Methods and Apparatus for Time to Current Conversion

BACKGROUND

[0001] A common requirement for an advanced electronic circuit and particularly for circuits
manufactured as integrated circuits (“ICs”) in semiconductor processes is the need to accurately
measure timing quantities such as jitter, duty cycle, pulse width, frequency, signal delays, and
between signal timing. Use of on board timing measurement circuitry using prior art approaches
often requires complex circuitry and significant silicon area. Further, in order to perform
accurate measurements or delays, duty cycles, or pulse widths, calibration of the on board
circuitry may be required, adding time and cost to the use of these approaches. The need to
make such measurements for signals that are internal to an advanced integrated circuit of a
system on a chip (“SoC”) device may make wafer probing or other external measurements

difficult or impossible to perform.

[0002] One known time measurement approach, a time quantizer or time-to-digital converter
circuit (“TDC”) uses delay taps or delay buffers with counters or shift registers. The delays may
be of a common delay chained in series, or the delays may be in parallel but increase by the
constant tau from one stage to the next. This TDC approach requires significant circuit area
(silicon area), and often, also requires calibration after the integrated circuit (“IC”) or system on
a chip (“SoC”) is manufactured. In one known approach a tapped vernier delay line with buffers
coupled in series is used to clock a counter or a register chain, the data input is a signal with a
pulse, and the tapped delay line also receives the same pulse. When the registers are clocked by
the delayed pulse, the outputs of the stages that are, for example, a “1”, indicates the pulse width

of the pulse. The digital output may be a thermometer code, for example.



[0003] These known approaches are also limited either in measurement range, or, in the
fineness of the resolution. That is, in known approaches there is a design tradeoff between
resolution, and range, of the measurement. For example, in a tapped delay line TDC the number
of stages used forms a practical limit. When very fast buffers are used in the taps, or delays, of
the delay line, the resolution is increased; but the measurement range is limited. On the other
hand, the use of slower taps or delays may expand the maximum range that can be measured, but
the smallest delay that can be measured (fine resolution) is then limited to a multiple of these
delay times. Interpolation must be used to determine times of less than the minimum resolution,
which is less accurate. Thus, design tradeoffs must be made to provide a practical measurement
circuit with acceptable range, and resolution. Even so, these circuits require large silicon area.
In another known approach, dual slope circuitry may be used and then converted to a digital
quantity. The dual slope approaches of the prior art, which use analog delay circuitry with a

digital conversion, also require significant circuitry to implement.

[0004] The known approaches may also require calibration. Calibration is needed because
these delay measurements depend on the physical values of circuit elements, such as delay
buffers, or other process dependent variables. Each integrated circuit manufactured in a
semiconductor process will have some physical variation that affects the measurement; therefore
each on board TDC circuit must be calibrated before measurements are made in order to achieve
sufficient accuracy in the results. Calibration requires trimming or other adjustments, and
additional bench time and often operator time to perform, and thus adds significant costs to the

use of the measurement circuitry.

[0005] A continuing need thus exists for time measurement circuitry and methods that

overcome the disadvantages of the prior art approaches.
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BRIEF DESCRIPTION OF THE FIGURES

[0006] For a more complete understanding of the present embodiments, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0007] Figure 1 depicts an impedance and a periodic time varying input signal which may be

used with the embodiments;

[0008] Figure 2A depicts a timing diagram, Figure 2B depicts another timing diagram and

Figure 2C depicts another timing diagram for illustrating operations of the embodiments;
[0009] Figure 3 depicts in a simplified schematic a circuit embodiment;

[0010] Figure 4 depicts in a timing diagram waveforms illustrating operations of an

embodiment;

[0011] Figure 5 depicts waveforms illustrating time quantities that may be measured by use

of the embodiments;

[0012] Figure 6 depicts waveforms illustrating the operation of a method embodiment for

measuring a delay difference between two signals; and

[0013] Figure 7 depicts waveforms illustrating the operation of a method embodiment for

determining frequency of an unknown signal.

[0014] The drawings, schematics and diagrams are illustrative and not intended to be
limiting, but are examples of embodiments of the invention, are simplified for explanatory

purposes, and are not drawn to scale.



