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Abstract—For a high-accuracy current-steering digital-to-
analog converters (DACs), the delay differences between the cur-
rent sources is one of the major reasons that cause bad dynamic
performance. In this paper, a mathematical model describing the
impact of the delay differences on the DACs SFDR property is pre-
sented. The results are verified by comparison to behavioral-level
simulations and to actual measurement data from published
papers. Based on this analysis, the delay differences cancellation
(DDC) technique to reduce the impact of the delay differences on
the SFDR property is proposed and verified by simulation results.

Index Terms—Current-steering digital-to-analog converters
(DACs), delay differences cancellation (DDC), delay differ-
ence, delay distribution, spurious-free dynamic range (SFDR),
switch-and-latch cell, switching sequence.

I. INTRODUCTION

FOR TODAY’S digital-to-analog converters (DACs), higher
and higher accuracy and speed are required. Such DACs

are typically implemented as current-steering DACs. For a DAC
with an accuracy higher than 12 bits, its spurious-free dynamic
range (SFDR) property has become one of the major limiting
factors for its performance [1]–[5]. There are quite a lot of non-
ideal factors which will impact the DACs SFDR property. Some
work has been done to explore the physical reasons of the dete-
rioration of the SFDR. In [6] and [7], the impact of the current
sources’ limited output impedance for current-steering DACs is
analyzed. As a conclusion, this limited output impedance will
deteriorate the SFDR for high-accuracy high-speed DACs, es-
pecially when the single-ended output is used [7]. This conclu-
sion can be verified by the model provided in [8].

The delay-related nonlinearities are another kind of main con-
tributors to the bad dynamic property. Our previous paper [9]
proposes a method for analyzing this kind of nonlinearities. The
results of the analysis show that the delay-related nonlinearities
can indeed limit the dynamic performance of a high-accuracy
high-speed DAC if one does not apply any special techniques to
solve this problem.

Based on their different causes, two kinds of delay differences
in a high-accuracy current-steering DAC can be distinguished.
One is the cell-dependent delay differences, and the other is the
output-dependent delay differences.
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Fig. 1. Schematic of a current cell and the floorplan of the layout.

When the accuracy of a current-steering DAC increases, the
number of current cells1 increases, and it will be more and more
difficult to let all these current sources have the same delay from
the clock pad or to the output pad under the condition of keeping
a reasonable layout aspect ratio. Fig. 1 shows the floorplan of the
DAC and the schematic of a current cell. All the switch-and-
latch cells are connected to the same output pad and the same
clock pad. The delays from the clock pad to the switch-and-latch
cells, or the delays from the switch-and-latch cells to the output
pad, are determined by the length of the connection wire, as
shown in the two circles in Fig. 1, and has nothing to do with
the output value. We call this kind of delays the cell-dependent
delays. Due to the different positions of the switch-and-latch
cells (not the current-source cells) on the layout, the delays are
different from cell to cell. For a DAC with a number of bits
higher than 14, the delay differences may be as high as dozens of
picoseconds in today’s mainstream CMOS technologies. This is
the physical reason for the cell-dependent delay differences.

Besides the cell-dependent delays, another kind of the delay
differences is the output-dependent delay differences, whose
delay values will depend on the output value, instead of the
physical position of the current cells. The basic schematic of
a current source used in the current-steering DACs is shown in
Fig. 2(a). (Note that the current source or the switch transistor
could also be cascoded.) Normally the switch transistors work
in saturation region (when on) or cutoff region (when off). The
voltage of the internal node X will change when changing the
drain voltage of the on transistor because of the limited output

1From now on, the phrase “current cell” means the whole unit cell of the
DAC, i.e., the current source together with the switches and latches. The phrase
“current-source cell” only means the current source transistor, and “switch-and-
latch cell” means the switches and latches. See Fig. 1.
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Fig. 2. Voltage variation of the internal node. (a) Schematics. (b) Small-signal
equivalent circuit.

impedance of the switch transistor. Thus, the variation of the
output voltage will cause a small variation of , which will
result in a change of the next switching time. Fig. 2(b) shows
the small-signal equivalent circuit. The transistor which is off is
omitted. When the output impedance of the (cascoded) current
source is very large, with KCL the equation below can be
obtained

(1)

where and are the transconductance and the output
impedance of the switch transistor respectively. This is the
physical reason of the output-dependent delay differences.

As the first part (part I) of our study, this paper will only
focus on the analysis and improvement of the cell-dependent
delay differences. However, our calculations show that the same
method can also be applied to the analysis of the output-depen-
dent delay differences to get meaningful results. The analysis
and improvement of the output-dependent delay differences will
be proposed in the part II of this paper.

