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INTEGRATED CIRCUIT WITH ADAPTIVE SPEED BINNING

BACKGROUND

Claim of Priority under 35 U.S.C. §119

[0000] The present Application for Patent claims priority to Provisional
Application No. 60/625,223 entitled “Integrated Circuit With Adaptive Speed
Binning” filed November 5, 2004, and assigned to the assignee hereof and

hereby expressly incorporated by reference herein.

Field

[0001] The present disclosure relates to systems and techniques for iuning

an integrated circuit to an electronic component.

Background

[0002] Integrated circuits have revolutionized the electronics industry by
enabling new applications which were not possible with discrete devices.
Integration allows complex circuits consisting of millions of electronic
components to be packaged into a single chip of semiconductor material. In
addition, integration offers the advantages of fabricating hundreds of chips on a
single silicon wafer, which greatly reduces the cost and increases the reliability

of each of the finished circuits.

[0003] Integrated circuits are widely used today in electronic devices to
implement sophisticated circuitry such as general purpose and specific
application processors. A controller integrated onto the chip may be used to
interface the various processors with off-chip components, such as external
memory and the like. Clocks generated by the controller may be used to
access these off-chip components. These clocks should operate at a specific
nominal speed, within a certain allowed tolerance, to ensure that the controller
can communicate with the off-chip components under worst case temperaiure

and voltage conditions.
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[0004] Due to processes inherent in the silicon wafer fabrication process, a
set of chips generated from a single wafer may fall into a range of different
process speed ratings. Depending on the application, some manufacturers are
forced to discard slow chips and fast chips that are outside of the nominal

tolerance range. This leads to large amounts of waste, which can be very

costly.

[0005] In an attempt to preserve those portions of the wafer that do not
produce nominal chips, some manufacturers engage in a method of speed
binning, in which the various chips produced from a single wafer are tested and
batched according to their graded process speed. This method of batching
chips according to their speed is time consuming and costly. Further cost is

incurred as a result of selling slow chips and fast chips at reduced prices.

[0006] Speed binning has been a relatively static, up-front process which is

generally useful in characterizing the performance capabilities of the integrated
circuit. But thereafter, there is no ability for the integrated circuit to optimize its

own performance or operating parameters as a function of the external device.

SUMMARY
[0007] In one aspect of the invention, an electronic device Includes an
electronic component and an integrated circuit configured to generate a system
clock having a programmable frequency and an external clock having a
programmable delay from the system clock, the integrated circuit being further
configured to provide the exiernal clock to the electronic component, determine
a delay range between system clock and the external clock in which the
integrated circuit and the electronic component can communicate, and program

the frequency of the system clock based on the delay range.

[0008] In another aspect of the invention, a method of adapting an integrated
circuit to an electronic component includes generating a system clock having a
programmable frequency, and an external clock having a programmable delay
from the system clock, providing the external clock to the electronic component,
determining a delay range between system clock and the external clock in

which the integrated circuit and the electronic component can communicate,
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and programming the frequency of the system clock as a function of the delay

range.

[0009] In another aspect of the invention, an electronic device includes an
electronic component and an integrated circuit comprising means for generating
a system clock having a programmable frequency, means for generating an
external clock having a programmable delay from the system clock, and means
for providing the external clock to the electronic component, the integrated
circuit further including means for determining a delay range between the
system clock and the external clock in which the integrated circuit and the
electronic component can communicate, and means for programming the

frequency of the system clock based on the delay range.

[0010] It is understood that other embodiments of the present invention will
become readily apparent to those skilled in the art from the following detailed
description, wherein various embodiments of the invention are shown and
described by way of illustration. As will be realized, the invention is capable of
other and different embodiments and its several details are capable of
modification in various other respects, all without departing from the spirit and
scope of the present invention. Accordingly, the drawings and detailed

description are to be regarded as illustrative in nature and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] Aspects of the present invention are illustrated by way of example,

and not by way of limitation, in the accompanying drawings wherein:

[0012] FIG. 1 is a conceptual block diagram illustrating an example of an

electronic device employing an integrated circuit;

[0013] FIG. 2 is a timing diagram illustrating an example of timing

parameters to write to off-chip memory;

[0014] FIG. 3 is a timing diagram illustrating an example of timing

parameters to read from off-chip memory;
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[0015] FIG. 4 is a functional block diagram illustrating an example of the

operation of a controller;

[0016] FIG. 5 is a flowchart illustrating an example of a method for

determining frequency plans;

[0017] FIG. 6A is a plot showing HPV distributions as a function of

frequency;

[0018] FIG. 7 is a flowchart illustrating a calibration algorithm useful for

determining HPV; and

[0019] FIG. 8 is a representative flowchart illustrating an example of an

adaptive speed binning algorithm.

