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(57) Abstract: An analog-to-digital converter (ADC) device (100) includes an input terminal to receive an analog signal (Vin), an
analog component, and control logic (108). The analog component includes an amplifier having an input and an output and a ca-
pacitor network coupled to the input and the output of the amplifier. The capacitor network comprises a plurality of capacitors.
The control logic is configured to, in a first mode, configure the capacitor network and the amplifier in an amplification configura-
tion to amplity the analog signal by a predetermined gain to generate an amplitied analog signal. The control logic further is con-
figured to, in a second mode, configure the capacitor network and the amplifier to generate a series of one or more residue volt-
ages using the amplified analog signal.
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ANALOG-TO-DIGITAL CONVERTER WITH VARIABLE GAIN AND METHOD
THEREOF

FIELD OF THE DISCLOSURE

[0001] The present disclosure relates generally to analog-to-digital conversion and more

particularly to redundant signed digit (RSD)-based analog-to-digital conversion.

BACKGROUND

[0002] Mixed analog and digital devices utilize analog-to-digital converters (ADCs) to
convert the voltages of analog signals to corresponding digital values for use by digital
components of the devices. Redundant signed digit (RSD)-based ADCs often find
particular benefit in certain types of systems, particularly where power and space are at a
premium. RSD ADCs typically convert an analog signal to a corresponding digital value
through a series of stages. During the initial state, the voltage of the input analog signal
is compared to two or more reference voltages, ¢.g., VH and VL, and the results of these
comparisons result in code bits for the initial stage. An analog circuit comprising an
amplifier and a set of capacitors is used to determine a residue voltage, and for the second
stage the process of comparisons with the reference voltages is repeated with the residue
voltage to generate code bits for the second stage. This process of calculating the residue
voltage from the residue voltage of the previous stage and comparing the resulting
residue voltage to generate code values can be repeated for a number of stages until the
appropriate resolution is reached. An RSD algorithm then is applied to the code values

from each stage to generate a digital value representative of the analog signal.

[0003] In some operating environments, different analog signal sources may utilize the
same RSD ADC, but may operate at different voltage levels. To illustrate, in an
automotive environment, different sensors may provide sensor output signals with
different voltage levels for conversion to digital values for processing by the same control
processor. In order to ensure proper conversion, each of input analog signals typically

needs to be scaled to a predetermined voltage level before conversion. In conventional
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devices, this scaling is achieved through gain circuitry prior to the input of the RSD
ADC. This separate gain circuitry complicates the design and integration of an RSD
ADC, as well as adding to the size and power consumption of the integrated circuit in
which the RSD ADC is implemented. Accordingly, an improved technique for scaling

analog signals for digital conversion would be advantageous.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure may be better understood, and its numerous features and
advantages made apparent to those skilled in the art by referencing the accompanying
drawings. The use of the same reference symbols in different drawings indicates similar

or identical items.

[0005] FIG. 1 is a diagram illustrating an example redundant signed digit (RSD) analog-
to-digital converter (ADC) utilizing an integrated variable gain stage in accordance with

at least one embodiment of the present disclosure.

[0006] FIG. 2 is a flow diagram illustrating an example operation of the RSD ADC of

FIG. 1 in accordance with at least one embodiment of the present disclosure.

[0007] FIG. 3 is a diagram illustrating an example single-ended implementation of the
RSD ADC of FIG. 1 that utilizes multiple capacitor configurations in accordance with at

least one embodiment of the present disclosure.

[0008] FIG. 4 is a circuit diagram illustrating a first capacitor configuration of the single-
ended RSD ADC of FIG. 3 for sampling an input analog signal in accordance with at

least one embodiment of the present disclosure.

[0009] FIG. 5 is a circuit diagram illustrating a second capacitor configuration of the
single-ended RSD ADC of FIG. 3 for amplifying the input analog signal of FIG. 4 and
for sampling the resulting amplified analog signal in accordance with at least one

embodiment of the present disclosure.
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[0010] FIG. 6 is a circuit diagram illustrating a third capacitor configuration of the
single-ended RSD ADC of FIG. 3 for amplifying the amplified analog signal of FIG. 5
and for sampling the resulting amplified analog signal in accordance with at least one

embodiment of the present disclosure.

[0011] FIG. 7 is a circuit diagram illustrating a fourth capacitor configuration of the
single-ended RSD ADC of FIG. 3 for amplifying the amplified analog signal of FIG. 6
and sampling the resulting amplified analog signal in accordance with at least one

embodiment of the present disclosure.

[0012] FIG. 8 is a circuit diagram illustrating an example implementation of a capacitor
network of the single-ended RSD ADC of FIG. 3 in accordance with at least one

embodiment of the present disclosure.

[0013] FIG. 9 is a diagram illustrating an example differential signaling-based
implementation of the RSD ADC of FIG. 1 that utilizes multiple capacitor configurations

in accordance with at least one embodiment of the present disclosure.

[0014] FIG. 10 is a circuit diagram illustrating a first capacitor configuration of the
differential signaling-based RSD ADC of FIG. 9 for sampling an input analog signal in

accordance with at least one embodiment of the present disclosure.

[0015] FIG. 11 is a circuit diagram illustrating a second capacitor configuration of the
differential signaling-based RSD ADC of FIG. 9 for amplifying the input analog signal of
FIG. 10 and for sampling the resulting amplified analog signal in accordance with at least

one embodiment of the present disclosure.

[0016] FIG. 12 is a circuit diagram illustrating a third capacitor configuration of the
differential signaling-based RSD ADC of FIG. 9 for amplifying the amplified analog
signal of FIG. 11 and for sampling the resulting amplified analog signal in accordance

with at least one embodiment of the present disclosure.



WO 2009/099700 PCT/US2009/030517

[0017] FIG. 13 is a circuit diagram illustrating a fourth capacitor configuration of the
differential signaling-based RSD ADC of FIG. 9 for sampling a single-ended input

analog signal in accordance with at least one embodiment of the present disclosure.

[0018] FIG. 14 is a circuit diagram illustrating a fifth capacitor configuration of the
differential signaling-based RSD ADC of FIG. 9 for converting the sampled single-ended
input analog signal of FIG. 13 to a differential signal without amplification in accordance

with at least one embodiment of the present disclosure.

[0019] FIG. 15 is a circuit diagram illustrating a sixth capacitor configuration of the
differential signaling-based RSD ADC of FIG. 9 for converting the sampled single-ended
input analog signal of FIG. 13 to a differential signal with amplification in accordance

with at least one embodiment of the present disclosure.

[0020] FIG. 16 is a diagram illustrating an example single-ended implementation of the
RSD ADC of FIG. 1 that utilizes programmable capacitors in accordance with at least

one embodiment of the present disclosure.

[0021] FIG. 17 is a flow diagram illustrating an example operation of the single-ended
RSD ADC of FIG. 16 in accordance with at least one embodiment of the present

disclosure.

DETAILED DESCRIPTION

[0022] In accordance with one aspect of the present disclosure, a redundant signed digit
(RSD) analog-to-digital converter (ADC) device includes an input terminal to receive an
analog signal, an analog component, and control logic. The analog component includes
an amplifier having an input and an output and a capacitor network coupled to the input
and the output of the amplifier. The capacitor network comprising a plurality of
capacitors. The control logic is configured to, in a first mode, configure the capacitor
network and the amplifier in an amplification configuration to amplify the analog signal
by a predetermined gain to generate an amplified analog signal. The control logic further

is configured to, in a second mode, configure the capacitor network and the amplifier in
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an RSD configuration to generate a series of one or more residue voltages using the

amplified analog signal.

[0023] In accordance with another aspect of the present disclosure, a method includes
receiving an analog signal at an input terminal of an RSD ADC and configuring a
capacitor network and an amplifier of the RSD ADC to amplify the analog signal by a
predetermined gain to generate an amplified analog signal. The method further includes
configuring the capacitor network and the amplifier to generate a series of one or more
residue voltages based on the amplified analog signal. The method additionally includes
providing for output from the RSD ADC a digital value based on the series of one or

more residue voltages.

