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(57) Abstract: Apparatus are provided for
continuous-time sigma-delta modulators. A
sigma-delta modulator (100, 200, 300)
comprises a quantizer (106, 206, 306) con-
figured to convert an analog signal to a dig-
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ital value. A main feedback arrangement
(108, 208, 308) is coupled to the quantizer
(106, 206, 306), and the main feedback ar-
rangement (108, 208, 308) delays the digi-
tal value by a first delay period and gener-
ates a main feedback signal based on the
delayed value. A compensation feedback
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arrangement (110, 210, 310) is coupled to
the quantizer (106, 206, 306), and compen-
sation feedback arrangement (110, 210,
310) delays the digital value by a second
delay period and generates a compensation
feedback signal based on the delayed value.
A forward signal arrangement (104, 204,

nz

compensation feedback signal compensates for the first delay period.

304) produces the analog signal at the
quantizer (106, 206, 306) based on an input
signal, the main feedback signal, and the
compensation feedback signal. The second
delay period is independent of and is not
influenced by the first delay period, and the
second delay period is chosen such that the
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CONTINUOUS-TIME SIGMA-DELTA MODULATOR WITH MULTIPLE FEEDBACK
PATHS HAVING INDEPENDENT DELAYS

TECHNICAL FIELD
[0001] Embodiments of the subject matter described herein relate generally to mixed-
signal circuits, and more particularly, embodiments of the subject matter relate to continuous-

time sigma-delta modulators.

BACKGROUND

[0002] In many modern electronics applications, it is desirable to convert an analog
signal to a digital value. For example, in a radio frequency (RF) transceiver, a received
analog RF signal may be demodulated to an analog baseband signal which is then converted
to a digital baseband signal for subsequent digital signal processing. Many electrical systems
utilize analog-to-digital converters (ADCs) to convert an analog signal to a digital value.
However, because of the finite nature of digital representation, quantization error (which is
the difference between the actual analog value and quantized digital value due to rounding or
truncation) is an imperfection inherent to the analog-to-digital conversion. In some ADCs,
sigma-delta modulation (or alternatively, delta-sigma modulation) is used to reduce the effect
of quantization error and improve signal-to-noise ratio (SNR). Sigma-delta modulation
(alternatively referred to as delta-sigma modulation) adds or subtracts quantization error to a
forward signal path using feedback loops and integrator circuits. The quantization error is
oversampled at a frequency greater than the analog input signal frequency, thereby allowing
it to be filtered at the integrators without noticeably impacting the signal.

[0003] Many systems utilize continuous-time sigma-delta modulators, that is, sigma-delta
modulators constructed using continuous-time circuitry.  Continuous-time sigma-delta
modulators can be clocked at higher sampling frequencies which improves the performance
of the sigma-delta modulator. In practice, however, high-speed sigma-delta modulators
(generally sigma-delta modulators with sampling frequencies in the MHz range or higher)
exhibit delay, referred to as excess loop delay, which can lead to instability and degrade
performance (e.g., SNR) of the modulator. The loop delay results from, for example, the

nonzero switching time of transistors and/or comparators utilized in the quantizer and/or
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digital-to-analog converter (DAC). As a result, there is a nonzero delay between a change at
the quantizer output and the corresponding response at the output of the DACs in the main
feedback path. The loop delay is further compounded by other factors, such as, for example,
metastability in the comparators (or other components) and/or dynamic element matching.
While the loop delay may be reduced with improvements to the hardware and/or electrical
components, such improvements generally come at the cost of increased power consumption
and larger area requirements, both of which are undesirable.

[0004] If the DAC in the feedback path of the modulator uses a return-to-zero (RZ) pulse
scheme, the sigma-delta modulator may compensate for loop delay by adjusting the gain
coefficients in the main feedback path. However, most systems utilize a no-return-to-zero
(NRZ) pulse scheme for the main feedback path because NRZ pulses provide better
immunity to clock jitter than RZ pulses. In the case of a NRZ pulse scheme, it is not possible
to compensate for the loop delay by only adjusting the gain coefficients in the main feedback
path.

[0005] Many prior art systems that utilize a NRZ pulse scheme attempt to mitigate the
effects of loop delay by purposely inserting a constant delay in the main feedback path of the
sigma-delta modulator and compensating for the constant delay with an additional term in the
modulator transfer function. In some systems, an additional feedback path is inserted before
the quantizer input and the gain coefficient of the DAC in the additional feedback path is
adjusted to compensate for the constant delay. However, this increases the voltage swing at
the output of the integrator preceding the quantizer. To offset this voltage swing, the overall
gain of the modulator must be reduced, thereby reducing SNR. In addition, this approach
creates a summing junction at the input of the quantizer. In order to process the high
frequency signals present at the summing junction, the summing junction is often realized
using an analog summer (e.g., a high-speed summing amplifier) which increases the power
and area requirements for the modulator.

[0006] In order to avoid the use of a high-speed analog summer, some systems utilize
digital differentiation to move the additional feedback path from the input of the quantizer to
the input of the integrator that precedes the quantizer. While this eliminates the analog
summer and reduces the voltage swing at the output of the integrator, the digital

differentiation results in a bipolar RZ pulse at the input of the integrator. This causes the
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output of the integrator to move in the wrong direction during the first half of the clock
period before switching direction in the second half of the clock period, resulting in a large
slew rate requirement for the integrator. To satisfy the slew rate requirement, the integrator
consumes additional power and area, which offsets the power and area saving from
climinating the analog summer.  Other systems utilize proportional-integral (PI)
compensation or other techniques which degrade the frequency response of the integrator and

may lead to out-of-band peaking and other undesirable effects.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] A more complete understanding of the subject matter may be derived by referring
to the detailed description and claims when considered in conjunction with the following
figures, wherein like reference numbers refer to similar elements throughout the figures.
[0008] FIG. 1 is a block diagram of a sigma-delta modulator in accordance with one
embodiment;
[0009] FIG. 2 is a block diagram of a sigma-delta modulator in accordance with another
embodiment; and
[0010] FIG. 3 is a block diagram of a sigma-delta modulator in accordance with yet

another embodiment.

