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CHIP INSTRUMENTATION FOR IN-SITU
CLOCK DOMAIN CHARACTERIZATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This nonprovisional application is a continuation of
application Ser. No. 13/927,836 titled “Chip Instrumentation
For In-Situ Clock Domain Characterization,” filed 26 Jun.
2013, which claims the benefit of U.S. Provisional Applica-
tion 61/829,915, filed 31 May 2013, titled “Chip Instrumen-
tation For In-Situ Clock Domain Characterization,” the
entirety of all of which are hereby incorporated by reference.

FIELD OF THE INVENTION

[0002] The present disclosure relates generally to inte-
grated circuits, and more particularly to the determination of
operating speeds of integrated circuits and to the operation of
those integrated circuits at the individually determined oper-
ating speeds.

BACKGROUND

[0003] Semiconductor manufacturing processes have
advanced dramatically over the years in terms of producing
smaller and faster circuit elements such as transistors as well
as interconnections between transistors. These smaller and
faster circuit elements enable the design and production of
chips with higher operating speeds than was possible with
chips manufactured with previous generations of semicon-
ductor manufacturing processes.

[0004] Chips with the ability to operate at high speeds have
led to products that create and communicate vast amounts of
data. In turn, the need to process, store, retrieve, transfer and
communicate large amounts of data creates a general need for
chips to operate on the data as fast as possible.

[0005] Semiconductor manufacturing processes are
designed to produce chips where the electrical characteristics
of the circuit elements have a nominal value. But, it is well
known that in any given semiconductor manufacturing pro-
cess that there is variability in each of the manufacturing
steps. This variability results in a distribution of values for the
various electrical characteristics of the circuit elements. Chip
designers often take the distribution of values into account by
designing for a set of electrical characteristics that are con-
sidered to be the worst-case. Designing in this way typically
ensures that even if the variations in manufacturing produce a
chip that is “slow,” the chip will still operate fast enough to
meet its specifications. This design methodology also typi-
cally ensures that when the variations in the manufacturing
process produce a chip that is “fast,” the chip is typically
capable of operating faster than its specification requires.
[0006] That semiconductor manufacturing processes pro-
duce a distribution of parts having different operating speed
capabilities is well known. Manufacturers often test newly
manufactured chips not just to determine whether these chips
are functional, but to further determine how fast they can
operate. Functional chips that operate in different speed
ranges can be sorted out during testing—a process referred to
as binning—and the higher speed chips are then typically sold
for a premium.

[0007] Unfortunately, as chips have become increasingly
more complex, testing and binning have become more com-
plex. Complexity in testing increases the cost of producing
chips.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Embodiments are described with reference to the
accompanying drawings. In the drawings, like reference
numbers indicate identical or functionally similar elements.
Additionally, the left most digit(s) of a reference number
identifies the drawing in which the reference number first
appears.

[0009] FIG.1is ahighlevel block diagram of a chip having
multiple clock domains and multiple speed test blocks.

[0010] FIG. 2 is a flow diagram of a method of determining
an operating speed different than a nominally specified oper-
ating speed for a chip.

[0011] FIG. 3 is a schematic diagram of a circuit for mea-
suring an unknown frequency for a known duration.

[0012] FIG. 4 is a schematic diagram of an alternative cir-
cuit for measuring an unknown frequency for a known dura-
tion.

[0013] FIG. 5 is a schematic diagram of a circuit for mea-
suring a known frequency for an unknown duration.

[0014] The figures illustrate various components, their
arrangements, and interconnections. Unless expressly stated
to the contrary, the figures are not necessarily drawn to scale.

DETAILED DESCRIPTION

[0015] The following Detailed Description refers to the
accompanying drawings to illustrate exemplary embodi-
ments. References in the Detailed Description to “one exem-
plary embodiment,” “an illustrative embodiment,” “an exem-
plary embodiment,” and so on, indicate that the exemplary
embodiment described may include a particular feature,
structure, or characteristic, but every exemplary embodiment
may not necessarily include the particular feature, structure,
or characteristic. Moreover, such phrases are not necessarily
referring to the same exemplary embodiment. Further, when
a particular feature, structure, or characteristic is described in
connection with an exemplary embodiment, it is within the
knowledge of those skilled in the relevant art(s) to affect such
feature, structure, or characteristic in connection with other
exemplary embodiments whether or not explicitly described.

[0016] The exemplary embodiments described herein are
provided for illustrative purposes, and are not limiting. Other
exemplary embodiments are possible, and modifications may
be made to the exemplary embodiments within the spirit and
scope of the disclosure.

[0017] The following Detailed Description of the exem-
plary embodiments will so fully reveal their general nature
that, by applying knowledge of those skilled in relevant art(s),
readily modify and/or adapt for various applications such
exemplary embodiments, without undue experimentation,
without departing from the spirit and scope of the disclosure.
Therefore, such adaptations and modifications are intended to
be within the meaning and plurality of equivalents of the
exemplary embodiments based upon the teaching and guid-
ance presented herein. It is to be understood that the phrase-
ology or terminology herein is for the purpose of description
and not of limitation, such that the terminology or phraseol-
ogy of the present specification is to be interpreted by those
skilled in relevant art(s) in light of the teachings herein.

