
!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

カレントスティーリングDACの動的特性の調査

Recent studies on the dynamic 
behavior of current-steering DACs

東京工業大学　大学院　
理工学研究科　電子物理工学専攻

フレイ　マティアス、松澤　昭
Matthias Frey and Akira Matsuzawa



!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./
2007/09/25 Matthias Frey, Tokyo Institute of Technology

Motivation, Background 3
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• What is a current-steering DAC?
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Motivation 4

The measurement results for the static properties are 

shown in Fig. 5. Under the Random-Walk scheme, the 

peak-to-peak value of the DNL and INL are 0.48 LSB and 

1.40 LSB respectively. After the optimization of the switch- 

ing scheme, these two values become 0.52 LSB and 1.08 

LSB. The peak-to-peak INL value is reduced for 0.32 LSB, 

and as will be seen later, this results in an obvious improve- 

ment of the SFDR when the signal frequency is low. 

Fig. 6 shows the measured output of the spectrum an- 

alyzer with the Random-Walk scheme and with the opti- 

mized scheme respectively. The measurement is done from 

DC to the Nyquist frequency. Only part of the spectrum is 

shown in the figure for a clearer observation. The SFDR 

is improved for about 4 dB at lower frequences due to the 

optimized scheme. 
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Figure 5 :  Measured static properties of the DAC 

(a) Random-Walk scheme (bj Optimized scheme 

Figure 6: Measured spectrum of the DAC's output 

The measured SFDR performance of the DAC is shown 

in Fig. 7 for two sampling frequencies. The results with 

both the Random-Walk scheme and the optimized scheme 

are shown. We see that the improvement of the peak-to-peak 

INL value can obviously improve the SFDR at low signal 

frequencies. When the signal frequency is high, the SFDR 

is limited by other factors than the static linearity such as 

the glitches so that both schemes have nearly the same re- 

sults. Fig. 7(b) shows SFDR after optimizing V d e l a y C t i  

(see Fig. 2). We can see an improvement of about 10 dB 

at the signal frequency 7.6 MHz. The results (measured at 

150 MHz sampling frequency) from reference [ I ]  are also 

drawn in this figure. Our chip can achieve a better dynamic 

performance than [I] .  
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(a) 130 MHz sampling frequency 

Figure 7: The SFDR of the DAC 

The performance of the DAC is summarized in table 

1. Comparing the static properties under the Random-Walk 

scheme with those under the optimized scheme, we see that 

the greatest improvement happened on thepeak-to-peak INL 

value. This value is what really decides the SFDR at low 

signal frequencies. 

Table 2 shows the comparison of the chip with the DAC 

presented in [ I ] .  Important is the improved SFDR at I MHz 

for a much lower chip area (3.5 mm2 versus 11 mm'). The 

area reduction is partly due to the technology advance. Still 

the RAM stmcture helps a lot since it is widely known that 

the matching performance of the technology will not im- 

prove at the same speed as the minimum wire width shrinks. 

To be able to compare the performance of presented 

DAC with recently presented 14 bits current-steering DACs, 

a figure of merit has been introduced 191: 

(1) 
22N * f ,@(SFDR = 6 ( N  ~ 1)) 

FOM = 
P Area 

169 

from: 
T. Chen, et al., “A 14-bit 130-MHz CMOS 

Current-Steering DAC with adjustable INL”, 
ESSCC 2004 
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Figure 12 Self-calibrating 200MS/s 14b DAC Examples 

The first is a 200MS/s, 14b D/A converter in 0.18ym 
CMOS [13]. Figure 12 shows its block diagram, in which 

the output stage is a folded cascode structure similar to 
that shown in Figure 7. The architecture contains 

improvements to a self-calibrating DAC previously 

implemented in a 0.35pm CMOS [14]. Despite operating 

at half the supply voltage, the same accuracy and SNR 

have been achieved while doubling the speed. Figure 13 

shows the measured spurious free dynamic range versus 
signal frequency. The power consumption has also k e n  

improved from 1 XGmW to 97mW. 

The second example, shown in Figure 14, is a multi-bit 

XA modulator intended for DSL applications [IS]. 
Despite operating from I.XV, it achieves the same 
dynamic range as those implemented in 0.35ym and 

0.25pm CMOS technologies with a similar power 

consumption of 200mW. The clock rate has been 

improved from below IOOMHz of previous designs to 

200MH2, and the use of multi-hit quantization enables 

the 0.18pm CMOS design to achieve an effective signal 
bandwidth of 1 IMM, or tenfold improvement over 
previous designs. Even at 1.8V switching has become a 

problem and bootstrapping was used to secure speed. 

Figure 15 shows the measured signal-to-noise ratio. 
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Figure 13 Measured SFDR versus Signal Frequency 
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Figure 14 Schematic Diagram of 51h-Order XA Modulator 

6. Conclusions 

As CMOS technologies scale down to IOOnm and below, 

low voltage design can no longer remain a curiosity 

research subject. Any wish to preserve technologies that 

still operate at a reasonable supply voltage ( I N ,  for 

example) will only be taken notice of by the technology 
providers if high performance analogue circuits really 

turn out to be impossible below certain limit. 

This paper examined some of the important aspects of 

analogue design in the low voltage context. Two-stage 

opamps should have sufficient gain, speed and output 
swing. The limitation of input common-mode range can 

be bypassed if the opamp input is maintained at virtual 

ground by a feedback structure. Limited overdrive and 

leakage make switches some of the hardest elements to 

realize in an analogue circuit. Where switched opamp 

technique is impractical and critical switches cannot be 
confined to a virtual ground, bootstrapping techniques 

are available to ensure signal independent switching. 
Circuit techniques can also he employed to prevent 

switch leakage from degrading accuracy. Examples also 

suggest that when the supply voltage scales down, the 
optimal SNR can be maintained without increasing 

power consumption. At the same time the speed of the 

circuit is also likely to improve rather than degrade. 
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Figure 15 Measured SNR, SNDR and Dynamic Range 
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from: 
Q. Huang, “Low Voltage and Low Power 

Aspects of Data Converter Design”, 
ESSCC 2004 
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Fig. 17. Comparison with prior art.

driving a high impedance probe on the spectrum analyzer on

the secondary side (hence the power level of the fundamental

in Figs. 13 and 14). In both plots, the harmonics are below the

noise floor introduced by the spectrum analyzer and test setup,

so closeup plots of the largest spurs are provided with lower

noise floors in Figs. 15 and 16. (The entire Nyquist baseband

was analyzed in sections between recalibration sequences to

account for all possible harmonic/nonharmonic spurs. The

uncalibrated static linearity of the DAC was measured from

INL and DNL plots before calibration to be at the 10-bit

level, as was designed for.) From this, we see that at 60

MS/s, DAC SFDR is 80 dB for 5.1-MHz input signals and

is down only to 75 dB for 25.5-MHz input signals. We

expect the output SFDR to remain relatively constant across

the baseband because in the RZ output stage, both low- and

high-frequency input signals are synthesized as high-frequency

outputs.