DETAILED DESCRIPTION

[0011] The following detailed description is merely illustrative in nature and is not
intended to limit the embodiments of the subject matter or the application and uses of such
embodiments. As used herein, the word “exemplary” means “serving as an example,
instance, or illustration.” Any implementation described herein as exemplary is not
necessarily to be construed as preferred or advantageous over other implementations.
Furthermore, there is no intention to be bound by any expressed or implied theory presented
in the preceding technical field, background, or the following detailed description.

[0012] As used herein, a “node” means any internal or external reference point,
connection point, junction, signal line, conductive element, or the like, at which a given
signal, logic level, voltage, data pattern, current, or quantity is present. Furthermore, two or

more nodes may be realized by one physical element (and two or more signals can be
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multiplexed, modulated, or otherwise distinguished even though received or output at a
common mode). The following description refers to elements or nodes or features being
“connected” or “coupled” together. As used herein, unless expressly stated otherwise,
“connected” means that one clement/node/feature is directly joined to (or directly
communicates with) another element/node/feature, and not necessarily mechanically. Unless
expressly stated otherwise, “coupled” means that one element is directly or indirectly joined
to (or directly or indirectly communicates with) another eclement, and not necessarily
mechanically. Thus, although the schematics shown in the figures depict exemplary
arrangements of elements, additional intervening elements, devices, features, or components
may be present in an embodiment of the depicted subject matter. In addition, certain
terminology may also be used in the following description for the purpose of reference only,
and thus are not intended to be limiting. For example, terms such as “first”, “second” and
other such numerical terms referring to structures do not imply a sequence or order unless
clearly indicated by the context.

[0013] For the sake of brevity, conventional techniques related to signal processing,
sampling, analog-to-digital conversion, digital-to-analog conversion, analog circuit design,
differential circuit design, and other functional aspects of the systems (and the individual
operating components of the systems) may not be described in detail herein. Furthermore,
the connecting lines shown in the various figures contained herein are intended to represent
exemplary functional relationships and/or physical couplings between the various elements.
It should be noted that many alternative or additional functional relationships or physical
connections may be present in an embodiment of the subject matter. It should be understood
that circuitry described herein may be implemented either in silicon or another
semiconductor material or alternatively by software code representation thereof.

[0014] Technologies and concepts discussed herein relate to systems and methods for
compensating for an intentional delay inserted in the main feedback path in a continuous-
time sigma-delta modulator. A compensation feedback path is implemented with a different
delay than the delay in the main feedback path, and the delay in the compensation feedback
path is independent of the delay in the main feedback path. The compensation feedback path
may cach be implemented using non-return-to-zero (NRZ) digital-to-analog converters

(DAC:s), and the gain coefficients of the DACs and the delay in the compensation feedback
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path may be adjusted to relax slew-rate requirements for analog components and eliminate
the need for a high-speed analog summing junction (or analog summer) before the input of
the quantizer. As a result, the area, power, cost and design time of the sigma-delta modulator
are reduced without sacrificing the performance of the modulator.

[0015] FIG. 1 depicts an exemplary embodiment of a sigma-delta modulator 100 suitable
for use in an analog-to-digital converter (ADC) or another analog-to-digital conversion
application. In an exemplary embodiment, the sigma-delta modulator 100 is realized as a
continuous-time sigma-delta modulator comprising suitably configured continuous-time
circuitry. The sigma-delta modulator 100 may include, without limitation, an input node 102
for receiving an input signal, a forward signal arrangement 104 configured to establish a
forward signal path, a quantizer 106, a main feedback arrangement 108 configured to
establish a main feedback signal path, a compensation feedback arrangement 110 configured
to establish a compensation feedback signal path, and a digital output 112. The elements of
the sigma-delta modulator 100 are suitably configured to produce a digital value at the digital
output 112 that is representative of an analog input signal at the input node 102.

[0016] It should be understood that FIG. 1 is a simplified diagram of the sigma-delta
modulator 100 depicted in single-ended form, and practical embodiments of the sigma-delta
modulator 100 may include additional or alternative components, and/or be implemented in a
differential manner (e.g., as a differential circuit adapted for differential input signals). In
this regard, the sigma-delta modulator 100 may be configured for single-bit operation or
multi-bit operation, depending on the particular needs of a given application. It should also
be understood that FIG. 1 depicts a second-order feedback sigma-delta modulator 100 for
purposes of explanation, and the subject matter described herein is not intended to be limited
to any particular sigma-delta topology. The subject matter can be adapted for a forward
signal arrangement 104 having any order, and may be implemented using any suitable sigma-
delta topology, as will be appreciated in the art.

