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ABSTRACT This paper introduces a completion-aware background sequential capacitor mismatch
calibration technique for SAR ADC. The proposed method sequentially corrects capacitor mismatch from
the lower to the upper bits in the CDAC. This calibration method can automatically detect when calibration is
complete, thereby improving power efficiency by terminating calibration activities. This approach mitigates
the trade-off between adaptation speed and calibration code variation, enhancing correction speed. Moreover,
the sequential calibration demonstrates stable adaptation in unpredictable input environments. The ADC
developed in this study utilizes 55-nm ultra-low power (ULP) CMOS technology, operates at a speed
of 1 MS/s, and consumes 43 uW of power. It achieves peak DNL of +0.83/—0.62 LSB and INL of
+1.89/—1.13 LSB. Furthermore, it achieves a mean SNDR of 68.5 dB and SFDR of 83.8 dB, resulting
in a FoM of 19.59 fJ/conv.-step.

INDEX TERMS Analog-to-digital converter (ADC), successive approximation register (SAR), capacitor

mismatch, background calibration.

I. INTRODUCTION

The successive approximation register (SAR) ADC is widely
used in various low-power, medium-to-high resolution appli-
cations, such as Internet of Things (IoT), mobile applications,
bio-sensors, and touchscreen panel drivers [1], [2], [3]. Some
applications require tens of ADCs for multiple channels,
where a small area design is essential for a low-cost
implementation. One of the key performance limitations of
atypical SAR ADC is its linearity, which is influenced by the
capacitor mismatch in a capacitive digital-to-analog converter
(CDAC). A large CDAC area is required for better matching,
degrading energy efficiency, and increasing settling time and
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system cost. Hence, the capacitor mismatch calibration is a
promising solution to achieve a higher figure-of-merit (FoM)
(41, [51, [6], [71, [8].

The mismatch calibration consists of mismatch detection
and correction phases. There are two types of detec-
tion methods: background and foreground-based methods.
Foreground calibration needs a start-up calibration time
before the normal conversion and requires specific input
conditions such as ideal clean reference or input short-
ing [9]. In contrast, background calibration does not interrupt
the normal ADC operation during calibration. However,
background calibration requires a longer settling time than
foreground calibration and depends on input behavior. In the
correction phase, analog [7] and digital [5], [6], [10] methods
exist.
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FIGURE 1. lllustration of (a) redundancy inside an ADC and (b) mismatch
detection mechanism.

Foreground calibration provides consistent calibration
behavior for known calibration signals but lacks time
efficiency as it requires the ADC to pause during calibration.
On the other hand, background calibration can operate with-
out interfering with normal conversion operations. However,
the calibration process might degrade performance if input
characteristics are inconsistent. Especially in applications
where multiple channels share input, differences in calibra-
tion time between channels can cause problems during digital
processing.

This paper proposes a background sequential capacitor
mismatch correction SAR ADC with a feature that can
detect calibration completion. This method lets us know
the instant at which calibration is completed through a
calibration done detector. After calibration is completed,
one cycle of comparison time (¢c,) in Fig. 1(b) can
be assigned to the normal conversion cycle so that the
additional conversion time is secured as a time margin
in the case where the longer decision time is needed by
comparator metastability or used as additional bit conversion.
Additionally, the proposed calibration method shows faster
convergence in response to input signal conditions than
traditional background methods, making it suitable for
various applications. Although foreground calibration has
limitations in tracking voltage or temperature variations, the
proposed method allows for intermittent recalibration after
calibration completion using the calibration done signal,
enabling the tracking of environmental changes.

This paper is organized as follows. Section II introduces
the proposed mismatch calibration, and implementation
details are described in Section III. Section IV describes the
measurement result of the ADC, and section V concludes the

paper.
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FIGURE 2. lllustration of (a) the mismatch correction driver and
(b) operation of mismatch correction.

Il. MISMATCH CALIBRATION

A. PREVIOUS ART

Capacitor mismatch calibration is crucial for enhancing lin-
earity in small-area, low-power SAR ADCs [4], [5], [6], [7].
In this section, we will review several capacitor mismatch
calibration methods.