Single-ended testing at the loads available in the output test

circuit on the primary side was also carried out; the results

of this showed that for higher frequencies in the baseband the

SFDR is somewhat degraded as compared to the differential

case. In particular, at 60-MS/s clock, single-ended DAC SFDR

is 77 dB for 5.1-MHz input signals and is down to 64 dB for

25.5-MHz inputs. These figures indicate the relative benefits

obtained from the closely matched differential implementation

of the output stage.

For higher clock rates, the SFDR performance of the chip

was also seen to degrade. Although the chip was functional

to above 100-MS/s clock rates, the SFDR at 8-MHz input

signal at these clock rates is down to the levels observed

TABLE I
CHIP SUMMARY

almost at the Nyquist rate with the 60-MS/s clock, as can

be seen from the results summarized in Table I. Partly, this is

because the dynamic nonlinearities of the DAC output occupy

a greater proportion of the clock cycle at higher clock rates.

Limitations of the test circuit also contributed to this figure,

however, particularly coupling from the digital inputs to the

DAC analog outputs on the testing board.

The power consumption, 750 mW at 100 MS/s, is rela-

tively high for a 20-mA/5-V current-mode DAC for a num-

ber of reasons. Approximately half the power is consumed

in the biasing network of the DAC current sources to en-

sure that the current sources settle within half a clock cy-

cle, hence deriving the maximum possible benefit from the

track/reset output stage. Furthermore, the buffers driving the

from: 
Bugeja et al., “14-b, 100-MS/s CMOS DAC 

for spectral performance”, 
JSSC 1999 

SFDR vs. Signal Frequency ...later!

• Why should we care about dynamic 
properties?
...and not only about INL/ DNL?
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Motivation 5
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• Switching in Current Steering DACs:
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• Switching in Current Steering DACs:
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Part I: Origin of reduced SFDR 6

• Switching Delay Differences:
– Output-Dependent Delay Difference

– Cell-Dependent Delay Difference

• Errors Introduced while Switching: 
– Switching Crossover

– Charge Feed-through 

• Resampling Circuits
– Non-Return-to-Zero vs. Return-to-Zero

– Dual Return-to-Zero Circuit
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Preliminaries: One Definition

• SFDR: Spurious Free Dynamic Range

– many definitions of SFDR exist!

– many definitions of Spur exist, e.g., “non-
harmonic”, “any non-signal component”

– various frequency bands of interest

– SFDR is generally a function of input-signal 
frequency and amplitude, and sampling frequency

7

Fig. 3. SFDR units of measurement. 

is confined to a single frequency”, and can be caused by 

“harmonic and intermodulation distortion, clock 

feedthrough, sigma-delta converter self-tones, stray 

oscillations, or any of dozens of other undesiderable 

processes”.  

The worst spur, considered in the SFDR computation is “the 

largest spectral component excluding the input signal and 

DC” [22], “the highest peak of any of the harmonic or 

intermodulation distortion products” [23], “possibly 

harmonic component” [9] or “usually but not necessarly 

always a harmonic of the fundamental” [24].  

On the contrary, Hendriks [8] states that “the spur does not 

have to be harmonically related to the fundamental”. 

Reference [6] addresses the problem of considering or not 

harmonic distortion components as spurii by introducing 

another parameter in addition to the SFDR, the Distortion 

Free Dynamic Range (DFDR). Therefore, SFDR “specifies 

the available signal range as the spectral distance between 

the amplitude of the fundamental and the amplitude of the 

largest non-harmonic, spurious component in the frequency 

band of interest”, while the DFDR is referred to the “largest 

harmonic component in the frequency band of interest”. 

IEEE Std. 1241 defines SFDR for a pure sine wave input, as 

“For a pure sinewave input of specified amplitude and 

frequency, the ratio of the amplitude of the analog-to-digital 

converter’s output averaged spectral component at the input 

frequency, fi, to the amplitude of the largest harmonic or 

spurious spectral component observed over the full Nyquist 

band”, so “both harmonic distortion and spurious signals 

are considered to be undesirable spurs in the spectrum of a 

sampled pure sinewave”. This definition considers the 

averaged spectral magnitude because it has a smaller 

variance than the non-averaged one. 

Reference [12] explains the exclusion of harmonics in the 

SFDR computation stating that “since harmonic distortion 

typically exceeds noise in the D/A converter’s spectrum, 

little information about the characteristics of the noise floor 

are obtained”. But the inclusion of harmonics gives 

important information for example in high frequency 

telecommunications DACs, because “an offending spur at 

an odd harmonic is likely related to amplitude distortion 

and at even harmonics is likely related to phase distortion” 

[25]. Moreover, both spectral spurious and harmonics 

restrict the dynamic range.  

The frequency band of interest over which the SFDR is 

specified is not always the full Nyquist band. Many 

manufacturers instead consider a more lower frequency 

interval. Many definitions don’t set the frequency band to be 

considered for the SFDR only  mentioning “a specified 

bandwidth”, [5,7,8,9].  

The reason reported in [8] is that “SFDR is sometimes 

specified over a narrow bandwidth which typically excludes 

the worst spur falling within the Nyquist zone”, assuming 

the user “will operate over a narrow frequency band and 

will filter out any larger out of band spurs”, as for example 

in the case of frequency synthesizers employing direct 

digital synthesis, for maintaining low phase noise [8].  