[0024] FIGS. 1-17 illustrate example techniques for conversion of analog signals to
corresponding digital values using a redundant signed digit (RSD) analog-to-digital
converter (ADC) employing an integrated variable gain stage for the input analog signals.
An amplifier and a capacitor network of the analog component of the RSD ADC are used
both to amplify an input analog signal and to calculate residue voltages for RSD
conversion. In one embodiment, the capacitors can be arranged into a sequence of
capacitor configurations so as to recursively amplify the input analog signal to a
predetermined voltage level, and once amplified, the capacitors can be reconfigured to
generate a series of one or more RSD residue voltages starting with the amplified analog
signal. In another embodiment, programmable capacitors having adjustable capacitance
can be configured to certain capacitances so as to provide a predetermined gain for
amplifying an input analog signal to a predetermined voltage level. The programmable
capacitors then can be reconfigured to other capacitances for performing RSD residue
voltage calculation starting with the amplified analog signal. This dual use of the
capacitors and amplifier of the RSD ADC for both variable gain of an input analog signal
and for RSD residue voltages using the amplified analog signal can reduce the size,
complexity, and power consumption of the RSD ADC compared to conventional RSD

ADC implementations having a separate front-end gain circuit.
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[0025] The term “capacitor,” as used herein, refers to one or more capacitive elements
configured to, or configurable to, provide a particular capacitance. To illustrate, a
capacitor can be implemented as a single capacitive element that provides the particular
capacitance, or as a network of capacitive elements connected in parallel, in series, or a
combination thereof, to provide the particular capacitance. A capacitor can be
implemented as an integrated capacitor (e.g., one or more capacitive structures
implemented at one or more layers of an integrated circuit) or as a discrete capacitor.
Further, as described in greater detail herein, a capacitor can comprise a programmable
capacitor having an adjustable capacitance, an example of which is described in U.S.

Patent No. 5,625,361, the entirety of which is incorporated by reference herein.

[0026] For ease of illustration, the techniques disclosed herein are described in the
example context of an example RSD implementation whereby a single RSD stage is used
to recursively pass through a sequence of sample and amplification cycles such that the
residue voltage output from the RSD stage for one sample stage is used in calculating the
next residue voltage during the next sample stage. An example of a cyclic single-stage
RSD implementation is described in U.S. Patent No. 6,535,157, the entirety of which is
incorporated by reference herein. In other embodiments, the disclosed techniques can be
adapted for use in an RSD implementation having a sequence of two or more RSD stages,
where the residue voltage output by one RSD stage is input to the next RSD stage. An
example of a multiple-stage RSD implementation is described in US. Patent No.

5,664,313, the entirety of which is incorporated by reference herein.

[0027] FIG. 1 illustrates an example analog-to-digital (A/D) conversion system 100 in
accordance with at least one embodiment of the present disclosure. The A/D conversion
system 100 includes a RSD ADC 102 comprising an input terminal to receive an analog
signal having a voltage Vv from a voltage selector 104 and an output to provide a digital
value (“DATA?”) representative of the voltage Vin. The RSD ADC 102 includes an
analog component 106, control logic 108, and digital conversion logic 110. The analog
component 106 includes a gain circuit comprising an amplifier 112 and a capacitor

network 114 comprising a plurality of capacitors that can be arranged in a number of
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configurations as described herein, both to amplify the input analog signal and then to

generate a series of residue voltages using the amplified signal.

[0028] In at least one embodiment, the A/D conversion system 100 is implemented in an
environment whereby the analog signals to be converted have different voltage levels.
To illustrate, the A/D conversion system 100 may be implemented in an automotive
environment so as to convert output signals from a variety of automotive sensors into
their corresponding digital values. Accordingly, the voltage selector 104 receives as
inputs a plurality of analog signals (S; . . . Sp) that may have different voltage levels and
selects one of the analog signals for input to the RSD ADC 102. In order to properly
convert analog signals to their corresponding values when the analog signals can have
different voltage levels, the RSD ADC 102 amplifies the input signal to a common
voltage level and then converts the amplified signal to a corresponding digital value. To
illustrate, if there are three different voltage levels, e.g., 1 volts, 2 volts, and 4 volts,
analog signals at the 1 volt level could be amplified by a gain of 4 and analog signals at
the 2 volt level could be amplified by a gain of two so that all of the analog signals are

processed at the 4 volt level.

[0029] For the initial amplification of the input signal, the control logic 108 configures
the amplifier 112 and the capacitor network 114 into a sequence of one or more capacitor
configurations so as to achieve a desired amplification of the input signal. The control
logic 108 then configures the amplifier 112 and the capacitor network 114 into a
sequence of RSD configurations for redundant signed digit calculation starting with the
amplified input signal. An example single-ended implementation of the analog
component 106 using multiple capacitor configurations is described below with reference
to FIGS. 3-8 and a differential signal-based implementation of the analog component 106
is described below with reference to FIGS. 9-12. An example implementation of the
analog component 106 configured for single-ended to differential conversion with or
without concurrent amplification is illustrated below with reference to FIGS. 9 and 13-15.
A programmable capacitor-based implementation of the analog component 106 is

described below with reference to FIGS. 16 and 17.
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[0030] For each RSD calculation stage, the digital conversion logic 110 compares a
resulting voltage (initially, the voltage of the amplified analog signal and subsequently,
the residue voltages) to generate code values for each RSD calculation stage. The digital
conversion logic 110 then aligns, synchronizes, and adds the code bits values from the
RSD calculation stages to generate the output digital value DATA in accordance with an
RSD algorithm. An example of the process of generating a digital value from code bits is

described in the aforementioned U.S. Patent No. 5,644,313.

[0031] FIG. 2 illustrates a method 200 of an example conversion of an analog signal
having a voltage Viv by RSD ADC 102 of FIG. 1 in accordance with at least one
embodiment of the present disclosure. The method 200 includes an amplification mode
(block 202) followed by a RSD conversion mode (block 204). The processes of block
202 are represented by blocks 206, 208, and 210.

[0032] At block 202, an input analog signal is received at the RSD ADC 102 and the
control logic 108 determines whether the input analog signal is configured to be
amplified to a higher voltage level (e.g., from a 4 volt level to a 16 volt level). If
amplification is needed, the control logic 108 configures the capacitor network 114 into
an initial sampling configuration so as to sample the voltage Vix of the input analog
signal at block 206. At block 208 the control logic 108 configures the capacitor network
114 into an amplification configuration so as to amplify the voltage Vy using voltages
across capacitors of the capacitor network 114 resulting from the sampling process of
block 206. In one embodiment, the gain of the amplification configuration is limited by
various characteristics, such as the relative capacitances of the capacitors, and the voltage
Vix therefore may not be sufficiently amplified after the initial application of the
processes of blocks 206 and 208. Accordingly, the processes of blocks 206 can be
repeated one or more time on the resulting amplified voltage until the desired
amplification of the voltage Vv is reached. To illustrate, assume that the input analog
signal has a voltage level of 4 volts, the RSD ADC 102 is configured to convert voltages
at a 16 volt level, and the analog component 106 is configurable to provide a 2X gain at
cach iteration. In this case, a gain of 4X is needed to amplify the voltage Vix from a 4

volt level to a 16 volt level and thus the amplification process is repeated twice to achieve



WO 2009/099700 PCT/US2009/030517

the 4X gain. After the first pass of the processes of blocks 206 and 208, the voltage Vi
1s amplified to Vymp1 = 2xVin. After the second pass of the processes of blocks 206 and
208, the amplified voltage Vamp1 1s amplified to Vampz = 2XVamp1 =4xVin. Once a
sufficient gain has been achieved at block 210, the method 200 continues to block 204.

[0033] At block 204, the control logic 108 configures the capacitor network 114 into a
series of RSD configurations and the amplified voltage is converted to a digital value via
the analog component 106 and the digital conversion logic 110 using an RSD conversion
process, such as the ones described in the aforementioned U.S. Patent Nos. 5,644,313 and
6,535,157. The resulting digital value then can be processed by digital components of the

system as appropriate.

