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The Design of a 2.7 V, 200 MS/s, and 14-bit CMOS D/A
Converter with 63 dB of SFDR Characteristics for the 90
MHz Output Signal
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SUMMARY
This paper describes the design of a 2.7 V operational, 200 MS/s, 14-bit CMOS D/A converter (DAC). The
DAC consists of 63 current cells in matrix form for an upper
6-bit sub-DAC, and 8 current cells and R-2R ladder resistors
for a lower 8-bit sub-DAC. A source degeneration resistor, for
which a transistor in the triode operational region is used, is
connected to the source of a MOS current source transistor in a
current cell in order to reduce the inﬂuence of threshold voltage
(Vth) variation and to satisfy the diﬀerential nonlinearity error
speciﬁcation as a 14-bit DAC. In conventional high-speed and
high-resolution DACs that have the same design speciﬁcations
described here, spurious-free dynamic range (SFDR) characteristics commonly deteriorate drastically as the frequency of the
reconstructed waveform increases. The causes of this deterioration were carefully examined in the present study, ﬁnding that
the deterioration is caused in part by the input-data-dependent
time-constant change at the output terminal. Unexpected current ﬂow in parasitic capacitors associated with current sources
causes the change in the output current depending on the input
data, resulting in time-constant change. In order to solve this
problem, we propose a new output circuit to ﬁx the voltage at
the node where the outputs of the current sources are combined.
SPICE circuit simulation demonstrates that 63 dB of SFDR characteristics for the 90 MHz reconstructed waveform at the output
can be realizable when the supply voltage is 2.7 V, the clock rate
is 200 MS/s, and the power dissipation is estimated to be 300
mW.
key words: High-speed DAC, Low-voltage DAC, High-resolution
DAC, CMOS DAC, SFDR characteristics

1.

Introduction

High-speed and high-resolution DACs are used in
graphics terminals and DDS (Direct Digital Synthesis)
applications. In graphics terminal applications, highend work station and ultra high resolution displays having more than 2000 × 1500 pixels are the target for the
DAC. Here, the clock rate exceeds 200 MS/s, requiring
a resolution of more than 12-bits. In DDS application, DACs with more than 12-bit resolution and more
than 200 MS/s of operational capability are strongly
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required. However, low distortion of the reconstructed
waveform up to Nyquist frequency is the most important characteristic [1].
DACs with 14-bit resolution or 200 MS/s operation
have been realized by using conventional CMOS technology [2]∼[6]. MOS realization is desirable because
these DACs will be installed in a system LSI. However,
diﬃculties exist in realizing more than 14-bit and more
than 200 MS/s operation while retaining superior spurious free dynamic range (SFDR) characteristics. In
this paper, we try to resolve these diﬃculties.
Fourteen-bit resolution requires the good linearity
at low frequencies. We call this speciﬁcation ”static
linearity”. Static linearity depends on device mismatch
such as threshold voltage and transconductance parameter variation, and dimensional variation of the gate
length and gate width of the transistors. These errors
are both random and systematic. In order to equalize
systematic error, a method such as the Q2 random walk
has been proposed [2]; however, it is very complicated
and should be avoided if possible.
SFDR usually deteriorates rapidly with an increase
in output signal frequency. One of the major causes
of this nonlinearity has been thought to be a signaldependent glitch that is generated due to the timing
variation when current switches become on and oﬀ [3].
So far, the improvement in SFDR characteristics have
not been suﬃcient. Therefore, another cause of SFDR
degradation should be investigated for the sake of its
further improvement.
Being pushed by the requirements, we have tried
to design a 14-bit and 200 MS/s CMOS DAC with superior SFDR characteristics. Section 2 explains the
block diagram of the conventional DAC. In section 3,
a method to realize accuracy of 0.2 % for a current
source is introduced. Section 4 shows the poor SFDR
frequency characteristics of a conventional DAC. Section 5 again examines the conventional SFDR improvement techniques. Section 6 introduces the new cause
of SFDR degradation and its improvement technique,
which is developed in this study. Section 7 shows the
improved SFDR frequency characteristics of the designed DAC. Section 8 concludes the study.
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Fig. 2 The equivalent circuit of a long-channel MOSFET in a
current source

Fig. 1

Block diagram of a conventional 14-bit DAC
Fig. 3 A current source in which resistors are replaced by transistors in the triode operational region

2.