In [6], a foreground calibration technique is presented. This
fully digital method eliminates the need for an accurate refer-
ence or input signal. The method finds application in a sub-2
arbitrary-radix SAR ADC, which leverages integer weights to
simplify the architecture. The calibration algorithm quantifies
non-linear code jumps and outlines a procedure to rectify
the MSB mismatch. However, foreground calibration needs
to stop the ADC operation, and there are limitations to the
calibration resolution. The capacitor swapping scheme in [11]
effectively reduces the integral nonlinearity (INL) error in
SAR ADC. The MSB capacitor mismatch for half of the
input samples leads to an INL error for both negative and
positive input samples. This error reverses for the remaining
half of the input samples. The swapping between these two
INL errors effectively lowers the average INL error. However,
the complexity of the logic is high compared to the degree of
performance improvement. The histogram-based calibration
method in [12] utilizes histogram windowing to identify
capacitor mismatch. This approach measures the average bin
count within a window and adjusts the bit weight digitally.
However, it requires uniformly distributed input and might
take a significant time to calibrate due to the need to count the
overall bin count. In [13], the mismatch error shaping (MES)
technique for oversampling SAR ADCs combines elements
of flash, SAR, and delta-sigma modulation, eliminating the
need for factory trimming or digital calibration, although
the overall architecture is complex. The digital calibration
for split-CDAC SAR in [14] avoids the need for an analog
calibration DAC by determining calibration error codes using
another split-CDAC. Lastly, a time-interleaved (TI) ADC
architecture in [15] incorporates a charge injection cell DAC
and utilizes neural-network calibration to correct multiple
sources of errors in TI-ADC.

The SAR ADC in [7] uses redundancy for mismatch
calibration. To illustrate the MSB five-bit calibration,
we assume that the normalized weight of the MSB seven-bit
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FIGURE 3. Coefficient settling diagram of (a) existing [7], (b) proposed
sequential calibration, and (c) proposed correction sequence diagram.
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FIGURE 4. Block diagram of the proposed SAR ADC incorporating a
mismatch calibration block.

is W = {32,16,8,4,2,1,1}, inclusive of the redundancy
bit of the 7, bit. Therefore, the two codes B; = {1,0,0,
0,0,0,0,x,---,x} and B, = {0,1,1,1,1,1,1,x,-- - ,x} yield
the same digital output, assuming linearity of the ADC
in Fig. 1(a). Unlike conventional methods such as those
described in [4], [5] and [6] that require comparison against
an external reference voltage or internally generated zero
input, our approach internally performs mismatch detection
and correction based on specific codes in Table 1 to correct
the specific MSB capacitor mismatch errors. When mismatch
detection codes are encountered, they trigger the relevant bit’s
calibration cycle (164,). CDAC driver data switch between
two codes in Table 1 and monitor the comparator output
to find the mismatch direction [7]. However, this approach
needs a long convergence time and code fluctuation due to
the simultaneous calibration of multiple bits and an inability
to determine calibration completion.

B. PROPOSED CALIBRATION

Among various background mismatch calibration methods,
using CDAC with redundant conversion is effective for
mismatch detection [7]. The calibration process in the
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ADC explicitly targets the upper five MSB bits due to
their significant effect on performance and substantial
mismatch errors. The calibration method detects differential
nonlinearity (DNL) errors representing capacitor mismatch
by utilizing inherent redundancy. If there is no mismatch, the
sum of the activated codes A and B, denoted by V4 and Vp,
will be the same, as illustrated in Table 1. Conversely, if a
mismatch error exists, the DAC voltage between the two
codes will differ. As illustrated in Fig. 1(b), after 15 cycles of
normal conversion, the process compares the conversion code
of the upper seven MSBs with mismatch activation patterns
in Table 1. Code A and Code B are numerically identical due
to redundancy. If the top seven bits match code A, the internal
DAC switches to code B, and an additional conversion is
conducted in the 16th cycle to detect a mismatch. If code B
is detected, the internal code changes to code A. When the
capacitors are ideal, the results of the last cycle (D;5) and
the additional cycle (D1¢) should match. Any mismatch error
leads to a difference between D15 and Die, allowing the
capacitors to be tuned to minimize the error. This mismatch
error is represented by the voltage difference (A) between V4
and Vp and is directly related to the magnitude of the error.

Fig. 2(a) illustrates the mismatch correction driver, where
the nominal capacitor (Cn,p,) and programmable calibration
capacitors (Cc¢y) are connected in parallel. The control
multiplexer (Ctrl MUX) manages the switching of the Ccy
between the P and N nodes based on inputs from the
nominal capacitor code and the calibration code, as illustrated
in Fig. 2(b). To adjust the effective capacitance, Cyoy and
Ccay, are switched at the same or different nodes to increase
or decrease Ccqr. The AND gate controls the calibration
capacitance by combining the nominal capacitor switching
code from the control MUX with the calibration code.
The D¢y sign controls the path of the Crrl MUX, while
Dcal,mag adjusts the magnitude of the calibration capacitance.
Therefore, this differential structure yields an equivalent
Cnom+Ccar or Cnoy-Ccar capacitance.