[0034] FIG. 3 illustrates an example single-ended implementation of an RSD ADC in
accordance with at least one embodiment of the present disclosure. The illustrated RSD
ADC 302 (corresponding to the RSD ADC 102 of FIG. 1) includes an analog component
306, control logic 308, and digital conversion logic 310. The analog component 306
includes an amplifier 312, a capacitor network 314 comprising switch circuitry 320 and a
plurality of capacitors, such as the four capacitors 321, 322, 323, and 324 (collectively,
capacitors 321-324). The switch circuitry 320 includes a plurality of switches (e.g.,
transistors or pass gates), a terminal connected to an input terminal of the amplifier 312
(e.g., the negative (-) input terminal) and a terminal connected to the output terminal of
the amplifier 312. The switch circuitry 320 further includes inputs to receive the input
analog signal (Vv), one or more reference voltages (e.g., Vrer+ and Vger.), and a
plurality of switch control signals SW1-SWn. The switch control signals are routed to
the switches so as to affect various configurations of the capacitors 321-324 as described
in greater detail herein. The switch circuitry 320 further comprises an output to provide
an output voltage, whereby the output voltage comprises either the voltage Vi, an
amplified version of the voltage Vi, or a residue voltage (VR) depending on the

particular stage of operation of the RSD ADC 302.

[0035] The control logic 308 includes an input to receive one or more clock signals

(CLK) and outputs to provide an enable (EN) signal and the switch control signals SW1-
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SWhn. In at least one embodiment, the control logic 308 configures the switch control
signals SW1-SWn and the EN signal so as to affect various configurations of the
capacitors 321-324 via the switch circuitry 320 and to enable or disable the digital

conversion logic 310 based on the phases of the one or more clock signals.

[0036] The digital conversion logic 310 includes comparators 332 and 334 and an RSD
adder 336. The comparator 332 includes an input to receive the output voltage from the
switch circuitry 320, an input to receive a first reference voltage (VH), and an output to
provide a value based on a comparison of the output voltage to the first reference voltage.
The comparator 334 includes an input to receive the output voltage of the switch circuitry
320, an input to receive a second reference voltage (VL), and an output to provide a value
based on a comparison of the output voltage to the second reference voltage. The RSD
adder 336 includes inputs to receive the values from the comparators 332 and 334 and a
plurality of outputs to provide corresponding bits of the output digital value (“DATA”)
based on an alignment, synchronization, and addition process applied to a sequence of
values output by the comparators 332 and 334 during the corresponding RSD stages
performed for converting the input analog signal to a digital value. Further, in one
embodiment, the control logic 308 receive the values from the comparators 332 and 334
and generates three signals (h, 1, and m) based on the values from the comparators 332
and 334 so as to control the introduction of Vggr+ or Vygr. during the RSD conversion
process. The comparators 332 and 334 and the RSD adder 336 further can include inputs
to receive the EN signal from the control logic 308, whereby these components are
disabled (e.g., clock gated or disconnected from power) when the EN signal is placed in a

disable state (e.g., deasserted).

[0037] In at least one embodiment, the control logic 308 implements a hardware state
machine having an operation represented by the state diagram 340 of FIG. 3. At an idle
state 342, the control logic 308 configures the EN signal to the disabled state, thereby
idling components of the RSD ADC 302. In response to receipt of an input analog signal
to be converted by the RSD ADC 302, the state machine enters configure/sample state
344. At configure/sample state 344, the control logic 308 initially determines the gain

needed to amplify the input analog signal to the conversion voltage level used by the

-10 -
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RSD ADC 302, and based on the determined gain, the number of amplification stages
needed to amplify the input analog signal to the conversion voltage level. To illustrate, if
a gain of 8X is needed to convert the input analog signal to the conversion voltage level
and each amplification stage provides a 2X gain, a sequence of three amplification stages

will be needed for the desired amplification.

[0038] When the configure/sample state 344 is initially entered from idle state 342, the
control logic 308 configures the switch control signals SW1-SWn so as to arrange the
capacitors 321-324 in an initial configuration illustrated by stage 1 of FIG. 4 (described
below). The state machine then enters amplify state 346 whereby the amplifier 312 and
the capacitor configuration of stage 1 are used to amplify the input analog signal to
generate an amplified analog signal. If this amount of application is sufficient, the state
machine enters RSD conversion state 348, whereby the control logic 308 configures the
switch control signals SW1-SWn so as to arrange the capacitors 321-324 in a sequence of
RSD stage configurations and configures the EN signal to an enabled state so as to enable
the digital conversion logic 310. The analog component 306 and the digital conversion
logic 310 then are operated to convert the voltage of the amplified analog signal to a
corresponding digital value based on a series of residual voltages determined from the

amplified analog signal.

[0039] In the event that additional amplification is needed before conversion, the state
machine reenters configure/sample state 344. The control logic 308 configures the
switch control signals SW1-SW5 so as to arrange the capacitors 321-324 in a
configuration illustrated by FIG. 5. The state machine then enters amplify state 346
whereby the amplifier 312 and the capacitor configuration of FIG. 5 is used to amplify
the amplified analog signal to generate a second amplified analog signal. If this amount
of amplification is sufficient, the state machine enters RSD conversion state 348 using the
second amplified analog signal. Otherwise, if additional amplification is needed, the
configuration and amplification performed at states 344 and 346 can be repeated one or
more times to achieve the desired amplification level before entering the RSD conversion

state 348.

-11 -
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[0040] FIGS. 4-7 illustrate a sequence of capacitor configurations that can be utilized to
achieve a particular amplification of an input signal in accordance with at least one
embodiment of the present disclosure. For ease of illustration, the sequence of capacitor
configurations is described in the context of the RSD ADC 302 of FIG. 3. The illustrated
configurations are achieved via configurations of switches of switch circuitry 320, but for

clarity purposes the switches are omitted from the illustrated configurations of FIGS. 4-7.

[0041] FIG. 4 illustrates an initial sampling configuration 400 of the capacitor 321 (C,)
and capacitor 322 (C,) at a first phase of a first cycle of a clock signal (CLK). The first
terminal of the capacitor 321 and the first terminal of the capacitor 322 are connected to
the input analog voltage so as to receive the voltage Vin. The second terminal of the
capacitor 321 and the second terminal of the capacitor 322 are connected to a voltage
reference Vag, where Vg represents the analog ground voltage reference. As illustrated
by FIG. 4, the initial sampling configuration 400 results in the voltage Vv across each of

the capacitors 321 and 322.

[0042] FIG. 5 illustrates an amplification configuration 500 of the capacitor 321 (C,), the
capacitor 322 (C,), the capacitor 323 (Cs), and the capacitor 324 (C,) at a second phase of
the first cycle of the clock signal. The first terminal and the second terminal of the
capacitor 321 are connected to the voltage reference Vg and the negative input terminal
of the amplifier 312, respectively. The first terminal and the second terminal of the
capacitor 322 are connected to the output terminal and the negative input terminal,
respectively, of the amplifier 312. The positive input terminal of the amplifier 312 is
connected to the voltage reference Vag. The first terminal of the capacitor 323 and the
first terminal of the capacitor 324 are connected to the output terminal of the amplifier
312 and the second terminal of the capacitor 323 and the second terminal of the capacitor

324 are connected to the voltage reference Vag.

[0043] For the amplification configuration 500, the capacitors 321 and 322 are
reconfigured from the initial sampling configuration 400 of FIG. 4 via the switch
circuitry 320 without substantial discharge of the capacitors 321 and 322. In this
configuration, it will be appreciated that the output voltage (VR;) of the amplifier 312 is

-12-
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2*Vin. Further, in this configuration the output of the amplifier 312 drives charge into
the capacitors 323 and 324 so that the voltage difference between the first terminals of
the capacitors 323 and 324 and their second terminals is equal to VR, or 2*Vy. In the
event that 2X amplification is sufficient, the analog component 306 is arranged into an
RSD conversion configuration and the conversion process can be initiated using the 2X
amplified analog signal (as represented by the voltage across the terminals of the

capacitors 323 and 324).

