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ASYNCHRONOUS ANALOG-TO-DIGITAL CONVERTER HAVING RATE CONTROL
[0001] This relates generally to an analog-to-digital converter (ADC) and, more
particularly, to an asynchronous ADC.

BACKGROUND

[0002] FIG. 1 shows a conventional, synchronous ADC 100. In operation, a analog
signal AIN is filtered by and/or amplified by filter/driver 102 (which is typically an anti-aliasing
filter) and provided to a sample-and-hold (S/H) circuit 104. The S/H circuit 104 is then able to
periodically (usually at equidistant sampling instants as shown in FIG. 2) sample the analog
signal AIN based on a signal from timing circuit 110. Conversion circuit 106 (which may be a
type of quantizer) is then able to convert the sampled analog signal AIN to a digital
representation having quantization levels (i.e., as shown in FIG. 2) using a clocking or timing
signal from timing circuit 110. Output circuit 108 (which may include a digital correction circuit
like an averager) generates the final digital signal DOUT.

[0003] ADC 100 can also be modified to be “level-crossing” ADC 150, as shown in FIG.
3. Here, the S/H circuit 104 and conversion circuit 106 are, respectively, replaced with a
comparison circuit 154 (which may include comparators) and conversion circuit 156. For this
ADC 150, it determines the time at which the analog signal AIN becomes greater than (or less
than) the known, quantized levels (as shown in FIG. 4). Based on these times, the digital signal
DOUT can be generated.

[0004] There are, however, some drawbacks to ecach of the ADCs 100 and 150. One
drawback is that power consumption from the timing circuit 110 can be high because each ADC
100 and 150 may employ a large number of devices (i.e., comparators) or oversample at very
high speeds to achieve a desired resolution. Therefore, there is a need for an improved ADC.
[0005] Some examples of conventional circuits are: U.S. Patent No. 6,404,372; U.S.
Patent No. 6,850,180; U.S. Patent No. 7,466,258; and Grimaldi et al., “A 10-bit 5kHz level
crossing ADC,” 2011 20™ European Conf. on Circuit Theory and Design (ECCTD), pp. 564-567.
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SUMMARY

[0006] A described embodiment provides an apparatus. The apparatus comprises a
comparison circuit that is configured to receive an analog signal; a reference circuit that is
coupled to the comparison circuit and that is configured to provide a plurality of reference
signals to the comparison circuit; a conversion circuit that is coupled to the comparison circuit
and that is configured to detect a change in the output of the comparison circuit; a time-to-digital
converter (TDC) that is coupled to the comparison circuit; a timer that is coupled to the
comparison circuit; an output circuit that is coupled to the conversion circuit and the TDC,
wherein the output circuit is configured to output at least one of a synchronous digital
representation of the analog signal and an asynchronous digital representation of the analog
signal; and an analog-to-digital converter (ADC) that is coupled to the conversion circuit, the
timer, and the TDC, wherein the ADC is configured to be enabled by the timer when a
predetermined period has lapsed..

[0007] In accordance with an aspect of the invention, the comparison circuit further
comprises a plurality of comparators, wherein each comparator is coupled to the timer, the
conversion circuit, and the reference circuit, and wherein each comparator is configured to
receive the analog signal.

[0008] In accordance with another aspect, the TDC is configured to generate a time
stamp that corresponds to a sampling instant for the ADC.

[0009] In accordance with another aspect, the TDC is configured to generate a time
stamp for the output circuit.

[0010] In accordance with another aspect, the conversion circuit further comprises a
plurality of conversion logic circuits, wherein each conversion logic circuit is coupled between at
least one of the comparators and the output circuit.

[0011] In accordance with another aspect, the reference circuit further comprises: a
reference logic circuit; and a reference generator that is coupled between the reference logic
circuit and the comparison circuit.

[0012] In accordance with another aspect, the reference generator further comprises a
plurality of digital-to-analog converters (DACs), wherein each DAC is coupled between the

reference logic circuit and at least one of the comparators.
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[0013] In accordance with another aspect, a method is provided. The method comprises
receiving an analog signal; comparing the analog input signal to first and second reference
signals to generate a first comparison result; registering the first comparison result and a first
time stamp corresponding to the first comparison result; generating a first portion of a digital
signal from the first comparison result; if the comparison result remains substantially the same
for a predetermined interval, enabling an ADC to generate a second comparison result at a
sampling instant; generating a second time stamp that corresponds to the sampling instant;
registering the second comparison result and the second time stamp; and generating a second
portion of the digital signal from the second comparison result.

