
'166166 WO 03/034497 PCT/US02/33505 INTEGRATED CIRCUIT BUS GRID HAVING
WIRES WITH PRE-SELECTED  VARIABLE WIDTHS TECHNICAL FIELD The present
invention relates generally to the field of microelectronics. More
particularly, the present invention is directed to an integrated circuit
bus grid having wires  with pre-selected variable widths. BACKGROUND ART -
4 APR 2006 A large portion of the semiconductor industry is presently
devoted to the design and  manufacture of application specific integrated
circuit chips, or ASIC chips, which are used in  many diverse applications,
such as devices containing embedded systems. Examples of such  devices
include computers, cellular telephones, PDAs, thin clients, televisions,
radios, domestic appliances, e.g., digital microwave ovens, dishwashers,
clothes dryers and the like,  automobiles, digital manufacturing, testing
and diagnostic equipment and virtually every  other digital device for
consumer or industrial use. Frequently, ASICs designed for different
applications contain many of the same basic logic, memory and 1/0 elements,
or cells, as one  another. However, for different applications these cells
may be present in different numbers,  arranged differently and have
different interconnectivity, among other differences. Examples  of cells
include RAM, I/O, adder, clock, latches and communication ports, among
others. Since cell designs are often used repeatedly in creating new ASICs,
manufacturers  have built libraries of cells. When designing a new ASIC,
the manufacturer may then retrieve  the necessary cells from the library
and combine them with one another, and perhaps with  custom-designed cells,
in the manner needed for a particular application. Important purposes  of
creating libraries containing standard cells are to reduce the cost of
designing and  



manufacturing ASIC chips and simplify the process of designing ASICs. 1
irw'aan~ *000002* - 4 APR 2006 WO 03/034497 PCT/US02/33505 In a further
effort to reduce costs and simplify the design process, manufacturers often
complement their cell libraries by standardizing other features of ASIC
chips. For example,  manufacturers often standardize the type and
arrangement of electrical contacts, i.e., power,  ground and 1/0 contacts,
for interfacing a completed chip with packaging and standardize the  power
and ground buses that provide, respectively, power and grounding to the
microelectronic devices, e.g., transistors, that make up the various cells.
FIGS. 1, 1A, 2 and 3 show a particularly useful standardized arrangement of
electrical  contacts and power and ground buses in connection with an
exemplary ASIC die 10.  Referring to FIG. IA, ASIC die 10 includes at its
surface two interposed rectangular area  arrays of power contacts 12 (e.g.,
VDD, VDDx) and ground contacts 14 (e.g., GND, Vref),  which are shown as
comprising solder balls for controlled collapse chip connection (C4), or
flip-chip, connectivity with a package (not shown). As one skilled in the
art will readily  appreciate, electrical connectivity of power and ground
contacts with a package may be  alternatively effected using another
technique, such as wire bonding. Also shown is a  rectangular area array of
1/0 contacts 16 interposed with power contacts 12 and ground  contacts 14.
Such area arrays of contacts 12, 14, 16 allow ASIC designers to place in
the X-Y  plane the necessary cells, e.g., RAM cell 18, 1/0 cells 20, and
communication port cells 22,  wherever desired on die 10 such that the
cells are always relatively proximate the appropriate  contact(s). FIG. 2
shows an electrical bus 11 coupling power contacts 12 with a device layer
24.  Electrical bus comprises seven metal layers, M1-M7, interleaved with
insulating layers, I1-I7.  



