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processing to resolve sampled signals for digital output circuit (104) and to generate a residue signal (ROUT).
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POWER AND AREA EFFICIENT INTERLEAVED ADC
[0001] The invention relates generally to analog-to-digital converters (ADCs) and, more
particularly, to interleaved ADCs.
BACKGROUND
[0002] High performance ADCs do not typically follow the “Moore’s LLaw” area and
power curves achieved by digital circuits in scaling CMOS process technology. The noise and
resolution specifications of an ADC dictate power constraints (lower noise requires higher
power) and area limits (to exceed component matching requirements). In addition, as the
sampling rates of ADCs increase, typical architectures fail to deliver the required performance
due to timing limitations.
[0003] Referring to FIG. 1A of the drawings, reference numeral 100 generally designates
a conventional ADC 100. ADC 100 generally comprises several stages 102-1 to 102-N, an ADC
106 (which is typically a flash ADC), and a digital output circuit 104. The stages 102-1 to 102-N
are generally coupled in series with one another in a sequence, where the first stage 102-1
receives the analog input signal and where each of the subsequent stages 102-2 to 102-N receives
a residue signal from the previous stage 102-1 to 102-(N-1), respectively. ADC 106 is coupled
to the last stage 102-N (receiving its residue signal). Based on its input signal (either a residue
signal or the analog input signal), stages 102-1 to 102-N and ADC 106 are able to resolve a
portion of the analog input signal, which is provided to digital output circuit 104. Digital output
circuit 104 can then perform error correction or other digital processing to generate the digital
output signal DOUT.
[0004] Turning now to FIGS. 1B and 1C, stages 102-1 to 102-N can be seen in greater
detail (which are referred to hereinafter as stage 102 for the sake of simplicity). Stage 102
generally comprises a track-and-hold ('T/H) circuit 108 (i.e., T/H amplifier), ADC 110, digital-to-
analog converter (DAC) 112, adder 114, and a residue amplifier 116. In operation, the T/H
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circuit 110 enters a track phase T during the logic high state of the clock signal CLK and a hold
phase H during the logic low state of the clock signal CLLK. During the track phase T, the T/H
circuit samples its analog input signal SIN (which may be the analog input signal AIN or the
residue signal from the previous stage). During the hold phase H, the sampled signal is provided
to ADC 110 and adder 114. The ADC 110 resolves a portion of the signal SIN, providing the
resolved bits to digital output circuit 104 and DAC 112. DAC 112 converts the resolved bits to
an analog signal which is provided to adder 114. Adder 114 determines the difference between
the sampled signal and the analog signal from DAC, which is amplified by amplifier 116 and
output as a residue signal ROUT.

[0005] There are some drawbacks to ADC 100. In particular, timing can disadvantage
the performance. In operation, analog processing (quantization by ADC 110 and DAC 112,
subtraction by adder 114, and amplification by amplifier 116) occurs within a very tight time,
namely within one-half of the period of the clock signal CLLK (which operates as a sampling
clock). While ADC 100 is well-suited for low noise systems, it is generally limited to low
sampling rates to allow for sufficient time for analog processing.

[0006] Turning to FIGS. 2A through 2C, another example of a conventional ADC 200
can be seen. ADC 200 has the same general functionality as ADC 100. However, a difference
exists in the pipeline; namely, stages 102-1 to 102-N have been replaced by stages 202-1 to 202-
N and input amplifier 204. A difference between stage 102 (of FIG. 1B) and stage 202-1 to 202-
N (hereinafter 202) is that an additional T/H circuit 206 is interposed between T/H circuit 108
and adder 114. T/H circuits 108 and 206 enter track phases T and hold phases H in opposite
logic states of clock signal CLLK. This arrangement allow for relaxed timing because a sampled
signal is held for an entire period of the clock signal CLK, but the addition of T/H circuit 206
adds noise (i.e., about 3dB per T/H circuit 206). To compensate for noise degradation, the power
consumption for each T/H circuit 108 and 206 is doubled, resulting in four times the power
consumption of the single T/H system.

[0007] Therefore, there is a need for an improved ADC.

[0008] Some examples of other conventional circuits are described in: U.S. Patent Nos.