[0014] In accordance with another aspect, the second reference signal is greater than the
first reference signal, and wherein the method further comprises: if the analog signal becomes
greater than the second reference signal, generating a third comparison result reflecting that the
analog signal has become greater than the second reference signal; registering the third
comparison result and a third time stamp corresponding to the third time comparison result;
generating a third portion of a digital signal from the third comparison result; and generating a
third reference signal that is greater than the second reference signal.

[0015] In accordance with another aspect, the method further comprises: if the analog
signal becomes less than the first reference signal, generating a fourth comparison result
reflecting that the analog signal has become less than the first reference signal; registering the
fourth comparison result and a fourth time stamp corresponding to the fourth time comparison
result; generating a fourth portion of a digital signal from the fourth comparison result; and
generating a fourth reference signal that is less than the first reference signal.

[0016] In accordance with another aspect, an apparatus is provided. The apparatus
comprises a comparison circuit having: a first comparator that is configured to receive an analog
signal; and a second comparator that is configured to receive an analog signal; a reference circuit
that is coupled to the comparison circuit and that is configured to provide a first reference signal
to the first comparator and a second reference signal to the second comparator; a conversion
circuit that is coupled to the comparison circuit and that is configured to detect a change in the
output of the comparison circuit; a TDC that is coupled to the comparison circuit; a timer that is
coupled to the comparison circuit; an output circuit that is coupled to the conversion circuit and

the TDC, wherein the output circuit is configured to output at least one of a synchronous digital
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representation of the analog signal and an asynchronous digital representation of the analog
signal; and an ADC that is coupled to the conversion circuit, the timer, and the TDC, wherein the
ADC is configured to be enabled by the timer when a predetermined period has lapsed..

[0017] In accordance with another aspect, the timer is configured to cause the first and
second comparators to resample the analog signal after a predetermined period.

[0018] In accordance with another aspect, the conversion circuit further comprises: a first
conversion logic circuit that is coupled between the first comparator and the output circuit; and a
second conversion logic circuit that is coupled between the second comparator and the output
circuit.

[0019] In accordance with another aspect, each of the first and second conversion logic
circuits further comprises a register.

[0020] In accordance with another aspect, the reference generator further comprises: a
first DAC that is coupled between the reference logic circuit and the first comparator; and a
second DAC that is coupled between the reference logic circuit and the second comparator.
[0021] In accordance with another aspect, the apparatus further comprises a filter that is

coupled to each of the first and second comparators so as to provide the analog signal.

[0022] In accordance with another aspect, the output circuit further comprises a sinc
interpolator.
[0023] In accordance with another aspect, a method is provided. The method comprises

receiving an analog signal; comparing the analog input signal to first and second reference
signals to generate a first comparison result; registering the first comparison result and a first
time stamp corresponding to the first comparison result; generating a first portion of a digital
signal from the first comparison result; adjusting at least one of the first and second reference
signals; generating a second comparison result if the analog signal reaches an adjusted one of the
first and second reference signals within a predetermined interval; and generating a second
portion of the digital signal from the second comparison result.

[0024] In accordance with another aspect, the second reference signal is greater than the
first reference signal, and wherein the method further comprises: if the analog signal becomes
greater than the second reference signal, generating a third comparison result reflecting that the
analog signal has become greater than the second reference signal; registering the third

comparison result and a third time stamp corresponding to the third time comparison result;
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generating a third portion of a digital signal from the third comparison result; and generating a
third reference signal that is greater than the second reference signal.

[0025] In accordance with another aspect, the method further comprises: if the analog
signal becomes less than the first reference signal, generating a fourth comparison result
reflecting that the analog signal has become less than the first reference signal; registering the
fourth comparison result and a fourth time stamp corresponding to the fourth time comparison
result; generating a fourth portion of a digital signal from the fourth comparison result; and
generating a fourth reference signal that is less than the first reference signal.

[0026] In accordance with another aspect, the step of adjusting further comprises
increasing the first reference signal.