DETAILED DESCRIPTION
[0020] The detailed description set forth below in connection with the
appended drawings is intended as a description of various embodiments of the
present invention and is not intended to represent the only embodiments In
which the present invention may be practiced. The detailed description includes
specific details for the purpose of providing a thorough understanding of the
present invention. However, it will be apparent to those skilled in the art that the
present invention may be practiced without these specific details. In some
instances, well-known structures and devices are shown in block diagram form
in order to avoid obscuring the concepts of the present invention. Acronyms
and other descriptive terminology may be used merely for convenience and

clarity and are not intended to limit the scope of the invention.

[0021] In the following detailed description, various aspects of the present
invention may be described in the context of an integrated circuit configured to
couple to at least one storage device. The integrated circuit may be, for
example, an Application Specific Integrated Circuit (ASIC) comprising at least
one processor. The storage device may, for example, be a Synchronous
Dynamic Random Access Memory (SDRAM) or similar device. While these

inventive aspects may be well suited for use with these components, those
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skilled in the art will readily appreciate that these inventive aspects are likewise
applicable for use in various other electronic devices or components.
Accordingly, any reference to a specific type of integrated circuit or component
(e.g., external or off-chip memory) is intended only to illustrate the inventive
aspects, with the understanding that such inventive aspects have a wide range

of applications.

[0022] FIG. 1 is a conceptual block diagram of an electronic device 100
employing an integrated circuit 102, such as an ASIC. FIG. 1 should not be
construed to require any particular physical layout of the electronic device 100.
The integrated circuit 102 may include a microprocessor 104, a Digital Signal
Processor (DSP) 106, a transceiver 108, an input/output (I/O) interface 110, and
an External Bus Interface (EBI) 112. All these components may be coupled
together with an Internal System Bus (ISB) 114. A clock generator 116 may be
used to generate a system clock signal (or “system clock”) for system timing.

The frequency of the system clock may be programmable.

[0023] The microprocessor 104 may be used as a platform to run application
programs that, among other things, provide user control and overall system
management functions for the electronic device 100. The DSP 106 may be
implemented with an embedded communications software layer which runs
application specific algorithms to reduce the processing demands on the
microprocessor 104. The transceiver 108 may be used to provide access 1o an
external medium, such as a radio link in the case of a wireless telephone,
terminal, e-mail or Web-enabled device, e.g., a Personal Data Assistant (PDA),
or other similar device. In some embodiments, the transceiver 108 may provide
access to Ethernet, cable modem line, fiber optics, Digital Subscriber Line
(DSL), Public Switched Telephone Network (PSTN), or any other
communications medium. In other embodiments, the electronic device may be
self-contained without a transceiver to support external communications. The
/0 interface 110 may be used to support various user interfaces. The user

interfaces may include a keypad, mouse, touch screen, audio speaker or head

set, microphone, camera and/or the like.
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[0024] The EBI 112 may be used to provide access between the
components on the ISB 114. The EBI 112 may include a controller 113 that
provides an interface between the ISB 114 and other electronic components,
e.g., one or more off-chip components, such as external memory 118. The
interface may include a clock bus 120, an address bus 122, a control bus 124,
and a data bus 126. Although not shown, the EBI 112 may also provide an

interface to a Liquid Crystal Display (LCD) and/or other user interface devices.

[0025] In the following description of an electronic device, the external
memory 118 will be a SDRAM. However, as those skilled in the art will readily
appreciate, the various concepts described herein may be extended other oft-
chip components, including by way of example, other memory devices such as
a Burst NOR, Burst PSRAM, RAM, ROM, EPROM, EEPROM, VRAM or any
other memory component or device, or a memory array. The controller 113
may be used to generate an external clock signal (or “external clock™ and a
feedback clock signal (or “feedback clock” as a function of the system clock
from clock generator 116. The external clock may be provided to the SDRAM
over the clock bus 120 to read from and write to the external memory 118,
hereafter SDRAM 118. The feedback clock may be used by the controller 113
to sample data read from the SDRAM 118.