Reference [21] takes into account the designers‘ point of 

view stating that “by picking an arbitrary window size, the 

2nd or 3rd harmonic are often not included in the 

measurement. Because many systems designers intend to use 

a narrow band pass filter around the fundamental signal, 

they are more interested in the spectral performance within 

a band that the filter will pass. However, having full 

knowledge of a DAC's spectral performance is essential to 

the selection of an appropriate band pass filter to remove 

the harmonics”. Therefore, in the same way the spurs and 

spectral performance up to Nyquist frequency are important 

for designers to know DAC actual performance.  

Although SFDR over a narrow bandwidth takes into account 

the high frequency spurs generated by glitch impulses that 

fold back in band, reside close to the fundamental, cannot be 

filtered and dominate the noise within that range of 

frequencies, “unless the user filters the output signal in a 

similar fashion to that being used to test the converter, the 

effect of the remainder of the noise floor on the application 

is unknown” [12]. 

In any case, different SFDR values can arise depending on 

the method used for its measurement. SFDR is generally a 

function of the amplitude and the frequency of the input sine 

wave and the sample frequency.  

For signal amplitudes near full scale, one of the first input 

Fig. 2. SFDR computation methods [12]. NOTE 1: SFDR defined in a 

narrow band; NOTE 2: SFDR to Nyquist without harmonics; NOTE 3: 

SFDR to Nyquist including harmonics. 

from:  E. Balestrieri, et al., 
“Some critical notes on DAC frequency 
domain specifications”, IMEKO, 2006.
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Switching Delay Differences

• Cell-Dependent Delay Differences: 
– delay differences between current-sources is one 

of the main differences for bad SFDR.

– delay determined by position of the current-cell in 
the layout

– model discussed: 
• linearly-distributed delays are considered

• maximum delay difference: dmax

8

discussed in: 
T. Chen and G. Gielen, 

“The analysis and improvement of a current-steering DAC’s dynamic range-I: 
The cell-dependent delay differences”, Jan. 2006.
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Switching Delay Differences

• Cell-Dependent Delay Differences: 
Main results: 
– “worst case scenario”:

e.g.: 10 bits DAC, dmax  = 100 ps
               ⇒ max. signal frequency: f0 < 5 MHz

– The distribution of the delay values has the 
greatest impact on the SFDR, rather than the 
values itself.
        ⇒ switching sequence needs to be optimized

9

discussed in: 
T. Chen and G. Gielen, 

“The analysis and improvement of a current-steering DAC’s dynamic range-I: 
The cell-dependent delay differences”, Jan. 2006.
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Fig. 4. Equation (37): the dependence of the SFDR on the signal frequency
and the sampling frequency due to the delay differences on the clock net for a
NRZ DAC. (a) SFDR- curve. (b) SFDR- curve.

[1, Fig. 16]). Another conclusion which can be drawn from (38)
is that, when the signal frequency is low enough, the DACs
SFDR property will have nothing to do with the sampling fre-
quency. In [1, Fig. 18], we can see that the DACs SFDR property
is nearly constant provided that the sampling frequency is lower
than 150 MHz. (If the sampling frequency becomes higher, the
DAC will not be able to achieve 14 bits accuracy, thus the SFDR
will decrease.) This result also verifies our analytic result.

With (38) we can estimate the maximum signal frequency a
DAC can achieve under a given maximum delay difference. For
an N-bit DAC, the SFDR it should achieve is at least

dB [10]. So the relation below should be satisfied

(39)
For example, for a 14-bit DAC, when ps (extracted
from the layout of a real DAC [1]), the maximum frequency it
can achieve is only 1.39 MHz, even when all other nonlinearities
are omitted. Of course, this result is based on the simplification
of (9). However, our simulations in Section V with the actual

delay values extracted from the layout obtain a result very close
to this number. The reason will be analyzed in that section. Ob-
viously, the cell-dependent delay difference may indeed deteri-
orate the DACs SFDR property seriously.

III. DELAY DIFFERENCES ON THE OUTPUT NET AND ITS

MATHEMATICAL ANALYSIS

Now consider the second source of possible delay differences
in a current-steering DAC, i.e., when the delays from the output
of the switches to the DACs output pad are different (see Fig. 1).
This difference can be described as a different time constant in
(2). The distortion of the th current source in the th sampling
cycle is

(40)

where is the variation of the time constant , and is much
less than itself, say, . With this condition, (40) can be
simplified into

(41)

Since

we have

So, (41) can be further simplified into

(42)

As in Section II-A, the total distortion in the th sampling
cycle is

(43)

where and are defined in (5) and (6), and the function
is defined in (8).

Again, we assume the variation of the time constant, , to be
linearly distributed

(44)

where is a constant. The LDDV and LSS assumptions are in-
cluded in this equation just as in (9). Their impact on the results
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Switching Delay Differences

• Cell-Dependent Delay Differences: 
Main results: 
– “worst case scenario”:

e.g.: 10 bits DAC, dmax  = 100 ps
               ⇒ max. signal frequency: f0 < 5 MHz

– The distribution of the delay values has the 
greatest impact on the SFDR, rather than the 
values itself.
        ⇒ switching sequence needs to be optimized

9

discussed in: 
T. Chen and G. Gielen, 

“The analysis and improvement of a current-steering DAC’s dynamic range-I: 
The cell-dependent delay differences”, Jan. 2006.
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Fig. 4. Equation (37): the dependence of the SFDR on the signal frequency
and the sampling frequency due to the delay differences on the clock net for a
NRZ DAC. (a) SFDR- curve. (b) SFDR- curve.

[1, Fig. 16]). Another conclusion which can be drawn from (38)
is that, when the signal frequency is low enough, the DACs
SFDR property will have nothing to do with the sampling fre-
quency. In [1, Fig. 18], we can see that the DACs SFDR property
is nearly constant provided that the sampling frequency is lower
than 150 MHz. (If the sampling frequency becomes higher, the
DAC will not be able to achieve 14 bits accuracy, thus the SFDR
will decrease.) This result also verifies our analytic result.