This paper is organized as follows. In Section II, the method
used in [9] is explained in full detail to analyze the impact of
the delay differences in the clock net on the SFDR of the DAC.
Formulas with clear physical meaning are derived, and are com-
pared to the measurement results from a published paper [1].
Next, this method is extended in Section III to analyze the delay
differences in the output net. The impact of the return-to-zero

(RZ) output stage on the cell-dependent delay differences will
then be analyzed in Section IV. The intrinsic advantage of the
RZ stage in reducing the impact of the delay differences on the
SFDR can be observed from the results of the analysis. In Sec-
tion V behavioral-level simulations are presented and the results
are compared to the results of the mathematical model. Sec-
tion VI proposes the delay-difference-cancellation (DDC) tech-
nique to overcome the cell-dependent delay differences. Our
simulations show that the cell-dependent delay differences will
not impact the SFDR any more with this technique. The DDC
technique paves the way to the design of current-steering DACs
with high dynamic accuracy ( bits). Finally, Section VII
summarizes the paper and draws conclusions.

II. DELAY DIFFERENCES ON THE CLOCK NET AND ITS

MATHEMATICAL ANALYSIS

For the cell-dependent delays, the delay values are deter-
mined by the position of the current cell on the layout, while
the delays in both the two differential output ends are the same.
This means that taking the differential output will not reduce
the nonlinearity caused by this kind of delay differences, and
the second-order harmonic distortion is the dominant distortion
which will determine the SFDR deterioration. In this section,
the second-order distortion of a DACs single-ended output will
first be calculated. Then we will calculate the amplitude of
the signal frequency. From these results, the expression of the
SFDR can be obtained.

A. Second-Order Distortion Caused by the Delay Differences
on the Clock Net

For a current-steering DAC without RZ output stage,2 the
output of the current sources are added directly to the output
current of the DAC; the delay differences among these current
sources will reflect on the output current directly.

Consider one of the current sources with clock delay .
Assume it is switched on in the th sampling cycle. Then its
output current is

(2)

where is the sampling period, is the time constant decided
by the DACs load. The amplitude is set to be one. This is a
simplified expression, the internal poles of the current cell have
been omitted. But this is sufficient to get meaningful results.

The distortion of this current source is thus

(3)

Assume the DACs input is a sinusoidal signal

(4)

where is the DACs number of bits. The amplitude is set so
that the amplitude of every unit current source is 1.

2Current-steering DACs with RZ output stage will be analyzed later in Sec-
tion IV.
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Fig. 3. DACs output signal without RZ output stage.

For a high-resolution DAC, ignoring the discrete nature of the
output signal, the ideal output of the DAC in the period from

to can be expressed as

(5)

(6)

During this period the DACs total distortion is

(7)

where (3) has been used, and

when
else

(8)

is a square function.
In order to simplify the calculations, only linearly-distributed

delays are considered for now. That is

(9)

where is a constant. Two assumptions are contained in this
approximation. First, the delay values are integer times of .
(We will refer to this condition as linearly distributed delay
values or simply LDDV assumption later.) Second, the current

cells are switched on in the same order as their delay increases
(referred to as linear switching sequence or LSS assumption).
The LDDV assumption does not exist in a real DAC, but as will
be seen in Section V, it has little impact on the result, so it is
justifiable to adopt this assumption to simplify the derivation.
What will impact the SFDR is actually the distribution of
the delay values rather than the values themselves. The delay
distribution is determined by the switching sequence of the
switch-and-latch cells3 when the input code step by step changes
from the minimum value to the maximum value. Here, the LSS
assumption is one of the possible cases in a real DAC and it
leads to an interpretable analytic result. For the cell-dependent
delays, when the positions of the switch-and-latch cells in the
switch-and-latch block are decided, the delay values for the
corresponding current cells are fixed, but the designer can still
decide the delay distribution freely by arranging the actual
switching sequence of the switch-and-latch cells. We will see
later from the simulation results in Section VI that the LSS
case is one of the worst delay distributions.4 However, through
the analysis of this worst case, we will obtain the optimized
delay distribution and the corresponding optimized switching
sequence of the switch-and-latch cells.

3Note that the switching sequence of the switch-and-latch cells can be
different from the switching sequence of the current source cells.