[0026] An example of the timing requirements to write to the SDRAM 118 Is
shown in FIG. 2. The external clock, which is represented by external clock
204, may be delayed from the system clock, which is represented by sysiem
clock 202. Data to be written to the SDRAM 118 is represented by data (or data
signal) 206, and may be released onto the data bus 120 (see FIG. 1) from the
controller 113 shortly after the transition of the system clock at time t,. The
short delay 210 between the transition of the system clock and {, Is due 1o a
propagation delay of the controller 113. The data bus 120 (see FIG. 1) adds
additional propagation delay, causing the data 206 to arrive at the input to the
SDRAM at time t;. The data at the input to the SDRAM is shown in FIG. 2 with
cross-hatching of data 206.

[0027] To ensure reliable operation, the data 206 must then be stable at the

input to the SDRAM 118 for a brief period of time before the external clock
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transition. This is called the “minimum set-up time,” and is denoted in FIG. 2 as
tsetup. THere is also a period of time that the data 206 must remain stable
following the external clock transition, i.e., after tst.yp. This is called the
“minimum hold time,” and is denoted in FIG. 2 as thog. [f the minimum set-up
and hold times are not met, then the write operation to the SDRAM cannot be
guaranteed. Thus, one can readily see from FIG. 2 that there Is a minimum
delay requirement between the system clock 202 and the external clock 204 to
meet the minimum set-up time, and a maximum delay between the two to meet
the minimum hold time. The delay may be programmable, and can be set
anywhere between these boundaries, as shown in FIG. 2 by the shaded portion
208 of external clock 204.

[0028] An example of the timing requirements to read from the SDRAM 118
is shown in FIG. 3. As explained earlier in connection with FIG. 2, the external
clock 204 may be delayed from the system clock 202. The feedback clock 302
may also be delayed from the system clock 202 as shown in FIG. 3. The
feedback clock 302 may be used to read the data from the SDRAM 118 into the
controller 113. Data 206 may be released from the SDRAM 118 onto the data
bus 120 (see FIG. 1) shortly after the transition of the external clock 204 at time
to. Due to the propagation delay of the SDRAM 118 and the data bus 120 (see
FIG. 1), the data 206 arrives at the input to the controller 113 at time t;. The
data at the input to the controller 113 (which is shown with cross-hatching of
data 206) must remain stable for a brief period of time before the feedback
clock transition. This period of time is defined by the minimum set-up time tset-up

of the controller 113.

[0029] The data 206 must also remain stable following the feedback clock
302 transition for a period of time defined by the minimum hold time thoq Of the
controller 113. Once the data is read into the controller 113 with the transition
of the feedback clock 302, it may be resampled by the system clock. The
resampling process has its own requirements including a minimum set-up time
in which the sampled data must remain stable before the next transition of the
system clock 202. Thus, one can readily see from FIG. 3 that there is a

minimum delay requirement between the system clock 202 and the feedback
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clock 302 to meet the minimum set-up time, and a maximum delay between the
two to meet the minimum hold time and resampling set-up times. The delay
may be programmable in the controller 113, and can be set anywhere between

these boundaries, as shown in FIG. 3 by the shaded portion 304.

[0030] FIG. 4 is a functional block diagram of an embodiment of a controller
113. In the embodiment shown, the controller 113 may be divided Into a
synchronous controller 402 and an asynchronous controller 404. This division
is merely a design preference and those skilled in the art will readily understand
that any configuration may be employed to perform the various functions
described throughout this disclosure. The controllers 402 and 404 may be
configured to interface the address bus 122, control bus 124, and data bus 126

to the ISB 114 by means well known in the art.

[0031] The controller 113 may be used to generate the external clock 204
and feedback clock 302. A multiplexer 408 may be used to select the
appropriate system clock 202 depending on whether the data 206 is clocked out
of the synchronous or asynchronous controller. In the embodiment shown, the
multiplexer 408 may be set to select the system clock used by the synchronous
controller 402 to interface to the SDRAM 118. An exclusive OR gate 410 may
be used to provide flexibility by using either the inverted or non-inverted system
clock 202 to generate the external and feedback clocks. A programmable delay
cell 412 may be used to set the delay of the external clock 204. The multiplexer
and exclusive OR gate controls, as well as the delay of the external clock, may
be programmed by, for example, software running on the microprocessor 104,

or by any other means. A bus driver 414 may be used to provide the external
clock 204 to the SDRAM 118.

