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OFFSET SYSTEM AND METHOD FOR MULTI-BIT
DIGITAL-TO-ANALOG CONVERTERS

CROSS REFERENCE TO RELATED APPLICATIONS

[1] This patent application claims the benefit of U.S. Provisional Patent Application No.
62/448651, filed January 20, 2017, entitled “OFFSET TECHNIQUE FOR MULTI-BIT
DIGITAL-TO-ANALOG CONVERTERS,” which is incorporated herein by reference in its

entirety.

BACKGROUND
Field

[1] Aspects described herein generally relate to digital signal processing, including
digital-to-analog conversion and Multi-bit Digital-to-Analog Converters (DAC) system and

methods.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[1] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate the embodiments of the present disclosure and, together with the
description, further serve to explain the principles of the embodiments and to enable a person
skilled in the pertinent art to make and use the embodiments.

[1] FIG. 1 illustrates a digital-to-analog conversion system according to an exemplary
aspect of the present disclosure.

[1] FIG. 2A illustrates a digital-to-analog conversion system according to an exemplary

aspect of the present disclosure.

[1] FIG. 2B illustrates a linearizer according to an exemplary aspect of the present
disclosure.
[1] FIG. 3 illustrates a digital-to-analog conversion system including a feedback digital-

to-analog converter according to an exemplary aspect of the present disclosure.
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[1] FIG. 4A illustrates an input/output matrix of a digital-to-analog conversion system
according to an exemplary aspect of the present disclosure.

[1] FIG. 4B illustrates an input/output matrix of a compensated digital-to-analog
conversion system according to an exemplary aspect of the present disclosure.

[1] FIG. 5 illustrates a digital-to-analog conversion system including a feedback digital-
to-analog converter according to an exemplary aspect of the present disclosure.

[1] FIG. 6 illustrates a digital-to-analog conversion system according to an exemplary
aspect of the present disclosure.

[1] FIGS. 7A-7E illustrate digital-to-analog conversion systems according to exemplary
aspects of the present disclosure.

[1] FIG. 8 illustrates a digital-to-analog conversion compensation method according to an
exemplary embodiment of the present disclosure.

[1] FIG. 9 illustrates a communication device according to an exemplary aspect of the

present disclosure.

[1] FIG. 10 illustrates a computer system according to an exemplary aspect of the present
disclosure.
[1] The exemplary embodiments of the present disclosure will be described with reference

to the accompanying drawings. The drawing in which an element first appears is typically

indicated by the leftmost digit(s) in the corresponding reference number.

DETAILED DESCRIPTION
[1] In the following description, numerous specific details are set forth in order to provide
a thorough understanding of the aspects of the present disclosure. However, it will be apparent
to those skilled in the art that the aspects, including structures, systems, and methods, may be
practiced without these specific details. The description and representation herein are the
common means used by those experienced or skilled in the art to most effectively convey the
substance of their work to others skilled in the art. In other instances, well-known methods,
procedures, components, and circuitry have not been described in detail to avoid unnecessarily

obscuring aspects of the disclosure.
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[1] As an overview, Digital-to-Analog Converters (DAC) are typically used in signal
processing, including the signal processing in communication systems. In one or more
exemplary aspects, a communication transceiver can include one or more multi-bit DACs for
signal processing of transmitted and/or received communications. However, the present
disclosure is not limited to applications of the DAC compensation system and methods in
communication devices and can be implemented in other devices having one or more DACs.

[1] In an exemplary aspect, the digital input signals of a multi-bit DAC and/or the analog
output signals of the DAC can be compensated. For example, as illustrated in FIG. 1, in a
system 100 having an odd number of input signals (e.g., 2"-1 signals) x(k), the input signals
x(k) can be adjusted such that the input signals become an even number of signals (e.g.,
2" signals). In an exemplary aspect, the output signals y(t) can then be adjusted (or otherwise
compensated) to compensate for the adjustment to the input signals x(k). In this example, the
n-bit DAC 115 includes an even number of cells (e.g., 2" cells). The system 100 can be, for
example, a communication device, such as a mobile communication device (e.g., a transceiver
of a mobile device), but is not limited thereto.

[1] In an exemplary aspect, the input signals (e.g., 2"-1 signals) x(k) can be adjusted by
an offset value 112 (e.g., +1) while the analog output signal is adjusted/compensated by
corresponding offset value 117 (e.g., -1) to compensate and account for the offset (e.g., +1) to
the digital input signals. In this example, the system can include a mixer 110 (e.g., adder) that
is configured to add the offset value 112 (e.g., +1) with the input signal x(k) (e.g., 1+ 2"-1 =
2"). Similarly, the output path can include a mixer 120 (e.g., adder) that is configured to add
the offset value 117 (e.g., -1) with the analog output signal of the DAC 115 to compensate for
the adjustment to the digital input signal at the input of the DAC 115. In this example, the
DAC 115 is an-bit DAC (i.e., a DAC with an even number of cells 2") even in a configuration
having an odd number of input signals x(k) due to the adjustment and compensation of the
input and output signals by the offset values 112 and 117, respectively. With an even number
of cells, the matching of the DAC 115 is advantageously improved as well as the design
complexity of the system 100 can be reduced by allowing for an even cell DAC configuration.
The offset values 112, 117 can be fixed values or can be dynamically adjusted. Further, the

values of the offset values 112 and/or 117 are not limited to the value of +1/-1, and can be
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another values (e.g. any integer or real value) as would be understood by one of ordinary skill
in the relevant arts. In an exemplary aspect, the system 100 includes a controller 125 that is
configured to set and/or dynamically adjust the offset values 112, 117. As illustrated in FIG. 1,
the controller 125 spans both the digital domain and the analog domain, but is not limited
thereto (e.g., the controller 125 can include digital components, analog components, or a
combination of both digital and analog components). In this example, the controller 125 can
be configured to generate a digital signal to set and/or adjust the offset 112 and/or an analog
signal to set and/or adjust the offset 117. The controller 125 can include processor circuitry
that is configured to perform one or more operations and/or functions of the control 125,
including setting and/or adjusting the offset values 112, 117. In an exemplary aspect, the
offsets 112, 117 can be predetermined and set during the manufacturing process of the system
100. In this example, the system 100 may omit the controller 125.

[1] In an exemplary aspect, a multi-bit DAC 115 (e.g., a fully thermometer DAC) can be
generally driven by an odd number of digital signals. By performing one or more pre-
conditioning operations of the DAC input signal (e.g., adjusting and compensating as shown
in FIG. 1), the number of digital inputs (e.g., wires/connections) driving the DAC becomes
even. As illustrated in FIG. 1, the total number of cells within the DAC 115 also becomes
even, which in turn greatly simplifies its implementation. Further, current dumping can be
used to significantly reduce the output noise of the DAC 115.

1] With continued reference to FIG. 1, in an exemplary aspect, the n-bit DAC 115 is
driven by a digital bus x(k), composed of an odd number of connections/inputs (e.g., 2"-1
signals). A digital offset value 112 (e.g., +1) is added to x(k) via mixer 110 to generate an
output of 2" (i.e., even) digital signals that are input to the DAC 115. The DAC 115 can then
be configured (or otherwise realized) with an even number (2") of cells. With an even-number
cell configuration, layout and circuit implementation complexity can be advantageously
reduced.

[1] After the digital-to-analog conversion by the DAC 115, the analog quantity
corresponding to a digital offset value 117 of, for example, 1 is subtracted from (or the value
of “-1” is added to) the output of the DAC 115 to compensate for the pre-conversion
adjustment to restore the output of the DAC 115 to the intended output signal. In this example,
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the offset 117 is configured to output an analog output value that corresponds to the digital
offset value output by the offset 112. The offsets 112, 117 can be configured to generate and
output their corresponding offset values in one or more aspects. In an exemplary aspect, the
offsets 112, 117 can include one or more voltage and/or current sources that are configured to
generate a voltage/current value corresponding to the respective offset generated by the offsets
112, 117.