4Actually, what we simulated and optimized in Sections V and VI is
the distribution of the delays in the output net. But we will see later that
the delay differences in both the clock net and the output net impact the
SFDR in a similar way [see (23) and (46)].
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Using (9) into (7), with a little calculation we can get the result
for the DACs total distortion in the th time window

(10)

Define the function as

(11)

As will be seen later, determines the amplitudes of the
distortion components at different frequencies. Then (10) can
be simplified to

(12)

With (5) and (6), we can get

(13)

Thus the DACs overall distortion is

(14)

where “ ” is the convolution operator.
Since the distortion is very small compared to the signal am-

plitude for high-resolution converters, the distortion at the signal
frequency can be neglected. Thus, only the second-order distor-
tion must be considered5:

(15)

Applying the Fourier transform

(16)

(17)

(18)

5Results later on confirm that the second-order distortion is the dominating
contribution if the signal frequency is not too high.

For the high-accuracy DACs of nowadays, it normally holds that

(19)

It meas that, the output settles well at the end of each sampling
cycle.

Thus, (18) can be simplified into

(20)

With (16), (17), and (20), the Fourier transform of can
be obtained

(21)

This is a sequence of Dirac functions at the frequencies
. What we are interested in is the component at frequency
, its amplitude is

(22)

Using (20), we get

(23)

where is the maximum delay difference of the cur-
rent cells. We see from this result that the second-order distor-
tion is proportional to both the maximum delay difference
and the sampling frequency , and that there is a peak when
the signal frequency is near . is the time constant of
the output node. We see from (23) that a bigger results in a
smaller second-order distortion.

B. Signal Amplitude and the SFDR of a DAC Without RZ
Output Stage

In order to get the SFDR, the signal amplitude at has to
be calculated. For a DAC without RZ output stage, its output
signal is shown in Fig. 3, where is the sampling cycle, and

are the DACs output values at time and ,
respectively, as defined in (5) and (6). is the DACs output
signal. It can easily be decomposed into two parts: (the
right bottom curve) and (the left bottom curve) , that is

(24)

Then we can get by calculating and , respec-
tively.

Define the function as

(25)
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where the square function is defined in (8). Then
can be expressed as (ignoring the discrete nature of the output
signal)

(26)

Under the condition of (19), we get the Fourier transform of
as

(27)

With (16), and (27), s Fourier transform is obtained

(28)

Now we calculate the Fourier transform of . It can be
expressed as

(29)

Applying the Fourier transform

(30)
With the above equations, together with (16), we get the Fourier
transform of as

(31)

From (24), (28), and (31), the Fourier transform of can
be obtained

(32)

The amplitude of the component at the signal frequency
is

(33)

Observing (27) and (30), the relation holds

(34)

Using this equation into (33) gives

(35)

With some calculations, (35) can be simplified into

(36)

Thus, we have obtained the amplitude of the signal frequency.
Combining (23) and (36), the SFDR of a current-steering

DAC without RZ output stage due to cell-dependent delay dif-
ferences caused by the clock net of the latches can be obtained
as (assuming that the second-order distortion is dominant)

(37)

where is the maximum delay difference of the
current cells. We see from this expression that the SFDR will
increase with decreasing delay differences ( ) of the current
cells. This is consistent with our intuition. The most interesting
thing about this result is the dependency of the SFDR on the
signal frequency and the sampling frequency. Fig. 4(a) shows
the SFDR- curve, where the signal frequency
has been normalized to the sampling frequency .
When the signal frequency increases from zero up to , the
SFDR will first decrease and then increase. When ,
the SFDR reaches its lowest value. This result will be verified
with more detailed simulation results later in Section V.

The SFDR- curve is shown in Fig. 4(b), where the sam-
pling frequency has been normalized to the signal frequency

. We conclude from this figure that, when the signal fre-
quency is a constant, we can improve the SFDR by decreasing
the sampling frequency. This is reasonable because, when the
sampling frequency increases, the distortion in every sampling
cycle appears with a higher frequency, thus deteriorating the
DACs SFDR property. When the sampling frequency becomes
even higher, the amplitude of the distortion in every sampling
cycle is reduced, the total distortion will not increase much,
thus, the SFDR will approach a constant value, as shown in the
figure.

When the signal frequency is so low that , (37) can
be simplified into

(38)

This result shows that the SFDR will decrease with increasing
signal frequency at a rate of about dB when the signal
frequency is low. This is consistent with [1]’s measurement (see
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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-f curve. (b) SFDR-f 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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Fig. 5. Equation (46): the dependence of the SFDR on the signal frequency
and the sampling frequency due to the delay differences on the output net for a
NRZ DAC. (a) SFDR-f curve. (b) SFDR-f curve.

is also similar to the case of the delay differences in the clock
net, which has been discussed when we introduce (9).