[0032] The feedback clock 302 may be generated from either the system
clock 202 or the external clock 204. In the described embodiment, both clocks
may be provided to a multiplexer 416 to provide some versatility to the software
programmer. The selected system clock may be provided to an exclusive OR
gate 418. The exclusive OR gate 418 allows either the inverted or non-inverted
clock to be used. A programmable delay cell 420 may be used to delay the
feedback clock. The feedback clock 302 may then be fed back to the
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controllers 402 and 404. The multiplexer and exclusive OR gate controls, as
well as the delay of the feedback clock, may be programmed by software

running on the microprocessor 104, or by any other means.

[0033] As discussed earlier, certain timing constraints imposed by the
controller 113 and the SDRAM 118 may limit the possible delay settings for the
external and feedback clocks. The delay setting for the external clock, for
example, may be constrained by the minimum set-up and hold times for the
SDRAM 118. Similarly, the delay setting for the feedback clock may be
constrained by the minimum set-up, hold and resampling set-up times for the

controller. These timing constraints can vary with process, temperature and

voltage.

[0034] The delay settings for the external and feedback clocks may be
programmed during a characterization procedure prior to shipment of the
integrated circuits, e.g., at the factory. This process may entail the collection of
characterization data for the integrated circuit across process, voltage and
temperature variations. The delay settings may then be computed in a worst
case analysis from the characterization data and the timing specifications for
the external device. These computed delay settings may be used to calibrate
the programmable delay cells on the controller for such integrated circuits

before shipment, as preprogrammed delays.

[0035] Additionally, limitations my be imposed on the maximum frequency of
the system clock (referred to as “FMAX") to prevent errors caused by the
system clock running faster then a particular integrated circuit and off-chip
component in the field can accommodate. Typically, when constraints on FMAX
are imposed they tend to cause the system clock to be run at a relatively slow
frequency to accommodate the widest possible range of electronic devices.
This approach of preprogramming the delays and FMAX may work quite well for
one particular process corner, but may not work well for others. For example, in
cases where a specific electronic device could operate at a higher frequency,
having FMAX preprogrammed at a slow frequency causes the electronic device

to operate sub-optimally.
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[0036] In accordance with the illusirative embodiment, an adaptive speed
binning algorithm (or process) may be implemented that allows the frequency
(i.e., FMAX) and clock delays to be set on a device-specific basis. The adaptive
speed binning algorithm may rely on a set of “frequency plans” determined from
statistical information for a sufficiently large sample of electronic devices from a
particular family of electronic devices, e.g., for a certain type of integrated circuit
and off-chip component. The statistical information may be gathered during a
characterization process performed at the factory. The set of frequency plans
may be stored in the electronic device prior to shipment. In the field, the
adaptive speed binning algorithm selects and implements an appropriate
frequency plan for the specific electronic device. In the illustrative embodiment,
each frequency plan comprises an FMAX value and an external clock delay
value. The adaptive speed binning algorithm may be embodied in software, or
implemented in any other manner, and may be executed at first boot up, every
time the electronic device boots up, continuously during operation of the

electronic device, in response to a sensed event or condition, or any

combination of the foregoing.

[0037] The characterization process may begin with the computation of the
delay (“K”) between the feedback clock and the external clock for a sample of
electronic devices. Returning to FIG. 3, one can readily see that the set-up time
tsetup for the controller 113 is based on the delay from the transition of the
external clock to the transition of the feedback clock, for the read operation.
One can also see that the hold time thq is based on the delay from the
transition of the feedback clock to the next transition of the external clock.
Accordingly, if the delay between the external clock and the feedback clock is
reduced, the set-up time tset.yp decreases and the hold time thog INnCreases.
Conversely, if the delay between the external clock and the feedback clock is
increased, the set-up time ist.p iNcreases and the hold time thog decreases.
Thus, the initial step of the characterization process may be to compute a delay
between the feedback clock and the external clock that satisfies the worst case
minimum set-up and hold times of the controller 113 for the sample of electronic

