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TECHNIQUES FOR USE WITH AUTOMATED CIRCUIT DESIGN
AND SIMULATIONS

RELATED APPLICATIONS

[001] This application claims benefit of U.S. Provisional Application No. 60/917,015,
filed May 9, 2007 (Docket No. 02986.P064Z), U.S. Provisional Application No.
60/917,024, filed May 9, 2007 (Docket No. 02986.P066Z), U.S. Provisional Application
No. 60/917,027, filed May 9, 2007 (Docket No. 02986.P067Z), and U.S. Provisional
Application No. 60/917,033, filed May 9, 2007 (Docket No. 02986.P068Z); these
applications are hereby incorporated herein by reference in their entirety. This
application is being filed on the same day as application no. 12/117,705, filed May 8,
2008, entitled: "Techniques for Use with Automated Circuit Design and Simulations"
(Docket No. 02986.P066), application no. 12/117,711, filed May 8, 2008, entitled:
"Techniques for Use with Automated Circuit Design and Simulations " (Docket No.
02986.P067), and application no. 12/117,714, filed May 8, 2008, entitled: "Techniques
for Use with Automated Circuit Design and Simulations" (Docket No. 02986.P068).
These four applications are the same except for this paragraph, the title, the summary

section, the claims, and the abstract.

FIELD
[002] Embodiments of the inventions relate generally to automated circuit design and/or

circuit simulation.

BACKGROUND

[003] Integrated circuits (ICs or Chips) are used in a wide variety of systems including
personal computers, embedded controllers, cell phones, and other communication devices
to name only a few. Circuit designers often employ computer aided techniques for circuit
design and simulation. Standard languages such as Hardware Description Languages
(HDLs) have been developed to describe digital circuits to aide in the design and
simulation of complex digital circuits. Several hardware description languages, including
but not limited to VHDL and Verilog, have evolved as industry standards. VHDL and
Verilog are general purpose hardware description languages that allow definition of a

hardware model at the gate level, the register transfer level (RTL) or the behavioral level
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using abstract data types. As device technology continues to advance, various product
design tools have been developed to adapt HDLs for use with newer devices and design

styles.

[004] In designing an integrated circuit with an HDL code, the code is first written and
then compiled by an HDL compiler. The HDL source code describes at some level the
circuit elements, and the compiler produces an RTL netlist from this compilation. The
RTL netlist is typically a technology independent netlist in that it is independent of the
technology/architecture of a specific vendor's integrated circuit, such as field
programmable gate arrays (FPGA) or an application-specific integrated circuit (ASIC).
The RTL netlist corresponds to a schematic representation of circuit elements (as opposed
to a behavioral representation). A correlating (mapping) operation is then performed to
convert from the technology independent RTL netlist to a technology specific netlist
which can be used to create circuits in the vendor's technology/architecture. FPGA
vendors utilize different technology/architecture to implement logic circuits within their
integrated circuits. Thus, the technology independent RTL netlist is mapped to create a

netlist which is specific to a particular vendor's technology/architecture.

[005] After the HDL code is written and compiled, the design of an integrated circuit
(IC or chip) or a system which includes multiple ICs is verified to be correct. Continually
advancing processing technology and the corresponding explosion in design size and
complexity have led to verification problems for complex circuit designs, such as but not
limited to ASICs that are difficult to solve using traditional simulation tools and
techniques. Examples of current simulation tools include ModelSim, VCS and NCSIM

simulation tools.

[006] As a result, some designers build prototype boards using multiple ICs such as
FPGAs to verify their ASIC designs. However, there are still problems with debugging
the hardware designs. When an error is detected during debug, designers may attempt to
tap signals of interest from the circuit and use a logic analyzer to determine the cause of
the error. JTAG (Joint Test Action Group) is a well known technique for testing and
debugging sub-blocks of integrated circuits through gaining access to information about
the sub-block. However, this is a difficult process and is often not effective, especially in
the case of intermittent errors. Simulators can be used to debug errors. However, errors

that have already occurred are often difficult to repeat and reconstruct. Further,
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depending on the complexity, it may take a simulation a substantial amount of time to get

to the point where an error has occurred.

SUMMARY

[007] In some embodiments, a method includes receiving initial condition signals from
circuitry in a chip, and correlating values of at least some of the initial condition signals
with objects in a hardware description language (HDL) used in simulation, wherein the

HDL was used in describing at least some of the circuitry in the chip.

[008] In some embodiments, a method includes receiving descriptions of a design
circuitry and generating a replicated circuitry for debugging. The replicated circuitry
preserves the functionality of the design circuitry, but can include different
implementations or containing various modifications for facilitating debugging or for

simplifying the replicated circuitry.

[009] In some embodiments, a method includes receiving descriptions of circuitry
including a design storage element. The method further includes generating additional
descriptions including descriptions of a replicated storage element as part of a hardware
substitution, wherein the replicated storage element includes original storage circuitry
used with control circuitry and signal access circuitry to give access to states that are

unexposed in the original storage circuitry.

[0010] In some embodiments, a method includes receiving descriptions of circuitry
including a design module including first circuitry with some undescribed circuit details
to provide signals to design logic. Undescribed circuits include black box circuits or
proprietary circuits that do not provide detailed information about the inner working of
the circuits. The method further includes generating additional descriptions including
descriptions of a replicated module including replicated logic that is a replication of the
design logic, and delay circuitry to receive output signals of the first circuitry, wherein the

output of the delay circuitry is provided to the replicated logic.

[0011] Other embodiments may be implemented in methods, apparatuses, systems, chips,
software, signals, and computers running the software or processing the signals as
described below.



WO 2008/140778 PCT/US2008/005989

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]) Embodiments of the inventions may be understood by referring to the following
description and accompanying drawings that are used to illustrate embodiments of the

invention. However, the inventions are not limited to the details of these drawings.

[0013] FIG. 1 is a block diagram representation of a system including a computer, an

interface, and a chip according to some embodiments of the inventions.

[0014] FIG. 2 is a block diagram representation of a system including a computer,
fabrication equipment, an interface, and a chip according to some embodiments of the

inventions.

[0015] FIG. 3 is a flow diagram illustrating for various aspects of programs that generate
files for configuring or fabricating a chip according to some embodiments of the

inventions.

[0016] FIG. 4 is a flow diagram illustrating for various aspects of operating a chip

according to some embodiments of the inventions.

[0017] FIG. 5 is a flow diagram illustrating for various aspects of using initial condition

signals and input signals in a simulator according to some embodiments of the inventions.

[0018] FIG. 6 is block diagram representation of logic and replicated logic with

associated circuitry in a chip according to some embodiments of the inventions.

[0019] FIG. 7 is block diagram representation of logic and association circuitry in a chip
and replicated logic and associated circuitry in another chip according to some

embodiments of the inventions.

[0020] FIG. 8 is block diagram representation of logic and replicated logic with

associated circuitry according to some embodiments of the inventions.

[0021] FIG. 9 is a flow diagram illustrating for various aspects of some embodiments of

the inventions.

[0022] FIG. 10 is a block diagram representation of a RAM hardware substitution

according to some embodiments of the inventions.
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[0023] FIG. 11 is a block diagram representation of a system for determining a phase
relationship between asynchronous clock signals according to some embodiments of the

inventions.
[0024] FIGS. 12 and 13 are each a timing diagram for the system of FIG. 11.

[0025] FIG. 14 is a block diagram representation of a system for determining a phase
relationship between asynchronous clock signals according to some embodiments of the

inventions.
[0026] FIG. 15 is a timing diagram for the system of FIG. 14.

[0027] FIG. 16 is a block diagram representation of a system for determining a phase
relationship between asynchronous clock signals according to some embodiments of the

inventions.
[0028] FIG. 17 is a timing diagram for the system of FIG. 16.

[0029] FIGS. 18 - 20 are each a block diagram representation of a design module and a
replicated module and associated circuitry according to some embodiments of the

inventions

[0030] FIG. 21 is a block diagram representation of a chip with circuitry used in a

snapshot solution according to some embodiments of the inventions.

[0031] FIG. 22 is a block diagram representation of an example of a portion of the chip of

FIG. 19 according to some embodiments of the inventions.

[0032] FIG. 23 is a block diagram representation of an example of a portion of the chip of

FIG. 21 according to some embodiments of the inventions.

[0033] FIG. 24 is a block diagram representation of an example of a portion of the

circuitry of FIG. 22 according to some embodiments of the inventions.

[0034] FIG. 25 is a block diagram representation of an example of a portion of the

circuitry of FIG. 23 according to some embodiments of the inventions.

[0035] FIG. 26 is a block diagram representation of an example of a portion of the chip of

FIG. 21 according to some embodiments of the inventions.
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[0036] FIG. 27 is a block diagram representation of circuitry used in a snapshot solution

according to some embodiments of the inventions.

[0037] FIG. 28 is a block diagram representation of circuitry used in a time division

multiplexer solution according to some embodiments of the inventions.

[0038] FIGS. 29 and 30 are each a timing diagram for the system of FIG. 28 according to

some embodiments of the inventions.

[0039] FIG. 31 is a block diagram representation of circuitry used in a time division

multiplexer solution according to some embodiments of the inventions.

[0040] FIG. 32 is a block diagram representation of circuitry used in a time division

multiplexer solution according to some embodiments of the inventions.
[0041] FIG. 33 is a timing diagram for the system of FIG. 32.

[0042] FIG. 34 shows an exemplary computer system which may be used with the

present invention.
DETAILED DESCRIPTION

[0043] The following description and drawings are illustrative of embodiments of the
inventions and are not to be construed as limiting the inventions. Numerous specific
details are described to provide an understanding of embodiments of the inventions.
However, in certain instances, some well known or conventional details are not described

in order to avoid obscuring the present invention.

[0044] Some embodiments of the inventions described herein involve capturing the state
of a questionable logic design at a time prior to when an error or other event of interest
occurs. This disclosure covers three categories of inventions: (1) logic replication
solutions, (2) snapshot solutions, and (3) time division multiplexer solutions. Further,
there are several inventive features (described in section III) that may be used with any of
the categories of inventions. Some embodiments of the inventions involve more than one
of the solutions and more than one of the additional listed features. Other embodiments
include programs for designing the circuits, extracting initial condition signals and input

signals from a chip, and using the initial condition signals and input signals in
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simulations. The term “chip” as used in the present description includes “module”. The

following table of contents gives an outline of the disclosure.

I. Systems overview

II. Logic replication solutions

I1I. Additional features for some embodiments

A.

OmMmU QW

Functional equivalent but different replicated module
Correlating initial conditions to HDL code in simulator

Generating a list of hardware substitutions

. Access to internal states

Formal verification flow techniques

Partitioning

. Black boxes
H.

Multi-clock domains

I. Sampling a slower clock with a faster clock

J. Sampling a signal generated from a slower clock with a faster clock

K. Replication in separate FPGA or ASIC

IV. Snapshot solutions

V. Time division multiplexer solutions

VI. Additional information and embodiments

[0045] The disclosure uses the phases "in some embodiments" and "in other

embodiments" to refer to implementations of one or more of the various inventions

described herein. Different references to "some embodiments" are not necessarily

referring to the same embodiments. Some methods, apparatus, systems, and chips may

include more than one embodiment.

I. Systems overview

[0046] Testing logic designs is an important step where the failure is analyzed by running

simulation. A set of initial conditions and inputs that leads to the actual error can be used

in a simulation to recreate the problem to enable the designer to eventually find a solution

to eliminate it. In an exemplary configuration, a chip is tested until a failure occurs. The

chip is also connected by an interface to allow recording the inputs and conditions leading

to the failure.

the problem.

The information is then fed to a simulation program to analyze the cause of
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[0047] Referring to FIG. 1, a chip (or a module) 14 interfaces with a computer 20 through
an interface 16 (which may be a JTAG interface). In some embodiments, chip 14
includes gate arrays that are configured by a program in computer 20 through a JTAG
interface 16. The configuration allows visibility to various signals of the chip through the
JTAG interface. As is described in detail herein, after chip 14 is configured, it is operated
to gather initial condition signals ("initial conditions") and input signals with a circuit in
which an error or another event of interest occurs. Some embodiments of the inventions
involve delaying input signals until a trigger condition (e.g., error condition) occurs and
then freezing the delayed input signals. The contents of certain replicated or added
registers (and in some implementations, other memory) hold the initial conditions, which
are the contents of those registers (and other memory) at or near the beginning of the
group of frozen delayed input signals. The delayed input signals are then the input
signals that led up to the trigger condition. The initial condition and input signals can be
provided to a simulator to simulate (among other things) the operation of a circuit of

interest leading up to the trigger condition.

