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SIGNAL INTEGRITY MEASUREMENT SYSTEMS AND METHODS USING A
PREDOMINANTLY DIGITAL TIME-BASE GENERATOR

RELATED APPLICATION DATA

[0001] This application claims the benefit of priority of U.S. Provisional Patent Application
Serial No. 60/830,797, filed on July 14, 2006, and titled “Signal Integrity Measurement System
And Method Using A Predominantly Digital Time-Base Generator,” which is incorporated

herein by reference in its entirety.

FIELD OF INVENTION
[0002] The present invention relates generally to signal integrity measurement of digital circuits
and systems. More particularly, the present invention is directed to signal integrity measurement

systems and methods of using a predominantly digital time-base generator.

BACKGROUND

[0003] While digital circuits are ultimately intended to process discrete values—such as “0” and
“1,” at the semiconductor device level, such circuits invariably encode discrete signals using
physical quantities such as voltage and current. Consequently, when digital signals transition
inside or outside a semiconductor device, they cause analog transients in voltage level, current
level, or both. As technology advances, this “analog” behavior of digital circuits becomes
increasingly relevant to the correct operation of a semiconductor device. For example, if the time
it takes for a voltage to transition from a “0-level to a “1”-level is excessively long, the
semiconductor device may cease to operate altogether. Similarly, if a logical “1” (“0”) is
encoded using too low (high) a voltage or current, the resulting circuit could fail to operate
correctly. Other examples of analog phenomena include timing uncertainty or tolerance to timing
uncertainty. As a specific example, consider two semiconductor devices that are expected to
communicate with each other over a copper wire. If the timing of the digital signals from the
source to the destination is excessively perturbed, the resulting communication link could be
corrupted. Apart from the above “behind-the-scenes” analog behavior of digital circuits, it is
often necessary to momentarily and deliberately convert digital signals into analog signals for
case of processing and implementation, as would be the case in a wireless communications

System.
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[0004] The evaluation of the analog behavior of circuits is a very important step in the
semiconductor industry. Circuits and systems designers always need test and measurement tools
to debug, characterize, and production-test their designs. These test and measurement tools can
take on several forms. In general, various bench tools are available for signal integrity
measurements, such as oscilloscopes (to measure voltage or current or electromagnetic waves in
general), jitter analyzers (to measure timing uncertainty), and spectrum analyzers (to measure
frequency). Such instruments have historically been well suited to measure the interface portion
of a semiconductor device, ¢.g., the input and output ports. However, entire systems are currently
being constructed onto a very small form factor. The current-generation test and measurement
technology is not capable of analyzing internal circuitry because of access difficulties. To test is
to disturb, so transferring a very low level signal from the micro-scale of a modern device to the

macro scale of the test instrument is too disruptive to the signal being measured.

[0005] Modern measurement instruments almost invariably rely on powerful digital signal
processing (DSP) techniques to facilitate automation and to enhance measurement accuracy and
repeatability. Using DSP techniques, a device-under-test (DUT) response signal is measured by
first digitizing it using an accurate analog-to-digital (A/D) converter. Subsequently,
microprocessor-based computations are performed in order to analyze the digitized signals. For
example, hardware or software implementations of a Fast Fourier Transform (FFT) are utilized

before displaying the results to a user monitor.

[0006] The digitization step involves a clocking circuit, often called a “time-base generator” in
oscilloscope terminology, in addition to the A/D converter. In general, the clocking circuit is the
most important and most challenging component in an instrument such as an oscilloscope or a
jitter analyzer in terms of design and implementation. Referring to FIGS. 1A and 1B, which
illustrate the digitization of an analog waveform 10, the clocking circuit defines a horizontal
(time) axis 12 against which signal parameters of the waveform are traced and measured. The
more accurate the signal parameters can be traced along horizontal axis 12, the more accurate the
overall measurement. Accuracy is increased by increasing the frequency of the sampling clock
signal 14 output by the clocking circuit to a conventional A/D converter 16. Much of the
clocking challenges occur when the signal frequency is faster than half of the clocking circuit

frequency. Under this condition, conventional A/D converter 16 output exhibits aliasing and



WO 2008/008949 PCT/US2007/073454

measurements become erroneous. Unfortunately, most measurement applications fall into this
category. A lot of advancement has to be made in the area of clocking and digitization for

digitizing high-frequency signals.

[0007] Still referring to FIGS. 1A and 1B, all modern digitization techniques generally revolve
around placing the sampling instants of A/D converter 16 as close to each other as possible.
Real-time oscilloscopes literally create multiple delayed replicas of a single “slow” clock signal
and use each of the replicas to clock a separate A/D converter. This is illustrated in the time-
interleaved A/D converter architecture 20 of FIG. 2. If 16 copies of a clock signal 22 are created
and each is delayed by 1/16™ of the period with respect to the other, then an effective digitization
frequency that is 16 times faster than the slow clock can be achieved. All that needs to be done is
to combine the outputs of all 16 A/D converters 24 to create an aggregate digitized waveform.
An example of such implementation is the Agilent 54855A digital sampling oscilloscope,
available from Agilent Technologies, Santa Clara, California. Such implementation is extremely
costly, requires rather large implementation area, and involves significant calibration procedures.
These limitations make this technology generally suitable only for single-channel high-end
equipment such as wide-bandwidth oscilloscopes. For obvious reasons it is not suited for

integration as a signal-integrity measurement macro within a semiconductor device.

[0008] Alternatively, equivalent-time or sub-sampling instruments are constructed that relax the
clock circuit frequency requirements significantly. In such instruments, the requirement to
digitize signals in real-time is relaxed. Instead of creating multiple delayed copies of a clock, one
sub-sampling approach takes multiple conversion passes to digitize a repetitive signal using a
single clock signal. The repetitive signal can have a bandwidth that is much higher than the
single clock signal used for digitization. First, the “slow” clock is used with a zero phase delay to
sample the first input test period. The clock is then incremented by Az seconds on each
subsequent run of the repetitive signal under test until the sampling clock has been delayed by
the equivalent of one period. A total phase shift of approximately one period ensures that
complete coverage of the input waveform is obtained with a timing resolution of Az seconds,
although such complete coverage is not always necessary in many applications. FIG. 3 provides
a graphical representation 30 of this sub-sampling algorithm (UTP in FIG. 3 means “unit test

period”). A possible hardware implementation 40 is illustrated simplistically in FIG. 4, and it
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involves a delay chain 42 that can generate accurate phase delays and a multiplexer 44 for

sclecting the appropriate phase-delayed clocks (not shown).

[0009] Both methods described above have serious limitations associated with the reliable
generation of small delay increments and with accumulated jitter in any circuitry that generates
such delay increments. The impact of unwanted jitter on A/D-converter performance can be
severe, and in the case of test and measurement applications, jitter is often the very phenomenon
being measured. More importantly, delay-line resolution in most available semiconductor
technologies is often 10 to 100 times more than what is required from a measurement instrument.
In jitter measurement for example, one often needs delay increments of 1 psec or even 100 fsec,
whereas delay line resolution in the best of cases is limited to about 50 psec. To combat this
limitation, some sub-sampling architectures employ even more hardware to enhance the delay
line resolution. Consider, for example, the vernier delay line circuitry 50 of FIG. 5. Instead of
delaying just the sampling clock signal 52 of the A/D converter 54, the input signal 56 being
measured is itself delayed, albeit by a slightly different amount. By controlling the delay of input
signal 56 with respect to the delay of clock signal 52, effective resolution that is less than the
absolute minimum delay of each of the individual delay lines can be achieved. This concept is
referred to as a “vernier delay line.” Apart from the obvious increase in implementation area, it is
extremely difficult to match the delay values of both vernier delay lines. No published results

have demonstrated less than about 20 psec delay resolution.

