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Abstract—This paper presents a design of a 6-bit 5.4-
Gsamples/s D/A converter in IBM 0.13 pm CMOS technology for
DS-CDMA UWB transceivers. The high conversion rate and low
supply voltage of 1.5 V make the design a challenge. To reduce
the time constant of the circuit, we propose a two-stage current-
steering topology, in which the distribution of the resistive and
capacitive loads is balanced at the two stages. We also propose a
folded-cascode current source cell that eliminates the need to
control the crossing-points of the switch signals and minimizes the
digital feedthrough. The current source cell does this without
sacrificing headroom, so the circuit is suitable for a low supply
voltage. Post-layout simulation has been performed to estimate
performance. At the conversion rate of 5.4 Gsamples/s, the
spurious free dynamic range (SFDR) is greater than 38 dB for
three different signal frequencies. Both the integral nonlinearity
(INL) and differential nonlinearity (DNL) stay within 0.3 LSB.
The layout occupies a small active area of 110 pm X 90 um, and
the D/A converter consumes only 20 mW of power.

Index Terms—CMOS, D/A converter,
UWB, SFDR, INL, DNL, -current-steering,
current source cell, feedthrough

DAC, DS-CDMA,
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I. INTRODUCTION

For a DS-CDMA UWB transceiver, one practical approach
for generation of the data signal is to use a high-speed low-
resolution D/A converter followed by a low pass filter to shape
the spectrum. Due to the hardware complexity of
implementing a high-order filter, it is desirable to push the
conversion rate of the D/A converter as high as possible. In the
DS-CDMA UWB proposal, the highest data rate is 1.35 Gbps
[1]. Four times oversampling of the data signal necessitates the
D/A converter operate at 5.4 Gsamples/s.

A high conversion rate makes a D/A converter susceptible
to parasitic capacitances of the circuit, which may cause digital
feedthrough, weak isolation, significant glitch energy, and
slow transient time. These result in a sharp drop in the
spurious free dynamic range (SFDR). CMOS current-steering
D/A converters are a commonly adopted architecture for
modern communication systems. Many recent publications
have revealed its success for high-resolution and relatively
high-speed D/A converters [2]-[5]. A 10-bit 1-Gsamples/s
current-steering D/A converter with a measured SFDR of
better than 60dB has been achieved in [5]. Intensive research
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has been conducted to improve the dynamic performance of
D/A converters at high frequency [6]-[10]. A return-to-zero
strategy was utilized at the output stage to achieve low
distortion [9]. A mathematical relationship between the
resolution and the SFDR of a D/A converter determined by the
second harmonic term was studied in [10], and the influence of
the output impedance on the dynamic performance was also
discussed in the paper. However, as the rising and falling
transitions occupy a large percentage of a clock period, and the
low supply voltage limits the number of the transistors stacked
in series, these techniques become less effective or even
unfeasible.

In spite of intensive research in high speed D/A converters,
a single CMOS D/A converter with the conversion rate up to
several Gsamples/s has not been reported yet. An 8
Gsamples/s D/A converter has been achieved by time
interleaving eight D/A converters, each enabled by phase-
shifted versions of a 1 GHz clock [11]. The drawback of this
architecture is high circuit complexity, large power
consumption, and high sensitivity to the edge of the clock
signal. Therefore, the time-interleaved architecture is not
pursued in our D/A converter design.

Instead, we aim for a smaller transition time or time
constant, so we propose a two-stage current-steering topology
in this paper. We suggest folded-cascode current source cells
that relax the headroom constraint caused by a low supply
voltage. They also minimize the feedthrough and glitches
without employing a high-speed driver for the crossing-point
control of the switch signals. Note that a conventional current
source cell requires careful control of the crossing-points to
avoid turning off both switch transistors simultaneously, so
that the fluctuation on the drain voltage of the current source
transistor is minimized.

The paper is organized as follows. In the next section, the
proposed two-stage current-steering topology is presented.
Based on equivalent circuit models, we compare the time
constant of a two-stage topology with that of a single-stage
topology. The effect of capacitive and resistive loads on the
main pole of the circuit is also analyzed through MATLAB
simulations. In Section III, the overall block diagram of our
D/A converter is described, and the design of each building
block is explained. Section IV presents post layout simulation
results, and Section V draws a few conclusions from this work.



