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U W N

Abstract: This article introduces a novel digital-to-analog converter (DAC), which addresses
a few weaknesses that a traditional capacitive DAC (CDAC) has, such as matching and
parasitic capacitance-induced code dependency and a challenging bridge capacitor design.
Our novel idea is a hybrid DAC of a CDAC and a current-steering DAC (CSDAC) and
is named the CSCDAC. In this paper, a 12-bit CSCDAC is designed, and the post-layout
simulation is provided. The Nyquist 12-bit CSCDAC exhibits a spurious free dynamic
range (SFDR) of 67.62 dB under an operating frequency of 2 GS/s, with an expected average
power of 54 mW. The 12-bit CSCDAC occupies a 0.154 mm? die area, whereas the core area
is 0.044 mm?.

Keywords: digital-to-analog converter (DAC); capacitive DAC (CDAC); current-steering
DAC (CSDACQ)

1. Introduction

The capacitive digital-to-analog converter (CDAC) in Figure 1a is a standard digital-
to-analog converter (DAC) topology well known for its low power consumption and
low voltage compatibility. It is essential in a bigger system, such as a successive ap-
proximation register (SAR) analog-to-digital converter (ADC) and a radio transceiver. A
binary-weighted CDAC contains capacitors and switches that double for every additional
bit resolution. To reduce the die area’s cost, split-capacitor architecture was introduced [1].
Figure 1b shows a CDAC utilizing a split capacitor to reduce the die area by resetting the
required unit capacitor (Cy) in each segmentation. Despite the die area’s advantage, the
split capacitor is preferred less often than the conventional binary-weighted CSDAC due to
the output code’s dependency induced by parasitic capacitance [2].

The work in [2] reports that the linearity of a split CDAC is limited by capacitor
matching and the parasitic capacitance appearing at the least significant bit (LSB) section of
the split CDAC. A split CDAC requires a bridge capacitor, where the value is challenging
to realize in a regular layout [3].

This paper introduces a novel approach that addresses the above-mentioned chal-
lenges of a conventional CDAC. The proposed DAC can operate under 2 GS/s sampling
frequency and support 12-bit resolution. The proposed DAC architecture has the potential
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to operate at a higher sampling and signal frequency while offering a higher bit resolution.
Those properties are suitable for applications like envelope-tracking DACs (ETDACs) and
RFDAC S in cellular transmitter systems [4,5].
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Figure 1. Conventional DAC schematics: (a) binary-weighted CDAC; (b) split CDAC.

The organization of this paper is given as follows. Section 2 illustrates the architecture
and the working principle of the proposed DAC. Section 2 also analyses its specification
and compares it with the conventional CDAC. Section 3 shows the implementation of the
DAC with 12-bit resolution, while Section 4 shows the simulated results and discussion.
Section 5 concludes this article.

2. Design and Analysis of a CSCDAC
2.1. CSCDAC Architecture

The proposed CSCDAC combines the merits of the low-area CSDAC and the low-
power CDAC to form a hybrid structure. In this CSCDAC structure, the CDAC acts as the
most significant bits (MSB) sub-DAC, while the CSDAC, separated by a bridge capacitor
(Cp), forms the LSB sub-DAC. The structure is similar to a split CDAC but with the LSB
CDAC replaced by a CSDAC. Due to the fully differential nature of the CSDAC, only
one CSDAC is required to construct a differential CSDAC. Figure 2 illustrates a 12-bit
CSCDAC with an 8-4-bit CDAC to CSDAC segmentation. The justification for using this
segmentation ratio is provided in the following section.
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Figure 2. A 12-bit CSCDAC with 8-4 segmentation.

2.2. CSCDAC Operating Principle

In this section, a single-ended CSCDAC shown in Figure 3 is analyzed instead of the
fully differential version. One plate of the bridge capacitor, C}, is connected to the CDAC
charge summing node, which is also the CSCDAC output, whereas another plate of the
bridge capacitor is connected to the CSDAC output.

Cb
Il J- J J J DVour
T< 1:15> = Cu = 2C, = 4C, 128C,
B<4> B<5> ' B<6> B<11>
VRerp I I I I
VREFN
4-bit LSB CSDAC 8-bit MSB CDAC

Figure 3. A 12-bit single-ended CSCDAC.