[0010] As an alternative to vernier delay lines, offset frequency sampling can be employed. A
fractional frequency divider is used to clock the A/D converter at a rate 1/(T+AT) that is slightly
offset from the repetition rate, //7, of the signal being measured. Sampling the input signal with
such a clock ensures that one point per input signal period is sampled and that the sample point
moves At seconds relative to the previous sampling instant on the next run of the input signal. A
high sampling resolution, //A¢, can be achieved using this method, but this requires a high
accuracy frequency synthesizer. Indeed commercial implementations of this technique involve a
significantly more elaborate scheme than what has just been described. For some applications
such as built-in test, such as disclosed in U.S. Patent No. 7,158,899, these elaborate schemes
cannot be employed, thus rendering the performance of the resulting solution very questionable.

Effectively, the scheme of the 899 patent relies on two free-running oscillators that will
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undoubtedly wander significantly with respect to each other. Controlling the wander or filtering

it out in a post-processing step is extremely challenging.

[0011] Other innovative equivalent-time technologies are similarly employed in high-
performance oscilloscopes, such as disclosed in U.S. Patent No. 6,650,101, and they all attempt
to achieve the same goal of creating the perfect time-base. Similarly, in the context of jitter
measurement applications, other measurement techniques exist, such as the techniques disclosed
in U.S. Patent No. 6,449,570, but they again all revolve around translating very small time

increments into more manageable time delays.

SUMMARY OF THE DISCLOSURE

[0012] One aspect of the present invention is a tester for testing a circuit under test, comprising a
time-base generator for generating a time-base signal as a function of a first clock signal, the
time-base generator including: modulation circuitry for generating a rapidly varying phase signal
as a function of the first clock signal; and a phase filter for receiving the rapidly varying phase
signal and filtering therefrom unwanted high-frequency phase components so as to output the
time-base signal; and a sampler for sampling a signal under test as a function of the time-base

signal so as to output a sampled signal.

[0013] Another aspect of the present invention is a method of testing a circuit under test,
comprising: stimulating the circuit under test to produce a response signal under test; generating
a rapidly varying phase signal as a function of a first clock signal; filtering the rapidly varying
phase signal to remove unwanted high-frequency phase components so as to generate a fine
resolution time-base signal; and sampling the response signal under test as a function of the time-

base signal so as to provide a sampled signal under test.

[0014] Still another aspect of the present invention is a method of testing a circuit under test,
comprising: stimulating the circuit under test to produce a response signal under test; generating
a rapidly varying phase signal as a function of a first clock signal; filtering the rapidly varying
phase signal to remove unwanted high-frequency phase components so as to generate a fine
resolution time-base signal; and sampling the response signal under test as a function of the time-

base signal so as to provide a sampled signal under test.
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[0015] Still another aspect of the present invention is a method of providing a time-base
generator for a tester, comprising: determining a target sampling frequency for the tester;
defining a bandwidth for a phase filter, the phase filter having a frequency response; providing a
sigma-delta modulator as a function of the frequency response of the phase filter; simulating the
sigma-delta modulator with a waveform so as to provide a simulation; selecting a finite-length
sequence at the output of the simulation; and providing a sampler for sampling test data in

response to the output of the sigma-delta modulator.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] For the purpose of illustrating the invention, the drawings show aspects of one or more
embodiments of the invention. However, it should be understood that the present invention is

not limited to the precise arrangements and instrumentalities shown in the drawings, wherein:

FIG. 1A is a diagram illustrating the digitization of an analog waveform by an analog-to-
digital (A/D) converter; FIG. 1B is a graph of the digitized waveform of the analog waveform of
FIG. 1A;

FIG. 2 is a high-level schematic diagram of a typical time-interleaved A/D converter architecture

suitable for use in a real-time oscilloscope;

FIG. 3 is a graph illustrating a conventional delayed-clock sub-sampling scheme for digitizing an

analog signal;

FIG. 4 is a high-level schematic diagram of conventional multi-inverter circuitry for

implementing the delayed-clock sub-sampling scheme of FIG. 3;

FIG. 5 is a high-level schematic diagram of conventional vernier delay-line measurement
circuitry;
FIG. 6 is a high-level schematic diagram of a signal-integrity measurement system of the present

disclosure;

FIG. 7 is a timing diagram illustrating a principle of operation of the time-base generator of

FIG. 6;

FIG. 8 is a block diagram of a sigma-delta modulator, suitable for use with time-base generator

of FIG. 6, that generates a one-bit signal from an infinite precision signal;
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FIG. 9 is a graph of an exemplary frequency spectrum of the output of the sigma-delta modulator

of FIG. §;

FIG. 10 is a diagram illustrating an input signal to the phase-locked loop (PLL) of the time-base
generator of FIG. 6;

FIG. 11 is a graph of relative signal edge placement versus time illustrating a relationship

between ramp duration, full-scale range and resolution;

FIG. 12 is a flow diagram illustrating a design and simulation process for using a time-base

generator of the present disclosure;

FIG. 13 is a diagram illustrating a principle of time-digitization using a sampling D-flip-flop

coupled to a time-base generator of the present disclosure;

FIG. 14 is a diagram illustrating importance of synchronizing ramps for proper statistical

calculations;

FIG. 15 is a graph of hits versus time that results from coupling a time-base generator of the
present disclosure to the sampling D-flip-flop of FIG. 13 and computing jitter statistics on a

signal under test;

FIG. 16 is a high-level schematic diagram of an arbitrary-resolution voltage digitizer for
sweeping the voltage axis of a signal under test in a manner similar to a time-base generator

sweeping the time axis of the signal under test;

FIG. 17 is a high-level schematic diagram of an alternative signal-integrity measurement system

of the present disclosure;

FIG. 18 is a timing diagram of the signal integrity measurement system of FIG. 17 for a case of

the device-under-test (DUT) frequency equaling the time-base generator (sampling) frequency;

FIG. 19 is a high-level schematic diagram of a signal-integrity measurement system of the

present disclosure in which the DUT and sampling frequencies differ from one another;

FIG. 20 is a timing diagram illustrating the selection of sampling rate for the TBDSP signal of
FIG. 19 to ensure that all ramp delays are exploited; and
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FIG. 21 is a high-level schematic diagram of a signal-integrity measurement system of the
present disclosure in which the sampler is coupled to pattern comparison and error counting

hardware to perform various kinds of bit-error-rate tests.

FIG. 22 is a high-level schematic diagram of a signal-integrity measurement system of the

present disclosure deployed in an integrated circuit.

DETAILED DESCRIPTION

1.0 Overview

[0017] For the purposes of various embodiments of signal-integrity measurement systems and
methods of present invention, unique time-base generation techniques are utilized that can
achieve 100 fsec sampling resolution, or less, while deploying extremely simple hardware. As
described below, signal-integrity measurement solutions disclosed herein are free of various
limitations that plague conventional testing systems, such as delay line non-linearity, area
overhead, jitter, and even wander between offset frequency oscillators. Instead, the disclosed
time-based generation techniques offer deterministic sampling instants at an extremely fine
resolution. Fine resolution is defined here as any delay resolution that is less than the minimum
attainable using conventional delay lines. These time-base generation techniques may be
implemented in conjunction with various samplers and various digital signal collecting and
processing techniques to enable extremely efficient signal-integrity measurement macros that can
be deployed, for example, in built-in self-test applications, as well as in stand-alone miniature

instruments.

[0018] The disclosed subject matter can be used to create an extremely compact signal-integrity
measurement tool that can be applied to the measurement of the interface portion of a
semiconductor device as well as internal portions of the device. The disclosed embodiments also
overcome some of the cost and performance challenges of conventional technology.
Conventional test and measurement technology is always expected to supersede the general
technology that it is intended to characterize. It thus typically relies on exotic materials and
costly processes. The disclosed embodiments of the present invention, however, allow for the
exploitation of low-cost semiconductor technology (often the same technology as the device(s)
being characterized) to achieve extremely fine resolution measurement of signals. Several

attempts have been made in the past to exploit low-cost technology, but these have always been
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marred by the resulting lack of performance that arises. Generally, the disclosed embodiments of

the present invention do not suffer from such penalties.

