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1
PHASE DETECTOR UTILIZING
ANALOG-TO-DIGITAL CONVERTER
COMPONENTS

FIELD OF THE INVENTION

The present invention generally relates to performing
phase detection, and more specifically relates to performing
phase detection using analog-to-digital converter compo-
nents.

BACKGROUND

A typical phase detector is shown in FIG. 1A. This phase
detector is sometimes referred to as an Alexander phase
detector, or a Bang-Bang phase detector. An analog signal
received on line 102 is sampled by the flip-flop 106 on the
rising edge of the clock signal on line 104. The analog signal
is again sampled on the falling edge of the clock by the
flip-flop 108. On the next rising edge of the clock signal, the
analog signal is again sampled by flip-flop 106, while the
previous samples are shifted into flip-flops 110 and 112.
Thus, the data samples held in flip-flops 110, 112, 106 corre-
spond to samples A, B, and C, respectively, as shown in FIG.
1B. If the outputs of flip-flop 106 and 110 are both the same
(A=C), then the outputs of exclusive OR (XOR) gates 116,
120, are both equal to zero and no phase update occurs. On the
other hand, the presence of either a falling edge (from high to
low) or a rising edge (from low to high) in the data signal will
result in different values for A and C (A=C), and a phase
update may be validated.

FIG. 2A shows an analog-to-digital converter (ADC) 200.
As shown, the ADC 200 is a flash ADC. According to FIG.
2A, the ADC 200 includes voltage comparators 206, to
206,"_,, with analog signal 202 and threshold voltages 204,
to 204,"_, respectively, as inputs to the voltage comparators
206, to 206,"_, . The outputs of each of the comparators 206,
to 206,"_, are a digital word typically referred to as a ther-
mometer code, and it may be present on a bus, buffer or
register depicted as 208.

Each comparator 206 produces a “1” when the analog
signal 202 is greater than its particular threshold voltage.
Otherwise, the comparator output is “0”. Thus, if the analog
input 202 is between threshold voltage 204, and 204, for
example, voltage comparators 206, to 206,”_, produce “1”’s
and the remaining comparators (comparators 206, and 206,)

produce “0’’s.

The thermometer code 208 shows the range of “1”s and
“0”s in a plurality of bit slots. The point where the code
changes from “1”’s to “0”s is the point where the analog signal
202 becomes smaller than the threshold voltage for the
respective comparator. The thermometer code 208 is referred
to as such because of'its similarity to a mercury thermometer,
where a mercury column (i.e., “1”’s) always rises to the appro-
priate temperature and no mercury (i.e., “0”’s) is present above
that temperature. The output of the thermometer code 208 is
connected to decoder 212 via bus 210, and the output 214 of
the decoder 212 is typically an N-bit digital code.

In some applications, the ADC may include a series of one
or more buffers connected to each comparator. As shown in
FIG. 2B, buffers 207, to 207,, are connected in series to
comparator 206,, and each of the buffers 207, to 207,, are
connected to clock 216 via lines 216, to 216,,. The buffers
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2

207, to 207,,cooperatively store and shift comparison values
generated by the comparator 206,.

SUMMARY

Methods and systems are provided for an improved phase
detector utilizing ADC components. The inventors have rec-
ognized that some prior art ADC devices include components
that may be utilized, along with some additional or supple-
mental componentry, to form a phase comparator.

In accordance with a method, the method includes, from an
ADC having a sampling clock signal that determines sam-
pling instants, obtaining a first comparison value indicative of
a comparison between an analog input signal and a first
threshold voltage at a first sampling instant, and obtaining a
second comparison value indicative of a comparison between
the analog input signal and a second threshold voltage at a
second sampling instant. The method further includes, from a
supplemental circuit, obtaining a third comparison value
indicative of a comparison between the analog input signal
and a third threshold voltage at a third sampling instant
between the first and second sampling instants. The method
further includes processing the first, second, and third com-
parison values to determine a phase relationship between the
analog signal and the sampling clock.

In one embodiment, the first and third threshold voltages
are equal to each other. In another embodiment, the second
and third threshold voltages are equal to each other. In another
embodiment, the first and second threshold voltages are equal
to each other. In another embodiment, the first, second, and
third threshold voltages are equal to one another. In yet
another embodiment, the first, second, and third threshold
voltages are different from each other.

In some embodiments, the ADC includes a plurality of
comparators that each compares an analog signal to a respec-
tive threshold voltage. In other embodiments, the method
includes obtaining the first and second comparison values
from comparison values generated by one of the comparators
of'the plurality of comparators. In yet other embodiments, the
ADC includes a plurality of buffers, and the method includes
obtaining the first and second comparison values from first
and second buffers of the plurality of buffers.

In an embodiment, the respective threshold voltages cor-
responding to the plurality of comparators cooperatively
define a voltage range, and the first, second, and third thresh-
old voltages are each approximately at a middle voltage in the
voltage range.

In one embodiment, processing the first, second, and third
comparison values includes providing the first, second, and
third comparison values to first and second XOR gates. In
another embodiment, processing the first, second, and third
comparison values includes verifying that the first and second
comparison values indicate a voltage transition. In yet
another embodiment, processing the first, second, and third
comparison values includes determining whether the third
sampling instant is before or after a transition point, the
transition point being the time at which the analog signal
crosses the third threshold voltage. In still yet another
embodiment, the method further includes advancing the sam-
pling clock when the third sampling instant is after the tran-
sition point, and retarding the sampling clock when the third
sampling instant is before the transition point. Preferably, the
third sampling instant is at a midpoint between the first and
second sampling instants.

