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METHOD AND APPARATUS FOR CYCLIC 
RETURN TO ZERO TECHNIQUES FOR DIGITAL 

TO ANALOG CONVERTORS 

BACKGROUND 

[0001] 1. Field of the Invention 

[0002] This invention relates generally to the ?eld of 
digital to analog conversion. In particular, the invention 
relates to implementing cyclic return to Zero techniques for 
digital to analog converters. 

[0003] 2. Description of Related Art 

[0004] Ideally, a digital-to-analog converter (DAC) With a 
continuous-time output (e.g., a Zero-order-hold output as 
opposed to a sWitched-capacitor output) converts an input 
signal, represented as a sequence of digital numbers, into an 
analog output Waveform, represented as a time-varying 
voltage or current, Without introducing any error. HoWever, 
practical DACs introduce error consisting of random noise, 
linear distortion, and nonlinear distortion. The term noise is 
generally used to denote error that is not correlated With the 
DAC input signal, the term linear distortion is generally used 
to denote error that is linearly related to the input signal, and 
the term nonlinear distortion (also called harmonic distor 
tion) is generally used to denote error that is nonlinearly 
related to the input signal. 

[0005] In high precision DACs With continuous-time out 
puts, the overall DAC error is often dominated by nonlinear 
distortion. HoWever, in many applications, such as high 
?delity audio systems and transmitters for Wireless commu 
nications, nonlinear distortion of a given poWer is more 
problematic than noise and linear distortion of comparable 
poWer. Unfortunately, to avoid introducing nonlinear distor 
tion it is not only necessary for the DAC output to settle to 
the correct output level by the end of each sample period, but 
the transient associated With the settling process must not 
contain nonlinear distortion. In many high-performance 
DACs With continuous-time outputs, nonlinear transient 
settling behavior is the dominant source of nonlinear dis 
tortion. 

[0006] For eXample, assume X[n] represents the digital 
input sequence to a given DAC, and assume y(t) represents 
the continuous-time analog output Waveform generated by 
the DAC in response to Since X[n] is a discrete-time 
sequence, and y(t) is a continuous-time function, a DAC 
performs interpolation to convert the sequence of discrete 
numbers into a continuous-time Waveform. A common type 
of interpolation used is Zero-order-hold interpolation, Which 
sets y(t)=otX[n]+[3 during each sample interval, i.e., during 
nT§t<(n+1)T for each integer n, Where 0t is a constant scale 
factor, [3 is a constant offset, and T is the sample period of 
the input sequence. In this case, during each sample interval, 
y(t) is held constant at a level Which, neglecting the constant 
offset, is proportional to the corresponding discrete value of 
the input sequence. At the end of each sample interval, i.e., 
at each time (n+1)T, the output Waveform abruptly jumps to 
the level corresponding to the neXt input sample value, i.e., 
otx[n+1]+[3. 
[0007] Since no physical device can generate a truly 
discontinuous Waveform, Zero-order-hold interpolation is an 
idealiZation; i.e. practical DACs can only approximate the 
Zero-order-hold behavior. Therefore, a transient error Wave 
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form can be de?ned as the difference betWeen the actual 
interpolation function implemented by the DAC and ideal 
Zero-order-hold interpolation. In many DACs, it is also 
possible to de?ne a discrete error sequence that represents 
errors not associated With the interpolation process such as 
often arise from component mismatches. Therefore, in gen 
eral the output of the DAC is given by 

[0008] for each value of n, Where ed[n] is the discrete error 
and et(t) is the transient error. Well knoWn techniques such 
as dynamic element matching can be used to reduce non 
linear distortion contributed by the discrete error sequence 
of the DAC if necessary. Therefore, to simplify the presen 
tation the discrete error sequence is ignored or assumed to be 
Zero throughout much of the patent. To further simplify the 
presentation, the DAC offset, [3, is assumed to be Zero 
Without loss of generality. 

[0009] FIG. 1 provides a comparison betWeen represen 
tative continuous-time output Waveforms from an idealiZed 
DAC With ideal Zero-order-hold interpolation, and from a 
typical practical DAC that only approximates Zero-order 
hold interpolation. More particularly, FIG. 1 shoWs repre 
sentative continuous-time DAC output Waveforms: the top 
Waveform 102 corresponds to ideal Zero-order-hold inter 
polation, the middle Waveform 104 represents the approxi 
mate Zero-order-hold interpolation typically implemented 
by practical DACs, and the bottom Waveform 106 represents 
the transient error betWeen the actual and ideal interpola 
tions. The bottom Waveform 106 is the transient error 
associated With the practical DAC; i.e. it is the difference 
betWeen the top and middle Waveforms 102 and 104, respec 
tively. As is illustrated in FIG. 1, and Which tends to be true 
in general, the transient error consists of a train of transient 
pulses each of Which starts at the beginning of a sample 
period and asymptotically approaches Zero. It should be 
noted that if the discrete error sequence Were not Zero, the 
transient pulse originating in the nth sample period Would 
asymptotically approach ed[n]. Therefore, the transient error 
can be Written in the form: 

[0010] Where pn(t) is the transient pulse associated With 
the nth sample interval. Typically, pn(t) is causal, has a peak 
at t=0, and has a shape that depends nonlinearly on both the 
(n-l)th and nth DAC input samples. 
[0011] As discussed previously, it is desirable to avoid 
having the transient error introduce nonlinear distortion. 
Therefore, it is undesirable to have a nonlinear relationship 
betWeen the transient pulses and the DAC input values. In 
general, it is not possible to eliminate the transient pulses, 
but it is possible to design a DAC With transient error that 
consists of uniformly shaped and spaced transient pulses 
each of Which is scaled by the corresponding input sequence 
sample. To the eXtent that this is done, nonlinear distortion 
is eliminated from the transient error. TWo prior art methods 
of achieving this result Will noW be discussed. 

[0012] Both of the prior art methods involve multiple 
one-bit DACs, i.e., DACs Whose inputs are one-bit 
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sequences, Which are combined to yield a composite multi 
bit DAC. FIG. 2 is a block diagram illustrating an exem 
plary composite DAC 200 comprising eight one-bit DACs 
2021-2028 and summing operation 206 that can be utiliZed in 
implementing the tWo prior art methods. The overall DAC 
input, x[n], is a sequence of 4-bit numbers each of Which is 
restricted to the set {—4, —3, —2, —1, 0, 1, 2, 3, 4}. It is 
assumed that the four input bits in FIG. 2 have Weights —4, 
2, 1, and 1, respectively, Which can be thought of as a 
conventional 3-bit tWo’s complement number With an extra 
least-signi?cant bit. A digital logic block, such as digital 
encoder 204, converts each input sample to a unity Weighted 
8-bit number representation in Which the value of each bit is 
taken to be 1/2 When the bit is high and —1/2 When the bit is 
loW. The digital encoder 204 selects the 8 bits such that the 
sum of the resulting bit values is equal to For example, 
if x[n]=2, the digital encoder sets six of the bits labeled xi[n] 
in FIG. 2 high, and the remaining tWo bits loW. It can be 
veri?ed that if each one-bit DAC performs ideal Zero-order 
hold interpolation With an output value of A/2 When the input 
bit is high and —A/2 When the input bit is loW, then the 
overall DAC is an ideal Zero-order-hold DAC With an output 
that ranges from —4A to 4A in steps of A. Alternatively, if 
x[n] is restricted to the range {0, 1, . . . , 8}, the digital 
encoder sets x[n] of its output bits high and the rest of its 
output bits loW, and the tWo possible output levels of each 
one-bit DAC are 0 and A, then the overall DAC has an 
output that ranges from 0 to 8A in steps of A. 

