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Abstract: This paper presents a resolution reconfigurable two-step successive approximation register analog-to-digital (A/D) converter
(ADC) with the pseudo-multiple sampling (PMS) and gain error calibration method for CMOS image sensors. The proposed ADC can be
configured with 10-bit, 11-bit and 12-bit by adjusting the number of 10-bit A/D conversions, thereby satisfying various demands in
different situations. The PMS method enables the attainment of high-resolution ADC results by summing the conversion outputs of several
low-resolution ADCs, thereby reducing the number of unit capacitors and the area of the capacitor array. A compensation technique is
proposed to expand the quantization range and improve the effective resolution of the proposed ADC. A calibration method suitable for
bottom-plate sampling is proposed, which reduces the gain error between reference voltages. Simulated in a 55 nm process, the proposed
ADC in the 12-bit mode achieves a differential nonlinearity of +0.47/— 0.50 least significant bit (LSB) and an integral nonlinearity of
+0.75/—0.84 LSB at a sampling frequency of 3.497 X 10° per second with the calibration. The effective number of bits reaches 11.63 bits.
The area occupied by a single ADC column is 39.5 pm X 119.2 pm and the power consumption is 62.8 pW.

Key words: CMOS image sensor (CIS); reconfigurable analog-to-digital (A/D) converter (ADC); successive approximation register

(SAR) ; error calibration; pseudo-multiple sampling (PMS)

. stand out for their fast conversion speed and high
0 Introduction resolution, making them especially suitable for high-speed
CMOS image sensors (CISs) exhibit numerous and high-precision CIS applications. However, as the

advantages, such as low power consumption, cost- resolution increases, the corresponding area grows

effective production, high integration levels, and low noise.
As aresult, CISs are widely used in mobile phones, digital
cameras, facial recognition, and medical applications. As
a critical module within CISs, the column-parallel analog-
to-digital (A/D) converter (ADC) is essential in
improving the performance of CISs. However, traditional
column-parallel ADCs, such as successive approximation
register (SAR) ADCs"™ and single-slope (SS) ADCs",
are difficult to meet the demands for speed and area
efficiency while maintaining high precision. To overcome
these limitations, more advanced segmented ADC
architectures have been proposed. Two-step (TS) SS
ADCs""" feature a compact design and simple structure,
but suffer from prolonged conversion times. SAR/SS
ADCs"™" achieve well-balanced trade-offs among
conversion speed, chip area, and accuracy. However, the
complex digital logic may introduce additional overhead in
terms of power consumption and cost. TS SAR ADCs"*"

exponentially.

Introducing two scaled reference voltages can effectively
reduce the area of the capacitor array®*. However, these
scaled reference voltages have a strict proportional
relationship with the original reference voltages, and the
inaccuracy of scaled reference voltages can introduce gain
errors in the lower-bit conversions. Therefore, it is
necessary to calibrate the scaled reference voltages to
minimize gain errors during lower-bit conversion and
improve the linearity of the ADC. A pseudo-multiple
sampling (PMS) method applied to SAR ADCs achieves
high-resolution A/D conversion by repeatedly lifting the
input voltage for multiple conversions, summing the digital
codes from each conversion, and then enabling a high-
resolution ADC with a low-resolution DAC*”. However,
this method significantly extends the time required for a
single conversion. Moreover, the PMS method requires
raising the input voltage by one least significant bit (LSB)
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during each conversion. If the initial input voltage already
reaches the upper limit of the quantization range of ADC,
subsequent increases will exceed this range, resulting in the
loss of code.

As the resolution of ADC increases, the time and power
consumption associated with A/D conversion also grows
proportionally, making it difficult to meet the demands of
practical applications. Reconfigurable ADCs have been
proposed” """ " with optimized performance by balancing
key parameters such as resolution, conversion time, and
power consumption. A 10-bit digital-to-analog converter
(DAC) is utilized to achieve a resolution of 8-bit to 10-bit™®.
The study employs a switching method to determine
whether the high-order capacitors are connected to the
DAC array. However, this method requires a 10-bit DAC
area for all modes, incurring additional overhead. Adjusting
the slope of a ramp signal enables reconfigurable
resolution” "’ Although the ramp-based method supports
high resolution, it increases the A/D conversion time,
which is unsuitable for high-speed CIS applications.

This paper presents a resolution-reconfigurable TS SAR
ADC. We utilize the PMS method to adjust the number of
A/D conversions and achieve the resolutions of 10-bit to
12-bit with only a 5-bit DAC capacitor array, effectively
reducing the area of the capacitor array. An error
compensation technique is proposed to address the errors in
the PMS method, preventing the mput voltage from
exceeding the quantization range of the ADC. Additionally,
a calibration module is introduced to mitigate the gain errors
during A/D conversions, thereby improving the linearity
of the ADC. Concurrently, the calibration is achieved
through a resistor array, which can be performed externally
to an ADC array, thereby avoiding any additional area
overhead on the ADC array. The remainder of this paper is
organized as follows: Section 1 introduces the error
compensation and reference voltage calibration methods for
PMS methods, Section 2 presents the overall architecture
of the SAR ADC and its sub-modules, Section 3 proposes
the calibration method for two scaled reference voltages,
Section 4 discusses the simulation results, and a conclusion
is drawn in Section 5.