[0027] In accordance with another aspect, the first reference signal is increased at a rate
of an initial difference between the first and second reference signals divided by the length of the
predetermined interval minus a blanking period.

[0028] In accordance with another aspect, the step of adjusting further comprises
decreasing the second reference signal.

[0029] In accordance with another aspect, each of the first and second reference signals
are adjusted at a rate of one-half of an initial difference between the first and second reference
signals divided by the length of the predetermined interval minus a blanking period.

[0030] In accordance with another aspect, the step of adjusting further comprises
increasing a third reference signal that is at least one significant bit (LSB) less than the first
reference signal.

[0031] In accordance with another aspect, an apparatus is provided. The apparatus
comprises a comparison circuit that is configured to receive an analog signal; a reference circuit
having: a reference generator that is coupled to the comparison circuit so as to provide a plurality
of reference signals to the comparison circuit; and a reference logic circuit that is coupled to the
reference generator, wherein the reference logic circuit is configured to dynamically adjust at
least one of the plurality of reference signals; a conversion circuit that is coupled to the
comparison circuit and that is configured to detect a change in the output of the comparison
circuit; a time-to-digital converter (TDC) that is coupled to the comparison circuit; a timer that is
coupled to the comparison circuit; and an output circuit that is coupled to the conversion circuit

and the TDC, wherein the output circuit is configured to output at least one of a synchronous
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digital representation of the analog signal and an asynchronous digital representation of the
analog signal.

[0032] In accordance with another aspect, an apparatus is provided. The apparatus
comprises a comparison circuit having: a first comparator that is configured to receive an analog
signal; and a second comparator that is configured to receive an analog signal; a reference circuit
having: a reference generator that is coupled to the comparison circuit so as to provide a first
reference signal to the comparison circuit and a second reference signal to the second
comparator; and a reference logic circuit that is coupled to the reference generator, wherein the
reference logic circuit is configured to dynamically adjust at least one first and second reference
signals; a conversion circuit that is coupled to the comparison circuit and that is configured to
detect a change in the output of the comparison circuit; a TDC that is coupled to the comparison
circuit; a timer that is coupled to the comparison circuit; and an output circuit that is coupled to
the conversion circuit and the TDC, wherein the output circuit is configured to output at least one
of a synchronous digital representation of the analog signal and an asynchronous digital
representation of the analog signal.

[0033] In accordance with another aspect, the reference circuit increases first and
decreases second reference signals a rate of one-half of an initial difference between the first and
second reference signals divided by the length of a predetermined interval minus a blanking
period.

[0034] In accordance with another aspect, the reference circuit increases first reference
signal at a rate of an initial difference between the first and second reference signals divided by
the length of a predetermined interval minus a blanking period.

[0035] In accordance with another aspect, the comparison circuit further comprises a
third comparator that is configured to receive the analog signal, and wherein the reference
generator further comprises a third DAC that is coupled to the third comparator so as to receive a
third reference signal, and wherein the third reference signal is increased at the rate.

[0036] In accordance with another aspect, an apparatus is provided. The apparatus
comprises a comparison circuit that is configured to receive an analog signal; a reference circuit
that is coupled to the comparison circuit and that is configured to provide a plurality of reference
signals to the comparison circuit; a conversion circuit that is coupled to the comparison circuit

and that is configured to detect a change in the output of the comparison circuit; a time-to-digital



WO 2014/036503 PCT/US2013/057691

converter (TDC) that is coupled to the comparison circuit; a timer that is coupled to the
comparison circuit; a rate control circuit that is coupled to the conversion circuit; and an output
circuit that is coupled to the rate control circuit and the TDC, wherein the output circuit is
configured to output at least one of a synchronous digital representation of the analog signal and
an asynchronous digital representation of the analog signal.