[0013] In such composite DACs, e.g. composite DAC 
200, the tWo sources of nonlinear distortion in the transient 
error are the one-bit DACs 2021-2028 and the analog sum 
ming operation 206. Although the summing operation 206 
does introduce nonlinear distortion, such distortion can be 
minimiZed through the use of one-bit DACs With current 
mode (i.e., high impedance) outputs such that the outputs 
can be summed by connecting them all to a loW impedance 
load or a loW impedance ampli?er input. Therefore, in the 
folloWing it is assumed that the summing operation does not 
introduce signi?cant nonlinear distortion. 

[0014] Further, it is assumed that the folloWing tWo con 
ditions hold for the composite DAC 200: 1) if presented With 
equivalent input sequences, all of the one-bit DACs 2021 
2028 Would introduce identical transient pulses, and 2) the 
transient pulse introduced by each one-bit DAC 2021-2028 
in a given sample interval does not depend on the one-bit 
DAC’s input values during past or future sample intervals. 
In other Words, suppose that the nth transient pulse intro 
duced by each one-bit DAC 2021-2028 is ph(t—nT) if the 
DAC input bit is high or p1(t—nT) if the DAC input bit is loW, 
Where ph(t) and p1(t) are arbitrary but are common to all the 
one-bit DACs. For the composite DAC 200 With an arbitrary 
number, say N, of one-bit DACs, at the nth sample time x[n] 
of the one-bit DACs have their input bits set high and 
N—x[n] have their input bits set loW. Therefore, it folloWs 
from the original transient error equation (2) and the tWo 
conditions above that the transient error is given by: 

w <3) 
6.0) = 2 NM — M) + xtnitphu — nT) — pm — no]. 
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[0015] The functions ph(t) and p1(t) do not depend on x[n], 
so this equation (3) indicates that the transient error is 
linearly related to x[n]; only linear distortion is introduced. 
Therefore, the tWo conditions stated above are suf?cient to 
avoid nonlinear distortion in the transient error. 

[0016] KnoWn circuit layout and dynamic element match 
ing techniques can be used to achieve the ?rst of these 
conditions to a high degree of accuracy. HoWever, it can be 
veri?ed that the second condition is violated if one-bit DACs 
that approximate Zero-order-hold interpolation are used. 

[0017] The ?rst prior art technique that avoids this prob 
lem uses one-bit DACs that implement an alternate type of 
interpolation knoWn as return-to-Zero (RTZ) interpolation. 
The idea behind RTZ interpolation is to perform Zero-order 
hold interpolation, or an approximation thereof, for only a 
portion (typically half) of each sample period, and to Zero 
the output for the remainder of the sample period. In this 
Way, the output of each one-bit DAC starts from Zero at the 
beginning of every sample period, thereby eliminating the 
dependence of the transient pulses on previous one-bit DAC 
input values. 

[0018] FIG. 3 provides a comparison betWeen idealiZed 
and practical output Waveforms for a one-bit DAC example 
that illustrates a practical (i.e., physically realiZable) 
approximation to RTZ interpolation. More particularly, FIG. 
3 is a signal diagram shoWing representative continuous 
time output Waveforms from a one-bit digital to analog 
converter (DAC) With ideal Zero-order-hold interpolation 
(top Waveform 300), from a practical one-bit DAC utiliZing 
return to Zero (RTZ) interpolation (middle Waveform 302), 
and the transient error associated With the practical one-bit 
RTZ DAC (bottom Waveform 304). The top plot 300 shoWs 
the output of a one-bit DAC With ideal Zero-order-hold 
interpolation as a reference, and the middle plot 302 shoWs 
the corresponding practical version of RTZ interpolation. As 
is evident in FIG. 3, the RTZ output 302 approximates 
Zero-order-hold interpolation for the ?rst half of each sample 
interval and then settles to Zero for the remainder of the 
sample interval. The bottom plot 304 shoWs the transient 
error Which is the difference betWeen the top and middle 
plots 300 and 302, respectively. Each transient pulse noW 
consists of tWo components: the ?rst component peaks at the 
start of the sample interval and settles to Zero, and the second 
component starts half Way through and persists to the end of 
the sample interval. Nevertheless, as is evident from FIG. 3 
and Which tends to be true in general, the transient pulse in 
a given sample interval is not a function of previous or future 
one-bit DAC input samples. Therefore, the second condition 
above is satis?ed by one-bit DACs that implement practical 
RTZ interpolation. 

[0019] In summary, the ?rst prior art technique limits 
nonlinear distortion in the transient error introduced by 
composite DACs of the type shoWn in FIG. 2 through the 
use of current mode one-bit DACs that implement practical 
RTZ interpolation in conjunction With knoWn circuit layout 
and dynamic element matching techniques to promote good 
matching among the one-bit DACs. In the folloWing, the 
?rst prior art technique is referred to as the basic RTZ 
technique. 

[0020] Unfortunately, the basic RTZ technique has three 
draWbacks. The ?rst draWback is that nonlinear distortion is 
reduced relative to DACs that perform Zero-order-hold 
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interpolation at the expense of signi?cantly increased linear 
distortion. As mentioned above, RTZ interpolation gives rise 
to a second component in each transient pulse. As illustrated 
in FIG. 3, this component occupies half of the sample 
interval and has a peak magnitude equal to that of the one-bit 
DAC output Waveform, i.e., A/2. Therefore, the poWer of the 
resulting transient error in the overall DAC output is com 
parable to that of the desired signal component. As explained 
above, the error is linear distortion Which is generally 
preferable to nonlinear distortion. Nevertheless, it is still 
error and can be problematic in many applications, espe 
cially at such a high poWer level relative to the desired signal 
component. The second draWback is that only half of each 
sample period is used by the one-bit DACs to generate the 
signal component of the overall DAC. To avoid introducing 
nonlinear distortion, each one-bit DAC must fully settle to 
Zero in the second half of each sample period. Consequently, 
the approach requires one-bit DAC circuitry With approxi 
mately tWice the speed of What Would be necessary if the 
Whole sample interval could be used for the settling process. 
The third draWback is that an additional timing signal is 
required to cause the one-bit DACs to begin the return-to 
Zero process half Way through each sample interval. Most 
often, this necessitates a clock signal at tWice the sample 
frequency. 
[0021] The second prior art technique avoids the ?rst 
draWback mentioned above. It is based on the idea of 
implementing each one-bit DAC as a pair of interleaved 
one-bit RTZ sub-DACs. Hence, it is referred to as the 
dual-RTZ technique. Representative Waveforms are shoWn 
in FIG. 4 for the same one-bit DAC input sequence as in the 
basic RTZ example shoWn in FIG. 3. 

[0022] FIG. 4 is a signal diagram shoWing representative 
continuous-time output Waveforms from a pair of ?rst and 
second interleaved RTZ sub-DACs utiliZing a dual RTZ 
technique (top and middle Waveforms, 400 and 402, respec 
tively) and their sum (bottom Waveform 404). The top plot 
400 represents the output Waveform of a ?rst RTZ sub-DAC, 
and the middle plot 402 represents the output Waveform of 
a second RTZ sub-DAC. The bottom plot 404 is the output 
of the dual-RTZ one-bit DAC obtained by summing the tWo 
outputs from the RTZ sub-DACs. Each RTZ sub-DAC in 
isolation is equivalent to a one-bit DAC in the basic RTZ 
technique described above, so its output contains only linear 
distortion. Therefore, there only can be linear distortion in 
the dual-RTZ one-bit DAC output (e.g., the bottom plot 
404), because it is the sum of the tWo RTZ sub-DAC outputs. 
Consequently, the dual-RTZ technique offers the same 
advantage With respect to limiting nonlinear distortion as 
does the basic RTZ technique. HoWever, the amount of 
linear distortion introduced by the dual-RTZ technique in the 
overall DAC output is greatly reduced relative to that of the 
basic RTZ technique, because each RTZ sub-DAC tends to 
cancel the large second transient pulse component of the 
other RTZ sub-DAC. As a result, the dual-RTZ one-bit DAC 
output Waveform, e.g., the bottom plot 404, is a much better 
approximation to ideal Zero-order-hold interpolation than 
the outputs of either of the RTZ sub-DACs in isolation. 