1 Proposed TS SARADC

1.1 Principle of PMS method

The principle of the PMS method is to achieve a high-
resolution ADC by summing the outputs of multiple low-
resolution ADCs"™". In Fig.1, a 4-bit output can be achieved
by accumulating four 2-bit outputs. Since the least
significant bit (LLSB) of an ADC halves with each additional

bit, the LSB of a 2-bit ADC is four times larger than that of
a4-bit ADC in the same conditions. Additionally, the input
voltage of each 2-bit ADC introduces an offset
corresponding to 1 1LSB of the 4-bit ADC based on the input
voltage of the previous 2-bit ADC. The outputs of four 2-
bit ADCs are processed by performing A/D conversions,
followed by the summation of the resulting four digital
codes. The resulting digital code represents the output of
the 4-bit ADC. However, when the digital code value of the
4-bit ADC exceeds 12, the PMS method will surpass the
quantization range of the 3-bit and 2-bit ADCs, resulting
in an inability to obtain accurate digital code values and
consequently leading to errors.
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Fig.1 Principles of PMS method and associated errors

1.2 Proposed compensation technique for errors
in PMS method

Errors discussed in Section 1.1 will affect the
quantization range of the ADC. Therefore, it is essential to
detect and compensate for these errors. This study proposes
an error compensation technique for quantization range

overflow, as shown in Fig.2.
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Fig. 2 Principle of compensation technique of PMS method
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The input voltage is then offset downward by 1 shift
voltage before proceeding with the A/D conversion. If the
LLSB of the resulting digital code drops from 1 to 0O, it
indicates no code loss, and the error detection concludes. If
the LSB remains 1, the input voltage is further offset
downward by additional shift voltage for the next A/D
conversion. If the LSB drops from 1 to 0, 1 code value has
been lost. Therefore, the accumulated digital code values
should be increased by 1 from the original values. If the
input voltage must be offset downward by four shift
voltages for the LSB to drop from 1 to 0. In that case, the
accumulated digital code values will be incremented by 3

from the original values.
1.3 Reconfigurable resolution

The proposed ADC features three modes: 10-bit,
11-bit, and 12-bit. The timing diagram of 10-bit mode is
illustrated in Fig.3(a). For the 11-bit ADC mode, the
PMS method performs four 10-bit A/D conversions. The
first two conversions generate an 11-bit digital output,
while the subsequent two conversions provide error
compensation. After the first sampling, the lower plate
voltage of the unit capacitor is switched from the high
reference input voltage Vigep to the shifted input voltage
Vurer. We define the full scale Vi as

V= Vigrer — Vet (1)
where Viygen represents the low reference input voltage.
The value of Vayer 1S

Vsirr = Vigrrn + Vi /20 (2)

A 10-bit A/D conversion is conducted using a 10-bit
capacitor array, yielding the first 10-bit digital code. The
voltages across the capacitor are then reset and resampled.
The value of Vgyer is decreased by V;:/2°, while the bottom
plate voltage of the unit capacitor remains at Vigep). A
second A/D conversion follows, producing the second
10-bit digital code. Next, an error detection operation 1s
performed by further reducing Vuer by Vi/2°. The voltage
on the bottom plate of the unit capacitor is switched from
Vigrpr 10 Vigeen —V3/2°. According to the procedure
outlined in section 1.2, an 11-bit error detection code is
obtained. The final 11-bit digital output code is generated
by adding the error output code to the sum of the two 10-bit
digital codes from the A/D conversions. A simplified timing
diagram for the single-line conversion process is shown in
Fig.3(b).

In the 12-bit ADC mode, the PMS operation requires
eight 10-bit A/D conversions, where the first four 10-bit
A/D conversions generate four 10-bit digital codes, and the
last four 10-bit A/D conversions are used for error

compensation. The operational procedure is identical to that
of the 11-bit mode, except that the voltage decrease of
Vsuer Now transitions from V/2° to V/2". The four 10-bit
digital codes are summed, followed by four error detection
steps to produce the final 12-bit digital code. A simplified
timing diagram for single-row conversion is shown in
Fig.3(c).
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(c) In 12-1it ADC mode
Fig. 3 Timing diagram of three modes of proposed ADC

2 Circuitimplementation

2.1 Architecture of proposed SARADC

This section presents the design of a reconfigurable TS
SAR ADC, which supports 10-bit, 11-bit, and 12-bit
three modes using a 10-bit DAC. Fig. 4 illustrates the
schematic of the proposed TS SAR ADC, which comprises
anon-binary capacitor array, a high-speed comparator, and
a SAR logic. There are four reference voltages in the
proposed ADC. The two input reference voltages, Vigepi
and Vigeeni, define the conversion range for the upper 5 bits.
The two scaled reference voltages, Viggrpe and Vigen,
determine the conversion range for the lower 5 bits. The
values of Vigpp, and Viggew, are

Virerrz = Vigrer — VF/Z5 , (3)

rEFN2 = VREFNT Vlf/25- (4)

