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Featured Application: The proposed technique can be applied to minimize capacitor mismatch
error in pipeline analog-to-digital converters.

Abstract: This study proposes self-calibration of capacitor mismatch errors for high-resolution
pipeline analog-to-digital converters (ADCs). The proposed calibration circuit recursively amplifies
the capacitor mismatch error by re-utilizing a multiplying digital-to-analog converter in a pipeline
stage without increasing the circuit complexity, and the amplified error voltage is converted into
digital code by utilizing the remaining pipeline stages. Error correction is performed by subtracting
the digital code from the ADC output during normal operation. A prototype of a 12-bit pipeline
ADC is fabricated in a 0.18 um standard CMOS process. The ADC comprises eight 1.5-bit stages,
followed by a 4-bit flash ADC as the final stage; the capacitor mismatch errors in the first two
pipeline stages are corrected by utilizing the proposed self-calibration technique. At a sampling rate
of 30 MS/s, the measured differential and integral nonlinearities improve from +0.82/-0.75 and
+1.12/-1.79 to +0.45/-0.41 and +0.47/-0.91 after calibration, respectively. Further, the measured
dynamic performances improve significantly with calibration. For an input frequency of 2.09 MHz,
the ADC achieves a spurious-free dynamic range (SFDR) and signal-to-noise and distortion ratios
(SNDR) of 69.3dB and 63.9dB before calibration, respectively. After calibration, the SFDR and SNDR
increase to 84.1dB and 68.9dB, respectively, and the effective number of bits is approximately 11.1bit.
The power consumption of the ADC is 35mW under 1.8V supply, and the resulting figure of merit
is 514f]/conversion step.

Keywords: capacitor-mismatch calibration; self-calibration; switched-capacitor circuit; pipeline
analog-to-digital converter

1. Introduction

The pipeline analog-to-digital converter ADC architecture is the most suitable for high-speed
operations with medium-to-high resolution among various ADC architectures. However, because
the analog-to-digital conversion of the pipeline ADC is performed in the analog domain, various
errors generated from analog circuits, such as charge injection, finite gain error of an operational
amplifier (op-amp), and capacitor mismatch error, must be suppressed to achieve high resolution.
Most errors, except the capacitor mismatch error, can be addressed owing to advances in circuit

techniques and CMOS technologies [1-5]. However, capacitor mismatch significantly depends on the
CMOS technology and requires special calibration circuitry to minimize the linearity degradation of
the ADC output.

The calibration of capacitor mismatch has been investigated for several decades, and numerous
techniques have been reported [3,6-21]. Calibration techniques can be categorized into two types:
analog and digital. Digital calibration techniques [6—12] move analog errors to the digital domain by
utilizing different methods and digitally correcting them. However, they increase circuit complexity
and power consumption. In contrast, analog calibration has a simpler circuit design compared with

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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digital calibration [3,13-21]. The capacitor error averaging technique proposed in [3,16,17] is an
effective analog calibration technique. In this technique, calibration can be performed in the
background, meaning normal operation is not hindered by calibration. However, additional clock
phases are required to average the capacitor mismatch errors, thereby decreasing the operation speed
of the ADC. Self-calibration is another effective analog calibration technique [18-21]. As suggested
by the name self-calibration utilizes the remaining pipeline stages to correct capacitor mismatch
errors in the early pipeline stages, thereby eliminating the need for calibration circuitry and
simplifying circuit implementation. Unlike the error-averaging technique, although the calibration is
performed in the foreground, the capacitance does not drift or age over time, and the foreground
calibration still functions effectively.

This study proposes another method to implement self-calibration. Without increasing the
circuit complexity, the proposed calibration circuit re-utilizes the multiplying digital-to-analog
converter (MDAC) in a pipeline stage to recursively amplify the capacitor mismatch error and then
converts it into a digital code by the remaining pipeline stages. The digital error is subtracted from
the ADC output.