[0048] The initial conditions and input signals are provided through JTAG interface 16 to
a simulator in computer 20. Generally, the data are not provided directly from the
interface to the simulator; but through another software program. The simulator includes a
software program stored in memory 24 that runs in a processor 22. With the benefit of
the initial conditions and input signals, the simulator can simulate the chip in detail and
attempt to discover the nature of errors or other events of interest. Accordingly, the
simulator can be used for debugging and for other purposes. The computer that does the
programming and configuration is not necessarily the computer that does the simulation.

Other embodiments do not involve gate arrays and use interfaces other than JTAG.

[0049] To analyze a failure, early data propagation is often needed, since once a failure
occurs, the data has changed significantly to mask the cause of the failure. Further, data
processing is difficult to run backward, thus data backtracking cannot be performed to
retrieve the earlier data. In an exemplary configuration, a new chip module is fabricated
having delay inputs, and thus providing the early symptoms of errors to allow the

simulation to step through.

[0050] FIG. 2 illustrates a system in which a computer 30 includes a program or

programs to provide a chip fabrication file or files to fabrication equipment 40 to fabricate
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a chip (or module) 38. The components of FIG. 1 could include more than one computer
and various pieces of fabrication equipment in different locations and operated at
different times. After chip 38 is fabricated, it is operated to gather initial conditions and
input signals that are associated with a circuit in which an error or another event of
interest occurs. The initial conditions and input signals are provided through an interface
42 to a simulator in computer 30. The simulator includes a software program stored in
memory 34 that runs in a processor 32. With the benefit of the initial conditions and
input signals, the simulator can simulate the chip in detail and attempt to discover the
nature of errors or other events of interest. The computer(s) that provides the fabrication

file(s) is not necessarily the computer that does the simulation.

[0051] The following is an overview of the process that is associated with some
embodiments. However, in other embodiments, the details may be different than are
listed. A designer can select one or more modules in the source code to analyze. Certain
signals can be selected for use as a trigger for debug hardware. The states of these signals
can be specified by the designer to define the exact conditions for triggering the debug
hardware. The debug hardware is synthesized, netlists are generated, and the final design
goes through place and route. Various software tools may be used for these processes.
For example, synthesis tools may be used for hardware synthesis. The designs are then
placed into hardware devices such as FPGAs or ASICs. The hardware is run. Once a
trigger condition has been detected, all debug hardware along with first-in first-out
circuits (FIFOs) used for delays in the debug hardware are frozen. The states of FIFOs
and debug hardware are acquired by the controlling computer. This information is
transformed into a form that can be used by software simulators. The design is imported
into the simulator, and the initial condition signals and input signals are applied. The
designer or another person(s) can use the simulator to debug the hardware module. In
different implementations, there are different levels of involvement of people versus

automation by the programs.

[0052] The circuits discussed herein may be used in a variety of types of chips including

microprocessors, embedded controllers, chipsets, cell phone chips to name only a few.

[0053] FIG. 3 is a flow diagram for generating a file(s) to configure or fabricate a chip. A
program(s) in computer 20 or 30 generates a file(s) of circuitry functionality and layout or

other descriptions of the circuitry (block 50). In some cases, the descriptions may include
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less than a complete description of functionality and layout of the circuit. The file(s) is
revised or a new file(s) is generated to include circuitry accordingly to one or more of the
solutions described in sections I. - V1. of this disclosure (block 52). For example, a
program(s) analyzes descriptions of the circuitry (called design circuitry or original
circuitry) and uses at least some information obtained in the analysis to generate
additional descriptions for the revised or new files of the circuitry. Also, various other
information, in addition to the descriptions of the design circuitry, can be used to generate
the new circuitry. The amount of analysis of the descriptions depends on various factors
including how much information is separately provided to the analyzing program(s) and
how much information the program(s) must gather for itself. The amount of analysis may
also vary depending on a particular command given to the program. Some commands
involve more analysis than others. The range of analysis may vary from extensive to

relatively little depending on the implementation and other circumstances.

[0054] The revised file(s) may be made by the same program(s) as in block 50 or by a
different prografn(s). For example, revised files may specify replicated circuit
components. Chip configuration or fabrication files are generated based on the revised
files (block 54). The chip is then configured or fabricated in response to the configuration
or fabrication files (block 56).

[0055] There are various techniques for representing the circuits described herein. The
following is a simplified overview. For example, a text representation (for example, in
HDL) of a circuit may be compiled to generate a first register transfer level (RTL) netlist.
The RTL netlist may shows registers and other logic interconnected to show the flow of
data through a circuit that was described in the text representation. An example of a
compiler is a logic synthesis compiler, which is typically a computer program that
operates on a general purpose computer system, although in some embodiments, the
computer system may be a dedicated, special purpose computer system. An example of a
logic synthesis compiler is the program "Synplify®" from Synplicity, Inc. of Sunnyvale,
Calif.

[0056] The first RTL netlist may be correlated (mapped) to a target architecture, such as
an FPGA, to generate a prototype board for debugging the circuit. The target architecture
is typically determined by a supplier of the integrated circuit. Examples of target

architectures include FPGAs and complex programmable logic devices from vendors

10



WO 2008/140778 PCT/US2008/005989

such as Altera, Xilinx, Lucent Technologies, Advanced Micro Devices (AMD), and
Lattice Semiconductor. The correlating (mapping) operation may convert the RTL level
description of the desired circuit into the equivalent circuit implemented using building
blocks of the target architecture. A technology specific netlist may be generated. Place
and route software tools may then be used to generate a design of circuitry in the target

architecture.

[0057] The debug process may identify a problem area in the circuit. The designer may
use a solution described herein such as selecting a portion of the circuit to replicate for
further analysis. In this example, the selected portion of the circuit is replicated and
associated circuitry is added. The text representation of the circuit may be recompiled to
generate a revised (for example, second) RTL netlist. The revised RTL netlist may be
correlated (mapped) to a target architecture, such as a FPGA or ASIC or other chips such
as microprocessors, communication chips etc. The inventions are not limited to these
details. Various other procedures may be used. For example, the incorporation of the
replicated circuit does not have to go all the way back to the source code descriptions.
The implementation of the replicated circuit can be done in the RTL netlist, or possibly

incrementally modifying or adding the design RTL netlist.

[0058] FIG. 4 is a flow diagram for operating a chip to obtain initial conditions and input
signals as described in this disclosure. A chip is operated (block 60). A trigger signal is
generated in response to a trigger condition (block 62). The initial conditions and input
signals are obtained according to one or more of the solutions described in sections I. -
VL. of this disclosure (block 64). The initial conditions and input signals are provided to a
chip interface (block 66).

[0059] FIG. 5 is a flow diagram for using initial conditions and input signals to perform
simulations. The initial conditions and input signals that have been obtained according to
one or more of the solutions described in sections I. - V1. of this disclosure are received
for use by a simulator (block 70). Simulations are performed based on the initial
conditions and input signals (block 72). Details regarding the circuit operation associated
with the trigger condition are identified through the simulations (block 74). The

simulator may use various tests or procedures.

11
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[0060] The flow charts of FIGS. 3 - 5 are merely overviews for some embodiments.
Other embodiments do not follow the flow charts or involve different details of them.

Various additional programs and structures may be used in actual implementations.

[0061] As used herein, the terms "design circuitry," "design memory," and "design
register" refer to circuitry, a memory, and a register that are part of the original design (or
descriptions of the design) prior to the analysis and addition of circuitry (or descriptions
of the additional circuitry) in one of the techniques described in this disclosure. The
design circuitry might be called the original circuitry or circuitry at a starting point.
However, the design circuitry may involve well known features. As explained below,
examples of the addition of circuitry (or descriptions of the circuitry) include logic
replication and related circuitry, snap shot registers and related circuitry, and multiplexers

and demultiplexers and related circuitry.
II. Logic replication solutions

[0062] Logic replication solutions for obtaining initial condition signals and input signals
involve replicating logic to offer the information that the design logic does not provide.
FIG. 8, which is similar to FIG. 3 of U.S. Patent 6,904,576, illustrates a system with
replicated logic. FIG. 8 provides an example of circuitry in a chip including a design
logic block 202 and a replicated logic block 204. As an example, suppose debug of the
original design revealed a problem with logic block 202. Therefore, logic block 202 was
selected and replicated as replicated logic block 204 to enable further analysis of the
problem. The program(s) of FIG. 3 (block 52) is used, for example, to generate replicate
logic 204. Delay logic 212 (such as a FIFO) delays the input signals provided to
replicated logic block 204. Delay logic 212 may include typical circuit logic and
elements, such as FIFO, that cause the input signals to arrive at replicated logic block 204
later in time than the inputs will arrive at design logic block 202. In this way, an error can
be analyzed after the error is seen to occur in design logic block 202, since the error will

appear in replicated logic block 204 at a later time.

[0063] Trigger logic 230 is inserted into the circuit to enable the setup of a trigger
condition that pauses the replicated portion of the circuit. One or more controllers may
also be inserted to control the trigger logic. In this example, trigger logic 230 has two
outputs: a breakpoint signal 218 which when asserted enables clock control logic 214 to

12
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stop advancing, and a delay pause signal which when asserted enables delay logic 212 to
stop advancing. The delay pause signal also causes the replicated logic 204 to freeze its

register and memory contents.

[0064] Clock control logic 214 controls the clock signal(s) provided to replicated logic
block 204. Clock control logic 214 may contain typical logic and circuit elements that
allow a clock signal provided to replicated logic block 204 to be paused to stop the
replicated logic from executing when certain conditions are present. Clock control logic
214 may also allow for single stepping through the replicated logic on a clock by clock
basis to analyze an error. The breakpoint 218 may be set to pause the clock when certain
conditions are present, such as when the trigger condition occurs. In some embodiments,
during normal operation, the system clock that clocks the circuit flows through a latch in
clock control logic 214 and acts as the clock to replicated logic block 204. The
breakpoint signal may switch the clock to a latched version of the system clock, which
can be controlled by the clock control signals to allow the clock signal to be paused and
single-stepped on a cycle by cycle basis. Initial condition signals can be obtained from
registers and memories in replicated logic 204 and input signals can be obtained from
delay logic 212. The inventions are not required to include the details shown and

described, but may be implemented in other ways.

[0065] In some embodiments, the present invention discloses various innovative ways to
implement a logic i'eplication solution. In an embodiment, additional serial circuit can be
provided to serially receive data from the replicated module. For example, FIG. 6
includes a chip 100 that includes design circuitry 104 and a replication module 106.
Design circuitry 104 includes design logic under test 110 and additional logic 112.
Design logic under test 110 could be referred to as a design module. Design logic under
test 110 and additional logic 112 are circuitry intended to be used in a production version
of the chip of interest. Of course, the design circuitry may be changed before a
production version of the design is completed. In the example, design logic under test
110 includes registers 116 and 118 and could include a variety of other components such
as additional registers, memory, various circuitry, and in some embodiments, firmware.
Replication module 106 includes replicated logic under test 130 which includes circuitry
like that in design logic under test 110 including registers 138 and 140 which are like
registers 116 and 118.

13
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[0066] In operation, design logic 110 and replicated logic 130 each receive the same
inputs, but replicated logic 130 receives a delayed version of the inputs. For example,
design logic 110 receives input signals (including data in) from conductors 114 and
additional input signals (including additional data in signals) from additional logic 112.
Replicated logic 130 also receives the input signals from conductors 114 through delay
circuits 134, and the additional input signals from additional logic 112 through delay
circuits 136. In the example of FIG. 6, delay circuits 134 and 136 are FIFOs that have a
width equal to the width of the input signals and a depth equal to a desired delay for a
given type of situation and/or signaling. Design logic 110, design logic 130, FIFO 134,
and FIFO 136 are clocked by one or more clock signals from conductor(s) 126. Logic
110 and 130 may be clocked by more than one clock signal even though FIFOs 134 and
136 are only clocked by one clock signal. There may be additional FIFOs that are not

“shown in FIG. 6 that are clocked by one or more other clock signals.

[0067] The input signals may include different types of signals including data, address,
control, and other signals. Sometimes, these input signals are merely referred to as data
signals although they may include more than merely traditional data. The design and

replication modules can include memory and registers.

[0068] The program(s) of FIG. 3 (block 52) is used, for example, to design replication
module 106. Different implementations of the program have different levels of designer
participation. For example, in some implementations, the designer gives a command and
the program generates the replication module. In other implementations, the designer
gives more details about the replication module and in some implementation may

interactively participate in the design of the replication module.

