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A METHOD, SYSTEM AND COMPUTER PROGRAM PRODUCT FOR
DETERMINING ROUTING OF DATA PATHS IN INTERCONNECT CIRCUITRY

G THE N
5 Field of the Inyention
The present invention relates to techniques for determining routing of data paths
in interconnect circuitry of an integrated circuit.
Description of the Prior Art
Current design tools, such as digital layout EDA (electronic design antomation)

10 tools used in an ASIC (application specific integrated circuit) design flow process,
have a severe limitation in achieving high accuracy in delay matching for timing
critical data paths of interconnect circuitry, such as may be required for high speed nets
and busses in deep submicron processes. This limitation is primarily due to how EDA
tools approach the problem.

15 The current digital layout EDA tools use timing constraints as the requirement
for the design layout. This is often referred to “timing driven place and route”. This
presents the ASIC layout tool with a practically uniimited number of layout
implementations. Faced with this dilemma, EDA tool often use heuristic algorithms to
automatically generate ASIC layouts, heuristic algorithms being algorithms which are

20 not designed to defermine the optimal solution, but instead are aimed at finding a
feasible solution that, in objective function terms, is close to the optimal solution. The
initial placement and route of the design rarely satisfies the design timing constraints,
As a result the layout tools resort to iterations in place and route of the timing critical
portions of the design with the hope of meeting the design timing constraints.

25 When the design requirements are very resfrictive, as for example is typically
the case for high speed balanced bus interconnects, the layout iterations often do not
converge, and the tool hence fails to generate a usable layout. When the layout tool
does succeed in meeting the design requirements, the layouts generated are without
symmetry in either element placement or signal routing. Nets are of random length

30 and randomly jump from layer to layer. The resulting capacitance, resistance,
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coupling and inductance of each net cannot be accurately managed. This results in
timing uncertainty in the layout, |

Known digital layout EDA tools use several techniques for improving timing.
Those techniques include: replacing one driving element with another with the same
function but different drive strength; inserting buffers on critical paths to speed or
slowdown delay; and/or breaking a long net with repeater buffers; moving critical cells
physically closer. The timing variation from those approaches is quantized and
introduces timing uncertainties. The matching between different timing critical paths
is also greatly reduced over process comers, as those paths are built with different
numbers of elements or with elements having different driving characteristics. The
different elements’ timing characteristics do not scale the same over process-
temperature-voltage comers. Meeting one corner often mismatches other corners.

Due to the heuristic nature of the digital EDA layout algorithms, the same
design can generate drastically different layouts with different tool versions or versions
from different vendors. Often the same tool will produce a different layout with the
same design when the layout procedure is repeated.

Another limitation of the current digital EDA layout flow is the inability of the
tools to work with differential signalling, this being a method of transmitting
information electrically by means of two complementary signals sent on two separate
wires. Such differential signalling techniques can enable accurate propagation of fast
signals though a noisy environment, such as for example are produced by the switching
of digital gates.

As result, the known digital layout EDA tools and ASIC flows cannot produce
design layouts that requiring a high degree of delay matching and noise immunity of
the critical timing paths, nets and busses (referred to herein as “data paths”) within
interconnect circuitry.

The limitations of known digital layout EDA tools are exaggerated when
different bits of a bus must be routed to design blocks which are not physically close
together, yet require matched timing. DDR (double data rate) memory interfaces are a
good example of this limitation. DDR memeory achieves nearly twice the bandwidth of
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non-DDR (single data rate) memory by double pumping (transferring data on the rising
and falling edges of the clock signal) without increasing the clock frequency. The
DDR Memory Controller has a relatively small layout with respect to the span of
input/output (J/O) devices to which it must connect, and this places significant timing
issues on the design of the interconnect circuitry to be used to couple the memory
controller with those distributed I/O devices.

As an example, DDR3 is a parallel interface that uses both edges of the clock
for reading and writing data from an offichip SDRAM at data rates as high as
1600Mbs. The timing relationship between the data signals DQ, the strebe signal
DQS, and the clock signal CK must be tightly controlled, yet the I/O devices for this
design may span more than 2mm linearly (i.c. ﬁmny orders of magnitude larger than
the size of the memory controller block).

Budgeting for uncontrollable timing uncertainties such as clock jitter, on-chip-
variation, process-voltage-temperature variations, printed circuit board frace variations,
system noise and SDRAM setup and hold timing, requires propagation delay of the
data paths within the interconnect circuitry between the Memory Controller and the /O
devices to be matched within tens of nanoseconds. Given interconnect delay which is
in the region of hundreds of nanoseconds for nets of 2mm or more, the design of such
interconnect circuitry is difficult to achieve with the current digital layout EDA tools.

Accordingly it would be desirable to provide an improved technique for
determining routing of data paths in interconnect circuitry of an integrated circuit,
which allows high accuracy in delay matching between the various data paths.

SUMMARY OF THE INVENTION

Viewed from a first aspect, the present invention provides a method of
defermining routing of data paths in interconnect circuitry for an integrated circuit, the
interconnect circuitry on a first side providing a narrow interface for connection to a first
device and on a second side providing a wide interface for connection to a distributed
plurality of further devices, each data path being associated with one of said further
devices and providing a connection through the interconnect circuitry between that
associated further device and the first device, the method comprising the steps of: (i)
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defining a plurality of cells to be provided along the wide interface, each of the further
devices being associated with at least one of said cells; (ii) defining the interconnect
circuitry es an array of blocks formed in rows and columns, each cell abutting one of said
columns; (iif) providing a predetermined set of tiles, each tile providing a predetermined
wiring layout; and (iv) for each block, applying predetermined rules to determine one of
said tiles to be used to implement that block, the predetermined rules taking into account
the location of the block in the array, and the association between the plurality of further
devices and the plurality of cells, and ensuring that each data path provided by the
interconnect circuitry has the same propagation delay.

In accordance with the present invention, a method is provided for determining
the routing for data paths within interconnect circuitry used to couple a first device with a
distributed plurality of further devices. The interconnect circuitry has a narrow interface
for coupling with the first device and a wide interface for coupling with the distributed
plurality of further devices. The interconnect circuitry is considered as an array of blocks
formed in rows and columns, and a predetermined set of tiles is provided for use in
constructing the interconnect circuitry, each tile providing a predetermined wiring layout.
For each block, predetermined rules are applied to determine one of the tiles to be used
to implement that block. By arranging the predetermined rules to take in to account the
location of the block in the array, and the association between the plurality of further
devices and the plurality of cells provided along the wide interface, this tile allocation
process ensures that each data path provided by the interconnect circunitry has the same '
propagation delay.

Accordingly, it can be seen that the present invention provides a structured
routing method using predetermined tiles, with predetermined rules being applied to
determine which tiles are used to implement each block in the array of blocks forming
the interconnect circuitry, so as to ensure that each data path provided by the interconnect
circuitry has the same propagation delay.

Through use of the present invention, a number of benefits can arise when
compared with the known prior art placement tools. Firstly, in addition to providing an
effective mechanism for ensuring that each of the data paths within the interconnect
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circuitry has the same propagation delay, the process can also match other physical
effects such as coupling, cross-talk, loading, noise shielding, etc. FPurther, in
embodiments of the present invention, the method can be implemented without the need
for any iteration, hence providing significant design time speed benefits when compared
with known EDA tools which need to perform iterative processes with the aim of finding
a viable routing design. Furthermore, since the present invention involves using tiles
having predetermined wiring layouts to produce data paths having the same propagation
delay, this can give rise to interconnect circuits which will consume significantly less
power than those designed with known EDA tools, which often insert buffers and/or
other components within certain paths in order to improve timing and matching.