[0023] Therefore, like the basic RTZ technique, the dual 
RTZ technique limits nonlinear distortion in the transient 
error from composite DACs of the type shoWn in FIG. 2. 
HoWever, unlike the basic RTZ technique, it does not 
introduce excessive linear distortion in the transient error, so 
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it avoids the ?rst draWback of the basic RTZ technique 
described above. Nevertheless, it is subject to the second 
tWo basic RTZ technique draWbacks described above: each 
RTZ sub-DAC in the dual-RTZ technique has the same 
settling requirements as in the basic RTZ technique and a 
timing signal is necessary to trigger the on and off portions 
of each RTZ sub-DAC. 

SUMMARY OF THE INVENTION 

[0024] The invention is brie?y summariZed by the claims 
that folloW beloW. This invention relates generally to meth 
ods and apparatuses for implementing cyclic return to Zero 
techniques for digital to analog conversion. Embodiments of 
the invention provide the bene?ts achieved by the basic RTZ 
and dual-RTZ techniques, discussed previously, With respect 
to limiting nonlinear distortion in the transient error, but are 
not subject to the previously discussed draWbacks associated 
With these techniques. Generally, embodiments of the inven 
tion disclose techniques for generating loW-distortion con 
tinuous-time output Waveforms in digital-to-analog convert 
ers (DACs) Wherein the transient errors are not correlated 
With the DAC input signal, thereby resulting in DACs With 
signi?cantly reduced nonlinear distortion. 

[0025] In one embodiment, the invention discloses a 
method for performing cyclic return to Zero (CRTZ) digital 
to analog conversion by generating at least tWo RTZ signals 
for performing digital to analog conversion. The method 
cycles betWeen tWo RTZ signal generating circuits such that 
one of the RTZ signal generating circuits is active (i.e., 
converts a digital input bit into analog form) over at least an 
entire sample period generating an active signal (i.e., has not 
returned or is not returning to Zero) While the other RTZ 
signal generating circuit returns to approximately Zero or 
other approximately constant value (i.e., it becomes inac 
tive) for the entire sample period. During the next period, the 
cycling occurs betWeen the tWo RTZ signal generating 
circuits such that the RTZ signal generating circuit that Was 
active during the previous sample period noW returns to 
approximately Zero or other approximately constant value 
and the other RTZ signal generating circuit that returned to 
approximately Zero or other approximately constant value 
during the previous sample period becomes active. In con 
trast to the dual-RTZ technique, the RTZ Waveforms in this 
method are not simply shifted versions of each other. 

[0026] In other embodiments of the invention, a cyclic 
return to Zero (CRTZ) digital to analog converter (DAC) 
includes at least tWo RTZ signal generating circuits, e.g. 
RTZ sub-DACs, to perform digital to analog conversion and 
a cycler, eg an RTZ sub-DAC cycler, to cycle betWeen the 
tWo RTZ sub-DACs. The RTZ sub-DAC cycler cycles 
betWeen the tWo RTZ sub-DACs such that one of the RTZ 
sub-DACs performs digital to analog conversion for an 
entire sample period While the other RTZ sub-DAC returns 
to approximately Zero or other approximately constant value 
for the entire sample period. During the next period, the RTZ 
sub-DAC cycler sWitches betWeen the tWo RTZ sub-DACs 
such that the RTZ sub-DAC that performed the digital to 
analog conversion during the previous sample period returns 
to approximately Zero or other approximately constant value 
and the other RTZ sub-DAC that returned to Zero or other 
approximately constant value during the previous sample 
period performs the digital analog conversion. In this fash 
ion, each RTZ sub-DAC starts from approximately Zero or 
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an approximately constant value When converting an input 
bit to analog form and utilizes an entire sample period (in 
contrast to the dual-RTZ technique in Which the RTZ sub 
DACs Zero their outputs part Way through each sample 
period). 
[0027] In further embodiments of the invention, at least 
three RTZ sub-DACs are utiliZed in either a random or a 
multi-period fashion. For example, a random RTZ sub-DAC 
cycler can be used to cycle betWeen three RTZ sub-DACs in 
a random fashion. In yet another embodiment, a multi 
period RTZ sub-DAC cycler can be used to cycle betWeen 
three RTZ sub-DACs such that each RTZ sub-DAC holds its 
output value for at least tWo sample periods before returning 
to approximately Zero or other approximately constant 
value. These and other embodiments Will be discussed in 
further detail later. 

[0028] Other features and advantages of the present inven 
tion Will be set forth in part in the description Which folloWs 
and the accompanying draWings, Wherein the preferred 
embodiments of the present invention are described and 
shoWn, and in part Will become apparent to those skilled in 
art upon examination of the folloWing detailed description 
taken in conjunction With the accompanying draWings, or 
may be learned by the practice of the present invention. The 
advantages of the present invention may be realiZed and 
attained by means of the instrumentalities and combinations 
particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] The features and advantages of the present inven 
tion Will become apparent from the folloWing description of 
the present invention in Which: 

[0030] FIG. 1 is a Waveform diagram shoWing represen 
tative continuous-time output Waveforms from a digital to 
analog converter (DAC) With ideal Zero-order-hold interpo 
lation (top Waveform), from a typical practical DAC (middle 
Waveform), and the transient error associated With the prac 
tical DAC (bottom Waveform). 

[0031] FIG. 2 is a block diagram illustrating an exemplary 
composite DAC comprising eight one-bit DACs. 

[0032] FIG. 3 is a Waveform diagram shoWing represen 
tative continuous-time output Waveforms from a digital to 
analog converter (DAC) With ideal Zero-order-hold interpo 
lation (top Waveform), from a practical DAC utiliZing return 
to Zero (RTZ) interpolation (middle Waveform), and the 
transient error associated With the practical RTZ DAC 

(bottom Waveform). 
[0033] FIG. 4 is a Waveform diagram shoWing represen 
tative continuous-time output Waveforms from a pair of ?rst 
and second interleaved RTZ sub-DACs utiliZing a dual RTZ 
technique (top and middle Waveforms, respectively) and 
their sum (bottom Waveform). 

[0034] FIG. 5 is a block diagram illustrating an exemplary 
composite DAC in Which embodiments of the present inven 
tion related to cyclic return to Zero (CRTZ) techniques can 
be practiced. 

[0035] FIG. 6A is a block diagram illustrating an exem 
plary architecture for a cyclic return to Zero (CRTZ) DAC to 
implement a basic CRTZ technique according to one 
embodiment of the invention. 
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[0036] FIG. 6B is a Waveform diagram illustrating an 
exemplary operation of the basic CRTZ technique according 
to one embodiment of the invention. 

[0037] FIG. 7 is a schematic circuit diagram illustrating 
an exemplary RTZ sub-DAC. 

[0038] FIG. 8A is a block diagram illustrating an exem 
plary architecture for a stochastic CRTZ DAC to implement 
a stochastic CRTZ technique according to one embodiment 
of the invention. 