With (38) we can estimate the maximum signal frequency a
DAC can achieve under a given maximum delay difference. For
an N-bit DAC, the SFDR it should achieve is at least

dB [10]. So the relation below should be satisfied

(39)
For example, for a 14-bit DAC, when ps (extracted
from the layout of a real DAC [1]), the maximum frequency it
can achieve is only 1.39 MHz, even when all other nonlinearities
are omitted. Of course, this result is based on the simplification
of (9). However, our simulations in Section V with the actual

delay values extracted from the layout obtain a result very close
to this number. The reason will be analyzed in that section. Ob-
viously, the cell-dependent delay difference may indeed deteri-
orate the DACs SFDR property seriously.

III. DELAY DIFFERENCES ON THE OUTPUT NET AND ITS

MATHEMATICAL ANALYSIS

Now consider the second source of possible delay differences
in a current-steering DAC, i.e., when the delays from the output
of the switches to the DACs output pad are different (see Fig. 1).
This difference can be described as a different time constant in
(2). The distortion of the th current source in the th sampling
cycle is

(40)

where is the variation of the time constant , and is much
less than itself, say, . With this condition, (40) can be
simplified into

(41)

Since

we have

So, (41) can be further simplified into

(42)

As in Section II-A, the total distortion in the th sampling
cycle is

(43)

where and are defined in (5) and (6), and the function
is defined in (8).

Again, we assume the variation of the time constant, , to be
linearly distributed

(44)

where is a constant. The LDDV and LSS assumptions are in-
cluded in this equation just as in (9). Their impact on the results
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TABLE II
OPTIMIZED POSITIONS OF SWITCH-AND-LATCH CELLS IN BLOCK

near to the ideal case without delay differences. Even the
SFDR at high signal frequencies where the dominant harmonic
distortion is higher than the second order is improved. This
is because at these high signal frequencies the dominant har-
monic distortion, though higher than the second order, is still
a relatively low-order distortion (for example, the third-order),
which is also reduced by the DDC technique together with the
second-order distortion6.

Under the condition of satisfying the DDC rules, i.e., a delay
distribution similar to what is shown in Fig. 13(b), there may
be lots of switching sequences of the switch-and-cell cells. Our
simulations show that SFDR values very close to the ideal case
with no delay differences can be obtained for all these switching
sequences that satisfy the DDC rules. These results mean that
with a DDC switching sequence the delay differences will have
very little impact on the DACs SFDR property.

VII. CONCLUSION

Driven by signal processing and telecommunication applica-
tions, DACs with higher and higher accuracy and speed are re-
quired. As the accuracy and speed increase, some high-order
distortions become important and impose additional constraints
upon the designers. The impact of the current sources’ limited
output impedance on the SFDR has been well analyzed and can
be solved for state-of-the-art DACs by using a differential output
[6], [7]. Since most of the DACs nowadays are using differential
output to achieve large output swing, no extra solution is needed

6Actually the switching sequence (of the switch-and-latch cells) which can
reduce the second-order distortion normally can also reduce the distortions that
are slightly higher than the second-order. This can be observed from the results
of the uniformly distributed random switching sequences in Fig. 14.

Fig. 14. Result of optimizing the switching sequence for a real design case
( MHz).

to overcome the impact of the limited output impedance. How-
ever, even for DACs with differential output, our studies show
that the delay-related nonlinearities still deteriorate the SFDR
seriously.

The impact of the cell-dependent delay differences on the
SFDR of thermometercode-based current-steering DACs has
been analyzed in this paper. Formulas with clear physical
meaning have been derived and verified by both behav-
ioral-level simulations and results described in published
papers. The results are also justifiable for a segmented archi-
tecture, because in this architecture the thermometric part has
a much more significant weight compared to the binary part
and its delay differences will be the main contribution to the
SFDR deterioration. According to our results, delay differences
deteriorate the DACs SFDR property already at very low signal
frequencies, and are thus one of the main reasons that may
cause a bad SFDR property.

With the method proposed, the intrinsic advantage of the Re-
turn-to-Zero output stage in improving the SFDR property of a
DAC has been analyzed and explained.

The DDC technique has been presented to reduce the impact
of the cell-dependent delay differences on the SFDR. This tech-
nique makes use of the freedom in choosing the switching se-
quence of the switch-and-latch cells, and can improve the SFDR
greatly with very low penalty on the layout area and complexity.
The simulation results show that with the DDC technique, the
DACs SFDR performance is very close to that of an ideal DAC
which has no delay differences.
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Switching Delay Differences

• Output-Dependent Delay Differences: 
– Origin: 

• A transistor switches at Vgs = Vth 
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• Because of the Switch-transistor’s 
limited (gm⋅r0):
Vx(t) = f( V0(t), V1(t), Vs0(t), Vs1(t) ) 

• Vx(t) ≈ V0 / (1 + gm r0)

gm, r0: transconductance 
          and output resistance 
          of the switch transistor 
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Switching Delay Differences

• Output-Dependent Delay Differences: 
– As the clock-signals Vsi(t) 

have a finite slope and

– the source voltage Vx(t) depends
on the output voltage, Vi(t),

– the switch-delay depends 
on the output voltage.
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Practical Example: 

• max. output voltage swing: 0.5 V
• gm r0 ≈ 10
• max. source voltage (Vx) variation: ≈ 0.05 V
• rising speed of clock: 1.25 V/ns

• resulting delay difference: 40 ps⇒



!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./

!"#$%&"'"!"#$%&"'"!"#$%&"'"!"#$%&"'"

()*+",")-"./()*+",")-"./()*+",")-"./()*+",")-"./
2007/09/25 Matthias Frey, Tokyo Institute of Technology

Switching Delay Differences

• Output-Dependent Delay Differences:
– Effects on  the SFDR: 

single-ended output:            differential output: 
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where is the signal’s radial frequency, is the time constant
of the output node, and is the maximum ODDDs. Equation
(56) shows that the SFDR has nothing to do with the sampling
frequency.