When the digital word is sent to the CSDAC, the CSDAC steers the current from the
current source to the corresponding output terminal. An output voltage is then built up by
the current proportional-to-digital input and the termination resistance, Ry.. The voltage at
the CDAC output due to the LSB sub-DAC, Vour s, is, therefore, a capacitive divided
CSDAC output.

Gy
V = —0 V 1
OUTLSB <CCDAC + Cb) oY @

where Ccpac is the total capacitance of the MSB CDAC, and Vy is the output voltage of
the CSDAC.

Each CDAC element consists of a capacitor and a pair of switches, and each connects
to the positive reference voltage (VREFP) and the negative reference voltage (VREFN),
respectively. The MSB digital word, B<M: N—1> controls the switches and determines if the
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unit capacitors, C, are connected to the VREFP or VREEFN. The output voltage contributed
by the MSB CDAC, Vour,msg is the capacitively divided reference voltages.

N-M 21D * Cy

Vout,mss = (VRerp — VREEN) * Z Connc 1 Co )
where D; is the binary code of the i-th bit; C,, is the value of the unit capacitor. Since the
output of the CSDAC is a low-impedance node, the denominator of the capacitive divider
is, therefore, the sum of the bridge capacitance Cy,, and the CDAC total capacitance, Ccpac.
By principle of superposition, summing (1) and (2) gives the CSCDAC output voltage
from the LSB and MSB sub-DACs. By designing Ccpac to (ZN’M —1) % Cy and Cp, to Cy,

the summation of (1) and (2) can be expressed as follows:

M aip, 1
Vour = (VRerp — VREEN) * Z ~Nm T\ onem ) * VY 3)

i=0

If Vy is designed to be the following:

M-1 2i]:)i
Vy = (Vrerp — VREEN) * ) M 4)
i=0
then CSCDAC output can be described as follows:
N-1 2i]:)i

Vour = (Vrerp — VREEN) * ),

LN (5)

Equation (4) can be achieved by setting the positive supply voltage of the CSDAC
to VREFP and the CSDAC full-scale output voltage as VREFP-VREFN. With the design
constraints, the design equation of the CSDAC unit current can be expressed as follows:

_ VRerp — VREEN
MR, ©

where Ry is the termination resistance at the CSDAC outputs.
With (6), the output of the LSB CSDAC can then be expressed as follows.

M-1 ziDi
Vy = Vrerp — (VRerp — VREEN) * ) M 7)
i=0

It appears that there is an additional term in (7) when compared to (4). The additional
term is just a DC shift and is independent of the digital inputs. In other words, the
additional term does not affect the CSCDAC’s output linearity and can be easily removed
either by post-processing or using the fully differential architecture of the CSCDAC.

To achieve high output impedance, CSDAC switches, and current sources must operate
in the saturation region. However, the headroom of the current source in this CSCDAC
architecture is limited by the CSDAC output voltage range. The lowest voltage at the drain
of the switches must allow adequate headroom for the switches and the current sources.
The design constraint is stated below:

VRerN = Vpp — VGssw + AVsw (8)

where Vpp is the supply voltage of the CSDAC switch drivers; Vggsw and AVgyy are the
gate-to-source voltage and the overdrive voltage of the CSDAC switches, respectively.
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2.3. CSCDAC Trade-Offs

The CSCDAC addressed the limitations of the standard split CDAC. First, unlike a
split CDAC, the proposed CSCDAC is insensitive to the parasitic capacitors at the left
plate of the bridge capacitor since that node in the CSCDAC is a low-impedance node.
The parasitic capacitance at that node affects only the settling time of the CSDAC output.
However, for a split CDAC, the presence of parasitic capacitance at the LSB array of the
CDAC causes the output voltage to be parasitic capacitance-dependent [2,6,7]. Figure 4
visualizes the parasitic capacitances on a split CDAC. The research in [2] worked out the
output voltage equation of a split CDAC with parasitic capacitance. The equation suggests
that the split CDAC output has a code-dependent error, which leads to harmonic distortion.

=
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LN ] T

I T T T

M bits LSB CDAC (N-M) bits MSB CDAC

Figure 4. Parasitic capacitances on a split CDAC.

Second, based on the analysis in Section 2.2, CSCDAC architecture C}, can be designed
as Cy, thus simplifying the design process. Instead of C,,, standard split CDAC requires a
Cp of [2M/(2M —1)]C, to prevent gain error and harmonic distortions. Some studies have
modified the LSB CDAC array such that C, could be used as C,, but that did not remove
the gain error [8].

