the improvement it makes to some metric of the «goodness" of the 
. . . .· 

· placement (e.g.,. 'estima~ wire congestion) and a "temperature" ·variable which helps to 
. . . 

~trol the annealing process. The_process ~~at a high temperature and proceeds· to a 
. . 

low tempera~ as the placement progresses. Changes which improve .the metric are· 
. . 

always kept ~e changes whi~h degrade the metric hRve a probability. of being kept, 

which ®creases as the temperature decreases ·and as the amount of degradation. of the 

placement metric increases .. & placemerit progresses, the average di~tance a circuit is. 
. . . . . . . 

. . 
moved~ an accepted pla~ent change decreases. Thus, the locations of circuits on the 

chip are prog{essively'better known. 

b~tailed DescriPtJon 
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The preferred. embodiments of.the present invention combine both .physical and 

logical synthesis to provide fewer level shifters and less·power routing, but still meet 

timing and other requirements. Additionally, by using an iterative process for construction 

of the voltage isl~ds, power·us~ge can be minimized while speed constraints, in 

particular, are met. 

In one aspect 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. Circuits in the design can be added to or 

removed from the various bins,. thereby increasing or decreasing the speed an<:\ pow~ of 

the circuits: the speed and pcwer increase if a circuit is placed into a bin assigneq a higher 

voltage, and the speed and. power. decre8.se if a "circuit is placed into a bin having a lower 
. . . . 

voltage. The size arid location of the bins may also be changed. By iterating these s~s •. 

· tl_1e optimum power consumption may be met while still meeting speed constraints and 

other criteria. . 

. . 

. Thus, "instead of solely adding circuits to a voltage island, or-solely determining 
. . . 

which circuits need higher voltage and changing these circuits to higher "Voltage levels, the . .. . 

present invention oombines these two C011cepts. The present invention uses _both physical 
. . 
· and logical construction of voltage_ islands to ~eet predetemiined criteria.· 

·Dividing a ~emiooriduetor chip _design·into·a number of bins·is only one wa}'." of 

piacing c~ts in a design. l'he present invention is applicable to ~y pla~ent 
environment that proceeds·tbrough successive refin~ent of the locations of the circuits on 

. the design and~ which the pta~ent process !llaY. be interrupted to make·ch8nges m 
placement of the logic. ) 
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Before proceeding with more discussion of the preferred embodiments, .it is . 

beneficial to discuss terminology. AB used herei.Ii, a "bin" is an area of a-d~sign of a 

. semiconductor. chip. Each bin is riot necessarily as~i~ed to a particUiar voltag~. A 

voltage island is also an area of the design that is assigned to a particular voltage. All 

circuits in the voltage island will be poYiTered by the particular voltage to which the voltage 

island, is assigned. 

Any placement 8fstem may be used to perform both physical and logical synthesis 

~s disclosed herein. · Such a plaeement system, in general, would assign a set of circujts 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 · 
. . . 

·0ccur between.the higher and lower (or"intermediate) voltage levels to optimize the design. 

In the most preferred embodii:n.ent of the present invention, a chip design is slice.cl into. 

bins, Each bin will be a voltage island t,m.d assigned to a particular voltage. Some of the 

bins Will be assigned .a higher voltage and some will be assigned· a loyver voltag~. Thus, . . 

physical ·syn~esis is perfoi'med. Within th~e physic~! coristraints, ·circtrlts are moved 
. . . . . 

from.areas of higher voltage to areas <>flowervoltage •. orvice-versa, tO meet·power, ~peed. 

and other criteria .. Thus, logical syn¢.esis is also Prlormed. In anoth~·_embQdiment of the 
. . . 

present invention, an annealing pla~ent system is. W!ed. In~ version,· voltage isbµids 

will be assigned to particular location,s and bins will not be used. Physical and logical , · 

s}'nthesis will still occur. 

~g now to FIG. 12, FIG. 12 illustrates a block ~Warn ~f the compUter 
. . . 

system of the present in~tion. Those skilled in the art will appreciate ~t the 

mechanisms and apparatus of the present invention apply equally to any comJ>uter .system, 
. . 

regardless of whether the computer· system is a·complicated multi-:user computing 
. . . 

apparatus or a single ~er workstation. AB shown in the exploded vie'W of.FIG. t 
. . 

computer sys.fem 1100 comprises a main o! central processing Unit (CPU) I 11 O conn~ted 

to a inain memory· 1120, a mass storage interface 1130, a terminal mterface 1140,~d a 

·s 
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netwo~k interfa~ 115~_. These syst~ <?OIDponents are ~terconn~ted through the use of a 

system bus _1160. Mass storage interface 1130 is used to CQnnect mass storage devices 

(such as DASD device 1155) to computer system 1100. One specific type of DASO. 

device is a floppy disk drive,. which may store data t~ and read data from a floppy diskette 

1195.: 

Main memory 1120 oontains one or more application programs 1122. circuit 
. . . 

elements 1124, data 1126, and.an operating system 1128. Computer sy~m 1100 utilizes 

weiI !mown virtual addressing mechanisms ~tallow the programs of computer system 

1100 to behave ·as if they only ·have a<;ceSS to a large, single storage entity instead of access 
. . 

to ~ultiple, smaller st~ge entities s~ch as main memoiy 1120 and DASD device 1155~ 

Therefo~. while application programs 1122, circuit" elements 1124, data 1126, and 

·operating system.. I 1Z8 are.shown to reside.in ~in memory 1°120~ ihose _skilled in ~e art .. 

will recognize that these are not necessarily all completely contained in main· m~ory 

1120 at the same iline. (It ~hould also be noted that th~ term "comput~ sistem memory" 
. . .. 

·is used herein to generically refer to the en~ virtual memory of computef syst~ 100.)· 

~~g sys~ 1128 is any suitable operating"'system. Those skill.eel m the art ' . 
. . 

will appreciate that ~~ spirit ~d scope of ~e.present invention is not limited to any one 

oi)eniting system. ~so resi4ing·in main memoty 1120 are .one or more applicati<?n . . 

programs 1122 that are executed by CPU 1_1_10~ .One of these applicationp,rogranis is an 

integrated circuit design tPol 1134 in a~r~ce With the pre$ent invention. Also 
. . . . . . 

included within main memory 1120 are representatio~ (e.g., electrical and timing 

. parameters) of circuit elen;i~ 1124 that are used by design tool 1134. While integi:ated 

·circuit design tool 1134. and circuit elem,ents l li4 are shown residing in main memoiy 
. . •' , 

1120, they ~y exist anyw~ere in Uie virtual niemoiy space of compu~ 11 ~O. In 

addition, while cirCuit elements 1.124 are shown separate fron1 design tool ~ 134, these . 

circuit elements· 1124 could also be provided as 81?- integral part ~f integrated circuit design 

too~ .1134. As will be disc~sed ~greater detail belo~, ~tegrated cir~t design ~i 1134 · · 
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is preferably a design tool that perfonnfl 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 computer system i 100· is shown to contain only a single main CPU and a 
. . . . . 

single system bus, ~ose skilled in the art will appreciate that the present invention may be 

practiced using a computer systein that has_ multiple CPus and/or multiple buses. In. 

addition, the interfaces that are used in. the preferred embodiment each include· separate, 

fully programmed microprocess~ that are used to off-load compute-intensive processing 

from CPU 111.0. However, those sJdlled in the art will appreciate·that the present 

invention applies e~lly to computer systems that simply use YO adapters to perform 

similar functions. 