DETAILED DESCRIPTION

[0015] The making and using of the present embodiments are discussed in detail below. It
should be appreciated, however, that the present application provides many applicable inventive
concepts that can be embodied in a wide variety of specific confexts. The specific embodiments
discussed are merely illustrative examples illustrating specific ways to make and use the

invention, and do not limit the scope of the invention.

[0016] Example embodiments which are now described in detail provide novel time to
current converter methods, and circuits that utilize the methods. Advantageously, the methods
operate by converting time to a current that can be observed without dependence on the physical
devices used to measure. The values and tolerances of circuit elements do not affect the
measurements made. The methods therefore provide accurate time measurements that are
independent of the physical values of circuit elements and unaffected by process variations. The
time to current measurements provided by the method embodiments can have a wider range and
simultaneously provide finer resolution than the time or delay measurement approaches known
in the art. In embodiments, external current meters may be used with the embodiment time to
current methods to form the measurement, while in alternative embodiments the current
measurement may be performed by circuitry integrated along with the time to current converter

circuitry.

[0017] In embodiments, methods are provided that convert a time quantity, such as a delay or
a duty cycle, to a current. The methods may be used to measure various time parameters
including rise and fall times, and relative delays between timing signals, as well as unknown

duty cycles and unknown delays.



[0018] Embodiments include using a combination of logical gates to extract timing
information between two signals. For example, timing information may include delay between
signals or between clock signals, frequency, and duty cycle. The timing information is collected
in a comparison between signals. The timing information may be converted to a current. In
embodiments, the observed current for an unknown timing can be compared to the current for a
known timing to extract the unknown timing information. In embodiments, the timing

information can be observed repeatedly to further obtain timing information.

[0019] In an embodiment method, a known signal such as a DC voltage or a known duty
cycle signal is supplied to an impedance. An average current is observed. A signal of interest,
such as a signal with an unknown duty cycle, is supplied to the same impedance. Over a number
of cycles, the current through the impedance is observed, with current flowing for a portion of
the signal having the unknown duty cycle for example. The ratio of the two currents provides
the relationship of the unknown timing parameter, such as an unknown duty cycle, to a known
timing signal. Thus, the unknown timing parameter may be determined. The use of the ratio
approach removes any dependence on the physical characteristics of the impedance from the
measurement; thus, the measurement is free from errors due to process variation, device
tolerances or variations, temperature dependence and the like. Further, by observing the current
repeatedly over a number of cycles, measurement errors due to noise or measurement equipment
tolerances can be removed from the final measurement. The time to current converter methods

therefore provide accuracy unavailable using prior approaches.

[0020] In an embodiment, a circuit is provided that can supply either a known duty cycle
signal or DC voltage to an impedance. Also the circuit can selectively provide a time varying

periodic signal to the impedance. This time varying periodic signal may be a signal with an
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unknown duty cycle or with an unknown active high time. In a method embodiment, a first
measurement is made of the DC current or the average current due to the known signal. A
second measurement is made of the average current over the same time period drawn by the
impedance due to the time varying periodic signal. By observing a simple relationship between
the duty cycle and the two current measurements, the unknown duty cycle may be determined as
an active time, or as a percentage of the known time period. For an impedance comprising a
resistor, this relationship is a ratio of the currents multiplied by the time period of the fixed or
known voltage signal. For other impedance elements, similar relationships can be determined.
By coupling an external current meter to the impedance, the measurements may be made in an
accurate manner. Alternative embodiments include providing an on board current measurement

circuit for making the measurements.

[0021] Applications for the embodiments are many and include determining unknown duty
cycles, and determining delays in a device under test or circuit path, measuring frequency of a
periodic signal, measuring jitter, measuring rise and fall times, and measuring timing of events
relative to a known clock signal. Unlike prior art approaches, the physical value of the
impedance is not part of the final measurement, thus no calibration of the devices is required
prior to or during the making of time measurements. This eliminates an expensive step at a tester
or probe station, and also eliminates trimming, fuse programming, or other calibration of
physical devices required in known approaches. Thus use of the embodiments provides accurate
measurements at lower cost than prior approaches. Further, a simple test circuit embodiment is
provided that needs only a small silicon area to implement and thus lowers cost still more,

compared to more complex solutions used in prior circuits.