In accordance with a system, the system includes an ADC
having (i) a sampling clock to determine sampling instants,
and (ii) a plurality of comparators. A given comparator in the
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plurality of comparators preferably generates a first plurality
of'comparison values by comparing the analog signal to a first
threshold voltage. The system further includes a second
buffer connected to the given comparator. The second buffer
stores a second comparison value generated by the given
comparator at a second sampling instant. The system further
includes a first buffer connected to the second buffer. The first
buffer stores a first comparison value generated by the given
comparator at a first sampling instant.

The system further includes (i) a supplemental comparator
that generates a second plurality of comparison values by
comparing the analog signal to a second threshold voltage,
and (ii) a supplemental buffer connected to the supplemental
comparator. In other embodiments, the system further
includes a supplemental sample clock coupled to the supple-
mental buffer. Preferably the supplemental buffer stores a
third comparison value generated by the supplemental com-
parator at a third sampling instant between the first and sec-
ond sampling instants. Additionally, the system includes
phase detection logic that processes the first, second, and
third comparison values to determine a phase relationship
between the analog signal and sampling clock.

In an embodiment, the ADC is a flash ADC that generates
athermometer code having a plurality of bit slots, and the first
comparison value is a first bit from a given bit slot at the first
sampling instant, and the second comparison value is a sec-
ond bit from the given bit slot at the second sampling instant.
In some embodiments, the ADC includes at least one of the
first and second buffers.

In an embodiment, each of the plurality of comparators
compares the analog signal to a respective threshold voltage.
In some embodiments, the respective threshold voltages cor-
responding to the plurality of comparators cooperatively
define a voltage range, and the first and second threshold
voltages are each approximately at a middle amplitude in the
voltage range.

In one embodiment, the phase detection logic comprises
first and second XOR gates. In another embodiment, the
phase detection logic verifies that the first and second com-
parison values indicate a voltage transition, and determines
whether the third sampling instant is before or after a transi-
tion point. In other embodiments, the system further includes
phase-correction circuitry to advance the sampling clock
when the third sampling instant is after the transition point,
and retard the sampling clock when the third sampling instant
is before the transition point.

These as well as other aspects, advantages, and alternatives
will become apparent to those of ordinary skill in the art by
reading the following detailed description, with reference
where appropriate to the accompanying drawings. Further, it
is understood that this summary is merely an example and is
not intended to limit the scope of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

Certain examples are described below in conjunction with
the appended drawing figures, wherein like reference numer-
als refer to like elements in the various figures, and wherein:

FIG. 1A is a block diagram depicting a prior art phase
detector;

FIG. 1B is timing diagram depicting the operation of the
prior art phase detector of FIG. 1A;

FIG. 2A is a block diagram of a prior art ADC;

FIG. 2B is ablock diagram of'a portion of the prior art ADC
of FIG. 2A;

FIG. 3 is a block diagram of an improved phase detector
utilizing ADC components, according to an example;
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FIG. 4A is a circuit diagram of an embodiment of an
improved phase detector utilizing ADC components, accord-
ing to an example;

FIG. 4B is a timing diagram depicting the operation of the
improved phase detector of FIG. 4A when the clock is
advanced in phase, according to an example;

FIG. 4C is a timing diagram depicting the operation of the
improved phase detector of FIG. 4A when the clock is
delayed in phase, according to an example;

FIG. 5A is a circuit diagram of another embodiment of an
improved phase detector utilizing ADC components, accord-
ing to an example;

FIG. 5B is a timing diagram depicting the operation of the
improved phase detector of FIG. 5A, according to an
example;

FIG. 5C is a timing diagram depicting an operation of the
improved phase detector of FIG. 5A, according to another
example;

FIG. 6 is a block diagram of an embodiment of a phase-
correction system, according to an example;

FIG. 7 is a circuit diagram of an embodiment of a phase-
correction circuit, according to an example; and

FIG. 8 is a flow chart of amethod, according to an example.

FIG. 9A shows an example of a circuit diagram of another
embodiment of a phase detector;

FIG. 9B is a timing diagram depicting an operation of the
improved phase detector of FIG. 9A, according to an
example; and

FIG. 9C is a timing diagram depicting an operation of the
improved phase detector of FIG. 9A, according to another
example.

DETAILED DESCRIPTION

Methods and systems are provided for an improved phase
detector utilizing ADC components. By providing an
improved phase detector that utilizes ADC components, the
improved phase detector may utilize already existing ADC
components on the circuit board. Hence, the improved phase
detector may be cheaper to produce, and occupy less circuit-
board space than a typical phase detector, for instance.

FIG. 3 is a block diagram of an improved phase detector
300 that utilizes ADC components, according to an example.
As shown in FIG. 3, the improved phase detector 300 includes
ADC 304 (which may be a flash ADC), supplemental circuit
316, and phase detection logic 318.

The ADC 304 receives as inputs analog signal 302 and a
clock signal from a clock 308. The analog signal 302 may
originate from any of a variety of sources, such as a fiber
optical communications link. Typical of most analog signals,
the analog signal 302 will include voltage transitions from a
high amplitude to a low amplitude, and vice versa (e.g.,
voltage transition 122 in FIG. 1B). The analog signal 302 will
also include “a transition point,” which is the time at which
the analog signal 302 crosses an approximately middle ampli-
tude between a high and low amplitude (e.g., transition point
124 in FIG. 1B).