[0044] Otherwise, additional amplification can be achieved via the amplification
configuration 600 of FIG. 6 at the first phase of a second cycle of the clock signal. In the
amplification configuration 600, the first terminal and the second terminal of the
capacitor 323 are connected to the voltage reference Vg and the negative input terminal
of the amplifier 312, respectively. The first terminal and the second terminal of the
capacitor 324 are connected to the output terminal and the negative input terminal,
respectively, of the amplifier 312. The positive input terminal of the amplifier 312 is
connected to the voltage reference Vag. The first terminal of the capacitor 321 and the
first terminal of the capacitor 322 are connected to the output terminal of the amplifier
312 and the second terminal of the capacitor 321 and the second terminal of the capacitor
322 are connected to the voltage reference Vag. Thus, it will be appreciated that,
between the amplification configuration 500 and the amplification configuration 600, the
capacitor 321 and the capacitor 323 effectively switch places and the capacitor 322 and
the capacitor 324 effectively switch places.

[0045] For the amplification configuration 600, the capacitors 323 and 324 are
reconfigured from the amplification configuration 500 of FIG. 5 via the switch circuitry
320 without substantial discharge of the capacitors 323 and 324. In this configuration, it
will be appreciated that the output voltage (VR;) of the amplifier 312 is 4*Viy (i.e., 2%2%
Vix). Further, in this configuration the output of the amplifier 312 drives charge into the
capacitors 321 and 322 so that the voltage difference between the first terminals of the
capacitors 321 and 322 and their second terminals is equal to VR, or 4*Vy. In the event
that 4X amplification is sufficient, the control logic 308 can configure the analog

component 306 into an RSD stage and the RSD conversion process can be initiated using

-13 -
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the output voltage VR, of the amplifier 312 (as present across the terminals of the

capacitors 321 and 322).

[0046] Otherwise, additional amplification can be achieved via the amplification
configuration 700 of FIG. 7 at the second phase of the second cycle of the clock signal. It
will be appreciated from a comparison of FIGS. 5 and 6 that the capacitor connections of
the amplification configuration 700 are the same as the capacitor connections of the
amplification configuration 500. A difference, however, is that for the amplification
configuration 700, the capacitors 321 and 322 are reconfigured from the amplification
configuration 600 of FIG. 6 via the switch circuitry 320 without substantial discharge of
the capacitors 321 and 322. Thus, it will be appreciated that, between the amplification
configuration 600 and the amplification configuration 700, the capacitor 321 and the
capacitor 323 switch places and the capacitor 322 and the capacitor 324 switch places. In
this configuration, it will be appreciated that the output voltage (VR3) of the amplifier
312 is 8*Vy (i.c., 2*4* Viy). Further, the output of the amplifier 312 drives charge into
the capacitors 323 and 324 so that the voltage difference between the first terminals of
the capacitors 323 and 324 and their second terminals is equal to VR3, or 8*Viy. In the
event that 8X amplification is sufficient, the control logic 308 can configure the analog
component 306 into an RSD stage and the RSD conversion process can be initiated using
the output voltage VR; of the amplifier 312 (as present across the terminals of the

capacitors 321 and 322).

[0047] In the event that an amplification greater than 8X (and being a power of two) is
needed, a sequence of configurations alternating between the amplification configuration
600 and the amplification configuration 700 can be performed until the desired

amplification is achieved.

[0048] As FIGS. 4-7 illustrate, the capacitors 321-324 are arranged as two pairs:
capacitors 321 and 322 as one pair and capacitors 323 and 324 as another pair. For ecach
amplification pass, a first pair of capacitors is arranged in an amplification configuration
and the second pair is arranged in a sampling configuration. For the next amplification

pass, the second pair is rearranged into the amplification configuration (without
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substantial discharge of their stored charges) and the first pair is rearranged into the
sampling configuration. For the following amplification pass, the first pair is again
arranged in the amplification configuration (without substantial discharge of their stored
charges) and the second pair is again arranged in the sampling configuration, and so on
between amplification iterations. Thus, it will be appreciated a sequence of amplification
iterations whereby the four capacitors 321-324 are swapped between amplification stages
can be used to implement any of a variety of gains that are a power of two without
requiring a larger capacitor network or complex amplification circuitry, which would
require considerable space to implement in an integrated circuit, as well as unnecessarily

COIlSlll’IliIlg CXCCSS pOwWCT.

[0049] FIG. 8 illustrates an example implementation of the RSD ADC 302 of FIG. 3 in
accordance with at least one embodiment of the present disclosure. The switch circuitry
320 is implemented as a set of switches 801-819, which can be implemented as

transistors, pass gates, etc.

[0050] The switch 801 includes a first terminal to receive the input analog signal (Viv)
and a second terminal, and is controlled by switch control signal SW5. The switch 802
includes a first terminal connected to the second terminal of the switch 801 and a second
terminal connected to the output of the amplifier 312, and is controlled by switch control
signal SW4. The switch 803 includes a first terminal connected to the second terminal of
the switch 801 and a second terminal connected to the inputs of the comparators 332 and
334, and is controlled by a switch control signal SW3. The switch 804 includes a first
terminal connected to the output of the amplifier 312 and a second terminal connected to
a first terminal of the capacitor 322, and is controlled by a switch control signal SW2.
The switch 805 includes a first terminal connected to the second terminal of the switch
801 and a second terminal connected to the first terminal of the capacitor 322, and is
controlled by switch control signal SW1. The switch 806 includes a first terminal
connected to the second terminal of the switch 801 and a second terminal connected to
the first terminal of the capacitor 321, and is controlled by switch control signal SW1.
The switch 807 includes a first terminal to receive the voltage Vrer: and a second

terminal connected to the first terminal of the capacitor 321, and is controlled by a switch
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signal h1. The switch 808 includes a first terminal to receive the voltage Vrgr.and a
second terminal connected to the first terminal of the capacitor 321, and is controlled by a
switch control signal |1. The switch 809 includes a first terminal connected to the first
terminal of the capacitor 321 and a second terminal connected to the voltage reference
Vg, and is controlled by a switch control signal m1. The switch 810 includes a first
terminal connected to the second terminal of the capacitor 321 and the second terminal of
the capacitor 322, and a second terminal connected to the negative input of the amplifier
312, and is controlled by the switch control signal SW2. The switch 811 includes a first
terminal connected to the second terminals of the capacitors 321 and 322 and a second
terminal connected to reference voltage Vag, and is controlled by the switch control
signal SW1. The switch 812 includes a first terminal connected to the output of the
amplifier 312 and a second terminal connected to a first terminal of the capacitor 324,
and is controlled by the switch control signal SW2. The switch 813 includes a first
terminal connected to the output of the amplifier 312 and a second terminal connected to
a first terminal of the capacitor 323, and is controlled by the switch control signal SW2.
The switch 814 includes a first terminal connected to the first terminal of the capacitor
324 and a second terminal connected to the output of the amplifier 312, and is controlled
by the switch control signal SW1. The switch 815 includes a first terminal to receive the
voltage Vrgr: and a second terminal connected to the first terminal of the capacitor 323,
and is controlled by a switch control signal h2. The switch 816 includes a first terminal
to receive the voltage Vyrer and a second terminal connected to the first terminal of the
capacitor 323, and is controlled by a switch control signal 12. The switch 817 includes a
first terminal connected to the first terminal of the capacitor 323 and a second terminal
connected to the voltage reference Vag, and is controlled by a switch control signal m2.
The switch 818 includes a first terminal connected to a second terminal of the capacitor
323 and a second terminal of the capacitor 324, and a second terminal connected to the
negative input of the amplifier 312, and is controlled by the switch signal SW1. The
switch 819 includes a first terminal connected to the second terminals of the capacitors
323 and 324, and a second terminal connected to the voltage reference Vg, and is

controlled by the switch signal SW2.
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[0051] In the depicted example, the control logic 308 includes an input to receive the
clock signal (CLK), an input coupled to the output of the comparator 332, an input
coupled to the output of the comparator 334, and outputs to provide the switch control
signals SW1-SW5, h1, h2, 11, 12, m1, and m2 based on the clock signal and the values
output by the comparators 332 and 334.