[0022] The time to current converter embodiments may be used in a completed integrated
circuit or SoC device as part of a self-test or system test. The time to current embodiments may
be provided as an in circuit or on board circuit for wafer acceptance test (“WAT”), to be used as
a process monitor in a semiconductor manufacturing environment. The time to current circuitry
embodiments may be used as a portion of a tester or other equipment. The time to current
measurements may be made prior to wafer dicing, as part of a device qualification or binning
operation. The method embodiments also may be used later, as part of a system measurement in

a packaged integrated circuit, to evaluate signal timings in an operating integrated circuit.

[0023] In Figure 1, an impedance M1, either linear or non-linear, is depicted to illustrate
features and operating concepts of the embodiments. In Figure 1, a time varying voltage input,
such as a clock signal, is input to the impedance M1. The average current Iavg through the
impedance is proportional to the high portions of the time varying input signal, that is, the
average current over a period is proportional to the duty cycle. Thus, by measuring the average
current for a time period that includes an integral multiple of cycles such as, for a non-limiting
example, by measuring the average current over 100 periods, the duty cycle can be calculated.
The physical value of the impedance is not important, as the proportion of currents provides a
relative measure and thus, the duty cycle measurement is not dependent on the value of the
impedance itself. Embodiments of the invention advantageously provide accurate measurements
that do not depend on the value of the circuit elements and are independent from semiconductor
process variation effects, thus eliminating the need for calibration or trimming that arises in prior
art approaches. Put another way, the value of the impedance is not a part of the time to current

measurement, as the use of the ratio approach removes it from the measurement.



[0024] Figures 2A-2C illustrate in timing diagrams the operation of the embodiments. In
Figure 2A, an average DC current is determined. In order to make this measurement, a fixed
voltagé such as DC supply voltage is provided as an input to the impedance (such as M1 in
Figure 1), and the average current is determined over a time period. This current is then the
current that would flow if the clock signal or other time varying signal was always high, and

thus, this current is the maximum average DC current Iavg for a clock period.

[0025] Figure 2B illustrates the average current obtained for a time varying signal; here, a
50% duty cycle clock signal, for a single period Tck. The current IDC is the current that flows
for the half of the clock cycle that the input signal is active or high (Td). The shaded portion of
the signal in Figure 2B represents the current. The average current for this example would be
50% of the average current in Figure 2A, which is proportional to the duty cycle (Td is 50% of

Tck).

[0026] Another example is shown in the timing diagram of Figure 2C. In Figure 2C, a time
varying input signal; here, a 25% duty cycle clock signal, is illustrated. The shaded portion of
the timing diagram in Figure 2C represents the current that would flow for the case when the
signal is active high for 25% of the clock period. The average current as shown in Figure 2C is
25% of the average current shown in Figure 2A, and the duty cycle is also proportional to the

average current during the clock cycle (Td is 25% of Tck).

[0027] A mathematical form of the relationship used here is given by this equation:

_lavg xTck
Idc

Equation 1

1d
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[0028] These concepts are applied to make efficient novel time to current (“TCC”)
conversion circuits and methods. By comparing the average current proportion to the observed

current, timing information of an unknown timing quantity can be extracted.

[0029] Figure 3 depicts an embodiment TCC circuit. It should be clear that this embodiment
circuit is but one illustrative circuit incorporating the embodiment methods, but is not limiting on
the embodiments and does not limit the scope of the appended claims. The circuit 31 may be
formed on an integrated circuit, such as a SoC, with a circuit or device under test such as the
device under test labeled DUT in the figure. In alternative embodiments, the circuit 31 may be
part of a tester or separate test circuit. The device under test (“DUT”) adds delay to a signal. To
determine the value of the delay, TCC circuit 31 is used. A clock or known periodic signal is
coupled to the input CK and then coupled to the input of the DUT through an inverter IV1, and
the signal CK is also input to a logic gate L1 using a matched delay D1. The delay D1 matches
the delay through the inverter IV1. Thus, the two signals, the clock input received through the
matched delay D1 and the delayed signal D received through the DUT; arrive at the inputs of the
logic gate L1 with the delay through the DUT being the only delay affecting the timing of the
two signals. For example, if the DUT delay is zero, the signals would arrive at the gate L1 at the
same time. The logic gate L1 is a NAND function, so that it will output a logic “0” when the
signals at the inputs to the logic gate L1 are both a logic “1”. In this way, the logic gate L1
detects when the two signals, the clock signal CK, and the delayed signal D from the DUT

device, overlap in time.