With similar calculations as in Section II-A, we can get the
amplitude of the second-order distortion as

(45)

Combining (36) and (45), the SFDR of a DAC without output
stage due to output time constant differences is obtained as

(46)
where is the maximum time constant variation. This re-
sult is shown in Fig. 5. It is very similar to (37)’s result (see
Fig. 4), i.e., the impact of the output time constant variation on
the SFDR is similar to that of the clock delay difference. That
means that the output time constant variation will impact the
SFDR in the same way as the clock delay difference does. Thus,

Fig. 6. RZ DACs output signal. (a) The simplified output signal f (t). (b)
The actual output signal f (t).

when designing the layout of the switch-and-latch block, it is
possible to let both delay differences cancel each other and thus
reduce the whole delay variation.

IV. IMPACT OF RZ OUTPUT STAGE ON DELAY DIFFERENCES

In [2] and [3], an RZ output stage was used to enhance the
SFDR property by setting the output to a fixed value (ac ground)
at the start of any transition. With this architecture, the output
signal is divided into two phases in every clock cycle: the track
phase and the attenuate phase. The output tracks the DAC output
only during the track phase, and it is attenuated to a very low
fixed value during the attenuate phase [2]. When the signal fre-
quency increases, the SFDR property of such a DAC will de-
crease with a much slower rate compared to DACs without RZ
output stage. In this section, a simplified ideal RZ output stage
with attenuation time assumed to approach zero as shown in
Fig. 6(a) will be analyzed as a worst-case situation to a real RZ
DAC. The impact of the cell-dependent delay differences on the
SFDR of such a DAC will be obtained. Since the delay differ-
ences on the clock net and the output net impact the SFDR in a
similar way, only the delay differences on the clock net are an-
alyzed in this section.

Fig. 6(a) shows the simplified output signal of an RZ DAC. In
this figure, the curve is the output of the RZ DAC. For com-
parison, a normal (without RZ output stage) DACs output signal

is also shown. Both the signal amplitude at frequency
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and the amplitude of the second-order distortion have to be re-
calculated in order to get the SFDR. The curve in Fig. 6(b)
shows the output of an actual RZ DAC with nonzero attenuation
time. We will discuss the impact of the attenuation time on the
SFDR later.

Using the function defined in (25), we can express
as

(47)
With calculations similar to Section II-B, the amplitude of the

component at frequency can be obtained as

(48)

where

(49)

The second-order distortion of such a DAC has to be recalcu-
lated too. Instead of (7), the total distortion of the th cycle is
now

(50)

where is defined in (11).
With calculations similar to Section II-A, we can get the am-

plitude of the second-order distortion as

(51)

As we now have the signal amplitude [(48)] and the amplitude
of the second-order distortion [(51)], the DACs SFDR can be
obtained as

(52)

where is the maximum delay difference. Again,
the SFDR property of such a DAC will increase with decreasing
delay differences of the current cells. But the frequency
dependence is different from that of a DAC without RZ output
stage. The SFDR- curve is shown in Fig. 7(a). We see that
the SFDR will decrease with increasing signal frequency with
a small slope. This is consistent with the measurement results
in [2], [3], and [5]. Fig. 7(b) shows the SFDR- curve re-
sulting from (52). We see from this figure that the SFDR also
decreases with increasing sampling frequency, but the reduction
happens slower than in the case without the RZ output stage [see
Fig. 4(b)].

For the RZ output stages with nonzero attenuation time [see
the curve in Fig. 6(b)], if ignoring the settling error at the

Fig. 7. Equation (52): the dependence of the SFDR on the signal frequency
and the sampling frequency due to the delay differences on the clock net for a
RZ DAC. (a) SFDR-f curve. (b) SFDR-f curve.

end of the last track phase, the DACs output during the attenu-
ation phase will not be impacted by the delay differences. The
nonlinear distortion only exist in the track phase. According to
(3), the nonlinear distortion decreases exponentially when re-
ducing the time of the track phase. Meanwhile, the signal energy
reduces linearly when reducing the time of the track phase. As
a result, for an actual RZ output stage whose attenuation time is
larger than zero, if the only nonlinearity that is taken into consid-
eration is the cell-dependent delay differences, the SFDR should
even be better than what we have obtained in (52).

When the signal frequency is so low that , (52) can
be further simplified into

(53)

This result shows that when the signal frequency is low, the RZ
DACs SFDR property will depend on the sampling frequency,
instead of the signal frequency. This property is different from
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Fig. 8. Layout of the switch-and-latch block from [1].

that of a DAC without output stage [see (38)], the SFDR of
which depends on the signal frequency instead of the sampling
frequency.