When the condition holds, (56) can be simpli-
fied into

(57)

To first order, the SFDR decreases with increasing signal fre-
quency at a slope of about dB/dec. The SFDR also de-
creases with increasing at a slope of about dB/dec. It
will increase with increasing time constant at a rate of about

dB/dec.
The results of (29) and (56) are shown in Fig. 4 later on.

III. SIMULATION RESULTS

A. Simple Single-Pole-Model Simulations

We will now compare the above calculation results with be-
havioral simulation results.

If we only take the dominant pole in the output node into
consideration, the output of the DAC can be simplified into a
simple single-pole model

(58)

where and are the code levels between which
the converter switches. is the delay of the transition. For the

th sampling cycle, is or respectively
for the two outputs, where is the sampling period, and

are defined in (13)–(16) which can be verified by SPICE
simulations. Thus, the ODDDs are included in the simulations.
The output waveform can be obtained by applying (58) to each
sampling cycle. Then the output is sampled to apply the FFT.

The spectra of the output signals are shown in Fig. 3. It can
clearly be seen from this figure that the second-order distor-
tion dominates for the case of the single-ended output, and the
(small) third-order distortion dominates for the case of the dif-
ferential output. This fits well with the calculation results in
Section II. Although the SFDR can be greatly improved by the
differential output, it may still be deteriorated by the ODDDs.

Fig. 4 compares the calculation results and the simulation re-
sults of the impact of the ODDDs on the SFDR for both the
single-ended output and the differential output as a function of
the parameters involved. A sampling frequency of 153 MHz
is used in our simulations. All the simulations are done under
the condition of (12), which means that there
is no delay difference between the turning on and turning off
transitions.

Fig. 4(a) is the SFDR- curves with fixed and ;
Fig. 4(b) is the SFDR- curves with fixed and ; and
Fig. 4(c) shows the SFDR- curves with fixed and . For
all the three variables and in (29) and (56), we see
that the calculation results fit pretty well with the simulation
results. Fig. 4(d) is the SFDR- curve with fixed

Fig. 3. Spectra for a DAC with ODDDs: MHz, ps,
ps, ns. (a) Spectrum of the single-ended output: second-

order harmonic distortion dominates. (b) Spectrum of the differential output:
third-order harmonic distortion dominates.

and . The result shows that the SFDR changes only slightly
with the variation of , which also fits the calculation results.

The results in Fig. 4 show that for the single-ended output,
ODDD can deteriorate the SFDR seriously. For the differential
output, the SFDR is also deteriorated by ODDD, although this
deterioration is rather small for a 14-bit DAC with signal fre-
quency lower than 75 MHz and maximum delay difference less
than 40 ps. However, our calculations and simulations above are
based on the simplified first-order model. No glitches are in-
cluded. Our further simulations in Section III-B will show that
ODDD make the dynamic property of DACs more sensitive to
glitches.

B. Simulations of a Model Including Glitches

In [7] the glitches of a full-binary DAC were analyzed and
shown to have a serious impact on the SFDR. For full-unary
DACs the amplitude of the glitches is proportional to the varia-
tion of the output current. As a result, glitches become a kind
of linear distortion and will not impact the SFDR. However,
glitches can impact the way that the ODDDs impact the dis-
tortion, even for a full-unary DAC. It is therefore necessary to
analyze the dynamic properties of DACs with both ODDD and
glitches. We will do the analysis by simulations in this section.
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and . The result shows that the SFDR changes only slightly
with the variation of , which also fits the calculation results.

The results in Fig. 4 show that for the single-ended output,
ODDD can deteriorate the SFDR seriously. For the differential
output, the SFDR is also deteriorated by ODDD, although this
deterioration is rather small for a 14-bit DAC with signal fre-
quency lower than 75 MHz and maximum delay difference less
than 40 ps. However, our calculations and simulations above are
based on the simplified first-order model. No glitches are in-
cluded. Our further simulations in Section III-B will show that
ODDD make the dynamic property of DACs more sensitive to
glitches.

B. Simulations of a Model Including Glitches

In [7] the glitches of a full-binary DAC were analyzed and
shown to have a serious impact on the SFDR. For full-unary
DACs the amplitude of the glitches is proportional to the varia-
tion of the output current. As a result, glitches become a kind
of linear distortion and will not impact the SFDR. However,
glitches can impact the way that the ODDDs impact the dis-
tortion, even for a full-unary DAC. It is therefore necessary to
analyze the dynamic properties of DACs with both ODDD and
glitches. We will do the analysis by simulations in this section.
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Switching Delay Differences

• Output-Dependent Delay Differences:
– Measures against it: 

• increase (gm⋅r0) of switches
– add a cascode stage for switch 

(if voltage headroom permits)

– scale the switches to increase gm⋅r0

• accelerate switching speed

• add an RZ stage 

13

discussed in: 
T. Chen and G. Gielen, 

“The analysis and improvement of a current-steering DAC’s dynamic range-II: 
The output-dependent delay differences”, Feb. 2007.
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Switching Current Sources

• Errors introduced while Switching: 
– “turning on”-transistor reaches 

different regions of operation 
at different times than 
its complementary 
“turning off” transistor. 
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Switching Current Sources

• Charge feed-through:
– common problem for all SC- and SI-circuits

– first order proportional to 
• switch-capacitance (switch-size)

• switch-driving signal slope

• switch-driving signal swing

15

– ideal switching scheme 
(for min. feed-through): 

• small switch

• slow switch-driving signal

• small switch-driving signal swing
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Switching Current Sources

• How to improve switching behavior

16

– ideal switching scheme: 

– for min. feed-through: 
• small switch

• slow switch-driving signal

• small switch-driving signal swing

– for small output-dep. delay differences: 
• increase size of switches for large (gm⋅r0) 

– for short crossover time: 
• fast switching to minimize switching time 
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Switching Current Sources

• How to improve switching behavior

16

– ideal switching scheme: 

– for min. feed-through: 
• small switch

• slow switch-driving signal

• small switch-driving signal swing

– for small output-dep. delay differences: 
• increase size of switches for large (gm⋅r0) 

– for short crossover time: 
• fast switching to minimize switching time 

Switch Optimization: 

• find ideal trade-off for switch-size

(use cascode if head-room permits)