One skilled in the art will appreciate that the number of metal layers and
insulating layers  shown is for illustrative purposes only. More or fewer
than seven metal layers and  corresponding insulating layers may be
provided. Ground contacts 14, 1/0 contacts 16 of  FIG. 1A and associated
wiring are not shown for clarity. However, one skilled in the art will
understand that the electrical interconnection between ground contacts 14
and device layer 24  may be similar to the interconnection of power
contacts 12 with device layer 24. Similarly,  one skilled in the art will
understand that I/O contacts 16 will be electrically interconnected 2 - 4
APR 2006 WO 03/034497 PCT/US02/33505 with device layer 24 as necessary for
the particular arrangement of I/O cells 20. FIG. 3 shows metal layers M6
and M7 as forming, in plan view, a rectangular bus grid  26 comprising
conductive strips, or wires 28, 30, present within each of a plurality of
contiguous regions 32 defined by the rectangular area array of power
contacts 12. Importantly, wires 28 have the same widths as one another and
wires 30 have the same widths  as one another. Referring now to FIGS. 2 and
3, metal layer M6 contains wires 28 extending  in the Y-direction and metal
layer M7 contains wires 30 extending in the X-direction. Wires  30 located
directly beneath power contacts 12 are electrically connected to the power
contacts  by metal studs 34 extending through insulating layer 17. Wires 28
in metal layer M6 are  electrically connected to wires 30 in metal layer M7
by metal studs 36 at each location that  wires 28 cross under wires 30. As
one skilled in the art will appreciate, metal layers M5 to  M1 are similar
to metal layers M7 and M6 but contain progressively finer wires. Wires 38
of  metal layer M1 are closely spaced from one another so that each device
in device layer may  be electrically connected thereto. Providing area
arrays of power and ground contacts and providing uniform power and  ground
grids in the metal layers permit designers to lay out the power and ground
buses prior  to arranging the cells in the device layer. Thus, the power
and ground buses may be 



standardized, in large part eliminating the need to custom design these
buses for each new  ASIC design. Presently, ASIC designers typically
arrange the wires within the same metal  layer in a uniform pattern and
typically provide the wires within the same metal layer with  the same
widths. For example, wires 28 of metal layer M6 may be arranged as shown,
and  each wire will have the same width as the other wires 28 in metal
layer M6. Similarly, wires  30 of metal layer M7 may be arranged as shown,
and each wire will have the same width as  the other wires 30 in metal
layer M7. The width of the wires is generally based upon the  maximum
possible current in the corresponding metal layer. Providing such uniform
widths  for the wires of the same metal layer, particularly the first two
metal layers, e.g., metal layers  M7 and M6 in the example of FIGS. 2 and
3, immediately below the power and ground  contacts, however, wastes metal
and takes up valuable space that an ASIC designer could 3 - 4 APR 2006 WO
03/034497 PCT/US02/33505 otherwise use for signal and I/O wire routing. The
limited amount space available in the  metal layers for signal and 110 wire
routing can require an ASIC designer to provide  additional metal layers
that are undesirable, particularly from a cost standpoint. DISCLOSURE OF
THE INVENTION In one aspect, the present invention is directed to an
integrated circuit comprising a  plurality of cells and an electrical bus
in electrical communication with the plurality of cells.  The electrical
bus is designed using a current distribution modeled prior to arrangement
of the  plurality of cells. The electrical bus comprises a region and a
first metal layer containing a  plurality of first wires extending in a
first direction. Each of the plurality of first wires has a  first width at
least partially located within the region. The first widths vary as a
function of  the current distribution. In another aspect, the present
invention is directed to a method of laying out an  electrical bus grid for
an integrated circuit having a plurality of regions. The method  



comprises in sequence the following steps. First, at least a plurality of
first wires, of a first  metal layer are arranged in at least one of the
plurality of regions, wherein each of the  plurality of first wires has a
first width. Then, a current distribution is determined among at  least the
plurality of first wires, and at least the first widths of the plurality of
first wires are  varied as a function of the current distribution. Then, a
plurality of cells is arranged to form  at least a portion of the
integrated circuit. BRIEF DESCRIPTION OF THE DRAWINGS For the purpose of
illustrating the invention, the drawings show a form of the  invention that
is presently preferred. However, it should be understood that the present
invention is not limited to the precise arrangements and instrumentalities
shown in the  drawings, wherein: 4 - 4 APR 2006 WO 03/034497 PCT/US02/33505
FIG. 1 is a schematic view of an ASIC die; FIG. 1A is an enlarged view of a
portion  of the die showing an exemplary arrangement of power, ground and
I/O contacts and logic,  memory and I/O cells; FIG. 2 is an partial
cross-sectional elevational view of an ASIC die showing metal and
insulating layers forming a prior art power bus; FIG. 3 is a partial plan
view of the wires in metal layers M7 and M6 of the prior art  power bus of
FIG. 2; FIG. 4 is a schematic view of a device incorporating an ASIC chip
of the present  invention; FIG. 5 is a partial plan view showing a
repeatable section of the power grid of the  ASIC chip shown in FIG. 4;
FIG. 6 is a partial plan view of a power grid illustrating the repeatable
section of FIG.  



