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TRI-LEVEL DYNAMIC ELEMENT MATCHER
ALLOWING REDUCED REFERENCE
LOADING AND DAC ELEMENT REDUCTION

BACKGROUND OF THE INVENTION

[0001] (1) Field of the Invention

[0002] This invention relates generally to digital-to-analog
converters (DAC) and relates more specifically to three-level
DACs applying dynamic element matching (DEM) tech-

niques.
[0003] (2) Description of the Prior Art
[0004] A digital-to analog converter (DAC) is a device for

converting a digital (usually binary) code to an analog signal
(current, voltage or electric charge). The DAC fundamentally
converts finite-precision numbers (usually fixed-point binary
numbers) into a continuously varying physical quantity, usu-
ally an analogue electrical voltage.

[0005] In an ideal DAC, the numbers are output as a
sequence of impulses, that are then filtered by a reconstruc-
tion filter. The DAC fundamentally converts finite-precision
numbers (usually fixed-point binary numbers) into a continu-
ously varying physical quantity, usually an analogue electri-
cal voltage.

[0006] In an ideal DAC, the numbers are output as a
sequence of impulses, that are then filtered by a reconstruc-
tion filter. This would, in principle, reproduce a sampled
signal precisely up to the Nyquist frequency, although a per-
fect reconstruction filter cannot be practically constructed as
it has infinite phase delay; and there are errors due to quanti-
zation.

[0007] Instead of impulses, usually the sequence of num-
bers update the analogue voltage at uniform sampling inter-
vals.

[0008] These numbers are written to the DAC, typically
with a clock signal that causes each number to be latched in
sequence, at which time the DAC output voltage changes
rapidly from the previous value to the value represented by
the currently latched number. The effect of this is that the
output voltage is held in time at the current value until the next
input number is latched resulting in a piecewise constant or
‘staircase’ shaped output. This is equivalent to a zero-order
hold operation and has an effect on the frequency response of
the reconstructed signal.

[0009] The fact that practical DACs output a sequence of
piecewise constant values or rectangular pulses would cause
multiple signal images above the Nyquist frequency. The
signal images result from the sampling process, i.e. they are
already in the digital input of the DAC. These signal images
are typically removed with a low pass filter acting as a recon-
struction filter.

[0010] However, this filter means that there is an inherent
effect of the zero-order hold on the effective frequency
response of the DAC resulting in a mild roll-oft of gain at the
higher frequencies (often a 3.9224 dB loss at the Nyquist
frequency) and depending on the filter, phase distortion. This
high-frequency roll-oft is the output characteristic of the
DAC, and is not an inherent property of the sampled data.
[0011] Multi-bit delta-sigma DACs offer many advantages
over single-bit delta-sigma DACs, such as much increased
stable input range, less likelihood of unacceptable modulator
tones and improved tolerance to clock jitter in the digital-to-
analog conversion step. However, mismatches (such as ran-
dom manufacturing variations) between the unit elements
used to build a multi-bit DAC can cause non-linearity in the
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DAC transfer function, which causes signal distortion when
converting a distortion-free digital signal to an analog signal.
To achieve low distortion and a high signal-to-noise ratio
(SNR), multi-bit DACs typically use dynamic element
matching (DEM) techniques; these cause the element mis-
matches to generate an out-of-band noise-shaped noise
instead of in-band distortion components. The resulting out-
of-band noise energies can be removed by post-filtering if
required. Various DEM methods are known for multi-bit
DACs made of unit elements with two states (e.g. switched
capacitor DACs using two reference voltages or switched
current DACs using two reference currents). If 3-state unit
elements can be used then it may be possible to reduce the
number of DAC elements required (i.e. circuit complexity) to
achieve a certain number of binary bits equivalent analog
outputs levels.

[0012] A further known issue with most switched capacitor
DACs implementations is signal-dependent loading of the
DAC reference voltages, which can lead to signal distortion.
One way to remove signal dependency is to always draw the
maximum reference current, but this maximizes reference
power, which is undesirable in low-power systems. Tech-
niques which reduce the current from the reference can
reduce distortion and power. Itis a challenge for the designers
of DACs to reduce therefore the peak reference current sig-
nificantly compared to prior art.

[0013] There are known patents, patent publications or
other publications dealing with the design of DACs:

[0014] U.S. Patent Publication (US 2005/0156773) to Gal-
ton proposes an improvement to a conventional multistage
pipelined Analog-to-Digital Converter (ADC) having mul-
tiple stages, connected one to the next by an interstage ampli-
fier, each stage with a flash digital-to-analog converter
(DAC), a digital-to-analog converter (DAC) producing an
associated intermediate analog signal, a subtractor of inter-
mediate analog signals to produce an analog difference signal
fed to the interstage amplifier of a next following stage, and a
thermometer encoder producing an associated digital output
signal; the improvement directed to canceling noise resultant
from component mismatch, particularly mismatched capaci-
tors paired with a first-stage DAC of the ADC. The improved
ADC uses in at least a first, and preferably two, stages a flash
DAC of a dynamic element matching (DEM) type producing,
as well as an associated intermediate analog signal, random
bits and parity bits; a Digital Noise Cancellation (DNC) logic
circuit, receiving the random bits and the parity bits and a
digitized residue sum of the digital output signal’s arising
from all stages beyond a stage of which the DNC logic circuit
is a part, so as to produce an error estimate for the stage; and
a subtractor subtracting the error estimates of the DNC logic
circuits from the combined digital output signal of all higher
stages in order to produce a corrected ADC digital output
signal. A 14-bit 4-stage pipelined ADC having, by way of
example, a theoretical optimum conversion precision of 14.1
bits and a realistic conversion precision of 10.4 bits, is
enhanced by modestly-sized and continuously-automati-
cally-operative DNCto realize 13.3 bits conversion precision.
[0015] U.S. Patent Publication (US 2008/0309536 to Le
Guillou) discloses an analog-to-digital converter of the Sigma
Delta type provides a stream of digital output samples (OUT)
in response to an analog input signal. The analog-to-digital
converter comprises a quantizer that has a dead zone. The
quantizer provides a digital output sample that has a mid-
point value when the quantizer receives an input signal whose
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amplitude is within the dead zone. A feedback path within the
analog-to-digital converter provides a feedback action only in
response to a digital output sample that has a value other than
the mid-point value.

[0016] U.S. Pat. No. 7,079,063 to Nguyen et al. teaches a
system for processing digital signals in a data converter. The
system includes a thermometer encoder for receiving signed
binary data and for providing signed thermometer data. The
signed thermometer data includes positive thermometer data
and negative thermometer data. The system also includes a
shuffler that receives positive input data responsive to the
positive thermometer data and receives negative input data
responsive to the negative thermometer data. The system also
includes a decoder for receiving output data from the shuffler
and providing decoded data to an analog output stage. Itis a
tri-level DEM method by analog devices using a shuffler-
based design.