[1] In an exemplary aspect, the post-conversion adjustment is performed within the DAC
115 during the digital-to-analog conversion process. In this example, the mixer 120, offset
117, and/or other compensation device can be included within the DAC 115 to provide the
offset value 117 to compensate for the pre-conversion adjustment. For example, the mixer 117
can be included within the DAC 115 that receives an externally and/or internally generated
offset value (e.g. from offset 117). Additionally or alternatively, in an exemplary aspect, the
pre-conversion adjustment is performed within the DAC 115 during the digital-to-analog
conversion process. In this example, the mixer 110, offset 112, and/or or other compensation
device can be included within the DAC 115 to provide the offset value 112 to adjust the inputs
of the DAC 115 to provide an even number of digital input signals that are converted by the
DAC 115.

[1] The adjustment and compensation of the input and output signals of the DAC 115 are
independent of the type of DAC being used, and the DAC 115 can be, for example, a voltage
converter, a current converter, a charge (capacitive) converter, or other converter as would be
understood by one of ordinary skill in the relevant arts. In one or more exemplary aspects, one
or more of the components of the system 100 include processor circuitry configured to
perform one or more operations and/or functions of the corresponding component(s). For
example, the mixer 110 and/or mixer 120 can include processor circuitry configured to mix
two input signals to generate an output signal. Similarly, the offset 112 and/or offset 117 can
include processor circuitry that is configured to generate respective offset values (e.g., based
on one or more control signals from the controller 125).

[1] FIG. 2A illustrates a system 200 according to an exemplary aspect of the present
disclosure. The system 200 is similar to the system 100, but includes an n-bit mid-rise

quantizer 205 that generates the digital signal x(k) ultimately provided to the DAC 115. The
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system 200 can also include a DAC linearizer 210 that is configured to linearize the digital
signal x(k) generated by the n-bit mid-rise quantizer 205.

[1] In operation, the n-bit mid-rise quantizer 205 generates the digital signal x(k) from an
analog signal x(t). In an exemplary aspect, the n-bit mid-rise quantizer 205 can include
processor circuitry configured to convert an analog signal to a digital signal. In an exemplary
aspect, the n-bit mid-rise quantizer 205 can include one or more comparators (e.g., n
comparators) configured to generated the digital signal x(k). For example, each of the
comparators can be configured with a reference threshold (e.g., reference voltage and/or
current) which can be compared with the value of the analog signal x(t). The comparators can
then generate an output signal based on the respective comparisons to generate the digital
signal x(k).

[1] Like system 100, the digital signal x(k) can include an odd number of signals (e.g.,
2"-1 signals). In an exemplary operation, the 2"-1 signals can be adjusted by an offset value
112 (e.g., +1) while the analog output signal is adjusted by corresponding offset value 117
(e.g., -1) to compensate and account for the offset to the digital input signals. In this example,
mixer 110 adds the offset value 112 (e.g., +1) to the input signals x(k) (e.g., 1+ 2"-1 =2"). In
an exemplary aspect, the adjustment of the 2"-1 signals (e.g., the addition of the 2"-1 signals
with the offset 112) produces a quantizer output (i.e., 2" signals) that is similar to an output
produced by a mid-tread quantizer. The compensation of the analog output signal of the DAC
115 using offset 117 compensates for the adjustment of the digital signal based on the offset
112 while also reduces or avoids an output y(t) that is zero or near zero (which can be used to
advantageously reduce or avoid the occurrence of a “dead zone” state as described below). In
this example, the offset 112 can generate a digital offset value (e.g., +1) and the offset 117
can generate an analog offset value (e.g. the analog equivalent to the digital offset value of
offset 112) to compensate for the digital offset value provided by the offset 112. For example,
a digital offset value of +1 can correspond to a voltage (e.g. 0.5 V) and/or a current (e.g. 1
mA). The offset 117 can be configured to generate an additive inverse offset value (e.g. -0.5
V, -1 mA) to compensate for the offset value provided by offset 112.

[1] The output of the mixer 110 can then be provided to the DAC linearizer 210. The

linearizer 210 can be configured to cancel or reduce distortion generated by, for example,
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multi-bit DAC mismatch. In an exemplary aspect, the linearizer 210 can be configured to
perform, for example, bit shuffling to cancel or reduce distortion, but is not limited thereto.
The linearizer 210 can include processor circuitry configured to perform one or more
operations and/or functions of the linearizer 210. In an exemplary aspect, the linearizer 210
can include an even number of cells (e.g., 2" cells). In an exemplary aspect, the linearizer 210
can be configured to perform one or more linearization operations (e.g. bit shuffling) on at
least a subset of the input signals (e.g., from mixer 110), which is illustrated in more detail in
FIG. 2B. Advantageously, linearizing only a subset of input signals can reduce circuit area
and/or current consumption while also linearizing the subset of input signals which may be
subject to higher levels of distortion.

[1] The output of the linearizer 210 can then be provided to the DAC 115, and the analog
output of the DAC 115 can be adjusted and compensated using mixer 120 and offset value
117 similar to the operation of system 100. In an exemplary aspect, the linearizer 210 be
configured downstream of the DAC 115 to linearize (e.g., cancel or reduce distortion of) the
analog output of the DAC 115. Additionally or alternatively, the linearizer 210 can be
incorporated in the DAC 115 and be configured to perform one or more linearization
operations during the digital-to-analog conversion by the DAC 115.

[1] FIG. 2B illustrates the linearizer 210 according to an exemplary aspect of the present
disclosure. As shown, the linearizer 210 is configured to linearize a subset of the input signals.
For example, 5 dumping signals are linearized and 3 of the signals are not linearized. In an
exemplary aspect, the 5 dumping signals that are linearized correspond to paired cells 11-2,
10-3, 9-4, 8-5, and 7-6 as shown in FIG. 4B while the 3 non-linearized signals correspond to
paired cells 14-tieo, 13-0, and 12-1. The present disclosure is not limited to this example
configuration and any combination of linearized and non-linearized signals can be configured
according to the exemplary aspects of the present disclosure.

[1] One or more of the exemplary aspect can be applied to, for example, a feedback DAC
of a Delta-Sigma ADC. This is illustrated in FIG. 3. In an exemplary aspect, the feedback of
the Delta-Sigma loop is modified to adjust the output of the mid-rise quantizer 205. For
example, the analog output signal of filter 305 is provided to the mid-rise quantizer 205. The

mid-rise quantizer 205 can convert the received analog signal to an odd number of output
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digital signals (2"-1 signals). The odd number of digital output signals (2"-1 signals) can be
adjusted to generate an even number of digital signals (2" signals). For example, an offset
value 112 can be added to the 2"-1 signals to generate the 2" signals. The 2" signals can then
be provided to the input of the DAC 310. The output of the DAC 310 is then fed back to the
filter 305. The filter 305 can be a loop filter, but is not limited thereto.

[1] In an exemplary aspect, the DAC 310 is an n-bit current-steering DAC, but is not
limited thereto. In this example, the DAC 310 can utilize double cells and/or current dumping.
In this example, the DAC 310 is configured to compensate for the adjusted output of the mid-
rise quantizer 205, as illustrated by the current offset value of “-1” within the DAC 310.

[1] In an exemplary aspect, a fixed unity is added to an odd number of output bits, such
as the odd output of an n-bit mid-rise quantizer. With this addition, the current dumping can
be determined, and then removed in or after the DAC.

1] FIG. 4A illustrates an input/output matrix of a 4-bit DAC, such as a 4-bit current
steering DAC. In an example operation, based on the quantizer output code, only a fraction of
the current cells contribute to the output differential current. For example, for a quantizer code
equal to “2,” the current provided by cells “0” and “1” is cancelled by the current provided by
cells “14” and “13.” In this example, although cells 0, 1, 13, and 14 do not contribute to the
output differential signal, they may increase the output noise. In an exemplary aspect, current
dumping can be used to reduce unused cells and steer their current to a dumping node. As a
result, the noise of the DAC can be reduced, especially for middle codes (i.e. for small signals).