[0069] In operation, trigger logic 122 monitors design logic 110. When a particular event
of interest called a trigger condition occurs, trigger logic 122 provides a trigger signal to
FIFOs 134 and 136 which stops the FIFOs from responding to the clock signal. The
trigger signal also goes to the replicated logic 130 to freeze the register values in registers
138 and 140. Trigger logic 122 also provides a signal to control circuitry 124 which
causes control circuitry 124 to go into a control mode in which the contents of FIFOs 134
and 136 are made available as input signals for a simulator and certain contents of
replicated logic 130 are made available as initial conditions for the simulator. Registers

138 and 140 may be chained to provide initial conditions. FIG. 6 shows an example in
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which registers 138 and 140, which are also affected by the trigger logic, provides initial
condition signals through a multiplexer 144, registers 146, multiplexer 148, and registers
150 under the control of control logic 124. Multiplexer 144 may also receive an input of
a JTAG chain. Control circuitry 124 may be JTAG control circuitry. Control circuitry
124 or other circuitry may take into account any time delay between the output of FIFOs
134 and 136 and the contents of registers 146 and 150. The circuit combination of
multiplexers 144, 148, and registers 146, 150 only represent a specific way to get the
initial conditions off the chip. Other circuitry could be used, such as serially scanning

circuit for scanning and retrieving the register values in replicated logic 130.

[0070] In an embodiment, the replicated module can be located in the same or different
chip. FIG. 7 illustrates that design circuitry 104, trigger logic 122, and control circuitry
124 may be in a chip 160, while the replication module 106 may be in a chip 162. A
reason to put the replication module in a different chip is there may not be enough room.

in chip 160 for it.
II1. Additional features for some embodiments

[0071] The following are some additional features that may be used in connection with
some embodiments of each of the three main solutions (in sections II, IV, and V) unless
indicated otherwise. However, other embodiments in each main solution do not include
one, some, or all of these features. Further, some of these additional features also may be

used apart from the main solutions.
A. Functional equivalent but different replicated circuit than design circuit

[0072] In a preferred embodiment, the replicated module preserves the functionality of
the design module but having different circuit than the design module for facilitating
debugging or for simplifying the replicated circuit. The replicated circuit can be different
from the design circuit with a focus of gathering the conditions or inputs to help in

analyzing the potential failure.

[0073] The replicated module can have freedom in circuit modifications to facilitate
debugging. For example, circuit optimization can be suppressed in the replicated module.
An objective of the replicated module is to provide initial conditions and inputs for debug

simulations, thus seemingly extraneous circuit in term of efficiency can be actually
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needed for debugging purpose. In an aspect, hardware substitution is performed in
replicated module. For example, proprietary circuit in the design module can be
substituted with generic circuit in the replicated module for ease of debugging. Hardware
substitution can be particularly useful in providing access to unexposed states, which can
be a difficult task for example, to get internal states of a black box in the design module.
Access to unexposed states, such as internal states, can include providing control circuitry
to retrieve the internal states of a module, such as the stored data in a memory. In another
aspect, the design module can be partitioned so that the replicated module only contains a
portion of the design module, or omits certain portions of the design module. The
partitioning can further include a plurality of delay circuits provided to the replicated

module from within the design module, for example, to address the various timing issues.
B. Correlating initial conditions to HDL code in simulator

[0074] Some embodiments involve correlating (that is, mapping or associating) values of
at least some initial conditions from the chips with specific locations within the HDL
code in the simulator. The specific locations may be objects in the HDL such as signals,
registers, conductors, memories, etc. In some embodiments, this involves prohibiting
sequential optimization within the compiler software used to correlate the HDL design
into netlists. Examples of sequential optimizations that should be avoided include, but
not limited to, retiming, pipelining, placement replication and state assignment. The
compiler software used in correlating may generate a list of all memory and storage
elements in the module in an order which can be correlated (mapped or associated) with a
sequence in which the values for initial conditions are acquired by the simulator
processor. The names of the memory elements can be directly correlated to signal

instances compatible with the software simulator.

[0075] As an example is provided in connection with FIGS. 1, 6, and 9. One or more
programs in computer 20 in FIG. 1 generate files, including in HDL code, to generate
circuit functionality and layouts for the circuits of FIG. 6 (block 240 of FIG. 9). The
same or another program(s) in computer 20 modifies and optimizes the functionality and
layout designs (block 242 of FIG. 9). As used herein, the term optimize merely means to
improve, not necessarily to reach a mathematical optimum. A chip including the circuitry
of FIG. 6 is configured or fabricated (block 244 of FIG. 9). In response to a trigger

signal, the initial conditions and input signals are gathered as described in connection
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with FIG. 6 and made available for the simulator program that may be run in computer 20
or another computer. A correlating technique or techniques are used to correlate the
gathered initial conditions with specific locations within the HDL code in the simulator
(block 246 (1) of FIG. 9). For example, the correlating may be a correlation between
correlated (mapped) netlists for an FPGA with an HDL source code. Of course, there

may be various intermediate and revised files between the blocks of FIG. 9.

[0076] Various heuristics may be used in the correlating technique(s). One such heuristic
is naming of components of the circuits. A linkage between ordering of the initial
condition states in scan chains and the name and location of the data's associated elements
found in HDL code may be established. Source code may be used for all logic being
replicated. In the case of black boxes, e.g., circuit blocks without detailed information of
the inner devices, their outputs may be handled as additional inputs into the replicated
design. Outputs from the black boxes in the original design may be run through FIFOs to
those inputs in the replicated circuitry. A synthesis tool may support disabling retiming
and sequential optimization on a per-module basis. Other embodiments do not include

the details of this section or include variations of them.

[0077] Some embodiments provide a methodology to associate values of gathered initial
conditions from the hardware with specific location within the HDL code by prohibiting
sequential optimization within the compiler software used to map the HDL design into
netlists. The compiler software used in mapping will create a list of all memory elements
in the module in an order which can be associated with sequence in which the values for
the initial conditions are acquired by the processor. The name of the memory elements

can be directly correlated to signal instances compatible with the software simulator.
C. Generating a list of hardware substitutions

[0078] Some embodiments involve associating values of gathered initial conditions from
the hardware by generating a list of all hardware substitutions performed by the compiler
in generating a netlist. The substitution list is used to trace back signal names and values
from physical implementation to HDL level representations compatible with the software
simulator. In an embodiment, a proprietary module can be replaced with an equivalent

circuit. The equivalent circuit can facilitate debugging, for example, by providing access

to unexposed states.
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D. Access to internal states

[0079] When a memory element is to be replicated, an exact duplicate might not be useful
for debugging purpose because the original memory element usually does not have access
to internal states. That is, the original memory has some unexposed states. The
replicated memory typically will provide access to those states. The replicated memory
can be a substituted memory (an example of a hardware substitution) because it includes
additional structure to allow access to the unexposed states. A replicated memory can
include a control circuitry to allow access to the memory data. A correlating (mapping) is
provided to associate the substituted memory in the HDL code in the simulator. The

flowchart of FIG. 9 may apply with part (2) of block 246 in particular.

[0080] FIG. 10 illustrates a substituted memory. Replicated Random Access Memory
(RAM) 254 may be the same as a design (original) RAM. Control circuitry 252 freezes
RAM 254 after a trigger condition and also allows the contents of RAM 254 to be
clocked out through scan chains 256 to provide, for example, sertal data out to a
controlling computer. Addresses from the replicated module and data from the replicated
module are provided to the control circuitry 252 and RAM 254. In some embodiments,
when needed, a synthesis tool can call a function in, for example, a C library that will

then return a pointer to a netlist containing the substitute RAM design.

[0081] Some embodiments include circuitry and a method to handle various forms of
RAM in the replicated logic by substituting special RAM structure containing access
control logic, such as control circuitry 252 in FIG. 10. The access control logic allows the
specialized RAM structure to operate like normal RAM when all the normal read/write
signals and clocks are enabled. The access control logic allows the operation of the RAM
to be frozen once the trigger condition has been detected. The access control logic then
allows the contents of the RAM to be scanned out to the controlling computer. The
access control logic can also include a scan chain to allow serial output of the content of
the RAM. The RAM contents are used to gather initial conditions of the RAM for
software simulation. Other embodiments do not include the details of this section or
include variations of them. For example, RAMs can also be treated like black boxes. The
outputs of the RAMs can be fed in to delay FIFOs which are feeding the replicated
module similar to the input. This approach is preferable in case the RAM structures, for
example, BlockRAM, cannot be inferred.
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[0082] Some embodiments include circuitry and a method to handle various basic
proprietary logic modules (for example, Xilinx SRL16 shift registers and Altera
Altshifttap shift registers) in replicated logic. This includes substituting these proprietary
modules with logical equivalent circuits that allow access to the internal states of those
modules. These internal states can be scanned by a computer and used as initial
conditions during software simulation. For example, a Xilinx SRL16 shift register,
represented as a proprietary module with input and output pins for connection to external
circuitry can be substituted with a functional equivalent circuit with accessible internal
states. Other embodiments do not include the details of this section or include variations

of them.
E. Formal verification flow techniques

[0083] In the past, formal verification flow techniques have been used to confirm that
actual designs match the description in HDL code. Some embodiments involve
associating values of initial conditions from hardware by using formal verification flow
techniques. An example is provided in FIG. 9, with block 246 (3) in particular. Other

embodiments do not include this feature or include a variation of it.
F. Partitioning

[0084] In an embodiment, the replicated module comprises additional delay circuits from
within the design module to the respective locations of the replicated module. For
example, a first delay circuit connects the input of the design module to the input of the
replicated module. A second (and optional others) delay circuit can connect from any
location of the design module to the appropriate location in the replicated module. The
additional delay circuits can provide accurate timing between the modules, especially for

multiple clock domains.

[0085] In some embodiments, the design module is partitioned into a plurality of design
segments. In an aspect, the design segments can all be replicated, with each replicated
segment connected to its respective design segment through a delay circuit. In another
aspect, only a portion of the design segments are replicated, with each replicated segment
connected to its respective design segment through a delay circuit. The portions of the
design segments can be separated or embedded within each other in the design module.

In another aspect, at least one portion of the design segments is not replicated, and each
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design segment being replicated provides an output signal to a delay circuit wherein the

output of the delay circuit is provided to the respective location of the replicated segment.
G. Black boxes

[0086] The design module can be partitioned into segments with at least one segment, for
example, a black box module, not being replicated. Circuit design often includes black
boxes, e.g., modules with no knowledge of internal states or behavior, such as IP block or
proprietary logic modules. Some embodiments of the present invention include circuitry
and a method to handle black boxes and various proprietary logic modules without the
need of detailed inner circuit. In some embodiments, proprietary logic with unknown
behavior is not copied into the replicated logic. Instead, this method treats the outputs of
- the proprietary module in the design module as additional inputs to their respective
locations within the replicated logic. For example, FIG. 20 includes a design module 360
and a replicated module 362. Design module includes logic 364, the output of which is
provided to a black box 366. Black box logic 366 is circuitry that performs various
functions which are not known, although the input and output signals are known. The
output of black box logic 366 is provided to logic 368 in design module 360 and also to a
delay circuit FIFO 376 in replicated module 362 to account for the overall replicated logic
delay. The output of FIFO 376 is provided to logic 378. In this respect, the black box
logic 366 is not directly replicated in replicated module 362. In the example of FIG. 20,
the outputs of logic 374 are not provided to logic 378. In some embodiments, logic 374 is
not replicated and the outputs of FIFO 376 are connected to their respective input
locations within the replicated module. In response to a trigger condition, the contents of
the FIFO 376 are acquired by the computer and used to simulate the outputs of the
proprietary logic 366 in the software simulation. In an embodiment, a delay circuit (not
shown) is provided to connect the input of logic 364 with the input of replicated logic
374. Other embodiments do not include the details of this section or include variations of

them.
H. Multi-clock domains

[0087] The design module can be partitioned based on clock domains with each clock
domain receiving a separate delay input. Some embodiments include circuitry and a

method to handle the timing of data transfer between two logic circuits clocked by two
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discrete asynchronous clocks. This circuit and method may include the use of a
"synchronizer flip-flop" to feed a FIFO whose depth can be determined by the relative
frequencies of the two clocks. FIG. 18 shows a synchronizer flip-flop 312 in design
module 302. The circuitry and method can be expanded to be used to synchronize one or

more signals crossing between any numbers of clock domains.