[0017] Furthermore K. Nguyen has published: “A 101 dB
SNR, 1.1 mW Oversampling Audio DAC with A Three-level
DEM Technique”, K. Nguyen, A. Bandyopadhyay, B.
Adams, K. Sweetland, P. Baginski, Journal of Solid-State
Circuits, December 2008, vol. 43 no. 12, pp 2592-2600 and
[0018] ISSC 2008, pp 488-489 “A 108 db SNR 1.1 mW
Oversampling Audio DAC with a three level DEM Tech-
nique” by K. Nguyen, A, Bandyopadhyay, R. Adams, K.
Sweetland and P. Baginski) is based on the patent (U.S. Pat.
No. 7,079,063 to Nguyen et al.) cited above explaining some
advantages of a tri-level DAC implementation.

[0019] U.S. Pat. No. 6,952,176 to Frith et al. discloses
generally digital-to-analogue converters and relates more
particularly to techniques for reducing signal dependent load-
ing of reference voltage sources used by these converters. A
differential switched capacitor digital-to-analogue (DAC)
circuit comprises first and second differential signal circuit
portions for providing respective positive and negative signal
outputs with respect to a reference level, and has first and
second reference voltage inputs for receiving respective posi-
tive and negative references. Each of said first and second
circuit portions comprises an amplifier with a feedback
capacitor, a second capacitor, and a switch to switchably
couple said second capacitor to a selected one of said refer-
ence voltage inputs to charge the second capacitor and to said
feedback capacitor to share charge with the feedback capaci-
tor. The switch of said first circuit portion is further config-
ured to connect said second capacitor of said first circuit
portion to share charge with said feedback capacitor of said
second circuit portion; and the switch of said second circuit
portion is further configured to connect said second capacitor
of said second circuit portion to share charge with said feed-
back capacitor of said first circuit portion. This enables the
second capacitors to in effect be alternately pre-charged to
positive and negative signal-dependent nodes so that, on aver-
age, signal dependent loading of the references is approxi-
mately constant.

[0020] This patent teaches signal dependent loading in
switched capacitor DAC implementations, it results in con-
stant reference loading, hence causes no signal dependent
loading, but it is not low reference power because it is con-
stantly maximum loading.

[0021] U.S. Pat. No. 6,573,850 to Pennock describes a
switched capacitor digital-to-analogue converter (DAC) 400
for reducing signal dependent loading of a reference voltage
source used by the converter comprises an active circuit with
a feedback element. The feedback element comprises a feed-
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back capacitor, a second capacitor (106) and switches to
connect the second capacitor to one of first and second refer-
ence sources to store charge on the second capacitor and to
connect the second capacitor in parallel with the feedback
capacitor to share said stored charge with the feedback
capacitor. The switch is further configured to connect the
second capacitor to a substantially signal-independent refer-
ence prior to connection of the second capacitor to said one of
said first and second references. Connecting the second
capacitor to a substantially signal-independent reference
source prior to the selected first or second reference gives a
linear signal-dependent loading of the first and second refer-
ence sources. Connecting two such circuits with anti-phase
signals then causes these linear dependences to cancel, giving
a substantially signal-independent loading of these reference
sources.

[0022] This patent is a precursor patent to (U.S. Pat. No.
6,952,176 to Frith et al.) cited above and is also related to
signal dependent loading in switched-capacitor DAC imple-
mentations. Adding a discharge phase in the clocking
arrangement removes all traces of signal from the DAC
capacitors before they are switched to the reference, This
achieves signal independence but makes the clock generation
more complicated and results in maximum reference loading
for all digital input codes. (i.e. higher power dissipation).
[0023] U.S. Pat. No. 5,274,375 to Thompson describes an
analog-to-digital converter including a two-bit delta-sigma
modulator. The delta-sigma modulator is comprised of a first
stage integrator that feeds a noise shaping circuit. The output
of'the noise shaping circuit is input to a two-threshold imbed-
ded ADC to provide the two-bit output. This output of the
imbedded ADC is input to a digital filter to provide the filtered
digital output, this filtering high-frequency noise. The output
of the imbedded ADC is also fed back through a three-level
DAC to a summing junction on the input of the integrator. The
three-level DAC has three states that are output with one state
being a “do nothing” state. The thermal noise performance of
the delta-sigma modulator as a function of the quantizer
threshold voltages is first simulated and then the value of the
quantizer thresholds selected to provide optimum signal-to-
thermal noise performance.

[0024] Furthermore Thompson has published: “A Digi-
tally-Corrected 20b Delta-Sigma Modulator”, C. D. Thomp-
son, S. R. Bernadas, ISSCC, 1994, pp 194-195.

[0025] IEEE Press/John Wiley & Sons Inc., 2005, ISBN
0-471-46585-2“Understanding Delta Sigma Data Convert-
ers” by R. Schrier and G. C. Temes, particularly chapter 6
sections 6.3 and 6.4 for general overview of DEM and mis-
match shaping and key references.

[0026] IEEE Press, 1997, ISBN 0-7803-1045-4 “Delta
Sigma Data Converters: Theory, Design and Simulation” by
S. R. Norsworthy, R. Schrier and G. C. Temes, particularly
chapter 8 section 3 for multi-bit converter linearity tech-
niques, general overview and key references.

[0027] IEEE Trans. Circuits and Systems-1I, Vol. 42, No.
12, December 1995, pp 753-762 “Linearity Enhancement of
Multi-bit AX A/D and D/A Converters Using Data Weighted
Averaging” by R. T. Baird and T. S. Fiez, introducing Data
weighed Averaging (DWA) rotational DEM method.

[0028] IEEE Trans. Circuits and Systems-1I, Vol. 47, No.
11, November 2000, pp 1137-1144, “Techniques for Prevent-
ing Tonal Behavior of Data Weighted Averaging Algorithm in
A-Z Modulators” by M. Vadipour, discusses ways to suppress
tones that can be generated by the DWA algorithm.
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[0029] FIG. 1 prior art shows a typical implementation for
a level N+1 level multi-bit DAC using the well known direct
charge transfer (DCT) method. The implementation shown is
single-ended though differential implementations and their
relative advantages are obvious and well-known to practitio-
ners. This DAC generates a multi-level output by combining
N elements with two output levels (here V+ and V-) as con-
trolled by the binary digit inputs D1-DN.

[0030] D1-DN are single bit binary inputs which may be
derived by, for example, but not limited to, decoding a binary
weighted digital input to the DAC (e.g. a M bit binary input
could be expanded to a N=2* bit population code such as
thermometer code). CK1 and CK2 are simplified-for-illustra-
tion non-overlapping clocks used to transfer charge from the
reference voltages V+ and V- to the output capacitor COUT;
various S/C circuit clocking schemes and their advantages are
well-known to practitioners. Capacitors C1 to CN have equal
capacitances. This DAC has N+1 analog levels.