[0030] A second logic gate L2 receives the output of gate L1 and logically combines this

with a test input labeled “Test DC” and outputs a voltage at node “c”. As this gate is also a logic



NAND gate, it will output a high voltage or logic “1” when either input is a “0”, and it will

output a logic “0” or low voltage when both inputs are logic “1” or high voltage levels.

[0031] In a time to current converter operation, two measurements are made. When the input
Test DC is logic “0”, the NAND gate L2 always outputs a logic “1” output at node “c”. As this
logic “1” is typically a high voltage, this provides a DC voltage (over a given time period, it can
be maintained as a DC voltage indefinitely using the Test DC input) to the impedance, and the
current flowing through the impedance, here a resistor R1, is a DC current. This current is
measured at the IOUT terminal. The average current Iavg is then equal to the DC current (Idc).
Thus, by using the input Test DC to cause L2 to output a high voltage at node “c” over a period,
the average DC current Idc may be measured at the output IOUT. In short, the average current

Idc in Equation 1 can be determined when the test input Test DC is logic “0”.

[0032] When the test input Test DC is a logic “1”, then the output “c” is determined by the
output of logic gate L1, and the output of L2 is a “1” when the output of logic gate L1 is a “0”.
That is, when the D signal (the delayed and inverted clock signal CK following the delay through
the device under test DUT) is overlapping the clock input CK at the inputs of L1, a pulse at the
output of L1 will be inverted and output at node c. This pulse voltage, when taken through the
impedance R1, will then form an average current that can be measured at output IOUT, and the
average current lavg forms the current that is proportional to the delay of the DUT. Thus, the
current Iavg is proportional to the delay of the DUT in Equation 1; and this current can be

determined when the test input Test DC is at a logic “1”.

[0033] The example impedance R1 in the circuit 31 in Figure 3 is a resistor. Resistors on
board integrated circuits may be provided in a variety of ways, including but not limited to the
use of diffusion resistors, polysilicon resistors, and the use of other materials that provide
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electrical conductivity with resistance. The physical value of the resistor R1 is not critical to the
time to current measurement, only the average current measured in response to the logic circuitry
output. Process dependent or temperature dependent device variations are also not critical, as
they do not impact the time to current converter measurements. In alternative embodiments,

other non-linear impedances may be used. RC and LC impedances may be used, for example.

[0034] In an alternative method embodiment, a periodic signal of known duty cycle may be
first applied to the impedance, instead of a DC voltage, and an average current determined. Then
a signal of unknown duty cycle may be applied, the average current for that signal determined,
and using the relationship of Equation 1, a relative measure of the duty cycle of the unknown
signal may be determined, and since the first signal is known, the duty cycle or active high time
may be determined for the unknown duty cycle signal. A known clock signal is often available

for the first measurement, as one non-limiting example embodiment.

[0035] Figure 4 depicts in a timing diagram the waveforms illustrating the operation of the
TCC circuit of Figure 3. In Figure 4, the clock signal CK is a time varying periodic clock signal;
here, a 50% duty cycle is used. The D input to logic gate L1 is inverted and delayed from the
CK signal so that an overlap portion is formed that is equal to the delay of the device under test
(“DUT”). Note that the frequency and period of the clock signal CK are chosen so that the delay
D of the device under test is less than 50% of the period Tck. The current IOUT depicts the
current that flows through the impedance R1 at the output pin. This current, as shown in Figure

4, is proportional to the delay Td.

[0036] A simple test method embodiment is to perform the following steps, in either order.