A 12-bit pipeline ADC that employs self-calibration is fabricated by utilizing a 0.18 um standard
CMOS process. After calibration, the measured differential nonlinearity (DNL) and integral
nonlinearity (INL) increase from +0.82/-0.75 and +1.12/-1.79 to +0.45/-0.41 and +0.47/-0.91, respectively.
The dynamic performance also improves significantly after calibration. At a sampling rate of 30 MS/s,
the ADC achieves a spurious-free dynamic range (SFDR) and a signal-to-noise and distortion ratio
(SNDR) of 84.1dB and 68.9dB for an input frequency of 2.09 MHz, respectively. The power
consumption of the ADC is 35mW under a 1.8 V supply and the figure of merit (FOM) is 512
fJ/conversion step.

The remainder of this paper is organized as follows: Section 2 presents the proposed MDAC for
self-calibration and its operating principles. Section 3 explains the implementation of the ADC that
employs the proposed self-calibration technique. Finally, the measurement results and conclusions
are presented in Sections 4 and 5, respectively.

2. Proposed self-calibration technique

A switched-capacitor amplifier (SCA) with a gain of two is a key building block of the MDAC
in a 1.5-bit pipeline stage. The conventional SCA and proposed self-calibrating SCA for gain-of-two
amplification are shown in Figure 1. Compared with the conventional SCA, only two additional
switches, which are placed in the dashed box, are added to self-calibrate the capacitor mismatch error.
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Figure 1. Simplified circuit diagram of an SCA for gain-of-two amplification: (a) Conventional SCA.
(b) Proposed self-calibrating SCA.

The SCA operates in two modes: calibration and normal. In the calibration mode, the error
voltage caused by the capacitor mismatch is converted into a digital signal, saved in memory, and
subtracted from the ADC output. In normal operation, the two additional switches remain OFF and
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the SCA functions as a conventional MDAC for a 1.5-bit pipeline stage. The operation of the SCA
during capacitor mismatch calibration is shown in Figure 2. The SCA operates with a two-phase non-
overlapping clock, sampling, and amplification phases, similar to the conventional SCA. In the
sampling phase, the reference voltage Vreris applied to the feedback capacitor (Cr) and a common-
mode voltage or 0 is applied to the sampling capacitor (Cs), as shown in Figure 2 (a). The total charge
sampled on the capacitors is expressed as follows:

Quotat = VRrer - Cr +(Vem — Vem ) - Cs (1)

In the amplification phase, the bottom plate of Cr is flipped around and connected to the op-amp
output, whereas the bottom plate of Csis connected to Vrer, as shown in Figure 2 (b). From the
principle of charge conservation, the total charge Q at the end of the amplification phase is as follows

Q'totat = Vour - Cr + Vrer - Cs ()

Suppose Cr=C and Cs=(1+€)C. In that case, the op-amp output voltage becomes Vrer multiplied by
the mismatch factor, which is called the error voltage (VE), expressed as follows:

Vour = Vrer — Vrer - Cs / Cr

=—¢€- VRer

)

In sampling phase 2, as shown in Figure 2 (c), Vour is sampled on Cs by turning Ss and 56 ON. The
charge on Csis then transferred to Crin amplification phase 2) and Vour becomes

Vour =—2¢- Veer —&> - Veer = —2€ - Veer (4)

Because Vreris known, the mismatch factor € can be derived from the digitized value of Ve converted
by the remaining pipeline stages.

The proposed SCA is particularly advantageous in that Ve can be accurately amplified by a
power of two with no additional circuits by repeating the processes of sampling phase 2 and
amplification phase 2.

Furthermore, amplification by a gain of two can be considered as a 1.5-bit pipeline stage
operation when the amplitude input is relatively small. A block diagram of the 1.5-bit pipeline stage
and its transfer curve for the stage’s analog input and output voltages are shown in Figure 3,
according to which, the digital output is “01” and the MDAC output is twice the input when the input
amplitude is within *Vrer/4. Generally, the capacitor mismatch is small and Ve remains within
+Vrer/4 even after several amplifications. Therefore, suppose the digital output is “01” even with no
sub-ADC. In that case, the 1.5-bit stage operation is performed whenever Veis amplified by a fact of
two.