[0031] Incasethe DAC isclockedrepeatedly withm (m can
take values 0,1, . . ., N) of the DN inputs set to 1 and the
remaining bits set to 0 then the steady state output voltage of
the DAC is:

l-m

m n
Vout:(V—)+ﬁ><(V+—V—)=MX(V+)+ x (V=)

[0032] As m of the input capacitors C1-CN are being
switched repeatedly between Vout and V+, the charge drawn
from the V+ reference voltage on each cycle is thus:

Q +=mxXCxAV
=mXCx(V+—Vour)

:(V+—V—)><m><C><(1—%),

where C is the nominal value of each of the C1-CN capacitor
units. It can be shown that the charge Q- injected into the
negative reference voltage V- has the same magnitude as Q+
(as would be hoped under steady-state otherwise the DAC is
accumulating charge!). the reference charge is a quadratic
function of the DAC input code, m. It is zero for m=0 and
M=N and reaches a maximum for m=N/2 if N is even, other-
wise it is maximum for m=N/2+0.5. The example of FIG. 2
prior art shows reference charge Q+ versus DAC input code
for the case N=32.

[0033] Similar quadratic expressions can be derived for the
reference charges Q+ and Q- in differential DAC implemen-
tations.

[0034] A well known problem with dependency of the ref-
erence charge on the DAC input code is that providing this
charge requires a current to flow from or to the reference
voltage source, and this current flow can modify the reference
voltage through interaction with the reference sources output
impedances (e.g. ohmic drop). Any signal-dependent varia-
tion of the reference voltages with changing DAC input
causes non-linearity of the DAC analog output versus digital
input code transfer function, and subsequent distortion of any
signals being converted to analog. It is thus desirable to
reduce reference current variation to reduce distortion (see
prior art patents referenced).
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[0035] A further well-known serious problem with multi-
bit S/C (and current steering) DACs is that the individual
DAC unit elements, C1-CN, cannot be manufactured to be
exactly equal, but will have unavoidable random variations
from ideal (“mismatches™) due to manufacturing variations.
These mismatches can cause nonlinearity of the DAC transfer
function and hence distortion of any digital signals being
converted to analog. Various techniques are known to reduce
the distorting effect of these mismatches, such as trimming,
digital correction and DEM. DEM methods use scrambling
techniques to vary the order in which the DAC elements are
used every time a digital input code is presented, such that the
energy in the DAC output spectrum caused by the mismatches
appears as out-of-band noise instead of causing in-band dis-
tortion or noise. Various DEM methods for DACs constructed
with 2-level unit elements (e.g. switched capacitor DACs
with only two reference voltages V+ and V-) are well known
to practitioners (as described by prior art references above).

[0036] The Data Weighted Averaging (DWA) method
scrambles the DAC elements by selecting adjacent elements
rotated circularly by the number of elements used as outlined
in IEEE Trans. Circuits and Systems-1I, Vol. 42, No. 12,
December 1995, pp 753-762 “Linearity Enhancement of
Multi-bit AX A/D and D/A Converters Using Data Weighted
Averaging” by R. T. Baird and T. S. Fiez. This converts the
effects of mismatches to a first-order shaped noise in the DAC
output spectrum. FIG. 3 prior art shows an example of the
DWA algorithm applied to a multi-bit DAC constructed using
8 elements with 2-levels per element (+1 and -1 indicate the
DAC element state, e.g. a capacitor element switched to V+ or
V-in S/C DAC implementations).

[0037] Asoutlined above, techniques which reduce the cur-
rent from the reference can reduce distortion and power. It is
a challenge for the designers of DACs to reduce therefore the
peak reference current significantly compared to prior art.

SUMMARY OF THE INVENTION

[0038] A principal object of the present invention is to
achieve methods and systems to achieve a multi-bit delta-
sigma DAC having a reduced power consumption.

[0039] A further object of the present invention is to
achieve a rotation-based first order noise-shaping Dynamic
Element matching technique for use with 3-level DAC unit
elements, being independent of a specific DAC implementa-
tion method.

[0040] A further object of the present invention is to
achieve a differential switched capacitor DAC implementa-
tion, which enables use of a tri-level DEM algorithm.
[0041] A further object of the present invention is to
achieve a multi-bit delta-sigma DAC having a reduced peak
reference current and a reduced reference loading.

[0042] A further object of the present invention is to reduce
power consumption and voltage droop of a delta-sigma DAC.
[0043] Another object of the present invention is reduce
circuit complexity required to implement a N-bit delta-sigma
DAC.

[0044] Moreover an important objective of the invention is
to achieve low distortion in spite of variations of circuit ele-
ments

[0045] In accordance with the objects of this invention a
method for a rotation-based first order noise-shaping DEM
technique for use with 3-level DAC unit elements has been
achieved. The method invented comprises, firstly, the follow-
ing steps: (1) providing a multi-bit DAC, constructed from
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three-level state elements, wherein these state elements com-
prise a positive element, a negative element, and a mid-point
element, (2) setting factor N=(number of analog levels of the
DAC)-1, (3) setting a variable indicating a next element
pointer (last) to: NE pointer (last)=0, and (4) setting a variable
m=DAC digital input code (0<=m<=N), and (5) calculating
S=2xm-N. The next process steps comprise (6) checking if
S>0 and, if so, setting number of positive state elements to S
and go to step (8), else go to step (7), (7) checking if S<0 and,
if so, setting number of negative state elements to absolute
value of ISI, else go directly to step (8), and (8) setting number
of mid-point state elements to absolute value of N-ISI. The
last steps of the method comprise (9) rotating next element
selection pointer by moving next element selection pointer to:
NE pointer (new)=NE pointer (last)+|SImodN, (10) checking
if all DAC input codes are applied, and if so, go to step (11),
else switch to next DAC input code m and go to step (4); and
(11) exit.

[0046] In accordance with the objects of this invention a
method to reduce reference loading with advantages of
reduced power and voltage droop when a tri-level scheme is
applied to switched capacitor (S/C) DAC implementations
has been achieved. The method invented comprises, firstly,
the following steps: (1) providing a switched capacitor multi-
bit DAC, constructed from three-level state elements,
wherein these state elements comprise a positive element, a
negative element, and an element corresponding to a mid-
point element, (2) setting factor N=(number of analog levels
of'the DAC)-1, and (3) setting a variable m DAC digital input
code (0<=m<=N). The next steps of the method are (4) check-
ing if m=N/2 and, if so, connecting 2m-N elements to the
positive state reference and 2N-2m to the mid-point state
reference and go to step (6), else go to step (5), (5) connecting
N-2m capacitors to the negative state reference and connect-
ing 2m capacitors to the midpoint state, and, finally, (6) exit.