[0088] Many designs use multiple independent clocks. Timing issues arise when signal
paths cross over between one clock domain to another clock domain. FIG. 18 illustrates
an example where a signal goes from a clock 1 domain to a clock 2 domain. In design
module 302, a data signal is received by a flip-flop 306 clocked by a clock 1. The output
of flip-flop 312 is provided to logic 308, which is part of the clock 1 domain. Of course,
there could be many more data signals in parallel. Accordingly, flip-flop 306 and flip-
flop 312 each represent multiple parallel flip-flops. The output of logic 308 is provided to
synchronizer flip-flop 312 which is clocked by clock 2. The output of flip-flop 312 is
provided to logic 314, which is part of the clock 2 domain.

[0089] A replicated module 304 also receives clocks 1 and 2 so that the data to the
replicated module accurately emulates the data in the design module. Replicated module
304 includes a flip-flop 326 that receives data and is clocked by clock 1. The data may be
the data that is received by flip-flop 306 and it may or may not be delayed by a delay
circuit (not shown). The output of flip-flop 326 is provided to logic 328, which is part of
the clock 1 domain. The output of logic 328 is provided to a synchronizer flip-flop 332
which is clocked by clock 2. All signals crossing the clock domain boundary are
recognized by the synthesis tool.

[0090] In the example of FIG. 18, the output of synchronizer flip-flop 332 is not passed to
logic 334, which is part of the clock 2 domain (clocked by clock 2). However, in some
embodiments, the output of flip-flop 332 is used to gather the state of the circuit, for
example as an indication of the contents of register 312. In some embodiments,

synchronizer flip-flop 332 is not included.

[0091] Signals crossing the clock domain use synchronizer 312 in design module 302.
The output of flip-flop 312 is provided to logic 334 after it is delayed by a FIFO 320,
which is clocked by clock 2. This insures that logic 334 will get the same data as logic

314. Inresponse to a triggering condition, FIFO 320 is frozen so as to not accept new
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data and its contents can be scanned as part of a scan chain to obtain input signals for the
simulator. Initial condition signals can be obtained from registers and memory in logic
334.

[0092] The FIFO may be clocked by the same clock as the data being clocked into the
FIFO. The depth of the FIFO for one clock domain may be different from another FIFO
in another domain. The depth may be calculated to provide the same amount of delay in
time for all clocks in all domains. The FIFOs used to carry signals across clock domains
may be frozen once the trigger condition is detected. The contents of the FIFOs may be

clocked out to a scan chain for use in the simulations.

[0093] When there are multiple clocks within a design, specific guidelines may be
followed to insure that the timing between domains is correct. For example, in FIG. 19, a
data signal is clocked into a design module 340 by a clock 1 signal (clock 1). Within
design module 340 and a replicated module 348, there is a clock domain running off of a
clock 2. The data signal is also provided through an input FIFO 344 of depth N1 to
replicated module 348. Data from design module 340 is provided through an inter-
domain FIFO 346 of depth N2 to replicated module 348. The total delay for replicated
module 346 may depend on both the period of clock 1 and the depth N1 of the input FIFO
346. Typically, the total delay of a delay circuit is inversely proportional to the period of
the clock. A goal for inter-domain FIFO 346 may be to provide the delay described as
follows. Assuming the clock 2 period is known, the depth N2 can be calculated as
follows. IfP1 is the period of clock 1 and P2 is the period of clock 2, a goal may be to

derive an N2 so that:
(P1 x N1)/(P2 x N2) =1 or as close to 1 as is practical.
If P1 x N2 is evenly divisible by P2, then:
N2 = (P1 X N1)/P2.
Otherwise, N2 may be the modulus portion of:
N2 =((P1 xN1)/P2) + 1.
[0094] N2 may have a sufficient amount of delay to compensate for the delay introduced

by the input FIFO. However, there still may be an ambiguity with respect to what the
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data looks like from the output of FIFO 346. Depending on the relative alignment of the
two clocks at the beginning of the simulation, the replicated hardware in the clock 2
domain may need to be clocked one more time. If the following criteria are met, then
clock 2 may need to be clocked one more time for replicated module 348. Let Y be a

number:
Y = ((P1 x N1)/P2) + 1.
Let T represent a time period:
T = fract (Y) x P2,

[0095] where fract (Y) is the factional portion of Y. Then, given a delay D where T <D
< P2, the hardware clock 2 may need to be clocked one more cycle. Otherwise, whenever

D falls between 0 and T, the additional clocking may not be necessary.

[0096] The relationship of the active edges of clocks 1 and 2 may not be able to be
determined until after a capture has been completed. Therefore, the following sequence
may be followed: start process; trigger condition happens; determine phase relationship
of the clock; pulse clock 2 if the delay conditions for clock 2 are met; and gather the state
of registers and RAM. Other embodiments do not include the details of this section or

include variations of them.
I. Sampling a slower clock with a faster clock

[0097] Some embodiments include circuitry and a method to calculate the relationship
between two discrete asynchronous clocks by directly sampling a slower clock with a
faster clock in the design. If the frequency and the duty cycle of each clock are known,
the relationship between one clock and the other may be calculated by adjusting the offset
of the slower clock to match the sampled data pattern. This process can be used to
determine the relationship between two or more clocks. Each slower clock signal is
compared with the fastest (highest frequency) clock signal. Note that although the clocks
are generally asynchronous, in particular cases, it could turn out that two or more of the

clocks are synchronous -- but the circuitry and method do not require it.

[0098] In multi-clock designs, the frequency of each clock is known. A synthesis tool

may provide this information for each domain. The relationship of the active clock edges
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with each other at the beginning of the data capture is not known. For example, in FIG. 6,
assume clock signal (clock) 1 and clock signal (clock) 2 of FIG. 12 are provided on
conductors 126 to design logic 110 and replicated logic 130. At a time t0, when the
clocks and data on conductors 126 and 114 are provided to design logic 110, clocks 1 and
2 have a particular phase relationship. One way to express this phase relationship is the
time between a rising edge of clock 1 and the next following rising edge of clock 2. At
time tO+delay, the data on conductors 114 reaches replicated logic 130 through delay
circuit 134. At time tO+delay, the phase relationship between clocks 1 and 2 on

conductors 126 will ordinarily be different than at time t0.

[0099] The phase relationship can be approximated by analyzing the clock edges for each
of the clock by sampling those clocks with the fastest clock in the design. The clock
samples can be stored in a FIFO which can be scanned and analyzed by an analyzing
logic or module, such as a circuit, a simulator or other software. In most cases, increasing
the number of samples will reduce the window of ambiguity surrounding an edge.
Sampling a clock may be handled in different ways. In the case in which all clocks have,
for example, at least approximately a 50% duty cycle, the sampled clock is sampled
directly by the fastest clock and the results placed into a FIFO. For increased accuracy,

the clocks may be sampled on both the rising and falling edges of the fastest clock.

[00100] For example, in FIG. 11 flip-flops 270 and 272 receive clock 2 as inputs. Flip-
flop 270 is clocked by clock 1 and flip-flop 272 is clocked by an inverted clock 1 through
an inverter 274 so that flip-flop 270 samples clock 2 on the rising edge of clock 1 and
flip-flop 272 samples clock 2 on the falling edge of clock 1. The sampled values in flip-
flops 270 and 272 are clocked into FIFOs 276 that may be scanned and analyzed by an
analyzing logic or module such as a circuitry or a program 278 to determine the clock
placement. There may be additional circuitry between FIFOs 276 and circuitry or

program 278.

[00101] FIG. 12 provides an example of clocks 1 and 2, and clock 2 sampled by the
rising and falling edges of clock 1. The circuitry and method of the present claims may
include more than two clocks. For example, a clock 3 similar to clock 2, but out of phase
with clocks 1 and 2 (and perhaps also at a different frequency) may be sampled by clock 1
in the same fashion as clock 2 is. The phase relationship of the first and second clock

signals is ascertained as explained above as the relationship was at least one particular
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time (for example, a first time). The phase relationship of the first and third clock signals
is ascertained for at least one particular time (for example, a second time, which may be
the same as or different than the first time). Other embodiments do not include the details

of this section or include variations of them.
J. Sampling a signal generated from a slower clock with a faster clock

[00102] Some embodiments include circuitry and a method to calculate the
relationship between two discrete asynchronous clocks by detecting each of the edge
transitions of the slower clock within a sampling period of the faster clock. If the
frequency and the duty cycle of each clock are known, then the relationship between one
clock and the other can be calculated by adjusting the offset of the slower clock to match
the detected edge data pattern. This circuitry and method can be used to determine the

relationship between 2 or more clocks.

[00103] This second way to handle clocks may be applicable where the clock to be
sampled has, for example, substantially less than a 50% duty cycle. If the duty cycle is
too small, the sampler of FIG. 11 might not be able to find some samples or even a single
sample. For example, FIG. 13 shows a clock 1 and a clock 2 which has far less than a
50% duty cycle. If clock 2 was sampled by clock 1 in the circuitry of FIG. 11, the result
might be as shown in FIG. 13, where the output is constant because the duty cycle of
clock 2 is too narrow to be captured by clock 1. No valid data is captured that can be
used to align the clocks.

[00104] In contrast to the circuitry of FIG. 11, instead of sampling the clock directly,
the clock can be used to drive, for example, a divide by two circuit as in FIG. 14. This
results in a signal that changes state only when an active edge is detected. Referring to
FIG. 14, the negative (Q*) output of a flip-flop 282 clocked by clock 2 (Clk2) is fed back
to its input. The positive (Q) output of flip-flop 282 is provided as the input to a flip-flip
284, which is clocked by clock 1. The output of flip-flop 284 is provided as the input to
flip-flop 286, which is also clocked by clock 1, and to an exclusive-OR (XOR) gate 288.
The Q output of flip-flop 286 is also provided to XOR gate 288. The output of XOR 288
is provided to a FIFO for later analysis. The output of XOR gate is high when an active
clock 2 edge occurs during a sampling cycle of clock 1. This produces results as shown

in FIG. 15 which shows that every active edge of clock 2 maps to a positive level output
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clocked from the clock 1 domain. Accordingly, the circuitry of FIG. 14 is independent of
the duty cycle of clock 2. There may be one or more additional clock signals that are also
compared with the clock 1 (the highest frequency clock). The additional clock signal(s)
may be out of phase and perhaps of a different frequency than the other clocks. FIG. 14
could be modified to include additional flip-flops so that the circuitry responds to both the
rising and falling clock edges. Some chips could have multiple samplers, some like in
FIG. 11 and some like in FIG. 14. Other embodiments do not include the details of this

section or include variations of them.

[00105] FIGS. 16 and 17 show an alternative to FIGS. 14 and 15. Referring to FIGS.
16 and 17, double clock (Double Clk1) is a pulse on the rising and falling edges of clock
1 (clk1). FIG. 16 is similar to FIG. 14 except that Double CIk1 is provided to the clock
inputs of flip-flops 284 and 286. A resulting timing diagram is shown in FIG. 17 with a
Clk2 positive edge detection using Double Clk1. Negative edge detection could also be
used. In different embodiments of the circuits (such as those of FIGS. 11, 14, and 16 and
other circuits shown in this disclosure), the circuits may be modified such that samples
are made at rising transitions of a clock signal, at falling transitions of the clock signal, or
at rising and falling transitions of the clock signal depending on the embodiment. That is,
in some embodiments, the samples are made at rising transitions; in other embodiments,
the samples are made at falling transitions, and in still other embodiments, the samples

are made at rising and falling transitions.
K. Replication in separate FPGA or ASIC

[00106] Some embodiments include a method (such as in FIG. 3) to implement the
replicated portion of the logic in a separate FPGA or ASIC device. For example, in FIG.
6, replicated module 130 is in the same chip as design logic 110, whereas in FIG. 7,
replicated module 130 is in a different chip than design module 110. The method does
not apply merely to replicated from one chip to another chip, but may apply to replicated
from multiple chips to multiple additional chips (for example, 2 chips to 4 chips, 3 chips
to 6 chips, etc.). In other embodiments, the replicated portions of circuits from multiple
chips could be placed in a single chip or in fewer than the number of original chips. For
example, the replicated portions of circuits in 2 chips could be both placed in one

additional chip, or the replicated portions of circuits in 4 chips could be placed in 1, 2, or
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3 chips depending on the implementation. Other embodiments do not include the details

of this section or include variations of them.
IV. Snapshot solutions

[00107] As mentioned above, various snapshot solution techniques can be used to
obtain initial condition signals and input signals for simulation. The snapshot solutions
do not require a complete replication of the logic being debugged, and typically involve
storing a snapshot of selected design registers at regular intervals. One approach creates a
series of debug storage registers (snapshot registers) with a predetermined depth for the
storage element in the design module. Each storage element in the original design
module is connected to a set of newly created storage elements. On a periodic basis, the
values for the storage elements in the design module are strobed into the snapshot
registers. The data in the snapshot registers contains the initial conditions for the registers
in the design module under test at a determinable time before a trigger condition occurs.
This data is then gathered and provided as input to a software simulation program for

debugging. The following describes some implementations of the snapshot solutions.