[0017] In an exemplary embodiment, the input node 102 is coupled to the forward signal
arrangement 104 which, in turn, is coupled to the analog input 114 of the quantizer 106. The
quantizer 106 converts an analog signal at the quantizer input 114 to a digital value at the
quantizer output 116 which, in turn, is coupled to the digital output 112. The main feedback

arrangement 108 (or main feedback path) comprises a combination of functional, hardware,
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and/or logical clements coupled between the digital output 112 and the forward signal
arrangement 104, wherein the main feedback arrangement 108 defines a feedback signal path
for one or more main feedback signals, as described in greater detail below. In an exemplary
embodiment, the main feedback arrangement 108 is configured to delay the digital value at

the digital output 112 by a first delay period (¢,) and generate one or more main feedback

signals based on the delayed value. It should be noted that the main feedback arrangement
108 provides at least a first main feedback signal at the input of the sigma-delta modulator
100, that is, the main feedback arrangement 108 includes at least one feedback path coupled
to the input node 102 as described below. The compensation feedback arrangement 110 (or
compensation feedback path) comprises a combination of functional, hardware, and/or
logical elements coupled between the digital output 112 and the forward signal arrangement
104, wherein the compensation feedback arrangement 110 defines a feedback signal path for
one or more compensation feedback signals. As described in greater detail below, the
compensation feedback path 110 is configured to delay the digital value at the digital output

112 by a second delay period (z,) and generate one or more compensation feedback signals

based on the delayed value. The forward signal arrangement 104 (or forward signal path)
comprises a combination of functional, hardware, and/or logical elements which are suitably
configured to produce the analog signal at the quantizer input 114 based on the input signal at
the input node 102, the main feedback signals from the main feedback arrangement 108, and
the compensation feedback signals from the compensation feedback arrangement 110. In

this regard, the first delay period (¢, ) represents an intentional delay inserted into the main

feedback arrangement 108 to compensate for the loop delay caused by the analog

components of the sigma-delta modulator 100. The second delay period () represents a

delay used to create compensation feedback signals that compensate for the difference
between the value of the first delay period and the actual loop delay exhibited by the analog
components of the sigma-delta modulator 100.

[0018] Depending on the embodiment, the forward signal path 104 may be realized with
any order and using any suitable sigma-delta circuit topology, such as, for example, a
lowpass topology, a bandpass topology, a highpass topology, a feedback topology, a
feedforward topology, a feedforward-feedback topology or another hybrid topology, a
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cascade topology, a quadrature or complex topology, and the like. As shown in FIG. 1, in
accordance with one embodiment, the forward signal path 104 is realized as a second-order
sigma-delta feedback topology including, without limitation, a first summing junction 118, a
first integrator 120, a second summing junction 122, and a second integrator 124. The first
summing junction 118 is coupled between the input node 102 and the input of the first
integrator 120. The second summing junction 122 is coupled between the output of the first
integrator 120 and the input of the second integrator 124. The output of the second integrator
124 is connected to the quantizer input 114 and the second integrator 124 produces an analog
signal at the quantizer input 114.

[0019] In an exemplary embodiment, the quantizer 106 is configured to generate a digital
value at the quantizer output 116 that comprises one or more bits which are representative of
the analog signal (or analog voltage level) at the quantizer input 114. The quantizer 106
generates the digital value at by sampling the analog signal at the quantizer input 114 with a

particular sampling frequency ( f, ). For example, a continuous-time sigma-delta modulator

100 used in a communications application may have a sampling frequency ranging from the
tens of MHz to hundreds of MHz. In accordance with one or more embodiments, the
sampling frequency of the quantizer 106 ranges from about 200 MHz to about 400 MHz or
more. However, it will be appreciated in the art that the sampling frequency of the quantizer
106 will vary depending on the needs of a particular application (e.g., the desired effective
number of bits). In this regard, the sampling period or sampling interval (e.g., the time

between samples) is the inverse of the sampling frequency (i). Depending on the

embodiment, the quantizer 106 may utilize a flash analog-to-digital conversion architecture
or another suitable conversion architecture, and may be configured for any number of output
bits or any noise shaping. In an exemplary embodiment, there is a non-zero delay between
the time of an input signal change at the quantizer input 114 and the time at which the digital
value at the quantizer output 116 changes in response to the input signal change. For
example, if the quantizer 106 is realized as a differential flash ADC, the preamplifiers and/or
comparators within the quantizer 106 may exhibit a non-zero rise time and/or a non-zero

settling time.
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[0020] In an exemplary embodiment, the main feedback path 108 includes a main
feedback delay element 126 and at least one digital-to-analog converter (DAC) 128, 130.
The input of the main feedback delay element 126 is connected to the digital output 112 (or
quantizer output 116) and the main feedback delay element 126 is configured to delay the
digital value at the digital output 112 by the first delay period (7,). As set forth above, the

first delay period represents an intentional delay inserted into the main feedback path 108
which is intended to compensate for the loop delay of the sigma-delta modulator 100 (e.g.,
the delays introduced by the forward signal path 104, the quantizer 106, and/or DACs 128,
130). In this regard, the first delay period may be any arbitrary time period between zero and

length of one sampling period (e.g., L) In an exemplary embodiment, the first delay

period is intended to absorb the loop delay of the sigma-delta modulator 100, that is, the
value of the first delay period is greater than or equal to the actual delay associated with the
analog components of the modulator 100. In an exemplary embodiment, the main feedback
delay element 126 is realized as a digital delay element, such as, for example, a flip-flop, a
latch, and the like). Various implementation aspects of delaying a signal are well known, and
as such, will not be described in detail herein.