Terminal interface 1-140 :ls used to ~tly ~ect one or more tenninals 1165 to 
. . . ~ 

compriter system 1100 .. These terminals 1165, which may be non-intelligent or fully 

~ble workstatioh$, are used to allow system administ:r~.tors and usei-s to 

coinmunicate with. computer system 11.00. 

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

· ·workstations (e.g.,. fl 75 and .J 185 in FIG. 1) to~ system 11.00 in'nefyvorked 
. . . 

fashi~.' The present invention applies regardless of whether network interface 1150. is 
. . . 

-present or not For the pw:poses of the preferre:d embodiment herein,-network interface 
. . 

1150 is ~t, and the present invention applies equally no matter how computer system 
. . . . 

1100 may be connected to other computer systems anci!or workstations, regardless of 

whether the connection(s) is made using present-day analog and/or digital techniques or 

Via sOm.e n~orklllg mechani8m ~f the future .. ·It is ·also important to- point. ~ut that the 
. . . . 

presence of network interf~ce 1150 within computer system 1100 means that computer 

system 110~ may engage in ~tive processing with OD:e or more other computer 
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systems or worksta~ons. Of course, this in tum means that the programs shown in mai~ 

memoiy 1120 n~ not necessarily all reside on computer system 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 processing 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 COJ;J.tin1:1e to be) described in the context of a fully functional computer sy~tem, those 

skilled in the art will appreciate that the present invention is caJ>8:ble of being distributed 

as a program product in a variet:r off~, and that the J>te~ent invention applies equally 
. . . 

regardless of the particular type of signal bearing media to acttially cany out the 

distribution. 'Examples of signal bearing media in,clud_e: reco~ditble type media such as 
. . 

·floppy disks_ (e.g., disk 1195 of FIG. 1) and CD ROMS, and transmis.sion type media such 

as digital ~d 8;lla1og communi~tion links, including Wireless communication ~. _· 

. . 

TlJi:ning now to FIG. 1, a method is sho"WD: for placin~ circuitS using both physical 

and l~cal construction .of voltage is~ds. Method 100 is preferably preformed.by 

integrated circuit design tool 1134 as illu8trated in FIG. 12. Method 1 oo; ~hen performed 
. . 

by integrated circuit des~ tool 1134 during circuit ~lem~t placement, will facilitate . . . . . . . . . . 

ciroult el~en~ pJ.a,~ent results in the best combination of pow~ and spe~d; 8nd to meet 

other criteria. 

. . . 
Method l 00 begins when the tmplaced design 105 is given to the placement tool. 

. . . 
· The unplaced desigtl. is described by a netl,ist,_ which is description of all of the gates and 

the conD:ections befyveen .them. Along with the unplaced design.. the tool is also given a set 

of timing constrain:ts and/or power and ar-ea co_nstraints. Als~, as some circuits need to be 

in a certain location (such as inp~t/output circuits), there may also need to be some . . . . . . 

locatiQn constraints. Finally, the placement tool is given libraries that describe the _timing 
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of thew~ 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 decreas~ the overall power 

requirements. If the circuits are initially set to a higher voltage, the circuits are.already 

higber power and the placed design tends to be higher in power~ If more than two voltages 

are used, then it is recommended that th~ lowest v:oltage 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 island~. · 

.In step 120, the unplaced design is partitioned·into bins. in ~ethod 100, each bin 
. . 

and voltage islands should be ·equivalent. Jn other worcJs, each voltage ·island will be one 
. . . . . . . . 

bin. During this partitioning (or "cutting") process, normal PDS synthesis actions will be 
. . 

used to try to meet perfonnan~ objectives, to ·reduce power by other means than voltage 

. ' . island creation, and to meet other design objectives. In particular, a ;l?DS system could . 
. . 

~ider global routing constraints at .this juncture. If voltage islands are too small, the 

amount of :Power ~outing in~_ses~ .This can have a deleterious effect on system·space 

considerations. 

In step 125, a decision is made as to whether~ design criteria are met. N~y. 

the _design criteria will primarily be .a combination of performance and power. For 

~ce. the design ~teria could be minimizing poW:er subject to~ i;>eiformance 
. . . 

constraint. For these criteria, the perf~ce constraint must be met, and various 
I • . 

placement designs that meet ~e performance criteria can, result in different power. 

~nsum.ption. One way of jud.giµg performance is through "slacks." Slack is the amount . 

- of time between when a signal a~solutely 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··1nore circuits ~the path be lower power. On the other han~·if there is a 
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negative slack, the signal did not arrive in time. Generally, this means that <?hanging one 

or more circui~ in the path to higher power could in~ease the performance. For the 

criteria of minimizing power subject to a perfonnance constraint, meeting these design 

criteria means ~at all perfonnance objectives are met (i.e., all slacks are positive) and the . . 

placed design has the lowest power of possible ~esign placements. 

If the design criteria are maximizing performance subject to a power constraint, 

meeting these cnteria 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 power and performance ~y be tested in 

step 125. For ~xample, location is important for some circuits, such as input/output . 

. circuits~ Meeting the criteria in sq> 125 can.entail ensuring that th~e circuits are in the 

. proper location. Additionally, area; noise, reliability, and wire-ability are other criteria that . 
. may be tested in step 125. 

~the desi8n criteria are ~et (step 125 = YES), then placement is -finished in step 

150.=. tn:· tbl~ step~ .the PDS sJstem.is given-~t constra.int that no circuits may be . 
transferred fr~ low voltage bins to high voltage bms and Viee ~a. DuriDg this step, the 

modified netlist and placement infoµnation: are output. Prior to ~utPutting the placement 

informatiori; the.PDS ~~will d~e exact locati~ns for each c~t witbln each bin 

s.o as to create the placem~t informatioo. ·Preferably, in previous_"steps~ circuits are siinply · . . 
- . . . . . . 

placed into particUlar bills. During step_ ISO, the ~xact X, Y location of each c~cuit witbfu 

a _bin is detennined. Once the moc:lified netlist and p~cenient information are outp1;lt, the 
. . . 

· design is plaeed ~d optjmized (step 160).· The d~sign may be traDsferred to a wiring tool 

to create the masks,. etC., n~ed to actually make the chip'. . 

. . 

If one or mare of the criteria are not met (step 125 =·NO), in step 130, the PDS . 
. . . . 