As a trade-off, the total power consumption of the CSCDAC is higher than the CDAC
due to the static power consumption of the CSDAC. Despite that, static power consumption
can be optimized. The CSDAC’s static power depends on the full-scale current, while
the full-scale current is set by both the full-scale voltage and the termination resistor. The
full-scale voltage is fixed for a certain application, and hence, the only variable is the
termination resistor. However, the termination resistors and the effective capacitance at
the CSDAC output affect the settling time of the CSDAC output voltage. For instance, to
have the CSDAC output settled to half the LSB of N-bit resolution, the required RC can be
described as follows. 1 .

SNTT 2 € K )
where T is the inverse of the clocking frequency.

To reduce the CSDAC’s static power with a fixed full-scale voltage, the resistance
should be maximized. Despite increasing the termination resistance, which reduces the
power consumption, it also means that to maintain a certain SFDR, a higher current source
output impedance is required. The SFDR is the ratio between the signal power and the
highest harmonic distortion. The relationship between the harmonic distortion, termination
resistance, and the current source output impedance is described as follows [9].

1 4 k-1

where Ziy,, is the unit current source output impedance, Z, is the termination impedance,
N is the number of bits of the CSDAC, and k is the order of harmonic distortion.
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Figure 5 illustrates the schematic and the equivalent model of a unit CSDAC cell. A
high-resolution CSDAC requires the current sources to be well matched. The matching of
the MOSEFET current sources can be improved by increasing the current source’s overdrive
voltage or by increasing the gate area [10]. The gate area of the current source should be
optimized to reduce the die area overhead. According to [9], for an N-bit CSDAC, the
mismatch of the current sources, which requires the integral-non-linearity (INL) to be lower
than 0.5 LSB for a certain yield rate, is expressed below.

G(I)< 1
L7 (2cvaN)

(11)

where o(I) /I is the current source mismatch and C = inv_norm(0.5 + yield/2).

Vop Von Vop Von
0

lzimp

DO _II; Msw,L Msw,R I_D_O

Vgcs—l M == Cx C* lu éRimp ==Cimp

(a) (b)

Figure 5. A unit CSDAC cell: (a) schematic; (b) equivalent model.

To obtain a 99% yield in 12-bit CSDACs, the required current source mismatch should
be less or equal to 0.3%. However, for a 6-bit CSDAC integrated into a 12-bit CSCDAC, the
required current source mismatch is 2.42%.

3. 12-Bit CSCDAC Design Considerations

First, the settling time of the CSDAC output to half the LSB must be smaller than one
conversion period. According to (9), to have the CSDAC output settled to half the LSB
within the 0.5 ns, the product of RC must be at most 55.49 ps. To fulfill the design constraint,
the termination resistance is designed to be 500 (2 when C, is designed to be 52 fF.

Under low-sampling frequency, the CSCDAC power consumption is mainly con-
tributed by static power consumption from the CSDAC. As mentioned in the previous
section, the full-scale current, Irs, is determined by the termination resistor. Therefore, the
power consumption from the CSDAC is set by the termination resistance and the full-scale
voltage of the LSB CSDAC. In this example, based on (7), the full-scale output voltage of
the LSB CSDAC is (Vrgrp — VREEN) * (%) . The current across the termination resistance
is shown below.

VRerp — (VREFP — VREFN) * (%)

R

Igs = (12)
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Then, the total power consumed by the LSB CSDAC can be described as follows.

Vrerp — (VREFP — VREEN) * (%)
Ry

Pcspac = Irs * Vrerp = * VREFP (13)

Equation (13) supports the statement made in the previous paragraph that increasing
the termination resistance Ry, reduces the static power consumption in a CSDAC.

According to (10), to obtain an SFDR of 70 dB, the output resistance of a unit CSDAC
element must be at least 112.5 k(). In this work, the output resistance of the unit CSDAC
was designed to be 211 k(). Next, by referring to (11), for a 4-bit CSDAC to have a
99% yield, the current source mismatch should be at most 4.84%. The size of the current
source MOSFET was designed as W = 5.8 um, L = 0.4 um, such that the current mismatch
was 3.38%. The current-steering switches were designed to be W = 0.66 pm, L = 0.09 um.
The thermometer switching scheme was applied to ensure the monotonicity of the CSDAC.

