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( 57 ) ABSTRACT 
The invention concerns a 3D circuit design method imple 
mented by a processing device involving partitioning a 2D 
circuit representation into two or more tiers , the 2D circuit 
representation defining circuit elements interconnected by 
interconnecting wire each weighted based on at least one of : 
its length ; its propagation delay ; and its priority level , the 2D 
circuit representation initially forming a first tier , the parti 
tioning involving : a ) selecting a first highest ranking wire , 
interconnecting at least first and second circuit elements in 
the first tier ; b ) moving one of the first and second circuit 
elements connected by the selected wire to a further tier of 
the 3D circuit representation and replacing the interconnect 
ing wire with a connecting via between the first and further 
tiers ; and c ) repeating a ) and b ) for one or more further 
interconnecting wires of the first tier . 
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15 . 

3D CIRCUIT DESIGN METHOD the extent to which it represents a critical transmission path , 
the 2D circuit representation initially forming a first tier of 

CROSS REFERENCE TO RELATED the 3D circuit representation , the partitioning comprising : 
APPLICATIONS a ) selecting a first wire , interconnecting at least first and 

5 second circuit elements in the first tier , the first wire for 
This application claims the priority benefit of French example being selected as the highest ranking wire among 

Patent Application Number 14 / 60962 , filed on Nov . 13 , the interconnecting wires based on its weight ; 
2014 , which application is hereby incorporated by reference b ) moving one of the first and second circuit elements 
to the maximum extent allowable by law . connected by the selected wire to a further tier of the 3D 

circuit representation and replacing the interconnecting wire 
TECHNICAL FIELD with a connecting via between the first and further tiers ; and 

c ) repeating a ) and b ) for one or more further intercon The present disclosure relates to the field of integrated necting wires of the first tier . circuit design , and in particular to the design of 3 - dimen According to one embodiment , the first wire has a weight sional circuits . greater than a first threshold . 
DISCUSSION OF THE RELATED ART According to one embodiment , a ) and b ) are repeated until 

one or more of the following conditions have been met : there 
In order to provide improved compactness and perfor are no more interconnecting wires in the first tier having a 

mance , it has been proposed to implement integrated circuits 20 weight greater than the first threshold ; the connecting via 
using so - called 3D technology , in which two or more tiers count has reached or has exceeded a limit ; a certain area 
are arranged in a stack , each tier comprising a semiconduc - ratio between the first tier and one or more further tier has 
tor layer forming a 2D circuit , and the tiers being intercon been achieved ; and a certain power ratio between the first 
nected by connecting vias . tier and one or more further tier has been achieved . 

Examples of 3D technologies include 3D High - Density 25 According to one embodiment , selecting a first wire 
Through - Silicon - Via ( HD - TSV ) technology , copper - to - cop - comprises ranking the interconnecting wires based on their 
per technology , and monolithic 3D ( M3D ) integration tech weights , and selecting the interconnecting wire having the 
nologies . highest weight . 

The design of 3D circuits generally starts from a 2D According to one embodiment , the interconnecting wires 
circuit representation of the whole circuit , and involves a 30 are weighted based on their lengths , and the first threshold 
partitioning operation in which the various portions of the is a length threshold . 
2D circuit representation are assigned to the tiers of the 3D According to one embodiment , the wire lengths are esti 
circuit . mated using a half - perimeter - wire - length ( HPWL ) model . 

Current partitioning methods that have been proposed use According to one embodiment , the method further com 
cost functions to either minimize the number of 3D vias in 35 prises : 
the 3D circuit representation , or to achieve a desired surface d ) identifying in the 3D circuit representation an inter 
area distribution between the tiers . For example , the publi connecting wire having a weight less than a second thresh 
cation by J . Tada et al . , entitled “ A Middle - Grain Circuit old and that has been replaced by a connecting via ; 
Partitioning Strategy for 3 - D Integrated Floating - Point Mul e ) restoring the identified interconnecting wire by replac 
tipliers ” , 3DIC , pages 1 - 6 , IEEE 2011 , describes one such 40 ing the connecting via by an interconnecting wire between 
partitioning method that equalizes the area of each layer and circuit elements in a same tier ; and 
avoids the critical path crossing different layers as much as f ) repeating d ) and e ) until there are no connecting vias 
possible . replacing interconnecting wires that have a weight of less 

However , partitioning is a complex task , and the 3D than the second threshold . 
circuit designs realized based on existing partitioning meth - 45 According to one embodiment , each circuit element in the 
ods tend to result in 3D circuits that are far from optimal in 2D circuit representation comprises an indication of at least 
terms of performance and / or power consumption . There is one of : its surface area , and its power consumption ; the 
thus a need in the art for a new method and device for method further comprising : verifying whether one of : an 
partitioning a 2D circuit representation to generate a 3D area ratio limit ; a power consumption ratio limit ; and a 
circuit representation of a 3D circuit having relatively good 50 connecting via count limit , has been exceeded in the 3D 
performance and / or power consumption . circuit representation , and if so restoring one or more 

interconnecting wires by replacing the connecting via by an 
SUMMARY interconnecting wire between circuit elements in a same tier . 