[00108] FIG. 21 illustrates a chip 414, which is an example of chip 14 in FIG. 1 or chip
38 in FIG. 2. Referring to FIG. 21, chip 414 includes design memories and replication
memories 426, design registers and snapshot registers 428, and input FIFOs 430 which in
operation receive input signals from logic 422-1 ... logic 422-N. The input signals may
include various types of signals including data, address, control, and enable signals.
Clock signals are included but shown in other drawings. In response to a trigger
condition (or event), such as an error or other designated condition, triggering logic 418
provides a trigger signal(s) that causes some or all units in memories 426, registers 428,
and FIFOs 430 to freeze their operation. As is explained in detail below, memories 426
and registers 428 provide initial conditions through signals TdoMs and TdoRs, and FIFOs
430 provide input signals in response to signals from JTAG control 420 through, for
example, interface 16 to computer 20 (in FIG. 1) for use by the simulator. In one aspect,
the replicated memory contains memory data delayed by a delay memory input FIFO,
meaning the contents of the replicated memory is the contents of the design memory at a
number of clock cycle earlier, which is the length of the memory input FIFO. In another
aspect, the snapshot registers contain the snapshot data of the design registers at a regular

interval, which is controlled by a snapshot pulse.
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[00109] There are various ways to implement the trigger signal action. For example,
the trigger signals may include multiple signals each of which freeze different
components. An advantage of having multiple signals is that they may be asserted for

different lengths of time.

[00110]) FIG. 22 illustrates design and replication memory units 434-1 ... 434-N in
design memories and replication memories 426 that receive input signals 1 ... input
signals N as wells as clock, trigger, and JTAG signals. The clock signals may be the
same for each memory unit or different for some or all of the memory units. Likewise,
the trigger and JTAG signals may be the same for each memory unit of different for some
or all of the memory units. Memory units 434-1 ... 434-N provide output signals TdoM1

... TdoMN, some or all of which may be used to provide initial condition signals.

[00111] FIG. 23 illustrates design and snapshot register units 436-1 ... 436-N in design
registers and snapshot registers 428 that receive input signals 1 ... input signals N as well
as clock, trigger, and JTAG signals. The clock signals may be the same for each register
unit or different for some or all of the register units. Likewise, the trigger and JTAG
signals may be the same for each register unit of different for some or all of the register
units. Register units 436-1 ... 436-N provide output signals TdoR1 ... TdoRN, some or
all of which may be used to provide initial condition signals. Note that the inputs into
memory unit 434-1 do not necessarily match the inputs into register unit 436-1. Further,
the value of the letter N in FIGS. 21, 22, and 23 are not necessarily the same and in
practice would typically be different. For example, N in FIG. 23 could be much larger
than N in FIGS. 21 and 22. Initial condition signals may be provided from many registers

in addition to those illustrated.

[00112] FIGS. 21, 22, and 23 are schematic in nature to communicate some aspects of
some embodiments, not to provide a complete circuit layout. There may be intermediate
circuits between those components that are illustrated in FIGS. 21, 22, and 23. For
example, the same signals from logic 422-1 would not necessarily be applied directly to

both memories 426 and registers 428. Other embodiments include different details.

[00113]) The snapshot solution works with memories and registers that receive clocks
signals with the same frequency or that receive clocks with different frequencies. The

following are examples of chip 414 in FIG. 21 in the case in which some of memory
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units, register units, and FIFOs of memories 426, registers 428, and FIFOs 430 receive
different clock signals than others of the memory units, register units, and FIFOs of
memories 426, registers 428, and FIFOs 430. In the following examples, clock A has a
higher frequency than clock B.

[00114] FIG. 24 provides an example of design and replication memory units 446 and
448, which are examples of two of units 434-1 ... 434-N in FIG. 22. Memory unit 446
includes a design memory A1, memory input FIFOs 450, recall control circuitry 454,
replicated memory A1, and serial-out control circuit 456. Memory unit 448 includes a
design memory B1, memory input FIFOs 460, recall control circuitry 464, replicated

memory B1, and serial-out control circuit 466.

[00115] Design memory Al and FIFO 450 receive memory input signals from logic
A1, which is one or more of logic 422-1 ... 422-N of FIG. 21. Design memory Al and
FIFO 450 are clocked by clock A. Before a trigger condition, replicated memory Al is
also clocked by clock A. Recall control circuitry 454 receives the signals from FIFO 450
and passes it to replicated memory Al. The depth of FIFO 450 can be the maximum
recall look back length, which is the maximum number of cycles that can be looked back,
although as explained below, the actual number of cycles that are looked back may be
less than the maximum look back length. In an aspect, the maximum recall look back
length is the interval of the snapshot pulse, representing the cycle of the snapshot register
content. However, the trigger signal can happen at anytime between the two snapshot
pulses, thus the number of clock cycles that can look back varies between 1 and the
maximum recall look back length. To ensure of a minimum number of look back cycles,
the snapshot registers are designed in two stages (see FIG. 25 and description below), and
the depth of FIFO 450 is twice the maximum recall look back length. For example, for a
snapshot pulse cycle of 1000 cycles of clock A with a twice maximum recall look back
length FIFO and two stage snapshot registers (stage 1 storing snapshot content of 1000
clock earlier, and stage 1 storing snapshot content of 2000 clock earlier), signals pass
through FIFO 450 in 2000 cycles of clock A. With this design, stage 1 snapshot content
stores values of a clock cycle between 1 and 1000 clock cycles before the trigger. Stage 2
snapshot content stores values of a clock cycle between 1000 and 2000 clock cycles
before the trigger. Replicated memory content stores design memory content at 2000
clock cycles before the trigger.
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[00116] As used herein, a "clock cycle" does not necessarily equal the period of the
clock cycle. For example, in a double data rate system, there may be two clock cycles per
clock period and in a quad data rate system, there may be four clock cycles per clock
period, depending on the implementation. However, this is implementation specific. In
some implementations, even with a double data rate or quad data rate clock, the clock

cycle could equal the period of the clock signal.

[00117] Likewise, design memory B1 and FIFO 460 receive memory input signals
from logic B1, which is one or more of logic 422-1 ... 422-N of FIG. 21. Design memory
B1 and FIFO 460 are clocked by clock B, which in this example has a lower frequency
than clock A. Before a trigger condition, replicated memory Bl is also clocked by clock
A. The depth of FIFO 460 is chosen to be proportional to the frequencies of clock B and
clock A so that signals pass through FIFO 460 in the same amount of time that signals
pass through FIFO 450 (although depending on the frequency and depth of FIFO 450, it
may not be possible for them to pass through in exactly the same amount of time). Recall
control circuitry 464 receives the signals from FIFO 460 and passes them to replicated
memory B1. FIFOs 450 and 460 may have a width equal to the width of inputs A1 and
B1, respectively.

[00118] Note that design memories Al and B1 and replication memories Al and B1 do
not necessarily have signals written into them with every cycle of clocks A and B, but
only for those cycles when other conditions are met, such as there being a command to
write to the memories. The memories may have enable inputs (not shown). Accordingly,
memory input signals Al and B2 do not necessarily have signals to be written into the

memories with each clock cycle.

[00119] When a trigger condition occurs, triggering logic 418 (in FIG. 21) provides a
trigger signal that causes FIFOs 450 and 460, recall control circuits 454 and 464, and
replicated memory A1 and B1 to freeze (no longer respond to clocks). In the example, at
the time the components are frozen, replicated memory A1 is 2000 clocks behind design
memory Al and replicated memory B1 is a number of clocks behind design memory Bl
as discussed. As will be described below, the JTAG signals cause some or all of contents
of replicated memories A1 and B1 to be written through serial-out control circuits 456
and 466 as TdoMemA|1 and TdoMemB1 signals which are examples of signals TdoM1 ...
TdoMN signals in FIG. 22.
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[00120] FIG. 25 shows two exemplary design and snapshot register units, 476 and 478,
which are examples of design and snapshot register units 436-1 ... 436-N in FIG. 23.
Register unit 476 includes a design register Al, a stage 1 register 488, a stage 2 register
492, and serial out circuit 496. Register unit 478 includes a design register B1, a stage 1
register 508, a stage 2 register 512, and serial out circuit 516. The counter 482, zero
detect circuit 484, and counter reader & serial out circuit 490 service both register units
376 and 478. Note that a single trigger signal works to freeze certain components of
register units 476 and 488. In FIG. 23, there may be one trigger signal or more than one
trigger signal. Stage 1 and stage 2 registers may be referred to as snapshot registers.
Register unit 476 receives clock A and design register B1 receives clock B, yet the initial
condition outputs TdoRegA1 and TdoRegB1 may be synchronized. Design registers Al
and B1 provide their register values to logic, which may be the same as or different than
other illustrated logic. In some embodiments, signals are written into design registers Al
and B1 with each cycle of clocks A and B (although the same value may be repeated),
and in other embodiments, signals are written into design registers Al and B1 only when

conditions are met, such as an enable signal.

[00121] Inresponse to a clock cycle of clock A, design register A1l latches a bit from
signal A1 which is provided by logic such as one of logic 422-1 ... 422-N in FIG. 21. In
response to a clock cycle of clock B, design register B1 latches a bit from signal Bl

which is provided by logic such as one of logic 422-1 ... 422-N in FIG. 21. The bit of
design register Al is available to logic and to stage 1 register 488. The bit in stage 1
register 488 is available to stage 2 register 492. The bit of stage 2 register 492 is available
to serial out circuit 496 which operates in response to JTAG signals. The bit of design
register B1 is available to logic (which may be different than the logic that receives the bit
of design register A1) and to stage 1 register 508. The bit of stage 1 register 508 is
available to stage 2 register 512. The bit of stage 2 register 512 is available to serial out

circuit 516 which operates in response to JTAG signals.

[00122] Although design registers Al and B1 may receive bits from register input
signals A1 and B1 with each cycle of clock A and clock B, respectively, the stage 1 and 2
registers 488, 492, 508, and 512 only latch new signals when they are enabled through a
register enable signal from zero detect circuitry 484. This enabling happens as follows.

A counter 482 counts with each cycle of clock A and has a count length equal to a recall
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length. In the example, the recall length is a count length of 1000 (in this example, 1000
clock cycles of clock A). When counter 482 counts down from the count length to zero,
zero detect circuitry 484 asserts the recall register enable signal which enables stage 1
registers 488 and 508 and stage 2 register 492 and 512. Counter 482 goes back to the
full-depth count minus one after reaching zero. Accordingly, every 1000 clock cycles of
clock A, stage 1 and 2 registers 488 and 492 receive the register value of the previous
stage. That is, stage 2 register 492 receives the register value of stage 1 register 488, and
stage 1 register 488 receives the register value of design register Al. Thus, at the moment
the zero detect circuit 484 provides the enable signal, stage 1 register 488 will hold the
current value of the design register Al and stage 2 register 492 will hold the register value
of design register Al from 1000 clocks cycles previous. Likewise, when the enable
signal is asserted, stage 1 register 508 latches the current register value of design register
B1, and stage 2 register 512 receives the register value of stage 1 register 508, which was

the register value of design register B1 1000 clock A cycles previous.

[00123] When a trigger condition happens, the trigger signal freezes counter 482 so
that the register values of stage 1 and 2 registers 488, 492, 508, and 512 do not change.
As an example, assume the zero detect circuitry 482 enables the register enable signal so
that stage 1 and 2 registers 488, 492, 508, and 512 are updated. Then, 55 clocks later a
trigger signal freezes counter 482 so that the count of the counter is 1000 - 1 - 55 = 944,
From the count of 55, the system can know that the value in the stage 1 registers 488 and
508 are from 55 clock cycles previous and the value in the stage 2 registers 492 and 512
are from 1055 clock cycles previous. Counter read & serial out 490 circuit provides the

count value for use by a control circuitry (FIG. 25).