[0052] Table 1 below illustrates the various states of the switch control signals set by the
control logic 308 to arrange the initial sampling configuration 400 of FIG. 4 and the
amplification configurations 500, 600, and 700 of FIGS. 5, 6, and 7, respectively. For
Table 1, it is assumed that the values of “0” and “1” set the corresponding switch in an
“open” (or non-conductive) state and a “closed” (or conductive) state, respectively, and

an “X” is a “don’t care” state.

TABLE 1: Settings for Switch Control Signals for Pre-Conversion Amplification

Config. 400 500 600
(FIG. 4) (FIG.5) | (FIG.6)

K| i | e | e
SW1 1 0 1
SW2 0 1 0
SW3 0 0 0
SW4 0 X {
SW5 1 0 0
h1 0 0 0

1 0 0 0

ml 0 1 0

h2 X 0 0

12 X 0 0

-17 -



WO 2009/099700 PCT/US2009/030517

m2 X 0 1

[0053] As illustrated by Table 1, the control logic 308 can implement the different
configurations based on the phases of clock cycles of the CLK signal (FIG. 3). Further,
as illustrated by Table 1, switch control signal SW1 and switch control signal SW2 can

be implemented as complementary signals.

[0054] Table 2 below illustrates the various states of the switch control signals set by the
control logic 308 to arrange an RSD configuration for conversion of an amplified input
signal. For Table 2, it is assumed that the 4X amplification achieved via the sequence of
sampling configuration 400, amplification 500, and amplification configuration 600 is the
desired gain and thus the RSD configuration is initiated from the amplification
configuration 600. Further, for Table 2 only the first four RSD cycles are illustrated,
although it will be appreciated that the total number of RSD cycles can depend on the
resolution of the particular implementation. In Table 2, the values of “0” and “1” set the
corresponding switch in an “open” (or non-conductive) state and a “closed” (or
conductive) state, respectively, an “X” is a “don’t care” state, and a “D” for switch
control signals h1, 11, m1, h2, 12, and m2 indicates that the state of the corresponding
signal depends on the voltage of the residue voltage being analyzed as compared with the
VH and the VL (i.e., to offset the residue voltage (VR £ Vgrgr) depending on the values
output by the comparators 332 and 334).

TABLE 2: Settings for Switch Control Signals for RSD Conversion

CLK cycle 2, cycle 3, cycle 3, cycle 4,
phase 2 phase 1 phase 2 phase 1
SW1 0 1 0 1
SwW2 1 0 1 0
SW3 1 1 1 1
Sw4 1 1 1 1
SW5 0 0 0 0
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h1 D 0 D 0
11 D 0 D 0
ml D 0 D 0
h2 0 D 0 D
12 0 D 0 D
m2 0 D 0 D

[0055] FIG. 9 illustrates an example differential signaling-based implementation of an
RSD ADC in accordance with at least one embodiment of the present disclosure. The
illustrated RSD ADC 902 (corresponding to the RSD ADC 102 of FIG. 1) includes an
analog component 906, control logic 908, and digital conversion logic (not shown). The
analog component 906 includes a differential amplifier 912 and a capacitor network 914
comprising switch circuitry 920 and a plurality of capacitors, such as the four capacitors
921,922, 923, and 924 (collectively, capacitors 921-924). The switch circuitry 920
includes a plurality of switches, a terminal connected to an input terminal of the
differential amplifier 912 (e.g., the negative (-) input terminal) and a terminal connected
to the positive (+) output terminal of the differential amplifier 912. The switch circuitry
920 further includes inputs to receive one component of the differential input analog
signal (e.g., Vin+), one or more reference voltages (e.g., Vrerr and Vggr.), and a plurality
of switch control signals SW1-SWn. The switch control signals SW1-SWn are routed to
the switches so as to affect various configurations of the capacitors 921-924. The switch
circuitry 920 further comprises an output to provide one component of a differential
output signal to the digital conversion logic (not shown), whereby the first component
comprises either the component Vi, an amplified version of the component Vin+, or a
component of the differential residue voltage (e.g., VR+) depending on the particular
stage of operation of the RSD ADC 902.

[0056] The analog component 906 further includes a capacitor network 915 for the

second component of the differential input analog signal (e.g., Vin.). The capacitor
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network 915 comprises switch circuitry 919 (corresponding to the switch circuitry 920)
and a plurality of capacitors, such as the four capacitors 925, 926, 927, and 928
(collectively, capacitors 925-928). The switch circuitry 919 includes a plurality of
switches, a terminal connected to the other input terminal of the differential amplifier 912
(e.g., the positive (+) input terminal) and a terminal connected to the negative (-) output
terminal of the differential amplifier 912. The switch circuitry 919 further includes
inputs to receive the other component of the differential input analog signal (e.g., Vix.),
one or more reference voltages (e.g., Vrer+ and Vrger ), and a plurality of switch control
signals SWn+1 - SWm. The switch control signals are routed to the switches of the
switch circuitry 919 so as to affect various configurations of the capacitors 925-928. The
switch circuitry 919 further comprises an output to provide the second component of a
differential output signal, whereby the second component comprises either the
component Vin., an amplified version of the component Vi, or a component of the
differential residue voltage (e.g., VR-) depending on the particular stage of operation of
the RSD ADC 902. The capacitor networks 914 and 915 each can be implemented in a
manner similar to the example of FIG. 8 described above for the single-ended

implementation.

[0057] The control logic 908 includes an input to receive one or more clock signals
(CLK) and outputs to provide an enable (EN) signal and the switch control signals SW1-
SWm. In at least one embodiment, the control logic 908 configures the switch control
signals and the EN signal so as to affect various configurations of the capacitors 921-928
via the switch circuitry 919 and 920 and to enable or disable the digital conversion logic

based on the phases of the one or more clock signals.

[0058] In at least one embodiment, the differential signaling-based implementation of
FIG. 9 can be used for a single-ended input analog signal. In this instance, the single-
ended input analog signal Vv is provided as the first component Vin; and the voltage
reference Vg is supplied as the second component Viy.. Thus, the RSD ADC 902 has
the added feature of converting a single-ended input analog signal to a differential signal

before amplification and conversion.
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[0059] In at least one embodiment, the control logic 908 implements a hardware state
machine having an operation similar to that of the state diagram 340 of FIG. 3 described
above. As with the control logic 308 of the single-ended implementation of FIG. 3, the
control logic 908 of the differential signal-based implementation arranges the capacitors
921-928 into different configurations so as to achieve one or more amplification passes to
incrementally amplify the input analog signal (as either a true differential signal at the

input or a single-ended signal converted to a differential signal).

[0060] FIGS. 10-12 illustrate a sequence of capacitor configurations that can be utilized
to achieve a particular amplification of a differential input signal in accordance with at
least one embodiment of the present disclosure. For ease of illustration, the sequence of
capacitor configurations is described in the context of the RSD ADC 902 of FIG. 9. The
illustrated configurations are achieved via configurations of switches of switch circuitry
920 and switch circuitry 919, but for clarity purposes the switches are omitted from the

illustrated configurations of FIGS. 10-12.

[0061] FIG. 10 illustrates an initial sampling configuration 1000 of the capacitors 921,
922,925, and 926 (C,, C,, Cs, and Cs) at a first phase of a first cycle of a clock signal.
The first terminal of the capacitor 921 and the first terminal of the capacitor 922 are
connected to the first component of the input analog voltage so as to receive the voltage
V. The second terminal of the capacitor 921 and the second terminal of the capacitor
922 are connected to the voltage reference Vag. Likewise, the first terminal of the
capacitor 925 and the first terminal of the capacitor 926 are connected to the second
component of the input analog voltage so as to receive the voltage Vin. and the second
terminal of the capacitor 925 and the second terminal of the capacitor 926 are connected
to the voltage reference Vag. As illustrated by FIG. 10, the initial sampling configuration
1000 results in a voltage Vix+ across each of the capacitors 921 and 922 and the voltage

Vi~ across each of the capacitors 925 and 926.