In one embodiment, each data path is formed by a sequence of tiles, each tile in
the sequence being selected to have a wiring layout that at least partially abuts with the
wiring fayout in an adjacent tile of the sequence. Hence, each data path is formed by the
combination of the various wiring layouts within the associated sequence of tiles used fo
form that data path. Pue to the physical layout of the wires within each tile, the
propagation delays associated with each tile will be predetermined. The predetermined
set of tiles will provide a variety of different wiring layouts with different propagation
delays, and this enables the predetermined rules to determine the appropriate tile to be
used to implement each block taking in to account the location of the block within the
array and the arrangement of the various further _devi(m to be connected to the
interconnect circuitry, in order to ensure that the propagation delays are matched for
every data path. '

In one embodiment, the predetermined rules allocate tiles to individual blocks in
the array so as to produce a free structure, at least one column abutting the narrow
interface being formed as a trunk of the tree structure, and the rows in the remaining
columns forming branches of the tree structures. At said step (iv), when determining
tiles to be used to implement individual blocks in the array, said predetermined rules then
take into account whether a block is in the trunk of the tree structure or a branch of the
tree structure. It has been found that the use of such a tree structure enables a particutarly
efficient routing of the data paths to be achieved.
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In one embodiment, said predetermined set of tiles comprise a predetermined
subset of trunk tiles and a predetermined subset of branch tiles, during said step (iv), the
predetermined rules selecting, for each block, a tile from the subset of trunk tiles if the
block is in the trunk of the tree structure, or a tile from the subset of branch tiles if the
block is in a branch of the tree structure.

In one embodiment, the number of cells exceeds the number of further devices to
be connected to said wide interface, such that st least one non-connect cell exists that -
does not have one of said further devices associated therewith, and for each column
formed as a trunk of the tree structure, the cell chosen to abut that column is a non-
connect cell.

Hence, in such embodiments, when the predetermined rules are used to select the
trunk tiles used to implement a column of blocks forming the trunk of the tree structure,
there is no requirement for those tiles to provide any direct connection with one of the
further devices, and instead the connection with the various further devices will occur via
branch tiles used to implement the branches of the tree structure.

The tree structure can be designed in a variety of ways. However, in one
embodiment, the tree structure comptises one or more tree sections, each tree section
having one column abutting the narrow interface to form a trunk for that tree section, and
the rows in the remaining columns of the tree section forming branches of that tree
section. By enabling the tree structure to be formed from separate tree sections, this
provides improved flexibility with regards to the layout of the data path routing and with
respect to the placement of the further devices to be connected to the wide interface of
the interconnect circuitry. For example, in one embodiment, at least one tree section is
provided on a different axis to at least one other tree section, thereby allowing the further
devices to be distributed along more then one axis. In one embodiment, such changes in
axis may also be accommodated within a tree section itself.

Various types of tree section maybe provided. However, in one embodiment,
each tree section comprises either a left tree section or a right tree section, at said step
(iv) the predetermined rules applied being dependent on whether tiles are being
determined for blocks of a left tree section or are being determined for blocks of a right
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tree section, whilst still ensuring that each data path provided by the interconnect
circuitry, whether in a left tree section or a right tree section, has the same propagation
delay. In one embodiment such an approach can be used to produce the interconnect
circuit’s data path layout as a free structure with a generally central trunk from which
branches are formed in opposing directions. In one embodiment, both the ieft tree
section and the right tree section can be arranged to have the same number of columns
and rows, thereby enabling a symmetric design to be produced centred on the trunk of the

The distributed plurality of further devices can be located on the integrated circuit
in a variety of ways. However, in one embodiment the further devices are distributed on
a distribution path following at least one axis. In one embodiment, the further devices
may all be arranged along a linear path, whilst in other embodiments the devices may be
provided along multiple linear paths which may be orientated differently with respect to
each other.

In one embodiment, at at least one point in the distribution path a change in
access takes place, and the method further comprises the steps of: at said step (ii),
defining a comer element within the interconnect circuitry in association with each point
in the distribution path where a change in axis take place, such that each comer element
defines a change of axis between two adjacent columns of blocks in the array; at
said step (iv), the predetermined rules implementing each corner element using
predetermined comer tiles contained with said predetennmed set of tiles, and when
determining tiles to be used for each block in the array the predetermined rules taking
into account the location of any comer elements within the interconnect circuitry so as to
ensure that each data path provided by the interconnect circuitry has the same
propagation delay.

By using predetermined comer tiles, the propagation delays involved in using
such comer tiles will be predetermined, and accordingly the predetermined rules can take
the location of any corner elements into account when determining for each block an

appropriate tile to be used to implement that block within the interconnect circuitry, so as



10

15

20

25

(48) JP 2009-282976 A 2009.12.3

to ensure that each data path within the interconnect circuitry has the same propagation
delay.

If the corner elements are relatively short, this will limit the number of branches
that can be provided on the far side of the comer element (with respect to the trunk)
without layout congestion. In one embodiment, this can be alleviated by defining filler
elements on either side of the corner element, and then implementing each filler element
using predetermined filler tiles provided within the predetermined set of tiles. Such filler
tiles in combination with the comner tiles will effectively extend the size of the corner
element to allow for building tree structures that require a large number of branches on
the far side of the corner element.

In embodiments where non-connect cells exist, the method may further comprise
the step of associating with one or more non-connect celis one or more other components
of the integrated circuit that do not require connection to the interconnect circuitry. As
an example of such components that can be associated with non-connect cells, such
components may comprise power supply lines used to power the distributed plurality of
further devices that are to be connected to the interconnect circuitry.

When applying the predetermined rules to determine which tiles to allocate to
each block in the array of blocks defining the interconnect circuitry, if the predetermined
rules determine that no wiring layout is required at the location of a particular block, then
in one embodiment no tile is aliocated for that block. In an altemative embodiment, the
predetermined set of tiles Ihay include one or more filler tiles having no wiring layout,
and if the predetermined rules determine that no wiring layout is required at the location
of a particular block, one of those filler tiles is allocated for that block. In one
embodiment, such filler tiles may have metal fill to satisfy the metal density requirements
for the given process.

In one embodiment, all cells have equal width, as a result of which each of the
columns of blocks will be of equal width and the predetermined set of tiles can hence be
made of equal width. However, in alternative embodiment the plurality cells defined are
of a plurality of different widths, and the predetermined set of tiles include tiles having a
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corresponding plurality of different widths, so as to enable each cell to abut one of said
cofumns.

However, in an alternative embodiment, the need to provide tiles for every
possible width of cell can be avoided through use of filler cells. More particularly, at
said step (i) certain cells are formed by a combination of an initial cell and a filler cell,
such that each cell abutting with a column in the amray is of equal width. By such an
approach, each column of blocks can be arranged to be of the same width, and
accordingly the predetermined set of tiles only needs to include tiles of that specified
width, thereby reducing the number of tiles that need to be provided within the
predetermined set.

In one embodiment, the first device is connected directly to the narrow interface
of the interconnect circuitry. However, in an alternative embodiment the method further
comprises the step of defining a root channel passing from the narrow interface of the
interconnect circuitry to the first device, thereby allowing placement of the first device
within the integrated circuit at a location other than that of the narrow interface. In one
particular embodiment, said predetermined set of tiles include a subset of root tiles, the
method further comprising the step of producing the root channel using one or more root
tiles from said subset. By such an approach, this provides freedom with regards to the
placement of the first device with respect to the placement of the distributed plurality of
further devices, whilst still ensuring that each data path provided by the interconnect
circuitry has the same propagation delay. In particular, in one embodiment the
propagation delay of each data path through the root channel is identical, and hence the
inclusion of the root channel maintains the propagation delay matching properties of the
technique of embodiments of the present invention.

The first device and the further devices can take a variety of forms. In one
embodiment, the distributed plurality of further devices comprise input/output devices
placed around the periphery of the integrated circuit. In one such device, the first device
is a memory controller device used to control the plurality of input/output devices.
Memory interfaces such as SDR, DDR and parallel bus architectures such as PCI are
prime examples of technologies which can benefit from the routing methodology of
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embodiments to the present invention. More generally, the technique of embodiments to
the present invention is applicable to all interconnect circuitry where a high degree of
timing matching is required for the data paths connecting a narrow interface to devices
spaced physically relatively far apart along a wide interface.