[0047] In accordance with the objects of this invention a
system to achieve a single-ended 3-level switched capacitor
DAC implementation, driven by a rotation-based first-order
noise-shaping Dynamic Element Matcher, having any num-
ber N+1 analog levels, has been achieved. The system
invented comprises, firstly, N capacitors, wherein a first ter-
minal of each capacitor is connected to a correspondent ter-
minal of N arrangements of switches and a second terminal of
each capacitor is connected to a first terminal of a sixth
switching means and to a first terminal of a seventh switching
means, and said N arrangements of switches, each compris-
ing: a first switching means, wherein a first terminal is con-
nected to a positive reference voltage and a second terminal is
connected to second terminals ofa second and third switching
means and to the first terminal of the correspondent capacitor
of said N capacitors, a second switching means, wherein a
first terminal is connected to a mid-point reference voltage
and a second terminal is connected to the second terminals of
said first and third switching means, a third switching means,
wherein a first terminal is connected to a negative reference
voltage and a second terminal is connected to the second
terminals of the first and third switching means, and a fifth
switching means, being clocked by a second clocking pulse,
wherein a first terminal is connected to an output of the DAC
and a second terminal is connected to the first terminal of the
correspondent capacitor of said N capacitors. Furthermore
the system invented comprises the sixth switching means,
being clocked by a first clocking pulse, wherein a second
terminal is connected to a ground reference voltage, the sev-
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enth switching means, being clocked by the second clocking
pulse, wherein a second terminal is connected to a first input
of an amplifying means and to a first terminal of a feedback
capacitor, The amplifying means, wherein a second input is
connected to ground reference voltage and its output is the
output of the DAC, and the feedback capacitor, wherein a
second terminal is connected to the output of the amplifying
means.

[0048] In accordance with the objects of this invention a
system to achieve a differential 3-level switched capacitor
DAC implementation, driven by a rotation-based first-order
noise-shaping Dynamic Element Matcher, having any num-
ber N+1 analog levels, has been disclosed. The system
invented comprises, firstly, a first half of the differential
implementation comprising N capacitors, wherein a first ter-
minal of each capacitor is connected to a correspondent ter-
minal of N switching arrangements and a second terminal of
each capacitor is connected to a first terminal of a sixth
switching means and to a first terminal of a seventh switching
means, and said N switching arrangements, each comprising:
a first switching means, wherein a first terminal is connected
to a positive reference voltage and a second terminal is con-
nected to second terminals of a second and third switching
means and to the first terminal of the correspondent capacitor
of said N capacitors, a second switching means, wherein a
first terminal is connected to a mid-point reference voltage
and a second terminal is connected to said second terminals of
said first and third switching means, a third switching means,
wherein a first terminal is connected to a negative reference
voltage and a second terminal is connected to said second
terminals of said first and third switching means, and a fifth
switching means, being clocked by a second clocking pulse,
wherein a first terminal is connected to a first output of the
DAC and a second terminal is connected to the first terminal
of'the correspondent capacitor of said N capacitors. Further-
more the system invented comprises the sixth switching
means, being clocked by the first clocking pulse, wherein a
second terminal is connected to a ground reference voltage,
the seventh switching means, being clocked by the second
clocking pulse, wherein a second terminal is connected to a
first input of a differential amplifying means and to a first
terminal of a first feedback capacitor, the differential ampli-
fying means having said first and a second input and a first and
a second output, wherein said outputs are differential outputs
of'the DAC, and the first feedback capacitor, wherein a second
terminal is connected to the first output of said amplifying
means. Moreover the system comprises a second half of the
differential implementation comprising: a second set of N
capacitors, wherein a first terminal of each capacitor is con-
nected to a correspondent terminal of a second set of N
switching arrangements and a second terminal of each
capacitor is connected to a first terminal of an eighth switch-
ing means and to a first terminal of a ninth switching means,
the second set of N switching arrangements, each comprising:
a first switching means, wherein a first terminal is connected
to a positive reference voltage and a second terminal is con-
nected to second terminals of a second and third switching
means and to the first terminal of the correspondent capacitor
of said N capacitors, a second switching means, wherein a
first terminal is connected to a mid-point reference voltage
and a second terminal is connected to said second terminals of
said first and third switching means, a third switching means,
wherein a first terminal is connected to a negative reference
voltage and a second terminal is connected to said second
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terminals of said first and third switching means, and a fifth
switching means, being clocked by a second clocking pulse,
wherein a first terminal is connected to the second output of
the DAC and a second terminal is connected to the first
terminal of the correspondent capacitor of said N capacitors.
Furthermore the system invented comprises the eighth
switching means, being clocked by the first clocking pulse,
wherein a second terminal is connected to ground reference
voltage, the ninth switching means, being clocked by the
second clocking pulse, wherein a second terminal is con-
nected to the second input of the differential amplifying
means and to a first terminal of a second feedback capacitor,
and said second feedback capacitor, wherein a second termi-
nal is connected to the second output of said amplifying
means.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] In the accompanying drawings forming a material
part of this description, there is shown:

[0050] FIG. 1 prior art shows a typical switched capacitor
(S8/C) implementation for a N+1 level multi-bit DAC using the
well-known direct charge transfer (DCT) method.

[0051] FIG. 2 prior art illustrates a dependency of a refer-
ence charge on a DAC input code.

[0052] FIG. 3 prior art illustrates a Data Weighted Averag-
ing algorithm (DWA).

[0053] FIG. 4 illustrates how a DAC using 3-level elements
can be derived from a DAC using 2-elements

[0054] FIG. 5 illustrates a comparison of a Q+ reference
charge required using 3-level DAC elements versus 2-level
DAC elements for N=32.

[0055] FIG. 6 illustrates a single-ended 3-level DAC imple-
mentation of the present invention.

[0056] FIG.7 shows a differential 3-level DAC variant with
optional VCOM reference source of the present invention.
[0057] FIG. 8a-c illustrate multiple differential cancella-
tions of VCOM errors.

[0058] FIG.9 illustrates a new DEM algorithm invented for
a 3-level DAC.
[0059] FIG. 10 shows signal-band noise floor detail for

differential DAC 2-level elements and DWA DEM.

[0060] FIG. 11 illustrates signal-band noise floor detail for
differential DAC 3-level elements and new DEM algorithm
used

[0061] FIG.12 shows total harmonic distortion fora 2-level
DAC with DEM disabled

[0062] FIG. 13 illustrates total harmonic distortion for a
tri-level DAC with DEM disabled.

[0063] FIG. 14 illustrates signal-band noise floor detail for
tri-level DAC with standard 2-level DWA DEM applied.
[0064] FIG. 15 illustrates a flowchart of a method invented
for a rotation-based first order noise-shaping DEM technique
for use with 3-level DAC unit elements.