[0021] In an exemplary embodiment, the main feedback DACs 128, 130 are each
realized as a NRZ DAC that uses a NRZ pulse scheme to generate the respective feedback
signal, such that the respective feedback signal generated by the DAC 128, 130 is
substantially constant (e.g., within practical and/or realistic operating tolerances) for the
duration of the sampling period. It should be noted, however, that in alternative
embodiments, the main feedback DACs 128, 130 may be realized using return-to-zero (RZ)
DACs or DACs having non-square or non-rectangular waveforms (e.g., DACs with a
damping exponential waveform). The first DAC 128 has a digital input connected to the
output of the main feedback delay element 126 and an analog output coupled to the input
node 102, that is, the input of the sigma-delta modulator 100. In this regard, the analog
output of the first DAC 128 is connected to the first summing junction 118. The first DAC
128 generates a first main feedback signal at the input of the sigma-delta modulator 100 (e.g.,
at the first summing junction 118) by converting the digital value at the output of the main

feedback delay element 126 (e.g., the digital value at the digital output 112 which has been
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delayed by the first delay period) into an analog signal with a first gain coefficient (a,). In

the illustrated embodiment, the second DAC 130 has a digital input connected to the output
of the main feedback delay element 126 and an analog output connected to the second
summing junction 122. The second DAC 130 generates a second main feedback signal at the
second summing junction 122 by converting the digital value at the output of the main

feedback delay element 126 into an analog signal with a second gain coefficient (a, ).

[0022] In an exemplary embodiment, the compensation feedback path 110 includes a
compensation feedback delay element 132 and at least one DAC 134, 136. The input of the
compensation feedback delay element 132 is connected to the digital output 112 (or quantizer
output 116) and the compensation feedback delay element 132 is configured to delay the

digital value at the digital output 112 by the second delay period (z.). As set forth above, the

second delay period represents a delay inserted into the compensation feedback path 110
which is intended to compensate for the effect of the excess loop delay resulting from the

first delay period. In this regard, the length of time of the second delay period may be chosen

to be any arbitrary time period between zero and length of one sampling period (e.g., fi
where f, is the sampling frequency). The second delay period is preferably chosen to be
greater than the excess loop delay, and is different than the first delay period, as described in
greater detail below. The compensation feedback delay element 132 is preferably realized as
a digital delay element as described above in the context of main feedback delay element
126. The first DAC 134 of the compensation feedback path 110 has a digital input connected
to the output of the compensation feedback delay element 132 and an analog output
connected to the first summing junction 118. The first DAC 134 generates a first
compensation feedback signal at the first summing junction 118 by converting the digital
value at the output of the compensation feedback delay element 132 (e.g., the digital value at
the digital output 112 which has been delayed by the second delay period) into an analog
signal with a third gain coefficient (b,). The second DAC 136 of the compensation feedback
path 110 has a digital input connected to the output of the compensation feedback delay
element 132 and an analog output connected to the second summing junction 122, wherein

the second DAC 136 generates a second compensation feedback signal at the second
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summing junction 122 by converting the digital value at the output of the compensation

feedback delay element 132 into an analog signal with a fourth gain coefficient (b, ). In an

exemplary embodiment, the compensation DACs 134, 136 are realized as NRZ DACs,
although in alternative embodiments, the compensation DACs 134, 136 may be realized as
return-to-zero (RZ) DACs, as described in greater detail below. In accordance with one or
more embodiments, the compensation DACs 134, 136 may also be realized using DACs
having non-square or non-rectangular waveforms (e.g., DACs with a damping exponential
waveform).

[0023] For the second-order feedback modulator 100 shown in FIG. 1, the first summing
junction 118 is configured to subtract the first main feedback signal (from DAC 128) and the
first compensation feedback signal (from DAC 134) from the input signal at the input node
102 and provide the result to input of the first integrator 120. The first integrator 120
integrates the resultant signal at the first summing junction 118 in a conventional manner, as
will be appreciated in the art. The second summing junction 122 is configured to subtract the
second main feedback signal (from DAC 130) and the second compensation feedback signal
(from DAC 136) from the output of the first integrator 120 and provide the result to the
second integrator 124. The second integrator 124 integrates the resultant signal at the second
summing junction 122 to produce the analog signal at the quantizer input 114. Depending on
the embodiment, each integrator 120, 124 may be realized using active circuitry components,
passive circuitry components, or a suitable combination thereof. In this manner, the analog
signal at the quantizer input 114 is based on the input signal, the main feedback signals, and
the compensation feedback signals. It should be appreciated that although FIG. 1 depicts
multiple DACs 134, 136 in the compensation feedback path 110 for producing multiple
compensation feedback signals, in practice, only a single compensation feedback signal is

needed to compensate for the intentional delay (¢, ) inserted in the main feedback path 108,

as described in greater detail below. However, the use of additional compensation feedback
signals as shown in FIG. 1 offers additional degrees of freedom which may be utilized to
adjust operating parameters for various components in the forward signal path 104. For
example, the voltage swing or slew rate for an integrator 120, 124 may be adjusted by

varying the gain coefficients in the compensation feedback path.

10
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[0024] It should be noted that in an exemplary embodiment, by virtue of the separate
compensation feedback path 110, the second delay period is structurally independent of the
first delay period, that is, the second delay period is not influenced by the first delay period
and the first delay period is not influenced by the second delay period. Notably, in the
illustrated embodiment, the delay elements 126, 132 are in distinct feedback paths and are
not cascaded (or non-cascaded) or otherwise interconnected, for example, the output of one
delay element does not feed the input of another. In this manner, the first delay period and
the second delay period are uncorrelated as the second delay period is not influenced or
affected by the components and/or embedded delays in the main feedback path 108 and the
first delay period is not influenced or affected by the components and/or embedded delays in
the compensation feedback path 110. In an exemplary embodiment, the first delay period
and the second delay period are not equal. In other words, the value of the second delay
period is not chosen to be equal to the first delay period or vice versa. Preferably, the first
delay period and the second delay period are each chosen to be a value greater than the actual
loop delay of the analog components of the modulator 100. Depending on the embodiment,
the second delay period may be less than the first delay period or greater than the first delay
period, as described in greater detail below.