[0019] Referring now to the drawings, FIG. 6 illustrates an example 600 of a signal-integrity
measurement system made in accordance with the present invention. At a high level, signal-
integrity measurement system 600 includes a unique time-base generator 604 comprising a phase
filter, in this example a phase-locked loop (PLL) 608, having modulation circuitry 612 at its
input. Time-base generator 604 drive a sampling-trigger input 616 of a sampler (here, a

digitizer 620). In this example, signal-integrity measurement system 600 includes a capture
memory 624 for storing the sampled values of a signal under test (SUT) 628 output by

digitizer 620. Not illustrated in FIG. 6, but will be apparent to those skilled in the art, are

processing algorithms that are applied to the various memory segments in the system.

[0020] The input to time-base generator 604 is a clock signal Trig 632 whose frequency will
typically, though not necessarily, be chosen to match the maximum frequency tolerable by the
sampling element(s) present. As mentioned earlier, this frequency is likely, though not
necessarily, to be lower than the frequency of signal(s) being measured. A time-base generator of
the present disclosure, such as time-base generator 604 of FIG. 6, creates the desired sub-
sampling delays of this input clock signal (clock signal Trig 632) by modulating the input to the
phase filter (PLL 608).

[0021] Specifically, and referring to exemplary time-base generator 604 of FIG. 6 for case of
description, a rapidly varying phase signal (timing perturbation signal) is impressed on input
clock signal Trig 632 using a suitable circuitry, such as a multiplexer (MUX) 636 having its
select input 640 driven by a high-speed modulator, in this example a circular memory 644
clocked by clock signal Trig 632 and containing the digital output signal of a one-bit sigma-delta
modulator (not shown), that provides a high-speed phase selection signal 648. In this example,
MUX 636 has as its selectable inputs clock signal Trig 632 and a delayed version of clock signal
Trig 632 delayed via a fixed delay 652. During operation, the contents of circular memory 644
drive select input 640 of MUX 636 so as to continually select between clock signal Trig 632 and
the phase-delayed version of the clock signal so as that the MUX outputs a rapidly varying phase
signal 656.
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[0022] Rapidly varying phase signal 656 is designed to contain various frequency components,
as will be described shortly. When the combined signal (clock with phase perturbation) of phase
signal 656 is applied to PLL 608, the high frequency phase components are filtered by the PLL,
and only the desired sub-sampling delay signal is present in the output. An important benefit of
the disclosed embodiments is that fixed coarse delay element 652 does not need to be small.
Coarse delay is defined as any delay that is substantially larger than the minimum delay that can
be reliably constructed using conventional technology. Typically, such minimum delay is
equivalent to minimum bit period attainable in a high speed communications device. In any case,
the larger is the delay of delay element 652 is, the larger the delay range that can be programmed
and the more robustness to process variations. With this time-base generator circuitry, achieving
the fine delay generation is done in the algorithmic step of phase signal selection and is not
dependent on or limited by the hardware implementation. Contrast this to analog delay lines and
analog phase interpolators, which are widely used in the industry. Most importantly, the jitter at
the output of time-base generator 604 is no more than just the jitter of PLL 608 itself and is
independent of the time-base generation operation. As mentioned earlier, conventional active
delay line and phase interpolator systems add jitter over and above the baseline jitter that exists

on the reference clock signal (which likely comes from a PLL anyway).

[0023] As mentioned, in this example the contents of circular memory 644 are chosen according
to sigma-delta modulation. For example, a one-bit sigma-delta modulator (not shown) may be
simulated in software for the purpose of generating phase selection signal 648. The input to the
sigma-delta modulator is the desired phase modulation signal that is targeted. As described
below, this input could be a DC signal (e.g., delay smaller than finest delay of the technology) or
a constant ramp signal. When the modulator is simulated in software, it generates a 1-bit output
waveform that contains the original input signal as well as unwanted high-frequency quantization
noise. By matching the bandwidth of the sigma-delta modulator to the bandwidth of PLL 608,
the unwanted high-frequency quantization noise is guaranteed to be located in the stop-band of
the PLL and is not propagated. Other examples of the creation of the phase selection signal will
be described shortly. Also, it is important to note that the use of PLL 608 is only exemplary. Any
phase filtering circuit, such as a delay-locked loop, can be used. As another example, phase

averaging using resistor strings (like in analog phase interpolators) can be used.

10
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[0024] Beyond time-base generator 604, the sampler (in this example, digitizer 620) can take on
any one of several forms. For the purposes of this section, digitizer 620 is an A/D converter. It
should be evident to those skilled in the art that the circuitry of digitizer 620 could look like a
conventional digitizer. In subsequent sections, examples of different compact implementations of
the sampler are described that allow it to be deployed in built-in self-test applications. Examples

of measurement algorithms associated with these measurement macros are also described below.

2.0 Time-Base Generation — General Purpose

[0025] Referring still to FIG. 6, the purpose of time-base generator 604 is to place the sampling
instants of digitizer 620 in a controlled manner, as shown, for example, in FIG. 7. FIG. 7
illustrates how the output clock signal 700 (corresponds to sampling-trigger input 616 in FIG. 6)
of time-base generator 604 is delayed slowly in a linear fashion with respect to the input clock
signal 704, as represented by the plot 708 of the relative edge displacements between input and
output clock signals 704, 700, respectively. This section describes how time-base generator 604

can accomplish this.

[0026] The output phase of a PLL can be expressed in terms of its input phase as

D o (]50) _ bjo+ b,
$,(j0)  a(jo) +a,(jo) +a(jo) +a, (1

where b; and a; are design-dependent coefficients and where a third-order PLL is assumed.
Generally, this phase transfer function is a low-pass function, which means that the output phase
of the PLL will track the input phase quite well as long as it remains within the PLL’s designed
bandwidth. Using Equation {1}, the behavior of FIG. 7 can be achieved by modulating the input

of the PLL, for example, using one-bit sigma-delta modulation in the phase domain.

[0027] FIG. 8 illustrates an exemplary one-bit sigma-delta modulator 800, which is a system that
takes a potentially infinite precision quantity and converts it into a one-bit representation.
Physically reducing an infinite-precision quantity to a one-bit representation results in severe
quantization or round-off error. A sigma-delta modulator, such as sigma-delta modulator 800 of
FIG. 8, shapes away the round-off error and confines it in certain bands in the frequency domain.

If the signal being modulated is confined to a frequency band other than the round-off error

11
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band, it remains preserved. This is illustrated in the plot 900 of FIG. 9 in which a sine wave
(apparent as a spike 904 in the plot) is encoded by the sigma-delta modulation operation in the
low-frequency band and the round-off error is encoded in the high-frequency band. The figure
plots the frequency spectrum of the one-bit representation produced by the modulator and shows
how the one-bit representation preserves the original low frequency sine wave. When it comes
time to recover the original modulated signal, all that is needed is a frequency-selective filter that
removes all the round-off error components. Refer to FIG. 8 again, sigma-delta modulator 800 is
practically driven by a word generator memory 808 that contains the desired waveform x[n] 804,
being modulated. Since infinite precision is impossible to create in digital system, the word
generator stores waveform x[n] 804 with the maximum precision possible, such as 32, 64, or 128

bit depending on the digital computer architecture available.

Referring again to FIG. 6, when making a one-bit sigma-delta modulated “phase” waveform
available at the input of a PLL, such as PLL 608 of FIG. 6, the output “phase” of the PLL will
preserve the original encoded phase signal quite well. The combination of delay element 652 and
multiplexer 636 creates this input one-bit sigma-delta modulated “phase” waveform. In
particular, this circuit essentially rapidly delays or advances the phase of the input clock signal to
PLL 608 as illustrated by the composite signal 1000 in FIG. 10 that shows the advance or delay
the clock signal Trig 632 input into PLL 608 (FIG. 6). It should be evident that composite signal
1000 in FIG. 10 corresponds to signal 656 in FIG. 6. Also, control sequence 1004 in FIG. 10
corresponds to signal 648 in FIG. 6. Thus, from a phase point of view, PLL 608 sees a rapidly
switching one-bit signal. It responds by filtering this one-bit signal to create an output phase
signal that looks like the original waveform function x[n] 804 in FIG. 8. It is noted that delay
element 652 of FIG. 6 can be designed to have a programmable delay value to allow for different
delay range configuration off-line. The only requirement is that a fixed delay is used when the

time-base generator is operational.