However, previous background calibration [7] requires
continuous calibration because the end of the calibration is
unknown. To lower power consumption, we need to decrease
the update rate, which results in a slower convergence.
Furthermore, the CDAC MSB detected error is influenced by
the error of the LSB. Consequently, fluctuations in LSB errors
cause fluctuations in MSB codes [7], as shown in Fig. 3(a).
In contrast, Fig. 3(c) shows the proposed calibration, which
starts from the lower bits and sequentially finishes at the
upper bits due to completion-aware calibration, resulting
in less code variation compared to previous calibrations,
as shown in Fig. 3(b). The overall SAR ADC with calibration
logic is presented in Fig. 4. The proposed calibration tech-
nique differs from the existing method [7] by incorporating
a state checker and a state sequencer block. Adding these
blocks enables the detection of calibration completion and
sequential correction from lower bits.

Fig. 5(a) illustrates the correction process for capacitor
mismatch error. C,, represents the equivalent capacitance
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FIGURE 5. Illustration of the proposed calibration; (a) timing diagram of
correction and (b) state machine.

TABLE 1. Activation code pattern for calibration.

Dcomp < 14:8 >

Reference [7]
(code A/code B)

Proposed

Calibration location (code A/ code B)

MSB 0111111/1000000 | 0111111 /1000000
MSB-1 0011111/0100000 | x011111/x100000
MSB-2 0101111/0110000 | xx01111/xx10000
MSB-3 0110111/0111000 | xxx0111 /xxx1000
MSB-4 0111011/0111100 | xxxx011 /xxxx100

for the current calibration code, Cyoy £ Ccar, and it is
adjusted to approach the optimal value Copr . If C,, surpasses
the Copr value, the correction sign reverses, indicating
the completion of the corresponding bit calibration. Unlike
in reference [7], the proposed method includes a signal,
Done,, which indicates the completion of calibration in
the bit position. Therefore, the Done, signal is initialized
to 0 and stays high after the calibration completes in the
X-bit position. If C.,; exceeds Copr, the sign of A changes.
This change triggers the Done, signal to go high, indicating
that the calibration for that specific bit has been completed.
Fig. 5(b) illustrates the state machine of the correction
process. Calibration begins with the MSB-4 bit and continues
sequentially. The Done, signal for each bit triggers the
calibration of the next bit. When all bit calibrations are
complete, the Donecy4y, signal is set high, marking the end of
the process. Clearing all Done, will resume the calibration
process if we want to rerun the background calibration.
Because of the background calibration, this calibration
process can be periodically activated to track any variation.
Table 1 presents the pattern table for mismatch detec-
tion. The existing detection approach [7] aims to reduce
power consumption by comparing multi-bit patterns, thereby
lowering activation rates. However, although reducing the
activation rate might save power, it comes at the expense of
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TABLE 2. Power and calibration activation rate.

Reference [7] Proposed
Calibration location Activation rate [%] Power [uW]
MSB 1.5625 1.5625 48.9
MSB-1 1.5625 3.125 47.72
MSB-2 1.5625 6.25 47.03
MSB-3 1.5625 12.5 46.54
MSB-4 1.5625 25 46.12
No calibration - - 43
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FIGURE 6. Behavioral simulation results of (a) existing [7] and

(b) proposed calibration with continuous high amplitude input condition.
A sine wave input with a frequency of 211.798kHz and Vpp = 700mV. ADC
operates at a rate of 2MS/s.

increased correction time. In contrast, the proposed method
compares only the necessary minimum bits for detection,
including unknown bits, enabling faster calibration without
introducing error correlation issues. Table 2 details the power
consumption for sample and individual bit calibration con-
versions. The minimal power consumption is observed when
no calibration occurs, while the MSB calibration requires
the largest power due to the substantial CDAC capacitance
and CDAC driver. The calibration activation rate, assuming
random input with equal probability, is summarized in our
method based on pattern matching described in Table 1. Extra
power is consumed during calibration for clock generation,
comparator operation, DAC switching, and logic, as indicated
in Table 2. Unlike the previous approach [7] that maintains
continuous calibration and requires more comparison bits to
reduce activation rates (a 3-bit addition reduces the activation
rate by a factor of eight but increases convergence time), our
proposed method allows for the deactivation of calibration
after coefficient stabilization. The proposed calibration saves
power and avoids the trade-off between power efficiency and
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TABLE 3. Capacitance of main sampling DACs.

DAC Ci2 Ci1 | Cio Cy Cs | Cr | Crp
Cap. (fF) | 1024 | 512 | 256 | 128 | 64 | 32 32
DAC Cs Cs Cy Cyr | C3 | Co Cy
Cap. (fF) 16 8 4 4 2 1 0.5

TABLE 4. Capacitance of calibration DACs.