V. SIMULATION VERIFICATION OF MATHEMATICAL MODEL

According to the previous analysis, the delay differences on
both the clock net and the output net will impact the SFDR in a
similar way. Therefore, in our simulations we only consider the
delay differences on the output net.

Fig. 8 shows the layout of the switch-and-latch block as ex-
tracted from a real DAC [1], which is used as illustrative ex-
ample here. The clock net is not shown for simplification. We
will simulate the behavior of every current cell, and then get the
behavior of the whole DAC by adding up the current of all the
current cells. In this figure, unit 183 is taken as an example. The
resistances and the capacitors are the extracted parasitic resis-
tances and capacitors of the actual wires on the layout. For the
switch-and-latch cells in different positions, these parameters
have different values, and will result in the delay differences on
the output net.

The corresponding extracted circuits are shown in Fig. 9. As
shown in Fig. 8, , are the parasitic parameters of the main
wire on the left side of unit 183. and are on the right side.

, are the parasitic parameters of all the branch wires on
the left side of the branch wire where unit 183 is located, and

, are those on the right side. The parasitic parameters on
the branch wire where unit 183 is located are divided into two
parts. , are on the bottom side, and , are on the top
side. Replacing unit 183 with a current source, we obtain the
equivalent circuit of Fig. 9. In order to simplify the simulation,
the , subcircuit and the , subcircuit are placed in
the middle of the , subcircuit and the , subcircuit
respectively. and are the load of the DAC. The point A
is where the switch-and-latch cell is connected to the output net.
The current source describes the switching behavior of the
current source. Ignoring the internal poles, can be thought
as an ideal step function when the current cell is switched on.
The values of the resistances and the capacitances can be ex-
tracted from the layout. With this circuit model, we can calcu-
late the output current caused by every current cell. When the
clock transition happens, the output current of the DAC can be

Fig. 9. Extracted circuit for calculating the delays.

Fig. 10. Flowchart of the SFDR simulation method.

obtained by adding up the output currents of all the current cells
which are turned on. Applying the same calculations to each
sampling cycle, the total output signal can be obtained. Then
the FFT analysis is applied to obtain the SFDR. The flowchart
of the simulation method is shown in Fig. 10.

Fig. 11 shows the results of the simulations. For compar-
ison, the calculation results of (46) are also shown as the thick
curve without markers. The curve with the circle markers shows
the simulation results. We see that both curves agree with each
other well when the signal frequency is not so high. But when
the signal frequency is higher than 72 MHz in the example of
Fig. 11, the results of the calculation and simulation are be-
coming different: the simulated SFDR curve even flattens off.
This is because at those frequencies the higher-order distortion
dominates and makes the SFDR lower than the case when only
the second-order distortion is considered, while in our mathe-
matical model only the second-order distortion is taken into con-
sideration. If we only consider the second-order distortion in the
simulation, we will get the curve with triangle markers. It fits the
calculation results much better at higher frequencies, and it also
matches the total SFDR curve at lower frequencies, indicating
that at lower frequencies indeed the second-order component
dominates.

Our mathematical model is based on the very simplified as-
sumptions [see (9) and (44)] and these assumptions do not exist
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Fig. 11. Comparison of SFDR calculation and simulation results for a DAC
without output stage [1].

in real DACs. The reason why the simulation results fit the cal-
culation result is that, in the chip [1] we used, the current cells
are switched on nearly in the same order as their delays decrease
[Fig. 13(a)], i.e., it approximately fits the LSS assumption de-
fined in Section II-A. In such a case, the peak of the nonlinear
distortion caused by the different delays appears twice in one
sinusoidal cycle, and results in big second-order distortion, thus
deteriorating the SFDR.

We will show in Section VI by simulations that the delay dis-
tribution (physically the switching sequence of the switch-and-
latch cells) greatly affects the DACs SFDR property assuming
that the delay difference values are fixed. Since it is hard for
a high-accuracy DAC to reduce the delay differences of all the
current cells through proper design and layout, finding a best
delay distribution becomes a promising way to solve the SFDR
problem.

VI. DDC TECHNIQUE

As aforementioned, we can reduce the delay differences by
making the delay differences on the clock net and those on the
output net cancel with each other, as shown in Fig. 12(a). But
the length differences in the clock net and in the output net will
not result in exactly the same delay differences, therefore this
method cannot solve the problem completely. Another possible
solution is to use a tree-like connection for both the clock net
and the output net as shown in Fig. 12(b). This method will
inevitably increase the area and slow down the sampling fre-
quency, and for high-accuracy DACs, the tree-like buses will
make it difficult to get a reasonable aspect ratio.