[0037] In accordance with another aspect, an apparatus is provided. The apparatus
comprises a comparison circuit having: a first comparator that is configured to receive an analog
signal; and a second comparator that is configured to receive an analog signal; a reference circuit
that is coupled to the comparison circuit and that is configured to provide a first reference signal
to the first comparator and a second reference signal to the second comparator; a conversion
circuit that is coupled to the comparison circuit and that is configured to detect a change in the
output of the comparison circuit; a TDC that is coupled to the comparison circuit; a timer that is
coupled to the comparison circuit; a rate control circuit that is coupled to the conversion circuit;
and an output circuit that is coupled to the rate control circuit and the TDC, wherein the output
circuit is configured to output at least one of a synchronous digital representation of the analog
signal and an asynchronous digital representation of the analog signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIGS. 1 and 3 are diagrams of examples of conventional ADCs;

[0039] FIGS. 2 and 4 are diagrams depicting the operations of the ADCs of FIGS. 1 and
3, respectively;

[0040] FIG. 5 is a diagram of an example of an ADC,

[0041] FIG. 6 is a diagram depicting examples of the reference generator, comparison

circuit, and conversion circuit of FIG. 5 in greater detail; and

[0042] FIGS. 7-11 are diagrams depicting example operations of the reference circuit of
FIG. 5.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0043] FIG. 5 illustrates an example ADC 200 embodying principles of the invention.
Similar to ADCs 100 and 150, ADC 200 includes a filter 202 (which can, for example, be an
anti-aliasing filter) that filters the analog signal AIN for comparison circuit 204. The comparison
circuit 204 (which is coupled to the filter 202 so as to receive the analog signal AIN) also

performs a similar function to the comparison circuit 154 in that it is configured to detect when



WO 2014/036503 PCT/US2013/057691

the analog signal AIN crosses (i.c., becomes greater or less than) its reference or quantization
levels so as to generate a comparison result that reflects the amplitude of the analog signal AIN.
A difference, however, is that the reference signals (i.c., reference voltages) provided to
comparison circuit 204 are not static (like comparison circuit 154), but, instead, the reference
circuit 205 (which can generally comprise reference generator 206 and reference logic circuit
214) dynamically varies these reference signals.

[0044] By dynamically varying the reference signals, the configuration for comparison
circuit 204 can be simplified (as compared to comparison circuit 154). As an example (which is
shown in FIG. 6), the comparison circuit 204 can be comprised of comparators 304-1 to 304-N
and reference generator 206 can be comprised of digital-to-analog converters (DACs) 302-1 to
302-N. While multiple comparators 304-1 to 304-N are shown, the number of comparators 304-
1 to 304-N (and the number of corresponding DACs 302-1 to 302-N) can be reduced to as few as
two irrespective of the desired output resolution.

[0045] Once the comparison result is generated by the comparison circuit 204, a digital
signal DOUT (which is the digital representation of analog signal AIN) can be generated. This is
normally accomplished by the conversion circuit 212 and output circuit 218. Usually, the
conversion circuit 212 is a logic circuit that is configured to detect when a change has occurred
in the comparison result from comparison circuit 204. As an example, there can be a conversion
logic circuit 306-1 to 306-N (as shown in FIG. 6) for each comparator 304-1 to 304-N, where
cach of these conversion logic circuits 306-1 to 306-N can include a register. Based on the
output from the conversion circuit 212, the output circuit 216 (which can include a sinc
interpolator) is able to output a synchronous or asynchronous signal as the digital signal DOUT,
where the signal reconstruction can be performed using a time stamp from the time-to-digital
converter (TDC) 210. Typically, the TDC 210 should have an accuracy (i.e., within a few
picoseconds) that is related to the bandwidth K of the ADC 200 and Signal to Noise-plus-
Distortion Ratio or SNDR (i.e., SNDR (in dB) for a sinewave of frequency K Hz is given by
SNDR = -10 Log;o(1-Sinc(K T,))-3 where the function “Sinc(x)” is defined as Sin(nx)/(nx) for
any real value x and T, is in represented in seconds).

[0046] There are several manners in which the ADC 200 can operate, and examples of
which can operate can be seen in FIGS. 7-10. For the examples shown in FIG. 7-10, the

conversion circuit 212 employs two comparators 304-1 and 304-2, and the reference signals
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REF1 and REF2 (which generally correspond to level L1 to L4) are provided by DACs 302-1
and 302-2. Also, for the example shown in FIG. 10, the conversion circuit 212 employs three
comparators 304-1 to 304-3, and the reference signals REF1 to REF3 (which generally
correspond to levels M1 to M5) are provided by DACs 302-1 to 302-3.