[0018]

[0019] Theterms, chip, die, integrated circuit, semiconduc-
tor device, and microelectronic device, are often used inter-

Terminology
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changeably in the field of electronics. The present disclosure
is applicable to all the above as these terms are generally
understood in the field.

[0020] The terms metal line, trace, wire, conductor, signal
path and signaling medium are all related. The related terms
listed above, are generally interchangeable, and appear in
order from specific to general. In this field, metal lines are
sometimes referred to as traces, wires, lines, interconnect or
simply metal. Metal lines, such as aluminum (Al), copper
(Cu),an alloy of Al and Cu, an alloy of Al, Cu and silicon (Si),
tungsten (W), and nickel (Ni) are examples of conductors that
may provide signal paths for coupling or interconnecting,
electrical circuitry. Other conductors, both metal and non-
metal are available in microelectronic devices. Materials such
as gold, cobalt, doped polysilicon, doped single-crystal sili-
con (often referred to simply as diffusion, regardless of
whether such doping is achieved by thermal diffusion or ion
implantation), titanium (T1), molybdenum (Mo), and refrac-
tory metal silicides are examples of other conductors. This list
of conductors is exemplary and is not intended to be exhaus-
tive.

[0021] FET, as used herein, refers to metal-oxide-semicon-
ductor field effect transistors (MOSFETs). An n-channel FET
is referred to herein as an NFET. A p-channel FET is referred
to herein as a PFET.

[0022] As used herein, “gate” refers to the insulated gate
terminal of a FET.

[0023] Source/drain (S/D) terminals refer to the terminals
of a FET, between which conduction occurs under the influ-
ence of an electric field, subsequent to the inversion of the
semiconductor surface under the influence of an electric field
resulting from a voltage applied to the gate terminal of the
FET. Generally, the source and drain terminals of a FET are
fabricated such that they are geometrically symmetrical. With
geometrically symmetrical source and drain terminals it is
common to simply refer to these terminals as source/drain
terminals, and this nomenclature is used herein. Designers
often designate a particular source/drain terminal to be a
“source” or a “drain” on the basis of the voltage to be applied
to that terminal when the FET is operated in a circuit.

[0024] The terms contact and via, both refer to structures
for electrical connection of conductors from different levels
of a chip. By way of example and not limitation, such elec-
trical connections may be made between two metal lines on
different interconnect levels of a chip, between a polysilicon
line and a metal line, between a S/D junction and a metal line,
and so on. These terms are sometimes used in the art to
describe both an opening in an insulator in which the structure
will be completed, and the completed structure itself. For
purposes of this disclosure, contact and via both refer to the
completed structure. Further, for purposes of this disclosure,
contact refers to the structure used to form a connection
between polysilicon or S/D junction and the first layer of
metal; and via refers to the structure used to form a connection
between metal layers.

[0025] RAM is an acronym for Random Access Memory.
The most commonly used RAM circuits are volatile memo-
ries. Two common RAM types are static and dynamic. Many
chips include static RAM circuits, dynamic RAM circuits, or
both.

[0026] ROM is an acronym for Read Only Memory. ROMs
are a non-volatile form of memory. Data is typically pro-
grammed into a ROM during the manufacturing process.
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[0027] Substrate, as used herein, refers to the physical
object that is the basic workpiece transformed by various
process operations into the desired microelectronic configu-
ration. A substrate may also be referred to as a wafer. Wafers,
may be made of semiconducting, non-semiconducting, or
combinations of semiconducting and non-semiconducting
materials.

[0028] The term vertical, as used herein, means substan-
tially perpendicular to the surface of a substrate.

[0029] As used herein, expressions such as operating
speed, operating frequency, specified operating speed, base
line speed, nominal speed, nominal operating frequency, and
similar expressions are equivalent. In the case of digital cir-
cuits, these expressions all relate to the amount of time for one
or more signals to propagate through a circuit path. The
specification of a digital chip’s operating speed, or frequency,
is commonly based on the knowledge of two things: (1) the
speed distribution over the range of manufacturing tolerances
of the process in which the chip is fabricated, and (2) the
smallest amount of time needed for one or more signals to
propagate through a critical circuit path. The operating speed
is then specified so that the critical path on chips at the slow
end of the speed distribution still has enough time to function
correctly.

[0030] It is noted that whenever this disclosure refers to
producing or providing a particular voltage, it should be
understood that in addition to that particular voltage, such an
expression also includes a range of voltages within an error
range that is tolerable for the proper operation of the circuit
being discussed.

[0031]

[0032] Various illustrative embodiments are described in
which a chip is provided with the resources, typically cir-
cuitry, needed to determine whether one or more portions of
the chip can be operated at a speed greater than the chip’s
nominally specified operational speed. In other illustrative
embodiments, the chip may use that determination to dynami-
cally adjust its operating speed. In still further embodiments,
the chip provides information on its speed capabilities to a
system within which it operates, and adjusts its operating
speed in response to commands received from the system.