• slow switching signal, but with 

small signal-swing
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NRZ vs. RZ, dual RZ

• NRZ vs. RZ, dual RZ:
– RZ, return-to-zero circuit:

• each pulse returns to zero for a portion of the 
clock period

• solves inter-symbol interference problem

• halves the output signal power, extra circuitry power

• reduces SFDR for low frequency input signals

17
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Fig. 5. Spectral comparison.

those of an ideal RZ DAC. The input signal to the DAC’s

is a sinusoid of frequency and magnitude From the

time-domain waveforms, it is clear that the conventional DAC

outputs each quantized signal for twice as long as the RZ

DAC; this shows up in the frequency domain as a halving of

the magnitude of the frequency envelope in the case of the

RZ DAC. The RZ DAC therefore will have less output signal

power. However, as also shown in the figure, the

distortion is less pronounced in the case of the RZ DAC. In

the case of the conventional DAC, the envelope has

nulls at sampling rate multiples, and the droop is 3.9 dB at half

the sampling frequency [19]. In the case of the RZ DAC, the

envelope has nulls at multiples of twice the sampling rate,

and the droop at half the sampling frequency is only 0.9

dB. In many communication systems, the droop due to the

conventional DAC is not acceptable and must be corrected by

an inverse sinc filter or equalizer [11]; construction of such a

system for high-speed operation is not a trivial task [19]. The

flatter envelope of the RZ DAC results in less droop distortion

and allows the filter/equalizer to be eliminated entirely in many

cases.

Fig. 6 compares an RZ output voltage waveform with a

track/hold waveform on the basis of charge injection error at

switch turnoff (pedestal error), ignoring all other factors. We

assume that in both circuits, this charge is not taken up by

a dummy switch (or the reset switch in the case of the RZ

circuit); if such switches are present, the argument applies

equally well for the uncancelled portion of the charge. The

track/hold output can be seen to have effectively twice the

signal output of the RZ output, since there is no return of the

signal to zero during hold. However, the charge injection also

results in an error during the second half of the clock cycle

given by (1)

Error (1)

where is the load capacitance.

In the case of the RZ circuit, the error decays approximately

exponentially with the circuit time constant along with the

signal itself. From the figure, the signal output is halved with

respect to the track/hold circuit, but the error during the second

half of the clock cycle due to the charge injection is now given

by (2)

Error (2)

Fig. 6. RZ versus track/hold.

For , we can approximate the error as

In practice, we design for so that

the charge injection error is about ten times smaller than the

track/hold case. Thus, the ratio of the charge injection to the

signal is diminished by an overall factor of 5 when we

include the halving of the signal output for the RZ case.

III. CIRCUIT IMPLEMENTATION

In this section, we examine the circuit implementation of

the DAC in more detail, as well as the advantages that accrue

from this particular implementation.

A. Choice of Switch Device

Consider the output circuit schematic shown in Fig. 3. The

track and reset switches and are

implemented using minimum-length NMOS devices operating

in the linear region. The important performance parameters

of these switches from the dynamic linearity viewpoint can

be summarized as being the on-resistance the channel

charge and the junction capacitance All of these

parameters scale with switch size; in the N-well process

used ( ), the use of

NMOS devices optimizes the switch size as compared to

PMOS devices. For the same device dimensions, the NMOS

device will have lower than the PMOS device while

exhibiting similar and to first order. Equivalently, it

is possible to attain the same with smaller dimensions

in the NMOS case, hence benefitting from smaller and

The designed switch size of the NMOS switches was 200

/0.8

The use of NMOS devices has an impact on the design of

the rest of the DAC. If folding is to be avoided (this gives a

simpler implementation, a slight improvement in circuit speed,

from: 
A. Bugeja, et al., “A 14-bit, 100-MS/s CMOS DAC 

Designed for Spectral Performance ”, JSSC, Dec. 1999. 
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NRZ vs. RZ, dual RZ

• NRZ vs. RZ, dual RZ:
– RZ, return-to-zero circuit:

• each pulse returns to zero for a portion of the 
clock period

• solves inter-symbol interference problem

• halves the output signal power, extra circuitry power

• reduces SFDR for low frequency input signals
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Figure 12 Self-calibrating 200MS/s 14b DAC Examples 

The first is a 200MS/s, 14b D/A converter in 0.18ym 
CMOS [13]. Figure 12 shows its block diagram, in which 

the output stage is a folded cascode structure similar to 
that shown in Figure 7. The architecture contains 

improvements to a self-calibrating DAC previously 

implemented in a 0.35pm CMOS [14]. Despite operating 

at half the supply voltage, the same accuracy and SNR 

have been achieved while doubling the speed. Figure 13 

shows the measured spurious free dynamic range versus 
signal frequency. The power consumption has also k e n  

improved from 1 XGmW to 97mW. 

The second example, shown in Figure 14, is a multi-bit 

XA modulator intended for DSL applications [IS]. 
Despite operating from I.XV, it achieves the same 
dynamic range as those implemented in 0.35ym and 

0.25pm CMOS technologies with a similar power 

consumption of 200mW. The clock rate has been 

improved from below IOOMHz of previous designs to 

200MH2, and the use of multi-hit quantization enables 

the 0.18pm CMOS design to achieve an effective signal 
bandwidth of 1 IMM, or tenfold improvement over 
previous designs. Even at 1.8V switching has become a 

problem and bootstrapping was used to secure speed. 

Figure 15 shows the measured signal-to-noise ratio. 
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Figure 14 Schematic Diagram of 51h-Order XA Modulator 

6. Conclusions 

As CMOS technologies scale down to IOOnm and below, 

low voltage design can no longer remain a curiosity 

research subject. Any wish to preserve technologies that 

still operate at a reasonable supply voltage ( I N ,  for 

example) will only be taken notice of by the technology 
providers if high performance analogue circuits really 

turn out to be impossible below certain limit. 