In one embodiment, the various further devices connect directly to the adjacent
tile in the associated column within the interconnect circuitty. However, in an altemnative
embodiment the method further comprises the steps oft providing one or more bridge
tiles that provide pin mappings between pins of said further devices and wiring layouts of
tiles in said predetermined set of tiles; and when, for a particular further device, there is
not a direct mapping of its pins to the wiring layout of the tile in the interconnect circuitry
that it is to abut fo, introducing at least one bridge tile between said particular further
device and said tile in the interconnect circuitry to map the pins of said particular firther
device to the wiring layout of that dle. Hence, such bridge tiles can be used to convert
the pin locations on the further device to conform to the pin locations required for
abutting with the relevant tile in the interconnect circuitry. Such bridge tiles can also
serve to avoid accidental abutment of wiring within the interconnect circuitry with pins in
the further devices which do not require connection through the interconnect circuitry.

In one embodiment, where non-connect cells are provided along the wide
interface, addition of such non-connect cells has no effect on the narrow interface.
Further, in such embodiments, addition of such non-connect cells along the wide
interface has no effect on the order in which the data paths connect to the narrow
interface. Hence, there is a great degree of flexibility in the manner in which the cells are
provided along the wide interface, and the association between the further devices and
the individual cells.

In one embodiment, the wiring layout of at least one of the tiles in the
predetermined set is such that when that at least one of the tiles is used to implement a
biock within said array, not all of the wiring layout within that tile is utilised. Hence, in
such embodiments, not all of the individual wires within the wiring layout of each tile
will be utilised in all instantiations of that tile within the interconnect circuitry. By
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designing tiles in such 4 way, this provides improved flexibility with regards to the use of
those tiles.

Viewed from a second aspect, the present invention provides a computer program
product comprising a computer program which when executed on a computer system
causes the computer system 1o perform a method to determine routing of data paths in
interconnect circuitry for an integrated circuit, the interconnect circuitry on a first side
providing a narrow interface for connection to a first device and on a second side
providing a wide interface for connection to a distributed plurality of further devices,
each data path being associated with one of said further devices and providing a
connection through the interconnect circuitry between that associated further device and
the first device, the method comprising the steps of: (i) defining a plurality of celis to be
provided along the wide interface, each of the further devices being associated with at
least one of said cells;(ii) defining the interconnect circuitry as an array of blocks formed
in rows and columns, each cell abutting one of said columns; (jii) providing a
predetermined set of tiles, each tile providing a predetermined wiring layout; and (iv) for
each block, applying predetermined rules to determine one of said tiles to be used to
implement that block, the predetermined rules taking into account the location of the
block in the array, and the association between the plurality of further devices and the
plurality of cells, and ensuring that each data path provided by the interconnect circuitry
has the same propagation delay.

Viewed from a third aspect, the present invention provides a system for
determining routing of data paths in interconnect circuitry for an integrated circuit, the
interconnect circuitry on a first side providing a narrow interface for connection to a first
device and on a second side providing a wide interface for connection to a distributed
plurality of further devices, each data path being associated with one of said further
devices and providing a connection through the interconnect circuitry between that
associated further device and the first device, the system comprising: means for defining
a plurality of cells to be provided along the wide interface, each of the further devices
being associated with at least one of said cells; means for defining the interconnect

circuitry as an array of blocks formed in rows and columns, each cell abutting one of said
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columns; means for providing a predetermined set of tiles, each tile providing a
predetermined wiring layout; and data path determining means which, for each block,
applies predetermined rules to determine one of said tiles to be used to implement that
block, the predetermined rules taking into account the location of the block in the array,
and the association between the plurality of further devices and the plurality of cells, and
ensuring that each data path provided by the interconnect circuitry has the same
propagation delay.
F GS

The present invention will be described further, by way of example only, with
reference to embodiments thereof as illustrated in the accompanying drawings, in which:

Figure 1 is a diagram schematically illustrating an integrated circuit incorporating
interconnect circuitry produced using the technique of embodiments of the present
invention;

Figure 2 is a flow diagram illustrating the method used in one embodiment of the
present invention to determine routing of data paths in the interconnect circuitry;

Figure 3 schematically illustrates the tree structure used for the interconnect
circuitry in embodiments of the present invention;

Figure 4 schematically illustrates how the wiring layouts in individual tiles are
used to produce the various data paths within the interconnect circuitry in accordance
with one embodiment of the present invention;

Figure 5 schematically illustrates interconnect circuitry produced in accordance
with one embodiment of the present invention as a balanced tree structure comprising
both left and right tree sections;

Figure 6 schematically illustrates a left tree section produced in accordance with
one embodiment of the present invention;

Figure 7 schematically illustrates a right tree section produced in accordance with
one embodiment of the present invention,

Figure 8 schematically illustrates a balanced free structure produced in
accordance with one embodiment of the present invention, where the left tree section and

right tree section are separated by a comer element;
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Figure 9 is a flow diagram schematically illustrating the method employed in
accordance with one embodiment of the present invention to produce right tree sections;

Figure 10 is a flow diagram schematically illustrating the method employed in
accordance with one embodiment of the present invention to produce left tree sections;

Figures 11 to 32 illustrate a predetermined set of files used in one embodiment of
the present invention;

Figures 33 to 69 illustrate how different tiles connect by abutment in accordance
with one embodiment of the present invention;

Figure 70 shows the file placement used to produce an example interconnect
structure in accordance with one embodiment of the present invention;

Figures 71 and 72 illustrate how various tiles are used for connection of the
various devices to the interconnect circuitry in accordance with one embodiment of the
present invention; anxd

Figure 73 schematically illustrates the architecture of a general purpose computer
which may execute a computer program to implement the techniques of embodiments to
the present invention.

DESCRIPT. E D

Figure 1 is an illustrative example of an integrated circuit 60 incorporating an
interconnect circuit 40 designed using the techniques of embodiment of the present
invention.

As shown in Figutre 1, a plurality of devices/components spanning two sides of
the integrated circuit 60 are connected to a device 20 within the inteprated circuit via
the interconnect circuitry 40. The devices 30 include devices which require connection
to the device 20 via the interconnect circuitry 40, in Figure 1 these devices being
labelled as IO (input/output) devices, and also may inciude one or more devices which
do not require connection to the device 20. In Figure 1 the power supply components
“YDD” 34, “VDDA” 35, “VSS” 36 and “VSSA” 37 are examples of such components
which do not require connection to the device 20. A corner element 38 may also be

provided at the junction between two linear distribution paths of devices.
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The interconnect circuitry 40 provides a wide interface to the distributed
devices 30, but presents a narrow interface to the device 20. As shown in Figure 1, a
root channel 50 may be provided for routing signals from the narrow interface of the
interconnect circuitry 40 to the device 20 so as to increase flexibility as to where the
device 20 is positioned within the integrated circuit 60. Alternatively, the device 20
can be connected directly to the narrow interface of the interconnect circuitry without
the need for such a root channel.

As will be discussed in more defail later, when designing the interconnect
circuit, a number of cells (also referred to in Figure 1 as pads) are provided along the
wide interface of the interconnect circuit, with each of the various devices/components
30 then being associated with at least one of those cells. In one embodiment, each
device 30 is associated with one of the cells, but in altemative embodiments certain of
the devices may be associated with more than one cell, for example if a device is too
large to be associated with a single cell.

In one embodiment of the present invention, the data paths within the
interconnect circuitry are designed so as to adopt a tree structure including a trunk
portion and a number of branch portions. The tree structure can comprise one or more
tree sections, and may for example include a left tree section and/or a right tree section.

In the example of Figure 1, the tree structure comprises both a left tree section and a
right tree section, with the left tree section being to the left of the dotted line shown in
Figure 1 and the right tree section being to the right of the dotted line. The trunk of
each tree section is aligned with the cell either side of the dotted line, and hence the
trunk of the left tree section is aligned with the VDD cell 42 and the trunk of the right
tree section is aligned with the VSS cell 44.

In the embodiments shown in Figure 1, there are an equal number of cells/pads
in the left tree section and the right tree section. By placing such a constraint on the
design, it is easier to produce an interconnect circuit where the various data paths have
the same propagation delay, as will be discussed in more detail with reference to the
remaining figures. However, in altenative embodiments, it would be possible to

remove this constraint if different types of tiles were designed for the left tree section
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and the right free section, respectively, so as to ensure that all data paths within the
interconnect circuitry have the same propagation delay.