[0033] Successfully operating, as used herein, means oper-
ating at a frequency different from the nominal operating
frequency without introducing errors into a chip’s function-
ality.

[0034] FIG. 1 shows the generalized architecture of an
exemplary chip. FIG. 1is a high-level block diagram of a chip
102 that includes a plurality of clock domains 104-1, 104-2, .
.. and 104-n. Exemplary chip 102 further includes a plurality
of speed test circuits 105-1, 105-2, . . . and 105-%. In this
generalized architecture, each clock domain 104 has an asso-
ciated speed test block 105. In some embodiments, a single
speed test block may be used for multiple clock domains.

[0035] Not all chips have multiple clock domains; rather
some embodiments may have a single clock domain. It is
noted that in embodiments with two or more clock domains,
speed test circuits may be associated with one or more of
those clock domains. That is, for chips with multiple clock
domains, it is not required that every clock domain have speed
test circuits associated therewith. As discussed in greater
detail below, speed test circuits 105 may be based on critical
circuit path modeling, or based on electrical parameter char-
acterization.

Overview
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[0036]

[0037] As noted above, various embodiments provide on-
chip resources useful for determining whether the chip, or at
least portions of the chip, may be successfully operated at a
speed different than the chip’s specified nominal operating
speed. Inclusion of these on-chip resources may be referred to
as instrumenting the chip. To improve the accuracy of the
results provided by the on-chip resources, careful placement
of the resources is helpful. For example, because electrical
interference may occur in a localized manner, the on-chip
resources should be disposed such that they are affected in
substantially the same manner as the circuits for which the
resources are used to determine an operating speed. Similarly,
temperature, which affects transistor speed, is impacted not
just by the environment of the chip as a whole, but also by
localized heating. Localized heating on a chip is closely tied
to both physical layout and to circuit operation. Thus place-
ment of the “instrumentation” so as to experience the same
localized heating is helpful in making the results obtained
from the instrumentation as accurate as possible.

[0038] Insomeembodiments, a critical circuit path is dupli-
cated on the chip. The duplicate critical circuit path is copied
so that its electrical performance very closely, if not identi-
cally, matches the electrical performance of the actual critical
circuit path. Matching may include copying the physical lay-
out of the actual critical circuit path, including transistor
types, transistor sizes, transistor biasing processes at the mask
and/or wafer level, interconnect materials, contact and/or via
structures, orientation, power and ground connections, and so
on. The various levels of interconnect should have the same
relationship vertically and laterally to all the other layers as
the interconnect in the actual critical circuit path. Matching
may further include exposing the duplicated critical circuit
path to the same, or substantially the same, capacitive cou-
pling interference (sometimes referred to as cross-talk). Fur-
ther, matching may include placing the duplicate critical cir-
cuit path on the chip in a way that it is similarly exposed to
process variations during manufacturing (e.g., oriented so as
to be subject to misalignment errors in the same way that the
actual critical circuit path is subject to misalignment errors).

[0039] There is no limitation on the type of circuitry that
constitutes a critical circuit path. In many exemplary embodi-
ments, the critical circuit path is made of logic gates. In other
exemplary embodiments, the critical circuit path may be
made of RAM or ROM circuits. In still other exemplary
embodiments, various combinations of RAM, ROM or logic
gates make up the critical paths.

[0040] The duplicated critical circuit path may be operated
at speeds different from—typically faster than—the specified
nominal operating speed. To determine the highest speed at
which the critical circuit path of the chip can be successfully
operated, the duplicated critical circuit path may be operated
at increasingly higher speeds until a failure is detected. In this
way, an upper limit on the operating speed of the actual
critical circuit path is determined.

[0041] It is noted that the highest operating speed is less
than the speed at which failure occurs. Further, the amount by
which a new operating speed is less than the speed at which
failure occurs can be selected in any suitable manner. By way
of example and not limitation, a fixed amount less than the
speed at which failure is detected may be used. Providing
such margin is simply prudent engineering. Alternatively, the
delta in operating speed from failure speed to highest suc-

In-Situ Speed Testing by Functional Failure
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cessful operating speed may be scaled based on the difference
between the nominal operating speed and the failure speed.
[0042] Once the highest successful operating speed is
determined, information that represents, or defines, this speed
can be provided to the system in which the chip operates and
the system can make the decision as to whether the operating
speed is to be changed. Alternatively, this information can be
used internally by the chip to automatically change the oper-
ating speed.

[0043] The change in operating speed may be implemented
by providing control information to the clock generation cir-
cuits of the chip, or to the clock generation circuits of a
particular clock domain of the chip. In some embodiments,
such control information may be used to modify the operation
of the phase locked loop or the voltage controlled oscillator
found in many clock generator designs. In this way, the in-situ
speed test circuitry provides the information used by the clock
generators on the chip to run the chip at a speed higher than
that nominally specified for the chip.

[0044] In some embodiments, the on-chip resources may
keep a history, or log, of the speed test results or of the
changes in operating speed based on those speed test results.
Such a history or log may be kept in any type of on-chip
memory. By way of example and not limitation, the on-chip
memory may be volatile or non-volatile.

