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Abstract: This paper presents a foreground digital calibration algorithm based on a dynamic
comparator that aims to reduce comparator offset and capacitor mismatch, as well as improve the
performance of the successive approximation analog-to-digital converter (SARADC). The dynamic
comparator is designed with two preamplifiers and one latch to facilitate high speed, high
precision, and low noise. The foreground digital calibration algorithm provides high speed with
minimal area consumption. This design is implemented on a 12-bit 30 MS/s SARADC with a
standard 0.13 μm Complementary Metal Oxide Semiconductor (CMOS) process. The simulation
Nyquist 68.56 dB signal-to-noise-and-distortion ratio (SNDR) and 84.45 dBc spurious free dynamic
range (SFDR) at 30 MS/s, differential nonlinearity (DNL) and integral nonlinearity (INL) are within
0.64 Least Significant Bits (LSB) and 1.3 LSB, respectively. The ADC achieves an effective number
of bits (ENOB) of 11.08 and a figure-of-merit (FoM) of 39.45 fJ/conv.-step.
Keywords: SARADC; digital calibration; comparator offset; capacitor mismatch

1. Introduction
Conventional successive approximation analog-to-digital converter (SARADC) techniques
require precise component matching to achieve high resolution and linearity. About ten years ago,
SARADC began to dominate in low-power and low-speed applications. In recent years, there has
been an increasing demand for high-speed, high-resolution, and low-power analog-to-digital
converters for applications in many fields, particularly wireless communications, smart sensors, and
biomedical technologies. The increasing improvement of Complementary Metal Oxide
Semiconductor (CMOS) technologies has facilitated improvements in speed and energy efficiency
and helped the SAR structure expand from low-speed applications into the medium- and even
high-speed application domains, for which flash or pipeline architectures are traditionally designed.
Moreover, the development of other technologies such as digital auxiliary calibration, excellent
power saving and area reduction, time interleaving technology, and so on, have caused SAR
architecture to become one of the most popular topologies, with an increasingly wide range of
applications. However, ADCs in most systems typically require at least a 10-bits resolution and a
sampling rate of hundreds of kHz, or even MHz. There are many factors that degenerate the
performance of ADC, with comparator offset and capacitor mismatch making up the highest
proportion.
Researchers hoping to achieve high-resolution and high-speed SARADC need to acknowledge
that comparator offset may degrade the precision, which therefore must be considered. On the other
hand, the kT/C noise requirement can be fulfilled by using small capacitances. Parasitic capacitances
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and capacitor mismatch, along with small unit capacitors, will potentially cause the performance of
ADCs to degenerate. Generally, capacitor mismatch can be classified into random and systematic
mismatches. A substantial amount of work and research has been done to improve the dynamic and
static performance. Currently, the primary method used to enhance the performance of SARADCs is
the digital calibration technique [1–3]. Some designs use digital tuning to eliminate the mismatches
caused by parasitic capacitors, but they ignore the comparator offset. Another type of design
decreases the offset by adding extra circuits, although this is at the expense of area and power
consumption.
Accordingly, this paper presents a type of foreground digital calibration algorithm that can
eliminate the comparator offset and capacitor mismatch, using the same extra circuits with minimal
area and power consumption. A high precision full-scale differential dynamic comparator with a
two-stage preamplifier was designed in combination with the calibration method. The design
incorporates tri-level switching into capacitors based on Vcm architecture, thereby achieving
improved energy efficiency [4]. The bottom plates of the capacitor array are used to sample the
input signals so as to achieve better linearity, from Vcm switching to Vref or GND in each step, which
can reduce switching energy usage. Moreover, the most significant bit (MSB) can be decided after
sampling without any consumption of switching energy; thus, the total capacitor is halved,
compared with conventional architecture, and the core area is also reduced. The topology of the
whole SARADC is shown in Figure 1.

Figure 1. Successive approximation analog-to-digital converter (SARADC).