[0062] FIG. 11 illustrates an amplification configuration 1100 of the capacitors 921-928
at a second phase of the first cycle of the clock signal. The first terminal and the second

terminal of the capacitor 921 are connected to the voltage reference Vag and the negative
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input terminal of the differential amplifier 912, respectively. The first terminal and the
second terminal of the capacitor 922 are connected to the positive output terminal and the
negative input terminal, respectively, of the differential amplifier 912. The first terminal
and the second terminal of the capacitor 925 are connected to the voltage reference Vag
and the positive input terminal of the differential amplifier 912, respectively. The first
terminal and the second terminal of the capacitor 926 are connected to the negative
output terminal and the positive input terminal, respectively, of the differential amplifier
912. The first terminal of the capacitor 923 and the first terminal of the capacitor 924
are connected to the positive output terminal of the differential amplifier 912 and the
second terminal of the capacitor 923 and the second terminal of the capacitor 924 are
connected to the voltage reference Vag. The first terminal of the capacitor 927 and the
first terminal of the capacitor 928 are connected to the negative output terminal of the
differential amplifier 912 and the second terminal of the capacitor 927 and the second

terminal of the capacitor 928 are connected to the voltage reference Vag.

[0063] For the amplification configuration 1100, the capacitors 921 and 922 are
reconfigured from the initial sampling configuration 1000 of FIG. 10 via the switch
circuitry 920 without discharging the capacitors 921 and 922. Likewise, the capacitors
925 and 926 are reconfigured from the initial sampling configuration 1000 of FIG. 10 via
the switch circuitry 919 without discharging the capacitors 925 and 926. In this
configuration, it will be appreciated that the output voltage of the differential amplifier

(VRH - VR1_) 18 2*(VIN+ - VIN_).

[0064] Further, in amplification configuration 1100, the positive output terminal of the
differential amplifier 912 drives charge into the capacitors 923 and 924 so that the
voltage difference between the first terminals of the capacitors 923 and 924 and their
second terminals is equal to VR, or 2*Vy+. The negative output terminal of the
differential amplifier 912 drives charge into the capacitors 927 and 928 so that the
voltage difference between the first terminals of the capacitors 927 and 928 and their
second terminals is equal to VR, or 2*Vx.. In the event that 2X amplification is
sufficient, the analog component 906 is arranged into an RSD conversion configuration

and the conversion process can be initiated using the 2X amplified analog signal (as
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represented by the voltage across the terminals of the capacitors 323 and 324 and

capacitors 327 and 328).

[0065] Otherwise, additional amplification can be achieved via the amplification
configuration 1200 of FIG. 12 for a first phase of a second cycle of the clock signal. In
the amplification configuration 1200, the first terminal and the second terminal of the
capacitor 923 are connected to voltage reference Vag and the negative input terminal of
the differential amplifier 912, respectively. Likewise, the first terminal and the second
terminal of the capacitor 927 are connected to the voltage reference Vag and the positive
input terminal of the differential amplifier 912, respectively. The first terminal and the
second terminal of the capacitor 924 are connected to the positive output terminal and the
negative input terminal, respectively, of the differential amplifier 912. The first terminal
and the second terminal of the capacitor 928 are connected to the negative output
terminal and the positive input terminal, respectively, of the differential amplifier 912.
The first terminal of the capacitor 921 and the first terminal of the capacitor 922 are
connected to the positive output terminal of the differential amplifier 912 and the second
terminal of the capacitor 921 and the second terminal of the capacitor 922 are connected
to the voltage reference Vag. The first terminal of the capacitor 925 and the first terminal
of the capacitor 926 are connected to the negative output terminal of the differential
amplifier 912 and the second terminal of the capacitor 925 and the second terminal of the
capacitor 926 are connected to the voltage reference Vag. Thus, it will be appreciated
that, between the amplification configuration 1100 and the amplification configuration
1200, the capacitor 921 and the capacitor 923 switch places, the capacitor 922 and the
capacitor 924 switch places, the capacitor 925 and the capacitor 927 switch paces, and the

capacitor 926 and the capacitor 928 switch places.

[0066] For the amplification configuration 1200, the capacitors 923, 924, 927, and 928
are reconfigured from the amplification configuration 1100 of FIG. 11 via the switch
circuitry 919 and the switch circuitry 920 without discharging the capacitors 923, 924,
927, and 928. In this configuration, it will be appreciated that the output voltage (VR+; -
VR.,;) of the differential amplifier 912 is 4*(Vin+ - Vine) (1.€., 2%2% (Vins - Vin)).
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[0067] Further, the positive output of the differential amplifier 912 drives charge into the
capacitors 921 and 922 so that the voltage difference between the first terminals of the
capacitors 921 and 922 and their second terminals is equal to VR+;, or 4*Vy.. The
negative output of the differential amplifier 912 drives charge into the capacitors 925 and
926 so that the voltage difference between the first terminals of the capacitors 925 and
926 and their second terminals is equal to VR-,, or 4*Vy.. In the event that 4X
amplification is sufficient, the conversion process can be initiated using the 4X amplified
analog signal. Otherwise, in the event that an amplification greater than 4X (and being a
power of two) is needed, a sequence of configurations alternating between the
amplification configuration 1100 and the amplification configuration 1200 can be

performed until the desired amplification is achieved.

[0068] FIGS. 13-15 illustrate example sequences of capacitor configurations for the
conversion of a single-ended input signal to a differential signal for digital conversion in
accordance with the techniques described herein. The combination of FIGS. 13 and 14
illustrate a sequence of capacitor configurations that converts the single-ended input
signal to a differential signal without amplification. The combination of FIGS. 13 and 15
illustrates a sequence of capacitor configurations that converts the single-ended input
signal to a differential signal while concurrently achieving a 2X gain in the resulting
differential signal. For ease of illustration, the sequence of capacitor configurations is
described in the context of the RSD ADC 902 of FIG. 9. The illustrated configurations
are achieved via configurations of switches of switch circuitry 920 and switch circuitry
919, but for clarity purposes the switches are omitted from the illustrated configurations

of FIGS. 13-15.

[0069] FIG. 13 illustrates an initial sampling configuration 1300 of the capacitors 921
and 925 at a first phase of a first cycle of a clock signal. The first terminal of the
capacitor 921 is connected to receive the analog voltage Vi of a single-ended input
signal and the first terminal of the capacitor 925 is connected to the voltage reference
Vag. The second terminal of the capacitor 921 and the second terminal of the capacitor
925 are connected to the voltage reference Vag. Further, the capacitors 922 and 926 are

configured in the same manner as capacitor 925. Accordingly, the initial sampling
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configuration 1300 results in the voltage Vx across the capacitor 921 (where Vx = Vi -

Vag) and a voltage of approximately 0 V across the capacitors 922, 925, and 926.

[0070] FIG. 14 illustrates a non-amplified single-ended signal to differential signal
conversion configuration 1400 of the capacitors 921-928 at a second phase of the first
cycle of the clock signal. The first terminal and the second terminal of the capacitor 921
are connected to the voltage reference Vg and the negative input terminal of the
differential amplifier 912, respectively. The first terminal and the second terminal of the
capacitor 922 are connected to the positive output terminal and the negative input
terminal, respectively, of the differential amplifier 912. The first terminal and the
second terminal of the capacitor 925 are connected to the voltage reference Vag and the
positive input terminal of the differential amplifier 912, respectively. The first terminal
and the second terminal of the capacitor 926 are connected to the negative output
terminal and the positive input terminal, respectively, of the differential amplifier 912.
The first terminal of the capacitor 923 and the first terminal of the capacitor 924 are
connected to the positive output terminal of the differential amplifier 912 and the second
terminal of the capacitor 923 and the second terminal of the capacitor 924 are connected
to the voltage reference Vag. The first terminal of the capacitor 927 and the first terminal
of the capacitor 928 are connected to the negative output terminal of the differential
amplifier 912 and the second terminal of the capacitor 927 and the second terminal of the

capacitor 928 are connected to the voltage reference Vac.