[0025] FIG. 2 depicts a sigma-delta modulator 200 in accordance with another
embodiment. The sigma-delta modulator 200 is realized as a continuous-time sigma-delta
modulator including, without limitation, an input node 202 for receiving an input signal, a
forward signal arrangement 204 (or forward signal path), a quantizer 206, a main feedback
arrangement 208 (or main feedback path), a compensation feedback arrangement 210 (or
compensation feedback path), and a digital output 212. The clements of the sigma-delta
modulator 200 are similar to counterpart elements discussed above in the context of sigma-
delta modulator 100 of FIG. 1, and as such, these common elements will not be redundantly
described in detail here in the context of FIG. 2. In the illustrated embodiment of FIG. 2, the
main feedback delay element 226 and the compensation feedback delay element 232 are each
realized as a digital delay element, wherein the associated delay periods are represented in
the Z-domain, as will be appreciated in the art. In addition, the compensation feedback path
210 1is realized using a single DAC 236 which provides a single compensation feedback

signal to the forward signal path 204.

11
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[0026] FIG. 3 depicts a sigma-delta modulator 300 in accordance with another
embodiment. The sigma-delta modulator 300 is realized as a continuous-time sigma-delta
modulator having a feedforward topology. The sigma-delta modulator 300 includes, without
limitation, an input node 302 for receiving an input signal, a forward signal arrangement 304
(or forward signal path), a quantizer 306, a main feedback arrangement 308 (or main
feedback path), a compensation feedback arrangement 310 (or compensation feedback path),
and a digital output 312. Various elements of the sigma-delta modulator 300 are similar to
counterpart elements discussed above in the context of sigma-delta modulator 100 of FIG. 1,
and as such, these common clements will not be redundantly described in detail here in the
context of FIG. 3.

[0027] As shown in FIG. 3, the forward signal path 304 is realized as a feedforward
sigma-delta topology including, without limitation, a first summing junction 318, a first
integrator 320, a second summing junction 322, a second integrator 324, an amplifier 338,
and a third summing junction 340. The first summing junction 318 is connected between the
input node 302 and the input of the first integrator 320. The first summing junction 318 is
configured to subtract the main feedback signal (from DAC 328) from the input signal at the
input node 302 and provide the result to input of the first integrator 320 which integrates the
resultant signal at the first summing junction 318 in a conventional manner. The second
summing junction 322 is connected between the output of the first integrator 320 and the
input of the second integrator 324. The second summing junction 122 is configured to
subtract the compensation feedback signal (from DAC 336) from the output of the first
integrator 320 and provide the result to the input of the second integrator 324. The output of
the first integrator 320 is also connected to an input of the amplifier 338, and the output of
the amplifier 338 is connected to the third summing junction 340. The amplifier 338

amplifies the output of the first integrator 320 by a gain factor (¢, ) and provides the result to

the third summing junction 340. The output of the second integrator 324 is also connected to
the third summing junction 340. The third summing junction 340 is configured to add the
output of the second integrator 324 and the amplified output of the first integrator 320 (e.g.,
via amplifier 338) to produce the analog signal at the quantizer input 314. In this manner, the
analog signal at the quantizer input 314 is based on the input signal, the main feedback

signal, and the compensation feedback signal. In this embodiment, by virtue of using an
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NRZ DAC 336, there are smaller voltage variations at the input of the second integrator 324,
and as a result, the slew rate requirement for the second integrator 324 is relaxed compared to
an integrator with a bipolar RZ feedback pulse at its input. Furthermore, although not a
requirement, if the third summing junction 340 is realized as a summing amplifier (or analog
summer), the speed requirement (e.g., the gain-bandwidth for small-signal implementations,
slew-rate for large-signal implementations) of the summing amplifier is relaxed by virtue of
only two signals being present at the third summing junction 340.

[0028] Referring now to FIGS. 1-3, the sigma-delta modulator 100, 200, 300 may
achieve any desired noise transfer function using NRZ compensation feedback signals.
Furthermore, it should be noted that any desired noise transfer function may be achieved
using only a single DAC in the compensation feedback path. In accordance with one

embodiment, the second delay period (e.g., . or ) may be less than the first delay period

(e.g., t;, or a). For example, the first delay period may be chosen to be equal to one sample

(e.g., o =1, or alternatively ¢, = L) and the second delay period may be chosen to be equal

s

to a half sample (e.g., f = y , or alternatively ¢, :%). Referring to FIG. 2, assuming a

desired noise transfer function of (1—z")?, the sigma-delta modulator 200 may provide the

desired noise transfer function with a single compensation feedback signal (i.c., only a single