The clock 308 (also known as a sampling clock) deter-
mines sampling instants. In particular, the clock 308 deter-
mines a sampling rate (i.e. the rate at which sampling instants
occur) for the bufters within the ADC 304 and, in this embodi-
ment, supplemental circuit 316. Preferably, the sampling rate
of the clock 308 is twice the rate of the analog signal 206.
Such a sampling rate allows the clock 308 to sample the
analog signal 302 before and after a voltage transition (e.g.,
change from high to low or low to high), and also during the
transition as well. Further, the clock 308 may produce any of
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a variety of signals (e.g., square waves). Although only a
single clock is depicted, the improved phase detector 300 may
utilize multiple clocks as well. Of course, other examples
exist for the clock 308.

The ADC 304 also includes a plurality of comparators 310,
to 310,"_, (not shown). The comparators 310, to 310,"_,
receive as inputs threshold voltages 306, to 306,"_, (not
shown), respectively. The threshold voltages 306, to 306,”_,
may originate from a single voltage source that is divided by
a series of resistors, or may originate from multiple voltage
sources. Further, the threshold voltages 306, to 306,"_, may
cooperatively define a voltage range. Of course, other
examples exist for the threshold voltages 306, to 306,”_,, and
other examples exist for their respective source(s).

As depicted in FIG. 4A, the comparator 310, generates
comparison values (e.g., “0”s and/or “1”’s) by comparing the
analog signal 302 to the threshold voltage 306 . The thresh-
old voltage 306, may approximately be at a middle amplitude
in the voltage range defined by the threshold voltages 306, to
306,"_,. Put another way, the threshold voltage 306, may
approximately be a middle amplitude corresponding to a
transition point 124 in the analog signal 302. Of course, other
examples exist for the threshold voltage 306,

The ADC 304 may include a plurality of buffers as well.
For example, as shown in FIG. 4A, the ADC 304 includes
buffers 312 and 314. The buffer 312 is connected to the output
of'the comparator 310, and receives as an input a clock signal
308, from the clock 308. The buffer 314 is connected to the
output of the buffer 312, and receives as an input a clock
signal 308, from the clock 308. The buffers 0of312 and 314 (or
buffers of the ADC 304, more generally) may be D flip-flops
having a logic threshold that cause input voltages above the
threshold to be latched as a logic one and input voltages below
the threshold to be latched as a logic zero. Other types of
flip-flops may be used (e.g., master-slave D flip flops and
edge-triggered flip flops), JK flip flops, SR flip flops, and/or T
flip flops. In addition, in some embodiments, the comparators
and buffers may be combined such that each of the buffers
may have a logic threshold that causes input voltages above
the threshold to be latched as a logic one and input voltages
below the threshold to be latched as a logic zero. The logic
threshold may be adjusted to provide the desired quantization
characteristics. In operation, at a sampling instant (i.e. a first
sampling instant) determined by the clock 308, the buffer 312
stores a comparison value (i.e., first comparison value) gen-
erated by the comparator 310, at approximately that sam-
pling instant. At the next sampling instant (i.e., second sam-
pling instant) determined by the clock 308, the buffer 312
stores another comparison value (i.e., second comparison
value) generated by the comparator 310, at approximately
that sampling instant, while the first comparison value previ-
ously stored in the buffer 312 (that was generated in the first
sampling instant) is shifted to and stored in the buffer 314.

In the case where the ADC 304 is a flash ADC, the flash
ADC generates a thermometer code having a plurality of bit
slots, and the first comparison value is a first bit from a given
bit slot at the first sampling instant, and the second compari-
son value is a second bit from the given bit slot (or perhaps
another bit slot) at the second sampling instant.

The improved phase detector 300 further includes supple-
mental circuit 316, which receives as inputs analog signal 302
and a clock signal from the clock 308 (of course, the supple-
mental circuit 316 may receive a clock signal from another
clock). As shown in FIG. 4A, the supplemental circuit 316
includes comparator 402, and buffers 406 and 408. The com-
parator 402 generates a plurality of comparison values by
comparing the analog signal 302 to the threshold voltage 404.
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The threshold voltage 404 may take any of a variety of
values. For instance, the threshold voltage 404 may approxi-
mately be a middle amplitude corresponding to a transition
point (e.g., transition point 454 as shown in FIGS. 4B and 4C,
where the transition point is the time at which the analog
signal crosses the threshold voltage 404) in the analog signal
302. As other examples, the threshold voltage 404 may be
equal to the threshold voltage 306, or may differ (e.g., com-
parators having different threshold voltages may be com-
bined to provide a multi-bit output).

As noted, the buffer 406 triggered by a falling edge of the
clock is connected to the output of the comparator 402, and
receives as an input a clock signal from the clock 308. The
buffer 408 is connected to the output of the buffer 406, and
receives as an input a clock signal from the clock 308. As
shown in FIG. 4A, the output of the comparator 402 is
sampled by the buffer 406 at a falling edge of the clock 308.
The resulting sample is then shifted to and stored in the buffer
408 at the next rising edge of the clock 308. In operation, atan
intermediate sampling instant (third sampling instant)
between the first and second sampling instants, the buffer 406
stores a comparison value (e.g., third comparison value) gen-
erated by the comparator 402 at approximately that interme-
diate sampling instant. Preferably, the third sampling instant
is at a midpoint between the first and second sampling
instants. Further, at the second sampling instant (the second
rising edge of the clock 308), the third comparison value is
shifted from the buffer 406 and stored in the buffer 408 while
the first comparison value is shifted from the buffer 312 and
stored in the buffer 314.