· system assigns_ a bin to a second voltage. The selected bin will 1*ome 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_ as_signed to a high voltage. If 

more thaD two voltages are used, then preferably the next highest voltage is assigned to a 

bin. For example, if there are three voltages (low, medium, and.high), preferably a hip will 

be initiaily assigned to the.medium volta,ge. On the second pass through step 125, this 

same bin c~ then, if slack fo~ circuits in _the bin is still negative for instance, be assigned 

to the high voltage. Assigning bins to increasing voltage, from low to high, generally 

results ~ a placed d~ign that is lower in power than could be achieved by assigning bins 
. . 
to decreasing voltage (from hi:gh to1ow). 

In step 130, a particular bin is also seleeted as the bin to assign to the second 

voltage. There are ri:lany ways to determine which bin to assign to the second voltage. 
. . . . 

When: the second :voltage is a high~ voltage, generally the ·selected bin will be a bin 

eon~g circuits on the worst sI:ack path ~the design. In this sceri.ario, increasing 

voltage· will increase_:the speed of the circuits, there~y reducing or eliminating_ the slack. 

Tlie selected ~iri. may ~so be chosen at random. Another mefuod for selecting bins (when 

the second vol~e is a high v~l~g!3). is to sel~t low sw:itching bins, which _contain nets . 

that are not used much or circuits that switch relatiwly few times. .'fhe prior method . . . . 

redu~s p0w~ because increased switching equates.with increased i)ower. . ~ . . . 

Alternatively~ the determinatj.on of which bin to assign to the second voltage could 
. . . 

· entail trying to find points_ where many iate paths conyerge. Methods for fin~ ·such 

points-are descri~ in the following, which are incorj,ora~ herein by ref~ce; K. . . . . . 
.Usami, et al., "Automated 1=-ow-Power Technique Exploiting Multiple Supply Voltages 

Api)lied to a Media ProcesSof', Institute of Electri~ and Electronics EDgineers Journal of · 

Solid-State C~ts, v. 33, no. 3, 463-472 (March, 1998); andL. Berman, et al., "Efficient 

Te<?hniques for Timing Correction", PrOceeding of the 1990 International _symP<>si~ on 

Circuits ang Systems (May 1990). 
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Additionally, a selected bin could be a: bin having large numbers of circuits in 

critical paths. For this selection, the bin with the largest number of Qircuits in the critical 
. . . 

paths may be selected as the.bin. Alternatively, the selection could be made by 

determining which bin will cause the largest delay improvement to critical paths if the 

:ciicwts the bin contains are assigned to the.second (higher) voltage. Finally, the bin 

selection could be made by choosing a bin that has a large number of inputs. directly 

feeding latches, as such a bin will reduce the need for level-shifters. 

It should be noted ~t multiple bins may be selected in step 130. However, for 
. . 

simplicity, the selection of only one bin ~ll be discussed herein. Also, in step 130, the 

selected bin -and its circuitJy Will be ass~gned to the second·voltage. Assigning circuitty to 

th~ s~nd. voltage allows ·the PDS tool to recalculated delays, poW« consumption, sµtck, 

and other data. This information is then used to determine if criteria are met · 

Jn step 135, level shifters are added where needed. If the second voltage is _a 

Iµgher voltage, the selected bin will btt ·co~verted to a high voltage island,. Low vol~ge 
·circuits that output ~ignals to circuits. in-the high voltage i~d (the selected bin) will have 

level·~ added to the low v0l~ge signals. If the second voltage is a lower voitage, 

then l~l s~ might not be ~eeded betw~ circuits iii~ high :voltage island and · 

circuits in a low voltage island. This is true becaus~. in general; low voltage circuits need 
. . . . . . 

leyel shifters· to feed high voltage ci:tcuits bi.it high voltage circuits do not ne<?CSsarily need 

l~l shi~ to feoo low voltage circUi~. 

Jn step ~40,. level shifters are removed b the outp~ts of circuits fi?.at no longer 
. . 

· . need the level shifters. For ~le, if a low voltage circuit had an output signal. that fed a· 

high voltage circuit, the outputs~ for the low voltage c~t woUld have a l~vel shifter . . . . 

on it. When the b~ ootitaining this. low vol~_ge ciicuit is ma~ into a high ~r highe.r 

voltage islan~ the l~l shifter is no longer needed on the output of the low voltage circuit. 
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. . . 
In step 145, circuits are moved between bins to improve speed and decrease power 

and congestion. Circuits may be moved into a selected bin to increase speed (if the 

selected bin is a higher voltage bin), 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 voltage b~, decrease 

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

Refeffing now to FIG. 2 in ~ddition to FIG. l, FIG. 2 describes st~p 145 more 

particularly. Step .145 in this ~xample is written such that the selected bin is high or . 

higher 'Voltage and some surrounding bins are lower v~ltage. Ditt:ereiices between this 

situation and the opposite situation, which is when the selected bin is lower voltage and 

some of the surrollllding bins are higher voltage, will be discussed .after the description of 
. . . . 

·FIG. 2. It should.be noted that, ·even though steps are shown in a particul~ order in 

methods 145 .and l 00, the steps_ do not necessarily have to be perf9rined in ·this order. 

After each stej> or operation of method 145, the circuits can be checked to see if 

they violate timing limi~. violate any bin capa?ities?. or ~olate any· congestion limits. on cut 
. . . . . 

lines between bins. If so, the ~ti.on can be rej_ected. T~ limits may be violated due 

to in~~ loading on nets brought about bY crumges in wire length caused by the. circuit . 

movement Bin capacities can be violat~ if too.many circuits are placed into a bin, slich . 

. ~t the_circ~ts and conn~tin8 wjring ~ply cannot fit ~to the area of the bln. Note.that 

· different s~condtictor technologies niay· have different area requirements for circuitiy. · 

Congestion limj.ts may be violated if there are t<>? many_wii-es. because of too many data. 

paths going into the b~. If there are too·many data paths going into ab~ the bin will not 

~ wire-able. In method 145, circuit movements may also include .cloning of circuits to 

reduce the impact on net length. 

Still referring to FIG.·2, method 145 begins when non-critical circuits are ~oved 
. . . -

fr~ th~ selected: bin to lower power adjacent bins (step 210). Critical paths n~ to meet 
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certain timing requirements and also tend to be the hardest to meet timing on. TI1e PPS 

system performs a timing analysis and, from this analysis •. detemrines 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-critical 

circuits to lower power voltage islands. If necessary, leyel shifters on the outputs of these· 

non-«?Jitical circuits are moved to their inputs. For this step, it possible to preferentially 

c~oose cii-cuits in the selected bin that are sourcing bin outputs that feed circuits in other 

low voltage bins. 