According to one embodiment , the 2D circuit represen 
It is an aim of embodiments of the present description to 55 tation is a 2D netlist , and partitioning the 2D circuit repre 

at least partially address one or more problems in the prior sentation comprises converting the 2D netlist into a hyper 
art . graph having vertices corresponding to the circuit elements 

According to one aspect , there is provided a 3D circuit of the 2D circuit representation , and edges corresponding to 
design method implemented by a processing device , the the interconnecting wires of the 2D circuit representation . 
method comprising : partitioning a 2D circuit representation 60 According to one embodiment , the circuit elements are 
into two or more tiers of a 3D circuit representation , wherein standard cells selected from a standard cell library . 
the 2D circuit representation defines a plurality of circuit According to one embodiment , the circuit elements are 
elements and a plurality of interconnecting wires , each semiconductor devices , at least one of the circuit elements 
interconnecting wire representing an electrical connection being a transistor . 
between two or more circuit elements , wherein each inter - 65 According to one embodiment , the method further com 
connecting wire is weighted based on at least one of : its prises : performing place and route on the 3D circuit repre 
length ; its propagation delay ; and its priority level based on sentation to generate a 3D circuit design . 
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According to one embodiment , the method further com that uses monolithic 3D technology . Such a technology is 
prises fabricating an integrated circuit based on the 3D described in more detail in the publication by P . Batude et 
circuit design . al . , entitled “ Demonstration of low - temperature 3D sequen 

According to a further aspect , there is provided a non tial FDSOI integration down to 50 nm gate level ” , VLSI 
transitory storage device storing a computer program that , 5 Technology ( VLSIT ) , symposium on , IEEE , 2011 , the con 
when executed by a processing device , causes the above tents of which is hereby incorporated by reference to the 
method to be implemented . extent allowable by the law . Such a technology for example 

According to a further aspect , there is provided a com - permits 3D vias having diameters as low as 0 . 1 to 0 . 25 um , 
puting device comprising : one or more memories storing a pitch of as low as 0 . 2 to 0 . 5 um , and a density as high as 
instructions and a 2D circuit representation ; and a process - 10 25 million per mm2 . 
ing device adapted to generate , under control of the instruc However , it will be apparent to those skilled in the art that tions , a 3D circuit representation by : partitioning the 2D the embodiments described herein could be applied to other 
circuit representation into two or more tiers of the 3D circuit 3D technologies , such as : copper - to - copper technology , representation , wherein the 2D circuit representation defines which is for example discussed in more detail in the publi a plurality of circuit elements and a plurality of intercon - 15 cation by R . Taibi , et al . , entitled “ Full Characterization of necting wires , each interconnecting wire representing an Cu / Cu Direct Bonding for 3D Integration ” , Electronic Com electrical connection between two or more circuit elements , ponents and Technology Conference ( ECTC ) , 2010 Pro wherein each interconnecting wire is weighted based on at 
least one of : its length ; its propagation delay ; and its priority ceedings 60th . IEEE , 2010 , the contests of which is hereby 
level based on the extent to which it represents a critical 20 incorporated by reference to the extent allowable by the law ; 
transmission path , the 2D circuit representation initially and 3D High - Density Through - Silicon - Via ( HD - TSV ) tech 
forming a first tier of the 3D circuit representation , the nology , which is for example discussed in more detail in the 
partitioning comprising : publication by H . Chaabouni , et al . , entitled “ Investigation 

a ) selecting a first wire , interconnecting at least first and on TSV impact on 65 nm CMOS devices and circuits ” , 
second circuit elements in the first tier , the first wire for 25 Electron Devices Meeting ( IEDM ) , IEEE International , 
example being selected as the highest ranking wire among 2010 , the contents of which is hereby incorporated by 
the interconnecting wires based on its weight ; reference to the extent allowable by the law . 