In Figure 1, it is assumed that the device 20 is 2 memory controller device, and
the distributed plurality of devices provided along the wide interface of the
interconnect circuit are 10 devices 32 controlled by the memory controller device.
However, the technique of embodiments of the present invention can also be applied to
any other interconnect structure where a device needs to be coupled via an interconnect
to a distributed plurality of other devices in a manner where propagation delay is
matched for all of the data paths through the interconnect.

Figure 2 schematically illustrates the method used in one embodiment of the
present invention to determine the routing of data paths within the interconnect
circuitry 40. Firstly, at step 100, the number of cells to be provided afong the wide
interface of the interconnect circuit is determined. This is determined having regards
to the number of devices which must connect to the device 20 through the interconnect
circuit, and the number of non-connecting components that need to be accommodated.

In one embodiment of the present invention, it is a requirement that there is a non-
connecting component associated with the cell that is aligned with any trunk portion of
the tree structure.

Following step 100, at step 110, an array of blocks is formed to represent the
interconnect, the array being formed into rows and columns of blocks. Each cell then
abuts one of the columns in the array. Hence, it can be seen that the number of cells
determined at step 100 determines the number of columns that need to be provided in
the array. In one embodiment, the number of rows is chosen to be one less than the
number of columns in any particular tree section of the free structure. Hence, purely by
way of example, if there are 100 cells determined at step 100, and the interconnect
circuitry is to be formed by a tree structure having a left tree section and a right tree
section, each tree section will have 50 columns, and 49 rows.

At step 120, each block within the array is considered in turn, and for each
block considered, predetermined rules are applied to determine a tile from a
predetermined plurality of tiles to be used to represent that block. As will be discussed
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in more detail later, a predetermined set of tiles are provided, each tile having a
predetermined wiring layout within it. Different tiles will be provided for different
widths of cell, and accordingly different widths of columns within the interconnect
circuitry. The predetermined rules take into account the location of the block in the
array, and the association between the plurality of devices being connected to the
interconnect circuitry (c g. the IO cells 32 in Figure 1) and the plurality of cells (i.e.
taking into account whlch cells those various devices are associated with). Based on
this mfonnat:on, the ptedetermmed rules can choose an appropriate tile for each biock
location, so that once each of the blocks has been considered, the required data paths
between the device 20 and each of the IO devices 32 will be provided within the
interconnect circuitry, such that each of those data paths has the same propagation
delay.

Accordingly, as shown by step 130, once each block has been considered at
step 120, a layout design is output for the interconnect circuit, with each required data
path being formed by a sequence of interconnected tiles, and each data path having the
same propagation delay.

Figure 3 schematically illustrates the tree structure used for the interconnect
circuit 40 in more detail. As shown, the device 20 can be coupled via an optional root
channel 50 to a nATow interface 160 of the interconnect tree structure 40. In this
example, the interconnect free structure 40 is formed as a left tree section having a
trunk formed by the column 16_5, and a plurality of branches 170, 175, 180, 185, 1'90
emanating to the left of the trunk 165, In thls example, it can be seen that the array of
blocks is constituted as five rows and six columns, with the six columns providing the
wide interface 150 to the various cells with which the devices are to be associated. In
this example, there wilf accordingly be six cells along the wide interface and associated
with each cell will be either a device to be connected to the interconnect, or a
device/component which is not to be connected to the interconnect.

Figure 4 illustrates the same formation of interconnect tree structure 40, but
illustrates schematically the data paths that may be produced within that tree structure
once tiles have been allocated to each of the blocks. As before, the optional root
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channel 50 is provided to connect the device 20 to the narrow interface of the
interconnect 40. As will be appreciated from Figure 4, the data paths provided
between the device 20 and the cells 1 to 5 are each of the same length, and will
accordingly have the same propagation delays. As discussed earlier, any device
associated with cell 0 200 needs to be chosen to be a device which is not requiring
connection to the interconnect 40, given the earlier mentioned constraint that any
device requiring connection to the interconnect is not ljlaced in a position where it
abuts the trunk of the tree structure. Regarding the other cells 205, 210, 215, 220, 225,
these may all have connected devices associated with them, or one or more of them
may have non-connected devices associated with them.

Figure 5 is an example of an interconnect circuit configuration produced using
one embodiment of the present invention. Those 10 cells 260 labelled NC (non-
connect) are cells which are to be associated with components/devices that do not
require connection to the device 20 via the interconnect circuitry. This example

illustrates the main subcomponents of this interconnect:

. Root 50 - this connects device 20 to the tree structure 40. The root is built
using tiles 10 and 11.
. Tree structure 40 — this connects the root 50 to the individual IO cells 260. It is
built using the tiles 0L, OR, 1L, 1R, 2L, 2R, 3L, 3R, 4L, 4R, 5L, 5R, 6L, 6R, 7L, 7R,
8L and 8R. This makes up the main body of the interconnect circﬁihy. | -

The tree itself is divided into two sections. The left tree section is built using
0L, OR, 1L, 2L, 3L, 4L, 5L, 6L, 7L, and 8L tiles. In Figure 5., the left tree section spans
from the middle of the figure, column C = 0, to the left ending with column C = 12.
This section contains a corner element 250 which is not given a column number. A
corner element is built with OL and OR tiles. Each OL and OR tile is indexed by its row
number. In Figure 5, the index is shown in square brackets as OL[R] and OR[R], where
R in the square brackets is the row associated with the tile.

The right tree section is build using 0L, OR, 1R, 2R, 3R, 4R, 5R, 6R, 7R, and
8R tiles. In Figure 5, the right tree section spans from the middle of the figure, column
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C=0, to the right ending with column C=12. This section in Figure 5 does not contain
a comner, but corners can be incorporated into the layout of the right tree section if
desired.

The left and right tree sections are again divided into two parts, namely the
trunk and the branches. The left tree branches and the right tree branches are built
using OL, OR, 1L, 1R, 2L, 2R, 3L, 3R, 4L, 4R, 5L, and 5R tiles. They are contained in
columns with values C>0. The tree branches have the same numbers as the rows R of
the tree. The fows are shown on the left bottom and right side of the figure for the left
and right tree sections respectively.

The tree trunks are built using 6L, 6R, 7L, 7R, 8L and 8R tiles. In Figure 5, the
tree trunks are made of the tiles in columns C=0.

" Tiles which are labelled X are “don’t care” tiles, and they can either be omitted
when producing the interconnect circuitry, or instead a tile containing metal fill cell
can be used to meet metal fill density requirements by the technology.

There are three type main types of tree configurations. A left branched tree
contains only the left tree section while the right tree section is omitted. A left
branched tree can contain a comer clement. Figure 6 shows an example of a left
branched tree 270 connected directly at the narrow interface of its trunk to the device
20. The IO cells 260 are again shown associated with each column, some of the cells
being associated with devices to be connected to data paths of the interconnect circuit
(the IOL cells) and other cells being associated with non-connected devices (the NC
IOL cells). This left branched tree of the example of Figure 6 does not have a corner
¢lement or a root.

The right branched tree contains a right tree section while the left tree section is
omitted. As with a left branched tree, a right branched free can contain a corner
element. Figure 7 shows an example of a right branched tree 290 which does not have
a comer clement or a root. Again, in this example, the right branched tree 290 is
connected directly at the narrow interface of its trunk to the device 20, and the cells

260 are shown associated with each column.
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A balanced tree contains both a left tree section and a right tree section as
shown, by way of example, earlier with reference to Figure 5. A balanced tree can

have two comer elements, one on the left tree section and one on the right tree section.

The angled balanced tree is a special case of the balanced tree which has a
comer element between the left tree section and the right tree section. Figure 8 shows
an example of an angled balanced tree. The angled balanced tree can have three corner
elements, namely one on the left tree section, one on the right tree section, and one
between the left tree section and the right tree section. In the Figure 8 example, the
angled balanced tree has a left tree section 270 separated by a corner 280 from the right
tree section 290. The device 20 is separated from the tree by a root 50 formed of tiles
9, 10 and 11. As with the earlier figures 5 to 7, cells 260 are shown associated with
each column of the tree, for association with either connected devices or non-
connected devices.

Whilst in the sbove examples, it is indicated that any tree section may have at
most one comer element in it, it will be appreciated that in alternative embodiments
more than one corner element may be provided within each tree section.