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

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

shifters required, max-flow, min-cut procedure may be performed. A refer,ence describirig 
. . . 

a ~-flow, min-cut procedure is "Graph Algorithms", Shimon Ev~ Comp~r Science 

Press, 1979, which' is h~ill incorporated by :reference. · fu this procedure, a flow graph., 

· would be ~nstructed from the set of all non-critical bin iJ:iputs on the selected high voltage 

.. bin that ~s fec:J. by circuits in. other low voltage bins aµd fr~ the non.;critical circuits in the 

·.$elected ~·s fan-QUt.oon~, A min.;cut· through·the fl~w ne~k woUid iie·de~ed: . 
All ~ts that are to the "letl'' of the net.s in a min.;cut through this flow network wouid . : .. . ~ . 

he detemrined. M;oving these "left" or "feeding" circuits to adj~cent low voltage· bins 
. . 

would then minimize the number ofle\rel-shifters required at t;4e bin il;J.puts. Essentially, 

. this procedure attempts to create the least nlimber of s~~ls transitionhig from low v~l~ge 
to high voltage ·an~ mfoimize,s wire length. The flow SraPh is one.way ~f detennining 

Y/bich circuits should be mov~ to low voltage. 

S~ 21 O may' also preferably move. ·high switching circUits c;>nt of the bin. ~gh 
. . 

· switching circuits are those circuits that swit<?h a relatively liigh amount of times. This 

. relatively high amo~t of switching bums moi:e po~er. JP.us, a way of reduc~ power is 

tO remove high s~tchmg circuits .fronl hi~ voltage b~ u; fower .voltage bins: ''.Note that 
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. if the circuits are in critical paths, the circuits ~~>Uld preferably ~emain in the high voltage 

bin even if they are high switchi11g circuits. 

' 
In step 220, if the selected Qin 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 

the selected bin (step 240). Circuits to move in this manner would preferentially. be chosen 

to minimize the number 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 addiµg circui~ fed by the critical nets to the bigher voltage bin. Thus, 

when the selected bin's size beoomes small, the circuits that are fed by ·critical nets and 

that are in lower wwer bins are added fo the higher J><>wCr selected bin, and the non-

. critic~ circuits ~ removed from the seleeted bin. Alternatively. thi~ step can entail 

adding low switching circuits from surrol,iiidhig areas into the selected bin. This 

minimizes power, yet increases capacity of the sel~ted bin. 

If the selected bln. ·does not drop below minimum capacity.{step 220 =NO), a . .. . ~ 

~ti.on is .. niade as to whether aJl ·non-crii:ical circllits have been moved out (step 

225). If not (step 225 = N~). then the· rµethod proceeds back to step 210. If ~l non-

, critical eircwts ·have been moWd (step 225 = YES), then critical Circui~ in low vQltage 

bins that feed critical° circuits m ~e selected bin are moved into .. the. sel~ted bin (step 230). 

~· if the critical circuits in the selecte<;l bin are still not meeting tUning limitatio~. the 

circuits feediJ;ig_ these critical circuits are moved from ~ow power to high power. This 

~hould sPeecI the criti.~l path and improve timing. Lev~l shifters, if any,. wlll be moved 

from the out1;mts of the newly add~ circuits to th~- inputs of the newly added circuits . 

. Jn step 235, if the selected bin falls below miilimuin capacity, then low voltage 

circW.ts fed by outputs of the critical Circuits in the selected bin Wi~i be added to.the , 

selected bin. Step 235 is similar to ·step f40. Circuits to move~ this manner would 
. . . 

preferentially be chosen· to minimize the num~ of level shifter additions required. Step · 
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23 5 attempts to keep the critical nets at the fastest speed by adding circuitry fed by the 

critical nets to the higher voltage bin. Thu~, when tlie 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. 

Additionally~ in step 235, it may be necessary to make room in adjacent bins for 

circuits being moved out of the selected bin, To aliow this to happen, low voltage circuit$ 

fed by outputs of the critical circuits in the selected bin will be added to the selected bin. 

Again, circuits to move in this manner would preferentially be chosen to :qri.nimize the · 

number: of level shifter a4ditions required. 

Jn step 25S, it is determined as to whether all criteria are met for this b~. Such 

criteria will primarily be performance and power criteria, according to the perfom'lance and 

. power criteria set for the chip design. Additjonall~, ·other cri~ m0:y be checked, sueh as 

over- or ~der-capacity, routing or location ·specifications, ·etc .. If all criteria are not.met 

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

. the.method eI).ds in step 250. ·.It should be noted that even tho1:1gh performance ~d power · 

. criteria could be met.pri<>r to step 255, ·method 145 may be performed multiple times to 

~~ce power to the maxim.'1m extent while still m~ the other criteria .. The lowest 

pow~ configuration that m~ the other miteria (an~. in particular, the performance 

. ~teria) would, then be the best.solution. · ·· 

It should be noted that metho4 145 may OOn.tain all of the s~ps .shown in FIG. 2 or 
. . 

may only contain some of th~ steps shovin. For example, only step 210 might be used for 

method 145 .. Pr~ferably, all _steps would be_ used, as this provides the m0st performance at 

the l~st amount of power.· Additionally,".if any.of the steps of method i45 inereases 
~ . . . . . . 

~estion beyond a predetermined leveJ, circuits can be moved between bins to reduce the 

oon~on. 
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Method 145 as shown in FIG. 2 is applicable _any time that the selected bin is 

· assignecfto 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 iri step 210 to move no~-critical circuits from 

· adjacent bins into the selected bin and to move critical circuits out of the selected bin. h1 

step 240, output circuits that are non-critical are preferentially moved into the selected bin. 

Th.is. is same for steps 230 and 235: Essentially; non-critical circtiits from surrounding, 

higher power bins are moved into the. lower power bin. 

After step 145 of method ioo, step 125 of method 100 is performed again. Method 

100 continues until the criteria have been met or until the method does not converge. 

Gen~lly, the latter .is set as a time limit: if :the method exceeds a particUiar tim~. then it is 
. . . . 

assumed that the method is not converging to a solutio~. _This could happen, for example, 

if too low of power criteria are chosen for too high of perfonnance criteria. 

Turning n<>W to FlGS. 3 thr~ 7 in addition to FIGS. I anC;l 2, FIGS. 3 through 7 

_show~ exemplary section ?fa ~p .de~ign. FIG. 3 ~ws ~ eompletely unplaced chip 

·desi~ as such a design would exist in step 105 ofmethod 100. FIGS. 4 thrugh 7 show 

the same. chip design at various_ stag~s of the place1J).ent process of ~th.ads 100 and 145. 

In FIG: 3, a completely unplaced chip desi~ is sh~wn. Unplaced chip design 300 

· comprises ·vario~ inputs 310, 31l,312, 31_3, 314, 315, and 3i6 ~d an output 320. 
. . . 

Unplaced chip design 300 also comprises a number of circuits:. several NAND gates 331, . . . . . . 

. 332, logic blocks 340 and 330, a number of inverters 350, 351, 352, 353, 354, and 355~ 

and a NOR gate ·360. Unplaced chip_ design 300 is desC!ibed by a netlist: 

~FIG. 4, a partially placcd design 400 is shown. Only some of the 

intereonn~tions are· shown. Partially pl~ced design 400 is shown after steps 110 and 120 

. of method 100. Each bin has been_ set to low voltage, thereby creating Io-w voltage 
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. . 
bin/islands 410 and 420. Boundacy 430 separates the two islands 410, 420. In step 120, 

. . . 

nonnal PPS synthesis actions will be used to try to meet pciformance objectives, to reduce 

power by other means than voltage island creation, and to meet other design objectives. 