In the reset state, switch S, is closed, and all the top
plates of capacitors are connected to the same potential Vy
as the negative terminal of the comparator. All multiplexers
select the input voltage Vs that has passed through the
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analog correlated double sampling (CDS) circuit. After the
reset state ends, the sampling state starts. S, is opened, and
the voltages on the bottom plates of all the capacitors are set
10 Vigrpr -

After the sampling phase is completed, the proposed
ADC enters the coarse conversion phase. The control
switch of the SAR ADC toggles, causing the voltage on
the lower plate of capacitor C; to switch from Viggep; to
Vieexi- I the comparison result of the comparator is 1,
the voltage on the bottom plate of C; remains at Vige,
and the highest digital code value, By, is 1. If the
comparison result of the comparator is 0, the voltage on
the bottom plate of C,; switches from Vigen back to

Vierrr, making the highest digital code value, By, equal
to 0. This operation is repeated for the remaining
capacitors to obtain the highest five digital code values.

Subsequently, the fine transition phase commences. The
SAR logic controls the multiplexers to select Viggp, oOr
Vierne based on the decisions made during the coarse
conversion phase. If By is 1(0) , the voltage on the bottom
plate of Cyis Vi (Viger1) . The SAR logic controls the
multiplexers switches from Vigexi (Vigrpr) 10 Vigene
(Vierps) for comparison. Based on the comparison result of
the comparator, it determines whether to maintain the
voltage on the lower plate of capacitor Cq at Vigens (Vigeps)
or switch it back to Vigent (Vigept) -

S,
Veu ~ +
I"/"I COMP,
COJ_ C1J_ CZJ_ CzJ_ CJ_ CSJ_ CéJ_
MUX MUX MUX j%\ :Iﬁ-l%\ dMJU;\ :IW-Ill-Y\
o o
Sy Vieeye
V(:Ds:ﬁ Vit Vierni
=
=
| - 2 2 2 2 2 2 2
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|

| Successive approximation logic

Fig. 4 Block diagram of proposed SAR ADC

2.2 Design of redundant capacitance

A binary redundancy weighting method is employed"’,

which requires that any non-binary weighted capacitor be
expressed as a combination of two binary-weighted
capacitors. Additionally, the weight value of each capacitor
must be less than or equal to the sum of the weight values
of all lower-order capacitors.

The DAC capacitor array in this study consists of 32
capacitors. The weight of the highest-order capacitor, 2*,
is spited into two capacitors with weights of 2'—2" and 2',
while the weight of the second-highest-order capacitor, 2°,
is spited into two capacitors with weights of 2°—2" and 2" ,
respectively. The weights of 2 and 1 are then combined to
form a new weighted capacitor of 2'+2°. Thus, the weights
of the capacitor array are 14, 7, 4, 3, 2, and 1. The digital
output Boyro 18

Bovre=(2"—2")B;+(2° — 2°) B, +
2°Bs+(2'+2")B, + 2'B, + 2"B, =
2'Bs+ 2°B,+ 2°B,+ 2Y(B,+ B, — B;) +

20(B2+B()_B4>. (5)
A single-step conversion for a 5-bit ADC requires six

cycles, while a two-step conversion for a 10-bit ADC
requires twelve cycles. The complete 10-bit digital output
Bour 18

Bourn=2'B+ 2By, +2"By+2°(Bs + B, — By)+

2°(Bs+ Bs— Byy)+2'B;+ 2°B, + 2°B; +
2(B,+ B,— B;)+2(B,+ B,— B,). (6)
The redundancy method can relax the establishment
requirements for the reference buffer and DAC circuits,
effectively reducing the power consumption of the reference

buffer and increasing the operational speed of the SAR
ADC.

2.3 Comparator

A multi-stage comparator cascade with output offset
storage technology performs offset storage operations®”,
eliminating input voltage offsets. Given that the supply
voltage is 2.5 V and the input voltage range is 0.8—1.8 V,
all comparators utilize NMOS transistor input structures for
better performance. From preAmp1 to preAmp3, the gain
of the three amplifiers is set to 20 dB. The dynamic latch
comparator operates in two phases: the reset phase and the
comparison phase. When CLK is low, the transistor M; is
turned on, shorting the voltages at both ends to ensure their
initial potentials are the same. When CLK goes high, both
ends begin to discharge simultaneously. Through a positive
feedback loop formed by two inverters, the side with the
more significant input voltage discharges faster until it
approaches the GND voltage, producing a comparison
result.

The offset storage comparator has two operational
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phases: the offset storage phase and the amplification phase.
During the offset storage phase, the input and output
terminals of preAmpl and preAmp2 are shorted to the
common mode voltage V¢, via switches, storing the offset
voltage on capacitors C, to C,, with the voltage difference
between the positive and negative terminals being opposite
in polarity to the output offset voltage of the amplifier. The

stored offset voltage on the capacitor Vs, our 18

V()S, ouT - _Ax/V()S. IN» (7)
where A, represents the gain of the preamplifier and Vs 1y

denotes the input offset voltage. After the offset voltage

storage, the comparator enters the amplification phase. The
switches are opened, disconnecting the input and output
terminals of the comparator from V¢, and the input
terminal of the first stage amplifier is switched to the input
voltage. The voltage difference at the output terminal of the
amplifier Viuris
Vorr=A,(Vip— Vin+ Vos. v )— AVosn=

Au ( Vie— Vi ), (8)
where V, and Vi represent the input voltage of the positive
and negative terminals of the comparator, respectively. The
offset voltage of the comparator has been eliminated. A
simplified schematic of the comparator is shown in Fig.5.