Next, the requirement for the capacitor mismatch needs to be considered. To character-
ize the capacitor mismatch, 3000 Monte Carlo points were run, and the o(C)/C obtained
was 0.1%. According to (11), to obtain a 99% yield on an 8-bit CDAC, ¢(C)/C is required
to be less than 1%. The unit capacitance can be designed to be lower than 52 fF to improve
the settling time while cutting down the DAC area.

Different CDAC to CSDAC segmentations were also investigated. A 12-bit CSCDAC
with various CDAC to CSDAC segmentations was modeled. The parameters of the unit
capacitance and the unit current source used in this study follow those mentioned in the
previous paragraphs. The 12-bit CSCDAC was simulated at a 2 GS/s sampling frequency
to obtain the total power. To understand the power and area trade-off, Figure 6 plots the
product of total power and the DAC core area against the CSDAC bit resolution. Although
it seems that 6-6 segmentation should be chosen to optimize the total power and area, the
model did not keep SFDR to at least 70 dB.

12-bit CSCDAC power-area product versus CS-C
segmentation

1.00E+04

1.00E+03

1.00E+02

1.00E+01

Power-Area Product (W-pm?)

1.00E+00
0 1 2 3 4 5 6 7 8 9 10 11 12

CSDAC bit resolution
Figure 6. The 12-bit CSCDAC power-area-product versus CS-C segmentation.
As described in (10), increasing the number of bits taken by the CSDAC requires higher

current source output impedance so that the targeted SFDR is not compromised. To achieve
the SFDR of 70 dBc while fixing the full-scale voltage and the static power consumption,
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the required current source output resistance, Rimp, versus the estimated CSCDAC can be
tabulated in Table 1.

Table 1. Study of CSCDAC with various segmentation.

Segmentation Rimp (kQ) Core Area (mm?)
CSPAC zg 2109 0033
gs%:% gﬁ 885.7 0.0125
((?:E‘E])DAA% ;LE 3585 0.014

Since the 6-6 and 4-8 CDAC to CSDAC segmentation requires the output resistance,
Rimp, to be near 1 M(), it requires the current sources to be cascoded, thus reducing
the bandwidth of the output impedance. This work aimed to set the output impedance
bandwidth to be as high as possible, and hence, a 12-bit CSCDAC with an 8-4 CDAC-to-
CSDAC segmentation was implemented.

Lastly, the layout of the CSCDAC was carefully drawn. The best efforts were paid to
equalize the interconnections between the drivers and the pass transistors. For a compact
layout, the pass transistors were placed underneath the unit capacitor that they were
connected to. The layout diagram of this work is shown in Figure 7. The total area occupied
by the CSDAC core and the switch drivers was 0.154 mm? (440 um x 350 um). The total
area would have been 0.227 mm? if the area of the test circuits was included.

- -
R R

if?’ﬁv d
Iing capalglitors

(o testing §

Figure 7. Layout view of the 12-bit CSCDAC with in-built test circuits.
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4. Simulation Results and Discussion

The 12-bit CSCDAC was tested using the test bench shown in Figure 8. The parasitic
capacitances of 1 pF were modeled in the test bench. To shorten the simulation time, the
test circuits, which comprised a register array, were excluded from this simulation. An
ideal 12-bit ADC was used to convert an ideal sine wave with signal frequency fgg to
12-bit words to the CSCDAC. An ideal clock signal was used to set the frequency of the
digital words being sampled by the CSCDAC, fsa. Vrerp and Vygpny were set to 1V and
0.5V, respectively. There were two VDD domains in the CSCDAC block, AVDD, and
DVDD, which were both set to 1 V.

1

12b L/a % ——{] vor
Ideal ADC S CSCDAC
1/0
Pad —L] VON
VREFP VREFN

Figure 8. The simplified schematic of the CSCDAC test bench.

The typical pre-layout simulation showed that at f;; = 2GS/s and f;g = 109.375 MHz,
the 12-bit CSCDAC exhibited 84 dBc SFDR, 73.66 SNDR, and 11.94 ENOB. The Monte Carlo
simulation was executed to factor in the DAC element mismatches. Under 2 GS/s clocking
frequency, two signal frequencies were used in the Monte Carlo simulations, and they were
109.375 MHz and 953.125 MHz, which represents the signal-to-sampling ratio, fsig /fsa, of
7/128 and 61/128, respectively. In total, 200 sample points in the Monte Carlo simulation
were run. The worst-case results are tabulated in Table 2.