[1] FIG. 4B illustrates an input/output matrix of a 4-bit DAC (e.g. a 4-bit current steering
DAC) having an input of the DAC compensated and adjusted, such as illustrated in the
exemplary aspects of the present disclosure shown in, for example, FIG. 5. For example, an
input can be added to the odd-numbered inputs (e.g., 15 inputs) to the DAC so that the DAC
has 16 inputs. This additional input (“tieo”) is tied to a fixed value (e.g., tied to a value of 1).
By adding the additional input, the even numbered cells can be paired (e.g., 14-tieo, 13-0, 12-
1, 11-2, 10-3, 9-4, 8-5, 7-6), resulting with an even number of cells (e.g., 8). In this example,
as shown in FIG. 4B, the cells are double so that the cells output either +2 or -2 units of
current. That is, the DAC can include 8 cells having a doubled current unit output. In

comparison, the DAC configuration illustrated in FIG. 4A includes 15 cells having a single



WO 2018/136120 PCT/US2017/054329

-9.-
current unit output. By pairing the cells, the number of cells can be reduced (e.g. 15 to 8) while
maintaining the output value range of the DAC due to the doubling of the current values.

[1] The third state is represented by the number 0, which corresponds to the dumping state
and where the corresponding cell is detached from the output of the DAC, and thereby does
not contribute to noise at the output of the DAC. By comparing Figs. 4A and 4B, the
exemplary aspects illustrated in FIG. 4B have increased simplification of circuit design and
circuit layout, as well as increased matching between DAC cells.

[1] FIG. 5 illustrates a feedback DAC of a Delta-Sigma ADC system 500 according to an
exemplary aspect. The system 500 is similar to the system 300 of FIG. 3. The system 500 is
described with reference to the input/output matrix of FIG. 4B.

[1] In an exemplary aspect, the feedback of the loop (e.g. Delta-Sigma loop) is modified
to adjust the output of the mid-rise quantizer 205. An output 515 is added as an output of the
mid-rise quantizer 205. In this example, the output 515 has a fixed value of 1, but is not limited
thereto. The offset value at the output 515 can be any offset value that will compensate and
cancel the impact of the offset cell 520 on the DAC 510. The now even number of outputs are
supplied to the dumping logic 505. The dumping logic 505 is configured to generate a
combination of one or more dumping output signals, one or more positive output signals (Ip),
and/or one or more negative output signals (In). The generation can be based on the signals
received from the mid-rise quantizer 205. The relationship of the logic output signals to the
input signals (i.e., signals from the quantizer 205) is illustrated in the input/output matrix of
FIG. 4B. For example, with reference to FIG. 4B, if the output of the mid-rise quantizer 205
corresponds to QT code 4, the dumping logic 505 can output a sequence that includes: five
dumping signals (“0”), three negative (In) signals (“-2”) and zero positive (Ip) signals (e.g.,
0,0,0,0,0, -2, -2, -2). Based on this sequence and the compensation of the additional input
in the DAC 510 by the offset cell 520, the differential current (Idiff) of the DAC has a value
of -14. The positive current output (Ioutp) and the negative current output (Iout,) of the DAC
510 are collectively represented by the differential current (1diff) output.

[1] In an exemplary aspect, if the mid-rise quantizer 205 is replaced with a mid-tread
quantizer (see FIG. 6) in the Delta-sigma loop configuration (e.g. where quantizer is kept in

single bit toggling even for small signal levels), the system may exhibit a “dead zone” state
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(e.g., when the feedback behavior is based only on parasitics) in the feedback. However, by
including the compensation and adjustment of odd inputs to the DAC 510, the system 500 can
reduce or avoid the mid-tread quantizer exhibiting a zero or low output due to a small input
signal. That is, even if the input to the DAC 510 is zero or low, the DAC 510 will at least
output the offset value (e.g. -1) due to the compensation operations of the DAC 510.
Advantageously, the “dead zone” state in the feedback can be reduced or avoided. That is, by
compensating in the DAC 510, the feedback current provided to the filter 305 from the DAC
510 will include the offset current value. In aspects that include the mid-rise quantizer 205,
the system can also advantageously avoid or reduce the dead zone state due to a quantizer
threshold at a zero input.

[1] As shown in FIG. 5, in an exemplary aspect, the dumping logic 505 includes an XOR
logic gate, and two NOR logic gates, but is not limited thereto. The dumping logic 505 can
include additional or alternative logic gates as would be understood by one of ordinary skill
in the relevant arts.

[1] In an exemplary aspect, the XOR gate is configured to receive the paired signals (e.g.,
14-tieo, 13-0, 12-1, 11-2, 10-3, 9-4, 8-5, 7-6) and output the dumping signal. Each of the NOR
gates are configured to receive the output of the XOR gate as a first input and the paired
signals that are not in a dumping state (see FIG. 4B). The output of a first of the NOR gates
corresponding to the positive (Ip) signal and the output of the second of the NOR gates
corresponding to the negative (In) signal. In an exemplary operation, the sign of the middle
comparator determines which the NOR gates is selected to control the DAC 510. If the middle
comparator is positive, the positive (Ip) signal controls while the negative (In) signal controls
if the middle comparator is negative.

[1] In an exemplary aspect, the DAC 510 includes an offset cell 520 that is tied to a fixed
value (or adjustable value) and 2V current cells 525 that are controlled based on the
dumping, positive, and negative output signals of the dumping logic 505. In operation, the
offset cell 520 compensates for the additional output 515 added to the mid-rise quantizer 205
as an additional input to the DAC 510 via the dumping logic 505. The offset cell 520 outputs
an offset current (e.g. a fixed offset current) that is output from the DAC 510. In this example,

the current of the offset cell 520 is not signal dependent and, for each quantizer code, simply
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gives the offset value (e.g. a -1 unit DAC current as shown in FIG. 4B, Ioffs column (light
blue)). This offset value compensates and restores the expected feedback signal for the (Delta-
Sigma) control loop without adding extra signal-dependent non-linearity.

1] With continued reference to FIG. 5 and FIG. 4B, in an exemplary aspect, the DAC 510
includes eight current cells 525 and an offset cell 520 connected to each of the current cells
525. In an example operation where the current QT code is 6, seven of the current cells 525
are in the dumping state (“0”) and one of the current cells 525 (e.g., the cell shown in FIG. 5)
operates in the negative output current (In) state (“-2”). In this operation, the positive current
terminal of the current cell 525, which produces a +2 current unit, and the positive current
terminal of the offset cell 520, which produces a +1 current unit, are connected to the negative
current output (Iouty) of the DAC 510. Here, the negative current output (Iouts) functions as
a current sink (represented by the arrow direction into the DAC 510) and the current unit value
at the negative current output (Jouty) is 3 current units (e.g., +2 from the current cell is summed
with the +1 from the offset cell 520). Similarly, the negative current terminal of the current
cell 525, which produces a -2 current unit, and the negative current terminal of the offset cell
520, which produces a -1 current unit, are connected to the positive current output (Iout,) of
the DAC 510 Here, the positive current output (Ioutp) functions as a current source
(represented by the arrow direction out of the DAC 510) and the current unit value at the
current output (Ioutp) is also -3 current units (e.g., -2 from the current cell is summed with the
-1 from the offset cell 520). The positive current output (Iout,) (e.g., -3 current value) and the
negative current output (Iouty) (e.g., 3 current value) result in the DAC 510 having a
differential output (Idiff) of -6 current units (i.e., (-3) — 3 = -6), which is also reflected in the
Idiff value for QT code 6 in Fig 4B.