II. PROPOSED TOPOLOGY

D/A conversion can be accomplished through the scaling of
a reference voltage, charge, or current. A voltage division
scheme is generally realized through selecting different tap
positions of a resistor ladder. Poor accuracy of resistors
combined with the large delay due to the switching network
and the following buffer stage make the voltage scaling
method unfavorable to high-speed D/A converters [12]. A
charge redistribution architecture is based on a set of
capacitors, and it also suffers from low accuracy and low
speed [13]. A current-steering topology employs a set of
current source branches that are switched by the input signals.
The advantage of a current-steering topology lies in its
inherent high speed and its lack of an output buffer. However,
as the conversion rate increases dramatically, the dynamic
performance of a current-steering topology degrades
significantly, as a larger percentage of the clock period is due
to the rise and fall delay of the clock signal.

For a traditional single-stage current-steering D/A converter,
the equivalent single-pole circuit model shown in Fig. 1 is
often used for analyzing its transient behavior. The matching
resistor R, is equal to the load resistor R,, and the equivalent
resistor R is one half of R,. C represents the parasitic
capacitances at the output node, including the transistor
junction capacitances and the interconnect parasitics at the
output. The settling time for a single-stage D/A converter is
proportional to the time constant T, = RC. Since the load
resistor R, is usually given as a design specification, the output
parasitic capacitance C should be minimized to reduce the
settling time. For example, the capacitance C should be less
than several pF for a GHz range D/A conversion under the
output load resistance R, = 100 Q. Since all current source
cells are connected to the output node, the total parasitic
capacitance at the output node may exceed the allowable limit.
Therefore, a straightforward approach alone to reduce the
output parasitic capacitance would be insufficient to achieve
high speed for current-steering D/A converters.
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Fig.1: A single-stage current-steering topology and its equivalent circuit
model

We, thereby, propose a two-stage current-steering topology
to address the problem. The proposed topology consists of two
current-steering D/A converters connected through a resistor,
and its equivalent circuit is shown in Fig. 2. In the figure, R,
and C, represent the resistance and the parasitic capacitance
associated with an internal node X, and R, and C, with the
output node. The advantage of the proposed two-stage
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topology is that the capacitive and resistive loads can be
distributed over the two stages to improve the speed. We
analyze the performance of the proposed two-stage topology in
the following.

2nd stage
current steering

)

1st stage
current steering

)

T

Rx Cx

R2

- Vout
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Fig. 2: The proposed two-stage current-steering topology

We have the following constraint for the resistive matching.
R =R, +R, (1)
The output peak-to-peak voltage swing AV, is the difference
between the two output voltages obtained with both current
sources turned on and both turned off. Using (1), the output
swing voltage is easily obtained as given in (2). Note that the
output voltage swing is usually given as a design specification.

AV, 2)

out
Let us analyze the transient response of the proposed
topology. Assuming /; and I, are step-functions, the output
voltage can be expressed in the s domain as:
1 R.R I, R(R,+RR,C
Vuut(s)zil' . x" o +72. u( 02 X2 xS)
s Xs"+Ys+Z s Xs +Ys+Z
where the constants X, Y and Z are
X = RxRZRU CxCo
Y=RR,C,+RR,C.,+R’C,
Z=2R,

The poles of the two-stage topology, P; and P, can be
written as:

p_Y=AA

Z%(Il .Rx+12 'Ra)

3)

) = “4)
2X
P = Y +JA (5)
2X
where A=Y* -4XZ=R!C} +4R,R!C} +2R}R.C.C,

+pr,R.Cc. - R2C,[ >0

From the above expressions, both P; and P, are real numbers,
so the system is overdamped. Obviously, the dominant or
smaller pole P; dictates the time constant T, of the two-stage
current-steering D/A converter.