Figure 9 show the flow charts of the algorithm used in one embodiment for
building right branched trees. The algorithm is also used to build right tree sections of
balanced trees. Figure 10 shows the flowchart of the algorithm used in one
embodiment for building left branched trees. The algorithm is also used to build left
tree sections of balanced trees. Both algorithms use the following parameters and
variables:

N — Constant for the given configuration whose value represents the number of IO
cells that are part connected to via the interconnect circuit.

CCL - Constant for the given configuration whose value represents the I0 cell column
location after which a comer cell will be instantiated.

c — Variable that contains the selected column location to instantiate a tile.

r - Vatiable that contains the selected row location to instantiate the tile,
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In figures 9 and 10 the tiles are referred to as GDS tiles. The algorithms build
trees by specifying the type of tile and its location in the tree by using row r and
column ¢ coordinates. The algorithm iliustrated in figures 9 and 10 does not instantiate
“don’t care” tiles if they are used. Left branched trees are built from right to left as
shown in Figure 6. This means that column ¢ = 0 is the right most column and column
¢ = N-1 is the left most column. Right branched trees are built from left to right as
shown in Figure 7. This means that column ¢ = 0 is the left most column and cofumn ¢
= N-1 is the right most column. The balanced trees are built by placing together a left
branched tree and a right branched tree abutted at columns ¢~ 0 as shown in Figure 5,
or at a 90° angle as shown in Figure 8. The tree structures produced for the
interconnect circuit using the algorithm illustrated in figures ¢ and 10 have the
following constraints:

1. All the tiles, IO cells, and device 20 are connected together by abutment.

2. Bit positions for interconnect busses (data paths) must be maintained when
abutting elements.

3 The number of columns when building balanced frees for the left tree section
and the right tree section must be the same, to ensure the propagation delay is matched.
4. IO Cells associated with columns ¢ = 0 must not be associated with devices that
require connection to device 20 through the interconnect.

5. Corners are built with OL and OR tiles which are not given a column number,
but are placed after the tile with (c,r) grid location.

By following the processes defined in Figures 9 and 10, right and left tree
sections can be formed as shown in the earlier figures. For example, by applying the
process of Figure 9, the right tree section shown in Figure 7 can be produced. In this
example, N = 11. Starting at location r = 0, ¢ = 0, it can be seen that the process
proceeds through steps 300, 305, 310, 320, 325, 330, 405 to step 415, where it is
determined that there are no corners on this tree section. Accordingly, the process
proceeds to step 420, where the tile 6R is inserted at row 0, column 0, whereafter the
process passes to step 400. At step 400, the column value ¢ is incremented whereafter
the process proceeds via steps 325, 330, 335, 350, 360 to step 370. At this point, the
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condition specified in step 370 is met, causing the process to branch to step 375 where
the tile 1R is placed at column 1, row 0, whereafier the process returns to step 400.

Once the column value has been incremented at step 400 to a value which
equates with the value N, then the process branches to step 450 where the row value is
incremented and thereafter at step 320 the column value is reset to 0, causing the
process to be repeated for all of the block locations of row 1. When it is determined at
step 310 that the incremented row value is no longer less than N - 1, then the process
finishes at step 315.

Figure 10 illustrates the corresponding process used to produce left tree
sections. Hence, for example considering the left tree section of Figure 6, this tile
ellocation as shown in Figure 6 is produced by performing the process of Figure 10.
Purely by way of example, considering the block location at r =5, ¢ = 5, it will be seen
that from step 525, the process follows path 530, 535, 550 to point 560.
At this point, the condition specified at step 560 will be met, sincer=35,c=5and N =
11. Accordingly, the process branches to step 565 where the tile 2L is placed at that
grid location, as indeed is clearly shown in Figure 6.

From a similar review of Figures 9 and 10 in association with any of Figures 5
to 8, it will be seen that the process as described in these figures will produce the tile
layouts shown in Figures 5 to 8. Due to the wiring layouts provided in each of these
tiles, the processes of Figures 9 and 10 produce data paths within the interconnect
structure that all have the same propagation delay. Further, as will be appreciated from
Figures 9 and 10, this design layout process requires no evaluation of the layout
produced to see if it meets the timing constraints, and hence does not require any of the
iterations that are commonly required with prior art EDA tools.

A root sfructure is not necessary for every interconnect type. Device 20 can
directly abut to the tree trunk as shown in figures 6 and 7. In general, roots are built
from tiles 9, 10, and 11. Left branched trees, right branched trees, and balanced trees
can use tiles 9, 10 and 11 to connect the root to the tree. Angled balanced trees use tile
9 to connect the Root to the tree. Tiles 11 and 12 are used to extend the Root to the
location where it abuts with the device 20 as illustrated in as illustrated in Figure 8.
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The interconnect tree structure is buiit from a set of tiles which when placed
together connect though abutment. There are 2 number of common parameters that
describe those tiles:

N — Number of 0. This parameter lists the total number of IO celis which will be part
of the IO ring 260.

I - Number of Connected JO. This parameter designates the number of 1O cells which
require connection to device 20 through the interconnect.

P — Port Width. This parameter designates the maximum number of connections, or
bits, which an JO cell will need to propagate to device 20 through the interconnect.

Z - Maximum Required Horizontal Metal Length. This parameter designates the
longest of the following:

1. The longest wire required to connect an east port to a west port of any

tile.
2, Twice the longest wire required to connect an east port to a west port of
any OR or OL tile.

V ~ Maximum Required Vertical Metal Length. This parameter designates the longest
wire to connect a north port to a south port of any tile.

H — Tile Height. This parameter designates the minimum height required to support
two ports of width P bits on the east or west side of any tile.

Figure 11 is an example of a tile “OL” for illustrative purpose. Most
implementations will use multiple metal layers and vias to create ports and
interconnect wiring.

. The tile has a height of H.

. The tile width varies depending on its row location.

. All the ports (2, 3, 4 and 5) have P number of connections (bits) each.
. Interconnect wiring 6 and 7 have a length of M where,

M =0.5*%Z

Figure 12 is an example of a tile “OR” for illustrative purpose. Most
implementations will use multiple metal layers and vias to create ports and

interconnect wiring.
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. The tile has a height of H.

. The tile width varies depending on its row location and the size of the corner
element.

. All the ports (2, 3, 4, and 5) have P number of connections (bits) each.

. Interconnect wiring 6 and 7 have a length of M where,

M=0.5*Z

The same tile wiring design can be nsed for type OL[r] and OR[r] for a given
row t, by using a horizontal flip, if the left and right tiles have equal width.

Figure 13 is an example of a tile “1L” for illustrative purpose. Most
implementations will use multiple metal layers and vias to create ports and
interconnect wiring.

. The tile has height of H,

. One tile will be built for each IO cell width used in the interconnect circuitry
including IO cells with no connections to device 20.

. All the ports (2, 3, 4, 5, 6, and 7) have P number of connections (bits) each.

. Interconnect wiring 8 and 9 have a length of M where,

M=Z
’ Interconnect wiring 10 has a length of V.

Figure 14 is an example of a tile “IR” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.
. The tile has height of H.
. One tile will be built for each IO cell width used in the interconnect circuitry.

. All the ports (2, 3, 4, 5, 6, and 7) have P number of connections (bits) each.
. Interconnect wiring 8 and 9 have a length of M where,
M=Z
. Interconnect wiring 10 has a length of V.
The same tile wiring design can be used for type 1L and IR by using a
horizontal flip, if the ports on the north and south side have vertical symmetry,
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Figure 15 is an example of a tile “2L” for illustrative purpose. Most

impjementations will use multiple metal layers and vias to create ports and

interconnect wiring.

-

The tile has height of H.

One tile will be built for each IO cell width used in the interconnect circuitry.
All the ports (2, 3, 4, and 5) have P number of connections (bits) each.
Interconnect wiring 6 has a length of M where,

M =0.5%Z +H0.5*V

Interconnect wiring 7 has a length of M where,

M=2

Figure 16 is an example of a tile “2R” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of H.