Table 2. Worst case Monte Carlo pre-layout performance at f;; = 109.375 MHz and 953.125 MHz.

fsig 109.375 MHz 953.125 MHz
SFDR (dBc) 82.53 81.48
SNDR (dB) 70.14 69.69
ENOB (bit) 11.36 11.28

The post-layout simulation on the parasitic RC-extracted CSCDAC core was carried
out to obtain a more realistic performance. The post-layout simulation results are tabulated
in Table 3 below.

Table 3. The 12-bit CSCDAC post-layout performance at fgjg = 109.375 MHz and 953.125 MHz.

fsig 109.375 MHz 953.125 MHz
SFDR (dBc) 71.65 67.62
SNDR (dB) 65.91 64.23
ENOB (bit) 10.66 10.38

The post-layout simulation shows that the CSCDAC linearity degraded by about 1
ENOB compared to the pre-layout simulation. The main degradation was found to be
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contributed by the layout of the MSB CDAC. The possible cause of this phenomenon is the
mismatch among the interconnects that lead to each of the CDAC elements. This includes
the interconnects from the digital inputs, references, and the power supply. When there is a
mismatch among the interconnects, the error contributed by each bit is different, and thus
the error will be code-dependent. The post-layout performance should be improved if the
parasitic resistance and capacitance of the interconnect are equalized.

The average power consumption of the 12-bit CSCDAC is about 54 mW at 2 GS/s,
with 1 mW contributed by the LSB CSDAC and 53 mW from the 8-bit MSB CDAC. The
power consumption from the 8-bit MSB CDAC can be calculated using the equation of
dynamic power consumption shown below.

Pcpac = CepacVisa (14)

The bit resolution of the capacitive sub-DAC is 8 bits, and the unit capacitance was
designed to be 52 fF, with the total capacitance in the differential 8-bit CDAC at 26.52 pF.
Therefore, at 2 GS/s sampling frequency, the average dynamic power consumption from
the CDAC was 53 mW.

Lastly, the post-simulated results were tabulated and compared with other work in
Table 4 as shown below. The work in [11] can achieve a higher SFDR with a lower DAC
area as the stochastic switching scheme named dynamic element matching and digital-
return-to-zero (DEMDRZ) was adopted to remove the output code dependency that causes
non-linearity. The total power consumption in [12] was higher than the one reported in this
work, not only because the DAC was operating at a higher sampling frequency but also
because the DAC provides a higher full-scale current. The full-scale current was 50 mA to
allow the output to swing at 2.5 Vp,,_gitr. The work in [13] had a higher power consumption
compared to the other work shown in the table, as the sampling frequency was about five
times higher than the other work. The SFDR also decreases with the increase in sampling
and signal frequency due to the finite output impedance of the current sources.

Table 4. Comparison with other work.

This Work *  JSSC,14 [11] ISSCC, 09[12]  JSSC, 20 [13]

Technology node (nm) 40 40 65 28
Core area (mm?) 0.044 0.016 0.31 0.07

Resolution (bit) 12 12 12 14

Sampling frequency (GS/s) 2 1.6 29 10
Total power (mW) 54 40 188 162
SFDR (dBc) 67.62 70.3 60 65.5

* Post-layout simulation results.

5. Conclusions

A novel 12-bit current-steering—capacitive digital-to-analog converter (CSCDAC) is
presented in this paper. The post-layout simulation results show that the CSCDAC operates
at 2 GS/s with a 67.62 dBc worse SFDR while consuming 54 mW of total power at the
Nyquist data rate. The stochastic switching scheme and optimal combination algorithms
(OCAs) can be integrated into this CSCDAC architecture to improve DAC linearity. Switch-
ing schemes such as dynamic element matching (DEM) randomize the error from each
of the DAC elements, preventing the same error from appearing periodically and, thus,
reducing the harmonic distortion, which degrades the dynamic linearity. The static linearity
of the DAC can be improved by applying OCAs. OCAs identify the mismatch of DAC
elements and compute the optimal switching sequence to minimize INL [14,15].
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