5 repeated in four regions defined by an area array of nine power contacts;
FIG. 7 is a schematic diagram of one of the regions of FIG. 6 showing a
quadrant used  to determine the power bus wire widths in accordance with
the present invention; FIG. 8 is an exemplary graph of current strength
versus distance from a power contact  in the X-direction of the quadrant
shown in FIG. 7; FIG. 9 is an exemplary graph of current  strength versus
distance from a power contact in the Y-direction of the quadrant shown in
FIG. 7. BEST MODE FOR CARRYING OUT THE INVENTION 5 - 4 APR 2006 WO
03/034497 PCT/US02/33505 Referring now to the drawings, wherein like
numerals indicate like elements, FIG. 4  shows in accordance with the
present invention a device, which is generally denoted by the  numeral 100.
Device 100 may be any type of digital device, such as an embedded system
device. Examples of such' a device include a computer, a cellular
telephone, PDA, thin client,  television, radio, domestic appliance,
automobile and digital manufacturing, testing and  diagnostic equipment,
among others. Accordingly, device 100 contains one or more  integrated
circuit (IC) chips, such as application specific integrated circuit (ASIC)
chip 102,  and may contain an onboard power supply 104 for providing power
to the IC chip. One  skilled in the art will appreciate that in order to
understand the present invention it is not necessary to describe the
general function ASIC chip 102, nor the details of how the ASIC  chip
interfaces with power supply 104 and other components (not shown) of device
100. The general arrangement of ASIC chip 102 may be similar to the general
arrangement  of die 10 shown in FIGS. 1-3. That is, ASIC chip 102 may have
interposed rectangular area  arrays of power contacts 12', ground contacts
14' and 1/0 contacts 16'. In addition, ASIC chip  102 may have seven
insulating layers M1-M7' (FIG. 2) and seven metal layers I1-17' (FIG. 2)  



for electrically connecting individual devices, such as transistors, in a
device layer 24' (FIG.  2) to contacts 12', 14', 16'. One skilled in the
art will recognize that although ASIC chip 102  may have seven insulating
layers I1'--17' and seven metal layers M1'-M7', it may have more or  fewer
such layers depending upon a particular design. In addition, one skilled in
the art will  understand that power contacts 12'. ground contacts 14' and
I/O contacts 16' may be arranged  differently, such as in parallelogram
area arrays. However, unlike die 10, wherein each metal layer M1-M7
contains electrical bus  wires, e.g., wires 26, 28 (FIGS. 2 and 3), having
the same width as one another, ASIC chip  102 comprises at least one metal
layer that includes bus wires having different widths. As  described below,
it is generally most beneficial to provide different width wires in the
coarsest portion of the power and ground bus grids, e.g., in the one or two
metal layers most  proximate contacts where the wires are relatively large.
Illustratively, FIG. 5 shows  uppermost metal layers M7' and M6', which
correspond the uppermost metal layers M7 and -6 - 4 APR 2006 WO 03/034497
PCT/US02/33505 M6 of FIG. 2, each containing varying width wires 30', 28.
Providing wires 28'. 30' with  different widths can greatly reduce the
amount of metal needed for the power and ground  buses. In addition,
providing wires 28', 30' with different widths can also provide much more
space for other purposes, such as signal and I/O wire routing, because
narrower widths permit  more wires to be accommodated in a given space
assuming no change in wire spacing. FIG. 5 shows a repeatable grid 106 of a
power bus 108 corresponding to one of  contiguous rectangular regions
32'that is defined by four power contacts 12'. Repeatable grid  106 is
formed by wires 28' of metal layer M6' and wires 30' of metal layer M7'.
Wires 28', 30'  are shown as forming a rectangular cris-cross pattern that
is symmetrical relative to the  principal axes of rectangular region 32'.
As one skilled in the art will appreciate, however,  