[1] In an exemplary aspect, the system 500 includes a linearizer that is configured to
perform one or more linearization operations. For example, the system 500 can include a
linearizer similar to the linearizer 210 described with reference to FIG. 2A and 2B. The
linearizer can be configured between the quantizer 205 and the dumping logic 505, between

the dumping logic 505 and the DAC 510, and/or within the DAC 510 itself.
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[1] FIG. 6 illustrates a system 600 according to an exemplary aspect of the present
disclosure. The system 600 includes an n-bit mid-tread quantizer 605, a DAC linearizer 210
and DAC 115.

[1] In operation, the n-bit mid-tread quantizer 605 generates an even number of digital
signals x(k). This is different from the n-bit mid-rise quantizer 205 of system 200 which
outputs an odd number of output signals. By using an n-bit mid-tread quantizer 605, the system
600 is compensated such that the DAC 115 can be configured with an even number of cells.
In comparison to the n-bit mid-rise quantizer 205 of system 200 in which the inputs and
outputs of the DAC 115 are compensation, the system 200 can be configured to
advantageously reduce or eliminate zero or near zero outputs of the DAC 115, thereby
reducing or avoiding the occurrence of a “dead zone” state.

[1] FIGS. 7A-7E illustrate DAC compensation systems having a DAC 715 according to
exemplary aspects of the present disclosure.

[1] The DAC compensation system can include a DAC 715 having a converter 750 that is
configured to convert one or more digital input signals to one or more corresponding analog
signals. The DAC 715 can include one or more input ports (also referred to as inputs) 701
configured to receive one or more input signals and provide the received signals to the
converter 750. The DAC 715 can also include one or more output ports (also referred to as
output ports) 702 that are configured to receive corresponding converted signals and to
provide the converted signals to one or more other (e.g. external) devices. In an exemplary
aspect, the DAC 715 is similar to the DACs 115, 310, and/or 510.

[1] In an exemplary aspect, the converter 750 can include one or more signal generators
725 that are configured to generate one or more analog signals based on one or more received
digital signals. The signal generators 725 can include one or more circuits and/or logic that is
configured to generate one or more analog signals based on one or more corresponding digital
signals. In an exemplary aspect, the signal generator(s) can include processor circuitry
configured to perform this function. As illustrated in FIGS. 7A-7E, the signal generators 725
are each associated with a corresponding input 701 and output 702 (e.g. in a 1:1:1
relationship). However, one or more of the signal generators 725 can be associated with two

or more inputs 701 and/or outputs 702.
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[1] In an exemplary aspect, the DAC compensation system can further include an offset
generator 712 and an offset compensator 717. In exemplary aspects, the offset generator 712
and/or the offset compensator 717 can be implemented within the DAC 715, or the offset
generator 712 and/or the offset compensator 717 can be separate components of the DAC
compensation system. For example, the offset generator 712 can be separate from the DAC
715 while the offset compensator 717 is implemented within the DAC 715 (FIG. 7A); both
the offset generator 712 and the offset compensator 717 can be separate components (FIG.
7B); both the offset generator 712 and the offset compensator 717 can be implemented within
the DAC 715 (FIG. 7C); or the offset generator 712 can be implemented within the DAC 715
while the offset compensator 717 is separate from the DAC 715.

[1] In an exemplary aspect, the offset generator 712 is configured to generate an offset
value and provide the offset value to the converter 750 of the DAC 715. The offset value can
represent an additional input to the DAC 715 so as to adjust the input signals of the converter
750. In an exemplary aspect, the offset generator 712 is an embodiment of the offset 112
and/or 515.

[1] In an exemplary aspect, the DAC 715 includes an odd number (e.g., 2"-1 signals) of
inputs 701. The offset generator 712 can be configured to generate and provide an offset value
to the convertor 750 to adjust the number of inputs of the DAC 715 such that the input signals
received by the converter 750 become an even number of signals (e.g., 2" signals). The offset
value from the offset generator 712 can be a fixed value or can be dynamically adjusted similar
to the offset 112 of FIG. 1. In an exemplary aspect, the offset generator 712 includes processor
circuity that is configured to perform one or more functions and/or operations of the offset
generator 712, including generating and providing an offset value. In an exemplary aspect, the
offset generator 712 can include one or more voltage and/or current sources that are
configured to generate a voltage/current value as the offset value.

[1] The offset compensator 717 can be configured to generate and provide an offset value
to the output of one or more of the signal generators 725 (or to the outputs 702) to compensate
for the offset value introduced by the offset generator 712. That is, after the digital-to-analog
conversion by the converter 750, the analog offset value (from offset compensator 717)

corresponding to the digital offset value generated by offset generator 712 is subtracted from



WO 2018/136120 PCT/US2017/054329

-14 -

the output(s) of the signal generator(s) 725 to compensate for the pre-conversion adjustment
by the offset generator 712 to restore the output of the DAC 715 to the intended output signal.
In this example, the offset compensator 717 is configured to output an analog output value
that corresponds to the digital offset value output by the offset generator 712. The offset value
from the offset compensator 717 can be a fixed value or can be dynamically adjusted similar
to the offset 117 of FIG. 1. In an exemplary aspect, the offset compensator 717 can include
one or more voltage and/or current sources that are configured to generate a voltage/current
value as the offset value. In an exemplary aspect, the offset compensator 717 is an embodiment
of the offset 117 and/or 520.

[1] In an exemplary aspect, the DAC compensation system further includes a linearizer
710 as shown in FIGS. 7D-7E. Although not illustrated in FIGS. 7A-7C, it should be
understood that the linearizer 710 can be implemented in the DAC compensation systems
illustrated thereon similar to aspects illustrated in FIGS. 7D-7E. The linearizer 710 can be an
aspect of the linearizer 210 discussed above.

[1] In an exemplary aspect, the linearizer 710 can be configured to cancel or reduce
distortion generated by, for example, multi-bit DAC mismatch. In an exemplary aspect, the
linearizer 710 can be configured to perform, for example, bit shuffling to cancel or reduce
distortion, but is not limited thereto. The linearizer 710 can include processor circuitry
configured to perform one or more operations and/or functions of the linearizer 710. In an
exemplary aspect, the linearizer 710 can be configured to perform one or more linearization
operations (e.g. bit shuffling) on at least a subset of the input signals from inputs 701 similar
to the configuration illustrated in FIG. 2B. Advantageously, linearizing only a subset of input
signals can reduce circuit area and/or current consumption while also linearizing the subset of
input signals which may be subject to higher levels of distortion.

1] As shown in FIG. 7D, the linearizer 710 can be implemented in the DAC 715. In this
example, the linearizer 710 can be configured to receive input signals from the inputs 701 and
to generate one or more corresponding linearized signals based on the received input signals.
In aspects where the linearizer 710 only linearizes a subset of the received input signals, one
or more of the received signals can be passed through the linearizer 710 to the converter 750

without being subjected to linearization operation(s) (i.e. without being linearized).
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Alternatively, the linearizer 710 can be separate from the DAC 715 within the DAC
compensation system as illustrated in FIG. 7E.

[1] FIG. 8 illustrates a flowchart of a DAC compensation method 800 according to an
exemplary aspect of the present disclosure. The flowchart is described with continued
reference to FIGS. 1-7E. The operations of the method are not limited to the order described
below, and the various operations may be performed in a different order. Further, two or more
operations of the method may be performed simultaneously with each other.

[1] The flowchart 800 begins at operation 805, where a number of digital inputs signals
to a DAC are adjusted from an odd number of digital input signals to an even number of digital
input signals.

1] After operation 805, the flowchart transitions to operation 810, where a subset of the
adjusted digital signal inputs are linearized to generate one or more linearized signals.

1] After operation 810, the flowchart transitions to operation 815, where the even number
of digital input signals are converted (by the DAC) to generate corresponding analog output
signals.