For self-calibration, redundant stages are required to accurately measure the mismatch errors
generated by the front pipeline stages. For example, suppose the capacitor mismatch error that occurs
in the first stage is converted to the remaining stages in a 12-bit pipeline ADC that performs a 1-bit
or 1.5-bit conversion per stage. In that case, the converted error voltage has only 11-bit accuracy,
which is insufficient for correction. At least two redundant stages must be added to increase the
accuracy by more than two bits. As previously explained, amplification of the small-error voltage by
a factor of two corresponds to the addition of one redundant stage. In other words, the accuracy of
the error voltage is increased to 13 bits by amplifying the error voltage twice before it is converted by
the remaining stages, which allows self-calibration with no additional circuitry. Calibration must
only be performed for a few MSB stages according to the capacitor-matching characteristics provided
in the CMOS process, and proceeds in the reverse direction from the rear stage.

A comparison of the dynamic performance of a 12-bit pipeline ADC before and after calibration
is shown in Figure 4. In the simulations, only capacitor mismatch was considered, and calibration
was performed for the first two stages. The mismatch between Cs and Cr was assumed to be 0.5% (e
is 0.005) based on the technology information. As shown in the simulation results, the mismatch
calibration effectively improved the ADC performance. SNDR and SFDR increased from 59.9 dB to
73.9 dB and 62.3 dB to 93.6 dB, respectively. The dynamic performances were also compared
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according to the number of redundant bits or stages. As shown in Figure 5, the performance

improved with the number of redundant bits and saturated at 2 or more bits. Therefore, in this study,
the number of redundant bits was determined to be two.
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Figure 2. Operation of the self-calibrating SCA at each clock phase: (a) Sampling Phase 1. (b)
Amplification Phase 1. (c) Sampling Phase 2. (d) Amplification Phase 2.
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Figure 3. Block diagram of a 1.5-bit pipeline stage (a) and its transfer curve (b).
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Figure 4. Simulated dynamic performances of a 12-bit pipeline ADC: (a) Before calibration. (b) After
calibration.
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Figure 5. Comparison of the dynamic performance according to the number of redundant bits: (a) No
calibration. (b) No redundancy. (c) 1-bit redundancy. (d) 2-bit redundancy.

3. ADC implementation

A 12-bit pipeline ADC was designed as the readout circuit in a CMOS image sensor. A block
diagram of the ADC is shown in Figure 6. The ADC was composed of eight 1.5-bit stages followed
by a 4-bit flash ADC as the final stage, a reference generation circuit, and distributed clock drivers. A
simplified circuit for the first stage is shown in Figure 7. Because the ADC did not have a dedicated
front-end sample or hold amplifier, the sub-ADC of the first stage had its own input sampling
network that held the input signal while the comparator made its decision. The second stage was
similar to the first and was a scaled-down version of the first stage, except that the sub-ADC did not
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have a sampling network. Capacitor mismatch calibration was performed only for the first and
second stages. Therefore, from the 3 stage, the circuit configurations were similar to that of the
conventional 1.5-bit pipeline stage. An op-amp of the MDAC was shared between two adjacent stages
to reduce power consumption [22]. During calibration, the mismatch error between each Cs and Cr
was amplified and converted into a digital signal, as explained in the previous section. During normal
operation, the ADC output code was corrected by adding or subtracting the converted error voltage
whenever the digital output value of the calibrated stage was either “00” or “10.”
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Figure 6. Block diagram of the ADC.
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Figure 7. Simplified circuit of the 1 stage of the ADC.

A simplified circuit of the op-amp with a gain-boosting amplifier is shown in Figure 8. A folded-
cascode architecture with PMOS input transistors was employed to set the input common-mode (CM)
voltage lower than the output CM voltage, and the output cascade transistors were gain-boosted to
increase the DC gain of the op-amp without reducing the output signal swing. The switched-
capacitor CM feedback circuit proposed in [23] was utilized to determine the output CM voltage of
the op-amp. As shown in Figure 7, a simple differential pair was utilized as the gain-boosting
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amplifier. A PMOS transistor (M3) was added between the input transistors for CM control of the
amplifier. The simulated DC gain of the op-amp was higher than 90 dB for all the corners. The op-
amp for the first and second stages consumed approximately 4 mA from the 2.8 V supply. The second,
third, and fourth op-amps consumed approximately 1 mA, 0.5 mA, and 0.5 mA, respectively.