The remainder of this paper is organized as follows: Section 2 introduces the theory of the
digital foreground calibration algorithm. Section 3 describes the details of circuit implementation,
which is followed by the simulation results in Section 4. Finally, a brief conclusion is provided in
Section 5.
2. The Digital Foreground Calibration Algorithm
In this design, the calibration signal enables the determination of whether to begin work with
the calibration mode or the conversion mode. When the reset signal and the calibration’s enabling
signal are high at the same time, the converter begins work in calibration mode; after calibration
mode is over, the calibration’s finishing signal changes from low to high, and conversion mode starts
normally. If only the reset signal is high when the clock cycle is incoming, the converter begins work
in conversion mode.
2.1. Comparator Offset

Symmetry 2020, 12, 165

3 of 14

Comparator offset is typically a random additive error [5]. In a single-channel ADC, the offset
error produces a DC tone, and the comparator is usually designed to have input-referred noise of
less than 1 LSB. For a low-power supply ADC, 1 LSB is equal to Vref/2N*bit. For example, for a 12-bit
SARADC with a 1.2 V power supply, 1 LSB is equal to 293 μV. However, the offset error voltage of
the comparator is usually larger than 5 mV. Therefore, this design proposes a self-calibration
technique for digital-to-analog (DAC) mismatch, based on the comparator that requires the offset
voltage to be minimized through self-calibration in advance. In this design, the comparator has a
two-stage preamplifier to enhance precision. Post-simulation of the comparator layout shows that
the difference of input minimum voltage is about 65 μV and can be compared, preceding the
demand of the comparator self-calibration precision by about 1/4 LSB. Thus, meeting the
requirement completely.
The basic idea behind the calibration algorithm is to deliberately introduce some imbalance to
compensate for the offset. Capacitance loading, current injection, or even voltage difference may
cause comparator imbalance. To minimize or even eliminate the voltage error, a certain common
mode voltage is generally tied together to the differential inputs of the comparator, which should be
kept constant when the ADC system is working normally; moreover, the output of the comparator is
monitored, and feedback is sent to the state machine to control and minimize the imbalance.
Capacitance loading is used to calibrate or minimize the comparator offset; moreover, through
changing the load of capacitance, the current, or the threshold voltage, the offset error voltage can be
compensated for through the differential output pair, p_p and p_n, of the second preamplifier. In
order to reduce the voltage error caused by comparator offset, the proposed self-calibration
techniques change the capacitance of the output node of the second preamplifier. The capacitor
arrays used to control the capacitance of the preamplifier output pair consist of Metal Oxide
Semiconductor (MOS) capacitors and use Positive channel Metal Oxide Semiconductor (PMOS)
transistors, as shown in Figure 2. Each node has eight MOS capacitors arrays (Cp<0> ~ Cp<7>; Cn<0> ~
Cn<7>). The calibration capacitor arrays are binary-weighted, like the capacitor array of the main
DAC in SARADC, while the unit capacitance size is as small as possible.

Figure 2. Latch stage of the comparator with a capacitor array.