3,059,228; 3,735,392; 3,820,112; 5,180,932; and 5,391,936.
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SUMMARY

[0009] An example embodiment of the invention, accordingly, provides an apparatus.
The apparatus comprises a plurality of track-and-hold (T/H) circuits that receive an analog input
signal; a multiplexer that is coupled to each of the T/H circuits; an analog-to-digital converter
(ADC) that is coupled to the multiplexer; and a clocking circuit that receives a clock signal and
that is coupled to each of the T/H circuits and the multiplexer, wherein the clocking circuit
controls the T/H circuits such that tracking phases for the T/H circuits are generally non-
overlapping, and wherein the clocking circuit controls the coupling between each T/H circuit and
the ADC with the multiplexer.

[0010] In accordance with an example embodiment of the invention, the apparatus
further comprises a digital-to-analog converter (DAC) that is coupled to the ADC; an adder that
is coupled to the DAC and the multiplexer so as to determine the difference between output
signals of the DAC and multiplexer; and an amplifier that is coupled to the adder.

[0011] In accordance with an example embodiment of the invention, the clock circuit
further comprises a clock divider.

[0012] In accordance with an example embodiment of the invention, an apparatus is
provided. The apparatus comprises a plurality of stages that are coupled in series with one
another in a sequence, wherein the first stage of the sequence receives an analog input signal, and
wherein each stage outputs a residue signal, and wherein each stage includes: a plurality of T/H
circuits that receive the analog input signal or the residue signal from the previous stage; a
multiplexer that is coupled to each of the T/H circuits; and a first ADC that is coupled to the
multiplexer; and a clocking circuit that receives a clock signal and that is coupled to each of the
T/H circuits and the multiplexer, wherein the clocking circuit controls the T/H circuits such that
tracking phases for the T/H circuits for each stage are generally non-overlapping, and wherein
the clocking circuit controls the coupling between each T/H circuit for each stage and each first
ADC with the multiplexer for each stage; a second ADC that is coupled to the last stage of the
sequence so as to receive its residue signal; and a digital output circuit that is coupled to each
stage and the second ADC so as to generate a digital output signal.

[0013] In accordance with an example embodiment of the invention, an apparatus is
provided. The apparatus comprises a plurality of stages that are coupled in series with one

another in a sequence, wherein the first stage of the sequence receives an analog input signal, and
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wherein each stage outputs a residue signal, and wherein each stage includes: a first T/H circuit
that receives the analog input signal or the residue signal from the previous stage; a second T/H
circuit that receives the analog input signal or the residue signal from the previous stage; a
multiplexer that is coupled to the first and second T/H circuits; and a first ADC that is coupled to
the multiplexer; and a clocking circuit that receives a clock signal and that is coupled to each of
the T/H circuits and the multiplexer, wherein the clocking circuit controls the T/H circuits such
that tracking phases for the T/H circuits for each stage are generally non-overlapping, and
wherein the clocking circuit controls the coupling between each T/H circuit for each stage and
each first ADC with the multiplexer for each stage; a second ADC that is coupled to the last
stage of the sequence so as to receive its residue signal; and a digital output circuit that is
coupled the each stage and the second ADC so as to generate a digital output signal.

[0014] In accordance with an example embodiment of the invention, each stage further
comprises: a DAC that is coupled to the first ADC; an adder that is coupled to the DAC and the
multiplexer so as to determine the difference between output signals of the DAC and
multiplexer; and an amplifier that is coupled to the adder.

[0015] In accordance with an example embodiment of the invention, the clock divider is
a divide-by-2 clock divider so as to generate a halved clock signal at one half the frequency.
[0016] In accordance with an example embodiment of the invention, each first T/H
circuit is in its track phase when the halved clock signal is in a first logic state and in its hold
phase in when the halved clock signal is in a second logic state, and wherein each first T/H
circuit is coupled to its first ADC through its multiplexer when the halved clock signal is in the
second logic state.

[0017] In accordance with an example embodiment of the invention, each second T/H
circuit is in its hold phase when the halved clock signal is in the first logic state and in its track
phase when the halved clock signal is in the second logic state, and wherein each second T/H
circuit is coupled to its first ADC through its multiplexer when the halved clock signal is in the
first logic state.