[0039] FIG. 8B is a Waveform diagram illustrating an 
exemplary operation of the stochastic CRTZ technique 
according to one embodiment of the invention. 

[0040] FIG. 9 is a block diagram illustrating an exemplary 
architecture for a multi-period CRTZ DAC to implement a 
multi-period CRTZ technique according to one embodiment 
of the invention. 

DETAILED DESCRIPTION 

[0041] This invention relates generally to methods and 
apparatuses for implementing cyclic return to Zero tech 
niques for digital to analog conversion. Generally, embodi 
ments of the invention disclose techniques for generating 
loW-distortion continuous-time output Waveforms in digital 
to-analog converters (DACs) With signi?cantly reduced 
nonlinear distortion. 

[0042] In the folloWing description, the various embodi 
ments of the present invention Will be described in detail. 
HoWever, such details are included to facilitate understand 
ing of the invention and to describe exemplary embodiments 
for implementing the invention. Such details should not be 
used to limit the invention to the particular embodiments 
described because other variations and embodiments are 
possible While staying Within the scope of the invention. 
Furthermore, although numerous details are set forth in 
order to provide a thorough understanding of the present 
invention, it Will be apparent to one skilled in the art that 
these speci?c details are not required in order to practice the 
present invention. In other instances details such as, Well 
knoWn methods, procedures, components, electrical struc 
tures and circuits, are not described in detail, or are shoWn 
in block diagram form, in order not to obscure the present 
invention. Furthermore, aspects of the invention Will be 
described in particular embodiments but may be imple 
mented in hardWare, softWare, ?rmWare, middleWare, or a 
combination thereof. 

[0043] FIG. 5 is a block diagram illustrating an exemplary 
composite CRTZ DAC 500 in Which embodiments of the 
present invention related to cyclic return to Zero (CRTZ) 
techniques can be practiced. FIG. 5 illustrates an exemplary 
composite CRTZ DAC 500 comprising eight CRTZ one-bit 
DACs 5021-5028 and summing operation 506, Which can be 
utiliZed in implementing the CRTZ techniques. It should be 
appreciated that this is only an example of an environment 
in Which the embodiments of the invention can be practiced 
and should not be used to limit the invention. For example, 
a composite DAC of any number of one-bit DACs can be 
used (e.g., a composite DAC consisting of N one-bit DACs). 
Additionally, it is also possible to practice the invention With 
composite DACs consisting of multiple one-bit DACs With 
different relative Weightings of their output step siZes. 
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[0044] In this example, composite CRTZ DAC 500 
includes eight one-bit CRTZ DACs 5021-5028, i.e., DACs 
Whose inputs are one-bit sequences, Which are combined to 
yield a composite multi-bit DAC. In the case of an 8-bit 
composite DAC 500, the overall DAC input, x[n], is a 
sequence of 4-bit numbers each of Which can represent the 
decimal number set {—4, —3, —2, —1, 0, 1, 2, 3, 4}. It is 
assumed that the four input bits in FIG. 5 have Weights —4, 
2, 1, and 1, respectively, Which can be thought of as a 
conventional 3-bit tWo’s complement number With an extra 
least-signi?cant bit. A digital logic block, such as digital 
encoder 504, converts each input sample to a unity Weighted 
8-bit number representation in Which the value of each bit is 
taken to be 1/2 When the bit is high and —1/2 When the bit is 
loW. The digital encoder 504 selects the 8 bits such that the 
sum of the resulting bit values is equal to For example, 
if x[n]=2, the digital encoder sets six of the bits labeled xi[n] 
in FIG. 5 high, and the remaining tWo bits loW. It can be 
veri?ed that if each one-bit DAC performs ideal Zero-order 
hold interpolation With an output value of A/2 When the input 
bit is high and —A/2 When the input bit is loW, then the 
overall DAC is an ideal Zero-order-hold DAC With an output 
that ranges from —4A to 4A in steps of A. Alternatively, if 
x[n] is restricted to the range {0, 1, . . . , 8}, the digital 
encoder sets x[n] of its output bits high and the rest of its 
output bits loW, and the tWo possible output levels of each 
one-bit DAC are 0 and A, then the overall DAC has an 
output that ranges from 0 to 8A in steps of A. Again, it should 
be appreciated that this is only an example of a composite 
DAC and that embodiments of the invention can be prac 
ticed With many other types of composite DACs. 

[0045] In such composite DACs, e.g. composite CRTZ 
DAC 500, the tWo sources of nonlinear distortion in the 
transient error are the one-bit DACs 5021-5028 and the 
analog summing operation 506. Although the summing 
operation 506 does introduce nonlinear distortion, such 
distortion can be minimiZed through the use of one-bit 
DACs With current-mode (i.e., high impedance) outputs (to 
be discussed); such that the outputs can be summed by 
connecting them all to a loW impedance load or a loW 
impedance ampli?er input. Therefore, it is assumed that the 
summing operation does not introduce signi?cant nonlinear 
distortion. Embodiments of one-bit DACs, the CRTZ DAC, 
stochastic CRTZ DAC, and multi-period CRTZ DAC, to be 
discussed, can be implemented With a composite DAC of the 
type described in FIG. 5. 

[0046] FIG. 6A is a diagram illustrating an exemplary 
architecture for a one-bit cyclic return to Zero (CRTZ) DAC 
602 to implement a basic CRTZ technique according to one 
embodiment of the invention. It should be appreciated that 
this is only an example of an architecture for a one-bit CRTZ 
DAC to implement the basic CRTZ technique and that many 
other architectures are possible. In this embodiment, each 
one-bit CRTZ DAC 602 includes at least tWo RTZ signal 
generating circuits, e.g. one-bit RTZ sub-DACs 603 and 
604, to perform digital to analog conversion and a cycler, 
eg an RTZ sub-DAC cycler 606, to cycle betWeen the tWo 
RTZ sub-DACs. The RTZ sub-DAC cycler 606 cycles 
betWeen the tWo one-bit RTZ sub-DACs 603 and 604 such 
that one of the RTZ sub-DACs performs digital to analog 
conversion for an entire sample period While the other RTZ 
sub DAC returns to approximately Zero or other approxi 
mately constant value for the entire sample period. That is, 
the other RTZ sub-DAC is inactivated so that its output can 
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return to approximately Zero or other approximately con 
stant value for the sample period or longer. It is to be 
understood that the value returned to can be nominally Zero, 
approximately Zero or can be some other nominally constant 
value or other approximately constant value to Which the 
RTZ sub-DACs can return to When inactivated. 

[0047] As shoWn in FIG. 6A, the RTZ sub-DAC cycler 
606 can include a digital controller such as ?ip-?op circuitry 
610 in a toggle con?guration to enable or disable one of the 
RTZ sub-DACs 603 or 604 via control lines A or B. Other 
digital circuitry, e.g., D ?ip-?ops 612 and 614, is also 
utiliZed in the architecture for the one-bit CRTZ DAC 602 
for providing the one-bit data to the RTZ sub-DACs (i.e. 
from the Q output of the D ?ip-?op to the d input of the RTZ 
sub-DAC). The RTZ sub-DAC cycler 606 is clocked by 
fclock. During each sample period (clocked by fclock), the 
CRTZ sub-DAC cycler 606 enables one of the RTZ sub 
DACs 603 or 604 via control lines Aor B, respectively (eg 
with a logic loW input into the enable bar input (e) of the 
RTZ sub-DAC) or disables one of the RTZ sub-DACs via 
control linesAor B, respectively (eg with a logic high input 
into the enable bar input (e) of the RTZ sub-DAC). If the 
RTZ sub-DAC is enabled, the enabled RTZ sub-DAC con 
verts the input bit received from the respectively connected 
D ?ip-?op 612 or 614 to analog form using Zero-order-hold 
interpolation (or an approximation thereof) for the entire 
sample period, While the other RTZ sub-DAC returns to Zero 
for the entire sample period. 