The calibration MOS capacitances are binary-weighted, and every capacitance can calibrate
offset voltage equal to 1/4 LSB; thus, the total approaches 64 LSB. Both the global reset signal, Rst,
and the calibration enabling signal, cal_en, are high, the self-calibration mode for the comparator is
selected, the SAR control logic is disconnected from the main DAC driver, and the two inputs of the
comparator connect with common voltage, Vcm. PMOS capacitance is added until the comparator
output turns; the offset error is less than 1/4 LSB, and there is minimal impact on the performance of
the whole ADC.
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2.2. Capacitor Mismatch
We consider the parasitic capacitances on both the top and bottom plates of the capacitor array
from non-ideal layout and wiring inevitability, the channel capacitance of MOS switches, and the
gate capacitances of the comparator. The parasitic capacitances on the bottom plate of the capacitor
array are driven by low impedance reference supplies. However, as long as the reference voltages
are completely settled, they do not affect the conversion process or the result. Moreover, the
parasitic capacitance on the top plate of the capacitor array attenuates the amplitude of the sampled
input signal; this attenuation does not change the polarity of the comparison result, but does reduce
the effective signal power, which is relevant information for determining the correct output bit. It is
essential, for the bottom plate sampling, to enable this feature. In the sampling phase, the top plate
of the capacitor array is pre-charged to Vcm by connecting with the common voltage, before the node
becomes disconnected and remains disconnected until the conversion process is over. During the
conversion process, the top plate voltage moves, but eventually returns to a constant value that is
close to Vcm at the end of the process. Finally, the total charge of the parasitic capacitances is the same
from the beginning to the end of the process. From the perspective of charge, parasitic capacitances
do not cause voltage error. Accordingly, the parasitic capacitances on the top plate of the capacitor
array do not affect the overall accuracy of the conversion process.
By contrast, mismatch errors are inevitable due to process variations, especially in the design of
a capacitor array-based SARADC. Capacitor array mismatch is the main cause of the voltage error in
the conversion process. In order to improve the performance of ADCs, this paper presents a
foreground digital self-calibration technique for DAC capacitor mismatch, based on the comparator.
Figure 3 shows the histogram of the Metal–Oxide–Metal (MOM) unit capacitor subject to process
mismatch, using a 10k-point Monte Carlo simulation. It must be ensured that the maximum voltage
error caused by the mismatch of the MOM capacitor array can be calibrated with the MOS capacitor
array. The schematic of the comparator with the calibration capacitor array is presented in Figure 2.

Figure 3. Unit capacitor mismatch using 10k-point Monte Carlo simulation.

2.3. The Calibration Theory
The calibration process is similar to the normal conversion process. At the sampling stage, both
the top and bottom plates of the capacitor array are connected with common voltage, Vcm; when the
sampling phase is finished, the top plate of the capacitor array is disconnected with common
voltage, Vcm. Both the bottom plates of the positive and negative capacitor arrays are constantly
connected with common voltage, Vcm, as shown in Figure 4a. The calibration MOS capacitor is then
added to the positive or negative side, according to the feedback of the output of the comparator,
and the code is restored until the comparator’s output changes; this step constitutes the calibration
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comparator offset for the MSB decision. The voltage for both positive and negative comparator
inputs is as given in Equation (1):
VDACP ,N =

1
CTot

N −2

 (2 C
i

u

+ δ i + CRd + δ 0 ) ⋅ VCM

0

(1)

Cu represents the ideal unit capacitor, and C0 = CRd = Cu; Ci = 2i·Cu; δ0 is the mismatch of the unit
capacitor; and δi is the mismatch of the capacitor array, Ci. Based on Equation (1), mismatch is the
main reason leading to voltage error.
The second step in sampling is similar to the first step: When the sampling is finished, the top
plate of the capacitor array is disconnected from common voltage, Vcm; both the bottom plate of C10 in
the positive capacitor array and the bottom plates (except C10) in the negative array change from
common voltage, Vcm, to reference voltage, Vref, at the same time; moreover, the rest of the capacitor
array’s bottom plates connected with common voltage, Vcm, remain unchanged. The process is as
shown in Figure 4b, and as given in Equations (2) and (3):
VDACP =

VDACN =

1
1 N −3 i
⋅ (C10 + δ10 ) ⋅ Vref +
⋅  (2 Cu + δ i + CRd + δ 0 ) ⋅ VCM
CTot
CTot 0
1
1 N −3 i
⋅ (C10 + δ10 ) ⋅ VCM +
⋅  (2 Cu + δ i + CRd + δ 0 ) ⋅ Vref
CTot
CTot 0

(2)
(3)

The third step is similar to the second step: When the sampling is finished, the top plate of the
capacitor array is disconnected from common voltage, Vcm; both the bottom plate of C9 in the positive
capacitor array and the bottom plates (except C9) in the negative array change from common voltage,
Vcm, to reference voltage, Vref, at the same time; moreover, the rest of the capacitor array’s bottom
plates connected with common voltage, Vcm, remain unchanged. The process is as shown in Figure
4c, and as given in Equations (4) and (5):
VDACP =