[00124] The trigger signal(s) in FIG. 25 is the same as in FIG. 24 so memories Al and
B1 are frozen at the same time as are stage 1 and 2 registers 488, 492, 508, and 512.
Since the memory input FIFO is twice the depth of the specified number of clock cycles,
the content of the replicated memory is the same as in the design memory from 2000
cycles prior to the time of the trigger. In some embodiments, the number of clock cycles
can be specified by a designer. Since stage 2 register 492 has the register value of design
register Al from 1055 cycles previous, JTAG control signals advance the content of
replicated memory A1l to the same clock cycle by advancing FIFO 450 by 945 clock
cycles (2000 - 1055 = 945) to provide the contents of the FIFO 450 for these 945 clock
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cycles to replicated memory A1 through recall control circuit 454. Note that not all (if
any) of these memory clock cycles actually perform a memory write cycle -- meaning the
memories do not necessarily change with each clock cycle. At the end of the 945 cycles,
replicated memory Al is a snapshot of design memory Al from 1055 cycles previous.

This matches the clock cycle time of stage 2 registers 492 and 512.

[00125] The circuit shown in FIG. 25 illustrates an exemplary embodiment, and other
variations are within the scope of the present invention. For example, the snapshot
registers can be clocked by clock B, or the snapshot registers can be clocked by a

snapshot pulse generator without the enabling port.

[00126] FIG. 26 illustrates a clock A domain input FIFO 520 clocked by clock A and a
clock B domain input FIFO 522 clocked by clock B. FIFO 520 receives the memory data
that is received by design memory A1l and FIFO 450 in FIG. 24 and design register Al in
FIG. 26. FIFO 522 receives the memory data that is received by design memory B1 and
FIFO 460 in FIG. 24 and design register Bl in FIG. 26. The depth of FIFO 520 may
match the depth of FIFO 450 in FIG. 24 and the depth of FIFO 522 may match the depth
of FIFO 460 in FIG. 26. In the example, the outputs of FIFO 520 and 522 do not feed

design logic, but could in other embodiments.

[00127] FIFOs 520 and 522 stop receiving input signals in response to the trigger
signal. JTAG control signals from JTAG control logic 420 (FIG. 21) cause certain of the
input data to be written out through serial-out control 524 as TdoA inputs and TdoB
inputs. Contents of FIFOs 520 and 522 for the time after the trigger condition are
provided as input signals. In the example, that would be for the most recent 1055 cycles
of input signals for FIFO 520 and a related number for FIFO 522. In sofne embodiments,
this may involve a pointer or other mechanism in FIFO 520 being advanced by 945 cycles

and FIFO 522 being advanced by an amount to arrive at the same position.

[00128] At this point, contents of replicated memory A1l and B1 and stage 2 registers
492 and 512 can be provided under JTAG control as initial condition signals, and contents
of input FIFOs 520 and 522 can be provided under JTAG control as input signals. There
may be additional replicated memories (or other forms of memory) and stage 2 registers
that provide additional portions of the initial condition signals, and there may be

additional FIFOs to provide additional input signals for particular simulations. As noted,
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other memories such as Xilinx SRLs (shift registers) in the user design may also be
replicated in the same fashion as is done for the memory discussed above. In some
embodiments, the contents of the SRL can be retrieved through controlling its input
manipulated by the JTAG control signals. As an example, the content of the SRL also
may be 2000 clocks behind the design SRL.

[00129] Even though some of the illustrated memory and register units and FIFOs in
FIGS. 24 - 26 are clocked by clock A and others clocked by clock B, there is not a
problem with synchronizing up the different components. Rather, the initial conditions

and input signals are merely output for use.

[00130] There are various ways in which the snapshot solutions can be implemented.
For example, a system that includes circuitry like that of FIG. 26 may include only a
single stage of snapshot registers (that is, only stage 1 register 488 and not also stage 2
register 492). A system that includes circuitry like that of FIG. 26 may include more than
two stages of snapshot registers (for example, stage 1 register 488, stage 2 register 492,
and a stage 3 registers (not shown)). In above example, FIFO 450 twice the maximum
recall look back length, but in other embodiments it could be other lengths such as more

than twice the maximum recall look back length.

[00131] An exemplary embodiment of the snapshot solution can include snapshot
registers for selected registers (or memory or any storage element) of the design module.
In an aspect, all registers are replicated. In another aspect, only selected registers are
replicated. The replicated module also includes delay circuit, for example, a FIFO, to
store the input data of the design module. The depth of the delay circuit should be
adequate for the period of the snapshot pulse. If there is a plurality of snapshot registers
for each design register, the depth of the delay circuit is a multiple of the snapshot period.
Replicated circuit for the selected memory portions of the design module can also be
provided, together with control circuitry for accessing the memory content, with optional
delay circuit for the input of the replicated memory. When the trigger condition occurs,
the memory and the snapshot registers might not correlated with each other. In that case,
the memory content is clocked a certain number of clock cycles to match with the timing

of the snapshot registers.
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[00132] FIG. 27 illustrates some alternative circuitry that may be used in some
snapshot solutions. With reference to FIG. 27, consider an original design including a
register or memory element such as a flip-flop followed by logic and another flip-flop
similar to flip-flop 544, logic 548, and flip-flop 552. The additional components of FIG.

27 are provided to implement a snapshot solution.

[00133] Input signals are provided to a flip-flop 544 and a FIFO 542, both of which are
clocked by a clock signal. Of course, there may be many signal paths, where flip-flop
544 handles only one of them. The output of flip-flop 544 is provided to logic 548, the
output of which is provided to a flip-flop 552, which provides a data out signal. The
outputs of flip-flops 552 and 544 are provided to flip-flops 554 and 556, which in turn
provide them to flip-flops 558 and 560. A snapshot pulse clocks flip-flops 554, 558, 556,
and 560. In some embodiments, the designer can choose the frequency of snapshot
pulses. Once the trigger condition is detected, the snapshot pulses stop. The outputs of
flip-flops 558 and 560 provide initial condition signals and FIFO 542 holds input signals
for the simulators in response to a trigger signal. The initial condition signals and input
signals may be scanned out to a computer or other external tester equipment and

reformatted and presented to a simulator for circuit simulation.

[00134] One issue with the snapshot solution is that a trigger condition can happen at
any time. In the mean time, the snapshot pulses may, but do not have to, occur at regular
intervals. If the buffer depth is 256, a snapshot pulse will occur every 256 clock cycles.
The trigger may happen any time between the 1st and 255th clock cycle after a snapshot
pulse. If there is only a single flip-flop buffer, there may be up to 255 clock cycles, but
typically would be less before a trigger condition. By adding flip-flops 558 and 560, the
snapshot results are pipelined for another snapshot period (in this case 256 cycles) so that
between 256 and 512 cycles samples are gathered. The depth of FIFO 542 may likewise
be double. Additional circuit might be further provided to fast forward the memory

content to match the timing of the snapshot registers.

[00135] The snapshot solution may be implemented in various other embodiments

having some details different than shown and described above.

[00136] The snapshot solutions may be used in connection with the features mentioned

in section III. The features of some sections may also be used in the same chip, but they
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might not be directly a part of the snapshot approach. However, an additional feature for
some embodiments of the snapshot solutions may involve a method to handle various
forms of RAM in design (original) logic by routing the output of the RAM into FIFOs. In
some embodiments, the FIFOs may be read by the system computer and used as outputs

from the RAM in software simulation.
V. Time Division Multiplexer Solutions

[00137] There are various ways in which to implement time division multiplexer
(TDM) solutions. This approach creates a time multiplexed channel system, and uses the
second channel to maintain the states for all of the registers and memory elements of the
delayed replicated logic. Additional logic for the TDM solution can be included in the
original design module, with the circuit surrounded by a multiplexer/demultiplexer pair.
The data from the original path is connected to one input of the multiplexer, while the
same data path, but delayed through a delay FIFO, is connected to the other input. The
multiplexer combines both the original data and the delayed data into a same data path
through the design logic, running by time multiplexing. Typically, a clock running at
twice the speed is used to clock the design logic for both the data and the delayed data.
For example, every even cycle, the original data is multiplexed into the design module
pipeline while every odd cycle the delayed data is multiplexed in. The demultiplexer
separates the data back into their respective data streams. When the trigger condition is
detected, the circuit is frozen and the values at the delay output data stream are captured

to serve as initial conditions for the debug simulation.

[00138] In an embodiment, in a time division multiplexer solution, the initial
conditions and input signals related to a trigger condition can be provided as follows. An
input signal is delayed, such as through a FIFO. The input signal and the delayed input
signal are multiplexed and provided to logic and then demultiplexed. The delayed output
signal includes initial condition signals. The initial condition signals from the delayed
output signal, and input signal can be examined in a simulator to, for example, identify
the cause of a trigger condition. The time division multiplexer solution may be called a
cloning in time solution. The logic does not need to be replicated, which results in

considerable savings in chip space and design time.
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[00139] As an example, FIG. 28 illustrates a chip 614 which is an example of chip 14
in FIG. 1 or chip 38 in FIG. 2. FIG. 29 provides a timing diagram for some signals in
some embodiments of FIG. 28, and FIG. 30 provides a timing diagram for some signals in

other embodiments of FIG. 28.

[00140] Referring to FIGS. 28 and 29, design circuitry (or original circuitry) includes
registers 624, logic 638, and registers 644. To provide initial conditions and input
signals, a FIF O 628, multiplexer circuitry 634, demultiplexer circuitry 642, registers 648
~ and interconnections are added by at least one program (for example, FIG. 3, block 52)
that revises and makes additions to the design circuitry. The program provides external
access to the contents of FIFO 628 and registers 648 for use by a simulator program, for

example, through JTAG.

[00141] Registers 624 and FIFO 628 receive a data input signal (data in). FIFO 628
may have a width equal to the width of the input signals and a depth to provide a desired
delay to the input signal. The registers may be flip-flops. Registers 624 provide signals
in cells (or time between possible transitions) T1i, T2i, T3i, etc. where T1i means the first
cell of data to be input into logic 638. FIFO 628 provides signals in cells DT1i, DT2i,
DT3i, etc. where DT1i means the first delayed cell of data to be input into logic 638. As
can be seen, the length of cells T1i, T2i, T3i, etc. and DT1i, DT2i, DT3i, etc. are two
clock periods. This happens if registers 624 and FIFO 624 respond to every other clock
cycle of clock 1. Circuitry can be added to cause this to happen.

[00142] Since FIFO 628 delays signals, the signals out of FIFO 628 for the initial delay
length are invalid data. However, this will not be a problem if the trigger condition does
not happen until after the initial delay is complete. For ease of illustration, in FIG. 29, the
delay through FIFO 628 is only two clock periods of clock 1. However, in practice, the
delay would likely be much greater than two clock periods. For example, it could be

1000 clock periods or higher or lower number of clock periods.

[00143] A multiplexer 634 passes signals from registers 624 to logic 638 during, for
example, odd numbered clock cycles and passes signals from FIFO 628 to logic 638
during even numbered clock cycles. As can be seen, the signals coming out of
multiplexer 634 have a frequency of transitions between data cells that is twice that of the
signals output from registers 624 and FIFO 628. Demultiplexer 642 passes signals
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(T1out, T20ut, etc.) from logic 638 to registers 644 during, for example, odd clock cycles
and passes signals (Invalid, DT1out, DT2out, etc.) from logic 638 to registers 648 during
even clock cycles. Generally, registers 644 and 648 cannot be clocked at the same time,
and thus one needs to be clocked off negative edge of the clock. As can be seen in FIG.
29, the signals coming out of demultiplexer 642 have a cell length that is twice that of
signals in coming into demultiplexer 642. The output of registers 644 can be provided for
various purposes depending on the implementation. In response to a trigger signal, FIFO
628 and registers 648 freeze. The contents of registers 648 can be used as initial
condition signals Tdos1 and the contents of FIFO 628 can be used as input signals Tdos2
for a simulator through, for example, a JTAG interface. Depending on the
implementation, it may take only one clock period for data to pass from multiplexer 634
through logic 638 to a demultiplexer 642. In other embodiments, it may take more than
one clock period. In some embodiments, there may be a one or two cycle delay before
the trigger signal is applied to registers 648. That delay can be considered in deciding

which signals are the initial condition signals.

[00144] The details of FIGS. 28 and 29 are not required for all embodiments. For
example, in some embodiments, logic 638, which typically does contain any registers or
state information, is able to handle data rates equivalent to a 2X clock. In some
embodiments, multiplexer 634 and/or demultiplexer 642 also are clocked by the 2X
clock. Depending on the implementation, other components may also receive the higher

frequency clock. Double or quad data rate signaling may be used.