wires 28', 30' may form a non-rectangular Cris-cross pattern, such as a
pattern that defines  parallelogram-shaped regions corresponding to regions
32. One skilled in the art will also  appreciate that wires 28, 30' may
also be arranged asymmetrically with respect to the  principal axes of
region 32'. As discussed below, the width of each wire 28, 30' may be
based upon a current distribution modeled prior to the placement of cells
in the device layer.  Since the current distribution model may vary
depending upon the general layout of ASIC  chip 102, e.g., certain segments
of regions 32' may be generally targeted for receiving certain  types of
cells having known high current requirements, the widths of wires 28', 30'
may vary  in any manner required by the corresponding current distribution
model. Thus, wires 28, 30'  need not necessarily decrease toward the center
of region 32' as shown. In addition, as one.  skilled in the art will
readily understand, FIG. 5 shows only repeatable grid 106 for power bus
108 for clarity. A similar repeatable grid (not shown) for the ground bus
may also be  provided among corresponding ground contacts 14' (FIG. 1). As
mentioned above, it is desirable to reduce the costs of designing and
manufacturing ASICs. One method of reducing these costs is to design power
bus 106 and  the ground bus (not shown) without the need to define the
arrangement of the logic, memory  and I/O cells (see, e.g., FIG. 1) prior
to designing these buses. This allows designers to create  standard power
and ground bus lay-outs that may be generally used regardless of the 7 - 4
APR 2006 WO 03/034497 PCT/US02/33505 underlying arrangement of cells needed
to provide ASIC chip 102 with the necessary  functionality. Desirable
features of standardized power and ground buses are that they be  generally
uniformly distributed over the entire device layer so that cells may be
readily  arranged as desired, and that they comprise simple, repeatable
components. Both of these  features are present in the present invention.
FIG. 6 illustrates that, if desired, repeatable grid 106 may be used to
form power bus  



108 over any number of rectangular regions 32' desired simply by "placing"
the repeatable  grid a corresponding number of times at different
rectangular regions. It is noted that providing wires 28', 30' with
different widths generally has the most significant impact in the  first
two metal layers immediately below the level containing contacts 12', 14',
16'. This is so  because of the magnitudes of the current and the
corresponding relatively large wires 28', 30'  in these layers. However,
one skilled in the art will appreciate that any of the metal layers  may
contain wires of different widths in accordance with the present invention.
To illustrate one method of determining the various widths of the wires of
power  bus 108' in accordance with the present invention, the following
example is presented with  reference to FIGS. 7-9. For a rectangular area
array of power contacts, similar to power  contacts 12' shown in FIGS. 1, 5
and 6, and a symmetrical arrangement of wires similar to  wires 28', 30'
shown in FIG. 5, the analysis for determining the current strength in the
various  wires may be simplified by modeling a single quadrant 110 (FIG. 7)
of one of contiguous  rectangular regions 32" defined by power contacts
12"a, 12"b, 12"c and 12"d. Quadrant 110  is defined by corresponding
portions of peripheral boundary 112 of region 32" and  corresponding
portions of two mutually orthogonal axes of symmetry 114, 116. In the
present example, the distance X from power contact 12"a to power contact
12"b, and from power contact 12"d to power contact 12"c, is 432 microns.
The distance Y  from power contact 12"d to power contact 12"a, and from
power contact 12"c to power  contact 12"b, is 864 microns. Wires 28"
parallel to the Y-axis are located in metal level M6"  and are spaced from
one another by a distance by 28.8 microns (measured center to center). 8 -
4 APR 2006 WO 03/034497 PCT/US02/33505 Accordingly, 16 wires 28" are
provided in repeatable grid 106'. Wires 30" parallel to the X- axis are
located in metal layer M7" and are spaced from one another by 86.4 microns
(measured center to center). Accordingly, 11 wires 30" are provided in
repeatable grid 106'. 