VDACN =

1
1
1 N −4 i
⋅ ( C10 + δ10 ) ⋅ VCM +
⋅ ( C9 + δ 9 ) ⋅ Vref +
⋅  (2 Cu + δ i + CRd + δ 0 ) ⋅ VCM
CTot
CTot
CTot 0

1
1 N −4 i
⋅ (C10 + δ10 + C9 + δ 9 ) ⋅ VCM +
⋅  (2 Cu + δ i + CRd + δ 0 ) ⋅ Vref
CTot
CTot 0

(4)
(5)

The calibration process is repeated until capacitor array, C6, is calibrated. The maximum
voltage error probably caused by capacitor array, C6, is less than half of LSB; it can thus completely
satisfy the demands of a 12-bit SARADC.

Symmetry 2020, 12, 165

6 of 14

Figure 4. Calibration process of capacitor array mismatch. (a) Calibrate Comparator offset; (b)
Calibrate mismatch of capacitor array C10; (c) Calibrate mismatch of capacitor array C9.

After the calibration process is over, the signal of the calibration finish flag becomes high, and
the ADC goes through the normal conversion process. The whole schematic of the comparator is as
shown in Figure 5, and as a symbol in Figure 4.
2.4. Linearity Analysis
The voltage error caused by capacitor mismatch can be written as:
N −2

INL( y) = Verror ( y ) =

δ S
i

i =0

i

2 N −1 Cu

Vref

(6)

.

The variance of integral nonlinearity (INL) can be written as:
E[ INL2 ( y )] = E[V 2 error ( y )] =

y
2

2( N −1)

σ u2
Cu2

Vref

.

(7)

Consider the end point normalization:
2
= y(1σ INL

y
2

N −1

)

σ u2
Cu2

LSB 2

.

(8)
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Therefore, when y = 2N−2 is the maximum standard deviation, then
σ INL ,MAX = 2 N −3

σu

LSB

Cu

.

(9)

Therefore, MSB is independent of mismatch. When the output code changes from (001...1) to
(010...0), or from (101...1) to (110...0), differential nonlinearity (DNL) reaches the maximum and the
variance can be written as:
N −3

E[ DNL2 (2N −2 )] = E[(

δ N −2 −  δ i
i =0

2N −1 Cu

⋅

Vref
2

⋅ 2)2 ] ≈ 2 N −1

σ u2
Cu2

LSB2 .

(10)

Therefore, the maximum standard deviation of DNL is:
σ DNL ,MAX = 2 N −1

σu
Cu

LSB

.

(11)

The foreground digital calibration algorithm can greatly reduce the capacitor mismatch, reduce
the linearity error, and improve the linearity.
3. Circuit Implementation
The DAC of an N-bit charge redistribution SARADC is composed of 2N−1 binary-weighted unit
capacitor arrays that are multiples of the unit capacitor Cu (Cu, 2·Cu, 4·Cu ... 2N−2·Cu). A redundant unit
capacitor CRd (CRd = Cu) is added to the array to make the number of capacitors a multiple of two, so
that the total capacitance becomes 2N−1·Cu; the redundant unit capacitor is sampled together with the
other capacitor arrays, but does not take part in the process of quantization. The Vcm-based capacitive
structure SARADC only uses half as many unit capacitors, compared with conventional
architecture; moreover, for a 12-bit SARADC, the Vcm-based tri-level switch structure saves about
87.51% in terms of switching energy consumption.
Two-Stage Preamplifier Full-Scale Differential Dynamic Comparator
The comparator is one of the most important components in high-resolution SARADC, as the
precision of the comparator directly impacts the ADC performance. In this approach, the
comparator is designed with a two-stage full-scale differential preamplifier and one latch, for high
speed and high resolution. The preamplifier is used to amplify the input signal enough to satisfy the
resolution requirement and block the kickback noise. The first-stage preamplifier supplies enough
gain to enable high resolution, while the second-stage preamplifier supplies gain of approximately
one to ensure the comparator achieves normalization in the full-scale swing input signal. Although
the output signal of the preamplifier is larger than the input signal, it is still not large enough to
drive the digital circuit; accordingly, a track and latch stage is designed to amplify the signal via a
positive feedback loop. The comparator structure is as shown in Figure 5.
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Figure 5. Comparator.