[0045] In-Situ Speed Testing by Device Characterization
[0046] In some embodiments, circuitry that can produce
one or more signals indicative of how fast the chip can suc-
cessfully operate is included on the chip. Including such
on-chip resources may be referred to as “instrumenting” the
chip.

[0047] As noted above, the actual speed capability of an
individual chip depends to some degree on a range of process
variables that occur during manufacturing. Because of the
variability in the manufacturing process, some chips are
capable of operating at higher speeds than others. By identi-
fying these capabilities, a system can exploit the ability of
some of the chips to operate at speeds greater than the speci-
fied nominal operating speed. Further, since the operating
speed of chips is typically affected by environmental factors,
including but not limited to ambient temperature, air flow,
heat sink design, packaging, and power supply voltage, it is
advantageous to be able to dynamically determine the instan-
taneous operating speed capabilities of an individual chip.
[0048] Invarious exemplary embodiments, a ring oscillator
disposed on a chip of interest is used to determine the speed
characteristics of an individual chip. In one embodiment, the
output of the ring oscillator is provided to a counter that
counts the output pulses for a known period of time. The
number of ring oscillator pulses counted in that fixed period
of time can be used to determine the frequency of the ring
oscillator. The counter may be co-located with the ring oscil-
lator on the chip of interest, or it may be external to that chip.
The frequency of the ring oscillator is related to the speed of
the circuitry on the chip in general. For example, for a ring
oscillator constructed of CMOS circuits, an indication of both
the NFET and PFET drive currents is provided by the ring
oscillator frequency. Those skilled in the art and having the
benefit of this disclosure will recognize that various circuit
configurations can be used to further determine body effect,
which in turn informs the determination of the best operating
speed for circuits with stacked FETs or active body bias.
[0049] Once the highest successful operating speed is
determined, information that represents, or defines, this speed
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can be provided to the system in which the chip operates and
the system can make the decision as to whether the operating
speed is to be changed. Alternatively, this information can be
used internally by the chip to automatically change the oper-
ating speed.

[0050] The ring oscillator frequency can be measured con-
tinuously, periodically, or on command from the system. The
on-chip resources may keep a history, or log, of the speed test
results or of the changes in operating speed based on those
speed test results. Such a history or log may be kept in any
type of on-chip memory. By way of example and not limita-
tion, the on-chip memory may be volatile or non-volatile.

[0051] FIG. 3 shows circuitry 300 for measuring an
unknown frequency for a known duration. If the circuits on
the chip are “fast” the number of ring oscillator pulses
counted will be greater than the number of ring oscillator
pulses counted when the chip is “slow.” Circuitry 300
includes a ring oscillator 302 coupled to a counter 304. Ring
oscillator 302 has an output signal 307 that is connected to the
clock input terminal of counter 304. In this exemplary
embodiment, ring oscillator 302 is a free-running ring oscil-
lator having an odd number of inverter stages coupled serially
into a ring configuration. It is noted that ring oscillator
designs are well-known, and embodiments herein are not
limited to any particular implementation or design of the ring
oscillator. Counter 304 has a counter output coupled to a latch
308. Counter 304 is further coupled to receive a count enable
signal 309, and to receive a reset signal 313. Reset signal 313
is the logical inverse of count enable signal 309 and in this
exemplary embodiment is generated by inverter 306 as shown
in FIG. 3. Latch 308 is coupled to receive the counter output
data 311 and latch it on the rising edge of reset signal 313.
This embodiment provides sufficient set-up and hold time for
the counter output data at the inputs of latch 308 that counter
output data 311 is successfully latched on the rising edge of
reset signal 313. Latch 308 is typically coupled to a data bus
so that a multi-bit output can be read out of latch 308 and
transferred to other circuitry for interpretation of the count
value.

[0052] FIG. 4 shows alternative circuitry 400 for measuring
an unknown frequency for a known duration. Circuitry 400
that is similar to that shown in FIG. 3 but which enables finer
granularity in determining the electrical characteristics of
individual electrical circuit elements, for example, the difter-
ences between PFETs and NFETSs in drive currents and leak-
age currents, contact resistance, interconnect resistance, and
so on. Circuitry 400 includes a first ring oscillator 402, a
second ring oscillator 404, and an Nth ring oscillator 406.
Ring oscillators 402, 404, 406 each have an output, respec-
tively 413, 415, 417 coupled to respective input terminals of
an N:1 multiplexer 408. An output terminal of N:1 multi-
plexer 408 provides the selected signal to a clock input ter-
minal of counter 410. Counter 410 is further coupled to a
count enable signal 421 and a reset signal 423. Reset signal
423 is the logical inverse of counter enable signal 421 and it
is generated by inverter 412. Counter output 423 is coupled to
the input terminals of a latch 412. Latch 412 is configured to
receive counter output data 423 and latch it on the rising edge
of reset signal 423. This embodiment provides sufficient set-
up and hold time for counter output data 423 at the inputs of
latch 412 that counter output data 423 is successfully latched
on the rising edge of reset signal 423. Latch 412 is typically
coupled to a data bus so that a multi-bit output can be read out
of'latch 412 and transferred to other circuitry for interpreta-
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tion of the count value. In this exemplary embodiment, each
of ring oscillators 402 through 406 are implemented, as is
known in the art, to make its free-running frequency predomi-
nantly dependent upon a specific set of one or more electrical
elements, such as, but not limited to NFET drive current,
PFET drive current, interconnect resistance, interconnect
capacitance, and so on. In this way, by measuring the free-
running frequencies of the variously implemented ring oscil-
lators, a detailed picture of electrical device characteristics,
all material to chip operating speed, are obtained.