[0071] In this configuration, it will be appreciated that the output voltage of the
differential amplifier 912 is Vx, thereby converting the single-ended input signal having a
voltage Vy to a differential signal having a voltage difference Vx between the signal
components. The resulting differential signal then may be sampled by capacitors 923,
924, 927, and 928 and the amplification and digital conversion processed performed as

described above.

[0072] FIG. 15 illustrates an alternate single-ended to differential conversion
configuration 1500 of the capacitors 921-928 at the second phase of the first cycle of the
clock signal whereby the resulting differential signal is amplified by a gain of 2X
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concurrent with the single-ended to differential conversion. The configuration 1500 of
FIG. 15 is same as the configuration 1400 of FIG. 14, with the exception that the first
terminal of the capacitor 925 is instead connected to receive the voltage Viy of the single-
ended input signal (rather than connected to the voltage reference V¢ as occurs in the
configuration 1400 of FIG. 14). In this configuration, it will be appreciated that the
output voltage of the differential amplifier 912 is 2* V, thereby converting and
amplifying the single-ended input signal having a voltage Vv into a differential signal
having a voltage difference 2* Vx between the signal components. The resulting
differential signal then may be sampled by capacitors 923, 924, 927, and 928 and the
amplification and digital conversion processed performed via the sampling capacitors as

described above.

[0073] FIG. 16 illustrates another example implementation of an RSD ADC in
accordance with at least one embodiment of the present disclosure. In the embodiments
described above, switch circuitry was used to arrange different capacitor configurations
for multiple amplification passes to as to iteratively amplify an input analog signal to a
desired voltage level. The RSD ADC 1602 depicted in FIG. 16 is substantially similar to
the RSD ADC 302 depicted in FIG. 8, with the exception that programmable capacitors
1621 and 1622 are used in place of the capacitors 1621 and 1622, and that the control
logic 1608 is configured to also provide capacitance adjustment signals CAP1 and CAP2
to adjust the capacitances of programmable capacitors 1621 and 1622, respectively. In
one embodiment, the programmable capacitors 1621 and 1622 are configured as
programmable capacitor networks, and example of which is described in the
aforementioned U.S. Patent No. 5,625,361. Although FIG. 16 depicts a single-ended
implementation, the programmable capacitor-based RSD ADC can be implemented as a

differential signaling-based implementation as similarly illustrated by FIG. 9.

[0074] FIG. 17 illustrates an example method 1700 of operation of the RSD ADC 1602
of FIG. 16 in accordance with at least one embodiment of the present disclosure. In at
least one embodiment, the method 1700 can be implemented at least in part as a state

machine of the control logic 1608.
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[0075] At block 1702, the control logic 1608 configures the capacitances of the
programmable capacitors 1621 and 1622 to provide a desired amplification of the input
analog signal once configured in the amplifier configuration with the amplifier 312.
Assuming the programmable capacitor 1621 has a programmable capacitance C1 and the
programmable capacitor 1622 has a programmable capacitance C2, the output voltage

(VR) of the amplifier 312 in this configuration is equal to:
C2
VR = El + aj X I/]N

and thus the gain of the amplification configuration of the amplifier 312 and the

programmable capacitors 1621 and 1622 is

Gain = [l +2j
C1

[0076] To achieve a particular gain, the control logic 1608 can adjust the capacitances C1
and C2 via the CAP1 and CAP2 signals so as to achieve the ratio of the capacitance C2 to
the capacitance C1 corresponding to the particular gain. For example to achieve a 2X
gain, the control logic 308 can program the programmable capacitors 1621 and 1622 at
block 1702 to have substantially similar capacitances (i.c., the ratio of capacitance C2 to
capacitance C1 is 1:1, resulting in a gain of 2). Likewise, to achieve a gain of 3X, the
capacitance C1 of the programmable capacitor 1622 can be set to one-half of the
capacitance C2 of the programmable capacitor 1621 (i.c., the ratio of capacitance C2 to
capacitance C1 is 2:1, resulting in a gain of 3). Further, to achieve a gain of 4X, the
capacitance C1 of the programmable capacitor 1622 can be set to one-third of the
capacitance C2 of the programmable capacitor 1621 (i.c., the ratio of capacitance C2 to
capacitance C1 is 3:1, resulting in a gain of 4). The desired ratio of capacitances can be
achieved by increasing the capacitance C2 while maintaining the capacitance C1 at the
capacitance used during the RSD conversion stage, by decreasing the capacitance C1
while maintaining the capacitance C2 at the capacitance used during the RSD conversion

stage, or by increasing the capacitance C2 while decreasing the capacitance C1.
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[0077] After programming the programmable capacitors 1621 and 1622 to the desired
capacitances, the programmable capacitors 1621 and 1622 are configured into an initial
sampling configuration corresponding to the initial sampling configuration 400 of FIG. 4,
and while in this configuration, the input analog signal is applied to the programmable
capacitors 1621 and 1622 so as to create a voltage difference across their terminals that is

equal to the voltage Viy of the input analog signal.

[0078] After sampling the input analog signal using the programmable capacitors 1621
and 1622, at block 1704 the programmable capacitors 1621 and 1622 and the capacitors
1623 and 1624 are configured into an amplifier configuration corresponding to the
amplifier configuration 500 of FIG. 5 so as to amplify the input analog signal to generate
an amplified analog signal. As discussed above, the resulting gain of the amplified signal

will be approximately equal to 1+(C2/C1).

[0079] At block 1706, the switches 801-819 are engaged to as to reconfigure the
programmable capacitors 1621 and 1622 and the capacitors 1623 and 1624 into a
conventional RSD analog stage for conversion of the amplified analog signal to a digital
signal. This reconfiguration can include, for example, reprogramming the programmable
capacitors 1621 and 1622 to have substantially equal capacitances, thereby configuring

the RSD analog stage to have a standard gain of 2X during the conversion process.

[0080] The term “another”, as used herein, is defined as at least a second or more. The
terms “including”, “having”, or any variation thereof, as used herein, are defined as
comprising. The term “coupled”, as used herein with reference to electro-optical
technology, is defined as connected, although not necessarily directly, and not necessarily

mechanically.

[0081] Other embodiments, uses, and advantages of the disclosure will be apparent to
those skilled in the art from consideration of the specification and practice of the
disclosure disclosed herein. The specification and drawings should be considered
exemplary only, and the scope of the disclosure is accordingly intended to be limited only

by the following claims and equivalents thereof.
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WHAT IS CLAIMED IS:

1. An analog-to-digital converter (ADC) device comprising:
a first input terminal to receive a first analog signal;
an analog component coupled to the first input terminal and comprising:
an amplifier comprising a first input and a first output; and
a first capacitor network coupled to the first input and the first output of
the amplifier, the first capacitor network comprising a plurality of
capacitors;
control logic configured to:
in a first mode, configure the first capacitor network and the amplifier in
an amplification configuration to amplify the first analog signal by
a predetermined gain to generate a first amplified analog signal;
and
in a second mode, configure the first capacitor network and the amplifier
to generate a first series of one or more residue voltages using the

first amplified analog signal.

2. The ADC of claim 1, further comprising:
digital conversion logic coupled to the analog component, the digital conversion
logic configured to generate a digital value based on the first series of one

or more residue voltages.

3. The ADC of claim 1, wherein the first capacitor network comprises:

a first programmable capacitor comprising a first terminal coupleable to the first
input terminal and coupleable to the first output of the amplifier, and a
second terminal coupleable to the first input of the amplifier and
coupleable to a voltage reference; and

a second programmable capacitor comprising a first terminal coupleable to the

first input terminal and coupleable to the voltage reference and a second
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terminal coupleable to the first input of the amplifier and coupleable to the

voltage reference.