The offset voltage, Voffset, of the comparator can be calculated as:
Voffset = ΔVTH1,2 +

VSG −|VTH1, 2 | Δ(W / L)1,2 ΔRload
+
(
) ,
Rload
2
(W / L)1,2

(12)

where ∆𝑉 , represents the threshold mismatch, VTH1,2 represents the threshold voltage, ∆ (𝑊/𝐿) ,
represents the physical dimension mismatch between M1 and M2, and ∆𝑅
represents the load
resistance mismatch.
The noise of the comparator is the main factor that limits performance in a low-voltage-supply
and high-speed SARADC design. The input-referred offset voltage of the comparator can directly
affect the DC and AC performance of the converter. Moreover, a device mismatch such as threshold
voltage, W/L, and/or μCox variation may cause input-referred offset for the latch. The threshold
voltage mismatch of the input transistors is the primary cause of comparator offset, which is
inversely proportional to the gate area. Thus, the latch must be driven by a preamplifier to reduce
the input-referred offset. To overcome the input-referred offset of the latch, the preamplifier circuit
must supply enough gain to resolve the minimum difference of the input signal and amplify it to a
large enough voltage. Accordingly, the comparator circuit offset is stored and canceled without
adding any extra timing, by using this preamplifier. The input noise of the comparator is as shown
in Figure 6.
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Figure 6. Noise of the comparator.

Finally, placement is important for the comparator layout. Symmetry is the most important rule
in this context; a voltage difference of about 65 μV can be compared for the comparator layout
post-simulation, completely satisfying the comparator requirement for the 12-bit SARADC. The
comparator layout is depicted in Figure 7.

Figure 7. Layout.

4. Simulation Results
While the ADC operates at 30 Million Samples Per Second (MSPs), a 14.56 MHz full-scale sine
wave input signal is used to test the dynamic and static performance. Figure 8 shows the DNL and
INL simulation results before and after calibration. Before calibration, the maximum DNL is
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+1.5/−1.3 LSB, while the maximum INL error is +13.3/−13.1 LSB; after calibration, the maximum DNL
and INL errors are +0.65/−0.64 LSB and +1.3/−1.1 LSB, respectively.

Figure 8. Plot with a 1.2 V supply at 30 MS/s with a 14.56 MHz input signal.

The dynamic performance based on a 4096-points Fast Fourier Transform (FFT), is as shown in
Figure 9. Before calibration, the signal-to-noise-and-distortion ratio (SNDR) and the spurious free
dynamic range (SFDR) were 54.52 dB and 57.28 dBc, respectively, and the effective number of bits
(ENOB) was 8.78. After calibration, the ADC achieves an SNDR of 68.56 dB, an SFDR of 84.45 dBc,
and an ENOB of 11.08. The total power consumption consists of the estimated calibration, with a
reference power of 2.39 mW, and a figure-of-merit (FoM) of 39.45 fJ/conv.-step.

Figure 9. Spectrum data with a 1.2 V supply at 30 MS/s with a 14.56 MHz input signal.

Figure 10 shows the simulation results of the SNDR and SFDR range, with input frequency
before and after calibrations at a constant sampling rate of fs = 2 MS/s.

SNDR(dB) , SFDR(dBc)

Symmetry 2020, 12, 165

11 of 14

SNDR & before calibration

SFDR & before calibration

SNDR & after calibration
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Figure 10. Signal-to-noise-and-distortion ratio (SNDR) and spurious free dynamic range (SFDR) with
input frequency.