Bit <5> <4> <3> <2> <1> <0>
Capacitor
MSB (fF) 8 4 2 1 0.5 0.25
MSB-1 (fF) 8 4 2 1 0.5 0.25
MSB-2 (fF) - 4 2 1 0.5 0.25
MSB-3 (fF) - 4 2 1 0.5 0.25
MSB-4 (fF) - 4 2 1 0.5 0.25
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FIGURE 7. Behavioral simulation; (a) input amplitude modulation,

(b) existing [7] and (c) proposed simulation results. A sine wave input
with a frequency of 211.798kHz is sampled at a rate of 2MS/s, with
peak-to-peak voltages of 20mV and 700mV respectively, modulating every
10,000 samples.

calibration speed found in [7], enabling higher activation
rates.

C. BEHAVIORAL SIMULATION
Figs. 6(a) and (b) display the behavioral simulation results
for the coefficient settling of both the existing [7] and
proposed methods. The noise level of the comparator was
set to 60 Vs, and the accumulation value was designated
as 1/64. Simulations were conducted using a sine-wave input
with a frequency (Fin) of 211.798 kHz and a peak-to-peak
voltage (Vpp) of 700 mV at a sampling frequency (Fs)
of 2 MS/s. In Fig. 6(a), the existing calibration method suffers
from continuous fluctuations in calibration coefficients
owing to its inability to detect when calibration is complete.
Although the lower bit MSB-4 settles early in the calibration
process, MSB-3 and higher bits continue to toggle due to
comparator noise and other limitations affecting calibration
accuracy. The finite correction step results in toggling for
MSB-3 and higher bits, even when MSB-4 is already stable,
as depicted in Figure 6(a). On the other hand, the proposed
method starts at the lower bit position and sequentially
corrects the top five MSB CDACs. Consequently, there is no
code fluctuation, and the method converges faster than the
existing calibration approach, as shown in Figure 6(b).

In [7] approaches, the calibration speed is primarily
influenced by the statistics of the input signal. Figure 6
assumes a full-scale input. Under this condition, pattern
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detection for calibrating the top five MSBs occurs frequently,
leading to stable calibration coefficient settling. However,
initial MSB calibration may be inaccurate if the ADC input
signal lacks sufficient statistical randomness. This inaccuracy
occurs because the MSB calibration is conducted without
verifying the calibration status of the lower-bit CDAC.
This scenario is confirmed through behavioral simulation,
where the amplitude of the ADC input was periodically
modulated with peak-to-peak voltages of 20mV and 700mV
for every 10,000 samples in Fig. 7(a). When the input
amplitude is small, such as a V,, of 20mV, the pattern
detector (as described in Table 1) activates only MSB
calibration, leaving the lower CDAC uncalibrated. Although
MSB calibration is activated multiple times in this case, its
accuracy suffers due to the uncalibrated lower CDAC.
Unlike the existing calibration [7], in the proposed
calibration, the MSB calibration waits for the completion
of lower-bit calibration for the input amplitude of 20 mV.
Once the large input signal with the amplitude of 700 mV
arrives, enough lower CDAC calibration patterns happen
and complete the calibration within 20k sample cycles,
as shown in Fig. 7(c). However, the existing calibration [7]
finishes its calibration in 130k sample cycles, marking
a significant difference. In practical applications, ADC’s
conversion accuracy and speed depend not on input statistics.
The calibration unit capacitance has a limited correction
step of 0.5 LSB. Thus, the convergence value may deviate
by + 0.5 LSB due to the quantization noise. Due to the
sequential calibration from the lower bit position to MSBs,
this quantization error is accumulated toward the upper bit
calibration code, which makes the final calibration codes
in MSB correction differ in Fig. 6 and Fig. 7. However,
overall performance, such as signal-to-noise and distortion
ratio (SNDR) and spurious-free dynamic range (SFDR),
are not affected significantly, as shown in Fig. 17. A finer
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correction step of less than 0.5 LSB is expected to reduce
these accumulated quantization noise effects.

IIl. IMPLEMENTATION

A. ARCHITECTURE AND TIMING

Fig. 8(a) illustrates a simplified block diagram of a SAR ADC
implementing calibration. The clock generator produces a
sample-and-hold clock (CKg/y) and a calibration clock
(CKcap) from an external source. The comparator clock
(CKcomp) is asynchronously generated via a resistor ladder-
based linear delay cell [16], and it also introduces an
additional variable clock for one calibration cycle. Table 3
shows the capacitance of the main DAC that includes two
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FIGURE 11. Layout of the capacitive DAC; (a) unit layout capacitor of 1 fF,
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redundancy bits, with the primary redundancy being allocated
for mismatch calibration. Table 4 presents the calibration
DAC’s capacitance. MSB and MSB-1 are composed of six
bits each, while MSB-2 through MSB-4 each have five bits,
thereby establishing a binary-weighted resolution of 0.5C,;; .
The DAC output is operational under a monotonic switching
scheme [17].