1] After operation 815, the flowchart transitions to operation 820, where the analog
output signals are compensated to generate an odd number of analog output signals
corresponding to the odd number of digital input signals.

1] FIG. 9 illustrates a communication device 900. The communication device 900 can
include controller 940 communicatively coupled to one or more transceivers 905 configured
to transmit and/or receive wireless communications via one or more wireless technologies
within the communication environment 100. The communication device 900 can be
configured to perform DAC compensation based on one or more exemplary aspects discussed
with reference to Figs. 1-6 and/or one or more exemplary aspects described and illustrated in
the attached Appendix.

[1] The transceiver(s) 905 can each include processor circuitry that is configured for
transmitting and/or receiving wireless communications conforming to one or more wireless

protocols.
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1] The transceiver 905 can include a transmitter 910 and receiver 920 that are configured
for transmitting and receiving wireless communications, respectively, via one or more
antennas 935.

[1] In exemplary aspects, the transceiver(s) 905 can each include (but are not limited to)
a digital signal processer (DSP), modulator and/or demodulator, a digital-to-analog converter
(DAC) and/or an analog-to-digital converter (ADC), and/or a frequency converter (including
mixers, local oscillators, and filters) that can be utilized in transmitting and/or receiving of
wireless communications. Further, those skilled in the relevant art(s) will recognize that
antenna 935 may include an integer array of antennas, and that the antennas may be capable
of both transmitting and receiving wireless communication signals. In an exemplary aspect,
the DAC included in the transceiver 905 can be configured to perform DAC compensation
based on one or more exemplary aspects discussed above with reference to Figs. 1-8.

[1] The controller 940 can include processor circuity 950 that is configured to control the
overall operation of the communication device 900, such as the operation of the transceiver
905—including, for example, transmitting and/or receiving of wireless communications via
the transceivers 905, perform one or more baseband processing functions (e.g., media access
control (MAC), encoding/decoding, modulation/demodulation, data symbol mapping, error
correction, etc.); perform one or more interference estimations; the running of one or more
applications and/or operating systems; power management (e.g., battery control and
monitoring); display settings; volume control; and/or user interactions via one or more user
interfaces (e.g., keyboard, touchscreen display, microphone, speaker, etc.).

1] The controller 940 can further include a memory 960 that stores data and/or
instructions, where when the instructions are executed by the processor circuitry 950, controls
the processor circuitry 950 to perform the functions described herein. In an exemplary aspect,
the memory 960 can store interference measurement information obtained from one or more
interference measurement operations. The memory 960 can be any well-known volatile and/or
non-volatile memory, and can be non-removable, removable, or a combination of both.

1] Examples of the communication device 900 can include (but are not limited to) a
mobile computing device—such as a laptop computer, a tablet computer, a mobile telephone

or smartphone, a “phablet,” a personal digital assistant (PDA), and mobile media player; an
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internet of things (IOT) device, and a wearable computing device—such as a computerized
wrist watch or “smart” watch, and computerized eyeglasses. In one or more aspects of the
present disclosure, the communication device 900 may be a stationary device, including, for
example, a base station, access point, a stationary computing device—such as a personal
computer (PC), a desktop computer, a computerized kiosk, and an
automotive/aeronautical/maritime  in-dash  computer terminal, and/or a  smart
device/appliance—such as, for example, smart lighting device, smart door lock, smart home

security system, smart refrigerator, etc.

Example Computer System

[1] Various exemplary aspects described herein can be implemented, for example, using
one or more well-known computer systems, such as computer system 1000 shown in FIG. 10.
Computer system 1000 can be any well-known computer capable of performing the functions
described herein.

[1] Computer system 1000 includes one or more processors (also called central processing
units, or CPUs), such as a processor 1004. Processor 1004 is connected to a communication
infrastructure or bus 1006.

[1] One or more processors 1004 may each be a graphics processing unit (GPU). In an
aspect, a GPU is a processor that is a specialized electronic circuit designed to rapidly process
mathematically intensive applications on electronic devices. The GPU may have a highly
parallel structure that is efficient for parallel processing of large blocks of data, such as
mathematically intensive data common to computer graphics applications, images and
videos.

[1] Computer system 1000 also includes user input/output device(s) 1003, such as
monitors, keyboards, pointing devices, etc., which communicate with communication
infrastructure 1006 through user input/output interface(s) 1002.

[1] Computer system 1000 also includes a main or primary memory 1008, such as random
access memory (RAM). Main memory 1008 may include one or more levels of cache. Main

memory 1008 has stored therein control logic (i.e., computer software) and/or data.
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[1] Computer system 1000 may also include one or more secondary storage devices or
memory 1010. Secondary memory 1010 may include, for example, a hard disk drive 1012
and/or a removable storage device or drive 1014. Removable storage drive 1014 may be a
floppy disk drive, a magnetic tape drive, a compact disk drive, an optical storage device, tape
backup device, and/or any other storage device/drive.

[1] Removable storage drive 1014 may interact with a removable storage unit 1018.
Removable storage unit 1018 includes a computer usable or readable storage device having
stored thereon computer software (control logic) and/or data. Removable storage unit 1018
may be a floppy disk, magnetic tape, compact disk, DVD, optical storage disk, and/ any other
computer data storage device. Removable storage drive 1014 reads from and/or writes to
removable storage unit 1018 in a well-known manner.

[1] According to an exemplary aspect, secondary memory 1010 may include other means,
instrumentalities or other approaches for allowing computer programs and/or other
instructions and/or data to be accessed by computer system 1000. Such means,
instrumentalities or other approaches may include, for example, a removable storage unit 1022
and an interface 1020. Examples of the removable storage unit 1022 and the interface 1020
may include a program cartridge and cartridge interface (such as that found in video game
devices), a removable memory chip (such as an EPROM or PROM) and associated socket, a
memory stick and USB port, a memory card and associated memory card slot, and/or any
other removable storage unit and associated interface.

[1] Computer system 1000 may further include a communication or network interface
1024. Communication interface 1024 enables computer system 1000 to communicate and
interact with any combination of remote devices, remote networks, remote entities, etc.
(individually and collectively referenced by reference number 1028). For example,
communication interface 1024 may allow computer system 1000 to communicate with remote
devices 1028 over communications path 1026, which may be wired and/or wireless, and which
may include any combination of LANs, WANSs, the Internet, etc. Control logic and/or data
may be transmitted to and from computer system 1000 via communication path 1026.

[1] In an aspect, a tangible apparatus or article of manufacture comprising a tangible

computer useable or readable medium having control logic (software) stored thereon is also
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referred to herein as a computer program product or program storage device. This includes,
but is not limited to, computer system 1000, main memory 1008, secondary memory 1010,
and removable storage units 1018 and 1022, as well as tangible articles of manufacture
embodying any combination of the foregoing. Such control logic, when executed by one or
more data processing devices (such as computer system 1000), causes such data processing
devices to operate as described herein.

[1] Based on the teachings contained in this disclosure, it will be apparent to persons
skilled in the relevant art(s) how to make and use the exemplary aspects using data processing
devices, computer systems and/or computer architectures other than that shown in FIG. 10. In
particular, aspects may operate with software, hardware, and/or operating system

implementations other than those described herein.

Examples

[1] Example 1 is a digital-to-analog conversion compensation method, comprising:
adjusting a number of digital inputs signals to a digital-to-analog converter (DAC) from an
odd number of digital input signals to an even number of digital input signals; converting,
using the DAC, the even number of digital input signals to generate corresponding analog
output signals; and compensating the analog output signals to compensate for the adjustment
of the number of digital input signals to generate an odd number of analog output signals
corresponding to the odd number of digital input signals.

[1] Example 2 is the subject matter of Example 1, wherein: the adjusting comprises adding
a digital offset value as an additional input to existing inputs of the DAC to provide the even
number of digital input signals; and the compensating comprises removing an analog offset
value from the analog output signals to generate the odd number of analog output signals.