devices.
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[0038] Assuming that the delay between the feedback and external clock
device is set to satisfy the minimum set-up and hold times of the controller
during the read operation, then the failure or success of a read operation will
depend entirely on whether the minimum resampling set-up time tget.up IS
satisfied. Referring to FIG. 3, the resampling set-up time tset.up 1S Very long
when the delay between the sysiem clock and the feedback clock is small.
However, as the delay between the two clocks Is increased, the resampling set-
up time tset-up decreases until it reaches the minimum resampling set-up time tset-
ap- This is the “maximum delay” between the system clock and feedback clock
in which the read operation can be guaranteed. Because the exiernal clock is
delayed from the system clock with a fixed offset from the feedback clock, the
external clock also has a “maximum delay” from the system clock in which the
operation can be guaranteed. The “maximum delay” between the system clock

and the external clock will be referred to as the *highest passing value™ (HPV).

[0039] Returning to FIG. 2, the success or failure of a write operation will
depend on two timing parameters: the minimum set-up time tset.yp and the
minimum hold time thqq for writing to the SDRAM 118. As a practical matter,
however, the minimum hold time tnog is Normally not a limiting factor. This is
because the hold time is approximately equal to the clock period less the set-up
time tset-up, Which is much larger than the minimum hold time thoq. Accordingly,
the minimum set up time tset.yp Of the SDRAM 118 will determine the "minimum
delay’ between the system clock and the external clock in which the write
operation can be guaranteed. This “minimum delay” will be referred to the

“lowest passing value” (LPV).

[0040] During the characterization process, a test procedure may be
performed on each electronic device in the sample to determine a range of
delay values between the system clock and the external clock in which the
controller 113 can write to and read from the SDRAM 118. This range is a
continuous range bound by a “maximum delay” set by the minimum resampling
set-up time tset.yp time of the controller 113 and a “minimum delay” set by the
minimum set up time tget-yp Of the SDRAM 118. The testing procedure may

involve programming the computed delay between the feedback clock and the
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external clock into the programmable delay cells of the controller 113 for each
of the electronic devices under test. Next, the tuning range of the
programmable delay cells for each electronic device may be swept across the
entire tuning range, while maintaining the delay between the feedback and
external clock. More specifically, for each electronic device, the programmable
delay cell 412 for the external clock may be set to zero delay and the
programmable delay cell 420 for the feedback clock may be set to -K. The
delay of the programmable delay cells may then be incrementally increased
together. For each incremental delay, the controller 113 reads from ana writes
to the SDRAM 118, and then classifies each read and write attempt as a failure
or success depending on the outcome. This may be done at each FMAX, e.g.,

slow, nominal and fast.

[0041] FIG. 5 is a representative flowchart 500 that illustrates a method of
determining and storing the frequency plans for a family of electronic devices
during the characterization process. In step 502, the values of FMAX are set.
Here, three FMAX values are used: a slow, nominal, and fast. Nominal Is
generally assumed to be about the middle frequency from the range of
frequencies at which the electronic device can operate. In step 504 an HPV

range is determined for each FMAX, e.g., as discussed above.

[0042] The HPV range is determined from the HPV for all electronic devices
in the sample. FIG. 6 is a graph 600 showing the HPV distributions for all
electronic devices in the sample. The number of devices having a specific HPV
is plotted against the tuning range of the delay between the system clock and
the external clock, which in this case is represented in the digital domain as O-
31. Graph 600 shows three different process distributions of HPVs, one at each
of three frequencies: fast, nominal, and slow from step 502. Typically, the
center of the range of operating frequencies for the integrated circuit is the
nominal frequency and the approximate highest frequency is the fast frequency
and the approximate lowest frequency is the slow frequency. In the illustrative
embodiment, a slow frequency may be about 146 MHz, a nominal frequency
may be about 210 MHz, and a fast frequency may be at about 270 MHz. These

three frequencies represent different frequencies at which the controller of the
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integrated circuit may operate when communicating with the SDRAM. In FIG.
6A the HPV range has been determined to be n=13-31.

[0043] In FIG. 6A, distribution 602 corresponds to FMAX being Slow;
distribution 604 corresponds to FMAX being Nominal, and distribution 603
corresponds to FMAX being Fast. The distributions are generally known in the
art of integrated circuits, so not discussed in detail herein. Therefore, while
other electronic devices may have different slow, nominal and fast frequencies,
the distributions of FIG. 6A would still be generally applicable. However, the
HPV range of the x-axis is specific to a particular family of electronic devices
and generally not known. Therefore, once an HPV range is determined, the

distributions can be fit to the HPV range, as in step 506.