By way of example, FIG. 4B is a timing diagram depicting
the operation of the improved phase detector 300 when the
clock 308 is advanced in phase with respect to the signal
transition and FIG. 4C is a timing diagram depicting the
operation of the improved phase detector 300 when the clock
308 is delayed in phase with respect to the signal transition.
As shown in FIGS. 4B and 4C, at the first rising edge of the
clock 308 (i.e. first sampling instant), the bufter 312 stores the
first comparison value generated by the comparator 310, (i.e.
the output of the buffer 312 is latched at point A). At the next
rising edge of the clock 308 (i.e., second sampling instant),
the first comparison value A is shifted to and stored in the
buffer 314, while the second comparison value C generated
by the comparator 310.is stored by the buffer 312. Hence, the
first and second comparison values separated by one symbol
period are stored in buffers 314 and 312, respectively, and
these values correspond to samples A and C, respectively, as
shown in FIG. 4B. As further shown in F1G. 4B, on the falling
edge of the clock 308 (i.e. third sampling instant), the buffer
406 stores the third comparison value generated by the com-
parator 402. On the next rising edge of the clock 308 (i.e.,
second sampling instant), the third comparison value is
shifted to and stored in the buffer 408, and this value corre-
sponds to sample B as shown in FIG. 4B. Thus, in one full
clock cycle of the clock 308, the first, second, and third
comparison values generated at the first, second, and third
sampling instants, respectively, are stored at outputs A, C, and
B as depicted in FIG. 4A, respectively.

The improved phase detector 300 further includes the
phase detection logic 318. As shown in FIG. 4A, the phase
detection logic 318 includes XOR gates 410 and 414. The
output A of buffer 314 and output B of buffer 408 are con-
nected to the inputs of the XOR gate 410, and the output C of
buffer 312 and output B of buffer 408 are connected to the
inputs of the XOR gate 414. The XOR gates 410 and 414
include outputs 412 and 416, respectively. Of course, other
examples exist for the phase detection logic 318.
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Generally, the phase detection logic 318 processes the first,
second, and third comparison values to determine a phase
relationship between the analog signal and clock 308 (e.g.,
such as whether the sampling rate of the clock 308 is faster or
slower than twice the rate of the analog signal 302). More
specifically, the phase detection logic 318 may verify whether
the first and second comparison values indicate a voltage
transition (e.g., voltage transition 452 as shown in FIGS. 4B
and 4C) in the analog signal 302 (i.e., whether a voltage
transition in the analog signal 302 occurs between the first and
second sampling instants). To illustrate, if the outputs of
buffers 312 and 314 are both the same (A=C), then the outputs
of the XOR gates 410 and 414 are both equal to zero, thus
indicating a voltage transition in the analog signal 302 has not
occurred between the first and second sampling instants. On
the other hand, the presence of either a falling edge (from high
to low) or a rising edge (from low to high) between the first
and second sampling instants in the analog signal 302 will
result in different values for A and C (A=C), and the outputs
412 and 416 of XOR gates 410 and 414, respectively, will be
different, thus indicating a voltage transition has occurred
between the first and second sampling instants.

When a voltage transition in the analog signal 302 occurs
between the first and second sampling instants, a transition
point exists between the two sampling instants. In the case
where a transition point exists, the phase detection logic 318
may determine whether the third sampling instant is before or
after the transition point. If the third sampling instant is before
the transition point, then the clock 308 is too fast, and needs
to be slightly retarded. On the other hand, ifthe third sampling
instant is after the transition point, then the clock 308 is too
slow, and needs to be slightly advanced.

According to an example depicted in FIG. 4B, if A and C
are not the same and if A=B, the third sampling instant is
before the transition point, thus indicating that the clock 308
is too fast (e.g., the falling edge of the clock occurs during the
same bit time as sample A). In the case where the clock 308 is
too fast, the output 412 of XOR gate 410 is low and the output
416 of XOR gate 414 is high. On the other hand, if B=C as the
example depicted in FIG. 4C, then the third sampling instant
is after the transition point, thus indicating that the clock 308
is too slow (e.g., the falling edge of the clock occurs during
the same bit time as sample C), then the logic outputs at 412
and 416 are reversed. Thus, the outputs 412 and 416 of XOR
gates 410 and 414, respectively, may cooperatively provide
an indication as to whether the sampling rate of the clock 308
is faster or slower than twice the rate of the analog signal 206.

FIG. 5A is a circuit diagram of another embodiment of an
improved phase detector 500 utilizing ADC components,
according to an example. The improved phase detector 500
includes ADC 528, supplemental circuit 530, and phase
detection logic 532. The improved phase detector 500 may
operate substantially similar to the improved phase detector
300.

For example, similar to that above, the ADC 528 includes
the comparator 504 . The comparator 504, receives as inputs
the analog signal 502 and a threshold voltage 506 . However,
in this embodiment, the improved phase detector 500 does not
utilize buffers from the ADC 528. Rather, the buffers are
provided by the supplemental circuit 530.