This results in the partially placed desi191400 shown in FIG. 4. Path 370 is a critical path, . 

· and nets 440 and 460 cross boundary 430. 

In FIG. S, bin 410 has been assigned to a high voltage bin/island 510. In step 125,_ 

all criteria were not met (step ·1z5 =NO), so bit) 510 was _selected as a high voltage bin in 

step 130. Bin 520 (420 in FIG._ 4) has been unchai:tged and is still a fow·~oltage b~ All 

circuits in bin S 1 O.were assigned to higher voltage. Biri 510 was selected as a high 

-yoltage bin because it had the most circuits on the worst slack p~th (path 3 70) in this small · 
. . . 

design (~tep 130 of.method 100). Level shifters 4 70, 480, and 490 were added to nets 370, . 

370 arid 440, respectively, to shift these signals to higher voltage (step 135). Level shifters 

~not added to net 460 and path 370 as it leaves inverter 353 and .travels to inverter 354 

-~lise these are high voltage signals. These signals ·should be able to drive low.voltage 

·circuits~ Ins~ 140, D:O-level shift~ were ~moVed. 

TJ:ie partially placed design 400 ~be checked after any o( these steps to 

determine if power, performance, and other criteria· are met In the case of bin or ·high . . . . . 
voltage jsland 510, net congestion is fairly high:; inputs 3 i 0 through 314 require quite a bit 

.ofwiring·on,one side of the bin. Additionally, a non-criti~l circuit (NAND gate 332) and 

. ·nm-critical .net:s. 450, 440, ~d 460 are in the high vol~ge bin 5 IO .. Moreover, it can be 

assumed that Critical path 370 ei~er does not meet timing requirements, meaning that 

sl~k is ne~tive. 

FIGS. 5 and 6 should be referied to during the following descriptioll: of ~e 

sequenee of steps of m~od 145 of FIG. 2. ·Beca~e bin 510 is ~ot optimized, in step 21 O 

of method 145, input_ 31.4, circuit.332, and n~ts 440, 460, ~d 450 are m~ved into low 
. . . 

·voltage bin/island 520. Level shi~ 490 is.no longer needed· and.is removed. In step 220, 
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_the sdected bin is not below minimum capacity, and iii step 214, all of the low voltage 

circuits have been movect In step 230, critical _circuits 354 and 360 are moved into high 

voltage biil/island 510. Level shifter 470 is no longer needed, but level shifter 610 is 

added to increase the voltage from net 620. 

Power and perfomiance ~riteria are determined in step 255. In this example, it can 

be assumed that the power and perfom:µmce criteria are met. However, method 145 may 

also be made to iterate ~ predetermined number of.time in order to ascertain whether a 
. . . 

better combination of power and performance may be created through a different 
. . 

placement. Referring to FIGS. 6 and 7 in addition to FIGS. l and 2, after iterating through 

method 145, the result is placed design 700 o:fFIG. ·7. It should be noted that the 
- . 

plaeeme~.t of in FIG. 6 of critical path-370 has made"the slack in this path.positive. 

Because it meets tiining re~eD.ts, the path 370 is no longer critical in FIG. 7. 
Howevei:. any changes to this path shoul4 be check to-determine compliance with timitig. . . 
hi step 210, critical circuit 350 wa~ moved from high voltage bin/island 510 to lo~ voltage . 

bin/island 520. This result has the lowe$t number ofle'Vel shifters and the lowest power, 
.. . . . .. 

· while still meeting the performan~. criteria. During ~s iterative piopess, critical circui~ 

351,-352, etc. were also have been. mov~ from bin.510 to bin 520. However, peffoimance 

~s not met. Thus, placed design 700 meets performance and power criteria. If power is 
. . . . 

less of a criteria, then circuit 350 ~4 perhaps circuit 340 might be added to high voltage 

bin 510 (assuming that. capacity re~eni$ are not violated). · 

After step 145, additioiial bin.S Will be selected and optimized in steps ~25 through 

145, until the entife qesigli is optimized. hi the-.simple example of FIG. ·7, bin 520 could 

·he assigned to high voltage. Th.is would provide a performance improvement. However, 

the power will also ~crease. Because placed design 700 meets both perfonnance and 
• • I 

p0wer requirements;_ step 125 will indicate that al~ criteri~ are; met. .Jn step 150, the · 

pla~ent is finalized and the netlist and placement information are outp1:lt. What re~ults 

is the placed, op~ design (step 160). 
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Methods 100 and 145 may also include normal synthesis opera~ons such as 

cloning and buffering in order to further reduce.power. FIGS. 8 and 9 illustrate a cloning 

op~tion performed during method 145 to reduce power (by minimizing wire length and 

eliminating a level shifler). In FIG. 8, a partially placed design 1000 comprises a high 
. . 

.voltage bin io20 separated from a low voltage bin 1030 by boundary 1040. ·on boundary 
. . 

1040 are two level shifters 105 5 and 1060. Level shifter 1060 shifts voltage from the 

lower voltage of bin I 030 to the higher voltage 9f bin I 020, while level shifter I 055 does 

the rev~e. Depending on the technology bein~ .implemented, level shifter l 055 may not 

. be need~. For the particular technology bemg used in FIG. 8, level shifter. I 055 is used. 

Path I 090 was a critical path that has been made to meet timing requirements in FIG. 8. 

. . . 
. High voltage bin 1020 C91Dprises inputs 1010 through 10~3, inverters 1070, 1075, · 

1080, and 1085, logic block 1050? and output 1091. Low voltage bin 1030 comprises 

inputs 1014 throUgh 1016, logic bl~ 1045, NOR gate 1086_ and inverter 1087. When · 

method 145 nms on the partiall?' placed design 1000, it is det~eci that the wire length 

hap~ to be high (paiticularl~ the.nets 1093 arid 1094) and levefshifter 1055 may be 

removed. To support·thls, in~ GI 1070 and mve~ G2· 1075 ~cloned. t~ become 

· in~ G ~ Clone 1097 and inVerter G2 Clone 1096 (see. FIG. 9). This reduces line length· · 

~s th~ line. length is now net 1091. · Addi~on8lly, as iewl shifter 1055 is no_ longer needed, 

the nutri.ber of level shifters are Ieduced. 

· · The previous meth<_>ds. were described using PDS, or placement driven synthesis. 
. . 

There are other placeme_nt ~ls and meth~. The present invention is applicable to any 

placement en.Vironment ~t proceedS throuSh successiw refuiement of the locations of the 

. ~irollits on the design and in which the placemen~ proces~ may be interrupted to inak.e 

· changes in placen;lent of the l9gfo. The follo~ disclission center$ oil a placement tool 

and methodology is a simUtated ~ealing placer. As sm:ted in the Overview 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 no~ to FIG. I 0, this figure shows a method 800 for concurrent logical and 
physical construction of voltage islands using a simulated annealing placer. As method 
800 Is very similar to method I 00, generally only differences will Qe discussed herein 
while referring to method 800. During this discussion, it may be beneficial to refer to FIG. 
I for comparison. 