[0065] FIG. 16 illustrates a flowchart of a method invented
to reduce reference loading with advantages of reduced
power and voltage droop when a tri-level scheme is applied to
switched capacitor (S/C) DAC implementations.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0066] The preferred embodiments disclose methods and
systems to implement rotation-based Dynamic Element
Matcher (DEM) techniques suitable for multi-bit DAC imple-
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mentations. Unlike the well-known data weighted averaging
(DWA) rotation method, described by the references above in
the prior art section) and the majority of other known noise-
shaping DEM algorithms, the method invented is applicable
to DACs constructed from 3-level DAC elements.
[0067] Without a suitable DEM algorithm, using 3-level
DAC elements would be impractical in most cases.
[0068] A key advantage of using 3-level elements is that in
switched capacitor (S/C) DAC implementations, using
3-level DAC elements allows reduction of the maximum
charge that the reference voltages must provide on any clock
cycle, i.e. reduced reference currents. Reducing the reference
currents offers twin benefits of reducing both power dissipa-
tion in the reference voltage generation (important for low-
power DACs) and also reference voltage droop, which is a
source of signal distortion.
[0069] A further advantage of the DEM method of the
present invention is that for a DAC (not necessarily S/C)
constructed using an even number of DAC elements, adjacent
pairs of elements can be combined. It is thus possible to
implement a DAC with any number N analog levels using
fewer DAC elements and switches than required with 2-level
DAC elements. Simplifying the circuit implementation can
simply layout and, in S/C implementation, reduce charge
injection errors if minimum size switches are used.
[0070] In the following the purpose and description of the
new DEM method invented is explained in detail. Firstly the
motivation to achieve a reduced reference loading is outlined.
[0071] The 3-level DAC implementation invented can
reduce the reference loading in S/C DACs compared to
2-level implementations. The 3-level DAC element of the
present invention assumes ideal equi-spaced reference volt-
age levels:

[0072] V+

VCOM=(V4-+V=)/2

[0073] V-

[0074] FIG. 4 shows how a DAC implemented using three-
level elements can be derived from a DAC implemented using
two-level elements. FIG. 4 STEP 1(A) and STEP (2) show
how the DAC elements would be switched with two-level
elements for an example with m>N/2 (i.e. more capacitors
switched to V+ than V-) in a single-ended direct charge
transfer (DCT) S/C DAC implementation. m signifies the
number of capacitors switched to V+, while N signifies the
total number of capacitors.

[0075] STEP 1(B) of FIG. 4 is not normally performed, but
could be achieved as an intermediate step between STEP 1(A)
and STEP 2 by noting that N-m capacitors are connected to
V- in STEP 1(A). If these capacitors are first connected to
N-m of the capacitors charged to V+, then charge sharing
between the ideally equal capacitors gives a voltage VCOM=
(V++V-)/2 at the common node VCOM indicated. Thus, if an
ideal VCOM=(V++V-)/2 voltage was available, then STEP
(1B) could be performed instead of and equivalent to STEP
1(A) by directly connecting 2(N-m) capacitors directly to
VCOM and 2m-N capacitors to V+ voltage. A key advantage
of doing this is that fewer capacitors now connect to V+(2m-
N< for m=N/2) and hence the reference charge drops from

QA+=mx Cx(V+=Vout)=mx Cx(1-m/N)x(V+-V-),
as required in prior art, to

OB+=(2m—-N)x Cx(V+—Vout)=2m-N)x Cx(1-m/N)x
(V+-V-).

[0076] No charge is delivered by V- as no capacitors con-
nect to it in STEP 1(B) for m=N/2. If m<N/2 then it be
similarly shown that no charge is required from the V+ ref-
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erence and that only the V- reference must deliver charge
similar to the charge required from V+ voltage given above.
[0077] For a DAC with even N, no charge is required from
either of V+ and V- when m=N/2 as all capacitors are
switched to VCOM in STEP 1(B).
[0078] FIG. 5 illustrates a comparison of a Q+ reference
charge required using 3-level DAC elements versus 2-level
DAC elements for N=32. STEP 1(A) describes a 2-level DAC
and STEP 1(B) describes a tri-level DAC. FIG. 5 compares
the Q+ (Q- is identical) reference charge supplied at steady
state versus input code for a differential DAC with N=32
capacitors implemented using both STEP 1(A) and STEP
1(B) (Q+ is now non-zero for m<N/2 as one side of a differ-
ential DAC must always connect to V+, giving symmetry
around m=N/2).
[0079] FIG. 5 illustrates a key point of the present inven-
tion. In FIG. 5 the Q+ reference charge required using Step
1(B), shown in curve 51, is compared versus the reference
charge required using STEP 1(A), shown in curve 50. The
vertical coordinate shows the relative V+ reference charge
required in percentage of reference charge required using
STEP 1(A). It can be seen that the peak reference charge (and
hence the current) using STEP 1(B) is only 25% of that using
STEP 1(A). Thus any ohmic drop of the reference voltage is
reduced by 75% and power delivered by V+ is reduced by
75%. These 75% reductions are general and not specific to the
example N=32.
[0080] This can be proven by finding and comparing maxi-
mum values of QA+ and QB+:
[0081] Using STEP 1(A):

dQA+/dm=Cx(V+-V=-)x(1-2m/N)=0 (1¥ derivative to

find maximum)

results in maximum value for:

m=N/2 and hence

QA+(max)=(V+-V-)xNxC/2.
[0082] Furthermore using STEP 1(B)

dQB+/dm=Cx(V+-V=-)x(3-4m/N)=0 (1¥ derivative to
find maximum)

results in maximum value for:

m=3N/4 and hence

QOB+(max)=(V+-V-)xNxC/8=QA4+(max)/4, (i.e. 75%
less than using STEP 1 (4)!).

[0083] It should be noted that the methods invented could
be applied to current-steering DAC implementations as well.
[0084] FIG. 6 and FIG. 7 show possible single ended and
differential implementations of S/C DACs using the 3-level
element of the present invention.

[0085] FIG. 6 shows a single ended DAC having N+1 ana-
log levels. N DAC elements give N+1 levels because the count
starts with zero until N. The single-ended DAC comprises N
capacitors C1-CN and N arrangement of switches, each com-
prising a first switch 60 connected to positive reference volt-
age, a second switch 61 connected to a mid-point reference
voltage, a third switch 62 connected to a negative reference
voltage, a fourth switch 63, clocked by clocking pulse CK1
shown also in FIG. 6, and deployed between the switches
60-62 and a correspondent capacitor of the capacitors C1-CN,
and a fifth switch 64 clocked by clocking pulse CK2 shown
also in FIG. 6, and deployed between the switches 60-62 and
a correspondent capacitor of the capacitors C1-CN. Further-
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more the single-ended DAC comprises a sixth switch 65,
clocked by the clocking pulse CK1, deployed between second
terminals of the capacitors C1-CN and a ground reference
voltage, and a seventh switch 66, clocked by the clocking
pulse CK2, deployed between second terminals of the capaci-
tors C1-CN and a first input terminal of a differential ampli-
fier 67. An output feedback capacitor COUT is deployed
between an output of the amplifier 67 and its first input ter-
minal.

[0086] Instead ofthe ground reference voltage another suit-
able reference voltage could be used as well. This applies for
the single ended DAC and also for the differential DAC.
[0087] Asasecond embodiment the fourth switch 63 can be
omitted, provided the three switches 60-62 are open when
clocking pulse CK1 is low. This can be arranged with the
control logic of switches 60-62.

