
12 b 50 MS/s 0.18 μm CMOS SAR ADC based
on highly linear C-R hybrid DAC

J.-S. Park, D.-H. Kim, T.-J. An, M.-K. Kim, G.-C. Ahn and
S.-H. Lee✉
ELECT
A 12 b 50 MS/s successive-approximation register (SAR) ADC with
a highly linear C-R hybrid DAC is presented. The proposed DAC
significantly reduces the required total number of unit capacitors by
processing the upper bits based on a binary-weighted capacitor array
and the remaining lower bits based on reference segment voltages,
which are obtained from a simple resistor string. The reduced
number of unit capacitors enables the use of larger unit capacitance,
resulting in improved matching accuracy. In the C-R hybrid DAC,
an input range scaling technique, which matches a full-scale input
range to the reference voltage range, implements the binary-weighted
SAR operation without additional capacitors and reference voltages.
The DAC linearity is improved considerably through the process-
insensitive capacitor-array layout, which cancels out oxide-gradient
errors. The prototype ADC in a 0.18 μm CMOS process demonstrates
measured differential and integral non-linearities within 0.71 LSB and
0.85 LSB at 12 b, respectively, with a maximum signal-to-noise-and-
distortion ratio and a spurious-free dynamic range of 64.3 and 74.7 dB
at 50 MS/s, respectively. The ADC occupies an active die area of
0.17 mm2 and consumes 2.63 mA with a 1.8 V supply voltage.
Introduction: In recent years, active-matrix organic light-emitting diode
(AMOLED) panels have been increasingly used in high-resolution
display systems. In AMOLED display systems, particularly for large
panels, an analogue-front-end (AFE) circuit for compensating the RGB
degradation characteristics requires an ADC with several tens of MS/s
speed at a 12 b resolution [1]. With the advancement of process technol-
ogy, studies on the digital circuit-based successive-approximation
register (SAR) ADCs have steadily grown. However, it is difficult to
reduce the active die area of high-resolution SAR ADCs considering
that the number of passive devices, such as capacitors or resistors,
increases exponentially with resolution. Furthermore, it is not easy to
achieve high linearity without complicated mismatch calibration
techniques [2, 3]. This letter proposes a 12 b 50 MS/s SAR ADC
based on an input range scaling-based highly linear C-R hybrid DAC,
which uses a minimum number of unit capacitors (CU’s). The DAC
employs a process-insensitive capacitor array for minimised oxide-
gradient errors, thereby realising a calibration-free DAC performance
with small area, low power consumption, and high linearity.

Proposed SAR ADC structure: The proposed 12 b 50 MS/s SAR ADC
consists of a differential C-R hybrid DAC, a comparator, SAR logic
circuits, and on-chip current and voltage references (I/V references), as
shown in Fig. 1.
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Fig. 1 Proposed 12 b 50 MS/s 0.18 μm CMOS SAR ADC based on highly
linear C-R hybrid DAC

To minimise the number of unit capacitors, the upper 7 bits of the C-R
hybrid DAC are determined using a binary-weighted capacitor array and
the remaining lower 5 bits are determined using ten reference voltages
divided from a resistor string. With the composite switching scheme,
where monotonic switching is combined with VCM switching [4], the
proposed DAC minimises the switching energy and the variation of
dynamic offset. At the same time, the VCM switching is implemented
with simple, low-cost hardware by applying the equally-divided
capacitor structure to the upper 2 b capacitors. As a result, the total
number of unit capacitors in the proposed SAR ADC is reduced to
136 in the differential structure, which is only 1.7% of the 8192CU
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required for a conventional 12 b fully binary-weighted capacitor-based
SAR ADC. Furthermore, by applying an input range scaling technique,
where only 128CU out of the total 136CU are utilised as sampling
capacitors, the binary-weighted SAR operation can be implemented
without additional capacitors and reference voltages.

Highly linear C-R hybrid DAC: The total number of unit capacitors in
the proposed differential C-R hybrid DAC is 136 and the designed unit
capacitor size is ∼38 fF, considering the required kT/C noise at a
1.4VP−P input signal range and a matching accuracy at 12 b level. The
reduced number of unit capacitors in the DAC enables the use of
larger unit capacitance with improved matching accuracy. Meanwhile,
since the static current of the resistor string is needed not only to
implement the reference segment voltages but also to settle the output
voltages of the reference buffer in the on-chip I/V references, it does
not significantly affect the power consumption of the entire ADC includ-
ing the on-chip I/V references.