VCM VCM VC\[
&7 ¥s1 c1 ¥s3 o \55
Vip e—o% + 1 + 1} + S — ¥,
b s -2 2 - — Vi
' ;T s2 €2 /‘l% s4 c4 }% S6
VCM VC\[ VCVI
PreAmpl PreAmp2 PreAmp3 Latch
(a) Multi-stage comparator
I/I)I)
VDD
T |:I =
CLK CLK
—| _”1|JM5 ha]  [waFy vt
M4 M6
Vor w J— L ms
Ve[ M1 M2 - Vin
Ve[, M7
— GND

(b) PreAmplifier comparator

(¢) Dynamic latch comparator

Fig.5 Schematic diagram of comparator

2.4 Analog CDS circuit

The PMS method can reduce the area of the capacitor
array by increasing the number of conversions. Doubling the
number of A/D conversion steps allows for saving 1 bit of
the most significant capacitor, thereby reducing the
capacitor array area by half. The digital CDS method
requires performing a complete A/D conversion for both the
reset and sampling signals to obtain the output digital code
value, and the correct digital code value is determined by
subtracting the two output values. Thus, the digital CDS
method will increase the number of A/D conversions for the
SAR ADC. For instance, employing the PMS method to
reduce the capacitor array area by 3/4 necessitates four A/D
conversions. If the digital CDS method is applied, eight
A/D conversions would be required to obtain the final
digital code value, significantly increasing the conversion
time for a complete readout cycle. In contrast, the analog
CDS method can effectively reduce the number of A/D

conversions needed for a readout cycle. The sampling signal
undergoes the CDS operation via analog circuitry, followed
by four A/D conversions to yield the final digital code value.
Compared to the digital CDS method, a complete readout
cycle of the analog CDS method can save time equivalent
to four A/D conversions, effectively reducing the
conversion time for that cycle.

Although the accuracy of the analog CDS method is
relatively lower than that of the digital CDS method, the
redundant capacitor design can tolerate some errors without
sacrificing precision. The schematic diagram of the analog
CDS circuit is illustrated in Fig.6. In the reset state, S, and
S, are closed while S, is open, storing the offset voltage of
the operational amplifier and low-frequency noise on the
capacitor Cc. In the sampling state, S; closes while S; and
S, open. The input signal is integrated and amplified, with
the resulting value stored again on the capacitor Ce.

The offset voltage of the operational amplifier is

nearly constant. Given the very short time interval
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between the two inputs, noise only varies minimally.
Thus, effectively eliminating the fixed offset voltage

while mitigating the influence of noise.

S
Cis
11
11
S, Cg
" >
S, V,e—+
— GND

(a) Reset stage

S,
Cp
|
Gy
v i e A L
Sz VL —+
GND

(b) Sampling stage
Fig. 6 Analog CDS circuit

3 Calibration

The two scaled reference voltages exhibit a strict
proportional relationship with the reference voltages of the
two inputs. Consequently, any inaccuracy in the scaled
reference voltages will introduce a gain error between the
upper 5 bits and the lower 5 bits. Yoshioka previously
proposed an in-chip self-calibration method for split

capacitor linearity'®’

, which assesses the equality of the
weight of a specific capacitor and the sum of the weights of
all lower-order capacitors by comparing digital output
codes. Calibration is deemed complete if the output codes
from two conversions are equal.

This study proposes a new calibration method suitable
for sampling the bottom plate of the capacitor. Initially,
the reference voltage Vi, 18 calibrated. The lower
plates of the upper 5-bit capacitors, Cs— C,, and the unit
capacitor, C,, are connected to Vigepi. The lower plate
of the lowest-bit capacitor, C,, is connected to Vigen.
The value of the equivalent input voltage Vv is

Vin= Vigrps X 31/32 + Vigea X 1/32. 9)

If the A/D conversion is performed at this time, the
voltage at the positive and negative terminals of the
comparator will equalize after the sixth conversion,
introducing a new calibration error. A shift voltage Vs is
applied to the bottom plate of C, after the sampling stage to
avoid the calibration error. The input of Vs appropriately
lowers the voltage on the top plates of all the capacitors,

effectively preventing the comparator’s positive and

negative terminal voltages from equaling. However, the
input of Vg should be less than V./2° to stay within the
quantization range of the ADC. Furthermore, Vs should be
added to prevent equal voltages at the comparator terminals
during the fine conversion phase. Then an A/D conversion
proceeds, resulting in the first 10-bit digital code, Bcayi-
Following this A/D conversion, a reset sampling operation
is performed while the bottom plates of all the capacitors are
connected to Vigepo. The value of the equivalent input
voltage Vi is

Vin = Vigeps. (10)

The same shift voltage Vs is applied to the bottom
plate of C, after the sampling stage, followed by an A/D
conversion to obtain the second 10-bit digital code,
Beao. I the digital codes received from two A/D
conversions are identical, the input voltages for the two
conversions are equal, it indicates that the completion of
the calibration for Vygee. If the digital codes are
different, the value of Vigeps will be adjusted based on
the relative magnitude of Bea, and Bean, and the
calibration process is repeated until the digital codes of
two consecutive A/D conversions are equal.