[0028] One example of the generation of the phase selection signal (corresponding to phase
selection signal 648 of FIG. 6) is to construct an entire sigma-delta modulator in hardware (not
shown, although identical at a high level to sigma-delta modulator 800 in FIG. 8). In another
example (which is represented in FIG. 6), a sigma-delta modulator is simulated in software and

its output is stored in circular memory 644 of FIG. 6. A description of the simulation of a sigma-

12
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delta modulator may be found in U.S. Patent No. 6,931,579, which is incorporated herein by
reference for its pertinent disclosure. In yet another embodiment, a first-order pulse-density
modulation (PDM) converter (not shown) can be used. A PDM converter is a digital circuit that
converts a parallel word (e.g. 16 bits) from, say, a word generator, into a serial stream; the value
of the digital word is encoded in the density of the output serial stream. The operation of a PDM
converter is known to those versed in the art. Alternatively, a PWM counter (not shown) can be

used.

[0029] In addition, it is noted that although a one-bit sigma-delta modulator has been described,
a multi-bit sigma-delta modulator and multi-bit circular memory can be used. If, for example, a
two bit sigma-delta modulator or a two-bit circular memory containing software-generated
sigma-delta modulated streams is used, a two-bit multiplexer may be used to select from among
four differently delayed (including a delay of zero) clock signals in a manner similar to
multiplexer 636 selecting between the two differently delayed signals in FIG. 6. The advantage

of a multi-bit approach is more delay range; the disadvantage is more circuit complexity.

[0030] Returning to the time-base generation, in one example of time-base generator 604, phase
selection signal 648 is used to encode a ramp waveform. Specifically, waveform function

x[n] 804 in FIG. 8 is an ideal near infinite-precision ramp signal. An important point to note
about time-base generator 604 is that the edge placement of output clock signal 700 (FIG. 7)
with respect to input clock signal 704 is deterministic. No matter how long this time-base
generator 604 (FIG. 6) is run, the phase relationship between input clock signal 704 and output
clock signal 700 will always be the same. Notice, for example, how the phase for the last clock
cycle 712 in FIG. 7 has the same value as that for the first cycle 716. Time-base

generator 608 (FIG. 6) does not suffer from drift and wander issues associated with offset-

frequency oscillators.

[0031] The deterministic nature of output clock signal 700 relative to input clock signal 704 in
FIG. 7 is an important benefit of a signal integrity measurement system, such as system 600 of
FIG. 6, made in accordance with the present disclosure. Much like the delayed-clock sub-
sampling algorithm described in connection with FIG. 3, the output of a time-base generator of
the present disclosure, such as time-base generator 604 of FIG. 6, can trace the horizontal axis

with very fine and deterministic sampling instants while requiring hardly any additional
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invention-specific hardware; and it does this as it is ramping up and down. The period with
which the time-base generator sweeps back and forth is typically a function of the length of, in
this example, circular memory 644 (FIG. 6) as well as its content. The repetition frequency of the

ramp, Ft, is given by

F =—F,
N {2

where Fj is the frequency of input clock signal Trig 632 of system 600, N is the length of the 1-
bit memory and M is the number of repetitions of the ramp signal, x[n], within every N cycles.
Consider the simplest example of M=/. In this example, the output of time-base generator 604
ramps up and down in the duration it takes to cycle through one whole length of the periodic

memory. Thus, the ramp repeats every N cycles of input clock signal Trig 632.

[0032] To help determine M, we need to consider the target resolution and range for the time-
base generator. Referring to the plot 1100 of FIG. 11 that shows an exemplary ramp signal 1104,
the range 1108 of the ramp signal is determined by the full-scale delay introduced at the input of
PLL 608 (FIG. 6) (i.c., coarse delay element 652). This could be as large as is necessary,
although the bigger it is, the larger the in-band quantization noise of the sigma-delta modulated
bit streams. As was mentioned before, delay element 652 could be programmable to trade
between full-scale delay and quantization noise. Similarly, and also referring to FIG. 11,
resolution 1112 of ramp signal 1104, and thus, time-base generator 604 (FI1G. 6), is equal to the
programmed height of the ramp signal divided by its length. For example, if the full-scale delay
is 500 psec, the length of the bit stream is 1000 bits long, and if the ramp spans the whole 1000
bits, then the maximum resolution of time-base generator in this example is 0.5 psec. We can use

this example further to point out three different ways for programming resolution:

1) Keep encoding a fixed ramp signal as per the above example and achieve a coarser
resolution by skipping cycles. Specifically, strobing every other cycle at the output of the
PLL in the above example achieves a resolution of 1 psec instead of 0.5 psec.

2) Keep encoding a fixed ramp signal as per the above example and increase the memory
length. Increasing the memory length in the above example to 2000 bits long results in a

resolution of 0.25 psec.
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3) Encode multiple ramp periods within a single memory. Specifically, if M = 2 in the above
example, this means that two ramps are encoded in the 1000 bit long memory, and a
resolution of 1 psec is achieved; intuitively, the ramps have to rise and fall twice as fast in

order to fit within the same 1000-bit long duration, so their slopes are steeper.

Strictly speaking, one can in principle change M without changing the target resolution, but this
is beyond the scope of this section. In a nutshell, this is achieved by following coherent sampling
requirements that are well known in the mixed-signal test industry. For reference, the reader is
pointed to section 5.2 herein and M. Burns and G. W. Roberts, An Introduction to Mixed-Signal
IC Test and Measurement, Oxford University Press, New York, 2001, which is incorporated

herein by reference for its pertinent disclosure.

[0033] FIG. 12 illustrates a flow diagram 1200 of how a time-base generator, such as time-base
generator 604 of FIG. 6 can be designed and operated. In this example, there is a hardware
component and a software component to the steps illustrated in flow diagram 1200. The
hardware component is represented in FIG. 6, and the software component is represented in

FIGS. 8 and 9, as well as in the preceding text.

[0034] At step 1205, a target sampling frequency of signal-integrity measurement system 600 is
determined. At step 1210, a reasonable bandwidth of PLL 608 is determined. This is potentially
determined by the target application. For example, if the test system is intended to comply to a
certain standard such as PCI Express, the specifications of the standards community will drive
the bandwidth of the PLL. In the absence of specific needs, for stability concerns, this bandwidth
should be taken as less than one-tenth of the sampling frequency determined in step 1205. At
step 1215, a sigma-delta modulator (here, implemented in software), such as one-bit sigma-delta
modulator 800 of FIG. 8, is designed to match the frequency response of PLL 608. At step 1220,
determine the ramp waveform to be simulated using target resolution, range, test time and
sampling frequency. Once an appropriate ramp waveform has been determined, it is placed in
word generator 808 in FIG. 8, and at step 1225 the sigma-delta modulator is run using the ramp
waveform and the output one-bit representation is analyzed for accuracy. Specifically, sigma-
delta modulator 800 in FIG. 8 is generally chaotic and has an infinite duration response. In this
example, only a finite sequence of length N out of the modulator is required and stored in

circular memory 644. Before this sequence is stored in said memory, its accuracy needs to be
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verified. This may be achieved by performing a FFT on the selected sequence and observing the
frequency spectrum. A spectrum such as plot 900 in FIG. 9 will be observed. Those versed in the
art will understand how to analyze this spectrum. Alternatively, a software simulation of the
selected one-bit sequence is performed to verify that it will work well when it is stored in
circular memory 644. It should be understood that an iterative procedure to select the best N bits
for use in signal-integrity system 600 may be required (step 1230). Once the one-bit sequence is
stored in circular memory 644 in this example, signal-integrity measurement system 600 can be

operated to perform tests on real signals.

3.0 Time-Base Generation — Fixed Delay

[0035] In addition to ramp generation, for example, as per flow diagram 1200 of FIG. 12,
another embodiment of the present disclosure involves creating a fixed strobe delay out of time-
base generator 604 (FIG. 6). This is particularly useful in bit-error-rate applications and in clock-
testing applications. For the purpose of creating fixed strobe delays in the proposed time-base
generator, the only necessary difference in flow diagram 1200 of FIG. 12 is to replace the ramp
signal in the sigma-delta modulation step (i.c., step 1225) with a DC signal. Specifically,

x[n] 804 in FIG. 8 is now a constant signal as opposed to a ramp signal. The stability
requirements for a sigma-delta modulator driven by a DC signal are understood in the art and
need to be respected. Apart from sigma-delta modulation, the DC signal can be encoded using a

PDM counter, a PWM counter or even a linear feedback shift register.