The supplemental circuit 530 may include comparator 506,
which receives as inputs the analog signal 502 and a threshold
voltage 508. The supplemental circuit 530 may further
include buffers 510 and 512, which receive as inputs clock
signals from the clock 514 which may be part of either the
ADC 528 or supplemental circuit 530. The buffer 510 is
connected to the output of the comparator 504,, and the
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buffer 512 is connected to the output of the buffer 510. Also as
shown, the supplemental circuit 530 may further include buff-
ers 516 and 518, which receive as inputs clock signals from
the clock 520 which may be part of either the ADC 528 or
supplemental circuit 530. The buffer 516 is connected to the
output of the comparator 506, and the buffer 518 is connected
to the output of the buffer 516. Of course, the supplemental
circuit 530 may take other arrangements as well. For
example, the supplemental circuit 530 may not include the
comparator 506, and the output of the ADC comparator 504,
may be connected to each of the buffers 510 and 516.

In this embodiment, rather than a single clock timing each
of the buffers of the improved phase detector circuit 500,
clocks 514 and 520 are provided. Preferably, the clock signals
provided by the clock 514 and the clock signals are at the
same rate and in phase with one another. According to an
example, the clocks 514 and 520 and the buffers 510, 512,
516, and 518 cooperatively produce first, second, and third
samples, with the third sampling instant being between the
first and second sampling instants. Preferably the third sam-
pling instant is substantially at a midpoint between the first
and second sampling instants. Of course, other examples exist
for the clock signals provided by the clocks 514 and 520, and
for the number of clocks utilized by the improved phase
detector 500.

Similar to the improved phase detector 300, the improved
phase detector 500 includes phase detection logic 532. The
phase detection logic 532 operates substantially similar to the
phase detection logic 318. As shown, the phase detection
logic 532 includes XOR gates 522 and 526. The output A of
buffer 512 and output B of buffer 518 are connected to XOR
gate 522, and the output C of buffer 510 and output B of buffer
518 are connected to the XOR gate 526. The XOR gates 522
and 526 include outputs 524 and 528, respectively. Of course,
other examples exist for the phase detection logic 532 (e.g.,
the supplemental circuit 530 and phase detection logic 532
may be combined in a single circuit).

To illustrate, FIGS. 5B and 5C are timing diagrams depict-
ing the operation of the improved phase detector 500 when
the clocks 514 and 510 are advanced in phase with respect to
the signal transition and delayed in phase with respect to the
signal transition, respectively. As shown in FIGS. 5B and 5C,
on the first rising edge of the clocks 514 and 520 (i.e. first
sampling instant), the buffer 510 stores a first comparison
value generated by the comparator 504 . Next, on the falling
edge of the clock signal 520 (i.e., third sampling instant), the
buffer 516 stores a third comparison value generated by the
comparator 506. Further, on the second rising edge of the
clock signals 514 and 520 (i.e., second sampling instant), the
buffer 510 stores a second comparison value generated by the
comparator 504, while the first comparison value is shifted
to and stored in the buffer 512. At approximately the same
time (i.e., at the second sampling instant), the third compari-
son value is shifted to and stored in the buffer 518.

Hence, the data samples held in buffers 512, 518, and 510
correspond to samples A, B, and C, respectively, as shown in
FIGS. 5B and 5C. Similar to that above, these samples are
then processed by the phase detection logic 532, and the
phase detection logic 532 (or improved phase detector 500,
more generally) provides an indication of the phase relation-
ship between the analog signal 502 and clock 514 and/or
clock 520.

FIG. 9A is a circuit diagram of another embodiment of an
improved phase detector 900 utilizing ADC components,
according to an example. The improved phase detector 900
includes ADC 930, supplemental circuit 932, and phase
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detection logic 934. The improved phase detector 900 may
operate substantially similar to the improved phase detector
300.

For example, similar to that above, the improved phase
detector 900 includes from the ADC 930 the comparator 904, ,
and buffers 910, and 912 .. The comparator 904, receives as
inputs the analog signal 902 and a threshold voltage 906, and
outputs a plurality of comparison values to the buffer 910,,
which in turn outputs to buffer 912 . Buffers 910, and 912
also receive as input a clock signal from clock 920. In this
embodiment, the improved phase detector 900 may further
include from the ADC 930 the comparator 904, and buffers
910, and 912, The comparator 904,, receives as inputs the
analog signal 902 and a threshold voltage 906, and outputs a
plurality of comparison values to the buffer 910, which in turn
outputs to buffer 912 . Buffers 910, and 912 also receive as
input a clock signal from clock 920.

In this embodiment, the improved phase detector 900 may
further include the supplemental circuit 932. The supplemen-
tal circuit 932 may include comparator 906, which receives as
inputs the analog signal 902 and a threshold voltage 908. The
supplemental circuit 930 may further include buffers 916 and
918, which receive as inputs clock signals from the clock 920
which may be part of either the ADC 930 or supplemental
circuit 932. The buffer 916 is connected to the output of the
comparator 506, and the buffer 518 is connected to the output
of'the buffer 516. Of course, the supplemental circuit 530 may
take other arrangements as well. For example, the output of
the ADC comparator 504, may be connected to each of the
buffers 910,, 910, and 916, or the output of the ADC com-
parator 504, may be connected to each of the buffers 910,,
910,, and 916.

In this embodiment, rather than taking the first, second, and
third samples from the output of one comparator, the first,
second, and third samples are taken from the outputs of three
different comparators 904,, 904, and 906, respectively.
According to an example, the threshold voltages 906,, 906,
and 908 may be equal to one another. According to another
example the threshold voltages 906,, 906, and 908 may be
different from one another. According to yet another example,
the threshold voltage 904, may be equal to the threshold
voltage 904, . According to yetanother example, the threshold
voltage 904, may be equal to the threshold voltage 906.
According to yet another example, the threshold voltage 904,
may be equal to the threshold voltage 906.