[0047] In the example shown in FIG. 7, a level-crossing approach is employed. As
shown, the analog signal AIN has an amplitude between levels L2 and L3 between time T1 and
T2. At time T2, the analog signal AIN crosses level L3, allowing reference signals REF1 and
REF2 to shift to levels L3 and L4, respectively. The analog signal AIN then crosses level L3 at
time T3. Then, with a conventional level-crossing ADC (i.e., ADC 150), its comparison circuit
(i.e., comparison circuit 154) would continue to output the same comparison result for the
duration between times T3 and T5. However, to be able to perform a reconstruction within
output circuit 216 (i.e., sinc interpolation, polynomial fitting, or piecewise polynomial fitting), a
timing constraint should be applied to the ADC 200. Namely, each pair of consecutive samples
should be separated by less than a interval R (for a desired Nyquist sampling rate), and, after this
interval R has lapsed (for example at time T4), the ADC 220 (which can for example be a flash
ADC, successive approximation register or SAR ADC, a pipelined ADC, and so forth) can
sample the analog signal AIN. This interval R may, for example, be K/2, where K is 1/B and B
is the bandwidth of ADC 200. Thus, timer 208 is employed to cause or force the comparison
circuit 204 to resample the analog signal AIN at time T4 (after an interval R has lapsed from the
last sample). Additionally, at time T2, the TDC 210 is able to generate a time stamp for the
output circuit 216 so as to enable reconstruction. Then, at times T5 to T7 (which are separated
from times T4 to T6, respectively, by an interval that is shorter than interval R), the analog signal
AIN crosses levels L3 and, which causes TDC 210 to generate time stamps (for output circuit
216 and conversion circuit 212) at each time T5 to T7 and which causes the reference circuit 205
to change the levels for reference signals REF1 and REF2, similar to the changes that occurred at
times T2 and T3. The changing of the levels of reference signals REF1 and REF2 is generally
accomplished by reference logic circuit 214 monitoring output from conversion circuit 212 and
adjusting DACs 302-1 and 302-2 accordingly.

[0048] Alternatively, a “single slope” approach (as shown in FIG. 8) may be employed.
For this approach, one of the reference signals REF1 or REF2 can be varied or adjusted. So long

as there is a relationship between the interval R and the slope of the increase (or decrease), the
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timing constraint can be applied. By adjusting reference signal REF1 or REF2, though, an error
(known as “chattering”) that results from the creation of adjacent samples with similar
amplitudes (i.c., voltages) and similar time stamps can be introduced. So, to reduce the
occurrence of chattering, a blanking or pre-convergence period (i.e., between times J1 and J2)
can be employed. As shown in this example, reference signal REF2 is increased at a rate that is
approximately equal to initial difference between reference signals REF1 and REF2 (i.e., L3-L2)
divided by interval R minus a blanking or pre-convergence period. By employing this
adjustment to reference signal REF2, the reference signal REF2 (with adjustments being
introduced at times J2, J4, J6, J8, J10and J13) intersects the analog signal AIN at times J3, J5, J9,
J11, and J14, causing the comparison circuit 204 to resample the analog signal at each time and
causing the TDC 210 to issue time stamps at each time. Following the intersection, the reference
signal REF2 returns to its original level (i.e., level L2). Also, at times J7 and J12 in this
example, the analog signal crosses level L3, which causes the reference circuit 205 to change the
levels for reference signals REF1 and REF2.

[0049] In another alternative, a “dual slope” approach (as shown in FIG. 9) may be
employed. With the “dual slope” approach shown in this example, both the reference signals
REF1 and REF2 are adjusted following a blanking or pre-convergence period (which can be
employed to reduce the occurrence of chattering resulting from the adjustments to both reference
signals REF1 and REF2). Similar to the “single slope” approach, the timing constraint can be
applied if there is a relationship between the interval R and the slope of the increase (or
decrease), and, for this example, the reference signals REF1 and REF2 are decreased and
increased (respectively) at a rate that is one-half of the initial difference between reference
signals REF1 and REF2 (i.e., L3-L2) divided by interval R minus a blanking period, allowing
both to converge at a voltage midway between levels (i.e., between L2 and L3). By employing
this adjustment to reference signals REF1 and REF2 (with adjustments being introduced at times
12,14, 16, 18, and J11), the analog signal AIN is intersected at times 13, 15, 19, and J12, causing
the comparison circuit 204 to resample the analog signal at each time and causing the TDC 210
to issue time stamps at each time. Following the intersection, the reference signals REF1 and
REF2 return to their original levels (i.e., level L2). Also, at times 17 and 110 in this example, the
analog signal crosses level L3, which causes the reference circuit 205 to change the levels for