4.0 Sampler Design

[0036] So far, the sampler (digitizer 620) has been represented as an A/D converter in FIG. 6.
This section introduces three variants of sampler design with varying levels of complexity.
Referring to FIG. 13, a simple sampler design, and the one presently most preferred for
implementation in signal-integrity measurement macros for built-in self-test, is a D-flip-flop (D-
FF), illustrated in FIG. 13 at element numeral 1300. Such a circuit can be thought of as a zero-
crossing detector. If the clock input 1304 of D-FF 1300 arrives when the SUT input 1308 is
higher than the internal switching threshold of the flip-flop, a logical “1” is sampled; if the clock
input arrives when the SUT input is lower than the flip-flop’s switching threshold, a logical “0”
is sampled. When combined with a time-base generator of the present disclosure, such as time-

base generator 604 of FIG. 6 (e.g., as a replacement for digitizer 620), D-FF 1300 can be used to
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measure the timing of occurrence of various signals. Referring to FIG. 13, consider the case
when the time of arrival of a signal is sought. The time-base generator ramps (i.¢. delays) the
sampling clock of D-FF 1300 slowly, as represented by Ramp Cycles i-3 through i+1, and the D-
FF samples the incoming SUT at input 1308. The output of D-FF 1300 will transition when the
time-base generator output starts to lag the SUT being measured. Thus, knowing when the output
of D-FF 1300 transitions, and knowing the phase of the time-base generator, one can determine

the time of arrival of the SUT.

[0037] In stricter terms, D-FF 1300 essentially samples the likelihood that its D-input signal,
here, the SUT at input 1308) has arrived before its clock-input signal, here the output of the time-
base generator, such as time-base generator 604 of FIG. 6. By sweeping the clock input using the
time-base generator, D-FF 1300 can be used to construct the cumulative distribution function of
the arrival time of the signal under test. In the absence of noise or jitter, such as illustrated in
FIG. 13, this cumulative distribution function is a step function. In the presence of noise or jitter,
some input signal transitions will occur earlier than nominal and others will occur later. The
output of D-FF 1300 for each ramp cycle of the time-base generator will look like the output
signal segments 1400, 1404 of FIG. 14.

[0038] The output of D-FF 1300 can be stored neatly in a capture memory, such as capture
memory 624 conceptually illustrated in FIG. 6. If the outputs of D-FF 1300 are properly
accumulated in separate capture memory locations, an accurate cumulative distribution function
of the timing of the signal under test at input 1308 can be plotted. By “properly accumulated,” it
is meant that the second sequence 1408 of samples in FIG. 14 is accumulated to the exact same
memory locations as for the corresponding sequence 1412 in the first run. The reason is that each
memory location now corresponds to a phase value of the sampling clock; each memory location
is a point on the x-axis of FIG. 1. By storing each digitization cycle (which corresponds to a
ramp cycle) to the same memory locations, drift or wander issues do not influence the results.
This is a reason the deterministic nature of a time-base generator of the present disclosure, such

as time-base generator 604 of FIG. 6, is so beneficial.

[0039] Once the sum of all ramp cycle results is accumulated in the capture memory, one can
obtain statistics on the time of arrival of the signal under test. For example, we can differentiate

the contents of the capture memory (the cumulative distribution function) to obtain a histogram
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or a probability density function of the jitter on the signal under test. An example of a

histogram 1500 that is obtained using this method is shown in FIG. 15. Further description of the
translation of the output of D-FF 1300 into jitter histograms is omitted from this section.
However, such description can be found in M. Hafed, N. Abaskharoun, G. W. Roberts, “A
Stand-Alone Integrated Test Core for Time and Frequency Domain Measurements,” Proc. IEEE
ITC, pp. 1031-1040, 2000 and N. Abaskharoun, M. Hafed, G. W. Roberts, “Strategies for On-
Chip Sub-Nanosecond Signal Capture and Timing Measurements,” Proc. IEEE ISCAS, pp. 174-
177, 2001, which are incorporated herein by reference in their entireties. Where appropriate in
the following sections, specific original aspects of the statistics computations for certain

embodiments of the present disclosure are pointed out with particularity.

[0040] Performing the sampling operation using a D-FF allows for the measurement of the
timing of signals. For example, it allows the measurement of jitter on a high-speed digital signal
or on a clock signal. Beyond measuring timing, some test applications require the digitization of
complete waveforms in order to determine AC quantities such as rise-time, fall-time, overshoot,
maximum voltage or minimum voltage. For such applications, a second variant of the sampler,
1.e., a comparator (which is illustrated at element numeral 1600 of FIG. 16), can be used. As seen
in FIG. 16, comparator 1600 can be combined with a variable reference voltage 1604, provided,
for example by a programmable reference 1608, to create an arbitrary-resolution voltage
digitizer. The sample-and-hold circuits 1612, 1616 represented in FIG. 16 may be located in the

circuitry of comparator 1600 itself and does not need to be implemented explicitly.

[0041] A comparator, such as comparator 1600 can be operated in two ways when connected to
a time-base generator of the present disclosure, for example, time-base generator 604 of FIG. 6.
In this case, comparator 1600 may replace digitizer 620 or may otherwise be connected to the
output of time-base generator 604. First, time-base generator 604 can be disabled or programmed
to generate a fixed sampling offset. Then, over multiple runs of a repetitive input signal under
test 1620 (corresponds to signal 628 of FIG. 6), reference input voltage 1604 can be swept to
comparator 1600 and a thermometer code representation of the voltage waveform being
measured can be progressively constructed. For example, if the 20% to 80% rise-time is sought,
reference input voltage 1604 to comparator 1600 can be placed at the 20% level, and the time

signal under test 1620 crosses this level recorded. Subsequently, reference input voltage 1604 is
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placed at the 80% level and the time signal under test 1620 crosses this level is recorded. The
rise-time is then the difference between the two values. When a fine timing resolution is
required, time-base generator 604 is enabled to ramp its output. So, in a nutshell, both the time
axis and the voltage axis are gradually swept in order to digitize signal under test 1600. The
digitization method using a single comparator and an efficient programmable reference is
described in U.S. Patent No. 6,931,579, which is incorporated by reference herein for its

pertinent disclosure.

[0042] A benefit of this variant is that it allows the complete digitization of AC parameters of
waveforms (instead of just timing or jitter) while not taking much more area than a D-FF
implementation. As a third variant, any A/D converter topology can be deployed. In general, this
approach is not desired when constructing an on-chip measurement macro based on this
technology, but it can be used if a stand-alone measurement instrument is created. The

assumption is that the area constraints are less stringent in the stand-alone instrument scenario.

5.0 Sample Capture and DSP Embodiments
[0043] In this section, differing DSP embodiments are disclosed for the application of a

measurement system of the present disclosure in various test and measurement applications.

5.1 Clock Jitter and AC Parameter Measurement

[0044] This section considers the problem of digitizing and analyzing jitter of clock waveforms.
The clock waveforms could be internal to, for example, an ASIC or FPGA, or they could be the
outputs of various clock chips, such as clock generators, fanout buffers, and zero-delay buffers.
First considered is the case in which the frequency of the clock signal being measured is equal to
the clock frequency of the time-base generator. This is a straightforward deployment of a time-

base generator of the present disclosure.

[0045] FIG. 17 illustrates and exemplary deployment 1700 in which a signal-integrity
measurement system 1704 is applied to a multi-channel device under test (DUT) 1708. In

FIG. 17, the frequency of clock signal DIN is the frequency at the input of DUT 1708, the
frequency of clock signal DOUT is the frequency at the output of the DUT, the frequency of
clock signal TB is the frequency of the output of the time-base generator 1712, and the frequency
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of clock signal TBDSP is the frequency at which the outputs of samplers 1716 outputs are
clocked and analyzed by a digital signal processor (DSP) 1720.