Similar to the improved phase detector 300, in the
improved phase detector 900, the buffers 910,, 912, 910,
912, 916, and 918 cooperatively produce first, second, and
third samples, with the third sampling instant being between
the first and second sampling instants. Preferably the third
sampling instant is substantially at a midpoint between the
first and second sampling instants

Similar to the improved phase detector 300, the improved
phase detector 900 includes phase detection logic 934. The
phase detection logic 934 operates substantially similar to the
phase detection logic 318. As shown, the phase detection
logic 934 includes XOR gates 922 and 926. The output A of
buffer 912x and output B of buffer 918 are connected to XOR
gate 922, and the output C of buffer 910y and output B of
buffer 918 are connected to the XOR gate 926. The XOR
gates 922 and 926 include outputs 924 and 928, respectively.
Of course, other examples exist for the phase detection logic
932 (e.g., the supplemental circuit 932 and phase detection
logic 934 may be combined in a single circuit).

To illustrate, FIGS. 9B and 9C are timing diagrams depict-
ing the operation of the improved phase detector 900 when
the clock 920 is advanced in phase with respect to the signal
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transition and delayed in phase with respect to the signal
transition, respectively. As shown in FIGS. 9B and 9C, on the
first rising edge of the clocks 920 (i.e. first sampling instant),
the buffers 910, stores a first comparison value generated by
the comparator 904.. Next, on the falling edge of the clock
signal 920 (i.e., third sampling instant), the buffer 916 stores
a third comparison value generated by the comparator 906.
Further, onthe second rising edge of the clock signal 920 (i.e.,
second sampling instant), the buffer 910, stores a second
comparison value generated by the comparator 904, while
the first comparison value is shifted to and stored in the buffer
912,. At approximately the same time (i.e., at the second
sampling instant), the third comparison value is shifted to and
stored in the buffer 918.

Hence, the data samples held in buffers 912,918, and 910,
correspond to samples A, B, and C, respectively, as shown in
FIGS. 9B and 9C. Similar to that above, these samples are
then processed by the phase detection logic 932, and the
phase detection logic 932 (or improved phase detector 900,
more generally) provides an indication of the phase relation-
ship between the analog signal 902 and clock 920.

Once an improved phase detector detects that the sampling
clock is out of phase with an analog signal (e.g., the sampling
clock is either too fast or too slow), phase-correction circuitry
may be used to accordingly retard or advance the sampling
clock. FIG. 6 is a block diagram of an embodiment of a
phase-correction system 600, according to an example. The
phase-correction system 600 includes an improved phase
detector 606 and a phase-correction circuit 612.

The improved phase detector 606 may be substantially
similar to the improved phase detector 300, for example. As
shown in FIG. 6, the improved phase detector 604 receives as
inputs an analog signal 602 and a phase-correction signal
from the phase-correction circuit 612, and provides an output
to the phase-correction circuit 612 on lines 608 and 610. As
noted, the improved phase detector 606 provides an indica-
tion as to the phase relationship between the analog signal 602
and the sampling clock, such as whether the sampling clock is
advanced or delayed in phase with respect to the signal tran-
sition of signal 602. To illustrate, if line 608 is high and the
line 610 is low, this may indicate that the sampling clock is
delayed, and thus needs to be advanced. On the other hand, if
the line 608 is low and the line 610 is high, then this may
indicate that the clock 604 is too fast, and thus needs to be
retarded. Further, if the lines 608 and 610 are both low, then
this may indicate that no phase correction should occur.

The phase-correction circuit 612 receives as inputs lines
608 and 610, and provides an output 614 that is input to the
improved phase detector 606. Upon receiving an indication of
the phase relationship between the analog signal 602 and the
sampling clock via lines 608 and 610, the phase-correction
circuit 612 may accordingly retard or advance the sampling
clock (e.g., the phase-correction circuit 612 may advance the
sampling clock when the third sampling instant is after the
transition point, and retard the sampling clock when the third
sampling instant is before the transition point).

The phase-correction circuit 612 may take any of a variety
of configurations. FIG. 7 is a circuit diagram of the phase-
correction circuit 612, according to an example. As shown,
the phase-correction circuit 612 includes transistors 702 and
704 (e.g., nMOS devices), current source 706, and capacitor
708. In operation, when the lines 608 and 620 are both low
(thus indicating a voltage transition has not occurred between
the first and second sampling instants), both the transistors
702 and 704 are turned off, and the voltage at node 614
remains unchanged. But when the line 608 is high and the line
610 is low (indicating the clock is slow, and thus needs to be
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advanced), the transistor 702 is turned on and the transistor
704 is turned off. When the transistor 702 is turned on, the
capacitor 708 is coupled to Vdd, and the charge on capacitor
708 is incrementally increased, thus increasing the voltage at
node 614. The increased voltage at node 614 is fed to the
sampling clock of the improved phase detector circuit 606,
perhaps slightly increasing the speed of the sampling clock.