In the previous C-R hybrid DAC shown in Fig. 2a [4], an additional
60CU and reference voltages twice as large as the input range are used to
achieve the binary-weighted SAR operation. The proposed input range
scaling technique avoids the extra capacitors and double scaled
reference voltages by using only the MSB-side 64CU out of the total
68CU for input signal sampling during the sampling phase, as shown
in Fig. 2b. During the following conversion phase, a total 68CU are
needed as conversion capacitors. The proposed input range scaling-
based C-R hybrid DAC reduces the number of required unit capacitors
by 47% compared to that required in the previous reference range
scaling technique.
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Fig. 2 Comparison of C-R hybrid DAC

a Reference range scaling scheme
b Proposed input range scaling scheme

The reference segment voltages generated from a resistor string can be
inaccurate due to mismatches between resistors in the resistor string.
These non-ideal reference segment voltages can affect the linearity of
the DAC. As shown in Fig. 3, the non-ideal reference segment voltages,
VREFMIS,n, are attenuated at the DAC output voltage, VO−, by a ratio
of the unit capacitance to the total capacitance, 1/68. As a result,
the required matching accuracy of the resistor string is reduced to
approximately 6.9 b. Based on Monte Carlo simulation, the estimated
matching accuracy of the designed resistor string for the given process
exceeds 7 b, which meets the required matching accuracy sufficiently.
Thus, the nonlinear error caused by the resistor mismatches of the
C-R hybrid DAC does not degrade the performance of the entire
ADC critically.

A process-insensitive layout of the capacitor array, as shown in
Fig. 4a, minimises the non-linearity problem resulting from the oxide-
gradient error. The impact of the oxide-gradient error is analysed
using the maximum rate mismatch, which is the maximum error in
percentage terms between the ideal capacitor value and the capacitor
value with respect to the oxide-gradient error [5]. The maximum rate
mismatches of the proposed capacitor layout and the typical layout are
simulated for oxide-gradient errors with gradient angles from 0° to
180°, as shown in Fig. 4b. Based on the analysed results, the proposed
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capacitor layout shows a smaller maximum rate mismatch than the
typical layout for the given oxide-gradient errors across all directions
[5], thereby obtaining the high linearity desired for the 12 b ADC.
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Fig. 3 Attenuated VREFMIS,n at the output of DAC
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Fig. 5 Layout and die photo of prototype ADC
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Fig. 6 Measured the static performance of prototype ADC
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Fig. 7 Measured dynamic performance of prototype ADC

Measurement results: The proposed 12 b 50 MS/s SAR ADC is
implemented in a 0.18 μm CMOS process, and the active die area exclud-
ing the I/V references is 0.17 mm2. Its layout is shown in Fig. 5 while
Figs. 6 and 7 show the static and dynamic performances of the prototype
ADC. The measured differential non-linearity (DNL) and integral non-
linearity (INL) are 0.71 LSB and 0.85 LSB, respectively, at a 12 b resol-
ution. The measured signal-to-noise-and-distortion ratio (SNDR) and a
spurious-free dynamic range (SFDR) are 64.3 and 74.7 dB, respectively,
at an operating speed of 50 MS/s and an input frequency of 10 MHz,
demonstrating the competitive dynamic performance of the ADC. Even
at the Nyquist input frequency, the SNDR and SFDR are 61.1 and
72.6 dB, respectively. The performance of the proposed ADC with the
previously reported ADCs is summarised and compared in Table 1.
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Despite the long channel process such as this 0.18 μm CMOS, the proto-
type ADCwith the proposed design techniques occupies relatively a small
area and demonstrates high linearity without any mismatch calibration
compared to previously published studies.

Table 1: Performance comparison and summary of prototype ADC
6
th Februa
TCASI’18 Shen, Y.
ry 2020 Vol
JSSC’15 Verbrugge, B.
. 56 No. 3 p
This work
technology [nm]
 180
 40
 180
resolution
 12
 12
 12
speed [MS/s]
 20
 35
 50
supply [V]
 1.8
 1.1
 1.8
current [mA]
 0.98
 0.38
 2.63
SNDR [dB]
 64.6
 60.9
 64.3
number of CU
 2048
 1024
 136
calibration
 yes
 yes
 no
area [mm2]
 1.61
 0.06
 0.17
FoM [fJ/Con.]
 63.7
 13.2
 70.6
Conclusion: This Letter proposes a 12 b 50 MS/s SAR ADC applicable
to AFE circuits for compensating the RGB degradation characteristics of
various large-sized AMOLED displays. The proposed SAR ADC based
on the C-R hybrid DAC employs a minimum number of unit capacitors
without any calibration scheme. The binary-weighted SAR operation
with low power consumption and high linearity is achieved without
additional capacitors by adopting an input range scaling technique.
At the same time, a process-insensitive capacitor-array layout to
reduce the oxide-gradient errors enhances the linearity performance of
the proposed SAR ADC. The prototype ADC is implemented in a
0.18 μm CMOS process, while the active die area excluding the I/V
references for measurements is 0.17 mm2. The measured DNL and
INL are 0.71 LSB and 0.85 LSB, and the maximum SNDR and
SFDR at an operation speed of 50 MS/s are 64.3 and 74.7 dB,
respectively. The prototype ADC consumes 2.63 mA at a supply
voltage of 1.8 V.
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