Block diagram of a 14-bit DAC

Figure 1 shows the block diagram of a conventional 14bit CMOS DAC. It is constructed by combining the
upper 6-bit sub-DAC which contains current-cells in
matrix form with the lower 8-bit sub-DAC which contains R-2R ladder resistors [7]. The upper 6-bit subDAC consists of input decoders that convert the 6-bit
input binary data into thermometer codes, 14 latches,
63 identical current sources each of which has accuracy
of 0.2 % or less, 63 selectors, and 63 identical current
switches. Each current source becomes activated when
the decimal number of the input data is increased by
one. The lower 8-bit DAC consists of 8 input latches,
8 current sources each of which again has accuracy of
0.2 % or less, 8 current switches, and R-2R ladder resistors. Binary weighting of currents are given by the
R-2R ladder resistors. The output currents of the upper 6-bit sub-DAC and the lower 8-bit sub-DAC are
combined at the output resistor Rout or Rout /, which
is a part of the R-2R ladder resistors. It has diﬀerential
outputs.
In this conﬁguration, the accuracy required for the
current source and the R-2R ladder resistors becomes
9-bit equivalent, that is, 0.2 %, in order to obtain a
diﬀerential nonlinearity error of less than ±1/2 LSB in
the 14-bit DAC. Therefore, it is realizable if a conventional CMOS process and current mirror circuits are
used with appropriate care in realizing current sources.

3.

A method for obtaining accuracy of 0.2 %
or less in current sources

Each current source in the upper 6-bit sub-DAC and
the lower 8-bit sub-DAC should have accuracy of 0.2
% or less. We tried to obtain accuracy for the current source by adopting the source degeneration resistor
scheme that places a resistor at the source terminal of a
current source transistor. The inﬂuence of the Vth variation is reduced. Although the inﬂuence of the β variation becomes slightly high in the equivalent resistor
part, it is still small compared with the Vth variation.
Here, β is expressed as µCox W/L, with µ, Cox , W, and
L being the mobility, the unit gate capacitor, the gate
width, and the gate length of a transistor, respectively.
Figure 2 shows the concept of this. The input node
voltage is ﬁxed by an op amp so that it becomes equal to
the output node voltage in a current mirror circuit. The
conventional method of realizing a robust design for the
Vth and β variation of a MOS current source is to use a
long-channel transistor, that is, a transistor with a long
gate length. The gate area thus increases and Vth and
β variation are reduced. Because transconductance decreases the inﬂuence of Vth , β variation decreases at the
output. A long-channel MOS transistor is considered
such that it consists of two diﬀerent MOS transistors
connected in series as shown in Figure 2. The lower
parts of transistors M01, M11, and M22 are again considered as source degeneration resistors because they
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are operated in the triode operational region.
In this paper, the use of two separate MOS transistors in place of one long-channel MOS transistor is
proposed as shown in Figure 3. The diﬀerence between
the circuit seen in Figure 3 and that shown in Figure 2
is that the gate terminals of transistors M01, M11, and
M22 in Figure 3 connect to another supply voltage VP
which is higher than the voltage of gates of M0, M1,
and M2. M01, M11, and M22 in Figure 3, of course,
become the source degeneration resistors in the same
manner as shown in Figure 2. Now, the inﬂuence of
the device parameter mismatch on the currents Id1 and
Id2 is analyzed. First, we will derive the formula for
the relative error of the output current in the current
mirror circuit with the source degeneration resistors as
shown in Figure 2.
We denote the β and Vth of transistors M1 and M2
as β1 , Vth1 and β2 , Vth2 , respectively. We also denote
the degeneration resistors of M11 and M22 as R1 and
R2 , respectively, and their average source voltage as Vs .
As the parameter variation is assumed to be small, the
source voltages of M1 and M2 become almost identical.
Then, following the procedure described in reference 8,
we obtain,
∆Id
−∆VthU
gmU /2βU
=
+
Id
Vs + gmU /2βU
Vs + gmU /2βU