This paper examined some of the important aspects of 

analogue design in the low voltage context. Two-stage 

opamps should have sufficient gain, speed and output 
swing. The limitation of input common-mode range can 

be bypassed if the opamp input is maintained at virtual 

ground by a feedback structure. Limited overdrive and 

leakage make switches some of the hardest elements to 

realize in an analogue circuit. Where switched opamp 

technique is impractical and critical switches cannot be 
confined to a virtual ground, bootstrapping techniques 

are available to ensure signal independent switching. 
Circuit techniques can also he employed to prevent 

switch leakage from degrading accuracy. Examples also 

suggest that when the supply voltage scales down, the 
optimal SNR can be maintained without increasing 

power consumption. At the same time the speed of the 

circuit is also likely to improve rather than degrade. 
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Figure 15 Measured SNR, SNDR and Dynamic Range 
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from: 
Q. Huang, “Low Voltage and Low Power  Aspects of 
Data Converter Design”, ESSCC 2004 
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NRZ vs. RZ, dual RZ

• Dual RZ:
– RZ, return-to-zero circuit:

• combines two shifted RZ-pulses 
to a single pulse

• solves inter-symbol interference problem

• large circuit overhead
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from: 
R. Adams, et al., “A 113 dB SNR oversampling DAC 

with segmented noise-shaped scrambling”, ISSCC 1998. 
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Part II: Modeling of DACs 19

• Simple Mathematical Model 
of a Current-Steering DAC’s Output
– Code-Transition

– Output-Dependent Delay Difference

– The Simulink Model

• Future Work 
– Check whether the Model is precise enough

– Build a Feedback Loop to Correct Non-Idealities
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Preliminaries: Two Definitions

• Glitch “Energy”, Egl:
– sometimes called “Glitch Area”

– not an energy, but voltage integrated over time

– Unit: often [pV⋅s]

– many different definitions

20

“my” definition:

t
V1(t)

• Glitch Time, tgl: 
– “time during which the glitch 

occurs”
tgl/2
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Simple Mathematical Model of a CS-DAC

• Current-Source Switching:
– Code-Transition modeled by 

• shifted “tanh”-function

+
• exponentially-damped sinusoid as glitch

21

discussed in: 
J. Vandenbussche et al., 

“Systematic Design of High-Accuracy Current-Steering  
D/A Converter Macrocells for Integrated VLSI Systems”, TCAS-II, March 2001.
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TABLE II
THE DESIGNABLE PARAMETERS OF THE PROPOSED D/A CONVERTER

ARCHITECTURE

IV. BEHAVIORAL MODELING FOR THE SPECIFICATION PHASE

By using a complete mixed-signal hardware description language

model for system block, the designer can explore different solutions at

the system level in terms of performance, power, and area consump-

tion [8]. In this way, the high-level specifications of the system can be

translated into specifications for the D/A converter as well as for the

other blocks in the system.

The generic behavioral model of the D/A converter [8] is divided

into a digital thermocoder (which performs the translation from a

binary to a thermometer code) and an analog core, which incorporates

the latches, switches, and current source arrays. For the analog core,

SpectreHDL was used to implement the model. The digital decoder

was implemented in VHDL and simulated using a Synopsys tool.

Mixed-signal simulations were done using Leapfrog from Cadence.

The generic analog hardware description language (AHDL) model for

the glitch energy and settling time (transient simulation) is presented

next.

For the dynamic (transient) behavior of the D/A converter, two key

specifications are taken into account: settling time and glitch energy

. The settling time is mainly determined by the capacitance on the

output node and can be modeled as such in the behavioral model.

The glitch, on the other hand, is dependent not only on the number

of current sources switched when going from level to level but also

on the choice of the number of bits that steer the binary weighted

current source array. A generic model of the glitch can be obtained by

superposition of an exponentially damped sine and a shifted hyperbolic

tangent [8]

level level

level level
(1)

in which is the output current, is the amplitude and the

period of the glitch signal, and level and level are the code levels

between which the converter switches. The glitch energy is defined as

the integrated area indicated in gray in Fig. 5. Using (1), this area can

be approximated by

level level
(2)

Fig. 5. Calculation of the amplitude of the damped sine in terms of the
glitch energy .

where

number of current sources switched when going from

level to level ;

resistive load applied to the converter;

glitch energy.

Using this generic model, the required specifications for the D/A

converter can be derived by performing simulations at the system level.

V. SIZING SYNTHESIS

The specifications that have been derived during the specification

phase are now used during the sizing synthesis of the converter itself.

The design of the converter is performed hierarchically, as indicated in

Fig. 1. First, some decisions on the architectural level have to be made.

Next, the sizing of the transistors at the device level has to be done.

A. Architectural-Level Synthesis

The two architectural-level parameters ( , ) are determined during

architectural-level sizing synthesis. Two important performance cri-

teria as listed in Table I are taken into account: static and dynamic per-

formances.

Static Performance: The static behavior of a D/A converter is

specified in terms of INL and DNL. A distinction has to be made

between random errors and systematic errors. The random error is

determined solely by mismatch. The systematic errors are caused by

process, temperature, and electrical gradients. In optimally designed

D/A converters, the INL and DNL are determined by random errors

(i.e., mismatch) only. A small safety margin (10% of INL) is reserved

to allow for systematic contributions. The systematic errors are

layout-determined and are thus minimized during layout generation

by optimizing the switching scheme and switching sequence. This

optimization is explained in Section VI. Here we explain how the

random error is kept under control.

The maximum acceptable random error can be calculated from yield

simulations [12]. Fig. 6 depicts the yield simulation (using a Matlab

program) for a 14-bit D/A converter: to achieve a targeted yield of

99.9% (INL 0.5 LSB), the relative standard deviation of current

matching for the unit current cell (1 LSB) has to be smaller than 0.1%.
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Using this generic model, the required specifications for the D/A

converter can be derived by performing simulations at the system level.

V. SIZING SYNTHESIS

The specifications that have been derived during the specification

phase are now used during the sizing synthesis of the converter itself.

The design of the converter is performed hierarchically, as indicated in

Fig. 1. First, some decisions on the architectural level have to be made.

Next, the sizing of the transistors at the device level has to be done.

A. Architectural-Level Synthesis

The two architectural-level parameters ( , ) are determined during

architectural-level sizing synthesis. Two important performance cri-

teria as listed in Table I are taken into account: static and dynamic per-

formances.