[1] Example 3 is the subject matter of Example 2, wherein the digital offset value and the
analog offset value are fixed values.

[1] Example 4 is the subject matter of Example 2, wherein the analog offset value
corresponds to a digital value having an opposite magnitude than that of the digital offset

value.
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[1] Example 5 is the subject matter of Example 2, wherein the analog offset value is an
additive inverse of the digital offset value.

[1] Example 6 is the subject matter of any of Examples 2-5, further comprising linearizing
at least a subset of the even number of digital input signals to generate corresponding
linearized digital input signals, wherein one or more of the analog output signals are generated
based on corresponding ones of the linearized digital input signals.

[1] Example 7 is the subject matter of any of Examples 2-5, wherein: the DAC comprises
a linearizer that is configured to linearize a subset of the even number of digital input signals
to generate corresponding linearized digital input signals; and wherein one or more of the
analog output signals are generated based on corresponding ones of the linearized digital input
signals.

[1] Example 8 is a non-transitory computer readable medium comprising program
instructions, when executed, causes a processor to perform the method of any of
Examples 1-7.

[1] Example 9 is a digital-to-analog conversion system, comprising: a digital-to-analog
converter (DAC); digital offset generator that is configured to adjust a number of digital inputs
signals to a digital-to-analog converter (DAC) from an odd number of digital input signals to
an even number of digital input signals, wherein the DAC is configured to convert the even
number of digital input signals to generate corresponding analog output signals; and an analog
offset compensator that is configured to compensate the analog output signals to compensate
for the adjustment of the number of digital input signals to generate an odd number of analog
output signals corresponding to the odd number of digital input signals.

[1] Example 10 is the subject matter of Example 9, wherein: the digital offset generator is
configured to add a digital offset value as an additional input to existing inputs of the DAC to
provide the even number of digital input signals; and the analog offset compensator is
configured to remove an analog offset value from the analog output signals to generate the
odd number of analog output signals.

[1] Example 11 is the subject matter of Example 10, wherein the digital offset value and

the analog offset value are fixed values.
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[1] Example 12 is the subject matter of Example 10, wherein the analog offset value
corresponds to a digital value having an opposite magnitude than that of the digital offset
value.

[1] Example 13 is the subject matter of Example 10, wherein the analog offset value is an
additive inverse of the digital offset value.

[1] Example 14 is the subject matter of any of Examples 9-13, further comprising: a
linearizer that is configured to linearize at least a subset of the even number of digital input
signals to generate corresponding linearized digital input signals, wherein one or more of the
analog output signals are generated based on corresponding ones of the linearized digital input
signals.

[1] Example 15 is the subject matter of any of Examples 9-13, wherein: the DAC
comprises a linearizer that is configured to linearize a subset of the even number of digital
input signals to generate corresponding linearized digital input signals; and wherein one or
more of the analog output signals are generated based on corresponding ones of the linearized
digital input signals.

[1] Example 16 is a digital-to-analog converter (DAC), comprising: a converter that is
configured to: receive a digital offset value and an odd number of digital inputs signals to the
DAC; adjust the odd number of digital inputs signals based on the digital offset value to
generate an even number of digital input signals; and convert the even number of digital input
signals to generate corresponding analog output signals; and an analog offset compensator
that is configured to compensate the analog output signals to generate an odd number of analog
output signals corresponding to the odd number of digital input signals.

[1] Example 17 is the subject matter of Example 16, further comprising: a digital offset
generator that is configured generate the digital offset value and provide the digital offset
value to the converter.

[1] Example 18 is the subject matter of Example 16, wherein the analog offset
compensator is configured to remove an analog offset value from the analog output signals to

compensate the analog output signals.
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[1] Example 19 is the subject matter of Example 17, wherein the analog offset
compensator is configured to remove an analog offset value from the analog output signals to
compensate the analog output signals.

[1] Example 20 is the subject matter of any of Examples 16-19, wherein the converter is
configured to add the digital offset value as an additional input to existing inputs of the DAC
to adjust the odd number of digital inputs signals and generate the even number of digital input
signals.

[1] Example 21 is the subject matter of any of Examples 16-19, further comprising: a
linearizer that is configured to linearize a subset of the even number of digital input signals to
generate corresponding linearized digital input signals, wherein the converter is configured to
generate the analog output signals based on the linearized digital input signals and a remainder
of the even number of digital input signals.

[1] Example 22 is the subject matter of any of Examples 18-21, wherein the analog offset
value corresponds to a digital value having an opposite magnitude than that of the digital offset
value.

[1] Example 23 is a digital-to-analog conversion system comprising means for performing
the method as claimed in any of claims 1-7.

[1] Example 24 is a digital-to-analog converter (DAC), comprising: converting means for:
receiving a digital offset value and an odd number of digital inputs signals to the DAC;
adjusting the odd number of digital inputs signals based on the digital offset value to generate
an even number of digital input signals; and converting the even number of digital input
signals to generate corresponding analog output signals; and analog offset compensating
means for compensating the analog output signals to generate an odd number of analog output
signals corresponding to the odd number of digital input signals.

[1] Example 25 is the subject matter of Example 24, further comprising: digital offset
generating means for generating the digital offset value and provide the digital offset value to
the converter.

[1] Example 26 is the subject matter of any of Examples 24-25, wherein the analog offset
compensating means removes an analog offset value from the analog output signals to

compensate the analog output signals.
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[1] Example 27 is the subject matter of any of Examples 24-26, wherein the converting
means adds the digital offset value as an additional input to existing inputs of the DAC to
adjust the odd number of digital inputs signals and generate the even number of digital input
signals.

[1] Example 28 is the subject matter of any of Examples 24-27, further comprising:
linearizering means for linearizing a subset of the even number of digital input signals to
generate corresponding linearized digital input signals, wherein the converting means
generates the analog output signals based on the linearized digital input signals and a
remainder of the even number of digital input signals.

[1] Example 29 is the subject matter of any of Examples 24-28, wherein the analog offset

value corresponds to a digital value having an opposite magnitude than that of the digital offset

value.
[1] Example 30 is a method substantially as shown and described.
[1] Example 31 is an apparatus substantially as shown and described.
Conclusion
[1] The aforementioned description of the specific aspects will so fully reveal the general

nature of the disclosure that others can, by applying knowledge within the skill of the art,
readily modify and/or adapt for various applications such specific aspects, without undue
experimentation, and without departing from the general concept of the present disclosure.
Therefore, such adaptations and modifications are intended to be within the meaning and
range of equivalents of the disclosed aspects, based on the teaching and guidance presented
herein. It is to be understood that the phraseology or terminology herein is for the purpose of
description and not of limitation, such that the terminology or phraseology of the present

specification is to be interpreted by the skilled artisan in light of the teachings and guidance.

9 9

[1] References in the specification to “one aspect,” “an aspect,” “an exemplary aspect,”
etc., indicate that the aspect described may include a particular feature, structure, or
characteristic, but every aspect may not necessarily include the particular feature, structure,
or characteristic. Moreover, such phrases are not necessarily referring to the same aspect.

Further, when a particular feature, structure, or characteristic is described in connection with
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an aspect, it is submitted that it is within the knowledge of one skilled in the art to affect such
feature, structure, or characteristic in connection with other aspects whether or not explicitly
described.

[1] The exemplary aspects described herein are provided for illustrative purposes, and are
not limiting. Other exemplary aspects are possible, and modifications may be made to the
exemplary aspects. Therefore, the specification is not meant to limit the disclosure. Rather,
the scope of the disclosure is defined only in accordance with the following claims and their
equivalents.