[0053] FIG. 5 shows circuitry 500 for measuring a known
frequency for an unknown duration. Circuitry 500 uses a
known time-base such as an externally supplied clock of a
known frequency, and counts the clock pulses of that signal
for an amount of time that depends on the electrical charac-
teristics of the chip that are material to operating speed. In the
exemplary embodiment of FIG. 5, the known clock signal is
counted for the amount of time it takes to charge a capacitor.
Circuitry 500 includes a set-reset flip-flip (SRFF) 502 that is
configured to receive a start count signal at its set input
terminal and a stop count signal at its reset input terminal. The
Q and Qbar (logical inverse of Q) output terminals of SRFF
502 are coupled respectively to the gate terminals of NFET
504 and 506. NFET 504 is coupled drain-to-source between a
positive voltage supply V+ and an intermediate node 525.
NFET 506 is coupled drain-to-source between intermediate
node 525 and ground. A capacitor 508 is coupled between
intermediate node 525 and ground. A comparator 510 is used
to determine when the voltage at intermediate node 525
exceeds the voltage of a reference signal Vref. A counter 512
begins counting clock signal 521 when the Q output of SRFF
502 goes high, and continues to count clock signal 521 until
SRFF 502 is reset when the output of comparator 510 indi-
cates that capacitor 508 has been charged. The counter output
data 523 is transferred to latch 514 when the counting is
terminated. By measuring the amount of time required to
charge capacitor 508 to a predetermined voltage Vref, the
operating speed of the chip can be determined. It is noted that
this exemplary embodiment is primarily measuring the drive
current of NFET 504. Those skilled in the art and having the
benefit of this disclosure will understand that the charging
circuit can be modified to measure PFET drive current, or to
investigate interconnect resistance, contact resistance, and
similar electrical characteristics that impact the operating
speed of the chip.

[0054] The change in operating speed may be implemented
by providing control information to the clock generation cir-
cuits of the chip, or to the clock generation circuits of a
particular clock domain of the chip. Such control information
can be used to modify the operation of the phase locked loop
or the voltage controlled oscillator found in many clock gen-
erator designs. In this way, the in-situ speed test circuitry
provides the information used by the clock generators on the
chip to run the chip at a speed higher than that nominally
specified for the chip.

[0055] Duty Cycle Awareness

[0056] The output of a ring oscillator may not have a 50%
duty cycle. For a chip where performance depends to some
degree on the duty cycle of a clock signal, the frequency of a
ring oscillator output, by itself, may not be determinative of
the highest operating speed for the circuitry that is sensitive to
duty cycle. In such a case, knowledge of the circuitry on the
chip is needed to correctly map the ring oscillator frequency
to the highest successful operating speed. To implement such
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a feature, a table that stores the mapping of ring oscillator
frequency ranges to chip operating speeds can be used.
[0057] Initiation of the Speed Testing Procedure

[0058] In various embodiments, the time or times at which
speed testing is performed may differ. For example, in some
embodiments a speed test may run continuously, whereas in
other embodiments the speed test may run periodically, on
command, or upon detection of a change in operating condi-
tion. The period for periodically running the speed test may be
(1) fixed and set by the design of the chip; or (2) program-
mable by writing data into one or more on-chip registers that,
in combination with on-chip speed test control circuits, deter-
mine the schedule of speed test events. Alternatively, the
system within which the chip operates may transmit com-
mands to the chip that instruct it to perform a speed test. In
still other embodiments, the chip may detect a change in one
or more of its operating conditions, and that detection acts as
atrigger for initiating a speed test event. Such conditions may
include, but are not limited to, (1) a change in junction tem-
perature detected on chip; (2) a change in ambient tempera-
ture detected external to the chip and reported to the chip by
external circuitry; (3) a change in one or more power supply
voltages greater than a predetermined threshold amount; (4)
detection of a power failure or reset event; (5) detection in a
change in the mode of operation of the chip; or (6) a combi-
nation of two or more of items (1) through (5).

[0059] Speed Path in a Chip with Programmable Logic
[0060] In most chips, a critical speed path in each clock
domain can be identified by the manufacturer or designer.
Knowing the critical speed path in advance allows some
embodiments to properly model the critical speed path by
placing a duplicate of the critical speed path on the chip. But
in certain chips, such as those with programmable logic, the
critical speed path cannot be identified until the configuration
of'the programmable logic is established. Thus, for chips such
as field programmable gate arrays (FPGAs), the critical speed
path may not be known in advance. In some embodiments,
FPGAs are provided with a sufficient supply of program-
mable logic resources so that both the desired logic configu-
ration and a duplicate of the critical speed path can be imple-
mented on the same chip. In other embodiments, rather than
dedicate relatively expensive programmable logic resources
to speed testing, circuitry suitable for characterizing the speed
capabilities of the chip are employed as on-chip instrumen-
tation. By measuring the electrical characteristics of the on-
chip instrumentation circuits, the highest operating speed at
which at least one clock domain of the chip can operate may
be determined.