The methods mentioned above work by reducing the values
of the delay differences. In this section, we will present another
method which will not change the delay difference values of the
current cells. Instead, we will reduce the impact of the cell-de-
pendent delay differences on the SFDR directly by properly
choosing the switching sequence of the switch-and-latch cells.
In this way, what is changed is the delay distribution instead of
the values of the delay differences. It is to some degree similar

Fig. 12. Reduction of the cell-dependent delay differences. (a) Delay
cancellation between the clock net and the output net. (b) Tree-like clock net
and output net.

to what has been done to the current source cells in order to
achieve good INL static property in [1] and [11]. Fig. 1 shows
the floorplan of a typical high-accuracy current-steering DAC.
The connections between the thermodecoder block and the
switch-and-latch block (connections 1 in the figure), together
with the connections between the switch-and-latch block and
the current source block (connections 2), provide enough
freedom to the designers for realizing in the same chip both
the optimum switching sequence in the current-source block
for good static INL performance and the optimum switching
sequence in the switch-and-latch block for good dynamic
SFDR performance.

If we only take the distortion caused by the delay differences
into consideration, two conclusions are justifiable based on the
above analysis and simulations. First, to first-order approxima-
tion, the total distortion is the sum of all the distortions in every
sampling cycle; in each cycle, the distortion is the sum of the
distortions of every current cell that is switched on; and the dis-
tortion of a current cell in a sampling cycle is linearly propor-
tional to the delay difference value of the current cell [see (3)
and (42)]. Second, the second-order distortion dominates when
the signal frequency is not too high. Correspondingly, there are
two solutions to improve the SFDR property: to reduce the am-
plitude of the distortion in each sampling cycle, or to reduce the
energy of the second-order distortion. Thus, we get two rules
(we call them “the DDC rules”) for arranging the switching se-
quence of the switch-and-latch cells

1) The amplitude of the distortion in every sampling cycle
should be reduced to as low as possible. That means that
the current cells with big delay values should neighbor
the current cells with small delay values in the switching
sequence.
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TABLE I
POSITIONS OF SWITCH-AND-LATCH CELLS IN BLOCK

2) The distortion should appear with high frequency. That
means that the current cells with big delay variations
should be distributed as uniformly as possible. Thus, the
energy of the lower-order distortion can be reduced.

Below we will illustrate these rules by an example.
The layout of the switch-and-latch block extracted from a real

DAC [1] is shown in Fig. 8. The clock network in this chip is a
tree-like net, the delay differences are very small compared to
those caused by the output net, so it is not shown for reasons
of simplification. The positions of the switch-and-latch cells
in the matrix decide the actual delay values and are shown in
Table I, where the numbers designate the switching sequence of
the cells as used in [1]. (We will refer to it as “cell number” in
this paper.) When the DAC is working, the unary current cells
will turn on according to the order of the “cell number.” The
position of a number in the table designates its position in the
switch-and-latch block. The number “0” means that the position
is vacant. The delay values of each current cell can be calculated
by the model presented in Section V. The normalized delay dis-
tribution is shown in Fig. 13(a). Obviously, they don not satisfy
the assumptions of (9) and (44).

We see from Fig. 13(a) that in this chip the current cells
with smaller cell numbers have greater delays. As a result, for
a full-scale sinusoidal input signal, the distortion will have two
peaks in every signal cycle, i.e., , the DAC will have a very big
second-order distortion, and such a second-order distortion will
determine the DACs SFDR property when the signal frequency
is not too high (see Fig. 11). This conclusion is consistent with
the previous analysis.

We can change the switching sequence by rearranging the po-
sitions of the switch-and-latch cells. Table II shows one possible
rearrangement. The cells with consecutive cell numbers are put

Fig. 13. Normalized delay distributions of the switch-and-latch cells from [1].
(a) Original distribution. (b) After the sequence rearrangement.

in the opposite place vertically to satisfy DDC rule 1. According
to DDC rule 2, the cell numbers are uniformly distributed in the
whole table. The corresponding delay distribution is shown in
Fig. 13(b). The current cells with big delay deviation have been
uniformly distributed among all the cell numbers, and every big
delay cell is always neighbored by two cells with small delay
values. So the DDC rules are satisfied by this arrangement.