b ) moving one of the first and second circuit elements FIG . 1 is a cross - section view of a portion 100 of a 
connected by the selected wire to a further tier of the 3D monolithic 3D integrated circuit according to an example 
circuit representation and replacing the interconnecting wire 30 embodiment in which there are two tiers , a bottom tier 102 
with a connecting via between the first and further tiers ; and and a top tier 104 . Whereas a 2D integrated circuit generally 

c ) repeating a ) and b ) for one or more further intercon comprises a single semiconductor layer in which transistors 
necting wires of the first tier . are formed in substantially the same plane , in a 3D inte According to one embodiment , the first wire has a weight grated circuit , each tier comprises a semiconductor layer greater than a first threshold . 106 . The semiconductor layers 106 are for example of According to one embodiment , the first wire further silicon , and each tier also for example comprises a metal interconnects one or more further circuit elements to the first layer 108 connecting devices in the semiconductor layer and second circuit elements , and b ) further comprises mov 106 . ing one or more of the further circuit elements to the further 
tier . 40 CMOS ( complementary MOS ) devices 110 are distrib 

uted in the semiconductor layer 106 , and for example 
BRIEF DESCRIPTION OF THE DRAWINGS correspond to standard cells formed of transistors 112 . As 

known to those skilled in the art , a standard cell is a group 
The foregoing and other features and advantages will of transistors and interconnections that enable a specific 

become apparent from the following detailed description of 45 Boolean function or storage function to be realized . During 
embodiments , given by way of illustration and not limitation circuit synthesis , a standard cell library is generally used in 
with reference to the accompanying drawings , in which : which each standard cell is represented by data describing its 

FIG . 1 is a cross - section view of a portion of a 3D circuit characteristics . For example , the characteristics may include 
comprising two tiers according to an example embodiment the Boolean function of the standard cell , represented for 
of the present disclosure ; 50 example by a truth table or the like , and the physical design 

FIG . 2 is a flow diagram showing operations in a 3D of the standard cell , represented for example by a netlist of 
circuit design method according to an example embodiment the transistors and / or other devices that implement the 
of the present disclosure ; standard cell , and / or by a layout . 

FIGS . 3A to 3C are hypergraph representations of a circuit The metal layers 108 comprise metal interconnections 
according to an example embodiment of the present disclo - 55 114 , for example formed of copper or of another conducting 
sure ; material . Some of the interconnections connect transistors 

FIG . 4 is a flow diagram showing operations in a 3D within a standard cell , while others form interconnecting 
circuit design method in more detail according to an wires between standard cells . Furthermore , two connecting 
example embodiment of the present disclosure ; and vias 116 , also referred to herein as 3D vias , are represented 

FIG . 5 illustrates a computing device for generating a 3D 60 in FIG . 1 and provide interconnections between the standard 
circuit representation according to an example embodiment cells 110 in different tiers . As mentioned above , the 3D vias 
of the present disclosure . 116 for example have diameters in the range of 0 . 1 to 0 . 25 

um in the case of monolithic 3D technology . In the case of 
DETAILED DESCRIPTION HD - TSV or Copper - to - copper technology , the 3D vias 116 

65 for example have diameters of around 3 um . 
Throughout the following description , certain embodi - When compared to a 2D circuit , an advantage of a 3D 

ments will be described based on the design of a 3D circuit circuit is that the surface area can be reduced . Furthermore , 
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as will be described in more detail below , it is possible to It will be apparent to those skilled in the art that , rather 
improve performance by significantly reducing the wire than a hypergraph representation , other representations of 
lengths in the circuit . the 2D circuit that permit a weighting to be applied to the 

During the design of a 3D circuit , such as the one of FIG . connecting wires could be used . 
2 , the circuit is for example first generated as a 2D netlist5 It is assumed that the number of tiers in the 3D circuit 
defining the various standard cells that are to form the circuit representation has been chosen by a user or otherwise 
in a 2D implementation . The 2D netlist is then for example determined . Furthermore , although some circuit elements 
partitioned to define the standard cells that are to form each may be fixed to particular tiers before partitioning , it is 
tier of the 3D circuit . assumed that all unplaced circuit elements of the 2D netlist 

FIG . 2 is a flow diagram showing operations in a method 10 are initially assigned to a first tier of the 3D circuit repre 
of 3D circuit design , and in particular in a method of sentation . 
generating a 3D circuit representation by partitioning a 2D In a first operation 201 , a first wire of the 2D netlist , 
netlist into tiers of a 3D circuit . The method is for example interconnecting at least first and second circuit elements in 
implemented in software , in other words by a processing the first tier , and that has a weight greater than a first 
device under the control of instructions in an instruction 15 threshold WT41 , is selected . In some embodiments , the wire 
memory . may further interconnect the first and second circuit ele 