The digital block includes two types of logic: the
pattern detector and the Correction&Adder block. The
pattern detector logic operates with the end of conversion
(EOC) clock signal, while the correction logic operates
with CKcar. Fig. 8(b) depicts the timing diagram for the
calibration process. At the rising edge of the EOC clock,
the pattern detection logic compares the seven MSB bits
(Dcomp<14 : 8>) with the calibration activation patterns
listed in Table 1. Unlike the previous calibration tech-
nique [7], the proposed algorithm introduces additional steps
to determine the calibration status.

B. CALIBRATION LOGIC

Fig. 9(a) conceptually illustrates the method used to detect
capacitor mismatch. The process involves comparing the
seven MSBs, including a redundancy bit, with patterns from
a mismatch detection table. This table corrects the five MSB
bits identified as having large mismatch errors, as detailed in
Table 1. When a detected mismatch pattern bit aligns with
the current calibration state bit, the Calgy signal is activated,
satisfying the calibration criteria and initiating the calibration
process.
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FIGURE 14. Power consumption breakdown of the prototype ADC. Frequency (Hz) x10°
(b)
. . . . FIGURE 16. Measured spectrum (a) before and (b) after calibration for
Fig. 9(b) depicts the block diagram for the mismatch 400.978 kHz input frequency at 1 MS/s (18,001 points).
correction process, which includes several key components:
an input correlator, a state sequencer, a DEMUX, and five
correction blocks. Each correction block comprises three and a flip detector. The LPF filters out input noise and
main elements: a low-pass filter (LPF), an accumulator, provides filtered up/down pulse signals to the accumulator
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FIGURE 17. Measured (a) SNDR and (b) SFDR histogram with 100 times
test for the before and after calibration. Two different chips are measured.

and the flip detector. A majority voting mechanism [18]
is employed to implement the LPF for noise filtering. The
correlation between Drsp and Dcap indicates the sign of
the mismatch. As part of the mismatch correction, the flip
detector monitors the up/down pulse signals originating from
the LPF to detect when the calibration process is complete.
Once the signals have stabilized, this mechanism ensures that
the system has reached optimal settings and deactivates any
further calibration procedures. Each flip detector generates a
Done, signal, which informs the state sequencer and sets the
input for the DEMUX. The accumulator’s correction range
covers 6 bits from the MSB to MSB-1 and 5 bits from MSB-2
to MSB-4, providing a correction resolution of 0.5C,,;j;.

C. COMPARATOR

The comparator is a crucial component of power con-
sumption. As illustrated in Fig. 10, the two-stage dynamic
comparator consists of a pre-amplifier and a cross-coupled
latch stage [18]. The pre-amplifier features a PMOS input
pair, reducing input-referred noise. To further enhance
the performance of the comparator, MOS capacitors are
connected to the Vpoyrp and Voyry nodes, minimizing input-
referred noise.

D. CDAC DRIVERS

The nominal DAC uses a unit capacitor with a value of 0.5 fF,
whereas the calibration capacitor has a unit value of 0.25 fF.
The capacitor layout employs a metal-oxide-metal (MoM)
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structure, utilizing a single metal layer (MS5) as depicted
in Fig. 11. Even though the default unit capacitor layout is
configured for 1 fF, as illustrated in Fig. 11(a), capacitors with
values of 0.5 fF and 0.25 fF are also used. These alternative
values are depicted in Fig. 11(b) for 0.5 fF and Fig. 11(c) for
0.25 fF. These capacitors are fabricated in varying lengths to
compensate for parasitic capacitance, thereby minimizing the
total area. Specific nominal and calibration capacitor values
can be found in Table 3 and Table 4.

Fig. 12 illustrates three kinds of CDAC drivers: the
nominal DAC driver, the redundancy DAC driver, and the
calibration DAC driver. Fig. 12(a) shows the nominal DAC
driver, which is the simplest among the three and is directly
connected from the SAR logic latch output to the DAC
buffer input. On the other hand, the redundancy DAC
driver, depicted in Fig. 12(b), is engineered to identify and
correct mismatches by flipping the CDAC via an XOR gate
whenever the Dpy, signal is activated. Lastly, as shown
in Fig. 12(c), the calibration DAC driver features parallel-
connected nominal and programmable correction capacitors
to reduce complexity. This configuration allows PADC and
NPAC to receive an accumulator value that includes sign bits,
eliminating the need to retrieve a distinct correction code
from digital logic. Therefore, W¢,[N—1:0] stands for the
absolute value of the correction, and W[N] acts as the
selection signal for the differential DAC.