Next, the reference voltage Viggpye 18 calibrated. The
calibration principle is identical to that of Vigep,. The
bottom plates of the highest six capacitors, C; — C,, are
connected to Vyggeni, while the bottom plate of C, is
connected to Vigep. The value of the equivalent input
voltage Vv is

VI.\J - VI{IC[’NI >< 31/32 + VRICI’PI >< 1/32 . (11)

A shift voltage Vs is applied to the bottom plate of C,,
ensuring that the input Vs does not cause the positive and
negative terminal voltages of the comparator to be equal.
A 10-bit A/D conversion is then performed to obtain the
first 10-bit digital code value, Beaps.

After resetting and sampling, the bottom plates of the
highest five capacitors, Cs—C,, are connected to Vigene,
and the bottom plates of C, and C, are connected to
Vierpe. The value of the equivalent input voltage Vi is

Vin= Vigrxe X 15/16 + Vigep, X 1/16. (12)

After the sampling, the same shift voltage Vi is applied
to the bottom plate of C,, and an A/D conversion is
performed again to obtain the second 10-bit digital code
value, Bears. The digital code values obtained from the two
A/D conversions are then compared. The calibration flow
chart of reference voltage is shown in Fig.7.

During the calibration, if the selected scaling reference
voltage is lower than the ideal value, the voltage values at
each step of the lower 5-bit A/D conversion will be smaller
than expected, thereby introducing a gain error. This error
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may cause the comparator to fail to reach its threshold
voltage, leading to an A/D conversion output of zero. In
such cases, since both output codes are identical, the
calibration process may erroneously conclude that the

calibration is complete.

Calibration shart
First input —] Second input
A/D conversion A/D conversion
Digital code 1 |— Digital code 2
| |

Reselect reference
voltage

Calibration done

Fig.7 Flowchart of reference voltage calibration

To avoid this, a slightly larger initial reference voltage
should be selected and gradually reduced until the
calibration is completed. Since the redundant design can
tolerate a certain degree of error, the equality of the digital
code values obtained from two calibrations does not indicate
that the scaling reference voltage has been accurately

calibrated. Therefore, it is essential to adjust the shift

voltage and perform multiple calibration steps to enhance
| 1280 um

the reliability of the calibration process.

4 Simulation

The proposed two-step SAR ADC 1s designed based on
a 55 nm CMOS process, with an analog supply voltage of
2.5V, a digital supply voltage of 1.2 V, and an input
voltage range of 0.8 —1.8 V. The simulation was carried out
using Cadence tools. First, an ideal sine wave was input.
The discrete voltage values were obtained through an A/D
conversion. For each cycle, the output voltage was
sampled, with the sampling frequency selected according
to the corresponding ADC mode. The fast Fourier
transform (FFT) spectrum of the output voltage was then
analyzed to obtain dynamic parameters such as SNDR and
ENOB. Subsequently, an ideal ramp input was applied,
and the slope of the ramp was adjusted so that each digital
output code of the ADC corresponded to 32 cycles.
Similarly, discrete voltage values were obtained and
sampled. Static parameters, such as DNL and INL, were
calculated based on the differences between the number of
output voltage values and the ideal values. The proposed
architecture achieves a resolution of 10-bit to 12-bit using
only a 5-bit capacitor array, significantly reducing the area
occupied by the capacitor array. All capacitors utilize a
(MIM)
capacitance of 99.19 fF. The area of the column-parallel
ADC s 39.5 pum X 119.2 pm, with the digital block circuits
occupying 20.7 % of the total area, the capacitor array and

metal-insulator-metal structure with a unit

switch array accounting for 46.5% , and the comparator
covering the remaining 32.7%. The layout of the ADC is

shown in Fig.8.
| 39.5 um
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(a) ADC array

(b) A single ADC

Fig. 8 Layout of proposed two-step SAR ADC



YU Zhiguo, et al. / A reconfigurable SAR ADC with pseudo-multiple sampling and calibration for CMOS image sensors 121

A post-simulation analysis was conducted on the
circuit before calibration. In the 10-bit/11-bit/12-bit
mode, the ADC operates at a sampling frequency of
1.610X10°/6.329X10°/3.497 X 10° per second. A post-
simulation analysis of the circuit before calibration was
performed. The Fourier transform of the output signal
the frequency spectra shown in Fig. 9. The ADC
achieves 59.29/63.62/66.82 dB SNDR and 74.09/
74.93/85.55 dB SFDR in the 10/11/12-bit modes.