The 2D netlist has for example been converted into a ments to one or more further circuit elements . This selection 
hypergraph representation . As will be described in more is for example made by ranking the interconnecting wires in 
detail below , a hypergraph representation is comprised of order based on their weights , and initially selecting the 
vertex nodes that represent circuit elements , and hyper - 20 highest ranking interconnecting wire , which is the wire 
edges that represent interconnecting wires between the cir - having the highest or lowest weight , depending on the 
cuit elements . The term “ circuit element " is used herein to particular weighting convention that is applied . Indeed , the 
designate any granularity of device in the circuit , which highest ranking interconnecting wire is for example the wire 
could correspond to single semiconductor devices , such as having the longest wire length or propagation delay , or the 
transistors , capacitors or resistors , or groups of semiconduc - 25 highest priority . Of course , selecting the highest ranking 
tor devices , such as logic gates or larger devices , for interconnecting wire does not necessary involve ranking all 
example implemented by standard cells . In the case of interconnecting wires . For example , the highest ranking 
capacitors and resistors , they are for example defined by a interconnecting wire could be selected by comparing the 
synthesized netlist , in other words a netlist generated by a weights of two interconnecting wires , and retaining the wire 
synthesis process based on standard cell libraries . In the case 30 having the highest or lowest weight for comparison with 
of transistors , a more detail netlist , such as a SPICE netlist , another wire , and repeating this operation until all of the 
is for example used to define the transistors and allow the interconnecting wires have been compared . 
wiring interconnections between the transistors to be esti - As will be described in more detail below , the threshold 
mated . WTHI is for example chosen based on the performance of a 

The hypergraph representation for example permits a 35 3D via in the given technology with respect to an intercon 
weighting to be applied to the vertex nodes , and also to the necting wire having a given weight . 
hyper - edges . It is assumed herein that at least the hyper - In a second operation 202 , one of the first and second 
edges have been weighted . The weight is for example based circuit elements is moved to a further tier of the 3D circuit 
on the potential performance gain that could be obtained if design , and the selected interconnecting wire is replaced by 
the wire is replaced by a 3D via , the higher the potential 40 a 3D via . The choice between moving the first or second 
performance gain , the higher the weighting . The main per circuit element to the further tier is for example based on the 
formance characteristic of a wire is its length , as the longer weighting of the other interconnecting wires of each circuit 
the wire , the greater its RC value , and thus the greater the element , and / or on other physical characteristics of the first 
time delay and power consumption of the wire . Each weight and second circuit elements , such as their surface area or 
is therefore for example generated based on either the length 45 power consumption . Furthermore , in the case that the 
of the corresponding interconnecting wire and / or the propa selected interconnecting wire interconnects more than two 
gation delay of the corresponding interconnecting wire . circuit elements , more than one of the circuit elements may 
Alternatively or additionally , the wires could be weighted be moved to the further tier . In one embodiment , up to half 
based on their priority level in view of the signals that they the number of circuit elements interconnected by the 
propagate , the weight for example indicating the degree to 50 selected wire are moved to the further tier . 
which the wire represents a critical transmission path in the The selected interconnecting wire is cut , in other words it 
2D circuit design . Priority levels are for example assigned to is designated as being replaced by a 3D via between the first 
the critical paths in the design , such as for example , the tier and the further tier . Furthermore , any other intercon 
clock signal , the reset signal and / or the control signals of the necting wires connecting the moved circuit element to other 
design . These signals are specific to each design . 55 circuit elements in the first tier will also be cut , and replaced 