reference signals REF1 and REF2 and which causes the TDC 210 to issue time stamps.
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[0050] In yet another alternative, a “smart slope” approach (as shown in FIG. 10) may be
employed. The “smart slope” approach is similar to the “dual slope” approach in that both the
reference signals (i.c., REF1 and REF2) can be adjusted; however, unlike the “dual slope”
approach, one of the reference is adjusted at a given time. The reference signal (i.c., REF1) that
is adjusted is selected based on separation from the levels (i.e., L2) that bound the analog signal.
Specifically and for example, the reference signal REF1 is increased between times K2 and K3
(following a blanking period between times K1 and K2). At time K3 in this example, the
comparator (i.e., 304-1 and 304-2) can indicate the difference between levels L2 and L3 and the
analog signal AIN, which allows the reference logic 214 to select the reference signal having
greater difference to be selected (after a blanking period). As shown in this example, reference
signal REF1 (which is nominally set to level L2) has the greater difference, so the reference
signal REF1 is adjusted in the next cycle (between times K4 and K5. Alternatively, the time to
reach the analog signal AIN may be used to determine the greater difference. By adjusting the
reference signal (i.c., REF1) using the greater difference, the sample rate can be decreased.
Similar adjustments can be seen for the periods K6/K7, K9/K10, K11/K12, and K13/K14
following the blanking periods K5/K6, K8/K9, K10/K11, and K12/K13.

[0051] In each of the “single slope,” “dual slope,” and “smart slope” approaches detailed
above, chattering remains an issued because of the changes to reference signals REF1 and REF2.
To help further reduce the occurrence of chatter, a third comparator 302-3, using reference signal
REF3, can be employed in a modified “smart slope” approach (referred to as a “modified smart
slope”). As shown in this example of FIG. 11, the levels are not fixed as with the approach
shown in FIGS. 7-10; instead, the levels are adjusted at each sampling instant. Specifically and
as shown, the midpoint levels M1, M2, M3, M4, and M5 are selected at each sampling instant
with the upper and lower levels being set at a difference A above and below the midpoint levels
M1, M2, M3, M4, and M5. In this example, the midpoint level M1 is set at time H1, and, after a
blanking period at time H2, the reference signal REF2 is increased from level M1-A, while
reference signal REF1 is held as generally constant. Additionally, reference signal REF3 (which
begins at the same level as reference signal REF2) increases or decreases at the same rate as
reference signal REF2, but at least one significant bit (LSB) lower. At time H3, the interval R
has lapsed before the adjusted reference signals REF2 and REF3 reach the analog signal AIN, so
ADC 220 samples the analog signal AIN, setting midpoint level M2 at time H3. After a

11
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blanking period between times H3 and H4, references REF2 and REF3 (which are initially set to
level M3+A) begin decreasing (where reference signal REF3 is one LSB above reference signal
REF2) because the difference between analog signal AIN and level M2+A is greater than the
difference between the analog signal AIN and level M2-A at time H4. Similarly, after the
blanking periods at times H5/H6, H7/H8, and H9/H10, reference signals REF1/REF2 (or
REF2/REF3) can begin increasing (or decreasing) for midpoint levels M3, M4, and M5. It
should also be noted that adaptive levels (such as those shown with respect to levels M1 to M5 of
FIG. 10) may be employed with the “single slope,” “dual slope,” and “smart slope” approaches
of FIGS. 8-11 instead of fixed levels (i.e., levels L1 to L4).