On the other hand, when the line 608 is low and the line 610
is high (indicating the clock is fast, and thus needs to be
retarded), the transistor 702 is turned off and the transistor
704 is turned on. When the transistor 704 is on, the current
source 706 drains current from the node 614, thus slightly
discharging the capacitor 708 and incrementally decreasing
the voltage at node 614. The decreased voltage atnode 614 is
fed to the sampling clock of the improved phase detector
circuit 606, perhaps slightly decreasing the speed of the sam-
pling clock. In such a manner, the speed of the sampling clock
may be continually incrementally increased and decreased
accordingly such that the phase difference between the sam-
pling and signal transitions is substantially minimized.

FIG. 8 is a flow chart of a method 800, according to an
example. As shown in FIG. 8, at block 802, the method
includes, from an ADC having a sampling clock signal that
determines sampling instants, obtaining a first comparison
value between an analog signal and a first threshold voltage at
a first sampling instant, and obtaining a second comparison
value between the analog signal and a second threshold volt-
age at a second sampling instant. At block 804, the method
includes, from a supplemental circuit, obtaining a third com-
parison value between the analog signal and a third threshold
voltage at a third sampling instant between the first and sec-
ond sampling instants. At block 806, the method includes
processing the first, second, and third comparison values to
determine a phase relationship between the analog signal and
the sampling clock.

As noted, at block 802, the method includes—from an
ADC having a sampling clock signal that determines sam-
pling instants—obtaining the first comparison value between
the analog signal and the first threshold voltage at the first
sampling instant, and obtaining the second comparison value
between the analog signal and the second threshold voltage at
the second sampling instant. The ADC may include a plural-
ity of comparators that each generates comparison values by
comparing the analog signal to a respective threshold voltage.
Preferably, the first and second comparison values are gener-
ated by a given comparator in the ADC. In other embodi-
ments, the first and second comparison values are generated
by two different comparators (each with respective threshold
voltages).

The respective threshold voltages corresponding to the
plurality of comparators may cooperatively define a voltage
range. The first, second, and third threshold voltages may
each approximately be a middle amplitude in the voltage
range. Put another way, the analog signal may include a
transition point, which is the time at which the analog signal
crosses an approximately middle amplitude between a high
and low amplitude, and the first, second, and third threshold
voltages may each approximately be equal to the middle
amplitude.

The ADC may also include a plurality of buffers. A first
buffer in the plurality of buffers receives as inputs the output
of'the given comparator and a clock signal from the sampling
clock. A second buffer in the plurality of buffers receives as
inputs the output of the first buffer and a clock signal from the
sampling clock. Preferably, the clock signals to the first and
second buffers are at the same rate and in phase with one
another. In one embodiment, the first and second comparison
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values are obtained from the second and first buffers, respec-
tively. In another embodiment, rather than the ADC, the
supplemental circuit includes the first and second buffers.

In operation, at a first sampling instant determined by the
sampling clock, the first buffer stores a comparison value (i.e.,
first comparison value) generated by the given comparator at
approximately that sampling instant. At the next sampling
instant (i.e., second sampling instant) determined by the sam-
pling clock, the first buffer stores another comparison value
(i.e., second comparison value) generated by the given com-
parator at approximately that sampling instant, while the first
comparison value is shifted to and stored in the second buffer.

At block 804, the method includes, from a supplemental
circuit, obtaining a third comparison value between the ana-
log signal and a third threshold voltage at a third sampling
instant between the first and second sampling instants. The
supplemental circuit may include a supplemental comparator,
and third and fourth buffers. As noted above, the supplemen-
tal circuit may further include the first and second buffers.

The supplemental comparator generates a plurality of com-
parison values by comparing the analog signal to the third
threshold voltage. The third threshold voltage may be equal to
the middle amplitude between a high and a low amplitude in
the analog signal (the middle amplitude may correspond to
the transition point in the analog signal). In some examples,
the first, second, and third threshold voltages are equal to one
another. In other examples, either the first and third threshold
voltages are equal to each other, or the second and third
threshold voltages are equal to each other.

The third buffer receives as inputs the output of the supple-
mental comparator and a clock signal from the sampling
clock. Alternatively, the third buffer may receive a clock
signal from a supplemental clock, and the clock signal from
the supplemental clock to the third buffer is preferably at the
same rate as and in phase with the clock signals provided by
the sampling clock to the first and second buffers.

The fourth buffer receives as inputs the output of the third
buffer and a clock signal from the sampling clock, for
instance. The clock signal from the sampling clock to the
fourth buffer is preferably in phase with the clock signals
provided to the first and second buffers. In the case where a
supplemental clock provides the clock signals to the fourth
buffer, the clock signals from the supplemental clock are
preferably at the same rate as and in phase with the clock
signals provided to the first and second buffers.

In operation, at an intermediate sampling instant (third
sampling instant) between the first and second sampling
instants, the third buffer stores a comparison value (e.g., third
comparison value) generated by the supplemental compara-
tor at approximately that intermediate sampling instant. Pref-
erably, the third sampling instant is at a midpoint between the
first and second sampling instants. At the second sampling
instant, the third comparison value is shifted from the third
buffer and stored in the fourth buffer. Thus, in one full clock
cycle of the sampling clock, the first, second, and third com-
parison values generated at the first, second, and third sam-
pling instants, respectively, are stored at the outputs of the
second, fourth, and first buffers, respectively.