The weight assigned to each hyper - edge , in other words to by 3D vias . 
each interconnecting wire , is for example proportional to the In a third operation 203 , it is determined whether there are 
wire length , propagation delay or priority level of the wire . other interconnecting wires in the first tier having a weight 
This means that the higher the wire length , propagation greater than the threshold WTH . If so , operations 201 and 
delay or priority level , the higher the weight . However , in 60 202 are repeated for a new interconnecting wire in the first 
alternative embodiments , another convention could be used tier . The new interconnecting wire is for example the highest 
when weighting the interconnecting wires . For example , the ranking interconnecting wire once the previous cuts have 
weights could be inversely proportional to the wire length , been taken into account . The operations 201 and 202 are for 
propagation delay or priority level , such that they have the example repeated until there are no longer any wires in the 
opposite significance . In other words , the higher the wire 65 first tier having a weighting greater than the threshold W THI : 
length , propagation delay or priority level , the lower the When this is the case , the next operation after operation 203 
weight . will be operation 204 . Alternatively or additionally , in some 
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embodiments operation 203 may also contain a verification perimeter - wire - length ( HPWL ) model could be used to 
of one or more further criteria , such as a limit in the area estimate the wire lengths , according to which the wire length 
ratio or power ratio between the tiers , or a limit in the of each interconnect is for example calculated based on the 
number of 3D vias , and the method may go to operation 204 summation of the width and height of the standard cells that 
if one or more of these further criteria is met . 5 it connects . The width and height of the standard cells are for 

In operation 204 , the method may end . Alternatively , one example defined in the standard cell library . 
or more of the cut interconnecting wires may be restored if Additionally , each vertex may be weighted based on 
its weighting was lower than a further threshold W TH2 , the physical characteristics of the corresponding circuit element , 
cutting of which for example leads to a significant perfor - such as its physical cell area , its leakage , or its internal 
mance degradation . Alternatively or additionally , one or 10 power consumption . 
more cut interconnecting wires may be restored if the overall In a subsequent operation 405 , hypergraph partitioning is 
number of permitted 3D vias or the 3D via density limit has performed . This operations involves sub - operations 406 to 
been exceeded , or if a target area or power distribution 415 . 
between the tiers has not been achieved . In the operation 406 , a " fixed _ cells ” list is for example 

FIG . 3A illustrates an example of hypergraph 300 in 15 generated , listing the cells that should be placed in certain 
which there are five vertex nodes representing circuit ele - tiers of the 3D circuit , and an indication of the tier in which 
ments labelled 1 to 5 . These vertex nodes are for example it is to be placed . This list is for example user - defined , and 
assigned weights of 100 , 75 , 270 , 320 and 140 respectively , may be generated automatically based on a user specifica 
which in this example represent their respective surface tion file . For example , all the design ports could be located 
areas . Furthermore , hyper - edges are shown linking the ver - 20 in one of the tiers , and thus it could be desired that all circuit 
tex nodes , and representing interconnections between the elements connected to design ports are located in this tier . 
circuit elements . The hyper - edges are weighted , the weights Additionally or alternatively , the circuit design may com 
ranging from 3 to 12 in this example , which for example prise a synchronous clock tree in one of the tiers , and thus 
presents the length of the corresponding wire . all of the clocked standard cells may be fixed to this tier , and 

FIG . 3B illustrates the same hypergraph 300 as FIG . 3A , 25 form part of the fixed cell list . 
and also illustrates , by a dashed line 302 , a possible parti - In a subsequent operation 407 , the multi - threshold parti 
tioning of the circuit elements into two tiers if the main tioning algorithm described above and based on weight 
criterion is an equalization of the surface area in each of the thresholds WrHi and WTH2 is implemented . This operation 
tiers . Indeed , the circuit elements 1 , 2 and 3 are grouped involves sub - operations 408 to 414 . 
together , leading to a total surface area weight of 445 , which 30 In operation 408 , the interconnecting wires are for 
is close to the total surface area weight of 460 of the example ranked in descending order based on their respec 
remaining circuit elements 4 and 5 . However , wires having tive weights . For example , interconnecting wires are 
weights of 3 and 4 are cut according to this partitioning arranged from the longest to the shortest . 
strategy , and those having weights of 10 and 12 have not In a subsequent operation 409 , the fixed cells indicated by 
been cut , implying relatively poor performance of the 3D 35 the list generated in operation 406 are for example marked . 
circuit resulting from this design in terms of delay and power For example , the cells in the “ fixed _ cells ” list generated in 
consumption . operation 406 are identified such that these cells will not be 

FIG . 3C also illustrates the same hypergraph 300 as FIG . transferred from one tier to another during subsequent 
3A , and illustrates , by a dashed line 304 , a partitioning of the partitioning operations . 
circuit elements into two tiers according to the partitioning 40 In a subsequent operation 410 , the interconnecting wires 
method described herein based on the weights of the inter having weights greater than the threshold Wtri are cut , and 
connecting wires . Thus the wires weighted 10 and 12 are cut , replaced by vias , as described above . This operation is for 
along with wires weighted 6 and 7 , and the wires weighted example iterative , the list of connections being re - evaluated 
3 , 4 and 5 remain intact , implying an improved performance after each cut , and for example may stop when there are no 
of the 3D circuit resulting from this design in terms of delay 45 longer any wires with weights greater than Wty , or when 
and power consumption when compared to the case of FIG . another criterion , such as an area ratio AR , has been met . 
3B . In a subsequent operation 411 , any cuts of interconnecting 