To determine the current in each of wires 28", 30", the portions of these
wires, and the  corresponding studs (not shown) extending between metal
layers M7", M6" containing these  wires, located in quadrant 110 are each
modeled as a resistor. Simulation is then performed  to determine the
current in the corresponding portions of wires 28", 30". This type of
modeling and simulation is known in,the art and is commonly used to
determine the current  strength in fixed-width wire buses of the prior art.
Thus, a detailed description of this, and  other known, modeling and
simulation techniques is not required. FIGS. 8 and 9 show the  results of
the simulation for each of the X and Y-directions, respectively. From FIGS.
8 and  9, it is seen that the current strength in wires 28", 30" decreases
logarithmically with increasing distance from power contact 12"a. Data
points for the graphs of FIGS. 8 and 9  appear below in Tables I and H.
From Tables I and II it is seen that providing different width wires 28",
30" results in  significant savings in metal required to fabricate power
bus 108. For wires 28" extending in  the Y-direction (Table I), the
material saving in quadrant 110 is (65.76-44.47)x432 = 9,197.28 m2. This is
a saving of ((65.76 - 44.47)/65.76)x100 = 32%. Similarly, for wires  30"
extending in the X-direction (Table II), the material saving in quadrant
110 is (18.24- 8.84)x216 = 2,030.40 m2. This is a saving of ((18.24 -
8.84)118.84)x100 = 50%. For a  typical 100 mm2 die, the present invention
can result in a savings of more than 2.5x 105 m2  of metal in the uppermost
metal layers, e.g., M7" and M6". In addition to the savings in the amount
of metal needed for power bus 108' and/or the  corresponding grounding grid
(not shown), the present invention significantly increases the  space
available for signal and 1/0 wiring. Often, modern chips are limited by the
availability  of space, also known as "porosity," for such wiring. The
"porosity" of a metal layer is equal  to the proportion of metal available
for signal and I/O wiring to the maximum amount of 9 - 4 APR 2006 WO
03/034497 



PCT/US02/33505 metal that can be provided for the power grid wires,
grounding grid wires and signal and I/O  wiring. Limited porosity typically
results in providing additional wiring layers, which is  expensive. In the
present example, the "width" of quadrant 110 in the X-direction is 216 pm,
which is approximately the total amount of space available for power bus,
ground bus, signal  and I/O wiring in this quadrant. In this example, it is
assumed that the widths of power bus  and ground wires are equal to one
another and are located alternatingly with one another. For  these constant
width wires of the prior art, power and ground bus wires would occupy
approximately 2 x 65.76 = 131 pm of the 216 pm total width of quadrant 110,
or (131/216) x  100 = 61% of the total width of the quadrant. Thus, the
corresponding porosity in quadrant  110 for a chip of prior art would be
100%-61%=39. However, for different width wires 28" of the present
invention, the power and ground  bus wires in metal layer M6" would occupy
approximately 2 x 44.47 = 88.94 m of the 216  pm total width of quadrant
110, or (88.94/216) x 100 = 41% of the total width of the quadrant. Thus,
the porosity of metal layer M6" in quadrant 110 according to the present
invention would be 100% -41% = 59%. By providing different width wires 28"
in  accordance with the present invention, the improvement in porosity of
metal layer M6" is  59% - 39% = 20%. In relative terms, the improvement is
(20/39) x 100 = 51 %. Similarly, the "width" of quadrant 110 in the
X-direction is 432 pm, which is  approximately the total amount of space
available for power bus, ground bus, signal and I/O  wiring in this
quadrant. Again, it is assumed that the widths of power and ground bus
wires  are equal to one another and are located alternatingly with one
another. For these constant  width wires of the prior art, power and ground
bus wires would occupy approximately 2 x  18.24 = 36.48 pm of the 432 pm
total width quadrant, or (36.48/432) x 100 = 8% of the total  width of the
quadrant. Thus, the porosity in quadrant 110 for a chip of prior art would
be  100%-8%=92%. 



-10 4 APR 2006 WO 03/034497 PCT/US02/33505 However, for different width
wires 30" of the present invention, the power and ground  bus wires would
occupy approximately 2 x 8.84 = 17.68 pm of the 432 pm total width
quadrant, or (17.68/432) x 100 = 4%. Thus, the porosity of metal layer M7"
in quadrant 110  would be 100% - 4% = 96%. By providing different width
wires 30" in accordance with the  present invention, the improvement in
porosity of metal layer M7" would be 96% - 92% =  4%. In relative terms,
the improvement is (4/92) x 100 = 4%. As expected, the impact of the
present invention is most dramatic for metal layer M6, where the individual
wires of power  bus 108' carry the most current and, therefore, require the
greatest widths. While the present invention has been described in
connection with a preferred  embodiment, it will be understood that it is
not so limited. On the contrary, it is intended to  cover all alternatives,
modifications and equivalents as may be included within the spirit and
scope of the invention as defined in the appended claims. - 4 APR 2006 PONS
02/33505   IBM Docket No. BUR920010061 What is claimed: ti 4. An integrated
circuit according to claim 16, wherein said corresponding widths  of said
first wires (28') decrease logarithmically toward said axis of symmetry. I
- 4 APR 2006 PCT/US02/3505  