[0061] Insomeembodiments, the circuitry that makes mea-
surements indicative of the speed performance of the FPGA
communicates that information to external circuitry which, in
turn, commands at least one clock domain within the FPGA to
adjust its operating speed. In still other embodiments, the
circuitry that makes measurements indicative of the speed
performance of the FPGA directly communicates with the
FPGA’s on-chip clock circuitry to achieve a desired operating
speed.

[0062] On-Chip Measurement of Speed-Related Charac-
teristics
[0063] It will be appreciated that any suitable process- or

operation-dependent parameter, or characteristic, may be
measured on-chip and used, at least in part, as the basis for
commanding, or requesting, changes to the operating speed
of one or more clock domains within the chip. For example,
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the current-drive of p-channel and n-channel FETs may be
determined separately so as to further refine the decision
making process regarding changes to the operating speed.
Similarly, the leakage of p-channel and n-channel FETs may
be determined separately. Those skilled in the art and having
the benefit of this disclosure will understand that many other
measurements, including but not limited to, the resistivity of
conductor materials, and the capacitance of various struc-
tures, may all be individually made, and these measurements
factored into the generation of control signals that determine
changes to the operating speed of at least one clock domain of
the chip.

Illustrative Embodiments

[0064] In various alternative embodiments, in-situ speed
testing circuitry may be distributed over two or more chips.
For example, the chip for which speed testing is desired is
instrumented as described above, but the determination logic
resides on one or more other chips. The one or more other
chips may be stacked with the chip of interest and electrical
connection made by way of through silicon vias. Alterna-
tively, the one or more other chips may be stacked and elec-
trical connection made by way of bond wires. The one or
more other chips may be individually packaged and con-
nected by way of a printed circuit board. The one or more
other chips may communicate with the chip of interest wire-
lessly. The one or more other chips may communicate with
the chip of interest by way of photonic communication cir-
cuits. The foregoing exemplary arrangements are for illustra-
tion and not limitation. Those skilled in the art and having the
benefit of the present disclosure will recognize that there may
exist still further alternatives or combinations for the parti-
tioning and connection of the in-situ speed testing circuitry.
As long as the instrumentation includes at least some of the
circuit elements disposed on the chip of interest, various
portions of the determination logic and related non-measure-
ment circuitry can be located in one or more other chips.
[0065] Output of Power Change Information

[0066] In one illustrative embodiment, a chip may provide
information indicative of the change in power consumption
associated with a change in operating speed. For example, if
the chip determines that it is capable of successfully operating
faster than its nominal operating speed, it also provides infor-
mation indicating the magnitude of the change in power con-
sumption that would be caused by making the corresponding
change in operating speed. It is known that power consump-
tion is proportional to CV>fwhere C is the capacitance that is
being charged and discharged, V is the power supply voltage,
and f is the frequency at which the capacitance is charged/
discharged. But the in-situ speed testing circuitry may be
implemented to incorporate specific factors in order to pro-
vide a more accurate estimate of the change in power con-
sumption. For example, in a chip with multiple clock
domains, the on-chip circuitry can account for the capaci-
tance of, and regulated voltage delivered to, each of the clock
domains of the chip where a change in operating speed is
determined to be achievable. In this way, accurate informa-
tion can be supplied to the system in which the chip operates,
allowing trade-offs between power consumption and perfor-
mance to be made with high resolution.

Reliability Reporting Embodiment

[0067] For some chips a downward trend in maximum
operating speed may be indicative of an impending failure. In
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an exemplary embodiment, the chip records some or all
changes in operating speed, recognizes the downward trend
in operating speed as predictor of failure and reports this
reliability issue to the system in which it operates. Recording
of the changes may be accomplished by storing information
in any type of on-chip storage.

[0068] In an alternative embodiment the chip reports the
operating speed each time a change in operating speed takes
place, and the system in which the chip operates is respon-
sible for storing and/or processing this information to make a
determination regarding the degradation in reliability of the
chip. Reporting can take any suitable form, including but not
limited to, (1) storing, within the chip, the information about
operating speed changes and making that stored information
accessible to external circuitry (i.e., a read operation by exter-
nal circuitry); or (2) transmitting, by the chip, the information
about operating speed changes to external circuitry (i.e., a
write operation by the chip).

[0069] Ina further alternative embodiment, the chip reports
additional information with its reports of operating speed
change. For example, the chip may additionally, and concur-
rently, report information indicative of junction temperature
on the chip. Since junction temperature affects operating
speed, this information is relevant to a determination of
whether the change in operating speed is indicative of a reli-
ability issue with the chip. Reporting of junction temperature
is illustrative and not limiting. Any one or more physical
parameters may be reported by the chip along with the infor-
mation about operating speed changes.