FIG . 4 is a flow diagram illustrating operations in a wires having a weight less than the threshold Why are for 
method of 3D circuit design according to an example example restored . The threshold W Th is different , for 
embodiment . 50 example lower , than the threshold Wty . For example , a 

In a first operation 401 , the 2D netlist is generated , for weight value Wy can be defined that corresponds to an 
example by a circuit designer using a library of standard interconnecting wire having equivalent performance to a 3D 
cells . via . The threshold Wrh is for example chosen to be greater 

In a subsequent operation 402 , the 2D netlist is parti than Wy , and the threshold W TH2 is for example chosen to 
tioned . This for example involves sub - operations 403 to 416 , 55 be equal to or lower than W , . 
as will now be described . In a subsequent operation 412 , the 3D - via count is option 

In operation 403 , the 2D netlist is converted into a ally fixed , if a limit in the number or density of 3D - vias was 
hypergraph representation , or other suitable representation . exceeded . This is for example achieved by restoring one or 

In a subsequent operation 404 , the hypergraph is weighted more of the interconnecting wires , starting with the ones 
with weights to be used during the partitioning algorithm . 60 having the lowest weight . For example , the wires are ranked 
For example , at least each hyper - edge of the hypergraph is in order from the lowest weight to the highest weight , and 
weighted with a numerical value representing its weight . As wires are restored starting from lowest weight until the 
described above , the weights are for example based on the 3D - via number or density limit is no longer exceeded . 
physical characteristics of the corresponding wires . In the In a subsequent operation 413 , the area ratio between tiers 
case that each wire is weighted based on wire length , the 65 in the 3D design is optionally fixed , if a desired area ratio has 
wire lengths may be determined by performing a place and not been met . For example , it may be desired that the area 
route operation on the 2D netlist . Alternatively , a half - ratio in the case of a two - tier design falls within the limits 
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a and b , where a is for example 40 / 60 , and b is 60 / 40 , in define the number of tiers of the 3D circuit design , and / or to 
other words one tier does not have less than 40 percent or indicate the circuit elements that are to be fixed to a given 
more than 60 percent of the total surface area . If the desired tier . 
area ratio has not been met , one or more of the intercon - An advantage of the 3D partitioning methods described 
necting wires can be restored , again for example starting 5 herein based on weighted interconnecting wires is that they 
with the ones having the lowest weight . Alternatively , in lead to 3D circuits having improved performance with 
order to reduce the number of interconnecting wires that are respect circuits generated using other partitioning methods . 
restored , those wires associated with the circuit elements For example , the publication by the present inventors 
having the highest surface area could be restored first . entitled “ An Unbalanced Area Ratio Study for High Perfor 

While not shown in FIG . 4 , rather than or in addition to 10 mance Monolithic 3D Integrated Circuits ” , IEEE Computer 
fixing an area ratio between the tiers , and power ratio can Society Annual Symposium on VLSI ( ISVLSI ) , 8 - 10 Jul . 
also be fixed in a similar manner , assuming that the power 2015 , pages 350 - 355 , the contents of which is hereby 
consumed by each circuit element is known . incorporated by reference to the extent permitted by the law , 

In a subsequent operation 414 , the final tier partition of 16 presents in table 2 a comparison of a physical aware parti 
the 3D circuit design is for example generated , along with its tioning ( PAP ) methodology , based on the principles 
area ratio or ratios between the tiers , and the 3D - via count . described herein , with other methodologies such as the 

After the multi - threshold partitioning algorithm 407 , the hMetis methodology , and demonstrates an improvement in 
subsequent operation is 415 , in which the partitioned hyper - the total wire length ( TWL ) in the majority of cases . 
graph files are generated , thereby completing the multi - 20 Furthermore , the 3D partitioning method described herein 
threshold partitioning method . has the advantage of being simpler to implement that the 