One tile will be built for each IO cell width used in the interconnect circuitry.
All the ports (2, 3, 4, and 5) have P number of connections (bits) each.
Interconnect wiring 6 has a length of M where,

M =0.5*Z +0.5*V

Interconnect wiring 7 has a length of M where,

M=Z

The same tile wiring design can be used for type 2L and 2R by using a

horizontal flip if the ports on the north side have vertical symmetry.

Figure 17 is an cxample of a tile “3L" for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of H.

One tile will be built for each IO cell width used in the interconnect citenitry.
All the ports (2 and 3) have P number of connections (bits) each.
Interconnect wiring 4 has a length of M where,

M =2%7 +0.5%V
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Figure 18 is an example of a tile “3R” for illustrative purpose. Most
implementations will use multiple metal layers and vias to create ports and
interconnect wiring,

. The tile has height of H.

. One tile will be built for each IO cell width used in the interconnect circuitry.
. All the ports (2 and 3) have P number of connections (bits) each.

. Interconnect wiring 4 has a length of M where,

M=2*Z +0.5%V

The same tile wiring design can be used for type 3L and 3R by using a
horizontal flip.

Figure 19 is an example of a tile “4L” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.
. The tile has height of H.
. One tile will be built for each IO cell width used in the interconnect circuitry.

. All the ports (2 and 3) have P number of connections (bits) each.
. Interconnect wiring 4 has a length of M where,
M =Z +).5*V
Figure 20 is an example of a tile “4R” for illustrative purpose. Most

implementations will use muitiple metal layers and vias to create ports and

interconnect wiring.
. The tile has height of H.
. One tile will be built for each IO cell width used in the interconnect circuitry.

. All the ports (2 and 3) have P number of connections (bits) each.
. Interconnect wiring 4 has a length of M where,

M =Z +0.5*V

The same tile wiring design can be used for type 4L and 4R by using a
horizontal flip.
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Figure 21 is an example of a tile “5L” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of H.

One tile will be built for each IO cell width used in the interconnect circuitry.
All the ports (2 and 3) have P number of connections (bits) each,

Interconnect wiring 4 has a length of M where,

M= 15Z +0.5*V

Figure 22 is an examﬁle of a tile “SR” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring,

The tile has height of .

One tile will be built for each IO cell width used in the interconnect circuitry.
All the ports (2 and 3) bave P number of connections (bits) each.

Interconnect wiring 4 has a length of M where,

M= 1.5Z +0.5*V

The same tile wiring design can be used for type 5L and SR by using a

horizontal flip if the ports on the north side have vettical symmetry.

Figure 23 is an example of a tile “6L” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and
interconnect wiring.

The tile has height of H.

The tile width is the same as the 10 cell width on the tree trunk.
Ports 2 and 3 have S number of connections where,

S >= (-1)*P

Ports 4 and 5 have S number of connections where,

S=PpP

Interconnect wiring 6 has a length of M where,

M=V

Interconnect wiring 7 has a length of M where,
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M=Z+0.5*V
Figure 24 is an example of a tile “6R” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and
interconnect wiring.

The tile has height of H.

The file width is the same as the IO cell width on the tree trunk,
Ports 2 and 3 have S number of connections where,

§ >= (- 1)*P '

Ports 4 and 5 have S number of connections where,

S=p

Interconnect wiring 6 has a length of M where,

M=V

Interconnect wiring 7 has a length of M where,

M=Z+0.5*V

The same tile wiring design can be used for type 6L and 6R by using a

horizontal flip,

Figure 25 is an example of a tile “7L" for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of H.

The tile width is the same as the IO cell width on the tree trunk.

Ports 2 and 3 have S number of connections where,

S>=1*p

Interconnect wiring 4 has a length of M where,

M=V

Figure 26 is an example of a tile “7R” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of H.
The tile width is the same as the JO cell width on the tree trunk.
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Ports 2 and 3 have S number of connections where,

S >=[*p

Interconnect wiring 4 has a length of M where,

M=V

The same tile wiring design can be used for type 7L and 7R by using a

horizontal flip.

Figure 27 jis.an example of a tile “8L” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

inferconnect wiring.

The tile has height of H.

The tile width is the same as the IO cell width on the tree trunk.
Ports 2 and 3 have S number of connections where,
S>=(I-1)*P

Ports 4 and 5 have S number of connections where,

S=P

Interconnect wiring 6 has a length of M where,

M=V

Interconnect wiring 7 has a length of M where,

M =2*Z +0.5*V

Figure 28 is an example of a tile “8R”™ for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of H.

The tile width is the same as the IO cell width on the tree trunk.
Port 2 and 3 have S number of connections where,

S >=(I-1)*P

Ports 4 and 5 have S number of connections where,

S=P

Interconnect wiring 6 has a length of M where,

M=V
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Interconnect wiring 7 has a fength of M where,
M =2%2 +0.5*V
The same tile wiring design can be used for type 8L and 8R by using a

horizontal flip.

Figure 29 is an example of a tile “9L” for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has height of T where,

if X is the IO cell width on the tree trunk.

T=2*X

The tile has width of U where,

if X is the IO cell width on the tree trunk.

U=X

Ports 2, 3, 4 and 5 have S number of connections where,

S >=(I-1)*P

Interconnect wiring 6 and 7 have length of M, where M can be any value

preferably the minimum length possible for the tile.

Figure 30 is an example of a tile “OR™ for illustrative purpose. Most

implementations will use multiple metal layers and vias to create ports and

interconnect wiring.

The tile has hei ght of T where,

if X is the IO cell width on the tree trunk.

T=2%X

The tile has width of U where,

if X is the IO cell width on the tree trunk.

U=X

Ports 2, 3, 4 and 5 have S number of connections where,
S >=(I-1)*P

Interconnect wiring 6 and 7 have length of M, where M can be any value

preferably the minimum length possible for the tile.
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The same tile wiring design can be used for type 9L and 9R by using a
horizontal flip.

Figure 31 is an example of a tile “10” for illustrative purpose. Most
implementations will use multiple metal layers and vias to create ports and
interconnect,

. The tile has height of T where,

if X is the JO cell width on the tree trunk.

T=2*X
. The tile has width of UJ where,

if X is the IO cell width on the tree trunk.

U=2%X
. Ports 2, 3, 4 and 5 have S number of connections where,

S >=(I-1)*P
. Interconnect wiring 6 and 7 have length of M, where M can be any value
preferably the minimum length possible for the tile.

tile 10 can be rotated and flipped to fit the application.

Figure 32 is an example of a tile “11” for illustrative purpose. Most
implementations will use multiple metal layers and vias to create ports and
interconnect wiring.

. The tile has height of T where,

if X is the IO cell width on the tree trunk.

T=2*X
. The tile width is of arbitrary length. The shorter the width, the more precisely
the interconnect root can place device 20 within the ASIC. Shorter width 10 tiles come
at the expense of having to use many of them when device 20 must be located away
form the interconnect tree. Tile 10 of multiple widths can be built to combine
placement precision with reduced number of tile instantiations,

. Ports 2, 3, 4 and 5 have S number of connections where,

S>=(I-1)*P
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. Interconnect wiring 6 and 7 have length of M, where M can be any value
preferably the minimum length possible for the tile.

Tile 10 can be rotated and flipped to fit the application.

All tiles, IO cells and device 20 connect by abutment. All the bus bit order is
always maintained when abutting. Figures 33 to 69 illustrate various examples of how
different tiles abut. The Jist of figures is not exhaustive, but rather a broad conceptual
example of how tiles are placed together in [ayout,

Figure 70 illustrates the wiring Jayout produced for the relatively simple
example of a balanced tree having a left tree section and a right tree section, each tree
section having five cells associated therewith. In a typical embodiment, there will be
many more cells provided along the wide interface, and Figure 70 is merely provided
for the purposes of illustration. As can be seen from Figure 70, the individual wiring
layouts within the various tiles provide the data paths through the interconnect and
provide points of connection to each of the 10 devices 32 that are to be connected into
the interconnect. As shown in the example of Figure 70, there are three such IO
devices 32 in the left tree section and four such IO devices 32 in the right tree section.
The manner in which the wiring layouts in individual tiles can be used to provide
connections to connected IO devices 32, or to avoid connections to non-connected IO
devices, is shown schematically in Figure 71 and 72. As shown in Figure 71, the pin
locations on the TO devices 32 that need to be connected are such that they connect
with the required wiring layout on the adjacent tile, whilst those IO devices which do
not need connections do not have alignment of their pins with the wiring layouts of the
adjacent tile.