[0044] The process distributions in FIG. 6 take the form of bell curves, where
adjacent bell curves overlap near the x-axis. The HPV range Is divided into
“bins” whose boundaries are defined at the bell curve overlaps. The bins are
about the same width, here each about 6 delay units in width. The bins are

later used in forming the frequency plans and are also used by the adaptive

speed binning algorithm of FIG. 8.

[0045] Returning to FIG. 5, in step 508 the mean HPV value is determined
for each bin. For example, in FIG. 6 for distribution 602, the mean, represented
by arrow 612, is at about HPV = 16. For distribution 604, the mean,
represented by arrow 614, is at about HPV = 22. And for distribution 606, the
mean, represented by arrow 612, is at about HPV = 28.

[0046] In step 510, a frequency plan (FP) is defined for each FMAX defined
in step 502. In the illustrative embodiment, each frequency plan is associated
with a bin. The frequency plan includes FMAX, an HPV bin width for the
corresponding FMAX and a feedback clock delay equal to the mean HPV value
for the corresponding bin. FMAX will be used to set the system clock frequency
upon selection of a frequency plan defined for a given bin. Once the frequency
plans are defined they can be stored, in step 512, for later use by the adaptive
speed binning algorithm of FIG. 8, later described herein. In this embodiment,

the bins and frequency plans may be defined as follows:
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Bin 1, FP(fast): 25<HPV<31, external clock delay=28, set frequency @
270MHz

Bin 2, FP(nom): 19<HPV<25, external clock delay=22, set frequency @
210MHz

Bin 3, FP(slow): 13<HPV<19, external clock delay=16, set frequency @
146MHZ

While three frequencies, and thus three frequency plans, are defined In this
embodiment, a different number of frequencies and frequency plans could be

used in other embodiments.

[0047] Generally, it is preferred to run at the highest speed possible, while
maintaining reliable operation. With the frequency plans and bins defined
above, electronic devices can be shipped and the adaptive speed binning
algorithm (see FIG. 8) used in the field to set the speed of the electronic device
to an optimal setting, using the appropriate frequency plan. In the illustraiive
embodiment, the adaptive speed binning algorithm takes as an input, the HPV
of the electronic device 100. Here, the HPV of electronic device 100 may be

determined in the field using the calibration algorithm 700 of FIG. 7.

[0048] The calibration algorithm 700 is similar to the algorithm used to
characterization process to determine the HPV range over a family of electronic
devices. The calibration algorithm 700 produces a value of HPV that is used by
the adaptive speed binning algorithm 800 of FIG. 8. The calibration algorithm
700 may be run at the first boot-up of the electronic device 100 and may serve
as a first, or preprocessing, stage of the speed binning algorithm 800 of FIG. 8.
The calibration algorithm 700 may also be run at subsequent boot-ups,
randomly, periodically, or in response to a variation to a sensed condition, e.g.,
voltage, temperature, or speed. In such a case, the adaptive speed binning

algorithm 800 of FIG. 8 may also be run.

[0049] In the illustrative embodiment, the integrated circuit 102 may be a
fixed voltage device and the frequency may be set to a nominal value for
calibration. During calibration neither the frequency nor voltage need to be

varied. In other embodiments, the integrated circuit 102 may be configured to
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run at more than one voltage setting. In such cases, the calibration algorithm

may be performed at more than one voltage, or just at the preferred voltage.

[0050] In this example, the calibration algorithm initially sets the delay
between the system clock and the external clock to zero (n.x=0), and the delay
between the system clock and the feedback clock to -K (nex=-K) In step 702.
Step 704 tests whether the external clock has been swept through the entire
tuning range. This may be achieved by determining whether ney is greater than
31. Assuming the external clock delay has not been swept across the entire
tuning range, in step 704, the process 700 continues to step 706, where the
integrated circuit writes test data to SDRAM. The process 700 then continues

to step 708, where the integrated circuit reads the test data from SDRAM.