∆R
Vs
−
Vs + gmU /2βU
R



∆βU
βU



(1)

where, βU = (β1 + β2 )/2, ∆βU = β1 − β2 , R =
(R1 + R2 )/2, ∆R = R1 − R2 , Id = (Id1 + Id2 )/2,
∆Id = Id1 − Id2 , ∆VthU = Vth1 − Vth2 , and gmU /βU =
VgsU − VthU , VgsU and VthU are the average gate-tosource voltage and the threshold voltage of M1 and M2,
respectively.
The degeneration resistor is formed by using a
transistor in a triode operational region as shown in
Figure 3. As Vth and β also varies in this transistor,
the resister value also varies. The relative error can be
calculated as follows:


∆βR
∆R
∆VthR
=
−
(2)
R
VP − VthR
βR
where VthR and βR are the Vth and β of a transistor
used as a degeneration resistor.
The overall relative error is obtained by substituting equation (2) into (1). Now, let’s take the gate
area of a transistor into account because the amount
of the Vth and β variation is inversely proportional to
the square root of the gate area. It then becomes convenient to express the relative error by converting it in
the form of standard deviation. It becomes,
2

σ (Id )
1
 2
×
Id 2
Vs LU WU


2
σ (βU )
σ (VthU ) +
βU 2



2
2
1
σ (βR )
σ (VthR )
+
+
LR WR (VP − VthR )2
βR 2




2

gmU
2βU

2 

(3)

where LU , LR , WU , and WR are the average gate
length and the average gate width of transistors M1
and M2, and M11 and M22, respectively.
The ﬁrst term in equation (3) indicates that the Vth
and β variation of a transistor M1 or M2 are suppressed
by the ratio of 1/Vs and gmU /2βU Vs . Usually, Vs 
(gmU /2βU ) holds. The second term in equation (3)
also indicates that the Vth variation of a transistor used
as a degeneration resistor is suppressed if VP ≥ VG
compared with the circuit in the left side of Figure 2.
However, this comparison is not fair because the
value of the degeneration resistor shown in Figure 3 is
smaller than that in Figure 2 when VP ≥ VG . In order
to obtain the same degeneration resistor value, WR in
Figure 3 should be set smaller than that in Figure 2
by the ratio of (VG − VthR ) / (VP − VthR ). Substituting
this ratio into the second term in equation (3) yields,


2

σ (VthR )
(VG − VthR ) (VP − VthR )


2
VP − VthR σ (βR )
+
(4)
VG − VthR
βR 2

1
2ndterm =
LR WR

Now, the degeneration resistor value of M11 or
M22 seen in Figure 3 becomes equal to that of M11
or M12 in Figure 2. The eﬀect is that the gate area
of M11 or M22 in Figure 3 becomes smaller than
that of M11 and M22 in Figure 2 by the ratio of
(VG − VthR ) / (VP − VthR ). Vth variation is still suppressed as indicated by equation (4) because VP ≥ VG .
In this case, however, the β variation increases by the
ratio of (VP − VthR ) / (VG − VthR ). The overall error,
however, still decreases for the variation of the degeneration resistor value in Figure 3 compared with that
in Figure 2 because the Vth variation is dominant and
is greater than the β variation.
The accuracy of the current sources in diﬀerent conﬁgurations are SPICE-simulated assuming the
0.35µm CMOS device parameters in order to verify the
eﬀectiveness of the proposed method and to conﬁrm
whether it can achieve accuracy of 0.2 % or less. Table 1 shows the output current (Id ) variation with Vth ,
W, and L as a parameters when 3σ values of variation is given to each parameter at random by using the
Monte Carlo simulation method. W and L are a part
of the β and they represent the β variation. Although
there seems to appear two transistors M0 and M01,
or M1 and M11 or M2 and M22 in Figure 2, it is actually one long-channel transistor. In order to obtain
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TABLE I
The Id1 variation (3σ value)
Parameters
Fig. 2
Fig. 3
Vth variation
0.37 %
0.19 %
(±5mV )
W,L variation
0.054 %
0.081 %
(±0.035µm)
Total
0.37 %
0.22 %