IV. MEASUREMENT RESULTS

The die photograph of the implemented SAR ADC, fabri-
cated using a 55-nm ULP CMOS technology, is presented
in Fig. 13. The ADC occupies an active area of 0.099 mm?.
Fig. 14 shows the power breakdown of the ADC. To val-
idate the functionality of the calibration, a large capacitor
mismatch was intentionally introduced to the CDAC through
SPI.

Fig. 15 displays the static performance in terms of DNL
and INL. Before calibration, the maximum DNL and INL val-
ues were +1.64/—0.78 and +5.41/—6.17 LSB, respectively.
After calibration, these values improved to +0.83/—0.62 and
+1.89/—1.13 LSB, respectively. However, the mismatch
correction capacitance is limited to 0.5C,;;, which inherently
restricts the INL performance, accumulating lower residual
quantization errors in the upper bits. The improvement in
dynamic performance due to calibration is evident in Fig. 16.
The FFT spectrum of the ADC was measured at a 1 MS/s
sampling rate and a 400.978 kHz sinusoidal input frequency.
The calibration process enhanced the third harmonic tone and
increased the effective number of bits (ENOB) from 10 bits
to 11.1 bits. The signal-to-noise ratio (SNR) also improved
from 64.0 dB to 68.8 dB.

Fig. 17 shows histograms of the measured SNDR and
SFDR values resulting from 100 repeated calibrations on two
different chips, evaluating the calibration process’s reliability.
The mean SNDR improved from 62.9 dB to 67.9 dB for
Chip#1 and from 61.6 dB to 67.0 dB for Chip#2. Similarly,
the mean SFDR increased from 69.4 dB to 82.5 dB for
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TABLE 5. Performance comparison of SAR ADCs.

This work VLSI'15[6] | JSSC’17[7] | ASSCC’18 [19]
Technology [nm] 55 14 40 40
Supply voltage [V] 1.2 1.0 1.0 0.7
Sample rate [MS/s] 1.0 70 6.4 1.0
Resolution [bits] 13 12 13 12
Calibration Type Background | Foreground | Background Foreground
Calibration-done detection Yes Yes No Yes
SNDR [dB] 68.5 68.1 64.1 66.54
SFDR [dB] 83.8 80.0 81.9 89.55
ENOB [bit] 11.1 10.89 104 10.76
DNL [LSB] 0.83 - 1.08 0.61
INL [LSB] 1.89 - 3.79 0.93
Area [mm?] 0.099 0.019 0.0675 0.0198
Power [uW] 43 4300 46 2.47
FoM [fJ/conv.-step] 19.59 29.6 5.5 1.43

Chip#1 and from 69.2 dB to 80.0 dB for Chip#2. These results
consistently demonstrate an enhancement in both SNDR
and SFDR for each chip, confirming the reliability of the
calibration process. Table 5 provides a performance compar-
ison of the implemented ADC with other SAR architectures
employing calibration methods. Despite utilizing background
calibration, the proposed method effectively detects the end
of the calibration process and achieves SNDR and SFDR
performance comparable to other methods. The prototype
ADC operates with a power consumption of 43 uW at a
supply voltage of 1.2 V and a 1 MS/s sampling rate.

V. CONCLUSION

This paper has presented a completion-aware background
sequential capacitor mismatch calibration technique for
SAR ADCs. The proposed method can detect the end
of the calibration process, mitigating power consumption
associated with calibration and increasing the convergence
speed. Moreover, the proposed method can benefit unpre-
dictable input environments, offering significant advantages
for various applications. The prototype SAR ADC, fabricated
using 55-nm ULP CMOS technology, occupies an active
area of 0.099 mm?. It operates at a sampling rate of 1 MS/s
and consumes 43 uW of power from a supply voltage of
1.2 V. These results demonstrate the effectiveness of the
proposed method, providing potential for SAR ADC design
and implementation in future applications.

REFERENCES

[1] S. Liu, Y. Shen, and Z. Zhu, “A 12-bit 10 MS/s SAR ADC with high
linearity and energy-efficient switching,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 63, no. 10, pp. 1616-1627, Oct. 2016.

H. Lee, S. Park, C. Lim, and C. Kim, “A 100-nW 9.1-ENOB 20-kS/s
SAR ADC for portable pulse oximeter,” IEEE Trans. Circuits Syst. I, Exp.
Briefs, vol. 62, no. 4, pp. 357-361, Apr. 2015.