Now, let us compare the time constant of the two-stage
current-steering topology with that of the single-stage
topology. The ratio of 1, to T, is plotted as a function of R,/R,,
and Cy/C in Fig. 3. It can be seen from the plot that the ratio
can be maximized through a proper selection of R, (= R, — R;)
and C,, i.e., the time constant for the two-stage current-steering
topology can be minimized compared with that for the single-



stage topology. For a given C, as R, decreases, the ratio of T,
to T, increases at the cost of the reduced output swing voltage
AVyy from (2). To maintain the output swing voltage, current
1, should increase to trade speed for power. The distribution of
parasitic capacitances over the two stages affects the overall
speed, and the plot shows that a good configuration occurs
when the two parasitic capacitances are approximately equal,
as indicated as a dotted line.
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Fig. 3: Ratio of 15 and 1; as a function of Ry/R, and C,/C

III. CIRCUIT DESIGNS

Fig. 4 shows the block diagram of our 6-bit two-stage
segmented current-steering D/A converter. The segmented
architecture is often used to achieve good differential non-
linearity (DNL) by minimizing the dynamic error due to the
switch of the MSBs [5]. Two MSBs are converted to a 3-bit
thermometer code, while the remaining four LSBs pass
through delay elements to equalize the delays of all the bits.
The two MSBs of the thermometer outputs are applied to the
first stage, the LSB of the thermometer and the four bits, Bj
through Bg, to the second stage. The seven bits are divided
over the two stages to make the parasitic capacitances
approximately equal on the outputs of the two stages. Since a
higher order bit carries a higher level of current to incur larger
parasitic capacitance, a smaller number of MSBs is assigned to
the first stage. The design of each building block is explained
in the following.

A. Analog Circuitry

The key building block of a current-steering D/A converter
is a current source cell. The basic structure of a current source
cell is shown in Fig. 5. It could be implemented with either
NMOS or PMOS transistors. Transistor M1 supplies the
required current, and the differential input signals switch M2
and M3 accordingly to steer the current through the load
resistors. Assuming a matched resistive load, the output
voltage V,, of the NMOS-based cell varies from Vyy/2 - AV
to V44/2, as the output voltage is shared equally by the two
resistors, R, and the load resistor, when all the switches are

335

off. So the available headroom for the two stacked transistors
is limited to Vy/2 AVyy. The limited headroom is
problematic for a low supply voltage to guarantee that the
transistors operate in the saturation region. For the PMOS-
based cell, on the other hand, there is no voltage drop on the
load resistor when all the switches are off. Therefore, the
available headroom for two stacked transistors increases to Vyy
- AV Furthermore, the n-well in which the PMOS device is
built on provides a good shield from a nearby digital circuit.
Therefore, a PMOS-based cell is chosen for our design.
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Fig. 4: Block diagram of our 6-bit two-stage segmented D/A converter
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Fig. 5: Basic current source cells

A drawback of the basic PMOS-based current source cell in
Fig. 5 is its poor dynamic performance caused by the digital
input signal feedthrough due to the gate-to-drain parasitic
capacitance of a switch transistor. Lowering the voltage swing
of the input signals is one way to reduce the glitch energy.
However, it is not suitable for our design because the
reduction of the voltage swing decreases speed of the digital
circuitry significantly. Another scheme is to add cascode
transistors M4 and M5 below the switch transistors as shown
in Fig. 6. Van den Bosch et al. showed improvement of the
dynamic performance for the circuit [10]. However, the
applicability of this configuration for low-supply high-speed
D/A converters becomes problematic. First, the overdrive
voltage of transistors is reduced to require larger transistors,
which results in larger parasitic capacitance. Second, more
importantly, we should not turn off the switch transistors M2
and M3 simultaneously for both basic and cascode current
source cells, which requires a careful control of the crossing-
points of the differential input signals. Designing such a driver



could be very challenging for high-speed D/A converters.
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Fig. 6: Cascode current source cell

We propose a folded-cascode current source cell as shown
in Fig. 7 for our high speed D/A converter. By using an
NMOS transistor as a switch in parallel with the PMOS
transistor, the digital input feedthrough can be reduced without
reducing the headroom. The transistor M2 provides isolation
between the input and the output, as the transistors M4 and M5
do in the cascode current source cell. Also, it boosts the output
impedance seen from the output node into the drain of the
transistor. The single-ended output shown in the figure does
not need differential input signals to eliminate the need for a
sophisticated control of crossing-points, and it is also true for
differential inputs. In addition, the input signal can have a full
swing, which is desirable to increase the speed of the digital
circuitry. All of these advantages make the folded-cascode
current source cell an excellent choice for low-voltage high-
speed D/A converters. The only disadvantage is that a
differential output requires two current cells, which doubles
the power dissipation as well as the circuit complexity.