One difference between the ~o methods is in step 820 of method 800. A PDS 
system, such a~ that used for meth~ 100, divides the chip deSign into ar~. call~ bins. A 
simulated annealing placem~nt system does not use b~s. hi step 820, instead of . 

. partitioning the chip design and performing synthesis actions on the design,.the normal 
annealing placement process is performed l.Jlltil the average distanne that circuits are being 

. . moved.is smaller than the smallest recommend~ voltage island size. 1bis allows the 
normal:· anriealing placement process to finish prior to adding the. c0ncurrent logic and 
physical construction of voltage islands. · 

In step 830, a circuit i~ seleCted ~s a .·~seed" circuit A$ previously discu8sed, ·It is 
preferabl~ to initi~y set all· circuits to low. voltage. The seed circuit is then assigned to . . . . . . . . . · hi~ voltage and a high v6ltage islatid is created aroUlid the seed circuit ·Tue size of the . 
• voltage island can in~e ~ d~e depen~ on the ·number of ~~cuits in the · 
island. It.is possible to preferentially choose, as the s~ circuit, a circuit that is close to an 
existing high voltage.island. Therefore, moving the seed C?ircuit physica'lly ~djacent to the 

: . existing high voltage isl~d will increas~ the size of the existing high voltage island. . . .. . _Thus, iiistead ofha~g bins where the.entire bin is selected as a voltage island, method 
800 selects a circuit and creates ~ voltage i~and ~o\llld the circuit 

In step· 845, circUits are moved betw.een areas <1?etween isl&D:4s) to ~prove speed · 
and decrease power and ~ngestion. Step 845 is disclosed m~ particularly in FIG. 11 as. . . 

. method 845; and "is similar to steps 230 through 255 of FIG. 2 .. For step 930, ci1-ti~ . 
-circuits in low voltage islands that feed critical cirriuits in the selected island are moved . 
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· into the selec"f:ed island. If necessary, ~e island's size is increased. Thus, if the critical 

circuits and paths in the selected island are still .not mee~g ~g limitations, the circuits 

:feeding these critical circuits are moved from low.power to high power. This should speed 

the critical paths and ~prove timing. Level shifters, if any, will be moved from the 

outputs of the newly added circuits to the inputs of the newly added circuits. 

fu step. 935, if the island containing the selected seed circui~ falls below niinimuriJ.. 

capacity, then low voltage circuits fed by outputs of the critical circ:uits in.the selected 

island Will be added to the selected island .. Circuits to. be moved 1n this manner would 

preferentially be chosen to ~e the number ofl~vel shifter additi9DS required. Step 

940 attempts to keep the. critical nets at the fastest speed by adding circuitry fed by the 

critical nets to the higher voltage island. Th.us, when the selected island's size becomes 

Sm,an, the circuit$ that are fed by critical n~ts and that are in.lowei: power islands 8:I'e added 

to ~e higher power sel~ted island, and the non~ritical circuits ~removed from the 

selected ·ishind 

. Additi~ally, in step 935, it may be· necessary to·make room.in adja~t islands for 

.... circuits being moved out of th~. selected island. To all~w this to ha~ low voltage. 

circilits fed by outputs of the critical ~ircllits in.the select.Cd ishmd will be added to .1h:e 

selected island~ A8ain, circuits to move in this manner ~ould preferentially be chos~ to 

i:ninimiz.e the. number of such level shifter additions requU:e4. 

~ s.tep 9?5, it is determined as to whetlier all Criteria are met for this island. Such 

"criteria will primarily be performance and power criteria, aecording to 1he performance and 

power cri~ set.for the chip 4esign. A4dition8Ily, o~ ~riteri~ may be checked, sue~ as · 

·over- or under-capacity, routing or location spec~cations, etc. If all criteria are not met· ' 

· (step 955 = NO);m~Od 845 is performed again; if all criteria are met (step 955 = YES), 

.the method en~ in step 950. It 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 ~um extent while still meeting the other criteria. The lowest 
- -

-power configuration that meets the other criteria (and, in particular, the perfonnance 

criteria) would then be the best solution. 

It should also be noted that step 955 may entail adding additional circuits to the 

island if the island is less than a preferred capacity. _If steps 930 and 935 do not add 
- . 

enough circuits to the island (either because the _critical input COD:e is small or because the 

circuit movement required to achieve physical adjaceriey violates other constraints), other 

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 inplits and outpUts of the newly 

added circuits. 

Note that, as discussed in reference to method 145 of FIG. 2, other actions may be 

~en to meet predetermined criteria in step 845. For instance, buffering or cloning may be 

used to improve speed, decrease power and/or decrease oongestion. As "further examples, 

th~ ~ollowing optimizations (dis~ussed in reference to method.145) may also~ used in 

·"stei> ~45: high switchitig circuits may be moved out of high voltage islands and_ into l~w 
. . . 

voltag~ ~slands to decrease power~ if a voltage island becomes too small, circuits in a 

~o~ding, low vol~g~ island ~tare fed by critical paths or nets in a select~ high 

voltage· island may~ ~ov_ed into the high_voltage island (improves speed); circuits may 

be moVed into a selected voltage island based ~il minimizing level shifters. 

In step 850 of FIG. 10, changes are disallowed that will cali$e the high voltage. 

islands already defined to· become physically disconnected. The finishing placement . · 
. . -

process contiti.ues, but with the rule f:bat no changes can create physical disconnection 

between high voltage island~. ~e ex.act 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 

isl~d. fu this case, non-critical nets and circttj.ts are added to the low voltage island and 

criti~al nets and circuits are transferred to the high voltage island. 

In summary, the method of providing both logical and physical construction of 

voltage islands is adaptable to a- variety of placement algorithms. In accordance with the 

method, a voltag~ island is chosen and circuits are added or removed to the island to best 

analyze design criteria. The two primacy criteria are power and performance criteria. 

~cal construction of the islands occurs because the logical structi.ire is maintained 

within the ·island and on surrounding isl~ds. The physical construction occurs because 

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

wheii the logical relatj.0nship of the circuits and the physi~ voltage layout combine to 

increase performance where necessmy and to decrease power where n~sary. The 

iterative nature of the method mak~ finding this combination relatively easy. 

What has.been shown are methods .that.pto~de both..logicaJ·and physical 
. . .. 

construction of voltage islands. The preferred embodinients of th~ present in.'\rention .. 

oo~~me bQth physiCal and iogical synthesis to provide few~ level shifter~ ·and less·power 

.routing, but still meet timing and other re~ents .. Additionally,. by nsing an iterative 

process· for construction orthe voltage islands, power usage can be m.injmized while s~ 

constraints, in parti.cular1 are me~. 