First, measure the average current IDC that results at IOUT from a DC voltage to the impedance
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over a clock period. Second, apply the clock signal to the test circuit, and measure the average

current Javg at the output IOUT. Then, Equation 1 is used to determine the active high time Td.

[0037] The average current Iavg can be measured over many clock cycles, if desired, and
then an average taken. By averaging the measurement over many cycles, slight errors are
reduced or eliminated. Because the time Td is measured as a ratio of a DC current Idc and an
average current lavg, the actual value of the impedance, labeled R1 in the example embodiment,
dogs not affect the measurement. Further, because the value of R1 is not critical, there is no need
to calibrate or trim circuit elements to achieve an accurate measurement. The measurement is

not affected by process or temperature dependent variations of the physical impedance.

[0038] Extending the embodiment to form alternative embodiments, a combination of logic
gates may be used to extract the timing information (delay, frequency, duty cycle) present
between two signals into current. Since the current for the difference between the two signals can
be compared to a current corresponding to a known or reference signal, the unknown timing

information can be determined from the currents.

[0039] The time to current converter circuit embodiment of Figure 3 is simple to design and
requires little silicon area to implement. In an example semiconductor process it was
implemented in less than 1000 square microns. No expensive counters, shift registers, or
numerous matched delay buffer or delay line elements are needed. No lengthy calibrations are
necessary before measurements are made. While an embodiment method for making a
measurement using an external current meter is described above, as an alternative embodiment,
an on chip current measurement circuit may be used. Use of the embodiments can provide a
time delay measurement for complex integrated circuits where probing or other methods to test
internal nodes is not practical or desirable.
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[0040] The TCC of Figure 3 has exceptional range and resolution. For an example
implementation, a range of 10 picoseconds -5 nanoseconds, with a resolution of 1 picosecond,
was observed. The prior art devices require far more silicon; have less range, and lower

resolutions than provided by the embodiments.

[0041] There are many applications for the embodiment time to current converter circuit and
the method embodiments. Figure 5 depicts, in a waveform timing diagram, a variety of
measurements that can be made using the circuits and the methods described above. In the upper
waveform 51, the figure illustrates that the frequency of a clock signal fck, which can be
determined. The duty cycle and active high time for a periodic signal as shown in waveform 51
can be measured. The rising time and falling time for a periodic signal, such as a clock signal,
can be determined. Jitter, that is, the variations in a periodic signal, can be measured. In Figure
5 a second waveform 53 is shown delayed from the upper waveform 51. As shown in the figure,
the delay time of a signal relative to a known signal can be measured, or time delay through a

portion of a circuit can be measured as described above.

[0042] Figure 6 depicts in a timing diagram a measurement that can be made by performing
the TCC methods above in a repeated fashion. In Figure 6, signals S1 and S2 are each delayed
from the clock signal CK. The phase difference “Delta D” between signal S1 and S2 is very

small; thus, a direct measurement of this phase difference is not possible.

[0043] In an embodiment, a measurement of the delay D1 between the clock signal CK and
the signal S1 is first made using the above delay measurement approach. The delay D2 is also
measured by using the signal S2 in the delay measureﬁent as described above. The difference
Delta D between the delay D1 and the delay D2 is thus D2-D1 as shown. By repeatedly using a
number of the timing extraction procedures, further timing information may be obtained. Taking
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repeated measurements of a signal removes measurement error and temperature dependence,
increasing the accuracy of the observation. The embodiments use proportional measurement to

eliminate device characteristics from the measurements, which further increase accuracy.

[0044] Figure 7 depicts a method for measuring frequency. In Figure 7, the signal labeled
“Ref CK” represents a known frequency signal, a reference clock. A delayed version of this
signal may be logically combined, for example, “ANDed”, with the reference clock as shown in
the waveform labeled “Delayed — reference clock”. The current Iavg through an impedance that
is observed when the AND signal is routed through the impedance is then a current proportional
to Fs, the frequency of the reference clock. Similarly, the signal DUT clock may be ANDed with
a delayed version Delayed-DUT CK, and this waveform is also shown in Figure 7. In Figure 7,
under the label “I”, the dark portions indicate the portion of the clock signal for which the current
will be observed flowing through the impedance. Thus, for the known Ref CK signal, the upper
waveform labeled 71 indicates the current observed for the known signal with a frequency Fs.
The waveform labeled 73 is the current observed for the DUT clock. The current observed on 73
may then be compared to the average current proportional to Fs; thus, the frequency of the DUT
may be determined as a multiple of Fs. In the particular example shown, the observed current is
2Javg, and the frequency of DUT is simply 2Fs. Since Fs is known, the DUT clock frequency

may also simply be determined.