After the hypergraph partitioning operation 405 , the sub - hMetis methodology as it involves merely cutting wires 
sequent operation is 416 , in which the hypergraph is for ranked highest based on the wire weights , and determining 
example converted back to a netlist , the netlist being a 3D such a highest ranking wire is relatively simple to perform . 
partitioned netlist defining the 2D circuit associated with 25 Having thus described at least one illustrative embodi 
each tier of the 3D design . The 3D netlist for example makes ment , various alterations , modifications and improvements 
a distinction between interconnecting wires within a same will readily occur to those skilled in the art . 
tier , and the 3D vias between tiers . For example , the 3D For example , while the case of a 3D circuit design having 
netlist comprises a 2D netlist for each tier , and a hierarchical two tiers has been described , it will be apparent to those top - level netlist defining the connections between the 2D 30 skilled in the art how this method could be extended more netlists , each of these connections represent a 3D via . generally to 3D circuits having N tiers , where N is an integer After partitioning of the 2D netlist to generate the 3D equal to 2 or more . For example , in one embodiment the partitioned netlist by the operations 402 , a subsequent opera 

algorithm described above in relation to FIG . 2 is applied to tion 417 for example involves performing place and route 
based on the 3D partitioned netlist . Place and route for 35 a 25 a first tier using a relatively high wire length threshold in 
example involves a first stage of deciding where to place order to transfer around 1 / N of the 2D circuit design to a 
each circuit element within its respective tier , and a second second adjacent tier , for example based on the criterion of 
stage of designing the interconnecting wires and 3D vias for area or power consumption of each circuit element . The 
interconnecting the circuit elements . For example , as men - algorithm is then for example applied again to the first tier 
tioned above , the 3D netlist may comprise a 2D netlist for 40 using a lower wire length threshold in order to transfer 
each tier , and a hierarchical top - level netlist , and this step around a further 1 / N of the initial 2D circuit design to a third 
involves performing place and route on each 2D netlist , adjacent tier , again based on the criterion of area or power 
wherein the interconnections between the 2D netlists indi - consumption . This process is for example repeated until 
cated by the top - level netlist are implemented as vias . around 1 / N of the circuit design remains in the first tier . 

In a subsequent operation 418 , one or more 3D circuits are 45 Furthermore , each time the algorithm is applied to two tiers , 
for example fabricated based on the 3D circuit design the wire length threshold is for example adjusted based on 
generated by the place and route operation 417 . the distance separating the two tiers . Indeed , this distance 

FIG . 5 schematically illustrates a computing device 500 will determine the length of the 3D vias , and thus their 
for implementing the partitioning method of FIG . 2 and / or technology parameters , such as their parasitics . 
of operation 402 of FIG . 4 as described above . 50 Furthermore , while a process has been described in which 

The computing device 500 for example comprises a selected interconnecting wires are cut , and then certain wires 
processing device 502 , which may comprise one or more are restored if they have a length below a further length 
processors under the control of instructions stored by an threshold W TH2 , alternative algorithms would be possible . 
instruction memory 504 . A memory 506 , which may be For example , it would be possible to group together the 
integral with memory 504 , or a distinct memory device , is 55 circuit elements interconnected by wires shorter than the 
also coupled to the processing device 502 , and for example further length threshold WTH2 , and treat each group of 
stores the 2D netlist prior to partitioning , and the 3D circuit elements as a single circuit element when applying 
partitioned netlist after implementation of the partitioning the partitioning process described herein . However , an 
method by the processing device 502 . advantage of allowing short interconnections to be cut and 

A communications interface 508 is also for example 60 then restored is that , by this process , both of the circuit 
provided for coupling the processing device 502 to one or elements connected by the short interconnection may be 
more networks , and for example permitting the 3D circuit moved to another tier , rather than remaining in the initial 
design to be transmitted to a manufacturing plant for fabri - tier , leading to a more balanced partitioning . 
cation . Furthermore , while embodiments have been described 
One or more input devices 510 and a display 512 may also 65 based on MOS transistor technology , it will be apparent to 

provide a user interface allowing a user to enter certain those skilled in the art that the techniques described herein 
parameters during the partitioning method , for example to could be applied to other technologies . 
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The invention claimed is : 7 . The method of claim 1 , wherein each circuit element in 
1 . A 3D circuit design method implemented by a process the 2D circuit representation comprises an indication of at 

ing device , the method comprising : least one of : its surface area , and its power consumption ; the 
partitioning a 2D circuit representation into two or more method further comprising : 

tiers of a 3D circuit representation , wherein the 2D OD 5 5 verifying whether one of : an area ratio limit ; a power 
consumption ratio limit ; and a connecting via count circuit representation defines a plurality of circuit ele limit , has been exceeded in the 3D circuit representa ments and a plurality of interconnecting wires , each tion , and if so restoring one or more interconnecting 