The embodim~ and examples set forth hereiri were· presented in order tO best· 

explain the·present inVention and its practical application and. to thereby enabie those 

skilled in the art to make and use the.invention. H~We~, those skilled in the art will 
. . 

reCc>gniZe ~t theJoregomg description and examples have been presented for the . 

purposes of illu~trati~n and example only. The descripti~ as set forth is not intended to 

be e~tistive or to limit the inveri~on to tlie precise form disclosed·. Similarly, Unless 

o1herwise s~ified, aey sequenc~· of steps of the me11?-od indicated in ~e drawings ~r in 
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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 light of the abo-ye teaching without departiµg 

from the spirit and scope of the forthcorriing claims. 
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1. A metho4. comprising the steps of: 

. . 

assi~g a set of circuits to a first of a plurality. of voltage "levels; 

partitioning the set of circuits into a plurality ~fbins; 

· . assigning one of the bins to a second of the pluralitj of voltage levels; and 

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

2. The method .of Claim 1 wherein the _second voltage level is greater than the first 

voltage level. 

3. The method of claim 1 wherein the:secQnd voltage level is less than the first 
·voltage level. 

4.. The method of claim 2 wherein the step of assigning one of the bins_ to a· second of · 

.:fue plurality of voltage levelS coinpris~ the steps of determining a worst slack path 

in the set of circuits and assi~. a bin having at least ·one circuit~ the_ worst 

slack path as the one bin. 
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5. 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. 

6. The ln~od of claim 3 wherein the step of assigning one of the bins to a second of 

the plurality of voltage levels comprises the s~ of assigning a bin having a 
. . 

predetermined nµmber of high switching circuits as the o~e b~. 

7. . The method of claim· I wherein the step of assigning one of the bills !? a second of 

the plurality of voltage levels comprises the step of assi~ a random bin as the 

one bin. 

8. The method of claiin. 2 wherein the_ step of ~signing. one of th~ l~~ to ~ secoi:id of 

. the plurality ~f voltage levels oomprises the steps of dete¢:llning ·a location whete 

many late paths converge and assigning a -bin having' ¢.e location as the one bin. . 
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9. The method of claim 2 wherein the step of assigniIJ.g one ·Of the bins to a s~1d of 

th.e plurality·of voltage· levels comprises the steps of determining a plurality of 

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

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

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

critical.paths if circuits in this bin are assigned to the seooJ].d voltage.level, and 

assigning this bin as the one bin. 

I 0. The method of claim I wherein the step of assigning one of the bins to a second of 
. . . 

the plurality of voltage levels comprises the steps of determining a bin that ~s a 

predetermin~ amount of inputs directly feeding latches an4 assigning .this bin as 

the one bill. 

11. '.The .method of claim 1 further oomprising th~ step of: 

. . 

_iterating. un1il predeteimined criteria· are met. the steps of: 

assigning an additional bin to .the -sec0nd voltage level; · 
. . . . . 

assigning circuits within the additienal bin to the second voltage level; and 

moving at leas~ one circ~t between a bin assigned to the second voltage level ~d a 

· · · _.. bin assigned to the first voltage level.. 

. 12. · The method of claim 11 wherein the step of moving at least one circuit ~een a 

· bm assigned. to the second voltage level and a bill assigned to the ;first voltage level . . . . 
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comprises .the step of moving at least one circuit from a bin·a~signed to the seqond 

voltage lev~l to a bin a&signed to the first voltage level. 

.. 13. the method of claim 11 wherein the step of movillg at least one circuit between a 

bin assigned to the second voltage level and a bin assigried to the first voltage level 

comprises the step ~f mo~g at least one circuit from a bin assigned to the second 

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

14.. The method of claim 1.1 wherein the predetermined criteria comprise minimizing· 

:Power sµbject to a perfoni:Iance oonstraint. 

15. The me~od of claim· 11. wherein the prede~ed criteria eomprise maximizing 

performance _subject to a power constraint. 

16. The method of claim 1 wherein the step. of assigning circuit~ _within the .one bin to. 
: . . . 

the second voltag~ level comprises the step of a~ a level shift~ to an input of 

one of the c4-cuits within the one-bin, wherein the input crosses a boundmy 
. . 

separating the one bin from an adjacent bin that is· assi~ed to the ~t:voltage 

level. 

17. The method ?f claim 12 wherein the _sec0nd voltage ·1~vel is ~ter than the first 

· · · voltage level, wherein the step of moVing at. l~st one circuit· from a biti assigned to . . 
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the ~econd voltage level to a bin assigned to the fir~t voltage leyel comprises the 
. . 

step 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 switching circuit is moved 

only if it is in a non-critical path. 

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

. bin as~~gned to the second voltage level and a bin assigned to the first voltage level 

· comptises the step of selecting the at least one circuit based on criteri~ of 

minimizing levels~. 

19. Th~ method of claim 11 whereiit the step of moving ·atleast one circwt b~tWeen ~ . . ' 

bin 8:ssigned to the ~nd voltage level and a bin assigned to the first voltage level 

caiises ~ first bin assigned to the second voltage level to meet a predet~ed 

minim.uni size. 

20. The method of"cl.aim 19 wherein the second voltage level is gre1iter than the fiist 

voltage ~evel,. and wherein the step of moving at least one circuit ~em a bin 
. . 

assigned tO the second voltage level and a bin asl;ligned to the first voltage level 

further ~prises the step. of moving at l~st one low switching circuit from a 

. surrounding bin assigned to the firs~ voltage level ~to the fir.st bin. 

21. The method of cl.rum 19 whereiii the second.voltage ievel is greater than the.first . 

voltage level, and wherein the step of moving at least one circuit. between a bin 

assigned to fue second voltage level and a'bin assigned to the first volta~e level 
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further comprises the step of moving at least one surro1:111ding circuit into the. first 

\:>in:. the at least one surrounding cit({uit being in a surrounding bin assigned to the . 

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

22. The method of clann 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 9ircuit based on criteria of 

niinimi.zing level. shifters . 

. 23. The method of claim 11 wherein the step of moving at °least one circuit betwee~ a 
. . 

bin assigned to the second voltage level and a bin assigned to the firs~ voltage level 

· comprises the step of buffering at least one circuit. 

. . . 
24. ·Them~ of claim· 11 wherein the step ·of moving at least qne circuit between a 

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

. compris~ the step of cloning at least on~ circuit . 
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25. A method performed on a design for a $emiconductor chip, the method comprising 

the steps of: 

assigning a set of circuits 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 .. 

··27. 

28. 

The methOd .of claim 25 wherellt. the second voltage level ~-greater than the first 

voltage level. 

The method of claim 25 wherein the second voltage level is less .than the :firSt 
voltage level. 

The method of claim 25 further comprising the steps of ~ting a· first voltage 

island around some of the set of circuits that are assigned tO the first V?ltage level., 

~d moving at least one circuit between the first ~oltage isiand and the second. 

y_oltage island ill order to meet predetermined criteria. 
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29~ 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 orde~ tp meet predetermined 

c1:1-teria comprises the step of buffering the at least one circuit. 