Open Loop Embodiment

[0070] Inanexemplary “openloop” embodiment, a chip is
continuously tested, typically by means of firmware, at
gradually increasing speeds until failure in an open loop
fashion occurs. The operating speed just prior to the failure
can then be used as the new operating speed of the chip. This
advantageously allows the operating speed of the chip to be
dynamically set to run at the highest speeds possible under the
constraints of the chip’s environment (e.g., junction tempera-
ture and power supply voltage), and the chip’s inherent speed
capabilities based on the distribution of variances in the semi-
conductor manufacturing process.

[0071] Open loop embodiments typically require resetting
the chip after a failure occurs. Resetting may interfere with
retaining the information defining the highest speed at which
the chip can properly operate, and thus may require interac-
tion with external components, or introduce a requirement for
non-volatile memory on the chip. Also, the process of reset-
ting may incur time penalties related to the internal reset
process of the chip and/or the impact to the system in which
the chip is operating.

Dedicated Test Hardware Embodiment

[0072] In this exemplary embodiment, dedicated hardware
is included on the chip that is used to test the chip to determine
the highest possible speed of operation that can be achieved
without error or failure. In this embodiment, the operating
speed is gradually increased until a failure occurs. The oper-
ating speed just prior to the operating speed at which the
failure occurred can then be used going forward as the new
operating speed. This advantageously allows the operating
speed of the chip to be dynamically set to run at the highest
speeds possible under the constraints of the chip’s environ-
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ment (e.g., junction temperature and power supply voltage),
and the chip’s inherent speed capabilities based on the distri-
bution of variances in the semiconductor manufacturing pro-
cess.

[0073] It is noted that the on-chip speed testing circuitry
may be configured to include the impact of localized self-
heating in each of the affected clock domains on leakage
current in order to provide a more accurate estimate of the
change in power consumption.

[0074] In one embodiment, the information indicative of
the change in power consumption of the chip may be in the
form of a bit pattern stored in a register that is accessible to
other circuitry external to the chip. Some illustrative embodi-
ments may be configured to make the bit pattern accessible
serially. Other illustrative embodiments may be configured to
make the bit pattern accessible in parallel. These embodi-
ments are exemplary and not limiting, and any suitable data
format or circuit arrangement in connection with communi-
cation of the power change information may be used.

[0075] FIG. 2 illustrates a method of providing information
indicative of an operating speed for a clock domain on a chip,
includes (a) setting 202, on the chip, information that defines
atest operating speed; (b) operating 204, at the test operating
speed, a duplicate critical circuit path; (¢) determining 206
whether the duplicate critical circuit path produces an
expected result when operated at the test operating speed; (d)
changing 208, if the determination of operation (c) is affir-
mative, the information that defines the test operating speed to
produce a test operating speed that is increased by a prede-
termined amount; and (e) setting 210, if the determination of
operation (c) is negative, information that defines a real oper-
ating speed to be equal to the test operating speed minus the
predetermined amount; wherein the duplicate critical circuit
path matches the physical and electrical characteristics of an
actual critical circuit path in the clock domain. Setting the
information may be accomplished in any suitable manner,
such as for example loading the information into a register on
the chip. An expected result is typically represented by the a
circuit under test produced the result that it was designed to
produce given the input signals and voltages applied to it.
When a circuit is tested, it is operated and if it produces the
expected result, it is said to have “passed,” the test. The
predetermined amount of change in operating speed may be
selected by the chip designer based on the resolution that is
desired in obtaining the highest possible operating speeds.
Smaller predetermined amounts require more cycles of test-
ing and comparing but more closely approach the operating
speed limit. On the other hand, larger predetermined amounts
will more quickly reach a highest operating speed but it will
be lower than that determined by the smaller predetermined
amounts. In other words, the finer resolution of small steps
takes longer but gives better results. It is possible to use a
combination of large and small steps, in a manner analogous
to coarse and fine tuning. In other embodiments, the illustra-
tive method may further include, subsequent to performing
operation (d), performing operation (b). In other embodi-
ments, the illustrative method may further include, subse-
quent to performing operation (e), storing information indica-
tive of the value of the real operating speed. In still other
embodiments, the illustrative method may further include
outputting the stored information indicative of the value of the
real operating speed. It is noted that further embodiments may
include selecting the duplicate critical circuit path from a
plurality of duplicate critical circuit paths. And selecting the
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duplicate critical circuit path from a plurality of duplicate
critical circuit paths may include receiving, at the chip, infor-
mation specifying which one of the plurality of duplicate
critical circuit paths to select; or may include determining, at
the chip, which one of a plurality of actual critical paths is in
use by the chip.

[0076] Inanotherillustrative embodiment, a method of pro-
viding information indicative of the operating speed range on
a chip, includes (a) operating speed characterization circuitry
disposed on the chip; (b) determining, based at least in part on
the operation of the speed characterization circuitry, a first
operating speed for at least a portion of the chip, the first
operating speed being different than a nominally specified
operating speed; (¢) generating information representative of
the first operating speed; and (d) using the information in an
on-chip clock generator to operate at least a portion of the
chip at the first operating speed.