1] Aspects may be implemented in hardware (e.g., circuits), firmware, software, or any
combination thereof. Aspects may also be implemented as instructions stored on a machine-
readable medium, which may be read and executed by one or more processors. A machine-
readable medium may include any mechanism for storing or transmitting information in a
form readable by a machine (e.g., a computing device). For example, a machine-readable
medium may include read only memory (ROM); random access memory (RAM); magnetic
disk storage media; optical storage media; flash memory devices; electrical, optical, acoustical
or other forms of propagated signals (e.g., carrier waves, infrared signals, digital signals, etc.),
and others. Further, firmware, software, routines, instructions may be described herein as
performing certain actions. However, it should be appreciated that such descriptions are
merely for convenience and that such actions in fact results from computing devices,
processors, controllers, or other devices executing the firmware, software, routines,
instructions, etc. Further, any of the implementation variations may be carried out by a general
purpose computer.

[1] For the purposes of this discussion, the term “processor circuitry” shall be understood
to be circuit(s), processor(s), logic, or a combination thereof. For example, a circuit can
include an analog circuit, a digital circuit, state machine logic, other structural electronic
hardware, or a combination thereof. A processor can include a microprocessor, a digital signal
processor (DSP), or other hardware processor. The processor can be “hard-coded” with
instructions to perform corresponding function(s) according to aspects described herein.
Alternatively, the processor can access an internal and/or external memory to retrieve

instructions stored in the memory, which when executed by the processor, perform the
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corresponding function(s) associated with the processor, and/or one or more functions and/or
operations related to the operation of a component having the processor included therein.

[1] In one or more of the exemplary aspects described herein, processor circuitry can
include memory that stores data and/or instructions. The memory can be any well-known
volatile and/or non-volatile memory, including, for example, read-only memory (ROM),
random access memory (RAM), flash memory, a magnetic storage media, an optical disc,
erasable programmable read only memory (EPROM), and programmable read only memory

(PROM). The memory can be non-removable, removable, or a combination of both.
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WHAT IS CLAIMED IS:

1. A digital-to-analog conversion compensation method, comprising:
adjusting a number of digital inputs signals to a digital-to-analog converter (DAC) from an

odd number of digital input signals to an even number of digital input signals;

converting, using the DAC, the even number of digital input signals to generate corresponding
analog output signals; and

compensating the analog output signals to compensate for the adjustment of the number of
digital input signals to generate an odd number of analog output signals corresponding to the odd

number of digital input signals.

2. The method of claim 1, wherein:
the adjusting comprises adding a digital offset value as an additional input to existing

inputs of the DAC to provide the even number of digital input signals; and
the compensating comprises removing an analog offset value from the analog output

signals to generate the odd number of analog output signals.

3. The method of claim 2, wherein the digital offset value and the analog offset value are fixed
values.
4. The method of claim 2, wherein the analog offset value corresponds to a digital value having

an opposite magnitude than that of the digital offset value.

5. The method of claim 2, wherein the analog offset value is an additive inverse of the digital
offset value.

6. The method of any of claims 2-5, further comprising linearizing at least a subset of the even
number of digital input signals to generate corresponding linearized digital input signals,
wherein one or more of the analog output signals are generated based on corresponding ones
of the linearized digital input signals.

7. The method of any of claims 2-5, wherein:
the DAC comprises a linearizer that is configured to linearize a subset of the even

number of digital input signals to generate corresponding linearized digital input signals; and
wherein one or more of the analog output signals are generated based on corresponding

ones of the linearized digital input signals.
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8. A non-transitory computer readable medium comprising program instructions, when
executed, causes a processor to perform the method of claim 1.

9. A digital-to-analog conversion system, comprising:
a digital-to-analog converter (DAC);

digital offset generator that is configured to adjust a number of digital inputs signals to a
digital-to-analog converter (DAC) from an odd number of digital input signals to an even number of
digital input signals, wherein the DAC is configured to convert the even number of digital input
signals to generate corresponding analog output signals; and

an analog offset compensator that is configured to compensate the analog output signals to
compensate for the adjustment of the number of digital input signals to generate an odd number of

analog output signals corresponding to the odd number of digital input signals.

10. The system of claim 9, wherein:
the digital offset generator is configured to add a digital offset value as an additional

input to existing inputs of the DAC to provide the even number of digital input signals; and
the analog offset compensator is configured to remove an analog offset value from the

analog output signals to generate the odd number of analog output signals.

11. The system of claim 10, wherein the digital offset value and the analog offset value are fixed
values.
12. The system of claim 10, wherein the analog offset value corresponds to a digital value having

an opposite magnitude than that of the digital offset value.

13. The system of claim 10, wherein the analog offset value is an additive inverse of the digital
offset value.

14. The system of any of claims 9-13, further comprising:
a linearizer that is configured to linearize at least a subset of the even number of digital

input signals to generate corresponding linearized digital input signals, wherein one or more
of the analog output signals are generated based on corresponding ones of the linearized digital

input signals.

15. The system of any of claims 9-13, wherein:
the DAC comprises a linearizer that is configured to linearize a subset of the even

number of digital input signals to generate corresponding linearized digital input signals; and
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wherein one or more of the analog output signals are generated based on corresponding

ones of the linearized digital input signals.

16. A digital-to-analog converter (DAC), comprising:
a converter that is configured to:

receive a digital offset value and an odd number of digital inputs signals to the DAC;
adjust the odd number of digital inputs signals based on the digital offset value to
generate an even number of digital input signals; and
convert the even number of digital input signals to generate corresponding analog
output signals; and
an analog offset compensator that is configured to compensate the analog output signals to
generate an odd number of analog output signals corresponding to the odd number of digital input

signals.

17. The DAC of claim 16, further comprising:
a digital offset generator that is configured generate the digital offset value and provide the

digital offset value to the converter.

18. The DAC of claim 16, wherein the analog offset compensator is configured to remove an
analog offset value from the analog output signals to compensate the analog output signals.

19. The DAC of claim 17, wherein the analog offset compensator is configured to remove an
analog offset value from the analog output signals to compensate the analog output signals.

20. The DAC of any of claims 16-19, wherein the converter is configured to add the digital offset
value as an additional input to existing inputs of the DAC to adjust the odd number of digital
inputs signals and generate the even number of digital input signals.

21. The DAC of any of claims 16-19, further comprising:
a linearizer that is configured to linearize a subset of the even number of digital input

signals to generate corresponding linearized digital input signals, wherein the converter is
configured to generate the analog output signals based on the linearized digital input signals

and a remainder of the even number of digital input signals.
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22. The DAC of any of claims 18-19, wherein the analog offset value corresponds to a digital
value having an opposite magnitude than that of the digital offset value.



PCT/US2017/054329

WO 2018/136120

1 "OId

(,2) Sl199 Jo Jaquinu udAg

0ch _ Okt
_o,<n>§>A|mWA| ova 1g-u AIrmWAJr ()X
2 1-,2
I \4,
L —.l m g~ —.+
o wm L f
| "HITIOHLINOD |
_IIIII_ IIIII J
Bojeuy ! [eUBIQ

00}

1/16



PCT/US2017/054329

WO 2018/136120

(&) sie2

JO Jogwinu UsAg

ocl
[DVAIDA
<& 0V{dIlg-u

00¢

Lb |

V¢ "Old

m:w

laznuenb
(,2) slIed osk-pI
10 Jaquinu usAg Ho-u
0Ll
o Ox
uonezueaul| L @ <t <&
Wa ’ (1)x
e » I-uC
|
- o
L+

Zhi |

2/16



PCT/US2017/054329

WO 2018/136120

g¢ "Old

W3Q |ended pue d1bo7 buildwng 119-

(Buidwnp) Pp wu

(un'p wu

(dn) 9p Aer

Ole

€

}

s|eubis
buildwng

G
S

2160] bulquieads

oty S,
Y 4

% gperd Y,
ity b i)
2

P

a g

N
3
\\‘\

N
\\ ¥

DN
A
S

%

&
&

R

:.c,
D
vt

N
S
N

E N

.7
\\\\\\\\\\\\\\\\\M

e
GT

A\

J

—f—

mHU

3/16



WO 2018/136120

o
S
mj;