4. The ADC of claim 3, wherein the control logic is configured to:
in the first mode:
configure the first programmable capacitor to a first capacitance and
configure the second programmable capacitor to a second
capacitance based on the predetermined gain;
at a first phase, configure the capacitor network so as to couple the first
terminal of the first programmable capacitor and the first terminal
of the second programmable capacitor to the first input terminal
and to couple the second terminal of the first programmable
capacitor and the second terminal of the second programmable
capacitor to the voltage reference; and
at a second phase following the first phase, configure the capacitor
network so as to couple the first terminal of the first programmable
capacitor to the first output of the amplifier and couple the second
terminal of the first programmable capacitor to the first input of the
amplifier and to couple the first terminal of the second
programmable capacitor to the voltage reference and to couple the
second terminal of the second programmable capacitor to the first

input of the amplifier.

5. The ADC of claim 4, wherein the control logic is configured to:
in the second mode, configure the first programmable capacitor to a third
capacitance and configure the second programmable capacitor to

the third capacitance.
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6. The ADC of claim 1, wherein the capacitor network comprises:

a first capacitor comprising a first terminal coupleable to the first input terminal
and coupleable to a voltage reference, and a second terminal coupleable to
the first input of the amplifier and coupleable to the voltage reference;

a second capacitor comprising a first terminal coupleable to the first input
terminal and coupleable to the first output of the amplifier, and a second
terminal coupleable to the first input of the amplifier and coupleable to the
voltage reference;

a third capacitor comprising a first terminal coupleable to the first output of the
amplifier and coupleable to the voltage reference and a second terminal
coupleable to the first input of the amplifier and coupleable to the voltage
reference; and

a fourth capacitor comprising a first terminal coupleable to the first output of the
amplifier and coupleable to the voltage reference and a second terminal
coupleable to the first input of the amplifier and coupleable to the voltage

reference.

7. The ADC of claim 6, wherein the control logic is configured to:
at a first phase of the first mode:
couple the first terminal of the first capacitor and the first terminal of the
second capacitor to the first input terminal; and
couple the second terminal of the first capacitor and the second terminal of
the second capacitor to the voltage reference;
at a second phase of the first mode following the first phase:
couple the first terminal of the first capacitor to the voltage reference;
couple the first terminal of the second capacitor to the first output of the
amplifier; and
couple the second terminal of the first capacitor and the second terminal of

the second capacitor to the first input of the amplifier.
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8. The ADC of claim 7, wherein the control logic is configured to:
at the second phase of the first mode:
couple the first terminal of the third capacitor and the first terminal of the
fourth capacitor to the first output of the amplifier; and
couple the second terminal of the third capacitor and the second terminal
of the fourth capacitor to the voltage reference; and
at a third phase of the first mode following the second phase:
couple the first terminal of the third capacitor to the voltage reference;
couple the first terminal of the fourth capacitor to the first output of the
amplifier; and
couple the second terminal of the third capacitor and the second terminal

of the fourth capacitor to the first input of the amplifier.

9. The ADC of claim 1, further comprising a second input terminal to receive a
second analog signal and wherein:
the amplifier comprises a differential amplifier comprising the first input, a
second input, the first output, and a second output;
the analog component further comprises a second capacitor network coupled to
the second input and the second output of the amplifier, the second
capacitor network comprising a plurality of capacitors; and
the control logic is configured to:
in the first mode, configure the second capacitor network and the amplifier
in an amplification configuration to amplify the second analog
signal by the predetermined gain to generate a second amplified
analog signal; and
in the second mode, configure the second capacitor network and the
amplifier to generate a second series of one or more residue

voltages using the second amplified analog signal.
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10. The ADC of claim 9, wherein the first analog signal comprises a first signal
component of a differential signal and the second analog signal comprises a second signal

component of the differential signal.

11. The ADC of claim 9, wherein the first analog signal comprises a single-ended

analog signal and the second analog signal comprises a voltage reference.

12. A method comprising:

receiving a first analog signal at a first input terminal of an analog-to-digital
converter (ADC);

configuring a first capacitor network and an amplifier of the ADC to amplify the
first analog signal by a first gain to generate a first amplified analog
signal;

configuring the first capacitor network and the amplifier to generate a first series
of one or more residue voltages based on the first amplified analog signal;

providing for output from the ADC a digital value based on the first series of one

or more residue voltages.

13. The method of claim 12, further comprising;:

receiving a second analog signal at the first input terminal of the ADC;

configuring the first capacitor network and the amplifier of the ADC to amplify
the second analog signal by a second gain to generate a second amplified
analog signal, the second gain different than the first gain;

configuring the first capacitor network and the amplifier to generate a second
series of one or more residue voltages based on the second amplified
analog signal;

providing for output from the ADC a digital value based on the second series of

one or more residue voltages.
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14. The method of claim 12, wherein configuring the first capacitor network and
the amplifier to amplify the first analog signal comprises:
configuring a first programmable capacitor of the first capacitor network to have a
first capacitance and configuring a second programmable capacitor of the
first capacitor network to have a second capacitance based on the first
gain;
at a first phase:
coupling a first terminal of the first programmable capacitor and a first
terminal of the second programmable capacitor to the first input
terminal; and
coupling a second terminal of the first programmable capacitor and a
second terminal of the second programmable capacitor to a voltage
reference; and
at a second phase following the first phase:
coupling the first terminal of the first programmable capacitor and the
second terminal of the second programmable capacitor to an input
of the amplifier;
coupling the second terminal of the first programmable capacitor to the
voltage reference; and
coupling the first terminal of the second programmable capacitor to an

output of the amplifier.

15. The method of claim 14, wherein configuring the first capacitor network and
the amplifier to generate a first series of one or more residue voltages based on the first
amplified analog signal comprises configuring the first programmable capacitor and the

second programmable capacitor to each have a third capacitance.
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16. The method of claim 13, wherein configuring the first capacitor network and
the amplifier to amplify the first analog signal comprises:
at a first phase of the first mode:
coupling a first terminal of a first capacitor of the first capacitor network
and a first terminal of a second capacitor of the first capacitor
network to the first input terminal; and
coupling a second terminal of the first capacitor and a second terminal of
the second capacitor to a voltage reference;
at a second phase of the first mode following the first phase:
coupling the first terminal of the first capacitor to the voltage reference;
coupling the first terminal of the second capacitor to an output of the
amplifier; and
coupling the second terminal of the first capacitor and the second terminal

of the second capacitor to an input of the amplifier.

17. The method of claim 16, wherein configuring the first capacitor network and
the amplifier to amplify the first analog signal further comprises:
at the second phase of the first mode:
coupling a first terminal of a third capacitor of the first capacitor network
and a first terminal of a fourth capacitor of the first capacitor
network to the output of the amplifier; and
coupling a second terminal of the third capacitor and a second terminal of
the fourth capacitor to the voltage reference; and
at a third phase of the first mode following the second phase:
coupling the first terminal of the third capacitor to the voltage reference;
coupling the first terminal of the fourth capacitor to the first output of the
amplifier; and
coupling the second terminal of the third capacitor and the second terminal

of the fourth capacitor to the first input of the amplifier.

-35-



WO 2009/099700 PCT/US2009/030517

18. The method of claim 13, further comprising:

receiving a second analog signal at a second input terminal of the ADC;

configuring a second capacitor network and the amplifier of the ADC to amplify
the second analog signal by the first gain to generate a second amplified
analog signal;

configuring the second capacitor network and the amplifier to generate a second
series of one or more residue voltages based on the second amplified
analog signal; and

wherein providing for output from the ADC a digital value comprises providing
for output a digital value based on the first series of one or more residue

voltages and the second series of one or more residue voltages.

19. The method of claim 18, wherein the first analog signal comprises a first
signal component of a differential signal and the second analog signal comprises a second

signal component of the differential signal.

20. The method of claim 18, wherein the first analog signal comprises a single-

ended analog signal and the second analog signal comprises a voltage reference.
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