IPEA/US 03 FEB 2004 IBM Docket No. BUR920010061 7. An integrated circuit
according to claim 16 wherein said region has a second  axis of symmetry
and further comprises a second metal layer containing a  plurality of
second wires (30') parallel to said second axis of symmetry and
electrically coupled to said plurality of first wires (28') , each of said
plurality of  second wires (30) having a second width at least partially
located within said  region, and said second corresponding widths of said
second wires (30')  decreasing toward said second axis of symmetry. 8. An
integrated circuit according to claim 7, wherein said corresponding widths
of said  first wires (28) decrease logarithmically toward said first axis
of symmetry and said  corresponding widths of said second wires (30')
decrease logarithmically toward said  second axis of symmetry. 9. A method
of laying out an electrical bus grid of an integrated circuit having a
plurality  of regions, comprising in sequence the steps of- Arranging at
least a plurality of first wires (28') of a first metal layer in at least
one of the plurality of regions (32'), each of said plurality of first
wires (28') having a  corresponding width; AMENDED SHEEN - 4 APR 2006
PCT/US02/33505  i'EAAlS 03 FEB 2004 IBM Docket No. BUR920010061 determining
a current distribution among at least said plurality of first wires (26');
varying at least Some of said corresponding widths of said plurality of
first wires (28')  .as a function of said current distribution; and
arranging a plurality of cells (19, 20.22) to at least partially form the
integrated circuit. 



f 10. A method according to claim 9. wherein the step of arranging said
plurality of first  wires (28) includes selecting a pattern of said
plurality of first wires (28') and repeating  said pattern for at least
some of the plurality of regions (32'). 11. A method according to claim 9,
wherein the step of determining current distribution  includes modeling
said plurality of wires (28) as resistors, 12. A method according to claim
9. wherein said step of varying said corresponding widths  includes
decreasing said corresponding widths logarithmically toward said axis of
symmetry. 13. A method according to claim 9, wherein the step of arranging
at least a plurality of first  wires (28') further includes arranging a
plurality of second wires (30) of a second metal  layer in said at least
one of the plurality of regions (32'), each of said plurality of second
wires (30') having a corresponding width, the step of determining a current
distribution among at least a plurality of first wires (28) includes
determining a current  distribution among at least some of said plurality
of first wires (28) and said plurality  of second wires (30'), and the step
of varying at least some of said corresponding  widths of said plurality of
first wires (28) includes varying said corresponding widths  of said
plurality of first wires (28') and said corresponding widths of said
plurality of  second wires (30) as a function of said current distribution
AMENDED SHEET - 4 APR 2006 PCT/US02/33505  IPEA/US 0 3 FEB 2004 IBM Docket
No. BUR920010061 14. A method according to claim 13, wherein said at least
one of the plurality of regions  (32') has an axis of symmetry parallel to
said plurality of first wires (28') and the step  



of varying at least said corresponding widths of said first wires (28)
includes decreasing said corresponding widths logarithmically toward said
axis of symmetry. 15. A method according to claim 13, wherein said at least
one of the plurality of regions  (32') has an axis of symmetry parallel to
said plurality of second wires (30') and the  step of varying at least said
corresponding widths of said second wires (30') includes  decreasing said
corresponding widths of said second wires (30) logarithmically toward  said
axis of symmetry. 16. An integrated circuit comprising- a plurality of
cells (18, 20, 22); an electrical bus (108) in electrical communication
with said plurality of cells (18, 20,  22). said electrical bus (108)
designed using a current distribution modeled prior to  arrangement of said
plurality of cells (18, 20, 22), said electrical bus (108) comprising;  a
region (32') having a rectangular shape and a first axis of symmetry: and a
first metal layer containing a plurality of first wires (23') extending in
a first  direction, each of said plurality of first wires (28') having a
first width at least partially  located within said region (32') and being
parallel to said first axis of symmetry;  'wherein said first widths of
said plurality of first wires (28') decrease toward said first axis of
symmetry. )SF 