[0051] The test data that is read is compared to that which was written. Ii, in
step 710, the read data is valid (i.e., correct), then the process 700 continues 1o
step 712 and a “pass” condition is noted for the operation at the external clock
setting. If the read data did not match that which was written, then the test
failed and a “fail” condition is recorded for the external clock setting, in step 714.
In either case, the external clock delay value is incremented in step 716 (along
with the feedback clock delay value), and the process 700 returns to step 704.
In this manner, the calibration algorithm 700 sweeps the entire delay range.
Once complete, the process 700 continues to step 720, where the HPV for the

electronic device is determined.

[0052] Once the HPV for the specific electronic device is known, the
adaptive speed binning algorithm may be performed to set the system clock
frequency and external clock delay from a corresponding frequency plan, which
may be stored with respect to bins. FIG. 8 is a flowchart 800 depicting an
adaptive speed binning algorithm, as a method that may be implemented by an
electronic device to determine and implement a frequency plan from a set of
predetermined frequency plans useful with an off-chip component. In this
embodiment, the set of frequency plans is stored to be accessible by integrated
circuit when coupled to SDRAM.
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[0053] In step 802, the HPV for the specific electronic device IS determined
(or obtained if already known). As an example, the HPV value may be
determined using the above described calibration algorithm using the nominal
voltage and frequency setting and the predetermined value of K. Given the
HPV, a series of tests may be performed to see which frequency plan is to be
implemented. In step 804, a determination is made of whether or not the HPV
falls within the HPV range of bin 1, i.e., is the HPV greater than 25 and less
than or equal to 31. If the outcome in step 804 was “true”, then the electronic
device is considered to be “fast”. The process continues to step 806 where the
frequency plan FP(fast) is selected. The integrated circuit then sets the system

clock to run at 270MHz and the external clock delay to 28 in step 808.

[0054] If the outcome of step 804 was “false”, the process proceeds to step
810. In this step, if HPV is greater than 19 and less than or equal to 25, then
the electronic device is a “nominal’ device and the process continues 10 siep
812, where the frequency plan FP(nom) is selected. The integrated circuit then

sets the system clock to run at 210MHz and the external clock delay to 22.

[0055] If the outcome of step 810 was “false”, the process proceeds to step
816. In this step, if HPV is greater than or equal to 13 and less than or equal to
19, then the electronic device is a “slow” device and the process continues o
step 818, where the frequency plan FP(slow) is selected. The integrated circuit
then sets the system clock to run at 146MHz and the external clock delay to 16
in step 820. If the outcome in step 816 is “false” then an error condition occurs,
represented in step 850. For example, if the HPV was below 13, an error would
occur. The calibration algorithm 700 and speed binning algorithm 800 could be

rerun in such a case.

[0056] The various illustrative logical blocks, modules, and circuits described
in connection with the embodiments disclosed herein may be implemented or
performed with a general purpose processor, a digital signal processor (DSP),
an application specific integrated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof designed to perform

the functions described herein. A general-purpose processor may be a
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microprocessor, but in the alternative, the processor may be any conventional
processor, controller, microcontroller, or state machine. A processor may also
be implemented as a combination of computing devices, e.g., a combination of
a DSP and a microprocessor, a plurality of microprocessors, one or more

microprocessors in conjunction with a DSP core, or any other such

configuration.

[0057] The methods or algorithms described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a
software module executed by a processor, or in a combination of the two. A
software module may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a removable disk, a
CD-ROM, or any other form of storage medium known in the art. A storage
medium may be coupled to the processor such that the processor can read
information from, and write information to, the storage medium. In the
alternative, the storage medium may be integral to the processor. The
processor and the storage medium may reside in an ASIC. The ASIC may
reside in the terminal, or elsewhere. In the alternative, the processor and the

storage medium may reside as discrete components in the integrated circuit, or

elsewhere.

[0058] The previous description of the disclosed embodiments is provided to
enable any person skilled in the art o make or use the present invention.
Various modifications to these embodiments will be readily apparent to those
skilled in the art, and the generic principles defined herein may be applied to
other embodiments without departing from the spirit or scope of the invention.
Thus, the present invention is not intended to be limited to the embodiments

shown herein but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.

WHAT IS CLAIMED IS:
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1. An electronic device, comprising:

an electronic component; and

an integrated circuit configured to generate a system clock having
a programmable frequency, and an external clock having a programmable delay
from the system clock, the integrated circuit being further configured to provide
the external clock to the electronic component, determine a delay range
between system clock and the external clock in which the integrated circuit and

the electronic component can communicate, and program the frequency of the

system clock based on the delay range.