Besides, Fig. 10 presents the static performance
characteristics of ADC. In three modes, the DNL are
+0.83/— 0.50 LSB, +0.88/— 0.59 LSB, and
+1.09/— 0.72 LSB, respectively; while the INL are
+1.03/— 0.03 LSB, +0.44/— 0.97 LSB, and
+1.75/—0.62 LSB, respectively.

After the calibration, the gain error of the reference
voltage was improved. The frequency spectra of the output
signal after Fourier transform is shown in Fig.11.
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Fig. 9 Output spectra of proposed SAR ADC without calibration
1.2 1:5

1.2 DNL=+0.83/-0.50 LSB DNL=+0.88/-0.59 LSB DNL=+1.09/-0.72 LSB
= o 0.8 2 1.0
[ s 2 04 <
S 04 S5 ¢ 5 05
Z 0 z 0 Z
a a a
04 -0.4 -05
’ . ' - 0.8 : ‘ N .
1.2 INL=+1.03/-0.03 LSB 04 INL=+0.44/-0.97 LSB 2.0 INL=+1.75/-0.62 LSB
7 0.8 g g 15
20 2 0 210
0 0.8 s
0 200 400 600 800 1000 0 500 1000 1500 2000 0 1000 2000 3000 4000

Output code
(a) 10-bit mode

Output code
(b) 11-bit mode

Output code
(c) 12-bit mode

Fig. 10 Static performance of proposed SAR ADC without calibration

0 ENOB=9.88 bits or ENOB=10.64 bits 0 ENOB=11.63 bits

@ -20f SNDR=61.22 dB g 20 SNDR=65.84 dB s —20f SNDR=71.76 dB
= SFDR=77.15 dB = SFDR=84.66 dB = SFDR=86.26 dB
E 40t £ £ 40t

= E =

g -60F g g -60r

2 g0t & 2 _gof

- =1 = L

£-1001 g £-100
&£ -120} L £-120}

- 1 40 L 1 X 1 1 1 1 1 1 1 1 1 1 - 140 L 1 1 n 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

Frequency/kHz
(a) 10-bit mode

Frequency/kHz
(b) 11-bit mode

Frequency/kHz
(c) 12-bit mode
Fig. 11 Output spectra of proposed SAR ADC with calibration

The ADC achieves the 61.22/65.84/71.76 dB SNDR
and 77.15/84.66/86.26 dB SFDR in 10/11/12-bit
modes. Besides, Fig.12 presents the static performance
characteristics of ADC. In three modes, the DNL are
+0.22/—0.28 LSB, +0.28/—0.38 LSB, and +0.47/
— 0.50 LLSB, while the INL are +0.47/— 0.22 L.SB,
+0.62/— 0.38 LSB, and +0.75/— 0.84 LSB,
respectively. The total power consumption of the ADC
core in three modes is 59.9/61.2/62.8 pW , respectively.

Table 1 compares the proposed SAR ADC with other
column ADCs. Compared to Refs.[12] and [16], the
proposed ADC has lower power consumption and superior
performance in terms of ENOB and DNL. This work
achieves the highest sampling rates in both 10-bit and 11-bit
modes, while the sampling rate in the 12-bit mode is
slightly lower than that of Re[.[16]. The area of the single-
column ADC is only 39.5 pmX119.4 pm, which is
significantly smaller than that of other papers in the table,
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and the area efficiency is only 1.50 under the premise of
12-bit resolution. The proposed SAR ADC has better area

efficiency than the prior SAR ADC designs and realizes a

higher resolution with excellent linearity.
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Fig. 12 Static performance of proposed SAR ADC with calibration
Table 1 Summary and comparison of performance
Area
Archite- ] Process/ Sampling rate/ Resolution/ ENOB/ SFDR/ Power/ , efficiency
Method cture Result type o (X105 DNL /LSB INL /LSB bits bits B W Area/pm /(e
code 1)
Thi 1612.9 +0.22/—0.28 +0.47/—0.22 10 9.88 77.15  59.9 40,55 5.43
w;:{ TSSAR  Simulation 55 632.9 +0.28/—0.38 +0.62/—0.38 11 1064 8466 612 0 291
349.7 +0.47/—0.50 +0.75/—0.84 12 11.63 86.26  62.8 ' 1.50
100 +0.14/—0.12 +0.11/—0.12 7.98 67.56  0.81
Ref.[2] SAR Simulation 180 100 +0.09/—0.17 +0.17/—0.15 8.95 71.94 0.91 — —
100 +0.17/—0.15 +0.25/—0.23 10 9.90 78.41 1.01
Ref.[6] SS Simulation 110 29.9 +0.64/—0.54 +0.04/—6.7 11 — — 53.7  5X1500 —
Ref.[12] TS SS  Simulation 130 100 +0.76/—0.80 +10.6/—0.84 12 11.25 78.55 72 7.5X775 2.39
Ref.[16] SAR/SS Simulation 180 500 +0.60/—0.50 +0.40/—0.50 12 11.26 81.43 73.15 30X487 5.96
Ref.[19] TS SAR Measurement 130 200 +0.87/—0.99 +5.76/—4.37 14 11.65 89.14 57 15X1450  6.77
Ref.[20] TS SAR Measurement 130 58.4 +0.99/—0.90 +12.0/—3.9 14 — — 55.1 11.2X990 —
5 Conclusions Acknwledgment