[0052] With ADC 200 and many of the approaches detailed above, there may also be
little control over the smallest gap or interval between samples. For example, there is a short
interval between samples taken at times J11 and J12 in FIG. 8. Depending on the nature of
analog signal AIN, the signal AIN may be severely oversampled; for example, when ADC has
16 levels, a full 64 samples per cycle (i.e., 32 times oversampled) for a full sinusoidal signal.
Hence, rate control circuit 218 (which is generally a logic circuit) can be used to reduce the
sampling rate. Typically, this is accomplished by ignoring samples that appear within a
programmable threshold range, limiting the maximum instantaneous sampling frequency and
reducing the average sampling rate.

[0053] Those skilled in the art to which the invention relates will appreciate that
modifications may be made to the described embodiments, and also that many other

embodiments are possible, within the scope of the claimed invention.

12
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CLAIMS

What is claimed is:

1. An apparatus comprising:

a comparison circuit that is configured to receive an analog signal;

a reference circuit that is coupled to the comparison circuit and that is configured to
provide a plurality of reference signals to the comparison circuit;

a conversion circuit that is coupled to the comparison circuit and that is configured to
detect a change in the output of the comparison circuit;

a time-to-digital converter (TDC) that is coupled to the comparison circuit;

a timer that is coupled to the comparison circuit;
a rate control circuit that is coupled to the conversion circuit; and

an output circuit that is coupled to the rate control circuit and the TDC, wherein the
output circuit is configured to output at least one of a synchronous digital representation of the

analog signal and an asynchronous digital representation of the analog signal.

2. The apparatus of Claim 1, wherein the comparison circuit further comprises a
plurality of comparators, wherein each comparator is coupled to the timer and the reference

circuit, and wherein each comparator is configured to receive the analog signal.

3. The apparatus of Claim 2, wherein the timer is configured to cause the

comparison circuit to resample the analog signal after a predetermined period.

4. The apparatus of Claim 3, wherein the TDC is configured to generate a time

stamp for the output circuit.

5. The apparatus of Claim 4, wherein the conversion circuit further comprises a
plurality of conversion logic circuits, wherein each conversion logic circuit is coupled between at

least one of the comparators and the rate control circuit.

6. The apparatus of Claim 5, wherein the reference circuit further comprises:

13
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a reference logic circuit; and
a reference generator that is coupled between the reference logic circuit and the

comparison circuit.

7. The apparatus of Claim 6, wherein the reference generator further comprises a
plurality of digital-to-analog converters (DACs), wherein each DAC is coupled between the

reference logic circuit and at least one of the comparators.

8. An apparatus comprising:

a comparison circuit having:

a first comparator that is configured to receive an analog signal; and
a second comparator that is configured to receive an analog signal;

a reference circuit that is coupled to the comparison circuit and that is configured to
provide a first reference signal to the first comparator and a second reference signal to the second
comparator;

a conversion circuit that is coupled to the comparison circuit and that is configured to
detect a change in the output of the comparison circuit;

a TDC that is coupled to the comparison circuit;

a timer that is coupled to the comparison circuit;

a rate control circuit that is coupled to the conversion circuit; and

an output circuit that is coupled to the rate control circuit and the TDC, wherein the

output circuit is configured to output at least one of a synchronous digital representation of the

analog signal and an asynchronous digital representation of the analog signal.

9. The apparatus of Claim 10, wherein the timer is configured to cause the first and

second comparators to resample the analog signal after a predetermined period.

10.  The apparatus of Claim 11, wherein the TDC is configured to generate a time

stamp for the output circuit.

14
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11.  The apparatus of Claim 10, wherein the conversion circuit further comprises:

a first conversion logic circuit that is coupled between the first comparator and the rate
control circuit; and

a second conversion logic circuit that is coupled between the second comparator and the

rate control circuit.

12.  The apparatus of Claim 11, wherein each of the first and second conversion logic

circuits further comprises a register.

13.  The apparatus of Claim 12, wherein the reference circuit further comprises:
a reference logic circuit; and
a reference generator that is coupled between the reference logic circuit and the

comparison circuit.
14.  The apparatus of Claim 13, wherein the reference generator further comprises:
a first DAC that is coupled between the reference logic circuit and the first comparator; and

a second DAC that is coupled between the reference logic circuit and the second comparator.

15.  The apparatus of Claim 14, wherein the apparatus further comprises a filter that is

coupled each of the first and second comparators so as to provide the analog signal.

16.  The apparatus of Claim 15, wherein output circuit further comprises a sinc

interpolator.

15
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