[0046] When the frequencies of signal DOUT at the output of DUT 1708 and signal TB of the
output of time-base generator 1712 are the same value, as illustrated in FIG. 17, the various
waveforms corresponding to clock signals DIN, DOUT, TB, TBDSP will look like, respectively,
waveforms 1800, 1804, 1808, 1812 of FIG. 18. Referring to FIG. 18, multiple bands for clock
signals TB and TBDSP are used to illustrate the sweeping action of time-base generator 1712.
The previous explanation of a time-base generator of the present disclosure applies to waveforms
1800, 1804, 1808, 1812 of FIG. 18. That is, every new clock cycle out of time-base

generator 1712 (FIG. 17) corresponds to an increment in the x-axis of the final digitized
waveform, and the increment corresponds to the resolution calculation that was performed in

Section 2.0, above.

[0047] In general, it may be desired to measure clock frequencies that are not necessarily equal
to the frequency of clock signal TB at the output of time-base generator 1712. This can be
achieved in a signal-integrity measurement system of the present disclosure and can be explained
within the context of FIG. 19, which illustrates an alternative signal-integrity measurement
system 1900. Referring to FIG. 19, it is seen that the frequencies of the clock signals DOUT, TB
at, respectively, the outputs of the DUT 1904 and the time-base generator 1908 are both derived
from the frequency of a common oscillator 1912. This is generally not an unreasonable

assumption for most clocking applications. Specifically, it is assumed that

TB = A]\fTB Foosc
3 35
and
DOUT = AA{DUT Fose
pUT {4}

wherein M and N are integers denoting the rational relationship between the frequency of the
corresponding component (either DUT 1904 or time-base generator 1908) and Fosc is the

frequency of oscillator 1912. It can be shown that the frequencies 7B and DOUT of clock
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signals TB, DOUT will meet at deterministic multiples of each signal’s periods. Specifically,
their intersection will depend on Ntg and Npyr of the least rational numbers of Equations {3}

and {4}.

[0048] By way of example, consider a situation in which DOUT = 102/33 Fosc and TB

= 5/4 Fosc. We first represent DOUT as 34/11 times the frequency of oscillator 1912. Then, the
least common multiple of 11 and 4 is 44. The outputs will align every 11*5 cycles of clock
signal TB or 34*4 cycles of clock signal DOUT. Since we sample the output of time-base
generator 1908 using clock signal TBDSP, the latter needs to have a period of 11*5 times the
period of clock signal TB. This sampling rate of the DSP 1916 ensures that the output of time-

base generator 1908 is only used to sample the signal under test coherently.

[0049] The above analysis indicates that the frequency of clock signal TBDSP can be different
from clock signal TB for multiple-frequency applications. Specifically, in the above example, the
frequency of clock signal TBDSP is 55 times slower than the frequency of clock signal TB.
Since it is still desired to sampling each 55" edge with a sweeping ramp (to construct jitter
histograms or to measure AC parameters), the effects of this “sub-sampling” on the ramp signal
itself must be considered. That is, by observing the TB signal every 55" edge, there is a risk of
not sampling every point on the ramp 708 of FIG. 7. By restating this problem as a classic
coherent sampling problem, however, it can be ensured that each point on the ramp is seen by

each 55™ edge of clock signal TB.

[0050] Consider by way of example the situation illustrated in FIG. 20. In this example, a ramp
memory, corresponding to circular memory 644 in FIG. 6, is 8 bits long, and the frequency of
clock signal TBDSP (FIG. 20) is three times slower than the frequency of clock signal TB. Every
sample 2000 in FIG. 20 in the ramp will be uniquely sampled by clock signal TBDSP to yield
DSP samples 2004, albeit it will take three times as long to collect all eight samples. The other
implication of this scenario is that ramp samples 2000 are now shuffled as is evidenced by

FIG. 20. In general, setting the ratio of the frequency of clock signal TB to the frequency of
clock signal TBDSP (3 in this case) to be relatively prime with respect to the length of the ramp
memory ensures this coherence in the measurement. If the ramp memory length is even, this

ratio can simply be an odd integer, and the converse is true.
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[0051] Before closing this section, it is noted that the design of samplers 1716, 1920 (FIGS. 17
and 19, respectively) could be, for example, any one of the three variants described above. That
i, a D-FF can be used if only jitter is sought, or if the whole clock waveform needs to be

digitized, a comparator or A/D converter can be used.

5.2 Jitter measurement on high-speed serial patterns

[0052] Jitter measurement on high-speed serial patterns is an important topic that is addressed by
embodiments of the present disclosure. In a jitter-measurement application, an arbitrary pattern,
such as a pseudo-random bit sequence (PRBS), is being measured as opposed to just a clock.
From an implementation point of view, this can be thought of as being very similar to the one
just described relative to FIGS. 19 and 20. In particular, it is assumed that the serial pattern being
measured is synchronized with the same fundamental oscillator that drives the time-base
generator. It is also assumed that the test pattern is repetitive. Both of these assumptions are not
unreasonable. Just like the multiple-frequency clock case discussed immediately above, the
synchronized and repetitive test pattern may or may not have a transition every time the timing-
base generator output clock (TB) or the DSP clocking/analysis clock (TBDSP) toggles. This
behavior is deterministic. By controlling when to sample the DSP clocking/analysis clock
TBDSP, different transition intervals in the repetitive serial pattern can be walked through and its

jitter analyzed.

[0053] For example, consider a PRBS pattern that is 127 bits long. This length can be mapped
into an equivalent Mpyr and Npyr for an equivalent clock frequency. These factors can then be
used to sample every 127™ data beat of the repeating PRBS pattern just like was done for the
clock signal in section 5.1, above. Of course, all this time, the statistics of a single “bit” in the
PRBS sequence are being sampled. Once jitter statistics for this bit are constructed by sampling
it at every iteration of the whole PRBS pattern, the whole observation window can be shifted and
the next bit in the pattern sampled. The reason it is desirable to repeat the statistical computation
of each “bit” in the PRBS pattern is that, unlike for clock signals, it is often desirable to separate
the average edge arrival time for each bit in the pattern from other random jitter components that
ride on all edges. Once the statistics for every edge in the repeating test pattern are collected,
data-dependent jitter (average arrival time for all edges), as well as random and uncorrelated

jitter, can be extracted.
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5.3 BERT measurement and BERT Scan measurements on high-speed serial patterns

[0054] In addition to jitter measurement, bit-error-rate (BER) measurements are often sought for
high-speed serial patterns. At a minimum, a BER tester (BERT) essentially samples a high-speed
digital pattern at a fixed delay value and compares the sampled pattern with an expected pattern
that is stored in an on-board memory. It then counts the number of times the high-speed pattern
is received erroncously and computes a BER number. Systems-interconnect budgets define a
maximum BER for a certain high-speed link, so a BER measurement is a standard measurement
in the area of high-speed digital design and test. Apart from the need for high-speed samplers,
modern BERTSs may incorporate fine delay circuitry (using phase interpolators or analog delay
lines) in order to control the placement of the sampling point. The reason is the non-deterministic
arrival time of signal under tests. That is, modern BERTs are expected to be agnostic to path
delays, so the sampling point has to be programmable. In addition, the presence of delay circuitry
allows one to perform a BERT scan measurement in which multiple BER measurements are
performed, each with a different fixed sampling delay. The sampling delay is progressively
increased or decreased in this test. Such measurement gives an indication of the margin that is

available in a given link.

[0055] FIG. 21 illustrates a signal-integrity measurement system 2100 that may be implemented
to construct a particularly compact BERT 2104. As can be seen in FIG. 21, system 2100 may
include a sampler (here a D-FF 2108) and a time-base generator 2112 in substantially the same
way they are present in system 600 of FIG. 6. A primary difference from system 600, however,
is the nature of the processing algorithm at the output of the D-FF 2108. In the context of

FIG. 21, time-base generator 2112 provides the control of the sampling instants of system 2100
(i.e., BERT 2104), and D-FF 2108 performs the sampling operation. Once the SUT is sampled
using D-FF 2108, it can be slowed down (de-serialized), for example, using a de-mux 2116, and
then compared to an expected signal (not illustrated) stored in an onboard expected

memory 2120 using, for example, an onboard comparator and error counter 2124. It is noted that
the deserialization step is not necessary. It is only there if on-board memory 2120 and

comparator/error counter 2124 cannot run at the frequency of the high-speed serial pattern.