30. 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 cloning the at least_ one circuit. 

31. The method of claim 28 wherein the second voltage is higher _than the first voltage. 

wherein the at least one cirquit is a high sWitclling circuit that is ·non--critical. and. 

wherein the at least one ciicuit is moved from the second _vo~ta.ge island to the first 

· volta.ge island. 

· 32. Th~ method ~f claim 2~ wherein the predetermined criteria ~prise minirilizing 

power subject to a perfo~ce constraint.· . 

33. The method of claim 28 wherein the predetermined criteria comprise maximizing 

performance subject to a power constraint. 
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34. . 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. 

35. The method of claim 28 further comprising the step of iterating, until the 

predetermined criteria are met. the steps of selecting a seed circuit from the set of 

circuits, assignfug the seed circuit to a secorid of the plurality of voltage ~els •. 

creating a second voltage island around the seed circuit. and mov"iµ.g at least one 

circuit between the first voltage island and the second voltage island in order to 

meet predetermined criteria. 

. . . . 

36. Tue metJiod of claim 35 wherein one of the seed circ~ts is selected next to an 

existing voltage island assigned to the second voltage level, wherein an additional 

voltage island· is created around the one ~eed .circuit. ai:id wherem the additional .. . . . 

and existing voltage islands are merged to create a larger voltage isiru:id. 

37. The_ method of claini 35 whereip. the step of iterating eause8 one of the ·second 

voltage islands to fall ~eath a minimum capacity. 

. . 
38. The method of claim 37 where~ the seeond voltage is.higher than ~e first voltage, 

and wherein the In:ethod further comprises the step of moving an adja~t cntical . . 

circuits irito the one voltage island . 
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39. The method of Claini 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. 

40. A program product comprising: . 
(A) a computer program including a integrated circuit design tool, the integrated 

circuit des.ign tool assignin~ a set of circuits to a first of a plur~ity of voltage 

levels, partitioning the set of circl),its ·into ~ plurality of bins, assigning one of the 
· . · · bms to. a second of the plurality of voltage levels, and assigning circuits within the· 

. one bin to the second voltage level; · 

(B) signal bearing m~ ~computer program. 

41.· The program pr~uct of claim 40 wherein the signal bearing media oomprises 

recordable media . 

. 42~ The program product of claim..40 wherein the signal bearing media CO.ll_lpri~~S 

transmission media. 
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43. The program product of claim 40 wherein the second voltage level is greater than 

the first voltage level. 

44. The program product of claim 40 whereiii the second voltage level is less than the 

first voltage level. 

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

one of the bins· to a second. of the plurality of voltage _levels by determining a _worst 

slack path in the set of circuits and assigning a bin having at least _one circ~t in the 

worst slack path as the one bin . 

. 46. -, The p~gtl.m product ~f claim 43 wherein the integrated cir.cuit design tool assigns · 

one o~the bills to a s~nd of the plurality of voltage levels by assigning a bin 
. . . 

. having a predetermined number 9flow switcpmg _circuits as the one bin. 

47. The program product of claim 44 wherein.the integrated circuit des~ t~l assigns 

one of th.C? bins to a second of the plurality of voltage levels by assigning a bin 

b8ving a predetermined n'1:111ber of high switching circuits as the one bin.. 
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48. The program productof claim 40 wherein the integrated circuit d_esigti tool assigns 

one of the bins to_ a second of the plurality of voltage levels by assigning a random . 

bin as the one bin. 

49, The pro~am product claim 43 wherein the iµtegrated circuit desigri tool assigns 

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

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

the one bin. 

50. Th~ program ~reduct claim 43: wherein the integrated circuit design tool assigns 

one of the bins to a second of the plurallty .of voltage levels by determ.iill.llg a 

pluiality of critical paths, determiniD.g.~ aniount of delay im~royefilent for each · 

bin having circuits. m the criti~ ~tbs if the circuitS lll each bin are assigned to the 
. . . 

second voltag~. determining a bin having_ a largest d~lay improvenienno at least 

one of the critical pathS if circuits in this bin" are assigned to the second voltage 

level, and a8signing this bin as the one bin. · 

51. The ~gram pr~uct of claim ·40 whereiµ the U:itegra~ cirCuit desiSn tc>oI assigns · 
. . 

one of the bins ~_a second of the plurality of voltage levels by de~g a bin 
~ . . . . 

'that has a prede~ed amount of.in~ts directly feeding _latche~ an<~ as~~gning 

this bin as the one bin. 
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52. The program product o~ claim 40 wherein the integrated circuit design tool assigns 

~ additional bin to the second voltage level, ass~gns circuits within the additional 

bin to the second voltage level, and Jl\Oves at least one circuit between a bin 

assigned to the second.voltage level and a bin as~igned to the first voltage level 
. . 

until predetermined criteria are met · 

53. The progiam proouct 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 moving at least one circuit from a bin assigned 

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

54. The program product of claim 52 wh~ein.the ~tegrated circuit design tool ID?VeS 

·at least one ci.rCuit l;>etween·a bin assigned to ·the second voltage le':'el and a ~in 

assigned to the first voltage level by ino~g at_ least one circuit from ab~ assigned 

to the second vol~ge level to a ·bin assigned to. the .first voltage level. 

55. The pro$f8Dl pl!)<iuct of claim 52 wherein the piedetermined criteria ~prise 

minimizing power subject to a ~ormance constraint 

· 56. The prograin 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 on~ circuit between a bin assigned to the second voltage level and a bin 

as~igned to the first voltage levei· by ·s_electing the at least one circuit based-011 

critei-ia of miniµllzing level shifters. 

. . 
58.. . . The program product of claim 52 wherein the mtegrated circuit design tool moves 

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

assign~ to th~ first voltage level to cause a first bin assigned to the second voltage 

1evel to ~eet a predeteJ;mined minimum size. 

59. The program product of claim 58 wherein the second voltage level is grea~ than 

. the first voltage levei~ arid wherein the integrated circuW des!gn to~l inoves at least. 
. . . 

one circuit betw~n a bin assigned to the. second voltage level and a bin assigned to . . . . . . . . . . . 

the first voltage level further by moving at least one low ~witching circuit from a 

surrounding .bin assjgned to the first voltage level int<> the first bin. 

. . 

60. The program product of claim 58 ·wherein the second voltage level is greater than 

the first voltage 1~1, and wherein the integrated circuit design ~ool moves at least 

. one ~wt ~een a bin assigned to the second voltage le~l and a bill .assigned t~ 

the first voltage leyei further by movillg at least one surrounding circuit into the 

first bin, the at least one suttouiiding circuit being in a surrounding bin assigned to. 
• • I 

the first voltage level and being fed by"critical paths in the first bin. 
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61. The program product of claim 58 wherein the integrated circuit design tool moves 

at least one circuit be~een a bin assigned to the second vol~ge 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 shifter_s. 

* * * * 
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