DAC 236 in the compensation feedback path 210). In this regard, the sigma-delta modulator
200 achieves the noise transfer function of (1—z")* with a gain coefficient for the first main
feedback DAC 228 (e.g., the first main feedback signal) of a, =1, a gain coefficient for the
second main feedback DAC 230 (e.g., the second main feedback signal) of ¢, =—1.5, and a
gain coefficient of the compensation feedback DAC 228 (e.g., the compensation feedback
signal) of b, =4. Referring to FIG. 3, the sigma-delta modulator 300 achieves the noise
transfer function of (1-z")* using only a single compensation feedback DAC 332, with a
gain coefficient for the main feedback DAC 328 (e.g., the main feedback signal) of a, =1, a

gain coefficient for the compensation feedback DAC 336 (e.g., the compensation feedback

signal) of b, =4, and a gain factor for the amplifier 338 of ¢, =—1.5.
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[0029] Referring again to FIGS. 1-3, in accordance with another embodiment, the delay
periods in the feedback paths may be adjusted by an offset delay, with the offset delay being
allocated to analog components in the forward signal path and/or quantizer. In this regard,
the offset delay represents a settling time margin which may be allocated to the analog
components, thereby allowing them to be designed for a lower speed to save power. For
example, referring to FIG. 2, the delay periods of the feedback paths 208, 210 may adjusted

by an offset delay of a quarter sample (or %), which has been identified as the optimal

settling time for designing the analog components in the forward signal path 204. The offset
delay is then allocated to analog components in the forward signal path 204 and/or quantizer
206, such as, for example, the integrators 220, 224 or preamplifiers within the quantizer 206.
The delay periods for the feedback paths 208, 210 are adjusted by subtracting the offset

delay, such that the first delay period is equal to three-quarters of a sample (e.g., a = % )

and the second delay period is equal to a quarter sample (e.g., ﬁ:%). The gain

coefficients for the DACs 228, 230, 236 remain the same (e.g., a, =1, a, =-1.5, b, =4)

provided that the total loop delay of the sigma-delta modulator 200 is unchanged.
[0030] Referring again to FIGS. 1-3, in accordance with another embodiment, the second

delay period may be greater than the first delay period. For example, referring again to FIG.

2, the sigma-delta modulator 200 may achieve the desired noise transfer function of (1—z")*
with the first delay period being equal to a half sample (e.g., a = %) and the second delay

period being equal to a full sample (e.g., f=1). In this regard, the sigma-delta modulator
200 achieves the desired noise transfer function with a gain coefficient for the first main
feedback DAC 228 of a, =1, a gain coefficient for the second main feedback DAC 230 of
a, =3.75, and a gain coefficient of the compensation feedback DAC 228 of b, =—1.75.

[0031] Referring again to FIGS. 1-3, in accordance with another embodiment, the sigma-
delta modulator may also achieve a desired noise transfer function using NRZ main feedback
signals with a single RZ compensation feedback signal. For example, referring again to FIG.
2, in accordance with one embodiment, the compensation feedback DAC 236 may be

realized as a RZ DAC that uses a RZ pulse scheme to generate the compensation feedback
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signal, such that the compensation feedback signal generated by the DAC 236 is substantially
constant (e.g., within practical and/or realistic operating tolerances) for the duration of one
half of the sampling period. In this regard, the use of the RZ compensation feedback signal
results in increased voltage steps at the input of the integrator 224 relative to the voltage steps
experienced when a NRZ compensation feedback signal is used. However, the RZ
compensation feedback signal still results in a more relaxed slew rate requirement for the
second integrator 224 when compared to an equivalent bipolar RZ compensation scheme.
[0032] One advantage of the systems and/or methods described above is that NRZ
feedback signals may be used to compensate for excess loop delay resulting from the
intentional delay inserted in the main feedback loop for a sigma-delta modulator. The NRZ
feedback signals may be implemented in a manner that provides multiple degrees of freedom,
which may be utilized to vary the delay and/or gain coefficients for the main feedback
signals and the compensation feedback signals to relax slew-rate requirements for integrators
and/or amplifiers or eliminate the need for a high-speed analog summing junction (or analog
summer). As a result, the area, power, cost and design time of the sigma-delta modulator are
reduced without sacrificing the performance of the modulator.

[0033] In summary, systems, devices, and methods configured in accordance with
example embodiments of the subject matter relate to:

[0034] An apparatus is provided for a sigma-delta modulator. In an exemplary
embodiment, the sigma-delta modulator comprises an input node for receiving an input
signal and a quantizer configured to convert a first analog signal to a digital value. A main
feedback arrangement is coupled to the quantizer and is configured to delay the digital value
by a first delay period to obtain a first delayed value and generate a main feedback signal
based on the first delayed value. A compensation feedback arrangement is coupled to the
quantizer and configured to delay the digital value by a second delay period to obtain a
second delayed value and generate a compensation feedback signal based on the second
delayed value. A forward signal arrangement is coupled between the input node and the
quantizer, the forward signal arrangement being coupled to the main feedback arrangement
and the compensation feedback arrangement. The forward signal arrangement produces the

first analog signal at the quantizer based on the input signal, the main feedback signal, and
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the compensation feedback signal. The second delay period is not influenced by the first
delay period and the compensation feedback signal compensates for the first delay period.
[0035] In accordance with one embodiment, the compensation feedback arrangement
comprises a non-return-to-zero digital-to-analog converter configured to generate the
compensation feedback signal. In another embodiment, the compensation feedback
arrangement comprises a return-to-zero digital-to-analog converter configured to generate the
compensation feedback signal. In yet another embodiment, the second delay period is not
equal to the first delay period. In accordance with another embodiment, the main feedback
arrangement comprises a first non-return-to-zero digital-to-analog converter configured to
generate the main feedback signal and the compensation feedback arrangement comprises a
second non-return-to-zero digital-to-analog converter configured to generate the
compensation feedback signal. In a further embodiment, the main feedback arrangement
generates the main feedback signal with a first gain and the compensation feedback
arrangement generates the compensation feedback signal with a second gain, wherein the
magnitude of the second gain is not equal to the magnitude of the first gain. In accordance
with yet another embodiment, the main feedback arrangement comprises a non-return-to-zero
digital-to-analog converter configured to generate the main feedback signal and the
compensation feedback arrangement comprises a return-to-zero digital-to-analog converter
configured to generate the compensation feedback signal. In another embodiment, the
forward signal arrangement comprises a circuit topology selected from a group consisting of
a lowpass topology, a bandpass topology, a highpass topology, a feedback topology, a
feedforward topology, a mixed feedforward-feedback topology, a cascade topology, a
quadrature topology, and a complex topology.