[0048] During the next period, the RTZ sub-DAC cycler 
606 sWitches betWeen the tWo RTZ sub-DACs 603 and 604 
such that the RTZ sub-DAC that converted the input bit 
during the previous sample period returns to Zero and the 
other RTZ sub-DAC that returned to Zero during the previ 
ous sample period converts the input bit. In this fashion, 
each RTZ sub-DAC starts from Zero When converting an 
input bit to analog form and utiliZes an entire sample period. 
The differential analog output (IOut+—IOut_) of the RTZ sub 
DAC 603 or 604 is an analog current that may, for example, 
be summed as part of a composite DAC. Moreover, it should 
be appreciated that the one-bit CRTZ DAC 602 can be 
implemented With any number of RTZ sub-DACs. 

[0049] FIG. 6B is a Waveform diagram illustrating an 
exemplary operation of the basic CRTZ technique according 
to one embodiment of the invention. FIG. 6B illustrates the 
basic method or operation of the basic CRTZ technique as it 
relates to the ?rst and second RTZ sub-DACs previously 
discussed. HoWever, it should be appreciated that the basic 
CRTZ technique is, in and of it itself, novel and unique, and 
can be implemented With various types of architecture. 

[0050] FIG. 6B shoWs a set of Waveforms all of Which are 
draWn to the same time scale. Waveform 620 represents the 
clock signal. One period (i.e., T) is one cycle of the clock 
signal 620. Particularly, the basic CRTZ technique is a 
method for performing cyclic return to Zero (CRTZ) digital 
to analog conversion of a digital input signal by generating 
at least tWo RTZ analog signals shoWn as Waveforms 624 
and 626, respectively, that When combined together approxi 
mate the ideal analog output signal yi(t) 622. The method 
cycles betWeen the tWo RTZ signals 624 and 626 such that 
one of the RTZ signals is active over an entire sample period 
to convert a digital input bit into analog form While the other 
RTZ signal returns to Zero for the entire sample period. 
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During the next period, the cycling occurs betWeen the tWo 
RTZ signals 624 and 626 such that the RTZ signal that Was 
active during the previous sample period noW returns to Zero 
and the other RTZ signal that returned to Zero during the 
previous sample period noW becomes active. When the tWo 
analog RTZ signals 624 and 626 are summed, the combined 
Waveform 630 results. The combined basic CRTZ output 
signal 630 is a loW-distortion continuous-time analog output 
Waveform approximating the ideal analog output signal yi(t) 
622. Linear distortion in the middle of the periods is 
eliminated from the Waveform 630 by the invention in 
comparison With the glitches 406 in Waveform 404 of FIG. 
4. HoWever, the linear distortion at the beginning of a period 
may remain as represented by the glitch 658 in Waveform 
630. 

[0051] As an example of the method implemented With the 
particular architecture 602 of FIG. 6A for a one-bit CRTZ 
DAC, each of the ?rst and second RTZ sub-DACs 603 and 
604 generate an analog output signal, the ?rst and second 
RTZ analog signals 624 and 626, respectively, shoWn in 
FIG. 6B. The RTZ sub-DAC cycler 606 cycles betWeen the 
?rst and second RTZ sub-DACs 603 and 604 such that one 
of the RTZ sub-DACs performs digital to analog conversion 
for an entire sample period While the other RTZ sub-DAC 
returns to Zero for the entire sample period to yield the tWo 
RTZ analog signals shoWn as Waveforms 624 and 626, 
respectively. The CNTLA and CNTL B Waveforms 632 and 
634 denote the RTZ sub-DAC cycler 606 enabling one of the 
RTZ sub-DACs 603 or 604 via control lines A and B, 
Wherein a logic loW input enables a respective RTZ sub 
DAC and a logic high input disables a respective RTZ 
sub-DAC. If the RTZ sub-DAC is enabled, the enabled RTZ 
sub-DAC converts the input bit to analog form for the entire 
sample period yielding a corresponding RTZ analog signal, 
While the other RTZ sub-DAC returns to Zero for the entire 
sample period. As previously discussed When the tWo analog 
RTZ signals 624 and 626 are summed, the combined basic 
CRTZ output signal 630 is produced that approximates the 
ideal analog output signal yi(t) 622. 

[0052] FIG. 7 is a schematic circuit diagram illustrating 
an exemplary RTZ sub-DAC 700. It should be appreciated 
that this is only one example of an RTZ sub-DAC that can 
be used With embodiments of the invention and that many 
other implementation are possible. The RTZ sub-DAC 700 
has four transistors M1, M2, M3, and M4 (e.g. N-FET 
transistors), an inverter 706 and a current source 702 
coupled together as shoWn in FIG. 7. Not shoWn in FIG. 7 
is bias circuitry to apply a proper bias voltage to the gate of 
transistor M1. The RTZ sub-DAC 700 serves as a return to 
Zero (RTZ) current signal generator. Transistors M2 and M3 
operate as a current steering pair to steer tail current from 
current source 702 to output nodes (IOut+ and long) depend 
ing on the input data from the d input 704. Transistor M2 is 
gated by the d input 704. Transistor M3 is gated by the 
inverse of the d input 704 provided by inverter 706. On the 
other hand, during the time period When the output current 
is meant to be shut off (i.e., the Zero portion of the RTZ 
signal), transistor M4 is turned on by receiving a logic high 
input Which increases the voltage at the source of M1 
effectively turning it off. As a result, current of the current 
source is no longer supplied to either of the output nodes 
(IOut+ or long) through transistors M2 or M3. Transistor M4 
is gated by enable bar (e) 708 (eg from the RTZ cycler). In 
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this Way, the current source 702 is alWays active avoiding 
problems that could result if it Were sWitched on and off. 

[0053] FIG. 8A is a diagram illustrating an exemplary 
architecture for a stochastic CRTZ DAC 802 to implement 
a stochastic CRTZ technique according to one embodiment 
of the invention. It should be appreciated that this is only an 
example of an architecture for a stochastic CRTZ DAC to 
implement the stochastic CRTZ technique and that many 
other architectures are possible. In this embodiment, each 
one-bit stochastic CRTZ DAC 802 has at least three one-bit 
RTZ sub-DACs 803, 804, and 806 that are utiliZed in a 
random or pseudo-random fashion (throughout this docu 
ment, the terms “random” and “pseudo-random” Will be 
used interchangeably). For example, a random RTZ sub 
DAC cycler 810 can be used to cycle betWeen the three RTZ 
sub-DACs 803, 804, and 806 in a random fashion. Particu 
larly, the random RTZ sub-DAC cycler 810 during each 
sample period selects betWeen the three RTZ sub-DACs 803, 
804, or 806 such that the RTZ sub-DAC that Was used for 
digital to analog conversion in the previous sample period 
returns to Zero and one of the other tWo RTZ sub-DACs is 
selected randomly to perform digital to analog conversion 
While the other RTZ sub-DAC remains at Zero. The stochas 
tic RTZ sub-DAC cycler 810 is clocked by f clock‘ 

[0054] As shoWn in FIG. 8A, in one embodiment, the 
stochastic RTZ sub-DAC cycler 810 can include a pseudo 
random bit generator 812, a three-bit register 814, and three 
inverters 816, 818, and 820. The pseudo-random bit gen 
erator 812 randomly chooses among the folloWing three bit 
codes: (1,1,0), (1,0,1), and (0,1,1) and never chooses the 
same code tWice in a roW. The three-bit register 814 ran 
domly enables one of three RTZ sub-DACs 803, 804, or 806, 
While disabling the other tWo RTZ sub-DACs, based upon 
the three bit code via control lines A, B, or C. Other digital 
circuitry, the inverters 816, 818, and 820 and D ?ip-?ops 
822, 824, and 826, is also utiliZed in the architecture for the 
one-bit stochastic CRTZ DAC 802 to provide one-bit of 
input digital data to the RTZ sub-DACs (i.e. from the Q 
output of the respective D ?ip-?op to the d input of the 
respective RTZ sub-DAC). 