interconnecting wire representing an electrical connec wires by replacing the connecting via by an intercon 
tion between two or more circuit elements , wherein necting wire between circuit elements in a same tier . 
each interconnecting wire is weighted based on at least 8 . The method of claim 1 , wherein the 2D circuit repre 
one of : its length ; its propagation delay ; and its priority sentation is a 2D netlist , and partitioning the 2D circuit 
level based on the extent to which it represents a critical representation comprises converting the 2D netlist into a 
transmission path , the 2D circuit representation initially hypergraph having vertices corresponding to the circuit 
forming a first tier of the 3D circuit representation , the elements of the 2D circuit representation , and edges corre 

15 sponding to the interconnecting wires of the 2D circuit partitioning comprising the steps of : representation . a ) selecting a first wire , interconnecting at least first and 9 . The method of claim 1 , wherein the circuit elements are second circuit elements in the first tier , the first wire standard cells selected from a standard cell library . 
being selected as the highest ranking wire among the 10 . The method of claim 1 , wherein the circuit elements 
interconnecting wires based on its weight ; 20 are semiconductor devices , at least one of the circuit ele 

b ) moving one of the first and second circuit elements ments being a transistor . 
connected by the selected wire to a further tier of the 11 . A non - transitory storage device storing a computer 
3D circuit representation and replacing the intercon - program that , when executed by a processing device , causes 
necting wire with a connecting via between the first and the method of claim 1 to be implemented . 

12 . A computing device comprising : further tiers ; and one or more memories storing instructions and a 2D c ) repeating steps a ) and b ) for one or more further highest circuit representation ; and ranked interconnecting wires of the first tier ; a processing device adapted to : 
performing place and route on the 3D circuit representa generate , under control of said instructions , a 3D circuit 

tion to generate a 3D circuit design ; and representation by : 
fabricating an integrated circuit based on the 3D circuit 30 partitioning the 2D circuit representation into two or more 

design . tiers of the 3D circuit representation , wherein the 2D 
2 . The method of claim 1 , wherein the first wire has a circuit representation defines a plurality of circuit ele 

weight greater than a first threshold . ments and a plurality of interconnecting wires , each 
3 . The method of claim 2 , wherein steps a ) and b ) are za interconnecting wire representing an electrical connec 

repeated until one or more of the following conditions have tion between two or more circuit elements , wherein 
been met : each interconnecting wire is weighted based on at least 

one of : its length ; its propagation delay ; and its priority there are no more interconnecting wires in the first tier level based on the extent to which it represents a critical having a weight greater than the first threshold ; 
the connecting via count has reached or has exceeded a 10 transmission path , the 2D circuit representation initially 

limit ; forming a first tier of the 3D circuit representation , the 
partitioning comprising the steps of : a certain area ratio between the first tier and one or more 

further tier has been achieved ; and a ) selecting a first wire , interconnecting at least first and 
second circuit elements in the first tier , the first wire a certain power ratio between the first tier and one or more being the highest ranking wire among the interconnect further tier has been achieved . 45 

4 . The method of claim 1 , wherein selecting a first wire ing wires based on its weight ; 
comprises ranking the interconnecting wires based on their b ) moving one of the first and second circuit elements 
weights . connected by the selected wire to a further tier of the 

3D circuit representation and replacing the intercon 5 . The method of claim 1 , wherein the interconnecting necting wire with a connecting via between the first and wires are weighted based on their lengths and the wire 50 further tiers ; and lengths are estimated using a half - perimeter - wire - length 
model . c ) repeating steps a ) and b ) for one or more further 

6 . The method of claim 1 , further comprising : interconnecting wires of the first tier ; and 

d ) identifying in the 3D circuit representation an inter perform place and route on the 3D circuit representa 
connecting wire having a weight less than a second 55 tion to generate a 3D circuit design ; and 
threshold and that has been replaced by a connecting causing to be fabricated an integrated circuit based on 

the 3D circuit design . via ; 
e ) restoring the identified interconnecting wire by replac 13 . The computing device of claim 12 , wherein the first 

ing the connecting via by an interconnecting wire wire further interconnects one or more further circuit ele 
between circuit elements in a same tier ; and ments to the first and second circuit elements , and step b ) 

60 further comprises moving one or more of the further circuit f ) repeating steps d ) and e ) until there are no connecting 
vias replacing interconnecting wires that have a weight elements to the further tier . 
of less than the second threshold . * * * * * 