[0045] The embodiments described above are example embodiments of the time to current
converter TCC. The methods are not limited to a particular circuit embodiment, structure, or
limited to a particular application. The methods provide a conversion of timing information such
as delay, frequency, pulse width, duty cycle, rise and fall times, jitter skew, and phase to current

information, which can be measured accurately either using on-chip or off chip impedance loads.

-14-



Because the value and physical characteristics of the impedance are not part of the measurement,
the measurement is free from dependence on the process, and process variations, temperature
and voltage dependence, and errors in measurement circuitry can be effectively removed from

the measurement.

[0046] In an embodiment, a method comprises coupling a known signal to an impedance;
observing the current through the impedance for a number of cycles to establish a first average
current corresponding to a time relatedb parameter of the known signal; coupling an unknown
periodic signal to the impedance; observing the current through the impedance for a number of
cycles to establish a second average current corresponding to a time related parameter of the
unknown periodic signal; and determining a timing characteristic of the unknown signal by
comparing the first and second currents.

[0047] In an embodiment, an apparatus comprises an impedance having an input for
selectively receiving a time varying periodic signal or a known voltage signal; and a current
output coupled to the impedance; wherein an active time of the time varying periodic signal may
be determined by evaluating a ratio of a first average current observed at the current output while
the periodic signal is coupled to the impedance to a second average current observed at the

current output while the known voltage signal is coupled to the impedance.

[0048] In another embodiment, an apparatus comprises a clock input for receiving a known
periodic clock signal; an inverter coupled to the clock input and having an output; a match delay
coupled to the clock input and having an match delay output, wherein the delay of the match
delay is matched to the delay of the inverter; a first terminal coupled to the output of the inverter
for coupling a device under test; a second terminal coupled to the output of the device under test

for receiving a delayed clock signal from the device under test; a first logic gate coupled to the
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output of the match delay and the second terminal, and outputting a pulse when the clock signal
through the match delay output overlaps the delayed clock signal; a second logic gate coupled to
the output of the first logic gate, and further coupled to a DC test input, and having an output;

and an impedance coupled to the output of the second logic gate and having a current output.

[0049] In another embodiment, a method comprises providing an impedance having an input
and a current output; coupling a voltage to the input of the impedance; measuring a first current
that is an average current through the impedance over a period for a clock cycle; coupling a time
varying periodic signal of unknown duty cycle to the impedance; measuring a second current that
is the average current through the impedance due to the time varying signal over one clock cycle;
and determining the active high portion of the duty cycle of the time varying periodic signal by
forming the ratio of the second current to the first current and multiplying the ratio by the time

duration of the clock period.

[0050] Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the structures, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from the disclosure of the present
invention, processes, or steps, presently existing or later to be developed, that perform
substantially the same function or achieve substantially the same result as the corresponding
embodiments described herein may Be utilized according to the present invention. Accordingly,

the appended claims are intended to include within their scope such processes or steps.
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WHAT IS CLAIMED IS:
L. A method, comprising:

coupling a known signal to an impedance through a first logic element;

observing a first current through the impedance for a number of cycles to establish a first
average current corresponding to a time related parameter of the known signal; |

inverting a first clock signal to generate an inverted first clock signal;

delaying the first clock signal to generate a delayed first clock signal, the delay of the
delayed first clock signal corresponding to a delay created by inverting the first clock signal;

generating a delayed signal by passing the inverted first clock signal through a device
under test;

generating an unknown periodic signal by logically combining the delayed signal with
the delayed first clock signal, the unknown periodic signal having a logical “on” state indicating
a non-overlapping time of the delayed signal compared to the delayed first clock signal;

coupling the unknown periodic signal to the impedance through the first logic element,
the first logic element selectively providing the unknown periodic signal or the known signal to
the impedance;

observing a second current through the impedance for a number of cycles to establish a
second average current corresponding to a time related parameter of the unknown periodic
signal; and

determining a timing characteristic of the unknown signal by comparing the first and
second currents, the timing characteristic being determined independent of the physical value of

the impedance.
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2. The method of claim 1, wherein the known signal is a clock signal with a known

frequency.