[0055] As Will be discussed, the D ?ip-?ops 822, 824, and 
826 are clocked by trigger bits (each trigger bit being the 
inverse of the corresponding bit of the D input to the register 
814 (inverted by inverters 816, 818, and 820)), Wherein each 
trigger bit is applied to the respective D ?ip-?op by trigger 
line A, B, or C, respectively, to clock the D ?ip-?op such that 
it selectively provides the one-bit data to an RTZ sub-DAC 
Which is enabled. It should be noted that the output from a 
respective positive-edge triggered D ?ip-?op can change 
When a trigger bit sWitches from a logic loW state to a logic 
high state thereby clocking the respective D ?ip-?op. 

[0056] During each sample period (clocked by fclock), the 
stochastic RTZ sub-DAC cycler 810 enables one of the 
one-bit RTZ sub-DACs 803, 804, or 806 via control lines A, 
B, or C, respectively (eg with a logic loW input into the 
enable bar input (e) of the RTZ sub-DAC) and disables the 
other tWo RTZ sub-DACs via control lines A, B, or C, 
respectively (eg with a logic high input into the enable bar 
input (e) of the RTZ sub-DAC). Each of the one-bit RTZ 
sub-DACs either returns to Zero or remains at Zero for the 
entire sample period except for the enabled RTZ sub-DAC 
Which converts the input bit received from the respectively 
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connected D ?ip-?op 822, 824, or 826, to analog form using 
Zero-order-hold interpolation (or an approximation thereof) 
during the sample period. 

[0057] Particularly, the randomly selected codes (Wherein 
the same code is never chosen tWice in a roW) of the 
stochastic RTZ sub-DAC cycler 810 ensure that during the 
nth sample period exactly one of the one-bit RTZ sub-DACs 
803, 804, or 806 converts the input bit to analog form While 
the RTZ sub-DAC that converted the input bit during the 
previous sample period returns to Zero and the other RTZ 
sub-DAC remains at Zero during the nth sample period. 
During the next (n+1)th sample period, the stochastic RTZ 
sub-DAC cycler 810 (again based upon a randomly selected 
code) ensures that the RTZ sub-DAC that Was used to 
convert the input bit to analog form during the previous 
sample period returns to Zero, and exactly one of the other 
tWo RTZ sub-DACs is selected randomly to convert the 
input bit to analog form While the other RTZ sub-DAC 
remains at Zero. In this fashion, each RTZ sub-DAC starts 
from Zero When converting an input bit to analog form and 
utiliZes an entire sample period. The differential analog 
output (IOut+—IOut_) of each RTZ sub-DAC 803, 804 or 806 
is an analog current that may, for example, be summed as 
part of a composite DAC. Furthermore, the stochastic CRTZ 
technique advantageously reduces nonlinear distortion in the 
transient error even in the presence of mismatches among 
the one-bit RTZ sub-DACs in the one-bit stochastic CRTZ 
DAC 802. Moreover, it should be appreciated that the 
one-bit stochastic CRTZ DAC 802 can be implemented With 
any number of RTZ sub-DACs. 

[0058] FIG. 8B is a Waveform diagram illustrating an 
exemplary operation of the stochastic CRTZ technique 
according to one embodiment of the invention. FIG. 8B 
illustrates the basic method or operation of the stochastic 
CRTZ technique as it relates to the one-bit stochastic CRTZ 
DAC 802 previously discussed, hoWever, it should be appre 
ciated that the stochastic CRTZ technique is, in and of it 
itself, novel and unique, and can be implemented With 
various architectures. 

[0059] FIG. 8B shoWs a set of Waveforms all of Which are 
draWn to the same time scale. Waveform 830 represents the 
clock signal. One period (i.e., T) is one cycle of the clock 
signal 830. The stochastic CRTZ technique provides a 
method for performing stochastic cyclic return to Zero 
(CRTZ) digital to analog conversion of a digital input signal 
by generating at least three RTZ analog signals shoWn as 
Waveforms 834, 836, and 838, respectively, in a random 
fashion and then combining them together to approximate 
the ideal analog output yi(t) 832. Linear distortion in the 
middle of the periods is eliminated from the Waveform 870 
by the invention in comparison With the glitches 406 in 
Waveform 404 of FIG. 4. HoWever, the linear distortion at 
the beginning of a period may remain as represented by the 
glitch 888 in Waveform 870. 

[0060] As an example of the stochastic CRTZ technique 
implemented With the particular architecture 802 of FIG. 8A 
for a stochastic CRTZ DAC, each of the ?rst, second, and 
third RTZ sub-DACs 803, 804, and 806 generate an analog 
output signal, the ?rst, second, and third RTZ analog signals 
834, 836, and 838, respectively, shoWn in FIG. 8B. As 
previously discussed, during each sample period (clocked by 
fclock), the stochastic RTZ sub-DAC cycler 810 enables one 
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of the RTZ sub-DACs 803, 804, or 806 via control lines A, 
B, or C, respectively (eg with a logic loW input into the 
enable bar input (e) of the RTZ sub-DAC) and disables the 
other tWo RTZ sub-DACs via control lines A, B, or C (eg 
with a logic high input into the enable bar input (e) of the 
RTZ sub-DAC). These signals are shoWn as the CNTL A, 
CNTL B, and CNTL C Waveforms 840, 842, and 844, 
respectively. Moreover, When the one-bit RTZ sub-DAC is 
enabled, the enabled RTZ sub-DAC converts the input bit 
received from the respectively connected D ?ip-?op 822, 
824, or 826, Which is triggered by a respective trigger line 
A, B, or C. As Will be discussed, the respective D ?ip-?op 
is clocked by trigger bits applied along a respective trigger 
line, When a trigger bit sWitches from a logic loW state to a 
logic high state. 
[0061] For example, assume that the pseudo-random bit 
generator 812 of the random RTZ sub-DAC cycler 810 
randomly chooses the folloWing three bit codes: (1,0,1); 
(0,1,1); (1,1,0); (0,1,1); and (1,0,1). These randomly 
selected codes (subject to the constraint that no code is 
selected tWice in a roW) Will noW be discussed With refer 
ence to FIGS. 8A and SE to more clearly describe the 
stochastic CRTZ technique. Starting With the random bits 
(1,0,1) as the Q-outputs of the three bit register 814 during 
period (0, T], these bits correspond to a logic loW signal 
being sent along CNTL B (Waveform 842) enabling the 
second RTZ sub-DAC 804 to convert the input bit received 
from D ?ip-?op 824 to generate RTZ Waveform portion 852. 
At this point random bits (0,1,1) are at the input to register 
814 Which correspond to trigger bits (1,0,0) for trigger lines 
A, B, and C, respectively. Next, during period (T, 2T], With 
random bits (0,1,1) as the Q-outputs of register 814, these 
bits correspond to a logic loW signal being sent along CNTL 
A (Waveform 840) enabling the ?rst RTZ sub-DAC 803 to 
convert the input bit received from D ?ip-?op 822 to 
generate RTZ Waveform portion 854. At this point, random 
bits (1,1,0) are at the input to register 814 Which correspond 
to trigger bits (0,0,1) for trigger lines A, B, and C, respec 
tively, such that D ?ip-?op 826 is clocked (via trigger bit 
transition (1,0,0) to (0,0,1)) to provide the one-bit data to the 
third RTZ sub-DAC 806 Which is enabled. 