L:‘ Vgs
M1 - Vg M10 | ——[ M1l

1
VA s v s ] o Vi [TM2 Vol 28 v - Vine

VOUT_ —4

)
M6 :‘ M7 Vour OUT+
Vzr

Vi2 " ) =
Main amplifier M4ﬁ — ’ji[vﬁ Gain-boosting amplifier

Figure 8. Circuit diagram of the main op-amp and gain-boosting amplifier.

4. Measurement results

A 30 MS/s 12-bit pipeline ADC that employed the proposed self-calibrating technique was
implemented in 0.18 ym CMOS technology and the ADC occupied a die area of 0.35 mm?. The die
micrograph and the printed circuit board for the chip measurement are shown in Figure 9. The
measured static performances of the ADC before and after calibration are shown in Figure 10. Before
the calibration, the measured DNL and INL were less than +0.82/-0.75 and +1.12/-1.79 LSB,
respectively. After calibration, the DNL and INL improved to +0.45/-0.41 and +0.47/-0.91 LSB,
respectively. The measured power spectra for input frequencies of 2.09 MHz and 14.1 MHz are also
shown in Figure 11, respectively. At an input frequency of 2.09 MHz, the measured SNDR and SFDR
improved from 63.9dB and 69.3dB to 68.9dB and 84.1dB, respectively, and the resulting ENOB was
11.1 bit after calibration. After calibration, the measured dynamic performances versus the input
frequency are shown in Figure 12. The measured SNDR and SFDR varied from 67.9 to 69.1 dB, 82.4
to 84.2 dB, respectively, for input frequencies up to the Nyquist frequency. The total ADC power
consumption was 35 mW, including the reference generation and all peripheral circuits. The FOM,

which is calculated as power/(2ENOB-sampling frequency), was 512 fJ/conversion. The ADC
performance is summarized in Table 1.

doi:10.20944/preprints202310.0501.v1
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Figure 9. Chip micrograph (a) and measurement board (b).
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Figure 10. Measured static performances before and after calibration: (a) Before calibration. (b) After
calibration.
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Figure 11. Measured dynamic performances for input frequencies of 2.09 MHz and 14.1MHz before
and after calibration: (a) Before calibration with 2.09 MHz input (b) After calibration with 2.09 MHz
input (c) Before calibration with 14.1MHz input (d) After calibration with 14.1MHz input.
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Figure 12. Measured dynamic performances versus input frequency.

Table 1. Performance summary.

Process [um] 0.18
Supply [V] 1.8
Resolution [bit] 12
Sampling Frequency [MHz] 30
ADC Area [mm?] 0.351
Before Calibration After Calibration
SFDR [dB] @ Fin=2.09 MHz 69.2 84.1
SNDR [dB] @ Fin=2.09 MHz 63.9 68.9
ENOB [bit] 10.3 11.1
DNL [LSB] +0.82/-0.75 +0.45/-0.41
INL [LSB] +1.12/-1.79 +0.47/-0.91
Power Consumption [mW] 35 35

FoMuw [fj/conv-step] 911 512
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5. Conclusion

A self-calibration technique that can be implemented without increasing the circuit complexity
was proposed and validated through fabrication. The calibration circuit required only two switches
to be added to the SCA, which comprised the MDAC of the pipeline stage and recursively amplified
the capacitor mismatch errors. The amplified mismatch error was converted into digital code by
utilizing the remaining pipeline stages, and error correction was performed by subtracting the error
code from the ADC output during normal operation. A 12-bit 30 MS/s pipeline ADC comprising eight
1.5-bit stages, followed by a 4-bit flash ADC, was fabricated in a 180 nm CMOS process. The
effectiveness of the calibration technique was validated through the measurement results. After
calibration, the measured DNL and INL improved from +0.82/-0.75 and +1.12/-1.79 to +0.45/-0.41 and
+0.47/-0.91, respectively. Further, calibration significantly improved the dynamic performance. For
an input frequency of 2.09 MHz, the measured SFDR and SNDR improved from 69.3dB and 63.9dB
to 84.1dB and 68.9dB, respectively, resulting in an ENOB of 11.1 bits. The ADC consumed 35 mW
from an 1.8 V supply, and the resulting FOM was 512 f]/conversion stage.
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