Static Performance: The static behavior of a D/A converter is

specified in terms of INL and DNL. A distinction has to be made

between random errors and systematic errors. The random error is

determined solely by mismatch. The systematic errors are caused by

process, temperature, and electrical gradients. In optimally designed

D/A converters, the INL and DNL are determined by random errors

(i.e., mismatch) only. A small safety margin (10% of INL) is reserved

to allow for systematic contributions. The systematic errors are

layout-determined and are thus minimized during layout generation

by optimizing the switching scheme and switching sequence. This

optimization is explained in Section VI. Here we explain how the

random error is kept under control.

The maximum acceptable random error can be calculated from yield

simulations [12]. Fig. 6 depicts the yield simulation (using a Matlab

program) for a 14-bit D/A converter: to achieve a targeted yield of

99.9% (INL 0.5 LSB), the relative standard deviation of current

matching for the unit current cell (1 LSB) has to be smaller than 0.1%.

– Parameters: 
• Glitch Energy, Egl → Glitch Amplitude Agl

• Glitch Time, tgl

• number of switches 
(involved in the code-transition)
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determined solely by mismatch. The systematic errors are caused by

process, temperature, and electrical gradients. In optimally designed

D/A converters, the INL and DNL are determined by random errors

(i.e., mismatch) only. A small safety margin (10% of INL) is reserved

to allow for systematic contributions. The systematic errors are

layout-determined and are thus minimized during layout generation

by optimizing the switching scheme and switching sequence. This
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random error is kept under control.

The maximum acceptable random error can be calculated from yield
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Fig. 1. First, some decisions on the architectural level have to be made.

Next, the sizing of the transistors at the device level has to be done.

A. Architectural-Level Synthesis

The two architectural-level parameters ( , ) are determined during

architectural-level sizing synthesis. Two important performance cri-

teria as listed in Table I are taken into account: static and dynamic per-

formances.

Static Performance: The static behavior of a D/A converter is

specified in terms of INL and DNL. A distinction has to be made

between random errors and systematic errors. The random error is

determined solely by mismatch. The systematic errors are caused by

process, temperature, and electrical gradients. In optimally designed

D/A converters, the INL and DNL are determined by random errors

(i.e., mismatch) only. A small safety margin (10% of INL) is reserved

to allow for systematic contributions. The systematic errors are

layout-determined and are thus minimized during layout generation

by optimizing the switching scheme and switching sequence. This

optimization is explained in Section VI. Here we explain how the

random error is kept under control.

The maximum acceptable random error can be calculated from yield

simulations [12]. Fig. 6 depicts the yield simulation (using a Matlab

program) for a 14-bit D/A converter: to achieve a targeted yield of

99.9% (INL 0.5 LSB), the relative standard deviation of current

matching for the unit current cell (1 LSB) has to be smaller than 0.1%.
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1) Transistor-Level Simulation
in Cadence:
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3) High-Level Simulation
with Extracted Parameters:

2) Extract Parameters Egl, tgl

Egl = 8.9 10-14 Vs
tgl  ≈ 0.5 ps
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– Glitches are more symmetric
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– With the same glitch-time, tgl,
the high-level simulation has
a smaller bandwidth. 
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Vs1(t)

Vcasc

Vbias

Vx(t)

Vs0(t)

V0(t) V1(t)

t
Vs1(t)

Vs0(t)

Vsw

tsw

Vx(t) =
V0(t)

1+gmr0

tdelay =
tsw

Vsw(Vth +Vx(t))

tdelay =
tsw

Vsw(Vth + V0(t)
1+gmr0

)
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Simulink Model of a CS-DAC

• Output of the Simulink Model:
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Future Work

• Check if Model’s Precision is enough

• Design Feedback Loop to Correct 
Non-Idealities of DAC-Settling
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There are several types of errors contributing to a degraded SFDR at higher input signal-
frequencies that have been discussed in recent literature: cell-dependent output current de-
lay [10], output-dependent delay [12], as well as the “nonlinear RC-type” settling of the DAC [13].

Possible schemes for correcting the dynamic non-idealities are shown in Fig. 1.

Digital
Input

Analog
Output

Signal-
proc.

DAC

cal.
DAC

(a) Feedforward with a seperate cali-
bration DAC.

A

D

Digital

Input

Analog

Output

Signal-
proc.

DAC

cal.
DAC

(b) Feedback with a separate calibra-
tion DAC.

Feedback

Digital
Input

Analog
Output

DAC

(c) Feedback using only the
main DAC.

Figure 1: The correction scheme with and without feedback.

In order to determine a feasible scheme and algorithm for the correction of dynamic non-
idealities, an accurate high-level model of the DAC is required. This model is being implemented
in a Matlab/ Simulink environment. The model is based on the equations derived in [13], but
the output-dependent delay differences (described in [12]) are also incorporated.

The model can be calibrated mainly by the two parameters Egl, the glitch energy, and tgl,
the glitch time. These two parameters can be derived easily from transistor-level simulations.
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(a) Transistor-level simulation of a switching DAC.
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(b) High-level simulation of a switching DAC.

Figure 2: Low-level and high-level simulation of a switching DAC.

It is unclear at the moment, whether the precision of this model suffices to be used for
accurate enough high-level simulations. It is clear however, that the output spectrum of the
transistor-level simulation is broader than the one obtained from the high-level model, as can
be seen in Fig. 3. The spectral analysis of the output data needs further attention.

Future Work

The next step of this project will be to assemble all parts of the high-level simulation model in
Simulink, and calibrate it with data obtained from transistor-level simulations. This model can
then be used to determine a suitable way for correcting the dynamic non-idealities. In a first
step, a feedforward algorithm will be implemented; later, this can be extended with a feedback
system that should be able to calibrate itself.
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Conclusions

• The settling behavior of a current-steering 
DAC was discussed.

• Various reasons for SFDR degradation in 
current-steering DACs was presented. 

• Hints for the design of the switches in 
current-steering DACs were given. 

• A simple mathematical model of a current-
steering DAC was presented. 

27
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Thank you! 28

for questions & comments:
mfrey@ieee.org

Thank you for your interest! 
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