~{i5e

mid

r-hit

guantizer

Loop filter

305

205

Input signal

Filter output

freed

N Fwd
RIS
8y S
R
Y
RS SN
o Ma
§\\‘ {s\\\\
W e
NN Ko
st T
A "‘\\; %
[ \i\s
N
SPWY adaae

S S8
N AR

™8

R aa
NN
Y ey
Nones® R

i

back DAC current

Yrrrr s

s,

SN e e
¥

ot

Sy

A&

Y

SR

N %\\\\\\\
Al e
¥ X AN

§ )
\\\\“\

st

X
AN NN NN

I DAC

yN
Qe
\\\\\\
T
R
WS
PR
N
Wy
%
R
RENSSS
%
s
30N
N
S

NN

SN

¢
PR
X Pl
W
- RSN
15 o
SR N
X X3
{‘\‘ e
>R
RO o
%
o RN
Ko o
-y IS
e X
N
RN %
Jww
&Y %
08
A&
SN
~han
RS
Adanad®

R

P

4/16

310 —

n-pit current-steering DAC

PCT/US2017/054329

Double DAC cells including

Current Dumping

FIG. 3



WO 2018/136120 PCT/US2017/054329

foutp  Hdiff

% 2 31 6

4

FIG. 4A

Differential 4-bit DAC

cell 44 12 12 1140 B9 8 7 B &

pac

o 3 ~>‘_if}
e e e ]

5/16



WO 2018/136120 PCT/US2017/054329

i ) vy 4w

3 i ;
iiiiii

& N I B St T B B T v v I o T v v T o S v i

= L e B~ w B « B < « B e RS TR G - S T+

| 4-bit DAL
FIG. 4B

ditfferentia

- e
§ £33 0 2 530 O 0 O O QO 29 8O 0 §\§\\%

@Q@@'&@@@@@Q@@@@

o

07 code

6/16



PCT/US2017/054329

WO 2018/136120

ifiny Budwing

o
\\\\\\\\\\

ey
RN

N
SO

NS
D

P ARRASNANNANN
¥
~

$
.\\b\\\

Ms?Nw

S0C ™.

G "OId

el Buuesis-juaung
jeliusdoiip JG-u

-«
wndino 1834

Jaziuenb
DSLU-DILE JG-U

S

00s

euds nduy

7/16



PCT/US2017/054329

WO 2018/136120

(&) sie2

10 JAqWINU USA]

[DVAIA <=—

ova dg-u

9 "OId

009

mrrm

Jaznuenb
(,2) slieo peaJl-piw
JO Jagquinu usAj ug-u
X
uolnezieaul| Aw_v
=
ovd 2 ()x
u
ovmm mowm

8/16



PCT/US2017/054329

WO 2018/136120

sindinp
N"20. 01 1L'20.

<

V. Old

yAVA
lojesuadwion

18810

cH

’...| F

¢/ lojelauar)
[eubis

S/ H31H3ANOD

VA

ovda

lojeiausr) 18si0

sinduy
N'LOZ 01 L' LOL

9/16



PCT/US2017/054329

WO 2018/136120

1L
Joresusadwo)

19S}§0

g "Old

sindinQ
N'20L 01 1'20L

<

cH

F.... F

¢/ lojelauar)
[eubis

S/ H31H3ANOD

L2 Ovd

lojeiausr) 18si0

sinduy
N'LOZ 01 L' LOL

10/16



PCT/US2017/054329

WO 2018/136120

sindinQ
N'20L 01 1'20L

<

94 "Old

’...| F

yAVA crz
Jolesuadwio) I0]BIBUIYD) 19SHO
19Ss1O
I -

— o

2/ lojelousn) [ o

eubig o
n ||
0GZ 431H3IANOD
SIZ 9vda

sinduy
N'LOZ 01 L' LOL

11/16



PCT/US2017/054329

WO 2018/136120

az "oid
oz
YAWA Joje.iausr) 189S0
lojesuadwion
19810
~ ™
am — 4
A 4
- T e
sindinp /| @ 1ozUEsU ¢ d
N'20Z O} 1'20/ * S e 2 [+ . Lors
° [eubis ° N'H0Z 2L 17102
- - .
// 1
057 H3LHIANOD
S1Zovda

12/16



PCT/US2017/054329

WO 2018/136120

sindinQ
N'20L 01 1'20L

<

4 "9Old
VA
Jolelauar) 180S0
yAVA
lojesuadwion
19s0O
- E— o o
A 4
™~ ol B L2
° Gg/Z lojesausy) [ ° ieziieaun
o [eubis o
] L <4 —0
0SZ 431HIANOD /
STZ ovda sindu

N"LOZ O} 1'10L

13/16



WO 2018/136120 PCT/US2017/054329

800

’,\/

Adjusting a number of digital inputs
signals to a DAC from an odd number of
digital input signals to an even number of

digital input signals

l

Linearizing a subset of the adjusted
810 Y digital signal inputs to generate one or
more linearized signals

805

\ 4
converting, using the DAC, the even
number of digital input signals to
generate corresponding analog output
signals

l

compensating the analog output signals
to compensate to generate an odd
820 number of analog output signals
corresponding to the odd number of
digital input signals

FIG. 8

14/16



WO 2018/136120

o
S
ou\g‘

¥~ 035

|

3 |3

O —

o |o 8'
5 (g[S

o

> ,': ]
w = >
O (2 T
o) o O
z |2 |2
c || |
==

S

o r:r:8| o

r |O% b

T 5> N

— W

o = o

o |o5 Q

o ONS) =

= o Ll

Z o — =

@) O

(&)

15/16

PCT/US2017/054329

FIG. 9



WO 2018/136120

Communication
Infrastructure 1002

Processor 1004

Main Memory 1006

Secondary Memory 1008

Hard Disk Drive 1010

Removable Storage
Drive 1012

PCT/US2017/054329

1000

’,\/

Removable Storage
Unit 1016

Interface 1014 o

Removable Storage
Unit 1018

Communication

Interface 1020

FIG. 10

16/16

%

Communication Path 1022



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 17/54329

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO3M 1/06 (2017.01)
CPC

- HO3M 1/365, HO3M 1/1019, HO3M 1/00, HO3M 2201/4135, HO3M 2201/6121

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of
See Search History Document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2009/0128382 A1 (Matsukawa et al.) 21 May 2009 (21.05.2009) (para [0095], [0153], 1-22
[0157])
A US 2016/0365867 A1 (Intel IP Corporation) 15 December 2016 (15.12.2016) (para [0014], 1-22
[0023], [0037))
A US 8,736,478 B2 (Bailey et al.) 27 May 2014 (27.05.2014) (col. 1, In 64-67; col. 5, In 48-52) 1-22
A US 7,528,752 B1 (Chern) 05 May 2009 (05.05.2009) entire document 1-22
A US 2002/0085647 A1 (Oishi et al.) 04 July 2002 (04.07.2002) entire document 1-22
A US 6,249,269 B1 (Blalock, et al.) 19 June 2001 (18.06.2001) entire document 1-22
A US 9,088,293 B1 (SEMTECH CORPORATION) 21 July 2015 (21.07.2015) entire document 1-22
A US 4,743,885 A (Kobayashi et al.) 10 May 1988 (10.05.1988) entire document 1-22
A US 2006/0250289 A1 (Tsuchi) 09 November 2006 (09.11.2006) entire document 1-22
A US 2016/0226509 A1 (Syntropy Systems, LLC) 04 August 2016 (04.08.2016) entire document 1-22
A US 2007/0040720 A1 (Kim) 22 February 2007 (22.02.2007) entire document 1-22

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬁlication but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&"” document member of the same patent family

Date of the actual completion of the international search

28 November 2017 (28.11.2017)

Date of mailing of the international search report

15DEC 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - wo-search-report