P. J. A. Harpe, C. Zhou, Y. Bi, N. P. van der Meijs, X. Wang, K. Philips,
G. Dolmans, and H. de Groot, “A 26 puw 8 bit 10 MS/s asynchronous SAR
ADC for low energy radios,” IEEE J. Solid-State Circuits, vol. 46, no. 7,
pp. 1585-1595, Jul. 2011.

[2]

[3]

VOLUME 11, 2023

[4]

[5]

[6]

[71

[8]

[9]

(10]

(11]

[12]

[13]

(14]

[15]

(16]

J. Shen, A. Shikata, L. D. Fernando, N. Guthrie, B. Chen, M. Maddox,
N. Mascarenhas, R. Kapusta, and M. C. W. Coln, “A 16-bit 16-MS/s
SAR ADC with on-chip calibration in 55-nm CMOS,” IEEE J. Solid-State
Circuits, vol. 53, no. 4, pp. 1149-1160, Apr. 2018.

I. Yeo, B. Kim, M. Chu, and B. Lee, “Digital foreground calibration
of capacitor mismatch for SAR ADCs,” Electron. Lett., vol. 50, no. 20,
pp. 1423-1425, Sep. 2014.

C. C. Lee, C.-Y. Lu, R. Narayanaswamy, and J. B. Rizk, “A 12b 70MS/s
SAR ADC with digital startup calibration in 14 nm CMOS,” in Proc. Symp.
VLSI Circuits (VLSI Circuits), 2015, pp. C62—-C63.

M. Ding, P. Harpe, Y.-H. Liu, B. Busze, K. Philips, and H. de Groot,
“A 46 W 13 b 6.4 MS/s SAR ADC with background mismatch and offset
calibration,” IEEE J. Solid-State Circuits, vol. 52, no. 2, pp. 423-432,
Feb. 2017.

M. Bagheri, F. Schembari, N. Pourmousavian, H. Zare-Hoseini, D. Hasko,
and R. B. Staszewski, “°A mismatch calibration technique for SAR ADCs
based on deterministic self-calibration and stochastic quantization,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 9, pp.2883-2896,
Sep. 2020.

B. Verbruggen, M. Iriguchi, and J. Craninckx, “A 1.7 mW 11b 250 MS/s
2-times interleaved fully dynamic pipelined SAR ADC in 40 nm digital
CMOS,” IEEE J. Solid-State Circuits, vol. 47, no. 12, pp. 2880-2887,
Dec. 2012.

Y. Zhu, C.-H. Chan, S.-S. Wong, U. Seng-Pan, and R. P. Martins,
“Histogram-based ratio mismatch calibration for bridge-DAC in 12-bit
120 MS/s SAR ADC,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst.,
vol. 24, no. 3, pp. 1203-1207, Mar. 2016.

Y.-H. Chung, M.-H. Wu, and H.-S. Li, “A 12-bit 8.47-fJ/conversion-step
capacitor-swapping SAR ADC in 110-nm CMOS,” IEEE Trans. Circuits
Syst. I, Reg. Papers, vol. 62, no. 1, pp. 10-18, Jan. 2015.

E. Swindlehurst and S. W. Chiang, ‘“Histogram-based calibration of
capacitor mismatch in SAR ADCs,” Electron. Lett., vol. 51, no. 25,
pp. 2096-2098, Dec. 2015.

Y.-S. Shu, L.-T. Kuo, and T.-Y. Lo, “An oversampling SAR ADC with
DAC mismatch error shaping achieving 105 dB SFDR and 101 dB SNDR
over 1 kHz BW in 55 nm CMOS,” IEEE J. Solid-State Circuits, vol. 51,
no. 12, pp. 2928-2940, Dec. 2016.

J.-Y. Um, Y.-J. Kim, E.-W. Song, J.-Y. Sim, and H.-J. Park, “A digital-
domain calibration of split-capacitor DAC for a differential SAR ADC
without additional analog circuits,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 60, no. 11, pp. 2845-2856, Nov. 2013.

E. Ware, J. Correll, S. Lee, and M. Flynn, “6GS/s 8-channel CIC SAR TI-
ADC with neural network calibration,” in Proc. IEEE 48th Eur. Solid State
Circuits Conf. (ESSCIRC), Sep. 2013, pp. 325-328.

H. Ju and M. Lee, “A 13-bit 3-MS/s asynchronous SAR ADC with a
passive resistor based loop delay circuit,” Electronics, vol. 8, no. 3, p. 262,
Feb. 2019.