[0018] In accordance with an example embodiment of the invention, the first logic state

is logic high, and wherein the second logic state is logic low.
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[0019] The foregoing has outlined rather broadly the features and technical advantages of
the invention in order that the detailed description of the invention that follows may be better
understood. Additional features and advantages of the invention will be described hereinafter
which form the subject of the claims of the invention. It should be appreciated by those skilled in
the art that the conception and the specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures for carrying out the same purposes of the
invention. It should also be realized by those skilled in the art that such equivalent constructions
do not depart from the spirit and scope of the invention as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Example embodiments are described with reference to accompanying drawings,
wherein:

[0021] FIGS. 1A and 1B are circuit diagrams for an example of a conventional ADC;
[0022] FIG. 1C is a timing diagram for the ADC of FIGS. 1A and 1B;

[0023] FIGS. 2A and 2B are circuit diagrams for an example of a conventional ADC;
[0024] FIG. 2C is a timing diagram for the ADC of FIGS. 2A and 2B;

[0025] FIGS. 3A and 3B are circuit diagrams for an example of an ADC in accordance
with an example embodiment of the invention; and

[0026] FIG. 3C is a timing diagram for the ADC of FIGS. 3A and 3B.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0027] In FIG. 3A, an ADC 300 in accordance with an example embodiment of the

invention is given. ADC 300 has the same general functionality as ADC 100. However, a
difference exists in the pipeline; namely, stages 102-1 to 102-N have been replaced by stages
302-1 to 302-N and clocking circuit 303.

[0028] Looking to FIG. 3B and 3C, stages 302-1 to 203-N (hereinafter 302) can be seen
in greater detail. In operation, T/H circuit 304 and 306 are coupled to receive an analog input
signal (either the analog input signal AIN or a residue signal from the previous stage). Since
these T/H circuits 304 and 306 are arranged in parallel with one another, T/H circuits 304 and
306 can be timed so as to sample on generally non-overlapping logic stages or phases of a clock
signal. Preferably, clocking circuit 303 generally comprises a clock divider (i.e., divide-by-2
clock divider) to generate a halved clock signal CLLK/2. This halved clock signal CILK/2 can be
provided to T/H circuits 304 and 306 where the T/H circuits 304 and 306 enter track phases T



WO 2012/026957 PCT/US2010/061546

and hold phases H on opposite logic levels of halved clock signal CLLK/2. Additionally, the
halved clock signal CLLK/2 can be provided to multiplexer 308 so as to operate as a select signal
so that, when T/H circuits 304 and 306 is in their respective hold phases H, T/H circuits 304 and
306 are respectively coupled to ADC 310 through multiplexer 308. ADC 310, DAC 312, adder
314, and amplifier 316 can then perform analog processing to resolve sampled signals for digital
output circuit 104 and to generate a residue signal ROUT.

[0029] Effectively, the configuration of ADC 300 operates as a two way (for example)
interleaved ADC, which results in the realization of several benefits. By interleaving T/H
circuits 304 and 306 at one-half of the sampling rate (i.e., set by clock signal CLLK), both relaxed
timing and low power consumption (compared to ADCs 100 and 200) can be achieved.
Moreover, because ADC 310, DAC 312, adder 314, and amplifier 316 are shared or “re-used,”
ADC 310, DAC 312, adder 314, and amplifier 316 can be fully utilized instead of remaining idle
for part of the time (i.e., one-half of the time), as with an non-interleaved designs. Additionally,
because of the re-use of ADC 310, DAC 312, adder 314, and amplifier 316, the amount of area
used can be reduced.

[0030] Embodiments having different combinations of one or more of the features or
steps described in the context of example embodiments having all or just some of such features
or steps are intended to be covered hereby. Those skilled in the art will appreciate that many

other embodiments and variations are also possible within the scope of the claimed invention.
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CLAIMS

What is claimed is:

1. An apparatus comprising:

a plurality of track-and-hold ('T/H) circuits that receive an analog input signal;

a multiplexer that is coupled to each of the track-and-hold circuits;

an analog-to-digital converter (ADC) that is coupled to the multiplexer; and

a clocking circuit that receives a clock signal and that is coupled to each of the track-and-
hold circuits and the multiplexer, wherein the clocking circuit controls the track-and-hold circuits
such that tracking phases for the track-and-hold circuits are generally non-overlapping, and
wherein the clocking circuit controls the coupling between each track-and-hold circuit and the

ADC with the multiplexer.