CONCLUSION

[0077] Itisto be appreciated that the Detailed Description
section, and not the Abstract of the Disclosure, is intended to
be used to interpret the claims. The Abstract of the Disclosure
may set forth one or more, but not all, exemplary embodi-
ments, and thus, is not intended to limit the subjoined Claims
in any way.

[0078] It will be apparent to those skilled in the relevant
art(s) that various changes in form and detail can be made
therein without departing from the spirit and scope of the d.
Thus the invention should not be limited by any ofthe above-
described exemplary embodiments, but should be defined
only in accordance with the subjoined Claims and their
equivalents.

What is claimed is:

1. A method of providing information indicative of an
operating speed for a clock domain on a chip, comprising:

setting, on the chip, information that defines a test operat-

ing speed;

determining that speed testing is to be initiated;

operating, at the test operating speed, a duplicate critical

circuit path;

determining whether the duplicate critical circuit path pro-

duces an expected result when operated at the test oper-
ating speed;

changing, if the determination is affirmative, the informa-

tion that defines the test operating speed to produce an
increased test operating speed that is increased by a
predetermined amount; and
setting, if the determination is negative, information that
defines areal operating speed to be equal to the increased
test operating speed minus the predetermined amount;

wherein the duplicate critical circuit path matches the
physical and electrical characteristics of an actual criti-
cal circuit path in the clock domain.

2. The method of claim 1, wherein determining that speed
testing is to be initiated comprises detecting a change in
operating condition.

3. The method of claim 2 wherein a change in operating
condition comprises a change in junction temperature.

4. The method of claim 2 wherein a change in operating
condition comprises a change in ambient temperature.

5. The method of claim 2 wherein a change in operating
condition comprises a change in a power supply voltage
greater than a predetermined threshold amount.
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6. The method of claim 2 wherein a change in operating
condition comprises a power failure.

7. The method of claim 2 wherein a change in operating
condition comprises a reset event.

8. The method of claim 2 wherein a change in operating
condition comprises a change in the mode of operation.

9. The method of claim 2 wherein a change in operating
condition comprises a combination at least two of the group
consisting of a change in junction temperature, a change in
ambient temperature, a change in a power supply voltage, a
power failure, a reset event, and a change in the mode of
operation of the chip.

10. The method of claim 2, further comprising:

subsequent to changing the information that defines the test

operating speed to produce an increased test operating
speed that is increased by a predetermined amount,
determining whether the duplicate critical circuit path
produces an expected result when operated at the test
operating speed.

11. A method of providing information indicative of an
operating speed for a clock domain on a field programmable
gate array (FPGA), comprising:

configuring a logic function in the FPGA, the configured

logic function having a first critical circuit path;
configuring a second critical circuit path on the FPGA;
setting, on the FPGA, information that defines a test oper-
ating speed;

determining that speed testing is to be initiated;

operating, at the test operating speed, the second critical

circuit path;

determining whether the second critical circuit path pro-

duces an expected result when operated at the test oper-
ating speed;

changing, if the determination is affirmative, the informa-

tion that defines the test operating speed to produce an
increased test operating speed that is increased by a
predetermined amount; and
setting, if the determination is negative, information that
defines a real operating speed to be equal to the increased
test operating speed minus the predetermined amount;

wherein the second critical circuit path is a duplicate of the
first critical circuit path.

12. The method of claim 11, wherein determining that
speed testing is to be initiated comprises detecting a change in
operating condition.

13. The method of claim 12 wherein a change in operating
condition comprises a change in junction temperature.

14. The method of claim 12 wherein a change in operating
condition comprises a change in ambient temperature.

15. The method of claim 12 wherein a change in operating
condition comprises a change in a power supply voltage
greater than a predetermined threshold amount.

16. The method of claim 12 wherein a change in operating
condition comprises a power failure.

17. The method of claim 12 wherein a change in operating
condition comprises a reset event.

18. The method of claim 12 wherein a change in operating
condition comprises a change in the mode of operation.

19. The method of claim 12 wherein a change in operating
condition comprises a combination at least two of the group
consisting of a change in junction temperature, a change in
ambient temperature, a change in a power supply voltage, a
power failure, a reset event, and a change in the mode of
operation of the chip.
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20. A method of providing first information indicative of an
operating speed for a clock domain on a chip, and providing
a history of operating speeds indicative of a reliability of the
chip, comprising:

setting, on the chip, information that defines a test operat-

ing speed;

operating, at the test operating speed, a duplicate critical

circuit path;

determining whether the duplicate critical circuit path pro-

duces an expected result when operated at the test oper-
ating speed;

changing, if the determination is affirmative, the informa-

tion that defines the test operating speed to produce an
increased test operating speed that is increased by a
predetermined amount;

storing, if the determination is negative, information that

defines areal operating speed to be equal to the increased
test operating speed minus the predetermined amount;
and

creating a history of real operating speeds by repeating the

steps of setting, operating, determining, changing, and
storing;

wherein the duplicate critical circuit path matches the

physical and electrical characteristics of an actual criti-
cal circuit path in the clock domain.

#* #* #* #* #*
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