[00145] FIG. 30 provides a timing diagram for one of the various implementations of
FIG. 28 in which a 2X clock 1 signal is used for clocking. In FIG. 30, the T1i1, T2i etc.
and invalid, DT1i, DT24i, etc. signal cells have a length equal to the clock 1 period.
Multiplexer 634 provides signals T1i, invalid, T2i, invalid, T3i, DT1i, T4i, DT24i, etc.
wherein the cells have a length equal to the one period of 2X clock 1. The Tlout, T2out,
etc. and invalid, invalid, DT 1out, DT2out signals have cells with a length equal to the
period of clock 1. In some embodiments, the signals of FIG. 29 and 30 do not technically

include cells, but the figures still schematically illustrate time between possible transitions

[00146] FIG. 31 illustrates both time division multiplexer circuitry 650 clocked by
clock 1 and second time division multiplexer circuitry 652 clocked by a clock 2. Clocks 1

and 2 may be asynchronous and have different frequencies. Alternatively, clocks 1 and 2
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may be identical or have different frequencies where one is an integer multiple of the
other. Circuitry 650 is the same as circuitry 620 in FIG. 28 but registers 630 are added
which respond to the falling edge. Registers 630 are optional and just illustrate yet
another alternative. Circuitry 652 includes registers 654, FIFO 658 that receive input
signals 2 (data in), and (in some embodiments) registers 660. Multiplexer 664 multiplex
signals from registers 654 and from registers 660 and provides them to logic 668.
Demultiplexer 672 receives output signals from logic 668 and demultiplexes them to
provide signals to registers 674 and 678. When a trigger signal is asserted in response to
a trigger condition, FIFO 658 and registers 678 are frozen and provide input data and
initial conditions for a simulator program. As noted in connection with FIG. 28, different
components of time division multiplexer circuitry 620 may be clocked by clocks with
different frequencies. Likewise, time division multiplexer circuitry 650 and 652 may be

clocked by clocks with different frequencies.

[00147] FIG. 32 illustrates another embodiment of time division multiplexer circuitry.
A flip-flop register 714, logic 720, and register 730 are part of design circuitry. The
additional circuitry of FIG. 32 is provided to gather initial condition and input signals
associated with a trigger condition. In some embodiments, the additional circuitry of
FIG. 32 (and the other figures) is automatically designed by a program(s). In different

implementations, there is different circuit designer involvement in this process.

[00148] FIG. 33 is a timing diagram for the circuitry of FIG. 32. Referring to FIGS. 32
and 33, input signals (data in) T1, T2, T3, T4, etc. are received by a multiplexer 710 and
by a FIFO 704 which provides delayed data in signals TD1, TD2, TD3, TD4 etc. to
multiplexer 710. FIFO 704 has a width to receive multiple parallel data in signals. Flip-
flops registers 712 and 714 are clocked by a 2X clock signal. A 1X clock signal is
derived by divide by 2 circuit 706. (Alternatively, the 2X clock could be generated by
multiplying the 1X clock by 2.) The 1X clock signal clocks FIFO 704, multiplexer 710,
and demultiplexer 724. In a preferred embodiment, logic Logic 720 may be clocked by
the 2X clock, but in other embodiments it is clocked by the 1X clock. Registers 730 and
732 may be clocked by the 1X clock (or in other implementations the 2X clock). As an
example, in every odd cycle, the data is multiplexed in, while every even cycle, the
delayed data is multiplexed in. The output of multiplexer 710 (T1, TD1, T2, TD2, T3,
TD?3) is provided to registers 712 (Q1) to delay the output by one period of the 2X clock
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and provide it to register 714 which likewise delays it by another period of the 2X clock.
At any one time, the pipelined registers 712 and 714 contain data from both data in and
delayed data in inputs to multiplexer 710.

[00149] Logic 720 may provide an output (T1d, TD1d, T2d, TD2d, etc.) of the same
frequency, but further delayed. Demultiplexer 724 may provide the data out signal (T1d,
T2d, T3d, etc.), and the delay data out signal (TD1d, TD2d, TD3d, etc.) at half the
frequency, which are provided to registers 730 and registers 732, respectively. The
circuitry of FIG. 32 is allowed to run until a trigger condition is detected. At that time,
FIFO 704 and registers 732 are frozen and provide the input signals and initial conditions
for the simulation/debug. The time division multiplexer circuitry of FIG. 32 may be

modified in various ways.

[00150] With time division multiplexing, the same design liogic (for example, logic 638
or logic 720) may be used for determining the next state for both the real time registers
and the delayed registers. Twice as much data is processed through the common elements
within a design using the TDM approach versus the original design. If propagation delays
through the common elements are significant, the clock speeds may be reduced to make
sure the circuit functions properly. The TDM solutions may be used in connection with

the features mentioned in section III.
VL Additional information and embodiments

[00151] The inventions are not restricted to any particular type of signaling. The input
and clock signals can be single ended or differential. The clocks may include "eyes."
The clocking can be single data rate, double data rate, quad data rate, etc. In double data
rate, a rising or falling edge of a single clock signal may be used, or two out of phase
clocks may be used. The signals may be packetized or non-packetized. The clock
signal(s) may originate internally or externally to the chip. It may always be separate

from the data signals or be embedded in the data signals and recovered there from.

[00152] The programs described herein (such as in FIG. 3 and those used in connection
with FIGS. 4 and 5) for designing, configuring, fabricating, operating, debugging,
gathering initial condition signals and input signals for simulating may be provided over
the Internet (such as through downloaded signals) or through a storage medium such as a
CD ROM, DVD, flash memory, or other memory. Once received, the programs can be
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stored in computer memory or other memory. In some embodiments, instructions to
perform the functions in the chips are hardwired into the circuits. In other embodiments,
at least some of the functions may be initiated through firmware and/software. Such
firmware or software can be provided over the Internet or through a storage medium such
as a CD ROM, DVD, flash memory, or other memory. In some cases, logic includes only
circuitry and in other cases, logic includes circuitry that operates in response to software

or firmware.

[00153] The figures are schematic in nature and not intended to necessarily represent
actual circuit layouts. Further, in actual implementations, there will be various additional
circuitries in the chips and there may be circuitry between circuitry illustrated in the
figures. The illustrated components may have various additional inputs and outputs.
Various embodiments of the inventions may include details different than those illustrated

and .described herein.

[00154] Although registers are a type of memory, they hold one bit at a time and the
memories referred to in this disclosure hold more than one bit at a time. In some figures,
a single register (or flip-flop) is illustrated as receiving an input signal. However, these
registers could represent multiple parallel registers receiving parallel data bits. For
example, in FIG. 25, design register A1, stage 1 register 488, and stage 2 register 492 can

each represent multiple parallel registers that receive parallel signals.

[00155] In some embodiments, the bit in a register could be a multi-level bit that holds
more than one bit worth of information. That is, in some cases, signals have merely a
high or a low voltage, and in other cases, signals have multiple levels to represent more
than two values per bit. The above described solutions can be modified to incorporate

multi-level signaling.

[00156] In some implementations, the FIFOs have a fixed depth and in others the
FIFOs have a depth than can change after the fabrication or configuration. Counters may
count down to zero or another value, or they may count up from zero or another value.
Many of the methods of the present inventions may be performed with a digital
processing system, such as a conventional, general purpose computer system. Special
purpose computers which are designed or programmed to perform only limited functions
may also be used.
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[00157] If the specification states a component, feature, structure, or characteristic
“may”, “might”, or “could” be included, that particular component, feature, structure, or
characteristic is not required to be included. If the specification or claim refers to “a”

structure, that does not mean there is only one of the structure.

[00158] One embodiment of the present invention may be a circuit design and
synthesis computer aided design software that is implemented as a computer program
which is stored in a machine readable media, such as a CD ROM or a magnetic hard disk
or an optical disk or various other alternative storage devices. Further, many of the
methods of the present invention may be performed with a digital processing system, such
as a conventional, general purpose computer system. Special purpose computers which

are designed or programmed to perform only one function may also be used.

[00159] Fig. 34 shows one example of a typical computer system which may be used
with the present invention. The computer system can be used to perform logic synthesis
of a design that is described in an HDL code. Note that while Fig. 34 illustrates various
components of a computer system, it is not intended to represent any particular
architecture or manner of interconnecting the components as such details are not germane
to the present invention. It should be noted that the architecture of Fig. 34 is provided for
purposes of illustration only and that a computer system or other digital processing
system used in conjunction with the present invention is not limited to this specific
architecture. It will also be appreciated that network computers and other data processing
systems which have fewer components or perhaps more components may also be used
with the present invention. The computer system of Fig. 34 may, for example, be an IBM

or an Apple Macintosh computer.

[00160] As shown in Fig. 34, the computer system 1101, which is a form of a data
processing system, includes a bus 1102 which is coupled to a microprocessor 1103 and a
ROM 1107 and volatile RAM 1105 and a non-volatile memory 1106. The microprocessor
1103, which may be a microprocessor from Intel or Motorola, Inc. or IBM, is coupled to
cache memory 1104. The bus 1102 interconnects these various components together and
also interconnects these components 1103, 1107, 1105, and 1106 to a display controller
and display device 1108 and to peripheral devices such as input/output (I/O) devices
which may be mice, keyboards, modems, network interfaces, printers, scanners, video

cameras and other devices which are well known in the art. Typically, the input/output

42



WO 2008/140778 PCT/US2008/005989

devices 1110 are coupled to the system through input/output controllers 1109. The 4
volatile RAM 1105 is typically implemented as dynamic RAM (DRAM) which requires
power continually in order to refresh or maintain the data in the memory. The non-volatile
memory 1106 is typically a magnetic hard drive or a magnetic optical drive or an optical
drive or a DVD RAM or other type of memory systems which maintain data even after
power is removed from the system. Typically, the non-volatile memory will also be a
random access memory although this is not required. While Fig. 34 shows that the non-
volatile memory is a local device coupled directly to the rest of the components in the
data processing system, it will be appreciated that the present invention may utilize a non-
volatile memory which is remote from the system, such as a network storage device
which is coupled to the data processing system through a network interface such as a
modem or Ethernet interface. The bus 1102 may include one or more buses connected to
each other through various bridges, controllers and/or adapters as is well known in the art.
In one embodiment the I/O controller 1109 includes a USB (Universal Serial Bus) adapter
for controlling USB peripherals, and/or an IEEE-1394 bus adapter for controlling IEEE-
1394 peripherals.

[00161] It will be apparent from this description that aspects of the present invention
may be embodied, at least in part, in software. That is, the techniques may be carried out
in a computer system or other data processing system in response to its processor, such as
a microprocessor, executing sequences of instructions contained in a memory, such as
ROM 1107, volatile RAM 1105, non-volatile memory 1106, cache 1104 or a remote
storage device. In various embodiments, hardwired circuitry may be used in combination
with software instructions to implement the present invention. Thus, the techniques are
not limited to any specific combination of hardware circuitry and software, nor to any
particular source for the instructions executed by the data processing system. In addition,
throughout this description, various functions and operations are described as being
performed by or caused by software code to simplify description. However, those skilled
in the art will recognize what is meant by such expressions is that the functions result

from execution of the code by a processor, such as the microprocessor 1103.

[00162] A machine readable medium can be used to store software and data which
when executed by a data processing system causes the system to perform various methods

of the present invention. This executable software and data may be stored in various
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places including for example ROM 1107, volatile RAM 1105, non-volatile memory 1106
and/or cache 1104. Portions of this software and/or data may be stored in any one of these

storage devices.

[00163] Thus, a machine readable medium includes any mechanism that provides (i.e.,
stores and/or transmits) information in a form accessible by a machine (e.g., a computer,
network device, personal digital assistant, manufacturing tool, any device with a set of
one or more processors, etc.). For example, a machine readable medium includes
recordable/non-recordable media (e.g., read only memory (ROM); random access
memory (RAM); magnetic disk storage media; optical storage media; flash memory
devices; etc.), as well as electrical, optical, acoustical or other forms of propagated signals

(e.g., carrier waves, infrared signals, digital signals, etc.); etc.

[00164] While the invention has been described in terms of several embodiments, the
invention should not be limited to only those embodiments described, but can be
practiced with modification and alteration within the spirit and scope of the appended

claims. The description is thus to be regarded as illustrative instead of limiting.
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IN THE CLAIMS

What is claimed is:

1. A method comprising:
receiving initial condition signals from a circuitry in a chip; and
correlating values of at least some of the initial condition signals with objects
in a hardware description language (HDL) used in a simulation, wherein

the HDL was used in describing at least some of the circuitry in the chip.