[0062] Continuing With the same example during period 
(2T, 3T], With random bits (1,1,0) as the Q-output of the 
three bit register 814, these bits correspond to a logic loW 
signal being sent along CNTL C (Waveform 844) enabling 
the third RTZ sub-DAC 806 to convert the input bit received 
from D ?ip-?op 826 to generate RTZ Waveform portion 856. 
At this point, random bits (0,1,1) are input to register 814, 
Which correspond to trigger bits (1,0,0) for trigger lines A, 
B, and C, respectively, such that D ?ip-?op 822 is clocked 
(via trigger bit transition (0,0,1) to (1,0,0)) to provide the 
one-bit data to the RTZ sub-DAC 803 Which is enabled. 
Next, during period (3T, 4T], With random bits (0,1,1) as the 
Q-output of the three bit register 814, these bits correspond 
to a logic loW signal being sent along CNTL A (Waveform 
840) enabling ?rst RTZ sub-DAC 803 to convert the input 
bit received from D ?ip-?op 822 to generate RTZ Waveform 
portion 858. At this point, random bits (1,0,1) input to 
register 814 Which correspond to trigger bits (0,1,0) for 
trigger lines A, B, and C, respectively, such that D ?ip-?op 
824 is clocked (via trigger bit transition (1,0,0) to (0,1,0)) to 
provide the one-bit data to the RTZ sub-DAC 804 Which is 
enabled. During period (4T, 5T], With random bits (1,0,1) as 
the Q-output of the three bit register 814, these bits corre 
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spond to a logic loW signal being sent along CNTL B 
(Waveform 842) enabling the second RTZ sub-DAC 804 to 
convert the input bit received from D ?ip-?op 824 to 
generate RTZ Waveform portion 860. Next, random bits 
(0,1,1) are input to register 814 Which correspond to trigger 
bits (1,0,0) for trigger lines A, B, and C, respectively, such 
that D ?ip-?op 822 is clocked (via trigger bit transition from 
(0,1,0) to (1,0,0)) to provide the one-bit data to the ?rst RTZ 
sub-DAC 803 Which is enabled next. 

[0063] When the three analog RTZ signals 834, 836, 838 
are combined, the Waveform 870 results. The combined 
basic CRTZ output signal 870 is a loW-distortion continu 
ous-time analog output Waveform approximating the ideal 
analog output signal yi(t) 832. Furthermore, the stochastic 
CRTZ technique advantageously reduces nonlinear distor 
tion in the transient error even in the presence of mismatches 
among the one-bit RTZ sub-DACs. 

[0064] FIG. 9 is a diagram illustrating an exemplary 
architecture for a one-bit multi-period CRTZ DAC 902 to 
implement a multi-period CRTZ technique according to one 
embodiment of the invention. It should be appreciated that 
this is only an example of an architecture for a one-bit 
multi-period CRTZ DAC to implement the multi-period 
CRTZ technique and that many other architectures are 
possible. In this embodiment, each one-bit multi-period 
CRTZ DAC 902 has at least three one-bit RTZ sub-DACs 
903, 904, and 906 that are utiliZed in a multi-period fashion. 
HoWever, it should be appreciated that any number of RTZ 
sub-DACs could be used. The multi-period CRTZ technique 
alloWs each RTZ sub-DAC 903, 904, and 906 to hold its 
output value for tWo or more sample periods before return 
ing to Zero. For example, a multi-period RTZ sub-DAC 
cycler 910 can be used to cycle betWeen at least three RTZ 
sub-DACs 903, 904, and 906 such that the RTZ sub-DAC 
that Was used to perform digital to analog conversion of the 
input bit from the previous sample period holds its previous 
value and one of the other tWo RTZ sub-DACs performs 
digital to analog conversion of the input bit from the current 
sample period While the other one of the tWo RTZ sub-DACs 
returns to Zero. 

[0065] As shoWn in FIG. 9, in one embodiment, the 
multi-period RTZ sub-DAC cycler 910 can include at least 
three ?ip-?ops 912, 914, and 916 connected together in 
series With the output of the third ?ip-?op 916 connected 
back to the input of ?rst ?ip-?op 912. Thus, the multi-period 
RTZ sub-DAC cycler 910 can be similar in form to an 
end-around-carry shift register or ring counter. Also, it 
should be appreciated that any number of ?ip-?ops can be 
used. The three ?ip-?ops 912, 914, and 916 are clocked by 
fclock. The output of each of the three ?ip-?ops 912, 914, and 
916 is connected to the respective enable bar input of one of 
the RTZ sub-DACs via control lines A, B, or C. During each 
sample period, these control lines enable tWo of the RTZ 
sub-DACs (via logic loW inputs (0)), and disable one of the 
RTZ sub-DACs (via a logic high input Other digital 
circuitry, e.g., D ?ip-?ops 918, 920, and 922, is also utiliZed 
in the architecture for the one-bit multi-period CRTZ DAC 
902 for providing the one-bit data to the RTZ sub-DACs (ie 
from the Q output of the D ?ip-?op to the d input of the RTZ 
sub-DAC). The multi-period RTZ sub-DAC cycler 910 is 
clocked by fclock. 

[0066] During each sample period (clocked by fclock), the 
multi-period RTZ sub-DAC cycler 910 enables tWo of the 
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RTZ sub-DACs 903, 904, or 906 via tWo of the control lines 
A, B, or C, respectively (e.g., each With a logic loW input (0) 
into the enable bar input (e) of the RTZ sub-DAC) and 
disables the other RTZ sub-DAC via one of the control lines 
A, B, or C, respectively (e. g., With a logic high input (1) into 
the enable bar input (e) of the RTZ sub-DAC). When the tWo 
RTZ sub-DACs are enabled, one of the enabled RTZ sub 
DACs initiates conversion of the input bit received from the 
respectively connected D ?ip-?op (the respective D ?ip-?op 
having been clocked previously by its clock input sWitching 
from a logic loW to a logic high), to analog form using 
Zero-order-hold interpolation (or an approximation thereof), 
While the other enabled RTZ sub-DAC continues to convert 
the input bit received from the respectively connected D 
?ip-?op. The disabled RTZ sub-DAC returns to Zero for the 
entire period. 

[0067] Particularly, the multi-period RTZ sub-DAC cycler 
910 ensures that during the nth sample period one of the RTZ 
sub-DACs 903, 904, or 906 converts the input bit to analog 
form While the RTZ sub-DAC that converted the input bit 
during the previous (n—1)th sample period continues to 
convert the input bit from the (n—1)th sample period and the 
third RTZ sub-DAC returns to Zero. The differential analog 
output (IOut+—IOut_) Which represents the combined output of 
the RTZ sub-DACs 903, 904 and 906 is an analog current 
that may, for example, be summed as part of a composite 
DAC. Holding the RTZ sub-DAC output values for more 
than one period produces a composite DAC output Wave 
form that is equivalent to that from a composite DAC 
implemented With the basic CRTZ technique, previously 
described, folloWed by a particular linear loWpass ?lter. The 
frequency roll-off associated With the ?ltering operation can 
be bene?cial in many applications. Alternatively a digital 
preemphasis ?lter may be inserted prior to a composite DAC 
500 of the type shoWn in FIG. 5 except With each 1-bit 
CRTZ DAC replaced by a multi-period CRTZ DAC so as to 
compensate for the above mentioned roll-off. Additionally, 
optional requantiZation may be performed folloWing the 
preemphasis ?lter so as to keep each input sample to the 
composite DAC Within a desired numerical range. 