104331



IEEE Access

S. Bae et al.: 13-Bit 1-MS/s SAR ADC With Completion-Aware Background Capacitor Mismatch Calibration

[17] C.-C. Liu, S.-J. Chang, G.-Y. Huang, and Y.-Z. Lin, “A 10-bit
50-MS/s SAR ADC with a monotonic capacitor switching procedure,”
IEEE J. Solid-State Circuits, vol. 45, no. 4, pp. 731-740, Apr. 2010.

[18] P. Harpe, E. Cantatore, and A. van Roermund, “A 10b/12b 40 kS/s SAR
ADC with data-driven noise reduction achieving up to 10.1b ENOB at
2.2 fJ/Conversion-step,” IEEE J. Solid-State Circuits, vol. 48, no. 12,
pp. 3011-3018, Dec. 2013.

[19] Y.-S.Hu, J.-H. Lin, D.-G. Lin, K.-Y. Lin, and H.-S. Chen, “An 89.55 dB-
SFDR 179.6 dB-FoMs 12-bit LMS/s SAR-assisted SAR ADC with weight-
split compensation calibration,” in Proc. IEEE Asian Solid-State Circuits
Conf. (A-SSCC), Nov. 2018, pp. 253-256.

SUNGHYUN BAE (Student Member, IEEE)
received the B.S. degree in electronic engineering
from Dong-A University, Busan, South Korea,
in 2013, and the M.S. degree from the School
of Electrical Engineering and Computer Science,
Gwangju Institute of Science and Technology,
Gwangju, South Korea, in 2015, where he is
currently pursuing the Ph.D. degree. His cur-
rent research interests include high-performance
fractional-N digital PLL and mixed-signal
integrated circuits.

SEWON LEE (Student Member, IEEE) received

the B.S. degree in electronic engineering from the

Kumoh National Institute of Technology, Gumi,
= South Korea, in 2017. He is currently pursuing
the integrated M.S./Ph.D. degree with the School
of Electrical Engineering and Computer Science,
Gwangju Institute of Science and Technology,
Gwangju, South Korea. His current research inter-
ests include mixed-signal IC design, especially
high-speed A/D converters.

SIHEON SEONG (Student Member, IEEE)
received the B.S. degree in electronic engineering
from the Gwangju Institute of Science and
Technology, Gwangju, South Korea, in 2017,
where he is currently pursuing the integrated
M.S/Ph.D. degree. His current research interests
include touchscreen readout IC and mixed-signal
integrated circuits.

104332

SUNWOO KONG (Member, IEEE) received
the B.S., M.S., and Ph.D. degrees in electrical
engineering from the Korea Advanced Institute
of Science and Technology (KAIST), Daejeon,
South Korea, in 2007, 2009, and 2014, respec-
tively. In 2014, he joined the Electronics and
Telecommunications Research Institute (ETRI),
Daejeon. His current research interests include
millimeter-wave integrated circuits and systems
for mobile RF transceivers, including phased-array
antenna applications.

BONGHYUK PARK (Member, IEEE) received
the B.S. degree in electrical engineering from
Kyungpook  National  University, Daegu,
South Korea, in 1996, the M.S. degree in
mechatronics from the Gwangju Institute Science
and Technology (GIST), Gwangju, South Korea,
in 1998, and the Ph.D. degree in electrical
engineering from the Korea Advanced Institute
of Science and Technology (KAIST), Daejeon,
South Korea, in 2010. From 1998 to 1999, he was
an RF Application Engineer with the Ansoft Corporation. Since 1999,
he has been with the Electronics and Telecommunications Research
Institute (ETRI), Daejeon. His current research interests include mobile RF
transceiver circuit designs, fractional-N phase-locked loop (PLL) designs,
and the system-level integration of transceivers.

MINIJAE LEE (Senior Member, IEEE) received
the B.Sc. and M.S. degrees in electrical engi-
neering from Seoul National University, Seoul,
South Korea, in 1998 and 2000, respectively,
and the Ph.D. degree in electrical engineering
from the University of California at Los Angeles,
in 2008. In 2000, he was a Consultant with
GCT Semiconductor Inc., and Silicon Image Inc.,
designing analog circuits for wireless communi-
cation and digital signal processing blocks for
gigabit Ethernet. He joined Silicon Image Inc., Sunnyvale, CA, USA,
in 2001, developing serial ATA products. In August 2008, he joined Agilent
Technologies, Santa Clara, CA, USA, where he was involved with the
development of next-generation high-speed ADCs and DACs. Since 2012,
he has been with the School of Information and Communications, Gwangju
Institute of Science and Technology, Gwangju, South Korea, where he is
currently a Professor. He was a recipient of the 2007 Best Student Paper
Award at the VLSI Circuits Symposium, Kyoto, Japan, and the GIST
Distinguished Lecturer Award, in 2015.

VOLUME 11, 2023