At block 806, the method includes processing the first,
second, and third comparison values to determine a phase
relationship between the analog signal and the sampling
clock (and/or supplemental clock, if used). In some embodi-
ments, phase detection logic (e.g., phase detection logic 318)
processes the first, second, and third comparison values. Pro-
cessing the comparison values may include providing the
first, second, and third comparison values to first and second
XOR gates. The outputs of the second and fourth buffers may
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be connected to the first XOR gate, and the outputs of the first
and fourth buffers may be connected to the second XOR gate.
The first and second XOR gates outputs may cooperatively
provide an indication as to the phase relationship between the
analog signal and the sampling clock (e.g., whether the sam-
pling clock is faster or slower than twice the rate of the analog
signal).

Processing the first, second, and third comparison values
may include verifying that the first and second comparison
values indicate a voltage transition. To illustrate, if the outputs
of the first and second buffers are both the same, then the
outputs of the first and second XOR gates are both equal to
zero, thus indicating a voltage transition in the analog signal
302 has not occurred between the first and second sampling
instants. On the other hand, the presence of either a falling
edge (from high to low) or a rising edge (from low to high)
between the first and second sampling instants in the analog
signal will result in different outputs for the first and second
buffers, thus indicating a voltage transition has occurred
between the first and second sampling instants.

Processing the first, second, and third comparison values
may include determining whether the third sampling instant
is before or after the transition point (the time at which the
analog signal crosses an approximate middle amplitude
between a high and low amplitude). To illustrate, if the out-
puts of the first and second buffers are not the same, and if the
output of the second and fourth buffers are equal, then the
third sampling instant is before the transition point, thus
indicating that the sampling clock is too fast. In the case
where the clock 308 is too fast, the output of the first XOR
gate is low and the output of the second XOR gateis high. And
if the outputs of the first and fourth buffers are equal, then the
third sampling instant is after the transition point, thus indi-
cating that the sampling clock is too slow. In the case where
the sampling clock is too slow, the output of the first XOR
gate is high and the output of the second XOR gate is low.
Thus, the first and second XOR gates cooperatively provide
an indication of the phase relationship between the analog
signal and sampling clock (e.g. whether the sampling clock is
faster or slower than twice the rate of the analog signal 206,
and/or whether the third sampling instant is before or after the
transition point of the analog signal).

Processing the comparison values may further include
advancing the sampling clock when the third sampling instant
is after the transition point, and retarding the sampling clock
when the third sampling instant is before the transition point.
This may be performed by any of a variety of circuits and/or
devices, such as phase-correction circuitry 612.

Embodiments of the invention have been described above.
Those skilled in the art will appreciate that changes may be
made to the embodiments described without departing from
the true spirit and scope of the invention as defined by the
claims.

We claim:

1. A method comprising:

from an analog-to-digital converter having a sampling
clock signal that determines sampling instants, obtain-
ing a first comparison value between an analog signal
and a first threshold voltage at a first sampling instant,
and obtaining a second comparison value between the
analog signal and a second threshold voltage at a second
sampling instant;

from a supplemental circuit, obtaining a third comparison
value between the analog signal and a third threshold
voltage at a third sampling instant between the first and
second sampling instants; and
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processing the first, second, and third comparison values to
determine a phase relationship between the analog sig-
nal and the sampling clock;

wherein processing the first, second, and third comparison

values comprises verifying that the first and second com-
parison values indicate a voltage transition.

2. The method of claim 1, wherein the first, second, and
third threshold voltages are equal to one another.

3. The method of claim 1, wherein the first and third thresh-
old voltages are equal to each other, or the second and third
threshold voltages are equal to each other, or the first and
second threshold voltages are equal to each other.

4. The method of claim 1, wherein the first, second, and
third threshold voltages are different from one another.

5. The method of claim 1, wherein the analog-to-digital
converter comprises a plurality of comparators that each com-
pares an analog signal to a respective threshold voltage,
wherein the respective threshold voltages corresponding to
the plurality of comparators cooperatively define a voltage
range, and wherein the first, second, and third threshold volt-
ages are each approximately at a middle amplitude in the
voltage range.

6. The method of claim 1, wherein a transition point is the
time at which the analog signal crosses the third threshold
voltage, and wherein processing the first, second, and third
comparison values further comprises determining whether
the third sampling instant is before or after the transition
point.

7. The method of claim 6, further comprising:

advancing the sampling clock when the third sampling

instant is after the transition point; and

retarding the sampling clock when the third sampling

instant is before the transition point.

8. The method of claim 1, wherein the third sampling
instant is at a midpoint between the first and second sampling
instants.

9. The method of claim 1, wherein processing the first,
second, and third comparison values comprises providing the
first, second, and third comparison values to first and second
XOR gates.

10. The method of claim 1, wherein the analog-to-digital
converter comprises a plurality of buffers, and wherein
obtaining the first and second comparison values comprises
obtaining the first and second comparison values from first
and second buffers of the plurality of buffers.

11. The method of claim 1, wherein the analog-to-digital
converter comprises a plurality of comparators, and wherein
obtaining the first and second comparison values comprises
obtaining the first and second comparison values from com-
parison values generated by one of the comparators of the
plurality of comparators.

12. A system comprising:

an analog-to-digital converter having (i) a sampling clock
to determine sampling instants, and (ii) a plurality of
comparators, wherein a given comparator in the plural-
ity of comparators generates a first plurality of compari-
son values by comparing the analog signal to a first and
second threshold voltages;

a second buffer connected to the given comparator,
wherein the second buffer stores a second comparison
value generated by the given comparator at a second
sampling instant;

a first buffer connected to the second buffer, wherein the
first buffer stores a first comparison value generated by
the given comparator at a first sampling instant;