Performing behavioral-level simulations as before on the
“new” DAC, the SFDR results obtained are shown in Fig. 14,
where the curve with circle markers is the case with the opti-
mized switching sequence while still having the same delay
values from the original layout [1]; the curve with right-pointing
triangle markers shows the ideal case when there is no delay
difference; the curve with upward-pointing triangle markers
is the original case [1] before optimization; and the curves
with asterisk markers are cases when uniformly distributed
random switching sequences are applied. We see from these
results that the rearrangement of the delay values can improve
the DACs SFDR property significantly to a level that is very
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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
(f = 150 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.

ACKNOWLEDGMENT

The authors would like to thank Dr. G. Van der Plas for his
valuable discussions and suggestions.

REFERENCES

[1] G. Van der Plas, J. Vandenbussche, M. Steyaert, W. Sansen, and G.
Gielen, “A 14-bit intrinsic accuracy Q random walk CMOS DAC,”
IEEE J. Solid-State Circuits, vol. 34, pp. 1708–1718, Dec. 1999.

Authorized licensed use limited to: Katholieke Universiteit Leuven. Downloaded on March 30,2010 at 07:26:13 EDT from IEEE Xplore.  Restrictions apply. 



CHEN AND GIELEN: CURRENT-STEERING DACs DYNAMIC SFDR I 15

[2] A. R. Bugeja and B. Song, “A self-trimming 14-b 100-MS/s CMOS
DAC,” IEEE J. Solid-State Circuits, vol. 35, pp. 1841–1852, 2000.

[3] J. Hyde, T. Humes, C. Diorio, M. Thomas, and M. Figueroa, “A 300-
ms/s 14-bit digital-to analog converter in logic CMOS,” IEEE J. Solid-
State Circuits, vol. 38, pp. 734–740, 2003.

[4] A. Van den Bosch, M. Borremans, M. Steyaert, and W. Sansen, “A 12 b
500 msample/s current-steering CMOS D/A converter,” in Proc. IEEE
2001 ISSCC, vol. XLIV, Feb. 2001, pp. 366–367.

[5] Y. Cong and R. Geiger, “A 1.5 v 14 b 100 MS/s self-calibrated DAC,”
in Proc. IEEE 2003 ISSCC, vol. 1, Feb. 2003, pp. 128–482.

[6] A. Van den Bosch, M. Steyaert, and W. Sansen, “SFDR-bandwidth lim-
itations for high speed high resolution current steering CMOS D/A con-
verters,” in Proc. IEEE 1999 ISCAS, 1999, pp. 1193–1196.

[7] S. Luschas and H. S. Lee, “Output impedance requirements for DAC’s,”
in Proc. IEEE 2003 ISCAS, May 2003, pp. I–861–I–864.

[8] T. Chen and G. Gielen, “Modeling of the impact of the current source
output impedance on the SFDR of current-steering CMOS DA con-
verters,” in Proc. IEEE 2004 ISCAS, May 2004.

[9] , “Analysis of the dynamic SFDR property of high-accuracy cur-
rent-steering D/A converters,” in Proc. IEEE 2003 ISCAS, May 2003,
pp. I–973–I–976.

[10] S. Haykin, An Introduction to Analog and Digital Communica-
tions. New York: Wiley, 1989.

[11] Y. Cong and R. Geiger, “Switching sequence optimization for gradient
error compensation in thermometer-decoded DAC arrays,” IEEE Trans.
Circuits Syst. II, Analog Digit. Signal Process., vol. 47, no. 7, pp.
585–595, Jul. 2000.

Tao Chen (S’02) was born in Zhangping City, Fujian
Province, P.R. China, in 1974. He received the B.S.
degree in electronic engineering in 1996 from Zhe-
jiang University, and in 1999, he received the M.S.
degree, also in electronic engineering, from Tsinghua
University, China.

From 1999 to 2000, he was an ASIC engineer at
Huawei High-Tech Incoporation, Beijing, and then a
chip design engineer with Capella Microsystem In-
coporation, Beijing. Currently, he is a research as-
sistant with the MICAS Laboratories, K.U. Leuven,

Belgium. He is working toward the Ph.D. degree on the design of analog/mixed-
signal integrated circuits.

Georges G. E. Gielen (S’87–M’92–SM’99–F’02)
received the M.Sc. and Ph.D. degrees in electrical en-
gineering from the Katholieke Universiteit Leuven,
Leuven, Belgium, in 1986 and 1990, respectively.