2. The device of claim 1 wherein the integrated circuit is further
configured to program the frequency of the system clock based on the upper

boundary of the delay range.

3. The device of claim 2 wherein the integrated circuit is further
configured to program the frequency of the system clock with one of a plurality

of predetermined frequencies based on the upper boundary of the delay range.

4. The device of claim 3 wherein the integrated circuit is further

configured to store the predetermined frequencies.

5. The device of claim 3 wherein each of the predetermined
frequencies is related to a plurality of delay range upper boundaries

characterizing the electronic device.

0. The device of claim 1 wherein the integrated circuit is further

configured to program the external clock with a delay based on the delay range.

7. The device of claim 6 wherein the integrated circuit is further
configured to generate a feedback clock having a programmable delay from the

system clock, the feedback clock being used to receive communications from
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the electronic component, and wherein the integrated circuit is further
configured to program the feedback clock with a delay having a constant offset

from the exiernal clock.

8. The device of claim 6 wherein the integrated circuit is further
configured to program the external clock with a delay based on the upper

boundary of the delay range.

Q. The device of claim 8 wherein the integrated circuit is further
configured to program the external clock with one of a plurality of predetermined

delay values based on the upper boundary of the delay range.

10. The device of claim 9 wherein the integrated circuit is further

configured to store the predetermined delay values.

11.  The device of claim 9 wherein each of the predetermined delay
values is related to a plurality of delay range upper boundaries characterizing

the electronic device.

12. The device of claim 1 wherein the electronic component

comprises at least one memory device.

13. The device of claim 1 wherein the electronic component
comprises at least one SDRAM, Burst NOR, Burst PSRAM, RAM, ROM,
EPROM, EEPROM, or VRAM.

14. The device of claim 1 wherein the electronic device comprises a
wireless telephone, personal digital assistant, e-mail device, or Web enabled

device.

15. A method of adapting an integrated circuit to an electronic
component, the method comprising:
generating a system clock having a programmable frequency, and

an external clock having a programmable delay from the system clock;
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providing the external clock to the electronic component;

determining a delay range between system clock and the external
clock in which the integrated circuit and the electronic component can

communicate; and
programming the frequency of the system clock based on the

delay range.

16. The method of claim 15 wherein the frequency of the system clock

is programmed based on the upper boundary of the delay range.

17. The method of claim 16 wherein the frequency of the system clock

is programmed with one of a plurality of predetermined frequencies based on

the upper boundary of the delay range.

18. The method of claim 17 wherein the predetermined frequencies

are stored by the integrated circuit.

19. The method of claim 17 wherein each of the predetermined

frequencies is related to a plurality of delay range upper boundaries

characterizing the electronic device.

20. The method of claim 15 further comprising programming the

external clock with a delay based on the delay range.

21. The method of claim 15 further comprising generating a feedback
clock having a programmable delay from the system clock, using the feedback
clock at the integrated circuit to receive communications from the electronic

component, and programming the feedback clock with a delay having a

constant offset from the external clock.

22.  The method of claim 20 wherein the external clock is programmed

with a delay based on the upper boundary of the delay range.
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23.  The method of claim 22 wherein the external clock is programmed

with one of a plurality of predetermined delay values based on the upper

boundary of the delay range.

24. The method of claim 23 wherein the predetermined delay values

are stored by the integrated circuit.

25.  The method of claim 24 wherein each of the predetermined delay
values is related to a plurality of delay range upper boundaries characterizing

the electronic device.

26. The method of claim 15 wherein the electronic component

comprises at least one memory device.

27. The method of claim 15 wherein the electronic component
comprises at least one SDRAM, Burst NOR, Burst PSRAM, RAM, ROM,
EPROM, EEPROM, or VRAM.

28. The method of claim 15 wherein the electronic device comprises a
wireless telephone, personal digital assistant, e-mail device, or Web enabled

device.

29.  An electronic device, comprising:
an electronic component; and
- an integrated circuit comprising means for generating a system
clock having a programmable delay, means for generating an external clock
having a programmable delay from the system clock, and means for providing
the external clock to the electronic component, the integrated circuit further
comprising:
means for determining a delay range between the system clock
and the external clock in which the integrated circuit and the electronic
component can communicate; and means for programming the frequency of the

system clock based on the delay range.
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