The accuracy of the current sources depends on the
transistor sizing, overdrive voltage, and the mismatch process
parameters. A relation is formulated in [14] as:

(G(I)Jzz U [ o, 44 (©6)
] 2WCSLCS / ?

Vonfcs
where of(l)/I represents the relative standard deviation of a
current source, Weg and L¢g are the width and length of the
current source transistor, 4z and A4, are mismatch process
constants, respectively, and Vop ¢s is the overdrive voltage of
the current source transistor. Generally speaking, larger
transistor size and higher overdrive voltage are preferable for
higher accuracy, but they are limited by parasitic capacitances
and the available voltage headroom.
Van den Bosch et al. related the required accuracy of
current sources to the yield as [15]

o)1

I~ a2\
where N is the resolution of the D/A converter, inv_norm
stands for inverse cumulative normal distribution. To achieve a
certain yield, the specification for the accuracy of the current
sources can be determined.

The two expressions (6) and (7) are useful guidelines to
design current source transistors.
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Fig. 7: Folded-cascode current cell

B. Digital Circuitry

All the digital blocks were designed manually instead of
using standard cells in order to achieve high speed. The
binary-to-thermometer encoder was implemented with
inverters, two-input NAND and NOR gates, and the delay
element was implemented with a number of inverters. The
synchronization of the input signals to the current source cells
is achieved by placing edge-triggered Transmission Gate
(TG)-based flip-flops in front of the switches and the flip-flop
used for our design is shown in Fig. 8 [16]. Finally, we added
six 4-to-1 digital multiplexors at the inputs for the purpose of
testing our standalone D/A converter, which reduced the data
rate of the test inputs by four times.

CLK CLK
Lo Do
CIK CLK CLK CLK
o] o]

Fig.8: A TG-based flip-flop

IV. POST-LAYOUT SIMULATION RESULTS

The proposed 6-bit 5.4 Gsamples/s D/A converter was laid
out in IBM 0.13 um CMOS technology. The core layout is
shown in Fig. 9. In order to minimize cross talk between the
analog and digital circuit blocks, we used separate power
supplies for the two blocks and placed guard rings around the
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analog block. The post-layout simulations were performed
without considering process variations.
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Fig. 9: Core part of a 6-bit 5.4 Gsamples/s D/A converter

The simulated integral non-linearity (INL) and differential
non-linearity (DNL) versus input codes are shown in Fig. 10
and Fig. 11, respectively. It can be seen that both INL and
DNL are smaller than 0.3 LSB for the entire range of the input
code. The spurious free dynamic range (SFDR) was simulated
for three different signal frequencies, 1.35 GHz, 675 MHz, and
337.5 MHz, at the conversion rate of 5.4 Gsamples/s. The
SFDR is greater than 38.5 dB for the input signal frequency of
1.35GHz, greater than 43.9 dB for 675 MHz, and greater than
47 dB for 337.5 MHz. As expected, the SFDR increases as the
signal frequency decreases. Table 1 summarizes the simulated
performance of our D/A converter.
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Fig. 10: Simulated INL versus input codes
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Fig. 11: Simulated DNL versus input codes
TABLE 1. SUMMARY OF POST-LAYOUT SIMULATION PERFORMANCE
Process IBM 0.13 pum CMOS
Resolution 6 bit
Conversion Rate 5.4 Gsamples/s
INL <0.26 LSB
DNL <0.15LSB
>38.5 dB (1.35GHz@5.4 GS/s)
SFDR >43.9 dB (675MHz@5.4 GS/s)
> 47 dB (337.5MHz@5.4 GS/s)
Output Impedance 100 Q
Power Consumption 20 mW
Active area 110 pm x 90 um
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V. CONCLUSION

In this paper, we presented a 6-bit 5.4-Gsamples/s D/A
converter in IBM 0.13 um CMOS technology for DS-CDMA
UWB transceivers. In order to achieve a high sampling
frequency, we proposed a two-stage current-steering topology.
Our analysis shows that if the capacitive and resistive loads are
equally distributed over the two stages, the time constant of the
dominant pole can be reduced to result in a faster transition
time. To ease high-speed digital design at a low supply
voltage, we proposed folded-cascode current source cells. The
performance of our D/A converter was estimated through post-
layout simulations. The simulation results show that the INL is
smaller than 0.3 LSB for the entire range of the input code and
the SFDR is greater than 38 dB for the three input signal
frequencies considered.