From 1986 to 1990, he was appointed as a Re-
search Assistant by the Belgian National Fund of
Scientific Research. In 1990, he was appointed a
Postdoctoral Research Assistant and Visiting Lec-
turer with the Department of Electrical Engineering
and Computer Science, University of California,
Berkeley. From 1991 to 1993, he was a Postdoctoral

Research Assistant with the Belgian National Fund of Scientific Research,
ESAT Laboratory, Katholieke Universiteit Leuven. In 1993, he was appointed
as a tenure Research Associate of the Belgian National Fund of Scientific
Research and also an Assistant Professor at the Katholieke Universiteit Leuven.
In 1995, he was promoted to Associate Professor at the same university, where
he is now a full-time Professor. His research interests are in the design of analog
and mixed-signal integrated circuits, and especially in analog and mixed-signal
CAD tools and design automation (modeling, simulation and symbolic analysis,
analog synthesis, analog layout generation, analog and mixed-signal testing).
He is coordinator or partner of several (industrial) research projects in this area.
He has authored or coauthored one book and more than 250 papers in edited
books, international journals, and conference proceedings.

Dr. Gielen was the 2004 President-Elect of the IEEE Circuits and Systems
(CAS) Society. He has been an Associate Editor of the IEEE TRANSACTIONS

ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS,
and recently also of the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS––II:
ANALOG AND DIGITAL SIGNAL PROCESSING. He is also a member of the Pro-
gram Committees of international conferences (ICCAD, DATE, ISCAS). He
received the Best Paper Award of the Wiley International Journal on Circuit
Theory and Applications in 1995. He was the 1997 Laureate of the Belgian Na-
tional Academy of Sciences, Literature, and Arts, and is a member of the Edi-
torial Board of the Kluwer International Journal on Analog Integrated Circuits
and Signal Processing.

Authorized licensed use limited to: Katholieke Universiteit Leuven. Downloaded on March 30,2010 at 07:26:13 EDT from IEEE Xplore.  Restrictions apply. 


	toc
	The Analysis and Improvement of a Current-Steering DACs Dynamic 
	Tao Chen, Student Member, IEEE, and Georges G. E. Gielen, Fellow
	I. I NTRODUCTION

	Fig.€1. Schematic of a current cell and the floorplan of the lay
	Fig.€2. Voltage variation of the internal node. (a) Schematics. 
	II. D ELAY D IFFERENCES ON THE C LOCK N ET AND ITS M ATHEMATICAL
	A. Second-Order Distortion Caused by the Delay Differences on th


	Fig.€3. DACs output signal without RZ output stage.
	B. Signal Amplitude and the SFDR of a DAC Without RZ Output Stag

	Fig.€4. Equation (37): the dependence of the SFDR on the signal 
	III. D ELAY D IFFERENCES ON THE O UTPUT N ET AND ITS M ATHEMATIC

	Fig.€5. Equation (46): the dependence of the SFDR on the signal 
	Fig.€6. RZ DACs output signal. (a) The simplified output signal 
	IV. I MPACT OF RZ O UTPUT S TAGE ON D ELAY D IFFERENCES

	Fig.€7. Equation (52): the dependence of the SFDR on the signal 
	Fig.€8. Layout of the switch-and-latch block from [ 1 ] .
	V. S IMULATION V ERIFICATION OF M ATHEMATICAL M ODEL

	Fig.€9. Extracted circuit for calculating the delays.
	Fig.€10. Flowchart of the SFDR simulation method.
	Fig.€11. Comparison of SFDR calculation and simulation results f
	VI. DDC T ECHNIQUE

	Fig.€12. Reduction of the cell-dependent delay differences. (a) 
	TABLE I P OSITIONS OF S WITCH - AND -L ATCH C ELLS IN B LOCK
	Fig.€13. Normalized delay distributions of the switch-and-latch 
	TABLE II O PTIMIZED P OSITIONS OF S WITCH - AND -L ATCH C ELLS I
	VII. C ONCLUSION

	Fig.€14. Result of optimizing the switching sequence for a real 
	G. Van der Plas, J. Vandenbussche, M. Steyaert, W. Sansen, and G
	A. R. Bugeja and B. Song, A self-trimming 14-b 100-MS/s CMOS DAC
	J. Hyde, T. Humes, C. Diorio, M. Thomas, and M. Figueroa, A 300-
	A. Van den Bosch, M. Borremans, M. Steyaert, and W. Sansen, A 12
	Y. Cong and R. Geiger, A 1.5 v 14 b 100 MS/s self-calibrated DAC
	A. Van den Bosch, M. Steyaert, and W. Sansen, SFDR-bandwidth lim
	S. Luschas and H. S. Lee, Output impedance requirements for DAC'
	T. Chen and G. Gielen, Modeling of the impact of the current sou
	S. Haykin, An Introduction to Analog and Digital Communications 
	Y. Cong and R. Geiger, Switching sequence optimization for gradi