This paper presents a high area-efficiency, resolution-
configurable two-step SAR ADC using the PMS
method. By adjusting the number of A/D conversions,
the proposed ADC can be configured with 10/11/12-bit
modes using a 5-bit DAC capacitor array. The resolution
can be expanded without increasing the area of the
capacitor array and effectively satisfies the shifting
requirements of different application scenarios. An error
compensation technique is introduced to address the
potential reduction in the ADC quantization range caused
by the PMS method. Furthermore, a calibration method
has been proposed to mitigate the gain error effects by
calibrating the scaled reference voltage. The proposed
calibration method is suitable for all bottom-plate
sampling SAR ADCs. The ADC achieves the 86.26 dB
SFDR and 11.63 bits in 12-bit mode. The DNL and INL
are +0.47/— 0.50 LSB and +0.75/— 0.84 LSB,
respectively. The proposed TS SAR ADC is appropriate
for high-speed area-efficient CISs.

This work was supported by Key Research Project of
Jiangsu Province (No.BE2023019-3) , and Joint Project
of Yangtze River Delta Community of Sci-Tech
Innovation (No. 2022CSJGG0402) .

Declaration of conflicting interests

The authors have no conflict of interests related to this

publication.

References

[1] LIUCC, KUOCH, LINY Z. A 10-bit 320 MS/s low-
cost SAR ADC for IEEE 802. 11ac applications in 20 nm
CMOS. IEEE Journal of Solid-State Circuits, 2015, 50
(11): 2645-2654.

HUY F, CHEN L S, CHEN H, etal. A 100 KS/s 8-10
bit resolution-reconfigurable SAR ADC for bioelectronics
application//2019 32nd IEEE International System-on-
Chip Conference, September 3-6, 2019, Singapore. New
York: I[IEEE, 2020: 209-212.

YU Z G, WANG T, SONG X Y, et al. An energy-

efficient switching scheme based on distributing most

(2]

(3]



YU Zhiguo, et al. / A reconfigurable SAR ADC with pseudo-multiple sampling and calibration for CMOS image sensors

123

[9]

significant bit capacitors for successive approximation
register analog-to-digital converter. International Journal of
Circuit Theory and Applications, 2021, 49 (3) : 820-829.
TSENG W H, LEEW L, HUANG C Y, etal. A 12-bit
104 MS/s SAR ADC in 28 nm CMOS for digitally-assisted
wireless IEEE Journal of Solid-State
Circuits, 2016, 51(10) : 2222-2231.

XIE S, THEUWISSEN A. A 10-bit 5 MS/s column SAR
ADC with digital error correction for CMOS image

transmitters.

sensors. IEEE Transactions on Circuits and Systems II:
Express Briefs, 2020, 67 (6) : 984-988.

SHI X L, LI S M, NIE K M. An 11-bit low power
column-parallel single slope ADC with comparator toggle
prediction CMOS
Microelectronics Journal, 2024, 153: 106427.

ADSUL J, VAIDYA P P, NAIR J M. A new method of
ADC
slopes//2016 International Conference on Communication
Systems, October 21-22, 2016,
Coimbatore, India. New York: IEEE, 2016: 1-6.

ZHONG XY, YUZG, QIAO Y, etal. A 6.25-M-pixel
270-fps floating gate image sensor using high-speed and

IEEE Sensors Journal,

technique  for image  sensor.

reconfigurable using calibrated programmable

and Electronics

low-power readout technology.
2024, 24(20) : 32434-32443.
YINZY, WANG Y M, FOSSUM E R. Low bit-depth
ADCs for multi-bit quanta image sensors. IEEE Journal of
Solid-State Circuits, 2021, 56 (3): 950-960.

LYUT, YAOSY, NIEKM, etal. A 12-bit high-speed
column-parallel two-step single-slope analog-to-digital
converter (ADC) for CMOS image sensors. Sensors,
2014, 14(11):21603-21625.

FANG D X, NIE K M, ZHANG Z Y, et al. Two-step
single-slope ADC utilizing differential ramps for CMOS
image sensors. Circuits, Systems, and Signal Processing,
2024, 43(10): 6097-6114.

ZHANG Q H, NING N, LIJ, et al. A 12-bit column-
parallel two-step single-slope ADC with a foreground
calibration for CMOS image sensors. IEEE Access, 2020,
8:172467-172480.

GUO ZJ, WANG Y L, XU R M, et al. High-speed fully
differential two-step ADC design method for CMOS image
sensor. Sensors, 2023, 23(2):595.

ZHANG Q H, NING N, ZHANG Z, et al. A 12-bit two-
step single-slope ADC with a constant input-common-
mode level resistor ramp generator. IEEE Transactions on
Very Large Scale Integration (VLSI) Systems, 2022, 30
(5): 644-655.