In conclusion, our D/A converter is the first single CMOS
D/A converter that can operate up to 5.4 Gsamples/s, while
achieving good dynamic and linearity performance.

ACKNOWLEDGMENT

The authors would like to thank a former VIVT group
member, Sajay Jose, for his help in layout.



(1
(2]

(3]

(4]

(3]

(6]

(7]

(8]

REFERENCES

“Project: IEEE P802.15 Working Group for Wireless Personal Area
Networks (WPANS)”, Nov. 2003

J. Deveugele and M. Steyaert, “A 10b 250MS/s binary-weighted
current-steering DAC”, IEEE International Solid-State Circuits
Conference, vol. 1, pp. 362-532, Feb. 2004

Chi-Hung Lin and K. Bult, “A 10-b, 500-Msample/s CMOS DAC in 0.6
mm?2 ”, IEEE Journal of Solid-State Circuits, vol. 33, pp. 1948-1958,
Dec. 1998

Tiilikainen, M. P., “A 14-bit 1.8-V 20-mW 1-mm2 CMOS DAC”, IEEE
Journal of Solid-Sate Circuits, vol. 36, pp. 1144-1147, Jul. 2001

A. Van den Bosch, M. A. F. Borremans, M. S. J. Steyaert and W.
Sansen, “A 10-bit 1-Gsample/s Nyquist current-steering CMOS D/A
converter”, IEEE Journal of Solid-State Circuits, vol. 36, No. 3, pp.
315-324, March 2001

H. Kohno and Y. Nakamura et al., “A 350-MS/s 3.3-V 8-bit CMOS
D/A converter using a delayed driving scheme”, IEEE Custom
Integrated Circuits Conference (CICC), pp. 211-214, May 1995

A. Marques and J. Bastos et al., “A 12-bit accuracy 300 MS/s update
rate CMOS DAC”, IEEE Int. Solid State Circuits Conf. (ISSCC), pp.
216-217, Feb. 1998

A. Van den Bosch and M. Borremans et al., “A 12-bit 200-MHz low-
glitch CMOS D/A converter”, IEEE Custom Integrated Circuits
Conference (CICC), pp. 249-252, May 1998

338

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

A. R. Bugeja, B. S. Song, P. L. Rakers and S. F. Gillig, “A 14-b, 100-
MS/s CMOS DAC designed for spectral performance”, IEEE Journal of
Solid-State Circuits, vol. 34, pp. 1719-1732, Dec. 1999

A. Van den Bosch, M. Steraert and W. Sansen, “SFDR-bandwidth
limitations for high speed high resolution current steering D/A
converters”, IEEE International Conference on Electronics, Circuits and
Systems, vol. 3, pp. 1193-1196, sep. 1999

C.-K.K. Yang, V. Stojanovic, S. Modjtahedi, M.A. Horowitz, W.F.
Ellersick "A Serial-Link Transceiver Based on 8GSample/s A/D and
D/A Converters in 0.25pm CMOS,” IEEE Journal of Solid-State
Circuits, vol. 36, no. 11, pp. 1684-1692, November 2001

Behzad Razavi, “Principle of Data Conversion System Design”, IEEE
press, 1995

J. L. McCreary, “Matching Properties, and Voltage and Temperature
Dependence of MOS Capacitors,” IEEE Journal of Solid-State Circuits,
vol. SC-16, pp. 608-616, Dec. 1981

M. Albiol, J. L. Gonzalez and E. Alarcon, “Mismatch and dynamic
modeling of current sources in current-steering CMOS D/A converters:
An extended design procedure”, IEEE Transactions on Circuits and
Systems, vol. 51, pp. 159-169, Jan. 2004

A. Van den Bosch, M. Steyaert, and W. Sansen, “An accurate statistical
yield model for CMOS current-steering D/A converters”, in Proc. IEEE
Int. Symp. Circuits and Ysstems (ISCAS), pp. 105-108, May 2000
Weste N. H. E. and Eshraghian K., “Principles of CMOS VLSI Design,
A System Perspective”, Addison-Wesley, 1994.