[0068] As mentioned previously, and indicated by the 
ellipses shoWn in FIG. 9, it should be appreciated that the 
multi-period CRTZ DAC 902 can be implemented With any 
number of RTZ sub-DACs. 

[0069] Combinations of the CRTZ techniques summariZed 
above are readily apparent to those skilled in the art. For 
example, the multi-period CRTZ technique can be combined 
With the stochastic CRTZ technique. Similarly, the basic 
CRTZ technique can be varied by adding extra one-bit RTZ 
sub-DACs to each one-bit DAC so as to give each sub-DAC 
multiple sample periods in Which to return to Zero thereby 
reducing the speed at Which the settling process must occur. 
Nevertheless, each of the CRTZ techniques outlined above 
and their variants are based on the idea of implementing a 
composite DAC of the type shoWn in FIG. 5 (Without 
limitation to the number of one-bit DACs or their relative 
Weightings) Wherein each one-bit DAC consists of multiple 
one-bit RTZ sub-DACs and each input bit to the one-bit 
DAC is converted to analog form by one of the RTZ 
sub-DACs such that each sub-DAC alWays returns to Zero 
for at least one sample period after converting an input bit. 

[0070] While this invention has been described With ref 
erence to illustrative embodiments, this description is not 
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intended to be construed in a limiting sense. Various modi 
?cations of the illustrative embodiments, as Well as other 
embodiments of the invention, Which are apparent to per 
sons skilled in the art to Which the invention pertains are 
deemed to lie Within the spirit and scope of the invention. 

What is claimed is: 
1. A method for performing digital to analog conversion, 

comprising: 
generating at least tWo RTZ signals to perform digital to 

analog conversion; and 

cycling betWeen the at least tWo RTZ signals such that one 
of the RTZ signals is active over at least an entire 
sample period to convert a digital input bit into analog 
form While others of the at least tWo RTZ signals return 
to approximately Zero or other approximately constant 
value for at least an entire sample period. 

2. The method of claim 1, Wherein during a next sample 
period folloWing a previous sample period, the cycling 
occurs betWeen the at least tWo RTZ signals such that the 
one of the RTZ signals that Was active during the previous 
sample period returns to approximately Zero or other 
approximately constant value and another one of the at least 
tWo RTZ signals that returned to approximately Zero or other 
approximately constant value during a previous sample 
period becomes active. 

3. The method of claim 1, further comprising, combining 
the at least tWo RTZ signals. 

4. The method of claim 3, Wherein combining the at least 
tWo RTZ signals includes summing the at least tWo RTZ 
signals. 

5. The method of claim 1, Wherein the generating at least 
tWo RTZ signals to perform digital to analog conversion 
includes generating at least three RTZ signals. 

6. The method of claim 5, Wherein cycling betWeen the at 
least three RTZ signals occurs in a random fashion. 

7. The method of claim 6, Wherein the cycling betWeen 
the at least three RTZ signals in the random fashion occurs 
such that the one of the at least three RTZ signals that Was 
active in a previous sample period returns to approximately 
Zero or other approximately constant value and another one 
of the at least three RTZ signals is selected at random to 
become active While others of the at least three RTZ signals 
remain at approximately Zero or other approximately con 
stant value. 

8. The method of claim 5, Wherein cycling betWeen the at 
least three RTZ signals occurs in a pseudo-random fashion. 

9. The method of claim 8, Wherein the cycling betWeen 
the at least three RTZ signals in the pseudo-random fashion 
occurs such that the one of the at least three RTZ signals that 
Was active in a previous sample period returns to approxi 
mately Zero or other approximately constant value and 
another one of the at least three RTZ signals is selected in a 
pseudo-random fashion to become active While others of the 
at least three RTZ signals remain at approximately Zero or 
other approximately constant value. 

10. The method of claim 5, Wherein cycling betWeen the 
at least three RTZ signals occurs in a multi-period fashion 
such that each RTZ signal is active for at least tWo sample 
periods before returning to approximately Zero or other 
approximately constant value. 

11. The method of claim 10, Wherein cycling betWeen the 
at least three RTZ signals occurs in the multi-period fashion 
such that the one of the at least three RTZ signals that Was 
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active in a previous sample period holds its previous value 
and another one of the at least three RTZ signals becomes 
active While others of the at least three RTZ signals remain 
at approximately Zero or other approximately constant 
value. 

12. Adigital to analog converter (DAC) to perform digital 
to analog conversion, comprising: 

at least tWo return to Zero (RTZ) signal generating circuits 
to perform digital to analog conversion; and 

a cycler to cycle betWeen the at least tWo RTZ signal 
generating circuits such that one of the RTZ signal 
generating circuits performs digital to analog conver 
sion for at least an entire sample period While others of 
the at least tWo RTZ signal generating circuits return to 
approximately Zero or other approximately constant 
value for the entire sample period. 

13. The DAC of claim 12, Wherein during a next sample 
period folloWing a previous sample period, the cycler 
sWitches betWeen the at least tWo RTZ signal generating 
circuits such that the one of the at least tWo RTZ signal 
generating circuits that performed digital to analog conver 
sion during the previous sample period returns to approxi 
mately Zero or other approximately constant value and 
another one of the at least tWo RTZ signal generating circuits 
that returned to approximately Zero or other approximately 
constant value during the previous sample period performs 
digital to analog conversion. 

14. The DAC of claim 12, Wherein the at least tWo RTZ 
signal generating circuits are RTZ sub-DACs. 

15. The DAC of claim 12, Wherein the cycler is an RTZ 
sub-DAC cycler. 

16. Adigital to analog converter (DAC) to perform digital 
to analog conversion, comprising: 

at least tWo return to Zero (RTZ) sub-DACs; and 

an RTZ sub-DAC cycler to cycle betWeen the at least tWo 
RTZ sub-DACs such that one of the RTZ sub-DACs 
performs digital to analog conversion for at least an 
entire sample period While others of the at least tWo 
RTZ sub-DACs return to approximately Zero or other 
approximately constant value for the entire sample 
period. 

17. The DAC of claim 16, Wherein during a next sample 
period folloWing a previous sample period, the RTZ sub 
DAC cycler sWitches betWeen the at least tWo RTZ sub 
DACs such that the one of the at least tWo RTZ sub-DACs 
that performed digital to analog conversion during the 
previous sample period returns to approximately Zero or 
other approximately constant value and another one of the at 
least tWo RTZ sub-DACs that returned to approximately 
Zero or other approximately constant value during the pre 
vious sample period performs digital to analog conversion. 

18. The DAC of claim 16, Wherein the RTZ sub-DAC 
cycler includes a digital controller. 

19. The DAC of claim 16, Wherein the digital controller 
includes ?ip-?op circuitry in a toggle con?guration. 

20. The DAC of claim 16, Wherein the at least tWo RTZ 
sub-DACs is at least three RTZ sub-DACs. 

21. The DAC of claim 20, Wherein the RTZ sub-DAC 
cycler is a random RTZ sub-DAC cycler, the random RTZ 
sub-DAC cycler cycling betWeen the at least three RTZ 
sub-DACs in a random fashion. 