Fig. 5
DAC

Fig. 4

Id1 variation of a circuit in Fig. 3

enough accuracy, 10 identical long-channel transistors
are connected in parallel for realizing M0 and M01, or
M1 and M11 or M2 and M22. The W/L ratio of one
long-channel transistor out of 10 is 20µm/75µm. The
3σ of Id1 variation is tabulated in Table 1. The VG is
chosen to be 1.2V . Again, 10 identical transistors connected in parallel are used for M0 and M01, or M1 and
M11 or M2 and M22 in Figure 3. The W/L ratios for
one-tenth of M0 and one-tenth of M01, for example, are
12µm/4µm and 10µm/75µm, respectively. VG is 1.2 V
and VP is 1.9 V.
The data presented in Table 1 show that the total
mismatch error is small for the circuit shown in Figure
3, although the total gate area is 53 % of that shown in
Figure 2. The accuracy is almost the 9-bit equivalent,
that is, 0.2 %, and this is suﬃcient to satisfy the diﬀerential nonlinearity error speciﬁcation as a 14-bit DAC.
However, error due to W and L variation tends to increase for transistors M11 and M22 in Figure 3. This is
also consistent with the result of Equation 4. The error
current histogram produced by the simulation is shown
in Figure 4. As the Vth variation is suppressed by using
the degeneration resistor scheme and the inﬂuence of β
variation is thought to be small, we consider it to be
unnecessary to introduce an equalizing procedure such
as Q2 random walk.
4.

SFDR characteristics of a conventional
DAC

The SFDR frequency characteristics of a conventional
14-bit CMOS DAC are shown in Figure 5. Figure 5

The SFDR frequency characteristics of a conventional

presents the circuit simulation results after designing
each block shown in Figure 1. In this design, the latches
of the upper 6-bit sub-DAC are connected directly to
the input decoders and symmetrical switch control signals for a current switch are used. Therefore, no provision to reduce glitches has been adopted. We see similar frequency characteristics in the design shown in Van
der Plas’s Figure 16 [2], although it does adopt some
SFDR improvement techniques. In Figure 5, the frequency components of the output waveform as a result
of a transient analysis are evaluated by applying the
Fast Fourier Transform. The clock speed is 200 MHz
and each current source has exactly the same current
value as others in this simulation. The ﬁgure indicates
that the SFDR degrades as the frequency of the reconstructed output waveform increases, and that the
SFDR is only 53 dB for the 10 MHz output. This value
is far smaller than the signal-to-noise ratio value of the
ideal 14-bit DAC. Some means should be taken to improve such characteristics.
5.

Conventional
niques

SFDR

improvement

tech-

The major cause of SFDR degradation is known to
be glitch generation, which has two causes: variations
in the timing of switch control signals at the current
switch inputs, and changes in voltage at the common
source terminal of switching transistors when the switch
changes its state [5], [9].
Variations in the timing of switch control signals
occur because of variations in the distance between the
input latch and the current switch for each current
source. Additional delay variations are introduced in a
selector circuit depending on which input terminal the
control signal is applied to. In order to alleviate this
situation, the input latch is placed between the selector
and the current switch as shown in Figure 6(a). As the
latch’s output timing is synchronized with a clock, the
on and oﬀ switch timing becomes equal for all of the
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Fig. 8 Time-constant change at the output (a)The output
waveform (b)Step-by-step rise time
Fig. 6

Conventional SFDR improvement techniques

6.