2. The apparatus of Claim 1, wherein the apparatus further comprises:

a digital-to-analog converter (DAC) that is coupled to the analog-to-digital converter;

an adder that is coupled to the digital-to-analog converter and the multiplexer so as to
determine the difference between output signals of the digital-to-analog converter and
multiplexer; and

an amplifier that is coupled to the adder.

3. The apparatus of Claim 2, wherein the clock circuit further comprises a clock

divider.

4. An apparatus comprising:
a plurality of stages that are coupled in series with one another in a sequence, wherein the
first stage of the sequence receives an analog input signal, and wherein each stage outputs a
residue signal, and wherein each stage includes:
a plurality of track-and-hold (T/H) circuits that receive the analog input signal or
the residue signal from the previous stage;
a multiplexer that is coupled to each of the track-and-hold circuits; and

a first analog-to-digital converter (ADC) that is coupled to the multiplexer; and
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a clocking circuit that receives a clock signal and that is coupled to each of the track-and-
hold circuits and the multiplexer, wherein the clocking circuit controls the track-and-hold circuits
such that tracking phases for the track-and-hold circuits for each stage are generally non-
overlapping, and wherein the clocking circuit controls the coupling between each track-and-hold
circuit for each stage and each first analog-to-digital converter with the multiplexer for each
stage;

a second analog-to-digital converter that is coupled to the last stage of the sequence so as
to receive its residue signal; and

a digital output circuit that is coupled the each stage and the second analog-to-digital

converter so as to generate a digital output signal.

5. The apparatus of Claim 4, wherein each stage further comprises:

a digital-to-analog converter (DAC) that is coupled to the first analog-to-digital
converter;

an adder that is coupled to the digital-to-analog converter and the multiplexer so as to
determine the difference between output signals of the digital-to-analog converter and
multiplexer; and

an amplifier that is coupled to the adder.

6. The apparatus of Claim 5, wherein the clock circuit further comprises a clock

divider.

7. An apparatus comprising:
a plurality of stages that are coupled in series with one another in a sequence, wherein the

first stage of the sequence receives an analog input signal, and wherein each stage outputs a
residue signal, and wherein each stage includes:

a first track-and-hold (T/H) circuit that receives the analog input signal or the
residue signal from the previous stage;

a second track-and-hold circuit that receives the analog input signal or the residue
signal from the previous stage;

a multiplexer that is coupled to the first and second track-and-hold circuits; and
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a first analog-to-digital converter (ADC) that is coupled to the multiplexer; and

a clocking circuit that receives a clock signal and that is coupled to each of the track-and-
hold circuits and the multiplexer, wherein the clocking circuit controls the track-and-hold circuits
such that tracking phases for the track-and-hold circuits for each stage are generally non-
overlapping, and wherein the clocking circuit controls the coupling between each track-and-hold
circuit for each stage and each first analog-to-digital converter with the multiplexer for each
stage;

a second analog-to-digital converter that is coupled to the last stage of the sequence so as
to receive its residue signal; and

a digital output circuit that is coupled the each stage and the second analog-to-digital

converter so as to generate a digital output signal.

8. The apparatus of Claim 7, wherein each stage further comprises:

a digital-to-analog converter (DAC) that is coupled to the first analog-to-digital
converter;

an adder that is coupled to the digital-to-analog converter and the multiplexer so as to
determine the difference between output signals of the digital-to-analog converter and
multiplexer; and

an amplifier that is coupled to the adder.

9. The apparatus of Claim 8, wherein the clock circuit further comprises a clock

divider.

10. The apparatus of Claim 9, wherein the clock divider is a divide-by-2 clock divider

so as to generate a halved clock signal.

11. The apparatus of Claim 10, wherein each first track-and-hold circuit is in its track
phase when the halved clock signal is in a first logic state and in its hold phase in when the
halved clock signal is in a second logic state, and wherein each first track-and-hold circuit is
coupled to its first analog-to-digital converter through its multiplexer when the halved clock

signal is in the second logic state.
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12. The apparatus of Claim 11, wherein each second track-and-hold circuit is in its hold
phase when the halved clock signal is in the first logic state and in its track phase in when the
halved clock signal is in the second logic state, and wherein each second track-and-hold circuit is
coupled to its first analog-to-digital converter through its multiplexer when the halved clock

signal is in the first logic state.

13. The apparatus of Claim 12, wherein the first logic state is logic high, and wherein the

second logic state is logic low.

10
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