2. The method of claim 1, wherein the circuitry includes a design logic and the

initial condition signals are provided by a replicated logic in the circuitry.

3. The method of claim 2, wherein additional initial condition signals are received

from another source.

4. The method of claim 1, wherein the circuitry includes a design memory and
design registers and the initial condition signals are provided by a replicated

memory and replicated registers in the circuitry.

5. The method of claim 1, further comprising prohibiting sequential optimization

within a compiler software used to correlate an HDL design into netlists.

6. The method of claim 1, wherein formal verification flow techniques are used in

correlating the initial condition signals.
7. The method of claim 1, wherein a portion of the circuitry is a replicated circuitry

generated in part through hardware substitutions and the method further

comprises correlating values of some of the initial condition signals by generating
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10.

11.

12.

13.

a list of hardware substitutions and using the list to trace back signal names and

values from a physical implementation to HDL representations for the simulation.

The method of claim 7, wherein some of the hardware substitutions in the
replicated circuitry include an original circuitry used with a control circuitry and a
signal access circuitry to give access to states that are unexposed in the original

circuitry.

The method of claim 7, wherein the original circuitry includes at least one of

Xilinx SRL 16 shift registers and Altera Altshifttap shift registers.

The method of claim 1, wherein the circuitry provides the initial conditions in

response to a trigger condition.

An apparatus comprising a machine readable medium that contains instructions
which when executed cause a computer to perform a method including:
receiving initial condition signals from a circuitry in a chip; and
correlating values of at least some of the initial condition signals with objects
in a hardware description language (HDL) used in a simulation, wherein

the HDL was used in describing at least some of the circuitry in the chip.

The apparatus of claim 11, wherein the circuitry includes a design logic and the

initial condition signals are provided by a replicated logic in the circuitry.
The apparatus of claim 11, wherein the circuitry includes a design memory and

design registers and the initial condition signals are provided by a replicated

memory and replicated registers in the circuitry.
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14.

15.

16.

17.

18.

19.

The apparatus of claim 11, wherein formal verification flow techniques are used

in correlating the initial condition signals.

The apparatus of claim 11, wherein a portion of the circuitry is a replicated
circuitry generated in part through hardware substitutions and the method further
comprises correlating values of some of the initial condition signals by generating
a list of hardware substitutions and using the list to trace back signal names and

values from a physical implementation to HDL representations for the simulation.

The apparatus of claim 15, wherein some of the hardware substitutions in the
replicated circuitry include an original circuitry used with a control circuitry and a
signal access circuitry to give access to states that are unexposed in the original

circuitry.

The apparatus of claim 11, wherein the circuitry provides the initial conditions in

response to a trigger condition.

A method comprising:
receiving descriptions of a design circuitry;
selecting a portion of the design circuitry; and
replicating the selected portion of the circuitry,
wherein the replicated portion of the circuitry preserves the functionality and
is different than the selected portion of the design circuitry for facilitating
debugging or for simplifying the replicated circuitry.

The method of claim 18, wherein replicating the selected portion of the circuitry

comprises prohibiting sequential optimization for ease of correlating data from the

replicated portion of the circuitry with descriptions of the design circuitry.
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20.

21.

22.

23.

24.

25.

The method of claim 18, wherein replicating the selected portion of the circuitry
comprises generating in part through hardware substitutions, and wherein the
hardware substitutions is documented for correlating data from the replicated

portion of the circuitry with descriptions of the design circuitry.

The method of claim 18, wherein replicating the selected portion of the circuitry
comprises adding an access circuitry to give access to states that are unexposed in

the design circuitry.

The method of claim 18, wherein replicating the selected portion of the circuitry
comprises adding a control circuitry to serially scan out the states of the replicated

circuitry.

The method of claim 18, wherein replicating the selected portion of the design
circuitry comprises substituting a functional equivalent replicated circuitry with

access to states that are unexposed in the design circuitry.

The method of claim 18, wherein replicating the selected portion of the circuitry
comprises omitting replicating an unknown logic module of the selected portion
of the design circuitry and providing the outputs of the unknown logic module of
the design circuitry as an input to the respective location within the replicated

circuitry.

The method of claim 24, further comprising a delay logic between the outputs of
the unknown logic module of the design circuitry and the input to the respective
location within the replicated circuitry to account for the overall replicated logic

delay.
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26.

27.

28.

29.

30.

31.

An apparatus comprising a machine readable medium that contains instructions
which when executed cause a computer to perform a method including:
receiving descriptions of a design circuitry;
selecting a portion of the design circuitry; and
replicating the selected portion of the circuitry,
wherein the replicated portion of the circuitry preserves the functionality and
is different than the selected portion of the design circuitry for facilitating
debugging or for simplifying the replicated circuitry.

The apparatus of claim 26, wherein replicating the selected portion of the circuitry
comprises prohibiting sequential optimization for ease of correlating data from the

replicated portion of the circuitry with descriptions of the design circuitry.

The apparatus of claim 26, wherein replicating the selected portion of the circuitry
comprises generating in part through hardware substitutions, and wherein the
hardware substitutions is documented for correlating data from the replicated

portion of the circuitry with descriptions of the design circuitry.

The apparatus of claim 26, wherein replicating the selected portion of the circuitry
comprises adding an access circuitry to give access to states that are unexposed in

the design circuitry.

The apparatus of claim 26, wherein replicating the selected portion of the circuitry
comprises adding a control circuitry to serially scan out the states of the replicated

circuitry.
The apparatus of claim 26, wherein replicating the selected portion of the design

circuitry comprises substituting a functional equivalent replicated circuitry with

access to states that are unexposed in the design circuitry.
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32.

33.

34.

35.

36.

37.

The apparatus of claim 26, wherein replicating the selected portion of the circuitry
comprises omitting replicating an unknown logic module of the selected portion
of the design circuitry and providing the outputs of the unknown logic module of
the design circuitry as an input to the respective location within the replicated

circuitry.

The apparatus of claim 32, further comprising a delay logic between the outputs
of the unknown logic module of the design circuitry and the input to the
respective location within the replicated circuitry to account for the overall

replicated logic delay.

A method comprising:
receiving descriptions of a circuitry including a design storage element; and
generating additional descriptions including descriptions of a replicated
storage element, wherein the replicated storage element includes an
original storage circuitry and an access circuitry to give access to states

that are unexposed in the original storage circuitry.
The method of claim 34, wherein the design storage element and the replicated
storage element each include a random access memory and the access circuitry

allows reading out the memory content to an external device.

The method of claim 34, wherein the design storage element and the replicated

storage element each include a proprietary logic module memory.

The method of claim 34, wherein the proprietary logic module memory is a shift

register memory.

50



WO 2008/140778 PCT/US2008/005989

38.

39.

40.

41.

42.

43.

The method of claim 34, wherein the design storage element includes a
proprietary logic module memory, and the replicated storage element includes an
equivalent memory circuitry which is functional equivalent to the proprietary

logic module memory.

The method of claim 34, wherein the design and replicated storage elements are in

a single chip.

The method of claim 34, further comprising a control circuitry to serially scan out

the content of the replicated storage element through the access circuitry.

The method of claim 34, wherein the additional descriptions include descriptions
of an input signal storage circuitry to store the memory and register input signals

and to provide at least some of the stored signals as input signals for a simulation.

The method of claim 41, wherein the input signal storage circuitry includes a first-

in first-out circuitry.

An apparatus comprising a machine readable medium that contains instructions
which when executed cause a computer to:
receive descriptions of a circuitry including a design storage element; and
generate additional descriptions including descriptions of a replicated storage
element as part of a hardware substitution, wherein the replicated storage
element includes an original storage circuitry used with a control circuitry
and a signal access circuitry to give access to states that are unexposed in

the original storage circuitry.

51



WO 2008/140778 PCT/US2008/005989

44,

45.

46.

47.

48.

49.

The apparatus of claim 43, wherein the design storage element and the replicated
storage element each include a random access memory and the access circuitry

allows reading out the memory content to an external device.

The apparatus of claim 43, wherein the design storage element includes a
proprietary logic module memory, and the replicated storage element includes an
equivalent memory circuitry which is functional equivalent to the proprietary

logic module memory.

The apparatus of claim 43, further comprising a control circuitry to serially scan

out the content of the replicated storage element through the access circuitry.

The method of claim 43, further comprising an input signal storage circuitry to
store the memory and register input signals and to provide at least some of the

stored signals as input signals for a simulation.

The method of claim 47, wherein the input signal storage circuitry includes a first-

in first-out circuitry.

A method comprising:

receiving descriptions of a circuitry including a design module including a
first circuitry with some undescribed circuit details to provide signals to a
design logic; and

generating additional descriptions including descriptions of a replicated
module including a replicated logic that is a replication of the design logic,
the replicated module omitting replicating the first circuitry, and a delay
circuitry to receive output signals from the undescribed circuit of the first
circuitry, wherein the output of the delay circuitry is provided to the

corresponding locations in the replicated logic.
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50.

51.

52.

53.

54.

55.

56.

The method of claim 49, wherein the design module further includes an additional
logic to provide signals to the first circuitry and wherein the replicated module
includes an additional logic that is a replication of the additional logic in the

design module.

The method of claim 49, further comprising a control circuitry to collect data

from the replicated additional logic.

The method of claim 49, wherein the design and replicated modules are in a

single chip.

The method of claim 49, wherein the design and replicated modules are in

different chips.

The method of claim 49, wherein the additional descriptions include descriptions
of an input signal storage circuitry to store the memory and register input signals

and to provide at least some of the stored signals as input signals for a simulation.

The method of claim 54, wherein the input signal storage circuitry includes a first-

in first-out circuitry.

An apparatus comprising a machine readable medium that contains instructions
which when executed cause a computer to:
receive descriptions of a circuitry including a design module including a first
circuitry with some undescribed circuit details to provide signals to a
design logic; and
generate additional descriptions including descriptions of a replicated module

including a replicated logic that is a replication of the design logic, and a
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57.

58.

59.

60.

61.

62.

delay circuitry to receive output signals from the undescribed circuit of the
first circuitry, wherein the output of the delay circuitry is provided to the

corresponding locations in the replicated logic.

The apparatus of claim 56, wherein the design module further includes an
additional logic to provide signals to the first circuitry and wherein the replicated
module includes an additional logic that is a replication of the additional logic in

the design module, and the delay circuitry includes a first-in first-out circuitry.

The apparatus of claim 56, further comprising a control circuitry to collect data

from the replicated additional logic.

The apparatus of claim 56, further comprising an input signal storage circuitry to
store the memory and register input signals and to provide at least some of the

stored signals as input signals for the simulation.

The apparatus of claim 59, wherein the input signal storage circuitry includes a

first-in first-out circuitry.

A method comprising:
receiving descriptions of a circuitry including a design circuitry; and
generating additional descriptions including descriptions of a replicated

circuitry to be provided in a different chip than the design circuitry.

The method of claim 61, further comprising receiving descriptions of an
additional circuitry including an additional design circuitry in at least one
additional chip, and generating further additional descriptions including
descriptions of an additional replicated circuitry to be provided in multiple chips

that are different than the chips including the design circuitry.

54



WO 2008/140778 PCT/US2008/005989

63.

64.

65.

66.

67.

68.

The method of claim 61, wherein the design circuitry includes a design logic and
the replicated circuitry includes a replicated logic to provide initial condition

signals for a simulator.

The method of claim 61, wherein the design circuitry includes a design memory
and design registers and the replicated circuitry includes a replicated memory and

replicated registers to provide initial condition signals for a simulator.

An apparatus comprising a machine readable medium that contains instructions
which when executed cause a computer to:

receive descriptions of circuitry including a design circuitry; and

generate additional descriptions including descriptions of a replicated circuitry

to be provided in a different chip than the design circuitry.

The apparatus of claim 65, further comprising receiving descriptions of an
additional circuitry including an additional design circuitry in at least one
additional chip, and generating further additional descriptions including
descriptions of an additional replicated circuitry to be provided in multiple chips

that are different than the chips including the design circuitry.

The apparatus of claim 65, wherein the design circuitry includes a design logic
and the replicated circuitry includes a replicated logic to provide initial condition

signals for a simulator.
The apparatus of claim 65, wherein the design circuitry includes a design memory

and design registers and the replicated circuitry includes a replicated memory and

replicated registers to provide initial condition signals for a simulator.
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