3. The method of claim 1, wherein the impedance is a linear impedance.

4. The method of claim 3, wherein the impedance is a resistor.

5. The method of claim 1, wherein the impedance is a non-linear impedance.

6. The method of claim 1, wherein the known signal is a DC voltage.

7. The method of claim 1, wherein the known signal is a time varying periodic signal of a
fixed duty cycle.

8. The method of claim 1, wherein determining a timing characteristic by comparing further

comprises taking a ratio of the first and second currents.

9. An apparatus, comprising:
a time to current converter, comprising:

a first logic gate for receiving a delayed signal from a device under test and a
delayed clock input, the first logic gate outputting a time varying periodic signal having a high
logic state corresponding to the non-overlapping time of the high logic states of delayed signal
and the delayed clock input; and

a second logic gate coupled at a first input to the output of the first logic gate and

coupled at a second input to a known voltage signal input;

-18-



an impedance having an input coupled to the output of the second logic gate for
selectively receiving the time varying periodic signal or a known voltage signal; and

a current output coupled to the impedance;

wherein an active time of the time varying periodic signal is determined by evaluating a
ratio of a first average current observed at the current output while the time varying periodic
signal is coupled to the input of the impedance to a second average current observed at the

current output while the known voltage signal is coupled to the input of the impedance.
10. The apparatus of claim 9, wherein the known voltage signal is a DC voltage.
11. The apparatus of claim 9, wherein the known voltage signal is a known clock signal.

12. The apparatus of claim 9, wherein the time varying periodic signal is a clock signal of

unknown duty cycle.

13. The apparatus of claim 12, wherein the duty cycle for the clock signal is determined by
multiplying the ratio of the first average current to the second average current by the time

duration for a single clock period.
14. The apparatus of Claim 9, wherein the known voltage signal is a DC voltage signal.
15. The apparatus of claim 9, wherein the impedance comprises a resistor.

16. A method, comprising:

providing an impedance having an input and a current output;
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coupling a known signal to the impedance;

measuring a first current that is an average current through the impedance over a number
of clock cycles;

coupling an inverted form of a clock signal having a known duty cycle to a device under
test;

coupling a delayed clock signal to a first input of a logic gate, the delayed clock signal
being a delayed form of the clock signal, a delay of the delayed clock signal matching the delay
of the inverted form of the clock signal;

receiving a test signal from the device under test and coupling the test signal to a second
input of the logic gate;

generating a time varying periodic signal of unknown timing characteristics with the
logic gate by logically combining the test signal with the delayed clock signal;

coupling the time varying periedic signal of unknown timing characteristics to the
impedance;

measuring a second current that is the average current through the impedance due to the
time varying periodic signal over a number of cycles; and

determining at least one unknown timing characteristic of the time varying periodic
signal by forming a ratio of the second current to the first current and multiplying the ratio by the
time duration of a clock period;

wherein the at least one unknown timing characteristic includes one selected from a

group consisting essentially of a duty cycle, frequency, and a delay.
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17.  The method of claim 16, wherein providing the impedance comprises providing a linear

impedance.

18.  The method of claim 16, wherein providing the impedance comprises providing a resistor

formed on an integrated circuit.

19.  The method of claim 16, and further comprising:
measuring a first average current in the impedance over a clock period of the clock

signal, the current responsive to an output of the logic gate when the clock signal is not

overlapped by the delayed clock signal; and

determining the delay in the device under test by calculating a ratio of the first average

current to a second average current measured in the impedance from a DC level voltage output

by the logic gate over a clock period.

20. The method of Claim 16, wherein the known signal is a DC signal.
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