[0088] Furthermore, switches 65 and 66 can use clocks,
which are slightly time-advanced relative to CK1 and CK2,
i.e. switch 65 would be controlled by a clock that rises slightly
before CK1 rises and falls slightly before CK1 falls.

[0089] FIG. 7 shows a differential DAC having N+1 analog
levels. The same numerals for switches having the same func-
tions as outlined in FIG. 6 have been used in FIG. 7 as well.
There are now have twice as many capacitors intotal (2N), the
halves of the differential implementation will act as mirror
images of each other and so there are still N+1 output levels
The amplifier 70 has two output terminals.

[0090] As outlined above for the single ended DAC the
fourth switch 63 can be omitted, provided the three switches
60-62 are open when clocking pulse CK1 is low. This can be
arranged with the control logic of switches 60-62.

[0091] Likewise, switches 65 and 66 can use clocks, which
are slightly time-advanced relative to CK1 and CK2, i.e.
switch 65 would be controlled by a clock that rises slightly
before CK1 rises and falls slightly before CK1 falls.

[0092] It should be noted that the differential implementa-
tion is much preferred for the following key reasons:

[0093] VCOM can be created by shorting capacitors
from both sides of the differential circuit as shown by the
thick line 70 of FIG. 7. Thus an additional circuit with
attendant power dissipation to generate VCOM is not
required.

[0094] Deviations of VCOM from exactly (V+-V-)/2
are cancelled by the differential nature of the circuit.
This is of paramount importance in achieving low dis-
tortion as it may be very difficult to generate the mid-
point reference exactly midway between the other two
references in practice. FIG. 8a-c show the differential
cancellation of VCOM errors in detail.

[0095] FIG. 16 illustrates a flowchart of a method invented
to reduce reference loading with advantages of reduced
power and voltage droop when a tri-level scheme is applied to
switched capacitor (S/C) DAC implementations. Step 160
illustrates the provision of a switched capacitor multi-bit
DAC, constructed from three-level state elements, wherein
these state elements comprise a positive element, a negative
element, and an element corresponding to a mid-point ele-
ment. Step 161 illustrates the setting of factor N=(number of
tri-level elements of the DAC)-1. Step 162 shows the setting
of variable m=DAC digital input value (0=m=N). Step 163
describes checking if m>=N/2 and, if so, connecting (2m-N)
capacitors to the positive state reference and connecting 2(N-
m) capacitors to the mid-point reference and go to step 165.
Step 164 illustrates checking if m<N/2 and, if so, connecting
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(N-2m) capacitors are switched to the negative state refer-
ence and connecting 2m capacitors to the mid-point state
reference and go to step 165. Step 165 is the exit step for the
switching connections of the DAC.

[0096] FIG. 8a shows a DAC output wherein a differential
circuit has a non-linearity on the positive side caused by a
VCOM error. FIG. 85 shows a DAC output wherein a differ-
ential circuit has a non-linearity on the negative side caused
by a VCOM error, while FIG. 8¢ shows an differential DAC
output wherein a positive/negative difference cancels VCOM
error component common to both sides.

[0097] While the reduced reference loading motivation of
the present invention was outlined above, follows now a
detailed description of the new DEM algorithm invented:
[0098] A DAC implemented per STEP 1(B) uses 3-levels
per DAC element with states V-, VCOM and V+; standard
2-level DEM matching methods such as DWA do not give
noise-shaped DEM when applied to such DACs and hence a
new tri-level DEM algorithm is required to make them prac-
tical (distortion caused by mismatches will almost certainly
be unacceptable without DEM for most applications). FIG. 9
shows an example of a new rotation-based DEM method
invented (example for N=8).

[0099] Now follows a description of the new DEM algo-
rithm invented and a comparison with the DWA method.
[0100] For both DWA and its variants and the new DEM
algorithm presented, it is usual (though not essential) for the
digital input bits D1-DN to be presented as a thermometer
code, i.e. all DAC elements, set to the same state, occupy
adjacent D1-DN bit positions (as shown in FIG. 3 prior art for
an example for DWA), not scattered throughout the D1-DN
bit positions.

[0101] Forstandard DWA with 2-level element, the number
of'elements connected to the +1 state (e.g. V+ fora S/C DAC)
and the -1 state/e.g. V- for a S/C DAC) for input code m is:

+1 state elements=m

-1 state elements=N-m
[0102] and the DWA algorithm rotates next element (NE)
selection pointer by (see FIG. 3 for an example):

NE pointer (new)=(NE pointer (last)+m) mod N

(modulo operation)
[0103]
tity

For the new tri-level method invented, first the quan-

S=2m-N
is computed. Then

If $>0, number of state +1 state elements (e.g. V+ina
S/C DAC)=S

If $<0, number of state —1 state elements (e.g. V- ina
S/C DAC)=IS|

[0104] It should be noted that there are never different
elements present set to states +1 and -1 at the same time, only
ever (+1), (+1 & VCOM), (VCOM), (-1 & VCOM), and (-1)
combinations arise. The next element selection pointer now
moves by:

NE pointer (new)=(NE pointer (last)+IS1) mod ¥

[0105] FIG. 9 shows an example of the new invented DEM
algorithm element selection and state connection for the case
N=8 (a 9-level DAC).

[0106] Another key point is that the pointer now always
moves by multiples of 2 DAC elements. Thus for even N, the
same adjacent element pairs will be repeatedly set to identical
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states as the pointer wraps around, and thus it is possible to
combine them into one element, gaining key benefits from
sharing their switches in S/C DAC implementations. The
advantages are

[0107] reduced circuit complexity and switch signal
routing
[0108] reduced switch feed-through and charge injection

errors if minimum size switches are used.

[0109] FIG. 15 illustrates a flowchart of a method invented
for a rotation-based first order noise-shaping DEM technique
for use with 3-level DAC unit elements. Step 150 describes
the provision of a multi-bit DAC, constructed from three-
level state elements, wherein these state elements comprise a
positive element, a negative element, and a mid-point ele-
ment. Step 151 illustrates the setting of factor N=number of
tri-level elements of the DAC-1 and in step 152 the variable
“next element pointer (last)” is set to: NE pointer (last)=0.
Step 153 comprises the setting of variable m=DAC digital
input value (0<=m<=N).
[0110] In step 154 the factor S=2xm-N is calculated. Step
155 is a check if S>0 and, if so, setting the number of positive
state elements to S and go to step 157, otherwise go to step
156. Step 156 is a check if S<0 and, if so, setting the number
of negative state elements to the absolute value of IS| and go
to step 157, otherwise the process flow goes directly to step
157. Step 157 describes setting the number of mid-point state
elements to N-ISI. In step 158 a next element selection
pointer is rotating by moving next element selection pointer
to: NE pointer (new)=NE pointer (last)+IS| mod N. In step
159 the next element pointer (last) is reset to NE pointer
(last)=NE pointer (new) and in step 1590 the process flow
goes back to step 153 and switches to next DAC input code m
until all state elements have been applied.
[0111] It should be understood that other rotation based
techniques than the preferred embodiment described above
are possible as well.
[0112] There are alternative embodiments of the DEM
method of the present invention possible, below are some
examples, but not limited to, of such alternative embodiments
of the DEM methods.
[0113] 1. Any tri-level DEM method variants of the present
invention based on DWA techniques intended to suppress
tonal DWA behaviour, such as:

[0114] “randomized DWA” (see Vadipour reference of

prior art section (IEEE Trans.