Similarly, in Figure 72, this shows how a combination of a 6L and a 6R tile are
used to provide the required connections to the device 20.

Figure 73 schematically illustrates a general purpose computer 700 of the type
that may be used to implement the above described techniques. The general purpose
computer 700 includes a central processing unit 702, a random access memory 704, a
read only memory 706, a network interface card 708, a hard disk drive 710, a display
driver 712 and monitor 7}4 and a user input/output circuit 716 with a keyboard 718
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and mouse 720 all connected via a common bus 722, In operation the central
processing unit 702 will execute computer propram instructions that may be stored in
one or more of the random access memory 704, the read only memory 706 and the hard
disk drive 710 or dynamically downloaded via the network interface card 708. The
results of the processing performed may be displayed to a user via the display driver
712 and the monijtor 714, User inputs for controliing the operation of the general
purpose computer 700 may be received vie the user input output circuit 716 from the
keyboard 718 or the mouse 720. It will be appreciated that the computer program could
be written in a variety of different computer languages. The computer program may be
stored and distributed on a recording medium or dynamically downloaded to the
general purposc computer 700. When operating under control of an appropriate
computer program, the general purpose computer 700 can perform the above described
techniques for determining routing of data paths in an interconnect circuit, and can be
considered to form an apparatus for performing the above described techniques. The
architecture of the general purpose computer 700 could vary considerably and Figure
73 is only one example.

In the above described embodiments of the present invention, for any block
locations where wiring layout is not required, no tiles are instantiated (see for example
the tiles marked as “x” in Figures 5 to 8). However, in an alternative embodiment, the
predetermined set of tiles could include filler tiles used to instantiate tiles for those
blocks., In one embodiment, those filler tiles will have metal fill to satisfy the metal
density requirements for the given manufacturing process.

Further, in some embodiments, the O cell libraries may have short corner 10
cells, which will limit the number of branches that can be provided on the far side of
the comner cell (with respect to the trunk) without layout congestion. In one
embodiment, this can be alleviated by defining filler elements on either side of the
comner element, and then implementing each filler element using predetermined filler
tiles provided within the predetermined set of tiles. Such filler tiles in combination

with the corner tile will effectively extend the size of the corner element to allow for
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building tree structures that require a large number of branches on the far side of the
corner element.

In the earlier described embodiments, various of the tiles have separate
instantiations for every possible width of cell. However, in an alternative embodiment,
the need to provide tiles for every possible width of cell can be avoided through the use
of filler cells. More particularly, the filler cells can be combined with existing IO cells
in order to create a combined JO cell library which will have the same width for each
1O cell. This will significantly reduce the number of tile widths that need to be
provided within the predetermined set of tiles in order to build the interconnect circuit.

In the earlier described embodiments, the various devices that are to be
connected o the tree structure of the interconnect circuit are arranged to directly
connect to the adjacent tile in the associated column of the interconnect circuit.
However, in an alternative embodiment, one or more bridge tiles may be provided that
provide pin mappings between pins of those devices and the wiring layouts of the tiles
in the predetermined set of tiles. These bridge tiles hence convert the IO device’s pin
location to conform to the pin location required for abutting the IO device to the
interconnect tree. These cells can also serve to separate the interconnect circuit from
the devices so as to avoid accidental abutting to 10 devices/components which do not
require connection through the interconnect circuit. Such a bridge tile can also be used
to create an IO device interface which has ports with vertical symmetry allowing the
reuse of the tile wiring design for left and right trees through a horizontal flip.

From the above description of embodiments of the present invention, it will be
appreciated that such embodiments have the following advantages:

1. An interconnect circuit designed using the techniques of embodiments of the
present invention enables two physical blocks to be connected where there are huge
size differences between their interfaces;

2. An interconnect circuit designed using the techniques of embediments of the
present invention is able to handle differential signals effectively - in particular the
symmetrical wire length and parasitic matching (physical effects matching) properties
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of embodiments of the present invention makes it particularly suitable for handling
differential signais;

3 The technique provides an exactly matched propagation delay, and can also
match other physical aspects such as coupling, cross talk, loading, noise shielding, etc;
4, The technigue can handle a mixture of IO devices with different widths;

5. The technique is able to effectively handle different mixtures of 10 devices
connecting through the interconnect and IO devices/components not connecting
through the interconnect without modifying the core interface pin and signal location;
6. The core interface can be placed anywhere in relation to the IO device
placement, through the use of the earlier-mentioned root channel.

7. The technique can provide separate optimized topologies, for left, right and
centred core interface placement;

8. The technique provides a structured routing method using predetermined tiles
with predetermined wiring layouts;

9. It is possible to build a wide variety of different interconnects using only a
small number of predetermined layout elements (tiles);

10.  Interconnects built using the techniques of embodiments of the present
invention have pre-characterised timing based on exact geometrical information;

11.  The technique is a!gorithm based, and can be instantly compiled for various bus
widths based on a feed forward approach. Unlike most known ASIC tools, no
iterations of the process are required;

12.  Interconnects designed using the technique of embodiments of the present
invention typically exhibit reduced power consumption compared with those designed
using prior art tools, because the present technique avoids the need to insert buffers
and other components in various paths in order to improve the timing and matching of
delays.

The technique of embodiments of the present invention can be applied to all
high speed busses which require a high degree of timing matching when connecting
them to blocks which are physically far apart. The technique of embodiments of the
present invention is especially suited for connecting parallel busses from a localised
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design to IO cells on integrated circuits, where the data path physical widths differ
greatly in size. Memory interfaces such SDR, DDR and parallel bus architectures such
as PCI are prime examples of technologies which will greatly benefit from the use of
the technique of embodiments of the present invention. As the data rate of those
architectures increases, the technique of embodiments of the present invention will be
particularly beneficial.

Although a particular embodiment of the invention has been described herein, it
will be apparent that the invention is not limited thereto, and that many modifications
and additions may be made within the scope of the invention. For example, various
combinations of the features of the foliowing dependent claims could be made with the
features of the independent claims without departing from the scope of the present

invention.
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1. A method of determining routing of data paths in interconnect circuitry for an

integrated circuit, the interconnect circuitry on a first side providing a narrow interface

for connection to a first device end on a second side providing a wide interface for

connection to a distributed plurality of further devices, each data path being associated

with one of said further devices and providing a connection through the interconnect

circuitry between that associated further device and the first device, the method

comprising the steps of;

()] defining a plurality of cells to be provided along the wide interface, each of the
further devices being associated with at least one of said cells;

(i)  defining the interconnect circuitry as an array of blocks formed in rows and
columns, each cell abutting one of said columns; .

(iii)  providing a predetermined set of tiles, each tile providing a predetermined wiring
layout; and

(iv)  for each block, spplying predetermined rules to determine one of said tiles to be
used to implement that block, the predetermined rules taking into account the
location of the block in the array, and the association between the plurality of
further devices and the plurality of cells, and ensuring that each data path
provided by the interconnect circuitry has the same propagation delay.

2, A method as claimed in Claim 1, wherein each data path is formed by a sequence
of tiles, each tile in the sequence being selected to have a wiring layout that at least
partially abuts with the wiring layout in an adjacent tile of the sequence.

3. A method as claimed in Claim 1, wherein:

the predetermined rules allocate tiles to individual blocks in the array so as to
produce a tree structure, at least one column abutting the narrow interface being formed
as a trunk of the free structure, and the rows in the remaining columns forming branches

of the tree structures;
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at said step {iv), when determining tiles to be used to implement individual
blocks in the array, said predetermined rules taking into account whether a block is in the
trunk of the tree structure or a branch of the tree structure.

4. A method as claimed in Claim 3, wherein:

said predetermined set of tiles comprise a predetermined subset of trunk tiles and
a predetermined subset of branch tiles, during said step (iv), the predetermined rules
selecting, for each block, a tile from the subset of trunk tilesif the block is in the tnmnk of
the tree structure, or a tile from the subset of branch tiles if the block is in a branch of the
tree structure.