FANWY,LIY D, DUL, etal. A 3-8bit reconfigurable
hybrid ADC architecture with successive-approximation

and single-slope stages for computing in memory//2022

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[26]

IEEE International Symposium on Circuits and Systems,
May 27 - June 1, 2022, Austin, TX, USA. New York:
1IEEE, 2022: 3393-3397.

WANGQW, YEM, LIY, etal. A high area-and-energy
efficiency 12-bit column-parallel SAR/SS ADC for high-
speed infrared focal plane readout circuits with error
correction. Microelectronics Journal, 2023, 140: 105918.
MOONC W, YOONKS, LEEJ. A 12~14-bit SAR-SS
hybrid ADC with SS bit shifting resolution reconfigurable
method for bio-signal processing. Electronics, 2023, 12
(24):4916.

WANG J Y, LIU S B, SHEN Y, et al. Low-power
single-ended SAR ADC using symmetrical DAC switching
for image sensors with passive CDS and PGA technique.
IEEE Transactions on Circuits and Systems I: Regular
Papers, 2018, 65(8): 2378-2388.

ZHANG QH, NING N, LIJ, etal. A high area-efficiency
14-bit SAR ADC with hybrid capacitor DAC for array
sensors. IEEE Transactions on Circuits and Systems I:
Regular Papers, 2020, 67 (12) : 4396-4408.

KIMJB, HONG SK, KWON O K. A low-power CMOS
image sensor with area-efficient 14-bit two-step SA ADCs
using pseudo-multiple sampling method. IEEE Transactions
on Circuits and Systems II: Express Briefs, 2015, 62(5):
451-455.

ZHENG Y, YE F, RENJ Y. A 12-bit, 100 MS/s SAR
ADC based on a bridge capacitor array with redundancy and
non-linearity calibration in 28 nm CMOS. Electronics,
2022, 11(5): 705.

WANG N, LIANG Y, ZHANG W, et al. A foreground
calibration technique with multi-level dither for a 14-bit 1-
MS/s SAR ADC. Microelectronics Journal, 2024, 152:
106351.

KIM M K, HONG S K, KWON O K. A small-area and
energy-efficient 12-bit SA-ADC with residue sampling and
CMOS IEEE
Transactions on Circuits and Systems II: Express Briefs,
2015, 62(10) : 932-936.

LIMY, KOHK, KIMK, etal. A1.le temporal noise 1/
3.2-inch 8Mpixel CMOS image sensor using pseudo-
multiple sampling//2010 IEEE International Solid-State

digital calibration for image sensors.

Circuits Conference, February 7-11, 2010, San Francisco,
CA, USA. New York: IEEE, 2010: 396-397.
RAZAVIB, WOOLEY B A. Design techniques for high-
speed, IEEE Journal of
Solid-State Circuits, 1992, 27 (12):1916-1926.
YOSHIOKA M, ISHIKAWA K, TAKAYAMA T, et
al. A 10-b 50-MS/s 820 pW SAR ADC with on-chip
digital calibration.
Circuits and Systems, 2010, 4(6) : 410-416.

high-resolution comparators.

IEEE Transactions on Biomedical



124 Journal of Measurement Science and Instrumentation Vol. 17 No. 1, Mar. 2026

—MATFCMOS B ERENX Ah 2 EXEFE
KRERNDPEZET[EHH SAR ADC

EHB, AR, ARF, PR, FXLE, Mg
VRS K27 R B 2= B, Y195 Jo8) 214401

B E: 2T M AT CMOS EUR AL 1845 1 R O £ # R (Pseudo- multlplesamphng PMS) Jy 2 FHG 35 15 2 1 e 7 vk 10 43 B
] B R 128 YK OB T A B 2% ( Analog-to-digital converter, ADC), % ADC il & % A/D #5458k, SR T 10467 . 11457 124, = A
SRR, TR AP ZER RS T B K . PMS Jr ik S8 T % A~ ADC 19 43 BE R 0K, DT 800020 T B0 B 25 119 45 i
AL ARSI TR . B, SIAT —Fh M2, P T PMS J1ik 5 S8 ADC B A FE /NG M R, shsh, #2207 —FE ] FF
PMRAE PR HE T 75 ﬁ/J\T%%EEFZI‘EﬂEﬁiﬁﬁw%ﬁ e T A/D R BRS B o 78 55 nm T2 F U {5 20, 25 %W, FrE 9 ADC
TE 12 BT, REES R AR RD 3. 497 X 107, 3 Wi )5 , DNL AINL 43 58 +0. 47/ —0. 50 LSB f1+0. 75/ —0. 84 LSB, £ % i $1
KF)11. 63107, %] ADC FT i 19 1 AL A 39. wm><119 2 pm, WIFEH 62. 8 uW,
KW CMOS BUR AL IR AR 3 W A BB 0 3% 3 38 KR 3T 27 A7 2 5 IR ZEACHE; Th &2 R A

5| A#3: YU Zhiguo, CHEN Muhao, ZHONG Xiaoyu, et al. A reconfigurable SAR ADC with pseudo-multiple sampling and
calibration for CMOS image sensors. Journal of Measurement Science and Instrumentation, 2026, 17(1): 114-124. DOI:
10.62756/jmsi.1674-8042.2026009