[0115] Circuits and Systems-II, Vol. 47, No. 11, November
2000, pp 1137-1144, “Techniques for Preventing Tonal
Behavior of Data Weighted Averaging Algorithm in A-Z
Modulators” by M. Vadipour

[0116] adding modulator dither
[0117] adding extra elements to change tone frequen-
cies,

as these are easily created by applying the relevant DWA
modifications to the new DEM algorithm invented.

[0118] 2. Variants of the new tri-level DEM method
invented in which the rotation algorithm spans both sides of a
differential circuit as one large capacitor bank instead of
using 2 separate independently-rotated capacitor banks for
each side of the circuit (i.e. elements marked C1+ to CN+ and
C1- to CN- are swapped between the positive and negative
sides of the differential DAC shown in FIG. 7 instead of being
always allocated to one side).

[0119] 3. Extensions of the new 3-level DEM algorithm
invented to a DAC construction using M-level elements by
any recursive application of the new 3-level DEM algorithm
to create new DAC reference levels positioned between exist-
ing levels.
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[0120] 4. Combinations of the new DEM algorithm
invented with other switching arrangements (DEM or non
DEM), such as a combination with the (non-DEM) constant
reference loading described by patents of applicant Wolfson
Microelectronics PLC, such as U.S. Pat. No. 6,952,176 and
U.S. Pat. No. 6,573,850 cited earlier.

[0121] Asproof-of concept FIG. 10 and FIG. 11 show noise
floor details to 40 kHz for two differential DAC implementa-
tions with N=32 (i.e. 33 output levels each DAC) with 2-level
DAC elements and DWA DEM and 3-level implementations
as per FIG. 7 using the new DEM algorithm invented. FIG. 10
shows signal-band noise floor detail for differential DAC
2-level elements and DWA DEM, while FIG. 11 illustrates
signal-band noise floor detail for differential DAC 3-level
elements and new DEM algorithm used. All DAC elements
have Gaussian deviations from ideal with a standard deviation
01 0.5%. Both DACs of FIG. 10 and FIG. 11 are driven by a
5-bit 3"%-order delta delta-sigma modulator with 64K over-
sampling (for a 24 kHz signal band) and the modulator is
dithered.

[0122] FIG. 12 shows total harmonic distortion (THD) for
a 2-level DAC with DEM disabled while FIG. 13 illustrates
THD for a 3-level DAC also with DEM disabled. Both FIGS.
12-13 illustrate the need for DEM to deal with typical mis-
match levels to achieve low distortion.

[0123] FIG. 14 illustrates signal-band noise floor detail for
tri-level DAC with standard 2-level DWA DEM (i.e. moving
the element selection pointer by m) applied to the tri-level
DAC instead of the new DEM algorithm invented (i.e. mov-
ing the pointer by ISI). FIG. 14 clearly illustrates that standard
DWA will not work for a DAC with tri-level elements. The
DAC of FIG. 14 is linearized by the randomizing effect of the
DWA rotation, but the elevated, flat noise floor shows that
noise shaping is not achieved, with consequent degradation of
signal-to-noise ratio, confirming the need for the new DEM
algorithm invented.

[0124] While the invention has been particularly shown and
described with reference to the preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without
departing from the spirit and scope of the invention.

What is claimed is:

1. A method for a rotation-based first order noise-shaping
DEM technique for use with 3-level DAC unit elements com-
prising the following steps:

(1) providing a multi-bit DAC, constructed from three-
level state elements, wherein these state elements com-
prise a positive element, a negative element, and a mid-
point element;

(2) setting factor N=(number of analog levels of the DAC)-
1;

(3) setting NE pointer (last)=0;

(4) setting a variable m=DAC digital input code
(0<=m<=N);

(5) calculating S=2xm-N;

(6) checking if S>0 and, if so, setting number of positive
state elements to S and go to step (8), else go to step (7);

(7) checking if S<0 and, if so, setting number of negative
state elements to absolute value of S|, else go directly to
step (8):

(8) setting number of mid-point state elements to absolute
value of N-[S;

(9) rotating next element selection pointer by moving next
element selection pointer to: NE pointer (new)=NE
pointer (last)+|S| mod N;

Sep. 30, 2010

(10) checking if all DAC input codes are applied, and if so,
gotostep (11), else switch to next DAC input code m and
go to step (4); and

(11) exit.

2. The method of claim 1 wherein said 3-level DAC is a
switched capacitor DAC.

3. The method of claim 2 wherein the said switched capaci-
tor DAC has a single-ended implementation.

4. The method of claim 2 wherein the said switched capaci-
tor DAC has a differential-ended implementation.

5. The method of claim 4 wherein said mid-point state
element is created by shorting capacitors from both sides of
the differential circuit.

6. The method of claim 5 wherein the rotation-based DEM
technique spans both sides of a differential circuit as one large
capacitor bank.

7. The method of claim 1 wherein N digital input codes are
presented as thermometer code.

8. The method of claim 1 wherein, for even N, same adja-
cent state element pairs are repeatedly set to identical states
and combining them into one element.

9. The method of claim 1 wherein any tri-level DEM vari-
ant, based on DWA technique and intended to suppress tonal
DWA behavior is applied to said DEM technique.

10. The method of claim 9 wherein a randomized DWA
method is applied to said DEM technique.

11. The method of claim 9 wherein modulator dither is
added to said DEM technique.

12. The method of claim 9 wherein extra elements to
change tone frequencies are added to said DEM technique.

13. The method of claim 1 wherein said DEM technique is
extended using M-level elements by any recursive application
of said DEM technique to create new DAC reference levels
positioned between existing levels.

14. The method of claim 1 wherein said DEM technique is
combined with any other switching arrangement.

15. The method of claim 14 wherein said DEM technique
is combined with a constant reference loading technique.

16. A method to reduce reference loading with advantages
of reduced power and voltage droop when a tri-level scheme
is applied to switched capacitor (S/C) DAC implementations
comprising the following steps:

(1) providing a switched capacitor multi-bit DAC, con-
structed from three-level state elements, wherein these
state elements comprise a positive element, a negative
element, and an element corresponding to a mid-point
element;

(2) setting factor N=(number of analog levels of the DAC)-

1;

(3) setting a variable m=DAC digital input code
(0<=m<=N);

(4) checking if m=N/2 and, if so, connecting 2m-N ele-
ments to the positive state reference and 2N-2m to the
mid-point state reference and go to step (6), else go to
step (5):

(5) connecting N-2m capacitors to the negative state ref-
erence and connecting 2m capacitors to the midpoint
state; and

(6) exit.