The breakdown of the power consumption at a sampling rate of fs = 2MS/s is shown in Figure
11. The comparator, capacitor digital-to-analog converter (CDAC), and SAR control logic power
consumption, form the majority of the ADC power consumption. Preamplifier power consumption
accounts for most of the power of the comparator. Switches always change from Vcm, to Vref or GND,
and a great deal of energy will be used in this process. Bootstrap, Clock generator, and the digital
calibration block only use a small amount of energy, which shows that the foreground digital
calibration algorithm does not significantly increase power consumption.
Preamplifier

Latch

Cap_array

Switch

30%
25%
20%
15%
10%
5%
0%

Comparator

Cap_DAC

Bootstrap

CLK_generator

SAR logic

Digital_calibration

Figure 11. Power break down.

Table 1 presents the performance comparison of this design with other published SARADCs,
using a standard 0.13 μm CMOS process.
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Table 1. Comparison.

Process (μm)
Supply (V)
Resolution (bits)
Sampling rate (MS/s)
SFDR (dB)
SNDR (dB)
ENOB (bit)
Power (mW)
FoM (fJ/conv.-step)

Ref. [6]
0.13
1.2
10
40
57.7
50.6
8.11
0.55
50

Ref. [7]
0.13
1.2
8
360
63.1
45.6
7.28
3.55
56

Ref. [1]
0.055
3.3/1.2
16
16
97.5
78
12.66
16.3
165

Ref. [3]
0.04
1.1
6
700
/
35.3
5.57
0.81
24.4

This work
0.13
1.2
12
30
84.45
68.56
11.08
2.39
39.45

Ref. [6] designed an asynchronous SARADC with multistep addition-only digital error
correction (ADEC), additional decision phases incorporating DAC rearrangement with three
sub-DACs, enhanced speed by 37%; Table 1 shows the measured performance. Ref. [7] designed a
dual-tail instantaneous switching scheme using two capacitive DAC arrays, to generate two
possible outputs while the comparator is in the regeneration process, and two binary redundancies
to improve the overall conversion speed; the simulated performance is shown in Table 1. Both
designs were implemented in the CMOS 0.13 μm process. Ref. [1] adopted an efficient on-chip
foreground calibration algorithm and compensated the errors in digital domain normal operation;
Table 1 shows the measurement results. Ref. [3] designed a dither-based background calibration
technique to obtain an accurate comparator decision time (CDT) detection window size and ensure
PVT robustness; Table 1 shows the measurement results.
Moreover, Table 2 presents the performance summary of the proposed ADC.
Table 2. Summary.

Technology (μm)
Resolution (bits)
Sampling rate (MS/s)
ENOB (bits)
SNDR (dB, fin = 14.56 MHz)
SFDR (dB, fin = 14.56 MHz)
DNL (LSB)
INL (LSB)
Power (mW)
FoM (fJ/conv.-step)
Active (mm2)

0.13
12
30
11.08
68.56
84.45
−0.64/+0.65
−1.1/+1.3
2.39
39.45
0.273

5. Conclusions
This paper has presented a foreground digital calibration algorithm, based on a comparator, to
reduce the comparator offset and capacitor array mismatch, as well as enhance the performance of
the whole ADC. The design adopts a fully differential topology with an incremental converting
procedure, reducing the power consumption of DAC switching, the dynamic comparator, and
asynchronous SAR control logic. A two-stage preamplifier full-scale differential dynamic
comparator was designed for the calibration method. The reference voltage, Vref, of the DAC was set
to supply voltage VDD to achieve rail-to-rail sampling.
This ADC was designed and implemented with a one-poly-eight-metal (1P8M) 0.13 μm
standard CMOS process. The die micrograph of the whole SARADC test chip is as shown in Figure
12. The active area of the whole ADC is 0.273 mm2. All capacitors were implemented using MOM
structures. The digital calibration logic was based on a comparator MOS capacitor array and
synthesized using Design Compiler, with an estimated area of 0.084 mm2. The power supply is 1.2 V.
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At a 30 MS/s conversion rate, this SARADC achieved a state-of-the-art ENOB of 11.08 at a 14.56 MHz
full-scale sine wave input frequency, resulting in a 39.45 fJ/conversion-step.

Figure 12. Die micrograph.
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