Fig. 7

Improved SFDR frequency characteristics

current switches.
The voltage change at the common source terminal of switch transistors is caused by applying the symmetrical control signals to switch transistors as shown
in Figure 6(b). When VSW 1 and VSW 2 cross with each
other at the halfway point of transition, the voltage Vs
at the common source terminal changes. This causes
additional current ﬂow in the current source stray capacitors, and thus becomes a glitch at the output. To
avoid this, the cross-point voltage of VSW 1 and VSW 2 is
set high as shown in Figure 6(c). By using the setting
in Figure 6(c), the change in Vs becomes small, thereby
suppressing glitch generation.
As a result, the SFDR frequency characteristics are
improved as shown in Figure 7 in which the bold line
indicates ’with timing adjustment in current switching’.
Although the improvement is about 10 dB in all the
frequencies, this is still not a satisfactory value.

Extended SFDR improvement technique

In order to further improve the SFDR frequency characteristics, we tried to ﬁnd other causes of SFDR degradation. By careful observation of the output waveforms,
it becomes clear that time-constant change occurs at
the output node of the DAC.
Figure 8(b) shows the rising time variation at the
output of the DAC when the current ﬂowing through
the output terminal changes. The output waveform
in Figure 8(a) is observed by converting this current
into voltage by the output resistor. The input data
are decremented one by one and the output voltage increases step by step. The rise time for a voltage change
from 10 % to 90 % of each step is measured. When
many current switches in the current cell matrix turn
on, a large output current ﬂows in the output; conversely, when only a small number of switches are on,
a small current ﬂows. Figure 8(b) indicates that the
rise time depends on the output current and that the
time increases with the increase of output current. The
same kind of phenomenon is observed in measurements
of the falling time.
The reason for the change in the rise time at the
output is considered as follows and Figure 9 shows a
possible solution.
In the current-cell matrix, each current source associated with a stray capacitor is connected to the load
resistor Rout by way of a current switch. As the input data determine the on or oﬀ status of each of the
current switches (from SW1 to SW63 ), the total number of stray capacitors connected to the load through
a current switch also changes. In this case, however, a
switch transistor doesn’t become the combination of
an ideal switch and a resistor in series. Instead, it
acts as a cascode transistor for a current source because the switch control voltage is limited to 2V max-
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Fig. 9 Mechanism underlying the time constant change
(a)Small number of switches are on (b)A large number of switches
are on

imum. Although this conﬁguration increases the output impedance of a current source, some current still
ﬂows through the stray capacitor when the voltage at
Vout changes by the step, because of the limited output impedance of a switch transistor. This additional
current ﬂow increases with the increase in the number
of current switches turned on, and it decreases the output current Iout ﬂowing in the load resistor Rout . This
causes the equivalent time-constant change at Vout and
the SFDR degradation at high frequencies, because the
voltage step increases at high frequencies. To avoid this
type of degradation, it becomes necessary to maintain
the output voltage at a constant level.
The circuit that solves this problem is shown in
Figure 10. The 64 current sources, including 1 dummy
current cell, are grouped into 8 sections and each section thus ties 8 current source outputs through the current switches. In order to make these 8 current-cell output nodes constant, gain-boosted cascode circuits (from
M1 to M8 , and Op1 to Op8) are connected between the
load resistor Rout and the 8 current-cell output nodes.
The voltages at the 8 current cell output nodes always
equal Vref , and they do not change with change in input data. The 8 drain terminals of the cascode transistors (from M1 to M8 ) are then connected to the load
resistor Rout . Even when the voltage across the load
resistor changes, all the outputs of the current cells are
now isolated, and the stray capacitors in the current
cells have no inﬂuence. The 8 drain terminals of the
cascode transistors likewise have no inﬂuence because
they are always connected to the load resistor.
Current sources are grouped into 8 sections as
shown in Figure 10 in part because they are to be placed
in 8×8 matrix form in the layout, and because the gate
capacitor of a cascode transistor, for example, M1, is
small compared with that in the case when only one cascode transistor is used for all 63 current sources. When
the gate capacitance of a cascode transistor increases,
the time delay necessary for an op amp to control a
cascode transistor in a gain-boosted circuit increases,