17. The method of claim 16 wherein said switched capaci-
tor DAC has a single-ended implementation.

18. The method of claim 16 wherein said switched capaci-
tor DAC has a differential-ended implementation.
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19. The method of claim 18 wherein the rotation-based
DEM technique spans both sides of the differential circuit as
one large capacitor bank.

20. The method of claim 16 wherein said mid-point state
element is created by shorting capacitors from both sides of
the differential circuit.

21. The method of claim 16 wherein N digital input codes
are presented as thermometer code.

22. The method of claim 16 wherein, for even N, same
adjacent element pairs are repeatedly set to identical states
and combining them into one element.

23. A system for a single-ended 3-level switched capacitor
DAC implementation, driven by a rotation-based first-order
noise-shaping Dynamic Element Matcher, having any num-
ber N+1 analog levels, comprises:

N capacitors, wherein a first terminal of each capacitor is
connected to a correspondent terminal of N arrange-
ments of switches and a second terminal of each capaci-
tor is connected to a first terminal of a sixth switching
means and to a first terminal of a seventh switching
means:

said N arrangements of switches, each comprising:

a first switching means, wherein a first terminal is con-
nected to a positive reference voltage and a second
terminal is connected to second terminals of a second
and third switching means and to the first terminal of
the correspondent capacitor of said N capacitors;

a second switching means, wherein a first terminal is
connected to a mid-point reference voltage and a sec-
ond terminal is connected to said second terminals of
said first and third switching means;

a third switching means, wherein a first terminal is con-
nected to a negative reference voltage and a second
terminal is connected to said second terminals of said
first and third switching means; and

a fifth switching means, being clocked by a second
clocking pulse, wherein a first terminal is connected
to an output of the DAC and a second terminal is
connected to the first terminal of the correspondent
capacitor of said N capacitors;

said sixth switching means, being clocked by a first clock-
ing pulse, wherein a second terminal is connected to a
ground reference voltage;

said seventh switching means, being clocked by the second
clocking pulse, wherein a second terminal is connected
to a first input of an amplifying means and to a first
terminal of a feedback capacitor;

said amplifying means wherein a second input is connected
to ground reference voltage and its output is the output of
the DAC; and

said feedback capacitor, wherein a second terminal is con-
nected to the output of said amplifying means.

24. The system of claim 23 wherein all said first, second
and third switching means are opened when said first clock
pulse is low.

25. The system of claim 23 wherein said sixth switching
means is clocked by a clocking pulse that is slightly time
advanced relative to said first clocking pulse.

26. The system of claim 23 wherein said seventh switching
means is clocked by a clocking pulse that is slightly time
advanced relative to said second clocking pulse.

27. The system of claim 23 wherein said switching means
are transistors.
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28. The system of claim 23 wherein a fourth switching
means is deployed in all said N switching arrangements,
wherein a first terminal is connected to the second terminals
of said first, second and third switching means and a second
terminal is connected to said first terminal of said correspon-
dent capacitor of said N capacitors, and wherein it is being
clocked by said first clocking pulse.

29. A differential 3-level switched capacitor DAC imple-
mentation, driven by a rotation-based first-order noise-shap-
ing Dynamic Element Matcher, having any number N+1 ana-
log levels, comprises:

N capacitors, wherein a first terminal of each capacitor is
connected to a correspondent terminal of N switching
arrangements and a second terminal of each capacitor is
connected to a first terminal of a sixth switching means
and to a first terminal of a seventh switching means:

said N switching arrangements, each comprising:

a first switching means, wherein a first terminal is con-
nected to a positive reference voltage and a second
terminal is connected to second terminals of a second
and third switching means and to the first terminal of
the correspondent capacitor of said N capacitors;

a second switching means, wherein a first terminal is
connected to a mid-point reference voltage and a sec-
ond terminal is connected to said second terminals of
said first and third switching means;

a third switching means, wherein a first terminal is con-
nected to a negative reference voltage and a second
terminal is connected to said second terminals of said
first and third switching means; and

a fifth switching means, being clocked by a second
clocking pulse, wherein a first terminal is connected
to a first output of the DAC and a second terminal is
connected to the first terminal of the correspondent
capacitor of said N capacitors;

said sixth switching means, being clocked by the first
clocking pulse, wherein a second terminal is connected
to a ground reference voltage;

said seventh switching means, being clocked by the second
clocking pulse, wherein a second terminal is connected
to a first input of a differential amplifying means and to
a first terminal of a first feedback capacitor;

said differential amplifying means having said first and a
second input and a first and a second output, wherein
said outputs are differential outputs of the DAC;

said first feedback capacitor, wherein a second terminal is
connected to the first output of said amplifying means;

a second set of N capacitors, wherein a first terminal of
each capacitor is connected to a correspondent terminal
of a second set of N switching arrangements and a sec-
ond terminal of each capacitor is connected to a first
terminal of an eighth switching means and to a first
terminal of a ninth switching means:

said second set of N switching arrangements, each com-
prising:

a first switching means, wherein a first terminal is con-
nected to a positive reference voltage and a second
terminal is connected to second terminals of a second
and third switching means and to the first terminal of
the correspondent capacitor of said N capacitors;

a second switching means, wherein a first terminal is
connected to a mid-point reference voltage and a sec-
ond terminal is connected to said second terminals of
said first and third switching means;
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a third switching means, wherein a first terminal is con-
nected to a negative reference voltage and a second
terminal is connected to said second terminals of said
first and third switching means; and

a fifth switching means, being clocked by a second
clocking pulse, wherein a first terminal is connected
to the second output of the DAC and a second terminal
is connected to the first terminal of the correspondent
capacitor of said N capacitors;

said eighth switching means, being clocked by the first
clocking pulse, wherein a second terminal is connected
to ground reference voltage;

said ninth switching means, being clocked by the second
clocking pulse, wherein a second terminal is connected
to the second input of the differential amplifying means
and to a first terminal of a second feedback capacitor;
and

said second feedback capacitor, wherein a second terminal
is connected to the second output of said amplifying
means.

30. The system of claim 29 wherein all said mid-point

reference voltages are interconnected.
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31. The system of claim 29 wherein said switching means
are transistors.

32. The system of claim 29 wherein all said first, second
and third switching means are opened when said first clock
pulse is low.

33. The system of claim 29 wherein said sixth and eighth
switching means are clocked by a clocking pulse that is
slightly time advanced relative to said first clocking pulse.

34. The system of claim 29 wherein said seventh and ninth
switching means are clocked by a clocking pulse that is
slightly time advanced relative to said second clocking pulse.

35. The system of claim 29 wherein said switching means
are transistors.

36. The system of claim 29 wherein a fourth switching
means is deployed in both N switching arrangements,
wherein a first terminal is connected to the second terminals
of said first, second and third switching means and a second
terminal is connected to said first terminal of said correspon-
dent capacitor of said N capacitors, and wherein it is being
clocked by said first clocking pulse.
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