[0056] It is also noted that the fixed-delay version of the time-base generation, as opposed to the

ramp embodiment, is used in this embodiment. Specifically, in a bare-minimum BER
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measurement, time-base generator 2112 may be programmed to generate a fixed delay that
places the sampling instant of D-FF 2108 at the optimum location with respect to the incoming
stream. Then, the stream is run continuously and the BER computed by comparator/error counter
2124. Alternatively, for a BERT scan measurement, time-base generator 2112 may be repeatedly
programmed to generate fixed delays of increasing or decreasing values and the BER is

measured for each such delay.

5.4 General-Purpose On-Chip Signal Integrity Measurement

FIG. 22 illustrates a general deployment of a signal-integrity measurement system 2200 in which
a single time-base generator 2204 is coupled to multiple samplers, here D-FFs 2208. These
samplers may be placed at strategic locations within and integrated circuit chip or chip

system (not shown), for example, an ASIC or an FPGA, and coupled to external contacts (not
shown) so as to provide multiple sampling points, i.¢., Probe points 0 to n. For example, the
sampling points can be placed between major blocks (not shown) in a design to evaluate the
integrity of the clock distribution network. Alternatively, the samplers can be placed around
heavy DSP blocks (not shown) within, for example, an ASIC or an FPGA. Such blocks may
significantly stress the power supply network and cause failures due to the resulting delay
degradation. In any case, an important point is that a single time-base generator, such as time-
base generator 2204, can be coupled to multiple sampling elements, such as D-FFs 2208. The
sampling elements can be extremely compact and can be readily synthesized within a design.
Time-base generator 2204 consumes a little more area, but only one instance of it needs to be
implemented within the context of on-chip jitter or signal integrity measurement, making

system 2200 very efficient in terms of the amount of on-chip spaced occupied.

Systems, components thereof and methods of the present disclosure have significant commercial
possibilities. As a built-in macro, a signal-integrity measurement system of the present disclosure
could be deployed in ASICs as well as FPGAs and other integrated circuitry. FPGAs are finding
widespread use in the industry because of their flexibility and cost benefits. However, FPGA
technology is inherently noisy. To avoid these noise issues, designers often adopt quite
conservative design methodologies. By allowing the measurement of signal integrity inside an
FPGA, designers can potentially achieve more aggressive performance levels using FPGA

technology. The significance of the technology of the present disclosure is that it does not require
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any special features to be integrated inside the FPGA. This is unprecedented in the industry. The
end user of any FPGA can employ this technology without having to require the FPGA

manufacturer to construct special analog features.

5.4 General-Purpose On-Chip Signal Integrity Measurement

FIG. 22 illustrates a general deployment of a signal-integrity measurement system 2200 in which
a single time-base generator 2204 is coupled to multiple samplers, here D-FFs 2208. These
samplers may be placed at strategic locations within and integrated circuit chip or chip

system (not shown), for example, an ASIC or an FPGA, and coupled to external contacts (not
shown) so as to provide multiple sampling points, i.¢., Probe points 0 to n. For example, the
sampling points can be placed between major blocks (not shown) in a design to evaluate the
integrity of the clock distribution network. Alternatively, the samplers can be placed around
heavy DSP blocks (not shown) within, for example, an ASIC or an FPGA. Such blocks may
significantly stress the power supply network and cause failures due to the resulting delay
degradation. In any case, an important point is that a single time-base generator, such as time-
base generator 2204, can be coupled to multiple sampling elements, such as D-FFs 2208. The
sampling elements can be extremely compact and can be readily synthesized within a design.
Time-base generator 2204 consumes a little more area, but only one instance of it needs to be
implemented within the context of on-chip jitter or signal integrity measurement, making

system 2200 very efficient in terms of the amount of on-chip spaced occupied.

Systems, components thereof and methods of the present disclosure have significant commercial
possibilities. As a built-in macro, a signal-integrity measurement system of the present disclosure
could be deployed in ASICs as well as FPGAs and other integrated circuitry. FPGAs are finding
widespread use in the industry because of their flexibility and cost benefits. However, FPGA
technology is inherently noisy. To avoid these noise issues, designers often adopt quite
conservative design methodologies. By allowing the measurement of signal integrity inside an
FPGA, designers can potentially achieve more aggressive performance levels using FPGA
technology. The significance of the technology of the present disclosure is that it does not require
any special features to be integrated inside the FPGA. This is unprecedented in the industry. The
end user of any FPGA can employ this technology without having to require the FPGA

manufacturer to construct special analog features.
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[0057] In addition to the built-in-test world, this technology can be readily deployed in compact
instrument modules, such as the DJ60 and DJ518 modules available from DFT Microsystems
Canada, Inc., Montreal, Canada. The small size and low-cost nature of this invention will allow
such module manufacturers to offer jitter measurement capability at a fraction of the cost of

conventional technology.

[0058] Exemplary embodiments have been disclosed above and illustrated in the accompanying
drawings. It will be understood by those skilled in the art that various changes, omissions and
additions may be made to that which is specifically disclosed herein without departing from the

spirit and scope of the present invention.
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What 1s claimed is:

1. A tester for testing a circuit under test, comprising:
a time-base generator for generating a time-base signal as a function of a first clock signal,
said time-base generator including:
modulation circuitry for generating a rapidly varying phase signal as a function of said
first clock signal; and
a phase filter for receiving the rapidly varying phase signal and filtering therefrom
unwanted high-frequency phase components so as to output the time-base signal; and
a sampler for sampling a signal under test as a function of the time-base signal so as to output

a sampled signal.

2. The tester of claim 1, wherein said modulation circuitry includes clock-selection circuitry for
continually selecting from among differing-delay versions of the first clock signal so as to

generate the rapidly varying phase signal.

3. The tester of claim 2, wherein said modulation circuitry further includes a delay element for
receiving said first clock signal and outputting a second clock signal phase-shifted relative to
the first clock signal, said clock-selection circuitry comprising a multiplexer for receiving the

first clock signal and the second clock signal.
4. The tester of claim 3, wherein said delay element is programmable in coarse increments.

5. The tester of claim 3, wherein said multiplexer includes an output and a select port, said
modulation circuitry also including a selection signal generator in operative communication
with said select port of said multiplexer and configured to generate a high-frequency
selection signal for causing said multiplexer to continually select between the first clock

signal and the second clock signal.

6. The tester of claim 5, wherein the high-frequency selection signal of said multiplexer is

synchronized with the first and second clock signals.

7. The tester of claim 5, wherein said selection signal generator comprises a circular memory

containing digital data.
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The tester of claim 7, wherein said digital data is configured in accordance with sigma-delta

modulation.

The tester of claim 7, wherein said digital data is configured in accordance with first-order

pulse-density modulation.

The tester of claim 7, wherein said digital data is configured in accordance with pulse-width

modulation.

The tester of claim 7, wherein said digital data represents a sigma-delta modulated constant

ramp signal.

The tester of claim 11, wherein said digital data represents a first-order pulse-density

modulated ramp signal.

The tester of claim 11, wherein said digital data represents a pulse-width modulated ramp

signal.
The tester of claim 7, wherein said digital data represents a sigma-delta modulated DC signal.

The tester of claim 14, wherein said digital data represents a first-order pulse-density

modulated DC signal.

The tester of claim 7, wherein said digital data represents a pulse-width modulated DC

signal.

The tester in claim 5, wherein said selection signal generator comprises a sigma-delta

modulator driven by a digital word generator.
The tester of claim 17, wherein said digital word generator represents a constant ramp output.

The tester of claim 17, wherein said digital word generator represents a constant, unchanging

output.
The tester of claim 1, wherein said sampler comprises an analog-to-digital converter.

The tester of claim 1, wherein said sampler comprises a D-flip-flop.

28



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

WO 2008/008949 PCT/US2007/073454

The tester of claim 1, further comprising a voltage comparator for receiving the sampled

signal.