[0036] In accordance with another embodiment, an apparatus for an analog-to-digital
converter is provided. The analog-to-digital converter comprises an input node for receiving
an input signal and a quantizer configured to convert a first analog signal to a digital value.
A forward signal path is coupled between the input node and the quantizer. A first delay
element is coupled to the quantizer, and the first delay element is configured to delay the
digital value by a first delay period resulting in a first delayed value. A first digital-to-analog
converter is coupled between the first delay element and the forward signal path, and the first

digital-to-analog converter generates a first feedback signal based on the first delayed value.
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A second delay element is coupled to the quantizer, and the second delay element is
configured to delay the digital value by a second delay period resulting in a second delayed
value. The first delay element and the second delay element are non-cascaded, such that the
first delay period and the second delay period are uncorrelated. A second digital-to-analog
converter is coupled between the second delay element and the forward signal path, and the
second digital-to-analog converter generates a second feedback signal based on the second
delayed value. The forward signal path produces the first analog signal at the quantizer
based on the input signal, the first feedback signal, and the second feedback signal, such that
the second feedback signal compensates for the first delay period.

[0037] In accordance with one embodiment, the first digital-to-analog converter
generates the first feedback signal with a first gain and the second digital-to-analog converter
generates the second feedback signal with a second gain, wherein the second gain is not
equal to the first gain. In another embodiment, the second digital-to-analog converter
comprises a non-return-to-zero digital-to-analog converter. In yet another embodiment, the
second digital-to-analog converter comprises a return-to-zero digital-to-analog converter. In
yet another embodiment, the second delay period is less than the first delay period. In
accordance with yet another embodiment, the second delay period is greater than the first
delay period. In another embodiment, the forward signal path comprises a circuit topology
selected from a group consisting of a lowpass topology, a bandpass topology, a highpass
topology, a feedback topology, a feedforward topology, and a mixed feedforward-feedback
topology.

[0038] In another embodiment, an apparatus for a sigma-delta modulator is provided.
The sigma-delta modulator comprises an input node for receiving an input signal and first
integrator having a first input coupled to the input node and a first output. A quantizer has a
quantizer input coupled to the first output, wherein the quantizer is configured to convert a
first analog signal at the quantizer input to a digital value at a quantizer output. A first delay
element is coupled to the quantizer output, and the first delay element is configured to delay
the digital value by a first delay period resulting in a first delayed value. A first digital-to-
analog converter is coupled between the first delay element and the first input, and the first
digital-to-analog converter converts the first delayed value to a first analog value at the first

input. A second delay element is coupled to the quantizer output, and the second delay
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element is configured to delay the digital value by a second delay period resulting in a second
delayed value. The second delay period is not equal to the first delay period and the second
delay period is independent of the first delay period. A second digital-to-analog converter is
coupled between the second delay element and the first input, and the second digital-to-
analog converter converts the second delayed value to a second analog value at the first
input. In accordance with one embodiment, the sigma-delta modulator further comprises a
second integrator coupled between the input node and the first integrator. The second
integrator has a second input coupled to the input node and a second output coupled to the
first input. A third digital-to-analog converter is coupled between the first delay element and
the second input, and the third digital-to-analog converter converts the first delayed value to
a third analog value at the second input. In a further embodiment, the second delay period is
less than the first delay period. In accordance with one embodiment, the quantizer has a
sampling period associated therewith, wherein the second delay period is equal to one half of
the sampling period and the first delay period is equal to the sampling period. In accordance
with yet another embodiment, the second delay period is equal to one quarter of the sampling
period and the first delay period is equal to three quarters of the sampling period.

[0039] While at least one exemplary embodiment has been presented in the foregoing
detailed description, it should be appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or embodiments described herein are not
intended to limit the scope, applicability, or configuration of the claimed subject matter in
any way. Rather, the foregoing detailed description will provide those skilled in the art with
a convenient road map for implementing the described embodiment or embodiments. It
should be understood that various changes can be made in the function and arrangement of
elements without departing from the scope defined by the claims, which includes known

equivalents and foreseeable equivalents at the time of filing this patent application.
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CLAIMS

What is claimed is:

1. A sigma-delta modulator comprising:
an input node for receiving an input signal;
a quantizer configured to convert a first analog signal to a digital value;
a main feedback arrangement coupled to the quantizer, the main feedback arrangement
being configured to:
delay the digital value by a first delay period to obtain a first delayed value; and
generate a main feedback signal based on the first delayed value;
a compensation feedback arrangement coupled to the quantizer, the compensation
feedback arrangement being configured to:
delay the digital value by a second delay period to obtain a second delayed value,
wherein the second delay period is not influenced by the first delay period; and
generate a compensation feedback signal based on the second delayed value ; and
a forward signal arrangement coupled between the input node and the quantizer, the
forward signal arrangement being coupled to the main feedback arrangement and the
compensation feedback arrangement , wherein:
the forward signal arrangement produces the first analog signal based on the input
signal, the main feedback signal, and the compensation feedback signal; and

the compensation feedback signal compensates for the first delay period.