5. A method as claimed in Claim 3, wherein:

the number of cells exceeds the number of further devices fo be connected to said
wide interface, such that at least one non-connect cell exists that does not have one of
said further devices associated therewith; and

for each column formed as a trunk of the tree structure, the cell chosen to abut

that column being a non-connect cell.

6. A method as claimed in Claim 3, wherein the tree structure comprises one or
‘more tree sections, each tree section having one column abutting the narrow interface to
form a trunk for that tree section, and the rows in the remaining columns of the tree
section forming branches of that iree section.

7. A method as claimed in Claim 6, wherein at least one tree section is provided on
a different axis to at least one other tree section.

8. A method as claimed in Claim 6, wherein each tree section comprises either a left
free section or a right tree section, at said step (iv) the predetermined rules applied being
dependent on whether tiles are being determined for blocks of a left tree section or are
being determined for blocks of a right tree section, whilst still ensuring that each data
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path provided by the interconnect circuitry, whether in a left tree section or a right trec
section, has the same propagation delay.

9. A method as claimed in Claim 1, wherein the distributed plurality of further
devices are distributed along a distribution path following at least one axis.

10. A method as claimed in Claim 9, wherein at at Ieast one point in the distribution
path a change in axis takes place, the method further comprising the steps of:

at said step (if), defining a comer element within the interconnect circuitry in
association with each point in the distribution path where a change in axis take place,
such that each comer element defines a change of axis between two adjacent columns of
blocks in the array;

at said step (iv), the predetermined rules implementing each corner element using
predetermined comer tiles contained with said predetermined set of tiles, and when
determining tiles to be used for each block in the array the predetermined rules taking
into account the location of any corner elements within the interconnect circuitry so as to
ensure that each data path provided by the interconnect circuitry has the same

propagation delay.

11. A method as claimed in Claim 10, wherein at said step (ii) a filler element is
defined on either side of the corer element, and at said step (iv) the predetermined rules
implement each filler element using predetermined filler tiles contained with said
predetermined set of tiles.

12. A method as claimed in Claim 1, wherein the number of cells exceeds the
number of further devices to be connected to said wide interface, such that at least one
non-connect cell exists that does not have one of said firther devices associated
therewith, and the method further comprises associating with one or more non-connect
cells one or more other components of the integrated circuit not requiring connection to

the interconnect circuitry.
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13. A method as claimed in Claim 12, wherein said other components comprise
power supply lines used to power the distributed plurality of further devices.

14. A method as claimed in Claim 1, wherein during said step (iv), if the
- predetermined rules determine that no wiring layout is required at the location of a
particular block, no tile is atlocated for that block.

15. A method as claimed in Claim 1, wherein said predetermined set of tiles include
one or more filler tiles having no wiring layout, and during said step (iv), if the
predetermined rules determine that no wiring layout is required at the location of a
particular block, one of said filler tiles is allocated for that block.

16. A method as claimed in Claim 1, wherein at said step (i) the plurality of cells
defined are of a plurality of different widths, and the predetermined set of tiles include
tiles having a corresponding plurality of different widths, so as to enable each cell to abut

one of said columns.

17. A method as claimed in Claim 1, wherein at said step (i) certain cells are formed
by a combination of an initial cell and a filler cell, such that each cell abutting with a

column in the array is of equal width.

18. A method as claimed in Claim 1, further comprising the step of:

defining a root channel passing from the narrow interface of the interconnect
circuitry to the first device, thereby allowing placement of the first device within the
integrated circuit at a location other than that of the narrow interface.

19. A method as claimed in Claim 18, wherein said predetermined set of tiles include
a subset of root tiles, the method further comprising the step of producing the root

channel using one or more root tiles from said subset.
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20. A method as claimed in Claim 1, wherein the distributed plurality of further
devices comprise input/ouput devices placed around the periphery of the integrated
circuit.

2]. A method as claimed in Claim 20, wherein the first device is a memory controller
device used to control the plurality of input/output devices.

22. A method as claimed in Claim 1, further comprising the steps of:

providing one or more bridge tiles that provide pin mappings between pins of
said further devices and wiring layouts of tiles in said predetermined set of tiles; and

when, for a particular further device, there is not a direct mapping of its pins to
the wiring layout of the tile in the interconnect circuitry that it is to abut to, introducing at
least one bridge tile between said particular further device and said tile in the
interconnect circuitry to map the pins of said particular further device to the wiring layout
of that tile.

23. A method as claimed in Claim 1, wherein the number of cells exceeds the
number of further devices to be connected to said wide interface, such that at least one
non-connect cell exists that does not have one of said further devices associated
therewith, addition of such non-connect cells along the wide interface having no effect on
the width of the narrow interface.

24, A method as claimed in Claim 23, wherein addition of such non-connect cells
along the wide interface further has no effect on the order in which the data paths connect
to the narrow interface.

25. A method as claimed in Claim 1, wherein the wiring layout of at least one of the
tiles in the predetermined set is such that when that at least one of the tiles is used to
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implement a block within said array, not all of the wiring layout within that tile is
utilised.

26. A computer program product comprising a computer program which when

executed on a computer system causes the computer system to perform a method to

determine routing of data paths in interconnect circuitry for an integrated circuit, the

interconnect circuitry on a first side providing a narrow interface for connection to a first

device and on a second side providing a wide interface for connection to a distributed

plurality of further devices, each data path being associated with one of said further

devices and providing a connection through the interconnect circuitry between that

associated further device and the first device, the method comprising the steps of:

® defining a plurality of cells to be provided along the wide interface, each of the
further devices being associated with at least one of said cells;

(iiy  defining the interconnect circuitry as an amray of blocks formed in rows and
columns, each cell abuiting one of said columns;

(ili)  providing a predetermined set of tiles, each tile providing a predetermined wiring
layout; and

(iv)  for each block, applying predetermined rules to determine one of said tiles to be
used to implement that block, the predetermined rules taking into account the
location of the block in the array, and the association between the plurality of
further devices and the plurality of celis, and ensuring that each data path
provided by the interconnect circuitry has the same propagation delay.

27. A system for determining routing of data paths in interconnect circuitry for an
integrated circuit, the interconnect circuitry on a first side providing a narrow interface
for connection to a first device and on a second side providing a wide interface for
connection to a distributed plurality of further devices, each data path being associated
with one of said further devices and providing a connection through the interconnect
circuitry between that associated further device and the first device, the system

comprising:
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means for defining a plurality of cells to be provided along the wide interface,
each of the further devices being associated with at least one of said cells;

means for defining the interconnect circuitry as an array of blocks formed in rows
and columns, each cell abutting one of said columns;

means for providing a predetermined set of tiles, each tile providing a
predetermined wiring layout; and

data path determining means which, for each block, applies predetermined rules
to determine one of said tiles to be used to implement that block, the predetermined rules
taking into account the location of the block in the array, and the association between the
plurality of further devices and the plurality of cells, and ensuring that each data path
provided by the interconnect circuitry has the same propagation delay.
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1 Abstract

A system, method and computer program product are provided for determining
routing of data paths in interconnect circuitry for an integrated circuit. The interconnect
circuitry on a first side provides a narrow interface for connection to a first device, and on
a second side provides a wide interface for connection to a distributed plurality of further
devices. Each data path is associated with one of the further devices and provides a
connection through the interconnect circuitry between that associated further device and
the first device. The method comprises the steps of defining a plurality of cells to be
provided along the wide interface, each of the further devices being associated with at
Jeast one of the cells, and defining the interconnect circnitry as an array of blocks formed
in rows and columns, with each cell abutting one of the columns. Further, the method
includes the steps of providing a predetermined set of tiles, each tile providing a
predetermined wiring layout, and for each block, applying predetermined rules to
determine one of the tiles to be used to implement that block. The predetermined rules
take into account the location of the block in the array and the association between the
plurality of further devices and the plurality of cells, ensuring that each data path
provided by the interconnect circuitry has the same propagation defay. By such an
approach, a structured routing method is provided that uses predetermined tiles enabling
a layout design for the interconnect circuitry to be readily produced whilst ensuting that
the propagation delays are matched for each of the data paths within the interconnect

circuitry.

2 Representative Drawing

Fig. 4
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