The tester of claim 22, wherein said voltage comparator is configured to sample the signal

under test so as to generate the sampled signal.

The tester of claim 22, wherein the sampled signal has a voltage and the tester further
comprises a programmable reference generator for generating a reference voltage signal for
sweeping said voltage, said voltage comparator configured to compare the swept reference

voltage signal and the sampled signal with one another.

The tester of claim 22, wherein said voltage comparator has an output, the tester further

including memory for storing the output for further analysis.
The tester of claim 1, wherein said phase filter comprises a phase-locked loop.

The tester of claim 1, wherein said modulation circuitry generates the rapidly varying phase

signal as a function of digital data.

The tester of claim 27, wherein said digital data is configured in accordance with sigma-delta

modulation.

The tester of claim 27, wherein said digital data is configured in accordance with first-order

pulse-density modulation.

The tester of claim 27, wherein said digital data is configured in accordance with pulse-width

modulation.

The tester of claim 27, wherein said digital data represents a sigma-delta modulated constant

ramp signal.

The tester of claim 27, wherein said digital data represents a sigma-delta modulated DC

signal.

The tester of claim 1, wherein the tester performs a plurality of cycles and further comprises

a memory controller and test data capture memory having a plurality of storage locations,
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said memory controller configured for repeatingly storing output of said sampler in said

plurality of storage locations during said plurality of cycles.

The tester of claim 1, further comprising;:

a plurality of samplers for receiving a corresponding plurality of signals under test, each of
said plurality of samplers responsive to the time-base signal of said time-base generator;
and

a digital signal processor for receiving output of said plurality of samplers.

The tester of claim 34, further comprising an oscillator for driving said time-base generator

and the circuit under test.

The tester of claim 34, wherein the circuit under test is located on a first integrated circuit

chip and said time-base generator is located on a second integrated circuit chip.

The tester of claim 1, wherein the circuit under test is located on a first integrated circuit chip

and said time-base generator is located on a second integrated circuit chip.

The tester of claim 1, wherein the circuit under test and said time-base generator are located

on a common chip.

The tester of claim 1, further comprising:
an expected data memory for providing an expected data signal; and

a digital comparator for comparing said sampling signal to said expected data signal.

The tester of claim 39, further comprising an error counter in communication with said
digital comparator for counting mismatch errors between said sampling signal and said

expected data signal.

The tester of claim 39, further comprising a demultiplexer, responsive to said time-base

signal, for demultiplexing said sampling signal for input into said digital comparator.

The tester of claim 1, further comprising a plurality of probe points each having a
corresponding respective sampler associated therewith that is responsive to said time-base

signal.
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A tester of claim 42, further comprising memory behind each of said plurality of probe

points.

The tester of claim 1, further comprising a memory and a digital signal processor controller
for selectively collecting said sampled signal from said sampler and storing said sampled

signal in said memory.

A method of testing a circuit under test, comprising:

stimulating the circuit under test to produce a response signal under test;

generating a rapidly varying phase signal as a function of a first clock signal;

filtering the rapidly varying phase signal to remove unwanted high-frequency phase
components so as to generate a fine resolution time-base signal; and

sampling the response signal under test as a function of the time-base signal so as to provide

a sampled signal under test.

The method of claim 45, wherein said generating of the rapidly varying phase signal includes

continually selecting from among differing-delay versions of the first clock signal.

The method of claim 46, wherein said continually selecting from among said differing-delay
versions of the first clock signal includes selecting from among said differing-delay versions

as a function of a sigma-delta modulated repeating waveform.

The method of claim 47, wherein said continually selecting from among said differing-delay
versions of the first clock signal includes selecting from among said differing-delay versions

as a function of a digital representation of a sigma-delta modulated repeating waveform.

The method of claim 47, wherein said continually selecting from among said differing-delay
versions of the first clock signal includes selecting from among said differing-delay versions

as a function of a sigma-delta modulated constant ramp signal.

The method of claim 47, wherein said continually selecting from among said differing-delay
versions of the first clock signal includes selecting from among said differing-delay versions

as a function of a sigma-delta modulated DC signal.
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The method of claim 46, wherein said generating of the rapidly varying phase signal includes
delaying the first clock signal to create a second clock signal phase-shifted relative to the first
clock signal, and rapidly selecting between the first clock signal and second clock signal in

response to a digital signal so as to generate the rapidly varying phase signal.

The method of claim 51, wherein said delaying of the first clock signal includes imparting a

coarse delay into the first clock signal.

The method of claim 51, further comprising storing the digital signal in a circular memory,
said generating of the rapidly varying phase signal including cycling through the digital

signal.

The method of claim 51, further comprising encoding the digital signal with the output of a

sigma-delta modulator.

The method of claim 51, wherein said encoding of the digital signal includes encoding the

digital signal in accordance with first-order pulse-density modulation.

The method of claim 51, wherein said encoding of the digital signal includes encoding the

digital signal in accordance with first-order pulse-width modulation.

The method of claim 51, wherein said encoding of the digital signal includes encoding the

digital signal with a sigma-delta modulated constant ramp signal.

The method of claim 51, wherein said encoding of the digital signal includes encoding the

digital signal with a sigma-delta modulated DC signal.

The method of claim 46, wherein said continually selecting from among said differing-delay
versions of the first clock signal includes cyclically reading a series of selection bits from a

circular memory.

The method of claim 45, wherein said filtering of the rapidly varying phase signal includes
filtering the rapidly varying phase signal using a phase-locked loop.

The method of claim 45, wherein said filtering of the rapidly varying phase signal includes
filtering the rapidly varying phase signal using a delay-locked loop.
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The method of claim 45, wherein said sampling of the signal under test includes sampling

said test data using a D-flip-flop.

The method of claim 45, wherein said sampling of the signal under test includes sampling

said test data using an analog-to-digital converter.

The method of claim 45, further comprising comparing the sampled signal under test to a

reference signal.

The method of claim 64, wherein said comparing of the sampled signal under test to the
reference signal includes comparing the sampled signal under test to a voltage-swept

reference signal.

The method of claim 45, wherein the sampled signal under test has a first frequency and the
time-base signal has a second frequency selected to ensure that a least common multiple

exists as between the first frequency and the second frequency.

The method of claim 45, wherein the response signal under test includes a high-speed

repeating serial pattern that is equivalent to a differing frequency clock signal.

The method of claim 45, further comprising calculating a bit-error rate as a function of the

sampled signal under test.

The method of claim 68, wherein the calculating of the bit-error rate includes comparing the

sampled signal under test to an expected data signal.

The method of claim 69, wherein the sampled signal under test has a speed and the method
further comprises slowing the speed prior to comparing the sampled signal to the expected

data signal for the purpose of calculating the bit-error rate.

The method of claim 45, wherein said sampling of the signal under test is performed over a
plurality of cycles and the method further comprises writing and accumulating said sampling

signal under test to a particular memory space over the plurality of cycles.
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The method of claim 45, wherein said sampling of the signal under test is performed over a
plurality of probe sites and the method further comprises writing the sampled signal under

test from each of the plurality of probe sites to a respective memory.

A method of providing a time-base generator for a tester, comprising:

determining a target sampling frequency for the tester;

defining a bandwidth for a phase filter, the phase filter having a frequency response;
providing a sigma-delta modulator as a function of the frequency response of the phase filter;
simulating the sigma-delta modulator with a waveform so as to provide a simulation;
selecting a finite-length sequence at the output of the simulation; and

providing a sampler for sampling test data in response to the output of said sigma-delta

modulator.

The method of claim 73, wherein said defining of the bandwidth for the phase filter

comprises defining the bandwidth for a phase-locked loop.

The method of claim 73, wherein the phase filter comprises a phase-locked loop and the said
providing of the sigma-delta modulator includes matching the sigma-delta modulator to the

frequency response of the phase filter.

The method of claim 73, wherein said simulating of the sigma-delta modulator with the

waveform includes simulating the sigma-delta modulator with a constant ramp waveform.

The method of claim 73, wherein said simulating of the sigma-delta modulator with the

waveform includes simulating the sigma-delta modulator with a DC waveform.
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