2. The sigma-delta modulator of claim 1, wherein the compensation feedback
arrangement comprises a non-return-to-zero digital-to-analog converter configured to

generate the compensation feedback signal.
3. The sigma-delta modulator of claim 1, wherein the compensation feedback

arrangement comprises a return-to-zero digital-to-analog converter configured to generate the

compensation feedback signal.
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4. The sigma-delta modulator of claim 1, wherein the second delay period is not

equal to the first delay period.

5. The sigma-delta modulator of claim 1, wherein:

the main feedback arrangement comprises a first non-return-to-zero digital-to-analog
converter configured to generate the main feedback signal; and

the compensation feedback arrangement comprises a second non-return-to-zero digital-

to-analog converter configured to generate the compensation feedback signal.

6. The sigma-delta modulator of claim 5, wherein the main feedback arrangement
generates the main feedback signal with a first gain and the compensation feedback
arrangement generates the compensation feedback signal with a second gain, wherein a

magnitude of the second gain is not equal to a magnitude of the first gain.

7. The sigma-delta modulator of claim 1, wherein:

the main feedback arrangement comprises a non-return-to-zero digital-to-analog
converter configured to generate the main feedback signal; and

the compensation feedback arrangement comprises a return-to-zero digital-to-analog

converter configured to generate the compensation feedback signal.

8. The sigma-delta modulator of claim 1, wherein the forward signal arrangement
comprises a circuit topology selected from a group consisting of a lowpass topology, a
bandpass topology, a highpass topology, a feedback topology, a feedforward topology, a
mixed feedforward-feedback topology, a cascade topology, a quadrature topology, and a

complex topology.

9. An analog-to-digital converter comprising:
an input node for receiving an input signal;
a quantizer configured to convert a first analog signal to a digital value;

a forward signal path coupled between the input node and the quantizer;
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a first delay element coupled to the quantizer, the first delay element being configured to
delay the digital value by a first delay period resulting in a first delayed value;

a first digital-to-analog converter coupled between the first delay element and the forward
signal path, the first digital-to-analog converter being configured to generate a first feedback
signal based on the first delayed value;

a second delay element coupled to the quantizer, the second delay element being
configured to delay the digital value by a second delay period resulting in a second delayed
value, wherein the first delay element and the second delay element are non-cascaded, such
that the first delay period and the second delay period are uncorrelated; and

a second digital-to-analog converter coupled between the second delay element and the
forward signal path, the second digital-to-analog converter being configured to generate a
second feedback signal based on the second delayed value, wherein the forward signal path
produces the first analog signal based on the input signal, the first feedback signal, and the
second feedback signal, such that the second feedback signal compensates for the first delay

period.

10.  The analog-to-digital converter of claim 9, wherein the first digital-to-analog
converter generates the first feedback signal with a first gain and the second digital-to-analog
converter generates the second feedback signal with a second gain, wherein the second gain

is not equal to the first gain.

11.  The analog-to-digital converter of claim 9, wherein the second digital-to-analog

converter comprises a non-return-to-zero digital-to-analog converter.

12.  The analog-to-digital converter of claim 9, wherein the second digital-to-analog

converter comprises a return-to-zero digital-to-analog converter.

13.  The analog-to-digital converter of claim 9, wherein the second delay period is less

than the first delay period.
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14.  The analog-to-digital converter of claim 9, wherein the second delay period is

greater than the first delay period.

15.  The analog-to-digital converter of claim 9, wherein the forward signal path
comprises a circuit topology selected from a group consisting of a lowpass topology, a
bandpass topology, a highpass topology, a feedback topology, a feedforward topology, and a
mixed feedforward-feedback topology.

16. A sigma-delta modulator comprising:

an input node for receiving an input signal;

a first integrator having a first input and a first output, the first input being coupled to the
input node;

a quantizer having a quantizer input and a quantizer output, the quantizer input being
coupled to the first output, wherein the quantizer is configured to convert a first analog signal
at the quantizer input to a digital value at the quantizer output;

a first delay element coupled to the quantizer output, the first delay element being
configured to delay the digital value by a first delay period resulting in a first delayed value;

a first digital-to-analog converter coupled between the first delay element and the first
input, the first digital-to-analog converter being configured to convert the first delayed value
to a first analog value at the first input;

a second delay element coupled to the quantizer output, the second delay element being
configured to delay the digital value by a second delay period resulting in a second delayed
value, wherein the second delay period is not equal to the first delay period and the second
delay period is independent of the first delay period; and

a second digital-to-analog converter coupled between the second delay element and the
first input, the second digital-to-analog converter being configured to convert the second

delayed value to a second analog value at the first input.

17. The sigma-delta modulator of claim 16, further comprising:
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a second integrator coupled between the input node and the first integrator, the second
integrator having a second input and a second output, the second input being coupled to the
input node and the second output being coupled to the first input;

a third digital-to-analog converter coupled between the first delay element and the second
input, the third digital-to-analog converter being configured to convert the first delayed value

to a third analog value at the second input.

18.  The sigma-delta modulator of claim 17, wherein the second delay period is less

than the first delay period.

19.  The sigma-delta modulator of claim 18, the quantizer having a sampling period
associated therewith, wherein the second delay period is equal to one half of the sampling

period and the first delay period is equal to the sampling period.
20. The sigma-delta modulator of claim 18, the quantizer having a sampling period

associated therewith, wherein the second delay period is equal to one quarter of the sampling

period and the first delay period is equal to three quarters of the sampling period.
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