Fig. 10

Fig. 11

The new output circuit of the DAC

A gain-boosted cascode circuit

and as a result, a large voltage spike is produced across
the Rout . Although this spike does not depend on the
input signal, since the time delay is constant, a large
spike is not desirable. In order to avoid this situation, 8
gain-boosted cascode circuits are used rather than only
1. The use of 63 gain-boosted cascode circuits is desirable, however, as this greatly increases circuit and
layout complexity, it is not a possible solution.
The gain-boosted cascode circuit is shown in Figure 11. Mn3 in Figure 11 corresponds to M1, · · ·, or
M8 in Figure 10. Mn1, mn2, mp1 and R1 form an op
amp and Vb1 and Vb2 are the bias voltages. The source
and gate terminals of mn1 become the positive and inverted op amp terminals, respectively. Vref  is chosen
0.65 V and it is external. In this conﬁguration, the
voltage at terminal A, where the current source outputs are combined into one, becomes Vref  + Vgsmn1 ,
and it is relatively constant, although it depends on
the voltage gain of the op amp. In order to enhance
the voltage gain and the frequency bandwidth of the
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Fig. 12

Rise time of the re-constructed output waveform

op amp, the parallel connection of a resistor R1 and a
constant current source mp1, and a cascode transistor
mn2 are adopted. The R1 value can be increased by
supplying a constant current by mp1.
The outputs of every 8 current cells of the upper
6-bit sub-DAC are connected to terminal A as shown
in Figure 11. Mn3 is not cut oﬀ even when all the
current switches of current cells are turned oﬀ because
Ibias always sinks 0.3 mA of the current. This ensures a
ﬁxed source terminal voltage of mn3. The load resistor
Rout , which is part of the R − 2R ladder resistors of the
lower 8-bit sub-DAC, is connected to the drain terminal
of mn3 to obtain the combined currents from the upper
6-bit sub-DAC and the weighted currents of the lower
8-bit sub-DAC. The simulated voltage suppression ratio
between terminals DAout and A is 23 dB and its −3 dB
frequency is 240 MHz.
In Figure 10, the chosen supply voltage is 2.7 V,
close to the minimum voltage for this design. The use
of cascode transistors (M1 to M8 ) and operational ampliﬁers (Op1 to Op8 ) prevents any further reduction of
the supply voltage.
Figure 12 veriﬁes the eﬀect on the use of the gainboosted cascode circuit. Throughout the output voltage range, no remarkable change in rising time is observed.
7.

Overall SFDR frequency characteristics

The SFDR frequency characteristics of the new circuit shown in Figure 10 are simulated by using the
0.35um CMOS device parameters. The supply voltage
and clock speed are 2.7V and 200M Hz, respectively.
The result is shown in Figure 13 by the line reading
’with gain-boosted cascode circuit’. In the ﬁgure, two
other curves as shown in Figure 7 are also plotted. Several dBs of improvement can be seen in the frequency
range up to 90M Hz. The obtained SFDR is 63 dB
for a 90M Hz reconstructed waveform. Power dissipa-

Fig. 13 Overall SFDR frequency characteristics of the proposed DAC

tion is estimated at about 300 mW by the simulation.
The simulation demonstrates that one-third is for analog and the rest is for digital when the DAC is operated
at 200 MS/s and produces a 90 MHz output from the
2.7 V power supply.
8.

Conclusion

A 2.7V operational, 200MS/s, 14-bit CMOS DAC was
designed by using 0.35um CMOS device parameters.
A current source that adopts a degeneration resistor
scheme was developed. This possibly eliminates the use
of the equalizing procedure for current sources. In addition to this, by eliminating the input-data-dependent
time-constant change at the output terminal, the SFDR
is improved by several dBs over the conventional SFDR
improvement technique.
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